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• Polycyclic aromatic hydrocarbons 
remediation through solar 
photocatalysis. 

• A TiO2-based photocatalytic nano
composite was employed in anthracene 
abatement. 

• The photodegradation by-products were 
identified with UV–Vis and HPLC 
analyses. 

• The abatement efficiency of the nano
composite was higher than that of TiO2 
powder. 

• The data suggest hydroxyl radical as key 
species of the photodegradation 
mechanism.  
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A B S T R A C T   

Polycyclic aromatic hydrocarbons (PAHs) are the most widespread xenobiotic pollutants in water and their 
abatement usually involves expensive and energy-consuming treatments. In this work, anthracene (AN) was 
selected as the recalcitrant model of PAHs and its solar light-stimulated heterogeneous photocatalytic abatement 
in aerated aqueous media was investigated using a new TiO2 derived thermoplastic nanocomposite in thin film 
form. The results were also compared with the benchmark TiO2 photocatalyst in slurry form. Finally, the possible 
contribution of reactive intermediates such as hydroxyl radical, AN radical cation and singlet oxygen, was 
investigated by using a hydroxyl radical trap and laser flash photolysis. Based on the obtained results, a feasible 
mechanism for AN photodegradation, which involves hydroxyl radical as the key oxidizing species is proposed.   

* Corresponding author. Department of Chemical Sciences and I.N.S.T.M. UdR of Catania, University of Catania, V.le A. Doria 6, I-95125, Catania, Italy. 
** Corresponding author. 

E-mail addresses: placido.mineo@unict.it (P.G. Mineo), guido.deguidi@unict.it (G. De Guidi).  

Contents lists available at ScienceDirect 

Chemosphere 

journal homepage: www.elsevier.com/locate/chemosphere 

https://doi.org/10.1016/j.chemosphere.2022.134988 
Received 2 April 2022; Received in revised form 12 May 2022; Accepted 13 May 2022   

mailto:placido.mineo@unict.it
mailto:guido.deguidi@unict.it
www.sciencedirect.com/science/journal/00456535
https://www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2022.134988
https://doi.org/10.1016/j.chemosphere.2022.134988
https://doi.org/10.1016/j.chemosphere.2022.134988
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2022.134988&domain=pdf


Chemosphere 303 (2022) 134988

2

1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are produced by anthro
pogenic and natural activities. Due to their peculiar molecular structure, 
photo- and/or bio-degradation are arduous (Rehmann et al., 2008; Jing 
et al., 2015), leading to their accumulation in soil, air, and water. Their 
well-known adverse toxic effect on living organisms makes them priority 
pollutants (Honda and Suzuki, 2020; Krzyszczak and Czech, 2021). 

Different physical and/or chemical strategies have been proposed for 
the abatement of PAHs in aqueous solutions, revealing the potentialities 
of the advanced oxidation processes. Besides the high abatement effi
ciency, the process costs affect their large-scale practical application. 
Recently, advancements in the field have been obtained by using UV 
irradiation or its combination with oxidizing agents such as ozone and 
H2O2 (Rubio-Clemente et al., 2018), despite the demand for chemicals 
and specialised technical equipment. 

A greener, and more sustainable alternative, is represented by the 
direct exploitation of solar light radiation through photocatalysts, which 
ensures a quick and safe abatement process. In this context, semi
conductors have already been used as photo-generators of oxidizing 
species. As an example, water remediation employing titanium dioxide 
nanoparticles (TiO2 NPs) suspended powder (slurry) have shown effi
ciency towards xenobiotic pollutants (Guillard et al., 2003). Neverthe
less, the issues of expensive processes to separate nanoparticles from the 
depolluted water (Byrne et al., 1998) and the reduced efficiency of light 
propagation in such a cloudy suspension (high concentrated slurry), 
must be faced. The catalyst immobilization on a polymer matrix could 
reduce the costs of catalyst nanopowder recovering, promoting the reuse 
of the catalyst and improving the water treatment efficiency. Inevitably, 
the immobilization could lead to a decrease of the catalyst active surface 
area and consequently the photocatalytic activity (Murgolo et al., 2017). 
Filmable photocatalytic nanocomposites (Nicosia et al., 2021; Mezzina 
et al., 2022) have recently shown high efficiency in increasing the 
photo-degradation rate towards model pollutants. 

In this context, the photodegradation of priority pollutants such as 
PAHs through energy sustainable and easily approachable procedures 
would ensure the application of depollution methods also in economi
cally depressed world areas where advanced technological approaches 
are inapplicable. 

In this work, anthracene has been used as a recalcitrant model of 
PAHs, and its abatement in aqueous solutions has been performed using 
a thin film of a safe and cheap photocatalytic polymethylmethacrylate/ 
TiO2 nanocomposite (PTn). The PTn photo-oxidizing capacity has been 

compared with that of the suspended powder of bare TiO2 NPs (Tsp). 
Moreover, the involvement of hydroxyl radical, anthracene radical 
cation, and singlet oxygen as key oxidizing species generated by the 
nanocomposite have been investigated. This has allowed us to propose a 
reaction mechanism for PTn-mediated anthracene photoinduced 
degradation. 

