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KEYWORDS Abstract VUV/UV photodegradation is a promising method that utilizes energetic photons and
VUV/UV lamp; reactive oxygen species (ROS) generated via the photo-dissociation of H,O and O, to degrade
In humid air; VOCs. In the paper, we investigated the efficiency of removal and mineralization in humid air
VOCs; and the effects of key factors. Toluene of 4-20 ppm can be almost completely removed in 60 s
Degradation pathways; and mineralization efficiency is above 55% at 25 min. 185 nm ultraviolet light plays a key role in
VUV/UV photodegradation the rapid removal and mineralization of toluene. Appropriate amount of O, and H,O promote

the removal of toluene due to the generation of ROS. Based on the intermediates and degradation
pathway analysis, it is found that in the presence of O,, degradation pathways of toluene are more
abundant and fewer linear-chain aldehydes are produced, thus resulting in higher mineralization
efficiency. This work highlights the importance of practical application of VUV/UV photodegrada-

tion in humid air.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction O3 (Hui et al., 2019), which have adverse effects on the global environ-
ment (Finlayson-Pitts and Pitts, 1997; Ji et al., 2017) and cause persis-
Volatile organic compounds (VOCs) are one of the most common air tent harm to human health (Heymes et al., 2006; Huff, 2007; Wu et al.,

pollutants (Zhu et al., 2013; Wu et al., 2019; Zhang et al., 2021). They 2019). With the increasing emission of VOCs, various technologies
contribute to the formation of photochemical smog and tropospheric have been used to decompose VOCs. Thereinto, VUV/UV pho-
todegradation is proved to be a promising method due to its high
removal efficiency of VOCs and mild operation condition (Wang
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hit.edu.cn (C. Li). The low-pressure mercury lamp emitting 254 nm and a small pro-
Peer review under responsibility of King Saud University. portion of 185 nm ultraviolet light is commonly used as the light source

(Sayed et al., 2016). There are generally three ways to degrade gaseous
VOCs in the VUV/UYV photodegradation process, including the direct
photolysis by energetic photons, the oxidation of reactive oxygen spe-
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-OH generated from H,O photo-dissociation or the reaction between O
('D) and H,O (Chen et al., 2002; Jeong et al., 2004; Ye et al., 2013;
Huang et al., 2016b). Thus, high-energy photons, O, and H,O are
the key factors in the VUV/UV photodegradation. Cheng et al.
(2011) observed that the removal rate of a-pinene increased with the
increasing relative humidity (RH) in N,. In the presence of O,, the
removal rate or efficiency of VOCs increased first and then stayed
stable or decreased with the increasing RH (Cheng et al., 2011;
Huang et al., 2014). Ye et al. (2013) found that H,O, content increased
obviously first and then increased slightly with the H,O content rang-
ing from 2% to 12% in the presence of O,, indirectly indicating the
effect of H,O on -OH production. Besides, the introduction of O,
can improve the removal of VOCs (Koh et al., 2004; Mohseni et al.,
2005; Yu et al., 2012). For example, Wang and Ray (2000) presented
that the removal rate of toluene in pure O, was faster than that in
the air. Although there were many studies, the in-depth mechanism
of the effect of energetic photons, H,O and O, on the removal and
mineralization of VOC:s is still unclear.

In this study, the removal and mineralization of toluene in the
humid air were explored in a closed-loop reactor. Toluene, as one of
the common and representative VOCs, was selected as the target sub-
stance (Huang et al., 2011). Toluene has been attempted to remedy via
VUV/UV photodegradation coupled with photocatalytic oxidation
process or wet scrubbing process (Wu et al., 2019; Liang et al., 2020;
Wu et al., 2021; Zhang et al., 2021; Xie et al., 2022). The effects of light
wavelength, H,O, and O, on the removal and mineralization of toluene
were comprehensively discussed. Moreover, the degradation pathways
of toluene with and without O, and H,O (i.e., N, with 80% RH, air
with less than 3% RH, and air with 80% RH) were investigated to
reveal the in-depth understanding on the effect of O, and H,O in the
VUV/UV photodegradation.

2. Materials and methods

2.1. Materials

Toluene (chromatographic grade) was purchased from Mack-
lin Biochemical Co., Ltd. (Shanghai, China). The purified air,
N, and O, (99.9%) were supplied from Xiangyuan Gas Com-
pany (Dongguan, China).

