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a b s t r a c t 

Photodegradation technology has been widely applied in the purification of industrial aro- 

matic hydrocarbons. However, whether this technology efficiently removes the pollutants 

to prevent secondary pollution and health risk is still unclear. Here, the photodegradation 

processes of three xylenes were compared under designed reaction atmospheres and light 

sources. Xe lamp showed poor photodegradation ability toward xylenes, no matter in N 2 or 

N 2 + O 2 system, while much higher photodegradation performance of xylenes were obtained 

under ultraviolet (UV) and vacuum ultraviolet (VUV) irradiation, especially in N 2 + O 2 + VUV 

system, where 97.9% of m-xylene, 99.0% of o-xylene or 87.5% of p-xylene with the initial 

concentration of 860 mg/m 

3 was removed within 240 min. The xylenes underwent three 

processes of photo-isomerization, photodecomposition and photo-oxidation to produce in- 

termediates of aromatics, alkanes and carbonyls. Among them, the photo-isomerization 

products showed the highest concentration percentage (e.g., ≥50% in o-xylene system), 

confirming that photo-isomerization reaction was the dominated photodegradation pro- 

cess of xylenes. Moreover, these isomerized products not only contributed about 97% and 

91% to the formation potential of O 3 (OFP) and secondary organic aerosols (SOAFP), but also 

displayed obvious non-carcinogenic risk, although one of photodecomposition product—

benzene showed the highest occupational exposure risk. Therefore, the secondary pollution 

and health risks of photodegradation products of xylenes were non-ignorable, although the 

OFP, SOAFP and health risks of the generated products reduced at least 4.5 times in com- 

parison with that of the degraded xylenes. The findings are helpful for the appropriate ap- 

plication of this technology in the purification of industrial organic waste gas. 

© 2023 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 
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tion in China ( Yan et al., 2018 ). Aromatic hydrocarbons (AHs)
are one main group of the pollutants in industrial organic
waste gases ( He et al., 2012 ; Ho and Lee, 2002 ; Lin et al.,
2023 ; Zhang et al., 2018 ). AHs have also been considered as
a main source of secondary pollutants such as O 3 and sec-
ondary organic aerosols (SOA) in the atmospheric environ-
ment ( Zhang et al., 2018 ; Korologos et al., 2012 ), threating local
air quality and human health ( Healy et al., 2009 ). Therefore,
developing effective technology to eliminate the emission of
AHs from industrial processes is urgent. 

At present, there are many effective technologies to re-
move industrial AHs, including non-destructive technologies
such as adsorption and absorption, and destructive technolo-
gies such as biodegradation, thermal catalysis and Photo-
catalysis ( Chen et al., 2022 ; Dal Pozzo et al., 2017 ; Ma et al.,
2011 ). Among the technologies that have been applied in the
field, the photocatalysis technology using sunlight as light
source has been paid more attention ( Chen et al., 2016a , 2016b ;
Chen et al., 2021b ; Liu et al., 2017 ). AHs can be removed in the
following three ways, i.e., direct decomposition by light, and
respective degradation in the gas phase and on the catalyst in-
terface by reactive oxygen species. In theory, industrial emit-
ted AHs can be well eliminated by photocatalysis technology.
However, in most field applications of the photocatalysis tech-
nology, the catalyst module is always unemployed due to cost
consideration, resulting in the existence of only two processes
of direct decomposition by light and degradation in the gas
phase by reactive oxygen species work. Such so-called “photo-
catalysis technology” is actually photodegradation technology
as known. However, it is not clear whether the removal of in-
dustrial AHs by direct photodegradation will cause secondary
pollution and thus affect human health. 

Over the past few decades, the photodegradation technol-
ogy has been attempted to apply in the treatment of dif-
ferent organic pollutants in the laboratory under different
experimental parameters ( Bhowmick and Semmens, 1994 ;
Chen et al., 2007 ; Hand et al., 1986 ; Lee et al., 2017 ; Shen and
Ku, 1997 , 1998 ; Shen et al., 1995 ; Wang and Ray, 2000 ). For
example, Chen et al. studied the photodegradation of chlori-
nated alkane and alkene, and found different effects of the ex-
perimental parameters (initial VOCs concentration, reaction
medium, relative humidity, light intensity, temperature and
mixture) on the photodegradation kinetics and mechanisms
of the substrates ( Feiyan et al., 2002 ). Also, the authors ob-
served formation of higher molecular weight intermediates
and polymers in nitrogen reaction medium, which were diffi-
cult to be mineralized by further photodegradation. These re-
fractory intermediates may further form secondary pollutants
after their discharge, affecting the quality of atmospheric en-
vironment. Recently, Zhang et al. studied the formation of
SOA during photodegradation of xylene with the present of
NOx and proved that the oligomerization of ring opening
products of xylene dominated SOA formation ( Zhang et al.,
2019 ). The photodegradation products of organics not only af-
fect the environment, but also show health risk to human.
Feng et al. observed more recalcitrant and toxic intermediates
emerged during the photodegradation of dimethyl phthalate
( Feng et al., 2022 ). 

If the photodegradation technology is applied in the in-
dustrial AHs elimination, whether or not the secondary pol-
lution and health risk appear during the treatment process is
of great concern. Although the impact of atmospheric photo-
chemical process of AHs with ambient concentration to the
SOA formation and human health risk has been explored
( Dhada et al., 2015 ; Huang et al., 2007 , 2010 ; Kleindienst et al.,
2004 ; Song et al., 2007 ), there is still a lack of systematic
research on the photodegradation process of AHs from in-
dustrial emission, including degradation kinetics, products,
mechanisms, and environmental and health effects. 

Therefore, in this study, photodegradation of three rep-
resentative AHs, m-xylene, o-xylene and p-xylene, was in-
vestigated. The effects of light sources and reaction atmo-
sphere on the photodegradation kinetics of these AHs were
discussed. Moreover, the photodegradation products in differ-
ent systems were qualitatively and quantitatively analyzed to
propose the possible photodegradation pathways and mecha-
nisms of xylenes. Furthermore, the formation potentials of O 3

(OFP) and SOA (SOAFP) as well as the non-carcinogenic and oc-
cupational exposure risks during photodegradation of xylenes
were evaluated. Finally, the OFP, SOAFP and health risk of the
degraded xylenes and their photodegradation products were
compared to reveal the industrial application possibility of the
photodegradation technology. 

1. Materials and methods 

1.1. Photodegradation experiments 

The designed amount of liquid xylene (purity ≥99.9%, Beijing
Bellwether Co., Ltd., China) was directly injected into a self-
made Pyrex glass reactor (vol. 5 L) ( Chen et al., 2019 ) filled
with high-purity N 2 (99.99%) or N 2 + O 2 (99.99%, V / V = 4:1) to
achieve the initial concentration of about 860 mg/m 

3 . The
relative humidity in the reactor was about 5%. Three dif-
ferent lamps (Xenon (Xe), PLS-SXE300, Beijing Bofeilai Tech-
nology Co., Ltd., China; UV 254 nm 

(UV), Guangdong Xuelaite
Optoelectronic Technology Co., Ltd., China and UV 185 + 254 nm

(VUV), Guangdong Xuelaite Optoelectronic Technology Co.,
Ltd., China) were used as light sources, which irradiated the
reactor from the top through a quartz window. The absorp-
tion wavelengths of three xylenes were less than 330 nm ( Ap-
pendix A Fig. S1a ), which partially overlapped the irradiation
wavelength of the three lamps ( Appendix A Fig. S1b ). These
results indicated that the selected lamps could initiate photol-
ysis of xylenes. Then, at the fixed intervals, 1 mL of gas sample
in the reactor was sampled by an automatic sample injection
system equipped on a gas chromatograph (GC9800, Shanghai
Kechuang Chromatographic Instrument Co., Ltd., China) to de-
termine the concentration of xylene. The temperatures of col-
umn (DB-5MS), inlet and detector in the GC were set at 120 °C,
200 °C and 250 °C, respectively. High purity N 2 was used as car-
rier gas with a flow rate of 100 mL/min. 

