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Abstract: Photolytic degradation of dissolved compounds of 16 EPA-Listed PAHs in aqueous medium, exposed to ultraviolet/ titanium dioxide (UV-C/TiO2),
xenon light/ titanium dioxide (Xe/TiO2), xenon light/ hydrogen peroxide (Xe/H2O2) and ultraviolet/ hydrogen peroxide (UV-C/H2O2) was studied. The
compounds which detected above detection limit of applied analytical method and instrument include: naphthalene (Nap), acenaphthylene (Acy),
acenaphthene (Ace), fluorene (Flu), fluoranthene (Fln) and pyrene (Pyr) survived. A time-course experiment (0, 1, 2, 5, 12 min) was performed to determine
the fate of PAHs profile along treatments. After accomplishment of the removal process ∑6 PAHs ranked as follow: UV-C/TiO2 > Xe/TiO2 > UV-C > Xe >
Xe/H2O2, and UV-C /H2O2 with estimated values of 76.38, 23.02, 22.55, 2.78, 0.00 and 0.00% of the concentration values at the beginning of the treatment,
respectively. High efficiency of Xe/H2O2 treatment process (100.00%) at the end of treatment and the structure of residual PAHs which changed to the lighter
compounds (2,3-ringed PAHs) before accomplishment of the removal process were proven. Generally, low resistance of Fln to all treatment conditions was
observed. Total removal of Nap was considered to be a characteristic PAH compound for completion of the removal of PAHs. Mutate of parent PAH
compounds and intermediates were analyzed by gas chromatography-mass spectrometry (GC-MS) and the results suggest the evaluating the toxicity of the
treated water due to by-product formation concerns.
Keywords: Water treatment, advanced oxidation processes (AOPs), photodegradation, endocrine disrupting chemicals (EDCs), 16 EPA-Listed PAHs

INTRODUCTION
Owing to different varieties of human activities, numerous
organic and inorganic chemicals are constantly discharged
into different component of the environment. Organic
pollutants represent widely used ubiquitous substances, also
they can be found as by-products through natural and/or
human-induced processes. Polycyclic aromatic hydrocarbons
(PAHs) (CASRN: 130498-29-2) consist of two or more fused
aromatic rings and constitute an important group of
environmentally persistent and toxic organic pollutants.
Incomplete organic combustion is the main source of PAHs
while introduction of PAHs into the environment is a
consequence of both natural events (e.g., volcanic activities,
forest fires, and natural leakage of natural gas and crude oil)
and human activities (e.g., burning of fossil fuels, extraction,
transportation, and refining operations of fossil fuels, waste
incineration, and smoking) (Fechner, 2015; Förstner &
Wittmann, 1981). PAHs are distributed in the environment in
response to atmospheric transportation, wet and dry
deposition, and surface-to-air exchange processes (Zhang et
al., 2016).
© Published by Ege University Faculty of Fisheries, Izmir, Turkey

