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Photocatalytic ozonation mechanism of
gaseous n-hexane on MOx–TiO2–foam nickel
composite (M = Cu, Mn, Ag): unveiling the role of
˙OH and ˙O2−†
Peng Wei, Dandan Qin, Jiangyao Chen,
Guiying Li and Taicheng An

* Yanxu Li, Meicheng Wen, Yuemeng Ji,*

Nanocomposites of MOx–TiO2 (M = Cu, Mn, Ag) supported on foam nickel (MOx/TiFN) were successfully
applied in the photocatalytic ozonation of gaseous alkane. All MOx samples presented nanoflake structures
with two metal oxides, corresponding to Cu2O and CuO in CuOx, Mn2O3 and MnO2 in MnOx, and Ag and
Ag2O in AgOx. These binary metal oxides composited with TiFN displayed 1.3 to 2.0 times higher degradation and mineralization efficiencies toward 350 ppmv of n-hexane than TiFN. The promoted ˙OH and ˙O2−
from O3 conversion on MOx were responsible for the enhanced efficiency. And ˙O2− made a higher contribution to the enhancement, since the relative amount of ˙O2− increased by 3.2 to 7.9 times more than ˙OH
after MOx composition. Our experimental and theoretical mechanism results further confirmed that both
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˙OH and ˙O2− were important for the epoxidation transformation of n-hexane on MOx/TiFN, while ˙OH
dominated in the conversion of alcohol intermediates to corresponding radicals, and ˙O2− determined the
subsequent epoxidation transformations of these radicals to four epoxides with 3, 5 and 6 membered rings.
The present work could provide deep insight into an enhanced mechanism for nanomaterial photocatalytic
ozonation technology, and efficiently replenish alkane atmospheric transformation mechanisms.

Environmental significance
Nanomaterial photocatalytic ozonation is an effective technology for artificial alkane elimination, to avoid secondary pollution in the atmospheric
environment and thus threats to human health. Reactive oxygen species (ROSs, such as ˙OH and ˙O2−) from the decomposition of O3 by metal oxide
nanomaterials are considered to be responsible for high efficiency. The role of these ROSs in the promoted photocatalytic ozonation performance is still
not fully understood. This study confirms that ˙O2− makes a higher contribution to the enhancement than ˙OH, while ˙OH dominates in the conversion of
alcohol intermediates to corresponding radicals, and ˙O2− determines the subsequent epoxidation transformations of these radicals to four epoxides. The
present work could provide deep insight into enhanced mechanisms for nanomaterial photocatalytic ozonation technology, and efficiently replenish alkane
atmospheric transformation mechanisms.

1. Introduction
Alkanes are the most abundant artificially emitted volatile organic compounds (VOCs) with a percentage of about 40%.1
These massively discharged alkanes are widely detected in
the atmospheric environment,2–4 where their oxidation leads
to the formation of secondary pollutants, such as ozone and
organic aerosols, profoundly impacting air quality, human
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health, and climate.5–7 Hence, efficiently controlling alkanes
from anthropogenic emission sources is necessary to avoid
their secondary pollution in the atmospheric environment
and thus their threat to human health.
TiO2 photocatalytic ozonation has been successfully applied for alkane elimination in the laboratory.8–15 For example, Zhong et al. investigated the photocatalytic ozonation of
500 ppbv n-hexane on TiO2, and about 50% removal efficiency was obtained under optimum conditions,16 while
Zhang et al. reported an elimination of 45% for 1000 ppbv
n-hexane by TiO2 photocatalytic ozonation.17 Clearly, these
laboratory studies obtain only ≤50% removal efficiency toward ppbv-level alkanes, while the concentration of industryemitted alkanes mostly ranges from several ppmv18 to
hundreds of ppmv,7 indicating that further improvement in
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the photocatalytic ozonation activity of TiO2 is needed to satisfy the control of anthropogenic sources of alkane emission.
The coupling of TiO2 with other metal oxides to fabricate
composites has been found to be an efficient method to improve its photocatalytic ozonation activity toward VOCs.19–21
The increased reactive oxygen species (ROSs, such as ˙OH
and ˙O2−) from the decomposition of O3 by coupled metal oxides are considered to be responsible for the above improvement. In most previous studies,22,23 the high efficiency of
photocatalytic ozonation was ascribed to the generated ˙OH.
Recent research reveals that photocatalytic ozonation relies
on both ˙OH and ˙O2−.24 Clearly, the role of these ROSs in the
promoted photocatalytic ozonation performance is still not
fully understood. In addition, the contributions of these
ROSs to the photocatalytic ozonation transformation pathways and then the mechanisms of alkanes have never been
investigated before.
Therefore, in this study, to understand the role of two
typical ROSs, ˙OH and ˙O2−, in the photocatalytic ozonation
mechanism, two photocatalytic ozonation systems over TiO2
and binary metal oxide coupled TiO2 toward 350 ppmv of a
typical alkane, n-hexane, were established. Binary metal oxides with two oxidation states, Cu2O–CuO, Mn2O3–MnO2
and Ag–Ag2O, are selected as representative binary metal oxides due to the facilitation of the following reaction to form
˙O2−:25
O3 + Mn+ → ˙O2− + M(n+2) + O2(M = metal ion)

