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ABSTRACT

Suspensions  of  Bentonte,  kaoiin and  red  clav - were dewatered
electroosmaotically under continnous and nterrupted DO voltage and current The
suspension was held in avertical S-em diameter column betaeen two platimum mesh
electrodes, an upper anode and a lower cathode Suspensions were prepared with
CaCl, in distilled water at concentrations up to 107 M The imtial sold content was
between 9.1 and 15 wt‘¢ for Bentonite and between 25 and 45 wi'c for kaolin and
red clay. The mitial bed height ranged from 05 to 2 cm. Constant voltages trom 2,75
to 5.0 V and constant currents from 30 to 90 mA were used. In the mtenupted
regime the off-time ranged from 0.5 to 20 s with the on-time fived at 30 A short
circuit or an open circuit was apphed during the off-time  The mtermupted process
with a short cireuit was also applied at the end of a DC ran when dewatenng had
stopped.

Electroosmosis removed 20-7047 of the water with an energy expenditure well
below the heat of vaporization. The water removal rates were increased by the
addition of CaCl,. Beds of 0.5 ¢m thick were dewatered tuster and with less encrgy
consumption than thicker beds Interruption with a short areust apphied dunimg a
0.5 s off-time removed about 20-40%% more water than DC for equal encergy
consumption. Interruption at the end of a DC run removed nearly the same amount
of water as interruption applied from the begining of a run Relative motion
between the electrodes in the torm of rotation of the upper electrode at 40 or 70 rpm
had no significant effect on dewatering. The Helmholtz/Smoluchowski theory did not
agree with the experiment results for the effects of interruption m power and

electrolyte content.



Résumé

Ies soluttons de Beantonite, de kaolin et d’argile rouge sont asséchées
¢lectroosmotiquement sous un voltage et un courant continu et alternarif. La solution
ost mantenue dans une colonne vertical de S em de diametre, entre deux électrodes
de platines Fanode supérieare et la cathode inféricure Les <olutions sont préparées
a parur de CaCl, dans Pean distllée a des concentrations allant jusqu’ a 1072 Mol/L.
I ¢chantillon solide intial contient entre 9.1 ¢t 157 en poids de Bentonite et entre
2504 ¢t 45%% ¢en poids de kaolin et d argile rouge. La hauteur initrale du lit varie de
0.5 a 2 cm Des voltages constants de 275 4 5.0 V furent utilisés ainsi que des
courants constants de 30 4 90 mA En régme discontinue, la pénode de non-
fonctionnement varie de 05 a 20 < lorsque la période de tfonctionnement est fixée
a30 s Un court-circuit ou un crcuit ouvert est appliqué pendant la période de non-
foncnonnement. Un court-circuit est également apphqué pour interrompre le
processus a la fm d'une expérience DC lorsque asséchement est stoppé.

[ electioosmose retire 200 a 700 d'eau avec une dépense d'énergie trés
inféncure a la chaleur de vaporisation. Le pourcentage d’eau retirée est amélioré
par addition de CaCl. Fes lits d’¢paisseur (0.5 em sont asséchés plus rapidement et
avee une consommation d’énergie moindre que les lits plus épais. Linterruption du
processus par un court-cireuit appliqué pendant 0.5 s retire 20 a 40% d’eau
supplémentaire que le DC pour une méme consommation d’énergie. L'interruption
ala hin dune expénence DC enleve pratiquement la méme quantité d’eau que
Vinterruption apphquee  au debut de Pespérience. Le mouvement relatif des
lectrodes, sous torme de rotation de I' électrode supéricure & 40 ou 70 tr/mn n’a
pas detfet sigahicaut sur assechement La théorie Helmholtz/Smoluchowski est en
desaccord avee les resultats des experiences en ce qui concerne les effets de coupure

de courant et de composition de Pélectrolyte.
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CHAPTER 1

INTRODUCTION

Separations are essential to most manufacturing operations i processing industties
throughout the world. The cost of a given separation method is often a major factor
in the manufacturing cost of a product. The cost of separation is related o the
equipment needed, the energy required, and the time tequired to ettect the
separation. There are many critical areas of technology in which the application of
separation is crucial. In some industries, it is necessary to separate fine particles from
an aqueous suspension. These suspensions occur tn a diverse tange ol activities, for
example in coal preparation, sand washing, and mineral processing; i the chemucad,
electrochemical, metallurgical and manutacturing industries; textiles, anmal products,
agricultural, and food processing activitics; 1n water purification and m mumcipal and
industrial waste treatment. It is often nccessary to concentrate dilute suspensions and

then to consolidate the res ilting sediment for sale or for sate disposal.

1.1 Solid-Liquid Separation Methods

The relationship between achievable moisture content as a function of particle
size is illustrated in Fig. 1-1. This Figure shows the range of application of various
solid-liquid separation techniques. The particle size/percent hquid space may he
divided roughly into two regions by the diagonal hine superimposed on the figure.
Upward to the right of the line the applicable methods involve hydraulic dewitering,

i.e. the movement of water through the suspension caused by a pressure gradient.
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The region below and to the left of the diagonal line is the ditficult to dewater
region. Here, thermal dewatering (evaporation or dryving) and, to lower extent,
electroosmotic dewatering, are the preferred methods.

In a number of dewatering operations, thermal drying is implemented as the
final step. Although thermal drying processes require short times, they often iequire
uneconomically large amounts of energy Electroosmosis may be used tor ultratine
particles and, possibly, for heat sensitive materials wineh may not be diied thermally.
Electroosmotic dewatering utilizes the surface charges which prevent tine particles
from agglomerating and arc responsible for the inherent stability ot colloidal
suspensions. There is the potential to remove water with smaller amounts of energy

than are required for vaporization,

1.2 Electrokinetic Separation

Electrokinetic phenomena involve clectric fields tangential to a charged
interface and tangential movement of the phases along the phase boundary. These
phenomena may arise either through the application of an external electrie field,
resulting in movement, or through the mechanical movement of one of the phases,
resulting in the generation of an electric field. In most pracucal apphcations of
electrokinetics external fields are applied, resulting in clectrophoress  and
electroosmosis.

Electrophoresis relates to the movement of solids, usually particles, through
a relatively stationary fluid, while electroosmosis relates to the movement of fluid
through a porous medium whose surface has an electrical double layer When such

relative motion occurs, the few layers of fluid immediately adjacent to the solid are



immobile with respect to the solid, and 4 "slipping plane” exists, some distance away
from the interface. In aqueous systems, the immobule fluid is generally considered to
he composed of oriented dipoles The potential at the shpping plane is called the
zeta potential The zeta potential, and thus the electroosmotic effect, can be modified
by the addition of flocculants, dispersants, and jonic solutions of various kinds.

Generally, The seta potential of particles dispersed in water is in the -100 to +100

millivolt range.

1.3 Modecls of Electroosmosis

The classical model of electroosmosis is the Helmholtz/Smoluchowski theory.
It assumes that an electric freld s applied along the axis of a capillary whose walls
carry an electric double layer. Under the influence of the field, the ions in the diffuse
layer near the shear plane move toward one electrode and carry liquid with them.
The Helmholtz/Smoluchowski theory, originally developed for a straight cylindrical
capillary, is based on the following assumptions (Ellis, 1976 and Hiemenz, 1986):

1. The radius of the capillary is much larger than the thickness of the electrical

double layer. This is conventionally written as:
KR > 100 (1-1)

where K ' is the Debye thickness and R is the capillary radius.

2. 'The walls of the capillary are nonconducting,

3. The fractien of the current carried by ions in the double layer is negligible (i.e.
negligible surface conductance).

The velocity outside the double layer is uriform and is given in SI units by:



(1-2)

u, = :—%—8—;9 (é)
where  e= dielectric constant of the bulk fluid
(= zeta potential (V)
€,~ permittivity of free space (8.85x10° 1> A% s* [ kg m*)
n= viscosity of the tluid (kg/m.s)
A= specific conductance of the bulk fTuid (§/m)
i- electric current (A)

a=- cross sectional area of the capillary (m?)

