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Organic and trace metal pollutants are removed by employing various electrodes in an electrokinetic (EK)
process. Stainless steel was used either as an anode or a cathode by various investigators in electroremediation
systems. In the present study, the role of SS316L as an anode and cathode in EK system was studied by
the measurements of pH, conductivity of electrolyte, and potential of the anode and cathode at different current
densities. The weight loss of the anode and cathode and the leaching of chromium, iron, and nickel at different
current densities were measured and discussed with an electroosmosis process. The electrochemical behavior
of SS316L electrode in neutral, acidic and alkaline pH in soil environment was studied by an electrochemical
technique viz. polarization study. Surface analysis of SS316L after EK was done by XPS and SEM. The
higher conductivity was noticed at anolyte when compared to catholyte. The weight loss of the anode was
in the following order 0.615 > 0.307 > 0.123 mA/cm’ and the cathode corrosion rate was vice versa. Peroxide
production was also noticed at the anolyte, which may encourage the degradation of the total organic content
(TOC) in the soil. The OCP (open circuit potential) of SS316L was about +75 mV vs SCE in the soil extract;
while adding acetic acid, the potential shifted to the positive side, to about +380 mV vs SCE. The breakdown
potential and the range of passivation potential were higher in acetic acid added system when compared
to other systems. Pitting was observed on both the anode and cathode within 48 h during the EK process.

The present study concludes that SS is not a proper electrode material for the EK process.
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1. INTRODUCTION

Thousands of sites are contaminated by heavy metals,
organic compounds and other hazardous materials, which
make an enormous impact on the quality of ground water,
soil, and associated ecosystems. EK soil remediation is an
emerging technology that has attracted increased interest
among scientists and government officials during the last
decade due to several promising laboratory and pilot scale
studies and experiments. This technology aims to remove
hazardous contaminants from low permeability contami-
nated soils under the influence of an applied direct current
[1]. Electrokinetic soil treatment relies on several interacting
mechanisms, including advection, which is generated by
electroosmotic flow and externally applied hydraulic gradi-
ents, diffusion of the acid front to the cathode, and the migra-
tion of cations and anions toward the respective electrode
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[2]. The following are the dominating reactions at the anode
and cathode in an EK system.

H,O — 2H" + 1/20,(g) + 2e- (anode)
2H,0 + 2e- — 20H + H; (g) (cathode)

The hydrogen ions decrease the pH near the anode. The acid
front is carried toward the cathode by electrical migration,
diffusion, and advection [1]. At the same time, an increase in
the hydroxide ion concentration causes an increase in the pH
near the cathode. Many authors have proposed that position-
ing the electrodes directly into the wet soil mass produces
the most desirable effect [3,4]. Though seeking improve-
ments in experiments, some researchers tend to place the
electrodes not directly into the wet soil mass, but into the
electrolyte solution, attached to the contaminated soil, or else
to use different membranes and other materials [5,6]. In
order to solubilize the metal hydroxide and carbonates
formed, or different species adsorbed on the soil particles, as
well as the protonate organic functional groups, there arises a
necessity to introduce acid into the soil. In order to overcome
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the soil acidification of EK system from the anode compart-
ment toward the cathode compartment (high soil-pH gra-
dient between anode and cathode), an innovative technique
has been established by the continuous addition of various
acids viz. lactic acid [7], acetic acid [8, 9], nitric acid [10,11],
hydrochloric acid [12], EDTA [13,14], etc. Since the organic
acids have negative charges, they move toward the anode
compartment [8]. Besides, sodium hydroxide is also added
into the anode chamber to neutralize the acid pH of the
anode compartment [15]. On the basis of utility of the elec-
trode in the EK system, it was assumed that electrodes face
three pH conditions (acidic, neutral, and alkaline) during the
operation and stop-mode operation. The performance of pas-
sive electrodes has not been evaluated so far.

The electrode system is the most important part and thus
considered as the heart of an EK unit. The most suitable
electrodes used for research purposes are graphite [10,16]
and platinum [9,17]. Virkutyte et al. [1] suggested that it is
more appropriate to use much cheaper, reliable titanium and
stainless steel for pilot studies. Stainless steel was used as an
electrode material in electrokinetics by many investigators
[18-23]. Alshawabkeh et al. [24] and Gent et al. [25] used
stainless steel as a cathode in a pilot scale EK system. Niqui-
Arroyo [26] used SS anode and cathode for removing
phenanthrene. Recently, Vasudevan et al. [27] studied the
removal of phosphate from drinking water by electrocoagu-
lation process by employing stainless steel as the cathode.
But nobody has considered the corrosion behavior of SS dur-
ing EK. The authors feel that the corrosion behavior of the
electrode material is also an important factor which influ-
ences the performance and efficiency of the electrokinetic
system. The present study focuses on the role of SS316L on
pH and electrical conductivity of electrolytes and corrosion
behavior of the anode and cathode in EK system.

