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a b s t r a c t

In this study, the capacity of decontaminated polluted soils, by using the sequence washing with
cyclodextrin-electrochemical treatment was evaluated. The initial step of the process involved contacting
polluted soil with cyclodextrin to enhance recovery of phenanthrene from soil. The total phenanthrene
removal in a washing column with aqueous solutions of 1% hydroxypropyl-�-cyclodextrin attained a
eywords:
lectrochemical treatment
ydroxypropyl-�-cyclodextrin
ethyl-�-cyclodextrin

AHs

value of almost 70% after 6 days. The second step of this operational strategy concerned regeneration
of the washing solution via electrochemical phenanthrene degradation. The phenanthrene was almost
totally degraded in 1 day and the extracting ability of this treated solution was confirmed. By application
of this combined technology, it is possible to recycle the washing solution reducing the consumption
of cyclodextrin solutions. Consequently, it has provided an effective and economic treatment of PAHs
ecycled cyclodextrin
ashing

polluted soil.

. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are pollutants pro-
uced via natural and anthropogenic sources, generated during the

ncomplete combustion of solid and liquid fuels or derived from
ndustrial activities. Many PAHs can have detrimental effects on
oth the flora and fauna of affected habitats through uptake and
ccumulation in food chains, and in some instances, pose serious
ealth problems and/or genetic defects in humans. Therefore, it

s important to prevent the transport of these pollutants into the
nvironment by the remediation of source zones where high con-
entrations of PAHs exist [1].

PAHs are hydrophobic compounds and their persistence in the
nvironment is mainly due to their low water solubility. In addi-
ion, environmental factors, such as soil type and structure, pH,
emperature and the association with co-pollutants, such as other
ydrocarbons and heavy metals, can prolong their time in the envi-
onment [2]. Toxic PAHs are persistent and difficult to remove from
ow permeability clayey soils because these contaminants have a
ow aqueous solubility and a tendency to strongly bind with clay

inerals and organic matter present in these soils [3]. Furthermore,

ome heavier PAHs (with more than three rings) are difficult to be
iodegraded and it is usual to use an organic solvent to dissolve
AHs or use surfactants to increase the solubility of PAHs.
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The removal of these contaminants presents a challenge to
scientists and engineers. Currently, soil washing techniques are
mostly using co-solvents (methanol, ethanol) or surfactants to
achieve sufficient solubilization of hydrophobic compounds. But
this can be a regulatory concern as those molecules can repre-
sent a health or environment hazard. Attempts to increase the
solubility of recalcitrant organic contaminants have been made
using complexing agents which encapsulate poorly water sol-
uble contaminants and thus may enhance their removal from
polluted site. Cyclodextrins appear as a promising complexing
agent to enhance organic compounds solubility, while minimizing
environmental impact [4]. Cyclodextrins are cyclic oligosaccha-
rides of glucopyranose units with a lipophilic cavity in the
centre. They are produced by the action of a group of enzymes
called cyclodextrin glycosyltransferases on starch. The natural
product consists of a mixture of various cyclodextrins, mainly
�-cyclodextrin, �-cyclodextrin and �-cyclodextrin, which con-
sist of six, seven, and eight glucopyranose units, respectively.
Cyclodextrins are capable of forming inclusion complexes with con-
taminants by taking up a whole contaminant molecule, or some
part of it, into the cavity. Cyclodextrins offer some advantages
over organic solvents like their non-toxic nature and biodegradabil-
ity [5]. However, the use of cyclodextrins increases the operating
costs of the washing process. In order to avoid this limitation,

technologies for recovering and reusing cyclodextrins must be
developed.

Several researches have designed alternative methods to
recover the extracting agent used in the washing process. Ahn et al.
[6] propose that selective adsorption of a hazardous hydrophobic

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:mcurras@uvigo.es
dx.doi.org/10.1016/j.cej.2010.02.025
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rganic compound (HOC) by activated carbon is an effective process
or the recovery of surfactants after a soil washing process. More-
ver, Tao and Marshall [7] evaluated the efficiency of surfactant
ashing for the removal of PAH compounds that had been accu-
ulated in a sample of soil over many years. Once mobilised, the

ontaminants were readily detoxified at line in a slightly hydrogen-
ich atmosphere of supercritical carbon dioxide. These techniques
elped to recycle the surfactant and to remove and detoxify the
AH contaminants from the soil, thus reducing the economic pro-
ess cost. On the other hand, biotechnology process is used to
ecovery the extracting agent. Thus, Navarro et al. [8] have stud-
ed the biodegradability of PAHs from both model solutions and
NA soil washing effluents by using a pure culture of Sphingomonas

p. During PAH degradation, the DNA structure for PAH interca-
ation remained stable; this permitted its reutilisation for further
xtractions.

