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ABSTRACT

Polycyclic aromatic hydrocarbons (PAHs) are common contaminants ubiquitously present in various waste
products such as biosolids (e.g. wastewater sludges), oil spill residues (e.g. tarballs), road asphalts, and com-
bustion byproducts. In this study, the photodegradation of PAHs is investigated under natural sunlight (cloudy
and sunny/clear weather conditions), and using two types of artificial LED light sources. This is the first study to
investigate the relative efficiency of low-cost LED light sources for conducting laboratory-scale PAH photo-
degradation experiments and directly comparing the results against those obtained using natural sunlight. Two
types of LED light sources are investigated in this study: a light source with a full-spectrum range (380 nm-780
nm) that can cover the broad wavelength range of solar light reaching the Earth’s surface, and a light source with
a UV-A range (365 nm) that covers the UV range of the solar spectrum reaching the Earth’s surface. The results
show that the degradation of high molecular weight (HMW) PAHs is primarily due to photodegradation, and
other lighter PAHs are degraded by both photodegradation and evaporation processes. HMW PAH photo-
degradation reactions follow the first-order degradation kinetics. The degradation rate constants of different
PAHs are used to compare the relative efficiency of the light sources. The data show that the full-spectrum LED
induced PAH photodegradation rates are similar to the natural sunlight induced rates. Furthermore, when the
values of the rate constants are normalized to respective irradiance levels, the normalized rates for HMW PAH
photodegradation under both full-spectrum LED light and natural sunlight are almost identical. However, the
normalized photodegradation rate constants of HMW PAHs under the UV-A LED light are about two to three
orders of magnitude higher than the sunlight as well as the full-spectrum-LED values. Therefore, the UV-A LED
light is the optimal low-cost light source for studying PAH photodegradation processes under laboratory
conditions.

1. Introduction

solubility, high molecular weight PAHs tend to sorb to particulates and
hence are widely transported through the environmental system and can

Polycyclic aromatic hydrocarbons (PAHs), a group of organic com-
pounds with two or more fused aromatic rings, are common contami-
nants ubiquitously present in the environment (Chen et al., 2003; Li
et al., 2021). PAHs, especially those with four or more rings, are
considered hazardous pollutants due to their genotoxicity, mutage-
nicity, and carcinogenicity (Li et al., 2021; Vela et al., 2012). Several
environmental agencies including the United States Environmental
Protection Agency (USEPA) and European Union have classified several
PAHs as compounds that pose significant human health risks (Vela et al.,
2012; Yang et al., 2018). Because of their hydrophobicity and low
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remain in the environment for several years (Arekhi et al., 2020; Gus-
titus and Clement, 2017). Consequently, PAHs pose a considerable
hazard not only to human populations living in urban areas, but also to
natural ecosystems (Marques et al., 2017).

PAHs may enter the environment from natural sources such as
biomass, plant synthesis, organic matter diagenesis, and forest fires; and
anthropogenic sources such as waste sludges, industrial wastes, oil spills
from crude and refined petroleum products, residential heating, power
generation, incineration, automobiles, and asphalt roads (Clement and
John, 2022; Marques et al., 2017). Human activities, e.g. wastewater
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treatment plants, biowaste incinerators, and oil spills, are the main
contributor that distributes PAHs into air, soil, sediment, and water
environments (Chen et al., 2003; Li et al., 2021; Pizzini et al., 2022).
PAH pollution is ubiquitously present in various areas including indus-
trial zones, commercial ports, agriculture areas, oil and gas exploitation
zones, small tourist towns, and megacities (Dai et al., 2022). Since PAHs
are distributed over a broad area, the management of PAH pollution
remains as a major challenge.

PAHs may undergo various natural transformation processes in the
environment such as biodegradation, chemical transformation, and
photodegradation (John et al., 2016). It has been well established that
photodegradation plays a significant role in degrading PAHs when they
are exposed to sunlight (Aeppli, 2022; Radovic et al., 2014; Sharpless
et al., 2016). For example, John et al. (2016) showed that PAHs in the
Deepwater Horizon (DWH) oil spill residues weathered significantly
when the oil spill residues floating over the Gulf of Mexico were
re-exposed to sunlight. Photodegradation typically serves as an initial
step in enhancing bioavailability and facilitating further biodegradation
of PAHs (King et al., 2014; Mambwe et al., 2021).

Photodegradation research studies can be conducted under natural
sunlight or artificial light (Marques et al., 2017). Natural sunlight is not
preferable for fundamental investigations due to various uncontrollable
factors such as intensity variations and the variations in the spectral
distribution of solar radiation (Esen et al., 2017). Artificial lights are
preferred since they allow investigators to conduct laboratory-scale
photodegradation studies in a controlled setting, and hence can pro-
vide reproducible and reliable results (Esen et al., 2017). Artificial lights
to be used for photodegradation studies should, however, mimic the
natural characteristics of sunlight, especially the spectral distribution
and irradiance level. Typical solar irradiance reaching the earth is
~1367 W/m? at the upper atmosphere, diminishing to ~1120 W/m? at
the ground level, as determined by the World Meteorological Organi-
zation (Shankar et al., 2015). The relevant wavelengths of solar light
reaching the earth range from 100 nm to 1 mm and consist primarily of
UV, visible, and infrared (IR) radiation with relative energy distribution
of ~5%, 43%, and 52%, respectively. The UV spectrum is further clas-
sified into UV-A (315-400 nm), UV-B (280-315 nm), and UV-C
(100-280 nm) regions. The UV-C and UV-B radiations are mostly
absorbed by the earth’s atmosphere; therefore, the UV radiation
reaching the earth’s surface consists of 95% UV-A, 5% UV-B, and almost
0% UV-C (Shankar et al., 2015).

