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Feasibility Study of Dielectrical Field-Flow Fractionation

JOE M. DAVIS and J. CALVIN GIDDINGS

DEPARTMENT OF CHEMISTRY
UNIVERSITY OF UTAH
SALT LAKE CITY, UTAH 84112

Abstract

The possible use of dielectrophoretic forces for the development of a new
subtechnique of field-flow fractionation (FFF) termed dielectrical FFF is
examined. Dielectrical FFF is based on the dielectrophoresis of neutral particles
in the nonuniform electric field of an annular channel (or charged coaxial
capacitor). The feasibility of the subtechnique is assessed by estimating the
magnitudes of retention ratio R predicted from theory for select species
representative of several classes of particle/fluid mixtures. Minimum attainable R
values are calculated using ecstimates of the maximum electric field strengths
applicable to the mixtures. Calculations show that the dielectrophoretic force is
strong enough to retain and separate ultrahigh-molecular-weight polymers and
submicron-diameter particles dissolved or suspended in organic liquids of high
dielectric constant. Evidence suggests that pearl-chain formation may impose a
fundamental limitation on particle retention at the inner cylinder of the annular
channel, especially in aqueous suspensions.

INTRODUCTION

Field-flow fractionation (FFF) is a family of chromatographic-tike
separation methods well adapted to the analytical-scale fractionation and
characterization of macromolecules and small colloidal particles, includ-
ing proteins, viruses, latex samples, emulsions, polymers, cells, and many
other similar materials. Separation by FFF arises because components
are differentially transported by laminar flow through an open channel
of thin dimensions (usually 50-500 ym). In FFF, component particles are
localized near one channel wall (the accumulation wall) by an external
field or gradient which is applied perpendicular to the flow direction (see
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Fig. 1A). Soon after sample injection, each species forms a steady-state
particle cloud (or zone) whose thickness is determined by the interplay of
the ficld-induced force on the particles (which favors cloud formation)
and particle diffusion (which opposes cloud formation). Component
zones localized near the wall are carried less rapidly by flow than are less
localized zones because the fluid velocity approaches zero at the walls
(Fig. 1A). The principles of FFF have been described in more detail
elsewhere (1-3).

The simplicity of the FFF system has facilitated derivation of general
equations predicting the behavior of component zones in FFF systems.
From these equations, characteristic physicochemical properties of
constituent particles can be calculated from experimental measurements.
Furthermore, such equations serve as useful guidelines with which to
evaluate the promise and limitations of new FFF subtechniques.

The different subtechniques of the FFF family are distinguished
principally by the type of field or gradient used. Different fields are
applicable to different kinds of particles over different ranges of particle
size and provide different levels of selectivity. For each new field a new
physicochemical property of constituent particles can be measured. Thus,
any new and viable subtechnique will serve to extend the FFF metho-
dology into new areas and will reflect more diverse properties.

Presently, thermal (4), sedimentation (3), electrical (6), flow (7), and
magnetic (§) fields or gradients have been successfully used in FFF
systems to fractionate and characterize a wide variety of macromolecules
and particles. The possibility of using shear (9) and sedimentation
hyperlayer (10) (alternatively called sedimentation-flotation focusing
(11)) forces has also been considered and found promising.

In this paper we develop criteria for a new FFF subtechnique based on
dielectrophoresis, or the translation of neutral particles (or molecules) in
a spatially nonuniform electric field. Dielectrophoresis occurs because
the nonuniform field polarizes (induces charge separation in) any
exposed particle and exerts unequal forces on the various charge
elements distributed over the particle, resulting in translation.

