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Dielectrophoretic Filtration in Time-Dependent Fields* 

I. J. LINT 
MINERAL ENGINEERING RESEARCH CENTER 

L. BENGUIGUI 
SOLID STATE INSTITUTE AND PHYSICS DEPARTMENT 

TECHNION-ISRAEL INSTITUI'E OF TECHNOLOGY 
32000 HAIFA ISRAEL 

Abstract 

Theoretical analysis and experiments are presented on filtration of liquids by 
means of the dielectrophoretic effect in pulsating and ac ficlds. Quite satisfactory 
results are obtained in the ac case at frequencies above 4 kHz. cven for a relatively 
conducting medium. It is also shown that as the force is time-dependent, 
allowance must be made for the interaction of the particles with the trapping 
surfaces. 

In recent papers ( I ,  2) we extensively studied the possibility of liquid 
filtration by means of the dielectrophoretic effect, induced by applying a 
nonhomogeneous field to the medium to be filtered. These studies, while 
demonstrating the overall advantages of the method, were confined to dc 
fields in which the particle-trapping process is impeded as the con- 
ductivity of the medium increases. The study reported here showed that 
this difficulty can be overcome by recourse to time-dependent pulsating 
or ac fields (especially the latter). In addition, the time-dependent regime 
brought out phenomena which could not be followed under its dc 
counterpart, e.g., the interaction of the particles with the trapping 
surfaces. 

*Presented at the IEEE-IAS Annual Conference, Chicago, Illinois, September 30- 

?To whom correspondence should be addressed. 
October 4, 1984. 

359 

Copyright Q 1985 by Marcel Dekker, Inc. 0149-6395/85/2005-0359$3.50/0 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



360 LIN AND BENGUlGUl 

THEORETICAL CONSIDERATIONS 

When a dc field E is ssddenly applied at t = 0, the dielectrophoretic 
force F (3)  on a sphere of radius R varies with time t: 

&? - & I  
~ ~- . ~~~~ + 3 (&lo? - &PI)-.- 

( E ?  + 2&1)(o* + 2 0 , )  
__ 

E’ + 2 E I  

where oI ( E ? ,  oz) are the dielectric constant and conductivity of the 
medium (particle), respectively, and ‘I: is a characteristic time (relaxation 
time) given by T = ( E ?  + 2 ~ ~ ) / ( o ~  + 20,) .  As previously mentioned (4) ,  two 
regimes can be distinguished: the dielectric regime when t <T;  or ol. 
o? + 0, the force being 

F,,,, = 2nR3&, ) V L ’  

and the conduction regime when t >> T;, the force being 

For an alternating field E(r,t) = E(r) cos cot, the force* is given by (3) 

For the dielectric regime (WT >> 1 or ol, o2 + 0), we have 

*The term proportional to d‘, which describes the transient behavior of the force, was 
shown (3 )  to be significant only for w t  - 1, while we are concerned with the extreme cases 
>> 1 and << 1 representing the two regimes; accordingly, it is omitted in Eqs. (4)-(6). 
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DIELECTROPHORETIC FILTRATION 361 

and for the conduction regime (m << 1) 

Fcond = 2nR3q (::;:,) cos2 w f  VE2  

In our experiments the liquid medium was filtered by letting it flow 
between a pair of concentric electrodes in a space filled with spherical 
beads 2-6 mm in diameter, onto which the solid particles in the medium 
are trapped under the action of a dielectric force perpendicular to the 
flow direction. Besides their role as trapping foci, the beads distort the 
field lines and increase the local field gradient, which is a function of the 
distance from the apparatus axis and of the position of the chosen point 
relative to the beads. When the dielectrophoretic force is positive (F > 0), 
the particles are attracted toward the beads and trapped; when it is 
negative (F < 0), they are repelled and pass between the beads un- 
trapped. 

