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Abstract The maintenance of harbor waterways gen-
erates large amounts of dredged sediments which are
often rich in coexisting organic and inorganic contami-
nants. Electrokinetic remediation treatments have
recently been developed for the simultaneous removal of
heavy metals and polycyclic aromatic hydrocarbons
(PAHSs), using various enhancing agents generally tested
sequentially. In this study, different processing fluids
were tested, alone or mixed, to improve the decontami-
nation of aged model sediment contaminated with cad-
mium, lead, chromium, copper, zinc, and five PAHs.
Nitric acid (NA) and citric acid (CA) were tested to
avoid the formation of an alkaline front into the sedi-
ment and favor the metals removal, while an anionic
surfactant [sodium dodecyl sulfate (SDS)] and a nonionic
surfactant (Tween 20) were tested to solubilize and
mobilize PAHs. Processing fluids were circulated under a
constant voltage gradient of 1 V cm™' for 10-14 days.
NA showed an excellent potential to remove metals
(76.8-99.9 % removal) and PAHs (70.3-89.7 % removal)
in a single run. Besides, the mixture of Tween 20 and
CA, more environmental friendly, could be considered as
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a relatively good processing fluid for the simultaneous
removal of metals (10.3-90.8 % removal) and PAHs
(53.6-61.6 % removal) from the fine-grained sediment,
while SDS mixed to CA was not a good candidate for
this purpose (0.1-65 % removal for metals and
34.1-41.0 % removal for PAHs).

Keywords Electrokinetic remediation - Polluted
sediments - Metals - Polycyclic aromatic hydrocarbon
co-contaminants - Surfactants - Citric acid

Introduction

The maintenance of harbor waterways, which is abso-
lutely necessary for the development of harbors, main-
taining sufficient sailing depth, generates large amounts
of dredged sediments. In France, materials dredged
annually in the harbors and the channels represent about
50 million m> ; of that, 24 million m> concentrate on
most of organic and inorganic contaminants (Benamar
and Baraud 2011). Dredged materials are no more sys-
tematically dumped at sea, to protect aquatic life from
the potential toxic effects of sediment-bound contami-
nants. French guidelines (Geode regulations), dated on
June 14, 2000, were adopted within the framework of the
OSPAR convention and specify two guidance levels (N,
and N,) for the chemical contents. They have been
established to facilitate the management of dredged
sediments. When the concentration of many classes of
contaminants is higher than a determined threshold (N,
level), dredged sediments must be kept on chosen dis-
posal sites to minimize their adverse impacts on the
aquatic environment (Alzieu 2005). Lots of these dis-
posal sites are nearing capacity or are already full. As a
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consequence, reuse solutions, such as in civil engineer-
ing, can be proposed, but they generally require previous
pretreatments (such as dehydration) and pollution reme-
diation to reduce the amount of contaminants.

Sediment contamination involves different organic,
inorganic, and organometallic pollutants, but metals and
persistent organic pollutants (such as polycyclic aromatic
hydrocarbons PAHs) are particularly of great concern.
Indeed, they can accumulate in food chains and may
cause higher mortality, reduce growth, or disturb repro-
ductive processes in marine organisms, depending on
their level of contamination. The presence of PAHs in
the environment is mainly due to the waste discharged
from industrialized and urbanized areas, coal tar pave-
ment, off-shore petroleum hydrocarbon production, or
petroleum transportation (Froehner et al. 2012a). Because
of these recalcitrant contaminants, powerful techniques
must be developed to remove them from sediments.
They include thermal desorption, washing, bioremedia-
tion by aerobic or anaerobic biodegradation, and ultra-
sonic degradation (Gan et al. 2009; Bremner et al. 2011;
Baboshin and Golovleva 2012; Zhang et al. 2012). The
properties of sediments differ markedly from soils,
because of their higher content of water, clay, silt, and
organic matter [this latter fraction having a high capacity
to retain PAHs (Froehner et al. 2012b)]. So, technologies
which are effective for soils can be impractical for
sediments (Mulligan et al. 2001).

Electrokinetic (EK) remediation is accepted as one of
the most suitable technologies for extracting metals from
fine-grained sediments of low permeability (Kim et al.
2011). Moreover, EK remediation is flexible and can be
used as an in situ or ex-situ remediation system (Reddy
2010). Basically, an electric field is applied to the sedi-
ment via electrodes, causing movement of charged spe-
cies in the sediment (by electromigration) to a cathode or
to an anode. This electric field is also responsible for the
movement of water by electroosmosis, usually towards
the cathode, and uncharged contaminants can also be
transported with water (Vyrkutyte et al. 2002). But since
electromigration has generally a higher impact than
electroosmosis, EK remediation focuses on charged ions
such as metals (Suer et al. 2003). Successful laboratory-
scale electroremediation tests have been reported for
sediments, sludge or soils contaminated by metals or
metalloids (Yuan and Weng 2006; Al-Hamdan and Reddy
2008; Yuan and Chiang 2008; Gan et al. 2009). However,
attention has also focused on removing neutral contami-
nants by the electroosmotic flow driving force. Although
EK process does not seem to be the most adapted tech-
nology to remove insoluble hydrophobic pollutants such
as PAHs, recent studies demonstrated the treatment’s
effectiveness (Giannis et al. 2009; Pazos et al. 2010).
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However, PAHs removal was mainly investigated from
spiked kaolin and from soils (Reddy et al. 2006; Park
et al. 2007; Alcantara et al. 2010; Reddy et al. 2010) and
only few studies dealt with fine-grained sediments (Genc
et al. 2009; Colacicco et al. 2010). Moreover, a major
factor complicating the EK remediation is the co-occur-
rence of organic compounds and metals, because
enhancing additives which are necessary to obtain effec-
tive removals of each kind of contaminants are not of the
same nature (acids or chelatants for metals vs bases, co-
solvents or surfactants for PAHs). Studies dealing with
the simultaneous electrokinetic removal of metals and
PAHs from sediments are not numerous, and further
research is needed to improve the understanding of many
important factors acting on the process. In particular,
physical and chemical effects when using mixtures of
flushing reagents remain complex and only few phe-
nomenological studies are reported in literature. Besides,
the different enhancing agents such as acids, chelatants or
surfactants were generally tested sequentially and not
simultaneously during the same run test (Reddy et al.
2009).