(1)

Thus, a higher promotion of ˙O2− over ˙OH from O3 was
expected on binary metal oxide coupled TiO2. Nawaz et al.
reported only the generation of ˙O2− in both Mn2O3 and
MnO2 catalytic ozonation systems,26 further confirming that
˙O2− dominates in the binary metal oxide coupled TiO2 photocatalytic ozonation system. The variations in ˙OH and ˙O2−
were characterized by an electron paramagnetic resonance
spectrometer, and their contributions to the enhanced photocatalytic ozonation degradation and mineralization efficiencies on the coupled catalysts are discussed. The degradation
intermediates formed on TiO2 and the coupled catalysts were
identified by a gas chromatography-mass spectrometer, while
the intermediate data and quantum chemical calculations
were combined to accurately reveal the transformation mechanism of n-hexane on coupled catalysts as well as the contributions of ˙OH and ˙O2−.

2. Experimental
2.1. Photocatalyst synthesis and characterization
In a typical synthesis process, 100 mmol of TiO2 (Degussa
P25) and 5 mmol of CuĲNO3)2·3H2O were sequentially introduced into 400 mL of deionized water, and stirred for 8 h to
obtain a mixture. The mixture was then sprayed onto foam
nickel (25 cm × 20 cm) by an airbrush, and the coated foam
nickel was dried at 160 °C in air for 10 h to obtain a CuOx–
TiO2–foam nickel composite (named CuOx/TiFN). Similarly,
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MnOx/TiFN or AgOx/TiFN were also obtained using MnĲNO3)2
or AgNO3 as the metal nitrate. For a comparison, pure TiFN
was also prepared according to the above method without
the addition of metal nitrate.
The morphology of the photocatalysts was recorded on a
scanning electron microscope (SEM, Quanta 400F). Phase
structures of the photocatalysts were analyzed by X-ray diffraction (XRD, Empyrean, PANalytical). The element composition and valance state of the photocatalysts were determined
by X-ray photoelectron spectroscopy (XPS, ESCALAB 250). The
˙OH and ˙O2− after 10 min of light irradiation were measured
by an electron paramagnetic resonance spectrometer (EPR,
Bruker A300).
2.2. Photocatalytic ozonation experiment
In a typical photocatalytic ozonation experiment, moist air
(relative humidity of 45%) containing 350 ppmv of n-hexane
together with 160 ppmv of O3 (generated by an ozone generator, QJ-8018K, Guangzhou Quanju Ozone Technology Co.,
Ltd.) were continuously fed into a cylindrical fluidized bed reactor (12 cm in diameter and 20 cm in height). The flow rate
was maintained at 1000 mL min−1. In the reactor, a vacuum
ultraviolet lamp (VUV, 95% and 5% of emissions at 254 and
185 nm, Guangdong Cnlight CO., Ltd., China) was concentrically surrounded by the prepared photocatalyst at a distance
of 3 cm. The concentrations of O3, n-hexane and CO2 were
analysed by an ozone detector (Model 106-L Seriai#1256L, 2B
Technologies, Inc.), and a gas chromatograph (GC-9800)
equipped with a flame ionization detector and a methane
converter, respectively.
2.3. Intermediate identification
The intermediates formed on the photocatalyst were
extracted with n-hexane solution via our previously reported
method.27 Then, the extracted solution was filtered and
injected directly into a gas chromatography-mass spectrometer (GC-MS, Agilent 7890B-5977B) for the identification of intermediates. An SH-Rxi-5Sil MS capillary column (30 m × 0.25
mm × 0.25 μm) was used with a GC oven temperature program: initially 40 °C for 3 min, programmed to 100 °C at a
rate of 10 °C min−1, then to 280 °C at a rate of 10 °C min−1
and held for 5 min. Mass spectrometer conditions were set
as follows: temperature of the transfer line of 250 °C, ionizing energy of 70 eV and scan range of 45–260 me−1.
2.4. Quantum chemical calculations
All quantum chemical calculations were performed using
the Gaussian 09 package.28 Geometric optimization of all
stationary points, including the reactants, products and degradation intermediates, was performed by using density
functional theory. The hybrid density functional M06-2X
method was adopted with the 6-311G(d,p) basis set, i.e., at
the M06-2X/6-311G(d,p) level.29 The dual-level potential profile was further refined with a more flexible basis set,
6-311+G(3df,3pd), i.e., at the M06-2X/6-311+G(3df,3pd) level.
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For simplicity, the dual-level approach was denoted as X//Y,
where a single-point energy calculation at level X was carried out for the geometry optimized at a lower level Y, i.e.,
M06-2X//M06-2X in this study.

