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Remediation of a Diesel-Contaminated Soil Using
a Fenton-Like Advanced Oxidation Process:

Optimization by Response Surface Methodology

NAFISE JAMIALAHMADI,1 SAEID GITIPOUR,1

OVEIS JAMIALAHMADI,2 AND MAJID BAGHDADI1

1Faculty of Environment, University of Tehran, Tehran, Iran
2Chemical Engineering Department, Tarbiat Modares University, Tehran, Iran

Magnetite, a naturally occurring mineral of iron oxide, and zero-valent iron (ZVI)
were used to catalyze hydrogen peroxide and initiate a dark Fenton-like reaction of
diesel-contaminated loamy sand in a batch system at circumneutral pH. The effects of
hydrogen peroxide concentration and catalyst content on the removal efficiency of
total petroleum hydrocarbons (TPHs) were studied. A central composite rotatable
design was applied and the derived equation for magnetite and ZVI were linear and
quadratic, respectively. In both equations, the factor of hydrogen peroxide
concentration was more significant than catalyst content. At optimum conditions
(4.27 wt% of catalyst content and 2.17 mol/L of hydrogen peroxide), 57% and 67% of
TPH removal were achieved by magnetite and ZVI, respectively. The obtained results
suggest the potential of ZVI and magnetite to catalyze a heterogeneous Fenton-like
reaction at circumneutral pH. It seems that using ZVI, rather than magnetite, as a
catalyst may result in slightly more TPH mineralization; however, since magnetite is a
naturally occurring mineral, it may be able to compete economically with ZVI.

Keywords Zero-valent iron, magnetite, central composite design, total petroleum
hydrocarbons

Introduction

Petroleum hydrocarbons are among the most common soil pollutants due to the increasing

production of crude oil and petroleum products. They may release into the soil by spills,

leakage, or other accidents, or as unintended byproducts of industrial actions. (HHS,

1999; Tsai and Kao, 2009). Petroleum contamination may lead to loss of fertility, and the

contaminated soils can be a source of groundwater pollution (Wang and Bartha, 1990).

Among petroleum hydrocarbons, fuel oil and diesel are more difficult to treat due to their

low volatility, low biodegradability, high viscosity, and low mobility (Watts et al., 2000;

Tsai and Kao, 2009).

Environmental problems associated with petroleum-contaminated soils have prompted

researchers to look for new techniques beyond conventional treatment technologies that

Address correspondence to Nafise Jamialahmadi, Faculty of Environment, University of
Tehran, P.O. Box 6135-14155, Tehran, Iran. E-mail: nafise.jami@gmail.com
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simply transfer contaminants from one phase to another (Duesterberg, 2007). These techni-

ques degrade compounds to harmless or less toxic products (ITRC, 2005).

Advanced oxidation processes (AOP), which generate hydroxyl radicals, are attrac-

tive alternative for treatment of recalcitrant organic pollutants in different environmental

matrices (Belgiorno et al., 2010). One of the most investigated AOPs is the Fenton reac-

tion in which hydroxyl radicals (HO�) are generated through the catalytic reaction of Fe

(II)/Fe (III) in the presence of hydrogen peroxide (Garrido-Ram�ırez et al., 2010; ITRC,

2005). Hydroxyl radicals are highly powerful and non-selective destructive agents react-

ing with organic compounds by hydrogen abstraction (for saturated organic compounds),

addition to CDC bonds or aromatic rings (Buxton et al., 1988), or via electron transfer

reactions (Duesterberg, 2007).

The generation of hydroxyl radicals in the Fenton reaction is used in various pro-

cesses: (1) a homogeneous Fenton process, involving acidic solutions of iron (II) salts,

and (2) heterogeneous catalysis in a Fenton-like reaction (Garrido-Ram�ırez et al., 2010).
A classic Fenton reaction (homogenous Fenton process) proceeds through the following

reaction (Neyens and Baeyens, 2003):

H2O2 C Fe2C !Fe3C C OH ¢ COH¡ (1)

Hydroxyl radicals generated in Equation (1) lead to a series of propagation reactions

and produce different radical species. Hydroxyl radical, perhydroxyl radical (HO2
�), and

superoxide radical (O2
�¡) are among different radicals which control the oxidative prop-

erties of a Fenton system (Kiwi et al., 2000). While a hydroxyl radical is stronger than

perhydroxyl and superoxide, the main radical controlling the system depends on hydrogen

peroxide concentration (Watts and Teel, 2005).

