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Kelvin C. Araújo a, Eryka T.D. Nóbrega a, Ailton J. Moreira b,*, Sherlan G. Lemos c, 
Wallace D. Fragoso c, Ernesto C. Pereira a,* 

a Department of Chemistry - Federal University of São Carlos, São Carlos, SP, Brazil 
b Institute of Chemistry, São Paulo State University (UNESP), Araraquara, SP, Brazil 
c Department of Chemistry, Federal University of Paraíba, João Pessoa, PB, Brazil   

A R T I C L E  I N F O   

Keywords: 
Polyaromatic hydrocarbons 
Emerging pollutants 
Fluorescence excitation-emission matrix 
PARAFAC 
Advanced oxidation processes 

A B S T R A C T   

This study proposes a new approach for the efficient photodegradation of polycyclic aromatic hydrocarbons 
(PAH) and derivatives. PAH removal was achieved in just a few minutes using a microwave photochemical 
reactor capable of producing a high concentration of •OH (2.3 mmol L− 1 h− 1). Fluorescence excitation-emission 
matrix (EEM) spectroscopy coupled to parallel factor analysis (PARAFAC) was used for quantifying two PAH and 
one alkylated PAH at low concentrations (μg L− 1). These results highlight the high potential of the photochemical 
degradation system coupled to EEM-PARAFAC as an alternative fast, inexpensive, and efficient approach for 
environmental remediation studies of PAH.   

1. Introduction 

Anthracene (ANT), naphthalene (NAP), and dibenzothiophene (DBT) 
are three organic compounds that belong to the class of polycyclic ar-
omatic hydrocarbons (PAH) and alkylated PAH [1]. The incomplete 
combustion processes of organic materials, whether natural or anthro-
pogenic, represent the primary sources of PAH in the environment. PAH 
are recognized for their persistence in various environmental matrices 
such as air, soil, sediment, and water [2]. Their existence raises envi-
ronmental and health concerns, given that PAH is toxic to many or-
ganisms and can accumulate in the food chain [3,4]. ANT, NAP, and DBT 
are the main PAH and PAH-related substances observed in oil and other 
fossil fuel spills [5–9]. They have low molecular weight and high vola-
tility, being pollutants with high environmental dispersion, causing an 
immediate impact on the quality of air, water, and human health. Given 
the potential risks associated with PAH, monitoring and mitigation ef-
forts are crucial. Consequently, regulatory agencies like the United 
States Environmental Protection Agency (US EPA) and the European 
Community have classified these compounds as priority organic con-
taminants [10]. 

Hyphenated analytical techniques, such as gas chromatogra-
phy–mass spectrometry (GC–MS), high-performance liquid chromatog-
raphy (HPLC), and capillary electrophoresis (CE), are traditionally 

employed for the detection and quantification of PAH [11–13]. These 
methods offer distinct advantages, including accuracy and sensitivity. 
However, they also come with significant drawbacks, such as expensive 
equipment and high operating costs, which limit their widespread use. 
Additionally, using these instruments requires a high consumption of 
time and organic solvents, generally involving laborious separation and 
extraction methods under the supervision of highly skilled analysts. 

PAH can also be quantified using luminescence techniques, like 
fluorescence spectroscopy [14,15]. This is possible due to their high 
quantum yield and relatively straightforward analysis. In the context of 
environmental analysis, fluorescence proves valuable for detecting and 
quantifying the presence of organic pollutants, heavy metals, and toxic 
chemicals [5,16–20], with sensitivity and selectivity, enabling the 
determination of trace amounts. Fluorescence methods do not require 
extensive sample treatment and can be carried out with much simpler 
instrumentation. When carried out as an emission-excitation matrix 
(EEM) three-dimensional analytical signal and combined with second- 
order calibration methods, like parallel factor analysis (PARAFAC), it 
is an outstanding strategy for the simultaneous identification and 
quantification of PAH in aqueous samples [21]. Furthermore, owing to 
the expeditious analysis of samples, often completed in <2 min, there is 
a notable reduction in analyte loss attributed to volatilization. This swift 
analytical process contributes to preserving sample integrity and 
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enhances the reliability of results in the study context. 
PAH can undergo degradation through various methods, including 