Alternative methods of separation based on the use of dielectro-
phoretic forces include dielectric levitation (/12-16) and filtration (17-22).
In dielectric levitation the spatial separation of different particie types
suspended in organic liquids or aqueous media can be selectively
adjusted by choice of the suspending medium, the electric field strength
and frequency, and the electrode configuration and orientation. In
dielectric filtration, organic or aqueous suspensions of particulates are
pumped or gravity-fed through an annular or annularlike channel across
which an electric field is applied. The proper choice of conditions can
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FIG. 1. (A) Open parallel-plate channel (OPPC) traditionally used in FFF. (B) Annular
channel (ANNC) for dielectrical FFF.
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favor either the enrichment or depletion of particles in the fluid.
Dielectric filtration is sometimes used to purify organic liquids con-
taminated by particulates and fines.

The dielectrophoretic force F depends on a number of experimentally
confrollable parameters, among them the electrical permittivity and
conductivity of the carrier fluid, the electrode configuration, and the
frequency and magnitude of the electric field. It appears that a judicious
choice of these parameters will yield a sufficiently large F to enable the
fractionation of various particle mixtures under a variety of conditions.
One can envision a broadening of the range of fractionation by
implementing dielectrical FFF in a field-programmed mode in which the
electric field strength or frequency (or both) is varied with time. The
potential versatility of the proposed subtechnique is thus considerable.

The feasibility of dielectrical FFF is characterized here principally by
the magnitudes of retention ratio R, equal to the ratio of the average
velocity of the particle cloud to the average fluid velocity. Values of R are
predicted from theory for select species representative of three classes of
particle/fluid mixtures, namely dissolved polymers in organic solvents,
organic particle suspensions, and aqueous particle suspensions. The
smallest attainable R (or highest retention) is ultimately limited by the
magnitude of electric field strength E, which if larger than some threshold
strength E’ results in unfavorable or unacceptable conditions for
fractionation. Several factors can determine E’ for a given particle/fluid
mixture, including the dielectiric breakdown of the mixture, the field-
induced association of particles (which is discussed below), the Joule
heating and thermal convection of the channel contents, or charge
injection (23), which may electrostatically mix the fluid and zones. The
criterion we use to decide if dielectrical FFF is a potential separation
method for these classes of mixtures is that R must be adequately small,
ie., R <0.5, for E values beneath the E’ threshold. (While the R’s of all
components need not be small, efficient multicomponent separations are
not feasible unless nearly all R’s are below 0.5.)

The mutual polarization and attraction of particles having larger
complex electrical permittivities than the surrounding fluid result in the
association of particles into linear complexes called “pearl chains” (23) if
E > E’, where E? is the threshold strength for pearl-chain formation (or
mutual dielectrophoresis) in that particle/fluid mixture. When such
chains form, the size selectivity of the dielectrophoretic force is lost and
large chains of particles (instead of individual particles) respond to and
align with the electric field. If the particle chains are not broken up by the
shear stresses attributable to the laminar flow of carrier fluid, their
extensive length (which can be as much as 50-200 pm for chains
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composed of submicron-diameter particles (23)) will clearly result in
severely distorted transport in the FFF system.

For the purposes of this paper we consider E to be limited primarily by
the dielectric strength EY or the pearl-chain-formation strength E” of the
mixture. Thus the threshold field strength E} above which practical
operation is not possible, is considered to be the lesser of the two
quantities £ and E”.

A number of electrode configurations external to the walls of the open
parallel-plate channel or OPPC (see Fig. 1A) traditionally used in FFF
can be proposed to generate nonuniform electric fields, but the mathe-
matical descriptions of these ficlds and their effects would generally not
be simple. We consider here, alternatively, the use of a coaxial capacitor,
which is equivalent to an annular channel or ANNC in which the
electrodes are the channel walls. The ANNC has inner radius r, and outer
radius r,; a potential difference is applied across the gap thickness
w =r, —r, as shown in Fig. 1B, to produce a nonuniform E. The field
strength and dielectrophoretic force are well defined for this geometry,
allowing us to evaluate R using a retention theory recently developed for
ANNC:s (24). (An alternative dielectrical FFF channel is an approxima-
tion to the isomotive electrode cell (19, 23).)

Dielectrophoresis is observed in both dc and ac fields. We consider
here only ac fields to avoid complications associated with dc fields, such
as electrode polarization and electrophoresis.

