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a b s t r a c t

Hydrogen peroxide has been used to oxidize a sorbed aromatic contaminant in a loamy sand with
195.9 g kg−1 of organic carbon by using iron as catalyst at 20 ◦C. The 2,4-dimethylphenol (2,4-DMP) was
chosen as pollutant. Because of this soil generates a slightly basic pH in contact to an aqueous phase the
solubility of the iron cation was determined in absence and presence of a chelating agent (l-ascorbic
acid, l-Asc) and with and without soil. From results, it was found that in presence of soil the iron cation
was always adsorbed or precipitaed onto the soil. Therefore, the procedure selected for soil remediation
was to add firstly the iron solution used as catalyst and following the hydrogen peroxide solution used
as oxidant. As iron cation is sorbed onto the soil before the oxidant reagent is provided a heterogeneous
catalytic system results.

This modified Fenton runs have been carried out using 0.11 mg2,4-DMP g−1
soil and 2.1 mgFe g−1

soil. The
H2O2/pollutant weight ratios used were 182 and 364. The results show that H2O2 oxidizes 2,4-DMP pro-
ducing CO2 and acetic acid. After 20 min of reaction time a pollutant conversion of 75% and 86% was found,

depending on the H2O2 dosage.

Moreover, it was found that hydrogen peroxide was heterogeneously decomposed by the soil (due to its
organic and/or inorganic components) and its decomposition rate decreases when the iron was previously

into
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. Introduction

The remediation of contaminated soils is becoming a problem
f increasing importance. Standard technologies (pump and treat
t the surface) are known to be expensive and to take years to com-
lete. Soils contaminated with hydrocarbons (petroleum residues,
olvents, pesticides, wood preservatives, etc.) present one of the
ost difficult challenges for remediation specialists. In situ chem-

cal oxidation is a developing class of remediation technologies
n which organic contaminants are degraded in place by oxidants
elivered to the surface. Among these, Fenton’s Reagent seems to
e a promising one and the number of studies on this topic is

ncreasing in the last years [1–3].

Based on the successful results obtained in the treatment of

queous wastes, catalyzed H2O2 has been applied to the remedia-
ion of contaminated soils [4–6]. Hydrogen peroxide is particularly
ffective when it reacts with ferrous iron (Fe2+) to produce Fenton’s
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eagent. Acidic pH has been often used to optimize Fenton oxidation
fficiency in aqueous phase [7]. However, the pH of many soils is
ften near neutral or slightly alkaline and acidic soil environments
ight cause dramatic ecological impacts.
Because of this soil pH it is noticed that the Fe2+ quickly precip-

tates disappearing from the aqueous phase. To maintain soluble
ron, chelating agents have been used employing Fe3+ as catalytic
pecie in a Fenton-like process [8]. On the other hand, naturally
ccurring iron minerals have been successfully used in a heteroge-
eous Fenton process [9]. These results indicate that iron minerals
an serve as catalysts for Fenton-like reactions in place of soluble
ron, raising the possibility of in situ Fenton-like treatment of con-
aminated soils without pH adjustment. Although Fenton oxidation
t natural soil pH has been shown to be less efficient, several stud-
es have shown that degradation was still feasible [10,11]. A greater
roduction rate of HO• was reported in the H2O2/iron oxyhydroxide
ystem at natural pH [12].
It has been also found a remarkable instability of hydrogen per-
xide for many types of soils. When this oxidant gets in touch with
norganic compounds, such us iron oxyhydroxides and manganese
xyhidroxides catalysts, or with organic compounds commonly
ound in surface soils, it can quickly decompose. Consequently, an

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:aromeros@quim.ucm.es
mailto:aursan@quim.ucm.es
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xcess amount of hydrogen peroxide is usually required [13]. An
xcess concentration of hydrogen peroxide enhances the destruc-
ion of highly hydrophobic contaminants [14]. Vigorous Fenton-like
eactions using high concentrations of H2O2 generate nonhydroxyl
adical species, such as superoxide radical (O2

•−) and hydroper-
xide anion (HO2

−), which are reductants and nucleophiles that
eem to be responsible of the rapid treatment of sorbed and
onaqueous-phase liquid (NAPL) contaminants relative to natural
ates of desorption and dissolution [15].