1.2. Qualitative and quantitative analysis of gaseous 
intermediates 

After 120 min reaction, the gaseous sample was also col-
lected using a vacuum Summa canister (vol. 2.7 L, Silonite TM,
ENTECH Instruments Inc., USA). During sampling process, a
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eflon bag filled with 3 L high purity N 2 and the canister were 
eparately connected to two sides of the reactor. After simul- 
aneously opening the valves of the bag and canister, the gas 
ample in the reactor was inhaled into the canister and the 
 2 in the bag entered into the reactor. The analysis of the 
ollected samples in the canister was carried out by a com- 
ining Entech 7200 pre-concentration system (Entech Instru- 
ents Inc., CA, USA) with gas chromatography-mass spec- 

rometry (GC-MS, 7890B GC-5977B MS, Agilent Technologies,
SA). A DB-5 column (60 m × 0.32 mm × 0.25 μm, Agilent 
echnologies, USA) was used with the GC oven temperature 
rogram: initially 35 °C for 5 min, programmed to 150 °C at a 
ate of 5 °C/min, and then to 250 °C at a rate of 15 °C/min which
as held for 2 min. The carrier gas was ultrahigh purity he- 

ium at a constant flow rate of 1.2 mL/min. Mass spectrom- 
ter conditions were as follows: ionizing energy: 70 eV, scan 

ange: 45-260/me, temperature of the transfer line: 290 °C. The 
nalysis method was referred to TO-15 of US Environmental 
rotection Agency ( Conley et al., 2005 ). A detailed description 

f analysis procedures has been published in previous study 
 Chen et al., 2021a ). 

The external standard method was applied for the qualita- 
ive and quantitative analysis of the compounds according to 
he retention time, mass spectrum and peak area of the stud- 
ed sample and the standard sample. The standard curve for 
ach compound was established by diluting the TO-15 stan- 
ard sample (1000 ppbv, Linde Spectra Environment Gases,
SA) to 20, 30, 60, 200 and 300 ppbv by an Entech 4700 dynamic
iluter. 

.3. Quality assurance and quality control 

he Summa canister was flushed with high purity N 2 before 
eing used and evacuated to 8 ±1 Pa. All collected samples 
ere analyzed within 7 days after sampling. All the calibra- 

ion standard curves were justified with the correlation coeffi- 
ients ( R 

2 ) over 0.995 ( Appendix A Fig. S2 ). Before sample anal-
sis, the analytical system was checked with a one-point cal- 
bration. If the response was beyond 5% of the initial calibra- 
ion curve, a re-calibration was performed. More information 

f quality assurance and quality control has been published 

n previous study ( Chen et al., 2021a ). 

.4. Secondary pollutant formation assessment 

.4.1. OFP 
FP referred to the maximum reaction activity of volatile or- 
anic compounds (VOCs) to generate O 3 based on release and 

eaction activity under the premise of optimal reaction con- 
itions and determined key species and sources ( Liu et al.,
019 ; Ou et al., 2015 ). The maximum incremental activity (MIR) 
ethod was often used to characterize the photochemical ac- 

ivity of O 3 produced by various VOCs (as shown in Appendix 

 Table S1 ). The calculation equation of OFP was as follows: 

F P i = C i × MIR i (1) 

here, OFP i is the OFP of VOCs component i, C i (μg/m 

3 ) is the
oncentration of VOCs component i , and MIR i is the maximum 

ncremental activity value of VOCs component i ( Carter, 2008 ).
.4.2. SOAFP 
OAFP of VOCs in the atmosphere was calculated by the fol- 

owing equation ( Zhang et al., 2017 ): 

 SOAP i = 

∑ 

( VOC i × SOAP i ) 
100 

× FAC t ol uene (2) 

here, SOAP i is the SOAFP parameter of VOCs component i 
toluene was assumed to be 100) ( Derwent et al., 2010 ). The
etailed parameters were shown in Appendix A Table S1 .
OC i (μg/m 

3 ) is the concentration of VOCs component i and 

AC toluene (%) is the fractional aerosol coefficient of toluene and 

hosen as 5.4% according to previous study ( Zhang et al., 2017 ).

.5. Health risk assessment 

.5.1. Non-carcinogenic risk 
he non-carcinogenic risk (HR) of VOCs was defined as the 
atio of the average daily VOCs concentration inhaled to the 
orresponding reference concentration (RfC i ), which was cal- 
ulated as follows ( An et al., 2014 ; Li et al., 2013 ): 

R i = 

C i 

R fC i 
(3) 

here, C i (μg/m 

3 )is the concentration of the target compound 

 , and RfC i (μg/m 

3 ) is the non-carcinogenic reference concen- 
ration of the target compound i ( Appendix A Table S2 ). HR
reat than 1.0, between 0.1 and 1.0, and less than 0.1 indi- 
ated that VOC had a definite, possible and negligible non- 
arcinogenic, respectively. 

.5.2. Occupational exposure cancer risk 
he occupational exposure cancer risk (E i ) of workers through 

espiratory exposure to VOCs was assessed by referring to the 
ealth assessment method in the previous studies ( An et al.,
014 ; Liu et al., 2017 ). Occupational exposure risk was the ra-
io of the concentration ( C i ) of target VOC to its limit-time-
eighted mean (TLV-TWA i ). The total occupational exposure 

isk was the sum of occupational exposure risk of each target 
ompound, and the calculation was shown in the Eqs. (4) and 

5) . 

 i = 

n ∑ 

i =0 

C i 

T LV − T WA i 
(4) 

 

E = 

∑ 

E i (5) 

here, TLV-TWA i is that workers worked 8 hr a day and 5 day a
eek, and its value is shown in Appendix A Table S2 . If E i was

reater than 1.0, it indicated that exposure to VOC component 
t this concentration was harmful to worker’s health. If E i was 
ess than 1.0, it indicated that there was no harm to worker’s 
ealth. 

. Results and discussion 

.1. Photodegradation kinetics of xylenes 

ig. 1 shows the photodegradation kinetics curves of three 
ylenes under different reaction atmospheres and light 
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Fig. 1 – Photochemical kinetic curves of xylenes under different conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sources. Under N 2 atmosphere, about 5.5% of m-xylene, 19.0%
of o-xylene and 3.3% of p-xylene were photodegraded af-
ter 240 min reaction. All these efficiencies increased to 6.9%,
20.0% and 19.3% when the atmosphere was replaced by
N 2 + O 2 . The presence of O 2 slightly enhanced the photodegra-
dation of all xylenes. However, Xe lamp irradiation could not
achieve highly efficient decomposition of the xylenes un-
der the both N 2 and N 2 + O 2 atmospheres. This was due to
that xylenes (main absorption wavelength ≤ 330 nm) was
difficultly photodecomposed by the light of Xe lamp (dom-
inated wavelength > 400 nm). Further comparison revealed
that o-xylene showed the highest photodegradation efficiency
among the xylenes under both N 2 and N 2 + O 2 atmospheres ir-
radiated by Xe lamp. 