Several laboratory-scale PAH photodegradation studies have been
conducted using various types of artificial lights with limited wave-
length ranges or limited intensity. Unfortunately, most studies do not
provide information about the spectrum and irradiance level of the lamp
used (Gupta and Gupta, 2015; Zhang et al. 2006, 2008, 2010). For
example, Marques et al. (2016b) investigated the photodegradation of
PAHs in soils spiked with 16 USEPA priority PAHs using the Binder
KBWF 240 climate chamber with fluorescent lamps, the spectrum of the
lamps was not specified, and the light intensity was 9.6 W/m?. The study
found that the photodegradation rates of PAHs were dependent on
exposure time, the molecular weight of hydrocarbons, and soil texture.
In another research, Marques et al. (2017) showed that PAHs’ photo-
degradation rates were higher under solar radiation than under the
Binder KBWF 240 climate chamber with fluorescent lamps. Since the
spectrum of the lamp used was not specified in this study, it is not clear
why solar radiation could result in higher photodegradation levels of
PAHs compared to the fluorescent lamp.

Gas-discharge lamps including xenon arc, metal halide, mercury,
mercury-xenon, and fluorescent UV lamps have been used in photo-
degradation studies (Shankar et al., 2015). However, these lamps have
technical problems including inconsistency in the spectral distribution
from one lamp to another of the same type, the need for warm-up and
cool-down steps, the need for careful maintenance, limited lifetime, high
power consumption, high heat load, thermal management issues,
complicated controls, and most importantly the lamps are expensive
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(Lopez-Fraguas et al., 2019; Shankar et al., 2015; Tavakoli et al., 2021).
In contrast, light-emitting diodes (LEDs) have several advantages
including low cost, low power consumption, long lamp life, instant
on-off function, yield a wide range of spectrum, and they employ envi-
ronmentally friendly manufacturing technologies when compared to
other traditional lamps (Subramanian and Prakash, 2021; Yu et al.,
2019). Freeman and Ward (2022) used a custom-built LED reactor sys-
tem to investigate the effect of the light spectrum on the
photo-dissolution of Macondo crude oil and reported that oil
photo-dissolution decreases exponentially with increasing the wave-
length. In another study, Song et al. (2016) demonstrated that newly
emerging UV-LEDs provide a promising alternative for water disinfec-
tion and offer many advantages such as multiple wavelengths, adjust-
able radiation patterns, and are more effective in inactivating
microorganisms over traditional mercury lamps. Thus, over the past
decade, LED-based light sources have been used as a substitute for
gas-discharge lamps in several applications (Lopez-Fraguas et al., 2019).
Typically, LEDs are known to have operating lifetimes that are over an
order of magnitude greater than those of xenon lamps (Linden et al.,
2014). Therefore, a LED lamp is an economic and safe alternative to
traditional lamps (Ullah et al., 2020). However, to the best of our
knowledge, no one has characterized the efficiency of various LED light
sources when they are used as an alternative to natural sunlight for
studying PAH photodegradation processes.

The objective of this study is to characterize the efficiency of two
types of low-cost LED light sources (full-spectrum and UV-A lights) for
conducting laboratory-scale PAH photodegradation investigations. The
following two research hypotheses are tested in this study: 1) the full-
spectrum LED-light induced photodegradation rates of PAHs are
similar to the natural sunlight induced photodegradation rates when the
rates are scaled to the irradiance levels; and 2) a light source with the
UV-A wavelength range can substantially accelerate PAH photo-
degradation rates. The UV-A light was selected since the solar spectrum
that reaches the earth’s surface primarily includes the UV-A range
(Shankar et al., 2015). The photodegradation rates of 16 USEPA priority
PAHs were investigated at two different initial concentrations (100 ppb
and 1000 ppb) using full-spectrum and UV-A lights under laboratory
conditions, and natural sunlight under two types of field conditions
(cloudy, and sunny which is referred to as clear conditions henceforth).
The hypotheses are tested by comparing the LED light results against the
results obtained under natural sunlight.

2. Materials and methods
2.1. Materials

The solvents (hexane, dichloromethane (DCM), methanol, and
acetone, all HPLC grade) were purchased from VWR International
Company (Suwanee, GA, USA). A PAH standard mixture consisting of 16
USEPA PAHs (naphthalene, acenaphthylene, acenaphthene, fluorene,
phenanthrene, anthracene, fluoranthene, pyrene, benzo [a]anthracene,
chrysene, benzo [blfluoranthene, benzo [k]fluoranthene, benzo [a]
pyrene, dibenz [a,h]anthracene, indeno [1,2,3,-cd]pyrene, and benzo
[ghilperylene) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
A mixture of deuterated PAHs consisting of acenaphthene-d;¢, phenan-
threne-djp, chrysene-d;z, and perylene-d;, was used as a surrogate
standard and was purchased from Agilent Technologies (Wilmington,
DE, USA). An internal standard p-terphenyl-d;4 (purity >98.5%) was
purchased from AccuStandard (New Haven, CT, USA). Glass petri-dishes
(with lid, soda-lime glass, dish H 12 mm, diam. 40 mm) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). GC capillary column (J&W
DB-EUPAH, 60 m x 0.250 mm x 0.25 pm, p/n 122-96L2) and deacti-
vated GC liners (splitless tapered glass wool) were purchased from
Agilent Technologies (Wilmington, DE USA).

