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Abstract

Dielectric distribution may be defined as the
distribution that mobile materials with different
constants will assume in a nonuniform eleectric
field. The material moves under the influence of
dipoles induced by the electric field. If the sus-
pended material is more polar than the medium
in which it is suspended, it will move toward the
region of highest field intensity, and if the sus-
pended material is less polar than the medium,
it will move toward the region of lowest field
intensity.

Dielectric distribution will give useful separa-
tions. The dielectric distributions of phosphatide
micells in petroleum ether and of a mineral oil
emulsion in water were studied in a nonuniform
radial field produced by a cylindrical condenser.
The central and peripheral portions of the cylin-
der could be drained separately, and the concen-
trations in the two portions could be determined.
The effect of time, voltage, and concentration on
the distribution was studied. A theory was pro-
posed to predict the distribution of material in a
eylindrical condenser at equilibrium,

Introduction

MALL PARTICLES of a given dielectric constant sus-
pended in a medium of different dielectric con-
stant will migrate in a nonuniform electric field. This
movement, which has been termed dielectrophoresis,
leads to a redistribution of the suspended particles
in the field. We call this the dielectric distribution.
Unlike electrophoresis, no net permanent charge need
exist. The particles move under the influence of
permanent dipoles or dipoles induced by the field.
If the particles are more polar than the medium in
which they are suspended, they will move toward the
region of highest field intensity. Conversely, if the
particles are less polar than the medium, they will
move toward the region of lowest field intensity.
Separation processes apparently based upon di-
electric distribution have been known for a long time.
Lowden (1) in 1891 patented an invention for remov-
ing metal particles from used lubricating oils. This
process probably depends on dielectric distribution.
The Cottrell precipitator patented in 1911 was adapted
to the removal of emulsions of water from erude pe-
troleum (2,3). The droplets of water are collected by
dielectric distribution, although this principle was not
completely understood (4,5). Bates (6) also used a
dielectrie distribution process for refining petroleum.
The idea that a dielectric will move in a nonuni-
form electrie field goes back at least as far as the fourth
edition of a treatise on electricity by Foppl and Abra-
ham in 1912 (7). The idea was rediscovered inde-
pendently by Muller (8) and Pobhl (9-14). Loesche
and Hultschig (15) extended the theory. These
theoretical developments were apparently completely
divoreed from the practical applications of the prin-
ciple in the petroleum industry. However, dielectric
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behavior can still not be completely predicted. The
theoretical treatments have been incomplete. Disturb-
ing effects, such as the leakage of current that always
occurs at the voltage necessary to observe dielectro-
phoresis, are very poorly understood.

In this paper we have derived equations to predict
the equilibrium distribution of suspended particles in
the field of a eylindrical condenser. The results ob-
tained for suspensions of phosphatide micells in soy-
bean miscella and for suspensions of mineral oil in
water are compared with the theoretical predictions.

Experimental

A diagram of the batch dielectric distribution ap-
paratus is shown in Figure 1. It consisted of a Pyrex
glass cylinder of 1.31 e¢m. I.D. and 12 em long with a
center metal electrode insulated with Teflon tubing
0.41 mm thick so that the total diameter was 0.31 cm.
Metal foil wrapped around the ocutside of the cylinder
served as the peripheral electrode. A potential dif-
ference was applied between the outside and inside
electrodes with a high voltage transformer (No. 969-
001-395, Jefferson Electric Company, Bellwood, Illi-
nois). The field strength increased from the periph-
eral to the central electrode, thus giving a nonuniform
field. The primary of the high voltage transformer
was connected to a variable transformer which could
adjust the input into the high voltage transformer
from 0 to 120 v at 60 e¢ps. The variable transformer
was calibrated by measuring the voltage from the high
voltage transformer with a voltmeter.
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F1e. 1. The eylindrieal condenser apparatus.
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Fia. 2. Two modes of distributing materials in a condenser
that give different capacities.

