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To identify the distinctive role of reactive oxygen species (ROS) and trace the intermediates not only help to
decompose the pollutants in high efficiency but also for avoiding more harmful intermediates formed. Here, we
developed a new method to generate different ROSs by controlling the atmosphere to distinguish their role in the
degradation of flowing gas-phase VOCs, including o-xylene, styrene, and acetaldehyde. This method is in good
agreement with the traditional sacrificial agent capture experiment. The results show that ¢OH radicals play a
dominant role in the degradation of o-xylene and styrene, while #O,~ radicals primarily take part in the acet-
aldehyde degradation. Additionally, we distinguish the role of holes, ¢OH and O~ played during the VOCs
photo-oxidation through the radical trapping, in situ DRIFTS, and GC-MS analysis. Under the attack of Oy~
radicals, aromatic VOCs were photo-oxidized to intermediates containing benzene rings and ketones (i.e.,
toluene and butanone), while carbon chain compounds (i.e., 3-methylfuran and ethanol) tend to form under the
action of eOH and holes. This can be associated with the different reaction paths initiated by ROS. For acetal-
dehyde removal, eO5 "~ species facilitate the formation of acids (i.e., acetic acid) while the ¢OH species and holes
lead to the production of ketones (i.e., acetone). This work provides deep understanding on the role of various
ROS in the photocatalytic oxidation of VOCs, which can guide the design of efficient photocatalysts, selective

formation of intermediates to be easily decomposed or as raw materials for further application.

1. Introduction

Volatile organic compounds (VOCs) are constantly increasing in the
atmosphere through many sources, such as various industrial opera-
tions, volatilization of plastic and paints products, and dismantling of
electronic wastes, etc. [1,2]. The accumulation of VOCs in the atmo-
sphere can cause serious health issues in humans and also aggravate
environmental pollution problems, e.g., respiratory problems, liver,
kidney, and skin diseases, depletion of ozone and formation of photo-
chemical smog [3,4]. Therefore, it is important to prioritize the elimi-
nation of VOCs to protect our health and environment. In this regard,
quite a few technologies have been developed for the VOCs abatement,
such as absorption, thermal decomposition, and photocatalytic oxida-
tion (PCO) [5]. Among these, PCO is regarded as a promising technology
to eliminate VOCs due to low energy consumption and relatively simple
operating conditions [5,6]. TiO3 is one of the most studied materials for
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its potential use in the PCO technology due to its high oxidizing prop-
erty, chemical stability and availability [7].

Currently, most endeavor in the VOCs abatement regime mainly
focus on how to enhance VOCs elimination rate and mineralization ef-
ficiency of TiO, by element doping, morphology control, surface
modification through co-catalysts and compositing with other semi-
conductor materials [8-15]. Their primary purpose is to completely
mineralize VOCs into carbon dioxide and water. Additionally, fewer
researchers roughly highlight the role of free radicals in the photo-
degradation of organic pollutants, for example, organic dyes’ degrada-
tion in wastewater and gaseous VOCs [16-19]. Ding et al suggested that
0, radicals are the main active species in liquid-phase rhodamine B
(RhB) photodegradation. Also, the eO,~ radicals were observed to
significantly affect the methyl orange (MO) degradation [20,21].
However, these attempts did not disclose the role of ROS played deeply,
instead, only ascribed the superior performance of ¢O, ™ radicals to their
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higher ESR signals than that of eOH radicals. Similarly, ¢OH radicals
were concluded as the dominate in the photodegradation of methyl blue
(MB) compared to ¢O5~ [22]. Liu et al. [23] reported that the photo-
induced holes (h™) play a leading role during the photocatalytic
degradation of phenol, which could be associated with the strong
oxidation power of holes. Also, eOH radicals have been primarily
accounted for the toluene photodegradation while eOy~ radicals and
photoinduced h™ were accounted crucially in benzene degradation
[24,25].

