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1.1 Introduction

Field-flow fractionation (FFF) comprises several related techniques for the
separation and characterization of macromolecular, colloidal, and particulate mate-
rials. All of the FFF techniques have in common the requirement of a non-uniform,
laminar flow of a carrier fluid and a means of inducing different sample species
to be distributed differently within the flow, resulting in their different migration
velocities and thereby their separation. Non-uniform laminar fluid velocity profiles
are easily obtained when fluid flows under the influence of pressure through thin
parallel-plate, annular, or tubular channels. Fluid velocity approaches zero at the
stationary walls due to viscous drag and approaches a maximum velocity farthest
from the walls. The transport of sample species across the velocity profiles in such
channels, perpendicular to the direction of flow, can be accomplished in a number
of different ways, each giving rise to a different member of the FFF family.

The transport of macromolecular and colloidal species toward the accumulation
wall causes an increase in concentration adjacent to the wall, which, for these sub-
micron species, is opposed by diffusion. This results in a steady-state distribution
next to the wall, the thickness of which is a function of the species properties and
the applied field. Diffusion is negligible for supramicron species, and their trans-
port to the accumulation wall is opposed by hydrodynamic lift forces within the
shear flow close to the wall (Caldwell et al. 1979; Williams et al. 1992, 1994, 1996b).
In either case, species that differ in their rate of transverse transport to the wall
and/or in their rate of opposing transport, or that differ in the position-dependent
transverse forces they experience, quickly approach different steady-state concentra-
tion distributions within the shear flow close to the accumulation wall. This results
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2 1 Field-Flow Fractionation Techniques

in their different mean migration velocities along the channel. The rapid Brownian
exchange of positions of identical particles within a thin particle distribution results
in their migration as a coherent zone. Different species are consequently separated as
they migrate along the length of the channel, and a detector at the channel outlet can
be used to observe their elution as a function of time. The theoretical underpinnings
of the separation mechanisms of FFF are not the focus of this chapter. These have
been discussed in earlier works by Martin and Williams (1992), Martin (1998), and
Williams (2022).

The transport of species across the channel thickness can be achieved by various
means. For example, a field that interacts with some material property of the sample
species may be applied transversely across the channel thickness. Fields such as the
Earth’s gravitational field or a centrifugal field induce the sedimentation of species
that are denser than the carrier fluid. This type of field is used in the gravitational
FFF (GrFFF) and sedimentation FFF (SdFFF) (also known as centrifugal FFF
or CF3) techniques, respectively. Electric, dielectric, and magnetic fields have
been employed in electrical FFF (ElFFF), dielectrical or dielectrophoretic FFF
(DEP-FFF), and magnetic FFF (MgFFF). A temperature gradient maintained across
the channel thickness can induce the transport of macromolecules and colloids,
generally toward the colder wall. This temperature-gradient-induced transport
is known as thermal diffusion or thermophoresis, the mechanisms of which
continue to be investigated. Such a thermal gradient is used in thermal FFF
(ThFFF).

A technique of FFF that does not make use of a field or gradient to drive species to
the accumulation wall is known as flow FFF (FlFFF). This form employs a secondary
component of flow through a semipermeable accumulation wall (permeable only
to the fluid) that carries all species to the wall at the same rate by entrainment in
this transverse component of fluid flow. The rate of transport is non-selective and
does not depend on the size or on any material properties of the sample species. It is
only differences in the opposing rates of diffusional transport or in hydrodynamic lift
forces that give rise to different distributions in the non-uniform component of flow
along the channel length and hence different elution times.

Table 1.1 lists the equations for the retention parameter 𝜆 for submicron species
(approximately equal to the ratio of mean distribution thickness to the channel
thickness) for the different FFF techniques considered in this chapter, along with
the different physicochemical sample properties that influence the parameter
and therefore retention. In each case, the measurement of retention time can
potentially allow the calculation of the respective retention parameter, and hence
the determination of a listed sample property, given knowledge of all other relevant
parameters.

Other types of fields have been proposed for use in FFF, such as acoustic,
photophoretic, etc., but these are not presently in common use and will not be
discussed in this chapter.
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Table 1.1 FFF Techniques with Respective Retention Parameter Equations and the Sample
Physicochemical Properties that Control Retention. (The explanation of symbols may be
obtained in the respective sections of the chapter.)

Sample properties

AsFlFFF, HF-FFF

𝜆0 = DV0

V̇ cw2
= kTV0

f V̇ cw2
= kTV0

3π𝜂dhV̇ cw2
D, f , dh

GrFFF, SdFFF

𝜆 = kT
VpΔ𝜌Gw

= 6kT
πd3Δ𝜌Gw

Vp,Δ𝜌, 𝜌p

ThFFF

𝜆 = D
DT(dT∕dx)w

= T
𝛼(dT∕dx)w

D,DT , 𝛼

ElFFF

𝜆 = D
𝜇eEeffw

= kT
3𝜋𝜂dh𝜇eEeffw

D, 𝜇e, dh

MgFFF

𝜆 =
𝜇0kT

VmΔ𝜒B∇Bw
= kT

VmM∇Bw
= 6kT

𝜋dm
3M∇Bw

Vm,Δ𝜒,M, dm

1.2 Flow Field-Flow Fractionation

Parallel-plate channel flow FFF (FlFFF) was introduced in 1976 (Giddings et al.
1976c; Giddings et al. 1976d; Lee and Lightfoot 1976). It was originally implemented
using channels having two permeable frit walls. A semipermeable ultrafiltration
membrane covering one of the walls served as the accumulation wall. The mem-
brane is permeable to the fluid but not to the sample materials. It was pushed
into contact with the supporting frit due to its hydraulic resistance to the flow
passing through it. An equal flow was introduced to the channel via the permeable
depletion frit wall. It was assumed that the cross-flow velocity component was
constant throughout the channel and that the sample species were eluted along
the length of the channel under the influence of a constant volumetric channel
flow rate. However, actual conditions in the channel may deviate from this ideal
model. The hydraulic resistance of the membrane is likely to be sufficiently high
that the pressure drop along the channel length would not significantly influence
the local flux through the membrane. This may not be the case for the depletion frit
wall, however, and there is a possibility that the pressure drop along the channel
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may influence the local flow through the depletion wall. The frit porosity may also
vary along its length or its breadth. These effects may cause the mean channel
flow velocity to vary along the channel length, with a deviation of void time and
elution times from those predicted from theory based upon the assumption of
ideal conditions (Martin and Hoyos 2011). Although this design was used with
success for many years, it has now been largely superseded by asymmetrical FlFFF
(AsFlFFF or AF4).

AsFlFFF was proposed independently by Granger et al. (1986) and by Wahlund
and Giddings (1987), with much of the subsequent early development being carried
out by Wahlund and co-workers. In this form of FlFFF, the permeable depletion wall
is replaced by an impermeable wall, such as a plane glass plate, which eliminates the
uncertainties associated with the frit flow. A fraction of the fluid entering the chan-
nel inlet exits through the accumulation wall and the remainder via the channel
outlet. The gradual loss in volumetric flow along the length of the channel is partially
compensated by a reduction in the channel breadth from inlet to outlet. This reduc-
tion in channel breadth is typically linear (Litzén and Wahlund 1991; Litzén 1993)
or, less commonly, exponential (Ahn et al. 2010; Williams 1997). The purpose is
to avoid the situation where mean fluid velocity falls to such a low level close to the
channel outlet that sample immobilization on the membrane might occur (Wahlund
et al. 1986; Williams 2000b). An exploded view of an AsFlFFF channel is shown in
Figure 1.1.

Channels are typically between 25 and 35 cm long, 2.5–3.0 cm wide close to
the inlet, and less than 1.0 cm wide close to the outlet. Spacer thicknesses of
250–350 μm are commonly used. Smaller channels, having lengths of less than
10 cm and widths of less than 1.0 cm at the inlet narrowing to less than 0.2 cm at
the outlet, are also in use. Their advantages and disadvantages have been compared
(You et al. 2017). As in all forms of FFF, the carrier fluid composition must minimize
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Figure 1.1 Exploded view of the components of an AsFlFFF channel. Source: Schimpf et al.
(1997) / John Wiley & Sons.
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1.2 Flow Field-Flow Fractionation 5

particle–particle and particle–wall or membrane interaction. This is accomplished
with the use of a suitable surfactant and adjustment of ionic strength and pH
(Gopalakrishnan et al. 2023; Hansen and Giddings 1989; Hansen et al. 1989; Moon
1995; Nickel et al. 2021).