Artificial light sources used in this study were BESTVA DC series
4000 W full-spectrum LED lamp (Fig. Sl1-a, referred to as the full-
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Table 1
Gas chromatograph (GC) and mass spectrometer (MS) parameters.

GC conditions

Inlet temperature 320°C
Inlet pressure 21.186 psi
Carrier gas Helium
Flow rate 1.2 ml/min

Injection mode
Oven program

Pulsed splitless

50 °C (0 min hold);

60 °C/min to 180 °C (0 min hold); 10 °C/min to 230 °C (1
min hold); 35 °C/min to 330 °C (25 min hold)

Post-run: 335 °C (6 min hold)

Total run time 42 min

Injection volume 1l

Transfer line 325°C
temperature

MS conditions

Delta EMV —70 eV

Acquisition Electron Ionization (EI)
parameters

Solvent delay 5 min

MS source 320°C
temperature

Quadrupole 150 °C
temperatures

spectrum LED light henceforth) and Somesino 300 W UV-A LED lamp
(Fig. S1-b, referred to as the UV-A LED light henceforth); they were
purchased from Amazon for $359 and $133, respectively. The tradi-
tional solar simulators, typically used for photodegradation studies,
would cost about $10,000 to $20,000. The full-spectrum LED light
provided a wavelength range of 380 nm-780 nm (Fig. S1-c), and the UV-
A LED light provided a single wavelength of 365 nm (Fig. S1-d). SM206
digital solar power meter to record irradiance levels of the lights and a
temperature/humidity meter were purchased from Amazon. A clear
acrylic OP-3 UV filtering sheet to filter out UV light from the light
sources was purchased from TAP Plastics.

2.2. Sample preparation and experimental design

The 16 USEPA PAH standard mixture (with the stock solution con-
centration of 0.2 mg/ml) was serially diluted with hexane:DCM solvent
mixture (50%, v/v, referred to as HD henceforth) to the concentrations
of 1000 ng/ml or ppb (referred to as ppb henceforth) and 100 ppb with
the final volumes of 50 ml for each. Then, exactly 1 ml of the prepared
solutions (1000 ppb and 100 ppb PAHs) were transferred to petri-dishes.
The samples were kept under the fume hood for several minutes to allow
the solvent to evaporate, the fume hood light was turned off to avoid any
possible photodegradation. The samples were then exposed to natural
sunlight and LED light irradiation. The irradiation was measured by the
SM206 digital solar power meter. During irradiation, the samples were
exposed to direct light with uncovered petri-dishes, and the control
samples were covered with aluminum foil to prevent exposure to irra-
diation. For the UV filtering experiments, all irradiated and control
samples were covered with the clear acrylic OP-3 UV filtering sheet. The
total irradiation time was 24 h, with samples taken at 0, 1, 4, 8, and 24 h
time points. All the samples were prepared in duplicate.

The natural sunlight experiments were exposed to 8 h of irradiation
each day (10 am to 6 pm during the period of April to August 2022);
thus, each experiment was conducted over 3 full days. The sunlight
experiments were conducted under two different weather conditions.
The first experiment was performed during cloudy conditions with an
average solar irradiance of 600 W/m? (ranging from 300 to 1000 W/m?>
during the day, see Table S1). The second experiment was performed
during clear conditions with an average solar irradiance of 1200 W/m?
(ranging from 900 to 1300 W/m? during the day with the highest irra-
diance level detected around noon, see Table S2). The outdoor tem-
perature ranged from 22 to 30 °C during cloudy conditions and 30-34 °C
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during clear conditions with the high temperature detected around
noon, and the average temperatures were 27 °C and 33 °C, respectively.
The laboratory temperature was around 22 °C. The full-spectrum LED
light was set up at two different heights of 40 cm and 10 cm from the
samples yielding two irradiance levels of 600 W/m? and 1200 W/m?,
respectively, recorded by the SM206 digital solar power meter. The UV-
A LED light was set up at the height of 10 cm and yielded an irradiance
level of 4 W/m?.

2.3. Sample extraction

The irradiated and control samples were spiked with 20 pl of 50 pg/
ml surrogate standards in petri-dishes and then washed with HD solvent
to extract the PAHs. The dishes were sequentially extracted with 10 x 1
ml of HD. The extracts were concentrated under a gentle stream of ni-
trogen to adjust the final volumes to 1 ml and were spiked with 10 pl of
50 pg/ml p-terphenyl-d;4 as an internal standard, before chemical
analysis.

