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ABSTR,\("\' 

SUl\pen ... iol1!'> of BentonIte. kao:ill and rl'lI l'I.I\ ,,\ l'Il' dl'\\all'ICd 

e lect roo~tnot il:allv li nde 1 l'on t1l1\1()1I~ a nl! \Il te rru plt'lI D<.' \ 0\ t .\gc and nll n,' nt Illt' 

!'>lIspen~i()n \.\'a~ held in a ',CI tlcal )-l'l11 dl:tl11l'tcr l'oltllllll hl'I\\l'l'Il 1\\11 pl.IIIIIlIIII l11nlt 

electrode .... an upper anodl' and a Im\t'r l'alhodl' Sll"pelhlon" \\t'Il' pll'p.lled \\111t 

CaCI2 in di!'>tilled \\aler at concelltrallon ... IIp III IO? M l'Ill' 11l11l.i1 ... olld (Oll\l'ill \Va ... 

hetween 9.1 and 15 \"1 1
;' for Iknlol1lle and 1Wlwl".'11 .:!5 .lrHl ·l5 "t l 

1 rOI ".101111 and 

red clay. The Illilial hl'd hcight r:lnged fllll11 () =' 10'2 :111, ('oll ... lanl \'oll.lge ... ttom 2.75 

10 s.n V and COl1 ... wnl currenh frolll }O 10 (JO 111/\ wt'rt' Il''cd. In Ihe lfl\t'llllpled 

regime the off-Illne ranged twm 0..'\ 1020 ... \\llh Ihc O(\-lllIlt' rl\cd .II 3() ... /\ "hWI 

circuit or an open cÏrr:uit \Va" appltcd durtllg 11ll' oll-tllllC litt' IIIICllllplt'd pI()cn ... 

with a short CÏlCl\1t wa ... al"'D applicl1 at thl' end ()l a l)(' IlIl1 whl'l1 dC\\.ltellllg had 

stopped. 

Electroo..,rno,",l ... rClllo\cd '2()-7W/r ()l Ihc waler \Vllh anl'Ilt:rgy l'xpt'lIdllllrc weil 

belnw the heat of vaporl/aIIOI1. Tht: waler rCl110val rale~ \Vere illl'le:I"'t'd hy Ihc 

addition of CaCI2• Red ... of o.) CI11 thlc\.. \Vcre de\Valelcd fa ... lcl :ll1d \VIth le ... " CflClgy 

cOllsumption than thid.,er bcd.., Inlerruptlon \VIth a .... hort mwlt "pplll'd dllllilg a 

0.5 s off-time removcd ahout 2()-40'/( Illore water thall D(' lOI l'qllal l'fier gy 

cOllsumption. Interruption at the elld ()l a D(' rUIl rl'll1ovl'd I\t'arly lltc ... :tl/ll' alIIol/1l1 

of watcr a ... interruption applleJ fWIll Ihe hCgl/llllll,!!, of a rLlII HelatlVl' Il!lltiO/l 

hetween the electrodc ... in the lorlll of rotatloll ollltc lIppl'r l'lcclrllde ;It ,m or 70 fpm 

had no ~igl1jficant effect on dcwatenng. '1 he Ilctmltolt/ /Sll1ollltlIOW .... kl thl'ul y dld Ilot 

agree with the expefltncnt re"'lIth for the l'ffl'ch 01 InterruptlOI1 fil power and 

electrolyte content. 
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Ré~umé 

l,c.., ..,o!utlon.., dc Bentonite, de kaolin et d'argile rouge ~ont a~!-oéchée~ 

~lectro()"'1110LJqllemel1t ..,ou" un voltage et un courant continu et alternarif. La "olution 

l'"t llIall1t/~nlle dam lI11e colonne vertical de 5 cm de diamètre, entre deux électrode.., 

de platlnc' l'arl()(!e <"lfp(~rreUrc e~ la clithode inférieure I,c" "olution<., ~()n[ préparée~ 

a p.lI tir dl' (':tC 1" dan,> l'eau dr<.,t'Ilée a de" COllcentratlon" allant juo",qu' à 10- 2 MoilI. 

1 :échalltillon "oll(1e IIl1tial contient entre 9.1 1 
'( ct 15( ~ en poid" ue Bentonite ct entre 

2"';;', ct 4"(,1 Cil pord" dl' k~!.l!11l et d'argIle rouge. La hauteur initldle du lit varie de 

O." a 2 CfIl Dl''' volt:t!!co", C(lf!<.,lanh de 2.75 ù S.n V furent utilio",é" ain"i que de~ 

cOllrant" cO(J<.,!.Iflh de 30 ù !J() m/\ En r~glrne dr,>continue, la pénode de non­

fOllctlonnement varlc de () 5 a 20 " lor~qul' la péflodc de fOIlctlonnement est fixée 

~I ~()" lJn court-clrcurt Ol! un crrcuit ouvert e~t appliqué pendant la pénode de nOIl­

fonctlolllh.'/llent. Un court-cirCLIIt e-.t égalemcnt appliqué pour illterrompre le 

procc"''''lI!-o a la 1111 d'une cxpériencc De lor"quc l'<l,,..,échcmcnt e"t ~toppé. 

1 :l'Iectl ()O"f11o,>e r".:tlre 20 a 7W,( d'eau avec une dépel1!-oe d'énergie très 

infl>rrclIre a la chaleur dL' vapof!o",atloJl. Le pourcentage d'cau retirée e..,t amélioré 

par addltlofl dl' ('a( "?, l.i .. '''' lit" d'0pal,,<.,eur n.s cm ... ont a<., ... éché~ plu!-o rapidement et 

avec L1IlC COIN)JlllllatlOfl d'énergic moindre que le ... Ii'" plu ... épai .... L'interruption du 

procc ...... u ... pal Ull court-circuit appliqué pendant 0.5 ~ retire 20 Ù 4W/( d'eau 

~uppléll1l."ll\alJl· que le De pour une même COINunmatJO!l d"énergie. L'Interruption 

il la f III d'ulle è\pélll'IlCC De enlève pratiquement la même quantité d'eau que 

t'ifll<.'1 ruptlOJl apptrqucl' au dcbut de l'e\périencc. Le mouvement relatif des 

ékl'tlOdl''', "(lll" lor flle (Il' rotation de l'électrode !-oupérieure ù 40 ou 70 tr Imn n'a 

pd'" d'clfet "il,:.iltrcatrt "ur 1'<l""l'chcl11l'nt La théorie lIelmholttjSmoluchowski e~t en 

dc ... aù:(lId a\l'C le ... rl',>ultah de~ e\.periencc!-o en cc qui concerne le~ effet<; de coupure 

dl' l'OlIf.lnt et de compoo",itHln de l'électrolyte . 

Il 
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CHAPTER 1 

INTRODucnON 

Separation!o. are essential 10 mO!o.t mallufacturtng opcratlon~ 111 pIOCC""lIlg IIHllI~tlil''' 

throughout the world. The co~t of a given ~eparatJoll Illl'thod i~ oltL'1l ,1 IlwJor factor 

in the manllfacturing coq of a product. The C()~t 01 ~epal allon jo., 1l'1<lled to the..' 

equipment needed, the energy reqllireù, and the time Il'qulrel! to l'lteet the 

separation. There are many critical area~ of technology in whirh the application of 

separation is crucial. In ~ome Indll~trie~, it i~ necc~~ary ln o.,epar,ltc fille paltlcle~ from 

an aqueowl ~uspemion. Thc~e ~u~pen~i()n ... occur ln li divero.,c lang(' 01 al'llvltlco.,. fOI 

example in coal preparation, ~and wa~hlllg, and minerai pll)t·l' ...... lng; III Ihl' c1lc..'llllca!. 

electrochemical, metallurgical anù Illanllfacturing 1 ndll ... trrco.,; tè\lrlc ... , allll1lal pl odllct .... 

agricuIturaJ, and food proce~ ... ing activitie~; 111 water purificatloll and III nllllllcipai alld 

industrial wa~te treatment. Il i~ orten nccc" ... ary to concentrate dilllte ... 1I"'pell ... lolI ... and 

then to consolidate the re~ dting ~ediment for ~ale or for ... ale di ... po ... al. 

1.1 Solià-Liquid Separation Method~ 

The relation~hip hetween achievahlc m()i~tllrc contcnt a~ a fllllctl()/I of particJe 

size is iIlustrated in fig. 1-1. Thi~ Figure ~h()w~ the rangc of application of varioll'" 

solid-liquid ~eparation tcchniqllc~. The partlclc ..,i/c/percent Ilqlllt! "'pacc rtlay he 

divided roughly into two regi()n~ hy the diagonal IlIlc '>lIpcrllllpmcd (lll the f Igllrc. 

Upward to the right of the line the applicahle mcthod,> involvc hydr;IlJlic dCWélll:ring, 

i.e. the movement of water throllgh the ~u"'ren ... ion cau ... cd hy a prc ...... lIrc gradicnt. 
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Figure 1.1 Range of application of various dewatering methods as a function of 

Illoisture content and particIe size, [Grant, CS., 1989] 
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The region helow and to the left of the diagonal line i~ the ditfll.'ult tn dcwatl'r 

region. Here, thermal dewatering (cvaporation or drying) amI, to lo",l'[ l'\tl'llt, 

electroo~motic dewatering, are thl' prl'fcrrcd melhOlb. 

In a nurnhcr of dc\\atcring operation". thl'rmal drying i~ 1ll1plcrnl'lltl.'d a~ the 

final step. Although thermal drying prol.'l''''''c~ rl'qulrc "ho[t timl'''. tht.·Y ortl'n [l'quirl' 

uneconomically large mTIOllnt" :)1' Cl1crgy 1::lcl.'troml11mi~ Illay hc Il''cd tOI 1Iitratilll' 

particles and, pos~ibly, for heat ~en"itIvc matenal" wllll.'h m.!y Ilot he d[ Icd 111l'[ mally. 

Electroosmotic dewatcnng llulizc.., the ~lIrra('C charge.., whlch P[l'WIlI tlllt.' p.\ltlcll·" 

from agglomerating and arc re"pon ... ihlc for thc Inhercnt ..,tahllitv 01 l'Olloidai 

suspension~. There is the potential to rCl110VC watcr with ~mallcr :l11101l11t ... 01 Cl1ergy 

th an are required for vaporization. 

1.2 Electrokinetic Separation 

Electrokinetlc phenomena involve clectric field" tangelltlal to li char gt.~d 

interface and tangential movement of the pha~e~ alollg the pha~e hOlllldary. The..,c 

phenomena may ari~e t!ither throllgh thc applicatioll of ail cxtcrtlal clcctflc field, 

resulting in movement, or throllgh the mcchanical l1lovemcnt of olle 01 tile pha"e.." 

re~uIting in the generation of an electric field. In mmt praetleal appllcatloll.., of 

electrokinetic~ external field" are applied, rc:-.ultillg in e!ectroplIorcl.,ll., alld 

electroosmosi~. 

Electrophore~i~ relatel., to the movement of ..,oli(h, lI1.,uully partlclel." throllgh 

a relatively ~tationary fluit!, while electrool.,nwl.,il., relatel., to the 1ll0Velllellt of fluid 

through a pOroll~ medium who~e 1.,1Irfacc ha ... an clectneal douille layer Wllcll \lIcll 

relative motion occur\, the few layer.., of fluit! Immct!lately adJacelll to the l.,olJd arc 

3 
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immohile with re"'pect to the ... olid, and : .. '\Iipping plane" exi~ts, ~ome di~tance away 

from the interface. In aqLleou ...... y<.,lem~, the immohlle fluid i ... generally con ... idered to 

he COI1lIH)..,ed of orJented Ulpole'l "he potcntlal al the ... llpping plane i ... called the 

l'cta potentlal '1 he /da potentlal, and thLl'l the electroo..,motie effeet, can hc modified 

by the addltlOfl of tlocculanh, dj"'per ... ant~, and ionic .,olLltions of varioll~ kinds. 

(icl1crally, The Icta potential of partlcle!-l di~per~ed in water is in the -100 to + 100 

millivolt range. 

13 Mo<.lcl ... of Electroo~rno ... i~ 

The c1a~"'lcal modcl of eleetroo"'I1lŒi~ i~ the Helmholtz/Smoluchowski theory. 

ft a~~lIIllC~ fhat an clcctric f/Cld I~ arp/ied along the axis of a capillary whose walls 

carry an cleetne double layer. Under the influence of the field, the ions in the diffuse 

layer near the !-.hear plane move toward one electrode and carry liquid with them. 

Tht' Ilclmholtl /SJl1()llIchow~ki theory, originally <.leveloped for a straight cylindrical 

capillary, i~ b,l'Ied on the following a~~llmption~ (Ellis, 1976 and Hiemenz, 1986): 

1. The radiu'I of the capillary i~ mueh larger than the thickne~s of the electrical 

douhle layer. Tlm i~ conventionally written as: 

K R ~ 100 (1-1) 

where K 1 i ... the Debye thickne!-l~ and R is the capillary radius. 