In AsFlFFF, the retention parameter for the normal mode of elution is given by

𝜆0 = D
∣ u0 ∣ w

=
DV0

C

V̇ cw2
=

kTV0
C

3π𝜂V̇ cw2dh
(1.1)

where D is the diffusion coefficient, |u0| is the magnitude of the transverse compo-
nent of fluid velocity adjacent to the membrane surface, w is the channel thickness,
V 0

C is the volume of the channel, V̇ c is the volumetric cross-flow rate through the
membrane, k is Boltzmann’s constant, T is the absolute temperature, 𝜂 is the fluid
viscosity, and dh is the hydrodynamic diameter of the species. The final form on the
right of Eq. (1.1) makes use of the Stokes–Einstein equation for diffusion coefficient:
D= kT/f where f is the friction coefficient, equal to 3π𝜂dh. The subscript 0 on 𝜆0 and
|u0| refers to the distance x = 0 from the accumulation wall. It is included because in
AsFlFFF, the cross-flow velocity varies from a maximum u0 at the membrane to zero
at the depletion wall (Wahlund and Giddings 1987). The variation of |u| across the
channel thickness is shown by the full curve in Figure 1.2. It is assumed that mem-
brane flux, and therefore |u0|, is constant over its surface, which requires uniform
hydraulic resistance, and the pressure drop along the channel length to be much
smaller than the pressure drop across the membrane thickness.

For the classical model of FFF where the field-induced transverse velocity is
constant, resulting in exponential concentration profiles, and the velocity profile is
parabolic across the channel thickness, the retention ratio R, equal to the ratio of
particle zone velocity to mean fluid velocity, is given by (Giddings 1978)

R = 6𝛼(1 − 𝛼) + 6𝜆
{
(1 − 2𝛼) coth

(1 − 2𝛼
2𝜆

)
− 2𝜆

}
(1.2)
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Figure 1.2 Transverse component of fluid velocity u relative to the velocity at the
accumulation wall u0 as a function of the fractional distance across the channel
thickness 𝜉 for AsFlFFF (full curve), HF-FFF (dashed curve), and classical FFF, such as
ideal symmetrical FlFFF (dash-dotted line). For HF-FFF, 𝜉 = 1− 𝜌= 1− r/rf so that
𝜉 = 1 at the axis.
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which, for R less than about 0.5 (which encompasses the most effective range
of retention and separation), is very well approximated by

R = 6𝛼(1 − 𝛼) + 6𝜆(1 − 2𝛼 − 2𝜆) (1.3)

In Eqs. (1.2) and (1.3), 𝛼 is a first-order correction for finite particle size, and for
a spherical particle, 𝛼 is equal to d/2w where d is the particle diameter. It accounts
for the fact that the center of a spherical particle is sterically excluded from regions
of the channel within a radius of the walls.

In the FFF analysis of submicron species, the unavoidable, and often domi-
nant, source of bandspreading is due to the nonequilibrium effect (Giddings 1968;
Giddings et al. 1975). The rapid exchange of particle positions within a thin particle
distribution was mentioned as resulting in coherent migration as a narrow zone.
The finite time taken for the position exchange gives rise to this nonequilibrium
bandspreading. This contribution to bandspreading may be described in terms of
a nonequilibrium plate height given by

H =
𝜒w2⟨v⟩

D
(1.4)

in which 𝜒 is the nonequilibrium bandspreading parameter and ⟨v⟩ is the mean
channel flow velocity. Including the first-order correction for particle size, the
product of R and 𝜒 for the classical model of FFF is given by (Giddings 1978, 1979;
Williams and Giddings 1994)

𝜒R = 12𝜆2 [{336𝜆4 + 24(1 − 2𝛼)2𝜆2 − (1 − 2𝛼)4}

− {120(1 − 2𝛼)𝜆3 − 6(1 − 2𝛼)3𝜆} coth ((1 − 2𝛼)∕2𝜆)

− {12(1 − 2𝛼)2𝜆2 − (1 − 2𝛼)4}coth2 ((1 − 2𝛼)∕2𝜆)

−6(1 − 2𝛼)3𝜆 coth3 ((1 − 2𝛼)∕2𝜆)
]

(1.5)

which, for R less than about 0.5, is very well approximated by

𝜒R = 144𝜆4((1 − 2𝛼)2 − 10(1 − 2𝛼)𝜆 + 28𝜆2) (1.6)

The variation of cross-flow velocity across the channel thickness in AsFlFFF
results in a deviation of the concentration profile for each species from an expo-
nential. As a consequence, both the retention ratio R and the nonequilibrium
bandspreading parameter 𝜒 deviate from the solutions given in Eqs. (1.2–1.6)
(Wahlund and Giddings 1987; Williams 2015). These deviations are significant at
relatively low retention levels. For example, assuming 𝛼 = 0, R is more than 11%
greater than predicted for the classical model of FFF at 𝜆0 = 0.12, but less than
4% greater at 𝜆0 = 0.05. The magnitude of 𝜒 is more than 72% greater in AsFlFFF
for 𝜆0 = 0.12, more than twice as high for 𝜆0 = 0.08, and 59% higher at 𝜆0 = 0.05
(Williams 2015). The differences are much smaller for stronger retention levels.
A tabulation of R, 𝜒 , and 𝜒R for AsFlFFF for 𝜆0 from 0.0001 to 1024 can be found
in the Electronic Supplementary Material associated with Williams (2017).

Prediction of elution times in isocratic (constant flow rate) AsFlFFF, and con-
versely, the calculation of retention ratio R from which 𝜆0 and hence dh may be
extracted, requires knowledge of the void time t0, the time for a non-retained
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material to pass along the channel from the start of elution to the channel outlet.
In AsFlFFF, as in the other FFF techniques, elution does not generally commence
from the channel inlet. The starting point depends on the procedure followed to
introduce and relax the sample. Sample relaxation close to the steady-state concen-
tration profiles prior to elution is necessary so as to obtain retention consistent with
steady-state theory and not introduce avoidable bandspreading.

The methods of sample introduction and relaxation in AsFlFFF generally
make use of opposing fluid flow in the channel. In the original implementation
(Wahlund and Giddings 1987), fluid is introduced to the channel inlet at a low flow
rate, while a higher flow is introduced at the port that serves as the channel outlet
during sample elution. All introduced fluid exits through the membrane at this stage.
With the loss of fluid through the membrane, the mean fluid velocity decreases from
both channel inlet and outlet toward a point in the channel close to the inlet deter-
mined by the ratio of the two introduced flow rates. The sample is then introduced
into the flow at the channel inlet, whereupon it is carried to the focusing point where
it is allowed to relax to a steady-state distribution against the membrane. The con-
verging flows ensure that the sample is focused into a narrow zone as it relaxes. Elu-
tion commences when the inflow at the channel outlet is removed, the channel inlet
flow rate is increased, and a fraction of this inlet flow is allowed to exit at the channel
outlet. This method was improved upon by the downstream central injection method
introduced by Wahlund and Litzén (1989). In this method, the focusing flow rates to
the channel inlet and outlet are applied as in the initial approach, but the sample is
introduced to a port through the impermeable depletion wall close to the sample
focusing point. After sufficient time for focusing and relaxation of the sample,
the flow regime for sample elution is imposed as in the original method. The disad-
vantage of the original method lies in the fact that the sample enters the channel inlet
and is initially distributed across the full channel thickness. A fraction of the sample
is therefore already close to the membrane at the inlet, and this fraction must migrate
by the FFF mechanism to the focusing point at a reduced velocity. The result is that a
longer focusing time is necessary for the original method as compared to the down-
stream central injection method. Long focusing times are to be avoided as they can
result in aggregation of some analytes or can lead to sample loss through adsorption
on the membrane surface at the focusing point (Wahlund 2013). The downstream
central injection method also has the advantage of confining the sample to the cen-
tral region of the channel, away from the channel edges. In either case, elution starts
at the focusing point and ends at the channel outlet, and the effective void volume
for elution V 0 is therefore smaller than the channel volume V 0

C and is given by

V 0 =
V̇ B

V̇ F + V̇ B
V 0

C (1.7)

where V̇ B and V̇ F are the backward and forward focusing flow rates. It can then be
shown (Williams 2016) that the void time is given by

t0 =
V 0

C

V̇ c
ln

( V̇ BV̇ 0 + V̇ FV̇ L

(V̇ F + V̇ B)V̇ L

)
(1.8)
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where V̇ 0 is the flow rate at the channel inlet and V̇ L is the channel outlet flow rate
under elution conditions, so that V̇ c = V̇ 0 − V̇ L.