2.4. GC/MS analyses

The samples were analyzed using an Agilent 7890 B gas chromato-
graph (GC) coupled to an Agilent 7000C triple quadrupole mass spec-
trometer (MS) using a SIM (single ion monitoring) method (see Table 1
for the method parameters). The method used was similar to the pre-
viously published analytical approach (Han et al., 2020; John et al.,
2016). The separation of the various compounds was achieved using an
Agilent J&W DB-EUPAH column, and helium as the carrier gas.

2.5. Identification and quantification of target compounds

The target PAH compounds were identified by their characteristic
mass-to-charge ratios (m/z) listed in Table S3, and the peak areas were
integrated using Agilent Technologies MassHunter MS quantification
software (version B.09.00) to quantify the concentrations. The chro-
matographic peak areas of the internal standard p-terphenyl-d;4 were
used to normalize the PAHs’ chromatographic peak areas.

The quantification process was based on the calibration curves
generated using the PAH standard mixture consisting of 16 PAHs
(Table S3). Six calibration points at concentration levels of 1, 5, 10, 50,
100, and 200 ppb spiked with the internal standard (p-terphenyl-d;,
500 ppb) were used to quantify the samples with initial concentrations
of 100 ppb PAHs. Eight calibration points at concentration levels of 1, 5,
10, 50, 100, 200, 500, and 1000 ppb spiked with the internal standard
(p-terphenyl-d;4, 500 ppb) were used to quantify the samples with initial
concentrations of 1000 ppb PAHs.

The calibration responses were linear across the selected analytical
range, yielding correlation coefficient (R?) values of 0.95 or greater. An
inverse concentration weighting method was used to minimize bias from
low-concentration calibration points for the compounds with low con-
centrations. The retention time of each chromatogram of the target
compounds was set within +60 s relative to the shift of the internal
standard. Background correction and baseline stabilization were per-
formed by running solvent blanks.

2.6. Determination of photodegradation rates and net degradation levels

The first-order photodegradation rate constant of various PAH
compounds in the irradiated samples was calculated using the following
equation:

C,=Coe™ 1
where k is the first-order photodegradation rate constant [T_l], and C;

and Cy are the concentrations of the PAHs in the irradiated sample at any
time “t” and the original sample at t = 0, respectively. In this study, all
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Fig. 1. Changes in the concentrations of HMW PAHs with irradiation time under full-spectrum LED light at two irradiance levels (FS-600 W and FS-1200W), sunlight
during cloudy (Sun-600 W) and clear (Sun-1200 W) conditions, clear sunlight with a UV filter (Sun-1200 W+UVF), full-spectrum LED light with a UV filter (FS-1200
W+UVF), and UV-A LED light (UV-4W). a) benzo [a]anthracene, b) chrysene, c) benzo [b]fluoranthene, and d) benzo [k]fluoranthene. The initial concentration of

the samples was 1000 ppb.

the k values are reported in the unit of [hour_l], referred to as [h_l]
henceforth, and all the concentration values are reported in the unit of
[ppb].

A new irradiation-normalized first-order photodegradation rate
constant (k) is defined for the PAH compounds in this study using the
following equation:

(Y K(h")
"\W/m?) ~ Irradiance level(W /m?)

®))

where “irradiance level” is the flux rate of irradiance from the light
source measured in [W/m?]. The k, values are scaled as kilo-watts of

energy (kW) and are reported as { b ] in this study.

kW/m2
The net degradation level (DL) percentage of PAH compounds in the
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Fig. 2. Changes in the concentrations of HMW PAHs with irradiation time under various conditions (as explained in Fig. 1 caption). e) benzo [alpyrene, f) dibenz [a,
hlanthracene, g) indeno [1,2,3-cd]pyrene, and h) benzo [ghi]perylene. The initial concentration of the samples was 1000 ppb.

irradiated samples at any given time “t” was calculated using the
following equation:

DL(%) = (1 —%) x 100 3

0

where DL is the net degradation level percentage [%], and C; and C, are
the concentrations [ppb] of the PAH in the irradiated sample and orig-
inal sample, respectively.

2.7. Quality assurance and quality control

All samples were spiked with the internal standard before chemical
analysis to compensate for instrumental variations. Prior to sample
extraction, the samples were spiked with the surrogate standard mixture
to monitor net recovery levels. The measured recovery levels were
within the acceptable range (80-120%) for the four surrogate standards
(acenaphthene-d;g, phenanthrene-d;jp, chrysene-d;2, and perylene-d;2),
the lower recovery levels were for acenaphthene-d;o and phenanthrene-
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Fig. 3. Changes in the concentrations of MMW PAHs with irradiation time under full-spectrum LED light at two irradiance levels (FS-600 W and FS-1200W), sunlight
during cloudy (Sun-600 W) and clear (Sun-1200 W) conditions, clear sunlight with a UV filter (Sun-1200 W+UVF), full-spectrum LED light with a UV filter (FS-1200
W+UVF), and UV-A LED light (UV-4W). a) phenanthrene, b) anthracene, c) fluoranthene, and d) pyrene. The initial concentration of the samples was 1000 ppb.

djp (volatile PAHs) and the higher for chrysene-d;2 and perylene-d;2
(stable PAHs). A midpoint calibration standard (50 ppb or 100 ppb) was
checked before starting a sample sequence to validate the instrument.