In this work, EK remediation at laboratory scale was
used to remove five metals (Cd, Cr, Cu, Zn and Pb) and
five PAHs (phenanthrene, fluoranthene, pyrene, chrysene
and benzo[b]fluoranthene) from a model sediment mim-
icking the properties of a natural dredged harbor sediment
(the real sediment is located in Normandy, France and was
obtained in 2010). This model sediment was more complex
than pure kaolinite or sand and was let several months in
contact with spiked PAHs. Indeed, we took into consider-
ation the fact that the electrokinetic method, immediately
applied on a freshly spiked soil, does not give the same
results than on aged spiked soils and obviously than on
natural soils, since contaminants are more strongly sorbed
on mineral and organic fractions in these two latter cases.
Many batch tests were conducted using different types of
enhancing agents: strong and weak acids were tested to
enhance metals removal whereas solubilizing agents such
as anionic and neutral surfactants were tested for removal
of PAHs. Mixtures of many of these additives were also
tested for the first time, in combination and not sequen-
tially, in order to remove simultaneously metals and PAHs
in a single run. Moreover, it was discussed about the
opportunity to introduce these mixtures of enhancing
agents into the two electrode cells while additives are
generally introduced as catholytes (Gidarakos and Giannis
2006) or anolytes (Maturi et al. 2009).

Thus, this paper describes bench scale electrokinetic
experiments in order to assess the simultaneous removal of
metals and PAHs from a spiked aged model sediment, in
only one stage, using combinations of additives which have
never been tested together.
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Materials and methods
Materials
Model sediment

A model sediment was made up of a mixture of kaolinite
(IMERYS, Poigny, France), silt (collected from surface
formations covering the chalk plateau in Haute-Normandie,
France) and sand (SIKA, Hostun, France) to mimic a dredged
sediment from a disposal site managed by a French harbor
authority (Table 1). Mineralogy of the model sediment (but
also the content of organic matter) was close to the one of the
natural sediment. Organic matter (OM), obtained from the
decomposition of a vegetable material, was graciously pro-
vided by VEOLIA (France). This OM was dried for 48 h at
50 °C, crushed and sieved through apertures of 355 pm.

Solvents and contaminants

Acetonitrile, methylene chloride, toluene, acetone, all of
HPLC grade, were obtained from Fisher Scientific France
(Illkirsh, France). Nitric acid (65 %) and hydrochloric acid
(37 %) were obtained from Panreac (Barcelona, Spain).
Sodium chloride (purity 99.5 %), sodium dodecyl sulfate
SDS (>99 %), citric acid monohydrate (>98 %) and
Tween 20 (>97 %) were also purchased from Fisher Sci-
entific. Water was purified and deionized using a direct Q3
system from Millipore (Molsheim, France).

A mixture of five PAHs (Table 1), all obtained from
Sigma-Aldrich (St Quentin Fallavier, France), was pre-
pared in acetone (each at 2,000 mg L™'). 25 mL of this
mixture was introduced into 500 mg of the inorganic
fraction of the model sediment (autoclaved 2 h at 110 °C),
to obtain a total PAH contamination of 500 mg kg™~'. This

sterilized model sediment was shaken under an extractor
fan during 2 days to evaporate acetone and then was mixed
with 4.38 kg of sterilized, not contaminated, model sedi-
ment. After that, 0.112 g of organic matter was added and
the dry mixture was aged in the dark for 3—6 months, in
order to allow strong interactions between PAHs and
organic matter to occur. Consequently, we obtained a
model sediment with a total PAH contamination of
approximately 50 mg kg™', which is ten times the total
PAH level measured in the natural dredged sediment of the
Norman disposal site. Contamination of the model sedi-
ment by PAHs was above the N, level (Geode regulations)
which raises problems for dredged sediments.

A mixture of five metals was prepared to be introduced
in the model sediment containing PAHs (Table 1). Metals
were introduced at the N, level (above which submersion
of sediments is subject to strict conditions), except for Cd
which was introduced at ten times its N, level. Cadmium
nitrate tetrahydrate (purity 99.9 %), chromium nitrate
(99 %), copper sulfate (98 %), zinc nitrate hydrate
(99.9 %) and lead nitrate (99.9 %) were purchased from
Sigma-Aldrich France. They were diluted in 180 mL of
deionized water respectively at 0.130, 2.770, 0.452, 3.197
and 0.639 g L', and then they were mixed with 360 g of
the dry model sediment contaminated by PAHs. Thus the
aqueous phase introduced corresponded to 50 % moisture
content (w/w). This mixture was shaken for 3 days after its
introduction inside the electrokinetic cell.

Electrokinetic tests
Electrokinetic setup

The setup consisted of a sediment chamber made of Teflon
PTFE which was 4.9 cm inside diameter and 14.2 cm

Table 1 Properties of the studied aged model sediment and its spiked contaminants

Model sediment

Spiked contaminants

Particle size distribution and diameters Clay 20 %
Silt 75 %
Sand 5%

Organic matter content 2.5 %
pH 6.8
Electrical conductivity

932 uS cm™! in deionized water

4,580 puS cm~! in salt water (20 g L™" NaCl)

Moisture content (% w/w) 50 %

d, < 80 pm Metals  Cdy 24 mg kg™!