Further improvement to sample loading and focusing in AsFlFFF has been made
where the reverse focusing flow is introduced to the channel via a second port in the
impermeable depletion wall at a point between the focusing point and the channel
outlet (Messaud et al. 2009). If the channel outlet is closed during sample introduc-
tion and focusing, then the focusing point would be unchanged. However, there is
now the option of allowing a fraction of this focusing flow to exit at the channel outlet
during the focusing period. Suppose that during focusing, the flow rate at the chan-
nel inlet is represented by V̇ 0(f ) (equivalent to V̇ F in the treatment above), the flow
rate at the outlet by V̇ L(f ), and the focusing flow rate at the second port in the deple-
tion wall by V̇ focus. Then, it follows that the cross-flow rate through the membrane
during focusing, V̇ c(f ) is given by V̇ 0(f ) + V̇ focus − V̇ L(f ). It can then be simply shown
that

V 0 =

(
V̇ focus − V̇ L(f )

V̇ c(f )

)
V 0

C =

(
V̇ c(f ) − V̇ 0(f )

V̇ c(f )

)
V 0

C (1.9)

and that the effective void time is given by

t0 =
V 0

C

V̇ c
ln

(
(V̇ c(f ) − V̇ 0(f ))V̇ 0 + V̇ 0(f )V̇ L

V̇ c(f )V̇ L

)
=

V 0
C

V̇ c
ln

(
1 + V 0

V 0
C

V̇ c

V̇ L

)
(1.10)

in which V̇ 0, V̇ L, and V̇ c are the channel inlet, outlet, and cross-flow rates during
elution, respectively. The great advantage of this method is that focusing conditions
may be set up such that V̇ L(f ) = V̇ L and V̇ c(f ) = V̇ c. The initiation of elution would
then be accomplished simply by diverting the focusing flow rate V̇ focus to augment
the flow rate V̇ 0(f ) at the inlet so that V̇ 0 = V̇ 0(f ) + V̇ focus. This rerouting of flow would
be achieved with very little disturbance to channel internal pressure, little distur-
bance to the flow through the detector, and therefore little disturbance to baseline
response.

An alternative method of sample introduction and relaxation known as the
frit-inlet method has also proven to be quite successful. This is a method sim-
ilar to the split-inlet method of hydrodynamic sample relaxation proposed by
Giddings (1985) and later implemented in SdFFF (Lee et al. 1989). Hydrodynamic
relaxation has the advantage that a stop-flow period for sample relaxation is not
required because the sample is carried to the region adjacent to the accumula-
tion wall by a merging of two fluid streams at the channel inlet. It was proposed
by Giddings (1990a) that such a hydrodynamic relaxation could be obtained
conveniently in symmetrical FlFFF by introducing the majority of the channel flow
through a separate, small frit element in the depletion wall placed across the full
channel breadth, just beyond the channel inlet, while the sample entered at the
channel inlet. The drawback is that the finite sample volume enters at a reduced
flow rate, which broadens the initial zone. On the other hand, if the sample flow rate
is not a small fraction of the total channel flow rate, then there will be a contribution
to bandspreading due to the residual relaxation (Liu et al. 1991). It has been shown
using computational fluid dynamics modeling that the relaxation under a frit-inlet
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element is a little more complicated than this discussion might imply, and that there
is an additional small contribution to bandspreading (Vauthier and Williams 1998).

Moon and coworkers soon showed that this frit-inlet technique could be used suc-
cessfully in AsFlFFF for isocratic operation (Moon et al. 1997; Moon et al. 1999) and
for programmed decay of cross-flow rate (Kim et al. 2018; Lee et al. 2005; Moon 2001;
Moon et al. 2002). It was pointed out by Moon et al. (1999) that the earlier treat-
ments of optimization of the ratio of sample flow to frit flow rates had not taken into
account the flow through the membrane below the frit element. When this is consid-
ered, it is apparent that the problem of residual relaxation can be eliminated simply
by ensuring that

V̇ s ≤ V̇ c
Af

AC
(1.11)

where V̇ s is the flow rate at the channel inlet into which the sample is introduced,
Af is the area of the frit element in the depletion wall, and AC is the total area of
the membrane accumulation wall so that V 0

C = ACw, and it is assumed that the flux
through the membrane is uniform throughout the channel. If the sample flow rate
V̇ s is set equal to V̇ c(Af∕AC), then Moon et al. (1999) showed that the effective void
time, if this is assumed to be measured from the downstream edge of the frit element
to the channel outlet, is given by

t0 =
V 0

C

V̇ c
ln

(
V̇ f

V̇ L

)
=

V 0
C

V̇ c
ln

(
V̇ f

V̇ s + V̇ f − V̇ c

)
(1.12)

where V̇ f is the flow rate through the frit element and V̇ LV̇ L is the channel outlet
flow rate, which the final expression on the right of Eq. (1.12) shows is equal to
V̇ s + V̇ f − V̇ c. The non-retained time beneath the frit element t0

f is then given by

t0
f =

V̇ s

V̇ f − V̇ s

V 0
C

V̇ c
ln

(
V̇ f

V̇ s

)
(1.13)

If a sample species was indeed non-retained beneath the frit element, then the
retention ratio R would be given by t0∕(tr − t0

f ), where tr is the observed elution time
for the whole channel. However, the fraction of the sample that enters the channel
close to the membrane would be retarded to some extent, which would lead to a small
error if R were to be calculated in this way. Nevertheless, the stop-less, frit-inlet tech-
nique is extremely convenient, and the errors probably negligible when conditions
are properly set up. The frit-inlet method of sample introduction has been compared
with the focusing method for linearly programmed cross-flow operation in terms
of sample recovery, efficiency, resolution, and overloading for a range of different
samples and operating conditions (Fuentes et al. 2019).

It has been shown how both retention times and fractionating power may
be predicted for constant and programmed decay of cross-flow rate in AsFlFFF
(Williams 2016, 2017, 2024). The fractionating power is a measure of relative
resolving power and indicates the quality of the separation that can be expected
for a polydisperse sample as a function of particle size or molecular weight (Gid-
dings et al. 1987). It was also shown that, for a polydisperse sample, the residual
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polydispersity in the channel outlet stream is predicted to be approximately equal
to the reciprocal of four times the fractionating power. The optimization of experi-
mental conditions for polydisperse sample analysis in FFF should logically be based
on achieving some acceptable level of fractionating power across the full range of
the sample. It can then be ensured that every part of the sample is well fractionated,
and if light scattering detection is used as a secondary determinant of particle size
or molecular weight, then the data returned are not skewed by excessive outlet
polydispersity. The use of light scattering characterization in conjunction with the
optimization of flow conditions for good fractionation is therefore complementary.
The light scattering characterization corrects for small departures from FFF theory
(such as those due to particle–membrane and particle–particle interactions) and
uncertainties in instrument parameters (such as channel thickness, channel
volume, carrier fluid temperature and viscosity, etc.), while the fractionating power
calculations ensure that conditions are conducive to good fractionation.

It is often assumed that nonequilibrium bandspreading is the dominant cause
of bandspreading in FFF. However, it has long been noted that the observed
efficiencies in FlFFF are generally lower, and often much lower, than are predicted
for the nonequilibrium effect alone (Giddings et al. 1976c; Litzén 1993; Litzén et al.
1993; Litzén and Wahlund 1991). Carlshaf and Jönsson (1993) had suggested that
variation in porosity in hollow fiber FFF (HF-FFF) could cause bandspreading.
The excess bandspreading in FlFFF may also be the result of small variations in
channel thickness, due to the membrane surface not being perfectly planar, as well
as small variations in membrane hydraulic resistance. These features can together
give rise to a multipath contribution. It has been shown how this effect could be
included in the calculation of fractionating power in AsFlFFF (Williams 2016,
2017). In the case of programmed AsFlFFF, it was assumed that the multipath effect
does not change significantly with cross-flow rate and does not vary significantly
along the length of the channel (Williams 2017). (Of course, in practice there
may be some variation in each case.) The calculations could then be carried out for
any programmed variation of cross flow rate with time, with either channel outlet
flow rate or inlet flow rate held constant, or for any arbitrary variation of cross-flow
rate, outlet flow rate, and inlet flow rate. This means that it is possible to carry
out the calculations necessary to transform a fractogram obtained under arbitrary,
but monitored, flow rates into a particle size or molecular weight distribution
(Williams et al. 2001).

1.3 Hollow-Fiber Field-Flow Fractionation

Hollow fiber FFF (HF-FFF) has much in common with AsFlFFF, but it utilizes
a semipermeable capillary tube or fiber rather than a flat channel. The fiber is
mounted inside a mantle, such as a glass tube. Carrier fluid is pumped into the
fiber, while suction is applied to the mantle so that a fraction of the fluid exits
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Figure 1.3 Schematic of the components of a HF-FlFFF system. Source: Min et al. (2002) /
with permission of ELSEVIER.

through the fiber wall and the remainder through the fiber outlet. The species to be
separated are carried to the fiber walls by the radial velocity component of the fluid.
A schematic of an HF-FFF system is shown in Figure 1.3. The technique was
in fact described before symmetrical FlFFF by Lee et al. (1974) and by Doshi et al.
(1975).

