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bstract

The current study focused on the hindering of alkaline front during electrokinetic copper migration in artificially contaminated lake sediments
nd the effect of several experimental strategies on electroosmotic flow. Fourteen laboratory scale experiments in triplicates were performed
sing plastic container where the distance between electrodes was 30 cm at 40 mA, 60 mA and 120 mA electric currents (under density of
.15 mA cm−2, 0.23 mA cm−2 and 0.53 mA cm−2, respectively) with different Cu concentrations (500 mg kg−1, 1000 mg kg−1, 1500 mg kg−1,
000 mg kg−1 and 2500 mg kg−1) for 14 days. Tests were conducted with/without electric current and with/without the employment of mem-
ranes or barriers. Selected membranes and barriers proved to be efficient in hindering the alkaline front and thus improving copper migration
n the sediments. During electrokinetic treatment and the use of the nylon membrane 85% of Cu was removed from sediments. Additionally,
0% and 70% of Cu was removed when cation exchange membrane and filter paper barrier were used. During the electrokinetic treatment
u as well as the electroosmotic flow was always directed towards the cathode. The highest electroosmotic flow was observed with the low-

−1
st (500 mg kg ) Cu concentration. Moreover, the electroosmotic flow and electrical gradient increased with the increase in electric current
nd was found to be the highest at 120 mA. When there were no membranes, barriers or acid used, severe pH jump was observed at a nor-
alized distance of 0.5–0.6 from the anode. However, when membranes or barriers were employed, there was no pH jump present in the

ediments.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Contamination of the environment with heavy metals,
adionuclides and hazardous organic compounds is growing
very year and may finally result in the loss of entire ecosys-
ems agricultural productivity or cause serious damage to human
nd animal health problems [1]. Due to increased environmen-
al pollution, there is a continuous search for the most efficient,
ustainable and environmentally friendly technique to remediate
ontaminated media.

Remediation schemes are usually used to reduce the amount
f contaminants in the soil or sediments [2]. In the past few years

here was a constant search for remediation methods which are
echnologically sound, cost and time efficient. Lin and Lin [3]
escribed several chemical, engineering and biological meth-
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ds for the remediation of soil contaminated with heavy metals.
owever, chemical methods may destroy soil structure and result

n a more severe contamination. In addition, these methods usu-
lly require the removal of contaminated soil and replacing it
fter the remediation process is over creating a secondary dis-
osal problem [1].

One of these emerging technologies are electrokinetic reme-
iation techniques, which offer a great potential for the
emoval of charged contaminants from sludge [4,5], soil [6],
ediments [2] and copper chromated arsenate (CCA)-treated
imber waste [7,8]. The electrokinetic phenomenon employs

low-level direct current across the contaminated medium,
hich induces the mobility of charged contaminants due to

lectromigration and electroosmotic flow [9]. There are also
any chemical or physical reactions such as ion diffusion,
on exchange, mineral decomposition, precipitation of salts,
ydrolysis, oxidation, reduction, physical and chemical sorp-
ion that usually occur during the electrokinetic remediation
rocess [10].

mailto:mika.sillanpaa@uku.fi
dx.doi.org/10.1016/j.jhazmat.2007.01.014
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Table 1
Main characteristics of pre-contaminated lake sediments

Parameter Amount in sediments

Contaminant Cu
Cation exchange capacity (CEC) (cmolc kg−1) 1.51
Organic content (%) 2.9
Carbonate content (%) 10.2
Water content (%) 20–28
Clay (<0.002 mm) 6
Silt (0.002–0.06 mm) 16
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(Fluke, Eindhoven, The Netherlands).

Graphite plate anode was placed directly into the sediments
and the cathode was immersed into the conductive solution. The
sediment cake was supported by a porous plastic wall covered
74 J. Virkutyte, M. Sillanpää / Journal of

When contaminants are present in ionic form, they migrate
owards oppositely charged electrodes. Several methods are pro-
osed to enhance the migration of heavy metals under the applied
ow-level direct electric current. These include the addition of
nhancement solutions (citric acid, EDTA and HEDPA) to assist
n the solubilization of contaminants from the matrix [11–13],
he use of ion exchange membranes, which allow the transport
f contaminants present in the matrix [12,14], the conditioning
atholyte pH with agents such as acetic acid, lactic acid with
odium hydroxide and acetic acid with EDTA [15] and applying
ulfur oxidizing bacteria for copper removal experiments from
oils [16].