Some contaminants in soils exist as particulate and sorbed con-
itions, and a strong oxidizing condition is required to degrade
ontaminant efficiently. The purpose of this study is to investigate
he application of catalyzed hydrogen peroxide for oxidizing sorbed
ontaminants. The 2,4-dimethylphenol (2,4-DMP) was tested as
model phenolic pollutant because of its high toxicity and low

apor pressure. The soil selected for the present study was classi-
ed as loamy sand with 195.9 g kg−1 of organic carbon (OC). This
igh amount of OC produces a strong sorption of the selected pol-

utant 2,4-DMP [16]. Iron is initially added to the contaminated soil
hus resulting in a heterogeneous catalyst. H2O2 decomposition and
xidation of the pollutant sorbed in soil by the remaining H2O2 has
een analyzed.

. Materials and methods

.1. Reagents

Hydrogen peroxide (30%), iron (Fe(II)) sulphate, iron (Fe(III))
ulphate (75%), l-ascorbic acid (l-Asc, 99%), sodium carbon-
te anhydrous, sodium hydrogen carbonate, 2,4-dimethylphenol
2,4-DMP, 98%), methanol used as solvent for pollutant extrac-
ion, titanium(IV) oxysulphate solution for the determination
f peroxides, o-cresol (99+%) used as internal standard for gas
hromatography-flame ionization detection (GC-FID) analysis,
ormic acid (85%) used as internal standard for acids measured. All
f the suspensions and solutions were prepared with Milli-Q water
>18 m� cm) purified with a deionizing system.

.2. Characterization of soil samples

The soil selected for the present study was calcareous through-
ut their depth, a typical feature of the Mediterranean region [17].
he soil studied was categorized as loamy sand with various char-
cteristics listed in Table 1.

Analytical parameters were determined according to ISRIC [18].
rganic carbon was quantified by wet oxidation according to
alkeley–Black [19]. Total nitrogen was determined using the

jeldahl method [20]. The pH was measured in 1:2.5 soil/water
uspension [18]. The CO3Ca equivalent was determined using a
ernard calcimeter. Electrical conductivity was measured in a

:5 soil/water suspension [18]. Cation exchange capacity was deter-
ined by extracting samples with 1 M ammonium acetate at pH

.0 [21], exchange cations being quantified by atomic absorption
pectroscopy (Ca and Mg) or flame emission spectrometry (Na and
).

i
c
2
2
w

able 1
hysical and chemical properties of soil samples

exture pH in water EC (�S cm−1) CO3Ca (%) Organic C (g g−1)

oamy sand 7.4 471 10.7 0.1959

C: electrical conductivity; CEC: cation exchange capacity.
Materials 162 (2009) 785–790

.3. Precipitated–impregnated iron

Fe(II) was added as ferrous sulphate in aqueous solution. Exper-
ments were conducted in a water bath at 20 ◦C and 120 rpm. In
atch system on 1 g soil samples and 2 mL of SO4Fe solution in
0 mL glass vials. Liquid–solid separation was done by centrifuga-
ion. To determine the amounts of precipitated–impregnated iron
n the soil, aqueous metal concentrations were measured. The iron
oncentration in soil was determined from a mass balance on Fe(II)
n the liquid phase.

Previously, in the same operation conditions, the stability of
e3+ was also tested with an initial concentration of 1000 mg L−1

n alkaline aqueous phase (pH about 10 by adding CO3Na2) and in
oil slurries (1:2 soil/water suspension) by adding l-Asc as a metal
helating agent in a mass ratio l-Asc/Fe3+: 0.8, 1.6 and 3.2.

