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It is possible to apply electroosmosis to dewatering of sludge.
In this paper, the mechanism of electroosmotic dewatering of compressible sludge under con-

dition of constant electric current was discussed, based on the model of electroosmotic flow through
the particle packed bed, and the effects of the operating conditions on the rate of electroosmotic

dewatering and the electric power consumption were theoretically analysed. The equations
obtained theoretically were confirmed experimentally under condition of constant electric current
with the compressible sludges such as white clay, magnesium hydroxide and bentonite. Theoret-
ical equations were available for the design of electroosmotic dewatering apparatus. The elec-
troosmotic dewatering was particularly effective for gelatinous sludges.

Introduction

Mechanical dewatering operations such as gravi-
tational method, centrifugal method, compression,
and vibrational method have so far been used and
have been studied theoretically and experimentally.
But mechanical dewatering is very difficult for the
precipitates of colloidal particles and the gelatinous
sludges.

A particle dispersed in liquid has electric potential,
the so-called C-potential. When particles are dispers-

ed in water, C-potential is about 0.01 to 0.1 volt.
Electroosmosis generated in the sludge may be used

in the dewatering of sludge2'4>5).
In previous studies1>, electroosmosis was applied to

the dewatering of sludge such as peat, soil, magnesium
hydroxide, beating pulp, casein, and the like. How-

ever, the relation between operating conditions and
the dewatering rate was not clear. Komagata3)

had proposed a theoretical dewatering equation under
condition of constant electric voltage by using the

capillary tubes model and studied the characteristics
of electroosmotic dewatering and the efficiency of
electroosmotic dewatering by use of clay, nickel hy-

droxide, and powder coal. But this theoretical analysis
is not adequate for the compressible sludge because

his theory is concerned with investigation of incom-

pressible sludge.
 The present study was performed to obtain

fundamental design equation of electroosmotic
dewatering under conditions of constant electric

current. Then the effects of the operating condi-
tions (i. e. electric current density, sludge concen-

tration, height of sludge bed, etc.) on the rate of

electroosmotic dewatering and electric power con-
sumption were theoretically analysed by use of a

model of electroosmotic flow through the particle

packed bed. The equations obtained theoretically
were confirmed experimentally under condition of

constant electric current with the compressible sludge
such as white clay, magnesium hydroxide and bento-
nite. Bentonite sludge was used as an example of a

gelatinous substance. Consequently, the theoretical
equations are available for the design equations of

electroosmotic

 dewatering apparatus.

Theoretical Analysis of Electroosmotic Dewatering
for Compressible Sludge at Constant Electric Current

 The electroosmotic dewatering model for com-
pressible sludge under condition of constant electric

current is shown in Fig. 1. A constant electric cur-

rent density Io is passed through the sludge bed. The
polarity of electrodes is selected according to the

polarity of C-potential of particles in order to
remove water in the sludge downwards. In the case

of compressible sludge, the height of the sludge bed
decreases with the dewatering of sludge and the

initial height of sludge bed HQ becomes Ht at time
t. In Fig. 1, part I is the dewatering sludge bed
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and part II is the dewatered sludge bed. The values
of elw and e2ware the porosity of water part in each
bed and ela, e2a the porosity of air part in each bed,
and Xu X2the equivalent specific conductivity of each
bed, respectively. These values are assumed to be
constant throughout each bed.

As shown in Fig. 1, the electroosmotic velocity in
the dewatering sludge bed uE is represented by the
Debye-Hiickel equation as follows:

UE=-
KKp, \3ooy

(i)

where C, D, a;, jli, and E± are the C-potential of particles,
the dielectric constant of liquid, the factor of particle

shape, the viscosity of liquid, and the strength of
electric field in the dewatering sludge bed, respectively.
The strength of electric field in the dewatering sludge
bed Exis expressed by Ohm's law as follows:

(2)

By substituting Eq. (2) into Eq. (1), uE is rewritten as
follows :

uE=a

CD/
a= '

M2

a;^\ 300 /

(3)

where a is the electroosmotic coefficient which can be
obtained experimentally. If the experimental condi-
tions are denned, a, Io, and X1 become constant.
Therefore uE becomes also constant.

The electroosmotic flow rate qE is expressed by Eq.
(4).

qE=AslwuE

(4)

Substituting Eq. (3) into Eq. (4) and integrating Eq.

(4), the dewatered volume by electroosmosis QE can
be written as follows:

qEdt=AelwuE\ dt=Aelwa---°- t

o Jo Ai

(5)

Eq. (5) shows that QE is proportional to t and /0.

T

he relation between the electric power consumption
Wand the dewatering time t is obtained by the fol-
lowing method. The voltage Vt applied to the

electrodes at the dewatering time t is shown as

(6)

where V1 and V2 are the voltage applied to each bed
I, II in this model. Taking the material balances of the
liquid and the solid for the sludge bed in Fig. 1.

