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Abstract The presence and fate of polyaromatic hydrocarbons (PAHs) in the environment are

receiving a great concern. In this study, three oil-contaminated soils (industrial area, Dukhan city,

and artificial soils) were utilized to examine the effect of microwave (MW) heating and UV-C irra-

diation on the PAHs degradation. A rapid assessment of the impact was evaluated using Fourier

transform infrared (FTIR) and multivariate analysis. The total organic matter values for the max-

imum PAHs reduction were evaluated based on the FTIR spectra of the contaminated soils fol-

lowed with the principal component analysis (PCA). The results showed that the highest total

organic carbon reduction was achieved for the industrial soil sample that required a high MW

power and long MW exposure time. On the other hand, the Dukhan city soil sample, which has

the lowest total organic carbon, required a high MW power and short MW exposure time followed

by UV-C treatment for 20 min to reach the maximal FTIR transmittance reduction. The cluster

analysis was also used to evaluate the impact of MW heating, and MW heating followed by UV-

C irradiation on the degradation of PAHs. The PCA results of the industrial city sample showed

that neither MW treatment (100% MW, 15 min exposure time) followed by UV-C treatment for

20 min nor 10 min is significantly different from the MW treatment (100% MW, 15 min exposure

time). However, for the Dukhan sample, the UV-C treatment at 10 min after high MW power and

long exposure time (100% MW, 15 min exposure time) was the most efficient treatment.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are organic
compounds classified as widely spread toxic environmentally

persistent contaminants found in different structures with
varied biological toxicity (Abdel-Shafy and Mansour, 2016).
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In general, PAHs exist in the environment as a mixture of two
or more compounds. Sources of PAHs in the environment can
be classified into natural or anthropogenic sources. Anthro-

pogenic sources have been contributed largely to the amount
of PAHs in the environment which include domestic sources,
industrial sources, and agricultural sources (Mojiriai et al.,

2019). Consequently, PAHs can exist in different compart-
ments in the environment such as air, water, soil, and biota
(Lee, 2010). The number of aromatic rings determines the cat-

egorization of the PAHs into (i) low molecular weight (LMW),
which represents a group with less than four aromatic rings
such as naphthalene, acenaphthene, fluorene, phenanthrene,
and (ii) high molecular weight (HMW), which represents a

group with four or more aromatic rings such as pyrene
(Adeniji et al., 2017). Because PAHs tend to cause mutations,
cancer, and cell toxicity, they have been described as haz-

ardous and toxic compounds (Hamoudi-Belarbi et al., 2018).
The solid nature of PAHs is due to their high boiling and melt-
ing points. Moreover, they are characterized by their aqueous

solubility, which decreases with increasing molecular weight
and low vapor pressure. On the other hand, increasing their
molecular weights makes them more susceptible to oxidation

and reduction (Masih et al., 2012). Because of the high lipophi-
lic nature of PAHs, they are very soluble in organic solvents.

Nowadays, PAHs are dealt with great concern as they are
the most frequently detected pollutants in the environment.

The concentrations of PAHs and their patterns of generation
vary based on the contamination source (Abdel-Shafy and
Mansour, 2016). The degradation difficulty of PAHs depends

on the physicochemical properties of individual PAHs (Al-
Kaabi et al., 2018). The LMW-PAHs have high water solubil-
ity, while HMW-PAHs are very hydrophobic as demonstrated

in log Kow above five (Jonsson et al., 2007). Thus, several degra-
dation techniques and mechanisms were investigated, which
can be categorized into physical, chemical, biological, and ther-

mal techniques as shown in Table 1. Various studies showed
that among different thermal techniques, MW heating has been
considered a successful technique for the treatment of PAHs-
contaminated soil. MW treatment has been shown quick and

effective pollutant removal with high efficiency and low costs
(Falciglia et al., 2018a, 2018b). Treatment using MW heating
does not depend on heat transfer, and accordingly heating
Table 1 PAHs-contaminated soil remediation technologies.

Classification Technology Advantages

Physical Solvent extraction,

supercritical/subcritical fluid

extraction, and electrokinetic

remediation.

Easily applied, use no

toxic and biodegradab

extraction agents

Chemical Chemical oxidization,

photocatalytic degradation, and

electro-kinetic remediation

Degradation of PAHs

and prevention of

transfer to another

medium

Biological Bioremediation and

phytoremediation

Environmentally

friendly, no waste

treatment

Thermal Thermal desorption,

incineration, microwave heating,

and soil vapor extraction

Can degrade HMW

hydrocarbons e.g. PA
times can be much lower than traditional thermal treatment
(Sivagami et al., 2019). Hence, microwave treatment reduces
the treatment periods significantly, cost, and the risk of con-

tamination. Microwaves are bands of electromagnetic radia-
tion with different frequencies range 300 MHz to 300 GHz.
Frequency describes the number of waves that pass in a fixed

place through a specific time (seconds) (Kostas et al., 2017).
The principle of the microwave irradiation treatment is based
on the dissipation of the electromagnetic field energy and trans-

ferring this energy into heat required for the thermal desorption
of the pollutants (Buttress et al. 2016). Thermal treatments for
PAHs contaminated soils are based on using heat to destroy or
volatilize PAHs from soils (Krouzek et al., 2018). Therefore,

these pollutants will change into a gaseous phase causing their
mobility to increase. Pollutants at the gaseous phase can be col-
lected through other treatments (Falciglia et al., 2018a, 2018b).