bioremediation, chemical degradation, thermal treatment, and photo-
degradation [22]. Analyzing the photochemical behavior of PAH is 
crucial for elucidating certain aspects of complex environmental sys-
tems. In this context, the study of the combined utilization of ultraviolet 
and microwave radiation has shown significant importance in 
advancing oxidation processes. This significance is mainly noticed when 
employing mercury discharge electrodeless lamps (Hg-MDEL), which 
enable high process efficiency [23,24]. Numerous studies have proved 
that microwave-powered electrodeless discharge lamp systems effec-
tively generate hydroxyl radicals (•OH) [25,26]. In this regard, micro-
wave irradiation has found widespread use in photocatalysis [27], 
substantially broadening its application scope to tackle diverse con-
taminants effectively. Notably, hazardous dyes [25,28,29] and pesti-
cides [30] have been successfully decomposed through this approach. 
Within this experimental configuration, the microwave serves as the 
activator for the lamp, albeit with inherent inefficiencies in the lamp’s 
operation. Of paramount significance is the observation that, despite 
their inherent efficiency, these systems are strategically employed in 
conjunction with semiconductors or oxidizing agents. This strategic 
synergy is implemented to enhance the operational processes’ overall 
efficiency systematically. 

Thus, it allows us to consider the importance of evaluating its 
application in PAH degradation. To our knowledge, this is the first study 
of the Hg-MDEL application in degrading PAH. From a different stand-
point, our study deliberately omitted the use of semiconductors or 
oxidizing agents, concentrating solely on assessing the lamp’s influence 
on the degradation of emerging contaminants. This approach allows for 
a focused exploration of the lamp’s effects within the context of 
contaminant degradation, excluding potential confounding variables 
introduced by semiconductor or oxidizing agent interactions. Therefore, 
the presented work aimed to evaluate the use of Hg-MDEL in the pho-
todegradation of anthracene, naphthalene, and dibenzothiophene via a 
developed analytical method based on the association between EEM and 
PARAFAC. The study introduces novel approaches, representing a pio-
neering effort in evaluating the efficacy of this technique for environ-
mental remediation. This uniqueness contributes to advancing scientific 
understanding and highlights the relevance of this research in the 
broader landscape of environmental pollutant analysis and remediation. 

2. Experimental 

2.1. Photochemical degradation system 

For the photodegradation studies, a photochemical reactor consist-
ing of a microwave discharge electrodeless mercury lamp (Hg-MDEL, 
UMEX, Dresden, Germany), with a functional capacity of 10 mL [23,31] 
and a microwave equipment (2450 MHz, 11.5 A, 1300 W, Electrolux, 
Manaus, Amazonas, Brazil) was used. The degradation process involved 
adding 10 mL of the mixture to the reactor. The reactor was operated at a 
microwave power of 900 W for times ranging from 0.083 to 1 min, and 
at the end of each degradation time, the samples were subjected to 
chemical analysis. The initial concentrations of the PAH in the mixture 
were 17.2 ± 0.2 μg L− 1 for ANT (Sigma Aldrich, 99%), 16.4 ± 0.7 μg L− 1 

for NAP (Sigma Aldrich, 99%), and 183.8 ± 2.7 μg L− 1 for DBT (Sigma 
Aldrich, 98%). Photodegradation assays of PAH in the presence of a 
scavenger for hydroxyl radicals [dimethyl sulfoxide (DMSO, Sigma 
Aldrich, 99%)] were also performed. In this assay, a volume of 100 μL of 
DMSO was added for each 10 mL of the solution to be degraded. 