In the simplified theoretical treatment considered here, we shall assume that the
pressure drop along the fiber is small relative to that across the fiber wall. It has been
shown by Lee et al. (1999) that this is a reasonable assumption for typical polysulfone
fibers (molecular weight cutoff of 30 kDa and permeability of 0.415 cm/min atm).
The mean velocity along the fiber then falls linearly with the distance from the inlet
according to

⟨vz⟩ = ⟨v0⟩ − V̇ c

πrf
2

z
L

(1.14)

where ⟨vz⟩ is the mean fluid velocity at distance z from the inlet, ⟨v0⟩ is the mean
velocity at the inlet, V̇ c is the volumetric flow rate through the fiber wall, rf is the
internal radius of the fiber, and L is the length of the fiber. The radial component to
fluid velocity u inside the fiber is given by

u = u0𝜌(2 − 𝜌2) (1.15)

where u0 is the radial velocity at the wall, assumed to be constant along the length of
the fiber, and 𝜌 is the ratio of radial distance r from the axis to the internal radius rf
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Figure 1.4 Longitudinal fluid velocity component vz at distance z from the inlet relative
to mean velocity ⟨vz⟩ as a function of the fractional distance across the channel 𝜉 for
HF-FFF (full curve) and parallel plate FFF (dashed curve). For HF-FFF, 𝜉 = 1− 𝜌= 1− r/rf
so that 𝜉 = 1 at the axis.

of the fiber. The radial velocity component therefore passes through a maximum
of 1.089 u0 at 𝜌= 0.8165 as shown by the dashed curve in Figure 1.2. Also shown
for comparison are the transverse velocity components for AsFlFFF (the full curve)
and the classical model of FFF in which the velocity is constant (the dash-dotted
horizontal line). The horizontal axis is given in terms of relative distance 𝜉 from the
accumulation wall, so that in HF-FFF, 𝜉 = (1− 𝜌)= (1− r/rf ), and in planar channel
FFF, 𝜉 = x/w.

The longitudinal velocity profile in the hollow fiber at a distance z from the inlet
is given by

vz = 2⟨vz⟩(1 − 𝜌2) (1.16)

This is shown in Figure 1.4 as the full curve with the parabolic profile for planar
channels (dashed curve) included for comparison.

The opposition of diffusion to the buildup of concentration close to the wall due to
radial transport according to Eq. (1.15) results in a concentration profile in HF-FFF
given by

c = c0 exp
(
− 1
𝜆0

(
3
4
− 𝜌2 + 𝜌4

4

))
(1.17)

where c0 is the concentration at the outer wall and, analogous to the case of AsFlFFF,
the value of 𝜆0 is related to conditions at the accumulation wall so that 𝜆0 =D/|u0|rf .
Lee et al. (1974) showed that, when the longitudinal fluid velocity profile of Eq. (1.16)
is imposed, the retention ratio is given by

R =
4𝜆0

0.5(exp(−1∕4𝜆0) − exp(−1∕𝜆0))
π0.5

(
erf

(
𝜆0

−0.5) − erf
(
0.5𝜆0

−0.5)) − 2 (1.18)
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Figure 1.5 The percent error associated with (Eqs. 1.19–1.21) for R in HF-FFF compared to
the accurate solution given by Eq. (1.18), plotted as the full curve, dashed curve, and
dash-dotted curve, respectively.

For the approximation of an exponential concentration profile, Lee et al. (1999)
showed that

R ≈
4𝜆0

(
1 − 3𝜆0 + 3𝜆2

0 +
(
0.5 − 3𝜆2

0
)

exp(−1∕𝜆0)
)

1 − 𝜆0 + 𝜆0 exp(−1∕𝜆0)
(1.19)

which for small 𝜆0 is given, to a good approximation, by

R ≈
4𝜆0

(
1 − 3𝜆0 + 3𝜆2

0
)

(1 − 𝜆0)
(1.20)

The error of Eq. (1.19) as compared to the accurate Eq. (1.18) as a function of 𝜆0
is shown in Figure 1.5 as a full black curve. The retention ratio is overestimated
by 1.72% at 𝜆0 = 0.01, R= 0.03854, and by 2.99% at 𝜆0 = 0.02, R= 0.07460. The error
reaches a maximum of 5.14% at 𝜆0 = 0.066, R= 0.2191, after which it decreases. The
error of Eq. (1.20) is shown as the dashed curve in Figure 1.5. Equation (1.20) behaves
almost as well as Eq. (1.19) up to 𝜆0 = 0.35, R= 0.6812 where R is overestimated by
only 0.38%. At 𝜆0 = 0.4, R= 0.7154, the error rises to 4.37% and increases rapidly
beyond that point. It can be seen that Eq. (1.20) has reasonable accuracy (better than
5.2%) for the range of interest. Incidentally, Doshi et al. (1975) derived a series solu-
tion for R that is accurate to better than 0.5% up to 𝜆0 = 0.02 but is highly inaccurate
for larger 𝜆0. Their solution is given by

R = 4𝜆0
(
1 − 4𝜆0 + 72𝜆2

0 − 1485𝜆3
0 + · · ·

)
(1.21)

and the error for this equation is shown as the dash-dotted curve in Figure 1.5.
Steric exclusion may be accounted for by consideration of only the region of

the fiber accessible to particle centers (𝜌 from zero to 1− 𝛼, where 𝛼 is the ratio of the
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exclusion distance d/2 to rf ). For the approximation of an exponential concentration
profile, the following result is obtained

R ≈
4(𝜆0 + 𝛼)

(
1 − 3𝜆0 + 3𝜆2

0
)
− 2𝛼2(3 − 3𝜆0 − 𝛼) + 2𝜆0

(
1 − 6𝜆2

0
)

exp(−(1 − 𝛼)∕𝜆0)
1 − 𝜆0 − 𝛼 + 𝜆0 exp(−(1 − 𝛼)∕𝜆0)

≈
4(𝜆0 + 𝛼)

(
1 − 3𝜆0 + 3𝜆2

0
)
− 2𝛼2(3 − 3𝜆0 − 𝛼)

1 − 𝜆0 − 𝛼
(1.22)

Of course, for practical ranges of R, the exponential terms may be deleted without
significant loss of accuracy (as for Eq. (1.20)), as shown by the second solution. It is
recommended that for precise calculations, numerical approaches to calculation be
followed.

The theory for the nonequilibrium bandspreading effect in HF-FFF has not been
as fully developed as for AsFlFFF. Doshi et al. (1975) described sample species migra-
tion in HF-FFF in terms of unsteady convective diffusion, and bandspreading was
determined to be equivalent to a nonequilibrium bandspreading parameter 𝜒 given
by the series solution

𝜒 = 16𝜆3
0(1 − 24𝜆0 + · · ·) (1.23)

which does not account for finite particle size. Only the first term of the series expan-
sion was given and the solution is therefore valid only for 𝜆0 << 1.

The sample loading and focusing in HF-FFF is carried out as in the original
method for AsFlFFF; downstream loading is not possible. The sample is introduced
at the fiber inlet, and it is focused using opposing flows from the inlet and outlet.
The effective void volume and void time are calculated using Eqs. (1.7) and (1.8),
respectively. The fiber volume V 0

C must be determined experimentally using
non-retained samples if quantitative characterization of sample species is required.
This is due to uncertainty in the fiber’s internal radius. Alternatively, calibration
using standards may be carried out.

1.4 Gravitational Field-Flow Fractionation

Gravitational FFF(GrFFF) was first demonstrated by Berg et al. (1967). They used
a flow of fluid in an open channel rather than a conventional closed FFF channel.
The conventional form was introduced in 1978 by Giddings and Myers (1978).
These channels are the simplest to construct of the different FFF techniques.
A spacer out of which the shape of the channel is excised is simply sandwiched
between plane glass or Lucite plates. The plates are compressed together using nuts
and bolts with the inclusion of a suitable protective support in the case of glass
plates. Ports must be bored through one of the glass or Lucite plates to carry fluid to
and from the channel. The general construction is illustrated in Figure 1.6.

The gravitational force FG on a particle in suspension is given by FG =V pΔ𝜌G,
in which V p is the volume of the particle, Δ𝜌 is the difference in density between
that of the particle 𝜌p and that of the fluid 𝜌f (= 𝜌p − 𝜌f ), and G is the acceleration
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Figure 1.6 Components of a GrFFF channel. A) Lucite blocks, B) Spacer, C) Assembled
channel, and D) Schematic representation of the flow channel. Source: Beckett et al. (2007) /
American Chemical Society.

due to gravity. The sedimentation velocity u is then given by u=FG/f where f is the
friction coefficient equal to 3π𝜂dh for a particle of hydrodynamic diameter dh, and
where 𝜂 is the viscosity of the fluid. Recalling Eq. (1.1) we see that

𝜆 = D
∣ u ∣ w

= kT
f

f
FGw

= kT
VpΔ𝜌Gw

(1.24)

It can be seen from Eq. (1.24) that because gravitational acceleration G is relatively
small, the particles have to be either very dense or large to obtain sufficiently small 𝜆.
This is why GrFFF is most suited to the separation of larger particles in the steric
mode (Giddings and Myers 1978). Sedimentation FFF (SdFFF) was introduced
to obtain the increased centrifugal accelerations necessary for the retention and
separation of smaller particles.