Reaction 1 (Fenton’s initiation reaction) is sensitive to pH and needs low pH to pro-

ceed (optimum pH»3) (Watts and Dilly, 1996; Usman et al., 2012a). While the Fenton

reaction has less impact on the environment compared to other oxidation techniques, low

pH negatively affects soil properties, soil quality, and is incompatible with subsequent

land use or biodegradation (Sirguey et al., 2008). Another limitation is that soil-buffering

capacity sometimes makes it impossible to adjust pH to desired ranges (Xu, 2003) and,

moreover, limited reagent mobility in the soil subsurface is impractical for in-situ field

applications (Venny et al., 2012). Iron minerals can be applied instead of soluble iron as

catalysts to extend the range of applicability of the Fenton process at neutral pH (Watts

and Dilly, 1996; Kong et al., 1998; Usman et al., 2012b). This heterogeneous Fenton pro-

cess is known as Fenton-like oxidation. The low cost, abundance, and environmentally

friendly nature of iron oxides make them attractive alternatives for soluble iron (Garrido-

Ram�ırez et al., 2010).
Iron mineral catalysis of hydrogen peroxide may occur in two ways: (1) mineral dis-

solution and release of dissolved iron, which can catalyze hydrogen peroxide decomposi-

tion; and (2) heterogeneous catalysis on the mineral surface. The first approach occurs in

classic Fenton reactions (Xu, 2003). A possible proposed mechanism for the second

approach can be expressed by the following reaction:

H2O2 C S!SC COH ¢ COH¡ (2)

where S is the mineral surface and SC is the oxidized region on the mineral surface (Watts

and Dilly, 1996). Some of the most investigated iron-oxide minerals include goethite

610 N. Jamialahmadi et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

eb
ra

sk
a,

 L
in

co
ln

] 
at

 1
0:

13
 1

2 
Se

pt
em

be
r 

20
15

 



(Kong et al., 1998; Yeh et al., 2008; Kwan and Voelker, 2003), hematite (Kwan and

Voelker, 2003), magnetite (Kong et al., 1998; Chang et al., 2009; Usman et al., 2012b),

and ferrihydrite (Kwan and Voelker, 2003).

Iron metal or zero-valent iron (ZVI) can also be used as a catalyst in heterogeneous

Fenton-like reactions (Zhou et al., 2008; Xu and Wang, 2011; Kang and Choi, 2008).

ZVI is used effectively in the dehalogenation of organic contaminants in permeable reac-

tive barriers (Reddy, 2010; Cundy et al., 2008). These reactions are mostly reductive and

proceed with several types of reducing species generated during iron corrosion (Reddy,

2010; Kang and Choi, 2008). The mechanism involved in ZVI catalyzed reactions is simi-

lar to that found for iron mineral catalysis reactions (Kang and Choi, 2008).

As mentioned before, the classic Fenton reaction has some limitations. Due to its pH

sensitivity, large volumes of acid may be needed to adjust pH, and pH modification has

several difficulties in field applications (in highly buffered soils). In the present study, an

attempt has been made to evaluate the feasibility of using magnetite and ZVI to catalyze

heterogeneous Fenton-like oxidation of diesel-contaminated soil at circumneutral pH and

without pH adjustment to represent the field conditions. A comparison of these two types

of catalysts in a Fenton-like system and a multivariate analysis, as well as optimization of

experimental parameters are provided.