3. Results

The PAHs analyzed in this study are divided into three different

categories based on their molecular weights. The categories include high
molecular weight (HMW) PAHs (4-6 ring PAHs including benzo [a]
anthracene, chrysene, benzo [b]fluoranthene, benzo [k]fluoranthene,
benzo [a]pyrene, dibenz [a,h]anthracene, indeno [1,2,3-cd]pyrene, and
benzo [ghi]perylene), medium molecular weight (MMW) PAHs (3-4 ring
PAHs including phenanthrene, anthracene, fluoranthene, and pyrene),
and low molecular weight (LMW) PAHs (2-3 ring PAHs including
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Table 2
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The first-order photodegradation rate constant (k) and net degradation level (DL) percentages of HMW PAHs degraded under various full-spectrum (FS) LED light and
sunlight conditions. The initial concentration of the samples was 1000 ppb. Raw data are reported in Figs. 1 and 2.

HMW PAHs k(™ DL (%)
FS-600W Sun-600 W FS-1200W Sun-1200 W FS-600W Sun-600 W FS-1200W Sun-1200 W

Benzo [a]anthracene 0.28 0.27 0.40 0.38 97 98 99 100
Chrysene 0.04 0.05 0.10 0.12 69 64 87 87

Benzo [b]fluoranthene 0.07 0.08 0.14 0.16 76 72 90 95

Benzo [k]fluoranthene 0.09 0.10 0.16 0.19 85 88 94 97

Benzo [a]pyrene 0.25 0.27 0.36 0.34 91 94 98 98

Dibenz [a,h]anthracene 0.11 0.12 0.19 0.20 84 86 94 95

Indeno [1,2,3-cd]pyrene 0.11 0.13 0.19 0.21 88 89 95 96

Benzo [ghi]perylene 0.09 0.10 0.14 0.17 82 85 92 95

naphthalene, acenaphthylene, acenaphthene, and fluorene). The sec-
tions below present the results of the irradiated and control samples for
the 16 USEPA PAHs divided into three different categories (HMW,
MMW, and LMW) for the samples exposed to two types of artificial LED
lights (full-spectrum and UV-A) and natural sunlight.

The results of the full-spectrum LED light are reported at two
different irradiance levels of 600 W/m? and 1200 W/m? defined as FS-
600W and FS-1200W, respectively. The results under natural sunlight
include two different outdoor conditions of cloudy (irradiance level of
600 W/m?) and clear (irradiance level of 1200 W/m?) defined as Sun-
600 W and Sun-1200 W, respectively. The results of the UV-A LED light
are reported at the irradiance level of 4 W/m? (UV-4W).

To further investigate the influence of UV wavelength on the pho-
todegradation of PAHs, the UV wavelength from the full-spectrum LED
light and natural sunlight was filtered out using the OP-3 UV filtering
sheet. The effectiveness of the UV filter was tested by using it under the
UV-A LED light and no degradation of HMW PAHs was observed, con-
firming that the OP-3 filter effectively filters out the entire UV-A range.
UV filtering experiments were performed only under the highest irra-
diance level of 1200 W/m? for the full-spectrum LED light (FS-1200
W+UVF) and clear sunlight conditions (Sun-1200 W-+UVF).

3.1. Fate of HMW PAHs

The concentration changes of HMW PAHs for the samples exposed to
two different LED lights (full-spectrum and UV-A) and two different
sunlight conditions (cloudy and clear) with and without the UV filter are
shown for the initial concentrations of 1000 ppb in Figs. 1 and 2 and 100
ppb in Figs. S2 and S3. The results of HMW PAHSs under all light sources
show that the degradation of HMW PAHs is directly related to the
photodegradation process for the initial concentrations of 1000 ppb
PAHs (Figs. 1 and 2) and 100 ppb PAHs (Figs. S2 and S3), as the con-
centrations of the control samples remained constant suggesting evap-
oration is not a degradation pathway.

3.2. Fate of MMW PAHs

The concentration changes of MMW PAHs under the LED lights (full-
spectrum and UV-A) and natural sunlight (cloudy and clear conditions)
with and without the UV filter are presented for the initial concentra-
tions of 1000 ppb in Fig. 3 and 100 ppb in Fig. S4. The results of MMW
PAHs under all light sources indicate that the degradation of MMW
PAHs is due to both photodegradation and evaporation processes for the
initial concentrations of 1000 ppb PAHs (Fig. 3) and 100 ppb PAHs
(Fig. S4), as the concentrations of all control samples decreased sug-
gesting the evaporation process contributes to the degradation of MMW
PAHs.

3.3. Fate of LMW PAHs

All LMW PAHs including naphthalene, acenaphthylene, acenaph-
thene, and fluorene in the samples with both initial concentrations of

PAHs (100 ppb and 1000 ppb) degraded completely within 1 h in the
irradiated and control samples under all light sources, which is expected
since the LMW PAHs are highly volatile compounds. Complete removals
of LMW PAHs in all control samples after 1 h indicate that the degra-
dation of the LMW PAHs is fully controlled by the evaporation process
and not the photodegradation process. Therefore, LMW PAHs are not
discussed in this study to validate the hypotheses.