THEORY

We simplify our analysis by assuming that all particles and molecules
are uniform spheres. We wish to calculate the steady-state ac-dielectro-
phoretic force F on a sphere of volume ¥V and complex electrical
permittivity g = g, — ic,/@. When such a sphere is immersed in an
unbounded fluid of complex electrical permittivity &f = ¢, — ic,/®
through which passes an asymmetric electric field E = E(q)¢* oscillating
with angular frequency o, the dipolar approximation to F is (23, 25-27)

3 g* — g¥ 3 g, —
F==> G'stRe<:—f*)VEf = ~6’Va,( P Y
2 ey + 2¢; 2 g, + 2¢
3(8[0,, - 8,,0f) )
+ VE? 1
(g, + 2e)(0, + 20)(1 + (0T)?) s (0

where g, and o, (¢, and o)) are the electrical permittivity and conductivity
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of the particle (fluid), E(g) denotes the cyclical maximum value of field
strength E at the generalized coordinate position g, ¢ is time, Re({)
designates the real part of any arbitrary complex number{,i = /-1, and
T, is the time constant that characterizes the duration of a transient
component of the ac-dielectrophoretic force (which merits consideration
only when @ = 1/t,and ¢ < T, (26)):

T = &t 28 ()
c, + 20,

In Eq. (1), coefficient 8’ = 0.5; the product 8'VE? could alternatively be
written as VEZ , where E, is the root-mean-square (rms) value of E.
Quantity VE? could also be written as 2E,VE,. The latter form more clearly
expresses the physical dependence of F on the electric field E,, which
polarizes the particle, and the field gradient VE, which measures the
relative difference in electrical force on the charge elements distributed
over the particle.

Alternatively, and more simply, Eq. (1) can be written as the product of
three terms:

F = VgVE? (3)

where volume V is generally the only parameter depending on particle
size, VE? accounts entirely for the effects of the electrical field, and
parameter g,

* ok

- _ 3, €
g =g(e}k, gf) = ) 0 efRe<Eﬁ—2é;) 4)

incorporates all of the intensive properties of the particle and fluid media
that are relevant to dielectrophoretic force. Particles migrate toward the
region of increasing F if the function g is positive (positive dielectro-
phoresis) and decreasing E if g is negative (negative dielectrophoresis).

The maximum value E(r) of field strength £ in an ANNC can be
written as a function of radial coordinate r (see Fig. 1B) (23):

E.=Er/r (5)

where E| is the maximum field strength E, in the system, found at r = r,,
the inner cylinder. Thus

VE2 = 253 1L (6)
5 1 r3
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The combination of Egs. (3), (4), and (6) allows us to express force F in
terms of E,, which is limited to values less than E’ as noted earlier.

The general retention theory for ANNCs shows that retention ratio R
can be expressed in terms of F as a definite integral (see Eq. 14) which
depends on the parameters

A = kT/\W| = kT/| f " Fdrl 7
n
and
p = n/r (8)

where kT is the thermal energy of the system and W is the work required
to transport a particle across the gap w = r, — r; (24).
Substituting Egs. (3) and (6) into Eq. (7), we find that

kT

A=— "2
BIVEI(1 = p})

©)

This general A equation can be explicitly written for different particle
types by specifying the function g and particle volume V. For a polymer of
molecular weight M and density p, A becomes

4pRT
ey — gf 2 2
3Ms,iRe(J——Le;, . 28;)1&0 )

A=

(10)

where R is the gas constant and 0’ is assigned the value 0.5. (In deriving
Eq. (10), the polymer molecule is assumed to be a sphere of pure
polymeric material in place of the more open structure representative of
the random coil polymer in solution.)