The retention ratio for steric mode FFF is given by

R = 6𝛾𝛼(1 − 𝛼) (1.25)

in which 𝛼 for a spherical particle of diameter d is equal to d/(2w) and 𝛾 is
an empirical correction factor of order unity that accounts for the influence of
hydrodynamic lift forces and particle retardation effects close to the wall (Caldwell
et al. 1979; Giddings et al. 1979; Williams et al. 1992, 1994, 1996b). Because of the
unpredictability of 𝛾 , it is generally necessary to use some form of calibration in
GrFFF. GrFFF remains a useful technique because of its affordability, its applica-
bility to coarse inorganic and environmental materials, and its gentle treatment of
materials such as biological cells. Even though the Earth’s gravitational field cannot
be altered, a programmed field strength may be obtained by gradually altering the
orientation of the channel relative to the horizontal. The net transverse force on
particles may also be programmed by continuously changing the carrier density or
viscosity (Park et al. 2008) or by programming the carrier flow rate (Chmelík 1999;
Plocková and Chmelík 2000, 2001, 2006; Plocková et al. 2002). Interestingly, GrFFF
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was used for the first demonstration of the cyclical mode of FFF (Giddings 1986;
Lee et al. 1988). In this mode of operation, particles are separated according to
differences in their mobilities due to interaction with the alternating field.

1.5 Sedimentation Field-Flow Fractionation

Sedimentation FFF (SdFFF) in its conventional form was described in 1974 by
Giddings, Yang, and Myers (Giddings et al. 1974). Berg and Purcell (1967) had
previously demonstrated a form of SdFFF carried out within a film of fluid flowing
down the inside of a spinning centrifuge with a vertical axis. This design was not as
practical as the conventional form which uses a thin and relatively narrow channel
wrapped around the inside of a centrifuge basket. Typically, channels are around
1–2 cm wide, 60–90 cm long, and have thicknesses of 125–250 μm. The radius of
curvature of the channels is typically about 10 or 15 cm and these have maximum
rotation rates of about 4900 or 2000 rpm, respectively. A prototype instrument
having a radius of curvature of 9.9 cm with an upper rotation limit of 10,000 rpm
has also been mentioned in the literature (Kato et al. 2019). The geometry of the
system is illustrated in Figure 1.7. It has been shown by Martin (Martin 1996, 1997)
that the curvature of the typical channels is sufficiently small that the fluid velocity
profile does not deviate significantly from the parabolic profile of planar channels.
The deviation of concentration profiles from exponential is also insignificant.
Schure and Weeratunga (1991) also showed that the flow disturbance due to
Coriolis forces in the thin spinning channel were expected to be small, but that for
particles denser than the fluid it was better to flow the carrier fluid in the direction
opposite to rotation where secondary flow tends to drive particles away from the
side walls in the region close to the accumulation wall.

The retention and bandspreading equations derived for planar channels
(Eqs. (1.2–1.6)) may therefore be used for SdFFF without significant error. The pre-
diction of elution times and fractionating power may be made for various field decay
programs (Giddings et al. 1987; Williams and Giddings 1987; Williams et al. 1987;
Williams and Giddings 1994), which allows for the selection of optimum experi-
mental conditions for given samples. It is also possible to transform fractograms
obtained under arbitrary programmed conditions into particle size distributions
using the integral method (Williams et al. 2001).

Particle–wall interaction may under certain conditions perturb the elution of
submicron particles. There tends to be repulsion when the carrier fluid has a very
low carrier ionic strength, for example. It has been found that the perturbation can
be accounted for by the inclusion of a semiempirical parameter 𝛿w (having units
of length) in the expression for R where the method of determining 𝛿w involves
a relatively simple straight-line plot of retention data obtained at different field
strengths (Williams et al. 1997). The 𝛿w parameter is effectively an adjustment to
the steric exclusion distance; and depends on particle material, wall material, and
carrier fluid composition; and is expected to be independent of particle size as well
as field strength. Once determined, there is no reason why this correction cannot be
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Figure 1.7 The upper figure shows a schematic of an SdFFF channel curved into a circular
form to fit within a centrifuge basket. The fluid is carried to and from the channel via a
rotating seal. The lower figure shows the mechanism of FFF separation of two components
in the cross-section of a part of the curved channel. Source: Reprinted from Beckett et al.
(1988) / with permission of ELSEVIER.

incorporated into the prediction of retention times and fractionating power under
programmed conditions and into the integral method calculations for data analysis.

For the analysis of supramicron particles in the steric mode of elution,
calibration with standards is of course necessary. This is because of the,
still-not-well-understood, hydrodynamic lift forces and retardation effects close to
the wall, as mentioned in relation to GrFFF (Caldwell et al. 1979; Williams et al.
1992, 1994, 1996b). There may be additional interactions with the channel wall,
particularly at low carrier fluid ionic strength, that influence elution in the steric
mode (Williams et al. 1996a). If the particle standards have the same composition
as the unknown sample, then calibration can also account for these. If conditions
are adjusted so that these composition effects are not significant, then the lift
forces and hydrodynamic effects will depend on particle size and position and on
carrier fluid velocity and viscosity only. In this case, the composition of the particle
standards does not have to match that of the unknown sample. A difference in their
density can be compensated by suitable adjustment of field strength so as to obtain
equivalent sedimentation force for equivalent particle size (Giddings et al. 1991).
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1.6 Thermal Field-Flow Fractionation

The separation of two polystyrene polymer standards in toluene by thermal
FFF(ThFFF) was first demonstrated in 1967 using a relatively crude setup involving
a Teflon capillary tube clamped between heated and cooled plates (Thompson
et al. 1967). A better design using two 3- m-long, square cross-section, stainless
steel chambers clamped around a Teflon gasket (to form the channel), one heated
by passing hot oil through it and the other cooled by a flow of cold water, was
described in 1969 (Thompson et al. 1969). The external chamber faces forming the
channel walls were polished to a mirror finish. This planar channel was shown to
give much better performance than the capillary, although separation of up to four
polystyrene standards took around 50 hours, in spite of using a programmed decay
of the temperature gradient. A design much closer to that of modern instruments
was described in 1974 (Myers et al. 1974). This channel used a Mylar spacer clamped
between two polished copper blocks, one heated electrically and the other cooled by
an internal flow of cold water. The channel was just 35.6 cm long, 2.54 cm wide, with
a Mylar spacer of thickness 0.0254 or 0.0127 cm. A second channel with gold-plated
surfaces was used for aqueous carriers. The design has since been refined, but has
not changed substantially. An exploded view of such a ThFFF channel is shown in
Figure 1.8.

Today’s instruments are constructed of highly polished, chrome- or nickel-plated
copper alloy blocks with a Mylar spacer, from which the channel has been excised,
clamped between them. The channels are typically 40–50 cm long, 1–2 cm wide,
and a spacer of 127 μm or less in thickness is used. Holes through the heated block
carry the sample and carrier fluid to the channel inlet and from the channel out-
let to the detector. Electrical cartridge heaters are used to heat one of the blocks,
while cold water circulates through the other. The temperature at the surfaces of
the two blocks is constantly monitored, and the cartridge heaters cycled on and off
under the control of a computer to maintain the required temperature gradient. As in
other forms of FFF, a high-performance liquid chromatography (HPLC) pump is
used to deliver the carrier fluid, an injection valve is used to introduce the sample

Channel inlet Channel outlet

Hot copper bar

Cartridge heater

Spacer

Cold copper bar

Coolant

circulation

Figure 1.8 Exploded view of the main components of a ThFFF channel. Source: Giddings
et al. (1990) / American Chemical Society.



�

� �

�

1.6 Thermal Field-Flow Fractionation 19

(typically 20 μL), and one or more HPLC detectors are used to detect and possibly
characterize the eluting species. Janča and coworkers have advocated the use of a
smaller ThFFF channel, termed the microthermal FFF (Janča 2002b, 2002a; Janča
et al. 2003; Janča 2008). These channels are typically 7.6 cm long, 3.2 mm wide, and
have thicknesses of 100 μm, although thinner channels have also occasionally been
used in conventional instruments. A reduced detector cell volume is necessary with
the microthermal FFF channel, and the sample size is also reduced to just 1 μL.

ThFFF makes use of thermal diffusion to drive the sample species to the colder,
accumulation wall. The transverse migration velocity is described by

∣ u ∣ = DT
dT
dx

(1.26)

where DT is the thermal diffusion coefficient and dT/dx is the gradient in temper-
ature. The value of DT depends on the nature of both the sample species and the
carrier fluid, and it also appears to have a dependence on temperature (Brimhall
et al. 1985). Values of DT have been found to be independent or nearly independent
of polymer molecular weight (Schimpf and Giddings 1989), but this is not certain to
be the case for colloids (Liu and Giddings 1992; Shiundu et al. 1995, 2003). The reten-
tion parameter is given approximately by

𝜆 = D
∣ u ∣ w

= D
DT(dT∕dx)w

≈ D
DTΔT

(1.27)

whereΔT is the temperature drop across the channel thickness. If DT is independent
of molecular weight, 𝜆 is seen to vary with molecular diffusion coefficient D. Note
that the ratio DT/D is equivalent to 𝛼/T where 𝛼 is the thermal diffusion factor.