Lake sediments were chosen as experimental medium
ecause it may act as a sink for contaminants if the industrial
ite is close to the lake. For example, if contaminant plume is
eleased, sediments may become contaminated with heavy met-
ls and organic pollutants therefore endangering lake’s flora and
auna. Contaminated sediments have to be treated or disposed
t landfills. However, landfilling is very expensive and therefore
lternative treatment methods, which are more economically and
nvironmentally sound, should be implemented.

The current study provides innovative approach regarding
ake sediments to hinder alkaline front during electrokinetic
reatment, which can be used as efficient in situ treatment

ethod, by applying barriers and ion selective membranes.
lso, the study involves an experimental approach, aiming to
btain better insights of heavy metal mobilization and migration
undamentals. Additionally, the effect of various electrokinetic
emediation strategies such as Cu concentrations and currents
ere evaluated with regard to electroosmotic flow and cop-
er migration in artificially contaminated sample medium—lake
ediments.

. Materials and methods

.1. Preparation of artificially contaminated sediments

The amount of sediments, collected from a lake in Oulu
Finland) was 3000 g and was initially homogenized in situ.
t the laboratory, sediments were sieved and the fraction

maller than 2 mm was used for experiments [17]. The initial
u concentration was below the detection limits of 0.05 ppm

Perkin-Elmer 300). 3.58 g of Cu(NO3)2 was dissolved in
eionized water (0.055 �S, 18 m�, T = 22 ± 1 ◦C, pH 7.1) to
chieve 1000 mg kg−1 copper concentration. Additionally, to
est the effect of Cu concentration on the electroosmotic flow,
ifferent Cu(NO3)2 concentrations were used: 500 mg kg−1,
500 mg kg−1, 2000 mg kg−1 and 2500 mg kg−1 of Cu.

To homogenize sediment–contaminant mixture, it was stirred
or an hour and was kept 48 h away from a direct sunlight to
chieve consistent contaminant concentration and moisture con-
ent as described by Altin and Degirmenci [18]. Contaminated
ediments were mixed with KNO3 solution to fill the pores to

eep the moisture content of 20–28%. Prepared mixture was
elocated into the electrokinetic cell and compacted by the con-
olidation method [19]. Table 1 presents the main characteristics
f experimental sediments.

F
c

and (0.06–2 mm) 78
H 7.3

.2. Experimental design

Laboratory scale electrokinetic experiments were con-
ucted in a rectangular 40 cm × 17 cm × 15 cm plastic container
Fig. 1). Three litres of 0.05 M KNO3 conductive solution was
upplied initially to the electrokinetic cell to prevent drying of the
ediment cake. KNO3 was chosen as a conductive solution due
o its higher conductivity than demi-water for higher current to
ass through sediments to facilitate the migration of ions. Also,
NO3 does not produce hazardous by-products when electric

urrent is applied. Additionally, if treatment is performed in situ,
here is always some concentration of nitrates available and there
s no need to add additional solutions. Moreover, addition of
NO3 may also facilitate better understanding of nitrate migra-

ion and hence its removal by electric current. Table 2 presents
xperiments conducted in triplicates in the present study.

Electrokinetic set up consisted of DC power supply (Hewlett-
ackard 613 Altai, Germany), which was used to constantly
aintain a 0.15 mA cm−2, 0.23 mA cm−2 and 0.53 mA cm−2

C, plastic container, connection cables and electrodes. The
oltage fluctuations were monitored with a Fluke 112 multimeter
ig. 1. Schematic representation of electrokinetic cell, where I and II are
atholytic compartments.
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Table 2
Experiments conducted in the present study (triplicates, differences in measure-
ments 9–13%)

