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Abstract

Electrokinetics (EK) is a technique for soil remediation. However, the acid produced due to the water electrolysis at the anode will cause soil
acidification, which may destroy the soil constituents, and reduce contaminant removal efficiency. The formation of a base front produced at the
cathode will result in the precipitation of metal hydroxides and a concomitant clogging of pore space. In this study, a circulation-enhanced EK
(CEEK) system is designed to neutralize the pH of the working solution and soils for avoiding the above problems. Experiments are conductec
by controlling different voltage gradients, electrode materials, and electrode emplacement, respectively. According to the experimgntal result
the CEEK system could effectively stabilize the current and the pH of processing solution at a neutral range. The strength of voltage gradient i
proportional to the current magnitude of the CEEK system. The graphite electrode for CEEK is the better choice than the metal electrodes becau:
graphite electrodes can achieve the lower electricity consumption. The electrode installed in the reservoir without attachment on soilsean decrea
the pH deviation of the soil matrix.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ing EK operation (even the soil acidification may be beneficial
to the release of heavy metals from the soil), which may dramat-
The electrokinetics (EK) has been developed for severakally destroy the soil constituents and cause the failure of the
decades. In the early stage, EK is used to dewater the soil 16K system[8]. Especially for the agricultural lands, the fertile
enhance the soil mechanical stress. Applied to soil remediatiospils may not be cultivated after EK treatment due to the loss
EK process has been regarded as an effective means to clean tferganic nutrients and the low pH condition. In Taiwan, most
sites contaminated by different pollutants such as heavy metalsites contaminated by heavy metals are agricultural lands, there-
organic chemicals, and radio nuclide wgdte5]. The mainfea-  fore, it is expected that the contaminated soils can be recovered
tures of EK techniques (DC, AC) comprise: (1) serving either ador the agricultural usage.
an in situ or an ex situ technology, (2) possessing high removal In order to overcome the soil acidification of EK system from
efficiency for different contaminants, (3) producing an electroosthe anode compartment toward the cathode compartment (high
motic (EO) flow in the heterogeneous soils, (4) applicability forsoil-pH gradient between the anode and the cathode), several
the contaminated soils of low hydraulic conductivity, (5) exert-innovative techniques have been established such as: (1) the
ing high economical effectiveness, and (6) integrating with othecontinuous addition of acetic acid (GHOOH) at the cathode
chemical or biological technologi§s, 7]. Although EK presents  to buffer the pH of solution and (2) the installation of ion selec-
many advantages, the drawbacks of EK process have also betare membrane such as Nafion membrane between the soil and
considered. One major disadvantage is the soil acidification duthe cathode for the prevention from metal precipitaf®t0]. In
contrast to a simple EK process, these innovative techniques are
called “the enhanced EK system”. In this study, an EK process

* Corresponding author. Tel.: +886 4 23323000x4210; fax: +886 4 23742363/VI(h Circulation system is designed to avoid the high pH gra-
E-mail address: changjh@cyut.edu.tw (J.-H. Chang). dient and soil acidification. According to our previous studies,
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this circulation-enhanced EK (CEEK) demonstrated a slight pHprecipitation of metal hydroxides and a concomitant clogging
gradient, a stable EO flow rate, and the low current consumptioof pore space.
[11]. In comparison with the above EK system, the CEEK sys-
One pair of electrodes installed into the subsurface with DGem can be operated under relatively neutral pH, stable current
current basically constructs an EK system. When the DC curand EO flow rate condition§l8]. Although the CEEK has
rent is applied to the EK system, several transport mechanismabtained some satisfactory results, several critical operational
will be induced to remove contaminants including electroosmoparameters for real-field application including voltage gradi-
sis, electromigration, and electrophoresis. The electroosmosisént, electrode material, and electrode emplacement have not
attributed to the excess charges on the soil surface. Under theen clearly understood. It is essential to learn of the corre-
electrical field, the hydrated ions in the double layer of the soilations among these operational parameters and CEEK system
will be driven from one end to the other, which will move the performance to optimize applying conditions. The purpose of
pore-liquid in the soils simultaneously. When the electroosmotichis research is to study and explain the electrochemical effects
flow through the soil matrix, contaminants can desorb from soil®f voltage gradient, electrode material, and electrode emplace-
into the pore-liquid and flush along with the electroosmotic flux.ment on the CEEK system. By means of monitoring the pH of
The electromigration and electrophoresis, respectively, reprevorking solution and soil, solution conductance, water content
sents that the ions and soil particles in the pore-liquid flow fromof soil, and system current, the electrochemical characteristics
one electrode to the other. For ionic contaminants, the electraf the CEEK system are interpreted and the feasible parameters
migration is the major driving force to transport through soils.are found.
In addition to transport mechanisms induced in the soil, some
electrochemical reactions occur on the electrode surfaces suéh naterials and methods
as water electrolysis and ion redox reacti¢h2]. These reac-
tions description can be written as follows with exemplification  goj| samples were collected from an agricultural site