2. The walb 01 the capillary are nonconducting. 

3. The fra('((("1 of the current carrieJ by ions in the Jouble layer is negligihle (i.e. 

negligihlc ~\Irracc conductance). 

The vclocity ollt~ide the douhle layer is u(liform and is given in SI units by: 
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where 

u = t 

-c e €o i 
-~(-) 

TI À a 

t- dielectrie constant of the bulk !luit! 

(- zeta potential (V) 

€o- permittivity of free ~pace (8.85xIO- 12 A2 
S4J kg ",3) 

T1- viscmity of the tluid (kg/nu) 

Â- specifie eondll\.:tancc of the hulk 11uid (S/m) 

i- eleetric current (A) 

a- er~)ss ~ectional area of the eapillary (m 2
) 

Since the field strength, E, and the current are relatcd hy: 

Equation (1-3) can be written : 

E -

u -t 

1 

Àa 

(1-2) 

(1-3 ) 

( '-4) 

Eleetroosmotie transport 111 a porou~ matcrial i~ carricd out by applying voltage 

aeross a bed or "plllg". The applied field Ea i~ given by 

(1-) ) 

Smoluchow~ki showed that et). (1-1) applic<., to a r()rou~ matc.:rial cornpmed of 

noneonducting particJe~ in a liquid medium if Ut i~ defïncd a~ the em ........ <.,eetioll 

average velocity of the tlllid (i.e. the .,uperficial velocity or the volumetrie flux 

density). For a porous material: 
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(1-6) 
u -t! 

wllcre A i" the cm"" "ectional area of the porous plug and Â i~ the conductance of 

the hlllk liquld ln the pore~. If Q i~ the volume of water removed from the porous 

rnateflal hy electrommml", thcn: 

u -e 
1 dQ (1-7) 
--
A dt 

The rclation~hip bctwccn il Â and the ~trcngth of the applied field, Ea , de pends 

UpOI1 the void fraction, which i~ a"slImed to be completely filled with liquids, and the 

~trllclllre 01 the porou~ m:ltenal. The relation~hip hetween ue and E(I may be 

writtcn: 

u = e 

- , e €o Ea 
----j{€) 

(1-8) 

" 
where fi€) i~ a fllllction of the void fraction, €w' This function has heen 

dctcll11incd for ~cvcral model ~tructure~. For example, if a porous plllg of length H 

contain" ~traight cyltndr ical pore" of length H, fi€) ~ €w' O'Brien (1986) ~howed 

that /te li) - 0.343 for a porou ... malcrial composcd of uniform ~pheres in a simple 

cuhic array where t: w - 0.476 . 

Elcctroo~l1lo~i~ i~ attractive a~ a method of dewatering because eq. (1-6) 

indicatc,", that the rate of water rcmoval is not a function of the water content (or 

void fraction). Thi~ cqllatÎon and eq. (1-8) are ~lIhject to the a~~llmptions listed 

ahlWC. The t11()~t lI11por tant of thc~e is that the pore radii are much larger than the 

thicknc~s of the double layer. 
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• Yukawa and colleaglle~ (1 (78) dcvcl0pcll a mmkl of l'iel'Iromllllllk dl'Wall'rIng in 

which a 'Voltage i.., applicd 10 a ~Illdge hed and the \\aler j" l1lo\t.'d dO\\I1\\;\Id \\ith the 

electroosmotic velocitv Il . rh ev a"..,lll11ed that the "ludl!c hed C\llltallled 1\\(1 laVl'l~: - e· , 

an upper dewatercd layer and a I(l\\er layer \\ hlcl1 ha" tht.' ".lIlle \\'.ltCI content .1" thl' 

original hed. Weber, Witwit and MlIJllll1dar (\tJH7) dClived a ... 1 Illple r Illodcl hy 

assuming that the bed dewatercd 1Illlformly. Both model.., WCll' ha!'>\.'d lIpOIlCq. (1-(1). 

1.4 Experimenb on Electroo~motic De\\-atering 

A nllmber of studies ha~ been reported for electroo..,lllotk dl'w~':crillg of tille 

particle suspen~i()n~. Only th()~e related 10 the dcwatel illg of clay ... ail' ITVlcwcd here. 

Becall~e of their fine partlele ~ile and ..,mall porc ... trllcturc, clay ... arl-' par tlClIlarly 

amenable to dewatcring by clcctro()~l11o~i~. 

Yo~hida et al. (19HS) dewatered gelatllloll.., Beillonite MI"'PCIl ... IIlI1.., tllHler 

condition~ of constant \'oltage and comtant clirrent. The apparatu,> wa~ ..,llllllar to thal 

described in Chapter 2. The diarnetcr of the bed wa" 7 2 l'Ill and Ih 1IIItiai hClghl 

was 5.4 Clll. U~ing their value for dell'>lty of the hCllt()llltC parlfl'Ic ... , 2 7(17 g/lIll, Ihe 

initial volume fraction of water wa,> 0.917. In C()(l ... tallt volt;lge fil Il ... , IOll, V(l/t;lge ... 

were applied: 2.5, 5, 10 and 15 V. At 10 V and ahove, Ihe ClIrrL:l' ro"'l' to a /llaXlIllllIll 

and then fel! dramatically. For lowcr voltage, the clIrrc,lI wa ... rcidÎ;vdy 0111 ... 1:1111 The 

largest applied voltage did not rcmove the n1O..,t water. Thne wa ... :In ()pllllllllll for 

voltage at which the water rcmoved wal., a maXlIllllll1 (2h(!r rl'lTloval). III (()Il,>tant 

cllrrent run~, three currenh wcre lI,>ed. 50, 100 amJ 200 mA ln ail GI ... e", lite voilage 

fell ~Iowly a~ water wa~ removed and then II1crea ... eu rapldly near tht.: t.:lld of Ihe run . 
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I,ockhart (1 9Hla, h, c) ~tudied thr electr()o~m()tic dewatering of ~odium kaolinite 

"'ll ... pcmion'-, to determlnc the influence of voltage, ... alt content, pH, clay type and 

clect rode Illatcrial ln mo',l run ... the initiai ... olid content wa.., IX wtSIc. Hi~ apparatus 

wa ... al ... o "'illlllar to that dc ... cnhcd III Chapter 2. Ile began wlth a con ... tant voltage, but 

w/1cn dcwatenng e ...... cntially ... topped, the voltage wa ... increa~ed to a higher value 

which wa ... mallltained untll the dcwatcring rate fell off again and the procedure was 

rcpcated J\ typical "'CqucIlCC wa ... 2 V, 3 V, 25 V and 50 V. The su~pensions were 

made with watcr and wlth NaCI and Hel at c()ncentrati()n~ From 10-3 to 10-1 M. 

Salt or acid conccntration<., up to about 10-2 M u~ually allowed dewatering to 

proœcd at lower v()ltage~ or permitted more complete dewatering at the same 

v()Itage~, than ~u~pen~lon~ prepared with water. Lockhart found that the water flow 

per unit of charge pa~ ... ed through the bed wa~ not inver~ely proportional to the 

conccntratlon of I()n~, nOf wa~ it proportional to the zeta potential. These conclusions 

are largely contrary 10 tlle theory outlined in the previoll~ ... ection . 

.rll, Weber and Mujllllldar (1()91) worh.ed on gelatinoll~ Bentonite suspensions 

limier conllltlOf1<., of con .. tant DC voltage and con~tant OC current in a 5 cm diameter 

colul11n The apparat li ... wa~ al~o ~imilar to that de~crtbed in Ch. 2. The su~pensions 

\Vert.' prc:parc:d \Vith CaCl2 in diqilled water at concentration.., up to 1 M. The initial 

wlid (,Olltt.'llt wa~ bet\\'ecn 9.1 and 26 wtSi and the initial hed height ranged from 

I.O-5 . .:? cnl. ('Ol1~tant v()ltage~ l'rom 4-~ Volt and con~tant Cllrrent~ from 90-110 mA 

were lI~ed. E1c('troml1l()~ls removed 20-60 0'c of the water, with energy expenditures 

weil hellm\ the cnergy rCLJuired to vaporizc the \vater. With a con~tant initial field 

~trcllgth the ~l1lalle~t !let! helght (1 cm) gave the I()we~t energy of dewatering and the 

highc~t \Vater f1m. per unit charge. The driest final bed. however, was obtained at a 
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bed height of 2.1 cm. The initial ~olid content !lad little dfL'rt 011 tht' final ;1\ t'rage 

solid content. The water remo\'al rate and the final '-nllll rontcllt int'!t'a~l.'d \\ Ith the 

addition of CaCl2 . The lIelm!1oltl/SIlWlllChO\\,j'd thcol\ dlll not .lgll'C \\llh the 

experimental rC"lIlt~ for the ciTcrt, of e\crllolytc l'OlH.'Clltratlllll alld ht'd hCI~:H, 

If the initial bet! height doc" not allert thc laIe..' of de..'\\atcllllg .lIll! tht' \\atcl 

flux per unit charge (ha~ed on the 1 Iclmholu /SI11(lllll'hO\v~"t thc(lIY). a thm h~'d 

should dewater to a given solid content fa'-tcr thall a tlllr" bcl! 111 addtl ion, k'~, 

energy per unit ma~~ of ~olid matenal ~hoL1ld he..' l'OlNIIl1e..'d by tilln bel!, Ill'c.lll"e the 

use of low v()ltage~ rC~lIlt~ III le~~ ga" productIon and Joule: Iwatlllg Thl'~e..' PlllPo,al" 

were put forward in a report by New Brull"wld.. Rc"earch and l'roducllVllv ('ollnl'll 

(published by Canadian Electrical A~<"()claliol1, 19~N). They ~lIggC"lèd the U"l' (lI thln 

beds (~mall electrode ~pacing) ~() that ClIl rcnt wOllld Ilow lor rea"ollahly !-.l11all 

applied voltage~, even when little water wa~ Iclt. 

Yankov~"ii, Khru~talev and Zavlalova ( 19X<J) dew;llcred pcat 

electroo~m()tically with a pul ... ed clectnc field in an appalatll" "I!llliai ln that 

descrihed in Chapter 2. They u'Ied reclangular voltagc '1igllal.., wilh Ircqlll'll<:lc<" 

between 0.25 and 20 kHz. The initiai field wa!-. 1 10 J V/l'Ill. They IOlilld that 

pul~ation rcmoved more water than De operatron at the ~all1e voltage. 

Continlloll<., machine~ for electrommotlc dewatertng have Ielatlve Illotion 

between the electrode~. Electrode'l are con'ltructed a'l hell'>, drulllc" (lI "crewc" 10 meet 

the reqllirement~ for continllOU~ fecd and continu()u" cake rCI1I()v;d S()[JIe CX;llllpk<., 

are shown in Fig. 1-2. Coackly pl' thc Motherwell Bndge alld l',lIgllH.:enllg ('olllpally 

Limited (U.K.) patented a machine I.·a ... cd on the "crew-Id"e l.lOll()n (JI ro(;lllllg hellcal 

blade~ (~ee Fig. 1-241). A moving douhle-helt apparatu'I for elecLromlllolrc dewatering 
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hgllrc 1-2<1 From a patent hy Coackley. 12: Outer casing and anode. 15: Hollow 

cathode. 16: Ilelicai blade. 

1 uJ J 

Figlllc I-.~h From onc of many 

patl.'nt~ 1~"'lIed \0 Botho Schwerin. 

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

power ~lIpply. 2: Hopper. 3: Orum (anode). 

4: Driving mean'i. 5: Sllldge. 6: Discharged 

~llIdge. 7: Roller. 8: Filter c1oth. 9: Caterpillar 

(cathode). 10: Water. Il: Basin. 

Figure l-~ Machll1e~ for e1ectroo~ll1otic dewatcring (l'rom a report prepared by New 

Br u!1 ... \\'it'~ RC!'-l.'arch Productivity COllncll. pllhli~hed by Canadian Electrical 

;\~~(lclation. IWN) 
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wa~ designed by Schwerin (~ee Fig. 1-2b). Figure 1-2\.' ~ho\\'~ a dl'\ ll'l' ha~ed 011 a 

revolving drum and a moving hclt. In alI casc~ the ~t1~pen"'lOnl1l()\e het\\el'll the t\\'o 

electrode~. Roth electrode~ may 1110VC in the same direction. a~ in l'ïg~ 1-2\1 and l', 

or one electrode may he ~tationary a~ in Fig. 1-2a. 

1.5 Objective~ 

The theory reviewed abovc suggcsb that the followlIlg V.tl iable ... arlect 

electroosmotic dewatering: 

-the zeta potential of the particle~ 

-the current or voltage 

-the conductivity of the ~uspensi()n 

Previolls experimenb on electroŒmotic dcwatcring indicatc that tlle rollowing 

additional variahle~ may be important: 

-the initial height of the hed before dcwateflng 

-the relative motion hetwcen electrode ... 