The description below is based on a similar hypothesis as in Ref. 5; 
namely, that a particle is trapped if its lateral displacement y(t) from its 
point of entry (at distance r from the apparatus axis) reaches a critical 
value y,. The displacement is especially difficult to determine since we do 
not know the exact variation of VE2 in the vicinity of the beads. For the 
sake of definiteness, we assume thaty(t) will always be smaller than r and 
that a particle feels a force constant in space. (This is not true very close to 
the apparatus axis, but the number of particles in such a situation is 
small.) In other words, the effective gradient VE2 is an average of the real 
gradient over distances equal to the mean spacing between the beads. In 
Ref. 5 we showed that this effective gradient is proportional to Vr-", 
where V is the applied potential between the electrodes and a is an 
exponent equal to 6 It 1. 

In the absence of the electric field, the particles flow parallel to the axis 
(no mean lateral displacement), and we call fc, the time for a particle to 
cross the apparatus, t, = (length of the electrodes)/(particle velocity 
relative to the apparatus). Now, if a particle reaches the critical distance 
y, in a time smaller than fc, it is trapped. We can say that the lateral 
displacement y ,  at t, must be larger than y ,  

Sincey(r,) is dependent of r through VE2, the equalityy(t,) = y1 defines a 
trapping radius r, such that if r Q r,, a particle is trapped. Furthermore, we 
assume than the percentage of the trapped particles is proportional to 6. 
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362 LIN AND BENGUlGUl 

We thus have to calculate the displacement y through the equation of 
motion. 

1.1. dc Field 

The equation of the motion for a particle with mass m is 

d2Y dY m __ + k- = F(t )  
dt? dt (7) 

where* 

with K = 2nR3qVE2,f0 = (c2 - 
Equation (7) may be rewritten in the following form: 

+ 2 4 ,  and fm = (a, - al)/(02 + 20,). 

or 

-I15 d2x dx 
__ + a - = p + ye 
dt2  dt  

with x = my/K c3 = fm, y = (fo - fm), and a = k/m. Under the dielectric 
regime (t + a), Eq. (9b) is replaced by 

d2x dx 
dt2 dt 
---+a-=fo 

Thus, to recover the dielectric regime, it suffices to substitute in Eq. (9b) 
p +fo, y --+ 0. The solution of Eq. (9b), with the initial conditions t = 0, 
x = 0, &/dt = 0, reads 

*Equation (8) is obtained from Eq. (1) by simple manipulations. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



DIELECTROPHORETIC FILTRATION 363 

Under the dielectric regime, we have, from Eq. (1 1): 

f n  x = -t ( t>>a-’ )  a 

or 

2nR3el f,VE’ 
am Y =  

taking into account that am = k = 6n@ 

R’E, foVE2 
3rl 

Y =  

We see that the trapping is more effective if (a) R is large, (b) 

If now t is small, but still larger than a-’, the displacement x is 

is low, 
and (c) VE2 is large, as was experimentally verified. 

*In the context of Eqs. (11) and (12), the order of magnitude of the coefficient a is of 
interest. Noting that it equals k/m = 6nqR/(4/3)nR3p, where q is the viscosity and p is the 
apparent density of the particle, we find for the typical values q = lop2 cgs, R = 30 pm, and 
p = 3 - a = 1.5 X lo3 s-I. It is thus seen that the term s - ~  in the two equations becomes 
negligible after several milliseconds. 
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364 LIN AND BENGUlGUl 

If P > 0, x increases monotonically with time and there is trapping. 
However, if p € 0, we may have a change in the sign ofx. If t << T, Eq. (16) 
reduces to x = (P + y)t/a = f d / a ,  and for large t, x = Pt/a. If p =fa and 
(p + y) =fo have different signs (as was the case in some of our 
experiments ( I ) ) ,  there is a change in direction of the particle trajec- 
tory. 

Finally, it is of interest how the displacement x(t)  behaves at t << r, a-I. 
Expansion of Eq. (1 1) or (12) yields 

In this range of very short time, the displacement is independent of the 
conductivities. We shall use this result for the case of a pulsating field. 

1.2. Pulsating Field 

Now we suppose that the field varies periodically in time with 
frequencyf= 1IT. Over the period T, the field is nonzero for the interval 
0 < t < 0 (0 being the pulse width) and zero for 0 Q t Q T,  i.e., the fraction 
of the period in which the force acts on the particle is 0/T. The 
displacement x(t) is smaller than in the dc case and thus we expect a 
decrease of the yield with the ratio OIT. 

