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ABSTRACT: In most mining areas, significant concentrations of metals such as Pb, Cu, Cr, Zn, Cd, Fe, Mn, Co,
Ni, Hg, Ar, halogenated organic compounds and radionuclides are found. Of those, Cr is one of the well-known
heavy metals that forms toxic species. It is necessary to study the mobilization and accumulation of Cr at the
sediment water interfacein an electric field at varying different positions and conditions of the electrode arrangement.
The tests were carried out with a natural sediment containing heavy metals from the river Weisse Elster (Germany).
The electrokinetic experiments have been performed in columns filled with sediment using electrodes made of
conductive polymers (polyethylene with carbon black) at a maximum current density of 0.5 mA/cm?. The
experimental results suggest that the mobilization and accumulation of Cr highly depends on chemical factors for
e.g., pH value, redox potential, respectively redox status and the content of Fe, Al and organic matter in the soil
or sediment. The sorption of Cr (llI, V1) is very high in the pH range > 4.5. As expected, a high mobilization of
Cr (111, V1) was seen in the case of the experiments with the anode at the sediment, because the pH value was
lower than mentioned above. On the opposite, the best conditions for the Cr (l11, VI) immobilization is high pH

values (cathode at the sediment).
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INTRODUCTION

It has been found that the soils and sediments
around old mining areas and former industrial sites
are contaminated with heavy metals (EPA, 2000;
Mulligan, etal., 2001; Shrestha, et al., 2003; Aliabadi,
et al., 2006). Cr isone of the common contaminants
found there in surface waters, ground waters, soils,
sediments, rocks, plantsand animals. In addition Cr
iswiddy used in the production of stainless steels,
iron and nonferrous alloysaswell as for plating wood
preservations and leather tanning. It was also used
as corrosion inhibitor in cooling towers and as
component of fungicides. Cr existsin three oxidation
states (11, Il and V1). Especial attentionispaidto Cr
(VI) because of its potential to cause cancer in
humans. It ishighly solubleand mobile under neutral
and higher pH conditions (K ortenkamp, et al., 1996).
Methods of cleaning contaminated soils and
sediments by Cr arein high demand. Electrokinetic
remediation is a clean and one of the most cost
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effectivein situ technologies (Pamukcu, et al., 1997;
Puppala, et al., 1997; Shrestha, et al., 2003). A basic
process of the electrokinetic remediation is the
electromigration, where cations moveto the cathode
and anionstowards anodein an electric field. Cr (V1)
forms chromate (CrO,*) and hydrogenchromate
(HCrO,) anionsin agueous solutions. Cr (I11) isless
toxic than Cr (V1), but large doses can also be on
toxic. Former researchers had performed with the
remediation rate or movement of these ions in the
electricfield with various surfactants, potentialsand
supplied current (Pamukcu, et al., 1997; Puppal a, et
al., 1997; Reddy, et al., 1999; Manna, et al., 2003;
Sawada, et al., 2003). It is sill unknown, how the
mobilization and immobilization occur with different
electrode arrangements. The study pursues the aim
to get a new fundamental knowledge about the
mobilization and immobilization of Cr on the
applications of different arrangements of el ectrodes
in the remediation process.
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MATERIALSAND METHODS

Sediment samplewas coll ected from the river Weisse
Elster, near Klendalzig, Germany, an old mining area
on 01.03.2001. The most important parameters of the
sediment were: theinitial Cr (111, VI) concentration:
235.9 mg/kg, porewater pH of 5.85, organic content:
(9.4%), total sulphur: (14.9 g/kg) iron: (68.5 g/kg) and
Mn: 600 mg/kg. Tap water from Dresden, Germany was
taken for theexperiment. It wasalmost freefrom Cr and
had a pH value of 8.1. Electrodes were made from
environmental friendly conductive polymer
(polyethylene with carbon black) with a specific
resistance of about 20 Q/cm.