of the sodium carbonate as the working electro[¢: near Chaoyang University of Technology located in Taichung
County, Taiwan. After 24 h air-dried process, the soil character-

Anode: istics including soil texture, specific gravity, pH, soil water con-
%HZO — Ht + 21102 +e 1) tent, anq organic mattercontgnt are d_etermih'able lpresen'Fs
the obtained results and their analytical methods. According to
CO3™ — HCO3™ + €~ (2)  Table 1 the soil sample is categorized as a sandy soil with a neu-
Cathode: tral pH. The water content and the extent of the organic matter
' is 1.9 and 2.2%, respectively. After putting in the 58Doven
H.O+e — OH + %Hz (8)  for24h, the extent of organic matter of soil is determined by the
L weight loss of the soil sample.
Na"+e” — Na (4) Fig. 1shows the sketch of the laboratory EK reactor. The EK

cell is made of PVC with the dimension of 20.0cm in length,

Moreover, some other chemical reactions including ions precipg o cm in width and 10.0 cm in height. Itis divided into two com-
itation, electroplating, and organic electrolysis also occur in thé)artments: the central one is for storing soil sample and the other
soil matrix or electrode surfacg4]. These reactions may occur s for working solution as reservoir. The soil sample is mixed
simultaneously and complicate the process. with electrolyte solution (about 20% water content), then, care-

Among electrochemical reactions, the water electrolysis igyly stowed in the central compartment. To avoid soil leakage to
related to the EK performance. According to E(B.and (3)  the water reservoir, a pair of nylon meshes (Spectrum model PP,
water moleculgs will be oxidized into oxygen an(_j protons)(H mesh opening 14@m), and a filter paper (Whatman No. 1) were
atthe anode; simultaneously, water molecules will be reduced tgjaced between the soil sample and electrodes. The electrodes
hydrogen and hydroxide ions (Otjat the cathode. Depending are punctured to make the pore-liquid pass from specimen to the
on the electric current and the charge transform at the electrodesy|tion reservoirs. Constant voltage is delivered by a DC power
the pH of solution at the anode may decrease around 2.0 argqumy (IP 200-21 DS). A circulation pump is used to carry the

that at the cathode may increase to JA8]. The protons will - \yorking solution from the cathode to the anode for neutralizing
be transported from the anode to cathode under the electricgh .

field and pass through the soil matrix. When these protons react
with the soil, it will change the surface charge of the soil, which
decreases the EO flow rate and removal efficiency. Chang et

[16] reported that the EO flow would even cease when the pH a

Table 1
asic characteristics of the soil

the soil is lower than the ptbc of the soil. The value of ppbe ~ Characteristics . Method
presents the zero surface charge of soils at this certain pH valuesxture Sand ASTM D2217-85
which is relevant to soil mineralogy and pore-liquid compositionSpecific gravity (g/crf) 21 ASTM D854-92
[17]. The soil acidification may ultimately make the EK system Soil PH 7.0 NIEA S410.60T

