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bstract

A new process for the remediation of soil contaminated with hydrocarbons is proposed. The innovation consists on coupling an advanced oxidative
ethod, using a Fenton-type catalyst, with the application of ultrasonic energy. The use of ultrasonic energy not only assists the desorption of

he contaminants from the soil, but also promotes the formation of •OH radicals, which are the oxidant agents involved in the oxidation process.
ifferent Fenton-like catalysts were employed in the present study; however, the highest removal of toluene and xylenes were obtained with

ron sulfate and copper sulfate, respectively. Also, hydrogen peroxide was tested at different concentrations, and it was found that increasing its

oncentration enhanced the removal of all the contaminants. Finally, it was demonstrated that applying ultrasonic energy to the reacting system
rocess noticeably enhanced the global efficiency of the process due to a synergistic effect in conjunction with the hydrogen peroxide concentration
nd type of catalyst.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Soil contamination due to volatile organic compounds, such
s diesel and gasoline, is mainly originated from leaks that occur
n the underground tanks located in the gas stations [1]. The most
ommon methods for remediation of contaminated soils present
evere limitations [2–4]. For instance, excavations followed by
andfills do not destroy the pollutants. The incineration gener-
tes polyaromatic hydrocarbons (PAHs) which are sometimes
ore toxic than the original pollutant; therefore, they must be

lso eliminated. In situ biological treatments show limitations
or biorefractory compounds and low activity under frozen cli-
atic conditions. Venting for remediation of soils contaminated
ith low volatility compounds requires very high operating tem-
eratures, which is not economically feasible.

One practical alternative is the oxidation of the organic

ompounds using Fenton-type catalysts and hydrogen peroxide
H2O2). In this case, the organic compounds are totally mineral-
zed to CO and CO2. The process consists on putting in contact

∗ Corresponding author. Tel.: +52 777 362 3811; fax: +52 777 362 3832.
E-mail address: rfv@iie.org.mx (R. Flores).
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-type catalysts

he polluted soil with an aqueous solution that contains a Fenton-
ype catalyst and H2O2. The reaction proceeds at almost room
emperature, and compared to other processes, such as, venting
nd bioremediation, its treatment time is reduced from years and
onths to few days or less. The reaction mechanism is compli-

ated, but the initial step is the generation of the OH• radical,
hat happens through the catalytic reaction of H2O2 with metal-
ic Fenton-type salts, which are complex formed by Cu, Co, Fe,

n, Ru, V, and Ti [5]. Among these metallic salts, one of the
ost employed for soil remediation is FeSO4. Previous works,

hat used FeSO4 as catalyst to remediate soils contaminated
ith hydrocarbons, have reported that the removal of the pollu-

ants improves as the H2O2 and catalyst concentration augment
1,4,6–8]. They also reported that the mineralization reaction
ccurs in the aqueous solution after the hydrocarbons have been
esorbed from the soil. Since the desorption process is very
low, this is the rate-determining step; therefore, an increase in
he stirring rate would enhance the removal since the pollutants
ould be desorbed faster.

An alternative for accelerating the desorption of the hydrocar-

ons from the soil is the application of ultrasonic energy [2,9]. It
as observed that the desorption % depended on the contaminant

oncentration, sonication time, particle size, soil pH, surfactant

mailto:rfv@iie.org.mx
dx.doi.org/10.1016/j.jhazmat.2006.09.044
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the adsorbed hydrocarbon and the soil as already was explained
elsewhere [2]. The removal of all hydrocarbons improved as the
H2O2 was added to the reacting system. So, it was considered
that the cavitation may promote not only the desorption of the
00 R. Flores et al. / Journal of Haza

oncentration, and the intensity of the ultrasonic energy. It is
elieved that ultrasound waves at frequencies of 45 kHz pro-
uce local temperatures and pressures in the order of 5000 ◦C
nd 1000 atm [9]. This event causes tremendous turbulences
nd strong mixing which favors the desorption of compounds
trongly absorbed in the surface of the soil. Additionally, due to
he intense conditions in the liquid–gas interphase, the molecules
f H2O2 and H2O in the surroundings could break generating
H• radicals.
Based on the above principles, and in the presence of a

enton-type catalyst, polluted water has been treated by oxida-
ion assisted with ultrasonic energy to eliminate hydrocarbons
nd excellent reviews have been presented elsewhere [10–15].

