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ARTICLE INFO ABSTRACT

Keywords: The photocatalytic oxidation (PCO) mechanisms of single aromatic hydrocarbons/NOy gases and the synergistic
Arom:_:ltic.hydrocarbons (AHs) photocatalytic treatment of their mixtures over TiO (anatase) are proposed by analyzing the evolution of
Deactivation adsorbed and gas-phase intermediates through in-situ FTIR and mass-spectroscopy. Photo-activated surface
gi%; lattice oxygen of TiO5 (TiO2(-Oy)) is found to be a strong oxidant for the PCO of both o-xylene and NOy and their

consumption led to the deactivation of photocatalysts. As an important coexist air pollutant, NO is firstly
discovered as a helper for the persistent ring-opening and degradation of aromatics including o-xylene, toluene,
styrene and benzene. NOg, a PCO intermediate of NO, acts as a powerful oxidant for replenishing lattice oxygen
of TiO9, which guarantees the continuous generation of active TiO2(-Oy) and prevents the deactivation of pho-
tocatalyst. With the introduction of NO, the PCO efficiency of o-xylene increases from ~65% to 100% and no
performance decay of TiO, happens in 6 h. The existence of aromatics prevents the escape of toxic NO into air
and promotes the harmless transformation of NO into nitrite/nitrate ions and Ny. This work outlines the essential
role of activation and replenishment of lattice oxygen in the PCO process by analyzing the synergistic and stable
photocatalytic treatment of aromatic hydrocarbon/NOy mixtures, which explores the practical potentiality of

Lattice oxygen

photocatalysis in air purification.

1. Introduction

As important by-products of the global industrialization process, the
massive emission of gas phase pollutants caused several environmental
problems like ozone and particulate matters, which have already been
listed as the criteria air pollutants by the United States Environmental
Protection Agency [1]. Due to the large emission and high ozone and
PM2.5 formation potential, aromatic compounds including benzene,
toluene and xylenes are among the most important hydrocarbons in air
[2,3]. In recent years, the photocatalytic oxidation (PCO) technology
has shown great potential in the elimination of gas pollutants due to its
low cost, biosafety and low energy consumption. As one of the most
commonly applied photocatalyst, TiO, has been widely studied in the
PCO of various gas pollutants, including VOCs like aldehydes [4,5],
aromatic hydrocarbons (AH) [6-8], alkenes and alkanes [9,10], as well
as inorganic pollutants like NOy and SOz [11-13], et al. In 2019, Chen el
al. firstly proved the effectiveness of TiO3 in preventing the formation of
secondary organic aerosols (SOA) in the NO/m-xylene mixture, a typical
reaction pair for the formation of SOA. The PCO technology shows great
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potential in indoor and outdoor air purification [14].

Under actual application scenarios, the co-existence of multiple gas
pollutants and their interaction during PCO processes is one of the basic
issues to be settled. The interaction between different pollutants may
influence the performance of the photocatalyst or change the PCO
mechanism of the target pollutants. Wang et al. studied the PCO of a
mixed gas of benzene, p-xylene and toluene with P25 as the photo-
catalyst. Competitive adsorption and degradation happens between the
pollutants and the PCO efficiency of every single pollutant decreased
[15]. Synergistic degradation may also happen between different VOCs.
Dong et al. found that the reaction between intermediates of formal-
dehyde and toluene could effectively lower the energy needed for the
ring-opening of toluene and avoid the deactivation of the photocatalyst
[16]. Aside from VOCs mixtures, NOy and AHs also co-exist in various
circumstances like automobile exhausts, industrial exhausts and gaso-
line vapor at gas stations [17-19] and has been reported as an important
reaction pair for SOA formation [20,21]. Though lots of work has been
done on the adsorption and PCO of NOy and aromatics separately,
[11,22-24] the study on the PCO of NO/aromatics mixtures is rare. The
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Scheme 1. Schematic diagrame of the gas curcuit during the PCO reactions.

interaction between both VOCs and NO with the surface of photo-
catalyst, and their mutual impact in reacting with oxidative radicals are
essential for evaluating the application potential of TiO, photocatalyst
in air purification.