When Xe lamp was replaced by UV lamp, increasing pho-
todegradation efficiency of xylenes was obtained. About 58.2%
and 47.8% of m-xylene, 67.1% and 59.4% of o-xylene, and
48.3% and 58.7% of p-xylene were degraded under N 2 and
N 2 + O 2 atmospheres, respectively. The significantly enhanced
photodegradation efficiencies of all xylenes by UV irradia-
tion was due to the higher photon energy of UV than Xe
lamp ( Chen et al., 2019 ). Comparing with N 2 + UV system,
relatively lower photodegradation efficiencies of m-xylene
(42.8%), o-xylene (50.3%) and p-xylene (43.5%) were obtained
in N 2 + VUV system, due to weaker intensity of VUV than
UV (see Appendix A Fig. S1b ). Interestingly, about 97.9% of
m-xylene, 99.0% of o-xylene and 87.5% of p-xylene were re-
moved within 240 min in N 2 + O 2 + VUV system. Furthermore,
in N 2 + O 2 + VUV system, the rate constants (calculated via
equation of −ln(C/C 0 ) = kt, where C 0 was the initial concen-
tration of xylene and k was the rate constant) of three xylenes
ranged from 3.65 × 10 −3 /min to 4.13 × 10 −3 /min, which were
at least 1.5 times of that in other systems ( Appendix A Fig. S3 ).
The formation of reactive oxygen species (e.g., O 3 , O( 1 D), O( 3 P))
from the reaction of VUV photons and O 2 molecule in this
system was responsible for the remarkably enhanced degra-
dation efficiency of all xylenes. Weon et al. reported that the
VUV photolyzed O 2 into O( 1 D) and O( 3 P) and then O( 3 P) reacted



662 journal of environmental sciences 136 (2024) 658–669 

Fig. 2 – Total ion chromatograms ((a)-(f)) and concentrations ((g)-(l)) of intermediates from xylenes under different 
experimental conditions. 
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ith O 2 to generate O 3 , while these generated ROS further ox- 
dized the organics ( Weon et al., 2019 ), supporting the present 
esults. 

To sum up, Xe lamp showed poor photodegradation abil- 
ty toward all xylenes, no matter in N 2 or N 2 + O 2 system. In
omparison, UV and VUV displayed much higher photodegra- 
ation performance to xylenes in both N 2 and N 2 + O 2 sys- 
em. Notably, almost complete degradation of all xylenes was 
chieved in N 2 + O 2 + VUV system. In N 2 system, the degrada- 
ion of xylene was completely relied on the photons from the 
amp emission to break the molecular bond. Different emis- 
ion wavelength of the Xe, UV and VUV resulted in the dif- 
erent energy of the emitted photons. In theory, the shorter 
avelength of the light was, the stronger photo energy was.

or example, the light photons at 185 and 254 nm had the en- 
rgies of 647 and 471 kJ/mol, respectively ( Kiattisaksiri et al.,
016 ). Meanwhile, the photo energy from UV was enough 

o break the π bond (264 kJ/mol) of C = C bond in xylenes 
 Chen et al., 2019 ). Thus, the UV and VUV showed almost equal
hotodegradation performance toward xylenes, but higher 
han Xe lamp. When the present of O 2 , VUV rather than Xe 
nd UV could break the O = O covalent bond (494 kJ/mol) of O 2 

 Huheey et al., 1993 ), producing various ROS to further degrade 
ylenes and achieve their high photodegradation efficiency. 

.2. Composition and concentration of photodegradation 

ntermediates of xylenes 

n order to investigate the effects of reaction atmosphere and 

ight source to the composition and concentration of these 
ntermediates, the gaseous samples after reaction for 120 

in under different experimental conditions were sampled 

nd analyzed. As shown in Fig. 2 a , photodegradation of m- 
ylene, o-xylene and p-xylene in N 2 + Xe system resulted in 

ine peaks, corresponding to the compounds of n-hexane (A 1 ),
enzene (A 2 ), toluene (A 3 ), ethylbenzene (A 4 ), p-xylene (A 5 ),
-xylene (A 6 ), o-xylene (A 7 ), isopropyl benzene (A 8 ) and 1,3,5- 

rimethylbenzene (A 9 ) ( Appendix A Table S3 ). Photodegra- 
ation of m-xylene, o-xylene and p-xylene produced their 

somers, suggesting occurrence of photo-induced isomeriza- 
ion reaction of xylenes. Moreover, n-hexane was detected in 

ll systems, indicating that ring-opening reaction happened 

n all xylenes after Xe irradiation. When O 2 was added into 
 2 + Xe system, a new oxygenated product, acetone (A 0 ), was 
dentified accompanying with above nine hydrocarbon prod- 
cts after photodegrading xylenes for 120 min ( Fig. 2 b and Ap-
endix A Table S4 ). This result confirmed that the presence of 
 2 further oxidized the hydrocarbon products. Furthermore,

he photodegradation of xylenes in N 2 + UV ( Fig. 2 c and Ap-
endix A Table S5 ) and N 2 + VUV ( Fig. 2 e and Appendix A Ta-
le S7 ) systems led to similar compositions of products as that 

n N 2 + Xe system, while product compositions in N 2 + O 2 + UV
 Fig. 2 d and Appendix A Table S6 ) and N 2 + O 2 + VUV ( Fig. 2 f
nd Appendix A Table S8 ) systems were similar as that in 

 2 + O 2 + Xe system. Clearly, photodegradation of xylenes by 
ifferent light sources resulted in similar product composition 

nder the same reaction atmosphere, although the xylenes 
isplayed very different photodegradation efficiency under Xe,
V and VUV irradiation. 

Further quantification analysis of these intermediates was 
onducted to investigate the concentration variation of them 

nder different experimental conditions. As shown in Fig. 2 g ,
hotodegradation of m-xylene in N 2 + Xe system for 120 min 

roduced 27.0 ppbv of n-hexane (A 1 ), 0.6 ppbv of benzene (A 2 ),
4.0 ppbv of toluene (A 3 ), 11.5 ppbv of ethylbenzene (A 4 ), 0.7
pbv of p-xylene (A 5 ), 322.0 ppbv of o-xylene (A 7 ), 23.3 ppbv of

sopropyl benzene (A 8 ) and 4.0 ppbv of 1,3,5-trimethylbenzene 
A 9 ). Clearly, the highest concentration of the product was 
-xylene, one of m-xylene’s isomer, accounting for 79.9% of 
he total concentration of all products. As for o-xylene and 

-xylene, their photodegradation products with the highest 
oncentration and percentage were m-xylene (1942.5 ppbv 
nd 81.9%) and o-xylene (587.5 ppbv and 53.2%), respectively.
hese results suggested that the photo-isomerization reac- 

ion was the dominant photodegradation route for xylenes in 

 2 + Xe system. Moreover, the total concentration of all prod- 
cts from o-xylene (2373.7 ppbv) was higher than m-xylene 

403.6 ppbv) and p-xylene (1105.3 ppbv), due to its highest pho- 
odegradation efficiency. 

