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Abstract
Purpose Diesel fuel represents a permanent source of soil
pollution, and its removal is a key factor for human health.
To address the limitations of conventional remediation tech-
niques, microwave (MW) heating could be employed due to
its great potentiality. This work presents the lab-scale exper-
iments performed to study the potential of MW processing
for diesel-polluted soils treatment and related modeling for
the optimization of MW systems operating conditions.
Materials and methods A sandy soil was artificially contam-
inated with diesel fuel, moisturized with different amounts of
water content, and thermally treated by MW radiation using a
lab-scale apparatus to investigate the effect of soil moisture on
soil temperature profiles and contaminant removal kinetics.
An operating power, ranging from 100 to 1,000 W, and
treatment times of 5, 10, 18, 30, and 60min were investigated.
Contaminant residual concentration values were fitted using
the first order kinetic model, and desorption parameters were
calculated for each soil at different operating powers.
Results and discussion Main results show that the operating
power applied significantly influences the contaminant remov-
al kinetics, and the moisture content in soil has a major effect
on the final temperature reachable during MW heating.
Minimal contaminant concentrations were achievable by ap-
plying powers higher than 600 W for a treatment time longer
than 60 min. For remediation times shorter than 10 min, which
result in a soil temperature of about 100 °C, the effect of the
distillation process increases the contaminant removal, where-
as for longer times, soil temperature is the main key factor in
the remedial treatment.

Conclusions MW thermal desorption of diesel-polluted soil
was shown to be governed by pseudo-first-order kinetics,
and it could be a better choice for remediation of diesel-
polluted soils, compared to several biological, chemical–
physical, or conventional thermal treatments, due to its
excellent removal efficiency. The results obtained are of
scientific and practical interest and represent a suitable tool
to optimize the treatment operating conditions and to guide
the design and the scale-up of MW treatments for full-scale
remediation activities of diesel-polluted soils.

Keywords Diesel fuel . Microwave . Soil pollution . Soil
remediation . Thermal desorption

1 Introduction

Petroleum hydrocarbon contaminated sites is a widespread
and relevant environmental problem. Over the last few years,
a large amount of petroleum products has been released into
the environment via leakage from storage tanks and pipelines
or accidental spills, making the management of contaminated
sites a major environmental challenge in many countries
(Pazos et al. 2012). For instance, the number of potentially
contaminated sites in Europe is approximately three million,
including about 250,000 sites that are expected to be highly
contaminated and consequently in need of urgent remediation
(Tatáno et al. 2013). Among hydrocarbons, diesel fuel, a
complex mixture of saturated (60–80 % of n-alkanes and
naphthenes) and aromatic hydrocarbons (20–40 %), is widely
used in the world and represents a permanent source of soil
and water pollution (Fernández et al. 2011; Silva-Castro et al.
2013). Diesel-contaminated soil is unsuitable for human uses
(i.e., agricultural, commercial, residential, or recreational),
representing a threat to human health.

In the last decade, different chemical–physical and/or
biological remediation technologies have been employed
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to remove diesel fuel from different soils (Bento et al. 2005;
Do et al. 2009; Fernández et al. 2011; Khalladi et al. 2008;
Pazos et al. 2012; Silva-Castro et al. 2013; Tsai et al. 2010).
However, these treatments may be too expensive or lengthy
(Chien 2012).

To address these limitations and to achieve a better hy-
drocarbon removal efficiency, thermal treatment could be
applied due to its versatility, removal efficiency, and re-
quired time (Careghini et al. 2010; Falciglia et al. 2011a;
Merino and Bucalá 2007; US-EPA 2004). In fact, it is
well-known that thermal decontamination of diesel-
polluted soils presents excellent contaminant removal
percentage in a very short remediation time (Falciglia
et al. 2011b; Lee et al. 1998). However, conventional
thermal treatments may be expensive due to their exca-
vation and transport or fuel costs; and to reduce these
costs, microwave (MW) heating technology (Chien
2012) could represent an optimal choice to remedy
diesel-polluted soils due to its advantages.

In recent years, thermal remediation using MW heating
has attracted great attention in the environmental field be-
cause it represents a novel and optimal approach (Lin et al.
2010). MW heating does not rely on heat transfer, and
consequently heating times can be up three orders of mag-
nitude lower than with conventional heating. Therefore,
MW offers the potential to significantly reduce treatment
times, risk of contamination, and costs due to the direct
interaction of microwave with the soil and the ability to
overcome heat and mass transfer limitations (Robinson et
al. 2008).

MWs are a separate band of electromagnetic radiation
with frequencies in the range of 300 MHz to 300 GHz. The
key factor of the remediation process is represented by the
mechanism of partial dissipation of the electromagnetic field
energy and its conversion into heat necessary for the thermal
desorption of the contaminants. In fact, the internal temper-
ature distribution of a material, such as the soil using con-
ventional heating, is limited by its thermal conductivity,
whereas in the case of microwave radiation, the alternating
electromagnetic field induces the rotation of the dipoles of
water and other polar or semipolar substances present in the
soil. The intermolecular friction results in the generation of
heat (Kawala and Atamaczuk 1998). Moreover, MW are
absorbed by materials with a high dielectric loss factor
(absorbing), while passing through the low loss (transparent)
material, resulting in a selective, uniform, and rapid heating.
Therefore, heating times can be significantly reduced com-
pared with those required when using conventional heating
methods (Robinson et al. 2009).

