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Abstract

Hydrogen peroxide (H2O2) catalyzed by soluble iron or naturally occurring soil minerals, (i.e., modified Fenton’s

reagent) was investigated as a basis for mineralizing sorbed and NAPL-phase benzo[a]pyrene (BaP), a hydrophobic and

toxic polycyclic aromatic hydrocarbon, in two soils of different complexity. 14C-Benzo[a]pyrene was added to silica

sand and a silt loam soil, and mineralization was investigated using three-level central composite rotatable experimental

designs. The effects of H2O2 concentration, slurry volume, and iron(II) amendment were investigated in the silica sand

systems. In a Palouse loess silt loam soil, the variables included H2O2 concentration, slurry volume, and pH, with H2O2
catalyzed by naturally occurring iron oxyhydroxides. Regression equations generated from the data were used to

develop three-dimensional response surfaces describing BaP mineralization. Based on the recovery of 14C-CO2, 70%

BaP mineralization was achieved in the sand within 24 h using 15M H2O2 and an iron(II) concentration of 6.6mM with

a slurry volume of 0.3� the field capacity of the sand. For the silt loam soil, 85% mineralization of BaP was observed

using 15M H2O2, no iron amendment, and a slurry volume of 20� the soil field capacity. The balance of the
radiolabeled carbon remained as unreacted BaP in the soil fraction. Gas-purge measurements over 5 d confirmed

negligible desorption under nontreatment conditions. However, oxidation reactions were complete within 24 h and

promoted up to 85% BaP mineralization, documenting that the natural rate of desorption/dissolution did not control

the rate of oxidation and mineralization of the BaP. The results show that catalyzed H2O2 has the ability to rapidly

mineralize sorbed/NAPL-phase BaP and that partitioning, which is often the rate-limiting factor in soil remediation,

does not appear to limit the rate of vigorous Fenton-like treatment. r 2002 Published by Elsevier Science Ltd.
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1. Introduction

The contamination of surface and subsurface soils

with biorefractory organic chemicals, such as polycyclic

aromatic hydrocarbons (PAHs), is a widespread pro-

blem. Polycyclic aromatic hydrocarbons are relatively

stable, fused-ring compounds that are found in the

heavier fractions of petroleum and as products of

combustion. These stable, biorefractory compounds,

such as benzo[a]pyrene (BaP), are Group A (confirmed)

carcinogens. Polycyclic aromatic hydrocarbons greater

than four rings are also highly hydrophobic and,

therefore, strongly sorbed to soils and sludges [1]. A

major source of PAH contamination has been from the

gas plants. Soils and sludges around these plants are

often difficult to treat because of the high concentrations

of PAHs, long-chain aliphatics, and phenolics [2].

In situ and ex situ chemical oxidations have the

potential for rapidly treating or pretreating soils

contaminated with toxic and biorefractory organic

wastes. One mechanism for introducing oxidants into

contaminated soils is the catalyzed decomposition of
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hydrogen peroxide to form hydroxyl radicals (OHd),
commonly known as Fenton’s reagent:

H2O2 þ Fe2þ-OHdþOH� þ Fe3þ: ð1Þ

Hydroxyl radicals are strong, relatively nonspecific

oxidants that react with alkenes and aromatic com-

pounds, even those with a high degree of halogenation,

at near diffusion-controlled rates (i.e., kOHd> 109

M�1 s�1) [3]. Numerous competing reactions occur in

Fenton’s systems including the production of perhy-

droxyl radicals through the reaction of H2O2 and iron

(III), cycling of iron(III) to iron(II) by short-lived

reactants, and quenching of OHd by iron(II) and H2O2 [4].
The application of Fenton’s reagent in treating

industrial waste streams has been studied extensively

with emphasis on water-soluble compounds such as

chlorophenols and substituted benzenes [5,6]. Based on

the successful results obtained in the treatment of

aqueous wastes, catalyzed H2O2 has been applied to

the remediation of contaminated soils. Watts et al. [7]

documented the oxidation of pentachlorophenol (PCP)