For a spherical particle of radius a, A assumes the form

kT
3¢ IR SQ* - E{* EX1 — p2
na’e|Re & + 26F |ET(1 = pD)

k:

(1)

Equations (9)-(11) apply, as suggested earlier, only when the maximum
inner-cylinder field strength E| is no greater than E'. Hence the threshold
parameter A’ that determines the minimum attainable R for a given ¢, &,
V, and p, is obtained by equating E, to E. In particular, the smallest
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attainable A value limited by the dielectric strength E? of the suspension,
A4 is obtained by equating E, to EY. Likewise, the smallest A obtainable
under pearl-chain limitations is found by substituting £ for E,.

The maximum practical field strength E”, above which spherical
particles form pearl chains, is (23, 28, 29)

172
-1 7| eX + Zaf |< 4rrkT>

30'eV (12)
where for any complex number &, |§| denotes its modulus. Pearl-chain
formation is thus expected to begin near the inner cylinder of the ANNC
when the field strength at that boundary reaches the level E, = F?
Substituting this expression into Eq. (9) and expressing g explicitly, we
find that the pearl-chain limited A is

0.0551  |(e¥ — e})/(e¥ + 2e})f
1 — p? [Re((ef — €)/(ef + 2e}))|

M= (13)

and is independent of particle volume V. Thus, while the experimental A
for a given particle type is inversely proportional to V, pearl chains form
more readily (see Eq. 12) at large V. Consequently, increasing particle size
forces a reduction in field strength whose effect on A exactly offsets that of
V. (For a particle mixture, &’ would be the limiting A for the largest
particle; the smaller particles would have A’s increasing in inverse
proportion to V.)

The dielectrical FFF retention ratio R is calculated from the above
expressions and the definite integral (24)

J'a exp(?u)(;ll)z(l -2 9 in U)gy

2 2
R= % I (14)

f , exp (Fu)(1)du

u/p] u
where
S/ 15
“T - e (1)
u = ary/r (16)
2

9= 1_9_1 (a7
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and
o=1+pi+86 (18)

The upper and lower signs in the exponential factor of Eq. (14) indicate
that R differs for outer-wall and inner-wall retention, respectively. The
integrals in Eq. (14) cannot in general be evaluated analytically, but when
A <1, the R expression reduces to (24)

kT
R, ~ ZOEV 21 + 6| (19)
and
kT
o = L0l E? ooy 2T 9 (20)

where R, and R, are the inner- and outer-wall retention ratios. The A
ranges over which these approximations are valid depend on p, and are
given elsewhere (24).

We observe that some experimental aspects of the dielectrophoretic
phenomenon are not accounted for in the present ANNC retention
theory for R and merit mention here. First, a spherical particle subject to
dielectrophoresis in ionic media commonly rotates slowly (e.g., ~ 10 Hz),
most likely due to the adherence of ions to the particle surface and the
resultant induction by the electric field of a rotational torque on the
particle (23). Second, a freely rotating nonspherical particle (e.g., an
ellipsoid) is subject to a frequency-dependent orientation in an electric
field because the electrical energy stored in the particle is partitioned
among the particle’s three principal axes, the relative partitioning is
frequency-dependent, and the minimum-energy axis of the particle aligns
with the field (23, 30, 31). The influences of these two phenomena on zone
migration (and thus R) are assumed to be second order and are
consequently not treated here.

NUMERICAL

Table 1 reports the relative dielectric constants (the electrical per-
mittivities divided by the permittivity of free space), electrical conduc-
tivities, and dielectric strengths (the field strengths at which dielectric
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breakdown occurs) of several substances chosen as representative
components of the three particle/fluid mixtures examined in this study.
These values generally vary only a few percent over a wide range (10-10%)
of frequencies.

Table 2 reports the estimated dielectric strengths E¢ and pearl-chain-
formation strengths F? used for calculations on the particle/fluid
mixtures characterized here; the threshold field strength E' of each
system was chosen as the lesser of the two appropriate values. The
dielectric strengths of these mixtures are assumed generally to be limited
by the dielectric strengths of the suspended or dissolved particles.
Conservative (low) values have been chosen for E because of uncertain-
ties on how these limitations would apply in practical FFF systems.