AH1slw+AH2e2W+Aelw \uEdt=AHQelw
Jo

(for liquid) L (7)

A(H0-H1){l -(elw+6la)}=AH2{l -(eiw+eia)}

(for solid)

O _"

X X
. UppermJ^m_m/_electrode^

H(Dewatered sludge bed) Ez,X*,à¬2W, à¬2a

KDewatering sludge bed)
.à"à" Ei,X',f'w,'ea" à".

'""'à¬"' '''

T^FHter cloJr̂ower elec

Permeated liquid

F

ig. 1 Schematic diagram of electroosmotic dewatering
at constant electric current

From above equations, H± and H2 are obtained as
follows :

Siw{l~e2a)-s2w{i~ela) Jo

elw{l-(elw+£la)}
H2=

£lw(l-£2a) £2w(l Sla)

(8)WgGfr

Substitution of Eq. (8) into Eq. (6) gives

1 -(Slv+Sia)

1-(£l«+Sl.)

h

U+Ho (9)

Hence, the electric power consumption W is written

as Eq. (ll) from the following equation (10).

W= \tAIo Vtdt=AIo\tVtdt(10)
Jo Jo

-= All Y eiw ( t-(£iw±£iji)_
h Lei«(l-s2a)-e2w(l-ela)\ X2

W=~

1_-(e2«+e2a) ) oJo_
-/2+#o*

(ll)

If the porosity of the air part in each sludge bed is
much smaller than that of water part, ela and e2a can

be neglected. Therefore, Eq. (ll) is approximately
written as Eq. (12).

w=
All

h

SlwS-Iw 1-slw 1-s2w\alo Ji+̂Hot

(12)

From Eqs. (5) and (1 1), the electric power consumption
per unit dewatered volume by electroosmosis WjQE

is expressed as follows :

W=JJ £1
<SlwLslK>(l~£2a

Q)-«2W(1-£la)1-(slw+sla)

(13)

From Eqs. (5) and (12), the following approximate

equation can be obtained in the case of sludge with

large water content.
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Fig. 2 Schematic diagram of experimental apparatus
w_

£lw-^2u

h

(14)

Also, defining the dewatering efficiency rj as the ratio

of QE to the initial total water content of sludge, rj is
expressed as

Y]=
QE _alp

(15)

And the time till the end of electroosmotic dewatering
te is expressed as Eq. (16) from the material balances

of the liquid and the solid in the sludge bed at the
end of dewatering.

te= 1-

{1-(elw+ela)}
{1-(e2w+S2a)}

:)]ah(16)

Neglecting ela and eia, te is approximately written as
Eq. (17).

( (1-e2«,) \eiw/J <^/o

(17)

Experimental Apparatus and Procedure

The outline of experimental apparatus is shown
in Fig. 2. The lower electrode is set at the bottom
of an acrylic resin cylinder ® with inner diameter

o

f 90mm. The electrode which is made of reticular
copper or stainless steel of 20 mesh ® is used as the
lower one. The filter cloth (SP#7) © is set up in
contact with the upper surface of lower electrode.

T

he sludge is put in the portion S of cylinder and the
upper electrode ® is set up in contact with the surface
of this sludge bed. The upper electrode is made of a

perforated copper or carbon plate with hole diameter

of 3 mmin order to remove the small amount of gas
produced by electrolysis. As the height of sludge bed

decreases with the dewatering of sludge, the position

of the upper electrode is adjusted as always to be in
contact with the upper surface of sludge bed. In

thiscase, the sludge bed is not compressed by the upper
electrode. Deionized water is used as the dispersion
medium and the sludge used in this experiments is

Table 1 Properties of sludges
Kinds of  Solid  Initial  D ensity Polarity of

sludge  cone, of height of  of   C-potential
sludge  sludge  particle

bed
[w t. % ]  [cm ]  [g/cm 3]

White clay  60. 0   4. 4   2. 66   negative
Bentonite   20. 0   2. 7   2. 59   negative

M agnesium
hydroxide 50.0   3.7   2.23   positive

Initial water content of sludge is 200 [cm 3], respectively.

Table 2 The fundamental values used for the calculation
K inds of ｩIw ^ a

sludge [- ] [IIa -cm ] [cm 2/volt �"
sec]

White clay 0.643 8.30 x lO" 5. 10 x lO-
Bentonite 0.914 1. 21 x lO~3 3.91x lO-
M agnesium

hydroxi de 0.707 7.43x IO"4 1.90 x lO"

adequately mixed. The polarity of both electrodes
is determined in consideration of the polarity of C-
potential of the particles, and then the electric fields
under condition of constant electric current are ap-
plied to the sludge bed by a Regulated D. C. Power
Supply ©. Immediately after the water starts to flow
down in part F in Fig. 2, the total dewatered volume
by gravitation and electroosmosis is measured with a
burette. The voltage applied to the sludge bed is
measured with an Automatic Recorder ® at the same
time. The dewatered volume by electroosmosis is
obtained by subtracting the dewatered volume by

g

ravitation from the total dewatered volume.