The power absorbed per unit volume (P, W m−3) and
consequently the rate of heat generated (ΔT Δt−1,
°C min−1) depends directly on the frequency of the applied
electromagnetic field and on the dielectric properties of the

treated medium, and it is obtained from Poynting's theorem
(Clark et al. 2000):

P ¼ 2π f ⋅ε0⋅ε0⋅tanδ⋅ Ej j2 ¼ ω⋅ε0⋅ε00 Ej j2 ð1Þ

where ω is the angular frequency (ω=2πf, f microwave
frequency); ε0 is the permittivity of free space (8.85×
10−12 F m−1), ε' and ε" are the real part (dielectric constant)
and the imaginary parts (dielectric loss factor) of the com-
plex permittivity, respectively; E is the magnitude of the
internal electric field (V m−1). The real and the imaginary
parts of its complex structures are often expressed through
the loss tangent parameter, tan δ, which is the ratio between
the loss factor and the dielectric constant. The dielectric
constant ε' denotes the electric energy storage capacity of
the medium, while the dielectric loss factor ε" can be con-
sidered as the ability of the medium to convert electromag-
netic energy into heat due to the dielectric polarization of the
particles in an alternating electric field. Substances which
exhibit a large value of loss factor are good microwave
absorbers, whereas substances whose loss factor is close to
zero can be considered to be microwave transparent (Jones
et al. 2002). It is important to note that the majority of the
absorbed microwave power is converted to heat within the
materials; therefore, the rate of heat generated during the
microwave irradiation, for given electric field and permit-
tivity of the material, is quantified by the following equation
(Li et al. 2009):

ΔT

Δt
¼ P

cp⋅ρ
¼ ω⋅ε0⋅ε00 Ej j2

cp⋅ρ
ð2Þ

where cp is the heat capacity of the medium (KJ kg−1 °C−1)
and ρ is its density (kg m−3).

The dielectric properties are also important parameters in
determining the penetration depth (Dp), that is the depth to
which microwaves penetrate into the medium. In particular,
the penetration depth is defined as the distance from the
emission point at which the power drops to 0.37 from its
value at the emission point. For low loss dielectric materials
(i.e., soil) (ε"/ε'<<1), Dp is given by the simplified relation
(Acierno et al. 2004):

Dp ¼ l
2π

⋅
ffiffiffiffi

ε0
p

ε00
ð3Þ

where l0 is the wavelength of the radiation in the free space
(in meters).

Based on the above equations, it is clear that, for an
effective remediation treatment, the selection of the correct
radiation frequency is fundamental. As a matter of fact, in
order to achieve the most effective and rapid heating, the
highest possible frequency should be applied, but with in-
creased frequency, the radiation range decreases, and for

J Soils Sediments (2013) 13:1396–1407 1397



values too high, the radiation effect is noticeable only within
a few centimeters from the emission point.

For a full-scale application of MW remediation, a sche-
matic design of a microwave heating system has recently
been reported by Ha and Choi (2010), Barba et al. (2011)
and Chien (2012).

In the last few years, several studies on contaminated soil
remediation by MW have been performed in order to under-
stand the fundamentals of the treatment and the dielectric
properties of contaminated (Darayan et al. 1998) and
uncontaminated soils (Dobson et al. 1985; Hallikainen et al.
1985) or to investigate the effects of process parameters on the
contaminant removal efficiency. The first experimental results
that proposed the MW remediation technique as a promising
treatment of hazardous wastes were shown by Dauerman
et al. (1992) and George et al. (1995). Removal of PCBs
from contaminated soil was performed by several authors
(Abramovitch et al. 1998a; Huang et al. 2011; Liu and Yu
2006; Liu et al. 2008). Their results revealed that an improve-
ment of contaminant removal was obtained with the addition
of energy absorbents such as Cu2O, MnO2, NaOH, iron
powder, graphite, or granular activated carbons, and that rates
of PCBs removed were highly dependent on microwave pow-
er, soil moisture, and the amount of adsorbent materials added.
Yuan et al. (2006) investigated the remediation of soil con-
taminated with hexachlorobenzene (HCB), using a domestic
microwave oven and powdered MnO2 as a microwave ab-
sorber. Their results showed that a complete removal of HCB
was obtained with 10 min microwave treatment. Similar re-
sults in terms of removal efficiency were also obtained by
Kawala and Atamaczuk (1998) in a pilot-scale study for the
remediation of a TCE-polluted soil, where a microwave power
of 600 W was supplied intermittently for 75 h. After the
treatment, the contaminant concentration decreased from
5,000–22,300 to 8–29 mg kg−1, confirming the possibility of
the use of microwave heating as an in situ remediation tech-
nique of volatile and semivolatile compound-polluted sandy
soils, and that the use of low power generators for the supply
of microwave energy may help to reduce the costs of the full-
scale remediation interventions. Microwave treatment was
also shown to be efficient in a short time for the remediation
of soil polluted by PAHs (Abramovitch et al. 1998b; Robinson
et al. 2009), PCPs (Di and Chang 2001), antibiotics (Lin et al.
2010), and crude oil (Li et al. 2009).

