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We devised an experimentalapparallJs 1.0 simulate the clectrOOSlnotir! awi hydraulic t10\V of 
wOlLer during ci("c·tmkinrlir. soil dpcoll1.aminat.ion process. The appawtus is an open box \~ith 
d eet rode companmenls at Lhp. hoth p.nels and a central compartlll~ll\. ill \ .... hich soil sample is 
packed. A laminated wi re gauze- nylon net was used as cathod(:-cum-scparalor. The opening 
(If the wire gauze should be> 1 mm 1.0 1p.1. ev( )lved gas escape freely. The C<'lthode COlOparl.llle lll 

was filled with wate r and a graphite rod immersed whecpin was used as the a node. The d ra ining 
conduit was attached to the cathodic ~1l(1 at a posit ion lower than t.hc wa ter table in the ,mode 
compart.melll. tJ lH\er this setup, the clcctroosmotic and hydraulic now t:ont.ribl1tes to the water 
flow through ti le soil. To evalLlate thf~ elcctroosmmic flow, \.tle fl ow ul\der 7.~r(l electric field was 
~ubtracted from the t.otal \vater flO\v, Experiments with a soil v"ith mixf! (l mineralog:v showt:d 
the slIbtraction method gave fairly reproducible results with respect to the rate of clectroos ­
maLic flow. 

INTRODUCTION 

By passing a direct current. be1.\veeu paired electrodes inserted in moist soil , soil 
solution flows toward cathode and ionic solutes in soil solution travel toward oppositely 
charged electrodes. The convective fl ow of soil solution and the movement of ions are 
referred to as electroosmosis (EO) and electromigration, respectively (Hunter , J 981). 
Extensive s tudies have been carried out to utilize these electrokinetic phenomella to 
remove contam inan t~ from soils (Acar and Alshawabkeh, 1993). These studies showed 
that the electrokine tic soil decontamina tion technology is advant.ageous in that it can 
process contaminated soils in situ and that the cost. for processing is relative ly 1m\' 
(Schultz, 1997). However, the studies also revealed the need for further research to 
overcome some shortcomings and increase efficiency (Acar and Alshav,.'abkeh, 1993) 
before it is implemented in the field. 

Many researchers have been conducting laboratory scale experiments to solve the 
pro h lems: e . g. , hydrolytic precipitation of migrated cationic heavy metals near lhe 
cat.hode (Zhonmillg et ILl. , 1997, 1998) and to increase the recove ry of contaminants 
(Yeung et aI., HHJO; Fuppala et al. , 19~)7 ; Coletta et at., 1997) e tc. In most of these 
experiments, soil or clays were packed in colwuns, saturated with water or conducting 
solutions and a DC is applied on the both ends via metal or carbon electrodes (Grundl and 
Heese, 1997). The experimental apparatus using a packed column is convenient for 
realizing saturated flow throughollt the soi l hody and for regulating the contribution of 
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hyd raulic fl ow of soil solut ion. On t.he other haud, it has a difficulty in le tling gases 
generated hy electrolysis of water escape and it needs consolidatioIl in packing a soil to 
avoid void fo rmatioll due to shrinkage uf the soil. Probably d ue to the entrapment of 
gases al elect.rocle/soil interfaces , the rep roducibility ill elec trokinetic flow rate is not 
necessarily high (Grundl and Reese, 10D7). In addition, the experimental results from t.he 
COIUHllI experiments give less straigh t.forwa rd infof matiUlt fo r desig nillg field expcrinH~nt.s 

becallse the so il s urface is open to th e atmosphe re in the field and unsat.ura ted flo,\, may 
p revail at least in upper parl of tho so iL Recently Kubo alld Kcl\vachi ClOD7) used oven 
buxes \\~ th packed polluted clay samples ill lllodcl l~xperiments for electrokinetic r l'rtloval 
uf eu, Pb and Cr. In t.heir c:xperiment, however, the reproducibility in I1mv rate d (; . was 
nut examin ed. 