Materials and Methods

Materials

Diesel fuel was obtained from a gas station in Tehran. All of the chemicals used (hydrogen

peroxide (35%), hexane, methanol, dichloromethane, zero-valent iron powder) were pur-

chased fromMerck (Darmstadt, Germany). Magnetite (94% of total Fe) was extracted from

a mine in Iran (Sangan mine in the east of Iran), crushed, purified by a magnet, and passed

through a 0.15 mm (100 mesh) sieve. Particle size of ZVI powder was equal to 10 mm.

A loamy sand soil was purchased from a building material supplier in Tehran and its

characteristics were determined by X-ray fluorescence (XRF) (Table 1).

Sample Preparation

Spiked soil was prepared by adding diesel (5000 mg/kg as initial TPH concentration) dis-

solved in n-hexane and allowing the solvent to evaporate. Dissolved diesel was added

slowly to the soil in a pan and mixed completely with a glass bar at the same time. Hexane

Table 1

Characteristics of the loamy sand soil

SOM(1)

(%)
Sand
(%)

Silt
(%)

Clay
(%) Cc

(2) Cu
(3)

EC
(ms/cm) pH

Gs
(4)

(g/cm3)
Fe2O3

(5)

(%)
AL2O3

(5)

(%)
K2O

(5)

(%)

Loamy
sand

1.22 87 5 8 1.08 1.17 213 7.46 2.76 5.05 13.01 3.24

(1) Soil organic matter; (2) coefficient of curvature; (3) coefficient of uniformity; (4) specific
gravity; (5)XRF analysis results.
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was allowed to evaporate at ambient temperature, and magnetite or iron powder was

added to the spiked soil, mixed completely, and then transferred to the beakers.

Experimental Procedures

Batch experiments were carried out in 50 ml borosilicate beakers. 20 g soil was placed in

the beakers and then the catalyst was added to the soil. The reaction was started with the

addition of 10 ml of hydrogen peroxide solution with a specified concentration. All

experiments were performed within the temperature range of 25–27�C and circumneutral

pH (» 6.7–7.4). The beakers were covered and capped with aluminum foil to avoid any

photolytic degradation. The reactions were allowed to proceed for 24 h, and sodium thio-

sulfate was then added to the beakers to cease the reaction. The beaker contents were

then Soxhlet-extracted and analyzed for residual total petroleum hydrocarbons (TPH).

Design of Experiments

A rotatable central composite design (CCD) with two factors and five levels was used to

investigate the interactive effect of hydrogen peroxide and iron content, and provide a

comparison of magnetite and ZVI as the Fenton-like reaction catalysts.

The best method to analyze the responses depends on the nature of the variables. If

all variables are quantitative, it is possible to consider the response (y) as a function of

different levels of variables:

yu D ’ x1u; x2u; . . . ; xkuð ÞC eu (3)

where u D 1,2,. . .,N are the N observations; xiu shows the level of the ith factor in the uth

observation; and f is the response surface. Residual of eu is the experimental error in uth

observation (Cochran and Cox, 1957). CCD is one of the most frequently used methods

to fit a second-order polynomial correlation (Cochran and Cox, 1957; Myers et al.,

2009). When the mathematical form of the f is unknown, it is possible to approximate it

with a polynomial within the experimental region.

CCD is a combination of a two-level factorial model (2N) with a Star model (2NC 1)

so that the minimum number of experiments to be conducted (k) is equal to:

k D 2N C 2N C 1 (4)

where N is the number of independent variables. Figure 1 shows these two models and

their combination. With two factors, five replicates in the center point are needed and 13

tests should be performed (Cochran and Cox, 1957). The value of a can be obtained by

applying Eq. (5):

aD n1/4f (5)

where nf is the number of factorial points. In this study, nf was equal to four points and

then Eq. (5) gave a value of 1.414.

612 N. Jamialahmadi et al.
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Analytical Techniques

Soil samples were extracted by the Soxhlet method with methanol and dichloromethane

(EPA3540) and the extract was then analyzed for determination of residual total petro-

leum hydrocarbons (TPHs). Since there are different components in diesel, TPHs (C10–

C29) removal is considered as a clean-up index in this study. Abatement of diesel was

monitored by GC-MS (gas chromatography-mass spectrometry) quantification. Agilent

6890N GC-MS was used with initial oven temperature of 60�C, program rate of 6�C, and
final temperature of 290�C.