Probe assays for •OH using coumarin (COU, Sigma Aldrich, 99%) 
were carried out in the photochemical system. A volume of 10 mL of a 
1.5 mg/L COU solution was added to the Hg-MDEL lamp and irradiated 
under the same conditions as the PAH degradation assays. In the pres-
ence of •OH, COU is converted to 7-hydroxycoumarin (7HC, umbelli-
ferone), which has an emission peak centered on 460 nm when excited 

at 330 nm [32]. A calibration curve based on the 7HC analytical stan-
dard was constructed by applying solutions with a concentration of 1 to 
20 μg L− 1. The concentration of •OH produced was calculated as 
described in the literature [33]. 

2.2. Spectra acquisition and data processing 

The excitation-emission matrices (EEM) for PAH and 7HC were ac-
quired using a Shimadzu spectrofluorometer (RF5301pc, Tokyo, Japan), 
with an aperture of 5 nm for the excitation and emission slits for ANT, 
NAP, or DBT, and 5 nm for the excitation slit and 3 nm for the emission 
slit for 7HC. The scanning conditions and maximum peaks for excitation 
and emission are described in Table 1. A 3.5 mL cuvette with a 1 cm 
optical path was used. 

The subtraction of ultrapure water EEM from sample EEM was car-
ried out to remove Raman scattering. PARAFAC was employed to 
decompose sample spectra and separate each mixture component. The 
quantification of these components was performed using a pseudo- 
univariate curve. The algorithm was implemented using the N-Way 
toolbox [34] through the graphical interface of MVC2 in MATLAB [35]. 
The number of components was estimated based on the value of the 
residual standard deviation (sfit) [5,15,36]. The limits of detection (LOD) 
and quantification (LOQ) were estimated from the limit of blank as 
presented in [37]. 

A high-performance liquid chromatograph with a fluorescence de-
tector (Shimadzu, model DGU-20 A5, Prominence, RF 20 A detector) 
was also used to analyze the degraded PAH samples using the following 
chromatographic conditions: flow rate: 1 mL/min, elution gradient: (FA) 
Formic Acid 0.1% (v/v) / (ACN) Acetonitrile, 0 min: 50%FA/50%ACN, 
0-5 min: 30%FA/70%ACN, 5-10 min: 10%FA/90%ACN, 10–10.5 min: 
50%FA/50%ACN, 10.5-11 min: 50%FA/50%ACN. Column tempera-
ture: 30 ◦C. Detection: λexc. = 250 nm and λem. = 405 nm for ANT, λexc. =
275 nm and λem. = 340 nm for NAP and λexc. = 285 nm and λem. = 335 
nm for DBT. Phenomenex Luna column, C18, 5 μm, 100 Å, 150 × 4.6 
mm. Under these conditions, a calibration curve was constructed for 
each PAH. 

3. Results and discussion 

3.1. Identification and quantification of PAH 

Figure 1 shows the EEM spectra of the aqueous standards of ANT 
(Fig. 1a), NAP (Fig. 1b), and DBT (Fig. 1c) prepared in water collected 
from natural sources. 

By applying PARAFAC to the EEM data collected from the mixture of 
PAH, four components were identified and recovered for calibration 
curve construction. Three of these components correspond to ANT, NAP, 
and DBT, as identified in Fig. 2. 

The fourth component could be attributed to organic matter natu-
rally present in surface waters, as reported in the literature [38]. Table 2 
shows the figures of merit of the method. 

The efficiency of the methodology for quantifying ANT, NAP, and 
DBT in environmental matrices was confirmed, even in the presence of 
potential interferences such as natural organic matter (Fig. 2). The LOD 
and LOQ achieved were compatible with many studies on the degra-
dation of PAH in environmental matrices and for environmental 

Table 1 
Experimental and instrumental information about the compounds studied.  

Compound λexc (nm) range λem (nm) range λexc (nm)max λem (nm)max 

ANT 230–300 310–450 250 382/406/426 
NAP 275 324/334 
DBT 284 336 
7HC 265–350 380–480 327 456 

Note: The analysis time for PAH was 2 min, and for 7HC, it was 2.5 min. 
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monitoring purposes, highlighting the applicability of the method 
[39–41]. Other advantages include the high analytical throughput and 
the greener and lower cost characteristics compared to the conventional 

methods based on chromatography [42,43]. The results for HPLC-RF 
showed greater sensitivity; however, the analysis time required for 
each sample was 11 min with the generation of organic residues from 

Fig. 1. EEM spectra of ANT (a), NAP (b), and DBT (c) standard in a surface water sample.  