Since the field strength, E, and the current are related by:

E - -4 (1-3)
Aa
Equation (1-3) can be written :
{ee E (1-4)
u, = ———
"

Electroosmotic transport in a porous material is carried out by applying voltage

across a bed or "plug". The applied field E, is given by

v, -V, (1-5)

Smoluchowski showed that eq. (I-1) applies to a porous material composed of
nonconducting particles in a liquid medium if «, is defined as the cross section
average velocity of the fluid (i.e. the superficial velocity or the volumectric tlux

density). For a porous material:



- C €€ (1'6)
u, —;]_A_— (Z)

where A is the cross sectional area of the porous plug and A is the conductance of
the bulk ligud 1in the pores. If Q is the volume of water removed from the porous

matcrial by electroosmoss, then:

1 dQ (1-7)

The relationship between i/A and the strength of the applied field, E, , depends
upon the void fraction, which is assumed to be completely filled with liquids, and the

structure of the porous material. The relationship between u, and E, may be

written:

- 1-
LT (9
n

where Ae,) is a function of the void fraction, €, . This function has been
determined for several model structures. For example, if a porous plug of length H
contains straight cyhindrical pores of length H, fle ) = e . O’Brien (1986) showed
that fle,) - 0.343 for a porous marerial composed of uniform spheres in a simple
cubic array where €, - 0.476 .

Electroosmosis is attractive as a method of dewatering because eq. (1-6)
indicates that the rate of water removal is not a function of the water content (or
void traction). This equation and eq. (1-8) are subject to the assumptions listed
above. The most important of these is that the pore radii are much larger than the

thickness of the double layer.



Yukawa and colleagues (1978) developed a model of electroosmotic dewatering in
which a voltage is applied to a sludge bed and the water is moved dowoward with the
electroosmotic velocity u, . hey assumed that the sludge bed contamed two layers:
an upper dewatered layer and a lower layer which has the same water content as the
original bed. Weber, Witwit and Mujumdar (1987) detived a sumpler maodel by

assuming that the bed dewatered umiformly. Both models were based upon eq. (1-0).

1.4 Experiments on Electroosmotic Dewatering

A number of studies has been reported for electronsmotic dewa:ering of tine
particle suspensions. Only those related to the dewatering of clays are reviewed here.
Because of their fine particle size and small pore structure, clays are particularly
amenable to dewatering by electroosmosis.

Yoshida et al. (1985) dewatered gelatinous Bentonite suspensions under
conditions of constant voltage and constant current. The apparatus was sinular to that
described in Chapter 2. The diameter of the bed was 72 cm and its mrtial height
was 5.4 cm. Using their value for densty of the bentontte parnieles, 2 767 g/am, the
initial volume fraction of water was 0.917. In constant voltage runs, fou: voltages
were applied: 2.5, 5, 10 and 15 V. At 10 V and above, the current rose to i maxnmuim
and then fell dramatically. For lower voitage, the curreat was reiatively constant The
largest applied voltage did not remove the most water. There was an optimum for
voltage at which the water removed was a maximum (26% removal). In constant
current runs, three currents were used. 50, 100 and 200 mA In all cases, the voltage

fell slowly as water was removed and then increased rapidly near the end of the run.



.ockhart (19834, b, ¢) studied the electroosmotic dewatering of sodium kaolinite
suspensions to determine the influence of voltage, salt content, pH, clay type and
clectrode material In most runs the initial solid content was 18 wt%. His apparatus
was also similar to that described in Chapter 2. He began with a constant voltage, but
when dewatering essentially stopped, the voltage was increased to a higher value
which was maintained until the dewatering rate fell off again and the procedure was
repeated A typical sequence was 2 'V, 3 V, 25 V and 50 V. The suspensions were
made with water and with NaCl and HCI at concentrations from 1072 to 107" M,
Salt or acid concentrations up to about 1072 M usually allowed dewatering to
proceed at lower voltages or permitted more complete dewatering at the same
voltages, than suspensions prepared with water. Lockhart found that the water flow
per unit of charge passed through the bed was not inversely proportional to the
concentration of 1ons, nor was it proportional to the zeta potential. These conclusions
are largely contrary to the theory outlined in the previous section,

Ju, Weber and Mujumdar (1991) worked on gelatinous Bentonite suspensions
under conditions of constant DC voltage and constant DC current in a S cm diameter
column The apparatus was also similar to that described in Ch. 2. The suspensions
were prepared with CaCl, in distilled water at concentrations up to 1 M. The initial
solid content was between 9.1 and 26 wt% and the initial bed height ranged from
1.0-5.2 em. Constant voltages from 4-8 Volt and constant currents from 90-110 mA
were used. Electroosmosts removed 20-60 9% of the water, with energy expenditures
well bellow the energy required to vaporize the water. With a constant initial field
strength the smallest bed height (1 em) gave the lowest energy of dewatering and the

highest water flux per unit charge. The driest final bed, however, was obtained at a



bed height of 2.1 cm. The initial solid content had little effect on the final average
solid content. The water removal rate and the final solid content increased with the
addition of CaCl, . The Helmholtz/Smoluchowski theony did not agiee with the
experimental results tor the effects of electiolyvte concentration and bed hegat,

If the initial bed height does not attect the rate of dewaternmg and the water
flux per unit charge (based on the Helmholtz/Smoluchowskt theory), o thin bed
should dewater to a given solid content faster than a thick bed In addition, less
energy per unit mass of solid material should be consumed by thin beds beeause the
use of low voltages results i less gas production and Joule heating These proposals
were put forward in a report by New Brunswick Rescarch and Productivity Councetl
(published by Canadian Electrical Association, 1989). 'They suggested the use of thin
beds (small electrode spacing) so that current would How for rcasonably small
applied voltages, even when little water was left.

Yankovskii, Khrustalev  and  Zavialova  (1989)  dewatered  peat
electroosmotically with a pulsed electric field in an apparatus simular to that
described in Chapter 2. They used rectangular voltage signals with frequencies
between 0.25 and 20 kHz. The initial ficld was | to 3 V/em. They found that
pulsation removed more water than DC operation at the same voltage.

Continuous machines for electroosmotic dewatering have relative motion
between the electrodes. Electrodes are constructed as belts, drims o1 serews to meet
the requirements for continuous feed and continuous cake removal Some examples
are shown in Fig. 1-2. Coackly of the Motherwell Bridge and Lingimeering Company
Limited (U.K.) patented a machine Lased on the screw-ltke totion of rotating helical

blades (see Fig. 1-2a). A moving double-belt apparatus for clectroosmotic dewatering

9
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Figure 1-2a IFrom a patent by Coackley. 12: Outer casing and anode. 15: Hollow

cathode. 16: Helical blade.

Figure 1-2c¢  Fuji electric machine. 1: DC

power supply. 2: Hopper. 3: Drum (anode).
4: Driving means. 5: Sludge. 6: Discharged
Figure [-2b Irom one of many sludge. 7: Roller. 8: Filter cloih. 9: Caterpillar

patents issued to Botho Schwerin., (cathode). 10: Water. 11: Basin.

Figure 1-2 Machines for electroosmotic dewatering (from a report prepared by New
Brunswich  Research Productivity Council, published by Canadian Electrical

Association, [989)

10




was designed by Schwerin (see Fig. 1-2b). Figure [-2¢ shows a device based on a
revolving drum and a moving belt. In all cases the suspension move between the two
electrodes. Both electrodes may move in the same direction, as in Figs 1-2b and ¢,

or one electrode may be stationary as in Fig, [-2a.

1.5 Objectives

The theory reviewed above suggests that the following variables altect
electroosmotic dewatering:
-the zeta potential of the particles
-the current or voltage
-the conductivity of the suspension
Previous experiments on electroosmotic dewatering indicate that the following
additional variables may be important:
-the initial height of the bed before dewatering
-the relative motion between clectrodes
-the type of the input power (DC, Interrupted voltage or current,...)
-the content of electrolyte in the water in the suspension
-the initial solid content of the suspension
The main objectives of this thess were:
1. to measure rates of clectroosmotic dewatering under interrupted power and to
compare them to rates for [2C
2. to determine the effect of initial bed height with emphasis on small heights
3. to determine the effect of relative motion between the clectrodes on DC

electroosmotic dewatering.

11



1.6 Variables

Bentonite clay was used in most of the experiments because water will not
drain by gravity from suspensions containing as little as 10 wt% solid. In addition,
carlicr studies arc available for Bentonite and other clays. A few runs were done with
kaolin and red clay to extend the results. The electrolyte used in the present work
was CaCl, . Relative motion between the electrodes was provided by rotating one
of two parallel electrodes.