As for N 2 + O 2 + Xe system, photodegradation of m-xylene 
roduced 197.5 ppbv of acetone (A 0 ), 5.3 ppbv of n-hexane 

A 1 ), 0.3 ppbv of benzene (A 2 ), 8.5 ppbv of toluene (A 3 ), 3.0
pbv of ethylbenzene (A 4 ), 0.4 ppbv of p-xylene (A 5 ), 229.0 ppbv
f o-xylene (A 7 ), 6.5 ppbv of isopropyl benzene (A 8 ) and 1.0
pbv of 1,3,5-trimethylbenzene (A 9 ) ( Fig. 2 h ). The concentra- 
ions of products A 1 to A 9 all decreased in N 2 + O 2 + Xe sys-
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tem comparing with that in N 2 + Xe system, while the newly
formed product of acetone (A 0 ) showed the second highest
concentration among all products. These results suggested
that O 2 further oxidized the products A 1 -A 9 of xylenes to A 0 .
Further calculation revealed that the percentages of o-xylene
and acetone were 50.7% and 43.7%, implying that both photo-
isomerization and photo-oxidation reactions were main pho-
todegradation processes for m-xylene in N 2 + O 2 + Xe system.
Similarly, m-xylene (498.5 ppbv and 50.7%) and acetone (219.2
ppbv and 22.3%) or o-xylene (216.5 ppbv and 38.3%) and ace-
tone (103.6 ppbv and 18.3%) ranked the top two concentration
and percentage of products from o-xylene or p-xylene pho-
todegradation, further confirming above speculation. Also, the
total concentration of all products from o-xylene (982.7 ppbv)
was higher than m-xylene (451.5 ppbv) and p-xylene (565.9
ppbv), consistent with the trend of photodegradation kinetics
results. 

In comparison with N 2 + Xe or N 2 + O 2 + Xe system, pho-
todegradation of xylenes produced higher concentration of in-
termediates in N 2 + UV (ranging from 1659.7 to 6471.2 ppbv)
and N 2 + VUV (ranging from 2330.3 to 11561.3 ppbv) systems
or in N 2 + O 2 + UV (ranging from 838.6 to 1463.5 ppbv) and
N 2 + O 2 + VUV (ranging from 1006.7 to 3071.4 ppbv) systems
( Fig. 2 i- 2 l ). Clearly, the VUV system produced higher concen-
tration intermediates than UV and Xe systems, due to its high-
est photodegradation ability toward xylenes. Similar to Xe sys-
tem, the presence of O 2 could improve the photodegradation
of xylenes and produce higher concentration intermediates in
UV and VUV systems. 

Further analysis revealed that o-xylene (999.0 ppbv) and n-
hexane (262.0 ppbv), or m-xylene (4785.0 ppbv) and n-hexane
(1104.5 ppbv) were top two highest concentrated interme-
diates from photodegradation of m-xylene or o-xylene in
N 2 + UV system. As for p-xylene, its photodegradation prod-
ucts of o-xylene (426.0 ppbv) and n-hexane (666.5 ppbv) also
showed relatively high concentrations. All these results indi-
cated that xylenes tended to occur the photo-isomerization
and ring-opening reactions in the N 2 + UV system. Further-
more, the concentrations of n-hexane in N 2 + O 2 + UV and
N 2 + O 2 + VUV systems were in the range of 22.3 to 78 ppbv and
7.9 to 168.0 ppbv, respectively. Clearly, the presence of O 2 ef-
ficiently suppressed the ring-opening of xylenes to form n-
hexane. 

In addition, the concentrations of o-xylene, m-xylene and
o-xylene from photodegradation of m-xylene, o-xylene and p-
xylene were 323.5 (or 690.0), 928.5 (or 2226.0) and 244.0 ppbv
in N 2 + O 2 + UV (or N 2 + O 2 + VUV) system, showing the highest
concentration among all products in the same reaction sys-
tem. The concentration of o-xylene from photodegradation of
p-xylene was 367.0 ppbv in N 2 + O 2 + VUV system, ranking the
second place of concentration among all products. The photo-
isomerization reaction was also very important for xylenes in
all studied systems. 

It should be noted that much higher concentration of iso-
propyl benzene was obtained from photodegradation of o-
xylene (298.0 ppbv in average) than m-xylene (49.1 ppbv in
average) and p-xylene (9.5 ppbv in average) in the studied
systems, suggesting more easily transformation of o-xylene
to isopropyl benzene. Moreover, benzene, toluene and ethyl-
benzene produced from photodegradation of p-xylene (129.8,
314.2 and 126.6 ppbv) showed higher average concentration
than m-xylene (20.5, 120.9 and 18.7 ppbv) and o-xylene (32.1,
115.1 and 10.5 ppbv), indicating favorable conversion of p-
xylene to benzene, toluene and ethylbenzene. 

Dhada et al. reported that n-hexane was the dominant
gaseous intermediate from photocatalytic degradation of o-
xylene ( Dhada et al., 2016 ), consistent with the present re-
sults that xylenes underwent ring-opening reaction to form
n-hexane. Mo et al. found the photocatalytic degradation of
toluene to acetone ( Mo et al., 2009 ), strongly agreeing with
the present conclusion of O 2 accelerating the transforma-
tion of xylene’s intermediates to acetone. Chen et al. stud-
ied the photocatalytic degradation of styrene, while benzene,
toluene, ethylbenzene and acetone were identified as gaseous
intermediates ( Chen et al., 2019 ), supporting the results in
this study. Moreover, these authors proposed that the cycloi-
somerisation of styrene to benzocyclobutene was the initial
step of photocatalytic degradation processes, solidly proving
the present conclusion that photo-isomerization reaction of
xylenes dominated in all studied systems. 

2.3. Photodegradation pathway and mechanism of 
xylenes 

Based on the intermediate information, the possible pho-
todegradation pathways and mechanisms of xylenes were
proposed. As shown in Fig. 3 , the overall reaction path-
ways were divided into three parts: photo-isomerization, pho-
todecomposition and photo-oxidation. Specifically, the xylene
molecule first absorbed the photogenerated photons from
light irradiation. If the photon energy was enough to ex-
cite the xylene molecule from the ground state to the ex-
cited state, the self-isomerization reaction of xylenes was trig-
gered. Then, the interconversion among m-xylene, o-xylene
and p-xylene was observed in this study. The isomer prod-
ucts showing the highest concentration among all products
revealed that the photo-isomerization reaction was the most
important photodegradation pathways for xylenes. It was
known that the xylene isomerization reactions were often
used to select and separate xylenes during industrial pro-
cesses ( Bauer et al., 2004 ; Tarach et al., 2017 ). The processes of-
ten consisted of three main transformation reactions, includ-
ing protonation, dealkylation and alkyl transfer ( John et al.,
1999 ). In addition, there were fewer para isomers in equilib-
rium ( Cappellazzo et al., 1991 ; Gonçalves and Rodrigues, 2013 ),
consistent with the results in this study that p-xylene in the
isomerization products was significantly lower than that of o-
xylene and m-xylene. 

When the energy of partial photons exceeded the energy of
C-C bond connecting the side-chain methyl group and phenyl
ring in xylenes, the gradually loss of side-chain methyl group
happened to successively form toluene and benzene. At the
same time, these photons broke the π bond of phenyl ring to
generate alkane, such as n-hexane. During these processes,
the produced n-hexane, toluene and benzene displayed rela-
tively higher concentration, suggesting that photodecompo-
sition reaction pathways also contributed significantly to xy-
lene photodegradation. Sandro et al. reported that toluene
was generated by the replacement of hydrogen and methyl
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Fig. 3 – Schematic diagram of photodegradation pathway and mechanism of xylenes. 