In this study phenanthrene, which is an uncharged organic com-
ound that consists of three aromatic rings, was selected as a
epresentative PAHs. It has environmental properties such as aque-
us solubility, Kow, and vapor pressure that are similar to other
AH [9,10]. Although higher molecular weight and more carcino-
enic PAHs, such as benzo (a) pyrene, may have higher Kow values
nd lower aqueous solubilities, it was hypothesized that since the
arent structures are similar, phenanthrene would be an adequate
epresentative compound that would give a general indication of
AH behaviour.

This study focuses on the development of a system for effec-
ive soil washing. This consists in a whole process that includes
wo steps: first, phenanthrene is removed from the polluted soil
y washing process in a packed-bed column with a solution of a
yclodextrin. Secondly, this solution is electrochemically treated
n order to degrade the phenanthrene and, consequently, the
yclodextrin can be recovered to be reused in another washing
rocess.

. Materials and methods

.1. Materials

Contaminant. The phenanthrene used to contaminate the soil
as >97% pure and purchased from Sigma–Aldrich.

Cyclodextrin. Hydroxypropyl-�-cyclodextrin (HPCD) and
ethyl-�-cyclodextrin (MCD) solutions used in the washing

rocess were supplied by Sigma–Aldrich. All cyclodextrins were
sed without further purification.

Soil. The studied soil is located in a mine at Touro (Spain)
rom which road material is extracted. This soil consists mainly
f amphibolites, chalcopyrite, limonite, garnets, and iron and cop-
er sulphides. Samples of the top 30 cm were taken by using an
ijkelkamp sampler and were pooled in the field. The pooled sam-
les were transported to the laboratory in polyethylene bags. Soil
haracteristics are summarised by Vega et al. [11].

.2. Soil preparation

The soil was polluted with a phenanthrene solution completely
issolved in hexane. This mixture is usually expected to have
n initial concentration around 500 mg kg−1 of dry soil (456 mg
henanthrene kg−1 of dry soil), which is the typical PAH concen-

ration found near source zones of contaminated sites [12]. The
esultant mixture was placed in a ventilation hood for 9 days to
llow the complete evaporation of the solvent [13]. A sample was
aken to measure the exact concentration of phenanthrene, as some
f the contaminant may volatilise along with the hexane.
Fig. 1. Experimental set-up: (1) HPCD solution, (2) magnetic stirrers, (3) pumps, (4)
packed-bed soil column, (5) electric power supply, (6) Plexiglas electrochemical cell
with graphite electrodes.

2.3. Experimental set-ups

Initially, batch extraction experiments were carried out in order
to evaluate the ability of the two types of cyclodextrins. Once it has
been determined the most appropriate cyclodextrin, the washing
process was developed at bench-scale. As shown in Fig. 1, a two-
phase soil remediation technology was proposed. The first step is
the soil washing in packed-bed column. In the second step, the
washing solution that circulated through the soil was collected and
treated in an electrochemical cell to achieve phenanthrene degra-
dation and cyclodextrin recycled. Finally, several tests were carried
out in shake flasks in order to determine the removal efficiency of
the recovered cyclodextrin solution.

Batch extractions. 2.5 g of dry polluted soil was placed in
250 ml Erlenmeyer flasks which were filled with 50 mL of (0.1–4%)
cyclodextrin solutions. Control experiments without cyclodextrin
solution were also carried out. The Erlenmeyer flasks were main-
tained in an orbital shaker (Gallenkamp) at 150 rpm and 25 ◦C.
After 24 h, the flasks were centrifuged; supernatant was decanted
to determine phenanthrene concentration.

Soil washing in column. 112 g of dry polluted soil was placed in
a column (Fig. 1) with a diameter of 3.2 cm and a height of 10 cm.
Two chambers were sited, respectively, at the entrance and the
exit of the packed-bed column. The bottom entrance chamber of
the column was filled with glass beads in order to enhance uni-
form flow distribution of the washing solution into the column.
These compartments were isolated from soil bed by paper filters
and porous stones. The washing solution was circulated by means
of a peristaltic pump supplying a continuous flow of 0.25 mL min−1

of aqueous solution for 6 days. Samples of the washing solutions
were removed from the exit chamber to determine phenanthrene
concentration.

Electrochemical treatment. The electrochemical treatment was
carried out in a cubic Plexiglass cell, with a working volume of 0.4 L,
by using graphite electrodes with an immersed area of 52 cm2 and
an electrode gap of 8 cm [14]. A constant potential difference (5 V)
was applied with a power supply (HP model 3662), and the pro-
cess was monitored with a multimeter (Fluke 175). A schematic
illustration of the experimental set-up is shown in Fig. 1. Sam-
ples of reaction mixtures were taken from the electrochemical cell
periodically in order to be analysed for pH and phenanthrene con-

centration.