54 % <2 um

d, = 4-100 pm Crig 180 mg kg™

d, = 125-315 pm Cuy 90 mg kg™!
Zny 552 mg kg~
Pby 200 mg kg~

PAHs  PHEN 8.6 + 0.4 mg kg~ '

FLT 9.7 + 0.4 mg kg™ "
PYR 8.6 &+ 0.4 mg kg™ '*
CHRYS 10.9 + 0.6 mg kg™
B(Mb)FLT  10.7 & 0.8 mg kg™'*

% Mean values obtained from 4 replicates after MAE extraction and GC-MS analysis
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length (Fig. 1). The two electrode compartments were also
made of Teflon (4.9 cm diameter, 5 cm length) and were
separated from the cell containing the sediment by a porous
(0.45 pm) fiber glass filter paper (Millipore) and a Teflon
perforated grid. Two graphite electrode plates were placed
in each compartment through a perforated hole. Two
peristaltic pumps (KNF Stepdos, Germany) allowed filling
each electrode compartment with anolyte and catholyte
aqueous solutions, with a low flow rate (10 mL h™"). Two
glass flasks collected the anodic and cathodic effluents,
whose masses were measured periodically: it allowed cal-
culating the electroosmotic flow (EOF) from the difference
between the volume generated by the imposed flow and the
effluent volume. Three sampling ports were included at
approximately 5 cm intervals in the horizontal direction of
the sediment chamber, in order to measure the pH and the
electrical potential variations during the tests.

Testing procedures

For each test, approximately 540 g of the wet contaminated
model sediment was fully packed into the sediment
chamber. The cathode and the anode reservoirs were filled
with an aqueous solution containing the same enhancing
agents. A constant voltage gradient (1 V cm™") was then
applied for 7-14 days, and electrical current was periodi-
cally measured during runs. Every 24 h, cathodic and
anodic effluents were collected and PAHs and metals
concentrations were measured (see “Chemical analysis”
section). At the end of a selected time-period, the model
sediment was extracted from the apparatus and was cut into
4 equal sections. Then, the residual metals and PAHs could
be extracted and analyzed to obtain concentration profiles
from the anode to the cathode. A summary of all the run
test conditions applied is reported in Table 2.

Sediment pH and electrical conductivity were measured,
respectively, using a M220 pH meter from Meters Lab
Instruments (that was calibrated using standardized pH

solutions) and a HI8733 conductivimeter from Hanna
Instruments. In each case, measurements were performed
by suspending 1 g of model sediment in 5 mL deionized
water, after 60 min of agitation (at 20 °C) and filtration.

Chemical analysis
PAHs analysis

PAHs remaining in the four sliced sections of the model
sediment after electrokinetic treatment were analyzed by gas
chromatography coupled to mass spectrometry (GC-MS).
Three aliquots of 5 g of sediment were taken from each
section and were dried one night at 35 °C. After crushing,
they were extracted by microwave-assisted extraction
(MAE) (MARS X, CEM Corporation, Matthews, USA).
Each aliquot was mixed with 40 mL of toluene/acetone
50/50 (v/v) and then heated at 140 °C during 30 min, with a
power of 1,200 W. Then the extracting solvent was filtered
with a Phenex Teflon PTFE filter (0.45 pm) (Phenomenex,
Le Pecq, France) before GC—MS analysis. After the addition
of 10 pL of deuterated phenanthrene as an internal standard
(100 mg L") to 990 uL of each liquid extract, 1 pL was
injected (splitless injection at 280 °C) into the gas chroma-
tographer (model 6850 from Agilent, Santa Clara, USA).
The MS detector (model 5975C from Agilent) operated at
70 eV with an electron voltage of 1,600 V in positive ion
mode (temperature of the transfer line: 300 °C). Separation
was performed using a 30 m x 0.25 mm i.d. capillary col-
umn (0.25 pm film thickness), with helium as a carrier gas
(1.2 mL min~'). Oven temperature was programmed at
55 °C for 1.2 min, increased to 180 °C (at40 °C min~ ') and
then to 300 °C at 4 °C min~'. Quantification was based on
selected ion monitoring for better sensitivity.

PAHs were also quantified in the aqueous cathodic and
anodic effluents by liquid chromatography (HPLC) (126
model pumps from Beckman Coulter, Fullerton, USA)
coupled to a fluorimetric (FLD) detector (Prostar 363 from

multi- power
. meter supply .
anodic compartment graphite cathode
valve pH or temperature controls gas vent
/
+ 1] -1~

\:: -&- =

effluent s 0
0 == = 0

peristaltic pump contaminated sediment  porous filter paper
precision + perforated PTFE divider
balance anolyte catholyte

Fig. 1 Schematic of the electrokinetic test apparatus
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Table 2 Conditions for the electrokinetic remediation experiments and metals and PAHs removal efficiencies (%)

Run  Anolytes and catolytes Duration ~ Metal removals PAH removals
(days) Cu Cd Cr Pb Zn PHEN FLT PYR CHRYS B(b)FLT

) (o) (%) () () (%) (%) (%) (%) (%)
EK1  Deionized water 6.8 0.1 122 24 442 364 336 393 354 43.5
EK2 NaCl(20gL™ 463 26 393 584 43 352 244 386 280 33.8
EK3  Nitric acid (0.1 mol L™") 15 852 999 768 935 989 753 703 89.7 857 74.2
EK4  Citric acid (0.1 mol L™") 10 619 952 439 642 96.0 365 315 332 306 39.9
EK5  SDS (0.04 mol L™ 10 453 327 237 502 870 293 205 262 223 26.8
EK6  Tween 20 (0.004 mol L") 10 253 5.2 1.3 64 385 546 549 592 556 54.0
EK7  Citric acid (0.1 mol L™ 10 11.0 342 240 0.1 650 389 341 386 368 41.0