PAHs are adsorbed on particles and end in the food chain
due to their lipophilic and persistent nature, thereby causing
carcinogenic, mutagenic, and teratogenic problems. Based on
environment’s authorities e.g. European Environment Agency
(EEA) and the United States Environmental Protection
Agency (US EPA) regulations, PAHs are listed as compounds
that require elimination. Furthermore, based on the results of
different researches on chronic impacts of PAHs, these
compounds are categorized as an important part of endocrine
disrupting compounds (EDCs) (Bergman et al., 2012; Wee
and Aris, 2017; Yin et al., 2017; Zhang et al., 2016). Over the
last few decades, the levels of PAHs have increased
dramatically in the aquatic segments of ecosystem (Fechner,
2015; Forsgren, 2015; Shanker et al., 2017). Various
methodologies have been developed for disposal of PAHs
pollution in the atmosphere, soil, and sediment
compartments. However, removal of the trace levels of PAHs
from effluents have gained considerable attention in recent
years regarding the fact that the effluent quality is a
determinant factor in protecting aquatic life (Beach et al.,
2010; National Academy of Sciences, 1993; Tjeerdema,
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2012; Tornero and Hanke, 2016). Advanced oxidation
processes (AOPs), which generate highly reactive hydroxyl
radicals (e.g. ozonation, hydrogen peroxide applying, UV
irradiation, and photocatalytic techniques) have been tested
on pilot scale for the decomposition of various organic
micropollutants in effluents (Pal et al., 2010).
In natural waters, degradation of PAHs partly happens
owing to presence of oxidants (e.g. singlet oxygen, hydrogen
peroxide, and hydroxyl radicals) and solar irradiation.
Oxygenated PAHs are more reactive than their corresponding
PAHs, so as a solution, applying AOPs as a post-treatment
method for wastewaters ideally yield CO2, H2O, and inorganic
compounds as final products (Daniela M. Pampanin, 2013;
Kochany and Maguire, 1994; Ross and Crosby, 1985; Yan et
al., 2004). In the case of catalytic processes for abatement of
micropollutants in real matrices, various kinds of catalysts
such as TiO2, ZnO, Fe2O3, SnO2, and CeO2 have been
employed in different studies (Oturan and Aaron, 2014). Due
to exceptional stability under various conditions, the effective
band gap energy (∼3.2 eV), and relatively low price, TiO2 has
been widely investigated (Bagheri et al., 2017). In the present
study, photocatalyst assisted tests were conducted on TiO2
coated Pilkington Activ™ self-cleaning glass to eliminate the
release of free nano-TiO2 to the intended environment as
secondary pollution after treatment (Battin et al., 2009; Deng
et al., 2017; Mueller and Nowack, 2008; Stogiannidis and
Laane, 2015; Wang et al., 2016). Photosensitized degradation
by both visible and invisible light has been used for removing
organic chemicals; in particular, increased efficiency of lightassisted degradation process has been proved via
semiconducting of photocatalysis (Chatterjee and Mahata,
2002). In the present study, the photolytic degradation of
naturally dissolved compounds of 16 EPA-Listed PAHs was
compared in aqueous medium, under simulated natural
sunlight by Xenon lamp irradiation and short-wavelength
ultraviolet (UV-C100-280 nm) irradiation. Hydrogen peroxide
was applied for generation of hydroxyl radical (OH•) to assist
photolysis as a safe method for organic micropollutants
removal from treated wastewater (Tiedeken et al., 2017). For
all tests, the quantitative molecular structure of the remaining
and degradation efficiency for target compounds were
studied. The generated intermediates were also investigated.
According to our knowledge, previous studies have not
examined the mixture of 16 EPA-Listed PAHs and were
focused on the degradation yields of more water soluble
PAHs without presence of the other PAH congeners in the
tests, whereas PAH concentrations in various environmental
samples contains a mixture of lower molecular weight (LMWPAHs) and high molecular weight (HMW-PAHs) even they are
nonsoluble/semi-soluble in water, so the interaction between
PAHs during AOP tests has remained ignored which is
inevitable in real environment. The basic aim of this research
is clarification of effective AOP methods which suits the
requirements of green/sustainable water management.
MATERIAL AND METHODS
Preparation of aqueous PAHs solution
EPA 610 Polynuclear Aromatic Hydrocarbons Mixture
analytical standard was obtained from Supelco (USA). The
studied PAHs, along with their abbreviations, are listed in
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Table 1. A total of 800 µL of the standard mixture was
transferred to 2000 mL volumetric flasks containing
approximately 300 mL deionized water. They were then
marked by deionized water and shaken immediately to
minimize glassware adsorption. The shaking continued up to
complete disappearance of the droplets of the standard
solution. The pH of the prepared solution was measured as
6.83 (concurrent temperature 25°C) by a WTW pH meter
(model 3110, Germany). To achieve the most similar
conditions to natural aqueous medium, surfactants were not
applied to increase the solution of compounds. The solutions
were stored under dark and cool conditions (4°C) until
photodegradation processes. Stock solutions were prepared
just before (30 minutes) experiments.
Photodegradation procedure
Characterization
In order to determine the TiO2 coated surface of the glass,
size, and kind of particle which are key factors in
photocatalyst efficiency (Gmurek et al., 2017), both surfaces
of the Plinkton Active™ glass were characterized by Raman
spectroscopy using (Renishaw InVia Raman spectroscopy
RM1000, Gloucestershire, U.K.) as an accurate way for the
analysis of surface morphology of thin TiO2 films (Kurtoglu,
Longenbach, and Gogotsi, 2011; Kurtoglu, Longenbach,
Reddington, et al., 2011). The results of Raman spectra
revealed clear characteristic peaks of anatase phase of TiO2
nanocrystals (the Bands:144, 396, 514 and 636). The Raman
spectra of glass surfaces are demonstrated in Figure 1a. Xray diffraction patterns (XRD) were recorded by Bruker AXS
model D8 advanced diffractometer (Cu Kα radiation
(λ=1.54187 Å) at 40 kV and 35 mA with Bragg angle ranging
from 3 to 70). Smoothed XRD image 2θ = 25.28°
corresponding to the anatase phase TiO2 is illustrated in
Figure 1b. Regarding Scherrer equation and XRD results, the
anatase phase of TiO2 crystallite was determined too.
To clarify the roughness condition of the coated surface of
Plinkton ActivTM glass, the surface morphology of the glass
was studied by atomic force microscopy (Flex AFM, Nanosurf,
Switzerland). From the top-down view (TiO2-coated surface
of glass), the average TiO2 nanoparticle diameter is about
90±30 nm (Figure 2.a). The hemispherical peaks are
observable in the topographical view (Figure 2.b). From the
sectional AFM view (Figure 2.d) the thickness of the TiO2
layer on the glass is about 8±3 nm. The results indicate the
appropriate roughness with a high surface area for the
photocatalytically active surface of the glass. The top-down
view (bare surface of glass) AFM images exhibit very smooth
surface in comparison with the active surface (Figure 2.c).
The irradiation experiments used two UV-C TUV 15W
lamps (model SLV/25, Phillips, Netherlands) and an Osram
XBO R 300 WC Xe-arc lamp as a simulator of solar light. The
radiation intensity of the UV lamp in the experimental setup
was measured by UV radiometer (Cassy Lab Company,
Germany).
After adjusting the distance of the active surface of glass and
sources of irradiation, the light intensity was measured as
11.5 and 21.9 (W/m2) for UV-C and Xe tests, respectively.
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Table 1. The physicochemical properties and abbreviations of studied PAHs
PAH