.4. Adsorption 2,4-DMP tests

Adsorption equilibrium experiments were performed in 40 mL
mber glass vials capped with Teflon faced silicon septa. A 10 g
oil sample uncontaminated soil was added to the vial, together
ith 35 mL of a 2,4-DMP solution (initial concentration in the

ange 25–100 mg L−1). To obtain the equilibrium the samples were
haken at room temperature (25 ◦C) at 150 rpm for about 48 h [16].
he supernatant was analyzed for 2,4-DMP by gas chromatogra-
hy, providing the 2,4-DMP equilibrium concentration in the liquid
hase. The 2,4-DMP concentration in adsorbed phase was deter-
ined from a mass balance on 2,4-DMP in the liquid phase.

.5. Hydrogen peroxide decomposition

The batch experiments were conducted in order to identify the
ariables responsible of the decomposition of hydrogen peroxide,
.g., iron and organic content of the soil.

Hydrogen peroxide degradation was studied through batch
xperiments, performed in 20 mL glass vials, kept in continuous
gitation (120 rpm) on a shaking water bath SW22, supplied by
ulabo. The temperature was controlled, and continuously moni-
ored during the experiment and remained always in 20 ◦C. The
ncontaminated soil weight to liquid phase volume ratio (W/VL)
as changed from 1 to 0.25 g mL−1. The experiments were car-

ied out at different initial concentrations of hydrogen peroxide
1000–25,000 mg L−1). The samples were collected at different
eaction times an immediately centrifuged for 5 min in a CEN-
ROLIT SELECTA centrifuge. After centrifugation, the supernatant
as analyzed for hydrogen peroxide, as described below.

.6. Oxidation conditions

The 2,4-DMP oxidation experiments were performed in the
ame operating conditions used for the hydrogen peroxide exper-

ments. The treatment was conducted in batch on 1 g 2,4-DMP
ontaminated soil sample with precipitated–impregnated Fe(II) in
0 mL glass vials. The Fenton-type reactions were started adding
mL H2O2 (initial concentration = 10,000–20,000 mg L−1). Vials
ere examined at 0 and 20 min. Each reaction vial represents one

Total N (g kg−1) CEC Exchanged bases (cmol kg−1)

Ca2+ Mg2+ Na+ K+

6.2 26.10 13.19 3.08 0.28 0.09
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where q is the iron content in soil (mg g−1), C0 and Cf are the ini-
tial and final soluble iron concentration in the liquid phase, VL is
the volume of the iron sulphate solution (mL) and W is the weight
soil sample (g). Due to precipitation, the soil containing iron(II) was
A. Romero et al. / Journal of Haza

ime point. In order to avoid possible explosions due to gas accumu-
ation in the vials, the caps were not sealed during reaction time to
ermit evacuation of the generated gas [22]. The soil and aqueous
hase were separated before the extraction. After centrifugation,
oth soil and supernatant were analyzed for 2,4-DMP. Ecotoxicity of
he aqueous phase was measured by using the Microtox® bioassay.
he iron content in the supernatant was also measured.

Potential toxic oxidation intermediates from 2,4-DMP adsorbed
n the soil (1 g) were measured by extraction with Milli-Q water
5 mL). The vials were then placed on an ultrasonic bath for 1 h fol-
owed by centrifugation for 5 min. The supernatant fluid was then
nalyzed by using the Microtox® bioassay. The extracted 2,4-DMP
rom soil was also measured by GC in the aqueous phase obtained
fter sonication and centrifugation steps.

The total residual mass of the contaminant in the soil was
xtracted with methanol. The supernatant fluid was then analyzed
or 2,4-DMP by means of a gas chromatograph (GC).

.7. Analytical methods

Hydrogen peroxide concentration in the supernatant was mea-
ured using a UV-1603 spectrophotometer, supplied by Shimadzu,
fter color development with titanium sulphate technique [23].