+ SDS (0.04 mol L™}

EK8  Tween 20 (0.004 mol L") 10 492 8.0 103 285 908 57.8 540 61.6 569 53.6

+ Citric acid (0.1 mol L™h

Varian, Palo Alto, USA). As PAHs mobilized from the
treated sediments were at trace levels into the aqueous
effluents, a solid phase extraction (SPE) step was performed
before HPLC analysis. After conditioning a SPE cartridge
containing 60 mg of sorbent (STRATA X, Phenomenex),
the aqueous effluent was percolated, rinsed and PAHs were
eluted with 5 mL of methylene chloride. 60 pL of dimeth-
ylsulfoxide was added as a keeper before a complete evap-
oration under a nitrogen flow, followed by a solubilisation in
1 mL of acetonitrile. This SPE step enabled to purify the
sample and to obtain concentration factors from 20 to 100.
20 pL of the final extract was injected in the HPLC system,
on a PP Envirosep column (150 x 4.6 mm, 5 pm particles)
from Phenomenex, with a mobile phase composed of ace-
tonitrile/water 55/45 (v/v) during 5 min, followed by a linear
gradient for 20 min, to finish with 100 % acetonitrile (flow
rate: 1 mL minfl). Selected excitation and emission wave-
lengths for optimal fluorimetric detection of PAHs were
250/370 nm for phenanthrene, 235/420 nm for fluoranthene
and pyrene, 267/385 nm for chrysene and 260/420 nm for
benzo[b]fluoranthene.

Metals analysis

Samples of the model sediment were freeze-dried at
—80 °C, as defined in the standard ISO 16720:2005
(Iyophilizer Lyovag GT2, STERIS Corporation, Mentor,
USA), then grounded and sieved through apertures of
200 pm. For metals extraction, 0.5 g duplicate subsamples
were weighed into digestion tubes (ISO 12914). Digestion
of samples was performed using 8 mL aqua regia (mixture
of nitric and hydrochloric acids) and 2 mL pure water, in
closed PTFE vessels, using a microwave accelerated
reaction system (Mars X, CEM Corporation, Matthews,
USA), in three stages with 70 % power alternating with
two cooling stages. Mineralized solutes were transferred
into 100 mL volumetric flasks and completed with pure

water. After shaking, samples were centrifuged (7 min,
9,000 rpm) and supernatants were filtered with a Phenex
Teflon PTFE filter (0.45 pm) before analysis. The metal
concentrations were analyzed using an electrothermal
atomic absorption spectrometer (ETAAS) (Spectra
A220Z-GTA-110Z, Varian Corporation, Palo Alto, USA).
Metals in cathodic and anionic aqueous effluents were also
analyzed by ETAAS after their filtration with a PTFE filter.

Results and discussion

Enhancing agents are necessary to increase the removal, by
the electrokinetic process, of organic and metal compounds
bound on fine-grained sediments, where clayey fine parti-
cles and organic matter strongly sorb and concentrate these
contaminants. Suitable flushing solutions had to be selected
in order to play different roles, in the context where PAHs
and metals both existed in our studied aged model sedi-
ment: additives allowing to maintain an acidic pH (nitric
acid, acetic acid...) or forming soluble complexes with
metals (citric acid, EDTA...) proved to be effective for
metal removal (Wang et al. 2007; Giannis et al. 2009;
Alcantara et al. 2010; Kim et al. 2011). Furthermore,
maintaining a basic pH (NaOH, n-butylamine...) or using
solubilizing compounds such as surfactants (Tween 80, I-
gepal CA-720, sodium dodecyl sulfate, alkylpolygluco-
sides...) or cyclodextrins proved to be effective for PAH
removal (Reddy et al. 2006; Giannis et al. 2007; Pazos
et al. 2010). In our case, the final objective being to insure a
simultaneous good removal of both species, we chose to
dismiss additives which maintain a basic pH, in order to
avoid poor metal removals (Maturi and Reddy 2008).

So nitric acid was tested as being a strong acid, because
it was less tested in the context of PAHs removal. Citric
acid was selected as being a weak acid, but also for its
effectiveness to form complexes with metals (Nogueira
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et al. 2007) and (which is less discussed) for its ability to
change the phase properties of OM and to facilitate PAHs
release (Yang et al. 2001). SDS and Tween 20 were chosen
as anionic and nonionic surfactants (respectively) and
although they have been already tested alone in previous
studies, they have not been tested when mixed with other
enhancing agents. At last, it must be mentioned that all the
tested flushing reagents (pure or mixed) were introduced at
the same time into the anodic and the cathodic compart-
ments, which is quite unusual. Indeed, acids and com-
plexing agents are generally introduced at the cathode
reservoir and surfactants at the anode reservoir. But
recently, Genc et al. (2009) showed that the control of pH
at both electrode cells led to a less fluctuating electroos-
motic flow during the EK treatment, which seems to be
better for the removal of organic species. Moreover, con-
sidering that electroosmotic flow could be reversed in some
cases (Genc et al. 2009), we chose to introduce the PAHs
solubilizing agents at the two electrode cells.