2. EXPERIMENTAL PROCEDURE
2.1. Electrokinetic cell configuration

Figure 1 shows a sketch of the laboratory EK reactor. The
EK cell is made up of an acrylic sheet with a dimension of
24 x4 x 6 cm’. It is divided into three compartments. The
central one is for storing the soil sample and the other two
for working reservoir solution consisting of catholyte and
anolyte. The air-dried soil sample was mixed with an elec-
trolyte solution (about 30 % water content), then carefully
stored in the central compartment. The length of the central
compartment is 10 cm. Stainless steel 316L (SS316L) elec-
trodes were used as the anode and cathode placed at each
electrolytic compartment. To avoid soil leakage to the water
reservoirs, a pair of nylon meshes [21] (mesh opening 149 um)
and a filter paper (Whatman No. 2) were placed between the
soil sample and electrodes. The different current densities
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Fig. 1. Schematic diagram of EK system.

were selected viz. 0.123 mA/cmz, 0.308 mA/cmz, and 0.615
mA/cm’ recommended by Hamed and Bhadra [28] to inves-
tigate the impact of SS316L in an EK system.

2.2. Preparation of soil extract and coupon preparation
Soil was collected from salt-contaminated soils in a green-
house at Jinju, Gyeongangnando, and extract was taken in
the ratio of 5:1 water to soil for electrochemical measure-
ments. The original characteristics of soil used in the present
study collected from Jinju are presented in Table 1. By
employing the soil extract, three systems viz. acidic pH (2.40),
neutral (6.9), and alkaline pH (10.30) were made with acetic
acid and sodium hydroxide for the evaluation of SS316L.
Coupons of SS316L (5%2.5 cm’) were used for the electro-
chemical study to find the corrosion behavior of the material
in the above systems. The composition of SS316L is pre-
sented in Table 2. The coupons were sequentially ground
with a series of grit silicon carbide papers (400, 600, 800,

Table 1. Original characteristics of soil used in the present study
collected from Jinju

Soil Characteristics Value
pH 5.6
EC (dS/m) 5.4
organic (g/kg) 25

P,0s, mg/kg 1384
Calcium, g/kg 3.6
Potassium, g/kg 0.9
Magnesium, g/kg 0.5
Sodium, g/kg 0.4

Nitrate, mg/kg 1878
Ammonium, mg/kg 12
Chloride, mg/kg 500

Table 2. Composition of Stainless steel 316L in percentage

Chromium Manganese Nickel Carbon Molybdenum iron
17.2 1.6 10.9 0.02 2.1

Balance
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1200, and 1500) to a smooth surface and were polished to a
mirror-finish surface using different grades (0.3 micron and
0.05 micron) of alumina powders. The polished coupons
were rinsed with deionized water and then the surface was
cleaned by acetone and finally dried in a desiccator. The
prepared coupons were used for the EK experimental stud-
ies and after completing the EK experimental studies, the
coupons were used for the SEM (Scanning Electron
Microscopy) and XPS (X-ray photoelectron spectroscopy)
studies. Electrical leads to the coupons were made with
nichrome wire and the bimetallic junction was insulated
with lacquer. The same coupons were also used for electro-
chemical studies.

2.3. pH, conductivity, and peroxide measurements

While conducting the EK experiment at different current
densities, pH, conductivity, leaching of chromium, iron and
nickel, and peroxide of the electrolytes were measured. After
calibration with a standard pH solution, the pH of the elec-
trolytes was measured by a pH meter (Istek Inc., Model
76P). Electrical conductivity (EC) was measured for the
electrolytes by employing EC meter (Istek Inc., Model 47
C). The average value of the two experiment samples is pre-
sented. Peroxide was measured in the anolyte and catholyte
by using a test kit (Merckoquant, Peroxide test). Electroos-
motic flow for a higher current density (0.615 mA/cm’) was
measured in the EK by the collection of excess electrolytes
from the cathode chamber.