2.2. Equipment setup

The experiments of VUV/UV photodegradation were con-
ducted in a closed-loop reactor with an effective volume of
0.68 L. A 10 W low-pressure lamp (ZW10D15Y-212, Cnlight,
Guangzhou, China) with 90% output at 254 nm and 10% at
185 nm was placed inside a quartz cylinder reactor (185 mm
in length and 70 mm in diameter). For comparison, a UV lamp
with about 100% output at 254 nm (10 W, ZW10D15W-212,
Cnlight, Guangzhou, China) was used to evaluate the effect
of wavelength on the removal and mineralization of toluene.
Fig. 1 is the schematic diagram of experimental device.

The RH of 20%, 40%, 60%, and 80% corresponds to the
moisture concentration of 4.6 g/m>, 9.2 g/m>, 13.8 g/m?,
18.4 g/m® at 25 °C, respectively. The corresponding volume
of ultrapure water was injected into a Teflon gas sampling
bag filled with 46 L dry N,/air/O,. Hot wind was used to accel-
erate the vaporization of water in the gas sampling bag. When
vapor was evenly distributed in the air sampling bag, the
required gas with a certain RH was prepared. A certain vol-
ume of toluene liquid was injected into the Teflon gas sampling
bag. When the toluene liquid was completely volatilized and
evenly distributed in the gas sampling bag, the desired gas
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Fig. 1  Schematic diagram of experimental device.

was prepared. The gas was pumped into the reactor by a
micro-diaphragm pump at a flow rate of 0.6 L min~'. After
40 min, when the humidity and toluene concentration in the
reaction were stable, the intake process was stopped and then
the reactor was switched to closed-loop control. The initial
concentrations of toluene, CO and CO, were measured while
the gas in the reactor was circulated by the micro-diaphragm
pump at a flow rate of 0.6 L min~'. The sampling time for
degradation reaction and GC detection was controlled by
switching the light on and off. The gas was sampled over time
to detect the concentrations of toluene, CO, and CO,. All
experiments were repeated two or three times to confirm their
accuracy.

2.3. Analysis methods

2.3.1. Toluene analysis

The concentration of toluene was analyzed by a gas chro-
matograph (GC) (97901, Fuli, Zhejiang, China) equipped with
a flame-ionization detector (FID) and a capillary column (KB-
5,30 m x 0.32 mm x 0.5 um). The temperature of vaporizer
and detector were both 200 °C and the column temperature
was 80 °C. Toluene concentration was determined via the stan-
dard curve (R® = 0.9989).

2.3.2. Mineralization efficiency

The mineralization of toluene ends with the formation of CO,
and H,O in the gas phase (Govindan et al., 2012; Pham et al.,
2016). The concentrations of CO, and CO were detected by a
GC (SP-6890, Lunan Rui Hong, Shandong, China) equipped
with an FID and a methanizer. A packed column (GDX-
502, 4 m x 3 mm) was used. The temperatures of vaporizer,
column, detector 1 and detector 2 were 120 °C, 80 °C,
140 °C and 360 °C, respectively. The concentrations of CO,
and CO were measured by a standard curve calibrated with
standard gas (R? = 0.99991 and 0.99988).

The mineralization efficiency was calculated from the fol-
lowing equation:
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Cico, — Coco, % 100%

Mineralization efficiency (%) = X C
0

where, n is the number of carbon atoms in toluene, Cy and
Cico, are the concentrations of toluene and CO; at the reac-
tion start time (¢, = 0), respectively. Cico» is the concentra-
tions of produced CO, at reaction time (¢; = t).

2.3.3. Intermediates identification

The gas sample was injected into the gas chromatography-
mass spectrometer (GC-MS, 7890B GC-5977B MS, Agilent
Technologies, USA) to identify intermediates. An HP-5 col-
umn (60 m x 0.32 mm x 0.25 pum, Agilent Technologies,
USA) was used with GC column temperature program:
40 °C for 3 min, increased to 220 °C at a rate of 5 °C min
and held for 2 min. The carrier gas was ultrahigh pure helium
at a constant flow rate of 1 ml min~' with a splitless inlet. The
injector temperature was held at 260 °C and the temperature of
the transfer line and the ion source were both held at 230 °C.
The MS was equipped with an Electron Impact lonization
Detector (EID), which was operated in full scan mode with
ionization energy set to 70 eV and a scan range of 50-560 amu.