Experiments number Description

1 Uncontrolled pH, no membranes used
2 No electric current, no membranes used
3 pH controlled with 5 ml 0.5 M HNO3, no

membranes, no HNO3 addition
4 Cation exchange membrane (CAT), no HNO3

addition
5 Filter paper barrier, no HNO3 addition
6 Nylon 6 membrane, no HNO3 addition
7 500 mg kg−1 Cu concentration, CAT membrane,

no HNO3 addition
8 1000 mg kg−1 Cu concentration, CAT

membrane, no HNO3 addition
9 1500 mg kg−1 Cu concentration, CAT

membrane, no HNO3 addition
10 2000 mg kg−1 Cu concentration, CAT

membrane, no HNO3 addition
11 2500 mg kg−1 Cu concentration, CAT

membrane, no HNO3 addition
12 1000 mg kg−1 Cu concentration, 40 mA, CAT

membrane, no HNO3 addition
13 1000 mg kg−1 Cu concentration, 60 mA, CAT

membrane, no HNO3 addition
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4 1000 mg kg−1 Cu concentration, 120 mA, CAT
membrane, no HNO3 addition

ith filter paper to avoid sediment penetration into the elec-
rode compartments. Cathodic compartment was separated from
ediments and catholyte I by cation-exchange (IC1-61CZL386)
embrane (Ionics Inc., Watertown, MA, USA). To test the

fficiency of different remediation strategies, nylon membrane
ith thickness of 5 mm (Nylon 6, obtained from Goodfellow
ambridge Ltd., UK) was used. Filter paper (particle reten-

ion 16 �m) was obtained from Millipore Inc., USA. The total
ength of the sediments was 15 cm. The electric field was applied
or 14 days. Table 3 summarizes experimental design for the
lectrokinetic treatment process.
.3. Analyses

At the end of the electrokinetic treatment, the power sup-
ly was turned off, the electrode wires were disconnected and

able 3
xperimental design of laboratory scale electrokinetic treatment experiments

arameter Value

ontaminated sediment area (cm2) 260
ength of sediments (cm) 15
late electrode area (15 cm × 3 cm) (cm2) 45
embrane area (cm2) 225
arrier or membrane location from sediments (cm) 10
istance between electrodes (cm) 30
pplied currents (mA) 40, 60 and 120
urrent densities (mA cm−2) 0.15, 0.23 and 0.53
uration of experiments (days) 14
onductive solution 3 l 0.05 M KNO3

H control solution 0.5 M HNO3
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he electrokinetic cell was disassembled. After each experiment,
lectrodes and cation exchange membrane were immersed into
iluted acidic solution to extract copper. Sediment samples were
aken from the electrokinetic apparatus and sliced into five slices
3 cm thick) with a stainless steel serrated knife. Each sediment
lice was thoroughly homogenized prior to analysis as suggested
y Ottosen et al. [11]. The pH of the slices was measured by
ixing 10 g of dry sediments and 25 ml 1 M KCl as reported by
lshawabkeh and Sarahney [20].
The total metal concentration in the homogenized samples

expressed as mg metal kg−1 dry weight) after electrokinetic
reatment was determined after microwave destruction and
qua regia (HCl/HNO3, 3:1) digestion (Matthews CEM 2100,
C, USA) as described by Virkutyte et al. [4]. The digestion
rocedure was carried out in three steps (15 min at 100 ◦C,
5 min at 150 ◦C and 30 min at 200 ◦C). After digestion, Cu
oncentration was measured using Flame-AAS (Perkin-Elmer
00).

Organic matter content was measured by loss of ignition at
50 ◦C for 1 h as suggested by Nystroem et al. [2]. Water content
n sediments was obtained after the drying of samples for 24 h
n 105 ◦C chamber. The carbonate content was determined by a
olumetric calcimeter method [21].

.4. Electroosmotic flow determination

The electroosmotic flow was determined as described in
etails by Wick et al. [22]. One millilitre of phenolphthalein
olution (0.5% in 50% aqueous ethanol) was injected in the sed-
ments. The flow was determined after each day of experiments
y removing of 5 ml of pore water at given locations (Fig. 1).
he phenolphthalein concentration was determined spectropho-

ometrically at 555 nm after the addition of NaOH.