The easy deactivation of TiO2 and its composites, especially in the
photocatalytic degradation of aromatic compounds, is another problem
that severely diminish the commercial value of photocatalytic air puri-
fication [13]. Krichevaskaya et al. [25] observed the poison of TiOs
during the PCO of styrene, which was mainly attributed to the relative
slower degradation rates of the intermediates of styrene. An et al. further
found the accumulation of benzyl intermediates as the main reason for
the deactivation of TiO3 during the PCO of styrene [26]. Similarly, the
results by Dong et al. indicated that the occupation of active sites by
ring-containing intermediates like benzaldehyde and benzoic acid leads
to the deactivation of photocatalysts [27]. To solve the problem of
catalyst deactivation, Rao et al. [28] used rGO to provide extra
adsorption sites for the deposition of intermediates like o-tolualdehyde,
phenyl, benzene, et al. and protect the active sites of TiOy from being
occupied and maintain its high PCO activity toward o-xylene. However,
the key factors affecting the ring-opening of aromatic hydrocarbons
were still unclear and the problems of the massive generation and
accumulation of intermediates were still unsolved. Dong et al. [29,30]
explored the PCO of benzene, toluene and xylenes and figured out that
the methyl substituent on benzene ring could activate the benzene ring
and reduce the energy needed for ring-opening. They also found that
-OH, formed by the reaction between photo-excited holes and adsorbed
water, act as an important ROS in the oxidation of AHs [30-32]. How-
ever, Su et al. [33] revealed that -OH formed by single TiO; is not suf-
ficient for the ring-opening of toluene. Abe et al. [34] studied the
selective phenol production from the PCO of benzene and figured out
that the direct oxidation of benzene by h™ would result in undesired
cleaved compounds, which confirmed the capability of h™ in the ring-
opening of aromatics. Despite all those efforts, most of the work today
focus on the degradation of a single kind of pollutant, the roles of ROS,
especially the role of -OH and h™ in the PCO of mixed pollutants are still
unclear. In addition to oxidizing adsorbed water into -OH, h™ would also
activate surface oxygen atoms into TiO5(-Or) [35], the role of which has
been underestimated during the PCO reactions. Besides, most of the
work only analyze the intermediates on the surface of photocatalysts,
the monitoring over desorbed intermediates in gas phase are still diffi-
cult due to the lack of effective detection methods. The lack of these
knowledge severely hindered the understanding of the deactivation-
regeneration mechanism of TiO, photocatalyst in practical scenarios
and therefore limits its commercial application in air purification.

Herein, we chose aromatic compounds including xylene, toluene,
benzene and styrene as the target molecules to study the deactivation

mechanism of TiO, photocatalysts and the PCO of aromatic hydrocar-
bon/NOy mixtures due to their high ozone and SOA formation potential.
Anatase TiOo with a band gap of 3.29 eV was applied as the photo-
catalysts in all the experiments (Fig. S1). In addition to on-line methods
like in-situ Diffused Reflectance Infrared Fourier Transform Spectros-
copy (DRIFTs) and off-line methods including electron paramagnetic
resonance (EPR) and thermogravimetry-mass spectrometry (TG-MS),
high-performance liquid mass spectrometry (HRLC-MS) coupled with
2,4-dinitrophenylhydrazine (DNPH) cartridge were applied to monitor
both adsorbed and desorbed intermediates and reveal the PCO mecha-
nism of o-xylene, NO and their mixtures. Synergistic PCO elimination of
aromatic hydrocarbons/NO mixtures was observed, in which the PCO
efficiency of o-xylene was significantly increased and the formation of
toxic NOy was effectively depressed. The deactivation of TiO was
effectively avoided. Mechanistic insights into the mutual impact be-
tween o-xylene and NO are provided based on on-line and off-line
characterizations. This research deepens the understanding on the
photocatalytic mechanism of aromatic VOCs/NOy mixtures and provide
experimental basis for the practical application of TiO; in air
purification.

2. Experimental section
2.1. Chemicals

Commercial titanium dioxide (TiO,, Anatase, with particle size of 5
~ 10 nm) was purchased from Taitan Corporation (General Reagent).
NayCO3 and NayCo04 powder were purchased from Aladdin Industrial
Corporation. NO (500 ppm), o-xylene (50 ppm), benzene (50 ppm),
toluene (50 ppm) and Ny standard gas were purchased from Shanghai
Weichuang Standard Gas Analytical Technology Corporation. DNPH-
silica cartridge (350 mg, 1 mL, DNWBOND) and ozone destructor car-
tridge (DNWBOND) were purchased from Shanghai ANPEL Laboratory
Technologies Incorporation.

2.2. Photocatalytic Reactions:

To study the photocatalytic degradation procedure of typical VOCs
(o-xylene, benzene and toluene) and NOy, several photocatalytic re-
actions were carried out in a 20 cm x 10 cm x 1.5 cm reaction chamber
covered by a quartz plate (Scheme 1). TiOy photocatalyst was firstly
dispersed in ethanol through ball milling for 5 h and then coated on a
7.5 cm x 15 cm glass slide through scrape coating. The glass slides were
then aged at room temperature for the complete evaporation of ethanol
and then placed in the chamber. VOCs, NOy and the balance gas (carrier
gas) were mixed in a gas mixing tank and the mixture passed through the
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reaction chamber with a fixed flow rate of 60 sccm. The concentration of
o-xylene is set at 25 ppm to meet the detection limit of the analytical
instruments. The humidity in the chamber was kept at ~58 %, ~25 % or
~5 % by controlling the percentage of carrier gas passing through the
water tank or not (Route I and II in Scheme 1). In order to disclose the
role of surface -OH groups, the photocatalyst was dehydrated in a
vacuum oven at 80 °C for 5 h before being used. The concentration of
VOCs and NO were regulated by adjusting the specific flow rates of the
target gas and the balance gas (N3) (Scheme 1). A 350 W Xenon light was
placed 30 cm above the chamber as the light source. The cyclic degra-
dation experiments were carried out on one sample for 6 times with each
cycle lasting for 100 min. Between each cycle, the chamber was flushed
with flow air and the photocatalyst was recovered by exposing to Xenon
light in air for an hour. The concentration of VOCs was analyzed by a gas
chromatography with a flame ionization detector (GC-FID, Beijing China
Education Au-light Co., Itd., China). The adsorption and degradation
efficiency (100 %) was calculated according to Eq. (1), in which Cy and
C stand for the initial concentration and the real-time concentration of
VOCs. The mineralization efficiency (ME) was calculated through Egq.
(2), in which CO3 oyt represents the concentration of CO, given by a
GC-FID with a nickel catalyst accessory, which could convert low-level
CO5, into methane.