3. Results and discussion

3.1. Efficient removal and mineralization of toluene via VUV
UV photodegradation

The removal and mineralization of toluene with concentration
ranging from 4 to 20 ppm were carried out in humid air with
80% RH via VUV/UV photodegradation. Fig. 2(a) presents
that the ultrafast removal of toluene can be achieved via
VUV/UV photodegradation in air with 80% RH. Specifically,
despite of the initial concentration in 4-20 ppm, more than
95% and 99% of the toluene is removed in 15 s and 60 s,
respectively. The removal rate of toluene at a lower concentra-
tion is faster. This is because the number of photons and ROS
is constant, thus each toluene molecule can collide with more
photons and ROS when toluene concentration is lower.
Fig. 2(b) shows that the removal amount of toluene increases
with the increasing toluene concentration. The reason is that
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Fig. 2
RH.

photons and ROS in the system have higher utilization at
higher concentration toluene as the photons and ROS have
more chance to collide with the surrounding toluene molecules
at higher toluene concentration.

Fig. 3 presents the mineralization efficiency of toluene and
generated CO, concentration. Mineralization efficiency of
toluene of 4 ppm is 57.3% at 25 min. Although the toluene
concentration is increased from 4 ppm to 20 ppm, its mineral-
ization efficiency still maintained at 55.3%. The formation of
refractory intermediates is a possible reason that toluene is
not completely mineralized. Moreover, it is found that CO,
concentration increases with the increase of toluene concentra-
tion. The reason is same with that of the variation in removal
amount, namely higher utilization of photons and ROS in the
case of higher concentration of toluene.

Therefore, VUV/UV photodegradation can completely
remove toluene in a relatively short time in humid air and
achieve a favorable mineralization efficiency. The roles of light
wavelength, O,, and H,O in the process are discussed below.

3.2. Effect of light wavelength

The low-pressure mercury lamp used in the VUV/UV pho-
todegradation process emits ultraviolet light with wavelengths
of 254 nm and 185 nm. To distinguish the contributing wave-
length for toluene degradation, an experiment using a UV
lamp emitting a single wavelength light of 254 nm was carried
out.

Fig. 4(a) exhibits the removal of 20 ppm toluene under
VUV/UV lamp irradiation and under UV lamp irradiation
in air with 80% RH. Under VUV/UV irradiation, it is at
15 s that more than 95% toluene is removed. However, under
UV lamp irradiation, it takes 120 min to reach the removal
efficiency of about 91%. The removal of toluene is found to
follow the first-order kinetic model, as shown in the insert of
Fig. 4(a). The removal rate constant of toluene under VUV/
UV irradiation is 0.1772 s~', which is 443 times higher than
the removal rate constant of 0.0004 s~ under UV irradiation.
For mineralization, 55.3% of toluene is converted to CO, and
H,0 under VUV/UV lamp irradiation and no CO, is produced
under UV lamp irradiation (Fig. 4(b)). The rapid degradation
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(a) Removal efficiency and (b) removal amount of toluene at initial concentrations ranging from 4 to 20 ppm in the air with 80%
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Fig. 3 Mineralization efficiency and generated CO, concentra-
tion at initial concentrations of toluene ranging from 4 to 20 ppm
in the air with 80% RH. The reaction time is 25 min.

of VUV/UV system can be ascribed to (1) high energy of
185 nm ultraviolet light (6.7 €V) that is higher than the energy
of photons at the wavelength of 254 nm (4.88 eV) (Kaneko
et al., 2018; Singh et al., 2020) and can break the chemical
bonds of toluene (Table 1); (2) 185 nm ultraviolet light can
generate ROS through interacting with O, and H,O in the sys-
tem. The reactions of the generation of ROS are shown in
Fig. 5 (Atkinson et al., 2004; Ye et al., 2013; Zhan et al., 2018).