In the present study, we d(~s igned all expel'irnentai apparatus, whidt is suitable to 
s im llla t.e fie ld p rocesses and fre e from gas ent. rapment at electrodes. The prepared 
apparatus was tested in terms of thp rpprooll r ihility in ('1E'ctrokinelic flow ratc and the gas 
problem. 

REQUIRREMENTS AND SOME THEORETICAL CONSIDERATION 

Fjg. J shows a basic installation expeeted iT1 in situ electrokinetic soil decontamina­
t ion prac t.ices. The cat.ionic contamina.nt~ mig ra t.e toward the cathode while anionic 
contaminan ts migrat.e !ooward the anode. At the same lime , soil solution con tain ing 
neul ral contaminan ts arc transported by electroosmosis t.o the cathcxie and drained in the 
cathodic well . To compensate the clcctrooSHlO1.ic drainage and keep the soil conductive, 
a dilute electrolyt.e solution should be supplied from the anodic ·well or [rom soil surface , 
Since th e soil solut.ion undergo gravitational now, rh e cathode and the cathodic well 
should be deeper than the anode alld anodic well to collect the neutral contaminan t 
quan ti tatively. To effect the combined hydraulic and electroosmotic 11ov\', the cathodic 
\vell is bette r to be emptied Ollt , e. g., by pWHpi l1g. 

Pump Cathode 
Power supply Anode 

+ 

Fig. 1. Sd wmatic diagram of possihle electrodt'! an angement. ill fi eld implelllen l..atioll of 
eledrokinelic soil deconWmin(itiOl I I.echnique. 
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To simulate the flow in an enviromnent depicted in Fig. 1, the experimental apparatus 
should be an open box , in which a soil sample is packed or a prism of undisturbed soil is 
placed. 

Under a saturated flmv condition, rods or plates of carbon or any acict- and 
alkali- resistant metal immersed in anodic and cathodic solutions fWlction as electrodes. 
Under an open tlow condiLion ",iLh an emply calhodic well (l·'ig. 1), some modit1cation is 
needed to maintain electric conductance between the cathode and a soil. Because, a gap 
will be formed between the cathode and a soil by generated gases, resulting in poor 
electric conductance. To leI. I.he generated gas escape without forming a film at the 
electrode/soil interface, the elect.rode should be a carbon or metal screen. 

Fig. 2 shows a s ketch of a rlevised electrode assemblage, which is made up of a 
stainless Vvire mesh lined with flexible nylon cloth. Although la rger effective area of 
cOlltact is expected for smaller mesh, it is unfavorable for free escape of the generated 
gases, particularly when the electrode well is flooded. 

Suppo::;p openings of a v.ire mesh are circular with a radius r [m] and t.he electrode 
well is flooded, an external pressure of 2Tlr is needed to let the generated gas escape 
from the openings , where T IN m 'J is the surface tension of the flowing solution. 

Under an applied DC, the external pressure is generated by electroosmosis and the 
electroosrnotic pressure must overwhelm the cohesion by surface tension. The 

Fig. 2. Sketch of cathode assemblage made up of a coarse meta] 
gauze and fmer nylon net. The opening of the metal gauze 
should be > 1 mm. 
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electroosmotic pressure is given by (k,./kI.)E, where k,. [m~ V ~ S 1] is the electroosmotic 
permeability, k/! lm2 Pa-; 8-1] is the hydraulic permeability and E [V] is the e lectrical 
potential difference (Casagrande, 1949). 

If the electroosmotic and hydraulic permeability of a soil is known , t.he opening of the 
wire mesh should be such that satisfies the inequality 

2Tl r< (kJ k, )E ( I) 
The values of kit and k" of soils subjected to electrochemical remediation are around 

lO "'m' Pa ' s-' and lO-' m' V s ' (Jacobs and Probstein, 1996; Schultz, 1997), respectively 
and E is usually from 20 to 50V. The resulting electroosmotic pressure is about 200 to 
500 Pa. To satisfy the inequality in (1), ,. should be larger than about 1 mm. 