Abbreviation

Structure

MWa (g.mol-1)

RNb

Sc (mg.L-1)

1

Naphthalene

Nap

128

2

32

2

Acenaphthylene

Acy

152

3

3.9

3

Acenaphthene

Ace

152

3

3.9

4

Fluorene

Flu

166

3

1.9

5

Phenanthrene

Phe

178

3

1.1

6

Anthracene

Ant

178

3

0.05

7

Fluoranthene

Fln

202

4

0.26

8

Pyrene

Pyr

202

4

0.13

9

Benz[a]anthracene

BaA

228

4

0.009–0.014

10

Chrysene

Cry

228

4

0.002

11

Benzo[b]fluoranthene

B[b]F

252

5

0.0014

12

Benzo[k]fluoranthene

B[k]F

252

5

0.0007–0.008

13

Benzo[a]pyrene

B[a]P

252

5

0.003

14

Dibenzo[a,h]anthracene

DBA

278

5

0.0005

15

Benzo[g,h,i]perylene

B[g,h,i]P

276

6

0.00026

16

Indeno[1,2,3-c,d]pyrene

Ind

276

6

0.00019

a Molecular

Weight, b Ring Number, c aqueous solubility (25 °C)
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Figure 1. Raman spectra of glass surfaces (a) and XRD pattern of TiO2 coated surface (b)

Figure 2. AFM images of Pilkington Activ™ glass in (a, b) a top-down view, (c) a topographical view, (d) sectional
view for active and bar surfaces, respectively
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Photodegradation procedure
Aqueous PAHs solution was poured into the Borosilicate
3.3 glass crystallization dishes (280 mL, Ø 95 mm) purchased
from ISOLAB GmbH (Germany). Concerning UV-C/TiO2 and
Xe/TiO2 tests, the round cut TiO2 coated glass (Ø 75 mm) was
placed in the crystallization dishes with nickel-chrome stands
in direction of the irradiation sources. The active surface of
the glass faced the lamps and aqueous PAHs solution was
filled such that it rose about 1 cm from the active level of
glass. Magnetic mini-stirrers model Topolino from IKA
(Germany) and 6x25 mm PTFE magnetic stirring bars from
LP ITALIANA S.p.A. (Italy) were used for agitating the
solutions. To determine the concentration of H2O2 solution,
titration with a 1 M solution of potassium permanganate
(KMnO4) was performed where the concentration was
estimated at 31.19%. For UV-C/H2O2 and Xe/H2O2 tests, H2O2
concentration increased to 10 ppm by adding 2.2 µL H2O2 to
100 mL in the intended reaction vessels. Dark controls of the
aqueous PAHs solution and H2O2-added solution were
conducted to ensure that no loss of the PAHs occurred via
reactions other than photolysis (i.e. hydrolysis, evaporation,
and adsorption to the walls of the reaction vessel). Also,
control adsorption experiments were performed for TiO2assisted tests.
The sampling was performed at times of 1, 2, 5 and 12
minutes after starting the irradiation across all tests. 15 mL of
treated samples were taken by colorless polypropylene
disposable pipet tips from BRAND™ (Germany) and stored in
glass- screw cap conical centrifuge tubes with Rubber lined
caps as a method of preventing evaporation from the
samples; The tubes were washed carefully by GC-grade
acetone and dried in 200°C for 30 min to eliminate any
possible contaminations. Also, filled tubes covered with
aluminium foil to prevent any light damage until extraction
step. The reactor temperature was adjusted at 25°C for all
tests. With regards to UV-C, UV-C/TiO2, and UV-C/H2O2
tests, for each sampling, the electric source of the reactor was
switched off to eliminate any possible exposure to UV-C
irradiation. Also, considering volatility and high toxicity of the
researched PAH compounds and an extraction solvent,
wearing a NIOSH/MESA approved toxic gas respirator was
necessary (USEPA, 2007).
Dispersive liquid-liquid microextraction (DLLME)
procedure
Residual PAHs after the degradation process was
determined gas chromatographically. For this purpose, an
effective sample preparation was required. So, a dispersive
liquid-liquid microextraction method as previously reported by
Assadi et al. (Rezaee et al., 2006) was employed with slight
modifications. A 10.00 mL aqueous sample was placed in a
15 mL glass conical centrifuge tube. The mixture of 1.00 mL