To elucidate the contribution of direct photolysis, degrada-
tion experiments of 20 ppm toluene were carried out in dry N,
with less than 3% RH. As shown in Fig. 6, about 96% of
toluene is removed at 90 s via the direct photolysis of photons
at 185 nm and 254 nm and about 94% of toluene is removed at
120 min via the direct photolysis of photons at 254 nm. The
removal rate constant under VUV/UYV lamp irradiation, which
obtained via first-order kinetic model, is about 73 times higher
than that under UV lamp irradiation (0.0293 s~! ws.
0.0004 s~ 1. It indicates that direct photolysis of energetic pho-
tons at 185 nm obviously promotes the removal of toluene. In
addition, under VUV/UYV lamp irradiation, removal rate con-
stant of toluene in humid air is larger than that in dry N,
(0.1772 s~ vs. 0.0293 s~1). Thus, the oxidation of ROS gener-
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Table 1 Bond energy of chemical bonds of toluene (Kohno
et al., 1998; Yang et al., 2020).

Chemical bond

bond energy (eV)

CeHs-CHj; 4.14
C¢HsCH,-H 3.7
C-CsHsCH; 5.0-5.5
H-C¢H4CH; 4.19
hv (185 nm)
H,0 OH
A
H,0
hv (185 nm) : :
0, > O(D) + OCp)
| 3
hv
0,
(254 nm)
| 4
0,
Fig. 5 Reactions of the generation of reactive oxygen species

(ROS).

ated from the photo-dissociation of H,O and O, also con-
tributes to the fast removal of toluene. The roles of H,O and
O, on toluene degradation will be further discussed below.

3.3. Effect of O,

Experiments were carried out in the N,, air, and O, with 80%
RH to investigate the effect of O, on the removal and miner-
alization of toluene. The removal efficiency of toluene in the
three atmospheres can reach above 99.0% at 60 s, as shown
in Fig. 7. It can be clearly observed that the presence of O,
improves the removal rate of toluene. This is because the
photo-dissociation of O, can generate O('D), O(p) and Os,
where O('D) would further react with H,O to generate -OH
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(b) —=— UV lamp

S s0f —e— VUV/UV lamp
e
Q
3
Q
F 60 |
()
=]
S
S 40t
=
5
£
5 .l

0 - - .

0 5 10 15 20 25

Time (min)

Fig. 4  Effect of light wavelength on toluene (a) removal and (b) mineralization in the air with 80% RH.
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Fig. 6  Effect of light wavelength on (a) toluene removal and (b) removal rate constant in dry N, with less than 3% RH.
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Fig. 7  Effect of O, on the removal of 20 ppm toluene in humid
atmospheres.

according to Fig. 5. Thus, more O, promotes the generation of
more ROS, which in turn improves the removal rate of
toluene. However, the removal rate of toluene in O, atmo-
sphere hardly increases when compared with that in air atmo-
sphere, which indicates that the excess O, contributes little to
the removal of toluene. Therefore, it is more practical to
remove toluene in humid air in term of the application of
VUV/UV photodegradation.

It can be seen in Fig. 8 that the mineralization efficiency of
toluene in humid air is the highest at 55.3%, followed by in
humid O, at 45.2%, and the mineralization efficiency of
toluene in humid N, is the lowest at 41.9%. On one hand,
the mineralization efficiency in the presence of O, is higher
than that in humid N, due to the generation of more ROS.
On the other hand, excessive O, decreases the mineralization
efficiency of toluene. This may be due to the fact that excess
O, hinders the absorption of photons by toluene and H,O,
which inhibits direct photolysis and photo-dissociation of
H,O to generate -OH. Moreover, O('D) will be consumed by
excess O,, reducing the opportunity to react with H,O and
decreasing the generation of -OH. As a result of compromise
of these two effects, toluene has a higher mineralization effi-

60
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3‘ & A A A
= 40
2
=
=
[
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2
3 —=—0,
= 20 .
5 —e— Air
= N
0 1 1 1 1
0 10 20 30 40

Time (min)

Fig. 8 Effect of O, on the mineralization of 20 ppm toluene in
humid atmospheres.

ciency in humid air. It is more efficient and cost-effective for
the application of VUV/UV photodegradation in the air with
80% RH.