Soluble iron concentrations were analyzed using a DR/890 col-
rimeter with the FerroVer Iron Reagent, supplied by HACH. Some
amples were measured by ICP-AES and similar values were obtain-
ng validating the colorimetric method used.

Residual 2,4-DMP in the supernatant was analyzed by a Agi-
ent Technologies 6890 N gas chromatograph, fitted with a flame
onization detector and equipped with a HP5 high resolution
hromatography column (30 m length × 0.32 mm i.d.). The chro-
atographic conditions were initial oven temperature 110 ◦C, final

ven temperature 135 ◦C, program rate 5 ◦C min−1, injector temper-
ture 300 ◦C, detector temperature 250 ◦C, and nitrogen carrier gas
ow rate 25 mL min−1.

To extract quantitatively the 2,4-DMP from the soil an ultrasonic
olvent extraction were performed by 4 consecutive extractions.
ach step accurately weighed spiked soil was sonicated 15 min with
ethanol in an ultrasonic bath (PowerSonic 505) at room tempera-

ure followed by a 5 min centrifugation. The relation soil/methanol
as 1/5 (g mL−1). The amount of total extracted 2,4-DMP was deter-
ined by GC.
The organic acid byproducts in both the supernatant and in the

iquid phase of the extraction procedure after Fenton’s runs were
nalyzed by ionic chromatography (Metrohm, mod. 761 Compact
C) using a conductivity detector; a column of anion suppression

etrosep ASUPP5 (25 cm length × 4 mm i.d.) was used as the sta-
ionary phase and an aqueous solution of 3.2 mM CO3Na2 and a
mM HCO3Na as the mobile phase, at a constant flow rate of
.7 mL min−1.

After the Fenton runs, the Microtox® bioassay was used to
etermine the ecotoxicity of the supernatant. Moreover, to force
esorption of potential toxic oxidation intermediates adsorbed
nto the soil, sonication during 1 h of soil (1 g) with 5 mL of Milli-Q
ater and further centrifugation (5 min) was carried out and the

cotoxicity of the aqueous phase measured.
The Microtox bioassay is based on the decrease of light emis-

ion by Photobacterium phosphoreum resulting from its exposure to
toxicant, using a Microtox® M500 Analyzer (Azur Environmental).
he inhibition of the light emitted by the bacteria was measured

fter 15 min contact time. The EC50 is defined as the effective nom-
nal concentration of toxicant (mg L−1) that reduces the intensity
f light emission by 50%. The parameter IC50 is defined as the per-
entage of the initial volume of the sample to the volume of the
ample yielding, after the required dilution, a 50% reduction of
Materials 162 (2009) 785–790 787

he light emitted by the micro-organisms. The toxicity units of the
astewater are calculated as:

Us = 100
IC50

(1)

Before measuring the toxicity, the pH values of all the samples
ere re-adjusted to between 6 and 7, in order to prevent the pH

ffect. All the chemicals used were purchased from Sigma–Aldrich
nd the micro-organisms were Microtox® Acute Reagent supplied
y I.O. Analytical.

. Results and discussion

.1. Iron precipitated–impregnated tests

To maintain the soluble iron content is difficult due to its precip-
tation at neutral-pH. To avoid it the role of l-Asc was examined as

etal chelating. In the carbonate solution free of soil (1000 mg L−1

f CO3Na2) the ferric iron is maintained in aqueous solution by
sing l-Asc (Fig. 1). Therefore, the Fe(III) is stabilized when com-
lexed with the l-Asc for the three mass ratio: 0.8, 1.6 and 3.2.
ithout chelating agent, both ferrous and ferric iron precipitated

n these operation conditions. The final pH value in all these exper-
ments free of soil were closed to neutral pH.