2.4. Estimation of leaching of electrode components

The leaching of chromium, nickel, and iron in the catholyte
and anolyte at the constant current densities of 0.123 mA/
cm’, 0.307 mA/cm’ and 0.615 mA/cm” in the electrolyte were
estimated for the two experiment systems. The average val-
ues are presented. The above components were estimated by
an atomic absorption spectroscopy (AAS; AAnalyst 800,
PerkinElmer) by the standard procedure.

2.5. Weight loss study

After finishing the EK experiments, final weights of the
anode and cathode were taken and the average corrosion
rates for the anodes and cathodes were calculated. The corro-
sion rate was calculated by the procedure recommended by
NACE [29].

2.6. Scanning Electron Microscope (SEM) observation

After running the EK system for 48 h, the anode and
cathode stainless steel coupons were subjected to SEM
analysis. The coupons were characterized by SEM after
removal of the corrosion product using 10 % nitric acid at
60 °C for 15 min. SEM (Hitachi, S-4800) with a beam
voltage of 15 kV was used to visualize the morphology of
the surface.

2.7. Electrochemical measurements

Potential measurements during the EK process for the
anode and cathode were done by using a Saturated Calomel
Electrode (SCE). The reference electrode was put in the EK
system nearer to the anode and cathode as mentioned in Fig.
1, and potentials were measured by employing a digital mul-
timeter (Gold Star Model DM-311). The same coupons were
immersed in different soil extract systems viz. acidic pH,
neutral, and alkaline pH, and electrochemical studies were
characterized by employing a potentiostat Solarton Model
1480-Multistat. OCP (Open circuit potential) measurements
with time were made for the SS316L in acid, neutral, and
alkaline pH systems by immersing 50 % area of the SS316L
[30]. The OCP values were measured with time using a
potentiostat with a commercial SCE reference electrode. Six
commercial SCEs were maintained in the laboratory and cal-
ibrated against each other at least once a week. Reference
electrodes were only used for the electrochemical studies
when their potential was within 5 mV of the others. Thus,
the potentials reported in this paper should be regarded as
having an accuracy of about £5 mV. Anodic and cathodic
polarization were conducted for the SS316L in the above
systems under an air-saturated condition using a computer-
controlled potentiostat in a 500 ml polarization cell. A three-
electrode setup was used consisting of the test coupon as the
working electrode, SCE as the reference, and a 2 cm’ plati-
num gauge as the auxiliary electrode. The test coupon was
first immersed in the corrosion cell for twenty minutes to
allow equilibrium with the electrolyte. Cathodic polarization
was initiated at the coupon OCP and polarized to —1500 mV
SCE at a scan rate of 0.116 mV/s. IR drop compensation was
not needed since this was a high conductivity electrolyte.
Polarization was also carried out on coupons of the SS316L
by a half immersion method [30]. Anodic polarization was
also initiated at the coupon OCP and polarized to +1500 mV
vs SCE by the above scan rate.

2.8. X-ray photoelectron spectroscopy (XPS) studies

After finishing the EK experiments, the surface of the
anode and cathode was characterized by X-ray photoelec-
tron spectroscopy (XPS). The elements on the surface film
were analyzed by XPS. XPS was conducted on the surface
of the electrodes using monochromatic Al Ka radiation (VG
Scientifics, ESCALAB 250). The anode voltage and power
were 10 kV and 150 W, respectively. To compensate for the
surface charging effect, all core level spectra were refer-
enced to the Cls peak at 284.6 eV.

3. RESULTS AND DISCUSSION

The operational parameters and the construction of facili-
ties are critical in the EK system. The selection of electrode
materials relates not only to electrochemical reactions on the
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electrode surface but also to the remediation cost. The selec-
tion of an electrode influences the efficiency and life of the
EK system [31]. Since different electrode materials may induce
different oxidations or reductions, various products are pro-
duced [21]. The formation of pH and conductivity depend
upon the electrochemical behavior of electrodes. Oxygen
reduction and evolution potentials influence the behavior of
all materials on the removal of pollutants in EK. Besides,
corrosion of electrolytes is also an important factor in EK.
Hence, selection and evaluation of electrode material are
very important aspects in the EK system.