of acetone (as disperser solvent) and 20.00 µL
tetrachloroethylene (C2Cl4) (as extraction solvent) was
injected into the sample. After formation of a stable cloudy
solution, the mixture was centrifuged for 2 min at 6000 rpm.
The dispersed solvent droplets were sedimented in the
conical bottom of centrifuge tube. The 2.00 µL of sedimented
phase was separated manually using a fixed needle syringe
for Agilent Instruments (Thermo Scientific™) and stored in
100μL Insert silanized glass inserts/polymer spring/conical
precision point interior placed in amber vials with cap
PTFE/Silicone septa for GC and then samples transferred
immediately to analyzed by GC/MS.
Chromatographic analyzes
The efficiency of the investigated method in the
degradation of target compounds and identification of
intermediate products during the degradation process were
examined using gas chromatographic-mass spectrometric
analysis. For this purpose, An Agilent 7890A GC coupled with
5975C MS (with EI source, Quadrupole mass analyzer, and
triple axis detector) (USA) was utilized. Separation of PAHs
and intermediate compounds was performed on Agilent HP5MS capillary column (30 m × 0.25 mm ID, 1 µm film
thickness) (USA) according to the following temperature
programming:
The initial column temperature was set at 100 ºC and held
for 2 min then rose to 310 ºC at 15 ºC min-1 and held for 25
min. Injection port, ionization source, and quadrupole mass
analyzer temperatures were set at 280, 230 and 150 ºC,
respectively.
Quality assurance and quality control
The limits of detection (LODs) and limits of quantification
(LOQs) are both important parameters as figures of merit in
an analytical method which in chromatographic methods of
analysis were calculated as 3×S/N and 10×S/N, respectively
for each analyte (Table 2). The low LOD (7-10 ngL-1) and
LOQ (23-35 ngL-1) values show high performance of the
preferred analytical method in trace PAHs analysis. Also,
linear dynamic range for each analyte was obtained by
plotting calibration curve (analyte concentrations vs.
corresponding peak areas) which started from concentrations
near to LOQ and continues until 5% deviation from linearity.
Good linearity (r2=0.9994-0.9999) and wide linear dynamic
range are advantages of the method. In order to evaluate the
method precision, relative recoveries were calculated using
𝐶
added-found method via 𝑅 = ( 𝐹 ) × 100, where CF and
𝐶𝐴

CA were the found concentration and added concentration of
the analytes (EPA 610 Polynuclear Aromatic Hydrocarbons
Mixture analytical standard), respectively. Results in Table 2,
indicate that the results precision is acceptable.
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Table 2. Figures of merit of DLLME-GC/MS method for PAHs analysis.
Compound
Nap
Acy
Ace
Flu
Fln
Pyr
a