Soil washing in shake flask with recycled cyclodextrin. The wash-
ing process was carried out in 250 ml Erlenmeyer flasks which
were filled with 2.5 g of dry polluted soil and 50 mL of solution
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ig. 2. Phenanthrene removal by shake flask washing with solutions of HPCD (black)
nd MCD (grey).

ollected in the electrochemical treatment. Control experiments
ith/without cyclodextrin were also carried out. The Erlenmeyer
asks were maintained in an orbital shaker (Gallenkamp) at
50 rpm and 25 ◦C. After 24 h, the flasks were centrifuged; super-
atant was decanted to determine phenanthrene concentration.

.4. Methodology and analytical determinations

In this study, all experiments were carried out in duplicate. At
he end of each experiment, samples were taken from solutions as
ell as from the soil for chemical analysis. These were analysed

n triplicate, with a standard deviation lower than 15%. The results
hown in all figures correspond to mean values.

Phenanthrene extraction. Phenanthrene was extracted from the
oil samples by using a Soxhlet apparatus. Dry soil (5 g) was
horoughly mixed with 5 g of Na2SO4 and placed into a What-

an cellulose extraction thimble. The extraction solution used
as 100 ml of a 1:1 mixture of hexane and acetone. After 24 h

t 5 cycles h−1, phenanthrene concentration was assayed by HPLC.
he Soxhlet procedure is outlined in USEPA Test Method 3540C
15].

Phenanthrene concentration. This concentration was determined
y HPLC (Agilent 1100) equipped with a XDB-C8 reverse-phase col-
mn (150 mm × 4.6 mm i.d., 5 �m). Prior to injection, the samples
ere filtered through a 0.45 �m Teflon filter. The injection volume
as set at 5 �L, and the isocratic eluent (70:30 acetonitrile/water)
as pumped at a rate of 1 mL min−1 for 10 min. Detection was per-

ormed with a diode array detector covering from 200 to 400 nm.
he temperature in the column was maintained at 20 ◦C.

. Results and discussion

.1. Batch extractions

Desorption from artificially contaminated soils is needed to
nderstand the limitations of cyclodextrin-assisted remediation
t high-scale. Initially, batch extraction experiments were car-
ied out to evaluate the ability of two types of cyclodextrins,
ydroxypropyl-�-cyclodextrin (HPCD) and methyl-�-cyclodextrin

MCD), to extract phenanthrene from a model contaminated soil.
esorption was evaluated increasing the cyclodextrin concentra-

ion up to 4%.
As can be seen in Fig. 2, the removals of both cyclodextrins were

imilar. The use of the studied cyclodextrins as a solubility enhance-
Fig. 3. Profile of phenanthrene removal efficiency in the washing packed-bed soil
column with a HPCD solution (1%).

ment agent was effective for phenanthrene extraction. The higher
levels of phenanthrene desorption were around 70% when the
employed cyclodextrin concentration was higher than 1%. These
two cyclodextrins have close performances and the choice between
them should be greatly determined by their respective costs. For
this reason, cyclodextrin HPCD at 1% was selected to subsequent
experiments.

Although there are few data in the literature about the possi-
ble utilization of these compounds as extracting agent, the results
obtained are in agreement with previous papers. Viglianti et al.
[16,17] investigated the effectiveness of cyclodextrin solutions
(�-cyclodextrin (BCD), hydroxypropyl-�-cyclodextrin (HPCD) and
methyl-�-cyclodextrin (MCD)) to remove PAH occurring in indus-
trially aged contaminated soil. They determined that PAHs
extraction enhancement factor compared to water was about 200.

Oleszczuk [18] tested the application of the non-exhaustive
extraction technique with HPCD for the evaluation of the content
of potentially bioavailable PAH fraction as well as the evaluation of
changes in the content of this fraction during composting of munic-
ipal sewage sludges. The fraction extracted with HPCD ranged from
63.5 to 83.1% depending on the sludge and changed the values of
the bioavailable fraction.

3.2. Soil remediation by washing with HPCD in column

The main purpose of this study was to develop a competitive and
effective combined process in which the pollutant can be removed
from soil and cyclodextrin can be recovered to be reused in the next
washing process (Fig. 1). Therefore, it was decided to artificially
contaminate real soil with a known PAH contaminant (phenan-
threne) at a known concentration in order to avoid concerns about
the source, type, and concentration of the contaminant, as well as
differences due to aged contamination.