As reported by Li et al. (2009), MW energy is transformed into
thermal energy to degrade pollutants over volatilization by
heating. Hence, compared to other thermal techniques, MW

heating is more cost-effective and time-efficient, and PAHs
degradation increases with increasing the microwave heating
power in a short time (Sivagami et al., 2019; Falciglia et al.,

2016; Shanker et al., 2017; Kamil and Talib, 2016;
Rabodonirina et al., 2019; Liao et al., 2018). Xiao et al. studied
the potentiality to prepare coal-based activated carbon using
MW radiation and evaluate the possible application of the pro-

duced AC (activated carbon) for removal of PAHs based on the
adsorption capacity of the produced AC.

Various factors should be considered before choosing the

appropriate treatment technique such as pollutant type and
concentration, contamination site, properties of the contami-
nant sink (air, water, or soil), the time consumed by a treat-

ment to have effective results, the application of treated
effluent, soil grain size, pH and others (Ram et al., 1993;
Kuppusamy et al., 2017).

Soil is considered as a sink for several environmental con-
taminants including PAHs in where soil properties change
based on soil type, contaminant type, and concentration of
the contaminant, as well as the contamination period

(Riccardi et al., 2013). PAHs are toxic to the indigenous
microbes in the soil and they affect their enzymatic activity lead-
ing to a decrease in their microbial activity (Sakshi et al., 2019).
Disadvantages Reference

n-

le

Secondary treatment is

required.

(Hamoudi-Belarbi et al.,

2018; Benamar et al., 2019)

Formation of toxic by-products (Gan et al., 2009; Dong

et al., 2019; Li et al., 2020;

So et al., 2019)

Long treatment duration (Gan et al., 2009;

Rabodonirina et al., 2019;

Lu et al., 2019; Li et al.,

2020)

Hs

It requires secondary treatment

for gaseous by-products and

requires high temperature.

(Koshlaf and Ball, 2017;

Sivagami et al. 2019;

Falciglia et al., 2018a, 2018b)
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UV irradiation has been considered an efficient method to
eliminate organic pollutants like PAHs. Organic pollutants in
different matrixes such as water or soil can absorb the UV

light. Later the molecules are electronically excited forming
series of reactions that lead to photodegradation of pollutants
(Xu et al., 2013; Bai et al., 2019). It worth mentioning that the

photodegradation process in the environment is a naturally
occurring major pathway for the transformation of most
PAHs. PAHs are capable of absorbing photons within 280–

400 nm and 400–760 nm by their conjugated p-orbital electron
systems, and they are categorized as photoactive pollutants
(Gbeddy et al., 2020). However, Gbeddy et al., (2020) have
been studied the role of 254 nm UV photons which is in the

range of UV-C on photochemistry of PAHs and other trans-
formed products due to PAHs absorption of UV-C irradiation.
The results showed that UV-C irradiation had different effects

on the fate of different analytes.
In this study, UV treatment has been used as a second treat-

ment after microwave treatment to enhance the remediation

process. Therefore, the photochemical processes of PAHs
can be enhanced and accelerated in the presence of a heating
process such as microwave heating.

For the soil environment, the photodegradation of PAHs
significantly depends on the soil depth and the depth of the
contaminant in the soil, temperature, soil particle size, soil
moisture, and organic matter (Zhang et al., 2010). Also, the

photodegradation of each compound of different PAHs
depends on the light absorption spectrum. In the presence of
radicals, UV remediation can be more efficient and results in

a higher degradation rate than matrix without radicals (Gan
et al., 2009). For example, high soil moisture where the water
content is high, the presence of UV light can break down water

molecules and produce (_sOH) hydroxyl radicals. Hydroxyl rad-
icals can enhance the photodegradation of PAHs, this process
is called an advanced oxidation process. Wlodarczyk-Makula

(2011) investigated the impact of UV irradiation on treating
wastewater regarding PAHs removal. The study deals with
two wastewater sample types from a municipal treatment plant
with different concentrations of PAHs 0.8 lg/L and 1.2 lg/L; a
standard mixture of the 16 priority compounds of PAHs was
added to both samples. All samples were exposed to UV-C
irradiation of 264 nm wavelength for 10, 20, 30, and 60 s. After

the UV treatment, the PAHs concentration in all samples and
the control sample (without adding the standard mixture of
PAHs) were measured using gas chromatography-mass spec-

trometry (GC–MS). It was found that the exposure of UV irra-
diation to the control and the sample reduced the PAHs
concertation to 65% and 84% respectively. Besides, the results
showed that the efficiency of the removal was based on the

molecular weight and the number of rings in different com-
pounds of PAHs. A prolonged exposure from 10 to 20 s to
the UV irradiation significantly increased the removal effi-

ciency of PAHs, while it was not significant when the exposure
time increased from 30 to 60 s. Eker and Sengul, 2018 did a
study to compare the efficiencies of PAHs degradation from

soil by solar irradiation (UV-A) and UV-C treatments. Soil
samples from the industrial area were exposed to three condi-
tions, namely ambient air, UVA, and UVC irradiation. The