When the chelating agent was added to the water–soil slurries, it
as not capable of maintaining the Fe3+ in solution and this metallic

pecie precipitates into the soil phase, as can be seen in Fig. 2. Based
n these results, ferrous iron was chosen to impregnate soil before
dding H2O2 in the Fenton’s reaction. Fe(II) serves as catalysts in
he Fenton’s reactions, where HO• is generated by direct reaction
f H2O2 and Fe(II).

To quantify the precipitation of dissolved iron on the surface a
ass balance on Fe(II) in the liquid phase according to the Eq. (2).

= (C0 − Cf)VL

W
(2)
Fig. 1. Soluble iron content in aqueous media.
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Fig. 2. Soluble iron content in water–soil slurries.

sed in the heterogeneous catalyzed H2O2 system. The ferrous iron
ontent in the soil achieved for the hydrogen peroxide decomposi-
ion and 2,4-DMP degradation experiments was 2.1 mgFe g−1.

.2. Adsorption 2,4-DMP isotherm

The adsorption equilibrium data of 2,4-DMP is shown in Fig. 3,
here q (mg g−1) is the adsorbed phase concentration, and Ceq

mg L−1) is the liquid phase concentration. Sorption of the organic
ompound was calculated from the difference between initial and
nal concentration.

Its well known that the binding capacity of an organic compound
o the soil is generally a direct function of the soil organic content.

oreover, if the polarity of the pollutants increases, the soil adsorp-
ion capacity decreases [16]. In the case of 2,4-DMP this pollutant
s strongly sorbed to soil as expected from its hydrophobicity and
he high OM content of the soil employed.

.3. Hydrogen peroxide decomposition

The three variables investigated for hydrogen peroxide decom-

osition in soil samples were H2O2 concentration (1000–
5,000 mg L−1), slurry density (0.25–1 gsoil mL−1) and iron(II)
mount in the soil (2.1 mgFe g−1). Batch experiments were con-
ucted in order to provide conclusive evidence whether the iron

Fig. 3. Adsorption isotherm of 2,4-DMP.
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ontent or the organic content of the soil was the responsible for
he decomposition of hydrogen peroxide.

The hydrogen peroxide decomposition data vs. time, without
he addition of iron sulphate, are reported in Fig. 4, for two dif-
erent initial hydrogen peroxide concentrations, equal to 10,000
nd 17,000 mg L−1. The concentration of hydrogen peroxide pro-
ressively decreased as a function of the time. The data show that
he hydrogen peroxide decomposition rate increased with the con-
entration of soil in the system. The natural organic matter of
he soil was expected to be responsible for the consumption of
ydrogen peroxide. If the decomposition of the hydrogen peroxide
resents a heterogeneous way the following proportionality could
e obtained:

−d[H2O2]
dt

˛
W

VL
(3)

The heterogeneous decomposition of the H2O2 by the soil is
roved with data in Fig. 5a where the normalized hydrogen per-
xide profile is plotted against the product t·W/VL and a sole curve
s obtained.

The results obtained for the H2O2 decomposition if the iron is
reviously precipitated are shown in Fig. 5b. It can be seen that
he previous addition of iron sulphate to the soil decreased the
ydrogen peroxide decomposition.

.4. 2,4-DMP in situ oxidation

A soil polluted with 2,4-DMP was used to impregnate the fer-
ous iron of the ferrous sulphate solution. After centrifugation
f the supernatant and drying the soil, the content in 2,4-
MP and Fe(II) was calculated from a mass balance obtaining
2,4-DMP = 0.11 mg gsoil

−1 and qFe = 2.1 mg gsoil
−1. This polluted soil

ontaining the catalytic specie was used in the modified Fenton’s
uns. The runs were carried out as described in the Method sec-
ion. The H2O2 was added in excess (10,000 and 20,000 mg L−1).
he need for excess H2O2 results from its non-specific losses due to
ecomposition in the presence of reactive materials in soils in addi-
ion to the reaction with 2,4-DMP. The theoretical H2O2 demand for
he total mineralization of the sorbed 2,4-DMP has been calculated
s 307 mg L−1 in the experimental conditions.