The above-mentioned works suggest that treatment power,
time, soil dielectric characteristics, and microwave absorbents
used are key factors in remedial processes, and that MW
remediation is very effective for a large number of polar and
nonpolar volatile and semivolatile hydrocarbons; but in the
case of nonpolar compounds, their dielectric properties could
limit the treatment removal efficiency. However, for nonpolar
organic compounds such as diesel or kerosene, defined as
transparent (low dielectric loss material), it was showed that

they could also be efficiently removed using water as the MW
absorbing phase (Jones et al. 2002). However, the literature
review provides no data concerning the efficiency of MW
heating of soil polluted with diesel fuel.

This work aims to study the potential of MW processing
for the treatment of diesel-polluted soils using an experi-
mental bench-scale apparatus. The main goals of the work
were: (1) to assess the influence of power treatment, heating
time, and soil moisture on the temperature profiles generated
by the MW irradiation and on the diesel residual contami-
nation in soil and thus removal efficiency; (2) to model the
experimental data in order to calculate the desorption pa-
rameters needed to optimize the treatment operating condi-
tions and to guide the design and the scale-up of microwave
treatment systems.

2 Materials and methods

2.1 Materials

Commercially available diesel fuel (Esso, Italy) was used to
artificially contaminate the soil. All chemicals used in ex-
periments were of analytical reagent quality. N-hexane
(C6H14, purity 99 %) and anhydrous sodium sulfate
(Na2SO4, purity 99 %) were purchased from Merck KGaA
(Darmstadt, Germany). Activated carbons (RB1) used for
the volatile compound capture system of the experimental
apparatus were supplied by Norit Italia S.p.A. (Ravenna,
Italy). A model fine-sandy soil (75–200 μm) (Che.Mi.Fil.
s.r.l., Verona, Italy), free of anthropogenic contamination,
was selected for the experiments. Diesel and soil properties
are given in Table 1.

2.2 Soil contamination

Selected soil samples were artificially contaminated by die-
sel fuel. The contamination procedure was performed by
introducing a pollutant solution of diesel fuel (80 mL) in n-
hexane (200 mL) into a 500 mL round-bottom flask
containing the selected soil samples (120 g) to obtain a repre-
sentative contaminant concentration for a sandy soil (Falciglia
et al. 2011b). Soil and pollutant solution were shaken for 48 h
using an orbital shaker, then the n-hexane solvent was re-
moved in 1 h, using a rotary evaporator, under slight vacuum,
in order to obtain a homogeneous powdered soil. The con-
taminated soil was kept in a closed vessel and stored in a dark
room at 4 °C for 15 days, then analyzed by n-hexane extrac-
tion and subsequently gas chromatography (GC) for contam-
inant content before microwave treatment. Contamination
procedure was carried out in triplicates, and mean and stan-
dard deviation values of adsorbed contaminant concentration
were calculated. After the contamination procedure, a number
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of soil samples were moisturized with deionised water to
8 and 12 %. Adsorbed diesel on soil (C0) as n-alkanes frac-
tions (C10–C25) for the spiked soil was 1,916.4±83 mg kg−1.

2.3 Experimental apparatus and procedures

Contaminated soil samples were treated, simulating micro-
wave thermal process conditions, using a bench scale appa-
ratus. A 1,000 W modified domestic microwave oven
(Panasonic NN-GD458W Inverter), at the frequency of
2,450 MHz with continuous adjustable power setting, was
used. A schematic diagram of the experimental apparatus is
shown in Fig. 1. A quartz reactor (h 100 mm, internal ∅
80 mm) was installed into the microwave oven cavity, so
that the contaminated soil sample occupied the center sec-
tion of the cavity. The gas outlet section of the quartz reactor
was connected to a condensing system, to a VOC capture
system (activated carbon filters), and then to a vacuum
pump to remove air in the reactor.

In the experiments, 20 g of polluted soil sample were
placed inside the oven and treated by microwave heating for
a time of either 5, 10, 18, 30, or 60 min, using an applied
power ranging from 100 to 1,000 W. After a desired resi-
dence time, the microwave oven was turned off, and the
temperature was immediately measured with a sheltered
type-k thermocouple axially inserted up to the middle of
the soil sample.

After treatment, soil samples were removed from the
apparatus, cooled at room temperature (20 °C), and stored
in a dark room at 4 °C prior to analyzing. At the same time,
residual soil moisture content was measured, applying the D
2216—05 ASTM test method (ASTM 2008). The thermal
treatment procedure was carried out in triplicates, and mean
values of contaminant residual concentrations as a function
of the treatment time were obtained for each selected power
and soil moisture.

Removal efficiency (R) was also calculated by the fol-
lowing expression:

R% ¼ C0−C
C0

⋅100 ð4Þ

where C0 (mg kg−1) is the initial contaminant concentration
in soil, and C (mg kg−1) is the residual concentration of
contaminant in soil after the thermal treatment.