Results and Discussion

Four operating variables are most effective in Fenton-like reactions, including the pH,

temperature, hydrogen peroxide concentration, and catalyst content (Mac Berthouex and

Brown, 2002). In field applications, temperature and pH adjustment can have difficulties,

as previously mentioned. Since considering all effective variables requires a large number

of experiments, the experimental runs were performed at ambient temperature and cir-

cumneutral pH (as constant parameters) to represent natural and on-site conditions.

While it is not possible to use a polynomial to model a response over the entire space

of the independent variables, it is usually possible to fit a polynomial for a small region of

variables. To optimize the reaction parameters and maximize the response (TPH

removal), a CCD with a five-level two-factor design was used.

Experimental data were analyzed using Design-Expert� software. Response surface

methodology was used for process optimization and prediction of interaction between

process variables, reducing the number of experiments, and thus the spent time and costs

(Arslan-Alaton et al., 2009). Since response surface analysis is the ultimate application

of the iterative approach to experimentation (Mac Berthouex and Brown, 2002), to define

the levels for each considered variable, some prior knowledge about the system behavior

was needed (Rodrigues et al., 2009). Some researchers perform preliminary runs to

obtain this information. We scrutinized the literature to decide on the levels of

parameters.

There are different approaches among researchers regarding the different concentra-

tions of hydrogen peroxide. Some used high concentrations of H2O2 (generally above

1%), since a strong oxidizing condition is required to degrade contaminants for on-site

application (ITRC, 2005; Tsai and Kao, 2009). On the other hand, some tested low H2O2

concentrations (0.05 and 0.1%) to model the low oxidant concentration in the outer region

of the treatment zone (Yeh et al., 2008). It is reported that moderate hydrogen peroxide

Figure 1. Experimental points in Central Composite Design.
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(0.1 to 2 mol/L) with low slurry volume may provide more economical process condi-

tions (Watts and Dilly, 1996).

Table 2 shows the experimental coded levels of the variables in the CCD. Catalyst

content ranged from 0 to 5% in soil (w/w) and hydrogen peroxide concentrations varied

from 0.25 to 2.5 mol/L. Slurry volume was fixed to 1:2 (liquid: solid) for all runs.

Thirteen sets of Fenton-like experiments were carried out (four axial and four facto-

rial experimental runs with five replications at the center point) for each catalyst (magne-

tite and ZVI), as determined by Eq. (4), and percentage of TPH removal efficiency was

determined using Eq. (6).

TPH removal %ð ÞD TPHi ¡TPHr

TPHi

£ 100 (6)

where TPHi and TPHr are initial and residual TPH concentrations in contaminated soil,

respectively. Table 3 shows the experimental parameters, level of variables, and the

obtained results.

Control tests were performed with water instead of hydrogen peroxide (in the

absence of catalyst), keeping the slurry volume at 1:2 (liquid: solid) with all other

Table 2

Variables of the coded levels of CCD for the degradation of TPH by heterogeneous

Fenton-like reactions and magnetite and ZVI as catalyst

Variables of the coded levels

Variables ¡1.414 ¡1 0 1 1.414

Catalyst content (%w/w of soil) 0 0.73 2.5 4.27 5

H2O2(mol/L) 0.25 0.58 1.38 2.17 2.5

Table 3

The level of variables and results of the experimental runs

Hydrogen

peroxide (mol/L)

Catalyst

content (%w/w)

TPHs

removal (ZVI)

TPHs removal

(magnetite)

1.38 2.5 55.47 49.24

0.25 2.5 54.27 38.43

1.38 0 44.36 42.33

2.17 4.27 66.98 53.4

1.38 2.5 50.73 46.37

2.17 0.73 62.33 43.2

1.38 5 56.05 57.91

1.38 2.5 52.88 43.02

1.38 2.5 52.73 44.71

1.38 2.5 54.01 50.12

0.58 4.27 59.97 37.62

0.58 0.73 52.15 34.36

2.5 2.5 67.09 54.36
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conditions kept constant (circumneutral pH and ambient temperature). A separate control

test was conducted for each set of experiments and no TPH removal (< »1%) was

observed (data not shown).