C
1—— 1
( Co) x 100%

n(%) @
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A Thermo Scientific 42i Analyzer was applied to monitor the con-
centration of NO and NOj. In order to meet the gas intake of the
analyzer, No with a flow rate of 500 sccm was used to dilute the mixed
gas. The actual concentration of NOy are calculated by Eq. (3), where C;
represents the final results given by the instrument and Voygets Stands for
the flow rate at the outlets of the reaction chamber. As NO, and HONO
are both recognized as NOj in the NOy analyzer, a Na;CO3 denuder,
which could capture HONO in the mixture, is applied to help deter-
mining the exact concentration of NO; and HONO (Route a and § in
Scheme 1).

2.3. Detection of the products of photocatalytic reactions

The products in the gas phase were detected through a high-
performance liquid chromatography mass spectrometry (HPLC-MS,
Angilent 6460). According to previous reports, reactive oxygenated
compounds (RCCs) were believed to dominate the mid-products of the
photocatalytic reactions. 2,4-dinitrophenylhydrazine (DNPH)-silica
cartridge coupled with ozone destructors were applied to collect the
RCCs in the gas phase by forming derivatives with RCCs [14,36]. The
derivatives were then extracted with 1 mL acetonitrile and analyzed
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Fig. 2. Intermediates detected (a) on the surface of TiO, and (b) in the gas phase during different stages of the PCO reaction in o-xylene/air.

through HPLC-MS. In the purpose of understanding the reaction mech-
anism of NOy, ion chromatography (Thermo Fisher, ICS-2100) was
applied to detect the amount of NO3, NO3 and NHJ on the surface the
photocatalyst. The analysis of the products on the surface of TiOy
powder was carried out on a NETZSCH-STA449C thermal analysis mass
spectrometer. The amounts of gaseous and adsorbed intermediates were
qualitatively compared by calculating the area of corresponding HPLC-
MS and TG-MS peaks.

In-situ DRIFTs (Hitachi Tracer 100 combined with mercury-
cadmium-telluride detector) was applied to analyze the organics on
the surface of TiOy powder in different reaction systems. The powder
was placed in an in-situ reaction chamber (PIKE Technology) with two
KBr windows and a glass window. The mixed gas mentioned above were
injected into the chamber with a fixed flow rate of 60 sccm. After
keeping the chamber in dark for 1.5 h to reach the adsorp-
tion—desorption equilibrium, an external Xenon light (CEAULIGHT
TCX250) was applied as the light source during the photocatalytic re-
actions. FTIR spectra were collected every 3 min during the whole
period to study the adsorption and PCO reaction of both VOCs and NO.

3. Results and discussion
3.1. The adsorption and photocatalytic oxidation of o-xylene

Before analyzing the interference between NO and o-xylene, the
adsorption and PCO of single o-xylene and NO are studied. The effective
adsorption of target molecules is the prerequisite for the PCO of gaseous
pollutants. Therefore, we started with analyzing the adsorption behavior
of o-xylene on TiOs. As given by Fig. S2, TiO2 shows promising perfor-
mance in the adsorption and PCO of o-xylene with a saturated adsorp-
tion capacity of 1.02 mg/g. In-situ DRIFTs spectra is collected to monitor
the adsorption of o-xylene on TiO; (Fig. 1b and S3). In addition to the
bands assigned to aromatic ring (1442 cm™?), methyl and ethyl groups
(1373, 1223 cm™Y), aldehyde groups (1689, 1647 and 1173 cm™})
(Table S1) are also observed, indicating the partial oxidation of o-xylene
into benzyl aldehydes. The pre-oxidation has also been observed by
Dong et al. [29] during the adsorption of o-xylene by SnO,. Enhanced
charge transfer was found between o-xylene and photocatalyst, and o-
diphenol, o-phthalaldehyde and o-phthalic acid were observed as the
dominant intermediates. When exposed to air, the coordination of sur-
face Ti*" sites in TiO, would be satisfied by the dissociative chemi-
sorption of adsorbed water molecules, which results in the formation of
Ti-OH groups on the surface of TiO. These Ti-OH groups could work as
oxidative sites for the partial oxidation and adsorption of o-xylene into
benzyl aldehydes [37], which consumes Ti-OH and results in negative
bands observed at 3676 and 3723 cm ! (the stretching vibration of
isolated and associated surface Ti-OH species) [38]. To further confirm
the role of Ti-OH groups in the adsorption of o-xylene, the adsorption
capacity of o-xylene by TiO2 in both water-free (RH ~ 5 %, noted as o-

xylene/air-RH5) and humid (RH ~ 58 %, o-xylene/air-RH58) conditions
are compared (Fig. S2). A vacuum heating treatment (80 °C, 5 h) is
applied aforehand to remove most of the Ti-OH groups. An adsorption
capacity of ~0.22 mg/g was obtained under water-free condition, much
lower than the one under humid environment (~1.02 mg/g), confirming
the importance of adsorbed water and —~OH groups on the adsorption of
o-xylene.