r2
0.9998
0.9997
0.9999
0.9995
0.9998
0.9994

LOD (ngL-1)
10
10
7
8
10
10

LOQ (ngL-1)
35
35
23
26.5
35
35

LDRa (µgL-1)
0.02-200
0.02-200
0.02-200
0.02-200
0.02-200
0.02-200

Mean recovery(%)±SDb
85.0±4.25
82.5±4.54
86.2±5.17
87.1±4.79
85.6±5.13
84.3±4.36

Linear Dynamic Range, b Standard Deviation

PAHs quantitative molecular profile fate
To clarify the quantitative molecular fate of PAHs profile in
treated aqueous solutions, degradation efficiency (DE) of
each PAH compound was evaluated under for all treatments.
To elucidate the influence of studied AOPs on PAHs
remaining profile, the total percentage of PAH remaining (∑6
PAHs) for each individual treatment were measured and
compared. Also, to illustrate the properties of processes in
terms of PAH content characteristics, PAH remaining was
categorized according to their ring sequences.
Results and discussion
Dark control of the H2O2-added PAHs solution revealed
negligible degradation values as 0.79, 1.00, 1.30 and 2.79%
over the sampling time stages.
UV-C irradiated treatments
Degradation diagrams related to UV-C irradiated treatments
are represented in Figure 3.
Nap degradation pattern through UV-C treatment was
recorded as 53.85, 54.88, 77.39, and 92.42% at 1, 2, 5, and
12 minutes after starting the treatment respectively. This
pattern was recorded as 26.70, 4.72, 2.48 and 34.37% for
UV-C/TiO2 and 10.56, 27.91, 67.95, and 100.00% for UVC/H2O2 treatment. In general, these results suggest high
performance of UV-C and UV-C/H2O2 treatments in
degradation of Nap. This compound has extensive
applications and high solubility so presents predominantly in
precipitations, effluents, and runoffs (see Table 1) (Mastral
and Callén, 2000; Naphthalene in Moth Balls and Toilet
Deodorant Cakes - Fact sheets, n.d.; Ravindra et al., 2008).
Based on this information, the researched AOPs seem more
considerable for the degradation of Nap (Mondal et al., 2014).
The results of degradation pattern for Acy under UV-C
treatment were 24.76, 12.97, 37.84, and 72.03% at 1, 2, 5
and 12 minutes after starting the treatment respectively. The
degradation pattern of the abovementioned sampling times
for UV-C/TiO2 treatment was obtained as 29.20, -4.39, -10.50,
and 24.40%. Also, 10.56, 27.91, 67.95, and 100.00% were
identified for UV-C/H2O2. In general, high performance of UVC/H2O2 in degradation of Acy was observed.
The degradation pattern of Ace was recorded as 29.04,
24.69, 53.89, and 81.40% for UV-C treatment; 32.63, 6.81,
0.73, and 26.40 for UV-C/TiO2 treatment as well as 6.20,
69.70, 19.68, and 100.00% for UV-C/H2O2 treatment. The
20

results show high performance of UV-C/H2O2 in degradation
of Ace.
Flu was degraded with 56.80, 59.29, 69.69, and 82.97%
under UV-C treatment; 27.51, -12.63, -21.35 and 31.72% for
UV-C/TiO2 treatment and -2.23, 71.73, 25.06, and 100.00%
for UV-C/H2O2 treatment. In general, high performance of UVC/H2O2 treatment in degradation of Flu was evidenced.
The degradation pattern of Fln was recorded as: 100.00, 9.62, 100.00, and 100.00% under UV-C treatment, where
26.69, 22.95, 7.81, and 22.29% for UV-C/TiO2 treatment and
-2.18, 71.73, 25.07, and 100.00% through UV-C/H2O2
treatment were obtained. All these generally suggest the high
performance of UV-C and UV-C/H2O2 treatments in
degradation of Fln.
The results of degradation pattern of Pyr were identified
as 39.84, 100.00, 100.00, and 53.66% under UV-C treatment;
100.00, 100.00, -25.89, and 12.85% for UV-C/TiO2 treatment;
and -2.18, 71.71, 25.08 and 100.00% for UV-C/H2O2
treatment. This group of results generally reveals high
performance of UV-C /H2O2 treatment in degradation of Pyr.
Some minor exceptions (increases < -2% under UVC/H2O2 treatments) are explainable by the low
electrochemical oxidation potential of individual compounds
Flu and Fln as 1.62 V and 1.83 V respectively (Gurunathan et
al., 1999) in comparison with H2O2 oxidation potential of 2.8
V. Hence, H2O2 initially acts as an electron scavenger
(Viswanathan et al., 2015; “Water Treatability Database /
Ultraviolet Irradiation + Hydrogen Peroxide,” n.d.) up to
production of OH• causing diminished DE over initial times of
treatments (before 5 min).
In the Figure 3.b we are witness of increased peak of
target compounds between sampling times of 1 min and 2
min in UV-C/TiO2 test and then decrease the DE peaks in
following sampling times, could be explained by catalytic
cracking of PAHs via HMW-PAHs to LMW-PAHs during the
process (Pujro et al., 2015) HMW-PAHs include compounds
with five and six fused aromatic rings which are strongly
carcinogenic and mutagenic. Further, due to the number of
benzene rings and unsaturation degree they become
increasingly stable and nonbiodegradable (Stogiannidis and
Laane, 2015). HMW-PAHs are introduced into aquatic
environments both directly (via dry deposition of aerosolbound PAHs) (González-Gaya et al., 2016) and indirectly
(through road and storm-water runoff) (U.S. Environmental
Protection Agency, 2007). Accordingly, cracking the HMWPAHs to lighter PAHs deserves attention.
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Figure 3. Degradation diagrams associated with UV-C irradiated treatments; UV-C treatment (a), UV-C/TiO2 treatment
(b), UV-C/H2O2 treatment (c)