The independent variables in the study were:

- CaCl, concentration in the water used to prepare the suspension
-original sohd content
-oniginal bed height
-rotation speed of the upper electrode
-currenit (in constant current experiments) or voltage (in constant voltage
experiments)
-frequency and percentage of interrupted voltage or current
The following dependent variables were measured as functions of time:
-volume of water removed
-overall voltage drop (in constant applied current experiments)
-current (in constant applied voltage experiments)
-output voltage from a resistance in the circuit to measure the variation of

current during each cycle of interrupted operation (see Fig. 2-1)



CHAPTER 2

EXPERIMENTAL METHODS AND MATLERIALS

2.1 Experimental Apparatus

A schematic diagram of the electroosmotic dewatering apparatus is shown in
Fig. 2-1. The suspension was held in a vertical acrylic cylinder (1), § em 1D and 20
cm long, with flanges on the lower end. A flanged funnel-shaped base (A) was bolted
to the lower flange. The base (A) held a dnlled acrvlic evhimdrical plate (2) to
support the lower electrode (3). This support had 90 holes of 3 mm diameter dulled
on a square pattern with 4.8 mm between centres. The plate was 603 mm in duuneter
and 7 mm thick. An electrical wire was soldered to the edge of the lower electiode
and passed through a small channel on the top of base (A). A hlter sheet (5) above
the lower electrode was held in place by an O-ring clamped between the two lower
flanges. The filter sheet, which was made of Nylon with S0 pm pore size, was
supplied by Micron Separation Inc (Westhorough, MA). An acryhe eylindrical plate
with 29 holes of 2 mm diameter drilled through it and distnibuted to matceh the
diamond pattern of opening in the clectrode was fixed to the end of 4 hollow shaft.
The upper electrode (4) was attached to this plate The shaft was linked to the shaft
of a motor (11). An electrical wire, which passed through the hollow shaft, was
soldered to the upper electrode and was connected to the arcuit by a shp ring (10)
on the shaft. The vertical cylinder and the lower part of the apparatus were moved
upward slowly during dewatering by two weak springs (14) to make contact between

the bed and the upper electrode. The springs were chosen so that there was no
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significant compression of the bed.

Each electrode was a circular piece of titanium mesh coated with platinum to
a thickness of 2.5 um to prevent electrode corroston The wires torming, the mesh
were tlattened in cross section. The openings i the mesh were aramond-shaped and
the open area was about 5007 of the total cross section. These clectrodes were
supplied by Engelhard Corporation USA (Edison, NJ). Since the Bentonite, kaolin
and red clay had negative charges, the upper clectrode was made the anode so that
water migrated downward.

A constant voltage or a constant current was applied to the clectrodes by a
regulated DC power supply (6). The interrupted voltage and current were provided
by a Timer Relay (9) with a suitable circuit for difterent types of mntertupted
electroosmotic dewatering. Voltage and current were measured as functions of ume
using voltmeters (7) and ammeter (8). The variation of the current durmg cach cyele
of the interrupted experiments was recorded from the screen of a Storage
Oscilloscope by a Shunt (IS) with 0.2 a resistance. The water removed by
electroosmosis was collected in a graduated cylinder (not shown in Fig. 2-1) held

below the funnel (A). The volume of water was measured as a function of time.

2.2 Experimental Variables

The independent variables were:
1. initial height of bed (H)
2. magnitude of the constant applied DC voltage (Vy) or the constant applied
DC current (i)

3. the time intervals of the interrupted voltage or current (¢/¢,)

15



4. rotation speed (L)

5. concentration of CaCL(Cy) in the distilled water used to prepare the Clay
suspension

6. mitial solid content of the suspension ()

In interrupted dewatering a «onstant current or voltage is applied for ¢,
seconds followed by aperiod of ¢, seconds when the power supply is turned off. The
pattern s repeated throughout dewatering During off-period there is either a short
circuit or an open cireuit. Interrupted electroosmotic dewatering with a short circuit
15 denoted "IS"; with aa open circuit, "[O"

For experiments with Bentonite the experimental conditions are listed in
Table 2-1 tor constant DC current, in Table 2-2 for interrupted current and in Table
2-3 for constant and interrupted voltage. The experimental conditions for kaolin and

red clay are presented im Table 2-4.

2.3 Properties of Maternials

Purified grade Bentonite powder was supplied by Fisher Scientific Co.
(Pittsburgh, PA). Laboratory grade kaolin powder was supplied by A & C American
Chenucals Ltd. (Montreal, PQ) Airrfloated red clay was supplied by Cedar Height
Clay Co. (Ohio). The typical chemical analysis of Bentonite, kaolin and rcd clay is
presented in Table 2-5. These materials contain largely silica and alumina with
snudler amounts of the oaides of potasstum, titanium, iron, magnesium, calcium and
sodium,

The particle size distributions of the materials were measured with a Malvern

2000 Particle Sizer (Malvern Instruments, Malvern, England). Figures 2-2a through
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Table 2-1 Experimental conditions for Bentonite under constant current

a CaCl, current mitial bed mitial solid totation
concentration height content speed
M mA cm Wt rpm
0 90 2.0 .1 0
0 90 10 9.1 0o
0 90 05 0.1 0o
1072 90 20 9.1 0 B
1072 90 1O 9.1 0
1072 90 0.5 9.1 0
10°* 30 1.5 9 | 0
107 30 1.5 9, | 40
1072 30 1.5 9 | 0o
107 50 1.0 9.1 0
107 50 10 9. | 0
1073 50 Kt 9.1 70
Table 2-2 Experimental conditions for Bentomite under interrupted current
CaCl, current imtial bed { initial sohd type of the fime
concentration height content Process mtervals
M mA cm wtz, AN
10°2 30 1.5 91 5 /05
1072 30) 1.5 91 DC-IS | = -30/0.5
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Table 2-3 Expernimental conditions of constant & interrupted voltage for Bentonite

CaCl, voltage initial bed | initial solid type of the time
concentration height content process intervals
M \ cm wte /s
() 5.5 2.0 9.1 DC
() 5.5 2.0 9.1 IS 30/0.5
() 5.5 20 9.1 10 30/0.5
0 4.13 1.5 9.1 DC
0 4.13 1.5 9.1 IS 30/0.5
0 275 1.0 9.1 DC
0 275 1.0 9.1 IS 30/0.5
0 275 1.0 9.1 10 30/0.5
0 275 1.0 9.1 IS 30/3
() 275 1.0 9.1 IS 30/20
10 ° 275 1.0 9.1 DC
10 2 275 1.0 9 1 IS 30/0.5
10 ° 275 10 9 1 DC - IS --- - 30/0.5
10 * 275 1.0 150 DC
10 * 275 1.0 15.0 IS 30/0.5
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Table 2-4 Experimental conditions under constant and intetiupted voltage for

kaolin & red clay

CaCl, voltage initial imtial tvpe of time materal
concentration bed solid the mteny s
height content process

M \Y cm Wil /s
0 5.0 1.0 250 DC - Kaohn
0 5.0 1.0 25.0 1S 3()/(_)_i ~ Kool
0 5.5 "0 35.0 DC - | Red Clay
0 5.5 1.0 45.0 IS %()/()%w Red Clay

Table 2-5 Typical chemical analysis of Bentomite, kaolin and red clay in weight

percent

Bentonite Kaolm Red clay |
Silica  (510,) 65.9 44 00 0427
Alumina (AL,0) 17.6 40.00 1641 |
Iron Oxide (Fe,0,) 4.1 0.20 AL
Titana (Ti0,) 0.2 1.00 106
Magnesia  (Mg0O) 24 020 1SS
Calcium Oxide (Ca0) 13 005 023
Sodium Oxide  (Na,0) 2.3 0 30 040
Potassium Oxide (K,0) 03 0.04 4 07
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2-2¢ show the volumetric size distributions of the Bentonite, kaolin and red clay,
respectively. Fifty percent of the Benwonite particles were smaller than 6.8 pm. The
spectfic surface arca was 1.15 m*fem?®  Fitty percent of kaohn particles were smaller
than 46 pm and for red clay were smaller than 17 wm. The specific surface area of
kaolin was 03 m¥Yem® and it was 062 m?fem® for red clay. The mean diameters
of Bentonite, kaolin and red clay, ID(4,3), derived from the volume distributions were

8.2 pm, 80.6 pm and 23.0 um, respectively, where

D

f D* n(D) dD
D@3) - [ ] (2-1)

The zeta potentials of the kaolin and red clay were measured with a Particle
Micro-clectrophoresis Apparatus Mark 1T (Rank Brothers, United Kingdom). The
seta potential data for Bentonite as measured by Ju (1990) are shown in Fig. 2-5.
The pH was adjusted by the addition of 1 M HCl or 1 M NaOH. The zeta potential
was negative for pH > 2 and decreased with increasing pH. Two values were
obtained tor suspensions prepared with aqueous CaCl, . The zeta potential
mereased trom -34 mVon a salt-free suspension to -14 mV when the suspension was
prepared with 10* M CaCl, , When the concentration of CaCl, was 10" M, the
patticles coagulated raprdly and sedimentation was so fast that the particle mobility
could not be measured. At pHl < 2, the same phenomena occurred. The zeta
potentials ot Kaolin and red day suspensions prepared in distilled water were -42 mV

and -54 mV, respectively.
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2.4 Experimental Procedure

A suspension was prepared from a weighed amount of oven-dried matetial and a
weighedamountof CaCl, solutionprepared from reagentgrade CaCl, and distilled
water. Dry material was weighed in a beaker and the necessary amount ot solutien
was weighed in a second beaker. The material was added to the water gradually
while mixing using a magnetic stirrer. The total weight of the beaker contimng the
liquid and solid was recorded after homogenizing for 15 minutes. A fresh tlter sheet
was wetted with methanol and fixed in place. It the sheets were not wetted, water
flow was retarded at the beginning of a run.