Variation of electric parameters and model sediment
characteristics

The measured electric current for all the electrokinetic tests
is plotted as a function of time for different EK test con-
ditions in Fig. 2a. The results showed that the current
values fluctuated strongly at the beginning of the test when
nitric acid (N'A) or high contents of NaCl were added in the
aqueous processing fluid. The value of electric current
remained stable after 6 days of treatment for all tests and
was quite low, reaching a value less than 10 mA, except for
the test conducted with NA, where current remained five
times higher. The lowest value for electrical current was
observed for deionized water (DW). For the treatments
with NA and NaCl, the behavior is explained by a high
ionic strength which promotes a high electric current at the
beginning of the treatment. NA helps to solubilize various
organic and inorganic species contained in the model
sediment, leading to the rise of the electric current (and
conductivity). Then, current value gradually decreases
because of the neutralization of migrating cationic and
anionic ions. Cations migrating towards the cathode
(comprising also H*, due to water electrolysis) can be
neutralized by anions migrating towards the anode (com-
prising also OH™, due to electrolysis). In the case of
aqueous solutions containing high contents of NaCl, a peak
value was observed after a few hours of treatment, which
decreased quickly after only 1 day. The strong initial ionic
strength, due to the dissociation of NaCl, decreased dras-
tically because of changes occurring in sediment pH (as
will be discussed later), which cause a global chemical
precipitation and consequently a strong depletion of mobile
ionic species. For the processing fluids introducing
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additional non-reactive ions (citric acid (CA) or SDS), the
value of electrical current was slightly higher than the one
obtained with DW. Adding only Tween 20 (TW20), a
nonionic species, obviously did not help to improve the
electrical current compared to DW. In the case of mixtures
of CA + SDS and CA + TW20, the electrical current was
higher than with pure water but less than when using only
CA, in the order CA > CA + TW20 > CA + SDS >
water.

Figure 2b shows the electroosmotic flow (EOF) mea-

sured for all tests. Electroosmosis is closely related to
sediment properties: it is the movement of water relative to
the sediment charged solid grains under the influence of an
electric gradient. When the surface is negatively charged,
water flows to the cathode. It is the case of our model
sediment, which contains kaolinite, silt and sand whose
surface charges are negative at the initial pH (pH = 6.8).
Total EOF was lowest when processing fluids contained
deionized water or SDS, and was increasing in the order:
DW =~ SDS < NaCl ~ CA + TW20 < TW20 =~ -
NA =~ CA + SDS < CA. The average electrolyte flow-
rate was the fastest when CA was used (88.2 mL dayfl).
Indeed, it was already reported that citric acid could sig-
nificantly increase EOF (Peng and Tian 2010). But when
mixed with SDS or TW20, CA was less effective in
increasing EOF. The average electrolyte flow-rate was
decreased to 29.1 mL day ' when mixing SDS with CA
and to 18.1 mL day~' when mixing TW20 with CA. It
must be pointed out that cumulative EOF presented in
Fig. 2b is the sum of flows towards the cathode and the
anode. However, migration flows towards each of the
electrodes are in opposition, and inversions of global EOF
could be observed during some EK tests: it was particularly
the case when adding NaCl, where the flow towards the
anode was predominant after a few days of experiment, and
also, to a lesser extent, when DW or SDS were used as
processing fluids. It is known that inversions of EOF can be
detrimental to organic pollutant removals. For all the other
tests, the flow towards the cathode was dominating. At last,
even if the global EOF was greater when employing the
mixture SDS + CA than with the mixture TW20 + CA, it
cannot augur a better PAHs removal, because we must take
into account that PAHs can be solubilized into the anionic
micelles, which counteract the global flow towards the
cathode.

Figure 3a shows the final distribution of electrical con-
ductivity (EC) within the model sediment after each EK
treatment. The initial model sediment EC was
932 uS cm™' when mixed with DW and 4,580 uS cm™'
when mixed with salt water. Sediment EC changed dras-
tically at the end of two tests, with NaCl and NA as pro-
cessing fluids. For the test with NaCl, the electrical
conductivity remained markedly higher than that with DW,
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but important dissimilarities could be noted at both ends of
the model sediment specimen. EC remained high near the
anode while EC dropped near the cathode. Even if less
pronounced, this tendency could be observed for treatments
with TW20, TW20 + CA and SDS + CA. For the test
with NA, the highest model sediment EC was observed in
the middle column and decreased towards both ends. EC
drop, generally observed near the cathode, is a result of ion
precipitation. Indeed, in the electric field, H" migrates
towards the cathode more quickly than OH™, which
migrates towards the anode. Consequently, there is an
accumulation of OH™ near the cathode reservoir and
metals form hydroxides that precipitate, which lead to a
lower EC. In contrast, the acidification of a larger zone of
the sediment at the anode side contributes to a dissolution
of minerals and thus to a larger EC. In the case of the EK
treatment with NA, the model sediment section just near
the anode reservoir shows also an EC drop. It is certainly
because this treatment was longer than the others: dis-
solved metals were all removed from this section and EC
was consequently low.

—e— Tween 20

T T T T
150 200 250 350

100 300
Time (hours)
--NaCl —A—HNO3 —m— citric ac.

— &~ SDS+citric ac. - @ - Tween20+citric ac.

Figure 3b shows the pH values which were measured in
the model sediment after each EK treatment. As can be
seen, a treatment with DW led to an important acidification
of sediment near the anode (pH = 2.9) and an increase of
pH near the cathode (pH = 10.0). This tendency was more
pronounced by adding NaCl in the processing fluid: pH
reached 2.0 near the anode and 11.4 near the cathode. As
already discussed, electrical current was higher with this
saline processing fluid and all the phenomena were accel-
erated (electomigration, electrolysis...). The apparition of a
basic front leads to EC and current drops and slows down
or stops the electromigration of cations towards the cath-
ode. Using the strong NA as a processing fluid helps to
maintain an acidic pH along the sediment specimen, con-
tributing to a high electrical conductivity, high values of
electrical current and permitting to keep metallic contam-
inants in the dissolved aqueous phase. Nevertheless, when
the pH becomes too low, reversed EOF may occur and
opposing EOF to the electromigration of cationic species or
reversing the migration direction of neutral species is det-
rimental to the decontamination process (Kaya and
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Yukselen 2005). Consequently, it is necessary to maintain
a pH low enough to keep metallic contaminants dissolved
but high enough to maintain a negative zeta potential. It is
why citric acid was also chosen for other tests, as a weaker
acid with a buffering capacity. Adding CA in the pro-
cessing fluid led to a stabilization of the pH from the anode
to the cathode, between 3.0 and 3.5 for EK4, EK7 and EK8
tests, even when mixed with surfactants. Lastly, processing
fluids containing only surfactants obviously did not enable
to maintain the acidic pH near the cathode.