The material to be distributed was put in the ap-
paratus at inlet A. After filling, the desired voltage
was applied for a definite period of time. When
equilibrium was attained, fractions were drained
through the central and peripheral outlets, G and H.
The barrier, ¥, 0.69 ¢m in diameter, divided the cen-
tral fraction from the peripheral fraction. The ve-
locity at which the two fractions were drained was in
the ratio of the volumes on the inside and outside of
the barrier so that mixing was minimized. The con-
tents of both fractions were analyzed.

The soybean miscella was prepared from Iowa
Hawkeye 1962 soybeans. The soybeans were crushed
and then dried in an oven at 82C for 60 min with oc¢-
casional stirring (16). The soybean oil was extracted
from the soybean meal with Skellysolve B, and the
soybean miscella was filtered. The phosphorous con-
tent of the soybean miscella was determined by the
method of Black and Hammond (17).

The oil in water emulsion was prepared from an o0il
with a specific gravity of one to avoid gravitational
effects. The oil was a mixture of 4.05 ml of mineral
oil (specific gravity 0.926) and 0.5 ml of 1,1,2 2-tetra-
chloroethane (specific gravity 1.6). The oil was emul-
sified with water in a Waring blender with Koldex
(R. G. Moench and Co., Inc., 89 Terminal Ave., Clark,
New Jersey) as an emulsifying agent. The weight of
Koldex was 2% of the weight of the fat in the emul-
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Fic. 3. Profiles of the fraction of polar particles, P, vs.
radius, r, at equilibrium in a cylindrical condenser,
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sion. The concentration of the oil suspension was de-
termined turbidometrically by measuring the absorb-
ance at 475 myu with a Beckman DU Spectrophotometer.

Theory
The Efficiency of Separation

The amount of separation of the polar and nonpolar
constituents in the eylindrical cell was expressed as
percentage of efficiency. This term was derived as
follows: Let the volume inside the barrier (refer to
Figure 1) be compartment 1 and let the volume out-
side the barrier be compartment 2. Then P; is the
volume fraction of polar material in compartment 1
at equilibrium, and, similarly, P, is the volume frac-
tion of polar material in compartment 2 at equilib-
rium. The total polar material, Py, is Py + Py Let
V1 be the volume fraction of polar material initially
in compartment 1 and Vs, be the volume fraction of
polar material in compartment 2.

Efficiency is defined as the actual fractional gain
of polar material in compartment 1 divided by the
maximum possible gain. The actual gain is (Py/
[Py + P3]) — Vy, and the maximum possible gain is
1 —V,, therefore

P1
— Vi
P1+ P2

% B = a
In the apparatus used, V{ was 0.25 and V, was 0.75.
The efficiency was defined in this manner so that
it would be 100% if all the polar material was inside
the barrier and zero if the concentration of polar ma-
terial was the same on both sides of the barrier,
Similarly an equation can be derived for the effi-
ciency in terms of the nonpolar material so that it
will be 100% if all of the nonpolar material is outside
the barrier and zero if the nonpolar material concen-
centration is the same on both sides of the barrier,

X 100 [11

NN

k:C\:.\\ T Nz Ve

KN Ni+ N2

Seoacea w0 9% B =-————V X 100 [2]
1

where N is the concentration of nonpolar material.

Derivation of General Distribution Equations

The force that a particle experiences in a nonuni-
form field is affected by the polarizability of the parti-
cle, a, the electric field intensity, ¥, and the field
gradient, dF/dx. Therefore:

Force = aF (dF/dx) [3]

Pohl (10) and Lioesche and Hultschig (15) have
derived equations for the velocity with which a parti-
cle moves when placed in a cylindrical condenser.
They assumed that particles more polar than the sus-
pending medium will tend to move toward the inner
electrode until they reach equilibrium with the counter
diffusional force which will arise from the concentra-
tion change. This is an oversimplification, because as
the particles move, the field gradient will change if
the particles contribute a signifieant fraction of the
total dielectric value of the system. The particles
move in a direction to reduce the field gradient, and
when the gradient becomes zero, the particles experi-
ence a zero force according to Equation 4. Thus,
equilibrium is reached when the field gradient is re-
duced to a value that balances the osmotic pressure
at all points; however, osmotic effects are usually
negligible for particles large enough to be separated
by dielectrophoresis (13).