and showed that effective treatment in both silica sand

and natural soils occurred at pH 2–3. Tyre et al. [8]

found that four biorefractory compounds were oxidized

by H2O2 in soils with no soluble iron addition, and

proposed that naturally occurring iron minerals may

catalyze the decomposition of H2O2 and promote

Fenton-like reactions. The iron mineral goethite and

H2O2 were used to treat PCP-contaminated silica sand

by Watts et al. [9], who found that the mineral-catalyzed

Fenton’s system was slower but more stoichiometrically

efficient compared to a soluble iron(II) system. Raviku-

mar and Gurol [10] subsequently used a Fenton-like

process, with and without soluble iron addition, to

oxidize PCP and trichloroethylene (TCE) in sand

columns. Quinoline oxidation was documented by

Miller and Valentine [11,12] in Fenton-like reactions

catalyzed by aquifer solids. Lin and Gurol [13] devel-

oped a kinetic model for hydrogen peroxide decomposi-

tion catalyzed by goethite based on Langmuir–

Hinshelwood kinetics. Fenton-like reactions can also

be catalyzed by hematite and magnetite [14], but not by

ferrihydrite [15].

A common problem in the treatment of contaminated

soils is the high degree of sorption of hydrophobic

contaminants and the presence of nonaqueous-phase

liquids (NAPLs), because hydroxyl radicals generated

by dilute Fenton’s reactions are incapable of oxidizing

organic compounds that do not exist in the aqueous

phase [16]. However, the addition of excess H2O2
(>0.3M) has been shown to enhance the oxidative

treatment of sorbed and NAPL contaminants [17–19].

Vigorous Fenton-like reactions using high concentra-

tions of H2O2 generate nonhydroxyl radical species,

such as superoxide radical (O2d
�) and hydroperoxide

anion (HO2
�), which are reductants and nucleophiles

that appear to be responsible for the rapid treatment of

sorbed and NAPL contaminants relative to natural rates

of desorption and dissolution [20]:

H2O2 þOHd-H2OþHO2d; ð2Þ

HO2d-O2d� þHþ; pKa ¼ 4:8; ð3Þ

HO2dþ Fe2þ-HO�
2 þ Fe3þ: ð4Þ

Numerous studies have shown that Fenton’s reactions

using dilute H2O2 result in incomplete mineralization of

organic compounds [21,22], a conclusion that is expected

because many degradation products, such as b-keto
acids, are not reactive with hydroxyl radicals [23].

However, the mix of oxidants, reductants, and nucleo-

philes generated using H2O2 concentrations >0.3M

may not only provide the reactants necessary to promote

the enhanced treatment of sorbed contaminants, but

these same conditions may also provide the added

benefit (via the same matrix of reactants) of mineralizing

the BaP degradation products. Therefore, the purpose of

this research was to investigate the process conditions

that not only provide enhanced treatment of sorbed

benzo[a]pyrene (BaP), but also mineralize BaP degrada-

tion products in the Fenton-like treatment of two

contaminated soils.

2. Methodology

2.1. Chemicals

[2,4-14C]-Benzo[a]pyrene (14C-BaP; 99% purity) with

a specific activity of 10.7mCi/mmol was purchased from

Aldrich. Scintilene, sulfuric acid, sodium hydroxide, and

ethyl acetate were obtained from Fisher Scientific.

Carbosorb and Scint-A-XF, used for CO2 recovery,

were purchased from Packard. Hydrogen peroxide

(50%) was provided gratis by Solvay Interox. The

double-deionized water (>18MO cm) used in all aqu-
eous solutions and dilutions was purified using a

Barnstead Nanopure II deionizing system. Washed silica

sand (80–100mesh; 0.15–0.18mm) was obtained from

JT Baker. Sand characteristics were reported previously

by Watts et al. [24]: Fe content was 40mg kg�1; organic

carbon content was undetectable; and sand pH was 7.2.

