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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; Radović 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 (Marquès 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/m2 at the upper atmosphere, diminishing to ~1120 W/m2 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, Marquès 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/m2. 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, Marquès 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 

(López-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 (López-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 [b]fluoranthene, benzo [k]fluoranthene, benzo [a] 
pyrene, dibenz [a,h]anthracene, indeno [1,2,3,-cd]pyrene, and benzo 
[ghi]perylene) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 
A mixture of deuterated PAHs consisting of acenaphthene-d10, phenan
threne-d10, chrysene-d12, and perylene-d12 was used as a surrogate 
standard and was purchased from Agilent Technologies (Wilmington, 
DE, USA). An internal standard p-terphenyl-d14 (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 × 0.250 mm × 0.25 μm, 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. S1–a, referred to as the full- 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.envres.2022.114951. 
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