3.1. pH and conductivity

Figures 2 and 3 show the pH and conductivity of the work-
ing solution as a function of operation time under different
current densities viz. 0.123 mA/cm’, 0.307 mA/em’, and 0.615
mA/cnt’. The pH of the anolyte and catholyte at 0.615 mA/em’
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Fig. 2. pH of anolyte and catholyte in EK system.
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Fig. 3. Electrical conductivity of anolyte and catholyte in EK system.

increased sharply and there was no variation on pH between
the current densities. The pH of the solution changed ini-
tially and gradually reached the equivalent titration point of
the electrolyte. Though the reaction rate of water electrolysis
is related to electrode potential, electrode surface properties,
it can be concluded that electroosmosis is also an important
factor on the distribution of pH at anolyte and catholyte.
Higher conductivity was noticed at anolyte when compared
to catholyte. It reveals that the ions were transported toward
the anode and accumulated there [17]. In the present study,
nitrate and phosphate ions were the major cause for the
increase in the EC of the anolyte because these anions move
to the anode. Besides, cations like calcium, magnesium, and
sodium move to the cathode, which determines the conduc-
tivity of the catholyte. Wieczorek et al. [32] reported higher
EC in catholytes than anolytes in the EK process. During
their experiment, the electrical conductivity increased in
both wells, but three-fold levels were observed in the catholyte
relative to the anolyte where copper, zinc, and nickel
accumulated in the catholyte. In the present study, the magni-
tude order of solution conductivity followed the sequence
0f 0.615 > 0.307 > 0.123 mA/cm’. The intensity of electromi-
gration of existing species like phosphate, nitrate, calcium,
sodium, and potassium determines the EC values. It is also
due to the production of a large quantity of H' in an anolyte
which influences the conductivity of the catholyte by elec-
troosmosis. Among all ionic species in the EK system, a
high ratio of conductivity is contributed by H and OH™ due
to their high molar ionic conductivities. It indicates that the
solution conductance is dominated by water electrolysis.
When the pH value is close to 7 at the initial period, the total
concentration of H and OH  is the lowest in comparison
with other pH values. Therefore, the values of conductivity
increase with decreasing pH at various current densities.

3.2. Potential of anode and cathode

The potential of the anode and cathode during the EK sys-
tem is presented in Fig. 4. The initial OCP value of SS was
about +75 mV vs SCE before starting the EK experiment.
While impressing the current, the anode potential was in the
range between 1.3 V and 1.5 V vs SCE while the cathode
potential was in the range between —1.1 V and —1.5 V vs
SCE. Hence, the material was scanned anodically (+1.5 V)
and cathodically up to —1.5 V to find the electrochemical
behavior of SS in various systems.

3.3. Weight loss of anode and cathode

The weight loss of the anode and cathode during the EK
system at different current densities is presented in Fig. 5.
The weight loss of the anode was in the following order
0.615 > 0.307 > 0.123 mA/cm’ and the cathode corrosion
rate was vice versa. It reveals that the application of a higher
current protects the cathode surface and enhances anode cor-
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Fig. 4. Potentials measurements for anode and cathode of SS316 in
EK system.

rosion. It indicates that electrode life can be reduced due to
corrosion in the EK system.

3.4. Leaching of electrode components

Concentrations of chromium, iron, and nickel in the
anolyte and catholyte in EK at various current densities are
presented in Figs. 6(a), (b) and (c). The higher concentra-
tions of chromium, nickel, and iron were estimated in the
anolyte when compared to the catholyte. It indicates that
toxic elements like chromium and nickel may travel to the
cathode through the soil in the EK process by electroosmo-
sis. Chromium compounds are highly toxic to plants and are
detrimental to their growth and development. Although some
crops are not affected by low Cr concentrations (3.8 x 107
uM), Cr is toxic to most high plants at 100 uM kg™ dry
weight [33]. The recommended limit for Cr concentration in
water is set differently for Cr(III) (8 pg L™) and Cr (VI) (1

ng L) [34].

3.5. Peroxide production
In the present study, 5 ppm, 10 ppm, and 25 ppm of perox-
ide were estimated at 0.123 mA/cm’, 0.307 mA/cm’, and
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Fig. 5. Weight loss data for anode and cathode material of SS316L at
different current densities in EK system. (System 1: 0.123 mA/cm’;
System 2: 0.307 mA/cm’; System 3: 0.615 mA/em’).