The phenomenon of thermal diffusion is still poorly understood, and DT values
cannot be predicted (see, for example, Schimpf and Semenov (2000); Semenov
and Schimpf (2020); Zheng (2002)). Besides being an analytical technique for
determining the molecular weight distributions of polymers or size distributions
of colloids, ThFFF is an excellent technique for determining DT for different
polymeric or colloidal materials in different fluid media and at different temper-
atures. For this purpose, it is necessary to model the retention in ThFFF to a high
degree of accuracy. There are many features of ThFFF that contribute to small
deviations from the classical FFF retention theory. The temperature gradient across
the channel thickness is not quite constant, as assumed in the final form on the
right-hand side of Eq. (1.27), due to the temperature dependence of the thermal
conductivity of the solvent. The fluid viscosity varies across the channel thickness
with the temperature, which influences the fluid velocity profile. The ratio of D/DT
is temperature dependent, so the concentration profile deviates from the classical
exponential profile. The thermal expansion of the fluid with temperature across the
channel thickness also influences the concentration profile slightly. Approximate
corrections for all of these effects have been incorporated into the modeling of
retention in ThFFF, and this allows for the extraction of DT values from retention
times of standards measured under known experimental conditions (see Giddings
et al. (1976a); Gunderson et al. (1984); van Asten et al. (1994); Martin et al. (2002);
Myers et al. (1974), for example).
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The determination of molecular weight distributions of unknown samples gen-
erally requires calibration using narrow polymer standards. This is because DT and
D may be uncertain or unknown, and some of the system parameters may also be
uncertain. In this case, it is sufficient to take care of only the major perturbations
to retention and bandspreading and to have a consistent treatment of standards and
unknown in order to determine the distribution of the sample. The aspect having the
most effect on retention and bandspreading is the distortion of the velocity profile.
Martin and Giddings (1981) showed how a small distortion to the parabolic velocity
profile of classical FFF could be accounted for by a third-degree polynomial of the
form

v(𝜉) = 6⟨v⟩[(1 + 𝜐)𝜉 − (1 + 3𝜐)𝜉2 + 2𝜐𝜉3] (1.28)

where 𝜉 (= x/w) is the fractional distance across the channel thickness measured
from the accumulation wall, and 𝜐 is a correction term that is consistent with the lim-
iting velocity gradient at the accumulation wall. The approach of Gunderson et al.
(1984), which takes a known variation of fluid viscosity and thermal conductivity
into account, results in a fifth-order expression in 𝜉 for v. This may be approximated
by the third-order expression of Eq. (1.28) by equating the slopes dv/d𝜉 at the cold
wall close to which the sample species are located during elution or simply equating
the first-order coefficients. The solution for 𝜐 is thereby obtained for the assumed
temperature dependencies of viscosity and thermal conductivity for any cold wall
temperature Tc and temperature drop ΔT. Belgaied et al. (1994) generalized this
approach to determining the solution for 𝜐. They also carried out a convenient empir-
ical fitting of 𝜐 to a function of Tc and ΔT for 12 different organic fluids.

If the concentration profiles are assumed not to deviate strongly from exponen-
tial, Martin and Giddings (1981) showed that for the third-order velocity profile of
Eq. (1.28), the retention ratio is given by

R = 6𝜆{𝜐 + (1 − 6𝜆𝜐)[coth(1∕2𝜆) − 2𝜆]} (1.29)

The retention ratio for each standard is obtained from the measured elution time
and is given by t0/tr , or V 0∕V̇ tr , and knowing 𝜐, Eq. (1.29) may be solved for 𝜆.
Giddings (1994) proposed a universal calibration for ThFFF that may be written in
the form

D
DT

= 𝜙k

(
M

10k

)−n

(1.30)

where D/DT must be obtained from the extracted values of 𝜆, and 𝜙k and n are
best-fit parameters. This is useful only if Tc is held constant for both standards and
the unknown sample. The approach was extended by Cao et al. (1999) to allow for
variation of Tc. For the purposes of calibration, it is assumed that the ratio D/DT is
associated with temperature Tc rather than some temperature at the zone center of
gravity, for example. This assumption simplifies the approach and does not introduce
significant errors. It follows that(

D
DT

)
c
= 𝜆𝜃cΔT (1.31)
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where 𝜃c accounts for the small difference between the gradient in temperature at
the cold wall (dT/dx)c and ΔT/w due to the variation of thermal conductivity with
temperature(dT

dx

)
c
=
(

1 + d𝜅
dT

ΔT
2𝜅c

)
ΔT
w

= 𝜃c
ΔT
w

(1.32)

in which 𝜅c is the thermal conductivity at Tc, and d𝜅/dT is the rate of change of 𝜅
with T. If the standards are eluted at several different Tc, regression of the data may
be carried out to an equation of the form

𝜆𝜃cΔT = 𝜙k,298

( Tc

298.15

)m( M
10k

)−n

(1.33)

where an additional best-fit parameter m is obtained, as well as a temperature
corrected 𝜙k, 298 rather than 𝜙k.

Once these three best-fit parameters, 𝜙k, 298, m and n, have been determined, it is
possible to predict 𝜆 and hence elution time as a function of M for any flow rate V̇ , Tc,
andΔT. This can be done for isocratic (constant) conditions or even for programmed
operations where any, or even all, of these parameters vary with time. The continu-
ous monitoring of V̇ , Tc, and ΔT during the elution of an unknown sample would
allow the transformation of the elution profile to a molecular weight distribution
using the general integral method (Williams et al. 2001).

For the assumed third-order velocity profile of Eq. (1.28), the product of the
nonequilibrium bandspreading parameter 𝜒 and retention ratio R is given by
(Martin and Giddings 1981; Williams 2000a)

𝜒R = 12𝜆2 {[−1 + 24𝜆2 + 336𝜆4 + 12(1 − 58𝜆2 − 672𝜆4)𝜆𝜈

− 24(1 − 216𝜆2 − 2232𝜆4)𝜆2𝜈2]
+ 6𝜆[1 − 20𝜆2 − 8(1 − 69𝜆2)𝜆𝜈 − 24(1 + 168𝜆2)𝜆2𝜈2] coth(1∕2𝜆)

+ [1 − 12𝜆2 − 12(1 − 18𝜆2)𝜆𝜈 + 36(1 − 24𝜆2)𝜆2𝜈2] coth2(1∕2𝜆)

− 6𝜆[1 − 12𝜆𝜈 + 36𝜆2𝜈2] coth3(1∕2𝜆)
}

(1.34)

and for conditions corresponding to significant retention where coth (1/2λ)
approaches unity, Eq. (1.34) reduces to

𝜒R = 144𝜆4 [1 − 10𝜆 + 28𝜆2 + (2 − 40𝜆 + 276𝜆2 − 672𝜆3)𝜐

+ (1 − 30𝜆 + 360𝜆2 − 2016𝜆3 + 4464𝜆4)𝜐2] (1.35)

The use of these equations allows the calculation of molecular-weight-based
fractionating power FM as a function of M for any programmed conditions
(Williams et al. 2001). The importance of FM as an indicator of the quality of the
fractionation has been explained in terms of the residual polydispersity of the
eluting species in the channel outlet stream (Williams 2016). It has already been
pointed out that polydispersity can influence the accuracy of information returned
by multi-angle light scattering detection, for example, and that conditions should
be optimized to obtain an acceptable level of fractionating power across the full
range of a polydisperse sample.
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1.7 Electrical Field-Flow Fractionation

To separate charged species by electrical FFF (ElFFF), a potential gradient must be
maintained across the channel thickness. Positively or negatively charged species
are then driven toward one wall or the other as they are carried by the flow along
the channel. ElFFF was first demonstrated by Giddings and coworkers (Cald-
well et al. 1972; Giddings et al. 1976b; Kesner et al. 1976). These early instruments
used a semipermeable membrane channel with electrodes mounted in chambers
external to the channel, and the electrodes were from 1.7 to 5.1 cm apart. Buffer
was driven continuously through the chambers to remove the gases produced by
electrolysis. It was realized that the voltage drop across the channel thickness was
a small fraction of that between the electrodes. Not only is the channel thickness a
small fraction of the distance between the electrodes, but there was some electrical
resistance due to the membrane walls and a greater resistance across the porous
support plates, if present. It was calculated that the potential gradient across the
channel could be as low as 0.3% of the potential gradient between electrodes when
electrode spacing was 2.44 cm and channel thickness was 356 μm, and cellulose
acetate membranes of 12 kDa cutoff, forming the channel walls, were cast onto two
0.318-cm-thick polyethylene support plates with 100-μm pores. There was more
electrical resistance due to the porous support plates than the membranes, but with-
out them, the channel thickness could not be made consistently uniform. Lightfoot
and coworkers proposed an alternative approach where a hollow fiber was subjected
to a transverse potential gradient; this they termed hollow fiber electropolarization
chromatography (Chiang et al. 1979; Lightfoot et al. 1981; Reis and Lightfoot 1976;
Reis et al. 1978; Shah et al. 1979). It would have suffered from the same problem
of low potential gradient in the channel as the previous parallel wall channels,
and furthermore, tubular channel geometry with transverse field is not ideal for
implementing FFF (Giddings 2000). An annular channel design was also described
in which concentric porous glass tubes served as channel walls (Davis et al. 1987).
This device did not perform as well as expected.