2.2. Soil characterization

A Palouse loess soil was sampled from a wheat field

near Pullman, WA. Particle size distribution was

determined by the pipette method [25]. Organic carbon

content was determined by combustion at 9001C with

evolved CO2 trapped in KOH and measured by back

titration of unreacted OH– [26]. Amorphous and

crystalline iron and manganese oxyhydroxides were
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assayed by citrate-bicarbonate-dithionite extractions

[27]. Cation exchange capacity was established by

saturation with sodium acetate at pH 8.2 [28]. The soil

pH was 7.8. The soil characteristics are listed in Table 1.

Based on the particle size distribution, the soil is

classified as a silt loam.

2.3. Experimental design

The experimental matrix for investigating BaP degra-

dation conditions was a central composite rotatable

experimental design using the concept of response

surfaces [29]. Central composite rotatable designs are

multivariable, multilevel experimental procedures that

analyze the interactions between variables and produce

response equations. These procedures have the potential

to show statistically significant interactions between

variables, unlike a one-variable-at-a-time strategy, and

can also lower the ultimate number of experiments

conducted while maintaining a high degree of statistical

significance in the results. In central composite designs,

experimental parameters are chosen to achieve complete

rotatability around the central point of a two-level

matrix. Using such matrix designs, all of the vertices

within the experimental boundaries are tested, and

interpolation anywhere within the three-dimensional

space is valid [30].

The three variables investigated for oxidation of BaP

in silica sand were H2O2 concentration (2400–

12,300mM), slurry volume (0.3–3.7� 0.31ml/g, the field
capacity of the silica sand), and iron(II) amendment

(6.6–23.4mM). The levels for each variable were chosen

to produce a completely rotatable design. The three

variables investigated for oxidation of BaP in the

Palouse loess soil were H2O2 concentration (1500–

14,000mM), slurry volume (1.0–20.0� 0.42ml/g, field
capacity of the Palouse loess), and pH (2.0–8.0) with

Fenton-like reactions catalyzed by naturally occurring

iron oxyhydroxides [9,10]. The specific conditions and

concentrations used for each variable based on the

algorithm used for central composite rotatable experi-

mental designs [30] are listed in Table 2. The experi-

mental data were analyzed by linear regression through

least-squares analysis to develop regression equations to

describe the systems and to provide graphical represen-

tations of the data in the form of response surfaces [31].

Each term of the regression equation was validated by

quantifying its standard error to ensure that it was

within the 90% interval of a single sided t-distribution.

In addition, the entire regression equation was evaluated

based on the R2 fit. The corresponding response surfaces

were created using a SYSTATs software package.

2.4. Oxidation procedures

Soil and sand were dried at 1051C for 24 h followed by

cooling in a dessicator for 2 h. Fenton-like reactions

Table 1

Characteristics of the Palouse loess soil

Characteristic Concentration

Organic content (%) 0.11

Sand (%) 20.4

Clay (%) 18.8

Silt (%) 60.8

Crystalline Fe oxides (mg/kg) 33,500

Amorphous Fe oxides (mg/kg) 22.5

Crystalline Mn oxides (mg/kg) 7130

Amorphous Mn oxides (mg/kg) 35.5

Cation exchange capacity (cmol/kg) 22.5

Table 2

Experimental conditions used in central composite rotatable designs

[H2O2] (mM) Slurry volume

(�field capacity)
Iron(II) (mM) Experimental design code No. of trials

Silica sand

2400 0.3 6.5 �C 1

3850 0.8 9.0 �1 2

7350 2.0 15 0 5

10,850 3.2 21 +1 2

12,300 3.7 23.4 +C 1

Palouse loess

1500 1.0 2.0 �C 1

3350 1.8 3.9 �1 2

7750 9.5 5.0 0 5

12,150 17.2 7.1 +1 2

14,000 20.0 8.0 +C 1
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were conducted in 40-ml borosilicate glass vials contain-

ing 5 g of silica sand or Palouse loess spiked with

0.1mmol/kg 14C-BaP. The soils were prepared by

adding 100 ml of a 1000mM solution of BaP in ethyl

acetate to produce a final concentration of 0.1mmol/kg

BaP with an activity of 548 mCi. The ethyl acetate was
allowed to evaporate with the BaP remaining on the soil.