However, the role of different ROS species played in VOCs decom-
posing and the formation of intermediates has not been systematically
investigated. Moreover, what kind of degradation pathway can be
deduced depending on the specified ROS or photogenerated holes have
not been studied in detail. This situation is limited by two associated
problems. 1) The underlying mechanism that the target VOCs are
directly converted to other species or mineralized into CO3 and HyO is
not clear. 2) The role of ROS is only distinctive through radicals’ scav-
engers, which can only provide an overall performance of a particular
type of radicals. Also, the introduction of radicals’ scavengers (i.e.,
liquid-phase capture experiments) will change the original surface state
of the catalyst, which cannot inherently reflect the nature of the
gas-solid phase photocatalytic reaction. However, the gas-solid re-
actions are quite tricky, which involve multiple steps. For example, the
initial adsorption of pollutant molecules is critical in the gas-solid
photocatalysis. The absorptivity and degradation of these molecules are
significantly affected by the molecular structure of pollutants, surface
features of catalysts (i.e., surface atomic arrangement and coordina-
tion), as well as experimental conditions (i.e., flow rate, relative hu-
midity, light intensity, and temperature). We have recently observed
that the changes in surface states could significantly affect the absorp-
tivity and subsequent reaction pathways [26]. Therefore, it is essential
to develop a new method to capture free radicals in gas-phase and
differentiate the role of ROSs played in VOCs degradation. We believe
the above strategy will be powerful to, 1) enable us to understand the
underlying degradation mechanism, 2) improve the selective conversion
of VOCs, and 3) once the distinctive role of ROS is identified, the
pollutant molecules can be converted to useful intermediate products for
numerous industrial applications via controllable pathways. For
example, acetophenone, converted from degradation of the target VOCs
such as o-xylene and styrene, is an intermediate in organic chemical
synthesis, plasticizers for plastics, solvents for fiber resins, and food
flavors. At present, the synthesis methods of acetophenone mainly
include ethylbenzene oxidation, acylation of benzene with acetic an-
hydride, benzene and acetyl chlorination, etc. Also, acetophenone is
usually prepared by air oxidation of ethylbenzene in the industry.

Herein, o-xylene, styrene and acetaldehyde were used as typical
VOCs to investigate the role of photoinduced holes, «OH and O,
during the process of photodegradation. We propose a new strategy (gas-
phase capture test) to comprehend the role of ROS during the different
VOCs elimination. Additionally, in situ Diffuse Reflectance Infrared
Fourier Transform Spectroscopy (DRIFTS) and Gas Chromatography-
Mass Spectrometer (GC-MS) were used to discriminate the in-
termediates and deduce the degradation pathways of VOCs with
different free radicals. Finally, a detailed mechanism is proposed, which
specify the effect of holes, «OH and O,  took part in photocatalytic
oxidation. This work provides deeper understanding on TiO, photo-
catalyst towards the VOCs degradation under different atmosphere
condition and lays a foundation for realizing the selective conversion of
VOCs.

2. Experimental
2.1. Materials

Anatase TiO, powders (AT0), sodium oxalate (NayC204), tert-butanol
(TBA) and p-benzoquinone (PBQ) were produced by Sigma-Aldrich.
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Potassium dichromate (KyCr,0O7) was received from Aladdin Industrial
Co. 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was purchased from
Sigma Chemical Co. All chemicals were used as received without any
further purification except for anatase. The initial anatase powders
(ATO) were heat treated at 350 °C for 30 min and labeled AT.

2.2. Characterization

Fourier transform infrared (FTIR, iN10, Thermo Fisher), scanning
electron microscope (SEM, Magellan 400, FEI), high resolution trans-
mission electron microscope (HRTEM, JEM-2100, JEOL), X-ray
diffraction (XRD, D8 ADVACE, Bruker), UV-vis Diffuse reflectance
spectroscope (DRS) (Lambda 950, Perkin-Elmer), Raman spectra (DXR,
Thermo Fisher), photoluminescence (PL, LS55, Perkin-Elmer) and
electron spin resonance (ESR, JES-FA200, Thermo Fisher) analysis were
conducted to investigate the morphological, structural, optical proper-
ties and free radical production of anatase photocatalyst before and after
heat treatment, respectively. In situ DRIFTS (IRTracer-100, Thermo
Fisher) and GC-MS (TSQ 8000 Evo, Thermo Fisher) results were
employed to analyze the formed intermediates and reaction pathways
during the photocatalytic reaction of the target VOCs, respectively.