ANOVA Results

Lack-of-fit tests were carried out in order to derive the best correlation between indepen-

dent variables and response (Table 4). High p-value (p-value > 0.05) and low F-value

indicate that the linear and quadratic equations are appropriate for magnetite and ZVI as

catalysts, respectively.

The equations were fitted and statistically evaluated by analysis of variance

(ANOVA), which is reported in Table 5 for both catalysts.

As can be seen in the ANOVA results for ZVI, p-value for some terms of the equa-

tion is higher than model threshold (0.05). While the model p-value is less than 0.05 and

the model is significant, insignificant terms (underlined terms in Table 5) were omitted to

improve the model fitness. Table 5 shows ANOVA results for ZVI after modification.

The fitness of the equation was expressed by the value of coefficient of determination

(R2). The model F-value (Fisher variation ratio), probability value (Prob > F), and ade-

quate precision are the main indicators showing the significance and adequacy of the

employed model (Arslan-Alaton et al., 2009).

The larger F-value for a term shows its higher effectiveness in the model. The

p-value represents the probability that F value occurred due to the noise; the smaller the

p value, the more significant is the corresponding parameter in the model (Ray et al.,

2009; Yetilmezsoy et al., 2009). P-value reduced significantly after model modification,

while F-value and adjusted R2 increased (from 13.39 and 0.78 to 20.07 and 0.83, respec-

tively). When a variable is added to the model, the R2 will increase, but adjusted R2 will

only increase if the addition of a new variable produces a large enough reduction in the

residual sum of squares and the variable is effective in the model (Montgomery et al.,

2010). As shown in Table 5, adjusted R2 increased and R2 remained constant after modifi-

cation, indicating that model modification is necessary and the new model describes the

process reasonably well.

P-values of both models show their significance (0.0012 and 0.0003 for magnetite

and ZVI, respectively), but R2 for TPH-removal regression equation with ZVI as catalyst

Table 4

Lack-of-fit results

Source SS df MS F-value p-value R2 Adj-R2

Magnetite as catalyst

Linear 117.21 6 19.54 2.19 0.2346 0.7400 0.6880

2FI 105.17 5 21.03 2.35 0.2137 0.7604 0.6806

Quadratic 84.46 3 28.15 3.15 0.1484 0.7957 0.6497

Cubic 74.73 1 74.73 8.36 0.0445 0.8122 0.5493

ZVI as catalyst

Linear 231.74 6 38.62 12.64 0.0141 0.5169 0.4203

2FI 229.23 5 45.85 15.00 0.0107 0.5219 0.3626

Quadratic 50.49 3 16.83 5.51 0.0665 0.8758 0.7871

Cubic 48.31 1 48.31 15.81 0.0165 0.8801 0.7123
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(0.87) is higher than magnetite as catalyst (0.74), indicating better fitness of the model

with ZVI.

The TPH mineralization regression equations (after modification) derived from

experimental data are:

TPH removal D C 29:31329 C 7:40866 � hydrogen peroxideC 2:50977 � catalyst

(7)

TPH removal D C 55:22776 ¡ 16:26291 � hydrogen peroxide

C 2:05076 � catalyst C 7 :93198 � hydrogen peroxide
2 (8)

where Equations (7) and (8) represent regression equations for Fenton-like oxidation of a

diesel-contaminated loamy sand with magnetite and ZVI as catalysts, respectively.

Comparing the results of Table 3 shows that when ZVI was used as the catalyst, the

maximum TPH removal efficiency reaches 67%, providing slightly more TPH degrada-

tion than magnetite (10% more TPH removal). This may be explained by the more reac-

tive nature of ZVI than magnetite, and also by the fact that ZVI is used as a reducing

agent (e.g., in permeable reactive barriers) in organic pollutants degradation (Cundy

et al., 2008). Magnetite is a naturally occurring mineral and natural soils generally con-

tain 0.5-5 wt% of iron minerals (Kong et al., 1998; Huling and Pivertz, 2006) and, there-

fore, may be able to compete economically with ZVI.