After starting the light irradiation, electrons and holes in TiO, are
excited and migrated to the surface of TiOz to react with surface
adsorbed O and H30 (or Ti-OH groups) and produce-Osand -OH radi-
cals, respectively. Besides, h* could also combine with surface lattice
oxygen to form active surface oxygen (noted as TiOy(-Oy), Eq. S1 ~ S4)
[35]. With the participation of these oxidative radicals, the degradation
efficiency of o-xylene (no-xylene) by TiO2 reaches 65 % in 30 min (Fig. 1a).
However, deactivation of the photocatalyst happens after 75 min and n,.
xylene drops to almost 0 in 270 min. Similar result can be observed in the
cyclic experiments (Fig. 1c), in which the PCO activity of TiOy drops
from 45 % to O in four cycles and remains at 0 from then. There are
points at which C/Cy are higher than 1, which might be related to the
untimely degradation of o-xylene desorbed from the chamber wall and
the photocatalyst.

In order to verify the role of the various oxidative radicals in the PCO
of o-xylene, radical regulation experiments are carried out under
different reaction atmosphere (Fig. 1d) and the types of predominant
radicals are summarized in Table S2. An o-xylene/N3/NayCy04-RH5
reaction system is firstly built, in which NayC04 is applied as the h™
scavenger to inhibit the activation of surface lattice oxygen (TiO2(Or))
into TiO5(-Or) and the formation of -OH™ radicals. O, and H,O are cut off
to avoid the generation of and -O3 radicals. Almost no degradation of o-
xylene is observed in this system, confirming the key role of these rad-
icals in the PCO process. The role of TiO5(-Oy), -OH™ and -O3 radicals are
then compared by testing the PCO efficiency of o-xylene in o-xylene/Ny-
RHS5, o-xylene/N3/02/NayC204-RH5 and o-xylene/No-RH58. As given
by Fig. le, TiO2(-Or) plays a key role in the degradation of o-xylene and
enabled an average degradation efficiency of ~65.8 % (o-xylene/No-
RHS5). The key role of h™ has also been discovered by Dong et al. in the
PCO of m-xylene with Pt/TiO2-R photocatalyst [30]. Instead of TiO(-
-0p), they attributed the role of h' to the formation of -OH radicals,
which might be related to the fact that the pre-reduction of TiO3 reduced
the concentration of surface lattice oxygen and limited the generation of
TiO4(-Or). EPR analysis (Fig. S4) reveals an increase in the concentration
of oxygen vacancies (V) in TiO, after the PCO process in o-xylene/No-
RHS5, indicating that the oxidation of o-xylene by TiO3(-Op) would
consume lattice oxygen and leave oxygen vacancies in TiO,. An average
degradation efficiency of 27.70 % is obtained with the introduction of
water (o-xylene/N,-RH25) and the deactivation of the photocatalyst
happens in 20 min. Further increasing the relative humidity (58 % RH)
led to the lower PCO efficiency of 25.07 % (Fig. S5). Unlike the
adsorption process, water is unfavorable in the PCO of o-xylene for the
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Fig. 3. The evolution of oxygen vacancies on TiO; in the degradation of
o-xylene.

adsorbed H,0 would not only react with free h™ to form -OH™ radicals,
which competes with the generation of TiO2(-Oy), but also occupy the
active sites for the adsorption of o-xylene. As reported by Su et al [33],
surface -OH radicals generated by pristine TiO, were not as efficient as
TiO2(-Op) for the ring-opening of toluene and would leave benzyl in-
termediates on the surface of TiO,, which could explain the fast deac-
tivation of TiO, in o-xylene/N3-RH25 [33]. When only -O3 is reserved
(o-xylene/N3/02/NayC204-RH5), an average PCO efficiency of 15.75 %
is achieved. Based on the above results, we can conclude that TiO5(-Or)
plays a predominant role in the oxidative degradation of o-xylene.