To our knowledge, this is the first report about anthracene photo
degradation through a thermoplastic thin film nanocomposite in 
aqueous media employing solar light-mediated photocatalysis. 

2. Materials and methods 

The materials, instruments and synthesis procedure used in this work 
are reported in the Supporting Information (S1 and S2). Poly
methylmethacrylate (PMMA) and TiO2 NPs were used to develop two 
photocatalytic systems: the first, labelled PTn (UV–Vis spectrum in 
Fig. S3), was synthesised by radical bulk in-situ polymerization (S2.1) in 
presence of TiO2 NPs; the second, labelled PTb, was obtained by the 
physical blend of PMMA and TiO2 (S2.2). The final TiO2 NPs content in 
both PTn and PTb samples was determined through thermogravimetric 
analysis, resulting in 4.7% (w) and 5.0% (w), respectively (S4). 

The photocatalysis experiments were performed in batch, depositing 
PTn and PTb by film casting inside suitable glass test tubes (S5); the 
experiments involving bare TiO2 NPs were performed using it as water 
suspended powder (namely Tsp, 10 mg/L). 

The light-induced AN degradation was studied in an aqueous me
dium (water/acetonitrile, 70:30 v/v) using a lamp having the UVA-Vis 
sun spectrum. The concentration variation of the organic molecules 
(C/C0) as a function of the irradiation time was investigated by using 
HPLC and UV–Vis techniques, monitoring the absorption profiles of each 
eluted species. AN is known to follow a pseudo-first-order photo
degradation mechanism (Vela et al., 2012; Sliem et al., 2019), thus the 
linear fit slope of the ln(C/C0) vs. time plot represents the kinetic con
stant (k) of the photodegradation. 

The coumarin was used to detect the production of ̇OH species under 
solar light irradiation in the aqueous medium. Laser flash photolysis 
(LFP) experiments were conducted aiming to investigate the effect of the 
thin film upon the photochemical behaviour of AN (S6). 

3. Results and discussion 

The photodegradation experiments were conducted by using 
different photocatalytic nanosystems under solar-light irradiation, 

Fig. 1. a) Variation of AN concentration (C/C0) as a function of the irradiation time: without catalyst (black), with Tsp (blue), PTn (green), PMMA (red), PTb 
(fuchsia). In the inset, the UV–Vis spectra of AN during its photodegradation using PTn thin film as photocatalyst. b) HPLC traces of AN solution [water/acetonitrile 
(70:30 v/v)] exposed to a solar lamp for 120 min in presence of nanocomposite thin film, monitoring the UV–Vis absorption at 265 nm. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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monitoring the AN concentration variation (C/C0) through UV–Vis and 
HPLC analyses (Fig. 1a). The AN aqueous solution was firstly irradiated 
without photocatalyst (Fig. 1a, black line) to determine the rate of the 
AN photobleaching process [k = 0.011 (±0.00055) min− 1]. The pres
ence of a pure PMMA thin film during the irradiation (Fig. 1a, red line) 
did not result in a significant enhancement of the photodegradation 
process [k = 0.010 (±0.00047) min− 1], despite AN adsorption on the 
film could not be excluded. Instead, using physical blend PTb thin film 
(Fig. 1a, fuchsia line) the catalysed photodegradation activity resulted in 
k = 0.013 (±0.00066) min− 1. Finally, using PTn thin film (Fig. 1a, green 
line), the degradation rate underwent a notable increase, resulting in a k 
of 0.018 (±0.00082) min− 1; this confirms the efficiency of the in-situ 
bulk polymerization approach in the AN photodegradation process. 

The highest photodegradation rate [k = 0.023 (±0.0011) min− 1] was 
achieved with the Tsp (Fig. 1a, blue line). Although this might indicate 
the highest efficiency for Tsp, a new evaluation of the k values 
normalized by the weight of the catalyst resulted in 20.5 (±1.0) min
− 1g− 1 for Tsp versus 30.7 (±1.3) min− 1g− 1 for PTn, showing that the 
latter is the most active photocatalyst in AN abatement. 

To account for the photodegradation of AN in aqueous media in the 
absence of photocatalyst, a relatively complex mechanism can be 
envisaged. Thus, when a photon is absorbed by AN, an excited state is 
generated; then, the absorbed energy will be dissipated in different ways 
during the return to the ground state (Fig. 3a). One of the subsequent 
pathways could involve photoionization, leading to radical cation (AṄ+) 
formation (Type I). Then, the AN radical cation could react with water or 
oxygen to give a quinone as a product (Miller and Olejnik, 2001). 

Alternatively, the intersystem crossing phenomenon could occur fol
lowed by energy transfer between the triplet state (3AN*) and other 
molecules such as oxygen (Type II), to give the highly oxidizing singlet 
oxygen: this species would be trapped by AN, ultimately affording the 
anthraquinone. 