Analytical reagent grade chemicals and double-
distilled water were used for preparing all solutions.
Stock solutions containing 1,000 mg/L of theanalysts
wereprepared frommetal nitratesin 1 %HNO,sol ution.
Working standard solutions were prepared by
appropriate dilutions of the stock solutions. Blank
determinationswererun by using thesame reagentsin
equal quantities asdescribed in the analysis procedure
throughout the experiments.
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A schematic diagram of the experimental setup is
shown in Fig. 1. The set up consists of PVC tubes
(length: 0.6 m, diameter: 0.12m). It wasfilledup at first
with 1,700 g sediment, (covered 0.12 m of its depth)
and then with water ratio of 4:1 by volume with
sediment in the column. After filling the columns, the
two electrodes were installed in different position
according tothe requirements of the experiments. The
middle coverage of thedectrodein relation to sediment
surfacewas 20 %. Thedistance apart of two € ectrodes
was 8 cm and used voltage 3V (electric field strength:
37.5V/m) (Shrestha, et al., 2003). The voltage could be
adjusted by external control devices. Two sampling
pipesfor taking thewater samplefor analysisand Pt-
wiresfor measuring redox potential werefixed near to
the anode and to the cathode. Besides a small
fermenting tubefor balancing theinside pressure was
ingalled.

Thesequential extraction after (Forster and Calmano
1982) was applied todeterminetheinitial binding forms
of Cr and total concentration in the sediment.
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Fg. 1: Experimental assembly (Shrestha, et al., 2003)
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All experiments were carried out at room temperature
without light to prevent from unnecessary deve opment
of oxygen by autotrophic organismsand biomass. The
water sampl esweretaken from water sediment interface
periodically for long time to observe the trend of
accumul ation and mobilization with respect totimeand
pH. Water samples were taken in a day gap initially
and at 15 daysgapinthelater stage. Everytime, 10mL
of water sample wastaken without affecting the system
of the column. Thetaken volumewas refilled with tap
water after sampling. The metal concentrations were
measured by using an atomi c absorpti on spectrometer
with induced couple plasma(ASS-ICPR, ZEISS, Jena).

RESULTS
Binding form of original Cr in sediment

The sequential extraction procedures give an idea
of thedistribution of thedifferent chemical formsof Cr
in the sediment matrix. Fig. 2 illustratestheresults of
thisprocedure. Itisclearly to beseen that nearly 50 %
of thetotal Cr existed in form of oxides or hydroxides
and more than 40 % as organometals or sulphides or
thioorganometals. From analysis of the redox status
followsthat in the sediment had more Cr (I11) than Cr

(V).

Arrangement of electrodes
Results of the measurement at the water sediment
interface

The concentration at the interface increased
gradually from 0.7 pg/L t09.12 pg/L in thereference
column during the experimental time of 181 days (Fig.
3). The pH value was almost in steady state condition
at6.5. At pH 6.5, most Cr(VI) ispresent asCrO,* ions.

8%

43 %

O exchangeable
O oxides or hydroxides
O residual

It was noted that Cr (111) (if available) could be oxidised
to Cr (VI) by reaction with Mn ions (Moore and
Ramamoorthy, 1986), although the reaction rate was
not appreciabl e affected by dissolved oxygen, dightly
acidic or basic conditions limited the oxidation rate.
Probably, thisis the cause that Cr was released from
sediment to interface. Themost of Cr wasCr (I11). The
released Cr isthe exchangeable Cr at the soil surface.
In the case of anode at the sediment-water interface
and cathodein the aqueous phase, at the phasell, the
pH decreased from pH = 6.5 to 2-3.0 (Fig. 3a). The
observed Cr concentration increaseat theinterfacefrom
2 ug/L tomaximal 250 pg/L. TheCr-mobilization rate
was high at phasell. From the sequential extraction it
was already proved that there was the most Cr in Cr
(111). Thisattachment decreaseswithincreasing pH. Fig.
3cshowssimilar trend asFig. 3a. When theanodeis 8
cm below the sediment-water interface and cathode at
the sediment-water interface, at the phase Il (Fig. 3b),
thepH increased from 6.0t0 12.0. Fig. 3d showssimilar
tend asFig. 3b.