. o Water content (mass%) 1.9 NIEA S280.61C
fail due to low pH soil without the EO flow. For the OHat Organic matter content (%) 22 [19]

the cathode, the formation of a base front will results in the
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Fig. 1. The schematic diagram of CEEK system: (a) power supplier, (b) soil 4 o 2,4 " > ; o T .
matrix, (c) solution reservoir, (d) electrodes, (e) circulation pump, (f) thermome- 7 ) 6
ter, and (g) sampling hole. Time (hr)

Fig. 2. pH of working solution vs. operation time under different voltage gradi-
ents.

The experimental factors for conducting the EK tests includes. . Effect of voltage gradient
voltage gradient, electrode material, and electrode emplacement.
The voltage gradient of 0.5, 1.0, and 2.0 V/cm is used individ- High voltage may enhance ionic contaminants mobility
ually. The electrode material is graphite, titanium coated byand increase electrochemical reactions rates particularly at the
platinum (PT), and stainless steel (SS), respectively. In ordesinode, thus producing more protons and decreasing electroos-
to test the factor of electrodes position, electrodes are placadlotic transport. In contrast, low voltage may not sufficiently
at each electrolytic compartment right behind the membraneslean up the contaminated soil. Hence, it is necessary to gain
(electrodes attached on the membranes) and suspended in ihsight into the effect of voltage gradient on the CEEK and find
reservoir (electrodes hanged in the middle of compartmentlput the appropriate operational values.
respectively. The pH and conductivity of working solution, the
system current are measured at selected time intervals; while].1. pH and conductivity
pH and water content of the soil are determined at the comple- Figs. 2 and 3how, respectively, the pH and conductivity vari-
tion of electrokinetic experiments. For obtaining the EO flowation of working solution as a function of operation time under
rate of CEEK, an individual experiment is conducted. For thedifferent voltage gradients. It can be seen that all pH and con-
experiment, a cathodic electrode without punctures is attacheglctivity variations approach to a similar trend, that is, pH and
on the specimen and a sampling hole on the central compar¢onductivity decreased in the beginning and gradually reached a
ment close to cathode end is set, which causes the pore-liquiglable status. During the CEEK operation, the processing solu-
can be collected to determine the EO liquid volume. The worktion is continuously neutralized with*Hand OH- by circulation
ing electrolyte is 0.01 M N£COg solution for all experiments. system because water electrolysis produces acid and base at
All chemicals were purchased from Fluka Co and the purity isanode and cathode, respectively. The pH of the solution, thus,
greater than 97.0%. The electric conductivity of working solu-changes and gradually reaches the equivalent titration point of

tion is monitored by a conductivity meter (Suntex Co., modelthe electrolyte. In other words, the reaction of water electrolysis
SC-170).

2400

—8— 05Vem'!
3. Results and discussion = —v— 1 Ven’
<2000 —&— 2Vem
For an in situ engineering technique, the operational param- « 1800 ¥
eters and the construction of facilities are critical. Because the
electricity consumption is a major operation-cost for the EK
technique, the well-controlled voltage apparently is a top prior-
ity among operational parameters. In addition, the selection of
electrode’s materials relates not only to electrochemical reac-
tions on the electrode surface but also to the remediation cost. ']