Simulated solar treatments
Degradation diagrams related to Xe irradiated treatments are depicted in Figure 4.

Figure 4. Degradation diagrams associated with the simulated solar irradiated treatments; Xe treatment (a), Xe/TiO 2
treatment (b), Xe/H2O2 treatment (c)

21

Kargar et al., Ege Journal of Fisheries and Aquatic Sciences, 37(1), 15-27 (2020)

Nap degradation pattern was obtained as 57.55, 53.86,
79.71, and 92.08% by Xe irradiation treatment, where -3.08, 34.88, -5.83 and 49.92% for Xe/TiO2 test as well as 20.48,
37.21, 54.36, and 100.00% for Xe/H2O2 treatment were
achieved. The results suggest the high performance of Xe
and Xe/H2O2 treatments in degradation of Nap. Observation
of the increased peak of Nap at primary sampling times (1
and 2 min) of the Xe/TiO2 treatment and stay undegraded
(just 40% degraded) up to end of treatment (Figure 4.b) could
be explained as catalytic cracking of PAHs by high molecular
weight (HMW-PAHs) to lower molecular weight (LMW-PAHs)
PAHs during the process (Pujro et al., 2015).
The results of degradation pattern for Acy were
determined as 100.00, 38.48, 55.24, 100.00% for Xe
irradiation treatment, where 14.34, 100.00, 6.94, and
100.00% for Xe/TiO2 and 12.87, 28.34, 100.00, and 100.00%
for Xe/H2O2 treatment were obtained. According to the
results, high performance of UV-C/H2O2, Xe, and Xe /H2O2
treatments was evidenced in degradation of Acy. The Acy
decreased 6.94% at min 5 subsequently 100% after min 2
under Xe/TiO2 treatment, it could be explainable as catalytic
cracking of PAHs by high molecular weight (HMW-PAHs) to
lower molecular weight (LMW-PAHs) PAHs during the
process too (Pujro et al., 2015).
Degradation pattern of Ace recorded as: 40.37, 47.39,
71.75 and 93.36 degradation percentages for Xe irradiation
treatment; 10.63, -22.64, 2.35 and 43.32 percentages for
Xe/TiO2 treatment and 16.73, 28.21, 100.00 and 100.00
percentages were obtained for Xe/H2O2 at 1, 2, 5 and 12
minutes after starting the treatment. Regarding this group of

Figure 5. ∑6 PAHs remaining diagram for investigated AOPs
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results, Xe and Xe/H2O2 treatments were revealed high
performance to degradation of Ace.
The degradation pattern of Flu was recorded as: 65.87,
69.59, 73.31, and 100.00% through Xe irradiation treatment,
where 51.78, 43.50, 50.47, and 78.83% for Xe/TiO2 treatment
and 16.74, 28.29, 100.00, and 100.00% for Xe/H2O2 were
obtained at 1, 2, 5 and 12 minutes after starting the treatment.
In general, Xe and Xe/H2O2 treatments exhibited high
performance in the case of Flu degradation.
The results of degradation pattern for Fln revealed
100.00% at all sampling steps under Xe irradiation and
Xe/TiO2-assisted treatments. Also, 21.97, 28.32, 100.00, and
100.00% for Xe/H2O2 were determined at 1, 2, 5, and 12
minutes after starting the treatment. This group of results
generally indicates the high performance of Xe, Xe/H2O2, and
Xe/TiO2 treatments in degradation of Fln.
The results of degradation pattern of Pyr were identified
as 100.00, 60.19, 67.70 and 100.00% for Xe through
treatment at 1, 2, 5 and 12 minutes after starting the
treatment. Also, 59.26% of the first sampling stage and
100.00% of the next sampling time stages were obtained
under solar-TiO2 assisted treatment, while 16.79, 23.57,
100.00, and 100.00% were achieved for Xe/H2O2 at sampling
time steps. These results generally suggest the high
performance of Xe, Xe/H2O2, and Xe/TiO2 treatments in
degradation of Pyr.
Total PAH remaining pattern
The survey of total mass remains of PAH for each
individual treatment has been reported in Figure 5.
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As presented in the diagram, apparently DE in TiO2assisted treatments seems very weak (total remaining of
76.38% after 12-min treatment). This can be explained by
lower energy band gap of PAHs with lower molecular weight
(2-4 ringed PAHs) (Luo et al., 2015). Further, the limited
amount of coated TiO2 nanocrystals on the glass is another
possible reason for seemingly weaker performances in
comparison with other treatment processes. With growth in
the active surface of TiO2 and/or increase the treatment
duration, enhancement of degradation rate will be expectable
(D. Dionysiou et al., 2016). Overall, the total six parent PAHs
concentrations in the last sampling stage (12 min after