In the present work, the oxidative method using Fenton-like
atalyst coupled with the application of ultrasound energy is
roposed for the remediation of hydrocarbon contaminated soils.
t is expected that the application of ultrasound to the system
ill promote the formation of OH• radicals, will facilitate the
esorption of the hydrocarbon from the soil, and will enhance
he mineralization of the pollutant once it is in the liquid phase.

For testing the last statement, soils were contaminated with
nown amounts of toluene and xylene isomers. Then, samples
ere taken and treated with the above proposed method. The

tudied operating variables were the H2O2 and catalyst concen-
rations in the aqueous solution, and the application of ultrasonic
nergy.

. Experimental

.1. Materials

Toluene (98 wt%) and xylenes (98 wt%) were purchased
rom Aldrich and used as received. Aqueous hydrogen
eroxide (30 wt%), Iron sulfate (FeSO4·7H2O), iron chlo-
ide (FeCl3·6H2O), and Copper sulfate (CuSO4·3H2O) were
cquired from Baker and used as received. The water used in
he experimentation was deionized by passing through an ionic
xchange column. The soil employed in the present study was
haracterized according to the ASTM-D3682-91 Method, and
he following composition in wt% of the major elements was
btained: Al, 7.12; Ca, 2.46; Fe, 3.56; K, 0.63; Mg, 1.17; Mn,
.05; Na, 1.89; Si, 14.35. For the contamination of the soil,
oluene and xylenes were dissolved in dichloromethane, and then

ixed with soil. The slurry was kept in a closed chamber at 8 ◦C
or 2 days to assure total evaporation of the dichloromethane,
nd then, the contaminated soil was stored in an amber vessel at
he same temperature.

.2. Procedure and apparatus

First, it was prepared 40 g of aqueous solution by dissolving
he metallic Fenton-like salt in a known amount of deionized
ater, and then, a specified amount of the H2O2 solution was
dded. Once the aqueous solution was prepared, it was mechan-
cally mixed in a beaker with 20 g of contaminated soil. After
he suspension looked visually homogeneous, the stirrer was
emoved, and the beaker was placed inside of an ultrasonic bath;

F
e
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hen, ultrasonic energy was supplied during 10 min. The ultra-
onic energy was applied with a frequency of 47 kHz and an
ntensity of 147 W using a Cole Parmer 8890R-MTH ultrasonic
ath. Therefore, the energy used in each experiment was around
6 kJ/g of polluted soil. Once the treatment time elapsed, the liq-
id phase was separated from the soil using vacuum filtration.

.3. Qualitative and quantitative analysis

After the treatment, the remaining aromatic hydrocarbons
ere extracted from the soil as indicated by the EPA 3550B
ethod. Then, the obtained solution was injected to a HP gas

hromatograph Model 6890A equipped with an ionization flame
etector and a RTX5 capillary column in order to perform the
ualitative and quantitative analysis. To determine the remotion
, the polluted soil was characterized before and after the reme-

iation treatment.

. Results and discussion

Experiments mixing mechanically the contaminated soil with
eionized water (without H2O2 nor Fenton-like catalyst) did not
resent any removal of contaminants from the soil, meaning the
ydrocarbons remained absorbed in the soil.