Results of the measurement in the sediment

Fig. 4 shows the pH profile of the experimental
columns at various conditions in the sediment. In
Fig. 4 a, due to formation of hydrogen ions at the
anode, pH waslowered from 6.7 to 5.0 after 180 days
of voltage supply at theinterface. It showsthat once
the sediment is acidified, it takes long time to
neutralize it under currentless conditions. The pH-
profile of the interstitial water showed clearly that
theacidic front reached the sediment horizon (0to -
6 cm depth) after 180 days. In thisdepth, the sediment
buffered the acidification and became neutral .
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Fg. 2: Percentage of Cr in different binding forms in sediment after sequential extraction
(Shrestha, et al., 2001)
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Fg. 3: Tempora changes in total Cr concentration and pH values at the sediment water interface in the experimental
column (EC) (with U = 3 V/without voltage) and in the reference column (RC) (Fig.: 3@) anode at the sediment water
interface and cathode in aqueous phase, Fig.: 3b) cathode at and anode 8 cm below the sediment water interface, Fig. 3c)
anode 4 cm above and cathode 4 cm below the interface and Fg. 3d) cathode 4 cm above and anode 4 cm below the
sediment water interface]

InFig. 4b, thepH-prdfilecof theinterdtitial water show
that thealkaline front reached thefirst sediment horizon
(Oto-2 cm) after 180 days.

In this area, pH was in the range of 8-9. In deeper
sediment horizons the anodeinfluence becomes always
greater. The anodically produced protons are
neutralized and in sediment depth of about 6 cm the pH
is about 6. It is know that hydrogen ions can move
twicetimefagter than that of hydroxideions. Therefore,
at asediment depth of 4 cm, the pH valueislower than
7.0. InFig. 4c, the pH-profileof theinterstitial waters
showed thealkaline front reached in the first sediment
horizon (0to -2 cm) after 180 daysasin Fig. 4b. But, the
pH was not so high as in Fig. 4b or it came near to
neutral pH value of ~ 7.5. With the pH profile in the
sediment, thedistribution of themetal sin the sediment
also changes. Following explanations (Fig. 5) shows
thedistribution of Cr inthe sediment phase. In contrast

to Cr (VI), Cr (I11) is relatively immobile in soil.
Regardlessof pH and redox conditions, most Cr (V1) in
soil isreducedto Cr (l11) under anaerobic conditions.
pH of 5at thefirst sediment horizon (0to-2 cm depth)
went to4.56; may bethiswasthe preferable condition
tomigrate chromatetotheanode. VerylittleCr (VI) and
Cr (111) might migrate to the interface as Cr (I11) has
stopped transport after pH 5.5. In case of the results of
theexperiment in Fig. b, thetrend of Cr wasjust Smilar
tothe case of Fig. 5a because only chromate started to
migratetowards theanode. In case of Fig. 5¢, theanode
might attract the anions. From the experiments, it can
be shown that the best arrangements where Cr can
accumulatein the sediment to makewater freefromthe
contaminantsare theconditionsasto beseenin Fig. 4
and Fig. 5. If decontamination of sediment is needed,
anode should be kept at or 4 cm above the sediment-
water interface (Tablel).
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Fg. 4: pH profiles a the sediment water interface after 180 days of voltage supply, U =3V
[4a: Anode at the sediment water interface and cathode in aqueous phase; 4b: Cathode at and anode 8 cm below the
sediment water interface and 4c: Anode 4 cm below and cathode 4 cm above the sediment water interface]

DISCUSION AND CONCLUSION

The batch experimentswere conducted at maximum
current density of about 0.5 mA/cm? in the columns
fitted with el ectrodes made from conductive polymers
at room temperature in absence of direct daylight.
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Themobilization or accumulation of Cr at the sediment
water interface at different electrode positions swere
studied by measuring pH and heavy metal
concentrationsin water and sediment.
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Fg. 5: Cr digtribution profile after 180 days of voltage supply, U = 3; V= congtant
(5a Anode at the sediment-water interface and cathode in aqueous phase; 5b: Cathode at and anode 8 cm below the
sediment water interface and 5c: Anode 4 cm below and cathode 4 cm above the sediment water interface)