Conductivity (u
2 B
g 2

The installation position of electrode will influence the con- 800 . . . . . .
struction engineering and may induce some impacts on the EK 0 e
system. Accordingly, the voltage gradient, electrode material, Time (hr)

and electrode emplacement play the critical roles for the CEEkig. 3. conductivity of working solution vs. operation time under different volt-
process. age gradients.
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dominates the pH kinetic behavior. Since the reaction rate of 14 -
water electrolysis is related to the electric potential, electrode 131 = 1 ven'
surface properties, temperature, etc., it is difficult to quantify 124 2V oo

the dynamic phenomenon in detail. However, the change rate of
solution pH increases with the increase of voltage gradient as
expected. When the CEEK reaches the steady state, the magni-
tude of stable pH is attributed to the electrolyte species. As the &
solution is in the presence of the electrolyte with high equiv-
alent titration point (i.e., high K, value), its pH is relatively
high. In this study, the equivalent point of carbonat€{p 6.37,
10.33), which causes the average solution pH under 0.5, 1.0, and
2.0 V/ecm maintain around 7.1, 6.6, and 6.0, respectively. All pH
values in the CEEK system are close to the equivalent point of
carbonate and different voltage gradients alter the pH of pro-
cessing solution slightly.

FromFig. 3, it can be observed that the conductivity dropped Fig. 4. Distribution of soil pH under different voltage gradients.
in the beginning, then, it increases gradually depending on the
applied potential. The magnitude order of solution conductivpH of section D. In addition, the soil pH will be also influenced
ity followed the sequence of 0.5<1.0<2.0V/cm. This can beby the pH of working solution since the solution in the reservoir
attributed to the voltage gradient that influences the solution phwill enter the soil specimen by electroosmosis. Therefore, the
which in turn has a significant correlation with the solution con-soil pH of sections B and C depends on the mixing status of acid
ductivity. In general, the solution conductivity can be roughly and base frontinduced by water electrolysis and electroosmosis.
calculated by the total conductivities of ions in CEEK system.lt is noticed that the soil matrix possessed a higher pH gradient
As exemplified by sodium carbonate, the equation of computingvhen the EK system employs high voltage gradient. This phe-

S = MW Bt O S
PR S

Section

total conductivity presents as follows: nomenon is also influenced by the reaction of water electrolysis,
. . which may result in the system failure especially after a long-
KNapCOs(aq) = A p+ - Cy+ + Ao~ - Cop- term operation. For the consideration of water content of soils,

the water content of soil in all sections remain from 18 to 22%
based on experimental data (not shown in the paper). Comparing
+ Aoc032* “Ceogz- + A°Nat+ - Cnat (5)  with the initial water content (20%), results indicate that water
content of soil in this CEEK system can be maintained stable
regardless the voltage gradient. This implies that the EO flow
rate and the infiltration rate of the tested soils (i.e., sandy soils)
can reach certain balanced status.

+ AOH2C03' : CHzCOs' + AOHCO?: . CHCOS—

where« represents the conductivity (S/mi°.+, A°qn- ...
A°Na+ represent the molar ionic conductivity ($hmol) at infi-
nite dilution;Cy+, Cop- - - - Cnat represents the concentrations
of differentions (mol/m). Among all ionic species in the CEEK
system, high ratio of conductivity contributed by ldnd OH"
due to their high molar ionic conductivities (i 349.8 and
OH~ =199.2 S/(M mol). It indicates that the solution conduc-
tance is dominated by the water electrolysis. When the pH valu
is close to 7.0, the total concentration of lnd OH" is the
lowest in comparison with other pH value. Therefore, values o
conductivity increase with decreasing pH.

3.1.3. Current and EO flow rate

Fig. 5shows the current of CEEK as a function of time for
different voltage gradient values. Each current results from 0.5,
‘f.o, and 2.0 V/cm operation decreases initially, then, maintains
]around 15, 20, and 60 mA, respectively. The current is pro-

100

3.1.2. pH and water content of soils % -~ ‘:'i,‘;:ﬁ"l
After 168 h treatment, the soil matrix is divided into four sec- —& 2vem'

tions A, B, C, and D from the anode to cathoH#y. 4shows the
distribution of soil pH of each section under different voltage
gradients. Results present that the soil pH in section A ranged
from 3.0 to 8.5, those in section B ranged from 6.5 to 9.5, those
in section C ranged from 10.0 to 11.0, and those in section D
ranged from 10.5 to 11.5, respectively. Considering the average
value of each section, soil pH close to anode is the lowest (sec-
tion A) and that close to the cathode is the highest, which is in
agreement with the results reported by Narasimhan and Ranjan
[20]. This can be attributed to the'hproduced at the anode that
acidified the soil vicinity (section A) resulting in the lowest pH.