To further understand the photocatalytic oxidation mechanism of o-
xylene and the deactivation of photocatalyst, the evolution of in-
termediates both on the surface of TiO, and in the gas phase are
analyzed. As given by the DRIFTs spectra in Fig. 1b, during the PCO of o-
xylene, the band for benzene ring (~1597 em™) splits into two bands at
1597 and 1558 cm ™, together with the appearance of a new band at
1296 cm ™! (weak adsorption of benzyl aldehydes) and the increase in
the peak for ~CH, of benzyl species (1223 cm™!), confirming the accu-
mulation of both benzyl aldehydes and benzyl alcohols on the surface of
TiOs. TG-MS and HPLC-MS characterizations are then carried out to give
the species and relative quantity of the intermediates (Fig. 2a and 2b).
According to Fig. 1a, the deactivation of photocatalyst started at about
75 min and almost lost its activity in 6 h. Therefore, the species and
amounts of intermediates generated during 0 ~ 75 min (Stage I) and 75
~ 300 min (Stage II) of the PCO reaction are compared. The accumu-
lation of adsorbed intermediates during Stage II (Fig. S6) is obtained by
analyzing the differences between the organic matters detected after the

“OH ‘OH,-0,
CH, cH, <+ HCHO
CHO CH,OH
TiO,(:0y)
TiO,(-0,) "OH, 0,
“oc —
Ti0,(:0;)
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entire reaction (Stage I + Stage Il in Fig. 2a) and the ones obtained at the
end of Stage I. As given by the TG-MS results (Fig. 2a), aside from water
and COy, only first-generation intermediates like toluene, o-tolualde-
hyde and 2-methylbenzyl alcohol are detected on the surface of TiO5 in
Stage 1. By using DNPH as the collector for gaseous intermediates
[14,36], ring-opening products like acetaldehyde and formaldehyde are
detected, suggesting the successive ring-opening of o-xylene during this
stage (Fig. 2b). As the reaction proceeds (Stage II), the accumulation of
o-tolualdehyde and 2-methybenzyl aldehyde continues, while a
decrease happens in the amount of CO5, which is in accordance with the
decrease in the mineralization ratio of o-xylene (Fig. S7). At the same
time, only a slight amount of formaldehyde is found in the gas phase
while o-tolualdehyde is detected as the main product, indicating that the
ring-opening ability of TiO5 for aromatics is weakened and more benzyl
aldehydes are released into the gas phase.

As discussed above, TiO5(-Or) is found to be a dominant radical
during the oxidation of o-xylene and its consumption would increase the
amount of Vg in TiO,. Therefore, the evolution of the surface lattice
oxygen during the PCO reaction is characterized through EPR. As shown
by Fig. 3, the EPR intensity of Vo continuously increases from 409.4 to
514.6 in 6 h of the PCO reaction, confirming the consumption and un-
timely replenishment of lattice oxygen. These electron-rich Vo may
work as trappers for free h' and result in the shortage of active TiO,(-
-Op), which is unfavorable for the photocatalytic activity of TiO; to-
wards the PCO of o-xylene. Combining the weakened ring-opening
ability of TiO3 in stage II of the PCO process and the accumulation of
oxygen vacancies, we can conclude that the untimely replenishment of
lattice oxygen is one of the main reasons for the decreasing of photo-
catalytic efficiency and the accumulation of benzyl intermediates.

Based on the above analysis, the PCO mechanism of o-xylene could
be proposed (Scheme 2). The surface of TiO, firstly capture o-xylene
molecules and partially oxidized them into 2-methylbenzyl alcohol and
o-tolualdehyde. Under the excitation of Xenon light, highly oxidative
radicals including -O3, -OH and TiO5(-Oy) are generated and participate
in the oxidative degradation of adsorbed species. During the initial stage
of the PCO reaction, the fresh surface of TiO; provides enough TiO5(-Or)
with strong oxidative ability for the fast and complete degradation of o-
xylene (Route II in Scheme 2), which results in the high degradation
efficiency of ~65 % and a CO, conversion ratio of 30 % (Fig. S7).
Accordingly, instead of the aromatic species, ring-opening products like
acetaldehyde, formaldehyde, CO5, H0, ethylene and ethanol are found
to be the dominant intermediates. The oxidation of o-xylene by TiO(-
-Or) consumed lattice oxygen, which cannot be replenished in time by
0, in air, resulting in the accumulation of Vo (Fig. 3) and the shortage of
TiO2(-Op). The ring-opening process becomes the rate-determining
procedure and Route I dominates, leading to the accumulation of
benzyl intermediates. Both the accumulation of intermediates and the
depletion of TiO2(-Oy) result in the deactivation of the photocatalyst.

CO,+H,0 Route [
e N Nac Route II
TiO,(-0,) | -oH,0,°

[}

P S )k HCHO CO,+H,0 + Vg

Scheme 2. The PCO mechanism of o-xylene in the o-xylene/ air reaction system.
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3.2. The adsorption and PCO of NO with TiO2