For each mixture, values of threshold parameter A" were calculated for
various ¥ and p,; values using Eq. (10) or (11), the appropriate inner-
cylinder field strength E, = E', the cyclical frequency v = w/2m = 10,000
Hz, and T = 300 K. Retention ratio R was then calculated from these X'
and p, values by integrating Eq. (14) numerically, using Simpson’s rule.

RESULTS AND DISCUSSION

We first consider the feasibility of fractionating nonaqueous suspen-
sions of colloidal particles using dielectrical FFF. As observed in the
Introduction, dielectrophoresis is sometimes used to remove particulate
impurities from organic fluids. Of increasing interest is the fractionation
and characterization of various particulate materials suspended in such
liquids, such as the organic and inorganic contaminants in coal liquids.
Dielectrical FFF is a promising method for fractionating such mixtures,
as shown below.

Since force F, Eq. (1), increases with fluid permittivity €, the smallest
A’s and R’s attainable for fixed p,, E,, ¥, and g* are found by suspending
particulate materials in liquids of high dielectric constant. Particles
suspended in such liquids are generally subject to negative dielectro-
phoresis (ie., outer-wall retention) because gf > g*, and the threshold
strengths £’ of these mixtures are determined principally by the dielectric
strengths E?. We choose here E? = 1.4 X 10° V/m (F%_, = 1.0 X 10° V/m or
1.0 V/um) since the dielectric strengths of many particulate types are only
slightly greater than this value (see Table 1).

Figure 2 is a plot of log R vs p, determined as detailed above for the
suspension of 0.3-pm-diameter spheres of fused silica and Al,O, in the
three organic liquids, p-xylene, methyl ethyl ketone (MEK), and N-
methylformamide. Both particulate types are subject to outer-wall
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TABLE 2
Electric Field Strengths E4 EP, and E' for Select Particle/Fluid Mixtures®
Particle/fluid Estimated £¢ E?, calculated from Threshold E

mixture (V/m) Eq. (12) (V/m) (V/m)
Silica/p-xylene 1.4 x 10° 3% 108 14 % 10
Silica/MEK 14 % 10 b 14 x 108
Silica/N-methylformamide 1.4 % 100 b 1.4 % 106
AL Os/p-xylene 1.4 X 10° 12 %X 10° 12 x 108
ALO3;/MEK 1.4 % 10° b 14X 10
Al,O3/N-methylformamide 1.4 x 10° b 1.4 X 10°
Silica/DMSO 1.4 x 10° b 14 x 10°
Silica/formamide 14 X 10° b 1.4 X 10°
AlLO;/DMSO 14 x 10° b 1.4 X 10°
ALO;/formamide 14 x 10° h 14 X 100
Cellulose acetate/N- 14 % 107 b 1.4 % 107

methylformamide

Cellulose acetate/DMSO 14 % 107 b 14 % 107
Polyethylene/n-hexane 14 x 107 >28 X 107 ¢ 14 x 107

“MEK = methyl ¢thyl ketone; DMSO = dimethylsulfoxide.

bPearl-chain formation not expected.

‘For M < 10° g/mol.

0 T T T o= 7
L s /l
R=05 _am==T /
B i 7
- P } ””” -
MEK
logR
_ZJ N-methy\formomidej\ 7

L :

L

0.50 0.60

L
0.70

1

i
0.80

0.90 1.0O

FiG. 2. Plot of log R vs p; for 0.3-um-diameter spheres of fused silica (dashed lines) and
AlL,O; (solid lines) suspended in p-xylene, methyl ethyl ketone (MEK), and N-methyl-
formamide. £ = 1.4 X 10° V/m; v = 10,000 Hz.
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retention in the latter two liquids and to inner-wall retention in p-xylene;
the threshold strength E' of the Al,O,/p-xylene mixture is determined by
E” instead of E? (see Table 2). The figure illustrates the general trend in
which retention increases (i.e., R decreases) as the fluid permittivity is
increased, irrespective of the wall of accumulation. Furthermore, under
optimal conditions, gf > &} and force F approaches a limiting value for
fixed €f, p;, ¥, and E, that is largely independent of & (note that the R
values for Al,O, and silica suspended in N-methylformamide are nearly
identical despite a more than twofold difference in ¢,).