In 1993, Caldwell and Gao (1993) proposed a new approach to parallel wall ElFFF.
In this design, the channel walls themselves served as the electrodes. These were
smooth graphite plates separated by a Mylar spacer. Such a design is shown in
exploded form in Figure 1.9. A potential difference of up to 2 V could be applied to
the thin (178 μm) channel without electrolytic breakdown of the aqueous carrier
solution. This resulted in a higher potential gradient across the channel than had
been possible with earlier designs. However, it was apparent that the voltage drop
across the channel was far lower than the voltage drop applied to the graphite
plates. This was due to electrical polarization layers at the electrode surfaces.
The ionic strength of the carrier solution has an influence on the polarization,
of course, but it is often not possible to significantly reduce ionic strength when
biological species are to be fractionated. The system was later shown to be effective
at fractionating polystyrene latex particles in both normal and steric modes using
a low ionic strength carrier solution (Tri et al. 2000).
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Figure 1.9 Exploded view of the main components of an ElFFF channel. Source: Tri et al.
(2000) / American Chemical Society.

The retention parameter in ElFFF is given by

𝜆 = D
𝜇eEeffw

= kT
3π𝜂dh𝜇eEeffw

(1.36)

where 𝜇e is the particle electrophoretic mobility and Eeff is the effective electric
field (potential gradient), and it was noted that the particle hydrodynamic diameter
includes the double layer thickness which is significant at low ionic strength.

Palkar and Schure (1997a) studied the time dependence of the electrode polar-
ization effect as well as the influence of flow rate. They also studied the influence
of sample size on retention and the effect of sample conductivity (Palkar and
Schure 1997b). It is clear that the precise prediction of retention times in ElFFF is
not a simple matter.

Micro-machined ElFFF channels were introduced in 1998 by Gale et al. (1998).
The channels were 4–6 cm long, just 20–30 μm thick, and 0.4–8 mm broad. Titanium
followed by gold was sputtered onto the silicon wafer and glass plate walls to serve
as electrodes (titanium was used for its good adhesion to silicon). Sample volumes
were typically as small as 0.1 μL, injected through a septum close to the channel
inlet. The advantages of miniaturization of ElFFF were later examined in theory and
practice (Gale et al. 2001, 2002). The advantages lie in improved efficiency, faster
sample relaxation, reduced steric inversion diameter, and reduced system time
constant (the time for the system to stabilize on applying the potential gradient).
The reduced time constant opened up the possibility of using alternating electric
fields for cyclical operation. The electrode polarization problem could then be
circumvented using a square-wave, cyclical electric field with optimized frequency
(Lao et al. 2002; Gale and Srinivas 2005). In cyclical operation, species are separated
according to differences in their electrophoretic mobilities 𝜇e, rather than in the
ratios of D/𝜇e. It is the mobility and the frequency of the cycling field that determines
the fraction of time spent in the faster-flowing regions as compared to the regions
close to the walls (Giddings 1986; Lee et al. 1988; Stevens 1990). Cyclical ElFFF
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has been shown to be an effective separation technique for submicron-charged
particles. Improvements to modeling (Chen and Chauhan 2007; Kantak et al.
2006), experimental optimization (Gigault et al. 2011; Srinivas et al. 2010), and the
advantage of operation with biased fields (Ornthai et al. 2015; Tasci et al. 2013) have
yielded significant improvements.

1.8 Magnetic Field-Flow Fractionation

Different approaches to implementing magnetic FFF (MgFFF) have been consid-
ered through the years. Many of the early efforts were reviewed by Carpino et al.
(2005b). Studies involving simple capillary tubes with transverse applied magnetic
field gradients were reported by Mori (1986), Latham et al. (2005), and Vickrey
and Garcia-Ramirez (1980). Tubular channel geometry with a transverse applied
field is not well suited to the implementation of FFF (Giddings 2000), and the field
gradients were relatively small. Mori (1986) demonstrated only slight retention
of Ni2+ protein complexes, and Latham et al. (2005) obtained separation of 13-nm
CoFe2O4 particles in hexane from 6-nm Fe2O3 particles that eluted with the void
peak. Nomizu et al. (2001) used an intermittent transverse magnetic gradient,
provided by an electromagnet, applied to a capillary tube to show separation
between retained 0.6-μm magnetite particles from effectively non-retained 0.7-μm
hematite particles in an aqueous carrier with 0.1% sodium oleate as a dispersive
agent. It is not possible to determine whether retention of magnetite particles was
in accord with magnetophoretic mobility as would be expected for the cyclical
FFF mechanism, or whether it was simply a function of the time captured during
periods of applied transverse field gradient.

Fukui, Ohara, and coworkers (Fukui et al. 2008, 2009; Takahashi et al. 2006) pro-
posed the use of high-temperature superconducting magnets to obtain higher field
gradients of 200 T/m or more. They carried out theoretical modeling of separation
in capillaries subjected to such field gradients. They did not allow for relaxation to
steady-state distributions before elution, however, and their simulations reflected
separation due to differences in relaxation across the capillary cross-section.
Therefore, the mechanism considered was not strictly that of FFF.

In 1984, Schunk, Gorse, and Burke (Gorse et al. 1984; Schunk et al. 1984) reported
the use of a parallel-plate channel with a transverse field gradient generated by an
electromagnet. They were able to separate singlet 0.8-μm-rod-shaped iron oxide
particles used in the recording industry from doublets. Again, the field gradient was
rather small. As a means of creating high field gradients in a channel, Semenov and
Kuznetsov (1986) proposed mounting a ferromagnetic wire at the axis of a tubular
channel and magnetizing the wire with an external magnetic field. The concept
is taken from high-gradient magnetic separation (HGMS) technology (Oberteuffer
1973) widely used nowadays for immunomagnetic cell separation. The small
surface of the wire would serve as the accumulation wall, which would make the
system susceptible to overloading. The field gradient would also tend to increase
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rapidly with an approach to the wire which would tend to capture species which
is the objective in HGMS. Semenov (1986) solved these problems by proposing
that a uniform array of wires be embedded in one of the walls of a parallel-plate
channel. The regular spacing of the wires was predicted to generate a fairly uniform
field gradient in the channel. There have since been several modeling efforts and
simulations of particle separations for such a design (Karki et al. 2001; Ohara et al.
1996; Ohara 1997; Ohara et al. 2000; Tsukamoto et al. 1995; Wang et al. 1997) and
just one experimental implementation where there was shown to be slight retention
of some transition metal salts (Mitsuhashi et al. 2002).

The most successful approach to MgFFF to date uses a quadrupole electromagnet
and helical channel (Carpino et al. 2005a, 2005b, 2007; Williams 2012; Williams
et al., 2009b, 2010c). A relatively small aperture (1–2 cm diameter) quadrupole
electromagnet can generate uniform field gradients comparable to those found
in the much bigger (10 cm diameter) superconducting quadrupoles (Takahashi
et al. 2006), and these can be efficiently exploited using a helical channel mounted
axisymmetrically to the field, close to the pole pieces. The helical channel has
the advantage over a simple annular channel in that it is far simpler to maintain
uniform thickness. It is also much easier to introduce fluid uniformly to the helical
channel than to a full annular channel, and this is also true for the withdrawal of the
fluid at the channel outlet. Also, the helical flow path carries all sample components
through any small variations in field gradient around the annular space that would
contribute to bandspreading in an annular channel. The use of an electromagnet
also allows for very easy implementation of programmed decay of magnetic
field gradient during sample analysis (Williams et al. 2010a). The quadrupole
electromagnet and spiral channel are shown schematically in Figure 1.10 a and b,
respectively, and a photograph of the system in Figure 1.10 c.

(a)

(b) (c)

Figure 1.10 (a) Schematic of the cross-section of the soft iron pole pieces and yoke (pale
gray) and electrical coils (dark gray); (b) Schematic of spiral channel machined into DelrinTM

(DuPont) rod that fits tightly into a stainless steel cylinder; Source: Carpino et al. (2005b) /
with permission of ELSEVIER. (c) Photograph of the MgFFF system with the assembled
spiral channel ready for an introduction to the quadrupole aperture.
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The small deviations from parabolic of longitudinal and azimuthal velocity pro-
files in annular flow have been studied, as well as their influence on the retention
ratio in a helical channel (Williams et al. 2009a, 2010b). However, if the channel
thickness is relatively small compared to its radius of curvature, then the retention
ratio and nonequilibrium bandspreading parameter are well approximated by the
classical model equations (see Eqs. (1.2–1.6)).