As shown in Table 3, there is about 42–44% TPH removal with no catalyst addition.

This can be explained by the fact that hydrogen peroxide is a strong oxidant, and thus can

remove some of the contaminants in an oxidation reaction. Additionally, the soil we used

in the experiment naturally contains 5% hematite (Table 1), which may catalyze the oxi-

dation process (Kwan and Voelker, 2003).

Table 5

ANOVA results

Source Sum of squares df Mean square F value p-value R2 Adj-R2

Magnetite catalyzed reactions

Model 453.34 2 217.67 14.23 0.0012 0.74 0.69

A-Hydrogen peroxide 227.87 1 277.87 18.16 0.0017

B-Catalyst 157.47 1 157.47 10.29 0.0094

ZVI catalyzed reactions

Model 442.33 5 88.47 13.39 0.0045 0.87 0.78

A-Hydrogen peroxide 155.94 1 155.94 27.53 0.0042

B-Catalyst 105.14 1 105.14 12.27 0.011

AB 2.51 1 2.51 0.09 0.6128

A2 172.99 1 172.99 26.79 0.0032

B2 0.44 1 0.44 0.02 0.8314

ZVI catalyzed reactions after model modification

Model 439.38 3 146.46 20.07 0.0003 0.87 0.83

A-hydrogen peroxide 155.94 1 155.94 21.37 0.0012

B-catalyst 105.14 1 105.14 14.41 0.0042

A2 178.3 1 178.3 24.44 0.0008
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Scavenging species (e.g., carbonate and bicarbonate buffer species, soil organic mat-

ter) and hydrogen peroxide half-life time are limiting factors in reagent delivery in field

applications. To extend the transport distance of the reagent, two groups of stabilizers are

mostly used: H2O2 stabilizers, which usually contain phosphate, and catalyst stabilizers,

which include ligands and chelating agents (e.g., EDTA) (ITRC, 2005; Watts and Dilly,

1996).

In batch experiments, reagent delivery and transport distance are not usually limiting

factors in the oxidation process. Therefore, it may be quite reasonable to expect lower

TPH removal (less than 42–44%) with only H2O2 and no catalyst or stabilizer addition in

field applications.

Residuals were analyzed through the plot of internally studentized residuals versus

normal probability (Figure 2). Points are placed close to the diagonal line, which confirms

the assumption of normally distributed errors. It also shows that error variances are homo-

geneous and residuals are independent. From these layouts, it can be concluded that

developed equations are valid in showing the correlation between the studied parameters

of the process.

Evaluation of the Effects of Parameters on the Response

Figure 3 displays three-dimensional (3D) response surfaces and contour plots generated

for Fenton-like oxidation of TPH. 3D response surfaces provide a clear evaluation of the

effects of investigated parameters on the response (Dopar et al., 2011).

Since the regression equation with magnetite is linear, the interaction of parameters

and quadratic terms has an insignificant effect on the response, and there is no curvature

in the 3D plot. As evident from Figure 3a, when magnetite was the catalyst, maximum

TPH removal of 58% was achieved. Usman et al. found that magnetite-catalyzed Fenton-

like oxidation can degrade refractory oil residues at circumneutral pH (Usman et al.,

2012a). While the experimental conditions they used were different, it is possible to com-

pare the results in some cases. Since they used higher ratios of H2O2:catalyst and the soil

was a clean sand, they could achieve more than 80% removal efficiencies, which may ver-

ify the importance of hydrogen peroxide concentration. This also indicates the effect of

soil type on contaminant availability and removal efficiency of the oxidation process,

which demands further investigation.

It can also be observed in contour plots and 3D surface (Figure 3a) that the response

is more sensitive to hydrogen peroxide concentration than catalyst content, suggesting

that wider ranges of TPH removal can be obtained by varying the hydrogen peroxide con-

centration rather than by varying the catalyst content.