As given by the DRIFTs results (Fig. 4b), partial oxidation happens
during the adsorption of NO. The band at 1625 cm ™! is assigned to the
8(HOH) formed through the interaction between Ti-OH groups with
nitrates. Bands and 1570, 1291 and 1207 cm ™! are assigned to mono-
dentate nitrate and bidentate nitrite. Similar to the circumstance of o-
xylene, negative peaks appear at 3670 and 3720 cm ™' during the ab-
sorption of NO (Fig. S8), indicating the partial oxidation of NO to NO3
and NOj3 by surface oxidizing species like -OH and TiOO™ [39]. After
starting light irradiation, the degradation efficiency of NO (nno) firstly
reaches 18.2 % in 20 min, and then drops to ~8.7 % in 40 min (Fig. 4a)

and remains stable in the following 250 min. Both in-situ FTIR and ion
chromatography analysis found NO3 as the dominant product (Fig. 4b
and Table S3), while NOj is also detected during the PCO process (Eq.
S5 ~ Eq. S11). In addition, the generation of oxygen vacancies during
the PCO of NO is observed in the EPR results (Fig. S9), which reveals that
the TiO4(-Oy) radicals also participate in the oxidation of NO [24].
The key role of activated TiOy(-Op) during the photocatalytic
decomposition of NO was firstly discovered by Pichat et al. in 1984
through a N'80 isotope labeling method, by which activated surface 1°0
from T11602 would be detected in N%GO products [40]. Ozensoy et al.
further reported the PCO of NO goes through two separate pathways. On
one hand, NO could be oxidized by -OH and holes-activated TiO2(-Oy)

(a) v T T T T T T T (b)m T v T T T T T Fig. 5. (a)The PCO efficiency of o-xylene in o-xylene/
1.24 E . .
1304 ] NO/ air systems; (b) The concentration of NO, NOy,
104 18 NO; and HONO detected in the o-xylene/10 NO/ air
1204 4 . . C e e
O-xylenc/10 NO/Air g syst.em, (c) The evolution of oxygen vacanFles in TiOy
084 (No catalyst) 1% 1o J during the PCO of o-xylene/10 NO/ air; (d) The
- o,
o == O-xylene/S NO/AIr | .2 0 ——noNo DRIFTs spectra of adsorbed products on the surface of
= 064 —=— O-xylene/10 NO/Air| m 1004 £ 1 . . .
@) O-xylene/15 NO/Air{ = H TiO, during the PCO of the o-xylene/10 NO/ air sys-
0.4 {15 %1 i 1 tem in the low-frequency region; The evolution of
< £ ¢ . . .
g s g |  intermediates detected (e) on the surface of TiO, and
0.2 < S . . .
o o] NO J —_—— ] (f) in the gas phase in the o-xylene/10 NO/air system.
0.0 4 —=—NO, T % e e e % w0 3w
Tieme (mia)
T T T T T T T T 60— T T T T T T
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300
( ) Time (min) Time (min)
c T T T T 581
O-xylene/10 NO/Air (d) g 15991 4504
1 ——0.5h T 1o
——10h
b —20n 1 —~ 1 |vo5 1446 1381|1284
-~ g = e -
= 4145 | — ——6.0h < , 1254 r"n'
- - A =
~ > s
> 41 = =
= :fc 4193 z L -
= 4 - Y <4 =
g S =
E ] 0‘ 53 1= . =
AR 1 =]
\ | D ' DO =
7 408.7 & 1, [ ' FE|
g ] [ P
i i E ! o gt
! RN
310 31'5 3;0 3;5 3.;0 335 2000 IB'IN] I(:I)I) IG'UD lZ'I)ﬂ 1000
Time (min) Wavelength (nm)
13000 T T
(e)IZSOI] 9 -(';-'u:v-em a j 4 B Formaldehyde
12000 J 5(;“ ualdehyde 3 B Acetaldehyde
11500 : b B O-tolualdehyde -
11000 3 = :l-;:elhyhmryl alcohol E [ Acetone
10500 1 o thviene - B B Propionaldehyde |
o 10000 = B E thanol = B Acrolein 4
= 35004 HEButanal B B Crotonaldehyde
< ;gg 1 B Crotonaldehyde 3 [7] Caproaldehyde
Z o ;
12007 3
= 1000 4 |_| E T
= 5001 3
] ]
=

Stage 1 Stage I+Stage I1 Stage I

Stage 11



X. Wang et al.

into HNO3, NO5, NO3, NO3 and HNO3. On the other hand, -O3 would also
participate in the reaction and oxidized NO into NO3 and HNO3 [35].
Combining with the PCO and in-situ DRIFTS results above, the PCO
mechanism of NO could be proposed (Scheme S1). TiO2(-Oy), -OH and
-O3 all participate in the oxidation of NO to form NO5, HONO, NO3 and
NOa.

3.3. The synergistic PCO of aromatic hydrocarbon/NO, mixtures

In order to understand the PCO mechanism of o-xylene/NO mixtures
and the mutual impact between the two gases, NO with different con-
centrations are mixed with o-xylene (Fig. 4a). By introducing NO with a
concentration of ~83 ppm (5 times the concentration of o-xylene, noted
as o-xylene/ 5NO/ air), the degradation efficiency of o-xylene (No.xylene)
increases to 100 % and remains stable for ~60 min. However, deacti-
vation of the photocatalyst still happens after 130 min and n.xylene drops
from 100 % to ~65 %. When increasing the concentration of NO to
~167 ppm (o-xylene/ 10NO/ air), the degradation efficiency reaches
100 % in 200 min and no deactivation of the photocatalyst is observed in
330 min. Further increasing the concentration of NO does not result in
an increase in the degradation efficiency accordingly, indicating that the
impact of NO has approached saturation. The high stability of TiO5 in
the o-xylene/ 10NO/air system is also confirmed by cyclic degradation
experiments (Fig. S10), which shows that the 100 % elimination of o-
xylene remained for 5 cycles, much longer than that in the o-xylene/air
system (Fig. 1c). Moreover, by introducing NO into o-xylene/air system
in which the deactivation of TiO2 has happened and no.xylene has dropped
from ~45 % to 30 %, Noxylene g0€s back to ~55 % in ~110 min
(Fig. S11), confirming that in addition to postponing deactivation, NO is
also capable of re-generating TiO, photocatalyst.