4. Discussion

4.1. Hypothesis 1: comparing the photodegradation patterns of PAHs
under full-spectrum LED light and natural sunlight

The photodegradation patterns of HMW PAHs under the full-
spectrum LED light (irradiance level of 600 W/m?) are similar to the
photodegradation patterns under cloudy conditions of natural sunlight
(irradiance level of 600 W/m?) at all time intervals (1, 4, 8, and 24 h)
and for the initial concentrations of 1000 ppb PAHs (Figs. 1 and 2) and
100 ppb PAHs (Figs. S2 and S3). Similarly, the photodegradation pat-
terns under the full-spectrum LED light with a higher irradiance level
(1200 W/m?) are similar to the photodegradation patterns under clear
conditions of natural sunlight (irradiance level of 1200 W/m?). The
results suggest that the photodegradation of HMW PAHs scales to the
irradiance levels of the light sources, and the full-spectrum LED light
stimulates PAH photodegradation similar to natural sunlight.

The photodegradation rates of HMW PAHs follow a first-order ki-
netic reaction (Eq. (1)) with R? values of 0.95 or greater. The k values of
each HMW PAH for the initial concentration of 1000 ppb PAHs (Table 2)
are almost identical to the k values of 100 ppb PAHs (Table S4), the
differences between the k values for each of the HMW PAHSs range from
0 to 0.06 h™ 1. The k values of HMW PAHs under the full-spectrum LED
light are identical to the k values under natural sunlight for the same
irradiance levels (the differences between the k values for each of the
HMW PAHs range from 0 to 0.03 h™!). As expected, the higher irradi-
ance level (1200 W/m?) yields higher photodegradation rates compared
to the lower irradiance (600 W/m?) for all HMW PAHs (see Table 2 and
Table S4). The k values are roughly doubled for the irradiance level of
1200 W/m? compared to the irradiance level of 600 W/m?. The results
of the higher photodegradation rates for the higher irradiance levels of
the lights are consistent with Marques et al. (2016a) study that also
observed higher photodegradation rates in coarse-textured soils exposed
to PAHs when increasing the irradiance of fluorescent light (24 W/m?
compared to 9.6 W/mz). Also, Saeed et al. (2011) reported the higher
light irradiance (750 W/m? compared to 250 and 500 W/m?) had the
greatest effect on photodegradation rates of PAHs in the water-soluble
fraction of Kuwait crude oil exposed to UV-A xenon lamp.

The net degradation levels after 24 h of the full-spectrum LED light (1
full day indoor) are similar to the net degradation levels after 24 h of
clear sunlight (3-days outdoor, considering 8 h sun/day) for all HMW
PAHs in the samples with 1000 ppb PAHs (Table 2) and 100 ppb PAHs
(Table S4) when comparing the same irradiance levels. The highest
degradation percentages of HMW PAHs are for benzo [a]anthracene and
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Table 3

The first-order photodegradation rate constants (k) and net degradation level
(DL) percentages of HMW PAHs degraded under UV-A LED light and clear
sunlight conditions. The initial concentration of the samples was 1000 ppb. Raw
data are reported in Figs. 1 and 2.
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Table 4

The normalized first-order photodegradation rate constant (k,) of HMW PAHs
degraded under various full-spectrum (FS) LED light, sunlight, and UV-A LED
light. The initial concentration of the samples was 1000 ppb. Raw data are re-
ported in Figs. 1 and 2 and 2.

HMW PAHs k(™ DL (%) HMW PAHs kq [h™/(kW/m?)]
UV- Sun-1200 UV-4W (after Sun-1200 W (after FS- Sun-600 FS- Sun-1200 Uv-
4W W 8h) 24 h) 600W W 1200W w 4W
Benzo [a] 0.45 0.38 99 100 Benzo [a]anthracene  0.47 0.45 0.33 0.32 113
anthracene Chrysene 0.07 0.08 0.08 0.10 63
Chrysene 0.25 0.12 87 87 Benzo [b] 0.12 0.13 0.12 0.13 73
Benzo [b] 0.29 0.16 91 95 fluoranthene
fluoranthene Benzo [k] 0.15 0.17 0.13 0.16 83
Benzo [k] 0.33 0.19 93 97 fluoranthene
fluoranthene Benzo [a]pyrene 0.42 0.45 0.30 0.28 110
Benzo [a]pyrene 0.44 0.34 98 98 Dibenz [a,h] 0.18 0.20 0.16 0.17 83
Dibenz [a,h] 0.33 0.20 94 95 anthracene
anthracene Indeno [1,2,3-cd] 0.18 0.22 0.16 0.18 90
Indeno [1,2,3-cd] 0.36 0.21 95 96 pyrene
pyrene Benzo [ghi]lperylene 0.15 0.17 0.12 0.14 75
Benzo [ghi]perylene  0.30 0.17 92 95

benzo [a]pyrene with 98%-100% net degradation for 1200 W/m?
irradiance level and 91%-100% for 600 W/m? irradiance level (see
Table 2 and Table S4). The lowest degradation percentages are for
chrysene, which range from 87% to 93% for 1200 W/m? irradiance level
and 64%-72% for 600 W/m? irradiance level (see Table 2 and Table S4).
Although benzo [a]anthracene and chrysene have the same molecular
weights, benzo [a]anthracene is more sensitive to photodegradation
compared to chrysene. These results are comparable with the results
reported by John et al. (2016), which also observed more photo-
degradation percentages for benzo [a]anthracene compared to chrysene
in DWH reference crude oil when the oil was exposed to sunlight.