Table 1: Increment percentage of chromium at water sediment interface after supplying voltage

Average Cr concentration at the

Increment with respect to RC

Type of column interface (ug/L) (%)
reference column (RC) 43 +0
column with anode at interface 150 +35
column with cathode at interface 0.94 -0.74
column with anode 4cm above and cathode 4cm below 68.5 +15
the interface

column with cathode 4cm above and anode 4cm below 1.2 -0.72

the interface
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The highest mobilization of Cr was found when
the anode was placed at or above theinterfacewhere
an acidic front was clearly observed. The pH effect
on uptake and distribution of Cr may be attributed to
presence of different Cr species in the exposure
solutions. Stum and Morgan (1981) reported that at
higher pH, themolar ratio of CrO,” toHCrO, was 1.
0.05, whileat lower pH, thisratiowas1:1indicating
that the HCrO," concentration increased at sametotal
Cr concentration. Adsorbed Cr (111) and Cr (V1) atiron
oxides, aluminium oxide are mobilized at acidic pH
and oxic conditions. The existence of Cr,0.* is not
possible because extremely low pH values and strong
oxidizing conditions are necessary for it. Chromatein
the sediment can only be reduced to Cr (I11) by
accepting electronse. g. from Fe (11) under anaerobic
condition regardlessof pH and Eh (eg. 1). Thereaction
rateisvery slow in presence of organic matter under
environmental pH and temperature conditions, but the
reaction rate increaseswith decreasing in pH value.

CrOZ+3Fe” +8H" = Cr+3Fe* +4H0 (1)

At pH vaues; lessthan pH 4.5, Cr (111) isthedominant
Cr gpeci es according to speciesdistribution in aqueous
phase. [Cr¥] > [CrO,?]. At very low pH values and
oxidizing conditions [Cr,0,] and [CrO,*] are the
dominant species. They have high affinity to sediment
surfaces at positively charged sites.

(=SOH,"),CrO.* = 2(=SOH,") + CrO> 2
2(=SOH,") + 20H = 2(=SOH) + 2H,0 (3)
Themobilized ionsmay be moved towardsthe anode
and Cr® which mobilized at the phase II, completely
preci pitated as Cr (OH), at higher pH valueat the phase

1 (egs. 4-7).

Cr¥+OH = Cr(OH)* 4)
Cr(OH)?* +OH = Cr(OH),’ (5)
Cr(OH),* + OH = Cr(OH).° (6)
Cr(OH)  =Cr(OH),(s) 7

Thebest immobilization condition for Cr isin the case
where the cathode was at or above and anode below
theinterface. Under alkaline conditionsCr (111) will be
precipitated ashydroxide(eg. 7,8),

Cr®* +3C0,+ 3H,0=> Cr (OH), (9 + 3COxH,0 (8)

CrO,> got | eft from the sediment surface, moved to
theaqueous phase. If thereis Cr (VI) asthe chromate
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inthewater, thereisan adsorption at the interface at
low pH - value or amohilization at weak acid, neutral
and especially high pH value. It is the important
point to take in account of the distribution of metals
in the sediment with pH profilein the sediment. After
180 days of current supply, it was found that pH of
theinterstitial water decrease when anodeisat or a
few centimetres below the interface and cathode
insidethe sediment. Therethe Cr concentration was
found to below near theinterface. pH valueswerein
therange of 6.5-8.5, when theis positioned anode 8
cm or 4 cm below and cathode 4 cm above the
interface. Under thiscondition Cr were accumulated
at the interface. Electrochemical method is a good
method to influence the migration, immobilization
and mobilization of Cr but before using thismethod,
one must study the chemistry and the interaction
processes of the metal or metal complex andthe solid
matrix. It is beneficial to gain knowledge of the
contaminant type.
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