3. Results and discussion
3.1. Photocatalyst characterization
Fig. 1a and b and S1† display the surface morphologies of
TiFN and MOx/TiFN. TiO2 consists of aggregative particles
with an average size of ca. 1 μm (Fig. 1a), while nanoflake
structures with a size of ca. 1 μm and a thickness of ca. 30
nm are observed along with those TiO2 particles in CuOx/
TiFN (Fig. 1b). The SEM results suggest the nanoflake morphology of CuOx in CuOx/TiFN. Similarly, MnOx and AgOx
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also exhibit nanoflake structures in MnOx/TiFN (Fig. S1a†)
and AgOx/TiFN (Fig. S1b†). However, no characteristic
peaks assigned to these MOx are detected by XRD in MOx/
TiFN, where only the peaks for TiO2 and foam nickel are
observed (Fig. 1c). This is probably due to the low molar
content of MOx in MOx/TiFN (ca. 5%), where these MOx
nanoflakes are uniformly mixed with TiO2 aggregative particles. Ajmal et al. confirmed that the XRD technique cannot detect CuOx particles with a low content (2–8%) in a
CuOx/TiO2 composite, while CuOx is verified to be uniformly dispersed on TiO2 by XPS.30
Hence, the compositions of CuOx, MnOx and AgOx are determined from the high-resolution XPS spectrum of Cu, Mn
and Ag elements. In the case of Cu 2p (Fig. 1d), a total of four
peaks (933.2, 934.6, 953.5 and 955.4 eV) are obtained,

Fig. 1 SEM images of TiFN (a) and Cu2O–CuO/TiFN (b), XRD patterns of MOx/TiFN (c), and Cu 2p (d), Mn 2p (e) and Ag 3d (f) spectra before and
after the photocatalytic ozonation reaction.

This journal is © The Royal Society of Chemistry 2019
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implying two kinds of Cu species. According to our recent
work,31,32 peaks at 933.2 and 953.5 eV belong to Cu2O, while
those at 934.6 and 955.4 eV are assigned to CuO, revealing
that CuOx consists of a mixture of Cu2O and CuO. Similar
compositions of binary metal oxides are obtained in MnOx
and AgOx. As can be seen from the Mn 2p spectrum in
Fig. 1e, four peaks are divided, and the peaks at 641.3 and
653.1 eV are assigned to Mn2O3, while those at 643.1 and
654.2 eV belong to MnO2 after a comparison of the Mn 2p result with previous work.33 This result confirms the formation
of both Mn2O3 and MnO2 in MnOx. In the case of the Ag 3d
spectrum (Fig. 1f), two peaks at 367.5 and 373.5 eV are attributed to Ag+, whereas the other two peaks at 368.2 and 374.1
eV are ascribed to metallic Ag according to the reference.34
All these characterization results reveal that a nanoflakestructured metal oxide with two valence states (Cu2O–CuO,
Mn2O3–MnO2 or Ag–Ag2O) has been successfully fabricated in
MOx/TiFN, and the presence of these uniquely binary metal
oxides may lead to a further enhancement in the catalytic
performance of TiFN.

3.2. Photocatalytic ozonation degradation and mineralization
of n-hexane
The photocatalytic ozonation degradation and mineralization
performances of TiFN and MOx/TiFN are also compared
using n-hexane as a model pollutant. As shown in Fig. 2, both
degradation and mineralization efficiencies of n-hexane on
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all photocatalysts increase with a prolonged reaction time,
and are maintained unchanged within the studied 600 min.
Specifically, TiFN degrades approximately 25% of n-hexane
under VUV irradiation, and the efficiency significantly increases to 45% on Cu2O–CuO/TiFN (Fig. 2a). The steady concentrations of CO2 produced on TiFN and Cu2O–CuO/TiFN
are ca. 220 and 600 ppmv, respectively (Fig. 2c). All these efficiency and CO2 production results reveal that the Cu2O–CuO
composition actually promotes both the photocatalytic ozonation degradation and the mineralization activities of TiFN toward n-hexane. However, this promotion is not sufficient in
this work, since the outlet concentration of n-hexane is still
very high. Compared with the emission standard of pollutants for the petroleum chemistry industry (GB 31571-2015,
China), the emitted concentration of n-hexane after Cu2O–
CuO/TiFN degradation is still higher than 190 ppmv, which
is more than seven times higher than the emission limit
value (ca. 26 ppmv). Thus, further promotion of the photocatalytic ozonation elimination of n-hexane is needed.
In fact, VUV can generate about 80 ppmv of O3.35 However, the O3 concentration at the outlet of the reactor is only
14 ppbv after 60 min of VUV photolysis of n-hexane (Fig.
S3†). These results imply that all VUV-generated O3 participates in the photocatalytic ozonation of n-hexane. On the
other hand, Zhang et al. investigated the relationship between O3 concentration and TiO2 photocatalytic ozonation
performance toward n-hexane, and found that the degradation performance increased linearly with O3 concentration.17