The net degradation levels of MMW PAHs through evaporation in the
control samples range from 74% to 100% for the initial concentrations
of 100 ppb (Table S5) and 50%-97% for the initial concentrations of
1000 ppb (Table S6), with less removal associated with higher molecular
weight PAHs. Photodegradation also contributes to the degradation
process as the decrease in the concentrations of MMW PAHs is higher in
the irradiated samples than in the control samples (see Fig. 3 and
Fig. S4). After 24 h of the full-spectrum LED light and natural sunlight,
all MMW PAHs are completely degraded from the irradiated samples
(net degradation levels range between 95% and 100%) for the irradiance
levels of 600 W/m? and 1200 W/m? and the initial concentrations of
100 ppb (Table S5) and 1000 ppb (Table S6). These results are consistent
with Marques et al. (2016b) study that also observed that evaporation
contributed to the degradation of MMW PAHs, and photodegradation
accelerated the entire degradation process, especially in fine-textured
soils exposed to PAHs under a fluorescent light in a climate chamber
when compared to control samples.

4.2. Hypothesis 2: comparing the photodegradation patterns of PAHs
under the UV-A LED light, full-spectrum LED light, and natural sunlight

The photodegradation rates of HMW PAHs are higher under the UV-
A LED light compared to the full-spectrum LED light and natural sunlight
(see Figs. 1 and 2 and Figs. S2 and S3). The results of the UV-A LED light
are mostly discussed and compared to the results of natural sunlight in
this section, the comparison is the same for the full-spectrum LED light
since the full-spectrum LED light stimulates PAH photodegradation
similar to natural sunlight according to the previous section.

The net degradation levels after 8 h of the UV-A LED light are similar
to the net degradation levels after 24 h of clear sunlight for all HMW
PAHs in the initial concentrations of 1000 ppb (Table 3) and 100 ppb
(Table S7), the differences between the net degradation for each of the
HMW PAHSs range from 0 to 5%. Therefore, the single-wavelength UV-A
LED light (365 nm, irradiance of 4 W/mz) accelerates the

photodegradation rates of HMW PAHs compared to natural sunlight
(irradiance of 1200 W/m?).

Most of the PAH compounds absorb light in the UV range (Shankar
et al., 2015), thus the higher photodegradation rates of HMW PAHs are
observed under the UV-A LED light compared to natural sunlight (see
Table 3 and Table S7 for the k values). Generally, a high photo-
degradation rate of PAHs under UV light has been previously observed.
For example, Shao (2017) showed the photodegradation rates of three
selected PAHs (phenanthrene, fluorene, and pyrene) in water were
substantially fast in the presence of a 10 W low-pressure UV mercury
lamp (254 nm) with the k values of 2.7, 1.86, and 1.02 h~! for phen-
anthrene, fluorene, and pyrene, respectively. Clark et al. (2007) re-
ported a very fast photodegradation rate for pyrene in water with the k
value of 16.08 h™! under a 200 W xenon/mercury UV light irradiation.
Malloci et al. (2004) found that PAHs display n* « = electronic transi-
tions (strong excitation levels that help the photodegradation of PAHs)
in the UV range rather than in visible and near IR. Our study compares
the high photodegradation rates of PAHs under the UV-A LED light to
the rates under natural sunlight and also the full-spectrum LED light,
emphasizing the influence of a single-wavelength UV-A light compared
to other light sources.

The UV-A LED light with a very low irradiance level of 4 W/m? can
degrade the PAHs faster than the full-spectrum LED light and natural
sunlight with an irradiance level of 1200 W/m?. To better compare the
photodegradation rates without the effect of light irradiances, the k
values can be normalized to irradiance levels of the lights according to
Eq. (2) (see Table 4 and Table S8). The normalized k;, values of the HMW
PAHs under the full-spectrum LED light and natural sunlight are almost
identical, the values for all HMW PAHs are less than 1 h1/(kw/m?).
However, the k;, values of HMW PAHs are considerably higher under the
UV-A light, and the values for all HMW PAHs range from 53-115 h™1/
(kW/m?). The ky values are higher for the UV-A LED light because the
denominator in Eq. (2), which is the light irradiance, is very smaller for
the UV-A LED light (4 W/m?) than the full-spectrum LED light and
natural sunlight (1200 W/mz). These results emphasize the influence of
UV wavelength in the photodegradation of PAHs since the k, values are
almost 200-1000 times higher than the full-spectrum LED light and
natural sunlight.

4.3. Additional validation data for hypothesis 2: photodegradation of
PAH:s under the UV-filtered natural sunlight and UV-filtered full-spectrum
LED light

The photodegradation rates (k values) of HMW PAHs decrease under
natural sunlight with clear conditions by using a UV filter (see Tables 2
and 5 for the initial concentrations of 1000 ppb and Tables S4 and S9 for
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Table 5

Environmental Research 217 (2023) 114951

The first-order photodegradation rate constants (k), normalized first-order photodegradation rate constant (k,), and net degradation level (DL) percentages of HMW
PAHs degraded under clear sunlight and full-spectrum (FS) LED light with a UV filter. The initial concentration of the samples was 1000 ppb. Raw data are reported in

Figs. 1 and 2.