The suspension was then poured slowly into the cylinder to the desiied height
The beaker containing the remaining suspension was weighed and the weight of the
suspension in the bed was determined by difference. 'The upper electrode was fixed
so that it contacted the top of the bed. In the experiments with rotation ol upper
electrode the motor was fixed on the top of the shatt. The apparatus was left for
enough time after setting it up to make sure there was no water removal due to the
compression or settling. At low CaCl, concentration no gravity dramage of water
occurred and electroosmotic dewatering began immediately

For the first 10 minutes after the voltage or current was applied, the volume
of water removed by electroosmosis was recorded every minute, then every five
minutes and near the end of dewatering, every ten minutes. With a constant applied
voltage the current was recorded every ten minvtes. Voltage differences were
recorded every ten minutes in constant current experiments 'The output voltage from
the shunt in the circuit in the interrupted dewatering runs was recorded from the

screen of a storage Oscilloscope four to six times during dewatering.
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At the end of dewatering the cake was sectioned for moisture determination. The
dewatered cake was carefully pushed out of the disassembled cylinder and cut
perpendicular to its axis into three disks of approximately equal thickness. Each disk
was weighed as soon as it was cut and then it was dried at 105°C to a constant
weight. The mass of water in each piece was calculated by difference. Occasionally
the pH of the collected water from Bentonite suspensions was measured. In all cases

the pll of the water removed was above 12, as Ju reported (Ju, 1990).

2.5 Treatment of Data

A parameter used subsequently is the total energy consumed, denoted, E, . It was

computed from the current, voltage and time by:

- f iV dt (2-2)
0

E;

where i = current (A)

V = voltage (V)
t = time (v)
The integral was computed by Simpson’s rule.
Two important parameters related to the effectiveness of electroosmotic
dewatering are:
1) the water flux per unit charge
and
) the energy of dewatering
Both parameters require the rate of water removal, Q . This rate represents the

time variation derivative of the volume of water collected, Q:
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y . dQ 2.3
Q " (2-3)

The volume versus time data were fitted to a second order polvnomial by least
squares and the derivative was calculated analytically. The polynomial was titted to
all but the last two or three data points.

The watet flux per unit charge, denoted W, was computed from

W ~ 965x10* (Qp /M) (2-4)

where p is the density of water, M is the molecular weight of water (18.0 g/mole)
and one Faraday of charge is 965x10* Coulombs. The units of W ate maoles of
water per Faraday.

The energy of dewatering, denoted e, . is defined as

_ electrical power (2-5)
rate of water removal

Hence,
i V0

_— (2-0)
QCpiM

e, -

where ¥, is the overall voltage. The units of e, are joules per mole



CHAPTER 3

DIRECT CURRENT ELECTROOSMOTIC DEWATERING

The electroosmotic dewatering of Bentonite suspensions under constant applied
direct current and voltage (DC) was studied experimentally in the apparatus

described in Chapter 2. A few runs with kaolin and red clay were also carried out for

COMPArson.

3 1 General Features of Dewatering under Constant Current

The volume of water removed and the overall voltage drop across the bed for
three replicates of a typical experiment are plotted in Figs. 3-1 and 3-2 for 90 mA
current, 2.0 em nitial bed height, 9 1 wt ¢ initial solid content and no electrolyte.
Figure 3-1 shows that the volume of water removed increased approximately linearly
for the first 40 minutes and then increased more slowly. The overall voltage drop
decreased initially, reached a minimum and then increased (see Fig. 3-2).

Rephicate data for water removed 1n Fig. 3-1 show good agreement, with the
manimum deviatton ot the data from the average value of approximately +2.5% .
The maximum deviation of the data for voltage drop was approximately +5% from
the average value. There is more scatter 1n the voltage data because generation of
gas at the upper electrode alters the degree of electrical contact between the bed and
the electrode.

Data from the replicate runs are presented in different formats in Figs. 3-3

and 3-4 (see Chapter 2 for a description of the method of calculation of the
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Figure 3-1 Volume of water removed vs. time for Bentonite under constant DC

current. Data from three replicate runs. (9.1 wt%; 0 M; 2.0 cm; 90 mA)
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parameters from the recorded data). The water flux per unit charge is plotted against
the percent water removed in Fig. 3-3. The energy requited to remove a mole of
water by electroosmosis is plotted 1n Fig, 3-4 against the pereent water removed,
Since the calculations for both figures ivolved differentiation of the data i Fig, 3-1,
the deviation of data from the average value was about t14% tor Fip  3-3
and £12% for Fig. 3-4 except above 300 water removed where the scatter was
larger.

The general characteristics of dewatering under constant current are shown
in Figs. 3-1 through 3-4. The volume of water removed increased nearly lincaily over
the first 40 minutes while the overall voltage drop decreased over the same period.
Beyond 40 minutes the rate of water removal decreased while the voltage across the
bed increased. The minimum in the voltage reflects opposing trends The electrie
resistance of the bed decreases as the height of the bed decreases when water s
removed. But it increases under the influence of the unsaturated layer tormed in the
dewatered bed and because of gas produced by clectrolysis (Yoshida, 1985).

The dewatering process may be considered to occur i two stages In the first
stage, where in 40) minutes approximately 2097 of the water was 1emoved, the moles
of water transported per Faraday decreased about 25 and the encrgy of dewatering
was low, (e.g. about 5% of the heat of vaponization). Beyond 207 removal, the water
transported per Faraday decreased rapidly while the energy of dewatering increased

rapidly.

29



400
P4
¥
B 300 i
% [ 9
£ ’
2]
g 200 | g . i
=
;
: %
T 400} :- -
5 Py
y S
A..
0 " } | | " 1 i ] "
0 10 20 30 40 50

Percent Weter Removed (%)
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3.2 General Features of Dewatering under Constant Voltage

‘Three replicates of a typical experniment are presented in Figs, 3-5 and 3-6.
Figure 3-5 shows that water was removed up to 140 minutes. The current went
through a maximam at about 40 minutes and then decreased to a constant value (see
Fig. 3-6). Replicate data for water removed, Fig. 3-5, and current, Fig. 3-6, show good
agreement. For water removed the maximum deviation of data from the average
value was approximately +4% , while for the current it was approximately 6% .
Data trom the repheate runs are also presented in Figs. 3-7 and 3-8 in the formats
identical to those shown in Figs. 3-3 and 3-4. The maximum deviation of the data
from the average value was about £17% for Fig. 3-7 and £20% for Fig. 3-8 except
above 30% water removed.

The general characteristies of dewatering under constant voltage are shown
in Figs. 3-5 through 3-8. The rate of water removal was initially constant and then
deereased with time as the bed dewatered; see Fig. 3-5. The current increased up to
40 nunutes of dewatering and then decreased. The electrical resistance of the bed
mereases as the pereeitage of solids, which are non conducting, increases but it
decreases as the height decreases The maximum in the current reflects these two
opposing tiends 1t the applied voltage is low, there is no maximum current (Yoshida
et al., 1985 and Ju, 1990). In addition, good electrical contact between the bed and
the upper electrode may be hampered by the gas evolved at the upper electrode. As
water was removed, the volume of the bed and the sizes of the pores decreased

making water more difficult to remove as shown in Figs. 3-7 and 3-8.
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3.3 Effect of Initial Bed Height

Figures 3-9 threwgh 3-12 show the effect of the imtral bed height on the
electroosmotic dewatering (abbreviated as FOD) rate. All data are for an imtial
suspension of 9.1 wt€z Bentonite and a current of 90 mA. Distilled water was used
to prepare the suspensions.

Figure 3-9 shows the volume of water removed as a function of time for
various initial bed heights. Since 2.0 cm mitial bed height contamed the Lugest
amount of water, the final amount of water removed was highest tor the 2 0 em bed,
15.7 cm®, and lowest for the 0.5 ¢m bed, 4.5 em?®. The variation of the overall voltage
drop *vith time for the three initial bed heights is shown in Fig. 3-10. For all thiee
heights, the overall voltage drop decreased in the hirst period of nearly hinearly
increasing volume of water removed. At heights of 2.0 em and 1.O cm, large cracks
appeared in the cake after about 30 minutes of EOD. 'This led to large and erratic
changes in the overall voltage drop as tllustrated by the scatter m the data shown in
Fig. 3-10.