.5. Quality assurance and control

The analysis of samples followed the standard quality assur-
nce and control (QA/QC) procedures [23]. According to Reddy
nd Chinthamreddy [24], to assure the reproducibility of testing
rocedure, following precautions should be taken into consid-
rations: (1) new electrodes, cation exchange membranes and
arriers were used for each experiment; (2) after electroki-
etic treatment, plastic container was immersed into 0.05 M HCl
olution for 24 h, rinsed with tap water and then with distilled
ater to avoid contamination; (3) all chemical analysis was per-

ormed in triplicates; (4) the AAS calibration was checked after
ve samples; (5) and a mass balance was calculated for each

est.

.6. Mass balance

Mass balance calculations of copper were done for each
oncentration (Table 4). The mass balances of copper were

alculated from its concentrations in the liquid phase, in the
ediments and the metal deposited onto the electrodes and mem-
rane. The data of total copper concentrations were obtained
rom triplicates (n = 3).
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Table 4
Mass balance calculated for laboratory scale experiments

Experiment Electrode Initial total
amount

In sediments after
experiment

Anode Catholyte I On membrane
or barrier

Cathode Catholyte II Total final
amount

CATa Cu 500 ± 52 75 ± 8.2 0.2 2.3 32 ± 3.2 4.5 ± 0.32 340 ± 42 507 ± 48
Nylonb Cu 1000 ± 101 70 ± 8.5 0.1 1.8 55 ± 4.7 5.2 ± 0.31 820 ± 72 1035 ± 40
CAT 120 ± 10.1 0.1 1.6 40 ± 3.1 4.9 ± 0.42 730 ± 65 974 ± 72
Filter paperc 280 ± 16.5 0.1 2.2 66 ± 5.8 5.2 ± 0.42 540 ± 42 957 ± 85
CAT Cu 1500 ± 112 250 ± 18.1 0.0 2.1 56 ± 5.1 4.6 ± 0.32 1080 ± 125 1460 ± 120
CAT Cu 2000 ± 253 350 ± 27.5 0.1 1.7 67 ± 6.2 5.8 ± 0.45 1250 ± 138 1846 ± 185
CAT Cu 2500 ± 285 420 ± 36.6 0.1 1.7 79 ± 6.7 7.2 ± 0.64 1750 ± 215 2516 ± 179

Values are presented for the experiments at 40 mA.
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a Cation exchange membrane.
b Nylon mesh barrier.
c Filter paper barrier.

. Results and discussion

.1. Variations in pH and the effect on the copper migration

When electricity is applied to the soil or sediments, elec-
rolysis of water takes place at the electrodes where oxygen
nd hydrogen ions are produced at the anode and hydrogen
nd hydroxide ions are produced at the cathode. As could be
een from Fig. 2, compared to the initial pH values, which were
ircum-neutral, pH changed significantly in the areas close to the
node and the cathode in the experiment with no pH control. In
ddition, current study demonstrated that acidic front, developed
t the anode was moving towards the cathode and alkaline front,
eveloped at the cathode migrated towards the anode where they
et at a normalized distance of 0.5–0.6 from the anode after
days of electrokinetic treatment (Fig. 2). This is in agree-
ent with the findings of Chung and Kang [25] where they

bserved similar phenomenon when examining electrokinetic
ead removal from contaminated marine clay.

It is observed that buffering capacity of the soil or sediments,
.e. the carbonate content influences the pH changes [26]. How-
ver, the carbonate content in the current study was only 10.2%,
ence it was not sufficient to buffer the acidic generation at

he anode. Thus the most evident pH changes occurred in the
xperiment without pH control (Fig. 2).

Altin and Degirmenci [18] have stated that changes in the
H profiles between the anode and cathode hinders contaminant

ig. 2. Distribution of pH during the electrokinetic treatment, where x is a
istance from anode and L is a length of sediment cake.

d
O
w
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F
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igration. Indeed, experiments conducted in the current study
howed that pH has a significant impact on the Cu migration
n the lake sediments (Figs. 2 and 3). Due to the low pH at the
node there was insignificant concentration of Cu found close
o the anode, as it is well documented that Cu is the most mobile
nder acidic conditions in soils [14]. However, when the nor-
alized distance from the anode reached 0.5, Cu concentration

ignificantly increased without pH control. In addition, there
as a visible increase in Cu concentration when several strate-
ies were employed, due to the alkaline front coming from the
athode (Fig. 3).