PAH removal obtained from ambient air condition, UVA,
and UVC condition was 35%, 90%, 86%, respectively. As
well, the effects of adding catalysts (TiO2 and H2O2) at differ-
ent concentrations (1%, 10%, and 20% of dry soil weight) on
PAHs removal under ambient air condition (mimic real condi-
tions) was studied. The PAHs removal was the highest for a

dose of 20% TiO2 (89%), while was the highest for a dose of
1% of H2O2 (88%). In terms of different molecular weight
of different PAHs, the removal efficiencies were increased for

both LMW-PAHs and HMW-PAHs with the adding of cata-
lysts. However, without adding the catalysts, the removal effi-
ciency was higher for the LMW-PAHs; 3-ring and 4-ring

compared to 5-ring and 6-ring.
Zhang et al. (2010) investigated the rates of degradation of

pyrene on the surfaces of soil under UV-C light at 254 nm
wavelength. The impact of some parameters which affect the

photodegradation efficiency such as temperature, particle size,
depth of soil, and humic acid percentage have been explored in
the study. The rate of pyrene degradation was 25%, 30%, and

35% at three different temperatures, namely 20 oC, 25 oC, and
30 �C, respectively. Soil particles with different sizes repre-
sented dissimilar rates of photodegradation. The rate of pho-

todegradation for the particle size less than 1 mm was faster
in comparison to a particle size of less than 0.25 mm.
Falciglia et al. (2018a, 2018b) studied the effect of MW heating

coupled with UV-A treatment on PAHs removal from marine
sediments. The used MW power was 650 W, 2.45 GHz in a
time range of 1 to 7 min, while for the used wavelength for
UV-A was 350 nm within the time range up to 36 min. Because

of their dielectric properties of the sediments and the PAHs,
the results demonstrated a rapid increase in the sediment tem-
perature that occurred during the MW heating. It was noticed

that more than 85% removal of PAHs within 1 min MW treat-
ment (650 W, 2.45 GHz), and total PAHs removal was
achieved with longer MW irradiation.

Fourier transform infrared spectroscopy (FTIR) is an ana-
lytical technique that is universally used in the identification,
classification, and quantification of several organic compounds

such as hydrocarbons (Cozzolino, 2015; Ng et al., 2017). The
advantages of FTIR include ease of sample processing without
requiring extraction, a different type of samples can be readily
analyzed, rapid and accurate analysis (Aske et al., 2001;

Schneider et al., 2016). FTIR spectroscopy is considered as
one of the tools that study samples of organic components
found in soil. FTIR spectroscopy provides a precise character-

ization of soil organic matter (SOM), mechanistic, and kinetic
aspects of mineral–SOM interactions that underlie biogeo-
chemical processes. Accordingly, the FTIR technique allows

us to identify the peaks in the spectra regions linked to the func-
tional groups (Schneider et al., 2016). Many previous studies
used FTIR as an analytic method to measure the concentration
of PAHs and identify different compounds of PAHs in various

environmental samples (Schneider et al., 2016; Okparanma and
Mouazen, 2013; Yi-Bin Qi et al., 2017). However, this paper
aims to investigate the impact of MW heating and MW heating

followed by UV-C irradiation on hydrocarbon degradation in
the soil by means of the changes/shifting in the FTIR transmit-
tance peaks. The redundancy in the FTIR data set was reduced

by using multivariate analysis such as PCA.
To the best of our knowledge, there is no study on the

assessment of the impact of MW heating followed by UV-C

irradiation on the degradation of PAHs from contaminated
soil using FTIR and multivariate analysis. Existing studies
are principally related to evaluating the MW heating or UV
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irradiation on soil using long extraction times and laborious
identification techniques such as chromatography. In this
study, FTIR followed by PCA was promptly used for the eval-

uation of the PAHs degradation without the need of using a
sophisticated analysis technique or solvents. In this context,
this study assessed the role of MW and ultraviolet (UV-C)

on the degradation of PAHs from oil-contaminated soils.
The specific objectives of the study include (i) studying the
physicochemical characterizations of three oil-contaminated

soil samples, (ii) examining the impact of MW heating, and
MW heating followed by UV-C irradiation on the degradation
of PAHs from the contaminated soils by means of FTIR anal-
ysis, and (iii) the application of PCA to rapid assessment of the

effect of MW heating, and microwave heating followed by
UV-C irradiation on the degradation of PAHs.
2. Methods and materials

2.1. Sample collection

The contaminated weathered soil samples were obtained from
two different sites in Qatar, namely Dukhan city and industrial

area. Approximately 30 g were collected from each site in a
clean plastic bag properly sealed and labeled. The soil samples
were taken by a clean spatula from 1 to 3 cm depth. Before

analysis, the samples were kept in the fridge. A sandy sample
was also obtained from a clean area near the beach in
Alwakra; this sample was considered as a blank sample (free

from PAHs). Approximately 100 g of the sand was collected
in a clean plastic bag properly sealed and labeled. The blank
sample was deliberately contaminated with fresh crude oil.
This was done to compare it with the weathered soil samples.

The fresh oil-contaminated soil (FOCS) was prepared by mix-
ing the sandy sample (100 g) with a mixture of 2 mL of local
crude oil (liquid appearance with a density of 0.75 g/mL at

25 �C) and 5 mL of dichloromethane (DCM); DCM (greater
than99.9% purity) was obtained from SIGMA-ALDRICH.
The DCM was added to decrease the thickness of crude oil,

so the contaminants are equally distributed between sand par-
ticles. The FOCS was homogenized and left for a minimum of
24 h under the hood to allow the volatilizing of DCM.