There is a similar trend in the 3D response surface when ZVI is used as catalyst (Fig-

ure 3b), and in comparison to catalyst content, hydrogen peroxide concentration has

more significant effects on the response (TPH removal). The surface response (Figure 3b)

has curvature only in one dimension (hydrogen peroxide concentration) and is linear in

other dimensions (ZVI content). When ZVI was the catalyst, the second-order parameter

of hydrogen peroxide concentration was more effective than linear terms.

In testing a Fe3C-exchanged zeolite as a heterogeneous photo-Fenton catalyst for

degradation of 2,4-xylidine using design of experiments, Rios-Enriquez et al. found

that quadratic coefficients of polynomial models had negligible values, and thus they

used a linear model for prediction of pollutant degradation considering hydrogen perox-

ide and iron catalyst concentrations as independent variables (Rios-Enriquez et al.,

2004).
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It is reported that nano ZVI can catalyze Feton-like reactions and increasing the

catalyst concentration does not enhance the degree of degradation; however, it can

accelerate the oxidation reactions. As hydrogen peroxide concentration increases,

contaminant degradation increases to an optimum value. Scavenging effects of

hydroxyl radicals stop this increase at higher concentrations of hydroxyl radicals

(Xu and Wang, 2011).

As soluble Fe ions are unable to catalyze Fenton reactions at circumneutral pH

(Usman et al., 2012a; Yap et al., 2011), magnetite or ZVI may be able to promote

Figure 2. Normal plot of residuals for (a) magnetite catalyzed reactions; (b) ZVI catalyzed reactions.
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reactions in contaminated soils, especially for in situ applications in which pH adjustment

may be technically difficult.

Process Optimization

Seeking the optimum conditions is analogous to find the peak of a hill (or bottom of a val-

ley). To optimize a process, we need to explore and locate the most locally promising path.

Figure 3. 3D plots for (a) magnetite catalyzed reactions; (b) ZVI catalyzed reactions.
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As we get closer to the vicinity of the optimum, the response curvature increases. That is

why, in the first stages of the experiment, a first-order model is often sufficient. Once the

optimum region is found, we need a more complicated model, such as a quadratic model,

to describe the process (Mac Berthouex and Brown, 2002; Montgomery et al., 2010).

While the derived equation with magnetite as the catalyst is linear, there is a curva-

ture in the equation with ZVI as catalyst with the same conditions. It can be seen from

Figure 3a, there is a deviation from optimum conditions (with magnetite), implying that

further explorations may be considered. The use of the method of steepest ascent (Mac

Berthouex and Brown, 2002) leads the experimenter towards the general vicinity of the

optimum. By moving in the direction of the maximum increase in the response, we may

be able to estimate the optimum conditions in a sequential process. While more investiga-

tion is needed on magnetite, we can still estimate local optimum conditions within the

experimental region. From Figure 3b, it is obvious that, when ZVI is the catalyst, we are

close to optimum conditions.

Since the range of variables were the same for both catalysts and the other experi-

mental variables were fixed (temperature, pH), it seems that Fenton-like reactions

employing magnetite as catalyst may need harsher ambient conditions (more hydrogen

peroxide and catalyst concentrations) in comparison to a ZVI-catalyzed process to

degrade the same amount of TPH.

The optimization of the process showed that the maximum TPH degradation can be

obtained by 2.17 mol/L of H2O2 and 4.27% of catalyst. Under these conditions, the exper-

imental data showed 57% and 67% of TPH degradation with magnetite and ZVI, respec-

tively. The confirmation tests were performed to verify the predictions of the model. The

results (55% and 62% TPH degradation with magnetite and ZVI, respectively) fall satis-

factorily in the range determined by the software (confidence interval).

At optimum conditions, the molar ratio of hydrogen peroxide to catalyst was 5.6:1

and 1.5:1 for magnetite and ZVI, respectively. The ratio of consumed H2O2 (g) to the

amount of degraded contaminant (g) was 19.7 and 17.38 for magnetite and ZVI, respec-

tively. These results also confirm that for degradation of the same amount of TPH,

Fenton-like reactions catalyzed by magnetite need more hydrogen peroxide than those

catalyzed by ZVI.