The influence of p, on R is also illustrated by Fig. 2. We observe that R
approaches unity and A, Eq. (9), approaches infinity as p, approaches
unity because, at fixed r, (or r)), the gap thickness w approaches zero in
this limit and the term |} in Eq. (7) goes to zero. The function R,,
decreases (upper pair of curves) with decreasing p;, principally because w
and thus [W] increase as p, decreases at fixed r,. The function R,,, (two
lowest pairs of curves) is smallest for intermediate p, values because |/
goes through a maximum as p, decreases. A rather large p, range is found
over which R, varies only slightly from its minimum value.

Figure 3 is a plot of R vs particle diameter 2a determined for
suspensions of fused silica and Al,O; spheres in the three fluids,
dimethylsulfoxide (DMSO), formamide, and N-methylformamide.
Values of R (in all cases corresponding to outer-wall retention) were
calculated for each of the six suspensions assuming p, = 0.75(e.g.,r, = 1.5
mm, r, = 20 mm, and w = 500 pm) and p, = 090 (e.g, r, = 2.29 mm,
r, =254 mm, and w =250 pm). The figure shows that outer-wall
retention is clearly favored by the selection of a high permittivity fluid
and of a relatively small p, value. We observe that under favorable
conditions, particles having diameters down to 0.06 um can apparently be
favorably retained (R < 0.5).

Two experimentally controllable parameters on which force F depends
are the fluid conductivity o, and angular frequency o of the electric field.
If F is maximized for a given £, ¥, and p, by choosing a high permittivity
liquid, for which typically & > ¢, little change in F (and R) is expected as
o,or w is varied. This invariance can be understood if we recognize that
the real part of the complex factor in Eq. (1), which is bound by the
limits

05<R ﬂ*—_—?‘i)m 21
DN e<8:+28f* S ( )

approaches the limit, —0.5, for any o, or ® when g,> ¢, Hence, an
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FIG. 3. Plot of R vs particle diameter 2a for spheres of fused silica (dashed lines) and AL, O;
(solid lines) suspended in dimethylsulfoxide (DMSO), formamide, and N-methylformam-
ide. E* = 1.4 X 10° V/m: v = 10,000 Hz.

optimized dielectrical FFF experiment will largely be independent of
frequency and fluid conductivity.

We now briefly assess the feasibility of polymer fractionation by
dielectrical FFF. The large dielectric strength E¢= 1.4 X 107 V/m was
chosen as a representative value for typical polymer solutions (see Table
1). Figure 4 is a plot of R vs molecular weight M in g/mol predicted for the
polymer cellulose acetate dissolved in N-methylformamide and in
DMSO and for polyethylene dissolved in n-hexane, assuming p, = 0.75.
Adequate retention (R < 0.5) is attainable in both polar solvents for 10°
to 10"-molecular-weight cellulose acetate, but the molecular weight of
polyethylene must be greater than ~2.7 X 10* g/mol to retain adequately
this polymer in n-hexane, largely because ¥ ~ gf and ¢, is relatively
small. Polymers having molecular weights much less than 10* g/mol are
inadequately retained under the best of conditions principally because
force F is volume-dependent (see Eq. 1) and the volume ¥ occupied by a
polymer molecule is quite small, even for large M (e.g.,, V = 1.66 X 107"
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Fi1G. 4. Plot of R vs molecular weight M for cellulose acetate dissolved in N-methylformam-
ide (solid line) and in dimethylsulfoxide (DMSO) (dotted line) and for polyethylene
dissolved in n-hexane (dashed line). Ef = 1.4 X 10 V/m: v = 10,000 Hz; py = 0.75.

em’® = 1.66 X 107° um’® for p = 1 g/cm’® and M = 107 g/mol; this volume
corresponds to an equivalent particle diameter of only 0.032 um).