Fig. 2. EEM spectra of an ANT, NAP, and DBT mixture prepared in a surface water matrix.  
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the mobile phase. Spectrofluorometers are widely available in chemical 
laboratories and have lower cost than HPLC-RF. Thus, its use to monitor 
PAH in advanced oxidation studies could be an excellent alternative. 
Considering the excellent results of the quantification methodology, it 
was applied in analyzing a mixture of PAH degraded by a photocatalytic 
process unreported in the literature to treat such environmental 
pollutants. 

3.2. Photochemistry degradation of PAH 

In the photodegradation assays, a photochemical system that has 
already shown high efficiency for the degradation of pharmaceuticals 
and pesticides was used [23,44] to evaluate its potential for the degra-
dation of PAH. Fig. 3 shows the changes in EEM spectra of the samples at 
0, 0.25, and 1.0 min, corresponding to the mixture before and after two 
periods of photochemical degradation (Fig. 3a-c). 

After processing the EEM data using PARAFAC, the ratios of the 
final/initial concentrations (C/Co) of the PAH over the degradation time 
of the pure solutions of each PAH (Fig. 3d), the mixture (Fig. 3e), and the 
mixture containing DMSO (Fig. 3f) were obtained. ANT removal showed 

high efficiency, and its degradation curve for the pure solution, the 
mixture, and the mixture with DMSO confirm that ANT is wholly 
degraded in 0.083 min. The literature shows that one of the mechanisms 
for the photochemical degradation of ANT is the breaking of the pi bonds 
in the central ring. This causes a discontinuity in the electronic conju-
gation of the aromatic structure and consequent loss of the fluorescent 
property [45]. In continuing the mechanism, species such as anthrone 
and anthraquinone can be produced by hydroxyl radical (•OH) attack. 
Still, as these by-products are not fluorescent, no signal is observed 
[45,46]. The maximum degradation of NAP in the mixture or individual 
solution was 88% and 79% in 1 min, respectively (Fig. 3d-e). The more 
excellent removal of naphthalene in the mixture may be associated with 
forming other reactive species arising from the degradation of ANT or 
DIB. This hypothesis is also reinforced by the 100% degradation of NAP 
when DMSO is added to the mixture (Fig. 3f). The DBT degradation also 
shows high efficiency in a short irradiation time. In just 0.5 min, 98% of 
DBT is degraded in the individual solution or mixture, achieving 98% 
removal in 0.42 min when DMSO is added. 

For comparison purposes, HPLC-RF and EEM-PARAFAC analyses 
were carried out for the raw and degraded mixture at 0.25, 0.5, and 1.0 
min. Fig. 4 shows the recovered chromatograms of ANT (Fig. 4a), NAP 
(Fig. 4b), and DBT (Fig. 4c) for the raw mixture and the degraded in 0.5 
min. The calibration curves obtained to quantify the analytes by HPLC- 
RF (Fig. 4d) were applied, and the removal of PAH calculated by the 
EEM-PARAFAC and HPLC-RF methods were compared in Fig. 4e. The 
errors of the samples that achieved >95% PAH removal were not added 
because the concentrations obtained were below the LOQ of the method 
applied. The average removal values obtained for the HPLC-RF method 
and EEM-PARAFAC are comparable, confirming that EEM-PARAFAC is 
an excellent alternative for monitoring PAH in advanced oxidation 
studies. 

As the photochemical system has already been characterized in 
previous studies and a high efficiency in •OH forming has been 
confirmed [23], it is possible to infer that the degradation of PAH could 

Table 2 
Figures of merit of the EEM-PARAFAC and HPLC RF methods for quantifying 
PAH.  