Conclusions

The current study focused on the application of chemical oxidation for diesel-contami-

nated loamy sand. Dark Fenton-like reaction as the chemical reaction and two distinct cat-

alysts (magnetite and zero-valent iron) were used at circumneutral pH. TPH degradation

was analyzed and optimized by a multivariate analysis. Central composite design was

applied to consider the combined effects of studied experimental parameters.

Derived equations had low adjusted R2 and therefore cannot be used to predict TPH

removal; however, they provide valuable information about the oxidation process and

nature of catalysts.

Established regression equations showed that hydrogen peroxide concentration was

more important than catalyst content in TPH degradation. This finding may propel us for-

ward to investigate the potential of the natural iron content of soil for catalyst use in our

future research. The soil we used in our study contained 5% iron (III) oxide (hematite)

(Table 1), and thus may be important in remediation processes from an economic per-

spective. Moreover, natural distribution of soil iron oxides may also enhance the oxida-

tion process and reagent delivery to target contaminants.
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The interaction of parameters was more significant in reactions which utilized ZVI

compared to those which used magnetite. The regression equation for magnetite was lin-

ear and interaction of parameters had no significant effect on the response. The same

equation for ZVI was quadratic and the second-order parameter was H2O2 concentration.

The process was optimized to obtain the maximum TPH degradation. In these conditions,

57% and 67% of TPH removal can be obtained for magnetite and ZVI, respectively, by

using H2O2 concentration of 2.17 mol/L and 4.27 wt% of catalyst content. These results

suggest that, in the case in which ZVI is used as catalyst, the considered experimental

conditions (0 to 5% of catalyst content and 0.25 to 2.5 mol/L of hydrogen peroxide at cir-

cumneutral pH (» 6.7-7.4)) are at or near the optimum conditions. Magnetite catalyzed

reactions require harsher conditions to be optimized.

The experimental data presented here also suggest that ZVI may lead to more aggres-

sive conditions. Magnetite (Fe3O4) contains both Fe2C and Fe3C ions. As previously

explained, Fe2C in magnetite can catalyze a Fenton-like reaction through the heteroge-

neous catalysis on the mineral surface. Magnetite also dissolves slightly, but in compari-

son to ZVI, which is able to catalyze the oxidation process through both explained

mechanisms, it can be concluded that ZVI can produce more hydroxyl radicals than mag-

netite with the same catalyst content. While this can be seen as an advantage of ZVI, there

is another point that needs to be considered. In field applications, oxidant delivery is a key

factor in the effectiveness of a remediation process. Hydroxyl radicals are very aggressive

and non-selective and may react with competing species (e.g., soil organic matter) and

be lost before meeting target contaminants. The experimental results showed that magne-

tite is less aggressive than ZVI, leading us to conclude that magnetite may need more

reaction time and may be able to produce hydroxyl radicals within a longer period of

time. Combining these characteristics with this feature that magnetite is a natural occur-

ring mineral makes it an efficient and economical catalyst. Nevertheless, this needs

further investigation, and more reaction time is required in the case of magnetite.

We could achieve some levels of TPH removal with hydrogen peroxide and no cata-

lyst addition in batch experiments; however, this may not be feasible in field applications,

as previously discussed.

Fenton-like reactions are capable of degrading recalcitrant organic contaminants

such as diesel at circumneutral pH, which renders them attractive reactions and environ-

mentally friendly techniques. Since the ZVI system benefits both reduction and oxidation

reactions, the results obtained here demonstrated that use of ZVI as the catalyst in prefer-

ence to magnetite may provide slightly more TPH mineralization. But, since magnetite is

a natural, stable, non-toxic mineral, it may be capable of providing a cost-effective and

environmentally friendly approach for remediation of hydrocarbon-contaminated soils.

Magnetite may be able to compete economically with ZVI; therefore, it hinges on site

specifications, and hence further thorough investigations are necessary to fully elucidate

the involved in this phenomenon.
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