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Separation of Colloidal Particles from Nonaqueous
Media by Cross-Flow Electrofiltration

Y.S.10,D. GIDASPOW, AND D. T. WASAN

DEPARTMENT OF CHEMICAL ENGINEERING
ILLINOIS INSTITUTE OF TECHNOLOGY
CHICAGO, ILLINOIS 60616

ABSTRACT

Charge characteristics of particles in aqueous or nonaqueous
slurries are known to play an important role in solids-liquid
separation processes. We have been conducting a fundamental study
on filtration of colloidal particles suspended in nonaqueous media,
such as coal and tar sand slurries based on their charge character-
istics. This paper presents results of such a study involving
cross-flow electrofiltration of nonaqueous slurries. Data are
reported for a-Alzo particles suspended in tetralin. The effects
of feed rate, drivi%g pressure and electrical field strength on the
filtration rate, total deposition rate on the central electrode,
and the efficiency of the filter are presented.

The outlet slurry concentrations were measured with a spe-
cially built X-ray densitometer. These data are analyzed by a
mathematical model using a Graetz-type analysis. The rate of de-
position was found to be determined mainly by the electric field.

The sludge flow near the central electrode significantly affected
the efficiency of separation.

INTRODUCTION
A major problem in the development of coal liquefaction tech-
nology, and hydrocarbon production from tar sands and oil shale is

the removal of colloidal particles. Charge characteristics of
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particles in slurries are known to play an important role in solid-
liquid separation processes (1-8). Electrokinetic phenomena which
are induced by an externally applied field, may be utilized in an
improved separation method.

Lee (9) showed how sedimentation of fine particles may be en-
hanced by the application of a high voltage electric field. A
cross—-flow electrofilter which utilized the electrophoretic motion
of the particles to prevent filter clogging was invented by
Gidaspow et al. (10). This work was described by Lee et al. (11)
and continued by Liu (12). The cross-flow electrofilter was tested
with a synthetic nonaqueous slurry as well as with samples of di-
luted H-coal process slurries. Liu et al. (13) developed a mathe-
matical description of the corss-flow electrofilter by solving the
Navier-~Stokes equations for an annular flow with suction through an
outer porous wall,

The present work is a continuation of this nonaqueous solid-
liquid separation study. The objective is to analyze the cross-
flow electrofilter quantitatively. Extensive performance data,
which included a measurement of the outlet slurry concentration by
means of a specially constructed X-ray densitometer, were obtained.
The deposition rate and the concentration distribution in the
filter were examined theoretically using a Graetz-type analysis

(14).

EXPERIMENTS

Cross-Flow Filter and an X-ray Densitometer

The cross-flow electrofiltration system, shown schematically

in Figure 1, consisted of a feed tank, a slurry pump, a high volt-



13:32 25 January 2011

Downl oaded At:

SEPARATION OF COLLOIDAL PARTICLES 1325

HIGH DC
r*j POWER SUPPLY
OE
4
I R FILTRATE
FEED
TANK —
FILTER
UNIT
(3 0 P

X=RAY
DENSITOMETER

i

FIGURE 1. Schematic Block Diagram of Cross-flow Electrofilter

age DC power supply, an electrofilter, and an X-ray densitometer
system for measuring the concentration of the slurry.

The filter medium of the electrofilter is a porous stainless
steel tube. The tube which was available with average pore dia-
meters ranging from one to twenty microns, served as one of the
electrodes. A platinum wire, which was installed to pass through
the center of the filter served as the other electrode. The elec-
trodes were housed in a steel tube, and were insulated from all
other metal parts by Teflon. The slurry could be pumped through
the porous tube and filled the annular space between the outer shell

and the inner porous tube. A high enough electric field was
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applied to cause the particles to move towards the platinum wire.
The solids from the slurry deposited on the wire, while a clear
boundary layer formed along the porous tube. Lee, et al..(11) give
a more detailed description of the cross-flow fitter.

A Teflon tube with 0.2 cm thick wall was connected to the
bottom of the filter. An X-ray density gauge measured the average
density of either the feed or the slurry exiting the electrofilter.
The densitometer consists of an 200 mCi Curium-244 source, a Nal
crystal scintillation detector, an amplifier, a single channel
analyzer, and a timer-counter.

The curium source has a 17.8 years half-life. The principal
emissions of the source are Pu L X-rays with photon energy between
12 and 23 Kev. At this energy level, the values of mass attenua-
tion coefficients for tetralin and alumina particles are signifi-
cantly different. For the present system, a maximum count rate of
40,000 counts/sec could be obtained. Other details of the experi-

mental apparatus are discussed by Lo (15).