2.2. MW Experiment for hydrocarbon contaminated soil

Since MW heating and UV-C exposure could not be combined
in one test unit, MW heating and UV-C exposure had to be

carried out successively starting with microwave heating, fol-
lowed by UV-C exposure. The collected soil samples were trea-
ted with high MW power (100%) which equals 1000 W, and

low MW power (20%) which equals 100 W for a long MW
exposure (15 min), medium MW exposure (10 min), and short
MW exposure (5 min) (Panasonic Microwave NN-CD997S,

2005, with a single-mode cavity and adjustable power settings
to supply microwave energy, namely 100 W, 350 W, 550 W,
700 W and 1000 W). Previous studies proved that PAHs
removal from soils increases as MW power input increases

(Buttress et al. 2016; Sivagami et al. 2019). This relationship
has been explained by the Eq. (1), which displays a propor-
tional relationship with power density and heating rate:
DT
Dt

¼ Pd

q � Cq
ð1Þ

where T is the temperature (�C) and t is the time (min). Pdis the
power density given in the first equation W/m3. q is the density
(kg /m3) and Cq is heat capacity (kJ/kg_s�C) (Sivagami et al.

2019).

2.3. UV irradiation experiment

For studying the synergistic effect of the MW and the UV-C
irradiation on the degradation of PAHs in the soils, the MW

heating followed by UV-C irradiation was implemented. UV-
C lamp with cabinet at Thomas Scientific was used. UVG–11
Compact UV lamp from John Morris Scientific, 254 nm wave-

length and 4 W, 0.12 A. The distance between the irradiated
sample and the lamp was 0.83 cm. In this study, the UV-C
has been used as it composed of shorter wavelengths and

higher energy required to degrade PAHs. Various studies have
been used UV-C irradiation to treat either multi or specific
compounds of PAHs and different patterns of generation
(Gbeddy et al., 2020; Eker and Sengul, 2018; Wlodarczyk-

Makula, 2011).
Two MW heating powers, namely high power (100%) and

low power (20%) as well as two UV-C exposure times, namely

20 min and 10 min were chosen. The FTIR analyses were done
before and after each treatment. Fig. 1 shows the graphical
methods of the experiment where the MW heating and UV-

C exposure had to be carried out successively starting with
microwave heating, followed by UV-C exposure.

2.4. FTIR analysis

The FTIR analysis was carried out using a Perkin Elmer 400
spectrum instrument (UATR – Universal Attenuated Total
Reflectance). All absorbance spectra were obtained in the

4000–400 cm�1 range by 100 scans at 1.0 cm�1 resolution,
and the signal-to-noise ratio was 45000:1. The UATR-FTIR
spectra displays information regarding functional groups that

are present 1 lm near the surface of an internal reflection ele-
ment. Moreover, it possesses the ability to obtain precise spec-
tra of any samples in the existence of water. Fig. 2 illustrates

the experimental design for each sample.

2.5. Data analysis

The redundancy in the data set can be reduced by using mul-

tivariate analysis such as principal component analysis
(PCA) (Ashfaq et al., 2020). Through a linear combination
of actual coordinates, new coordinates known as principal

components will be produced, which can be helpful in assess-
ing the obtained categorical data and draw several conclusions
(Ashfaq et al., 2019; Alshuiael and Al-Ghouti, 2020). Combing

FTIR and PCA can help to categorize the impact of micro-
wave heating followed by UV-C irradiation on the degradation
of PAHs from contaminated soil. In this study, the data gen-

erated from the FTIR spectra of the MW heating and UV irra-
diation experiments were analyzed using PCA using the
Unscrambler X software (v10.4, Camo Analytics, Magnolia,
TX, USA).



Fig. 2 Experimental design for each sample.

Fig. 1 Graphical method of the experiment.
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3. Results and discussion

3.1. Physicochemical analysis of the soil samples

In this study, three oil-contaminated soils with different

organic carbon contents were used to investigate the impact
of MW heating followed by UV-C irradiation on hydrocarbon
degradation. Various physicochemical analyses were carried
for the collected soil samples namely, soil particle size, total

organic content (TOC), total organic matter (TOM), total pet-
roleum hydrocarbon (TPH), and total nitrogen (TN) content.
Physicochemical properties determine the most efficient tech-

niques with their optimum conditions for treating contami-
nated soils. Table 2 shows the results of the soil analysis for
the three oil-contaminated soil samples. The industrial soil
has the highest concentration of TOC and TOM followed by
the Dukhan soil, while the FOCS has the lowest concentration
of TOC and TOM, and it has the highest water content per-

centage and PAHs content among the three soil types. The
Dukhan soil has the highest concentration of total petroleum
hydrocarbon (TPH) followed by the industrial soil and the

FOCS. The three soil samples were classified as sandy soil sam-
ples based on their particle size. Furthermore, the conditions
of the MW treatment can be affected by the soil moisture as

it was found that the ‘‘low MW power and short exposure
time” gave the high soil moisture removal. Furthermore, the
results showed that the FOCS with the highest water content

had the highest FTIR transmittance reduction using any treat-



Table 2 Physiochemical analyses of the three oil-contaminated soils.