HMW PAHs k(™

kn [h™"/(kW/m?)]

DL (%)

Sun-1200 W+UVF FS-1200W-+UVF

Sun-1200 W+UVF

FS-1200W+UVF Sun-1200 W+UVF FS-1200W-+UVF

Benzo [a]anthracene 0.27 0.37 0.23
Chrysene 0.05 0.14 0.04
Benzo [b]fluoranthene 0.05 0.12 0.04
Benzo [k]fluoranthene 0.07 0.15 0.06
Benzo [a]pyrene 0.23 0.33 0.19
Dibenz [a,h]anthracene 0.08 0.16 0.07
Indeno [1,2,3-cd]pyrene 0.09 0.17 0.08
Benzo [ghi]perylene 0.07 0.13 0.06

0.31 99 98
0.12 59 91
0.10 64 89
0.13 81 95
0.28 90 98
0.13 86 96
0.14 87 93
0.11 76 94

the initial concentrations of 100 ppb). The photodegradation patterns
observed after filtering UV light from clear sunlight conditions are
similar to the photodegradation patterns observed for cloudy sunlight
conditions without filtering UV light (see Figs. 1 and 2 and Figs. S2 and
S3). These patterns suggest that filtering UV light from sunlight with
clear conditions and a higher irradiance level (1200 W/m?) behaves
similarly to cloudy conditions with a lower irradiance level (600 W/m?).
The results also show that filtering UV light from natural sunlight de-
creases the photodegradation rates of HMW PAHs to half of the irradi-
ance level. The kj, values are decreased by half for clear sunlight with the
UV filter compared to the results without the UV filter (see Tables 4 and
5 and Tables S8 and S9), further confirming the importance of UV light
for facilitating photodegradation.

The photodegradation patterns of HMW PAHs under the full-
spectrum LED light by using a UV filter are similar to the photo-
degradation patterns without filtering UV light in the initial concen-
trations of 1000 ppb (Figs. 1 and 2) and 100 ppb (Figs. S2 and S3).
Tables 4 and 5 for the initial concentrations of 1000 ppb and Tables S8
and S9 for the initial concentrations of 100 ppb also confirm that the k,
values are almost identical for the full-spectrum LED light with and
without a UV filter. These results are expected since the full-spectrum
LED light contains a very small range of UV light (380-400 nm),
which is near the visible light and the UV filter had a negligible effect on
this range. Table 5 and Table S9 show that the net degradation levels
decrease more for clear sunlight with a UV filter as compared to the full-
spectrum LED light with a UV filter.

5. Conclusions

The photodegradation rates of 16 USEPA PAHs were investigated
using natural sunlight (under cloudy and clear conditions), and two
types of artificial LED light sources (with full-spectrum and UV-A
wavelengths) for two different initial concentrations of PAHs (100 ppb
and 1000 ppb). The HMW PAHs data show that these compounds
degrade primarily due to the photodegradation process. The MMW
PAHs degrade due to both evaporation and photodegradation processes,
while the LMW PAHs degrade rather rapidly via the evaporation pro-
cess. The HMW PAHs photodegradation data follow first-order reaction
kinetics, and the rate of the reaction depends on two factors: the amount
of irradiation and the wavelength of the irradiation.

The results of this study validate the hypothesis that the full-
spectrum LED-light-induced photodegradation rates of PAHs are
similar to the natural sunlight-induced photodegradation rates when the
rates are appropriately scaled to the irradiance levels. Therefore, PAH
photodegradation studies that require sunlight can be conducted using
the low-cost, full-spectrum LED light used in this study. The laboratory-
scale setup avoids complex outdoor variabilities due to cloud cover,
wind, dust, and rain.

Our results also show that UV wavelengths play a significant role in
mediating the photodegradation process. This is expected because most
of the PAH compounds absorb light in the UV range, which provides

strong excitation for PAH photodegradation. The influence of UV radi-
ation was tested in this study by using a filter to remove the UV range
from all three light sources (sunlight, full-spectrum LED, and UV-A LED).
The results show a significant decrease in the photodegradation rates for
all HMW PAHs when the samples are exposed to sunlight. Since the full-
spectrum LED light has very little radiation in the UV range (see Fig. S1),
the difference in the rates with and without the UV filter is not signifi-
cant. On the other hand, as expected, when the filter is used with the UV-
A LED, the samples behaved like control samples with no
photodegradation.

The UV-A LED light source experiments demonstrate that a UV light
source with a single wavelength and low irradiance level of 4 W/m? can
photodegrade the HMW PAHs at a much higher rate than natural sun-
light and the full-spectrum LED. When normalized to the irradiance
levels, the photodegradation rate constants of HMW PAHSs using the UV-
A light are about 200 to 1000 times higher than the rate constants ob-
tained using sunlight and the full-spectrum LED light. Therefore, the UV-
A LED light bulb is the most efficient and cost-effective light source for
conducting laboratory-scale PAH photodegradation studies.
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