It is likely that a portion of the BaP was not sorbed but

remained as NAPL. In a similar study using hexadecane,

43% of the hexadecane remained in NAPL form in the

soil and was destroyed along with sorbed hexadecane by

Fenton-like reactions [19].

Fenton-like reactions were conducted in the silica

sand systems by adding freshly prepared iron(II) sulfate

and H2O2 followed by adjustment to pH 3 with 4.5M

H2SO4. The H2O2 was diluted to the concentrations

listed in Table 2 before addition to the soils. Because the

Fenton-like reactions in the Palouse loess were catalyzed

by naturally occurring iron minerals, only H2O2 was

added to the soil followed by pH adjustment of 4.5M

H2SO4 or 4.5M NaOH. The systems were purged with a

stream of nitrogen and the off gas was trapped for

scintillation counting. Gas transfer was accomplished

using 0.18mm (i.d.) fused silica tubing and the evolved
14C-CO2 was trapped in 10ml of a 20% (v/v) solution of

Carbosorb in Scint-A XF scintillation cocktail [19]. A

mass balance was established by extracting the remain-

ing 14C-BaP from the vials through shake extractions

with 10ml of ethyl acetate for 24 h; 5ml of the extract

were then added to a scintillation vial containing 5ml of

Scintilene counting cocktail. Aqueous samples were

filtered through a 0.45mm membrane filter prior to

scintillation counting and gas chromatography/mass

spectrometry (GC/MS) analysis. All experiments were

conducted in triplicate, and control experiments were

carried out in parallel using deionized water in place of

H2O2. No significant loss of BaP was found in any of the

control reactions. All experiments were conducted in a

water bath at 20721C.

2.5. Desorption

Benzo[a]pyrene desorption from the soils was deter-

mined by gas-purge (GP) methodology [32]. Because the

system is purged vigorously, contaminants volatilize

rapidly after they are desorbed, and their rate of removal

from the aqueous phase is equal to the rate of

desorption. Vials containing 5 g of sand spiked with

0.1mmol/kg 14C-BaP were filled with 10ml of deionized

water and purged with nitrogen gas at a flow rate of

120ml/min. The purge vial was connected to a trap vial

containing Carbosorb in Scint-A XF scintillation cock-

tail by 0.18mm diameter fused silica tubing. Originally,

BaP concentrations were measured on the soil, in the

aqueous phase, and in the off gas (trapped in gas

adsorbent tubes packed with Tenax). No BaP was

detected in the aqueous phase, and the residual on the

soil correlated with the mass collected on the gas

adsorbent tubes; therefore, subsequent GP analyses

relied on quantifying the residual sorbed on the soil.
14C-Benzo[a]pyrene was determined at time intervals

over 5 d. All experiments were conducted in triplicate,

and control samples without purging were evaluated in

parallel to account for volatilization. Experiments were

conducted in a water bath at 20721C.

2.6. Analysis

Concentrations of H2O2 were determined by iodo-

metric titration with sodium thiosulfate [33]. Radio-

isotope analysis was performed on a Packard 2200LL

scintillation counter that was calibrated to Packard-

supplied standards. Benzo[a]pyrene concentrations were

determined by shake extraction for 24 h with ethyl

acetate [8] followed by analysis on a Hewlett Packard

5890A gas chromatograph equipped with a flame

ionization detector (FID) and a J & W DB-5 capillary

column. Chromatographic conditions included an initial

temperature of 2001C, program rate of 101C/min, final

temperature of 3101C, injector temperature of 2501C,

and detector temperature of 3501C. Gas chromatogra-

phy/mass spectrometry was performed on a Finnegan

SSQ quadrapole mass spectrometer equipped with a

DB-5 capillary column. The GC/MS was operated

under the same chromatographic conditions used for

the GC/FID analysis.