Removal of metals

Figures 4 and 5 show, respectively, the residual distri-
bution of Zn and Cu in the model sediment treated with
the different processing fluids. Final distributions were
also determined for Cd, Cr and Pb (data not shown). All
the metals were also measured in liquid effluents (anode
and cathode) during each EK treatment (data not shown).

@ Springer
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Table 3 indicates that in the mass balance, metal losses
or excesses could be measured, for many reasons. As a
general rule, the analytical process (extraction, filtration,
detection...) contributes to a large extent to the uncer-
tainty of the results (losses or excesses compared to
initial values introduced into the model sediment). In
many cases, aqua regia could lead to better extractions
after an EK treatment, because of changes in metal
speciation (Ryu et al. 2011). Uncertainties can also be
attributed to important sediment mass changes after some
treatments (dissolution of organic matter, mass increase
because of excesses of organic additives...) (Nystroem
et al. 2006).

A general trend is that Zn was the easier metal to be
removed from the model sediment, whatever the treatment
considered, whereas Cr and Cu were often the most diffi-
cult elements to be removed. As can be seen on Figs. 4a
and 5a, the treatment with DW was not effective for
removing metals from the model sediment. Metals tended
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to accumulate near the cathode because of the apparition of
the alkaline front, causing their precipitation as a result of
the formation of hydroxides. This excess of metals in the
sediment section near the cathode is a focusing effect of
EK treatments when no control of the pH is implemented
through acidic flushing solutions. Indeed, Pourbaix dia-
grams show that around electric voltages of 1 V, Cd, Zn,
Cu, Cr and Pb form neutral precipitates of oxides or
hydroxides at respectively pH > 8.1, pH > 6.8, pH > 5,
pH > 4.5 and pH > 4. So Zn tends to precipitate at pH
above 7, whereas Cu, Cr and Pb precipitate at lower pH.
Therefore, when the alkaline front appears, Cu, Cr and Pb
are more rapidly immobilized near the cathode than Zn.

For this reason, the best removals were obtained in the
order Zn > Cr > Cu > Pb > Cd with DW. Other mecha-
nisms can explain the low mobilization of metals from
sediments. In the case of Cd, its preferential binding to OM
can explain its lowest removal, compared to other metals,
although it precipitates at more alkaline pH. It has been
shown that adsorbabilities of sediments to metals increased
in the order Zn < Pb < Cu < Cr (Lin and Chen 1998), but
the behavior of Cd strongly depends on the nature and
content of OM, and on the respective total metal concen-
tration in soils or sediments. In fact, Cd is often described
as a metal easy to desorb from sediments (Nystroem et al.
2005). But here, Cd is markedly less concentrated than the
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other metals and its presence in the exchangeable fraction
of the model sediment, which is the fraction easier to
mobilize, is certainly less important than its organic-bound
fraction, this latter fraction being particularly difficult to
extract or mobilize.

In Figs. 4a and 5a, we can see that salinity changes the
distribution of metals after completion of the experiment.
Salinity generally increases the mobility of metals and
consequently their removal. Actually, we can see on
Table 2 that the removal of metals in EK2 treatment was
better than EK1 treatment. When adding high contents of
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NaCl in the pore fluid, the best recoveries were obtained in
the order Pb > Cu ~ Zn =~ Cr > Cd. It was stated that an
increase of salinity though addition of NaCl promoted a
higher release of Pb than of Cu and Zn from soils (Acosta
et al. 2011). It was particularly obvious in our test for Pb,
but in the case of Zn, its removal remained unchanged. The
higher electrical current and sediment conductivity were
responsible for a rapid migration of solubilized metals at
the first stage of the treatment with NaCl, but unfortu-
nately, metals were rapidly stopped by the formation of the
alkaline front near the cathode. As can be seen on Figs. 4a

~
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effectiveness of the neutral surfactant TW20 for metal
removal was worse than that of SDS. A mechanism which
can explain the better extraction of metals when adding the
anionic surfactant in water is counter-ion exchange: dis-
solved cationic metals can exchange with Na* on SDS
micelles and are transported towards the anode. Indeed, the
five metals were found predominantly in anodic effluents
and less in the cathodic chamber when using SDS as an
additive. When migration towards the cathode is stopped,
due to the apparition of the alkaline front, the migration
towards the anode can go on, thanks to SDS micelles.
Unfortunately, the development of the very basic pH near
the cathode tends also to cause SDS precipitation in a large
part of the model sediment specimen and results in stop-
ping the metal removal. We emphasized that the nonionic
surfactant was less effective than the anionic one to remove
metals. Obviously, metal adsorption on the neutral micelles
was not possible and TW20 only slightly enhanced metal
removal compared to pure water (except for Cr), because
the surfactant lowered the surface and interfacial tensions
and desorption processes from the solid matrix could be
slightly improved.