2.3. Photocatalytic properties of anatase towards VOCs

The adsorption and photodegradation properties of acetaldehyde, o-
xylene and styrene were conducted using an automated flow reaction
chamber (Fig. 1). The adsorption of the target VOCs on the as-prepared
photocatalysts was studied through the dynamic adsorption analysis in
the dark. Initially, anatase powders (150 mg) were dispersed in 1.5 mL
of ethanol and sonicated for 3 h. Next, the mixed solution was uniformly
applied on a glass substrate (16 x 13 cm?) and air-dried. Finally, the
samples were put into the photocatalytic reaction chamber. All of the
adsorption and degradation experiments were performed in the pres-
ence of air, N, O, “Ny + H20” and “N3 + Oy + Hy0”, respectively.
Among them, photocatalytic properties of anatase TiO5 under “Ng + Oy
+ H0” condition was used as a reference sample to estimate the pho-
tocatalytic performance in air. In a typical procedure, we mixed one of
the target VOC (o-xylene, styrene and acetaldehyde) from one cylinder
while another gas (air, N3, Oz, “No + H20”, and “N» + O3 + Hy0”) was
flown through another cylinder. Both of these flowing gases, i.e., air and
one VOC were mixed before being introduced into the reaction cell. The
concentration of these gases was automatically controlled via a com-
puter. For example, the initial concentration of o-xylene and styrene is
50 ppm flowing through the automated flow system with a flow rate of
40 sccm. The compressed air is allowed to flow using the same flow rate.
In this way, the final concentration of the o-xylene and styrene is
regarded as 25 ppm. The final concentration of acetaldehyde is 500 ppm
when the original concentration of acetaldehyde is 1000 ppm under
similar circumstance. Notably, before the photocatalytic tests (including
photocatalytic properties and in situ DRIFTS analysis), each sample was
put into vacuum oven to dry for 12 h, which make sure that the ¢O,~ or
oOH radicals were not formed. The photocatalytic activity was evalu-
ated by the removal ratio of gas-phase VOCs. The removal efficiency
(RE) of VOC was determined as RE = (Cy — C)/Cg x 100%, where Cy and
C (ppm) are initial and real-time concentration of VOC, respectively. The
mineralization efficiency (ME - selectivity of CO3) of VOC was calculated
by the formula: ME(%) = [(CO20ut)-(CO2in)1/[Nvoc x (Ciy) x RE(%)] X
10000, where CO50y: and COo;y, are the outlet and inlet concentrations of
CO2. Nvoc represents the number of C atoms for the target VOCs (Nyce-
taldehyde = 2, No.xylene = 8 and Nsyrene = 8). Gin and RE(%) are the inlet
concentration and removal efficiency of gaseous VOCs, respectively.

2.4. ROS quenching experiments

Gas-phase capture experiments: We used three different carrier
gases, which can facilitate the selective formation of different ROSs. In
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Fig. 1. Measurement setup for photocatalytic removal gas-phase VOCs with real-time monitoring and testing.

this way, their role can be assessed. For example, when Ny was used as a
carrier gas with target VOCs, according to formula (1)-(3), after light
irradiation, only photogenerated electrons (e”) and holes (h™) were
produced and eOH and eO,~ will not be formed. Thus, the role of photo-
generated h' can be determined under N, carrier gas due to the weak
oxidizing ability of photogenerated e~ in the gas—solid photoreactions
[24]. Similarly, when the tests were performed in the presence of Og,
0, and h™ were formed (¢O5~ > h™). Combined with the results under
N conditions (h), which can further highlight the effect of the 05~
radicals during the VOCs degradation. When the experiments were
conducted under the existence of “Ny + H0”, the ¢OH radicals were
produced, hence, the role of ¢OH radicals can be examined in detail. This
is because the photogenerated h™ under “Nj + H0” will react quickly
with HoO to form eOH (i.e., photogenerated h™ is continuously
consumed). Thus, the number of eOH species would be much higher
than that of h™, therefore, the catalytic properties under “Ny + Hy0”
condition can be principally attributed to the ¢OH radicals. In this way,
the formation of a particular radical can be controlled to isolate its role
during the VOCs removal.

Photocatalyst + hv—h" + e~ (@8]
e +0,>00; (2)
h" + H,0—H + ¢OH 3)

Liquid-phase capture experiments: To measure the feasibility of the
gas-phase capture experiment results and confirm the role of free radical
in photodegradation efficiency, liquid-phase capture experiments were
carried out. The scavenger solutions used for quenching of electron,
hole, ¢0O, and ¢OH were K5Crp,07, NayC204, p-benzoquinone (PBQ) and
tert-butanol (TBA), respectively [24,25]. Initially, 200 mg of sacrificial
agent was dissolved in water or ethanol, and then 100 mg of catalyst was
dispersed in the obtained solution. Finally, the suspension was ball
milled for 8 h and then uniformly spin-coated on the glass sheet to
perform the photocatalytic properties.

2.5. Detection of intermediates

In situ DRIFTS spectra: To better understand the photocatalytic re-
action mechanisms, the adsorbed products on AT catalyst were analyzed
by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS).
Initially, about 32 mg of the AT powders were placed in the reaction cell.
Next, the sample was heated from ambient temperature to 300 °C for 30
min under high-purity N flux (flow rate 50 mL min~') to purge the
catalyst. The background spectrum was collected after cooling down to
room temperature. Subsequently, the target VOC and gas were intro-
duced into the sample holder. Once, the adsorption was carried out for

90 min to achieve the adsorption-desorption equilibrium in the dark,
the sample was irradiated using the xenon lamp (CHF-XM-250 W). The
in-situ DRIFTS data were automatically recorded using a software with a
constant time step of 15 min.