If there are enough particles, they will assume a
distribution that makes the field gradient zero (i.e.,
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the field constant) all the way across the condenser.
If there are not enough particles to do this, then the
equilibrium will be reached when the field gradient is
zero as far out as possible from the electrode toward
which the particles move. If the concentration of par-
ticles is high enough, pure particulate material should
accumulate at the electrode towards which it moves.
The field gradient will then be zero from the boundary
of pure particulate material to the other electrode,
For a cylindrical condenser
F = Q/2rler [4]

where F = field strength, Q = Charge on the con-
denser; 1=1length of the condenser; = dielectric
constant; r = radius at which F is measured.

It can be shown easily that dF/dr = 0 if, and only
if, e = R/r, where R is a constant.

For solutions, one may assume as a rough approxi-
mation that the dielectric constant of a binary mix-
ture is a linear function of the volume fraction of the
constituents (18) so

¢e=Pep+ (1 —Plen {51

where ¢, ¢, and e, are the dielectric constants of the
mixture, more polar component, and more nonpolar
component, respectively, and P is the volume frac-
tion of the more polar component. This equation
should be even better for a coarse suspension of solid
particles where interaction between the solvent and
suspended particle is limited to the surface. For a
coarse suspension, however, the dielectric constant will
depend on the distribution of the particles in the field.
For example, it is easy to show that a condenser con-
taining two dielectrics in the configuration of Figure
2a will have a lower energy for a given charge than
the configuration of Figure 2b. It can also be shown
that this energy will not change even if the dielectrics
in Figures 2a or 2b are cut into fine sheets and inter-
larded, as long as the sheets maintain their original
direction with respect to the field. Thus, suspended
particles which are free to move should tend to take
the lower energy configuration corresponding to Fig-
ure 2a and form chains between the condenser plates.
Such chains have been observed in our work (19) and
elsewhere (5,20). For configurations corresponding to
Figure 2a, Equation 5 is still valid. In the case of
the cylindrical condenser, the particles should form
radial chains from the center toward the periphery.
This will be compatible with the equilibrium condi-
tion that ¢ = R/r, and the tendency to form chains
will not be in conflict with the dielectrophoretic force
as Pearce (5) assumed.

Figure 3 shows the profile that the fraction of polar
material, P, makes when it assumes dielectric distri-
bution in a nonuniform field. The radii of the inner
electrode, outer electrode, and cell barrier are ry, rs
and 1y, respectively. The center of the apparatus is
at r,. The point ry is the point at which this curve
intersects the r-axis and the fraction of P is zero. It
can vary from r; to rs according to the quantity of
polar material as shown in curves J and L. Values
of ry > rp are outside the apparatus and are meaning-
less. If the quantity of polar material is great enough
it may have a value greater than zero at rs, and the
value of the dielectric constant of the solution will be
greater than that of the medium. Let us relate these
two values by a parameter, a so that ¢ = e;a at r..

At equilibrium, a general equation for any point
from r; to ry may be written:

a€nr's

[6]

£E=

¥
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Fia. 4. Efficiency vs. voltage at constant time.

Then by definition if ry < rs;, @ must be 1. In cases
where rx > T3 to use this equation, we set v, = ry and
the a = 1. The value of r, or a may be obtained as
follows: The concentration surface of the polar ma-
terial in three dimensions can be obtained by rotating
the curves in Figure 3 around the r,—axis 360°. The
integral under this surface will represent the total
amount of polar material, Py, after correction for the
volume of the central electrode.
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Setting Equation 5 equal to Equation 6.

aenrx [8]
Plep—en) +en =

T
This equation may be solved for Py, Ps, Py, or r, and
these values may be substituted into Equation 7. (In
solving for P, we must set ry = rs.)
Taentx 7ra2(a — 1)en wr1%n (arx — r1)

(rx — 1) + — 191

€p — €n €p — €n (€ép — €n)r1

By definition.