Compound Linear range (μg 
L− 1) 

Linear coefficient 
(R2) 

LOD / LOQ (μg L− 1) 

EEM - PARAFAC 
ANT 0.5–20 0.998 0.43 / 1.43 
NAP 5–100 0.998 2.68 / 8.91 
DBT 10–250 0.996 1.46 / 4.86 
HPLC-RF 
ANT 0.1–50 0.999 0.002 / 0.006 
NAP 0.1–50 0.996 0.01 / 0.03 
DBT 1–500 0.999 0.41 / 1.36  

Fig. 3. EEM spectrum recovered from the original sample (a) and degraded at 0.25 min (b) and 1.0 min (c). Degradation curves of PAH alone (d), in the mixture (e), 
and the mixture containing DMSO (f). 
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occur through •OH attack. The literature shows that the reaction of 
DMSO with •OH promotes the formation of methyl radicals, which may 
be the reactive species responsible for reacting with NAP and DBT to 
improve their removal. As these methyl radicals can also be produced by 
the photolysis of ANT, NAP, or DIB, the better degradation in the 
mixture is also justified [47]. To prove this hypothesis, •OH probe assays 
were carried out on the reaction with coumarin. Fig. 5a shows the EEM 
data and the profile recovered by PARAFAC used to quantify 7HC. It 
should be noted that 7HC is the oxidation product of coumarin by •OH 
identified by the heat region in the EEM spectrum with λexc. = 330 nm 
and λem. = 460 nm. 

The figures of merit were LOD = 0.247 μg L− 1, LOQ = 0.748 μg L− 1 

and R2 = 0.999. In addition to 7HC, EEM-PARAFAC recovered two 
unknown components (C2, C3) (Fig. 5a), which may be additional COU 
oxidation by-products. However, the emission intensities of these com-
pounds are negligible compared to 7HC under the conditions of analysis 
applied. Fig. 5b shows the change in concentration of 7HC at the 
different irradiation times, reaching its maximum at 0.083 min and a 
significant drop after this time. These results are compatible with our 
previous study, which proved that 7HC is oxidized when •OH is pro-
duced in excess [23], with the consequent formation of 4-hydroxycou-
marin (4HC), which was not quantified in this study. Fig. 5 c-d shows 
that the 7HC fluorescence signal disappears entirely in just 0.25 min, 
confirming the oxidation of 7HC. Using the equation proposed by 
Nagarajan et al. [48], the concentration of •OH produced in just 0.083 
min was 3.2 μmol L− 1 or 2.3 mmol L− 1 h− 1, which is well above the 
amount of •OH produced in other photochemical systems reported in the 
literature [47,48]. Therefore, the high removal efficiency of PAH in a 
short time is due to the effective production of •OH from the photolysis 
of water promoted by the Hg-MDEL lamp activated at 900 W. 

As the degradation of PAH in the mixture was greater and did not 
allow data to be collected at degradation times, the pseudo-first-order 
kinetic constants (k = min− 1) of the individual solutions calculated for 
NAP and DBT were k = 1.51 min− 1 / R2 = 0.975 and k = 6.04 min− 1 / 
R2 = 0.960, respectively. To ANT, the k value was not obtained due to 
total degradation in <0.1 min. As one can see, no changes in the ANT 
degradation profile were observed, which allows us to state that its 
degradation mechanism is mediated by photolysis and not by hydroxyl 
radical oxidation under the experimental conditions applied. However, 
the degradations of NAP and DBT were inhibited compared to that 
observed in a DMSO-free mixture. Thus, NAP and DBT oxidation occurs 
mainly via •OH action, which explains the high removal values in just 1 
min. 

To highlight the competitiveness of the analytical and degradation 
methods investigated in this study, we compared our results with others 
reported in the literature under approximate application conditions. In 
addition to achieving competitive LOD / LOQ, the method used in this 
study allows analytical data to be obtained 96% faster compared to more 
sophisticated techniques. Another positive feature is that no residue is 
produced from the chemical analysis, which is carried out in a much 
cheaper and easier-to-operate instrument compared to chromatographic 
techniques. For the degradation process using the system proposed in 
this study, the comparative data (Table 3) confirm that even without 
adding catalysts or other oxidizing agents, the removal of PAH is much 
higher than the data found in the literature [49]. 