-the type of the input power (De, Interrupted voltage or currcllt, ... ) 

-the content of electrolytc in the water in tlle ... u ... pcn~ion 

-the initial ~olid <..ontent of the ~u~pen~lon 

The main ohjective ... of thi" the"'l~ were: 

1. to mea~ure rate~ of electroo"nlotic dcwatering under interruplcd power and 10 

compare them ln rale~ for De 

2. to determine the effect or initial hed hcight with empila ... ) ... Oll "lIIall IIclghh 

3. to determll1e the erfect of relative 1110tlOn bctween the ekctrode ... on 1)(' 

electroo~motic dewateri ng . 

11 
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Bentonite clay wa~ lI~cd in mo..,t of the experimenb hecau~e water will not 

drain hy gravit y from "lI"pcO'o.lon" containing a.., little a~ 10 wt[!c "olid. In addition, 

carlier '->tudic" (lrl: availahle for Bentonite and other c1ay~. A few run.., were done with 

kaolin ami red clay to extend the re..,ult". The electrolyte u..,ed in the pre~ent work 

wa.., CaCl2 . Relallve ll1otlOn hctweell the electrode.., wa~ proviùed hy rotating one 

of two parallel ell:ctrodc". 

Thc indcpcndcnt varJable~ in the ~tudy were: 

- CaCl2 concentratIon in the water used tn prepare the suspen~ion 

-original ..,olu.l content 

-onginal hed hCIght 

-rotatIon "'peed of the upper electrode 

-currcnt (in cOIl..,tant current experiments) or voltage (in constant voltage 

expcri Ille nt...) 

-freqllellcy and perccntage ot interrupted voltage or current 

The followlng dcpcndcnt variahle~ were measured as functions of time: 

-volumc of '.Vatcr removcd 

-O\crall \ (litage drop (in comtant applied current experiment~) 

-currcnt (in con ... tant applicd voltage experiments) 

-output voltage from a rôi~tance in the circuit to measure the variation of 

currcnt dunng cach cyck of interrupted operation (see Fig. 2-1) 

12 
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CHAPTER 2 

EXPERIMENTAL METHODS AND MATERIALS 

2.1 Experimental Apparatu~ 

A schematic diagram of the electroo~l11otic dcwatcring apparatu ... i!'. ... howll in 

Fig. 2-1. The suspension wa~ held in a vertical acrylll: cylillder ( 1 ), 5 l'Ill 1 D alld 20 

cm long, with flanges on the lower end. A f1angcd fllnllcl-~hapl'd ba ... c (A) wa ... holtcd 

to the lower flange. The ha!'.e (A) held a dnllcd acrylll' l'vlllldfll'ai plate (2) tn 

support the lower electrode (3). Thl!'. ~lIpport had (JO Imle ... ot 3 Illlll diallll'll"l dlllled 

on a square pattern with 4.8 mm hetween ccntre~. The plate wa.., td lll/ll III d':llllcler 

and 7 mm thick. An electrical wlre wa~ ~()Idered to the edge of the Inwl'I l'kl'tlode 

and passed through a small channel on the top of ha..,c (A). A IlIter ..,lIee! (") ahove 

the !ower e!ectrode wa~ held in place hy an O-ring c1ampcd hdwccll the two low,'r 

flange~. The filter ~heet, which wa~ made of Nyloll wlth 5 () I.LIII porc ..,l/l', wa.., 

supplied hy Micron Separation Ine (We~~horough, MA). ;\11 acryllc cyl:ndr Ical plate 

with 29 hole~ of 2 mm ummetcr urillcu through il and dlqnhul<.:d 10 lIIarch the 

diamond pattern of opening in the clcctrodc wa.., fixcd !o !/Je clld of ;1 /Jollow ..,hall. 

The upper electroue (4) wa~ attached to thi.., plate The ... halt wa ... IlIlhed tn the ..,halt 

of a motor (11). An electrical wire, which pa.., ... cd through the hollow ..,hlt/t, wa~ 

~oldered to the upper electrode and wa ... cOllllcctcd to the ClrC11I1 hya ..,111' rlllg (10) 

on the ~haft. The vertical cylindcr and the lowcr part 01 thl: appar;ltu.., WCIl: rllovcd 

upward ..,Iowly during dewatcring hy two wcak "pring.., (14) to makI.: cOrltact hctwccn 

the hed and the upper electrode. 'f he "'pring" wcrc chmcn ..,0 that !here wa.., no 

13 
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1. Acrylic resin cylinder 6. De power supply 11. Motor 

2. Bed support 7. Voltmeter 12. Support 

3. Lower electrode 8. Ammeter 13. Metalle Rod 

4. Upper elf~ctrode 9. Tlmer Reley 14. Sprlng 

5. Filter paper 10. Contactor 15. Shunt 

Figure 2·1 Electroosmotic dewatering apparatus 
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significant compres~ion of the bed . 

Each electrouc wa~ a l'ircular picce of titanilllll 111l'"h coated with pl;Itllllllll to 

a thickne~s of 2.5 /-Lill to prevcnt electrode COrrO~I()11 'l'hl.' \\'1Il'~ IOlllllng the Illl'~h 

were fIattened in crO'l~ section. The opening" ln the 111l',,11 weIl' ';I,IIlHlIlll-"h,lped and 

the open area WU!I ahollt 5()f} of the lotal no"" "I:CIIOIl. l'hl'''l' l'lcclrode,> weIl.' 

supplied by Engelharu Corporation USA (hl",oll. NJ). Silll'l' Ihe Ikntollltc. kaolin 

and red clay had negative charge", the upper electrode wa" made the .lIHH!c "0 that 

water migrated downward. 

A constant voltage or a con..,tant current wa.., applied tll the elel'trodl''' hy a 

regulated DC power ~upply (6). The inteITlIpted voltage and ClIlTCllt weIl' pl(lvlded 

by a Timer Relay (9) with a ~uilahle circuit for dine/cnt type.., 01 Ill/cr/Ilptet! 

electroo~m()tic dewatering. Voltage and currcllt were lllea"lI/ed a.., hlllCtlOIl'> or tlllll' 

using voltmeters (7) and aml11eter (X). The variation 01 Ihl' l'urrl'l1t durlllg l',lch cyclc 

of the interrupted cxperiment~ wa" rccorded l'rom tlK' "'l'fl'ell 01 a Slo/age 

Oscilloscope by a Shunt (15) with 0.2 n re..,i~lallce.l hl' wa/l'r rCIlJ()vcd hy 

electrommo!-lb wa.., collected in a gradllatcd cylllHkr (Ilot ..,11OWI1 111 hg. 2-1) helcl 

belnw the funnel (A). The volume of water wa.., Illca..,urcd a.., a flllldlo/l of /lIl1l'. 

2.2 Experimental Variable.., 

The inde pendent variahle~ were: 

1. initial height of bet! (Ho) 

2. magnitude of thc com.tant applied OC voltage (Va) or the cOI1..,talll applicd 

DC current (i) 

3. the time intervab of the interrupted voltage or current (t/t2) 

15 
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4. rotation ... peed (a) 

5. concentration (Jf CaCliCo) in the di~tilled water u~ed to prepare the Clay 

... u ... pcn"'ldll 

6. Illitiai ... olid content of the ~u~pen ... ion (So) 

III IIlterruptcd dewatering a . ()n~tant current or voltage is applied for t l 

... ccond ... followcd hy a perlot! of 12 ~ecollt!~ when the power ~upply i~ tllrned off. The 

pattern 1., rcpcatcd throughout dewatcring During off-period therc i~ either a short 

cirCUIt or ail open circuIt. Interruptcd electrommotic dewatering with a ~hort circuit 

I~ dcnotcd "IS"; wltll a,l open circuit, "10". 

l'or experllllcnh wlth lkntonite the experimental condition~ are listed in 

Tahle 2-1 for cOIl"-lant De currcnt, in Tahle 2-2 for interrupted current and in Table 

2-3 lor C()Il~tant and IIltcrrupted voltage. The cxperimental condition~ for kaolin and 

rcd clay arc pr('~elltcd 111 Table 2-4. 

2.3 PropcrtlC., of Matenal" 

Purificd grade Bentonite powder was supplied by Fisher Scientific Co. 

(Pithbllrgh, PA). Laboratory grade kaolin powder was ~upplied by A & C American 

Chcmlcal., Ltd. (Montreal, PO) Alrfloated red clay wa~ ... upplied by Cedar Height 

Clay Co. (Ohio). The typical chemical analy~is of Bentonite, kaolin and rl.d clay is 

prè~entèd in Tahle 2-5. Thc~e ll1aterial~ contain largely silica and alumina with 

~l11aller amollnt., of the m.ide~ of p()ta ... ~lllJl1, titaniuJl1, iron, magne~ium. calcium and 

~odilll1l. 

The partlele ~i7e dl~trihlltiom of the matcriab were mea~urcù with a Malvern 

2(l()() l'article Si/er (Malvern In~trull1ent~. Malvern, England). Figure~ 2-2a through 
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• Table 2-1 Experimental condltion~ for Bentonile undcr l'011 ... laI11 l'lIfTCnt 

Il 
CaCl2 

1 1 
Illitial hcd Il1Iltal "(llid current IOtallOIl 

concentration hcighl co Il t l' Il 1 "'pl'cd 

M mA l'Ill wt f ; r pm 
--

0 90 2.0 9,1 () 
- -

0 90 1.0 9. 1 0 
--

0 90 OS 1). 1 () 
----

10-2 90 20 9. 1 () 
--

10-2 90 1.0 9.1 () 
- -

10-2 90 05 l). 1 () 
------

10-2 30 15 l) 1 () 
--

10-2 30 15 (). 1 ·~O 
--------

10-2 30 1.5 91 70 
---------

10-3 50 1.0 9. 1 () 
---

10-3 50 10 l). 1 --l() 
.- -

10-3 50 1.0 (J. 1 70 
- -

Table 2-2 Experimental condition~ for BentonIte under inlerrupted currclIl 

- -

CaCl2 currcnt Illltial het! initial ... olld t ypl' of 1 hl' 11111(' 

concentration Iwighl COll Il' Il 1 proce ...... 

j-~I\/~"~ . M mA cm \\JI (,Ir, 

10- 2 30 1.5 () 1 IS ___ ~IJ'-_I 
10-2 30 1.5 <) 1 1)(' - IS f --- ~ ~O/(~~_._ 

--

• 17 



• '1 ahle 2-3 Experllllentai condition ... of con ... tant & interrupted voltage for Bentonite 

CaC[2 voltage initial bed initiai ... o'id type of the time 
cOllce ,,1 ra t Ion hcight content proce" ... intervab 

M V cm wt'lt: ~/s 

() \5 2.0 <). 1 DC ---
() 5.5 2.0 9.1 IS 30/0.5 

() 5.5 20 !).1 10 30/0.5 

() 4.13 1.5 9.1 DC ---
0 4.13 1.5 <). 1 IS 30/0.5 

0 275 1.0 !). 1 DC ---
() 275 1.0 !). 1 IS 30/0.5 

0 275 1.0 9.\ 10 30jO.5 

0 2.75 1.0 9.1 IS 30/3 

() 2.75 1.0 9.1 IS 30/20 

IO~ 2.75 1.0 9.1 DC ---
10 2 2.75 1.0 9 1 IS 30/0.5 

10 2 2.75 10 9 1 OC - IS --- - 3010.5 

10; 2.75 
1 

1.0 15 () DC ---
10 2 2.75 1.0 15.0 IS 30jO.5 

• 18 
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Table 2-4 Experimental condition~ lITldl'1 con~tant and intl'lluptl'll voltage for 
kaolin & reL! clay 

---- -1 

CaCl2 voltage initial inrtial type III tlllle l11.1tCI 
concentration bed ~olid th,,' 1111t'1\ ,II" 

height content prol'l'~" 

M V cm \\'I r ; ... /" 
0 5.0 1.0 ~5 0 1)(' --- Kau 

----- t------- - ----

0 5.0 1.0 25.0 l~ I---}()L(!-S- ~.\O !---._--_._--- - - --- - . 

0 5.5 '. () 4.'i.O 1)(' - -- Red ( , 
--- - - - ----

() 5.5 1.0 45.0 IS 'DIO':; Rl·d (' 
~ ---_=--0.-"'-=--=='-_, 

Table 2-5 Typical chemical anal~/~i~ of BentonIte. bollll and rcd clay III wClght 
percent 

.. .= 

Bentollltc Kaolll1 Red clay 
1-- ---- - ---- •. -

Silica (SI02) ()".9 4400 ()4 :!.7 
-------

Alumina (Al.,Ol) 17.h 40.00 1 () .~ 1 
--- -------

Iron Oxidc (Fe?O~) 4.1 o.~() 7.04 
- 1------- - ----

Titamu (TzO.,) 0.2 1. (JO 1 O() 
---~---------

Magnc,ia (MRO) 24 () ZO 1. ') ') 
._------- --- -- - ---

CalcIUm Oxidc (CaO) 1 .1 () (») () :2 \ 
-------- - -.-_. 