Fig. 3 shows the removal efficiency of the washing process ver-
sus time. In this case, the term removal efficiency is used to express
phenanthrene removal performance of column units with respect
to its initial concentration. It can be observed that the phenanthrene
removal was fitted by the logistic model and the concentration of
phenanthrene is gradually reduced up to a maximum value (around
70%). Considering the flow rate of the washing solution, in 6 days,

the ratio soil/washing solution (0.055 g soil per mL of solution) was
similar to that attained at shake flask scale. These results confirm
the good correlation between the experiments at shake flask and
column scales.
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ig. 4. Phenanthrene concentration retained along the column soil height. Black
nd grey bars represent initial and final phenanthrene concentration in the soil,
espectively.

Navarro et al. [19] determined a similar behaviour. In their study,
he potential of aqueous deoxyribonucleic acid (DNA) solution for
ashing or flushing PAH-contaminated soil was established. They

mployed a spiked soil sample containing 102 mg kg−1 phenan-
hrene. Extractions close to 78% was attained with 5% DNA at a
:50 soil/extractant ratio.

At the end of our experiment, the soil sample was divided into
ix sections from the bottom column (see Fig. 1) and each one was
nalysed for phenanthrene concentration. As shown in Fig. 4, the
henanthrene retention in the soil is higher in the upper sections.
y mixture of all sections the phenanthrene retained in the soil was
round 29% that close the molar balance of the pollutant in soil and
ashing solution.

.3. Recovery of HPCD by electrochemical treatment and its reuse
n washing process

Due to the high cost of cyclodextrin, there is an obvious need to
xamine the possibility to recycle the washing solution as well as to
erify the efficiency of this solution in another washing process. For
his reason, the exhausted washing solution, enriched in phenan-
hrene, must be treated in order to destroy the pollutant. Recently,
lectrochemical technology is receiving more and more attention,
or its success in degradation process without the production of
secondary pollutant and due to its convenience and simplicity.

o our knowledge, no study has been conducted to investigate the
egradation of PAHs in the presence of cyclodextrin by electro-
hemical treatment in order to allow the recycling of the solution
n another washing process. In the electrochemical treatment the
lectric current induces redox reactions upon the electrodes sur-
ace resulting in the destruction of the organic compound [20,21].
he oxidation mechanisms involved in this technology have also
een characterised. They include direct electrooxidation, hydroxyl
adical-mediated oxidation, and oxidation mediated by oxidants
enerated during the treatment of the salts contained in the waste
22].

In order to achieve high level of efficiency in the overall pro-
ess of the electrochemical treatment, several factors must be taken
nto consideration such as the voltage drop and the electric cur-

ent intensity. In previous work this variables have been optimized
23]. The experiments were conducted at 25 ◦C and at a constant
otential difference of 5 V. In Fig. 5, the profile of phenanthrene
egradation in cubic cell has been showed. The pH value inside
he electrochemical cell was of around three during the treatment.
Fig. 5. Normalised phenanthrene concentration profile versus treatment time of
electrochemical treatment of HPCD washing outlet solution. Data (�) were fitted to
a first-order kinetic equation (line).

The total degradation of phenanthrene was achieved after 1 day of
treatment.

The phenanthrene concentration shows an exponential profile
with the time. Thus, in this first-order electrochemical reaction the
rate is proportional to the phenanthrene concentration. The next
Eq. (1) fits this behavior:

C

C0
= e−4.6826t (r2 = 0.999) (1)

where C and C0: phenanthrene concentration along the time and
initial, respectively; t: time (d) and r2: statistical correlation param-
eter.

After the total elimination of phenanthrene, several experi-
ments were carried out in order to determine the removal capacity
of the solution after electrochemical treatment in shake flask. It
was determined that the level of phenanthrene removal attained
with the reused solution was 3% lesser than the value obtained with
new HPCD solution. It is clear that selective removal of pollutants
from the washing solution is a potentially effective technology for
reusing cyclodextrin in another soil washing process.

The evaluation of all stages demonstrates that the sequen-
tial process developed in this study (washing and electrochemical
treatment) is an ideal approach in order to reduce the economic
process cost.

4. Conclusions

In view of the results obtained, it can be concluded that
cyclodextrin has a great potential for PAHs extraction. The com-
bination of the sequence washing with cyclodextrin followed by
the electrochemical treatment for the recycling of the cyclodextrin
permit high removal of PAHs from contaminated soil reducing the
economic process cost.

The results suggest that the innovative technology developed
in this study for remediation of environments contaminated with
PAHs is suitable, low cost and lacking in operational problems. This
system has potential application for the “clean-up” of PAHs con-

taminated soil and the subsequent treatment of residual liquids.
Moreover, it is demonstrated that the electrochemical treatment
is a versatile complementary alternative with a high potential to
replace or improve existing processes.
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