Py =

Pr = Pir(re? — r12) [10]
where P; is the initial coneentration of polar material
before dielectric distribution. Setting Equations 10
and 11 equal, we may solve for either ry or a by im-
posing the conditions a=1 if r,=ry; and ry=rs
when ry = 1o

12?2 — 112 (ep — en) P31
a = 1+
2 (r22 — rire) €n

rx = Iri +[ﬂm2 — rlz) (Ep — En)> " [12]

[11]

€n
The efficiency E may be related to P; as follows:
Let Py be the amount of polar material in compart-

ment 1 of the apparatus. If we consider the case
where ry < re and a =1

Ps
Pll_):frr%l]? -+ rrp?Pp — wri2P1 [131]
b

where i'b 18 the radius of the barrier dividing the two
compartments. We may solve for P as before and

Ten
P = [er(rb—n) +1‘12——1‘b2] [14]

€p — €n

and the value of P; and the value of Py from Equa-
tion 10 may be substituted into Equation 1 to yield

€ 2rx(rp — r1) + 12— 1?2 rp? —ra?
E —
€p — €n

Pi (r22 — ru?) re? — 1H2

[15]

vy may be obtained from Equation 12. By a similar
process when ry = ro and a =1

B ( €n ) 2ar2(rp — r1) - r1? _ 62 — r1‘2 [16]

€p — €n Pi (122 — 1b3) r2? — rp*

where a may be obtained from Equation 11. Thus,
the efficiency of the separation may be predicted from
the original concentration of particles, the dielectric
constants, and the dimensions of the apparatus. Simi-
larly, one can obtain equations for the distribution for
the other cases that have been discussed. The only
other case used in thig paper is that where the parti-
cles are less polar than the suspending medium and
accumulate at the periphery of the e¢ylindrical eon-
denser. Then we find:

2 €p(ra? — 11?)
2a €n (1 — —
( 122 : rhre T2 re? —re?  [17)
E = _
€n — €p Ni{re2 — ri1%) Tpz — rif

and
[18]

a8 =

T e €p (Ni(Gp—€n)(I‘22—r12))

€n €n €p — r2?

Results and Discussion

Crude soybean miscella was used to study the phe-
nomenon of dielectric distribution. The erude oil is
composed of phosphatides and neutral fat. When
phosphatides are put into a nonpolar solvent, such as
petroleum ether, a phosphatide micell structure is
formed, while the neutral fat forms a true solution.
The phosphatide micell is a more polar material than
soybean oil or petroleum ether and should be concen-
trated in the place of high field strength.

First an efficiency vs. voltage study was made to de-
termine the voltage at which the maximum efficiency
could be obtained. This was done by filling the appa-

VoL. 42

ratus with soybean miscella (5.4% soybean oil in
Skellysolve B) and applying fixed voltages for 314
hr. The results are shown in Figure 4.

The efficiency was very low at low voltages and in-
creased rapidly with an increase in voltage until a
plateau was reached. The efficiency remained fairly
constant with further increases in voltage up to a cer-
tain voltage where there was a rapid decrease in effi-
ciency. This voltage at which the efficiency decreases
has been termed the slough-off voltage by Pohl and
Schwar (11). They found that the slough-off voltage
depended on the size of the center electrode, amount
and type of insulation, the gap between electrodes,
and the size of the particles. They attributed slough-
off to the capture of net charges by the particles at the
central electrode, thus causing the particles to repel
each other.

The results of an efficiency vs. time study are shown
in Figure 5. The three curves were constructed by
using three different constant voltages, 2,500 v, 4,000
v and 5,500 v and a 5.4% solution of erude soybean
oil in Skellysolve B.