In both cases, adding surfactants without any control of
pH led to the apparition of the basic front, with a con-
secutive precipitation of metals and a poor total metal
removal. Consequently, it seemed more interesting to add
these surfactants mixed with CA, in order to maintain an
acidic pH (below pH = 4) along the sediment specimen.
However, no metal removal improvement, compared to
the treatment with SDS alone, was observed when mixing
SDS + CA (Table 2). CA did not help Cd and Cr
removal when mixed with SDS (EKS5 and EK7 treatments
provide the same results) and the mixture of these two
additives even causes an important decrease of Cu, Pb
and Zn removals. Indeed, the migration of SDS is in
opposition to the electromigration of the free solubilized
cations, which can explain the negative effect of mixing
CA and SDS. The combination of TW20 and CA was
more favorable to metal removal than the combination
with the anionic surfactant. Alcantara et al. (2012) actu-
ally demonstrated that the combination of a chelatant and
a nonionic surfactant was particularly interesting for
simultaneous removal of metals and organic pollutants
from soils. In our case, the levels reached for metal
removal in presence of mixed CA and TW20 were below
those obtained with CA alone and markedly above those
obtained with TW20 alone. In fact, TW20 was not really
responsible for metal removal but affected citric acid
efficiency by decreasing the total EOF and -electrical
current compared to tests with CA alone. In conclusion,
surfactants did not help metal removal when mixed with
the acidic chelatant and the combination with the anionic
surfactant was particularly unfavorable.
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Removal of PAHs

It is well known that it is particularly difficult to remove
PAHs from soils or sediments, because such contami-
nants possess low water solubility and high soil organic
carbon/water partition coefficients (K,.). Indeed, PAHs
have a tendency to strongly bind with the clay minerals
and organic matter present in sediments. To improve the
electrokinetic process, it seems necessary not only to
enhance PAHs desorption and their solubilization in the
aqueous phase, but also to create a favorable environ-
ment to transport them towards the electrode compart-
ments (by increasing EOF for example). Wang et al.
(2007) described other mechanisms than electroosmosis
to explain the migration of lipophilic neutral compounds,
such as “uplifting effect” (transport of nonionic con-
taminants in an immiscible non-aqueous liquid phase
pushed in the same direction as the pore water flow) or
dielectrophoresis (movement of an electrical dipole
formed in non-uniform electric field). All these phe-
nomena could explain why a proportion of PAHs could
be removed from our model sediment using only DW
(Table 2). EK2 treatment, with added NaCl, did not
really change the results for PAHs. However, adding
nitric acid caused higher PAHs removal efficiencies. It is
a fact that EOF was higher when adding NA to the
processing fluid (Fig. 3b), but electroosmotic flow alone
could not explain these high removal levels. As descri-
bed previously, it is likely that the high content of NA
permitted to dissolve OM, and thus to desorb a high
portion of PAHs. So “uplifting effect” could be at its
maximum to transport them through their solubilization
in the non-aqueous non-miscible organic phase. Adding
the weaker citric acid did not allow dissolving OM, and
PAH removals were identical to those obtained with
DW, even if EOF was greater. Thus, EK4 treatment
shows that the EOF is not a sufficient “force” to remove
strongly sorbed non soluble organic contaminants:
desorption and solubilization steps are essential before
the electrokinetic transport.

Surfactants were good candidates, not only to enhance
PAHs desorption from solid particles, but also to enhance
PAHs solubility in the aqueous medium, by partitioning
them into the hydrophobic core of micelles. But surfac-
tants can also be sorbed by the sediment matrix, which
lead to PAH partitioning into immobilized sorbed sur-
factants (ad-micelles or hemi-micelles) and consequently
to an increase of PAHs sorption onto soils. Cationic
surfactants are not suitable for soil remediation because
they are strongly retained by negative charges of the soil
surface. Anionic surfactants generally have a low degree
of sorption on soils or sediments, but they are less eco-
nomical, because their critical micellar concentration
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(CMCQC) is higher. Nonionic surfactants can be chosen,
because they are less sorbed onto soil particles than cat-
ionic ones, and they have high solubilization capacities at
low concentration (because of their low CMC). Moreover,
they have a higher biodegradability in the environment
(Pazos et al. 2010). The choice of surfactant concentration
is a critical point: on the one hand, its concentration must
be high enough to form micelles within the interstitial
solution, knowing that the concentration must be signifi-
cantly higher than the CMC (because of competitive
sorption on sediment particles) and on the other hand, the
concentration must be low enough to avoid two detri-
mental effects for PAHs removal:

e EOF is decreasing as the concentration of nonionic
surfactant increases (Yang et al. 2005);

e clectrochemical oxidation of organics will happen
(Gomez et al. 2009), and in relation to a given quantity
of electricity, oxidation of the surfactant competes with
oxidation of the PAHSs, which is not favorable for PAH
elimination by degradation.

For all these reasons, the anionic and less sorbed sur-
factant was tested at 5 times its CMC and the nonionic one
at 50 times its CMC, which represents a solution concen-
tration of 0.5 %, that is not high compared to other studies
(Maturi et al. 2009).
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If we compare the results obtained when adding SDS or
TW?20 in the processing fluid (Table 2), we can see that the
nonionic surfactant enhanced significantly the PAHSs
removal compared to pure water but surprisingly, the
anionic surfactant SDS had a bad influence on PAHs
removal. We noted on Fig. 3b that EOF was the lowest
when using SDS as an additive, so the conjunction of
several phenomena could explain the detrimental effect of
SDS on the model sediment decontamination: on the one
hand, SDS is anionic and it migrates predominantly
towards the anode, which counteracts the EOF; on the other
hand, it was reported that the PAHs solubility enhancement
of SDS above the CMC was not as important as this of
nonionic surfactants (Zhu and Fen 2003). EK7 test, which
consisted of mixing SDS and CA, permitted to slightly
enhance PAH removals compared to SDS alone, certainly
because of the increase of EOF, but results were not sig-
nificantly better than with DW.