Sodium (hlLle (Na? 0) 2.3 o JO o ,Hl 
-----

Pota~~ium Oxide (K2O) 03 O.(J4 4lJ7 
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2-2<: ~hC)w the volumetrie ~izc di~tnhLltiom of the Bentonite, kaolin and red clay, 

re~pectiv('ly. J-ifty percent of the Bentonite particle ... were ... mallcr than 6.8 j.Lm. The 

"'pcclfic ... urface area wa ... 1.1'i m2Jcm 3 Fifty percent ofkaolln parucIe ... were ~maller 

thall 4() fUll and for red clay wcre ... maller than 17 I-Lm. The ... peclflc ~lIrface area of 

kaolin wa" () 3 m 2
/ cm 'l and it wa ... 062 m2/cm 3 for rcd clay. The mean diameters 

of Bentonite, kaolin and red clay, D(4,3), denved from the volume distrihutions were 

K2 1.L1ll, 80.6 I-Llll and 23.0 ILm, re"'pectively, where 

DM 

f D 4 n(D) dD 

D(4,3) - [ Do ] 
DIO 

(2-1) 

f D 3 n(D) dD 
Do 

The zeta potentl:.t1s of the kaolin and red clay were mea~ured with a Particle 

Micro-clectrophorc"i ... Apparatu ... Mar\.. Il (Rank Brothers, United Kingdom). The 

/eta potenllal data for Bentonile a ... ll1ea~ured by Ju (1990) are ~hown in Fig. 2-5. 

The pli Wtl" adJu"'ll'd hy the adthtIol1 of 1 M Hel or 1 M NaOH. The zeta potential 

wa ... negative lor pli > 2 and oecrea ... cd wnh II1crea~illg pH. Two values were 

ohtaillct! 101 ",u"'pell"ion<., preparcd with aqlleolls CaCl2 • The zeta potential 

IIHTea~cd Irol11 -34 illY rn a "alt-frec "'lI ... pen~i{)n to -14 mY when the sUl,penl.,1011 was 

pl l'pareI..! Wllh 10 2 M CaC/2 • Whcn the concentration of CaCl2 wa~ 10- 1 M, the 

pallidc ... l'oaglllatl'tI rapldly ami ~edil11entati(}11 wa<; ~o fa~t that the particle mobility 

l'oult! not he l11ea~lIred. I\t pli < 2, the ~al1le phcnomena occurred. The zeta 

potentiab 01 \..aohn antl rcd llay ~ll~pen~ion~ prepared in dbtilled water were -42 rnV 

and -54 illY, rc~pcctlvely . 
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Figure 2-2a Partlele 81ze distribution of Bentonite 
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Figure 2·2b Partlcle slze distribution of red clay 
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Figure 2-2c Partlcle slze distribution of kaolin 

Figure 2-2 ParticJe size di~tribution 
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Figure 2-3 Zeta potential of Bentonite as a function of pH 
(Ju, 1990) 
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2.4 Experimental Procedure 

A suspension \Vas prepared from a weighed all10unt of O\'clH.lricd matl'rial and a 

weighedamount of CaCl2 ~olution prepared l'rom reagent grade Cacr~. amI dl ... tilled 

water. Dry matcrial wa~ weighed in a beaker and the Ill'l'C:--"',IIY :I11101lilt of ... olulltHl 

was weighed in a second heaker. The matcrial wa~ addcd 10 Ihe \\alcl gladually 

while mixing using a magnetic ~tirrer. The total weighl of the beakcl l'olltallllllg Ihc 

liquid and solid was recorded after hOl11ogel1lling for 15 mlnule .... A fH.'-.h fJlll'l ... hecl 

was wetted with methano\ and fixed in place. If the :-,heet:-, \Vere not wellcd. water 

flaw wa!ol retarded at the beginning of a rulL 

The ~lI~pen~ion wa~ then pOlln~d :-,Iowly il1lo the cylllldcr ln the dc","cd hClghl 

The beaker containing the remaining ~ll~pen~ion wa:-- weighcd and Ihc wcig"l of the 

suspension in the hed was determined hy differel1cc. The uppel l'lect rode wa~ f Ixcd 

so that it contacted the top of the bed. In the expcrimenh wlth rolatloll of IIpper 

electrode the motor wa~ fixed on the top of the ~haft. The apparatll:-' wal., kft for 

enough time after ~etting it up to makc I.,lIre there wa., no water rcIll()va1 due to thc 

compre~~ion or !oIettling. At low CaCl2 conccntratlon no gravit y drallwgc (lf waler 

occurred and electrommotic dewatering hcgan illllllcdiately 

For the first 10 minute~ after the voltage or cllrrent wal., applled. Ihe volllllle 

of water removed hy electroo~mmi~ wa.., recordcd l'very minute, thcll every live 

minutes and near the end of dewatering, every ten minute:-,. WJth a con<.,lanl appllcd 

voltage the current wa~ recordcd evcry tcn m illl' te .... Voltage dlflerellcel., were 

recorded every ten minute.., in comtallt current experill1cnt ... '1 he Olllplll voilage !rom 

the shunt in the circuit in the interrupted dcwatering rUIl.., wa.., recordccl from the 

screen of a ~torage O~cillo~cope four to ",ix lime.., during dewatcrillg . 
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/\t the end of dewatering the cake wa~ ~ectioned for moi~ture determination. The 

dewatered cake wa" carefully PlI"hcd out of the di"a~~embled cylinder and eut 

perpendicular to it" aXI" into three di"k\ of approximately equal thickne~s. Each disk 

wa~ weighed a" ~oon <1" Il wa" cut and then it wa" dried at 105°C to a constant 

wcight. The ma"" of water in each piecc wa~ calculated hy difference. Occasionally 

the pli of the collected watcr from Bentonite sll~pemion~ wa~ mea~ured. In ail cases 

the pli of the water rCllloved wa~ abovc 12, as Ju reported (Ju, 1990). 

2.5 Trcatrncnt of Data 

A parametcr u~ed ~uh~cquently b the total energy consumed, denoted, ET . It was 

computcd from the currcnt, voltage and time by: 

wherc i = currcnt (A) 

v = voltage (V) 

t 

ET - Ji V dt 
o 

The intcgral wa~ cornputed by Sirnp~on's rule. 

(2-2) 

Two important pararneter~ related to the effectiveness of electroosmotic 

dewatcring arc: 

1) the water flux per unit charge 

and 

2) the cnergy of dcwatering 

Both paral11der~ rcquire the rate of water removal, Q . This rate represents the 

time variation dcrivative of the volume of water collected, Q: 
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Q _ dQ 

dt 
(2·~ ) 

The volume versus time data were fittcd ln a ~ccond ortler polynomial hy ka~t 

squares and the derivative wa!o. calculatcd analytically. l'hl' polynomial \\:1:-' titted to 

all but the last two or three data point:-.. 

The watel flux per unit charge, dcnotcd W. wa" computcd l'rom 

W •. 9.65x104 (Q p 1 MI) (2··0 

where p is the density of watcr. M b the fl1o\ccu\ar wcight of watcl (IX,O g/Illolc) 

and one Faraday of charge i~ 9 65x104 Coul()l11h~. The unit" of W are molc~ 01 

water per Faraday. 

The energy of dewatering. denoted ed • is defincd a~ 

Hence, 

electrical power 

rate of water removal 

e -d Q plM 

where Vo is the overall voltage. The unit<-. of ed arc Joule" l'cr mole 

25 

(2·() ) 



• 

• 

CHAPTER 3 

DIREcr CURRENT ELECTROOSMOTIC DEWATERING 

The electroo'dn()tlc dewatering of Bentonite ~u,pcmi()n, umler constant applied 

direct currcnt and voltage (De) wa, studied experimentally in the apparatus 

de,cflbed in Chapter 2. A fcw rUll, with kaolin and red clay were also carried out for 

cOl11pan<.,on. 

3~~J_encral Feawre~ of Dewatering under Con~tant Current 

The volume of watcr removed and the overall voltage drop acros!o. the bed for 

1 hrer rcplic;Jh." of a typical cxperiment are plotted in Fig~. 3-1 and 3-2 for 90 mA 

ClIrrent, 2.0 cm lIlitial hed height, 9 1 wt (A- initial solid content and no electrolyte. 

Figure 3-1 ... how ... that the volume of water removeù increa ... ed approximately linearly 

for the fiN 40 millute ... anll then increa,ell more ~)owly. The overall voltage drop 

decrea ... ed initially, reachcd a mlnimulll and then increa!o.cll (sec Fig. 3-2). 

Rcpllcate data for v.atcl rellloved In Fig. 3-1 ... hm\l gnod agreement, with the 

rna\illlllll1 deviatHlll 01 thc data from the average \~.due of appro.\illlately ±2.5%. 

The ma\imlll1l devlatlon of the data for voltage drop wa ... approximately ±5% from 

the average \'aluc. ll1erc i .... 1110re ~cattcr In the voltage data hecause generation of 

ga<., at the upper clectrode alter ... the dcgree of electriral contact between the bed and 

the l'lect rode. 

Data l'rom the rcplicatc runs are presented in different formab in Figs. 3-3 

.1I1d ~-4 (!\ce Chaptcr 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 conc.,lant OC 

current. Data from three replicate runs. (9.1 wt%; 0 M; 2.0 cm; 90 mA) 
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Figure 3-2 Variation of ove rail voltage with time for Bentonite under constant De 

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 tlt!:\. per unit chargc i~ plotted agaill~t 

the percent water removed in Fig. J-J. The energy requircd to rCI1W\'l' a l110k of 

water by electroosm{)~i~ i~ plottcJ ln Fig. J-4 again~t the IK'Il'l'l1t \\alel fl'l1lowd. 

Since the ca\culation ... for hoth IÏgun: ... II1\'olved llIffl?rclltlallOI1 01 Ihl' d.lla III FIg. 3-1, 

the deviation of data from the average valul' wa ... about t 14% lOI .... g J-J 

and ±12% f()r Fig. 3-4 exccpt ahove JW'( water relllowd whclc the ... calter wa~ 

larger. 

The generaI characteri~tics of dewatering LInder COll'-ltal1t l'Ill rl'nl aIl' ... hown 

in Figs. 3-1 through 3-4. The volume of water removcd incrca ... ed Ill?.trly lil1carly OVCI 

the first 40 minute~ while the overall voltage drop del'lea ... ed ovcr the .... alllc pCrlm\. 

Beyond 40 minute~ the rate ofwatcr rCl110val dccrea .... ed wiliIe thl' voltage aem ........ the 

bed increased. The minimum in the voltage reflecb 0PPO .... lllg tlclld .... Tllc clcctrÏl' 

resistance of the bed decreasc~ a~ the helght of the hcd decrea ... e .... whcll waler i~ 

removed. But it increa~es under the influence of Ihe umaturated layer tOI IlIcd 111 thc 

dewatered hed and hecau~e of ga ... produccd hy c1ectroIY"'I'" (YO .... 11IC1.1 • 19/-;5). 

The dewatering proce~~ may he cOll~idcrcd to ()œur III two ... tagc ... III the fir ... t 

stage, where in 40 minute ... approximatcly 2or/~, of the water wa .... ICIlH>wd, tlle 1II()le~ 

ofwater tran~ported per Faraday decrea ... ed about 2Y/r alld the el1elgy of dewalering 

was low, (e.g. about 5% of the heat ofvapOfl7atlon). Beyond 2()f!r, rCIll()V~t1, the waler 

transported per Faraday decrea~ed rapidly whilc the encrgy of dewatcflllg IlIcrca ... ed 

rapidly . 
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Figure 3-3 Water flux per unit charge vs. percent water removed for Bentonite under 

constant De current. Data from three replicate runs. (9.l wt%; 0 M; 2.0 cm; 90 mA) 
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Figure 3-4 Energy of dewatering vs. percent water removed for Bentonite undcr 

constant De current. Data from three replicate run~. (9.1 wt%; 0 M; 2.0 cm; 90 mA) 
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3.2 General l'ealllre~ of Dewatering under Conqant Voltage 

'1 hrœ rt:pllcatc.., of a typical exper Iment arc prc<..,cnted in Fig..,. 3-5 and 3-6. 

l'igure 3-) ~how.., that water wa.., removcù up ln 140 lllinLllc~. The current went 

throllgh a lllaXllllll11l al ahout 40 minute.., and th(:n dl'crca~ed ln a c()n~tant value (see 

hg. 3-6). Rt:pllcatc dat:l lor watcr removcd, Fig. 3-5, and current, Fig. 3-6, show good 

agrt:elllent. For watcr rel1lovcd the maximum devlation of data From the average 

value wa.., approxilllately ±4% , whde for the currenl il wa~ approximalely ±6% . 