In contrast, the OH from the cathode causes the highest soil Fig. 5. Current vs. operation time under different voltage gradients.

Current (mA)

0 24 48 72 96 120 144 168
Time (hr)
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1200

n the kinetic viscosity of pore-liquid (N s/ci L the soil column
length (cm),E the electric potential (V cm), and the cross
310004 sectional area (cf).
E 300, ) Qe=Ke-ie- A (7)
= —— 05V Ct':'l
> ool o where Qe is the EO volumetric flow rate (mL/s¥e the EO
g permeability coefficient (CRI(V s)), ie is the voltage gradient
Ei 400 (V/icm).
S Table 2lists the EO flow data through the CEEK system
2004 ’ that computed by Eq(7). The EO flow rate is 4.16 104,
1.83x 103, and 3.13«< 103 mL/s at the voltage gradients of
0 ‘ . ‘ . ‘ 0.5, 1.0, and 2.0V/cm, respectively. The corresponding EO
0 24 48 72 9% 120 144 168 permeability coefficients are 1.4810°°, 3.27x 102, and
Time (hr) 2.79% 10-5cm?/(V s). For the values, Acar et 422] reported
Fig. 6. EO Cumulative volume vs. operation time under different voltage gra-Ke vValues generally ranged from 10to 2x 10> cm?/(V s);
dients. Lin [23] reported Ke values ranged from 4.810°° to

2.2x 10~°cm?/(Vs) as the voltage gradient ranged from 1.0
portional to the voltage gradient in certain degree. Since théo 3.0 V/cm; Mussd24] reported mosKe values ranged from
system current is related to the electric resistance of electri0.3x 102 to 10.0x 10~2 cm?/(V s) for different soil types and
wire, solution conductivity, soil properties, etc., the correlationelectric employment. Compared with the above research, the EO
of the current with the various factors is complex. However,permeability coefficients of the CEEK are slightly high among
the current decreases initially and approaches to a stable valutpse of other EK systems. Although, this result cannot guar-
which is similar to the varying trend of pH and conductivity. For antee that the CEEK system is the better EK system due to the
the current, not only the solution conductivity but also the eleccomparison based on different soil samples, the CEEK system
tric resistance of the soil specimen influences its variation. Th@resents the acceptable EO flow performance.
various current may reflect the various electric resistance of the
soil specimen when the solution conductivity remains stable. 3.2. Effect of electrode materials

Fig. 6 shows the cumulative fluid volume of EO flow versus
operation time under three different voltage gradients. Results Since different electrode materials may induce different oxi-
present that the EO flow rate increases with increasing voltageation or reduction reactions, various products will be produced
gradient. Since the pore volume of the soil specimen is arounh the CEEK system. Besides, the diffusion, adsorption, and des-
280mL, it needs 13, 21, and 85 h, respectively, as each EO flowrption behaviors of the reactants on the electrode surface will
under 2.0, 1.0, and 0.5 V/cm replaced one pore volume of thalso differ with various electrode materials. Accordingly, the
specimen. That is, the EO flow rate under 2.0 V/cm is almostlectrode material will influence the CEEK performance and
two times and six times faster than that under 1.0 and 0.5 V/cnthe electrode material is thus a critical operation factor.
respectively.