In experiments with no pH control, a sharp change in pH
ccurred at a normalized distance of 0.5–0.6 from the anode
ithin several days since initiation of the electric treatment

Fig. 2). Suèr and Allard [27] also found that after several days
f electric treatment, the pH shift approached the cathode and
ostly all the soil was found to be acidic. After the electroki-

etic treatment, there was no well-defined copper migration in
he lake sediments (Fig. 2), which could be attributed to the
nfavorable pH conditions for efficient copper migration. How-
ver, as there were acidic conditions by the anode observed,
t allowed insignificant release of copper from the sediments
Figs. 2 and 3). The pH started to increase at a normalized

istance of 0.5 from the anode (Fig. 2), indicating that some
H− ions were reaching the sediments and possibly interfering
ith the mobility of copper ions. It is similar to the observa-

ions by Suèr et al. [28], who found that increasing pH lowers

ig. 3. Normalized Cu concentration profiles at the end of electrokinetic exper-
ments.
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ig. 4. Variation of the electroosmotic flow velocity during electrokinetic treat-
ent.

he mobility of the cations and they associated with the soil as
ydroxides.

There was no sudden pH shift observed when nylon and
ation exchange membranes, 5 ml of 0.5 M HNO3 at the cath-
de or filter paper barrier were introduced (Fig. 2) indicating
hat application of membranes and barriers stopped the alkaline
ront from penetration into the sediments. Similar findings were
bserved by Li et al. [29], where the employment of cation selec-
ive membrane for the diminishing of drastic pH changes and
herefore increasing the efficiency of electrokinetic treatment of
oils was discussed.

When the pH was controlled with nitric acid or barriers and/or
embranes, Cu concentration found in the sediments after the

lectrokinetic treatment was in the range of 0.25–0.4 indicating
hat the 80–85% of Cu initially present in the sediments was
emoved from the matrix at the acidic (pH of 2.5–5.5) conditions
Figs. 2 and 3). This is in agreement with the findings of Suèr
nd Allard [27] where they observed pH influence on Cu, Ni and
n electrokinetic migration in contaminated soils.

.2. Electroosmotic transport

In all the tests the direction of electroosmotic flow was
owards the cathode suggesting that lake sediments has net
egative surface charge. The electroosmotic flow measured at
ifferent Cu concentrations is presented in Fig. 4.

It is documented that zeta potential influences the electroos-
otic flow [22,30]. It seems that there is some controversy at
hich extent pH influences zeta potential and electroosmotic
ow. For example, Reddy et al. [31] has stated that electroos-
otic flow is directly proportional to soil zeta potential, e.g.
hen negativity of soil zeta potential increases, electroosmotic
ow also increases. Certainly, the results in the current study
how that at the beginning of the electrokinetic treatment when
H was acidic (pH 2.5–4) by the anode (Fig. 2), the electroos-
otic flow started to increase from 0.0015–0.0025 cm3 s−1 to

.004–0.005 cm3 s−1 with the change in time and pH (Fig. 4).
t the end of experiments, when the pH was 4–6, the electroos-

otic flow slightly decreased or remained constant. In addition,

he same pattern in electroosmotic flow variation was observed
n all the experiments (Fig. 4). However, this is in contrast to
ndings by Altin and Degirmenci [18], who stated that hydroxyl

3

a

ig. 5. Development of electroosmotic flow velocity and electric potential gra-
ient profiles at various electric currents.

ons in the cathode compartment increase the pH of the system
nd therefore impairs the electroosmotic flow.

On the other hand, our observation is in good agreement with
he finding that when H+ front, formed due to the electroly-
is of water migrates through the soil, cationic concentrations
n the pore water increases due to the desorption and/or dis-
olution of species [32]. Therefore, the decrease in pH and
ncrease in the cations concentration in the pore water results
n a reduction of zeta potential and the electroosmotic flow
hould decrease as well. Indeed, the overall electroosmotic flow
as much higher (up to 0.005 cm3 s−1) when pH was slightly

cidic or circum neutral in comparison to extremely acidic con-
itions (pH 2.5–4) when the highest electroosmotic flow was
.0035 cm3 s−1 (Fig. 4).