DESIGN OF APPARATUS AND TESTING METHODS 

The experimental apparatus designed to meet the requirements discussed in the 
previous section is 5ho\\11 in Fig. 3. The apparatus was made \\lith acrylic plate having a 
thickness of 5 nun. The dimension of the apparatus was 200 mm in length, 50 mrn in ,,\-;dth 
and 60 mm in depth. The anode compartment and centra l compartment in which soil 
sample is placed was separated with a nylon net and the electrode assemblage depicted in 
Fig. 2 was used as anode-cum- separator. A graphite rod was placed in the anode 
compartment. 

Throughout the experiment an Ap soil sample from the expe rimental fann of Kyushu 
Cniversity was used. Prior to use, the soil sample was air-dried and passed through a 
2-null screen and packed in the central compartment of the apparatuses. The organic" 
carbon content of the soil sample was 15 g kg-' , the clay content was 246 g kg', and t.he 
effective cation excbange capacity was 8.7 cmol( +) kg-'. The clay fraction contained 
venniculite, kaolin and micaceous minerals. 

, , 
::<141---- 150mm ----•• : , , 

Fig. 3. Schematic diagram of experiment.al arrangement. The vertical positi on of I.he draining 
cunduit is variable. 
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By connecting the experimental apparatus packed \vith air-dIied soil to the reservoir 
of t.ap wat.er, wat.er raised from the bot.tom to the surface, saturating the void. \1.,-'hen the 
soil had saturated with water, the water table in the anode compartment was set 5 mm 
below the soil surface. 

In general, it is extremely difficult to set the vertical position of the draining conduit 
at exactly the same level to that of the water table in the anode compartment and even a 
slight upward deviation would cause back pressure to the electroosmotic flow. In 
addition, the surface tension of water v.ill prevent smooth drainage from the conduit even 
if it were set at exactly the same vertical position to that of the \vater table in the anode 
compartment. Thus, the draining conduit was placed at> 5 rnm below the water table in 
the anode compartment. \\lith this setup, the electroosmotic flow as well as hydraulic 
flow contributed the drainage from the conduit. 

The drained \\'ater was received in a tared polyethylene bottle and weighed 
periodically to estimate the volume of the effluent. The water was kept drained \Vithout 
voltage load until the hydraulic flow became stationary and then voltage was applied. 

All the experiments were carried out in triplicate. 

RESULTS OF TEST RUNS AND DISCCSSIO:-J 

Fig. 4 shows the results of a test run, in which the draining conduit was placed lOmrn 
below the soil surface and a voltage of 20 V \vas applied 23 h after the start of the 
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Fig. 4. Cumulative effluent volume vs. t.ime in an experiment in which draining 
conduit. \ ... a8 placed at lOrrun below soil surfaee and 20V was applied. The 
vertical line indicates the voltage applicat.ion. Three plots are the results 
from three replications. 
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experiment. 
Water was drained at a significant rate dup. to thp hydrallli(' heRd rllfference between 

the anode and cathode before the application of voltage. The plots of the cumulative 
volume vs. time were linear for time< 23 h, -indicating that the hydraulic flow was 
stationary. However, the rate of the hydraulic flow greatly differed among the 
replications. This is probably because water mostly flo-wed through a thin surface layer 
where t.he soil would be more heterogeneous in terms of air-entrapment under the 
hydraulic regime adoptNl in this experiment. In addition, the slight difference in the 
rouglmess of the soil surface would have affected the: flow. The flow rate estimated by 
linear regression analysis was 1.15, 1.58 and 3.99 mL h-c for the three replications. 

After the application of voltage, the volume vs. time plots inflected upwards, 
indicating that EO contributed the water flow as well. To evaluate the net electroosmotic 
flow, the linear portion of each plot for time<23h was extrapolated to tirne>23h and 
thus predicted contribution of the hydraulic 11m:!,; was subtracted from the total flow. The 
results are shovffi in Fig. 5, in v,rhich the calculated Ilet electroosmotic flow was plotted 
against time after voltage load. 