For consideration of EO flow rate, the EO permeability coef-3.2.7. pH, conductivity, and current
ficient, Ke, serves as the critical index to present the EO flow Fig. 7 shows the pH variation versus operation time with
characteristics of the soil. Thi. value can be obtained by the different electrode materials. In the beginning of operation, the
equation of EO volumetric flow rat@e, which correlates with  pH curves of all used electrode materials overlap. After 24 h,
the physical-chemical properties of soil, the characteristics ofhe pH of electrolyte of the graphite electrode approaches sta-
electrolyte, and voltage gradief@tl]. The formulais as Eq6)  ble condition maintained around 7.0. The two metal electrodes

and simplified as E(7). result in a lower pH (around 4.0). On the electrode surface,
e E the chemical reactions consist of water electrolysis and other
Qe (6) reactions. The dynamics of electrochemical reactions correlates

4 L to the over-potential, which is the gap between the practical

whereQe is the EO volumetric flow rate (mL/s},the soil zeta and ideal reaction potential. Different electrode materials will
potential (V) the dielectric constant of pore-liquid (C/(V cm)), possess different over-potentials for the same electrochemical

Table 2

EO permeability coefficient under different voltage gradients

Voltage gradient Operation Cumulative EO volumetric Cross section EO permeability
(V/cm) time (h) volume (mL) flow rate (mL/s) area (cr) coefficient (crm/(V s))
0.5 168 251.4 41610 56 1.48x 1075

1 168 1106.48 1.8310°° 56 3.27x 10°°

2 80 900.5 3.1% 1073 56 2.79x 107
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Fig. 7. pH of working solution vs. operation time with different electrode mate- Fig. 9. Current vs. operation time with different electrode materials.
rials.

tion. Since the pH i inl wolledb ter electrolvsi tion for discussing effect of voltage gradients, the various current
reaction. since the priis mainly controfied by water eleCrolySIS o ots the various electric resistance of the soil specimen when

the low pH indicates that the over-potential of water eIeCtrOIySISthe solution conductivity remains stable. Results imply that the
on the metal electrodes is relatively low. In contrast, the over-

tential of water electrolvsi h hite is relatively hiah electric resistance of the soil specimen increased in the begin-
PO ISn '2 cr)] wa ?hr elec (;0 yt§|§ton _et_grap ! efls r(i.a 'Vi yhig ‘ning of test, then, approaches to a steady value. For the TP and
9. oShows the conduclivity variation as a function of opera-g g electrodes, the currents are similar to each other, which may

tion time with different electrode materials. The variation trendbe attributed to their metal characteristics. In comparison with

gf Condu%t'\.”tﬁs E|m|_lar to th?tzthplz‘,t 't'ﬁ "t the Con?ufg'v'wche two metal electrodes, the current of graphite is relatively
ecreased in the beginning o ) at moment, the PHg,y at the same voltage gradient. Because the electricity con-

for all electrodes are around 7.0, which results in quite identicagumlotion is a major operational cost fro CEEK, the low current
conductivity. Afterwards, the conductivity for TP and SS gradu—is preferred as an operation condition. Therefore, graphite for

aIIyincreages sincelt.he pH value decreases to acidic condition EK is the valid electrode due to its features of neutral pH,

_sho_wn inFig. 7. Additionally, the meta_l electrod_e may produce low conductivity, and current.

ionic products because of the oxidation reaction occurrence at

the anode. However, the conductivity for graphite behaves rel- )

atively stable due to its noble feature and the pH maintains al-2-2 PH and water content of soils ,

neutral stage throughout the whole testing time. Considering 19- 10shows the pH of sails treated by different electrode

the conductivity, the graphite electrode performs better effecinaterials. Results indicate that_ the pH of soil at anode ranges

tiveness than metal electrodes. from 3.2 to 4.8 and that of soil at cathode ranges from 11.0
Fig. 9 presents the current variation versus operation timd© 12.0. Itis no_ticed tha_t the soil pH variation.disagreeld with

with different electrode materials. The current decreases dramaf?€ PH of working solution shown in the previous section. If

ically in the beginning of operation time and gradually reaches 41€ neutral pH of solution passes through the soil matrix, the

steady state for all electrode materials. As mentioned in the se&°il PH should maintain in a neutral range. However, the pH