Fig. 4 – OFP concentration of products under different reaction conditions. 
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 Gail and Dagaut, 2007 ), partially supporting the present re- 
ults. 

It should be noted that in N 2 system, the photodegrada- 
ion of xylenes only underwent the photo-isomerization and 

hotodecomposition pathways. When O 2 was involved into 

he N 2 system, photo-oxidation reactions of xylenes and their 
ntermediates were also triggered. In the N 2 + O 2 system, the 
ylenes and their products could be directly oxidized by O 2 to 
orm acetone, and finally CO 2 and H 2 O. Notably, under the ef- 
ect to VUV, O 2 was also converted to reactive oxygen species 
e.g., O 3 , O( 1 D), O( 3 P)). These species efficiently oxidized the 
ylenes and their products to acetone, CO 2 and H 2 O. The much 

igher photodegradation efficiency of xylenes in N 2 + O 2 + VUV 

ystem than in N 2 + VUV system confirmed the significant role 
f photo-oxidation pathways of xylenes. 

.4. OFP and SOAFP from photodegradation 

ntermediates of xylenes 

OCs are an important group of organics in atmospheric tro- 
osphere. The photodegradation of VOCs in atmospheric envi- 
onment produces secondary pollutants such as O 3 and SOA,
hich not only affect atmospheric visibility and global climate 

hange, but also pose a serious threat to human health. There- 
ore, the OFP, SOAFP and health risk (see Section 2.5 ) of xylenes 
n different photodegradation systems were investigated.
ig. 4 a- 4 f show the OFP of three groups of products (aromat- 
cs, alkanes and carbonyls) from photodegradation of xylenes 
n different systems. As shown in Fig. 4 a , photodegradation 

f m-xylene, o-xylene and p-xylene for 120 min resulted in 

FP concentrations of 1.26 × 10 −2 , 9.56 × 10 −2 and 2.70 × 10 −2 

g/m 

3 in N 2 + Xe system. This result indicated that the pho- 
odegradation products from o-xylene more significantly con- 
ributed to the O 3 formation than its isomers. Further compar- 
son revealed that higher than 99.2% of OFP was contributed 

rom aromatics intermediates of xylenes. 
Similarly, much higher OFP concentration was obtained 

rom photodegradation of o-xylene (2.68 × 10 −2 μg/m 

3 ) than 

-xylene (0.88 × 10 −2 μg/m 

3 ) and p-xylene (1.06 × 10 −2 μg/m 

3 ) 
n N 2 + O 2 + Xe system ( Fig. 4 b ). However, the OFP concentra-
ions of xylenes in N 2 + O 2 + Xe system were all smaller than
hat in N 2 + Xe system. This trend was also observed in UV and
UV systems ( Fig. 4 c- 4 f ). The reason was due to production of
igher concentrated intermediates in the pure N 2 system. Fur- 

her comparison indicated that the OFP concentration in the 
 2 and N 2 + O 2 systems irradiating by different lamps obeyed 

he order of Xe < UV < VUV. Such order was consistent with
he order of the intermediate concentration, solidly proving 
he potential contribution of these products to O 3 formation 

uring photodegradation of xylenes. 
In addition, among three groups of products (aromatics,

lkanes and carbonyls), it was found that the contribution 

f aromatic products ( > 99%) to OFP concentration was dom- 
nant in Xe, UV and VUV systems. Therefore, the contri- 
ution of each aromatic product to OFP concentration was 
urther investigated. As shown in Fig. 4 g- 4 h , during pho-
odegradation of m-xylene, o-xylene or p-xylene in N 2 + Xe and 

 2 + O 2 + Xe systems, the highest OFP concentrations were ob- 
ained from o-xylene (0.82 × 10 −2 and 1.16 × 10 −2 μg/m 

3 ),
-xylene (2.30 × 10 −2 and 8.96 × 10 −2 μg/m 

3 ) or o-xylene 
0.78 × 10 −2 and 2.11 × 10 −2 μg/m 

3 ), accounting for 96.0% and 

2.3%, 86.6% and 93.8% or 74.0% and 78.7% of the total aro- 
atic products. Similar phenomenon was also observed in 

V and VUV systems ( Fig. 4 i- 4 l ). All these consistent results
onfirmed that the photo-isomerization products of xylenes 
ominantly contributed to the OFP concentration in this study.
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Fig. 5 – SOAFP concentration of products under different reaction conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In other words, the photo-isomerization pathways of xylenes
were more significantly in O 3 formation than photodecom-
position and photo-oxidation pathways. However, toluene ac-
counted for 26.1% and 35.6% of contributions to OFP concen-
trations in N 2 + O 2 + UV and N 2 + O 2 + VUV systems, suggesting
that the photodecomposition pathway was also an impor-
tant contributor to O 3 formation during photodegradation of
xylenes. 

Similar to OFP results, the SOAFP concentration from o-
xylene photodegradation was the highest among all xylenes
in the studied systems and aromatics products dominated
the contribution of SOAFP concentration among all products
( Fig. 5 a- 5 f ), confirming that the photodegradation products of
o-xylene, especially aromatics, significantly contributed to the
formation of both O 3 and SOA. Previous studies have also con-
firmed the important contribution of aromatics to the forma-
tion of secondary air pollutants ( Ou et al., 2015 ), partially sup-
porting the present results. 

Further analysis of the contribution of individual aromatic
product to SOAFP concentration revealed that the isomeriza-
tion product of m-xylene and o-xylene accounted for higher
than 78.3%% and 86.6% among all products ( Fig. 5 g- 5 f ). These
results were consistent with the OFP results, revealing that the
photo-isomerization reaction of these two xylenes were more
significantly in O 3 and SOA formation. As for p-xylene, the o-
xylene and toluene accounted for 54.2% to 78.7% and 8.5% to
35.6% of SOAFP concentration, respectively. Further compari-
son revealed the higher contribution percentage of toluene in
SOAFP concentration in UV and VUV systems than Xe system.
Derwent et al. estimated the SOAFP of 113 VOCs through at-
mospheric oxidation and found that simple C6-C8 aromatic
compounds, such as toluene, ethylbenzene and xylene iso-
mers, had a strong tendency to form SOA ( Derwent et al.,
2010 ), supporting the present results. Wu et al. also reported
that alkyl benzene was the largest contributor to OFP and
SOAFP, and toluene and xylene were the single VOCs species
with the largest contributors ( Wu et al., 2017 ), consistent with
the current conclusions. All these indicated that both photo-
isomerization and photodecomposition pathways were im-
portant contributor to SOA formation during photodegrada-
tion of p-xylene, especially in UV and VUV systems. It was
also noticed that the contribution percentage of toluene in
SOAFP was much higher than that in OFP from photodegrada-
tion of p-xylene, implying that the photodecomposition path-
ways showed more important role in the formation of SOA
than O 3 . 