2.4 Kinetic data modeling

Residual hydrocarbon concentration curves as a function of
the desorber residence time follow a first order kinetic (Di
and Chang 2001; Khalladi et al. 2008; Uzgiris et al. 1994),
defining an exponential decay:

C ¼ C0⋅e−kt
d ð5Þ

where C (mg kg−1) is the residual concentration in soil after
a treatment time t (in minutes), C0 (mg kg−1) represents the
initial contaminant concentration, k (min−1) represents the
rate of decay of the function, and d is the shape of the decay
curve. k is temperature dependent and can be expressed as:

k ¼ A⋅e−EA=RT ð6Þ

where EA (in Joules) is the activation energy of the system,
A (in moles) is a frequency term, R (in Joule per kilogram

Table 1 Properties and characteristics of commercial diesel fuel and
selected soil

Parameter Value

Diesel fuel

Density at 25 °C (Kg m−3) 900.6

Flash point (°C) 55

Water content (mg kg−1) 200

Evaporation at 250 °C (% v/v) 64

Evaporation at 350 °C (% v/v) 85

Evaporation at 370 °C (% v/v) 95

n-alkanes fraction C10–C25 (%) 39.9

n-alkanes fraction C10–C13/C10–C25 (%) 37.1

n-alkanes fraction C14–C17/C10–C25 (%) 41.7

n-alkanes fraction C18–C21/C10–C25 (%) 16.7

n-alkanes fraction C22–C25/C10–C25 (%) 4.5

Sandy soil

Soil mineral Silica sand

pH 8.72

Bulk density (g cm−3) 1.36

Porosity (%) 32.5

Specific surface area (m2 g−1) 3.45

Hydraulic conductivity (cm s−1) 5.0×10−2

Organic matter (g kg−1) 3.55

4

5

6

7

8

3

2

1

Fig. 1 Schematic of bench-scale microwave apparatus. 1 Soil sample,
2 quartz reactor, 3 k-type thermocouple, 4 monitoring system, 5 con-
denser, 6 condensate, 7 activated carbon filter; and 8 vacuum pump
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per mole) is the gas constant, and T (in Kelvin) is the
absolute temperature.

Residual concentration (C) results obtained during the
experiments, expressed as C/C0 ratio, were fitted using the
first order kinetic model expressed by the logarithmic form
of Eq. (5). Desorption parameter k was calculated for each
soil at different power values, and the correlation was
assessed as correlation coefficient R2.

Obtaining the experimental parameters k, Eqs. (5) and (6)
could represent a valuable tool in calculating residual con-
centration C or desorption rate at any given initial contam-
inant concentration in soil and in identifying the power and
the time of treatment required to reach specific targeted
levels of remediation.

2.5 Extraction and analysis

For each 20 g sample treated, a 2 g subsample was analyzed
for hydrocarbon concentration. The subsample was mixed
with n-hexane in a Soxhlet extractor for 6 h. Five milliliter
of effluent were mixed with 2 mL of n-hexane in a separate
funnel, stirred for 2 min, and then left at rest for separation.
The supernatant phase was mixed with internal standard
(ISM-560 Ultra Scientific, USA) and analyzed by gas
chromatography.

Due to their high proportion (40 %) in diesel fuel, n-
alkanes compounds (C10–C25) were chosen as representa-
tive components (Khalladi et al. 2008), and their total con-
centration in spiked and treated soil samples was taken as
that of diesel fuel and expressed as mg/kgsoil.

The concentration of n-alkanes in soil samples was mea-
sured by GC (Agilent Technologies 6,890 N) equipped with
a mass spectrometer (Agilent Technologies 5975), using the
US-EPA 8270-C method. A capillary column (HP-5, 30 m
length×0.32 mm ID×0.25 μm film thickness) was used.
The GC was operated with a helium carrier gas flow rate
of 1.5 mL min−1 and the oven temperature program starting
at 40 °C (held for 4 min) and increasing at a rate of
10 °C min−1 to a maximum temperature of 310 °C. The
temperature of the injector was 270 °C.

3 Results and discussion

3.1 Temperature profiles

The temperature (T) profiles of soil with time (t) during MW
radiation at investigated power (P) series of 100, 250, 440,
600, and 1,000 W are shown in Fig. 2.

As expected, T increased with increasing time and P for
all the samples of soil with different moisture content inves-
tigated. In all cases, T increased rapidly at the beginning of
the treatment, and it stabilized after about 20 min; and it can

be clearly seen that at higher P, T rose more rapidly. For the
lowest P investigated (100 W), a slight T increase of 80 °C
was observed. When P was as high as 440 W, T rose up to
184 °C, whereas a maximum increase of 240 °C (T=260 °C)
was reached for the 1,000 W treatment. Moreover, for all the
P tested, a significant T increase was found for the soils with
water content (8 and 12 %), respect to dry soil (contaminat-
ed soil without water content). For the treatment at 1,000 W,
a difference of T up to 40 °C was observed between soils
with 0 and 12 % water content.

This specific behavior strictly depends on the dielectric
properties of the treated soils. As reported in the previous
paragraph, the increase of T in time is linearly proportional
to the dielectric constant defined loss factor (ε") that denotes
the ability of the soil to convert electromagnetic energy into
heat due to the dielectric polarization of the particles in an
alternating electric field.