Finally, we consider the applicability of dielectrical FFF to aqueous
suspensions and solutions which exhibit anomalously large complex
permittivities in the kHz-MHz frequency range. The large permittivities
of aqueous colloidal suspensions and polyelectrolyte solutions subject to
low kHz-frequency fields are generally attributed to the polarization of
the electrical double layers of the constituent particles (23, 36-42). In high
kHz- to low MHz-frequency fields, these mixtures also exhibit a
Maxwell-Wagner-type polarization due to charge buildup at the particle-
fluid interface (23). Positive dielectrophoresis (inner-cylinder accumula-
tion) is almost exclusively observed in both cases. Biological particles
(e.g., cells, mitochondria, platelets, etc.) can exhibit positive or negative
dielectrophoresis, depending on the field frequency, fluid conductivity,
and other parameters (23).

General R values for colloidal particles and polyelectrolytes unfor-
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tunately cannot be calculated because particle permittivity ¥ is experi-
mentally inaccessible (only the permittivity of the bulk solution or
suspension can be measured) and theories for ef (43, 44) are inadequate
(37, 39-42). Since practical considerations relating to Joule heating and
thermal convection dictate the use of low-conductivity aqueous suspen-
sions (or solutions), in which typically & >> g¥, one important estimate of
the force F on these particle types is made by equating the central
expression in Eq. (21) to its maximum positive value, unity. (A similar
approximation to the modulus of the complex expression in Eq. 12 gave
close agreement between theoretical and experimental £” values for an
aqueous polystyrene suspension over the frequency range 10°-10® Hz
(29).) For this case X, Eq. (13), assumes its maximum value and may be
approximated as

_ 0.0551
1 — pi

}\'P

(22)

Based on Eqg. (22), it is expected that the minimum R’s for colloidal
particles and polyelectrolytes suspended in low-conductivity aqueous
media will be limited essentially by pearl-chain-formation parameter A?.
The limitation is a serious one for reasonable p, values. For example, if
p, > 0.75, then R > 0.50 and adequate particle retention is barely attain-
able.

CONCLUSIONS

The following assessments of the feasibility of dielectrical FFF are
deduced from the study of Figs. 2-4 and the above discussion. First,
dielectrical FFF shows considerable promise as a fractionation method
for colloidal particles suspended in organic liquids of high dielectric
constant (e.g., N-methylformamide, formamide, and DMSOQO). In such
liquids, typical particles having minimum diameters of 0.06 um or so can
apparently be adequately retained (R <0.5) using inner-cylinder field
strengths limited by the mixtures’ dielectric strengths (E¢ ~ 10° V/m).

Second, dielectrical FFF shows some promise for the retention of
polar, high-molecular-weight polymers (e.g., M ~ 10°-10" g/mol) dis-
solved in polar liquids of high dielectric constant (e.g., N-methylforma-
mide) using inner-cylinder field strengths equal to E’=~ 107 V/m.
Nonpolar polymers of very large molecular weight (e.g., M > 10° g/mol)
can in principle be adequately retained in nonpolar, low permittivity
solvents, but few such polymers can in practice be synthesized or kept
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stably in solution because of viscous shearing. Dielectrical FFF thus
appears to have little merit as a fractionation technique for nonpolar
polymers dissolved in nonpolar solvents.

Finally, pearl-chain formation in low-conductivity aqueous colloidal
suspensions and polyelectrolytes sets a lower limit on R of about 0.5 in
practical ANNC systems (p, > ~0.7), consequently making dielectrical
FFF an ineffective fractionating method for such materials. Aqueous
suspensions of biological particles which exhibit negative dielectro-
phoresis, however, might be adequately fractionated by dielectrical FFF;
this possibility should be assessed experimentally.