First we consider very small values of 0 (0 << t, u-’). For 0 < t < 0 the 
displacement is given by Eq. (17). 

For 8 < t < T,  the equation of the motion is 

d2x 
- + a X = o  
dt’ 

subject to the condition that fort = 0, x =h0’/2, and rlxldt =foe. We thus 
have for this interval 

The total displacement after one period is 
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DIELECTROPHORETIC FILTRATION 365 

and after N periods ( t N  = NT) 

(19a) 

Since it was supposed that 8 <( a-', Eq. (19a) reduces to 

Compared with the dc case, there are two important differences. First, the 
velocity of the particle (perpendicular to the flow direction) is reduced, as 
expected, because of the factor 0/T appearing in Eq. (19b) (this is the only 
difference under the dielectric regime (fi =fo)). Second, in the general 
case fi reduces tof, and, as mentioned& and& may have different signs 
(fo > O,fm < 0). In that case the velocity would be negative in a dc field 
(i.e., no trapping) and positive in a pulsating field. This is the theoretical 
basis for the use of pulsating fields for filtration of conducting liquids 
with due allowance for the interaction effect (see below). 

For large values of e,x(t) in the interval 0 < t < 8 is given not by Eq. (17) 
but by either Eq. (13) or (16). Under the dielectric regime, for instance, we 
find that x(rN) is now given by a more complicated expression: 

which shows that x(tN) is always smaller than in the dc case. 

1.3. ac Field 

The equation of the motion is again given by Eq. (7), but F(t) is as per 
Eq. (4). We have 

d2x dx 
__ + a - = A '  cos2 05 + B' sin wt cos wt 
df dt 

where 
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366 LIN AND BENGUlGUl 

Comparisons of the last two expressions with Eqs. (5) and (6) shows that 
for both regimes B' + 0, but under the dielectric regime A' ( E ~  - q)/ 
(E? + 2 ~ , )  =fo and under the conduction regime A' --f (02 - 01)/(02 + 

Equation (21) is more conveniently rewritten in the following form: 
201) =fm. 

d2x dx 
__ + a - = A + B sin (2wt + 6) 
d t 2  dt 

with 

The solution of Eq. (23) with x = 0, dxldt = 0 if t = 0 reads 

[cos(6 - c p )  - cos(2wt + 6 - cp) ]  
A B 

x ( t )  = -t + 
a 2 w @ T G  

(e-"-  1) 
A B sin (6 - 9) + [-+ 
a2 U ~ 2 - T - 3 2  

with 

As above, the term e-" is negligible since a is large. (Retention of the 
transient contribution implies a term proportional to e-"'sin ot, which 
has an average value of zero when integrated over times larger than 2n/w.) 
Here the expression for the dielectric and conduction regimes are 
identical since for both A = B and 6 = n/2 the difference is in the value of 
A (A + f J 2  and A + fJ2, respectively). The common expression for x(t) 
is 
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DIELECTROPHORETIC FILTRATION 367 

I R 
sin cp - cos (2ot + - - c p )  

2 
A A 

a 20f lT4wz 
x ( t )  = - t  + 

1 A cos cp 

If w << a, we have cp = 0, hence 

A A A 
sin 2 0 t  - ~ 

a 2 0 a  2ao 
x ( t )  = -t + 

but if o >> a, cp = nI2 and 

A A A 
x ( t )  = - t  + --[I - cos 2wtj - - 

a 4m2 a’ 

However, A/4w2 is much smaller than Ala’, and Eq. (27) reduces to 

A A 
x ( t )  = -t - - 

a a2 

If the dielectric regime is already reached when o >> t-’, a, we have an 
interesting situation where x(t) may differ widely in the dc and ac fields. 
For& > 0 but fm < 0, we saw above that in dc, dxldt is positive only for a 
short time (of the order of 5 )  and negative for t >> t. However, in the ac 
field, following Eq. (28), the velocity dxldt is positive. Clearly, this will be 
true only for t >> t, since the transient contribution was neglected in the 
preceding equations. In other words, for short t, trapping can only be 
expected in the ac field. 