—e— graphite 129 graphite
E —— stainless steel 114 [ stainless steel
s —m— Ti coated with Pt 104 I Ti coated with Pt
(5]
wl 9
Z 8
- J
&
B an)
2 2 71
5 6
3
K p 5
S
o 44

24 48 72 96 120 144 168
Time (hr)

Section

Fig. 8. Conductivity of working solution vs. operation time with different elec- . o . o .
trode materials. Fig. 10. Distribution of soil pH with different electrode materials.
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Fig. 11. pH of working solution vs. operation time with different electrode

Fig. 12. Distribution of soil pH with different electrode emplacements.
emplacements.

deviation of graphlte_ electrode is greater than that of the tw ent of soils under different electrode emplacements still ranged
metal electrodes. This reveals that the acid and base produce %[m 18 to 22% after 168 h, which is similar the previous data
_anode and cathode surfaces enter t_he. soil matrix directly. _Thu sum up the above iIIustrz;ltion the emplacement of electrodés
it can be extended that the pH deviation betwee_n the.son anlq] the reservoir is a feasible alternative.

electrolyte may increase under a long-term operation. Like other

experimental results, the water content of soils still ranges from

18 to 22% after 168 h running. 4. Conclusions

3.3. Effect of electrode emplacement The CEEK process that can maintain a stable electroosmotic
flow and the neutral pH range is with highly potential to reme-
According to the previous study, the pH gradient of the soildiate the agricultural soils in Taiwan. For the well-control appli-
matrix is still too high in the CEEK system. Since the products ofcation to real sites, several conclusions can be drawn according

the anode and cathode may pass through the soil directly, we sugrthe experimental results and theoretical interpretations:
pend the electrodes in the reservoir to avoid the electrode attach-

ment with the soil. By comparison with the previous results, we . .
can distinguish the difference of two electrode emplacements 1- The CEEK system can effectively stabilize the pH of process-
ing solution at neutral range and the current at stable status

with graphite electrode.
2. The high voltage gradients caused the fast electrochemical
reaction rate, which resulted in the soil acidification rapidly.
The voltage gradient is proportional to the current in the
CEEK system.
Under an identical voltage, the operational current of metal
electrode is higher than that of graphite. Because graphite

3.3.1. pH, conductivity, and current

Fig. 11shows the pH versus operation time with two elec-
trode emplacements and three voltage gradients. The curves with
notation of “+” are the results from tests with the electrode sus-
pension. According to the figure, the pH of working solution is
similar to the previous results that the electrodes attached on tt?e
soil surface. Thatis, the pH decreased dramatically in the begin-

ning, then, maintained at a certain range. Likewise, the current electr;)_de .Cta.m obtain the.nteutrlal tpHdand 'tOW. ?l]frregééoKn'
variation versus operation time with two electrode emplace- sumption, 1t1s an appropriate electrode matenat for '

ments is similar (data not shown). However, the conductivity4' The pH of working solution, conductivity, and current is .
almost the same regardless of the electrode suspended in

variation of working solution based on electrode suspension h luti ; ttached i i ; Th
presents more stable than that based on the electrode attachedt € solulion reservoir or attached on the Soil surface. -The
electrode installation in the reservoir can improve the pH

on the soil surface. o . . : . o
deviation of the soil matrix, which avoided the soil acidifica-

3.3.2. pH and water content of soils tionin the CEEK.

Fig. 12shows the pH of soils treated by different electrode
emplacements. All soil pHs of four sections maintain around 8.\ cknowledgements
when the electrodes are suspended in the reservoir. Even when
the voltage gradient varies, the soil pH remains constant. There- Thiswork s financially supported by National Science Coun-
fore, the new emplacement can prevent the soil from acid andil of Taiwan (Grant No. NSC-90-2218-E-324-014). Content of
base entrance and effectively improve the deviation of the soihis paper does not necessarily reflect the views of the funding
pH. To the consideration of the water content, the water conagency.
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