GC-MS analysis: All of the GC-MS results were obtained under the
gas-phase capture experiments. Headspace method was used to directly
detect the absorbed intermediates. In a typical procedure, the sample
powders (150 mg) after the photocatalytic degradation of 4 h was
transferred into a 100 mL of opaque bottle to avoid further photo-
catalytic reactions. The samples were subsequently subjected to GC-MS
tests. The temperature of the column was raised from 35 °C to 100 °C
with a step size of 10 °C min~! while keeping the dwell time of 1 min at
this temperature, which was further increased to 200 °C at 15 °C min !
maintaining for 3 min and rose to 280 °C at 20 °C min~* holding for 1
min. Mass spectra were recorded in electron ionization mode at 250 °C
of an ion source under the full scan mode (m/z 50-400).

3. Results and discussion
3.1. Morphology, optical and structural properties of photocatalysts

Generally, the commercial anatase powders, might be contaminated
(carbonaceous residues) during processing and packaging (Fig. Sla).
This can affect the adsorption behavior of VOCs, thereby influencing the
photocatalytic reaction routes, which was confirmed by in situ DRIFTS
spectra (Fig. S2). The obvious difference of VOCs adsorption and pho-
todegradation were observed in ATO and AT samples. This could be
associated with the presence of carbonaceous residues in ATO. To
overcome this effect, the initial sample (ATQ) was heat treated. As
shown in Fig. Sla, the organic functional groups in the range of
3300-1300 cm ™! were eliminated by heat treatment. It is noteworthy
that the agglomeration or particle size of AT was observed to increase
slightly compared with ATO sample (Fig.S1b). Due to this processing
temperature, enhanced intensity could be observed on the peak profiles
in XRD (Fig. S3c) and Raman spectra (Fig. S3d), which can be attributed
to the improved crystallinity after heat treatment at 350 °C for 0.5 h. No
significant changes were observed in the UV-vis (Fig. S3a) and PL
spectra (Fig. S3b) and ESR data for active species (Fig. S4). After being
thermal treatment at 350 °C, the surface carbonaceous residues on
anatase were removed without altering the inherent structure.

3.2. The effect of active species during different VOCs photodegradation

Photocatalytic activity of the sample to degrade o-xylene and the role
of active species played were evaluated under five different atmospheric
conditions as shown in Fig. 2. It is worth noting that the photo-
degradation trends of o-xylene under the presence of “N3 + H30 + O3”



Z. Rao et al.

Chemical Engineering Journal 430 (2022) 132766

Fig. 2. (a) Degradation curves, (b) mineralization curves and (c) the corresponding removal efficiency and mineralization rate of o-xylene on AT under different

atmospheric conditions.

was much similar to that in air condition (Fig. 2). Thus, “N3 + H20 + O3”
mixture can be used to simulate the reaction occurred in air condition.
The C/Cy ratio decreased sharply at initial stage, gradually reached a
platform and final start to increase with the processing of photocatalytic
reaction (Fig. 2a). This is because the generation of byproducts occupied
the active sites on the catalyst surface, and eventually leading to the
deactivation (the C/Cy ratio increased with time) of the catalyst. A
detailed explanation was reported in our previous work [8]. For o-xylene
degradation under different atmospheric gases, the removal (RE) and
mineralization efficiency (ME) over the AT sample followed the order
(Fig. 2¢): air > Oy > N3 + Ho0 > No. The RE and ME of o-xylene over the
catalyst were 62.8% and 45.2% under Oy atmosphere (with main oxi-
dants as e0,~ and h™), respectively. RE and ME were 37.3% and 43.6%
respectively in N, (with main oxidant as photogenerated h™). Notably,
the ME under the two conditions (i.e., Oy and N5) was almost similar
(43.6% for N3 and 45.2% for O3), which showed that the photocatalytic
performance under O, atmosphere was mainly derived from photoin-
duced h*. The photocatalytic performance under “Ny + Hy0” (with
main oxidant as eOH) condition (RE is 55.1% and ME is 53.9%) was
higher than that in N3 atmosphere (with main oxidant as h") (RE is
37.3% and ME is 43.6%), suggesting that the role of «OH was stronger
than that of h™ in the degradation process. Based on these results, it can
be concluded that the order of ROS influence during the o-xylene pho-
todegradation was: «OH > h™ > e0,". Thus, the eOH radicals play a
predominated role in the photocatalytic reaction of o-xylene. Liquid-
phase capture tests further verified this phenomenon. As shown in
Fig. S5¢, RE of o-xylene was 22.6% and ME was 18.6% when the ¢«OH
radicals were captured by TBA. When NayC,0,4 was used to capture h',
RE and ME were 50.8% and 25.5%, respectively. RE of o-xylene was
65.7% and ME was 45.2% when the ¢O, ™~ species were captured by PBQ.
RE was 82.1% and ME was 58.3% when K3CrpO; captured photo-
generated e . Again, the order for the effect of ROS on o-xylene degra-
dation was recorded as: ¢OH > h™ > 0, ™. This further confirmed that
eOH played a more important role than any other ROS during the
photocatalytic reaction of o-xylene. The results of the gas-phase capture

experiment were similar to those of the traditional liquid-phase capture
experiment, indicating that the developed gas-phase capture method in
this work was effective and feasible. Additionally, a similar result was
observed during the photocatalytic removal of gaseous styrene (Fig. S6),
the result confirmed the dominant role of eOH radicals during the sty-
rene removal.