DaIa from the rt:pllcate run.., are al..,o pre~ented III Fig~. 3-7 and 3-8 in the formats 

Identlc.d to th()~e .,hown in Frg~. 3-3 and 3-4. '1 he maximum deviation of the data 

l'rom the average vaille wa.., ahout .1]7% for Fig. 3-7 anù ±20% for Fig. 3-8 except 

ahove 3()f!r water rel1loved, 

The gcneral characterJ~tlC'" of dewatering under con~tant voltage are shown 

in Fig .... 3-) through 3-K The rate of \\'aler removal wa~ initially con~tant and then 

dccrca~cd wJlh IIll1e a ... the heu dcwalcrcd; ~ee Fig. 3-5. The current increa~ed up to 

40 mll1l1tc~ 01 dewateflng and then decrea~ed. The electncal resistance of the bed 

II1crea~e.., a.., the percciltage of ~olid~, whlch are non cnnducting, incrcase~ but it 

dccrea ... e.., a.., the hClght dccrea~e~ The maximum in the current reflects the~e two 

()pp()~il1g tJcnd~ Il the applicd voltage i~ low, there i~ no maximum current (Yo~hida 

et al., Il)~) alld Ju, 19l)O). In addition, gooù e1ectrical contact hetween the hed and 

the upper clcctrode Illay he hampered by the gal., t:volved at the upper electrode. As 

watcr wa., rctl1oved, the volume of the bed and the ~ize~ of the pore~ decreased 

mak.ing watcr more difficult 10 remove a ... ~howl1 in Figs. 3-7 and 3-8 . 
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Figure 3-5 Volume of water removed V5. time for Bentonite undcr cono..,tan\ D(' 

voltage. Data from three replicate run!!. (9.1 wt%; 0 M; 2.0 cm; 5.5 V) 
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Figure 3-6 Variation of current with time for Bentonite under constant DC voltage. 
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Figure 3-7 Water flux per unit charge vs. percent water removed for Bentonite undcr 

constant DC voltage. Data from three replicate run~. (9.1 wt%; 0 M; 2.0 cm; 55 V) 

• 35 



• 
18 

14 - • 
Â 

CD 12 r- -

" -.€ 
~ 10 - • 0) • • Iii 

J 8 r-

• • 
15 8 r • -
i;; ". .. • Ji 4 - t. -

A. .-
2 r t-
4. • 

0 1 1 1 1 J 

0 10 20 30 40 50 80 
Percent WtJ.tar Removad (%) 

Figure ~-H Energy of dewatering vs. percent water removed for Bentonite under 

constant OC voltage. Data from three replicate runs. (9.1 wto/c; 0 M; 2.0 cm; 5.5 V) 
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3,3 Effeet of Initial Beù Height 

Figures 3-9 thrc·.gh J-12 ,ho\\, the errect of the imtlal bed hl'ighl on the 

electroosmotic dewatering (abhreviated a~ FOl)) rate. ;\11 data :tll' rOI an Illltla\ 

suspension of 9.1 wtC:r Bentonite and a ClIlfenl of 9() mA. \)I,tll kll \\atcl \\'a ... u ... cd 

to prepare the sll~pen~i()n~. 

Figure 3-9 ~how~ the volume of water relllo\'cd a~ a fUllction of tlllll' for 

variolls initial beu height~. Sincc 2.0 cm IllItlal bed hClght l'Olltallll'd thc lalgc~t 

amount ofwater, the final amollnt ofwater lellloved wa ... higlll"t lOI the ~ () l'Ill hcll, 

15.7 cm3, and lowe~t for the 0.5 cm bcd, 4.5 cm3
. The vallatlOI1 01 the (lycrall voltagc 

drop 'vith time for the thrcc initIal bell hcight~ i ... ~h(}wn III hg. 3-10. l'or ail thlce 

heights, the overaIl voltage drop dccrea~ed rn the Ilr ... t perlod of Ill'allv Illlc<llly 

inereasing volume of water removeu. At height~ 01 2.0 (.'111 and 1.0 l'Ill, large crac" ... 

appeared in the cake after about 30 !11l11ute, of 1 :(1). '1 hi~ let 1 to largc and errat il' 

changes in the overall voltage drop a~ J\lu~tratcd by the ~Gltter III the data ... hown 111 

Fig. 3-10. 

Figure 3-11 ~how~ the variation of the water flux per unit charge wlth water 

removal for three bed hcight~. The initiai watcr flux l'cr Ullit charge wa ... 1;11 gel loI' 

larger heu height~. After 15 mrnute~ a hcd of LO l'Ill initiaI hClght had a 1.1 rgel watcl 

flux per unit charge than the other.,. FIgure 3-12 ... IHlW' the c/lergy 01 dt'walerllig lor 

the three initial hed height~. The energy cxpcndltllrc to rClllCJve 3W!r, watcr wa~ 

approximately the ~ame for ail fun<-.. ;\1'0 it wa~ le<-.., than 10% 01 heat of 

vaporization of water, whlch i<-. 43.X kJjmol. Since more water wa~ rUlloved lor the 

1.0 cm heu and le~~ for the 2.0 cm heu, the cncrgy expcndlllire IIlCrta<-.ed 

dramatically at ahout 42% removal, (14.7% averagc '(Jlid content) lor 1.0 ('Ill and 
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Figure 3-9 Volume of water removed vs. time for Bentonite under constant De 

current. (9.1 wt%; 0 M; 90 mA) 
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Figure 3-12 Energy of dev .. utering V!o" percent water removed for Bentonite under 

constant DC current. (9.1 wt%; 0 M; 90 mA) 
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Figure 3-13 Vl)lume of water removed vs. time for Bentonite under constant De 

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 '{r, rcmoval, (12.5% average .,olid content) for 2.0 cm initial bed height. 

Figure., 3- 13 through 3-16 "how the effeet of the Initial bed height on the 

dewaterlng rate for the .,arne cO/1(l!tion" cxccpt that 10 2 M CaCl2 was u~ed to 

prepare the initiaI ..,u"pen.,ioll. hgurc 3-13 ..,how" the volume of watcr rcmdved as a 

fUIlCtloll of tlme. Th<.: final amount of waler removed wa.., larger al the higher bed 

Iwight; 23.2, 11.7 and 5 6 cm3 of water removed for initiaI helghh of 2.0, 1.0 and 0.5 

CIll, rc"pectlvely. In hg 3-14 the overall voltage drop data are plotted again~t time. 

The ... calter III the overalJ voltage drop I~ nluch ~mallcr than in Fig. 3-10 where no 

e1cctrolyte wa" lI.,ed lïgure" 3-15 and 3-16 ~h()w that the water flux per unit charge 

alld the ellcrgy comlllllptioll for dcwatering as functiollli of the water removal are 

c~..,cntially Ind<.:pcndcllt of the initiaI hed height. 

~.4 1 ~ffcct of RotatIon of the upper Electrode 

Figurc~ 3-17 through 3-20 ~h()w the effect of rotation of the upper electrode 

at 0, 40 and 70 rpm. In Fig~ 3-17 and 3-1H ail data are for an initial solid content of 

9.1 wt(',( Ikntollltl' III 10:1 M CaCl2 • an initial height of 1.0 cm and a current of 

50 mA. FIgure., 3-17 and 3-IX dl~~;hy the time variation of the volume of water 

rel110vcd and the oYClal1 vo!t,tge drop, rc.,peetively. There wa~ no effeet of rotation. 

The tinal pel cent water rcmovcd wa., c~ ... cntia!\y the ~ame for ail three ca~e~; 44,42 

and 4Y'; for 0, 40 and 70 rpm, rl'~pcctivcly. 

Figurc~ 3-19 and 3-20 .,llOW ~imilar re~ults for an initial su~pension of 9.1 wt% 

Bcntonite in 10 2 M CaCl, ,an initial height of 1.5 cm and a current of 30 mA. 

The~l' figures again ~how that there i~ no effect of rotation . 
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3.5 Electroosmotic Dewatering of Kaolin and Red Clay LInder COm:-.t.ilIlL\,oJt~~ 

The volume of, .. ater removed and the Cllrtl'nt fOI ckCIWO:-'11101IC dl'\\alcting 

of kaolin wlth an applled \'()Itag~ of 5.5 V are plc .... clltl'd III Fig. 3-.21 'lite 111111.11 .... nlid 

content wa~ 25 wtSé in di~tillelÎ water \VIth ail illltial hed hl'Igltt 01 l.O l'IIl. :\lll'! 70 

'llinutes ahout 620'c of initial watcr wa~ rCl11oved, ... ee Fig. 3-2 ta, and the :lVCI agl' 

solid concentration wa~ 46 wtS'(,. Figure J-2 th ~how~ that the CU! rl'lll l'\hlhltl'd a 

sharp maximum. 

Figure 3-22 ~how~ ~imilar data for red clay with 45 \vt t
'( mitl.1l .... olid 

concentration, no alÎ(lclÎ ~aIt, 1.0 cm initial hed height alld 55 V applled voilage. 

After ahout 60 [TIInute~ a bed with an average ~olid content 01 h() \\lt 1;1' wa .... Ohlallll'd, 

see Fig. 3-22a. The final percent ofwater rel1loved wa ... 5qr,( 'l'Ill' V"":lIIOIl OICLlIr<:llt 

with time for rcd clay, ~hown in Fig. J-22b, i~ dllterenl Iroll1 Ihe vanatloll for 

Bentonite or kaolin. The current increa~cd to twice of il<., illlllai vaille ami it dit! Ilot 

decrease . 
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Figure ~-21 Volume ofwater removed and current vs. time for kaolin under constant 
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CHAPTER 4 

INTERRUPTED ELECTROOSMOTIC DEWATERING 

l'Ile elet·lroo.,l11otic dewatenng of Bcntollltc ~u"'ren~iom under interrupted DC 

voltage afl 1 currcnt wa~ qudied expenrnentally: a ... weil a few runs were carried out 

\\Itll !..aolln and red clay lor compamon. The interrupted EOO re~lllt~ are reported 

111 thl., chapter and cornparcd to LOD under comtant current or voltage. 

4 1 (;C;lJcr'lll"eatU!e., of Jl1terrupted Electroo<.,rnotic Dewatering 

ln Il1tcrrlipted dcwalenng a con ... tant current or voltage i~ applied for 1, 

<.,ccoIHI..., loll()\' . .:cd hy a perlot! of 12 <.,econd ... whcn the power ~upply i~ turned off. This 

pattern 1 ... rl'pCall't! tllrollglHllll de\I;aterll1g ()uring off-period, there l~ either a ~hort 

Circuit or an open ClrCLlIt. Intcrrllplet! LOD \\'Ith a ... hort circuit i~ denoted "IS"; with 

.111 ()pen CirCUIt, "JO". DUling the on-time, t" there i ... elther con"t,mt voltage or 

cOI1...,tant current Intel rupted 1 ()I) IIltroducc ... two 11<:\\ \ariahle...,· the on-tIrne, t" and 

tl1e off-tlllll'. t2 lor each nper llllent the fo!!oWIng data were recorded a" fUl1ctiom 

01 tlllle the \ ulllme 01 water rel11()\,ed and the currcnt in the interrupted applied 

voltage l'\IK'rIllll'llh dml the overall voltage drop In the Interrupted current 

t'\pl'rt l1lt'nh. 

For t\\lO cOINant voltage experiment~, one OC and one IS, the result~ of three 

(ephedte..., ar\.' pll'''el1teu 1I1 FIg. 4-l for 2.75 V applied voltage, 1.0 cm initial bed 

hl'I,l!ht. ll.l \\ t (( l!lIlial ...,olld wlltellt and no CaCl2 . The time interval" for the IS 

npClll1lent ... \\ cre 30 ~ for the on pl'f1od anù 0.5 ~ for the off period, denoted as 
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lS (30/0.5). Data from three replicate run~. (9.1 wt%; 0 M; 1.0 cm; 2.75 V) 
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JO/O.5. hgurc 4-1 ~h()w.., the volume of water removed a~ a function of on-time. For 

1)(', on-lime i.., lhe ..,ame a.., running tlme. For IS, on-lime i" lhe lime that the power 

Wtt" appllcd to the electrodc..,. For equal on-lime.., more water wa.., removed hy IS 

than DC, Altcr 70 rninute~, about 26{!c, of the initiaI watcr wa.., removed by IS 

cO/llpared tn ahout IH0r hy De. Replicate data in Fig. 4-1 ~how gond agreement, 

wlth the maximum devlatlon of the data from the average value of approximately 

1-55% lor IS and ±4% lor De. 