3. Results and discussion

Analysis of the data obtained through the central

composite experimental design procedures first involved

development of regression equations from the empirical

data; secondly, response surfaces, which physically

illustrate the regression equation as isoresponse lines,

were generated from the regression equations.

3.1. Mineralization of BaP in silica sand

Based on statistical analysis of the experimental data,

BaP oxidation in the silica sand was described by:

14C-CO2 Recovery ð%Þ

¼ 40:7þ 1:47� 10�3ðH2O2Þ

� 3:40ðVolumeÞ � 2:33ðIronÞ

þ 1:07� 10�7ðH2O2Þ
2 þ 3:0� 10�2ðVolumeÞ2

þ 4:58� 10�1ðVolumeÞðIronÞ; ð5Þ

where (H2O2) is the hydrogen peroxide concentration

(mM), (Volume) the slurry volume (� 0.31ml/g, the
silica sand field capacity), and (Iron) is the iron (II)
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amendment concentration (mM). Treatment stoichio-

metry was quantified by

Stoichiometry ðmol H2O2=mol
14C-CO2Þ

¼ ½1:20� 3:71� 10�5ðH2O2Þ

� 6:41� 10�1ðVolumeÞ þ 1:01� 10�1ðVolumeÞ2

þ 9:62� 10�6ðH2O2ÞðVolumeÞ��1 � 1000: ð6Þ

Eqs. (5) and (6) were characterized by R2 of 0.88 and

0.91, respectively, when the experimental data were

plotted against values generated by the equations. All

terms were within the 90% confidence interval of a

single sided t-distribution with 13 and 15 degrees of

freedom. The materials balance accounted for 89% of

the 14C in the silica sand systems.

Inspection of Eq. (5) reveals that the relationships

between H2O2 concentration, iron(II) amendment, and

slurry volume are interactive. Graphing the n ¼ 3

variables with the n þ 1 ¼ 4 response of 14C-CO2
recovery is not possible because of the four dimensions

involved. Therefore, the iron(II) amendment was held

constant at 6.6mM and a response surface was

generated for BaP oxidation in silica sand as a function

of H2O2 concentration and slurry volume (� the sand
field capacity=0.31ml/g) (Fig. 1). These data show that

approximately 70% of the BaP was mineralized in silica

sand using 15,000mMH2O2 at nearly all slurry volumes.

Although slurry volume was not a significant factor,

BaP mineralization increased from approximately 30%

to 70% as a function of H2O2 concentration. Although

high concentrations of H2O2 (30%; 8850mM) are used

as a standard procedure for removing organic carbon

from soils, this procedure does not result in the removal

of all carbon, nor is the majority of the carbon

mineralized [34]. Therefore, the removal and mineraliza-

tion of BaP in this study is likely primarily due to

reactive species produced in vigorous Fenton-like

reactions, rather than direct oxidation by H2O2.

The interactive effects of H2O2 concentration and

iron(II) amendment were significantly higher than the

effect of slurry volume. The oxidation of BaP as a

function of H2O2 concentration and iron(II) concentra-

tion with a slurry volume held constant at 0.30� the
sand field capacity is shown in Fig. 2. Benzo[a]pyrene

mineralization increased as a function of H2O2 concen-

tration and decreased as a function of the iron(II)

amendment. A potential reason for the more effective

oxidation with lower iron(II) amendments may be less

quenching of reactive species by iron [35].

A response surface illustrating stoichiometries for the

mineralization of BaP as a function of H2O2 concentra-

tion and slurry volume, with the iron(II) amendment

held constant at 6.6mM, is shown in Fig. 3. The data

suggest that excess slurry volume (containing H2O2 that

is not in contact with the sorbed or NAPL-phase BaP)

consumes H2O2 while not degrading the sorbed or

NAPL contaminant. The results also document that the

reactions became increasingly inefficient with increased

H2O2 concentrations, which was likely due to an

increase in quenching reactions. The molar H2O2
requirements for BaP mineralization are several orders

of magnitude greater than those characteristic of

Fig. 1. Response surface for the mineralization of 14C-BaP as a

function of H2O2 concentration and slurry volume in silica sand

catalyzed by 6.6mM iron(II). Isoconcentration lines represent

the percent BaP recovered as 14C-CO2 described by Eq. (5). The

field capacity of the silica sand=0.31ml/g.