In-situ DRIFTs spectra are firstly collected to clarify the positive effect
of NO on the PCO degradation of o-xylene and the stability of TiO,
(Fig. 5d). During the adsorption procedure, no obvious difference is
observed in the intensity or position of bands assigned to o-xylene,
benzyl aldehydes or benzyl alcohols compared with the DRIFTs spectra
obtained in the o-xylene/ air reaction system. At the same time, the
adsorption curves of o-xylene in the two reaction systems are basically
the same (Fig. S12), indicating that the introduction of NO does not
influence the adsorption of o-xylene. Differences between the two re-
action systems are observed after starting the light irradiation. As given
by Fig. 5d, the band for o-tolualdehyde (1646 and 1595 cm™') and
bidentate nitrate (1585 cm™!) appear after turning on the Xenon light,
confirming the oxidation of both o-xylene and NO. The intensity of
bands for benzoate species in the range of 1500 to 1370 cm ™! and the
band for aromatic aldehyde at 1300 cm™! all decrease with the intro-
duction of NO, suggesting an alleviation in the accumulation of benzyl
intermediates. The intermediates generated in the o-xylene/10 NO/air
system are also analyzed through TG-MS and HPLC-MS. Unlike the o-
xylene/air reaction system, ring-opening products like ethylene,
ethanol, formaldehyde and acrolein are detected as the most abundant
intermediates (Fig. 5e and 5f) during Stage I of the reaction. The dif-
ferences between the o-xylene/air and o-xylene/ 10NO/air systems
become more significant as the reaction progresses (Stage II). Compared
with the o-xylene/air reaction system, more ring-opening products like
formaldehyde, ethylene, ethanol, acetaldehyde, acetone, propionalde-
hyde, acrolein, methylglyoxal and crotonaldehyde are detected both on
the surface of TiO5 and in the gas phase (Fig. 5 and Fig. S13), while the
amount of benzyl species remarkably decreases for the o-xylene/NO/air
condition. The relative intensity of o-tolualdehyde detected in the gas
phase of the o-xylene/ 10NO/ air system is almost one 80th of the o-
xylene/air condition, which is in accordance with the in-situ FTIR results
and confirms the positive role of NO in the ring-opening of o-xylene.

As discussed above in section 3.1, the fast replenishment of lattice
oxygen and the consequent generation of sufficient TiO,(-Oy) radicals is
one of the key factors for the effective ring-opening and mineralization
of o-xylene. Therefore, the variation of lattice oxygen during the PCO
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Scheme 3. The PCO mechanism in the o-xylene/NO/air reaction system.

process in the o-xylene/ NO/air reaction system is also characterized
(Fig. 5¢). An increase in the concentration of oxygen vacancies from
353.7 to 414.5 in the o-xylene/NO/air system is observed during the
first 60 min, which remains stable during the following 5 h, indicating
that the consumption and replenishment of oxygen vacancies has
reached an equilibrium during the reaction. Gaigneaux et al. studied the
reaction of NO on VOy/TiO5 and found that NO, can efficiently replenish
lattice oxygen, and at the same time being reduced to NO [41], which
guarantees the continuous generation of highly oxidative TiO2(-Op)
radicals. Based on the above results, we can hypothesis that the gener-
ation of NO, with promising ability in replenishing lattice oxygen might
be the key reason for the high stability of the photocatalyst and the
promoted PCO degradation of o-xylene. To prove the hypothesis, pre-
reduced TiO; (TiO2-R) with large amount of oxygen vacancies is syn-
thesized by calcinating TiO5 under hydrogen and applied as the photo-
catalyst for the degradation of o-xylene in the o-xylene/Ny-RH5, o-
xylene/NO/N2-RH5 and o-xylene/NOy/Ny-RH5 systems. Ny instead of
air is used as the carrier gas to exclude the effects of Oy. As shown by
Fig. S14, almost no degradation of o-xylene is observed in o-xylene/Ny-
RH5 or o-xylene/NO/Ny-RH5, indicating that TiO»-R cannot provide
enough TiO2(-Oy) radicals for the PCO of o-xylene. However, when NO5
is introduced into the reaction system, a relatively high no_xylene of ~70
% is obtained, which remains stable in 2 h. Considering that NO; alone
cannot oxidize o-xylene under light irradiation (the o-xylene/10 NOy/
air circumstance in Fig. S12), the role of NO5 in promoting the PCO of o-
xylene by TiO-R is confirmed. EPR analysis is also carried out to
characterize the variation in oxygen vacancies. As shown by Fig. S15,
the concentration of oxygen vacancies in TiO»-R does not change much
after the PCO reaction in o-xylene/N, and o-xylene/NO/No, while a
significant reduction happens after the PCO process in o-xylene/NOy/
Ny, confirming the ability of NO, in oxidizing TiO»-R and fill the oxygen
vacancies. These supplemented lattice oxygens are then activated under
light irradiation into TiO2(-Oy) and participate in the oxidative degra-
dation of o-xylene, which further proves the importance of TiO5(-Or) in
the PCO of o-xylene.