Experimental Conditions

A synthetic slurry made of tetralin and alumina particles was
used in these experiments., A surfactant, Aerosol 0T, sodium
dioctyl sulfosuccinate, was used as a dispersant. The particles
acquired a positive charge. The density gauge was calibrated to
measure specific gravities of 0.960 to 0.980. In terms of a solid
particle concentration, the range of measurement was 0.05 to 2.4
percent of solids by weight. The particle concentration of all

feeds was 1.0 wt.%. The outlet concentrations were measured for
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various feed rates and voltages. Experimental data were taken over
a period of 30 minutes. The properties of the system are shown in
Table 1.

The purpose of the first series of experiments was to find the
deposition rate of particles onto the central electrode. In order
to examine the effect of the electromotive force on particle de-
position, no liquid was withdrawn from the shell side of the filter.
Experiments were conducted for various feed rates and pressure drops
across the filter tube with the field strength above the critical
value needed to obtain a clear filtrate. In order to make sure
that a clear boundary layer existed, a turbidimeter was used to

measure the turbidity of the filtrate.

Experimental Results and Discussions

Figure 2 shows the variation of a steady state outlet concen-
tration with feed rate when there was no filtrate removed. The
outlet concentrations were close to the inlet concentration for

these runs with high feed rates or low applied voltages. The

TABLE 1.

Properties of a-A% Tetralin System

2030

Inlet Solids Concentration: 1.0 wt.%
Average Particle Diameter: 0.3 um

Density of the Slurry at 25°C: 0.971 gm/ml
Aerosol OT Concentration: 4,0 gm/liter
Electrophoretic Mobility: 0.05 um/sec/V/cm
Bulk Conductivity of the Suspension: 1.4x10 ° mho/m
Viscosity of the Tetralin: 0.00224 Pa-Sec
Dielectric Constant of Tetralin: 2.7
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FIGURE 2. Dimensionless Outlet Concentration vs. Feed Rate

dimensionless contact time defined in Figure 3 is proportional to
the value of filter length (L) divided by the average velocity
(Um). For zero contact time, the outlet concentration should be
equal to the inlet concentration. The derivatives of these curves
can be used to calculate the rate of deposition, This will be
discussed later.

Figure 4 shows the efficiencles of the filter. They were cal-
culated from the total weight of particles in the inlet and outlet

streams. These data can also be used to obtain the total deposi-
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FIGURE 3. Dimensionless Outlet Concentration vs. Contact Time

tion rate by a material balance. Figures 5 and 6 show the effect
of field strength and feed rate on the total deposition rate. The
rates of deposition approach a constant when the feed rate 1s high.
Figure 7 shows the outlet concentration as a function of feed
rate with various fractions of filtrate removed. These data show
that as much as 70% of the feed can be removed as a clear liquid.
The figure also shows that although this device 1s very efficient

for producing a clear filtrate, it does not act as a good concen-
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FIGURE 5. Total Deposition Rate vs. Feed Rate

trator of the feed. This suggests that the sludge layer be removed
as a separate stream.

Experimental data for test times longer than 30 minutes indi-
cated that the outlet concentration became unstable as the deposit
on the wire grew and was sheared off. Therefore data for longer

filtration runs are not presented.

THEORETICAL MODEL

As shown in the experimental study, a clear particle-free fil-

trate was obtained at voltages greater than the critical voltage.
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FIGURE 7. Dimensionless Outlet Concentration vs. Feed Rate

A clear boundary layer formation is expected to occur under these
conditions. The objective of this theoretical study is to develop
a mathematical model which describes the concentration distribution
in the cross-flow electrofilter. The present work improved the

previous models (11-13) by using a Graetz-type analysis, in which
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the local deposition rate is obtained by making suitable measure-
ments of the mixing~cup concentration alone, without making any
prior assumptions about the form of the rate function. Equations
describing the sludge layer were also included in this model.

Figure 8 illustrates the geometry of the tubular cross-flow
electrofilter. 1In cylindrical coordinates with the origin at the
center of the cross section, x is taken in the direction of flow
and r is the radial direction. The annular region is bounded by
the two concentric tubes of radii r, and ro. u is the axial
velocity at the inlet of the fiiter tube, and vy, 1s the withdrawal
velocity at the filter wall. The electric field strength in an
annulus from Gauss' law can be shown to be as follows.

v

a 1
E= in (ro/ri) T (0

where Va is the applied voltage across the filter.

FIGURE 8. Tubular Cross-Flow Electrofilter
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To develop a mathematical model describing the behavior of the
filter, the following assumptions were made:

1. A steady state operation.

2, Uniform sludge layer on the central electrode as observed.

3. Fully developed velocity profiles outside the sludge layer.

4. Uniform withdrawal velocity at the porous wall.

5. Negligible longitudinal diffusion due to a high Peclet

number.