The lowest electroosmotic flow (0.001–0.0015 cm3 s−1 and
.0015–0.002 cm3 s−1) was observed with the highest Cu con-
entrations (2500 mg kg−1 and 2000 mg kg−1), respectively
Fig. 4). This is in accordance to Altin and Degirmenci [18],
ho argued that high metal concentration causes a decrease in

oil’s zeta potential, which also causes a decrease in electroos-
otic flow as well. In addition to zeta potential, high copper

oncentration increases the conductivity in the bulk outside the
lectric double layer and electric field by-pass the double layer
nd thus no electroosmosis occur (Fig. 4).

To test the effect of electric current on the electroosmotic
ow, several experiments were performed with different electric
urrents (Fig. 5). Results demonstrated that when the current
as the highest (120 mA), the electroosmotic flow was also the
ighest (up to 0.005 cm3 s−1), and with the decrease in current
o 40 mA, the electroosmotic flow also decreased to as low as
.0015 cm3 s−1 (Fig. 5). This is consistent with the findings of
im et al. [32], where electrokinetic heavy metal removal from

ailing soils was tested. It was found that higher electroosmotic
ow resulted from the higher voltage (electric field strength)
pplied. The increase in electroosmotic flow, with increase in
urrent in the present study may also be associated with large
oltage gradient, which occurs in the low conductivity region
33].
.3. Electrical potential gradient

Fig. 5 presents variations in the electrical potential gradient
cross the sample when different electrical currents were applied
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ig. 6. Changes in Cu concentration in the sediments in time using various
nhancement strategies.

or 14 days to remove 1000 mg kg−1 of Cu from sediments. The
nal electrical potential gradient at 40 mA was 0.5 V cm−1, at
0 mA it was 1.2 0.5 V cm−1 and 1.5 0.5 V cm−1 at an electric
urrent of 120 mA (Fig. 5). It is evident that electrical poten-
ial gradient increased with an increase in the applied electrical
urrent. This is consistent to the findings of Chung and Kang
25] where lead removal from contaminated marine clay by
lectrokinetics was investigated.

The increase in electric voltage gradient is related to the
ncrease in the resistivity or current [34]. Therefore, the increase
n resistance may be attributed to Cu(OH)2 precipitates in the
igh pH areas by build up of excess OH− in the pore solu-
ion by the cathode. Moreover, Sah and Chen [35] argued
hat an increase in resistance and a subsequent increase in the
lectrical potential gradient might be due to the formation of
on-conducting gaseous bubbles on the surface of electrodes
ue to the electrolysis of water when electricity is applied.

.4. Different removal strategies of copper

After the experiments were completed, the total Cu concen-
rations were determined in each of the sediment slices. The
ormalized Cu concentration ratio across the specimens is pre-

ented as a function of time in Figs. 6 and 7. Fig. 6 shows
u concentration development profiles in the sediments for the

our experiments performed with several enhancement strate-
ies. When there was no electricity, normalized concentration

ig. 7. Cu removal from lake sediments with various current strength (control
xperiment is performed without pH adjustment).
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atio of Cu in the sediments was 0.9–1 mg kg−1 indicating that
u migration did not occur (Fig. 6).

During experiments when nitric acid, nylon membrane, filter
aper and cation selective membrane were used, a significant
igration of Cu from sediments was observed over 14 days

Fig. 6). The migration Cu could be attributed to the desorption of
ontaminant ions into the pore solution by cation exchange of the
ydrogen ions advancing across the matrix from the anode and
ts subsequent flushing towards the cathode by electromigration,
lectroosmosis and advection [25].