3.4. Effect of H>0

The effect of H,O content on the removal of 20 ppm toluene
was conducted in the air and N, with the RH ranging from
0% to 80%. As can be seen from Fig. 9(a), toluene is almost
completely removed in 60 s in humid N,, and the removal rate
increases with the increase of RH. This phenomenon can be
easily understood as more H,O would generate more -OH
via H,O photo-dissociation. In the experiments with humid
air, the removal rate of toluene improves as the RH increases
from 0% to 60%, while the removal rate of toluene hardly
improves when the RH is further increased to 80%, as shown
in Fig. 9(b). The different trend in humid air and humid N,
should be caused by the interaction between H,O and O,.

In the presence of H,O and O,, -OH is produced through
the photo-dissociation of H,O and the reaction between O,
derived O('D) and H,O. Because the absorption cross section
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Fig. 9  Effect of RH on the removal of 20 ppm toluene (a) in the N, and (b) in the air.

of H,O at 185 nm is higher than that of O, (7.2 x 1072° cm?>-
molecule™ vs. 1.2 x 1072 cm? molecule™") (Creasey et al.,
2000), photo-dissociation of H,O is easier than the photo-
dissociation of O, to derive O('D). Therefore, more H,O will
hinder the generation of O('D), which reduces the generation
of -OH based on the chain reaction related with O,. Moreover,
the reaction between O('D) and H,O occurs more easily than
the reaction of O generation between -O and O,, because the
former rate constant is greater than that of the latter
(ie., 2.2 x 107'° cm?® molecule™ s7! vs. 6.0 x 107> cm?-
molecule™ s7!) (Atkinson et al., 2004). In addition, more
H,O generates more -H and -HO, to consume O3 derived from
O, via Egs. (1)-(2). As a result, the interaction between H,O
and O, may hinder production of ROS (-OH and O;) in the
system via complex chain reactions. This effect is competing
with the fact that more -OH will be generated from H,O
photo-dissociation, leading to an optimal ratio of H,O to O,
in the system and thus an optimal RH in the air.

H02 + Og —-OH + 202 (1)

H + 0, =-OH + O, (2)

The mineralization efficiency is about 55-60% in the air
with RH ranging from 0% to 80%, as shown in Fig. 10. In
the first 2 min, toluene is rapidly mineralized into CO,, and
after 2 min, CO, is slowly produced. In the air with a RH of
20%, the mineralization rate of toluene is slightly faster. Over-
all, the effect of H>O on the mineralization of toluene in air is
not significant.

In conclusion, the removal efficiency and mineralization
efficiency of toluene can reach above 99% and 55-60% in
the air with the RH of 0%-80%, respectively. Although the
presence of H,O has little effect on toluene mineralization, it
can improve the removal rate of toluene. Therefore, the degra-
dation of toluene in humid air is practical and cost-effective.

3.5. Intermediates and degradation pathways of toluene

To clarify the effect of O, and H,O derived ROS on the degra-
dation pathway of toluene, the intermediate evolution during
the degradation of toluene in the air with 80% RH, in the
air with less than 3% RH and in the N, with 80% RH were
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g sor
>~
Q
[=
o
5 60|
£
o
f=]
£ . —0— 0%
g i ——20%
£ —a—40%
g —v—60%
= ——80%
0 1 1 1 1
0 10 20 30 40

Time (min)

Fig. 10  Effect of RH on the mineralization of 20 ppm toluene in
the air.

tracked by GC-MS over time. The results are shown in
Table 2. According to the detected intermediates and previous
studies, the degradation pathways of toluene are proposed and
presented in Fig. 11.

(1) Degradation pathways in the air with 80% RH.

There are three reaction pathways for toluene degradation
in the air with 80% RH, including (1) hydrogen abstraction,
(2) -OH addition, and (3) demethylation, as shown in Fig. 11
(a).

The energy of C-H bond on the methyl group is the smallest
among the chemical bonds in toluene (3.7 eV) (Ogata et al.,
2002; Yang et al., 2020). The primary pathway of toluene
degradation is to abstract the hydrogen of methyl group by
energetic photons, -OH and -O, resulting in the generation of
benzyl radical (Huang and Li, 2011; Einaga et al., 2013;
Shayegan et al., 2018; Zhan et al., 2018; Shu et al., 2019). Ben-
zyl radical is oxidized to form benzaldehyde by -OH/-O (Xia
et al., 2018; Jafari et al., 2019). Besides, H-abstraction of
methyl group by -OH can also generate benzyl alcohol
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Table 2 Intermediates detected in three atmospheres.