Soil Name Total

nitrogen (TN)

(%)

Total organic

content (TOC)

(%)

Total organic

matter (TOM)

(%)

Water

content

(%)

Total petroleum

hydrocarbon (TPH)

(ppm)

Polyaromatic

hydrocarbons (PAHs)

(ppm)

Soil

type

FOCS NIL 0.02 0.036 2.14% 40.95 0.26 Sandy

Industrial

soil

NIL 7.11 12.23 0.72% 254.6 0.14 Sandy

Dukhan

soil

NIL 5.50 9.460 0.50% 313.3 0.05 Sandy

The method detection limits PrimacsSNC100 (less than 0.02%).
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ment setups, namely the low MW power, high MW power, and
short exposure time. As mentioned earlier, the TOC influences
the MW treatment conditions. Vidonish et al. (2016) stated

that the high TOC soil demands a high temperature of the
thermal treatment to obtain the maximum contaminant
removal. Additionally, Magi et al. (2002) demonstrated that
soil grain size affects the PAHs binding on the soil in which

clay soil particles with more surface area have more binding
Fig. 3 FTIR spectra of A.) Oil-contaminated soil from the Dukhan ci

oil-contaminated soil with 2% crude oil (FOCS), and D. The overlay
sites leading to the increase in PAHs adsorption. While the fine
soil particles with less porosity are prone to slow migration of
adsorbed pollutants leading to long-term exposure to the toxic

pollutants. Saba et al. (2011) investigated certain PAHs degra-
dation on the surface soil samples including residential soil,
barren soil, industrial soil, and garden soil. The results showed
that the garden soil with high organic matter had more ten-

dency for PAHs adsorption.
ty, B.) Oil-contaminated soil from the Industrial area, C.) Artificial

plot of the three oil-contaminated soils.



Fig. 3 (continued)
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3.2. FTIR analysis

The FTIR spectrum of a molecule offers a unique molecular
fingerprint. For the PAHs, it elucidates the binding and degra-
dation mechanisms to/of soil. This could be done by evaluat-

ing the relative absorption or transmittance intensity for the
assigned peaks. Changes/shifts in these transmittance peaks
compared to the fresh soil provide information on bonding

attraction with the soil matrix. Even though FTIR has been
used for both qualitative and quantitative analyses, qualitative
applications are of importance (Northcott and Jones, 2000).

The FTIR spectra of the untreated soils from the Dukhan,
industrial area, and the FOCS samples are represented in
Fig. 3A, 3B, and 3C, respectively. Identification of the peaks
and their corresponding functional groups before and after
treatments was performed. Furthermore, the concentration
of the hydrocarbons presents in the soils can be determined

from the obtained absorbance/transmittance value.
The obtained results of the FTIR analysis showed that the

Dukhan city and the industrial area soil samples had the major

peaks in the 800–1036 cm�1, 1400 cm�1, and 2800–2900 cm�1

regions corresponding to the C-H stretching, C-H (CH2, CH3)
asymmetric bending, and C-H stretching (symmetric and
asymmetric), respectively. These variations in the functional

groups can be attributed to the fact that changes in the func-
tional groups on the surface of the weathered samples (the
Dukhan city and industrial area soil samples) occurs as a func-

tion of time. It undergoes various photooxidation reactions
from the sun, unlike the non-weathered samples that did not
undergo any oxidation reaction (Maletić et al., 2011; Coates,
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2006; Solomon and Carangelo 1988; Munajad et al., 2017;
T�ucureanu et al., 2016; Almansoory et al., 2019). Schneider
et al., (2016) identified functional groups of nitro-PAHs com-

pounds, which are 1-nitropyrene, 2-nitrofluorene, and 6-
nitrochrysene in transmittance and emissivity spectra of PM1

samples (particular matter size of 1 lm) using FTIR. No sam-

ple preparation was done for obtaining the FTIR spectra. The
FTIR spectral fingerprints proved that nitro-PAHs could be
identified and differentiated by measuring the FTIR transmit-

tance value. It was shown that the nitro-PAHs standard spec-
tra could successfully classify nitro-PAHs in PM1 samples. It
was observed that the transmittance and emissivity spectra in
the samples presented broad bands and low intensity in com-

parison to the standard nitro-PAHs spectra. In this study,
the peak reduction for the Dukhan city soil (the lowest water
content) was achieved at high MW power and short exposure

time, while the highest reduction in the FTIR peaks for the
industrial area soil (low water content) was obtained at high
MW power and long exposure time. The reduction of 2800–

2900 cm�1 peaks, which represent the C-H stretching, in the
Fig. 4 FTIR spectra of the industrial city sample A.) Before treatme

MW power, 15 min exposure time), B.) MW treatment (100% MW p

10 min and 20 min.
industrial soil occurred at high MW power and long exposure
time.

3.3. MW And UV treatment analysis

The UV irradiation offers an encouraging environment and
plays a critical role in the transformation and degradation of

PAHs on the soil matrix (Gbeddy et al., 2020). Six MW treat-
ment variables were studied including high MW power and
short exposure time, high MW power and medium exposure

time, high MW power and long exposure time, low MW power
and short exposure time, low MW power and medium expo-
sure time, low MW power and long exposure time (Fig. 2),

as well as twelve UV-C (in the range of 240–280 nm) treatment
variables. Each MW treatment sets went through the UV-C
treatment with different time exposure, 10 min, and 20 min
(Fig. 2).