2.5. Non-carcinogenic and occupational exposure cancer 
risks of products from photodegradation of xylenes 

The non-carcinogenic risk of each product obtained in dif-
ferent systems was assessed and the results are shown in
the top image of Fig. 6 . In N 2 + Xe system, the HRs of n-
hexane from m-xylene, o-xylene and p-xylene were 0.2, 0.1
and 0.1, revealing potential non-carcinogenic risk concern as-
sociated with this product based on the assessment standard
( McCarthy et al., 2009 ). Interestingly, the HRs of n-hexane from
all xylenes decreased to 0.03 in N 2 + O 2 + Xe system, indicat-
ing negligible non-carcinogenic risk concern associated with
such product at current system. The further oxidation of n-
hexane by O 2 to other products, such as acetone, was respon-
sible for the decreased non-carcinogenic risk of n-hexane. As
shown in N 2 + O 2 + Xe system, the HRs of acetone from three
xylenes were in the range of 2.7 to 5.7, indicating that ace-
tone might pose non-carcinogenic threats to the people based
on the assessment standard ( Ramirez et al., 2012 ). Meanwhile,
in both N 2 + Xe and N 2 + O 2 + Xe systems, the HRs of o-xylene
(10.9 and 15.3) from m-xylene, m-xylene (23.6 and 92.1) and
isopropyl benzene (3.9 and 5.5) from o-xylene, and o-xylene
(10.3 and 27.8) and benzene (8.4 and 16.3) from p-xylene were
found exceeding 1, and these products also might pose non-
carcinogenic threats to the people. The much higher HRs
in N 2 + Xe system than in N 2 + O 2 + Xe indicated that oxida-
tion of these products by O 2 efficiently reduces their non-
carcinogenic risks. 

Similar reduction of non-carcinogenic risk of main prod-
ucts was also observed in N 2 + UV (or N 2 + VUV) system than
in N 2 + O 2 + UV (or N 2 + O 2 + VUV) system. It was also found that
the HRs of main products of xylenes followed the orders of
Xe < UV < VUV in same reaction atmosphere. For example,
the HRs of m-xylene obtained from o-xylene photodegrada-
tion were 23.6, 44.0 and 105.5 in N 2 + O 2 + Xe, N 2 + O 2 + UV and
N 2 + O 2 + VUV systems, while benzene produced from p-xylene
photodegradation showed HR of 16.3, 17.3 and 21.8 in N 2 + Xe,
N 2 + UV and N 2 + VUV systems. These results suggested that
light with shorter wavelength preferred to produce the inter-
mediates with higher non-carcinogenic risks, due to it’s the
highest photodegradation performance toward xylenes. More-
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Fig. 6 – Non-carcinogenic risk of products under different reaction conditions. 

Fig. 7 – Occupational exposure cancer risk of products under different reaction conditions. 
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ver, the HRs of acetone in the studied systems showed the 
ame order of magnitude (from 2.7 to 7.1), indicating that the 
ype of the lamp did not influence the non-carcinogenic risk 
f this product. 

In addition, the occupational exposure cancer risks associ- 
ted with products from photodegradation of xylenes in dif- 
erent systems were evaluated. Fig. 7 shows that the E i val- 
es of most products from xylenes in N 2 + Xe and N 2 + Xe sys-
em were below 0.1. This suggests that these products at this 
oncentration level pose little cancer threat to the workers 
uring photodegradation of xylenes in Xe system. However,
enzene showed the E i values of 0.3 and 0.1 in N 2 + Xe and
 2 + Xe system, suggesting possible adverse occupational ex- 
osure cancer risks from benzene. Similar phenomenon was 
lso obtained in UV and VUV systems. Previous studies have 
lso proved that the more benzene was produced during the 
hotocatalytic oxidation of AHs, the greater the risk of toxicity 
nd occupational exposure to cancer was ( Dhada et al., 2016 ; 
ei and Leung, 2015 ; Sun et al., 2010 ), agreeing with the present 
esults. Further comparison revealed that in all studied sys- 
ems, benzene displayed much higher occupational exposure 
ancer risk than photo-isomerization products of xylenes,
hile the opposite trend was observed in non-carcinogenic 
isks. These results indicated that different photodegradation 

roducts of xylenes might show different health risks and 

ore attentions should be paid on their threat to human be- 
ngs. 

.6. Comparison of OFP, SOAFP and health risk in 

ifferent reaction systems 

o further understand the contribution difference of pho- 
odegradation products of xylenes to atmospheric pollution 

nd human health, the comparison of the OFP concentra- 
ion, SOAFP concentration and health risk from total products 
f xylenes in different lamp and atmosphere conditions was 
onducted. As shown in Fig. 8 , in the same lamp and atmo-
phere condition, o-xylene displayed the highest concentra- 
ion of OFP and SOAFP as well as non-carcinogenic risk, while 
-xylene exhibited higher occupational exposure cancer risk 
han its isomers. Clearly, the photodegradation of xylenes 
ith different methyl group position produced different con- 

entrated intermediates, which expressed different contribu- 
ions to formation of O 3 , SOA and health threat. Zhang et al.
bserved different SOA formation from photooxidation of m- 
ylene, o-xylene and p-xylene under NO condition and the 
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Fig. 8 – Comparison of total OFP, SOAFP, non-carcinogenic risk and occupational exposure risk of products under different 
reaction conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

contributions to SOA formation appeared to depend on the
xylene substitution pattern ( Zhang et al., 2019 ), partially sup-
porting the present results. 

Moreover, it was noticed that higher concentrations of OFP
and SOAFP as well as non-carcinogenic and cancer risks were
obtained in N 2 system than N 2 + O 2 system for the same xy-
lene. It seemed that the presence of oxygen was conducive
to further degradation of xylenes and their photodegrada-
tion intermediates, reducing secondary pollution and human
health threat, especially in VUV system. This was because that
N 2 + O 2 + VUV system could produce abundant reactive oxy-
gen species (ROS), which easily oxidized xylenes and their
intermediates to CO 2 and H 2 O. Choi et al. reported that the
generated ROS such as O( 1 D), O( 3 P) and O 3 from photolyz-
ing O 2 by VUV further oxidized the recalcitrant intermedi-
ates ( Weon et al., 2019 ), solidly supporting the hypothesis.
Chen et al. found a higher intensity of ROS was obtained in
gaseous phase of N 2 + O 2 + VUV system than N 2 + O 2 + UV sys-
tem ( Chen et al., 2019 ), further confirming the above conclu-
sion. 

In addition, the comparison of OFP, SOAFP and health risk
of the products and the degraded xylenes were investigated
( Fig. 8 and Appendix A Fig. S7 ). For convenience, the results
of photodegradation of o-xylene in N 2 + O 2 + VUV system were
taken as an example. The OFP or SOAFP of reacted o-xylene
after photodegradation reaction for 120 min were calculated
as 6.90 or 4.70 × 10 4 μg/m 

3 , which was 61.4 or 71.7 times
of the produced intermediates (0.11 and 6.55 × 10 2 μg/m 

3 ).
Meanwhile, the non-carcinogenic and occupational exposure
risks of the reacted o-xylene were 9.11 × 10 3 and 1.94, which
were 70.7 and 20.5 times of the produced intermediates (128.7
and 0.09). These results indicated that the photodegradation
technology not only efficiently eliminated the o-xylene, but
also prevent the formation of secondary pollution and health
threat from the produced intermediates. For all xylenes in all
studied systems, the OFP, SOAFP, non-carcinogenic and occu-
pational exposure risks of the produced intermediates were
reduced for at least 13.7, 18.7, 17.2 and 4.5 times compar-
ing with the degraded xylenes. However, the produced inter-
mediates also showed relatively high OFP, SOAFP and health
risks, suggesting that the secondary pollution and the adverse
health impact caused by the products from photodegradation
of xylenes could not be ignored. Therefore, the appropriate uti-
lization of the photodegradation technology for purification of
industrial organic waste gas was necessary. 