1 )urillg the olf-tlIlle the ..,hort circuit wa~ applied through a 0.2 n re~i~tor. This 

rc~i..,tancc, whlch wa.., IIcgligihle comparcd to the 60 10 100 n re..,i~tance of the bed, 

wa.., lI~cd ~() that the tran~icnt currcnt could be mea~lIred during off period. When 

a higher re~i ... lallce of 0.5 n wa~ ll~ed, there wa~ no change in the current, th us it 

<..,CCI1I ... tllat the prc<,ent data arc ~imilar tn tho~e which would he obtained with a true 

~h()rl circuit (0 n). 

Flgllle~ 4-2, 4-3 and 4-4 ~how the variation of current a~ a function of lime 

durlilg onc cycle for IS. at the ~tart, after 20 mlOute~ and after 60 minute~ of 

dewalcnng, rc~pccllvcly The voltage for the fir~t 30 ... (on-time) wa.., 2.75 V and then 

l'or Cl5 ~ wa~ Icm (off-lIllle). Illitially the clIrrent wa.., about 50 mA and then dropped 

ln 12 mA DUrlIlg ott-lime Ihl' currl'nl went to -bO mA and increa:-.ed 10 -27 mA 

hclorc the power wa ... rcapplied. After the tïi<.,t cycle the maximum ClIrrent wa~ less 

t han 50 mA, arou nd 35 mA The variation of the ClIrrent in each cycle after the first 

one wa~ ~lIll1lal (compare r ig~. -+-J and -+-4). 

To dctl'rIllInl' the \,arl.\tIOI1 (lI' meal1 Cllrrent ~llpplied to the electrodes, the 

rUllcnt/tlmc data \\CIC IIltcgratcd a~"ull1ing zero current during the off-time. The!o.e 

data fOl IS and the variation of ClIrrcnt in the OC run are pre!o.ented in Fig. 4-5 as 
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the average ofwhree replicate~ for each proces~. Nt'arly the ... amc lllean rUIlent wa~ 

passed in hath cases. Since the applicd voltagc was low. therc wa~ no 1l1a\.il11l1lll 

eurrent- see ~ecti()n 3.2. 

4.2 Compari~on of Short Circuit \vith Opcn CirCUIt 

Two type~ of intern:. Ited procc~~c~ \vere ~tudicd: a ~hort l'ÎH."llil dUI Illg the 011'­

time (IS) and an open circuit during thc off-t1ll1c (10). FIgure ~-() ~how~ the volllmc 

of water removed a~ a functlol1 of oll-lime lOf D(', IS and ln lOI an 1111 liai 

concentration of 9.1 wt% Benlonite \Vith no addcd eketlolvtt'. ail inltl;tI hClght 01 

1.0 cm and a con~tant voltagc of 2.75 V. For bulh intcl luptet! plocl· ...... e ... Ihe powel 

was on for 30 ~ and off lor 05 :-. (30j005) 10 givc a Ircquency 01 () ()1"\ III alld ()K.4':,;, 

on-time. The volulllc of water Icmoved wa~ l'~"elltially Ihl' ... alllc lor DC' alld 1< >, huI 

more water wa~ Icmoved hy IS. The l\llal water rCllloval ... were IX, 19 and 2h% lor 

OC, 10 and IS, rc~pcctivcly. Figure 4-7 ~h()w~ ~ill1I1ar re~lIlt ... lor an illltiai Iwight 01 

2.0 cm and an applied voltage of 55 V. The De, 10 and IS proce~..,e~ rell10vcd 47'/(1, 

4H% and 53% of the initial water, rc"p~çtivcly. 

4.3 Erfeet of off-limc on IS 

Figure~ 4-~ Lhrollgh 4-16 ~how the effceb of off-lime II1terval" on IS. 'l'hl' 011-

time wa~ 30 ~ with off-time" of 0.5, 3 and 20 ~. Ali data cxcept lhmc in Fig". 4-) () alld 

4-12 are for an initiai hClght of 1.0 cm, 9.1 wtry" II1ltial "olI<J conlL'lIt wlth 110 

eleetrolyte. The data 111 Fig. 4-10 are for a 1.0 cm height (JI di\ulled waler or CaC:2 

solution with 10-3 or 10-2 M concentration, i.e. Ihere wa" /JO "olid III Ille ('OII1f1111 

The hottom of the column" under thc lower electrode wa" "eakd will!.1 pl:J<"IJC ... I)(~cl 
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The applled voltage for ail run~ wa" 2.75 V. Figure 4-R ~hows the volume of water 

removed a" a fllnction of on-time for DC and for three off-time~. The amount of 

water removcd decrea<,ed a~ the off-lime increa~ed. The final percent of water 

removed wa" 1 X, 2(), 21 and IJ.1 (Ir, for OC and off-time~ of 0.5 ~, 3 ~ and 20 s, 

re~pcctJvcly 

Figure" 4-9 and 4-10 ~how the variation of the clIrrent for IS (30/20) at the 

~tart of dcwaterillg and alter 20 millllte~. The data are ~imilar to thŒe in Figs. 4-2 

104-4 for IS with 0,5 <, off-time. Figure 4-11 ~h()w~ ~imilar data for the colllmns of 

di ... tilled water, 10 1 and 10 2 M CaCl2 ~olution~. The current-time trace~ for the 

Ilqllld COIUIllII'" rCIlI:tlfled the ... ame for ail on-off cycle~. The current variation was 

~imilar to that for a bed of Bentonite ~lI~pen~ion. Figure~ 4-12 and 4- 13 ~how current­

tll11e data lor IS (300) al the ~tart and after 20 minute.., of dewatering. 

For Iklltolllte ~u<,pel1:-,iofl'o" the maximum current for the ~econd and 

..,u!l:-,eqllellt oll-tiIlH:<" wa ... larger for longer ()tf-time~. For IS (30/20) the maximum 

current alter the IIr ... t cycle wa ... about 70 mA wilde It wa~ about 45 mA and 3S mA 

fOI the IS (30/3) alld IS (30/0.S), re~pectlvcly. Since the Iflltial condlti()n~ were the 

:-,al11l.' lm ail tlncc IS expcriment<" the variation of ClIrrent during on-lime for the first 

cycle wa:-, ~lIll1lar. 

The minrl11l1lll currcnt for Bentofllte ~u~pensions, hetween -80 and -55 mA, 

oCCllrred when the l'lcctrode~ v"ere :-,hort circuited. For IS (30/20) the cllrrent nearly 

rl.'achet! Icm dUI iI1g the :-,hort ClrŒlt lime. For IS (30/3), the current reached about 

-.~O mA \\hdè lor IS (30jO.S) It lctlched --+0 mA during :-,hort circuit. figure 4-14 

:-,ho\\., thl' data plotll'tl a.., the mC<ln current again~t time. There wa~ relatively \ittle 

dil'fl'Ience hel\\l'l'n the mean CLIrrent~ in OC and IS . 
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Figure 4-15 show" the volume of \\' ~lter removed as a fUllctioll of cllcrgy l'Oll',lll1lpIIOIl . 

For equal energy con ... umptio!l IS (~()/O.5) rCIl1o"e~ aboul 2()-~W(' mOlc \\all'I Ihan 

De. The water removal for IS (30/3) i ... clo~c 10 that 101 De l'\l'ept neal the elld of 

dewatering. Le ...... water i~ n:lllovcJ by IS (30/.20) than hy De. 

4.4 Effect of Initial Bed Helght 

Figure 4-16 ~h()w~ the elfeet of the initial bed helght wlth D(' and IS. 111 ail 

ca~e~ t!le origInal ~lI~pen ... ion~ colltaincd 9.1 wt(,;' Bentolllll' a!ld no clcell olvlc A 

different voltage wa~ applied fOi" each height. The 1IlIliai o\'clall lil'Id ,>llclIglh. 

defined a ... the applled voltage divHkd hy the II11liai 1)L't! IIclghl. wa'> :!..7) V lelll. '1 he 

voltage applied acro~~ a bet! of 1.0 cm mitlal hClght wa,> .2 7) V. acrm ... a hct! 012.0 

cm height, 5.5 V, etc. The IS (JO/O 5) prut·l' ...... \Va'" ll'>l'd tOI the IIltcrrupll'd 1 li Il .... 

Figure 4-16 ~how~ the volume 01 \Vater rel110vcd a ... a 11Incllo!1 01 oll-IIIIlC 1'01 

various initial bet! heigln .... For each hClght there wa~ a 1)(' and ail IS III 1 1'1" the 

2.0 cm initial bed hcight, dew(ltcring ~t()ppcd alter aholll 4() and 5Y,'r waler rCl110val 

for OC and IS, re ... pectively. Similar data lor the 1.5 l'Ill alld 1 () C111 1111/1;" hcd !Jc'ght, 

were ahout "43 and 52(j(," and" II) and 2h(>;''' l'lI1ov.d, re ... pccllvclv l'!Je pClcellt 

increase~ in the fmal \Vater rl'I1IO\ ed hy IS relative to D(' wei e 44, 2() alld 141
;;', lor 

the 1.0, 1.5 and 2.0 cm initial bed hcighh, re\peetively. 

4.5 Effect of Salt and Solld Concentration 

Figure ... -+- 17 and 4-IX "hoY\' the elreet of the ... alt and "Ulld cOllcelllr;IIJOIl 0/1 

dewatering lJ-.lIlg DC and IS (]O/O.S). Ali data arc lor an illitiai helght nI J () cm and 

a voltage of 2.75 V . 

73 



• 

• 

24~-----------------------------------------, 

-M 

.[ 

20 

116 
-

j 12 

1 
Ô 
~ 8 
:J 

~ 
4 -

2.0cm 
o • 

1.
5cmJ o • 

1.0cm 
~ .. 

O~~--~~~--~~~--·_~~~~~--~~~~ 
o 20 40 60 80 100 120 140 160 

On·l1me (min.) 

Figure 4-16 Volume of water removed vs. on-time for Bentonite with an initial 

overall field ~trength of 2.75 V lem. Open symbols refer to De; filled symbols refer 

to IS (JOjO.5). (9.1 wtC;~; 0 M) 
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In Fig. 4-17 the volume ofwater removcd i~ plotted a~ a funl'tlon (lI on-tlllle lOI two 

initial salt conccntratlon~, 0 rv1 and 10 2 M Cnel"]. \\'Ith an Initiai ... oltd cOlltellt 01 

9.1 wtc/t; Bentonite. More wuter \\a ... rl'mm'cd hy IS (han h~ IX' \Vlth 1111 c1C\.·tlOl"tc, 

18 and 2()~( of iI1lttal watt'r \\'a ... rel1lo\'l'd hy De and IS. rl'''llL'l.'tl\ ch hl! .lll Illitl.1I 

salt concentratlOll of 10 2 M, DC removcd J.v (- ni the Inllt.ll al1101lllt 01 watcr whlle 

IS removctl 44Cfc,. 

Figure 4-18 ~how~ ~il1lt1ar data for an initIai ~alt conct.'ntralron (lI 10 l M 

CaCl2 and initial ~olid content~ of 9.1 and 15.0 wt(" Bentonite ln holh ca ... c ... , IS 

removed more watcr than De. 

4.6 Effectivene ... ~ of IS aftcr De 

Figure 4-19 ... how ... the volume of water rernovcd a ... a fUllctlOI! of Oll-tlllle..' lOI 

an initial ~olid content of 9.1 wt(!r Bentonite, an mitral CaCl2 COlln'lllf allOIl 01 

10-2 M, an initial helght of 1 5 CIll and a con'-lallt clIrr ent 01 30 mA. TW(l r 1111 ... are 

shown: an IS (:iO/O.) run and a mn with DC tollowl'd hy a perrol! of IS (JO/O 'i) III 

the latter run IS wa ... appllcd only alter dc\\'atcring ... l(lpped IIlHler 1)(' ;\ ... "'l'l'Il 

earlier, IS (30/0.:ï) rCl110ved more water than 1)(' :t!OIlC I/owevl'/ the :lppIIC.lIIOII 01 

IS (30jO.5) alter dewatering ..,topped wlth De, rCl\loved addltllPl.tI walcr OVl'1 the 

next 40 minlJte~ 01 on-time. The tillai watcr rl'Illov(t! lor Ille CIIllIl>llIl'd J)( JIS rUII 

wa~ ncarly equal 10 that for IS al one. 