Fig. 4 illustrates that the high MW power causes more
FTIR transmittance reduction for the industrial soil sample
than the low MW power (Fig. 4A) in all identified peaks in
nt and after (100% MW Power, 15 min exposure time), and (20%

ower, 15 min exposure time) and followed by UV-C treatment for
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the spectra regions in Fig. 3A and 3B which are 800–
1036 cm�1, 1400 cm�1, and 2800–2900 cm�1 regions corre-
sponding to the C-H stretching, C-H (CH2, CH3) asymmetric

bending, and C-H stretching (symmetric and asymmetric),
respectively. Furthermore, as shown in Fig. 4B, there is no
large difference between the three spectra samples treated with

MW in the same manner but differ in the UC-V treatment;
MW 100 power with 15 min, MW 100 power with 15 min fol-
lowed by UV-C for 10 min, MW 100 power with 15 min fol-

lowed by UV-C for 20 min. It can be concluded that the
industrial soil with the highest TOC and TOM values requires
the use of high MW power and long exposure time to reach the
maximal FTIR transmittance reduction. Zhang et al. (2010)

studied the rate of degradation in soil surface for pyrene by
using UV-C light (245 nm) under various parameters. The
results showed as the degradation rate increased from 25%

to 35%, the temperature increased from 20◦C to 30◦C. More-
over, particles with size <1 mm had faster photodegradation
than particles with <0.25 mm size. This can be attributed to

the fact that particles with <1 mm can scatter more light
and it allows it to permeate the soil more. Eker and Sengul
Fig. 5 FTIR spectra for the Dukhan city sample A.) Before treatme

15 min exposure time), B.) Before treatment and after MW treatment

UV-C) and (100% MW, 15 min exposure time, and 20 min UV-C).
(2018) compared the efficiencies of PAHs degradation in soil
by solar radiation UV-A and UV-C treatments. The soil sam-
ples from the industrial area were exposed to three conditions

namely ambient air, UV-A, and UV-C irradiation. The PAHs
removal values obtained from ambient air, UV-A and UV-C
were 35%, 90%, and 86%, respectively. Furthermore, the

effects of adding TiO2 and H2O2 catalysts at different concen-
trations (1%, 10%, and 20% of dry soil weight) for PAHs
removal under ambient air conditions to mimic the real condi-

tions were investigated. The highest PAHs removal was
achieved under a concentration of 20% TiO2 (89%) while
being the highest under the concentration of 1% of H2O2

(88%). Regarding the molecular weight of different PAHs,

the removal efficiencies increased for both LMW and HMW
PAHs by adding the catalysts. However, without the addition
of catalysts, the removal efficiency was higher in LMW PAHs.

In order to achieve the maximum FTIR transmittance
reduction, the Dukhan soil with less TOC than the industrial
soil required high MW power and short exposure time fol-

lowed by UV-C treatment for 20 min. Fig. 5A shows the FTIR
spectra for the samples before applying any MW treatment
nt and after (100% MW, 5 min exposure time) and (100% MW,

followed by UV-C (100% MW, 5 min exposure time, and 20 min



Fig. 6 A.) FTIR spectra for the FOCS before treatment and after 100% MW power treatment for different exposure times, B.) FTIR

spectra for the FOCS before treatment and after 20% MW power treatment for different exposure times, C.) FTIR spectra for FOCS

sample before treatment and after (100% MW, 5 min exposure time and 20% MW, 5 min exposure time), and D.) FTIR spectra for the

FOCS before treatment and after (100% MW, 5 min exposure time) followed by UV-C treatment (10 min and 20 min).
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and after two sets of MW treatment, which are high MW
power (100%) and short exposure time (5 min), and high
MW power (100%) and long exposure time (15 min). The

FTIR results showed that there is a transmittance reduction
in some peaks at 871 cm�1, 1009 cm�1, 1419 cm�1, while for
the peaks 2849 cm�1 and 2919 cm�1 there was no transmit-

tance reduction at all for the high MW power and short expo-
sure time treatment. However, the treatment set of high MW
power and high exposure time had similar FTIR spectra as

the untreated sample, which indicated that the 100% high
MW power treatment was efficient at short exposure time
(5 min) for some peaks only. Fig. 5B shows that the FTIR
spectra of the Dukhan sample of the two treatment sets

(100% MW, 15 min exposure time, and 10 min UV-C) and
(100% MW, 5 min exposure time, and 20 min UV-C) have a
similar peak reduction compared to the untreated sample.

Additionally, there was no observed transmittance reduction
in peaks around 2849 cm�1 and 2919 cm�1 after treatment
with UV-C and other studied treatments.

The FOCS sample with the lowest TOC and TOM values
reached the maximum transmittance reduction at high MW
power and short exposure time, and low MW power and short

exposure time. From Fig. 6A, it is concluded that the highest
transmittance reduction in 854 cm�1 and 1419 cm�1 peaks
occurred at high MW power and short exposure time. Simi-
larly, as shown in Fig. 6B, the low MW power was more effi-

cient at 5 min exposure than at 10 and 15 min exposures, which
indicates that longer MW exposure time can cause adverse
effects on the reduction of the assigned peaks. Finally,

Fig. 6C compares the two MW power treatments (100%
Fig. 7 The three mechanisms of PAHs degradation
MW, 5 min exposure time, and 20% MW, 5 min exposure
time), and displayed no big difference between the two micro-
wave power treatments. On the other hand, the UV-C treat-

ment for the FOCS sample was not efficient compared to the
MW treatment for both high and low MW power treatment
as shown in Fig. 6D.

Moreover, the dielectric properties of a material ðeh, e})
plays a very crucial role in the PAHs removal by the MW heat-

ing, in which eh is the irradiated materials’ ability for storing
electromagnetic energy or to be polarized. The dielectric loss

factor is denoted by e} representing the material ability to
transform the electromagnetic energy to heat energy. Further-
more, the rate of energy generation within a defined volume of

an irradiated material can be represented as an equation (2):

Pd ¼ 2pfehe
} Ej j2 ð2Þ

where Pd signifies the amount of electric power dissipated into
heat per unit of volume (W/m3), 2pf is the angular frequency of
the electromagnetic waves (Sivagami et al. 2019).