0.615 mA/cm’, respectively, in anolyte. This observation
supports the observation made by Ando and Tanaka [35]
who proposed a new system for the simultaneous production
of hydrogen and hydrogen peroxide by water electrolysis in
the electroremediation process by employing carbon elec-
trodes. The following chemical reaction was noticed by
Ando and Tanaka [35] at the anode.
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Fig. 6. Leaching of chromium (a), iron (b) and nickel (c) in anolyte and
catholyte during EK process at different current densities (System 1:
0.123 mA/em’; System 2: 0.307 mA/ecm’; System 3: 0.615 mA/cm’).
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2H,0 — HOOH + 2H' + 2¢™ (1.776 V vs NHE)

They also suggested that the anode material promotes the
hydrogen peroxide production rate and that inhibition of the
oxygen evolution reaction rate is required in order to realize
the proposed system. Recently, the present authors also
noticed 25 ppm of peroxide production by using a titanium
substrate insoluble anode (TSIA) at 1.35 V vs SCE. It can be
assumed that the H,O, so generated can be coupled with Fe™
to produce the Fenton’s reagent [31] for degradation of TOC
(total organic content) in the soil at the anodic area [36]. The
disadvantage is that the H,O, will accumulate at the anode
solution interface and may be partially decomposed protons
at a high concentration leading the production of the maxi-
mum amount of hydroxyl radicals. It is also possible that due
to the electroosmotic process, the peroxide may influence
the cathode compartment and enhance the degradation of
organics present in the soil [37-39]. Hence, the peroxide con-
centration should be minimized in the EK system to avoid
degradation of the TOC by selection of a better anode for
agricultural soil.

3.6. Electrochemical studies
3.6.1. Potential measurements

Figure 7 shows potential measurements with time for
SS316L in acidic, neutral, and alkaline systems. The OCP of
SS316L in a neutral condition was in the range between —
30 mV vs SCE and +50 mVvs SCE. The OCP for SS316L in
the acidic and alkaline systems was +0.370 mV and —185
mV, respectively. It indicates that the addition of acetic acid
enhances passivity of stainless steel by shifting the potential
to the positive side. Sekine et al. [40] also reported a rapid
increase in potential upon immersion of SS316L in a solu-
tion of acetic acid (1-99.96 %). Turnbull et al. [41] suggested
that the shifting of potential to the positive side in SS316L is
due to the molybdenum which improves the passivity of
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Fig. 7. Potential measurements for SS316 in neutral (a), acidic (b) and
alkaline pH (c) conditions of soil extract.
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Fig. 8. Anodic polarization for SS316 L in neutral (a), acidic (b) and
alkaline (c) pH conditions of soil extraction.

material. However, chromium is expected to influence the
protectiveness of the film as the corrosion potential of the
pure chromium stabilized at a value of 0.4 V vs SCE [40].
Turnbell et al. [41] also suggested that Fe in the steel does
not seem to play any role in the passivation process of
SS316L in acetic acid solutions.
3.6.2. Anodic polarization

Anodic polarization curves for the SS316L in neutral,
acidic, and alkaline soil extracts are shown in Fig. 8. The
scans have the same general features and are characterized
by the appearance of active, passive, and transpassive regions
before oxygen evolution. When the potential moves toward
more anodic, the current density starts to increase again, form-
ing a transpassive region before oxygen evolution. From an
industrial point of view, transpassive dissolution is an impor-
tant issue on limiting the service life of electrodes. The cur-
rent rises suddenly without any sign of oxygen evolution
denoting breakdown of the passive layer, when the polariza-
tion potential reaches a certain critical potential. The i, (cur-
rent density in the possive region) of the SS 316L in the
neutral soil system was about 3x 10~ A/em” where the break-
down potential was 1.2 V vs SCE. The passivity range was
from 0.750 V to 1.2 V in the neutral system. The i, of the
SS316L in the acetic acid system (pH 2.5) was about 4x10
A/em’ whereas the breakdown potential was 1.35 V. The
passivation potential range was between 1.0 V and 1.35 V
whereas passivation started at +0.9 V. In the alkaline system,
passivation started at +190 mV where the i, of the SS was
about 3x10°A/cm’. Secondary passivation was also noticed
in the alkaline system. The first breakdown potential was
+600 mV and the second was about +810 mV. The nature of
the curve reveals that acetic acid improves the passivity of
stainless steel when compared to other systems. The passive
film of the stainless steel contains three oxides viz. ferric
oxide, chromium oxide, and nickel oxide. Most iron con-
taining alloys are dominated by ferric oxides [42]. The
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nature and composition of the passive films formed on stain-
less steel, especially their protective nature, are dependent on
the formation conditions. The stable passive film formed on
the SS316L is heterogeneous. These films are described by a
bilayer structure, composed essentially of a chromium
hydroxide, Cr(OH)s, outer layer and a mixed inner layer of
chromium and iron oxides, enriched in chromium [43]. In
the present study, enhanced anodic current density was
observed in the active to passive transition region at +0.9 V
in the acetic acid system. There was a sharp increase in cur-
rent at about +1.2 'V, possibly due to either oxidation of the
Cr’" in the passive film to Cr*" species, or oxygen evolution,
or a combination of both in the acetic acid aqueous solutions
[44]. Liu ef al. [45] noticed that the corrosion rate decreased
with increasing chromium and molybdenum contents. It is
also well known that for a given chromium content in SS the
addition of molybdenum has a strong beneficial influence on
passivity in the chloride solution. They also suggested that
Cr’" and MO™ oxides are highly stable in a HAc solution.
The nature of the passive [46] film was explained by assum-
ing that the reaction of the SS includes the irreversible trans-
formation of chromate formed according to soluble dichromate
species, which are stable in the pH range 2-6:

CrOs” + 0.5H" —---mm-2 > 0.5Cr,0;” +0.50H-.

Besides, it also can be claimed that the breakdown poten-
tial indicates the oxidation of ferric and chromium present on
the oxide film of the SS316L in acid, neutral, and alkaline
conditions [47,48].

3.6.3. Cathodic polarization

Figure 9 shows cathodic polarization for the SS316L in
different systems viz. neutral, acidic, and alkaline pH. In the
neutral system, the current slowly increased from —300 mV
along with increasing the potential to a negative side. A
broad peak from —500 mV/SCE to —900 mV/SCE was noticed.
In the alkaline system, the current increased with a negative
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Fig. 9. Cathodic polarization for SS316L in neutral (a), acidic (b) and
alkaline (c) pH conditions of soil extraction.

potential from —500 mV to —700 mV. These peaks can be
explained due to the chromium reduction peak [29,30]. In
the acidic system, the current also increased slowly along
with negative potential. The increased current trend was
noticed above —600 mV at pH 2. It is due to oxygen reduc-
tion. The increased current is due to the electrolysis of acetic
acid.

3.7. XPS characterization of the outermost surface film
To better understand the elemental composition of the pas-
sive film on the SS316L anode and cathode surfaces in an
EK system, a detailed XPS study was carried out on the out-
ermost layers of the SS316L. After finishing the EK study in
48 h at 0.615 mA/cm’, the anode and cathode were removed
and characterized by XPS to acquire the Fe 2p, Cr2p, Ols,
Ca, Mg. The spectra obtained from the passive film of the
anode and cathode after 48 h of exposure to the EK system
are shown in Figs. 10(a) and (b). Five peak components on
the cathode at binding energies (i.e., B.E.s) of 706.9, 708.3,
709.5, 711.0, and 712.2 correspond to the metallic Fe, Fe;O.,
FeO, Fe,0; and FeOOH, respectively. It indicates that Fe,
Fe™, Fe’", and FeOOH were the predominant species on the
cathode. The presence of a large number of species may be
due to the reduction of FeOOH on the oxide film of the
SS316L. Fe,0; is the major dominant species on the anode
of the SS316L. Lee et al. [49] suggested that ferric oxide
changed from FeO to Fe,O; when immersion time was
increased in a CI/Br solution. Chromium peak components
at B.E.s of 573.95, 573.95, 574.9 (Cr), 576.9 (Cr’), 578.3
(CrOs), and 579.4 (CrO4”) were measured. The domination
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Fig. 10. XPS survey of SS316L in EK process (a-anode, b-cathode).
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of reduced species on the cathodic surface of the SS316L is
due to the cathodic current in the EK system. On an anode,
B.E.s of 574.3, 576.5, 577.1, and 579.3 were noticed and
corresponding components of Cr, Cr’', and Cr(OH); identi-
fied. The dominant peak was CrO,” at a B.E. of 579.3 on the
anode surface. Milosev et al. [50] proved the presence of the
Cr*" species in the layer at a higher oxidation potential in a
neutral solution. In the present study, since the current was
impressed on the SS316L in the EK system, a yellow color
of the anolyte was noticed, which is due to the oxidation of
Cr' to Cr*". It supports the observation made in the anodic
polarization study where chromium oxidation occurs at 1.2
V. Atrens and Baroux [51] showed that Cr®" is highly stable
and can be easily removed from the passive film. The core-
level O1s spectrum of the cathode with the contribution of a
B.E. of 531.7 indicates a hydroxide species. A peak at a B.E.
of 531.3 on the anode surface indicates the presence of C =
O [52]. Since soil has some anionic organic species which
move toward the anode in the EK system, it is possible to
have the formation of organic oxygen complex on the anodic
surface. The intensity of Ols was more or less the same on
both the anode and cathode. The spectrum for calcium on the
cathodic surface of the SS316L indicates two calcium spe-
cies at B.E.s of 347.8 and 351.2. It clearly indicates that Ca
adsorbs on the metal surface and forms as Ca(OH), on the
cathodic surfaces. The magnesium peak (B.E.: 1303.45 eV)
was also noticed on the cathodic surface, which is due to the
formation of magnesium hydroxide at pH>9 on the cathodic
surface in the EK system [52]. C12p components were located
at 198.3 £ 0.2 and 200.2 + 0.2 eV, the first one being
assigned to a chloride ion and the second one to a Cl bound
to carbon [54] on the anode and cathode surface in the EK
system. A peak at 197.5 eV was observed on the anode and
cathode, which indicated the adsorption of the chloramines
group [55]. The formation of chloramines and a Cl bond car-
bon on the cathode is due to electroosmosis.