The kind of sludges and their properties used in this
experiment are shown in Tables 1 and 2. The initial

water content of sludge is nearly equal to the water

content of sludge thickened by gravitational sedimenta-
tion.

The electroosmotic coefficient a is calculated from

the equation a=qE/AelwEav. Here qE is the flow rate
of electroosmotic permeation obtained in the early
period of measurement and Eavis the average strength
of electric field in this period.

Experimental Results and Discussion

Effect of electroosmosis on dewatering of sludges at
constant electric current

For white clay and bentonite sludges, the relation
between the total dewatered volume QT and the de-
watering time t is shown with the electric current
density70 as parameterinFig. 3. QT is the sum of the
dewatered volume by gravitation QG and the dewater-
ed volume by electroosmosis QE. It is clear that the
total dewatering flow rate (dQT/dt) increases con-
siderably with increasing 70. It is noticed that the
electroosmotic dewatering is very effective for bento-
nite sludge which is difficult to dewater by gravitation.
The experimental results for Mg(OH)2 sludge also
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Fig. 3 Relation between QT and t at constant electric
current
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Fig. 4 Relation between QE and t at constant
electric current

show a similar tendency to that of white clay sludge.
In the case of white clay, the bending points were found
out at QT of about 50 cm3in Fig. 3 anditwas observed
that the voltage applied to the sludge bed increased
rapidly at that points under condition of constant
electric current. This phenomenon can be considered
that the porosity of water part in the sludge bed
changes from elw to e2wand the electric resistance of
the sludge bed increases with changing the water
content of sludge. That is to say, it may be considered
that the first dewatering process is finished at the bend-
ing point and the secondary dewatering process im-
mediately follows. It is observed that large electric
power consumption is needed in the secondary
dewatering process. The secondary dewatering
process shows several complex phenomena in the
sludge bed, such as a crack creation, temperature
rising and drying by Joule's heat.
Comparison of experimental results with calculated
results

Figs. 4, 5 and 6 show the relation between the de-
watered volume by electroosmosis QE and the dewater-
ing time t on log-log paper for each sludge with 70

80, 1 r ,
40 - Jd#^
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A. ^-°/- å¡ 7.865 [mA/cm*]-

21- y A4-719

Q
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" I 2 4 6810 204060100200
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Fig. 5 Relation between QE and t at constant electric
current
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01 24681020^ 406080100
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Fig. 6 Relation between QE and t at constant
electric current

as parameter, and these figures show the comparison
of the experimental results with the relationship ex-

pressed by Eq. (5). In these figures, each key shows

the observed values and the solid lines express the
theoretical results, respectively. The values calculated

by Eq. (5) show a good agreement with the observed

values within ±20% range except for the neighbor-

h

ood of the end of dewatering.

The relation between the electric power consumption
W and the dewatering time t is expressed by Eq. (12).
Figs. 7 and 8 show the comparison of the experimental
results with the values calculated by Eq. (12) with Io
as parameter. The values of e2w and 22 used for the
calculation of W by Eq. (12) were, respectively,

obtained by measurement of porosity of water part
and by calculation with Ohm's law using the voltage at
the time when the first dewatering process had finished.
Eq. (12) shows that W is a quadratic equation with

respect to t. In the case of Mg(OH)2 sludge, the
experimental results coincide approximately with the
theoretical equation for each70 as shown in Fig. 8. In
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Fig. 7 Relation between W and t at constant
electric current
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Fig. 8 Relation between W and t at constant
electric current

t

he cases of white clay and bentonite sludges, the re-
lations between W and t are fairly linear for the ex-
perimental results as shown in Fig. 7 and the values
calculated by Eq. (12) are in agreement with them.
It is shown that these relations are approximately
expressed as W=(AIIHO/X1)t because the quadratic
term of t is much smaller than the linear term of t
in Eq. (12). The difference in the relations between
Wand t in Figs. 7 and 8 is due to the following

e

xperimental results. In the case of Mg(OH)2 sludge,

the electric resistance of sludge bed increases gradually
with t under condition of constant electric current.
In the cases of white clay and bentonite sludges, their
electric resistances almost never change with t. There-

fore, it is found that the relation between W and t
is influenced by the electrical characteristics of the
sludge.