Fig. 5 shows that the predicted Ilet eleet.roosmotic flow v,ras quite similar among three 
replications at least within 5 h after voltage load irrespective of big differences in the total 
tlow (Fig. 4). This is a reasonable result since the electroosmotic flow through porous 
media primarily depends on the surface charge characteristics of the media and the 
applied electrical potential, while the effects of the size and shape of pores are relatively 
small (Casagrande, 1949; Hunter, 1981). This experimental result suggests that it is 
possible to evaluate the net electro osmotic flow by subtracting the contribution of 
hydraulic flow. 
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Fig. 5. The net electroosmotic now VS. time after voltage application 
calculated from the data in Fig. 4. 
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After 5 h of voltage load and on, however, the difference in calculated electToosmotic 
flow among the replications increased. This may due to a fluc tuation of hydraulic fl ow 
rale or heterogeneous change ill ~urface charge characteristics among thc rcplications 
due to the migration of ions. Nevertheless, the d ifferences in the calculated ne t. 
electroosmotic flow at about 25 h after voltage load among the replications were much 
smaller than those in hydraulic flow. The averaged electroosmotic flow rate estimated by 
linear regression analysis \vas 1.06, 1.16 and 1.53 mL h-I for the three replir:ations. 

The entrapment of tlie evolved gas between the anode and soil was not noti ceable 
throughout the experiment. 

Fig. 6 shows the result of another test nIn, in which water \-vas drained from the 
bottom of the cathode compartment and a voltage of 20V was applied after 9.7.5h and 
then it was sv.i tched to 60Vafter 18.6h. 

\Vith a much larger difference in hydraulic potent ial head of 45 mm between the 
anode and cathode compartments, the flow rat.e was much larger than in the pre",i ous 
experiment ( F'ig. 5). Although t.here were signiticant differences in flow rate among the 
three replications , the magnitude of the d ifference was much smaller than that in the 
previous experiment (Fig. 5). This is probab~y because water flowed through entire body 
of the soil under this hydraulic regime. As seen from the straight nature of the plots, the 
hydraulie waler flow was stationary and the flow rate was 8 .47, 10.09 and li .f>6 mL h' l

, 

respectively. 
The application of a voltage of 20V caused no noticeable increase in flow rate. By 

applying OOV, on the other hand, significantly increased the nuw rat.e as seen from the 
llpv.'ard inflection of the plots in Fig. 6. Th e net electroosmotic flow was again cstiInated 
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in a similar manner used to obtain the results presented in Fig. 5 and the calculated net 
cumulative clectroosmotic flow was plotted against time after applying 60 V in Fig. 7. The 
calculated net clectroosmotic fl ow was quite similar among the replications and linear 
with respect to elapsed time after voltage load. The linear regression analysis applied to 
the data plotted Ul Fig. 7 gave a coelficient of determination of 0.9957. The flow rates 
estimated from the slope of the plots were 2.19 , 2.20 and 2.29mL h- I for the three 
replieations with an average of 2.22 mL h-l , 

Tl, e experimental results presented in Figs. 4 through 7 show that the open- fiow 
apparatus designed ill the present study can be used to sjmulate the water flow expected 
in the field implementation (r~ig. 1). The drawback of being difficult to simulate ollly the 
electroosmotic flow under zero hydraulic head was partly overcome by subtracting the 
contribution of calculated hydraulic flow. 

The theory of EO in porous media (Hunter, 198 1) claims that the electroasmotic flow 
rate is proportional to electrical potential gradient. if otherwise the experimental condition 
is tho same. The experimental data given by Casagrande ( 1949) on various soils and clays 
approximat.~ l y sat is fies this relation . In the present expe rime nt , the calcula ted 
clectroosrnotic flow rate increased from 1.06-- I.53 mL h ' to 2. l 9-2.29m L h ', only about 
1.8 t imes. as electrical potential gradient tripled. This may suggest that the separat ion of 
electroosmotic and hydraulic flow by calculation may not have been complete. A possible 
cause for the deviat ion from the theoretical prediction is the formation of unsaturated 
zone near the cathode in the experiment in which water wa.. .. drained from the bottom of 
the cathode compartment. To identify the exact cause, further experiments v.-ith more 
homogeneolls materials, e. g., kaolinitic or illitic clays, is needed . 
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