The trend for which the temperature profile rises more
rapidly when the treatment starts and tends to stabilize after
a fixed time is due to the reducing in the ability of the MW
absorbent medium (soil) to convert energy into heat with a
progressive increase in heat absorbed, and therefore, with an
increase in temperature. As a matter of fact, it was clearly
shown that ε", that at 20 °C is 0.8 (Robinson et al. 2012),
decreases with T increasing, and that, for T values higher
than 200 °C, it decreases towards a constant minimum value
close to zero (Hallikainen et al. 1985; Robinson et al. 2009,
2012). A more rapid decrease of ε" could occur for temper-
ature higher than 100 °C in the case of wet soil due the loss
of moisture through evaporation (Li et al. 2009).

The highest T values found for the soil with water content
depends on the improvement of dielectric properties of the
medium containing water. Water is an excellent MWabsorb-
er, and its presence gives an increase of dielectric properties.
Therefore, dry soil is a low energy absorbent, but its dielec-
tric constant values allow it to reach minimal soil tempera-
ture of about 100 °C, whereas the moisture content in soil
has a major effect on the further final temperature increase
reachable during MW heating (Hallikainen et al. 1985; Li et
al. 2009).

Results obtained are in agreement with other literature
findings. Li et al. (2009) reported a maximum temperature
of about 200 °C reached during the MW treatment of a
crude oil-polluted soil (7.8 % oil content, 3.1 % water
content) at 800 W for 10 min. Analog T profiles were also
observed by Lin et al. (2010), who investigated the effect of
MW heating on soil temperature and removal of chloram-
phenicol (CAP) from polluted soils, and Diprose (2001)
who reported that the moisture content of a soil sample
has an effect on the final temperature. Change in moisture
content alters the conductivity and the permittivity of the
sample, and hence the strength of the electric fields in the
material and the power dissipated in it. Water has a high loss
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factor, so relatively small differences in moisture contents
between samples result in temperature difference between
them.

3.2 Kinetics of diesel removal

Figure 3 shows the dynamics of residual diesel concentra-
tion (C) represented by C10–C25 adsorbed on soil with time,
at powers of 100, 250, 440, 600, and 1,000 W, respectively.
As expected, contaminant concentration in the soil after

MW heating decreased with time for all the soils, and the
rate of diesel desorption increased with the power applied.

For all the water contents investigated, minimal C values
(less than 200 mg kg−1) were achievable only when apply-
ing the power of 600 W for a treatment time longer than
60 min. The lowest C reached was observed for the wet soils
(12 and 8 % water content).

It was clearly shown that soil temperature is the main key
factor in the remedial process, and that residual diesel con-
centration strictly depends on the maximum temperature
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Fig. 2 Temperature (T) profiles of soil with time (t) during MW radiation at investigated power (P) series of 100, 250, 440, 600, and 1,000 W for
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that the soil can reach during the MW treatment. As a matter
of fact, for times longer than 10 min, the variation of the soil
temperature caused by the several treatments investigated
results in a similar variation of contaminant amount re-
moved. In fact, a soil temperature higher than 180 °C,
reachable by applying a power higher than 600 W, results
in a residual concentration lower than 200 mg kg−1.
Therefore, the presence of water in soil results in a signifi-
cant increase in soil temperature and, therefore, determines
the best contaminant removal.

This is consistent with other literature results about con-
ventional thermal desorption treatment. In our previous
study (Falciglia et al. 2011b), we found that a soil temper-
ature of 175 °C was sufficient to remediate a diesel-polluted
fine sandy soil at a final diesel ration of about 150 mg kg−1,

and that temperatures higher than 250 °C are necessary in
order to obtain residual concentration less than 10 mg kg−1.
Merino and Bucalá (2007) and Lee et al. (1998) also showed
that at about 300 °C, n-hexadecane and diesel can be re-
moved completely from a fine sandy soil.

C data were fitted to the logarithmic form of Eq. (5), and
rate of contaminant decay (k) values are shown in Fig. 3. R2

values calculated were in the 0.70–0.99 range, and highest
R2 values were found for the highest powers applied.
Results obtained show that the removal kinetics of diesel
fits a pseudo first order kinetic model well. The apparent
kinetic constant (k) was in the 0.0045–0.0368 min−1 range
for the soil without water content, and it increased to
0.0049–0.0419 and 0.0057–0.0442 min−1 ranges for the
soil, with moisture of 8 and 12 %, respectively.
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As shown in Fig. 4, k values increased with increasing
power for all the soils due to the nature of the thermal
process. The slopes of the k trend were different for the
three soils treated, but similar values were observed for both
the wet soils. Moreover, a slope reduction was found for
power higher than 600 W. This explains the minimal in-
crease of the MW removal process for a power of 1,000 W,
with respect to the 600 W treatment. The different slopes
observed for the soils with diverse water contents imply that
the activation energy is correlated with the nature of the soil.
Specifically, the lowest activation energy is required for
moist soils, while the highest for dry soils. This is due to
the highest dielectric properties of the soils containing water
that results in an improvement of the performance of the
heating treatment (Acierno et al. 2003).