Figure 3-11 shows the variation of the water flux per unit charge with water
removal for three bed heights. The mitial water flux per untt charge was Larger for
larger bed heights. After IS minutes a bed of 1.O em initial height had alarger water
flux per unit charge than the others. Figure 3-12 shows the energy of dewaltcering for
the three initial bed heights. The energy expenditure to remove 30% water was
approximately the same for all runs. Also it was less than 0% of heat of
vaporization of water, which is 43.8 kJ/mol. Since more water was removed for the
1.0 cm bed and less for the 2.0 c¢cm bed, the energy expenditure ancreased

dramatically at about 42% removal, (14.7% average solid content) for 1.0 cm and
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Figure 3-9 Volume of water removed vs. time for Bentonite under constant DC
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Figure 3-10 Variation of overall voltage with time for Bentonite under constant DC

current. (9.1 wt%; 0 M; 90 mA)
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Figure 3-11 Water flux per unit charge vs. percent water removed for Bentonite

under constant DC current. (9.1 wt9; 0 M; 90 mA)

40



14
2.0.cm
12 1.0em |
0.5.cm
s A
E 10 m
3 !
(=) 8 i -
&
E !
/
2
& 6 / ]
4 e
I' /
] -
g ¢ 4
2 ]
0 * ' { l 1 l 1 J I3 l )
0 10 20 30 40 50 60

Percent Water Removed (%)

Figure 3-12 Energy of dewatering vs. percent water removed for Bentonite under

constant DC current. (9.1 wt%; 0 M; 90 mA)
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current. (9.1 wt9%; 0.01 M; 90 mA)
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Figure 3-14 Variation of overall voltage with time for Bentonite under constant DC

current. (9.1 wt%; 0.01 M; 90 mA)
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Figure 3-15 Water flux per unit charge vs. percent water removed for Bentonite

under constant DC current. (9.1 wt%:; 0.01 M; 90 mA)
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Figure 3-16 Energy of dewatering vs. percent water removed for Bentonite under

constant DC current. (9.1 wt%; 0.01 M; 90 mA)
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about 31%, removal, (12.5% average solid content) for 2.0 cm initial bed height.
Figures 3-13 through 3-16 show the effect of the initial bed height on the
dewatering rate for the same conditions except that 10 2 M CaCl, was used to
prepare the intial suspension. Figure 3-13 shows the volume of water remuoved as a
function of time. The final amount of water removed was larger at the higher bed
height; 23.2, 11.7 and S 6 em?® of water removed for inttial heights of 2.0, 1.0 and 0.5
cm, respectively. In Iag 3-14 the overall voltage drop data are plotted against time.
The scatter i the overall voltage drop s much smaller than in Fig. 3-10 where no
clectrolyte was used Figures 3-15 and 3-16 show that the water flux per unit charge
and the energy consumption for dewatering as functions of the water removal are

essentiatly independent of the mitial bed height.

3.4 Lffect of Rotauon of the upper Electrode

Figures 3-17 through 3-20 show the effect of rotation of the upper electrode
at 0, 40 and 70 rpm. In Figs 3-17 and 3-18 all data are for an initial solid content of
9.1 wt¢ Bentontte in 10 * M CaCl, . an initial height of 1.0 cm and a current of
S0 mA. Figures 3-17 and 3-18 disply the time variation of the volume of water
removed and the overall voltuge drop, respectively. There was no effect of rotation.
The tinal percent water removed was essentially the same for all three cases; 44, 42
and 439 for 0, 40 and 70 rpm, respectively.

Figures 3-19 and 3-20 show similar results for an initial suspension of 9.1 wt%
Bentonite in 102 M CaCl, , an initial height of 1.5 cm and a current of 30 mA.

These figures again show that there is no effect of rotation.
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Figure 3-17 Volume of water removed vs. time for Bentonite under constant DC

current. (9.1 wt%; 0.001 M; 1.0 cm; 50 mA)
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current. (9.1 wt%; 0.001 M; 1.0 cm; 50 mA)
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3.5 Electroosmotic Dewatering of Kaolin and Red Clay under Constant Voltage

The volume of water removed and the curtent for clectioosmotic dewateting
of kaolin with an apphed voltage of 5.5 V are presented in Fig. 3-21 The mitial solid
content was 25 wtSe in distilled water with an imtial bed heright ot 1.0 en Atter 70
minutes about 629 of initial water was removed, see g, 3-21a, and the average
solid concentration was 46 wtG. Figure 3-21b shows that the current exhibited a
sharp maximum.

Figure 3-22 shows similar data for red clay with 45 wt“¢ mitial solid
concentration, no added salt, 1.0 cm initial bed height and §5 'V applied voltage.
After about 60 minutes a bed with an average solid content of 66 wtCc was obtamed,
see Fig. 3-22a. The final percent of water removed was 59%¢ The vaniation ol current
with time for red clay, shown in Fig. 3-22b, is different trom the vanaton for
Bentonite or kaolin. The current increased to twice of its imtial value and it did not

decrease.
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Figure 3-21 Volume of water removed and current vs. time for kaolin under constant

DC voltage. (25 wt%; 0 M: 1.0 cm; 5.0 V)
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CHAPTER 4
INTERRUPTED ELECTROOSMOTIC DEWATERING
I'he clectroosmotic dewatering of Bentonite suspensions under interrupted DC
voltage ar 1 current was studied experimentally; as well a few runs were carried out
with kaolin and red clay for comparison. The interrupted EOD results are reported

mn this chapter and compared to EOD under constant current or voltage.

41 General Features of Interrupted Electroosmotic Dewatering

In mterrupted dewatering a constant current or voltage is applied for t,
seconds followed by @ period of t, seconds when the power supply is turned off. This
pattern s repeated throughout dewatermg During off-period, there is either a short
crreutt or an open carcult. Interrupted EOD with a short circuit is denoted "IS"; with
an open crreut, "1O" During the on-time, t,, there is either constant voliage or
constant current Interrupted F OD mtroduces two new variables' the on-time, t,, and
the off-time, t, For cach experiment the following data were recorded as functions
of time  the volume of water removed and the current in the interrupted applied
voltage expermments and the overall voltage drop n the mterrupted current
eyperiments,

For two constant voltage experiments, one DC and one IS, the results of three
tepheates are presented i Fag. 4-1 for 2.75 V applied voltage, 1.0 cm initial bed
height, 9.1 wic mtal sohd content and no CaCl, . The time intervals for the IS

caypertments were 30 s for the on pertod and 0.5 s for the off period, denoted as
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Figure 4-1 Volume of water removed vs. on-time for Bentonite under DC and

1S (30/0.5). Data from three replicate runs. (9.1 wt%; 0 M; 1.0 cm; 2.75 V)
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30/0.5. Figure 4-1 shows the volume of water removed as a function of on-time. For

DC, on-time is the same as running time. For IS, on-time is the time that the power

was applied to the electrodes. For equal on-times more water was removed by IS

than DC. After 70 minutes, about 26% of the initial water was removed by IS

compared to about 18% by DC. Replicate data in Fig. 4-1 show good agreement,

with the maximum deviation of the data from the average value of approximately
£55% for IS and 14% for DC.

During the oft-time the short circuit was applied through a 0.2 Q resistor. This
resistance, which was negligible compared to the 60 to 100 2 resistance of the bed,
was used so that the transient current could be measured during off period. When
a higher resistance of 0.5 2 was used, there was no change in the current, thus it
seems that the present data are similar to those which would be obtained with a true
short circuit (0 Q).

Figures 4-2, 4-3 and 4-4 show the variation of current as a function of time
during one cycle for IS, at the start, after 20 minutes and after 60 minutes of
dewatering, respectively The voltage for the first 30 s (on-time) was 2,75 V and then
for 0.5 s was zero (off-time). Imtially the current was about 50 mA and then dropped
to 12 mA Duning ofi-time the current went to -60 mA and increased to -27 mA
betore the power was reapplied. After the first cycle the maximum current was less
than 50 mA, around 35 mA. The variation of the current in each cycle after the first
one was similar (compare Figs. 4-3 and 4-4).