Interestingly, similar gas-phase capture results were observed during
the degradation of o-xylene and acetaldehyde under the existence of
different atmospheric gases (Figs. 2 and 3), i.e., air > Oz > Ny + H30 >
No. However, in the case of acetaldehyde elimination, the highest RE
and ME of acetaldehyde (69.5% and 80.1%) were achieved in the ex-
istence of Oy (Fig. 3c), O2 (69.5% and 80.1%) > Ny + H,0 (30.1% and
28.8%) > N3 (12.7% and 23.5%), indicating that these photocatalytic
activities could be ascribed to the effect of 0,~ and h™. Additionally,
the RE and ME were respectively 12.7% and 28.5% under N existence
(or h™), which showed that the contribution of h™ in the degradation of
acetaldehyde was minimal. The excellent photocatalytic performance
under O, was mainly derived from the contribution of ¢O5 . Similarly,
when the test was conducted in the presence of “Ny + H20” (generating
oeOH), the lower RE (30.1%) and ME (28.8%) of acetaldehyde suggested
that e¢OH has little effect on the degradation activity. The order for the
effect of ROS on acetaldehyde degradation was recorded as: eOy >
#OH > h'. The above results showed that #0,~ played a more dominant
role during the photoreaction of gas-phase acetaldehyde in contrast to
any other ROS. This role was further evidenced by the liquid-phase
capture analysis, where the order for MR and ME under the effect of
different sacrificial agents were as follows (Fig. S7c): PBQ (28.7% and
18.2%) > TBA (61.2% and 79.3%) > NayCy04 (75.9% and 77.2%) >
KoCry07 (81.3% and 74.7%). This showed that the photocatalytic ac-
tivity was the weakest when PBQ captured the ¢O5 ™, further confirming
the dominant effect of O, radicals on the degradation of acetaldehyde.

According to the above results, during the photodegradation of o-
xylene and styrene, the existence of eOH radicals (“N + Hy0O” condi-
tion) or the absence of ¢OH (captured by TBA) has the greatest impact on
the photocatalytic performance of the catalyst. Due to the Lewis base
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Fig. 3. (a) Degradation curves, (b) mineralization curves and (c) the corresponding removal efficiency and mineralization rate of acetaldehyde over AT under

different atmospheric conditions.

properties (electron pair donor) of o-xylene or styrene molecules, elec-
trons are easily transferred from the o-xylene or styrene molecules to the
catalyst after adsorption and more eOH radicals formed [26]. Addi-
tionally, compared with the other active species, #OH has the higher
oxidation ability to break the benzene ring of aromatic VOCs. So, the
eOH radicals are the main active species in the degradation of these two
aromatic VOCs. On the contrary, more Oy~ species will be generated
when acetaldehyde molecules, with the Lewis acid properties (electron
pair acceptor), are adsorbed on TiO,. Electrons were prone to be
attracted by acetaldehyde molecules, more eO,  radicals were gener-
ated and played a key role in acetaldehyde degradation [26]. In this
way, the different free radical formation under the electron gain or loss
by the VOCs molecules will significantly affect the species of ROSs and
finally influence the degradation process. Therefore, based on the above
analysis, ¢OH was the main reactive radical in o-xylene and styrene
photodegradation while e05~ played a leading role during the photo-
catalytic removal of acetaldehyde.

3.3. The specifical oxidation path of VOC controlled by different reactive
species

To disclose the specific photocatalytic reaction routes of the three
VOCs over AT sample under the influence of different ROS, in situ
DRIFTS analysis was performed. As indicated in Fig. S8, no new bands
were generated and no significant changes appeared in the normalized
DRIFTS band’s intensity over reference the ZrO, sample (the stable
insulation material) during the VOCs adsorption and degradation. This
showed that no photolysis happened during the target VOCs degrada-
tion. Noticeably, oxygen containing functional groups were observed in
the presence of N, during the photodegradation of o-xylene. The oxygen
containing species are anticipated to derive from the lattice oxygen (Oy)
of AT sample, which participated in the photocatalytic reaction. This
could be directly confirmed by the ESR signals of photocatalyst before
and after photodegradation. As indicated in Fig. S9a, the concentration
of oxygen vacancies increased after photoreaction with the gas-phase o-

xylene for 4 h, indicating the loss of lattice oxygen. Similar results were
appeared in the elimination of styrene and acetaldehyde (Fig. S9b and
c). Thus, the intermediate species containing oxygen were produced
during the three VOCs removal under the existence of No.