Kinetic data obtained are in agreement with that reported
by previous authors. Huang et al. (2011) found k values
between 0.003 and 0.068 min−1 for a MnO2-enhanced MW
treatment of PCB-polluted soil, investigating power values
between 200 and 800 W. Liu and Yu (2006) reported k
values between 0.089 and 0.148 min−1 for a MW treatment
of PCB polluted-soil, enhanced with GAC addition (5 %),
investigating power values between 300 and 700 W.

Knowing the residual concentration values as a function
of operating power and treatment time could be significant
in assessing the change in energy efficiency and cost of a
MW thermal remedial process.

3.3 N-alkanes fractions distribution

After the contamination procedure, sorbed diesel on soil
(C0), as n-alkanes fractions (C10–C25), was measured and
related percentage calculated as the ratio between the con-
centration of the single n-alkanes fraction Cn and the total
concentration C10–C25. Results are illustrated in Table 2.
The percentage distribution of single n-alkanes fractions
presented the highest percentage for the fractions ranging

from C14 to C17, with a typical “bell curve type” shape.
However, it did not reflect the percentage composition of
diesel used for the contamination procedure (C10–C13 frac-
tion was 37.1 % for diesel, while it was 18.6 for soil). This
indicated that all fractions did not similarly adsorb onto the
different soil matrices, and affinity was observed between
specific n-alkanes fraction and soil.

Residual diesel concentration (C) values as n-alkanes
fractions after the 440 W treatment for unmoisturized and
moisturized soils are also reported in Table 2.

Results show that a preferential effect of the thermal
treatment on the various n-alkanes present in diesel oc-
curred. The distribution of the n-alkenes in soil after MW
heating at different remediation time did not reflect the
initial distribution (C0) of sorbed diesel. Therefore, the
MW treatment produced a major desorption of the lightest
n-alkanes fractions, and the range of n-alkanes fractions
removed depended on the treatment time and thus on soil
temperature and on the presence of water in the soils. An
increase of lightest n-alkanes fractions removal was
recorded with increasing remediation time, as well as in
the case of moisturized soil samples. Nonsignificant differ-
ences were recorded between 8 and 12 % soil moisture.

For instance, the treatment of the soil without moisture
produced a total removal of C10–C11 fractions for a treat-
ment time of 60 min, whereas for the soils with moisture
content of 8 and 12 %, a shorter remediation time of 30 min
was needed. This indicates that soil moisture influences a
major desorption of the lightest n-alkanes fractions, proba-
bly due to both the soil temperature increase and
evaporation-contaminant stripping phenomena, that present
a major influence on the more volatile contaminant fraction.

Results are in agreement with our previous work
(Falciglia et al. 2011a), where the effects of temperature
on n-alkanes fractions selective desorption were investigat-
ed during a conventional bench-scale thermal desorption
treatment. Main results showed that an increase of lightest
n-alkanes fractions was recorded with increasing soil
temperature.

3.4 Diesel removal efficiency

Based on residual diesel concentration adsorbed in soil,
contaminant removal efficiency (R) vs. time was also calcu-
lated for all soils, and data obtained are shown Fig. 5. It can
be seen that the higher MW powers lead to higher remedi-
ation efficiency. At all tested operating powers, maximum R
values were observed for soils with 8 and 12 % water
content. The lowest differences of R between the three soils
were observed at the lowest power investigated and the
highest for the 250 W treatment. When the power applied
was higher than 600 W, a minimal difference of R was
observed for the two moist soils. This specific behavior
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resulted in similar temperature profile for both the soils
because the radiation energy applied at 600 W and over
was sufficient to remove all the water (Table 3).

For moist soils, excellent efficiency was reached at power
higher than 600 W for time longer than 30 min. A maximum
R value of 95 % was reached for both the moist soils treated
at 1,000 W for 60 min. A lower value of 90 % was reached
for dry soil at the same operating conditions. For time
shorter than 18 min, R was lower than 77 % (i.e., 77, 74,
and 63 % for 12, 8, and 0 % water content, respectively).

Moreover, it is important to highlight that, at the highest
powers, especially for the first 10 min, a significant contam-
inant removal increase was observed for the wet soils com-
pared to dry soil due to the evaporation and contaminant
stripping phenomena. This is clear by analyzing the residual

soil moisture content after the MW treatment reported in
Table 3. In fact, despite the soil temperature being in the
same range for all soils, a significant difference in terms of
contaminant removal was recorded. This was also observed
for the treatments at the lowest powers of 100 and 250 W,
for which, despite the soil temperature being about 100 °C,
removals up to 60 % were achieved. For soils contaminated
by polar compounds, this phenomenon could be the effect of
a selective heating but, for nonpolar contaminants such as
diesel, this could be ascribable just to a distillation process
(Kawala and Atamaczuk 1998; Robinson et al. 2009).