In addition, when a thin film of catalyst (PTn) is employed during the 
AN abatement under solar irradiation, the TiO2 photogenerated holes 
and electrons could contribute to the photodegradation. As a matter of 
fact, the photodegradation rate was markedly increased in the presence 
of PTn. 

Hence, to understand this effect, different photoirradiation experi
ments were conducted. Furthermore, the formation of by-products was 
inferred by analysing the UV–Vis spectra (inset in Fig. 1a) and clearly 
evidenced through the HPLC analyses (Fig. 1b). 

The chromatograms revealed the decrease of AN concentration and 
the concomitant formation of the 9,10-anthraquinone (AQ) as the main 
by-product, whose concentration quickly increased during the first 60 
min of irradiation. Nevertheless, comparing the AN concentration 
decrease trend with the AQ formation one, it became evident that the 
overall AN degradation did not result in a proportional AQ formation. 
Indeed, AQ followed a further photo-fate, generating 1-hydroxy-anthra
quinone (Fig. 1b) and traces of other hydroxylated by-products. 

To comprehend the improved photodegradation of AN in presence of 
thin film PTn and hypothesize the involved mechanisms, it was funda
mental to shed light on the species generated from the photocatalyst 
irradiation in presence of water and dissolved oxygen. 

In addition to the mechanisms discussed above for the 

Fig. 2. a) Fluorescence spectra of 7-hydroxycoumarin obtained through irradiation (from 20 to 120 min) of coumarin in presence of PTn; b) radical cation absorption 
decay (320 nm) and c) triplet absorption decay (420 nm) of AN alone (black traces) and in presence of PTn (red traces), respectively. Solvent: water-acetonitrile 
(70:30), air. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. a) Mechanistic pathways operating in the AN photodegradation; b) Proposed simplified mechanism of AN photodegradation in presence of PTn in an aqueous 
medium under air-saturated conditions. 
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photodegradation of AN alone, in the presence of the catalyst, one would 
expect excitation of PTn to give holes and electrons inside the polymer 
and then three contributions could be considered: i) the catalyst prompts 
the hydroxyl radical (̇OH) formation from water, which would attack AN 
to give hydroxylated products; ii) an electron transfer process occurs 
from AN to the semiconductor enhancing AN radical cation formation; 
iii) increased singlet oxygen (1O2) generation. 

In connection with pathway i), the possibility of ̇OH production by 
the photocatalyst under irradiation was investigated by employing a 
selective established test based on the detection of fluorescent 7-hydrox
ycoumarin (Zhang and Nosaka, 2015; Hirano and Kobayashi, 2016). 
Indeed, in presence of the catalyst and under light irradiation, the 
coumarin was efficiently hydroxylated (Fig. 2a). 

As regards pathways ii) and iii), to investigate the enhanced gener
ation of AN radical cation (by electron transfer) and/or of 1O2 (energy 
transfer), a LFP study of AN alone and in presence of PTn thin film was 
performed (S6). In particular, radical cation absorption was monitored 
at 320 nm and its decay was compared between AN alone and in pres
ence of PTn. No variation was observed in the initial absorption in
tensities or the decay lifetimes; this indicates that the contribution of AN 
radical cation formation by electron transfer to the hole is very minor 
(Fig. 2b). On the other hand, focusing on singlet oxygen generation, the 
absorption decays of its precursor AN triplet excited state were moni
tored at 420 nm; again, neither the initial absorption intensity nor the 
decay rate were affected by the presence of PTn (Fig. 2c) and therefore 
there was no enhancement of 1O2 production by the thin film. 

Overall, the collected data support that the photodegradation pro
cess involves mainly the hydroxyl radical generated upon the excitation 
of PTn with light in the aerated aqueous media overshadowing the 
contribution due to the electron transfer or energy transfer pathways. 

Thanks to these data the AN photo-degradation mechanism is pro
posed (Fig. 3b). The initial step of the anthracene degradation can be 
ascribed to ȮH generation by PTn that attacks AN to 9,10 positions. 
Furthermore, along the irradiation, the formed 9,10-anthraquinone 
could undergo further oxidation by ̇OH to generate 1-hydroxyanthraqui
none and traces of other oxidized by-products. 

4. Conclusions 

The abatement of AN in an aerated aqueous medium can be effi
ciently achieved through heterogeneous photocatalysis with PMMA/ 
TiO2 nanocomposite thin films. 

The photocatalyzed AN degradation mechanism has been investi
gated using coumarin as a specific ̇OH trap combined with LPF to detect 
radical cationic and triplet species derived from AN. Thus, the observed 
AN abatement is essentially ascribed to hydroxyl radical generation 
followed by the attack of the latter to the polycyclic aromatic system. 

The proposed method is potentially industrial scalable thanks to the 
synthetic procedure, readily applicable to the usual industrial bulk 
polymerization processes to obtain commercial PMMA. Finally, the 
stability and filmability of the system make it potentially suitable to be 
used as a coating in pipe systems for water and air remediation 
exploiting solar radiation. 
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