To determune the vanation of mean current supplied to the electrodes, the
current/time data were mtegrated assuming zero current during the off-time. These

data for IS and the vanation of current in the DC run are presented in Fig. 4-5 as
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Figure 4-2 Variation of current with time at the start of dewatering for Bentonite
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Bentonite under 1S (30/0.5). (9.1 wt%; 0 M; 1.0 cm; 2.75 V)



20 b .
[ 0000----@----0----@----@----

Current (mA)

(60) |-

(80) |- ' 1

(100) Iy power on & |=— short circult -

{

| { n { | | .
0 10 20 30 3025 2305
Time (s)
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the average ofwhree replicates for each process. Nearly the same mean current was
passed in both cases. Since the applied voltage was low, there was no maximum

current- see section 3.2.

4.2 Comparison of Short Circuit with Open Circut

Two types of interru sted processes were studied: a short cirenit dunmg the off-
time (IS) and an open circuit during the off-tume (10). Figure +-6 shows the volume
of water removed as a function of on-time for DC, 1S and 10 for an ol
concentration of 9.1 wt% Bentonite with no added clectiolvte, an imtial heright ol
1.0 cm and a constant voltage of 2.75 V. For both interiupted processes the powet
was on for 30 s and off for 055 (30/0.5) to give a trequency of 0033 Tz and 98.4%
on-time. The volume of water temoved was essentially the same tor DC and 10, but
more water was removed by IS, The fmal water removals were 18, 19 and 26%¢ for
DC, 10 and IS, respectively. Figure 4-7 shows similar results for an imitial height of
2.0 ecm and an applied voltage of 5.5 V. The DC, 10 and IS processes removed 47%,

48% and 53% of the initial water, respectively.

4.3 Effect of off-time on IS

Figures 4-8 (hrough 4-16 show the effects of off-time mtervals on IS, The on-
time was 30 s with off-times of 0.5, 3 and 20 s. All data except those in Figs. 4-10 and
4-12 are for an initial height of 1.0 cm, 9.1 wt% mtial sold content with no
electrolyte. The data in Fig. 4-10 are for a 1.0 em height of disulled water or Call,
solution with 107 or 10?2 M concentration, i.c. there was no solid 1n the column

The bottom of the columns under the lower electrode was sealed with o plastic sheet
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Figure 4-6 Volume of water removed vs. on-time for Bentonite under DC,
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Figure 4-7 Volume of water removed vs. on-time for Bentonite under DC,

IO (30/0.5) and IS (30/0.5). (9.1 wt%; 0 M; 2.0 cm; 5.5 V)
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The apphied voltage for all runs was 2.75 V. Figure 4-8 shows the volume of water
removed as a function of on-time for DC and for three off-times. The amount of
water removed decrcased as the off-time increased. The final percent of water
removed was 18, 26, 21 and 13.1% for DC and off-times of 0.5 s, 3 s and 20 s,
respectively

Figures 4-9 and 4-10 show the variation of the current for IS (30/20) at the
start of dewatering and after 20 minutes. The data are similar to those in Figs. 4-2
to 4-4 for 1S with 0.5 « off-time. Figure 4-11 shows similar data for the columns of
distilled water, 10 * and 102 M CaCl, solutions. The current-time traces for the
hquid columns remaimed the same for all on-off cycles. The current variation was
similar to that for a bed of Bentonite suspension. Figures 4-12 and 4-13 show current-
time data tor IS (30/3) at the start and after 20 minutes of dewatering.

For Bentonite suspensions, the maximum current for the second and
subsequent on-times was Jarger for longer otf-times. For IS (30/20) the maximum
current after the first eycle was about 70 mA while 1t was about 45 mA and 35 mA
for the IS (30/3) and IS (30/0.5), respectively. Since the initial conditions were the
same for all three IS experiments, the variation of current during on-time for the first
cycle was sinmlar.

The minmmum current for Bentontte suspensions, between -80 and -55 mA,
occurred when the electrodes were short circuited. For IS (30/20) the current nearly
reached zero during the short circurt time. For IS (30/3), the current reached about
=10 mA while tor 1S (30/0.5) 1t reached -40 mA during short circuit. Figure 4-14
shows the data plotted as the mean current against time. There was relatively little

difference between the mean currents in DC and IS.
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Figure 4-8 Volume of water removed vs. on-time for Bentonite under DC and
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Figure 4-10 Variation of current with time after 20 minutes of dewatering for

Bentonite under IS (30/20). (9.1 wt%; 0 M; 1.0 cm; 2.75 V)
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Figure 4-15 shows the volume of water removed as a function of energy consunmption.
For equal energy consumption IS (30/0.5) removes about 20-30% more water than
DC. The water removal tor IS (30/3) is close to that tor DC exeept near the end of

dewatering. Less water is removed by 1S (30/20) than by DC.

4.4 Effect of Initial Bed Height

Figure 4-16 shows the etfect of the initial bed height with DC and 1S, In all
cases the original suspensions contained 9.1 wt¢z Bentomite and no clectrolvie A
different voltage was applied foir each height. The imtial overall tield strength,
defined as the apphed voltage divided by the miual bed height, was 275 V/en 'The
voltage applied across a bed of 1O em mitral height was 275 Vo across i bed ot 2.0
cm height, 5.5V, ete. The 1S (30/0 S) process was used tor the mterrupted tuns.

Figure 4-16 shows the volume of water removed as a function of on-tune for
various initial bed heighis. For each height there was a DC and an 1S rua For the
2.0 cm initial bed height, dewatering stopped after about 46 and 834 water removal
for DC and IS, respectively. Similar data for the 1.5 em and 1O em mtial bed heght,
were about "43 and 52¢¢" and "18 and 260" cmoval, respectively  The pereent
increases in the final water removed by IS relative to DC were 44, 20 and 14% tor

the 1.0, 1.5 and 2.0 cm initial bed heights, respectively.

4.5 Effect of Salt and Solhid Concentration

Figures 4-17 and 4-18 show the effect of the salt and solid concentration on
dewatering using DC and IS (30/0.5). All data are for an imtial height of 1 0 cm and

a voltage of 275 V.
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In Fig. 4-17 the volume of water removed is plotted as a function ot on-tume tor two
initial salt concentrations, 0 M and 10 * M CaCl, with an mitial sohd content of
9.1 wt% Bentonite. More water was removed by IS than by DC With no electiolvie,
18 and 206% of imtal water was removed by DC and IS, tespectnely Foran mital
salt concentration of 10 % M, DC removed 33¢¢ ot the mitial amount of water while
IS removed 44¢%.
Figure 4-18 shows similar data for an inital salt concentiation ot 107 M
CaCl, and initial solid contents of 9.1 and 15.0 wt¢c Bentomite In both cases, 1S

removed more water than DC,

4.6 Effectiveness of 1S after DC

Figure 4-19 shows the volume of water removed as a function of on-time ton
an initial solid content of 9.1 wt% Bentonite, an mitial CaCl, concentration ol
102 M, an initial height of 15 ¢m and a constant curtent of 30 mA. Two runs are
shown: an IS (30/0.5) run and a run with DC tollowed by a period of 1S (30/05) In
the latter run IS was apphlied only atter dewatering stopped under DCAs seen
earlier, IS (30/0.5) removed more water than DC alone However the apphication of
IS (30/0.5) atter dewatering stopped with DC, removed addinonal water over the
next 40 minutes of on-time. The final water removal for the combimed DC/IS run
was nearly equal to that for IS alone.
Figure 4-20 is similar plot for a constant voltage ot 2775 V and 1 0 ¢m il
bed height. Applying IS (30/0.5) at the end of dewatering with DC, removed

additional water. The final water removal for DC/IS approached that for IS
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Figure 4-19 Volume of water removed vs. on-time for Bentonite under IS (30/0.5)

and DC followed by IS (30/0.5). (9.1 wt%; 0.01 M; 1.5 cm; 30 mA)

78



12

°
T

e ]
|

»
|

Volume of Water Removed (cm?)
(s ]
l

Dc I IS

0 A 4 L . 4 | i L | Fl f i i 1 ] 4 L | i i | Il Il

0 30 60 80 120 150 180 210 240
On-Time (min)

Figure 4-20 Volume of water removed vs. on-time for Bentonite under IS (30/0.5)

and DC followed by IS (30/0.5). (9.1 wt%; 0.01 M; 1.0 ¢cm; 275 V)

79



4.7 Interrupted LOD of Kaolin and Red Clay Suspensions

Figures 4-21 and 4-22 compare dewatering with DC and IS (30/0.5) for kaolin
clay All data are for mitial suspension of 25 wt% Kaohn with a height of 1.0 cm, no
clectrolyte and a voltage of 50V The volume of water removed and the mean
current are shown as functions of on-time in Figs. 4-21 and 4-22. The IS process
mcreased the amount of water removed. The final percent removal for IS was 73%,
yrelding a bed with an average solid content of 56%. For DC the comparable figures
were 02% and 46%.