3.8. SEM observations on anode and cathode

Figure 11 shows the pitting of SS316L on the anode and
cathode observed by SEM. Pitting corrosion was noticed in
both the anode and cathode surfaces in the EK system. SEM
observation supports the observation made on the leaching
of chromium, nickel, and iron in the EK system and polar-
ization behavior of stainless steel. In the present study, the
soil extract contained 500 ppm chloride which may influ-
ence the pitting corrosion of SS316L. The pittings on the
SS316L occurred within 48 hours at the current density of
0.615 mA/cm’ in the EK system. The presence of chloride
anions on the cathodic surface was identified by the XPS
study. It indicates the adsorption of chloride on the metal sur-
face for pitting corrosion by the availability of hydrogen ions
through electroosmosis in the EK system.

54800 15.0kV 7 Bmm B0 Ok

Fig. 11. Pitting on anode (a) & (b) and cathode (c) & (d) of SS316L
during EK process observed by SEM.

3.9. Mechanism of pitting on SS316L electrodes of the
EK system

Ion migration and electroosmotic transport under direct
current fields in EK are unique factors for clean up of low
permeability and heterogeneous soils contaminated with
heavy metals [8] by employing efficient electrodes [56]. The
corrosion model for the SS316L electrodes in the EK system
is presented in Fig. 12. The weight loss and leaching of metal
components indicate that both anode and cathode undergo
corrosion during EKs where anode corrosion is higher than
cathode corrosion. The electrochemical study for SS316L in
acidic, neutral, and alkaline pH along with soil extract
explains that corrosion starts at the transpassive region if SS
is used as an anode. The reduction of chromium and iron on
SS316L was noticed in the cathodic polarization at alkaline
and neutral systems. The addition of acetic acid improves the
passivity of SS. On the basis of the XPS study and electro-
chemical study, it is expected that the acetic acid creates a
neutral pH at the cathode chamber in the EK system and
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Fig. 12. Corrosion model for SS316L electrodes in EK system.
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enhances the reduction of chromium and iron. In the present
study, the value of electroosmosis was 60 ml/day at 0.615
mA/cm’. Hence, the chloride travels from the anode cham-
ber to the cathode chamber and attacks the metal surface. It
is well known that during cathodic protection, the presence
of a protective oxide film undergoes reduction. The cathodic
surface of SS316L has a significant quantity of Fe’* and Fe’*
and reduced species of chromium. The present authors also
strongly believe that the adsorption of porous calcium and
magnesium oxide film encourages the entry of CI™ through
the porous film. It is possible that the reduced species attracts
the negative species of chloride and forms as metallic chlo-
rides on the cathodic surface. Shang and Lo [57] did not detect
Fe’ at the cathode even though corrosion was expected at
the anode, which was probably because Fe’* formed at the
steel anode was transported to the bottom cathode by
electromigration and precipitated to insoluble iron-hydroxide
(Fe(OH);). Hence, it can be claimed that the deposit on the
cathode surface may create differential aeration cells which
is a favorable environment for pitting corrosion. Besides, H"
also travels from the anodic to cathodic chamber through
electroosmosis [21]. The fact is that the mobility of the pro-
tons under the electrical field is about two times faster than
hydroxyl ion mobility, which is a factor that can make it
dominate a system that contains both [4]. The formation of
an autocatalytic reaction to form hydrochloric acid on a
metal surface may encourage the pit formation on a cathodic
surface.