The effect of H2O2 concentration was analyzed in absence of
atalyst and applying ultrasonic energy. The results are reported
n Fig. 1. It is observed that toluene was eliminated easier than
ylenes except when no H2O2 was added to the reacting sys-
em, since the removal was similar taking in consideration the
xperimental error. In absence of H2O2, it was eliminated 21%
f toluene and 26% of xylenes, this removal was attributed only
o the desorption of the hydrocarbon from the soil promoted by
he application of ultrasonic energy due to the cavitation. This
rocess provokes turbulence in the slurry, so the resistance to
he mass transfer in the solid–liquid interphase is weakened,
nd the hydrocarbon could be moved to the liquid more easily.
lso, the high temperature obtained by the expansion and implo-

ive collapse of the microbubbles generated by the ultrasonic
nergy could enhance the breaking of physical bonds between
ig. 1. Effect of H2O2 concentration in absence of catalyst applying ultrasonic
nergy at 47 kHz.
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constant the other experimental conditions, it is observed that
ig. 2. Effect of H2O2 using FeSO4 as catalyst: (a) without applying ultrasonic
nergy; (b) applying ultrasonic energy at 47 kHz.

ydrocarbons from the solid matrix, but also the production of
OH radicals due to the decomposition of H2O2. Also, this last
tep could be catalyzed by the naturally occurring iron minerals
ontained in the soil as was explained elsewhere [1].

On the other hand, experiments using a FeSO4 concentration
n the aqueous solution of 25 mM and different concentrations of

2O2 were performed without applying ultrasonic energy. The
esults are showed in Fig. 2(a). No removal of any contaminant
as observed in absence of H2O2 even though a Fenton-like cat-

lyst was present in the reacting system. When H2O2 was added
o the system, certain amounts of contaminants were removed
rom the soil, and for this case, xylenes were removed easier
han toluene. Increasing the concentration of H2O2 from 5 to
0 wt% did not improve the elimination of toluene; in fact, a
mall decrease from 9 to 5% was observed, but it was associ-
ted to an experimental error that occurred when conducting the
ests. In contrast, xylenes elimination increased from 13 to 21%
hen more H2O2 was added to the system.
The same experiments using FeSO4 and different concen-

rations of H2O2 were repeated, but now, ultrasonic energy was
upplied to the reacting system. The experimental results are dis-
layed in Fig. 2(b). Toluene was removed easier than xylenes,
nd the removal of all the aromatics enhanced as the H2O2 con-
entration increased. The former sentence could be attributed
o the solubility of the aromatic hydrocarbon in water since the
rganic compound must be in the aqueous phase in order to
e mineralized; therefore, the more soluble the hydrocarbon is
n water the easier it is destroyed. Watts et al. [1] reported the
olubilities of toluene and xylenes are 532 and 163–185 mg/L,
espectively; therefore, more toluene than xylenes would be

issolved in the aqueous phase. In absence of H2O2, 36% of
oluene and 23% of xylenes were removed from the soil. When
concentration of 5 wt% of H2O2 in the aqueous solution was

t

a
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mployed, 96 and 81% of toluene and xylenes were eliminated
rom the soil, respectively. Further increase of H2O2 concentra-
ion up to 10% wt did not augment the removal of hydrocarbons.
herefore, the addition of a Fenton-type catalyst to the system
reatly improved the efficiency of the process compared to the
xperimental results achieved in absence of catalyst. This effect
as attributed to the larger amount of •OH radicals available in

he reacting system produced by the interaction between H2O2
nd FeSO4 molecules and promoted with the ultrasonic energy.
hen compared these results to those presented in Fig. 2(a), it is

lear the necessity of applying ultrasonic energy to obtain excel-
ent removal of aromatic hydrocarbons from a contaminated soil.
lso there is a synergistic effect between the H2O2 concentra-

ion, presence of catalyst, and supply of ultrasonic energy. This
ould be explained in the following way: when only ultrasonic
nergy is applied to the slurry in absence of hydrogen peroxide
nd Fenton-type catalyst, the aromatic hydrocarbons are able to
e partially desorbed from the soil; however, since their solu-
ility is low in the aqueous phase, they are again deposited and
bsorbed in the soil after the experiment during the filtration
tep. On the other hand, when hydrogen peroxide is present in
he liquid phase, the application of ultrasonic energy promotes
ts decomposition in •OH radicals by the naturally occurring
ron minerals contained in the soil. Then, these radicals miner-
lize the hydrocarbons molecules that are already dissolved in
he liquid phase because of the application of ultrasound. Since
oluene solubility in water is higher, more toluene would be min-
ralized. Finally, when the Fenton catalyst is also added to the
lurry, it will accelerate the decomposition of hydrogen perox-
de into •OH radicals, and also, it will promote the formation of