Figures 4-23 and 4-24 are similar plots for red clay with 45 wt9% initial sol d
content, no clectrolyte, 1O em initial bed height and 5.5 V. With IS (30/0.5), 65%
of the mutial water was removed compared to S9% with DC. The final average solid

contents were S6 and 46 wt for IS (30/0.5) and DC, respectively.
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Figure 4-21 Volume of water removed vs. on-time for kaolin under DC and

IS (30/0.5). (25 wt%; 0 M; 1.0 cm; 5.0 V)

X1



70
oc |
3
0 1 ] 1 J 1 l i ' L
0 20 40 80 80 100

Time (min.)

Figure 4-22 Variation of mean current with time for kaolin under DC and

IS (30/0.5). (25 wt%; 0 M; 1.0 cm; 5.0 V)
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Figure 4-23 Volume of water removed vs. on-time for red clay under DC and
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Figure 4-24 Variation of mean current with time for red clay under DC and

IS (30/0.5). (25 wt%; 0 M; 1.0 cm; 5.0 V)
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CHAPTER 5

DISCUSSION

In the experiments with Bentonite, kaolin or red clay suspensions as well as the
experiments with distiled water or CaCl, solutions, a potential remained across the
bed when the power was turned off This potential ranged from 1 8 to 2.3 V with the
upper clectrode (the anode during the on-time) having a higher potential than the
lower clectrode (the cathode during the on-time). In some runs with Bentonite
suspensions the pll values near the electrodes were measured at the end of
dewatering and a difterence of about 8 units of pH was observed with the lower
clectrode having the higher pH The following section suggests an explanation for the

presence of the potential during the off-time.

5.1 Platunum Electrodes

Each clectrode was coated with platinum (see section 2.1). The performance
of platinum electrodes in reactions involving liberation of gases is affected by the
tendeney of the electrode to develop surface oxide films when anodized. The
presence of onide films on platinum anodes was confirmed by Lingane who found
thatboth PrO and PtO, are present (Anson and Lingane, 1957). Following a rapid
inial oxidation, a further continuous dnd essentially linear increase in surface
onvidation with merease in anodic potential takes place. A considerable lowering of
potential s required for the reduction of the oaide film (Laitinen, 1961). Pourbaix

(1974) proposed the anode potential-pH relationship shown in Fig. 5-1. The main
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Figure 5-1 Potential-pH diagram for the platinum-water system. [Pourbaix, 1974].

86



species include PHOH),, PtO, and PtO, The clectrode reactions and potentials are

Pt + 2H,0 - PHOH), ~ 2H" + 2

(5-1)
E_ - 0980 - 00591 pH
PH(OH), - PO, + 2H' + 2e”
(5-2)
E_ - 1.045 - 0.0591 pH
PO, + HO - PO, + 2H + 2e”
(5-3)

E_- 2000 - 00591 pH

ox
When platinum is used as an anode, it generally becomes covered with platinum
oxide ( PtO, or PtO, or their mixture) giving a higher potential than pure platinum
at the same pll (see Fig. S-1). When used as a cathode, platinum generally adsorbs
a considerable quantity of hydrogen. Platinum is stable under the condition of

potential and pHl corresponding to the equilibrium state of the following reaction
H, = 2H" +2¢ (5-4)

This reaction takes place almost reversibly on the surface of platinum (Pourbaix,
1974).

As noted carlier, the pH values were different near the electrodes with lower
pHl values occurring near the anode. Because of the lower pH and because of the
presence of the oxide films, the anode has a higher potential than the cathode, which
is cither platinum or a platinum-hydrogen mixture at a higher pH (see Fig. 5-1).
When the power supply was turned off and the electrodes short-circuited, a current

passed due to the difference 1n the potentials of the two electrodes. This current was
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in the oppostte direction to that when the power was on. The measured voltage
during the off time was between 1.8 and 2.3V This value is of the same order of
magnitude as the values in Fig S-1 For example, after 2 houts of dewatering under
a constant current of 90 mA, the piwas 12 near the upper electrode (anode) and
10.0 near the lower clectrode (cathode) tor a 20 em anital bed heght and a
Bentonite suspension of mitial salt and sohd concentrations of 10 ¢ M CaCl, and
9.1 wt%, respectively. The measured emf when the power was intertupted was 23 V
Point (a) in Fig S-1 represents the condition at an anode covered with PO, at
pH= 1.2, Point (b) in Fig. 5-1 represents the condition at a cathode which s pure

platinum at pH=10. There s a difference m the potential between these two points

of about 2.4 V, which 1s nn rough agreement with the measured values (1.8-2.3 V).

5.2 Interrupted EOD

The variation of the current during interrupted EOD under viantous conditions
was presented in Ch. 4. The rapid decrcase i the current during on-time or mcerease
during off-time were related to the polarization phenomenon ‘The polanization of an
electrode is commonly classified as follows: ohmic polarization, concentration
polarization, activation polarization, crystallization polarizaton and reaction (or
chemical) polarization. Concentration and reaction polanzation result from
difference between the activity (or state) of the reactants or products of the clectrode
processes at the clectrode itself with the corresponding value 1 the btk phases
(Hampel, 1964). The rate of reaction at the electrodes s usually Timumted by the rate
of mass transfer; so a concentration gradient exists For example, reaction at the

electrode can be the electrochemical deposition of the H' 1ons, Lq. (5-4), which
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might be formed from dissociation of a weak acid or a water molecule. Low mass
transfer rates or the rates of dissociation of a weak acid or water may limit the
supply of hydrogen 1ons This results in a drop in the current (when the voltage is
held constant or a shift 1n the voltage when the current is held constant) during on-
time Durmg the off-time the concentration of H® bhecomes more uniform so that
for the subsequent on-time the same variation of current occurs. In addition, during
the off-time another set of reactions occurs on the clectrodes, hke Eqs. (5-1) to (5-3),
producing an clectrochemical ce'l and a current 1n the reverse direction, i.e. from
lower to upper clectrode Similar to the on-time situation, a concentration gradient
of the concerned spices exists near the electrodes thus resulting in a drop in the
absolute value of current (see section 4.2).

The IS process with the shortest off-time (0.5 s) increased the final average
solid content compared to the DC process under various conditions and with
different materials, namely Bentonite, kaolin and red clay. Figure £-2 shows the
difference between the volume ot water removed by 1S, Q(IS), and the volume of
water removed by DC, Q(DC), as a function of the energy supplied to the electrodes.
Data arce shown for off-times of 0.5, 3 and 20's. As the oft-ume decreased the volume
of water removed mereased. Figure 5-3 shows similar data for IS (30/0.5) with
different electrolvie concentrations and Bentonite concentrations. In all cases IS
(30/0.5) removed about 20-407¢ more water than DC. Figure 5-4 compares an IS
(30/0.5) run with a run in which DC was tfollowed by a period of IS (30/0.5) applied
after dewatening had stopped Nealy 2 em? of additional water were removed with
an energy expenditure of about 250 J. This represents an average energy of

dewatering of about 2.5 kJ/mole, a value about 5¢ of the heat of vaporization and
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Figure 5-2 Difference in the volume of water removed between IS and DC for

various off-times vs. energy consumed for Bentonite. (9.1 wt%; O M; 1.0 cm; 275 V)

90



25
2 |- - AT -
[
e /
f/
8
g ® 0.1wi%; O0M _
C A 9.1 wt% 0.01M
2 B 15wt% 0.01 M
o 4
(0.5) 1 l 1 j 1 ] 1 I 1 J 1 J 1 l 1
0 100 200 300 400 500 600 700 800

Energy Consumed (J)

Figure 5-3 Difference in the volume of water removed between IS (30/0.5) and DC

vs. energy consumed for Bentonite. (1.0 cm; 2.75 V)
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Figure 5-4 Difference in the volume of water removed between IS (30/0.5) and DC

vs. energy consumed for Bentonite. (9.1 wt%; 0.01 M: 1.5 em; 30 mA)
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comparible to that obtamed early in a DC dewatering run. This is a clear indication

ol the cifectiveness of 1S (30/0 5).