2. EXPERIMENTAL 

We recall briefly the experimental technique and refer the reader to 
Ref. 1. for a detailed description. The basic apparatus is made of two 
concentric electrodes with diameters of 5 cm for the external electrode 
and 2 mm for the internal one. The electrode length is 20 cm when we 
used beads made of BaTiO, (diameter 2-3 mm) and 30 cm when we used 
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368 LIN AND BENGUlGUl 

10-6 10-5 10-4 10'3 PULSE LENGTH(SeC) 

FIG. 1. Yield as a function of pulse width 8 at different frequencies (including 8 = T, 
representing the dc case). Dashed isopleths represent different BIT ratios. Liquid, pure 

kerosene: particles, PVC. 

glass beads (diameter 6 mm). The fluids in these experiments are pure 
kerosene and a mixture of kerosene with isopropanol in order to change 
the conductivity of the liquid by several orders of magnitude but with 
small variations in the dielectric constant. The flow rate is about 15 cm3/ 
min. 

2.1. Pulsating Field 

In the experiments with a pulsating field, the yield was measured as a 
function of the pulse width 6 at different frequencies. Since the voltage of 
the pulse generator was of the order of 2-3 kV, we used beads made of 
BaTiO,, which have a very high dielectric constant, thereby permitting 
increase of the field gradient and reduction of the voltage. The particles 
were PVC. 

Figure 1 shows Y plotted against 6 at different frequencies with pure 
kerosene as the medium. The pulse height was constant (2.5 kV) in all 
experiments. The results for the dc field (6 = r )  are included for 
comparison. The yield is seen to decrease as 6 decreases, the decrease 
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DIELECTROPHORETIC FILTRATION 369 

50 

I 2 3 (%I I 2 3 (%I 
b (tsopropanol) a (isopropanol) 

FIG. 2. Yield as a function of isopropanol percentage in kerosene in pulsating fields: (a) 
f= 1 kHz, 0 = 60 ps; (b) f=  10 kHz, 0 = 8 ps. 

being more rapid at the lower frequencies* end (f< 500 Hz) and slower 
at the higher ones, as demonstrated by the dashed isopleths drawn for 
different 8/T ratios. All curves have maxima corresponding to about 2000 
HZ. 

The above results refer to pure kerosene for which, because of its high 
resistivity, the situation corresponds in practice to the dielectric regime. 
As mentioned earlier, there are situations withf, > 0 and fm < 0 in which 
dc filtration is difficult when the dielectric constant of the particle is 
higher and its conductivity lower than those of the liquid. In order to 
realize such a situation, we increased the conductivity of the kerosene by 
adding isopropanol (see Ref. 2 for details) and measured the yield as a 
function of the isopropanol content. The results are given for two 
variants:f= 1 kHz, 8 = 60 ps (Fig. 2a); and f = 10 kHz, 8 = 8 ps (Fig. 2b). 
Both curves show that Y dropped to 10% (very close to the value for 
mechanical trapping) at 3% isopropanol, which is at variance with the 
theoretical prediction: at this isopropanol content t is still relatively large 
(- 0.1 s) and much larger than 8, so that the assumption (0 << t, a-') of 
the preceding section should apply. For the dc case the corresponding 
result was Y = 68%, indicating a much larger loss of yield on transition 
from a dc to a pulsating field than in the case of pure kerosene. We return 
to this point in the next section. 

*This decrease at lower frequencies implies that the time gap between the pulses suffices 
for a trapped particle to escape the bead to which it was being attracted; our estimate for the 
smallest gap required is 2 X S. 
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370 LIN AND BENGUlGUl 

FIG. 3. Corrected yield Y, versus applied voltage in an ac field at different frequencies 
(including the dc case). Liquid, pure kerosene (dielectric regime): particles, MgO. 