Compound Peak time Structural formula Detected in
(min) N, with  Air with less  Air with
80% RH than 3% RH 80% RH
Hexanal 5.295 NN .
Heptanal 8.37 ANNNF . .
p-Benzoquinone 8.888 o= =0 .
P
4-Methyl-2-heptanone 9.758 \/m .
0
z
Benzaldehyde 10.227 é . .
/(\
6-Methyl-2-heptanone 10.27 Y\/w .
OH
Phenol 11.025 © o
o
6-Methyl-5-hepten-2-one 11.152 /K/\/II\ . .
o
4,6-Dimethyl-2-heptanone 11.372 M .
Octanal 11.645 NN TN .
. A°
Methyl-p-benzoquinone 11.951 . .
L)/
1-Methyl-4-(1-methylethenyl)-cyclohexene 12.473 />—<:>7 .
Benzyl alcohol 12.683 é .
3.3,5-Trimethylcyclohexanol 13.179 \©< .
R HO o
2,6-Heptanedione 13.273 Il | .
NN N
CH;y
p-Cresol 13.328 (; . .
HO
/O
Acetophenone 13.636 Ej .
1-Octen-5,7-dione 14.11 /II\/II\/\/ .
Nonanal 14.848 NN . .
OH
2,4-Dimethylcyclohexanol 16.727 .
2-Nonen-1-ol 16.815 SN N AT .
Decanal 17.867 NN NNNNF . o

(continued on next page)
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Table 2 (continued)
Compound Peak time Structural formula Detected in
(min) N, with  Air with less  Air with
80% RH than 3% RH 80% RH
o
2.4-Dimethylbenzaldehyde/
3,4-Dimethylbenzaldehyde L / ¢ ¢ ¢
/O
4-Methoxybenzaldehyde 19.255 \©\/ . .
/U

1,2-Epoxydodecane 20.704 \/\/\/\/\/A . .

o]

/
Phthalic anhydride 20.902 @E\/o . .

\

[e]

I
o N
3,3,5-Trimethylcyclohexyl acetate 21.69 .
3,3,5-Trimethylcyclohexyl methacrylate 21.883 - | . .
N (\
1-Isopropyl-1,4,5-trimethylcyclohexane 22.61 )/\H . .
Dodecanal 23.387 Z . .
2,6-Bis(1,1-dimethylethyl)-2,5- Y
cyclohexadiene-1,4-dione S * ¢ *
o P
3,3,5-Trimethylcyclohexyl isobutyrate 25.48 >©/j\ .
2,2,4-Trimethyl-1,3-pentanediol diisobutyrate ~ 28.014 )\/ \H)\ .
Pentadecanal 28.3 Z . .
3,5-Di-tert-butyl-4-hydroxybenzaldehyde 31.716 . .
\

n-hexadecanal 32.729 AV Ve VA Ve Ve e .

(Sleiman et al., 2009) that can be further oxidized to benzalde-
hyde by -OH/-O. Further oxidation of benzyl alcohol and ben-
zaldehyde will lead to the opening of aromatic ring (Van
Durme et al., 2007; Sleiman et al., 2009; Huang and Li,
2011; Xia et al., 2018; Shu et al., 2019).

The addition of -OH to aromatic ring of toluene leads to the
formation of p-cresol (Sleiman et al., 2009; Zhan et al., 2018).
The oxidation products of p-Cresol are methyl-p-
benzoquinone (Chen et al., 2020) and p-hydroxybenzaldehyde.

Third reaction pathway is the demethylation of toluene to
generate phenol. The bond of C¢Hs-CH3 can be broken by
energetic photons to form phenyl radical and methyl radical.

Phenol is the oxidation product of phenyl radical and can be
further oxidized and undergo double bond rearrangement to
form p-benzoquinone (Zhang et al., 2006; Huang et al.,
2016b; Yang et al., 2020).