As displayed in Fig. 4 and Table S1, the characteristic bands at 3749,
3650 and 3637 cm ™! were assigned to the vibration mode of hydroxy
groups v(OH) in H20 [27,28]. The sharp peaks located at 3564, 3545
and 3525 cm ™! corresponding to the v(OH) vibration of benzyl alcohol
and aliphatic alcohol [29-31]. The IR bands in the range from 3070 to
2870 cm ™! were associated with the vibration mode of methyl groups of
aromatic compounds [32]. The typical peaks at 1732, 1716, 1699, 1681
and 1650 cm ™! were due to the carbonyl group (C = O) of aliphatic or
aromatic ketone and the v(H-C = O) vibration of aldehydes or aromatic
aldehyde [33,34]. The 1600 cm ™! could be attributed to the benzene
ring vibration [32,33]. Five IR bands at 1574, 1558, 1539, 1523, 1508
and 1489 cm ! were attributed to the vibration modes of v25(CO0) and
v5(COO) for aliphatic or aromatic carboxylate [34,35]. The FTIR bands
in the range of 1472-1377 em~! were ascribed to §,5(CHs) and 84(CHs)
vibration of aliphatic compounds [35,36]. The weak peaks at
1303-1288 cm ! were due to v(C-0) of aliphatic carboxylate [35,37].
Notably, some weak bands, centered at 3564, 1681, 1650 and 1558
em™! (aromatic byproducts), were observed in the process of dark
adsorption, this indicated that chemisorption of o-xylene occurred on
the catalyst surface. Similar behavior was observed in the previous
works during the photodegradation of gas-phase toluene [32,34].
However, aliphatic substances (1288 cm ™) appeared after light irradi-
ation, suggesting the benzene rings were opened. Additionally, the
DRIFTS absorbance intensities of the characteristic bands increased with
increasing the illumination time. These results suggested that o-xylene
molecules could be photodegraded into smaller molecules including
aliphatic intermediates and even CO; under the effect of ROS. As shown
in Fig. 4g-h, 1650 cm ™! intensity in Fig. 4h is higher than that in Fig. 4g
and 4i, and the peak (3564 cm ™) intensity in Fig. 4h increased with the
increasing reaction time while that in Fig. 4g and 4i decreased with
increasing light irradiation time. These observations demonstrated that
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Fig. 4. In situ DRIFTS plots of gas-phase o-xylene over AT sample in the range of (a, b, ¢) 4000-2500 cm™* and (d, e, f) 1900-1100 cm ™! under the presence of the
different gases. The images (g, h, i) show the histogram of the corresponding organic functional groups after normalization. The same value of Y-axis for figures (a, b,

o), (d, e, f) and (g, h, i), respectively.

the target VOCs could be converted to aldehydes and alcohols in the
presence of holes and O;. Moreover, it can be seen from Fig. 4i that the
band at 1650 cm ™! (aldehydic group) is converted into 1681 em ! (C=
O for ketones) under the influence of 05~ species. When the experiment
is conducted under air condition (all free radicals), o-xylene can be
easily degraded into carboxylate species (1558 cm~! for y(CO0M)).

Meanwhile, similar in situ DRIFTS results were observed in the
photocatalytic degradation of gaseous styrene (Fig. S10 and Table S2)
and o-xylene (Fig. 4 and Table S1), which might be that the two target
pollutants belong to aromatic VOCs. However, compared with o-xylene
photoreaction, little difference was observed in the case of styrene
degradation using in situ DRIFTS. For example, styrene molecules dis-
played easy conversion to aliphatic compounds including 1454 cm™* for
8(CHy) vibration of aliphatic acids and 1222 cm ! for r(CH,) vibration
of maleic anhydride [32,38,39]. This might be due to the different
adsorption geometries on the sample surface of these two molecules and
the differences in their own properties.

As indicated in Fig. 5 and Table S3, the chemisorption phenomenon
happened in the case of acetaldehyde under the dark adsorption process.
This is evidenced by new DRIFTS bands appeared in the range of
1173-4000 cm ™ ‘without light irradiation. This behavior is somewhat

similar to the previous work on acetaldehyde photodegradation by
Hauchecorne et al. [35]. For illuminated sample, the peak absorbance at
1650 cm™! (aldehydic group for acetaldehyde) obviously decreased
with the increased irradiation time [40], indicating that the adsorbed
VOC molecules are photodegraded into other products. Interestingly,
the band intensity at 1620 cm! (C = C for crotonaldehyde) increased in
dark adsorption while decreased after photoreaction [35,41], indicating
that crotonaldehyde might be the main byproduct in dark adsorption
process. The typical peaks at 1558 em™! for acids obviously increased
with increasing reaction time under O, existence and a band intensity at
1173 ecm™! for ethers in the presence of Oy was higher than that in other
gases [35,42]. By combining with other experimental atmospheric
conditions, the peak intensity at 1699 em ! (ketones) is the highest
under N, conditions [33,35]. Therefore, it can be inferred that ¢O,~
radicals facilitated the conversion of acetaldehyde into acids and ethers.
Additionally, the existence of electrons and holes are beneficial for
decomposing acetaldehyde into ketones.