2.2. ac Field 

We present first the results of filtration of pure kerosene containing 
MgO particles in an apparatus filled with glass beads, as in Ref. 1. Fig- 
ure 3 shows the corrected yield Y,  as a function of the applied voltage at 
different frequencies, with the dc case cf= 0) again included for 
comparison. It is seen that at the beginning the yield decreases with 
increasing frequency but subsequently begins to increase. The curve for 4 
kHz is very close to its dc counterpart. The same pattern is seen in Figs. 4 
and 5,  which present Y,Y> for a fixed voltage (4 kv) in a regular and a 
logarithmic scale, respectively. This behavior was completely unexpected, 
since the situation is that of the dielectric regime and whatever the value 
of w, the mean value ofx is given by x(t)  = (A/a)t - A/a2 (see Eqs. 26 and 
28). 

Figure 5 also shows the result for a liquid with fairly high con- 
ductivity-70% kerosene, 30% isopropanol (0, N 5 X lo-' n-'m-' ). The 
yield is seen to be negative at low frequencies (as in the dc field) but 
begins to increase around 1 kHz and becomes positive a t f>  1200 k 100 
Hz. 
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DIELECTROPHORETIC FILTRATION 371 

10 I I 

100 1000 2000 f ( H z )  
FIG. 4. Corrected yicld versus frequency at V = 4 kV in pure kerosene (regular scale). 

3. DISCUSSION 

For the dielectric regime, the yield is readily obtainable from the results 
of the theoretical consideration of Section 1.  If the voltage is constant (dc 
field), the trapping radius is given by 

Replacing VE2 by the assumed expression VE2 = BV2 i--(lr we have 

R2c,fJ3V2r-a 
3rl t c  = Y I  (30a) 

or 
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Yc ("/4 
PURE KEROSENE 

O 70% KEROSENE + 30% ISOPROPANOL 

DC (PURE KEROSENE) - 

I I I I I , , , I  I I I , I , , , I  I I l I , , , l  L 

n . -  " - f( Hz) lo4 

L.4 
lo2 lo3 

FIG. 5. Corrected yield versus frequency at I/ = 4 kV (logarithmic scale). 

and we find 

This expression is very similar to that used in Ref. 5, and, as mentioned 
above, it agrees well with the experimental results. 

3.1. Pulsating Fields 

At frequencies above 500 Hz and for 0/T < 0.5, the assumption 0 < u-' 
is valid and we can use Expression (19b). Recalling that x = my/K with 
K = 2nR3~,VE2 and u = 6nqR/m, we have 

Y- Yo is obtainable identically to the preceding case, through the 
determination of r,. We find 
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DIELECTROPHORETIC FILTRATION 373 

0.5 elT 1 

FIG. 6. Corrected yield as a function of BIT in a pulsating field (regular scale). f =  1 kHz 
Pure kerosene. 

Figure 6 shows Y, versus (WT). If a logarithmic scale is used (all other 
factors being constant), the result is a straight line with slope equal to 2/a 
(Fig. 7), as is indicated by Eq. ( 3 3 )  for a(T - 0) >> 1. We find 2/u = 0.40 
and a = 5 (in agreement with the previous determinations); this implies a 
relatively high value of a, which is possible if the apparent density is low 
(as is the case for PVC) and the particles are small (- 10 pm). 

As mentioned in the preceding section, it had been expected that 
addition of the isopropanol would not affect the yield, and the only 
explanation we can offer for the observed decrease is modification of the 
mode of contact between solid and liquid, with considerable reduction of 
the minimum time gap (> 2 X s) needed for a particle to escape the 
trapping bead. 