ZzM + zCl” + zH,0 — zM(OH),+ z(H' +CI")

Zucchi et al. [58] observed that stainless steel suffered
hydrogen embrittlement when cathodically polarized in deaer-
ated artificial seawater. They observed a calcareous deposit
at —1.2 V vs SCE. Although the solution pH was maintained
at about 6.5 by adding HCI, the pH at the metal/solution
interface could reach high enough values to precipitate
Mg(OH),. They concluded that SS was susceptible to hydro-
gen embrittlement in a deaerated pH 6.5 when cathodically
protected at —0.9 V/SCE. In the present study, pittings were
also noticed on the anodic surface of the SS316L. It is due to
the dissolution of oxides at the transpassive region in all pH
systems. Hence, the authors strongly believe that SS316L
releases chromium and iron in the soil by corrosion and con-
taminates the soil.

The behavior of cathodically protected stainless steel in
natural or artificial seawater has not been frequently investi-
gated. Though many investigators used SS as a cathode
material [18-26], nobody has considered the electrochemical
behavior of cathode SS electrodes in the EK process. In lit-
erature, nobody has mentioned the “grade of stainless steel”
used in the EK system. Isosaari et al. [59] used stainless steel
as electrodes in electroremediation of creosote contaminated
clay and they noticed that corrosion of the SS plate elec-

trodes could have acted as an additional source of Fe. They
also mentioned that the concentrations of Cr, Ni, and Mo
were present in the stainless steel electrodes, which were not
markedly elevated in the clay. Besides, they noticed the pres-
ence of Cr, Ni, and Mo in the anolyte and catholyte and sug-
gested that the corroded components migrated toward the
cathode from the anode. Hence, investigators believe that
this study may create awareness about electrochemical
behavior of SS on electroremediation to environmental engi-
neers.

Raats [60] did EK dewatering of waste sludge by stainless
steel electrodes in a pilot scale. Due to the electrochemical
dissolution of the anode, titanium coated with iridium oxide
as an electrode material was used and dissolution was sup-
pressed effectively. Chen [61] suggested that graphites and
lead oxide are among the most common insoluble anodes
used in electrofloatation. They are also cheap and easily
available, but both showed high O, evolution overpotential
and low durability. Besides, in lead there exists a possibility
to generate highly toxic Pb>", leading to severe pollution. A
few researchers reported the use of Pt or Pt-plated meshes as
anodes [62,63]. They are much more stable than graphite
and lead oxide. However, the known high cost makes large
scale industrial application impracticable. The well known
TiO,-RuO; types of dimensionally stable anodes (DSA) dis-
covered by Beer [64] which possess high quality for chlorine
evolution but their service life is short for oxygen evolution.
In the last decade, IrOx presents a service life about 20 times
longer than that of the equivalent RuO, (70 %). Hence, the
selection of an electrode should be made on the basis of pol-
lutants in the soil and electrochemical behavior of the elec-
trode in the polluted environment.

4. CONCLUSIONS

Stainless steel is used as either a cathode or an anode in an
EK system on removal of pollutants in soil and water
environments. The corrosion behavior of an electrode in an
EK system has not been considered. In the present study,
leaching of chromium, nickel, and iron has been noticed in
the catholyte and anolyte during the EK process. The weight
loss of an anode is higher than a cathode in the EK process,
which reduces the life of the electrode. Peroxide production
in the EK process is also a negative effect on distribution of
organic content in the agricultural soil. The impressed
current in EK encourages the shifting of potential to a
transpassive region and enhances corrosion if SS is used as
an anode. The addition of acetic acid improves the passivity
of the SS electrode. The XPS study indicates the presence of
reduced/oxidized species of chromium and iron on the
cathode and anode. Besides, the adsorption of calcium and
magnesium has been noticed on the cathode only. Pitting has
been noticed on both the anode and cathode and concludes
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that the formation of an autocatalytic reaction by chloride on
the metal surface may encourage the pit formation on the
cathodic surface. The pitting on the cathodic surface is
correlated with the movement of H' from the anode to the
cathode chamber by electroosmotic flow in the EK process.
Hence, the application of stainless steel as an electrode in
electroremediation technology for agricultural soil and drinking
water is questionable.
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