The supernatant was separated by centrifugation after 20 min-
tes of reaction time, and ecotoxicity, 2,4-DMP, organic acids
roduced and solubilized iron were measured by Microtox®, GC,

C and ICP-AES, respectively, at the conditions described above.
esults are shown in Table 3. The samples were not toxic and the
,4-DMP was not detected in water phase after Fenton treatment

n all experiments. Moreover, the iron content in this supernatant
as found a negligible amount.

The potential toxic intermediates of the 2,4-DMP oxidation were
etermined by Microtox® after sonication and centrifugation, as
escribed in the experimental section. The Toxicity units obtained
<2) were lower than the expected from the initial 2,4-DMP sorbed
q = 0.11 mg g−1). This expected value would be about TUs = 7 hav-
ng into account the EC50 of the 2,4-DMP (3.55 mg L−1) [24] and
he ratio W/VL used in the sonication (1 gsoil/5 mL of Milli-Q water).
herefore, it can be concluded that no toxic intermediates are pro-
uced in the remediation of the soil polluted with 2,4-DMP by using
his heterogeneous Fenton treatment.

The residual pollutant in the soil was measured by extraction
ith methanol in an ultrasonic bath as it was described in the pre-
ious section. The efficiency of this last extraction was tested using
lank samples polluted with a known amount of the 2,4-DMP. After
our extraction steps, pollutant in the methanolic phase obtained
fter extraction of the blank samples was near to 90% of the initial
ollutant in the soil. With this extraction efficiency the value of the
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Fig. 4. Decomposition of H2O2 at different initial concentrations and W/VL ratios. (a) [H2O2]0 = 10,000 mg L−1. (b) [H2O2]0 = 17,000 mg L−1.

Fig. 5. Decomposition of H2O2 in batch system in the presence and absence of Fe(II).

Table 2
Operating conditions of contaminant degradation batch tests

R mg g−

1
2

2
o
b
o

o
a
t
a
a
t
p
b

T
S

R

1
2

F
i
t
h
c
q
m
o

UN [H2O2]0 (mg L−1) Wsoil (g) W/VL (g mL−1) qFe (

10,000 1 0.5 2.1
20,000 1 0.5 2.1

,4-DMP residual amount in the soil can be calculated. The results
f 2,4-DMP oxidation experiments are reported in Table 3. As it can
e seen, the 2,4-DMP removal increases with higher concentrations
f H2O2.

On the other hand, the only acid detected from the 2,4-DMP
xidation was acetic acid, being found in the supernatant obtained
fter centrifugation. To relate both compounds, the pollutant and
he acetic acid have been expressed as mg of carbon. These values
re also summarized in Tables 2 and 3. The appearance of significant
mounts of this acid proves that the oxidation of the pollutant is

aken place and no toxic intermediates are release to the aqueous
hase. No acetic acid appears when soil free of pollutant is treated
y Fenton’s reagent.

able 3
ummarized results for Fenton’s destruction of 2,4-DMP in soil slurries

UN 2,4-DMP
supernatant (mg C)

2,4-DMP soil
(mg C)

X2,4-DMP (%) Acetic acid
supernatant (mg C)

0 2.2 × 10−2 75 2 × 10−2

0 1.2 × 10−2 86 7 × 10−2

n
c
i
h
h
F
e
p
(
h
t
s

1) q2,4-DMP (mg g−1) 2,4-DMP (mg C) Reaction time (min)