Returning to the promising case of organic suspensions, we note that
there are a number of similarities between dielectrical FFF and
sedimentation FFF, which has been particularly effective in resolving
and characterizing aqueous suspensions. Most generally, the limiting
value of the mass-based selectivity of dielectrical FFF is predicted to be
unity, a relatively high value identical to the limiting selectivity of
sedimentation FFF (45). In addition, the dielectric constant of the
suspending medium can be manipulated in much the same way and for
essentially the same purpose in dielectrical FFF as the density of the
suspending medium is manipulated in sedimentation FFF. In the latter
case, runs made at different carrier densities can be used to characterize
particle density as well as size, thus reflecting on the chemical composi-
tion of the particulate material (46). In the case of dielectrical FFF,
successive runs with carriers of different dielectric constant should serve
to identify the dielectric constant of the fractionated particles, which will
again relate to the chemical composition of those particles. This
approach has considerable potential for unraveling both the chemical
nature and the size distribution of complex suspensions of colloidal
particles in organic media.

The choice of channel dimensions in dielectrical FFF would be subject
to many of the same compromises as those dictating channel dimensions
in other forms of FFF. For particles with marginal retention, there is
generally an advantage to increased channel thickness as shown by Eq.
(7). However, for particles retained at the outside wall, this advantage is
soon lost, either because the inside cylinder radius must become
increasingly small and the limiting field strength at r, reduces that
available at r, (see Eq. 6), or because r, is expanded and the nonuni-
formity in the field is compromised. However, more generally, large w
values are expected to be disadvantageous because of sample dilution
effects, a propensity toward convection, increased heat buildup in the
channel which further aggravates convection, and an increased time
necessary for initial particle relaxation.
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With respect to the latter point, we note that in calculating R from Eq.
(14), it was assumed that the component particles had, under the
influence of force F, formed or relaxed into a steady-state particle cloud,
as described in the Introduction. The dielectrical FFF relaxation time t
required to establish this steady-state distribution is (24)

T = r3
8Dp?

AL = pi)(1 = pi) (23)

where D is the species’ diffusion coefficient. To insure formation of the
steady-state layer, a stop-flow procedure should be used in which the
electrical field is applied for a time > t before the carrier fluid is pumped
through the channel.

Finally, while this paper focuses on the use of dielectrophoresis in the
so-called normal mode of operation of FFF, in which particles accumu-
late at one wall, dielectrophoretic forces might be similarly useful in
developing hyperlayer FFF techniques, where particles are focused into
thin layers (hyperlayers) within the channels (/0). We have already noted
the use of dielectric levitation; the levitation process, in which particles
are held free from any containment surface, has the potential for forming
the necessary hyperlayers within FFF channels. This approach merits
further investigation.

SYMBOLS
a particle radius
ANNC annular channel
D diffusion coefticient of species
DMSO dimethylsulfoxide
E electric field strength
E, maximum E value at inner cylinder of ANNC
E4 threshold E value for dielectric breakdown
Er threshold E value for pearl-chain formation
E. . root-mean-square value of E
E, amplitude of E
E' threshold E value
formation
F dielectrophoretic force
FFF tield-flow fractionation
g function defined by Eq. (4)
k Boltzmann’s constant

- M molecular weight of polymer
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MEK
OPPC

q

~N N

LEEEER

SER RN

™,
* %

methyl ethyl ketone

open parallel-plate channel
generalized coordinate

radial coordinate

inner radius of ANNC

outer radius of ANNC

gas constant

retention ratio

inner-wall retention ratio

outer-wall retention ratio

time

absolute temperature

sy

particle volume

channel thickness

work required to transport a particle across the channel
P/ = p}))

complex electrical permittivity of fluid
complex electrical permittivity of particle
electrical permittivity of fluid
electrical permittivity of particle

(r- pzn)/ In p,

coefficient in Eq. (1) equal to 0.5
kT/W|

threshold A for dielectric breakdown
threshold A for pearl-chain formation
threshold A defined by £, = E
frequency of electric field

density of polymer

r/r,

electrical conductivity of fluid
electrical conductivity of particle
relaxation time

time constant defined by Eq. (2)
1+pi+90

angular frequency of E
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