FIgure 4-20 i.., ~imilar plot lor a con ... tant voltage ot 2.7~ Vand 1 () l'III 111I11;t! 

bed height. Applying IS (JO/O.5) at the end of uewaterillg witll D(', rCIll()ved 

additional water. The final water rCll10val for De/IS approacilcd lilal lor I~ 
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Figure 4·20 Volume of water removed v~. on-time for Bentonite LInder IS OO/O.c;) 

and OC followed hy IS (30/0.5). (9.1 wt%; 0.01 M; 1.0 cm; 2.75 V) 
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4~7_fntcrrllpted U)f) of Kaolin and Red Clay Su~pen"iom 

f'igure<, 4-21 and 4-22 cOlllpare dewatering wlth OC and IS (30jO.5) for kaolin 

clay Ail data arc lor mitlal ..,u'>pcn'>IOI1 of 25 \'.;t'1é Kaolin with a height of 1.0 cm. no 

ck:ctrolytc and a voltage 01 :1 () V The volume of water removed and the mean 

currcnl are ..,/JOWIl a<, Illllction.., 01 (;Il-tIme in Fig..,. 4-21 and 4-22. The IS proces~ 

lllcrca..,cd the alllount of watcr removed. The final percent removal for IS wa~ 73%, 

ylcldlng a hed with an average ~olid content of 56%. For OC the comparahle figures 

wcrc ()2'lrl and 4()%. 

hgllre.., 4-23 and 4-24 arc ..,Imilar plot.., for rcd clay wlth 45 wt% initial ~ol L 

content, IlO ekclrolyte, 1.0 cm initIai beJ hcight and 5.5 V. Wlth IS (30jO.5), 65% 

01 the 1Illliai w:llcr wa.., rcmovcd comparcd 10 5W/( wlth Oc. The final average ~olid 

content-. were 'il) and 46 WI (Ir for IS (30j005) amI OC re~pectively . 
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Figure 4-21 Volume of water removed V~. on-time for kaolin undcr DC and 

IS (3010.5). (25 wt%; 0 M; 1.0 cm; S.O V) 
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Figure 4-22 Variation of mean current with time for kaolin undcr DC and 

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

• 83 



• 

• 

î 
i 

~r-------------------------------------~ 

30 

t: 20 
d 

ï 
10 

t6c I~ 
o~--~----~--~----~----~--~----~--~ o 20 40 

Tlme (min.) 
80 80 

Figure 4-24 Variation of mean current with time for red cIay under OC and 

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

84 



• 

• 

CHAPTER 5 

DISCUSSION 

In the experimenh with Bentonite, kaolill or red clay "l1~pemions a" weil as the 

experiment ... with dl"tilled water or C'aClz ~()ll1tion ... , a potential remained acro~~ the 

het! when the power wa ... turncd off Thi" potcntial rangcd from 1 X 10 2.3 V with the 

uppcr clcctrodc (the anode dllrtng the on-time) havlI1g a higher pntential than the 

lower clcctrodc (the Glt!1ode dllrtng the on-lImc). In "OIllC run~ with Bentonite 

... mperNon ... the pli v·tluc ... near the electrodc" wcre mea~ured at the end of 

dcwatcrtng and a dlftcrencc (JI' ahollt X lInit~ of pH wa" ob ... erveù with the lower 

elcctrode havlIlg the higher pli The following ~ecti()n sllgge~t~ an explanation for the 

pre~cnce 01 the potential dllring the off-tlme. 

5!.LPI<WJllIlll I:lcctrodç~ 

Each e/cctrodc wa ... coateù with platinum (~ee section 2.1). The performance 

01 platlllllll1 e!ectrode ... in rcaction~ involving liheration of gase~ i~ affected by the 

telltlcncy 01 the c!ectmùc to devdop ~urfacc oxide films when anodlzed. The 

Ple ... cncc 01 m.ide film.., on platinlllll anoùc~ wa ... confirmed by Linganc who found 

that both PtO and Pt02 :lrc pre~ent (An..,on and I.lI1gane, 1957). Following a rapid 

iI1itlal midatioI1. li fllrther c()ntIntlOll~ ~rnd e!l ... entlally linear increa!le in !lurface 

midation \Vith Il1CfCa'le in anodlc potcntial take~ place. A comiderable lowering of 

potcntial 1'1 rCljlJlred for the rcduction of the m.ide film (Laitinen, 19(1). Pourbaix 

( 19]4) propo ... cd the anode potential-pH relation~hip ~hown in Fig. 5-1. The main 
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\pecie\ incluue Pt(OH)Zl PtOz <lnu Pt03 The clcctroue reaction~ anu potentials are 

Pt + 211/) - Pt(OH)2 ... 2H' + 2e-

Enx - 0.980 - 0.0591 pH 

Pt(OH)z - PtOz + 2H' + 2e­

Enx - 1.045 - 0.0591 pH 

PtOz + HzO - Pt03 + 2B+ + 2e­

Eox - 2.000 - 0.0591 pH 

(5-1) 

(5-2) 

(5-3) 

When platllllll11 i~ u\cd a~ ail anoue, it gen~rally hecomes covered with platinum 

oxiue ( PtOz or PrO I or thcir mixture) givlng a higher potcntial than pure platinum 

at the ... allle plI (\CC Fig. )-1). Whcn mcu a ... a cathode, platinum generally adsorbs 

:\ (oll\ldcrahle quantity 01 hydrogell. Platinul11 i ... \tahle under the condition of 

potcntlal and plI corrc"'pollding to the cqllJ!ibrium state of the following reaction 

(5-4) 

Thi~ rl'action takc~ place almo~t revcr!-.ibly on the surface of platinum (Pourbaix, 

1974 ). 

I\~ notcd carlicr, the pH vallle~ were different near the electrodes with lower 

plI value~ occurring Ilear the alloue. Becall~e of the lower pH and hecall~e of the 

pre~encc of the O\ltlc filll1~, the anoue ha~ a higher potential than the cathode, which 

i~ either platilllll11 or a platillum-hydrogcn mixture at a higher pH (see Fig. 5-1). 

When the pO\n~r ~lIpply wa~ turncu off and the electrode~ ~hort-circllited, a current 

pa,,\ed tlue to the differencc 111 the potentials of the two electrode~. This current was 

'cl 7 
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in the oppo~Ite direction to that \\'h~n th~ pll\\l'r \\a~ on. l'hl' l11e.l~tlled \D1t.lge 

dunng the off tlme \\a~, het\\ecn I.X and ~J \' l'lm \.tlue i" lit the .... lllh.' (lldcl ot 

magnitude a ... the v;t!ue .... in FIg )-1. l'or l'\alllpk, .11'11..'1 :2 11IHllo., of dl'\\.lll'nl1~ IIm!cr 

a comtant currènl of tJ(l mA the pli \\'.t ... 1 :2 neaI thl' IIppel t'lcl't rodc (aflode) afld 

10.0 ncar the lowcr c\cctrode (l'atlloll\.?) lor .1 :2 tl l'Ill Inill.1I hel! IH.'lghl alld a 

Bentonite ~lI~pen.,ion of Initial ... all and ~olld l'OI1l'l.'llllatlon~ 01 10 ~ M ('a( '1 2 ami 

9.1 wt%, re~pectivcly. The ll1t'a~lIred l'ml' when the power wa~ 1111er! IIptl'd \\;\ ... 2 J V 

Point (a) in Fig )-1 reprel.,ent... the COI1lIIlIOIl .\t .111 anodt' w"erl'd WII Il prO, .\1 

pH= 1.2. Point (b) 111 Fig. 5-1 repre",cl1h the COl1tllt\ol1 al li r.ltlHHk \\'llIdl \.., pUIt' 

platinulll at pH = 10. Therc II., a lhfferl'Ilcl' III the potclltlal hetwl'ell tlll'..,e two pOlllb 

of about 2.4 V, which I!o> lCl /Ough .lgrcèllll'Ilt \Vith the 1ll1'a..,lIrcd valllc" ( 1.~-:2.3 V). 

5.2 Interrupted Eon 

The variation of the currenl during interruptcd E()I) lllHkr V~tlIOll" cOIHlrtIOI1.., 

was pre~ented ln Ch. 4. The raplù dccrea.,e III the currl'Ilt dur illg oll-trlllt' or Illt'lCa"c: 

during off-time werc rl'lated tn the polari/atloll phel10lllCIlO/l 'Ille polar 1/:11 ((li! 01 ail 

electrode i.., commonly cla.,.,ificd li ... follow..,: ohlllie polarllatloll, COllcelltratloll 

polarization, activation polarizatiol1, cry'>lalJllatÎol1 pOlarl/lltlol1 amI feactlon (or 

chemical) polarilation. COllcentratlon and rl'actlOI1 polalli'atlOI! Ic.,ult Iroll1 a 

difference hctween the actrvity (or '>!ate) (lI the rCdctallh or produch ()I the clee! rmlt: 

processe!l at the clcctrode ihelf with the corrc"'polldmg value rll lire h,·lk plla.,e., 

(Hampel, 1(64).lhe raIe ofreactIon al tlrc ekctrodc\ 1\ u'-.lIally 1lIllltl'd hy Ilrc rate 

of ma~!I tramJer; !lO a concentratIon gradient l'XI..,!', l'or exalllple, Icactlon al the 

electrode can be the electrochemical dcpo,>ition (Jf the H' Ion.." Lq. (5-4), which 
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111Ight be form<:d from ùl~<.,ociatl()n of a weak add or a water molecule. Low mas~ 

trall~fer rate<., or tl1<: ratc~ of dl,,"oclatlon of a wetlk add or water may limit the 

~llpply of hydrogen Ion" Tlm rc"ult<., ln a drop III the currcnt (when the voltage is 

held COf1"tant or il ..,llIft III tlle volldge whell th<: currl'nt i,> helll wIl<.,tant) during on­

limc DUr1ng the ol/-llmc Ihe concentratIOn of H' ht.:comc~ more uniform sn that 

for the ~lIh,>eqllent on-lime the <.,ame variation of cum'nt occur<.,. In addition, during 

the off-lIme allother '>el of reactlom occur" on the clcctrodl''>, "kc Eq<.,. (5-1) to (5-3), 

prodllClllg an dectrochellllcal œIl and a current ln the rl'vcr..,c direction, i.e. from 

lowcr ln upper l'Iectrol1c SlIllllar tn the oll-tlme ~Ituatlon, a concentration gradient 

of the concerned "'plce,> l'\l',t'> ncar thc electrode~ thu'> rl''>ldling in a drop in the 

alNlllIle vaIlle of current (<.,ee ,>ection 4.2). 

The IS procc~<., WIth the ~horte~t off-lime (Oj ~) increa~cd the final average 

~olId content cOl11parl'd to the OC proce<.,~ under vari()u~ condllion'i and with 

different l1laterial.." namcly Bentol1lte, kaolin and red clay. Figure 5-2 ~h()w~ the 

diffcrellcc hClwccn the volullle 01 waln rl'moved by IS. Q(lS), and the volume of 

water rel1lowd hy D(', Ü(De), ~l' .. a fUllctiol1 of the l'nergy ~lIpplied to the electrodes. 

DaIa .Ire <.,110\\ Il for ott-lime,", of 0.5,3 and 20~. A'> Ihe off-LiI11~ decrea~ed the volume 

ot waler lellloved lllCfca,>etl. FIgun: )-3 ~how<., ~imi)ar data for IS (.30/0.5) with 

difterellt c:leclrolyte conccntratIom and Bentonite concentration~. In ail cases IS 

(30jO.)) rel1lo\'cd ahollt 2()-4Wi more water than DC'. Figure 5-4 (,oll1pare~ an IS 

(30jO.)) fun \\'Ith a rUll III whlch DC \Va!'> follmwd hy a pl'riod of IS (30jO.5) applied 

af'tcr dewaler Illg had '>lopped Ncar ly .2 cm3 of additional watel were removeu with 

an l'Ill'rgy e\pl'IHIIlUIC of about 250 J. Thi~ rcpre~ellb an average energy of 

dewatl'ri Ilg of aholll 2.5 Id jrnole, a value about Sr:'é of the heut of vaporization and 
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Figure 5-2 Difference in the volume of watcr removed hetwecn IS and De for 

various off-times vs. energy consumed for Bentonite. (9.1 wt(PfJ; 0 M; 1.0 cm; 2.75 V) 
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colllparahk. tn lhat ohtallll!d carly in a De dewatcring run. Thi~ i~ a c1ear indication 

01 the eJkltlvene.,., of IS nO!O S). 

S~JJJJ<l~U)iJJlUJltl n~l~ht 

}'igurc ),) .,how., the final pcrcentage of WéJter removed a .... a function of the 

IlIltlal hed hcight for DC dcwatering with a con~tant currcnt of 90 mA Two sets of 

e>.IH:rilllcnt .... wlth two initial .... alt conccntration.... arc prc~cllted; () M and 10-2 M 

('(l{ ï", l'or cOll1pari .... on. the data of .lu (199()) arc illcluded for a 9.1 wtr~; BCJ1!\lnite 

.... lI~pCI1~I()n <kwatcred 1I1ldcr CO!l.,tant De voltage with the "ame lIlitial :.tpplicd field 

for cach hClght .rll lound that the dricq oed wa., ootained for 41:' Initial hcd hcight 

of 2.1 CIII ln Ihe pre"cnt work for the 0 M ca .... c, il oed pf 1.0 cm initial height wa~ 

Ille dne~t t[t the end of dewatering and for the ur" M Gl"C, ail hcd~ had ncarly the 

"alllc final water W!11ent 

For () M initial "alt conccntration anù tlle large~t Iwight, 2.0 cm, the upper 

part 01 the hed hccallle dry and large l'rack ... appeared. Ju reported the same 

oh"crvalloll lm ':.X CIIl Initiai hed hClght The clcctrical re ... i.,tance or the oed al ... o 

II1crca~cd, pm~(hly hccall~c of the p()or contact al the eleclrode~ <.lue to the large 

v()ltJl1le~ of ga~ Ilherated The largc~t tlmount of water wa~ removed at an 

IIltamediall.. h~d heigllt; 1.0 cm in tll1<" work anu 2.1 cm in Ju\ work. For heights up 

to the intermcdiale one~ the final percent removal increa~ed with height. lu 

hypothe"llcd Ihal Ihl .... \Va~ the rè~ult of an increa~ed fIeld ~trength in the middle 

pOl t 1011 (lI 1 Ill' l)L'd (.1 LI, 1 t)l)()). 