Fig. 2. Benzo[a]pyrene oxidation in silica sand as a function of

H2O2 concentration and iron(II) concentration at an optimal

slurry volume of 0.25� soil field capacity. Isoconcentration

lines represent the percent BaP recovered as 14C-CO2 described

by Eq. (5).
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standard Fenton’s systems in which water-soluble parent

compounds are oxidized with 2–10mol H2O2/mol of

substrate degraded. Although lower H2O2 concentra-

tions have been used in some Fenton’s soil treatment

studies, such as 0.29 [36], 1 [37], and 2M [38], similar

results to those found in this research were reported by

Kakarla and Watts [39] and Watts et al. [20] in the

Fenton-like oxidation of highly hydrophobic, sorbed

contaminants. One reason for the wide range of H2O2
concentrations may be the degree of contaminant

sorption; more strongly sorbed contaminants may

require higher dosages of H2O2.

3.2. Mineralization of BaP in the Palouse loess soil

Statistical analyses of the experimental data showed

that BaP oxidation in the Palouse loess soil was

quantified by

14C-CO2 Recovery ð%Þ

¼ 53:1þ 1:13� 10�3ðH2O2Þ

� 5:79ðpHÞ � 0:122ðVolumeÞ2

� 0:360ðpHÞ2 þ 0:838ðVolumeÞðpHÞ; ð7Þ

where (Volume) is the slurry volume (� 0.42ml/g, the
silica sand field capacity)

Treatment stoichiometry for the oxidation of BaP in

the Palouse loess was described by

Stoichiometry ðmol H2O2=mol
14C-CO2Þ

¼ ½4:18� 10�1 � 3:25� 10�5ðH2O2Þ

� 2:90� 10�2ðVolumeÞ þ 1:42� 10�9ðH2O2Þ
2

þ 6:53� 10�4ðVolumeÞ2 � 2:09� 10�3ðpHÞ2

þ 1:63� 10�3ðVolumeÞðpHÞ��1 � 1000: ð8Þ

Eqs. (7) and (8) were characterized by an R2 of 0.89

and 0.84 when the experimental data were compared

with values generated from the equations. All terms were

within the 90% confidence interval of a single sided t-

distribution with 14 and 13 degrees of freedom,

respectively. The materials balance accounted for 93%

of the 14C in the system.

The results of one of the more effective oxidation

conditions in the Palouse loess with no soluble iron

addition (i.e., catalysis of Fenton-like reactions by

naturally occurring iron minerals) are shown in the

response surface of Fig. 4. Under optimum conditions

consisting of 15,000mM H2O2, a slurry volume of

20� the soil field capacity (=0.42ml/g), and a pH of

8.0, 85% of the BaP was mineralized. Because degrada-

tion was more effective at low slurry volumes, the most

effective process conditions appear to be characterized

by vigorous Fenton-like conditions (i.e., with concen-

trated H2O2), in which hydroxyl radicals and other

reactive species are produced in close proximity to the

sorbed or NAPL-phase BaP. Results of a similar study

conducted at pH 3 [19] show that mineralization was less

effective under acidic pH conditions than at pH 8, which

Fig. 3. Benzo[a]pyrene oxidation stoichiometries in silica sand

as a function of H2O2 concentration and slurry volume with a

6.6mM iron(II) amendment. Isoconcentration lines represent

the moles H2O2 consumed per
14C-CO2 described by Eq. (6).