There was an induction period (practically no ef-
ficiency) at first, then the efficiency rose rapidly and
leveled off at a plateau value. The plateau should rep-
resent the equilibrium point at which the field gradient
becomes zero. All three of the curves started to level
off at about 4 hr. This does not agree with Pohl’s
equation (10) which states the velocity of motion is
a function of the square of the voltage. The length
of the induction period seemed to be an inverse fune-
tion of the wvoltage. There was an increase in the
height of the plateau with increase in voltage. This
indicates some counterforce is opposing the establish-
ment of equilibrium at dF/dr = 0. It seems unlikely
that back diffusion caused by the higher concentration
of particles near the inner electrode can account for
the counterforee, because the phosphatide micells are
too large to have much osmotic effect.

The induction period may represent a change in
size of the particles. Pohl (10) calculated that the
rate that the particles move in a cylindrical condenser
should be proportional to the cube of their radius.
According to our theory, the particles should tend to
form chains under the influence of the field, and the
induction period may represent the time required to
form chains big enough to move at an appreciable
rate. However, the velocity equations derived by pre-
vious workers have mnot considered the effect of the
change in field gradient during dielectrophoresis. It
may be that a more realistic derivation would indicate
a lag period, even at constant particle size.

An efficiency vs. time study was made with two dif-
ferent concentrations of phosphatide, at 4,000 v. The
more dilute solution gave the higher plateau efficiency.
Also the more dilute solution showed a lower efficiency
during the induction period than the more concen-
trated one. The increase in plateau efficiency with
dilution can be accounted for by the theory derived
earlier. The lower efficiency during the inducation
period could be accounted for by slower formation of
the chains of phosphatide particles suggested above.

Efficiency vs. concentration experiments were con-
ducted to test the theory of dielectric distribution pre-
sented earlier. The time and voltage in this study
were constant at 314 hr and 4,000 v, respectively. The
results are shown in Figure 6. The dots represent the
experimental data. Values for ¢/e, were calculated
from the efficiencies at different concentrations using
Equation 15 and 16. The theoretical curve was plat-
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ted using Equations 15 and 16 and an average of the
calculated e,/e, values. The experimental results agree
well with the theoretical curve ealculated in this way,
particularly in the region of higher concentration.

The value for the dielectric constant for the phos-
phatide, ¢, = 9,321 (assuming the phosphatide has a
molecular weight of 788 and ¢ = 1.7), appears to be
unusually high for a molecule of this structure and
S1Ze.

Next, experiments were carried out to test the va-
lidity of the case where the nonpolar particles are in
limited quantity and accumulate at the periphery of
the eylindrical condenser. This was done with an
emulsion of mineral oil-tetrachloroethane in water.

Preliminary voltage studies indicated that 5,000 v
was the most suitable voltage for the oil emulsion
system. TFirst the effect of time on the efficiency of
separation was measured using a 1% oil solution. The
efficiency was caleulated using Equation 2. The effi-
ciency leveled off between 2 and 3 hr similar to that
in Figure 5. The plateau efficiency was not as flat
as that for phosphatide which may indicate less uni-
form particle size.

An efficiency vs. concentration study was made at
constant voltage. Two different times for equilibra-
tion were used. The results are shown in Figure 7.
The two curves have the same shape as the one for
phosphatide micells. Experimentally feasible concen-
trations did not give 100% efficiency. The longer
time (17 hr) gave a higher efficiency for a given
concentration.

Calculations were made to test the validity of the
proposed theory. The general shape of the eurve is
that expected from the theory; however, no positive
value of dielectric constants of the oil particles would
give a curve which would fit the experimental data.
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The use of turbidity to measure the concentration
changes in this system, where the particle size may
be nonuniform, may introduce some error, but it is
unlikely that it accounts entirely for the failure of
the theory.