11 × 10−2 8.7 × 10−2 20
11 × 10−2 8.7 × 10−2 20

Mechanisms of various organic contaminants susceptible to
enton’s reaction have been documented [25]. Fenton’s chemistry
s a complex collection of reaction pathways as can be seen in
he Table 4 [8]. A mechanism which includes heterogeneous and
omogeneous free-radical reactions was developed to describe the
hemical interpretation of the obtained results. When sufficient
uantities of •OH are generated, Fenton’s reagent is a potential
ethod for rapidly destroying contaminants primarily in the aque-

us phase.
It has been proposed that •OH can also directly attack contami-

ants sorbed on soils (Reactions 19 and 20 in Table 4). Fenton-like
atalysis (heterogeneous Fentonı̌s reactions) utilizing H2O2 and
ron minerals have the potential to oxidize sorbed contaminants
as been examined in some studies [26]. The development of active
eterogeneous Fenton systems, where soluble Fe+2 is replaced by
e-containing solids with no need of low pH is of considerable inter-
st. In this study, at neutral pH, dissolved iron cation is lost by

recipitation. In addition, in the presence of natural organic matter
NOM) in soil, dissolved iron cation may be lost via binding with
ydrophilic sites (e.g., –OH, –COOH) of NOM. This modified Fen-
on system has been designed particularly to remediate 2,4-DMP
orbed at pH-neutral soil.
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Table 4
Proposed reactions for contaminant destruction by heterogeneous Fenton’s reac-
tions in soil slurries [8]

No.

Principle Fenton radical reactions in the aqueous phase
• OH + H2O2 → O2

•− + H2O (1)
2•OH → H2O2 (2)
HO2

• ↔ O2
•− + H+ (3)

HO2
• + O2

•− → HO2
− + O2 (4)

• OH + HO2
• → H2O + O2 (5)

• OH + O2
•− → OH− + O2 (6)

Reactions associated with carbonate species
CO2(g) + H2O ↔ H2CO3(aq) (7)
H2CO3(aq) ↔ HCO3

− + H+ (8)
HCO3

− + •OH → CO3
•−+OH− (9)

CO3
•− + H2O2

• → HO2 + HCO3
− (10)

2CO3
•− → products (11)

CaCO3(s) + H+ → Ca2+ + HCO3
− (12)

Reaction associated with natural organic matter (NOM)
NOM + •OH → products (13)

Soil mineral surface catalysed reactions and reactions associated with sorbed
contaminant (R)

Fered(s)+H2O2 → Feox(s) + •OH (14)
Feox(s) + H2PO2 → Fered(s) + HO2

• (15)
Fered(s) + •OH → Feox(s) + OH− (16)
Fered(s) + HO2

• → Feox(s) + H2O2 (17)
Feox(s) + O2

•− → Fered(s) + O2 (18)

F

4

a
b
2
h
t
e
d
o
d
p

b
o

F
c
a
c
g

A

f
0
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• OH + R(ads) → •ROH(ads) (19)
• ROH(ads) + Feox(s) → Fered(s) + ROH(ads) (20)

ered(s) and Feox(s) are reduced and oxidized iron oxyhydroxide surface sites.

. Conclusions

The Fenton-like process using a soil impregnated with iron
nd further addition of hydrogen peroxide has been proved to
e effective in the abatement of strongly sorbed pollutants, as
,4-DMP. This procedure allows the use of pH-neutral and even
igher pH conditions thus avoiding the acidification of the soil
hat could produce a strongly negative environmental impact. An
xcess of H2O2 is necessary while this reactant is heterogeneously
ecomposed by the soil. An additional advantage of the previ-
us precipitation–impregnation of Fe(II) into the soil is that the
ecomposition of the hydrogen peroxide is significantly slower in
resence of this sorbed/precipitated iron.

The reaction can be supposed is taking place at the soil surface
ecause the catalytic specie (Fe) is not leached to the aqueous phase
f the slurry system.

The more toxic intermediate from the 2,4-DMP oxidation using
enton reagent in an homogeneous way is 2,4 dimethylcate-
hol. This compound was not detected in the soil remediation
pplied here. Moreover, with the ecotoxicity measurements we can
onclude that no toxic intermediates are produced in the hetero-
eneous Fenton runs.
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