3. Conclusions 

In the present study, the photodegradation of xylenes un-
der different reaction conditions was studied. The results
showed that the degradation efficiency of o-xylene was the
highest among all xylenes under the same conditions, while
all xylenes showed the highest photodegradation perfor-
mance in N 2 + O 2 + VUV system. Three kinds of intermedi-
ates, aromatics, alkanes and carbonyls, were obateind from
photodegradation of xylenes, revealing that xylenes under-
went the pathways of photo-isomerization, photodecompo-
sition and photo-oxidation. The isomerized products were
found not only domination in the contribution of OFP and
SOAFP, but also displaying obvious non-carcinogenic risk.
While benzene showed the highest occupational exposure
risk. Furthermore, the generated products from photodegra-
dation of xylenes displayed relatively high OFP, SOAFP and
health risks, suggesting that the secondary pollution and
health risks of photodegradation products of xylenes were
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on-ignorable, though the photodegradation technology ef- 
ectively removed xylenes. The findings in this study provide 
 comprehensive understanding of photodegradation process 
f xylenes and are helpful for the appropriate application of 
he photodegradation technology in purification of industrial 
romatic hydrocarbons in the future. 

eclaration of Competing Interest 

he authors declare that they have no known competing fi- 
ancial interests or personal relationships that could have ap- 
eared to influence the work reported in this paper. 

cknowledgments 

his work was supported by the National Natural Science 
oundation of China (Nos. 42177354 and 21777032 ), the Na- 
ional Key R&D Program of China (No. 2019YFC0214402 ) and 

he Guangdong Basic and Applied Basic Research Foundation 

No. 2019B151502064 ). 

ppendix A Supplementary data 

upplementary material associated with this article can be 
ound, in the online version, at doi: 10.1016/j.jes.2022.12.034 . 

eferences 

n, T.C., Huang, Y., Li, G.Y., He, Z.G., Chen, J.Y., Zhang, C.S., 2014. 
Pollution profiles and health risk assessment of VOCs emitted 

during e-waste dismantling processes associated with 

different dismantling methods. Environ. Int. 73, 186–194 .
auer, F., Chen, W.H., Ernst, H., Huang, S.J., Freyer, A., Liu, S.B., 

2004. Selectivity improvement in xylene isomerization. 
Micropor. Mesopor. Mat. 72, 81–89 .

howmick, M., Semmens, M.J., 1994. Ultraviolet photooxidation 

for the destruction of vocs in air. Water Res 28, 2407–2415 .
appellazzo, O., Cao, G., Messina, G., Morbidelli, M., 1991. Kinetics 

of shape-selective xylene isomerization over a ZSM-5 catalyst.
Ind. Eng. Chem. Res. 30, 2280–2287 .

arter, W.P.L., 2008. Reactivity estimates for selecte consumer 
product compounds university of California California Air 
resources board.

hen, D.J., Liu, R.R., Lin, Q.H., Ma, S.T., Li, G.Y., Yu, Y.X., et al., 2021a.
Volatile organic compounds in an e-waste dismantling region: 
From spatial-seasonal variation to human health impact. 
Chemosphere 275, 130022 .

hen, J.Y., He, Z.G., Ji, Y.M., Li, G.Y., An, T.C., Choi, W.Y., 2019. OH 

radicals determined photocatalytic degradation mechanisms 
of gaseous styrene in TiO 2 system under 254 nm versus 185 
nm irradiation: combined experimental and theoretical 
studies. Appl. Catal. B: Environ. 257, 117912 .

hen, J.Y., Huang, Y., Li, G.Y., An, T.C., Hu, Y.K., Li, Y.L., 2016a. VOCs 
elimination and health risk reduction in e-waste dismantling 
workshop using integrated techniques of electrostatic 
precipitation with advanced oxidation technologies. J. Hazard. 
Mater. 302, 395–403 .

hen, J.Y., Zhang, D.L., Li, G.Y., An, T.C., Fu, J.M., 2016b. The health 

risk attenuation by simultaneous elimination of atmospheric 
VOCs and POPs from an e-waste dismantling workshop by an 
integrated de-dusting with decontamination technique. 
Chem. Eng. J. 301, 299–305 .

hen, J.Y., Yi, J.J., Zhu, W.K., Zhang, W.N., An, T.C., 2021b. Oxygen 

isotope tracing study to directly reveal the role of O 2 and H 2 O 

in the photocatalytic oxidation mechanism of gaseous 
monoaromatics. Environ. Sci. Technol. 55, 16617–16626 .

hen, J.Y., Zhang, L.Y., Zhu, W.K., Li, G.Y., An, T.C., 2022. 
Atomic-level insight into effect of substrate concentration 

and relative humidity on photocatalytic degradation 

mechanism of gaseous styrene. Chemosphere 291, 133074 .
hen, L., Zhou, H.Y., Liu, L., Deng, Q.Y., 2007. Mechanism study on 

UV-induced photodegradation of nonylphenol ethoxylates by 
intermediate products analysis. Chinese Chem. Lett. 18, 
473–475 .

onley, F.L., Thomas, R.L., Wilson, B.L., 2005. Measurement of 
volatile organic compounds in the urban atmosphere of 
Harris county. Texas. J. Environ. Sci. Heal. A 40, 1689–1699 .

al Pozzo, A., Guglielmi, D., Antonioni, G., Tugnoli, A., 2017. 
Sustainability analysis of dry treatment technologies for acid 

gas removal in waste-to-energy plants. J. Clean. Prod. 162, 
1061–1074 .

erwent, R.G., Jenkin, M.E., Utembe, S.R., Shallcross, D.E., 
Murrells, T.P., Passant, N.R., 2010. Secondary organic aerosol 
formation from a large number of reactive man-made organic 
compounds. Sci. Total Environ. 408, 3374–3381 .

hada, I., Nagar, P.K., Sharma, M., 2015. Photo-catalytic oxidation 

of individual and mixture of benzene, toluene and p-xylene. 
Int. J. Environ. Sci. Technol. 13, 39–46 .

hada, I., Sharma, M., Nagar, P.K., 2016. Quantification and 

human health risk assessment of by-products of photo 
catalytic oxidation of ethylbenzene, xylene and toluene in 

indoor air of analytical laboratories. J. Hazard. Mater. 316, 1–10 .
eiyan, C., Pehkonen, S.O., Ray, M.B., 2002. Kinetics and 

mechanisms of UV-photodegradation of chlorinated organics 
in the gas phase. Water Res 36, 4203–4214 .

eng, J.R., Deng, Q.X., Ni, H.G., 2022. Photodegradation of phthalic 
acid esters under simulated sunlight: mechanism, kinetics, 
and toxicity change. Chemosphere 299, 134475 .

ail, S., Dagaut, P., 2007. Oxidation of m-xylene in a JSR: 
experimental study and detailed chemical kinetic modeling. 
Combust. Sci. Technol. 179, 813–844 .

onçalves, J.C., Rodrigues, A.E., 2013. Thermodynamic 
equilibrium of xylene isomerization in the liquid phase. J. 
Chem. Eng. Data 58, 1425–1428 .

and, D.W., Crittenden, J.C., Gehin, J.L., Lykins, B.W., 1986. Design 

and evaluation of an air-stripping tower for removing VOCs 
from groundwater. J. Am. Water Works Ass. 78, 87–97 .