I-Of lun" Wl!h 10'2 M illltiai ~alt concenll atlon. ail bed~ had nearly the same 

tillaI \Valcr conlent. Figure 4-7 shows that the water flux pel' unit charge was 
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Figure 5-5 Final percentage of wat!?' removed V~. initial hcd hClght for Bentonite 

Filled symhol~ for pre~ent data (9.1 wt%; 90 mA). Open ..,ymhol.., for Ju (l'jIJO). 

(9.1 wto/c; 0.001 M; Eo = 2.B V lem) 
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1 nocpcnocnt of the hed helght. The volume of water removed a', a function of energy 

comlllllptlOn l, pre...,entcd 111 hg. )-() '1 he volume, of water removed were the ~ame 

for allll1lt1al hed hel~hh untJl ncar the end of dewatering whcn an un,aturated layer 

wa ... formed 111 the upper part of the hed thu' preventing further dewatering (Yoshida 

ct al, 1 <JX'i), ., he ... e re ... ulh are in agreement wit l1 the implications of the 

1 klmholtl jS/lloludH)W,k.1 theory ln that the flux per unit charge i ... lTloependent of 

the hcd IIclght (,cc ,cctlO/l ).4). The cffech of the un~aturated layer and the gas 

Ilheratlo/l at the clectrode ... are more Important when no electrolyte i~ u:-.ed (0 M 

ca,e), '111Ct.~ they rc,lJltcd in different fmal wuter content (see Fig. 5-5). Previous 

work.er" IOlllld that the water removal rate and the final ,olid content increased with 

the addition 01 clectrolyte, (Lückharl, 1983; Ju, 19(0). Figures 4-1, 4-5 and 5-5 show 

"imilar rc,ulh Thc,c figure, al,o ...,how that the increa ... e is greater for a thicker bed. 

The revcr"c current and potential, whlch were dl~cus~ed in ~ection ... 5.1 and 

5.:2, and the ohl11lc re'l ... tance ncar the electrode~ reuuccd the effective field ~trength 

and current in the comtallt DCvoltage expenmenls. Ju (1990) reponed lower current 

for the t 11II1I1er heu, although the Initial field wa ... the ~ame. When the applied voltage 

wa, lowcr than the rcvcr,è potentlal, no currcnt f1owed. Ymhida (1992) reported that 

thcre wa" /lO cllrrent IIp 10 a thre~hold voltage when a uniform heu wa~ used. 

Since the current wa~ lower for thinner bed~ (in con~tant voltage experiments 

",ith the ~al11e initial field), the water flux per unit charge was higher (Ju, 1990). In 

c()n~tant currl' nt expl'f1menb, ~ince higher voltage must he applied to keep the 

l'UITl'nt con ... tant, due to the re\'cr~e potential and ohll1lC voltage drop, the water flux 

pl'r 1I1l1t charge \\ a ... lower for thllmer beus ( ... ee Fig. J-.f). When a sufflciently high 

ClII rC1l1 or \'oltage \\'a~ applied under suitable bed conditions no effee! of initial 
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Figure 5-6 Volume of water removed v~. cncrgy con<.,umptioll f()r BClltonite lI11der 

constant current. (9.1 wt%; 0.01 M; 90 mA) 
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Figure t;,,-7 Percent watcr removcd vs. energy consurncd per unit mass of dry 

BClltonite limier cOIl~tant current for three bed heights. (9.1 wt%; 0.01 M; 90 mA) 

• 97 



• 

• 

height on the wateT flux wa!o. found (!o.ec Fig. 3-15) . 

In Figure 5-7 the percent of water rCl110vcd i!'. plotted a!'. a funl'tion of the 

energy consumption per unit [llaS~ of dry Bentonite for the 10- 2 M inittal !'lait 

concentration ca~e. It show!'. that thc thinncr the hed, the Imwr the energ" cOJ1!'.lIllled 

per unit mass of dry Bentonite to remove the ~aI1le percent of water, i_l' tn l'~t the 

same final average solids content. The lIn~aturatcd layer formed !'.lIllllarly ln ail hcd~, 

since the rate~ of water removal were thc ~ame. Similar 1I1l.,atllratcd laye,., affect 

more a thin hed than a thick hed (the hig voltage drop over an lIn~atLllated layer 

depends to the percentage of it~ resi~tancc re~pect 10 the total re~i.,tallcc of the bed). 

Near the end of dewatering, where un!o.aturated layer wa~ formel!, the thll1 hed~ 

loosed their advantage (see Fig. 5-7) 

5.4 Compari~on with Helmholtz/Smoluchowski Theory 

Equation (1-6) can he rewritten as: 

(5-5) 

The quantity ue Ali repTe~ent~ the volume ofwatcr tran!o.portcd in m3 per coulomh 

of charge. The water flux per unit charge, W, is gi"cn hy 

u A 
W - 5.344x109 (_e _) 

i 

mole ----
Faraday 

(5-6) 

wherc the factor 5.344xl()9 has unit!o. of mole-C 1 m3·Faraday. Thc cncrgy of 

dewatering, ed is given by 
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kJ 
mole 

(5-7) 

where the factor 1.806,.<10-8 ha~ the units of m3·kJ 1 mole'). Equations (5-5) and 

(5-6) indicate that the water flux per unit charge is independent of bed height and 

..,(,If(l content. Sil:cc the addition of electrolyte~ decrea~es the magnitude of the zeta 

potentlal, (, and Increa~e~ the conductance, Â, the water flux per unit charge should 

decrca~e with elcctrolyte concentration. In the interrupted process, since no current 

i~ applied tluring the off-time. eq. (1-6) indicate~ that no dewatering should occur 

thll~ the rate of dcwatering !'.hould decrea!'.e in the sa me ratio as the fraction of off-

11111(,'. Sincc the rate of dewatering and the mean current (in interrupted voltage runs 

or the mean voltage in i!lterrupted current run~) decrease in the same ratio, the 

water flux pcr unit charge and the energy of dewatering ~hould not change (see eqs. 

5-6 and 5-7). Further, no effect of relative motion between the electrodes is expected 

from (>q~. (1-6), (5-6) and (5-7). 

The rcsult~ which were discussed in the previous sections did not agree with 

the IIcll11holtJ'/SI11()luchow~kl theory for the effects of interruption and electrolyte 

cOllcentration, IS (JO/O.5) gave greater dewatering than OC with a lower energy 

con~umptIOI1. Higher CaClz concentratlonlllcreased the rate ofwater removal as weil 

a~ the final ~olid content. Table 5-1 compare~ measured values of W and ed at the 

~tart of clectroosmotic dewatering with values calculated from eqs. (5-6) and (5-7). 

The l'IN cntry in the tahle i!'. for a con~tant voltage run in which the conductance of 

the collected \Vater wa~ l11ea~ured. The ~econd cntry is from Ju (19QO) who used the 

!'.ame Bentonite as in tlm. work. The third entry is for a different Bentonite which has 

a much highcr J'l'ta potential. The agreement between the data and the predictions 
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of the Helmholtz/Smoluchowski theory b poor in aH ca~es. For the pre~ent [l'MI1t~ 

the value of W computed from eq. (5-6) i~ mughly one-half of the l'\IWI illll'ntai valm' 

white the value of ed computed from eq. (5-7) i~ wughly a tactor of l\\'o largt'r lhan 

the data. The agreement with the data of Yukawa (llnX) i, l'Vl'Il \\Ol:-'l'. Thc 

predicted values of W and ed differ hy an ortler of magnitude frol1l the C\llt'III11l'lltal 

values with the predicted W heing larger than the data and the prcdkted ed • 

smaller. 

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

, À Vo W( molc~/Faraday) cd( kJ 1 mole) 

Source (mY) (Sim) (V) 
Eq.(5-h) Data bl·(5-7) Data 

This work* -15 0.238 5.5 269 570 1.97 OB , 

Ju (1990)* -15 0.292 2.8 219 4XO 1.21 0.4 

Yukawa ** -66 0.142 5.0 1985 no () 24 2.5 

(1978) 

* 9.1 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 Conç/lJ ... ion~ 

hom cxpcflmcnt~ on clcctrom.motic dewatering of Bentonite, kaolin and red 

clay lInder contmuou ... ami intcrrupted voltage or current the following conclusions 

arc drawn: 

1. Elcctr()o~ll1otic dewatering can remove ~ignificant amounts of water (up to 

7WYr, 01 the initial watcr wa ... removed) with energy expenditures weIl below the 

cncrgy rcquircd to vapori7e the water. 

2. Periodic Jnterrup~lon of the power for a short time when the electrodes 

were ... hort-circliited, IS (30/0.S), removed more water with the same energy 

C()Il~lIl11ption m, De. A~ weil, ncarly the sa me amount of water was removed when 

IS (JO/O,) wa ... applicd at the end of a DC run as was obtained with IS (30/0.5) 

applied from the ~tart dcwatcring. 

3. The hcight at wllich the maximum percentage of water wa~ removed, was 

dlffcrcnt lor diffcrcnl condition of voltage and current. Becal1~e the reverse potential, 

rc~i~tallcc llear the elcctrode ... and polarization cau~c this ~hift in optimum height. 

4. A thin bed (O.S cm) wa ... dewatered to the ~ame average percent solid~ using 

Ic~~ energy than thid.er hed~. 

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

(1. The water rCl110val rate and the final solid content increased with the 

addition of ('aCI2 . 
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7. The HelmholtzjSmollichowsk.i thcory did Ilot agrcc \\'Ith the :'\pcrillll'Iltai 

reslilts for the effeets of interruption in power and clectrolyte (.'Ollct.'Il:latiol1. 

6.2 Reeommendatiol1s 

The follo'V.!:dg areas are recommendcd for fllrther e\perlmental rc~carch: 

1. A study to show the effeet of the freqllency 111 the intcrruptcd rl'gill1l'~ (IS 

and 10). 

2. A study of the effeet of rever~ing the polarity (lI' the ele<.'l[()dl.'~. Thi~ 

interrupted regime may re~lIlt in a more 1I111form water content, pli and 

eleetrochemieal changes, thu~ preventing excc~~ivc drying at the anode and reducing 

the reverse potential. 
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• NOMENCLATURE 

A crmc, .,ectlonal arca of the hec.! [m2] 

a cro~~ ~eclI()nal area of a capillary [m2
] 

Co ini' al CaCl2 concentration [M] 

Do ... malle ... ' diameter ill ... il'c ol~tribution [ml 

Dm largc ... t OIUlllctcr in ... I/C ÙI~triblltion [ml 

E clcctric fIeld qrcngth [V jem] 

E 
(J 

applied field ... trclIgth [V jem] 

Eor (lxldatioll potential [V] 

Er Cllcrgy c()n~umption [J] 

Eo initial flcld ~trcl1gth [Vjm] 

ed cncrgy 01 dewatcring [kJjmole] 

F Faraday (9fl500 C()ulomh~) 

H bed Iwight [cm] 

Ho initial hcù hcight [cm] 

clcctric currcnt [mA] 

KI Debye thickne~~ lm] 

M f110lccular wl'lght of water [g/mole) 

1l(D) llulllhl'r di~l f1hu t ion 

Q volullll' of watcr rCllloved hy electroosmo~is [cm3
] 

Q rate of water rC010val [em3 js] 

R capillary radiLl~ [ml 

So illlliai wlid content [wt%] 

1 t i Illl' [s] 

11 on-liml' [s] 

t" off-liml' [s] 

Il 
l' 

clectroosl1lotic velocity [mjs] 

V ovl'wll voltage [volt J 

• Vo Initial applied voltage [volt] 
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• W water flux per unit charge Imok ... /FaradaYI , zeta potential IvoItI 

E dielectric c()n~tant of the bulk tluid 

E:o permittivity of free ~pace Il';' /.1 .ml 

E: w volume fraction of \vater 

" viscosity of bulk f1uid IU/nu·1 
}.. specifie conductance of the hulk tluid IS/m] 
p density of water l"-g/m31 
Cl rotation speed Ilpml 
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