Since, the organic functional groups in the FTIR spectra cannot be
resolved efficiently due to numerous superimposed peaks and shoulder
peaks, we further used the GC-MS analysis to further disclose the
oxidation path of VOCs over the photocatalyst under the influence of
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Fig. 5. In situ DRIFTS profiles of gaseous acetaldehyde on AT sample in the range of (a, b, ¢) 4000-2500 cm ! and (d, e, f) 1900-1100 cm ! under the existence the
different free radicals. The images (g, h, i) show the histogram of the corresponding organic functional groups after normalization. The same value of Y-axis for

figures (a, b, ¢), (d, e, f) and (g, h, i), respectively.

different gases (i.e., generating of different ROS) (Figs. 6 and 7, Fig. S11
and Table S4-S6). In any case, o-xylene intermediates analysis showed
the existence of o-toluadehyde (Fig. 6 and Table S4). Interestingly,
acetaldehyde, ethanol, acetone, 2,2-dimethyl-1,3-dihydroindene, o-
methylacetophenone and a-methyl styrene were main intermediates in
the o-xylene photoreaction when only N3 (with main oxidant as holes)
exist in the test system. Among them, most intermediate species with
ring-opened indicated that the photogenerated h™ are beneficial to the
aromatic ring opening process. This was further evidenced by the GC-MS
analysis, for the sample degraded under the influence of O (or holes and
0, 7), where the open-ring intermediates including acetaldehyde,
ethanol and acetone also appeared. But toluene, butanone, 2,2,4,6,6-
pentamethylheptan detected under the Oz (or h' and 0y ") condition
were higher than those observed in Ny (or h™) presence, suggesting that
0, species mainly lead to the generation of these three intermediates.
It is understandable why the GC-MS data obtained in “Ny + Hy0” (or h*
and eOH) are similar to that under N; presence, this was due to the fact

that eOH species are converted from holes or they have similar oxidation
capacity. However, there is a little different existing in GC-MS results
under “Ny + H0” (with main oxidants as h™ and eOH) and Ny (with
main oxidant as h™) condition, namely, «OH favor the production of 3-
methylfuran. o-Xylene is easily degraded into o-tolualdehyde and acet-
aldehyde containing aldehyde group (CHO) over AT catalyst under the
presence of all ROS.

Although similar radicals (¢OH) played a leading role during the o-
xylene and styrene photoreaction, the difference was observed in the
formation of intermediates. As shown in Fig. S11 and Table S5, it was
observed in N; (or h™) capture system the photoinduced holes lead to the
formation of acetophenone and ethanol. Similar trends were seen in the
presence of eOH (“Ny + H20” condition), whilst styrene was easily
converted to benzene, toluene and benzaldehyde in the existence of
0, (O gases). The target pollutants tend to degrade into carbon chain
containing species including acetone and butanone under all reactive
species.
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Fig. 6. GC-MS data of o-xylene photodegradation for 4 h over AT catalyst under the existence of different ROS, (a) the retention time from 0 to 15 min, (b) the
enlarged spectra for retention time from 1 to 3 min and (c) the relative abundance of the corresponding intermediates.

Fig. 7. GC-MS results of acetaldehyde photoreaction for 4 h on AT sample in the presence of different gases including air, N5, O, and “N3 + H0", (a) the retention
time from O to 15 min, (b) the enlarged spectra for retention time from 1 to 3 min and (c) the relative abundance of the corresponding intermediates.
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For acetaldehyde photoreaction (Fig. 7 and Table S6), the same
byproducts, such as methoxymethane, acetone, 3-methyl-2-butanone
and 2,4-dimethyl-3-pentanone, were detected over the AT surface
under the Ny (h" and e™) and O, (h™, e and 05 ") gas-phase capture.
The additional intermediates, including methyl acetate, glyceric acid,
acetic acid, 2-pentanone, 3-heptanone, were found under the Oy con-
dition, which showed that these five species formed under the oxi-
dization by eO,~. Meanwhile, under the effect of holes and ¢OH (“N2 +
H20”) and Oy, acetone and butanone were the main byproducts during
acetaldehyde decomposition. In contrast to other systems, the minimum
intermediates (only methoxymethane and acetone) were observed when
all free radicals appeared in the test system.