Removal results are consistent with those found by Liu et
al. (2008). They investigated the effect of a 10 min MW
remediation at 750 Won a 20 g PCB-polluted soil sample, to
which a microwave absorber had been added. They showed

Table 2 Distribution of residual diesel on soil as n-alkanes fractions after the MW treatment at power of 440 W for 0.0, 8.0, and 12.0 % soil
moisture

t (min) 0 5 10 30 60

n-alkanes fraction (mg kg−1) (%) (mg kg−1) (%) (mg kg−1) (%) (mg kg−1) (%) (mg kg−1) (%)

Soil moisture 0.0 %

C10–C11 80.7 4.2 49.7 3.2 26.2 2.1 3.4 0.4 0.0 0.0

C12–C13 276 14.4 186.2 12.0 103.7 8.3 61.9 7.2 27.7 5.9

C14–C15 390.6 20.4 325.8 21.0 263.5 21.1 180.6 21 100.6 21.4

C16–C17 419.2 21.9 356.9 23.0 291.0 23.3 204.7 23.8 112.8 24.0

C18–C19 298.2 15.6 249.8 16.1 219.8 17.6 161.7 18.8 88.8 18.9

C20–C21 223.2 11.6 184.6 11.9 169.8 13.6 125.6 14.6 69.6 14.8

C22–C23 154 8.0 136.5 8.8 124.9 10.0 89.4 10.4 52.2 11.1

C24–C25 74.5 3.9 62.2 4.0 50.0 4.0 32.7 3.8 18.3 3.9

C10–C25 1916.4 100.0 1551.6 100.0 1248.8 100.0 860.0 100.0 470.0 100.0

Soil moisture 8.0 %

C10–C11 80.7 4.2 27.1 2.3 12.7 1.4 0.0 0.0 0.0 0.0

C12–C13 276 14.4 107.2 9.1 67.9 7.5 34.6 5.8 5.0 2.0

C14–C15 390.6 20.4 248.6 21.1 191.8 21.2 127.4 21.3 55.8 22.3

C16–C17 419.2 21.9 276.9 23.5 216.2 23.9 144.2 24.1 60.8 24.3

C18–C19 298.2 15.6 210.9 17.9 167.4 18.5 111.3 18.6 49.5 19.8

C20–C21 223.2 11.6 154.4 13.1 120.3 13.3 89.1 14.9 38.3 15.3

C22–C23 154 8.0 106.0 9.0 92.3 10.2 68.2 11.4 30.8 12.3

C24–C25 74.5 3.9 47.1 4.0 36.2 4.0 23.3 3.9 10.0 4.0

C10–C25 1,916.4 100.0 1,178.3 100.0 904.7 100.0 598.2 100.0 250.0 100

Soil moisture 12.0 %

C10–C11 80.7 4.2 26.5 2.5 10.6 1.3 0.0 0.0 0.0 0.0

C12–C13 276 14.4 94.4 8.9 61.1 7.5 25.0 4.9 4.2 1.9

C14–C15 390.6 20.4 226.9 21.4 169.4 20.8 109.2 21.4 47.8 21.7

C16–C17 419.2 21.9 245.0 23.1 197.9 24.3 129.7 25.4 55.1 25.0

C18–C19 298.2 15.6 193.0 18.2 150.7 18.5 94.4 18.5 44.0 20.0

C20–C21 223.2 11.6 141.0 13.3 106.7 13.1 71.0 13.9 33.3 15.1

C22–C23 154 8.0 93.3 8.8 85.5 10.5 59.2 11.6 27.1 12.3

C24–C25 74.5 3.9 40.3 3.8 32.6 4.0 21.9 4.3 8.8 4.0

C10–C25 1,916.4 100.0 1,060.4 100.0 814.6 100.0 510.4 100.0 220.2 100.0
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an increase in contaminant removal, with increasing soil
moisture, to maximum values close to 100 % at a moisture
content of 20 % (dry basis). A removal efficiency enhanced
by water presence in soil was also observed by Yuan et al.
(2006).

Overall, R values obtained in the performed experiment
are in the same range as that reported by previous literature
findings on MW treatment of hydrocarbon polluted soil, but
the extremely different operating conditions adopted and the
several dielectric materials used make a direct and effective
comparison of the results very difficult (Robinson et al.
2012).

Huang et al. (2011) demonstrated that the maximum re-
moval efficiency for a soil polluted by PCBs at 5 mg kg−1 and
treated at 800 W for a period of 45 min, is about 95 %. Very
high PCB removal was also found by Abramovitch et al.

(1998a), investigating several operating conditions and the
properties of the materials.

Removal efficiency of crude oil contaminant of 95 % (initial
contaminant concentration in soil=7.8 %) was observed for a
15 min at 800 W treatment enhanced by different microwave
absorbers such as activated carbon powder or graphite fibers (Li
et al. 2009). Contaminant removal higher than 90 % was also
found by Lin et al. (2010), Calvert and Suib (2007), Robinson et
al. (2009), and Kawala and Atamaczuk (1998), in studies aimed
at investigating the effects of the MW heating on soils polluted
by CAPs, HCB, PAHs, and TCE, respectively, in treatments
enhanced by several MWabsorbing materials or solutions.