e, Z.G., Li, J.J., Chen, J.Y., Chen, Z.P., Li, G.Y., Sun, G.P., An, T.C., 
2012. Treatment of organic waste gas in a paint plant by 
combined technique of biotrickling filtration with 

photocatalytic oxidation. Chem. Eng. J. 200-202, 645–653 .
ealy, R.M., Temime, B., Kuprovskyte, K., Wenger, J.C., 2009. Effect 

of relative humidity on gas/particle partitioning and aerosol 
mass yield in the photooxidation of p-xylene. Environ. Sci. 
Technol. 43, 1884–1889 .

o, K.F., Lee, S.C., 2002. Identification of atmospheric volatile 
organic compounds (VOCs), polycyclic aromatic hydrocarbons 
(PAHs) and carbonyl compounds in Hong Kong. Sci. Total 
Environ 289, 145–158 .

uang, M.Q., Zhang, W.J., Hao, L.Q., Wang, Z.Y., Fang, L., Kong, R.H.,
et al., 2010. Experimental study of photooxidation products of 
ethylbenzene. J. Environ. Sci. 22, 1570–1575 .

uang, M.Q., Zhang, W.J., Hao, L.Q., Wang, Z.Y., Zhao, W.W., Gu, X.J.,
et al., 2007. Laser desorption/ionization mass spectrometric 
study of secondary organic aerosol formed from the 
photooxidation of aromatics. J. Atmos. Chem. 58, 237–252 .

uheey, J.E., Keiter, E.A., Keiter, R.L., 1993. Inorganic Chemistry: 
Principles of Structure and Reactivity, 4th Ed. HarperCollins 
College Publishers, New York .

https://doi.org/10.13039/501100001809
https://doi.org/10.1016/j.jes.2022.12.034
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0001
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0002
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0003
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0004
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0006
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0007
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0008
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0009
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0009
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0010
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0011
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0012
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0013
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0014
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0015
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0016
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0017
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0018
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0019
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0020
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0021
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0022
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0023
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0024
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0025
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0026
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0027
http://refhub.elsevier.com/S1001-0742(23)00002-5/sbref0028


journal of environmental sciences 136 (2024) 658–669 669 

 

 

 

 

 

John, H.H., Neubauer, H.D., Birke, P., 1999. Zeolite containing 
catalysts for the conversion of C8-aromatics fractions. Catal. 
Today 49, 211–220 .

Kiattisaksiri, P., Khan, E., Punyapalakul, P., Ratpukdi, T., 2016. 
Photodegradation of haloacetonitriles in water by vacuum 

ultraviolet irradiation: mechanisms and intermediate 
formation. Water Res 98, 160–167 .

Kleindienst, T.E., Conver, T.S., McIver, C.D., Edney, E.O., 2004. 
Determination of secondary organic aerosol products from 

the photooxidation of toluene and their implications in 

ambient PM2.5. J. Atmos. Chem. 47, 79–100 .
Korologos, C.A., Nikolaki, M.D., Zerva, C.N., Philippopoulos, C.J., 

Poulopoulos, S.G., 2012. Photocatalytic oxidation of benzene, 
toluene, ethylbenzene and m-xylene in the gas-phase over 
TiO 2 -based catalysts. J. Photoch. Photobiolo. A 244, 24–31 .

Lee, R.B., Juan, J.C., Lai, C.W., Lee, K.M., 2017. Ilmenite: Properties 
and photodegradation kinetic on Reactive Black 5 dye. 
Chinese Chem. Lett. 28, 1613–1618 .

Li, G.Y., Zhang, Z.Y., Sun, H.W., Chen, J.Y., An, T.C., Li, B., 2013. 
Pollution profiles, health risk of VOCs and biohazards emitted 

from municipal solid waste transfer station and elimination 

by an integrated biological-photocatalytic flow system: a 
pilot-scale investigation. J. Hazard. Mater. 250-251, 147–154 .

Lin, Q.H, Gao, Z., Zhu, W.K., Chen, J.Y., An, T.C., 2023. 
Underestimated contribution of fugitive emission to VOCs in 

pharmaceutical industry based on pollution characteristics, 
odorous activity and health risk assessment. J. Environ. Sci. 26,
722–733 .

Liu, R.R., Chen, J.Y., Li, G.Y., An, T.C., 2017. Using an integrated 

decontamination technique to remove VOCs and attenuate 
health risks from an e-waste dismantling workshop. Chem. 
Eng. J. 318, 57–63 .

Liu, R.R., Chen, J.Y., Li, G.Y., Wang, X.M., An, T.C., 2019. Cutting 
down on the ozone and SOA formation as well as health risks 
of VOCs emitted from e-waste dismantlement by integration 

technique. J. Environ. Manage. 249, 107755 .
Ma, P., Ma, Z.Y., Yan, J.H., Chi, Y., Ni, M.J., Cen, K.F., 2011. Industrial 

hazardous waste treatment featuring a rotary kiln and grate 
furnace incinerator: a case study in China. Waste Manag. Res. 
29, 1108–1112 .

McCarthy, M.C., O’Brien, T.E., Charrier, J.G., Hather, H.R., 2009. 
Characterization of the chronic risk and hazard of hazardous 
air pollutants in the United States using ambient monitoring 
data. Environ. Health. Persp. 117, 790–796 .

Mo, J.H., Zhang, Y.P., Xu, Q.J., Zhu, Y.F., Lamson, J.J., Zhao, R.Y., 2009.
Determination and risk assessment of by-products resulting 
from photocatalytic oxidation of toluene. Appl. Catal. B: 
Environ. 89, 570–576 .

Ou, J.M., Zheng, J.Y., Li, R.R., Huang, X.B., Zhong, Z.M., Zhong, L.J., 
et al., 2015. Speciated OVOC and VOC emission inventories 
and their implications for reactivity-based ozone control 
strategy in the Pearl River Delta region. China. Sci. Total 
Environ. 530-531, 393–402 .
Pei, C.C., Leung, W.W.F., 2015. Photocatalytic oxidation of nitrogen 

monoxide and o-xylene by TiO 2 /ZnO/Bi 2 O 3 nanofibers: 
Optimization, kinetic modeling and mechanisms. Appl. Catal. 
B: Environ. 174-175, 515–525 .

Ramirez, N., Cuadras, A., Rovira, E., Borrull, F., Marce, R.M., 2012. 
Chronic risk assessment of exposure to volatile organic 
compounds in the atmosphere near the largest 
Mediterranean industrial site. Environ. Int. 39, 200–209 .

Shen, Y.S., Ku, Y., 1997. Treatment of gas-phase trichloroethene in 

air by the UV/O 3 process. J. Hazard. Mater. 54, 189–200 .
Shen, Y.S., Ku, Y., 1998. Decomposition of gas-phase 

chloroethenes by UV/O 3 process. Water Res 32, 2669–2679 .
Shen, Y.S., Ku, Y., Lee, K.C., 1995. The effect of light absorbance on 

the decomposition of chlorophenols by ultraviolet radiation 

and u.v./H 2 O 2 processes. Water Res 29, 907–914 .
Song, C., Na, K., Warren, B., Malloy, Q., Cocker, D.R., 2007. 

Secondary organic aerosol formation from the photooxidation
of p- and o-xylene. Environ. Sci. Technol. 41, 7403–7408 .

Sun, L., Li, G.Y., Wan, S.G., An, T.C., 2010. Mechanistic study and 

mutagenicity assessment of intermediates in photocatalytic 
degradation of gaseous toluene. Chemosphere 78, 313–318 .
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