starting the treatment) can be ranked as follows: UV-C/TiO2 >
Xe/TiO2 > UV-C > Xe > Xe/H2O2, and UV-C /H2O2 with
estimated values of 76.38, 23.02, 22.55, 2.78, 0.00 and
0.00% of the concentration values at the beginning of the
treatment, respectively.
Ring sequencing
The remaining PAHs were categorized according to their
ring sequences, as two-ring group (including Nap), three-ring
group (including Acy, Ace, and Flu) and four-ring group
(including Fln and Pyr) (Figures 6 and 7).

Figure 6. Remaining concentration composition of PAHs categorized according to their ring
sequences for UV-C treatment (a), UV-C/TiO2 treatment (b), and UV-C/H2O2 treatment (c)

Figure 7. Remaining concentration composition of the PAHs categorized according to their ring
sequences for Xe treatment (a), Xe/TiO2 treatment (b), and Xe/H2O2 treatment (c)
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Regarding the diagrams of remaining PAH patterns with
reference to their ring sequences, we witnessed an ascending
trend in 2 rings remaining in PAHs profiles belonging to solar
irradiated treatments (Xe, Xe/H2O2, and Xe/ TiO2) although
the reverse was recorded for UV-C treated tests (UV-C, UV-C
/H2O2, and UV-C / TiO2). These results suggest the absolutely
high performance of Xe/H2O2 (Figure 7.c) and UV-C/H2O2
(Figure 6.c) treatment for abatement of the parent target PAH
compounds (100% at 12 min after starting the treatment) but
from the view of the ring sequences of remaining
concentration at 5th min of treatment in Xe/H2O2 and UVC/H2O2 treatments, Xe/H2O2 profile is superior to UV-C/H2O2.
Converting the profile of PAHs in aqueous mixture with both
“petrogenic” and “pyrogenic” characteristics to lighter
petrogenic characteristic is desirable in terms of
environmental health globally (Ramesh et al., 2011).
However, there is a need to extend ecotoxicological tests to
achieve reliable information about the environmental
applicability of the AOPs in real scale regarding the high
possibility of generation of hydroxy-PAHs (OH-PAHs) in H2O2assisted treatments due to a significant reduction factor of
OH•. The polar functional groups enhance the hydrophilicity of
OH-PAHs (Achten and Andersson, 2015). Also, some OHPAHs have higher genotoxicity and higher half-live with more
persistent, bioaccumulative and toxic properties (Motorykin et
al., 2015).
Formation of temporary products
For the investigated processes including UV, Xe,
UV/TiO2, Xe/TiO2, UV/H2O2, and Xe/H2O2, the remaining
temporary byproducts were determined after 12 min of each
process. The experiments were repeated for three times with
repetitious GC peaks analyzed. The identified byproducts are
reported in Table 3. During PAHs photodegradation under UV
and Xenon irradiations, sequencing destruction of PAHs leads
to the formation of compounds 1 and 3. Other byproducts
containing oxygenated functional groups can be produced by
the general following pathways (Fasnacht and Blough, 2003):
The PAHs photodegradation can initiate by three
proposed primary reactions. In the first pathway, the
absorption of a photon by PAH molecule results in the
generation of PAH cation-radical (PAH+) thereby releasing an
electron reacting with dissolved oxygen molecule (Miller and
Olejnik, 2001). The generated cation-radicals can produce
very oxidative radical intermediates such as superoxide
anion-radicals and aromatic hydrocarbon anion radicals from
reacting with water molecules or hydroxide anions. The
produced radicals can further react with PAHs to produce
stable byproducts containing oxygenated functional groups
listed in Table 3. The active oxidative radicals can be
produced via other mechanisms. The second pathway
involves development of excited triplet state of a PAH
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molecule with O2 in a 3PAH*-3O2 complex (Sigman et al.,
1991). It has also been proposed that O2 can be adsorbed by
a PAH molecule to form a ground state PAH-O2 complex.
Under the photon irradiation, charge transfer complex will be
formed (photoionization). 𝑃𝐴𝐻+ − 𝑂2− complex can produce
superoxide anion-radicals (Sigman et al., 1998).
During advanced oxidation processes (i.e UV/TiO2,
Xe/TiO2, UV/H2O2 processes), it is well known very oxidative
and highly reactive hydroxyl radicals are generated (AmaniGhadim and Dorraji, 2015) which can oxidize the organic
pollutants unselectively. These relevant reactions at the
photocatalyst surface cause the degradation of PAHs. In
addition to the mentioned reactions, for producing hydroxyl
radicals, the active radicals can be generated via
photosensitization mechanism described in Eqs. (1-3)
(Konstantinou and Albanis, 2004):
𝑃𝐴𝐻 + ℎ𝜈 → 1𝑃𝐴𝐻∗ → 3PAH ∗
3