In addition, the influence of o-xylene on the photocatalytic treatment
of NO was also studied by characterizing the N-species formed during
the PCO process of o-xylene/NO mixtures through on-line gas concen-
tration tests and ion chromatography. Compared with the NO/air sys-
tem, the formation of toxic NO; is depressed in the o-xylene/NO/air
reaction system, while the generation of HONO is enhanced (Fig. 5b and
Eq. S11). As given by Table S3, the amount of NO3 on the surface of TiO,
decreases significantly in o-xylene/NO/air, while an increase happens in
the amount of NO3 from 0.8 pg/ml (NO/air) to 218 mg/ml, in accor-
dance with the decrease in bidentate NO3 observed in the in-situ FTIR
results (Fig. 4d). Interestingly, the total amount of N-species on the
surface of TiO, decreases, which is contradictory to the total N-balance
and the changes in the concentration of gaseous NOy mentioned above.
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Considering the fact that no nitro-organics was detected neither on the
surface of TiO5 nor in the gas phase, the extra NO is reduced to Ny with
o-xylene acting as the reductant and achieve the harmless treatment of
NO [42].

On the basis of the analysis above, the mechanism of the synergistic
PCO of o-xylene/NO mixtures are proposed. During the adsorption
process, both o-xylene and NO react with Ti-OH groups on the surface of
TiOy to form aromatic aldehydes, nitrate and nitrite species. After
starting the light irradiation, the oxidation of NO and o-xylene by the
photo-induced radicals happens simultaneously (Scheme 3). On one
hand, NO can react with TiO2(-Op) radicals and be directly oxidized to
nitrate or nitrite species, which would absorb on the surface of TiO3. On
the other hand, the incomplete oxidation of NO by -OH™ or -O3 radicals
would also lead to the formation of NO,. As a strong oxidizer for the
replenishment of lattice oxygen through the MvK reaction [43], NO2
guarantees the generation of enough TiO,(-Oy) radicals for the complete
mineralization of o-xylene (Route II in Scheme S2), which postpone the
deactivation of TiO,. At the same time, toxic NO, is reduced to NO (or
HONO with the existence of water, photo-excited electrons and holes,
Eq. S11) [44] and part of the NO is transformed into Ny, realizing the
environmental-friendly treatment of NOx.

Aside from o-xylene, benzene, toluene and styrene are also important
aromatic pollutants. The impact of NO on the PCO of these aromatic
hydrocarbons are also characterized to verify the universality of NO in
promoting the PCO of aromatic compounds. As shown in Fig. 6, the
introduction of NO increases the degradation efficiencies of toluene,
benzene and styrene from ~50 %, ~25 % and ~75 % to ~75 %, ~52 %
and ~100 %, respectively. In-situ FTIR tests are also carried out to
explore the promotion mechanism (Fig. S16 ~ S18). Similar to the case
of o-xylene, decreases in the intensities of peaks for benzoate species
(1550 ~ 1370 cm™ 1) happen during the PCO of all the three aromatic
hydrocarbons with the introduction of NO, revealing that the enhanced
PCO efficiency also comes from the positive effect of NO in the ring-
opening of aromatic pollutants.

4. Conclusion

In summary, the synergistic PCO treatment of o-xylene/NO mixtures
over TiO, was analyzed and activated surface lattice oxygen (TiO2(-Oy,))
was found to play a key role in the PCO reactions. The existence of NO
improved the PCO degradation efficiency of o-xylene from ~65 % to
100 % and extend the time of highly efficient PCO from ~50 min to at
least 6 h, while o-xylene could help with the transformation of NO into
non-toxic Ny, NO3 and NOj3. TG-MS, HPLC-MS and in-situ DRIFTS anal-
ysis found ring-opening products like formaldehyde, acrolein and cro-
tonaldehyde as the most abundant intermediates, confirming the
enhanced ring-opening of o-xylene with the help of NO. NO,, an inter-
mediate of NO in PCO reactions, is found to act as a powerful oxidant for
the replenishment of surface lattice oxygen and the continuous gener-
ation of active TiO5(-Or) radicals, which promote the ring-opening and
mineralization of o-xylene. Such knowledge is quite essential for

improving the stability and application value of TiO,-based photo-
catalyst in eliminating flowing VOCs. Besides, as aromatic VOCs/NOy is
a typical atmospheric reaction pair for SOA formation, this work also
helps in understanding the role of photocatalysts in impeding the for-
mation of SOA. In future work, the design and optimization of anti-
deactivation photocatalyst will be conducted to further promote the
activation and replenishment of active surface lattice oxygen for the
effective and stable elimination of air pollutants.
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