4. Conclusions 

A fast, efficient, and cost-effective methodology has been success-
fully achieved to identify and quantify a mixture of ANT, NAP, and DBT 

Fig. 4. Chromatograms of the PAH mixture under the analytical conditions for the quantification of ANT (a), NAP (b), DBT (c), and calibration curve (d). 
Comparative PAH removal data after the photolytic process comparing the concentrations calculated by the EEM-PARAFAC and HPLC-RF methods (e). 
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in natural waters using EEM. The low LOD and LOQ achieved are 
compatible with many studies reported in the literature, and the 
method’s accessibility is highlighted. A photochemical system activated 
by microwave radiation could degrade a mixture of ANT, NAP, and DBT 

at environmentally relevant concentrations in less than one minute. The 
high efficiency was attributed to the effective production of •OH (2.3 
mmol L− 1 h− 1) from the photolysis of water, which ensured the 
degradation of PAH in just 1 min. The •OH was quantified by a method 

Fig. 5. EEM spectrum of COU and profiles recovered by PARAFAC (a). Evolution of 7HC, C2, and C3 during coumarin photolysis up to 1 min (b). EEM spectra 
obtained during the irradiation of COU at 0.25 min (c), 0.5 min (d), or 1 min (e). 

Table 3 
Comparative data on ANT, NAP, and DBT quantification methods and degradation processes.  

Quantification de PAH 

Analytical method LOQ / LOD 
(μg L− 1) 

Instrumental analysis time (min) Chemical residue from the analysis Reference 

EEM-PARAFAC 8.91 / 2.68 (NAP) 
1.43 / 0.43 (ANT) 
4.86 / 1.46 (DBT) 

2 no residue This is work 

GC-TOF-MS* - / 3.4 (NAP) 
- / 0.52 (ANT) 
- / 0.17 (DBT) 

30 dichloromethane, hexane. [50] 

LC-DAD* 5.0 / 1.5 (ANT) 45 acetonitrile [12] 
LC-UV* 0.25 / 0.083 (NAP) 12 acetonitrile [51] 
LC-PDA* 4200 / 1390 (DBT) 25 acetonitrile [52]   

Degradation of PAH under UV light 

Degradation process Initial concentration (μg L− 1)/volume (mL) Kinetic constant (k = min− 1)/R2 Total removal (%)/Time (min) Reference 

Photolysis Hg-MDEL 17.2 / 10 (ANT) 
183.8 / 10 (DBT) 
16.4 / 10 (NAP) 

1.51 / 0.975 
6.04 / 0.960 
- 

100 / 0.083 (ANT) 
99 / 0.5 (DBT) 
88 / 0.83 (NAP)  

This is work 

TiO2 5000 / - 0.008 / 0.998 94 / 180 (NAP) [53] 
Photolysis UV 500 / 2000 2.03 / 0.951 99 / 15 (ANT) [54] 
UV-H2O2 12 / 2000 – 100 / 2 (ANT) [55] 
LaZn0.5Ti0.5O3 300.000/100 0.09 / 0.97 100 / 30 (DBT) [56]  

* Requires extraction processes and sample preparation before analysis. 
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that has also been little explored and used the EEM-PARAFAC to identify 
and quantify 7HC used in the quantitative calculations of •OH. Based on 
the excellent results, we hope that the use of fluorescence coupled with 
second-order calibration can help the community in the analysis and 
monitoring of organic contaminants, identification, and quantification 
of •OH. The high degradation efficiency for the photochemical system 
incentivizes new reactor configurations to be studied to scale up the 
application process for environmental remediation. In addition to being 
fast and efficient, the photodegradation system does not require using 
catalytic compounds such as semiconductors, peroxide, persulphate, 
and others to achieve the excellent degradation of emerging 
contaminants. 
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