While above intermediates are decomposed by ROS and
energetic photons, they also react with methyl or alkyl radicals
to generate substances with more complex structures. 2,4-Di
methylbenzaldehyde/3,4-dimethylbenzaldehyde, 2-methylbenz-
aldehyde, and acetophenone are the products of the reaction
of benzaldehyde and methyl radical. 2-Methylbenzaldehyde
is oxidized to phthalic anhydride. 4-methoxybenzaldehyde is
generated through the reaction of p-hydroxybenzaldehyde
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and methyl radical. p-Benzoquinone and methyl-p-
benzoquinone react with alkyl radicals to generate 2,6-bis(1,1
-dimethylethyl)-2,5-cyclohexadiene-1,4-dione.

(2) Degradation pathways in the air with less than 3% RH

It is inferred that there are also three reaction pathways for
toluene degradation in the air with less than 3% RH according
to the detected intermediates (Fig. 11(b)). But the pathways are
slightly different from that in the air with 80% RH. Benzalde-
hyde is detected, but benzyl alcohol and acetophenone are not
detected in the air with less than 3%. This indicates that there
isn’t the reaction of H-abstraction of methyl group to generate
benzyl alcohol in the pathway of hydrogen abstraction. And
the reactions of benzaldehyde and methyl radical are fewer
than that in the air with 80% RH. During the pathway of
-OH addition, p-cresol is oxidized to p-hydroxybenzaldehyde,
and the reaction of the oxidation of p-cresol to methyl-p-
benzoquinone doesn’t occur. In addition to 4-methoxybenz-
aldehyde, 3,5-di-fert-butyl-4-hydroxybenzaldehyde detected
in the air with less than 3% RH is another product of the
reaction between p-hydroxybenzaldehyde and methyl/alkyl
radicals.

(3) Degradation pathways in the N, with 80% RH.

Reaction pathways for toluene degradation in the N, with
80% RH are significantly fewer than that in the air with
80% RH and in the air less than 3% RH, as shown in
Fig. 11(c). During the pathway of hydrogen abstraction, there
isn’t the reaction to generate benzyl alcohol. The products
between benzaldehyde and methyl radical are fewer than that
in the air, only 2,4-dimethylbenzaldehyde/3,4-dimethylbenzal
dehyde is detected. Moreover, p-Hydroxybenzaldehyde reacts
with alkyl radicals to form 3,5-di-zert-butyl-4-hydroxy-
benzaldehyde, but not 4-methoxybenzaldehyde. In addition,
no evidence shows that toluene can be degraded via demethy-
lation pathway in the N, with 80% RH. 2,6-Bis(1,1-dimethyle
thyl)-2,5-cyclohexadiene-1,4-dione is more likely generated by
the reaction of methyl-p-benzoquinone and methyl/alkyl radi-
cals in the -OH addition pathway.

Further decomposition of these aromatic intermediates by
ROS and energetic photons leads to the opening of aromatic
rings. Some intermediates are further oxidized into CO, and
H,O0, others are not completely degraded. As shown in Table 2
and Fig. 11, linear-chain aldehydes are generated after the
cleavage of aromatic ring in all three atmospheres, which
may be responsible for the incomplete mineralization of
toluene. More linear-chain aldehydes are produced in humid
N> due to the effect of ROS. Correspondingly, the mineraliza-
tion efficiencies of toluene in dry air and in humid air are
56.7% and 55.3%, respectively, higher than 41.9% in humid
N,. It demonstrates that the presence of O, contributes to
higher mineralization efficiency by increasing the reaction
pathways of toluene and reducing the generation of linear-
chain aldehydes.

4. Conclusion

In the paper, the removal and mineralization of toluene in humid air
were systematically discussed. Toluene of 4-20 ppm can be almost
completely removed at 60 s in air with 80% RH. The mineralization

efficiencies are about 55%-58% at 25 min. 185 nm ultraviolet light
plays a significant role in the rapid removal and mineralization of
toluene. The presence of appropriate amounts of O, and H,O facilitate
the removal of toluene. O, rather than H,O can promote the mineral-
ization of toluene. According to the detected intermediates, the reac-
tion pathways of toluene are deduced in three atmospheres (air with
80% RH, air with less than 3% RH, and N, with 80% RH). It is found
that there are more reaction pathways and fewer linear-chain aldehy-
des formed in the presence of O,, which may account for the higher
mineralization efficiency in humid/dry air than in humid N,. The study
suggests that the application of VUV/UV photodegradation in humid
air is more practical and cost-efficient and presents a deep insight into
the effect of light wavelength, O, and H,O on toluene degradation.
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