The most efficient Cu removal was achieved with nylon
embranes when the normalized concentration decreased from
mg kg−1 to 0.25 mg kg−1. Despite during 11 days of the
xperiments with cation exchange membrane, normalized Cu
oncentration in the sediments decreased from 1 mg kg−1 to
.4 mg kg−1 in comparison to experiments with nylon mem-
rane and filter paper (from 1 mg kg−1 to 0.45 mg kg−1 and from
mg kg−1 to 0.4 mg kg−1, respectively), it remained constant
fterwards and did not reach the values of nylon membranes
Fig. 6). Although there was significant Cu removal achieved
hen filter paper was used as a barrier (from 1 mg kg−1 to
.4 mg kg−1), the removal was at a lesser extend than with nylon
embrane or cation exchange membrane.
However, major disadvantage of filter paper as a barrier is

hat trapped particles cannot be regenerated. On the contrary,
embranes usually have pores too small for particles to enter

o the bulk occurs at the membrane surface. Therefore, the
embrane can be reused after appropriate cleaning or flush-

ng. Inevitably, membranes or barriers will show losses in flux
ecause of increased contaminant concentrations, precipitations
nd fouling. Further research is warranted to evaluate the extent
f concentration polarization and other phenomena that causes
he loss in flux.

.4.1. Nylon membrane
Nylon is a manufactured fiber in which the fiber forming

ubstance is a long-chain synthetic polyamide in which less than
5% of the amide-linkages (–CO–NH–) are attached directly to
wo aromatic rings [36]. The nylon material is hydrophilic. The
ermeability of the nylon membrane is much higher than that
f for example porous ceramic of similar characteristics, which
s due to its much lower thickness [37]. Moreover, experiments
onducted using nylon membranes have a potential to be time
nd cost efficient in comparison to other high quality porous
embranes.
Usually high quality polyamide barriers have uniform pore

izes. Several advantages are reported by Risbud and Bhonde
38], which are flexibility and easy-to-handle structure, instant
nd complete wetting, in-flammability, and resistance to alka-
ine products, oils, neutral salts and organic solvents. Due to

embrane’s high surface area and high binding capacity, ions
ay successfully immobilize within the membrane. Pores are

ble to retain OH− ions, however, the exact mechanism should

e researched further. The results obtained in the current study
howed that the high efficiency of nylon (polyamide) membrane
ay be attributed to its structure as it is capable to prevent OH−

ormed by the cathode from penetration into the anodic com-
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artment and sediments and therefore impairing the remediation
rocess.

However, it is reported by Goodfellow Cambridge Ltd., nylon
embrane manufacturer that barriers have intolerance to very

ow pH environments (pH 1.5–2.5). However, experimental con-
itions in the current study allowed application of this barrier as
he pH environment has not reached critical pH values (Fig. 2).

.4.2. Filter paper barrier
Filter paper barrier is a deep-bed filter made of randomly

rranged fibers. It has been reported by Yang and Chen [39]
hat the efficiency of filter papers to perform as membranes
ighly depends among other parameters on polarity and size
f the fibers, the thickness, the charge and density of the parti-
les passing through it. Experimental results showed that filter
aper could be used as an efficient barrier to stop OH− ions
n the electrokinetic experiments. Apparently, as filter paper is
hemically non-reactive, the main ion retention mechanism is
ize exclusion as pore size of a filter is smaller than OH− ions,
hey remain physically trapped within the barrier.

Therefore, the normalized Cu concentration reached
.35 mg kg−1 in the sediments after the electrokinetic treatment,
n comparison to 0.9 mg kg−1 when no barrier or membranes
ere used (Fig. 6). The advantages of filter paper barrier can be

ttributed to its resistivity to acid and alkali influence, efficient
erformance time and low replacement costs [40].

.4.3. Cation selective membrane
Cation selective membranes usually consist of polystyrene

ith negatively charged anionic groups like SO3
2− attached to

henol rings [41]. These negatively charged groups are balanced
y positively charged cations, like Na+. During experiments
trongly acidic cation permeable membrane, which is sometimes
alled Na type membrane was selected. The physicochemical
haracteristics of this membrane include relatively small thick-
ess of 0.13–0.15 mm, strong resistivity to acids and bases, long
asting performance and minor maintenance activity. However,
he cost efficiency is lower in comparison to nylon or filter paper
arriers. Ion exchange membranes have a charged surface and
t attracts dissolved ions, with appropriate charge. Oppositely
harged ions are transported through the membrane but ions
ith the same charge are rejected.