5.3 Bdfect of Inual Bed Height

Figure S-S shows the final percentage of water removed as a function of the
mitial bed height for DC dewatering with a constant current of 90 mA. Two sets of
experiments with two initial salt concentrations are presented; 0 M and 1072 M
CaCl,. For comparison, the data of Ju (1990) are included for a 9.1 wt% Bentonite
suspension dewatered under constant IDC voltage with the same 1nitial uppliced field
for cach herght Ju found that the driest bed was obtained for an nitial bed height
of 2.1 ¢m In the present work for the O M case, a bed of 1.0 cm initial height was
the driest at the end of dewatering and for the 1072 M case, all beds had nearly the
same final water content

For O M initial salt concentration and the largest height, 2.0 ¢cm, the upper
part ol the bed became dry and large cracks appeared. Ju reported the same
observation tor 2.8 cmonttial bed height The electrical resistance of the bed also
mncreased, possibly because of the poor contact at the electrodes due to the large
volumes of gas hberated The largest amount of water was removed at an
intermediate bed height; 1O em in this work and 2.1 em in Ju’s work. For heights up
to the intermediate ones the final percent removal increased with height. Ju
hypothesized that this was the result of an increased field strength in the middle
portion of the bed (Ju, 1990).

For runs with 102 M imtial salt concentration, all beds had nearly the same

tmal water content. Figure 4-7 shows that the water flux per unit charge was
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independent of the bed height. The volume of water removed as a function of energy
consumption 1s presented in Fig. S-6 The volumes of water removed were the same
for all mstial bed heights unul near the end of dewatering when an unsaturated layer
was formed in the upper part of the bed thus preventing further dewatering (Yoshida
ct al, 1985), These results are in agreement with the implications of the
Helmholtz/Smoluchowski theory i that the flux per unit charge is independent of
the bed height (see sectton S.4). The effects of the unsaturated layer and the gas
Iiberation at the clectrodes are more important when no electrolyte is used (0 M
case), since they resulted in different final water content (see Fig. 5-5). Previous
workers tound that the water removal rate and the final solid content increased with
the addrtion of electrolytes (Lockhart, 1983; Ju, 1990). Figures 4-1, 4-5 and 5-5 show
similar results These figures also show that the increase is greater for a thicker bed.
The reverse curtent and potential, which were discussed in sections S.1 and
5.2, and the ohmic revistance near the electrodes reduced the effective field strength
and current in the constant DC voltage experiments. Ju (1990) reported lower current
for the thinner beds although the initial field was the same. When the applied voltage
was lower than the reverse potential, no current flowed. Yoshida (1992) reported that
there was no current up to a threshold voltage when a uniform bed was used.
Since the current was lower for thinner beds (in constant voltage experiments
with the same initial field), the water flux per unit charge was higher (Ju, 1990). In
constant current experiments, since higher voltage must be applied to keep the
current constant, due to the reverse potential and ohmic voltage drop, the water flux
per umt charge was lower for thinner beds (see Fig. 3-4). When a sufficiently high

current or voltage was applied under suitable bed conditions no effect of initial
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height on the water flux was found (see Fig. 3-15).

In Figure 5-7 the percent of water removed is plotted as a tunction of the
energy consumption per unit mass of dry Bentonite for the 1072 M initial salt
concentration case. It shows that the thinner the bed, the lower the energy consumed
per unit mass of dry Bentonite to remove the same percent of water, i.e to ret the
same final average solids content. The unsaturated layer formed sinlarly in all beds,
since the rates of water removal were the same. Similar unsaturated layers affect
more a thin bed than a thick bed (ihe big voltage drop over an unsaturated layer
depends to the percentage of its resistance respect to the total resistance of the bed).
Near the end of dewatering, where unsaturated layer was tormed, the thin beds

loosed their advantage (see Fig. 5-7)

5.4 Comparison with Helmholtz/Smoluchowski Theory

Equation (1-6) can be rewritten as:

u,A -¢ €€, (5-5)

i nai

The quantity u, A /i represents the volume of water transported in m? per coulomb

of charge. The water flux per unit charge, W, is given by

W - 5.344x109(“'A) mole (5-6)
i Faraday

wherc the factor 5.344x10° has units of moleC | m*Faraday . The cnergy of

dewatering, e, is given by
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V. i klJ
- 1.806x108 (1) —— (5-7)
€d 8 (u A) mole

where the factor 1.806<10°8 has the units of m*&J [ mole:J . Equations (5-5) and
(5-6) indicate that the water flux per unit charge is independent of bed height and
sohid content. Sirce the addition of electrolytes decreases the magnitude of the zeta
potential, ¢, and increases the conductance, A, the water flux per unit charge should
decrease with electrolyte concentration. In the interrupted process, since no current
is applied during the off-time, eq. (1-6) indicates that no dewatering should occur
thus the rate of dewatering should decrease in the same ratio as the fraction of off-
time. Since the rate of dewatering and the mean current (in interrupted voltage runs
or the mean voltage in interrupted current runs) decrease in the same ratio, the
water flux per unit charge and the energy of dewatering should not change (see egs.
S-6 and 5-7). Further, no effect of relative motion between the electrodes is expected
from eqs. (1-6), (5-6) and (5-7).

The results which were discussed in the previous sections did not agree with
the Helmholtz/Smoluchowskr theory for the effects of interruption and electrolyte
concentration. IS (30/0.5) gave greater dewatering than DC with a lower energy
consumption. Higher CaCl,, concentration increased the rate of water removal as well
as the final solid content. Table 5-1 compares measured values of W and e, at the
start of electroosmotic dewatering with values calculated from eqs. (5-6) and  (5-7).
The first entry in the table is for a constant voltage run in which the conductance of
the collected water was measured. The second entry is from Ju (1990) who used the
same Bentonite as in this work. The third entry is for a different Bentonite which has

a much higher zeta potential. The agreement between the data and the predictions
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of the Helmholtz/Smoluchowski theory is poor in all cases. For the present results
the value of W computed from eq. (5-6) is roughly one-half of the experimental value
while the value of e, computed from eq. (5-7) is roughly a tactor of two larger than
the data. The agreement with the data of Yukawa (1978) is even worse. The
predicted values of W and e, Jiffer by an order of magnitude from the expenmental
values with the predicted W being larger than the data and the predicted e,

smaller.

Table 5-1 Comparison of data with Eqs. (5-6) and (5-7)

{ A V, W(moles/Faraday) e (hJ/mole)
Source (mV) ] (S/m) 1 (V) Eq.(5-0) Data | Lq.(5-7) | Data
This work” | -15 0238 | 55 269 570 1.97 0.8
Ju (1990)" -15 0292 | 28 219 480 1.2;_ 0.4
Yukawa"™ -66 0.142 | 5.0 1985 230 024 25
(1978)

* 0.1 wt%; 0.01 M; 2.0 cm, ** 20 wt%; 0 M; 2.7 cm
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

I'rom experiments on electroosmotic dewatering of Bentonite, kaolin and red
clay under continuous and interrupted voltage or current the following conclusions
are drawn:

l. Electroosmotic dewatering can remove significant amounts of water (up to
70% of the initial water was removed) with energy expenditures well below the
energy required to vaporize the water.

2. Periodic interruption of the power for a short time when the electrodes
were  short-circuited, IS (30/0.5), removed more water with the same energy
consumption as DC. As well, nearly the same amount of water was removed when
IS (30/0.5) was applied at the end of a DC run as was obtained with IS (30/0.5)
applied from the start dewatering.

3. The height at which the maximum percentage of water was removed, was
different lor different condition of voltage and current. Because the reverse potential,
resistance near the clectrodes and polarization cause this shift in optimum height.

4. A thin bed (0.5 em) was dewatered to the same average percent solids using
less energy than thicker beds.

5. Rotation of the upper electrode had no significant effect on dewatering,.

0. The water removal rate and the final solid content increased with the

addition of CaCl,,
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7. The Helmholtz/Smoluchowski theory did not agree with the experimental

results for the effects of interruption in power and clectrolyte conceniration.

6.2 Recommendations

The followiug areas are recommended for further experimental research:

1. A study to show the effect of the frequency in the interrupted regimes (IS
and 10).

2. A study of the effect of reversing the polarity of the clectiodes. This
interrupted regime may result in a more umform water content, pll and
electrochemical changes, thus preventing excessive drying at the anode and reducing

the reverse potential.
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cross sectional area of the bed
cross sectional area of a capillary
ini* al CaC'l, concentration
smallest diameter in size distribution
targest diameter in size distribution
clectric tield strength
applied field strength
oxidation potential
energy consumption
initial field strength
energy of dewatering
Faraday (96500 Coulombs)
bed height
initial bed height
clectric current
Dcbye thickness
molecular weight of water
number distribution
volume of water removed by electroosmosis
rate of water removal
capillary radius
initial solid content
time
on-time
off-time
electroosmotic velocity
overall voltage

mitial applied voltage
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H o > 3

water flux per unit charge

zeta potential

dielectric constant of the bulk fluid
permittivity of free space

volume fraction of water

viscosity of bulk fluid

specitic conductance of the bulk fluid
density of water

rotation speed
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