6. Constant physical and transport properties.

As shown in Figure 9, L is the radius of the sludge layer,
which can be measured experimentally. r, is the local deposition

rate on the sludge layer. Only a portion of those particles which

FILTER
WALL

N

]
SLUDGE N

\\ \
CLEAR LAYER N

BOUNDRY
LAYER

CENTRAL R
ELECTRODE SR

e w.ran\\
b

C51 u

sl E

FIGURE 9. Material Balance of the Sludge Layer
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deposit on the sludge layer will actually deposit on the electrode

with a rate of e The other particles will be sheared off as the

sludge flows with an average velocity, u_ . and concentration, c

sl sl’
Therefore r, can be related to Ty and v, by making the material
balance:
d(c ,°u )
sl "sl” | 2 2
r, (ZWrs) =Ty (2ﬂri) + —a ﬂ(rs - ri) (2)

The mass balance on the particles outside the sludge layer re-
sults in the following partial differential equation

dfue) L 1 9 .y — EMeE)ec - Dor+9S] =
™ + e (re(v - EM*E)*c - D°r 8:1 0 3)

where u, v are the axial velocity and the transverse velocity, res-
pectively (13), EM is the electrophoretic mobility, and D the dif-

fusion coefficient.

kz -1 rs
Btk k=T
8 [o]

The boundary conditions for this system are
B.C. 1. Constant inlet concentration
c(0,r) = <, (4)
B.C. 2. Material balance on particles at the surface
of central electrode

dc
l.’a = (EM*E - v) Clr-rs +D §'|r=rs (5)

where the rate of deposition can be calculated
from the experimental data.

B.C. 3. A leaky condition at the filter wall
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3¢

Se|pme = VL = R)ec| - BM-EeC (6)
o o

r=r
where the parameter K was defined as the ratio
of particle velocity to bulk velocity by Liu
et al. (13).

The governing equation and the boundary conditions were con-

verted to dimensionless form using the following definitions:

c =< Vel
<, Ve
vei gl L Dh 1
u 4 r Re*Sc
m ur o [
mo
_ u_*p*D
TeL Re =
o
TV
= K - oV
Sc ) o D
Bala Y
D'ln(rolri) r,
r, T,
Ra = ra. De ks I
° o
2 2
-y e o P = Cs1'Ys1 . (ks - k) (14)
Rb b Dc c *u 2k
o} o nm s
Then the dimensionless equations are
k d?P
Ry "R o tax (13)
8
and
300 v L2 gfve-Bc-T8 w0 (16)

23 T or Jr
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The dimensionless boundary conditions become

B.C. 1. C(0, T)=1 an
3c -8

B.C. 2. —=|_  =—=-Cl=,  +avCc|-, +R (18)
dr r=ks ks !r ks lr ks a

B.C. 3. a—i__ = (1-KeC|_ - s-cl_ (19)
or [r=1 r=1 r=1

Before this partial differential equation can be solved, the rate

of deposition in the second boundary condition must be calculated.

Rate of Deposition

In order to isolate the effect of the transverse velocity in
the filter tube, a flow through the filter with no filtrate with-
drawal from the shell side is considered first.

Integration of equation (16) with respect to r from ks to 1

yields

2
1r- ks) d Cm

2 TX + ks ) Ra =0 (20)
and 2
1 - ks) d Cm
R, =~ 2, dX (21)

where the mixing-cup concentration Cm is defined as

1
4 -, =2 - = -
C = ——g—— | e, D) @-T5Bean T) T dr (22)
(1-k2) (1+2-B)

This can be related to the dimensionless outlet concentration, CE'

which corresponds to the experimental measurement, and the sludge

flow by making an overall material balance:
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2 1 - 2 =2 - -
CE°H(1 - k%) = { ciX,r) 3 [L - r° + Befn r]+2mr+dr
s 1+k"-B
-]
c ,'u
gl sl -2 2
+—c—:r ﬂ(ks - k%) (23)
om
Therefore
2k
C =C_,  ~ P (24)
m E (l-kz)
or
dc d CE d P 2k
IX=T¥ "IX T (25)
(1-k")
P is defined as
2 2
P = csl usl . (ks - k) (26)
c . u 2k
o m 8

and is also related to the deposition rate Ra from equation (15):

a s

where (Rb° k)/(Ra'ks) is the ratio of particles which actually de-
posit on the electrode to those which deposit on the sludge layer.
This ratio can be defined as a retention factor, Fr' The fraction
of the particles which deposit on the sludge layer and are then
sheared off to contribute to the outlet concentration is thus de-
signated by (1_Fr)'

Although neither Ra nor Rb is known, their ratio can be ob-

tained by comparing the outlet concentrations from the experimental
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data with those of two limiting cases. In the first case there is
no deposition at all, although high voltages are applied. Hence,