.5. Removal of Cu with varying EK strategies and
ifferent current strength

Fig. 7 presents Cu concentration in the sediments after the
ontrol experiment without the application of the current and
he electrokinetic experiments with different current strength
nd various remediation strategies. The amount of Cu found
n the sediments after the electrokinetic treatment was always
ower than after the control experiment, performed without the
lectrical current or employment of membranes and barriers.
According to Fig. 7, the amount of Cu found in sediments was
ower with the increase of current strength from 40 mA to 60 mA.
owever, then 120 mA current was applied, the amount of Cu

ound in the sediments was the highest (up to 300 mg kg−1),

C

w
1

rdous Materials 143 (2007) 673–681 679

egardless the remediation strategy. Similar observations were
ade by Nystroem et al. [2], when harbor sediments were elec-

rodialytically treated to remove Cu, Zn, Pb and Cd. Therefore,
he optimum current strength should always be found for the
fficient treatment as it is obvious that higher current does not
lways guarantee the highest removal efficiency. When 120 mA
as applied, there was some foaming observed by the anode

n the sediments. However, authors state that the development
f the foam did not significantly affect the Cu concentration
hanges in the sediments.

The removal efficiencies were 85% when using nylon mem-
rane, 80% with cation exchange membrane and 70% when filter
aper was used (Fig. 7). There was no complete Cu removal
rom lake sediments achieved, which maybe be attributed to the
ater splitting at the membranes or barriers, among other factors

uch as optimum current strength and treatment enhancement
trategy. As discussed by Ottosen et al. [41], water splitting by
he cation exchange membrane at very high current densities is
bserved in the experiments with soil. Therefore, alkaline front
roduced from water splitting at the cation exchange membrane
ay hinder the migration of Cu. Indeed, the Cu concentra-

ion left in the sediments after the electrokinetic treatment with
ation exchange membrane was lower in comparison to nylon
embrane (Fig. 7).

.6. Mass balance

After the electrokinetic treatment for 14 days at 40 mA, an
pproximate mass balance was calculated for Cu in the elec-
rokinetic system in comparison to Cu in the spiked sediments.
he recovery of Cu from the sediments was 95–105% (Table 4).
s it is suggested by Saichek and Reddy [33], several discrep-

ncies in the mass balance may be attributed to the detection
imits in the chemical analyses, contaminant adsorption to the
lectrokinetic cell walls, tubing and sample bottles.

Cathode and catholyte compartments contained 22–25 times
ore Cu than anode and catholyte I regardless the initial concen-

rations used (Table 4). In addition, there is a significant amount
f Cu retained by the membrane or barrier indicating that when
emediation conditions are optimized it may be possible to retain
ore Cu or any other target metal in the membrane or barrier

tself, hence diminishing the necessity for the pumping out con-
aminants from cathode compartment after the electrokinetic
reatment is over.

. Conclusions

Laboratory scale experiments demonstrated that efficiently
tilized barriers and membranes coupled with experimental
trategies can hinder alkaline front and thus enhance migration
f Cu in artificially contaminated lake sediments.

The electroosmotic flow was always directed from the anode
o the cathode and was the highest with the lowest (500 mg kg−1)

u concentration.

The electroosmotic flow and electrical gradient increased
ith the increase in electric current and was the highest at
20 mA.
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Employment of membranes and barrier was found to be effi-
ient in removing Cu from sediments achieving 85%, 80%
nd 70% removal efficiencies with nylon membrane, cation
xchange membrane and filter paper, respectively, with different
lectric currents. However, for the cost efficiency it is important
o calculate the limiting current density and apply density, which
s less than limiting current density.
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lossary

ation exchange membrane (CAT): membrane containing fixed anionic charges
and mobile cations which can be exchanged with other cations present in an

external fluid in contact with the membrane

oncentration (C): concentration of any compound (in mg kg−1 or mg l−1)
urrent density: determines the deviation of the electrode potential from its

equilibrium value when an external current is passed
C: direct current

M

rdous Materials 143 (2007) 673–681 681

lectromigration: movement of ionic species in the media–water solution
lectroosmosis: bulk flow of moisture present in the contaminated media from

the anode to the cathode
imiting current density: current density at which dramatic increases in resis-

tance are observed in an ion exchange membrane system under the influence

of an applied electric field between the upstream and downstream

embrane: structure, having lateral dimensions much greater than its thick-
ness, through which mass transfer may occur under a variety of driving
forces
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