The dielectric distribution theory derived in this
paper correctly predicts the general shape of the effi-
clency vs. concentration curves, but it fails to give
an exact fit with reasonable values of the dielectric
constants. The theory also fails to account for the
change in equilibrium efficiency with voltage.

Pohl and Schwar (11) have proposed that the di-
electrophoretic foree is counterbalanced by the ac-
cumulation from the central electrode of net charges
on the particles. This accumulation of net charges
would not cause the particles to move appreciably in
the rapidly alternating field, but it wounld cause the
particles to repel each other. If the voltage were high
enough, enough charge could accumulate to cause
slough-off. Bacterial spore cells were found to form
chains in parallel plate condensers (19) and showed
no sign of repelling each other. A tendenecy to form
chains could also be noted in a cylindrical condenser.
When the voltage was high, the spore chains danced
about on the central electrode and acted as if they
were buffeted by some force emanating from the cen-
tral electrode, but they did not repel each other and
slough-off. It may be that spores are unusual in this
respect, and the phosphatide and oil particles used
in this study do accumulate charges and repel each
other. The accumulation of net charges on the parti-
cles should lead to different distributions in direct and
alternating current fields. This was not found to be
the case by Pohl and Schwar (11).

Our results indicate that particles accumulating at
both the central and peripheral electrodes do mnot
reach the concentration near the electrodes that theory
predicts. These results could be accounted for by the



936 JOURNAL oF THE AMERICAN O, CHEMISTS' SOCIETY

presence of net repulsive charges on the particles.
This would also account for the change in equilibrium
with voltage. A more sophisticated theory of dielec-
trie distribution which would take this effect into ae-
count awaits future development.
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Separation by Dielectric Distribution: Application to the

Isolation and Purification of Soybean Phosphatides

and Bacterial Sporesl
B. C. BLACK and E. G. HAMMOND,

Department of Dairy and Food Industry, Iowa State University of Science and Technology, Ames, Iowa

Abstract

The redistribution of particle suspensions which
oceurs in a nonuniform electric field was used to
separate soybean phosphatide micells from crude
soybean miscella. Two arrangements of the non-
uniform field were used. This method provides a
convenient laboratory method for isolating and
concentrating polar lipids. At present the method
is too slow for commercial application but this
may become feasible with improvements in ap-
paratus design.

A simple apparatus was described that gave
efficient separation of bacterial spores from vege-
tative cells.

Introduction

IELECTRIC DISTRIBUTION may be defined as the dis-

tribution which mobile materials with different
dielectric constants will assume in a nonuniform elec-
tric field (1). The more polar material moves toward
regions of high field intensity, and less polar material
moves toward regions of low field intensity. The appli-
cation of dielectriec distribution to analytical and
preparative separations has received little attention
in the past. Dielectrophoresis, the motion of particles
in a nonuniform electric field, has been studied by
several workers (2-8). They econcluded the effect
would not be appreciable for particles of molecular
size, but for particules of 1 to 2x or larger, the effect
would be quite large.

There are a number of methods which may be used
to separate small molecules (chromatography, distilla-
tion, partition, ete.). As the particle size Increases,
these methods become impractical for various reasons.
Density separation (centrifugation) and screening
(filtration) are essentially the only methods available
to work with large particles. Dielectric distribution
should be useful in the same range of particle size
where density separations and filtration are employed
and should supplement these methods.

This paper reports the use of dielectric distributions

1 Journal Paper No. J-4951 of the Iowa Agricultural and Home Eco-
nomics Experiment Station, Ames, Towa Project No. 1517,

for the separation of soybean phosphatides from soy-
bean miscella and for the separation of bacterial
spores and vegatative cells.

Experimental

Cylindrical Condenser Apparatus

The cylindrical condenser that was used to separate
the phosphatides from neutral fat was similar to that
used previously (1). Tt consisted of a Pyrex glass
eylinder 0.8 emt I.D. and 78 em long. The barrier
separating the inner and outer portions of the con-
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Fig. 1. The plate stack apparatus.