The GC-MS results further confirm the in-situ DRIFTS observations.
However, some possible intermediates appeared in the in situ FTIR were
not observed in the GC-MS results, which could be associated with the
detection limit and operation of GC-MS. Overall, combining DRIFTS
results with GC-MS analysis, we can infer that the specific intermediates
are generated under the role of different ROS during the photocatalytic
degradation process of the three VOCs. As presented Fig. 8 and Fig. S12,
the aromatic VOCs o-xylene and styrene are firstly decomposed by
reactive radicals into compounds containing a benzene ring structure,
and next oxidized to carbon chain containing intermediates, and even-
tually degraded into CO5 and H»0. For o-xylene molecules decomposi-
tion, the VOC is mainly converted into byproducts, including o-
tolualdehyde and ethanol under the presence of h'™ and O;. When the
0, exists, pollutants tend to form toluene and butanone. While ¢OH
species are beneficial to oxide o-xylene to ring-opening products 3-meth-
ylfuran. All ROS causes the conversion of target VOC into acetaldehyde.
Similarly, ethanol is easily generated under the effect of h* and O
during the process of gaseous styrene photodegradation. The Oy~
radicals lead to the formation of benzaldehyde, toluene and benzene.
The eOH species facilitate the aromatic ring opening process and all free
radicals determine the final product as acetone.

Therefore, photoinduced h* and Oy played a key role in the gener-
ation of ethanol during o-xylene and styrene decomposition. The ¢«OH
dominates the opening of the aromatic ring, while eO5~ species are not
conducive to this process, but play a leading role in the production of
ketones.

As shown in Fig. 9, acetaldehyde tends to decompose as acetone
under the existence of h™ and Op. The ¢O, ™ radicals favor acids forming
including acetic acid and glyceric acid while the eOH radicals facilitate
ketones formation such as acetone and butanone. The target molecules
are easily converted into methoxymethane under the effect of all ROS.

Chemical Engineering Journal 430 (2022) 132766

Notably, some intermediates, generated in the photocatalytic
oxidation process of the three VOCs, are important biofuels, food addi-
tives and chemicals for various industrial applications. For example,
acetophenone is an intermediate in organic chemical synthesis, plasti-
cizers for plastics, solvents for fiber resins, and food flavors. Glyceric
acid and its derivatives can promote ethanol catabolism, and its derived
ester oligomers can resist trypsin activity. Additionally, glyceric acid can
also be used as a food additive. Methoxymethane, a byproduct of acet-
aldehyde, can be used as an alkylating agent, foaming agent, refrigerant,
solvent, extractant, anesthetic, fuel, civil composite ethanol, and a
substitute for Freon aerosol. And it can also be used as various aerosol
propellants in hair care, skin care, medicine, coatings, and its unique
uses including dyes, fuel additives promoted abroad, pharmaceuticals,
pesticide industries, etc. Thus, we can control the experimental condi-
tions (different ROS) to produce desired byproducts, so as to “turn waste
into treasure”, which is of great significance for the environmental
protection.

4. Conclusion

In summary, a new gas-phase capture method for investigating the
role of ROS during the VOCs photodegradation was developed. Inter-
estingly, different leading effects were observed in photoreaction of the
investigated VOCs. The ¢OH radicals played a key role in o-xylene and
styrene elimination while the ¢O5~ species dominated the acetaldehyde
degradation. Additionally, during the specific reaction process of VOCs
molecules, including o-xylene and styrene, the ¢OH radicals facilitated
the aromatic ring-opening and the mineralization of intermediates.
Moreover, the photoinduced h" and Oy, played a dominant role in the
conversion of ethanol. While the eO,™ radicals played a leading role in
the formation of toluene and ketones (containing carbonyl groups). In
the case of acetaldehyde removal, the ¢O,™ radicals were regarded as
crucial, which could facilitate the formation of acids while the eOH
radicals dominated the production of ketones. This work provides a new
insight into the photocatalytic decomposition of VOCs. It also provides a
possible strategy for achieving the directional conversion of VOCs by
controlling the experimental atmosphere, i.e., “turn waste into treasure”
for several industrial applications.
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Fig. 9. Schematic diagram for the specific effect of different reactive species during the proposed photocatalytic oxidation routes towards gas-phase acetaldehyde.
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for different VOCs, the histogram of the corresponding mineralization
efficiency. The photodegradation data of gas-phase capture and liquid-
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liquid-phase capture towards different VOCs. ESR signals of oxygen
vacancies for AT sample before and after the photodegradation of gas-
phase o-xylene, styrene and acetaldehyde for 4 h. In situ DRIFTS pro-
files of ZrO, for o-xylene, styrene and acetaldehyde from 4000 to 1000
cm L. In situ DRIFTS results of o-xylene on AT sample ranging from 4000
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