Besides, the time-dependent equation for PAHs contami-
nated soil remediation by microwave heating is described by

Eq. (1).
Falciglia et al. (2018a, 2018b) studied the effect of pho-

todegradation treatment on contaminated sediments with
PAHs. The used MW power was 650 W, 2.45 GHz in a time

range of 1 to 7 min, while for the used wavelength for UV-A
was 350 nm within the time range up to 36 min. Because of
their dielectric properties of the sediments and the PAHs, the

results demonstrated a rapid increase in the sediment temper-
ature that occurred during the MW heating. It was noticed
during the MW heating and UV-C irradiation.
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that more than 85% removal of PAHs within 1 min MW treat-
ment (650 W, 2.45 GHz), and total PAHs removal was
achieved with longer MW irradiation.

The PAHs properties, namely polarity, and size, might
affect the PAHs degradation and the maximum temperature
reachable during the MW heating processes in addition to

the PAHs removal kinetics. The degradation efficiency of
hydrocarbons from the soil contaminated by hydrocarbons
could be due to different mechanisms: (i) vaporization by ther-

mal desorption, (ii) degradation by chemical bond breaking,
and (iii) PAHs vapor stripping (Fig. 7) (Falciglia et al.,
Fig. 8 PCA results of the industrial sample after A.) MW
2018a, 2018b). Besides, the molecular structure and polarity
of the PAHs are correlated with the activation energy required
for the PAHs desorption from soil due to the affinity of PAHs

to the soil particles. In the MW heating process, the first step
would be rapid PAHs evaporation due to the effect of water
stripping, while, the second one is the internal diffusion phe-

nomena. Based on the physiochemical characterizations of
the soil samples, the water content was the highest for the
FOCS, and the lowest was for the Dukhan soil. This totally

supports the result of the FTIR that the efficiency of degrada-
tion was the highest for the FOCS, and the lowest was for the
treatments, B.) MW followed by UV-C treatments.
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Dukhan soil. In terms of the kinetic of hydrocarbons removal,
it was shown that the Dukhan soil needed more time for PAHs
degradation as the TPH was the highest (313.3 ppm).

Also, the availability of the PAHs bound residues in soil,
which persist in the soil matrix, may significantly reduce the
accessibility and the availability for the MW radiation and

UV-C irradiation. These bound residues in soil could be
described as covalently bound to the soil, adsorbed residues
to the soil matrix by reversible non-covalent interactions;

and entrapped residues, which are retained within the soil
matrix (Northcott and Jones, 2000).
Fig. 9 The PCA results of Dukhan city sample A.) MW treatments, B

time, 10 min UV-C) and (100%MW, 5 min exposure time, 20 UV-C), C

time, 10 min UV-C) and (100% MW, 15 min exposure time, 20 min U
3.4. Principal component analysis (PCA)

Since the study involves various variables, PCA was used to
analyze all treatment sets. Thus, various experimental data
groups were associated with the FTIR (i.e. reduction of rele-

vant spectra peaks). The results were sorted out based on their
similarity and variance by using PCA. PCA divides the data
into clustered groups of spectra sharing the same variation
characteristics and showing the differences between them

(Abdel Samad et al., 2020). In this study, each sample has been
gone for eighteen different sets of treatments as is illustrated in
.) MW treatments followed by UV-C (100% MW, 5 min exposure

.) MW treatment followed by UV-C (100%MW, 15 min exposure

V-C).



Fig. 9 (continued)

7622 H.I. Eldos et al.
Fig. 2. Hence, the cluster analysis was also used to evaluate the
impact of microwave heating followed by UV-C irradiation on
the degradation of PAHs. The PCA was used in this study to

compare all these 18 treatments for any variation or similarity.
Various studies have been used a combination of FTIR spec-
troscopy and multivariate analysis such as PCA to compare

or test the variations or similarities between different treat-
ments (Oussama et al., 2020; Ashfaq et al., 2019). Fig. 8A
was constructed to determine which MW treatment differs sig-

nificantly from the spectra of the samples before the treatment,
where the percent in x-axis and y-axis represent the variability
distance, and it is shown that x-axis with 97% is more signifi-
cant than the distance in y-axis with 2% (Ashfaq et al., 2019).

Furthermore, the PCA showed that the high MW power and
long exposure (100% MW, 15 min exposure time) treatment
was the most significantly different compared to other samples

before the treatment. Then, the PCA was compared with the
FTIR spectra for the samples before treatment, most effective
treatment samples, and the least efficient treatment based on

the PCA, and the results are shown in Fig. 8A and 8B. Then,
a second PCA was done to compare the most effective UV-C
treatment at two different exposure times (10 min and
20 min). The PCA results showed that neither MW treatment

(100% MW, 15 min exposure time) followed by UV-C treat-
ment for 20 min nor 10 min is significantly different from
the MW treatment (100% MW, 15 min exposure time). How-

ever, the three treatments described in Fig. 8B are significantly
different from the untreated industrial soil. It is worth men-
tioning that the difference or variance in the PCA was

explained based on the x-axis (97%) (Fig. 8).
Fig. 9A illustrates the PCA analysis results for all MW trea-

ted Dukhan city sample to estimate the difference between

MW treatments. Based on the PCA of the Dukhan city sample
as shown in Fig. 9A, the variance was obtained based on the x-
axis (97%), the treatment set of high MW power with short
exposure time (100% MW, 5 min exposure time) was the most
significantly different from all the other samples. While the
treatment of low MW power with different exposure times
gave similar results (central cluster in Fig. 9A). Another