The force Fm experienced by a magnetic particle in suspension placed in a mag-
netic field gradient is given by

Fm = VmΔχ
B
𝜇0

∇B = VmM∇B (1.37)

where V m is the volume of magnetizable material contained in the particle, Δ𝜒 is
the difference in magnetic susceptibility between the magnetizable material and the
other materials present (the fluid and the other particle components, all assumed
to have small susceptibility), 𝜇0 is the magnetic permeability of free space, M is the
magnetization of the magnetizable material in the particles at the applied magnetic
field B (other materials assumed to have negligible magnetization), and∇B is the gra-
dient in the magnitude of the magnetic field across the channel thickness. In an ideal
quadrupole, the magnitude of the magnetic field B increases linearly with distance
from the axis

B = r
ro

Bo (1.38)

where r is the distance from the axis, ro is the radius of the channel outer wall, and
Bo is the magnitude of the field at ro. The field gradient ∇B across the channel thick-
ness is therefore constant and equal to Bo/ro. Replacing FG in Eq. (1.24) by Fm, the
retention parameter 𝜆 is given by

𝜆 = kT
Fmw

=
kT ro

VmMBow
(1.39)

The magnetization is a function of local field B as may be seen in Eq. (1.37),
where M =𝜒B/𝜇0, and for paramagnetic and diamagnetic materials, 𝜒 is constant.
However, particles that are of particular interest for magnetic characterization
are the superparamagnetic nanoparticles used for immunomagnetic labeling of
specific biological cell types or used as drug carriers for magnetically targeted
cancer treatment. These are composite particles where the iron oxide nanoparticles
are coated with a biocompatible material such as dextran and which also may
carry a chemotherapeutic drug and/or antibodies to a specific cell type. The mag-
netization M of the superparamagnetic component does not increase indefinitely
with B. It approaches a saturation magnetization Ms at relatively low fields of
0.1–0.2 T. In this case, the concentration profile approaches an exponential, with
𝜆 given by Eq. (1.39) with M =Ms. Even at low field strength, where the magnetic
material is approximately paramagnetic, the concentration profile does not deviate
significantly from an exponential in the thin channels used.

For the characterization of superparamagnetic nanoparticles, it is not necessary
for them to remain magnetically saturated during elution. If the full magnetization
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curve (M as a function of B from zero to saturation) is known for the magnetic mate-
rial included in a sample of magnetic nanoparticles, then it is possible to predict
retention times as a function of V m, or the equivalent spherical diameter dm, for
any applied field or programmed field decay. There is one caveat. Although only
the magnetic component responds to the field gradient, the steric exclusion correc-
tion, if it is considered, is dependent on the overall particle size. They do tend to
be rather small (less than about 200 nm), however, and the steric correction will
be correspondingly small. Using the general integral approach developed for data
reduction (Williams et al. 2001), it is also possible to transform an elution profile
into a distribution in V m or dm. Regarding the prediction of fractionating power,
nonequilibrium bandspreading is a function of D and therefore of overall particle
size (see Eq. (1.4) for the contribution to plate height). It would be necessary to make
some assumptions concerning particle size. For example, particles may be assumed
to have similar sizes (determined by light scattering or AsFlFFF, perhaps) but con-
tain differing amounts of magnetic components.

It should be pointed out that MgFFF applies to the fractionation of superparam-
agnetic nanoparticles only if they have a nonmagnetic coating. Without the coating,
the magnetic interaction between the magnetized particles causes aggregation, and
fractionation is not possible (Williams et al. 2010c).

1.9 Novel Techniques

1.9.1 Combined Fields

The combination of more than a single transverse field can sometimes be advanta-
geous. Various combinations have been explored. Chen et al. (1988) showed that a
steric (or hyperlayer) separation of supramicron polystyrene particle standards by
symmetrical FlFFF could be improved if gravity was imposed in the same direction
as the cross-flow. They called the technique gravity-augmented FlFFF.

Liu and Giddings (1991) reported the use of thermal-electrical FFF for the sep-
aration of submicron polystyrene particle standards in acetonitrile. The retention
of the particles due to the thermal gradient could be enhanced or reduced by the
application of a voltage gradient across the channel.

Ultrasound-gravitational FFF has been described (Yin et al., 2013) in which the
force due to a resonant acoustic field on microparticles toward the node at the chan-
nel midpoint is opposed by gravity. No experimental results were presented, but
particles of different compositions were expected to be driven to different equilib-
rium positions across the channel thickness and be carried to the outlet at different
times. The technique would not have the capability to separate particles by size alone
because forces due to both the standing acoustic wave and gravity depend on particle
volume.

Johann et al. (2015) constructed an AsFlFFF instrument in which an electrical
field can be applied across the channel thickness. They were able to determine
electrophoretic mobilities of nanoparticles and proteins by measuring elution
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times using cross-flow alone and then measuring the increase in elution times
with the application of a voltage gradient. They were also able to show enhanced
separation with the application of the electrical field. Further studies have been
reported recently following the commercializing of this electrical AsFlFFF system
(also referred to as EAF4) (Choi et al. 2020; Metzger et al. 2021; Kohl et al. 2021).

The technique of dielectrophoretic FFF (DEP-FFF) requires the opposition of
dielectrical force and gravity (Huang et al. 1997; Markx et al. 1997; Wang et al. 1998,
2000; Yang et al. 2000). A negative dielectrophoretic force on microparticles drives
them away from an array of microelectrodes in the lower channel wall, and this
is opposed by gravity if they are denser than the fluid. The dielectrophoretic force
varies strongly with distance from the electrodes, while gravity exerts a constant
force. Both forces vary with the volume of the particles. The equilibrium position
and elution time depend on both the density and the polarizability of the particle.
The technique has been found to separate various types of biological cells based on
differences in their polarizability.

An interesting technique proposed by Janča and Audebert combines an electrical
field with gravity to implement a type of hyperlayer FFF based on isopycnic focus-
ing (Janča and Audebert 1993, 1994). A colloidal density modifier, such as Percoll, is
added to the carrier fluid. This is driven by the electrical field to form a density gra-
dient across the channel thickness, and the microparticles to be separated find their
isopycnic equilibrium positions within this gradient under the influence of gravity.
They were able to show the influence of voltage gradient on the retention ratios of
different particles.

1.9.2 Two-Dimensional, Continuous Fractionation

There has been some development of two-dimensional FFF instruments for contin-
uous fractionations. Giddings discussed the theoretical aspects of continuous FFF
separations (Giddings 1984, 1990b). It was explained that a selective FFF separation
in one direction can be combined with a field-induced migration at right angles
resulting in different trajectories to different collection points for different species.
The field-induced migration may or may not be selective, but if it is selective, its
selectivity must differ from that of the FFF separation. The migration at right
angles to the FFF separation may also be provided by a non-selective flow or bulk
displacement.

A continuous steric FFF device was developed that used a planar channel whose
breadth was set at an angle to the horizontal so that particles sedimented across the
channel breadth as they migrated in steric mode along the channel length in the hor-
izontal direction (Myers and Giddings 1979; Schure et al. 1985). Particles of different
sizes could be collected at different outlets along the lower edge of the channel. Ivory
et al. (1995) constructed a continuous SdFFF instrument that used a centrifuge rotor
housing a channel with a conic cross-section. The channel was therefore at an angle
to the radius. It was intended that the migration in the direction of flow and rota-
tion was to be via the mechanism of normal or steric mode SdFFF and the migration
across the channel breadth by sedimentation. Unfortunately, separation appeared to
be disrupted by flow instabilities in the rotating channel.
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Pearlstein and Shiue (1995) presented a concept for continuous FFF separation
in the annular space between concentric cylinders, one of which rotates while the
other is held stationary. The carrier fluid flows axially within the annulus and the
sample is introduced at a fixed point on the circumference at the channel inlet. Sam-
ple species were predicted to follow different spiral paths along the annular channel
to be collected at different points around the circumference of the outlet. They pre-
sented only a mathematical model of the expected separation for such a system.

Vastamäki and coworkers (Vastamäki et al. 2014, 2001, 2003, 2005) have developed
a continuous two-dimensional ThFFF instrument. It makes use of radial carrier fluid
flow between two circular plates, the upper of which is stationary and heated, while
the lower is slowly rotated and is cooled. The carrier fluid is introduced at the center
of the upper heated disk, and the sample is continuously fed into a second inlet that
is a small distance from the axis of the upper disk. Sample species relax to the lower
rotating disk and migrate radially outward by the mechanism of ThFFF. At the same
time, they are angularly displaced by the rotation of the lower disk. Different species
follow different curved paths to the circumference where they are collected at several
collection ports around the edges of the disks.

There are numerous potentially useful combinations of fields, flows, as well as
field and flow directions that may be exploited for separations of different species of
differing size or composition. There are likely to be many interesting developments
in the future.
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