Fig. 4. Response surface for the mineralization of 14C-BaP as a

function of H2O2 concentration and slurry volume in Palouse

loess catalyzed by naturally occurring iron oxyhydroxides at pH

8. Isoconcentration lines represent the percent BaP recovered as
14C-CO2 described by Eq. (7). The field capacity of the Palouse

loess=0.42ml/g.
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is different from the results obtained in previous studies

because hydroxyl radical generation through Fenton’s

reactions is usually more effective under acidic pH

regimes [5,7]. A possible explanation of this trend may

be that the reductive pathway recently found in vigorous

Fenton-like reactions [20], which may aid in the

degradation of species not reactive with hydroxyl

radicals, is favored at high pH.

The oxidation stoichiometries (moles of H2O2 con-

sumed/moles of 14C-CO2 recovered) for BaP mineraliza-

tion in the Palouse loess are shown in Fig. 5. Similar to

the results obtained in silica sand, these data indicate

that the most efficient systems are those in which the

slurry volume was low, i.e., the results suggest that the

close proximity of the reactive species to the sorbed or

NAPL-phase BaP is an important factor in promoting a

stoichiometrically efficient reaction that enhances its

desorption/dissolution and mineralization. Excess H2O2
that decomposed to reactive species away from the soil

was probably not effective in degrading and mineraliz-

ing sorbed or NAPL-phase BaP. Watts and Stanton [19]

obtained similar results in documenting the oxidation of
14C-hexadecane; they found that the degradation of

hexadecane required relatively high concentrations of

H2O2 and that the most efficient stoichiometry was at

low slurry volumes. In addition, scavenging of oxidants

by mineral surfaces may be mechanism for the

ineffective stoichiometries observed in these reactions

[40].

Gas chromatographic and GC/MS analyses coupled

with 14C measurements documented that the remaining

contaminant carbon in each system (41% for the silica

sand system and 15% for the Palouse loess) was

undegraded BaP. Analysis of the aqueous phase by

GC/MS and 14C scintillation counting showed no

presence of contaminant carbon in the soil water. These

results indicate that all of the 14C-BaP that was degraded

was rapidly converted to 14C-CO2. Polycyclic aromatic

hydrocarbons, such as BaP, are oxidized by hydroxyl

radicals to keto acids, such as muconic acid, pyruvate,

and oxalate [41]. Most keto acids are characterized

by low reactivity with hydroxyl radicals (kOHd=7.7�
106M�1 s�1 for oxalate; kOHd=3.1� 10

7M�1 s�1 for

pyruvate); therefore, a standard Fenton’s reaction

producing only hydroxyl radicals would not be expected

to mineralize BaP [22]. However, rapid mineralization of

these species may be promoted by the generation of

reductants formed in vigorous Fenton-like reactions

[20], because these intermediates react rapidly with

reductants (ke�=3.2� 10
9M�1 s�1 for oxalate; ke�=

6.8� 109M�1 s�1 for pyruvate) [23]. As a result,

PAHs, such as BaP, may be rapidly converted to carbon

dioxide and water through the presence of both

reductants and hydroxyl radicals in modified Fenton’s

systems.

Biological processes are often the most economical

means of treating soils contaminated with refractory

compounds. A number of investigations have documen-

ted the mineralization of organic contaminants in soils

through biological metabolism [42–44]. These studies

have shown that mineralization of xenobiotics ranges

from 30% to 80% depending on the structure of the

parent compound and the biorecalcitrance and toxicity

of the degradation products. However, biological treat-

ment is limited by the natural desorption rates of

contaminants and, therefore, may take months to years.

The data provided in Figs. 1–5 show that soil remedia-

tion using modified Fenton’s reactions can promote the

same degree of mineralization as bioremediation in

significantly shorter time periods. While the cost of the

H2O2 is a disadvantage of Fenton-like reactions, it may

be outweighed by the advantages of rapid treatment and

site closure.

Desorption of BaP from the silica sand and the

Palouse loess (i.e., the mass of sorbed BaP remaining in

the GP systems over time) is shown in Fig. 6; these data

demonstrate undetectable desorption over 5 d. However,

treatment of BaP using Fenton-like reactions was

complete in 2–24 h resulting in 59–85% mineralization

of the parent compound under optimum conditions.

Because no GP desorption occurred over the time in

which a significant amount of treatment occurred, the

Fenton-like reactions were not limited by desorption.