As mentioned previously, the addition of the nonionic
TW20 permitted to obtain a higher EOF than when using
SDS and since this neutral surfactant migrates with EOF,
PAH removals were better. Figure 6 shows that phenan-
threne was more likely to be found in the cathodic
effluents when TW20 was used, whereas it was found
more in anodic effluents when SDS was used. It must be
noted at this point of the discussion that PAHs are rarely
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Fig. 6 Cumulated quantities of phenanthrene recovered in aqueous anodic (open circle) and cathodic (filled square) effluents during different

EK treatments a DW b TW20 ¢ SDS 4+ CA d TW20 4+ CA
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Fig. 7 Distribution of PAHs in
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quantified in the aqueous effluents during an EK treat-
ment, probably because they are found at trace levels. The
development of an original method coupling purification
and trace enrichment by SPE, and then separation and
quantification by HPLC-FLD (see “Chemical analysis”
section) allowed us to follow their evolution in the
aqueous effluents during each EK treatment. In this way,
we could observe that all the removed PAHs from the
model sediment could not be found quantitatively in the
aqueous effluents. Indeed, Fig. 6a shows that the amounts
of PAHs quantified in DW effluents were extremely low,
because PAHs probably precipitated into electrode reser-
voirs, due to their low aqueous solubility. Moreover,
recovered quantities of PAHs in electrode cells were not
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extremely higher when using TW20 than those recovered
with DW, although PAHs were more efficiently removed
from the model sediment. Indeed, we observed solid
agglomerates near the electrode surfaces in which PAHs
were certainly precipitated, but they were not analyzed
and quantified.

EKS8 test showed that mixing CA and TW20 did not
affect PAHs removals compared to the use of TW20 alone
(Table 2), although EOF was decreased. Figure 7 shows
the final distribution of PAHs into the model sediment
specimen for EK3, EK7 and EKS8 tests, which were per-
formed with NA and with mixtures of CA and surfactants.
The tendency is that PAHs were better removed near the
anode when SDS was present in the processing fluid (even
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if the global effectiveness is significantly lower than when
using TW20 or NA), and PAHs were better removed near
the cathode when NA or TW20 were used as flushing
reagents. It is difficult to predict which PAH will be better
removed compared to others. As pointed out by Alcantara
et al. (2009), the order of increasing desorption can be
unexpected even though we know that low molecular
weight PAHs are better solubilized in surfactant micelles
than high molecular weight PAHs. In our case, the main
“anomaly” resulted from the pyrene behavior, which is
always better removed than the other PAHs in all the
treatments tested. It was particularly pronounced with NA
treatment, where pyrene was almost totally removed. It can
probably be explained by chemical degradation, which is
concomitant to electromigration. Indeed, redox potentials
were measured in the model sediment specimen at the end
of each test (data not shown) and oxidative conditions were
predominant, except when NaCl was added into the pro-
cessing fluid. It is well-known that oxidative conditions
promote in situ degradation of organic compounds (Pazos
et al. 2013). It appeared that the highest values of redox
potential were obtained after treatments with NA, partic-
ularly towards the cathode. So, oxidation reaction could
have happened and degradation rate of pyrene was cer-
tainly higher than that of the other PAHs.

Conclusion

Among all the flushing reagents tested for the simultaneous
removal of PAHs and metals from a model sediment con-
taining high contents of clays, nitric acid showed the best
global effectiveness. Its capacity to acidify the model sed-
iment allowed a massive solubilization of metals and hence
their effective migration from the sediment to the cathodic
compartment. Moreover, it was demonstrated that the
removal of neutral PAHs was also improved when using the
strong acid as an enhancing agent, due to its capacity to
solubilize organic matter, to promote a good electroosmotic
flow (despite an acidic pH and a reduced zeta-potential) and
to generate oxidative conditions that may promote PAH
degradation. However, NA is not recommended for in situ
remediation. Mixtures of citric acid and surfactants (more
environmental friendly than NA) were assessed since sol-
ubilization of organic contaminants and control of sediment
pH are the critical factors, contributing to enhanced removal
of both PAHs and metals. CA + SDS or CA + TW20 were
tested for the first time together, and not sequentially. The
association of CA to the nonionic TW20 showed interesting
complementary effects for the simultaneous removal of
both classes of contaminants. Although the presence of
TW20 slightly decreased the removal of metals, the sur-
factant was essential for PAH decontamination. Only Cr

removal was not enhanced with the association of these two
additives, compared to the treatment with deionized water.
On the other hand, the presence of CA did not change the
PAH removal capacity of TW20. In contrast, the anionic
surfactant SDS, associated to CA, was not a good candidate
for the simultaneous remediation of PAHs and metals,
because SDS migrates preferentially towards the anode,
which counteracts the electroosmotic flow and the electro-
migration of free cations.

This study showed also that introducing the mixed
additives in the two electrode cells was not detrimental,
since good removals could be reached for the two classes
of contaminants in less than 10 days of EK treatments.

In further studies, it could be interesting to test other
mixtures of environmental friendly chelatants (such as
ethylenediaminedissuccinate) and nonionic surfactants
(alkyl polyglucosides...) on the natural dredged sediment
from the French harbor disposal site. Biosurfactants could
also be interesting to use, because of their high biode-
gradability, but also because some of them have not only
surface active and micellisation properties, but also
chelatant capacities (rthamnolipids, but also cyclolipopep-
tides). Finally, even if batch experiments are recommended
to assess the actual performance of original mixtures of
flushing additives, they do not represent the in situ condi-
tions nor ex situ treatments accomplished in specially
designed reactors. So, more research is needed to deter-
mine their effectiveness in field applications or in larger
scale reactors.
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