PCA was carried out to compare the results of samples treated
with high MW power and short exposure time (100% MW,
5 min exposure time) and high MW power and long exposure

time (100% MW, 15 min exposure time) with the two sets of
MW followed by UV-C treated samples at 10 min and
20 min, respectively as shown in Fig. 9B and C. Fig. 9B shows

that the UV-C treatment at 20 min after high MW power and
short exposure time (100% MW, 5 min exposure time) is most
significantly different from the three tested data sets. Further-
more, the UV-C treatment at 10 min after high MW power and

long exposure time (100% MW, 15 min exposure time) is the
most efficient, even better than the MW treatment alone,
which was not effective (Fig. 9C).

Similarly, to the other samples, the PCA of the MW treat-
ments of the FOCS sample was conducted. Fig. 10 shows the
PCA results for all the MW treatment sets with an x-axis vari-

ance of 97%. It can be observed that treatments are mostly
grouped in one group on the left side that is far away from
the untreated samples grouped on the right side. While on
the y-axis (2%), the variance was the highest for high MW

power and short exposure time (100% MW, 5 min exposure
time) compared to the untreated FOCS sample. It is worth
mentioning that after all treatments the peaks at 2300 cm�1

corresponding effectively to CO2 disappeared (Munajad
et al., 2017).

It could be noticed that the PCA can divulge clusters of

similar behaviors. However, the cluster analysis is the recom-
mended technique for categorizing groups of treatments. Here,
the cluster analysis was used to evaluate the impact of MW

heating, and MW heating followed by UV-C irradiation on
the degradation of PAHs from contaminated soil. The nearest
neighbor cluster method was implemented during the cluster
analysis (CA). For the industrial soil sample, two clusters were
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obtained namely cluster 1 (100% MW and 5 min exposure

time), (20% MW and 10 min exposure time), (20% MW and
15 min exposure time) and cluster 2 (100% MW and 10 min
exposure time), (100% MW and 15 min exposure time),

(20% MW and 5 min exposure time). While for the Dukhan
city soil sample, only one cluster was obtained, namely
(100% MW and 15 min exposure time), (20% MW and

5 min exposure time), (20% MW and 10 min exposure time),
and (20% MW and 15 min exposure time); these have the
highest similarity in behavior when the MW heating was used.
For the industrial soil sample regarding MW followed by UV-

C irradiation, two clusters were obtained, namely cluster 1
(100% MW, 15 min exposure time, and 10 min UV-C),
(100% MW, 15 min exposure time, and 20 min UV-C), and

cluster 2 (100% MW, 15 min exposure time). While three clus-
ters were obtained for the Dukhan city soil sample, namely
cluster 1 (100% MW, 15 min exposure time, and 10 min

UV-C), cluster 2 (100% MW, 15 min exposure time, and
20 min UV-C), and cluster 3 (100% MW, 15 min exposure
time). Ultimately, the PCA results entail significant alteration
across the irradiation period.
4. Conclusion

In this study, the potentiality of using MW treatment, and
MW treatment followed by UV-C treatment in treating
PAHs-contaminated soil was examined. The FTIR was used
to examine any difference or reduction in certain peaks and

their wavenumbers. Multivariate analysis, PCA, was used to
analyze for any variance in the different conditions of micro-
wave treatment and UV treatment. This study presented the

importance of the soil properties in determining the best con-
dition with a high removal efficiency of hydrocarbon from
oil-contaminated soil. The industrial soil has the highest con-

centration of TOC and TOM followed by the Dukhan soil,
while the FOCS has the lowest concentration of TOC and
TOM, and it has the highest water content percentage and

PAHs content among the three soil types. The Dukhan soil
has the highest concentration of total petroleum hydrocarbon
(TPH) followed by the industrial soil and the FOCS.

The obtained results of the FTIR analysis showed that the
Dukhan city and the industrial area soil samples had the major
peaks in the 800–1036 cm�1, 1400 cm�1, and 2800–2900 cm�1

regions corresponding to the C-H stretching, C-H (CH2, CH3)
asymmetric bending, and C-H stretching (symmetric and
asymmetric), respectively. In this study, the peak reduction
for the Dukhan city soil (the lowest water content) was

achieved at high MW power and short exposure time, while
the highest reduction in the FTIR peaks for the industrial area
soil (low water content) was obtained at high MW power and

long exposure time. The reduction of 2800–2900 cm�1 peaks,
which represent the C-H stretching, in the industrial soil
occurred at high MW power and long exposure time. It can

be concluded that the industrial soil with the highest TOC
and TOM values requires the use of high MW power and long
exposure time to reach the maximal FTIR transmittance
reduction. The Dukhan soil with less TOC than the industrial

soil required high MW power and short exposure time fol-
lowed by UV-C treatment for 20 min.

The PCA results of the industrial city sample showed that

neither MW treatment (100% MW, 15 min exposure time) fol-
lowed by UV-C treatment for 20 min nor 10 min is signifi-
cantly different from the MW treatment (100% MW, 15 min

exposure time). However, for the Dukhan sample, the UV-C
treatment at 10 min after high MW power and long exposure
time (100% MW, 15 min exposure time) was the most efficient

treatment.
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