Fr equals zero and the outlet concentration as a function of filtra-
tion rate can be obtained from a material balance. The second
limiting case is that flux of particles induced by the electric
field is balanced by the rate of deposition. In this case all the de-
posited particles are retained on the electrode. Therefore Ra is
the same as Rb and Fr equals 1. The actual behavior of the filter
is between these two limiting cases. The retention factor can be

defined as

F = = -1 (28)

where Cl, C2, C3 are the outlet concentrations of the first and
second limiting cases, and the experimental measurement, respect-
ively. Once Fr is known, equations (25) and (27) can be substi-

tuted into equation (21). Then

2
- -
2k d C
Ra = . ' d XE (29)
L. a-id
—- - F)
a-xh

Thus, equation (29) may be used to relate the deposition rate Ra
to the measured outlet concentration CE as a function of contact
time, X.

Similarly, when there is a filtrate withdrawal from the filter,

the deposition rate Ra can be obtained as follows:
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1 o
R = c{=-c
a a- k2) ks E
1-—2-(1-1?)
(1 - %) r
2
- d
& 2kks) [1- 2 d:E} (o_
s 1- k8

Equation (29) is just a special case of equation (30) when o equals
zero.
Equations (16) through (19) were solved numerically using a

Crank-Nicholson finite difference method.

Results and Discussion

The calculated deposition rates as a function of contact time

are shown in Figure 10. In this case, no filtrate was removed in
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FIGURE 10. Deposition Rate vs. Dimensionless Contact Time
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order to obtain the deposition rate on the central electrode. As
expected, the deposition rate increases with an increase in voltage
and is maximum near the inlet.

The effect of the fraction of the clear filtrate removed on
the mixing-cup concentration is shown in Figure 1ll1. When the with-
drawal velocity becomes higher, the concentration increases, but
the thickness of the clear boundary layer decreases, as shown in
Figure 12. The critical field strength, at which the clear bound-
ary layer is just about to be formed, can be obtained, as shown in
Figure 13. Figures 14 and 15 show that the maximum filtration
rates for various field strengths can be obtained from the clear

boundary layer thickness. Experimental data are lower than the

3000 v (Re = 48)
FRACTION OF CLEAR
Cm FILTRATE REMOVED _
50%
30%
1.2 0%
o N
08
06
0.4 }
0.2 L
|
0.00005 0,00001 0. 0001 5

(Dp
DIMENSIONLESS CONTACT TIME, X ()%e—&)

FIGURE 1l1. Effect of Filtration Velocity on the Mixing-cup
Concentration
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FIGURE 12. Effect of Filtration Velocity on the Clear Boundary
Layer Thickness

theoretical values, because it 1s difficult to operate under ex-
actly critical conditions. It may also be caused by a distortion
of the electric field due to the sludge layer, especially at high
field strengths.

Figure 16 shows the flux as a function of the dimensionless
contact time. The flux is expressed in terms of two driving forces
namely the electric field and the concentration gradient as shown

below.
Flux = EM'E'cw - km(cw-cm) (31)
Where Cy is the estimated wall concentration from the experimental-

ly determined outlet concentration, cm, and km the mass transfer

coefficient. Since in this system the value of the electric field
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FIGURE 16. Flux on the Surface of Sludge Layer vs. Contact Time

is large, this figure shows that the greatest contribution to the
flux is due to the imposed electric field. Figure 17 is a plot of
the calculated mass transfer coefficient as a function of the volt-
age and the dimensionless contact time. As expected, the mass
transfer coefficient is highest at the higher flow rate and is
practically independent of the applied voltage.

Figure 18 shows a plot of the outlet concentration as a func-
tion of the Reynolds number in the electrofilter. It is evident
that at very high velocities there is practically no sludge layer
formation. However, at more practical conditions, the effect of
the sludge layer becomes appreciable. Such data suggest agaln that

the sludge layer should be separately removed.
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Conclusions

1. The specially constructed X-ray densitometer made it possible
to obtain accurate values of sludge concentrations as a func-
tion of contact time. These data were then used to obtain
local deposition rates using a Graetz type analysis. Unfortu-
nately the motion of the sludge layer greatly complicated the
problem.

2, It was found that the main driving force for particle separation
was the imposed high voltage electric field. As expected, the
mass transfer coefficient was highest at highest flow rate and
was practically independent of the applied voltage.

3. The retention factor, which represents the fraction of particle
retained on the electrode is affected b§ the electric field
strength and the Reynolds number. The data suggested the need
for modifying the apparatus by withdrawing a sludge continuous-
ly to achieve an optimum separation of the slurry into a clear

liquid and a highly concentrated sludge.
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