High diesel removal efficiencies observed for MW
heating remediation are hardly achievable using other eco-
nomical treatments such as natural biodegradation or even
using more expensive treatments such as oxidation with
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Table 3 Residual soil moisture
content after the MW treatment
at powers of 100, 250, 440, 600,
and 1000 W for 8.0 and 12.0 %
soil moisture

P (W) Soil moisture 8.0 % (Treatment time, min) Soil moisture 12.0 % (Treatment time, min)

0 5 10 18 30 60 0 5 10 18 30 60

100 12.0 4.7 3.0 1.8 1.0 0.0 12.0 7.8 2.6 1.7 1.0 0.4

250 12.0 3.3 0.7 0.0 0.0 0.0 12.0 3.5 2.6 0.2 0.0 0.0

440 12.0 0.2 0.0 0.0 0.0 0.0 12.0 1.3 0.0 0.0 0.0 0.0

600 12.0 0.0 0.0 0.0 0.0 0.0 12.0 0.0 0.0 0.0 0.0 0.0

1,000 12.0 0.0 0.0 0.0 0.0 0.0 12.0 0.0 0.0 0.0 0.0 0.0

J Soils Sediments (2013) 13:1396–1407 1405



chemical agents or ozone. However, high removal efficien-
cies comparable to MW treatment can be reached by using
soil washing with surfactants (Khalladi et al. 2008) or by
using remediation treatments such as electrokinetic-Fenton
oxidation (Tasi et al. 2010) or conventional thermal desorp-
tion remediation (Falciglia et al. 2011b), which require a
higher energy consumption and consequently a higher cost.

In recent studies, Silva-Castro et al. (2013) reported a max-
imum removal of contaminant as n-alkanes of about 70 % after
a combined treatment of oxidation and bioremediation, where-
as Pazos et al. (2012) reported a maximum TPH removal of
78 % for an electrokinetic treatment. Łebkowska et al. (2011)
found a 50 % removal of diesel as n-alkanes for a sandy soil
polluted by diesel at 4,200 mg kg−1 of C10–C22 alkanes treated
by ex situ biopile remediation for a period of about 1 month.
Sprocati et al. (2012) carried out a study on bioaugmentation
aimed at the remediation of a soil co-contaminated (spiked)
with both diesel oil (1 %, v/w), and heavy metals (Pb and Zn),
using microcosms in different experimental conditions.
Authors reported an effective bioremediation of diesel ranging
between 30 and 85%, assessing the contamination dynamic by
n-alkanes C15–C28 and C24. Fernández et al. (2011) observed a
diesel removal of about 50 % for a soil contaminated at a low
diesel rate of 5,800 μL kg−1 treated using a microcosm with
plants and earthworms for a period of 6 months. Minimal
percentages, not higher than 37 %, were observed for the
highest contaminated samples. Li et al. (2009) reported that
for a sandy soil spiked with diesel fuel at different rates (rang-
ing from 500 to 50,000 mg kg−1), the TPHs natural biodegra-
dation, for an incubation period of 110 days, reached a maxi-
mum value of about 73 % for the lowest contamination levels,
whereas it was less than 70 % for the 5,000 mg kg−1 samples.
Do et al. (2009) showed that an in situ chemical oxidation
treatment of a diesel-polluted soil at 5,000 mg kg−1, using
peroxymonosulphate/cobalt (PMS/CoII), was characterized
by a maximum contaminant degradation of approximately
47 %, and that a sequential injection treatment using a large
quantity of chemicals was needed to reach a contaminant
degradation of 88 %. Moreover, Lee and Kim (2002) found
that a diesel removal efficiency of 40 % (30 % as n-alkanes)
was obtainable by oxidation with ozone of a heavily-
contaminated sandy soil.

Therefore, MW heating could be a better choice for
remediation of diesel-polluted soils.

4 Conclusions

The following conclusions have been drawn based on ex-
perimental results and discussion:

& In MW remediation, the operating power applied signifi-
cantly influences the contaminant removal kinetics, and

the moisture content in soil has a major effect on the final
temperature reachable duringMWheating. Therefore, soil
moisture is essential in order to reach high contaminant
removal efficiency, but a water content of 8% is enough to
maximize the performance of the remedial process.

& For all water contents investigated, minimal residual
concentrations (less than 200 mg kg−1) were achievable
only by applying powers higher than 600 W for a
treatment time longer than 60 min.

& For remediation times shorter than 10 min, which result in
a soil temperature of about 100 °C, the effect of the
distillation process increases the contaminant removals
that reached values of about 60 % for wet soils due to
the evaporation and contaminant stripping phenomena.
For times longer than 10 min, soil temperature is the main
key factor in the remedial process, and residual diesel
concentration strictly depends on the maximum tempera-
ture that the soil can reach during the MW heating.

& The pseudo first order kinetic model fits well the experi-
mental data for residual concentration at all powers of
treatment and for all tested soils. Kinetic parameters for
the different experimental conditions could represent a
valuable tool in calculating residual concentration or de-
sorption rate at any given initial soil concentration and in
identifying the operating power and the time of treatment
required to reach specific targeted levels of remediation.
This is fundamental in designing and scaling-up desorp-
tion systems and then in assessing the change in energy
efficiency and cost of a MW remedial process.

& MW remedial treatment could be a better choice for re-
mediation of diesel-polluted soils, compared to several
other biological, chemical–physical, or conventional ther-
mal treatments due to its excellent removal efficiency.
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