Ill I I T- 1 1
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Io à"ab Bentonite (20wt.%) /

- Q -CalculatedbyEq.l4| /I
» y-1 I I I/å 
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Io [mA/cm2]

Fig. 9 Relation between W/QE and 70 at constant
electric current
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Fig. 10 Relation between W\QE and t at constant
electric current

The relation between the electric power consump-
tion per unit dewatered volume by electroosmosis
W/Qe and the dewatering time t or the electric current
density Io is expressed by Eqs. (13) and (14). The
comparison of the experimental results with the values
calculated by Eq. (14) is shown in Figs. 9 and 10.
In the cases of white clay and bentonite sludges as
shown in Fig. 9, WjQE becomes independent of t
because both QE and W are linear with respect to t

as shown in Figs. 4, 5 and 7, therefore W\QE is related
to only 70. The values of W/QE obtained experi-
mentally are a linear function of 70 irrespective of t
and show a similar tendency to the values calculated
byEq. (14). Accordingto Eq. (14), W\QE is a quadra-
tic equation with respect to 70. However, Eq. (14)
can be expressed approximately as W/QE=(Hol£lwa)Io
when the quadratic term of70 is much smaller than the
linear term of 70. As to the experimental results of
these sludges, it is found that Eq. (14) is nearly
expressed by the linear relationship in respect of70.
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When the quadratic term of 70 in Eq. (14) can not
be neglected, W/QE is linear in respect of t as shown
in Eqs. (13) and (14). In the case of Mg(OH)2 sludge,
WjQE is expressed as a linear function of t as shown in

Fig. 10. It is found that the slopes of straight lines
increase with increasing Io and that the value of W/QE
at £=0 shows H0I0/£lwa in Eq. (14). Therefore, the
electric power per unit dewatered volume by electro-

osmosis increases with increasing 70, namely the
electric power efficiency decreases with an increase of
70. This fact must be noticed in the case of carrying

out electroosmotic dewatering.
The time till the end of electroosmotic dewatering

te is expressed by Eq. (17). As an example, te cal-
culated by Eq. (17) under condition of constant

electric current density of 1.573 mA/cm2 is 113 min
for white clay, 264min for bentonite, and 51 min
for Mg(OH)2, respectively. These calculated values

coincide nearly with the observed values in Figs.
4, 5 and 6. Therefore Eq. (17) is regarded as appro-

priate.
From the above results, the electroosmotic dewater-
ing mechanism of sludge can be explained by the
model of electroosmotic flow through the particle
packed bed and it was confirmed that the equations

obtained by theoretical analysis were appropriate.

Conclusion

An electroosmotic phenomenon can be used to
dewater sludge. A fundamental study on the elec-
troosmotic dewatering of compressible sludge under

condition of constant electric current was performed
experimentally and theoretically by using the model

of electroosmotic flow through the particle packed
bed. The following results were obtained.

1) In the electroosmotic dewatering of white clay,
bentonite and magnesium hydroxide sludges under

constant electric current, the dewatering flow rate and
the dewatered volume are increased being proportional

to the electric current density. Especially, the elec-
troosmotic dewatering is very effective for a gelatinous
sludge such as bentonite which is difficult to dewater

mechanically.
2) The electroosmotic dewatering mechanism of

compressible sludge can be explained by the model

of electroosmotic flow through a particle packed bed.
It was confirmed that the equations obtained by theore-
tical analysis were appropriate for the design of elec-

troosmotic dewatering apparatus.
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Nomenclature

A =dewatering area or area of electrodes [cm2]
D =dielectric constant of liquid [C.G.S.e.s.u.]
E =strength ofelectricfield in sludge bed [volt/cm]
H =height of sludge bed [cm]
Ho =initial height of sludge bed [cm]
Ht =total height of sludge bed at time t [cm]
h =electric current density

[amp/cm2] or [mA/cm2]
QE =dewatered volume by electroosmosis [cm3]
Qg =dewatered volume by gravitation [cm3]

Qt = total dewatered volume by gravitation
and electroosmosis [cm3]

qE = electroosmotic flow rate [cm3/sec]
t = dewatering time [sec] or [min]

te =time till the end of dewatering [sec]
uE =electroosmotic velocity [cm/sec]
V =partial voltage applied to sludge bed [volt]

Vt = voltage applied to entire sludge bed at
time t [volt]

W = electric power consumption
[watt à"sec] or [watt à"min]

a

=electroosmotic coefficient defined
as Eq. (3) [cm2/volt à"sec]

ea =porosity of air part in sludge bed [-]
£w =porosity of water part in sludge bed [-]
C =C-potential of particles [volt]
7] =dewatering efficiency defined as Eq. (15) [-]
k =factor of particle shape [-]

X

=equivalent specific conductivity of sludge
bed [I/O -cm]

H -viscosity of liquid [g/cmà" sec]

<Subscripts>

1 =value for dewatering sludge bed
2 =value for dewatered sludge bed
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