−
PAH ∗ + 𝑇𝑖𝑂2 → 𝑃𝐴𝐻.+ + 𝑇𝑖𝑂2 (𝑒𝐶𝐵
)

− )
𝑇𝑖𝑂2 (𝑒𝐶𝐵
+ 𝑂2 → 𝑂2.− + 𝑇𝑖𝑂2

(1)
(2)
(3)

Due to the non-selective reaction feature of hydroxyl
radicals, formation of various by-products is expectable.
However, it is very difficult to determine the degradation
pathway of each PAH and the parent PAH of each identified
byproduct. With change the main GC peaks related to the
PAHs, some new peaks related to temporary degradation
byproducts were appeared.
CONCLUSIONS
This study investigated the photochemical treatments
based on simulated solar and UV-C radiation with TiO2 and
H2O2 for degradation of dissolved compounds of 16 EPAListed PAHs in aqueous medium. During simulated solar
treatment processes, the structure of residual PAHs was
changed and the ratio of lighter compounds (2,3-ringed
PAHs) increased clearly before accomplishment of the
removal process. The results have expanded the borders of
understanding on the fate of PAHs and their by-products in
aqueous medium through the investigated AOPs, which
facilitated the prediction of PAH-related hazards in aqueous
medium. Multistage treatment system approaches, end to
bioremediation systems to decay trace, light and
biodegradable remaining can be supposed to reinforce AOP
water treatment systems to achieve high levels of
environmental safety for effluents of the system. The results
suggested the ability of solar irradiation to reduce PAH
pollution in contaminated effluents and superiority of PAHdegrading of Xe/H2O2 and UV-C/H2O2 treatment for total
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elimination of parent PAH contaminators in aqueous medium.
Undoubtedly, performing future extended ecotoxicological

tests can expand the real scale tests to decrease the
influence of PAHs on aquatic environments.

Table 3. Possible identified byproducts during photolytic degradation of naturally dissolved compounds of 16 EPA-Listed PAHs by UV, Xe, UVTiO2, Xe-TiO2, UV/H2O2, and Xe/H2O2 processes
Compound

Retention time
(min)

Main fragments

1

7.145

2

7.848

Product Structure

Product Name

Process

78, 77, 52, 51, 39

Benzene

Xenon,
UV

46, 44, 29, 28, 18

Oxalic acid

Xenon, Xenon/TiO2
coated glass,
Xenon/H2O2
Xenon,
UV,
Xenon/TiO2 coated
glass

3

10.065

152, 126, 76, 63, 50

Biphenylene

4

10.205

94, 66, 40, 39

Phenol

5

10.307

220, 205, 189, 177, 161,
145, 57

Butylated
hydroxytoluene

UV-TiO2 coated
glass
UV/H2O2

6

11.021

122, 107, 91, 79, 65, 39

4-Methylbenzyl
alcohol

UV

7

11.309

122, 105, 94, 77, 51, 39,
27

Benzoic acid

8

11.537

107, 92, 91

2-(Benzyloxy)-2methylpropan-1-ol

9

12.597

87, 60, 45, 43, 42, 29

Malonic acid

All investigated
processes

10

13.495

276, 261, 232, 217, 205,
189, 175, 161, 149, 135,
109, 91, 57

7,9-Di-tert-butyl-1oxaspiro(4,5)deca6,9-diene-2,8-dione

Xenon/TiO2 coated
glass
UV

11

17.286

148, 104, 76, 50, 38, 18

1,2benzenedicarboxyli
c acid

All investigated
processes
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