ore of these radicals by decomposition of water molecules.
Others metallic Fenton-type catalysts were tested using var-

ous H2O2 concentrations in the aqueous phase. The selected
etallic salts were FeCl3 and CuSO4. Their efficiencies in the

rocess were compared with respect to the efficiency obtained
sing FeSO4, and the results are reported in Fig. 3.

In absence of H2O2, no removal of hydrocarbon was detected
hen FeCl3 was employed as Fenton catalyst. On the other
and, the elimination of the hydrocarbons from the soil was
reater when CuSO4 was used compared to the efficiency
btained employing FeSO4. When using FeSO4, the elimina-
ion of toluene and xylenes were 36 and 13%, respectively, and
hen adding CuSO4, the elimination increase up to 53% for

oluene, and 49% for xylenes.
When the concentration of H2O2 in the aqueous solution

as 5 wt% and FeCl3 was employed as Fenton catalyst, around
0% of toluene was removed from the soil, but all the xylenes
emained in the soil. When CuSO4 was added to the aqueous
olution with the same concentration of H2O2, the removal of
oluene and xylenes increased compared to the results obtained
n absence of H2O2; 74 and 78% of toluene and xylenes were
liminated, respectively. However, when these results were com-
ared to those obtained using FeSO4 as Fenton catalyst keeping
he performance of the process is better working with FeSO4.
Increasing the concentration of H2O2 to 10 wt%, provoked

drastic enhancement in the performance of the process that
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ig. 3. Effect of type of catalyst applying ultrasonic energy at 47 kHz: (a) without

2O2; (b) using a 5 wt% H2O2 aqueous solution; (c) using a 10 wt% H2O2

queous solution.

mployed FeCl3 as Fenton catalyst. The removal of toluene
ncreased up to 92%, and around 44% of xylenes were finally
liminated from the soil. On the other hand, the process that used
uSO4 as catalyst also showed an improvement, but it was less

ntense. The removal of xylenes from the soil increased up to
3%, and the elimination of xylenes rose up to 87%. Comparing
he results obtained with all the catalysts using a concentration
f H2O2 of 10wt%, it is observed that the removal of toluene
s higher using FeSO4 as catalyst; however, CuSO4 displayed a
etter yield for the elimination of xylenes.

. Conclusions

A novel process for remediation of soil contaminated with

ydrocarbon compounds has been proposed. This process com-
ines the chemical oxidation using a Fenton-like catalyst
ith the application of ultrasonic energy. Experimental results

howed that the application of ultrasonic energy was manda-

[

[
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ory in order to obtain considerable removal of contaminants
rom the soil. Also, it was proved that the incorporation of a
enton-type catalyst, particularly CuSO4 and FeSO4, enhances

he efficiency of the process when hydrogen peroxide in also
resent. Moreover, it was determined that FeSO4 gave better
esults for the removal of toluene, and CuSO4 was more effec-
ive for the elimination of xylenes. Finally, it was established that
here is a synergistic effect between the studied variables for the
mprovement of the hydrocarbon elimination from the soil, but
n order to be mineralized, the hydrocarbon must be dissolved in
he liquid phase. Ultrasonic energy no only assists in desorbing
he hydrocarbon from the soil, but also promotes the formation of
he •OH radicals, which are the oxidant agents, from the decom-
osition of hydrogen peroxide and water molecules; hydrogen
eroxide, provides the major source of the •OH radicals; and the
resence of a Fenton-type catalyst increases the formation rate
f the oxidant agent.
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