Similar results were reported by Watts et al. [37], Gates

and Siegrist [17], and Kakarla and Watts [39]. Further-

more, these data are consistent with the results of Watts

et al. [20], who found that desorption of toluene was

enhanced in vigorous Fenton-like reactions, even when

its degradation was prevented by addition of the

Fig. 5. Benzo[a]pyrene oxidation stoichiometry in the Palouse

loess as a function of H2O2 concentration and slurry volume at

pH 8.0. Isoconcentration lines represent the moles H2O2
consumed per 14C-CO2 described by Eq. (8).
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hydroxyl radical scavenger isopropanol. They suggested

that enhanced treatment of sorbed compounds is a two-

step process: the reducing species generated in modified

Fenton’s reactions first desorbs contaminants, with

subsequent oxidation or reduction of the contaminants

in the aqueous phase.

Contaminant sorption and the presence of NAPL

lenses often control the treatment of contaminated soils

by chemical or biological methods. Soil washing and soil

flushing are often used to overcome sorption in soil

remediation [45]; however, a disadvantage of soil

washing is the subsequent need to treat surfactant-laden

wash water [46]. The use of surfactants to disrupt

NAPLs has similar disadvantages. The Fenton-like

treatment of soils contaminated with hydrophobic

compounds, such as BaP, provides a mechanism in

which the contaminants are desorbed/dissolved and

oxidized in a single physiochemical process (i.e., a

combined soil washing–oxidation process). Modified

Fenton’s reactions, in which reductants as well as

hydroxyl radicals are generated, may provide a universal

treatment matrix in which contaminants are desorbed

from solids and mineralized through coexisting oxida-

tions and reductions.

4. Summary and conclusions

The potential for catalyzed H2O2 (i.e., modified

Fenton’s reagent) to mineralize BaP sorbed on soils

was investigated. Fenton-like treatments were conducted

in silica sand and a Palouse loess soil spiked with

0.1mmol/kg BaP, and were complete within 24 h.

Confirmation of degradation was accomplished using
14C-labeled BaP and recovering evolved 14C-CO2.

Experimental procedures incorporating central compo-

site rotatable experimental designs were used to deter-

mine the most effective treatment conditions. The effects

of H2O2 concentration, slurry volume, and iron(II)

concentrations were investigated in the silica sand. In the

Palouse loess soil, the variables included H2O2 concen-

tration, slurry volume, and pH with Fenton-like

reactions catalyzed by iron oxyhydroxides present in

the soil.

Vigorous conditions (i.e., high H2O2 concentrations)

were required to oxidize BaP in silica sand, which was

likely related to the requirement of overcoming sorption.

Under optimum conditions, 59% of the 14C-BaP was

recovered as 14C-CO2 within 24 h using 12,300mM

H2O2, a slurry volume of 0.3� the sand field capacity,
and an iron(II) concentration of 6.6mM. In the Palouse

loess soil, 85% of the BaP was oxidized to CO2 and H2O

using 14,000mM H2O2, a slurry volume of 20�field
capacity, and a pH of 8.0. The oxidation stoichiometry

was highly sensitive to slurry volume and less sensitive to

H2O2 concentration, with more efficient oxidation

occurring when the Fenton’s reagents were in direct

contact with the sorbed contaminants. In addition,

mineral-catalyzed Fenton-like reactions at neutral pH

were found to promote greater BaP mineralization than

the same reactions conducted at acidic pH regimes. Gas-

purge measurements confirmed negligible desorption of

BaP over 5 d in the absence of treatment.

The radiolabeled carbon that was not mineralized

(15–41%) remained with the soil fraction in the form

of BaP; none was found in the aqueous phase,

suggesting that the contaminant was degraded through

enhanced desorption/dissolution with subsequent rapid

degradation in the aqueous phase. The results show that

under conditions of high H2O2 concentration, Fenton-

like reactions can enhance desorption and NAPL

dissolution while simultaneously mineralizing the con-

taminant.
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