3.2. ac Field 

Here again we believe that the observed decrease in Y is due to escape 
of the particles. We propose to describe the motion of a particle near a 
bead by 

d2x dx 
- - - + a a + p x = A ( l  +cos2wt )  
dt2 dt (34) 
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Y(%r 

- - 
b - 
- 
- 
- 

* I 1 I 1 I l l l l  I I I I I I l l 1  * 

The additional term px represents attraction of the particle by the bead. 
The solution of Eq. (34) is the superposition of a transient component 

x , ( t )  = e - a ' [ ~ e Q G g  + ~ e - f i l l  (35) 

when L and M are two integration constants, and a steady-state 
component 

A A 

c1 
x&) = - + sin (2wt + A) (36) d ( 2 0 U ) *  + (p - 4 4 2  

with 

2 w a  cos A = 
d(2wa)*  + (p - 4&)2 

In Eq. (36) the constant term A / p  again represents the attractive effect, 
while the oscillating term proportional to sin (2wr + A) represents the 
possibility of escape. Geometrically speaking, the motion of the particles 
has two components: y(t) cc x(t) perpendicular to the apparatus axis, and 
z(t) parallel to the latter and due to liquid flow. 

If the oscillating term is zero or negligible, there is no motion 
perpendicular to the axis (x = constant), indicating that the particle is 
trapped and z(r) is also zero. By contrast, with the oscillating term 
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DIELECTROPHORETIC FILTRATION 375 

operative, the particle is not necessarily in contact with the bead surface 
and undergoes a z(t)  motion which provides the possibility of escape. 
Clearly, this effect is maximum at resonance, when the coefficient of sin 
(2wt + A) takes its largest value, i.e., for 20, = 6. The corresponding 
value ofx(t) is 

sin 20t (37) 
A + - -  A x=-  

40; 2w,a 

Experimentally, we found 20, = 6300 s-' and estimate that a may be of 
the same order, namely 103-l@. Thus, the condition for escape is for the 
constant term, and the amplitude* of the oscillating terms in Eq. (37) to 
be of the same order of magnitude, as observed. 

We shall now analyze the results for the mixture kerosene + propanol 
in Fig. 5. The data for the liquid are = 2.75 X 10-" mks and 
o1 = 5 x n2-'m-' ; those for the solid are E~ = 9 X lo-" mks and 
o2 << 0,. The relaxation time 'I: = (c2 + 2&,)/(0, + 20,) is short (1.5 X 
s). We thus have need for the coefficients A' and B' of the dielectro- 
phoretic force (see Eq. 22), and we get 

9.3 x 1 0 - 5 0  B' = - 0.93 
1 + wZt2 '  

A' = 0.43 - -____ 
1 + 0 2 T 2  

We consider first the limit w << t - l  = lo4 cf< 1600 Hz). From Eqs. (25) 
and (26) we find (since o << lo4 s-I, we have also o << a) 

t -  x = - -  0.47 
a 

The average value over several 

0.47 0.47 
-sin 20t  - __ 
2wa aw 

periods is thus negative; there is no 
trapping and Y, is negative, as observed. 

At the limit w >> t - l  (equivalent to o >> a), we find from Eq. (27) 

0.2 1 0.2 1 0.21 
a 40 a 

x = -  t + T ( 1  - cos 20t) - - (39) 

The oscillating term in Eq. (39) has a very small amplitude and can be 

*It should be noted that at high frequencies the amplitude tends to zero, and the 
oscillating term acts through the averages. 
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neglected. The average value ofx(t) is now positive and, as observed, there 
is trapping similar to that obtained in the dc case. 

The yield is zero when A in Eq. (24) vanishes, i.e., when A’ = 0 or 

0.43(1 + 0’~’) = 0.930 

and we have f = I 180 Hz, which is quite close to the observed value (1200 
Hz). 

4. CONCLUSION 

In this work we studied the process of filtration by means of the 
dielectrophoretic effect in time-dependent (pulsating and ac) fields at 
different frequencies. A theoretical analysis of the motion of the particle 
and experimental results were presented. On comparing the two ap- 
proaches, we saw that two aspects of the trapping process have to be 
taken into account: first, the force and its dependence in time and space, 
and second, the interaction of the particle with the trapping surface, 
which is capable of considerable impairment of the efficiency of the 
process. In practical application the best results were obtained for the ac 
field at relatively high frequencies (> 4000 Hz), including successful 
filtration of a conducting liquid, which is unfeasible in a dc field. Use of 
ac fields in dielectrophoretic filtration is very promising, especially 
bearing in mind that high ac voltages in the 10-kHz range are easier to 
generate that dc ones. 
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