Fig. 2 Photocatalytic ozonation degradation efficiency (a and b) and the CO2 production (c and d) of n-hexane by TiFN and MOx/TiFN.
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Therefore, further experiments are performed by feeding 160
ppmv of O3 into TiFN (or MOx/TiFN) and an integrated VUV
system to evaluate whether or not these O3 can achieve
higher degradation and mineralization of n-hexane.
As shown in Fig. 2a and c, the combination of photolysis
and ozonation removes about 21% of n-hexane and produces
higher CO2 (ca. 260 ppmv) in comparison with TiFN. Moreover, the degradation efficiencies of n-hexane on TiFN and
Cu2O–CuO/TiFN increase sharply from 25% to 52% and from
45% to 79%, respectively, after feeding 160 ppmv of O3.
Meanwhile, the amounts of CO2 produced accordingly increase from 220 to 560 ppmv and from 600 to 1100 ppmv.
The significantly increased degradation and mineralization
efficiencies of n-hexane on Mn2O3–MnO2/TiFN (from 28% to
66% and from 120 to 730 ppmv) and Ag–Ag2O/TiFN (from
52% to 75% and from 260 to 940 ppmv) are also obtained after O3 addition (Fig. 2b and d). All these results confirm that
increased O3 concentration further improves the photocatalytic ozonation elimination of n-hexane on both TiFN and
MOx/TiFN. However, further comparison reveals the different
degrees of enhancement of performance for TiFN and MOx/
TiFN by O3 addition. For instance, after O3 addition, the degradation efficiency and amount of CO2 produced on TiFN are
increased by 27% and 340 ppmv, while these data become
34% and 500 ppmv on Cu2O–CuO/TiFN. Clearly, approximately 1.3 and 1.5-fold increases in the degradation and mineralization efficiencies on Cu2O–CuO/TiFN over TiFN are
achieved after feeding of extra O3. Meanwhile, Fig. 2 also reveals that TiFN with 240 ppmv of O3 (80 ppmv from VUV and
160 ppmv from addition) displays comparable degradation
efficiency (52%) and CO2 production concentration (560
ppmv) to Cu2O–CuO/TiFN with 80 ppmv of O3 (45% and 600
ppmv). All these results suggest that the higher performance
enhancement in MOx/TiFN after O3 addition is not contributed by direct ozonation, and O3 may be transformed to
other ROSs (e.g., ˙OH, ˙O2−) with higher reactivity on MOx/
TiFN to reach higher elimination of n-hexane. It should be
noted that, besides O3 conversion, there are other sources of
˙OH and ˙O2− generated on the catalyst during the photocatalytic ozonation process, such as oxidation by photogenerated
holes to form ˙OH, and reduction by photogenerated
electrons to form ˙O2−. For convenience, discussion of the
roles of ˙OH and ˙O2−, and their sources are mainly considered from O3 conversion in the current study, and more detailed formation mechanisms of these ROSs from other
sources as well as their contributions in photocatalytic ozonation systems will be investigated in our next piece of work.
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this work, the EPR technique is applied to characterize the
above conversion on TiFN and MOx/TiFN. As shown in
Fig. 3a, the blank result shows a weak ˙OH signal under VUV
irradiation, and the ˙OH signal obviously increases in the
presence of TiFN, implying that TiFN successfully converts
O3 from VUV irradiation to ˙OH. And further enhanced intensities of the ˙OH signal are detected on Cu2O–CuO/TiFN,
Mn2O3–MnO2/TiFN and Ag–Ag2O/TiFN. These results suggest
that the presence of MOx does further promote the conversion of O3 to ˙OH. Hence, ˙OH will be responsible for the increased photocatalytic ozonation performance of MOx/TiFN.
Qu et al. also verified that the higher concentration of ˙OH
generated from O3 decomposition on cupric oxide based
composite brought a higher catalyzed ozonation rate.38
In addition to ˙OH, ˙O2− is also considered an important
ROS during the photocatalytic ozonation process. This is because the decomposition of O3 on MOx facilitates the formation of ˙O2−, according to eqn (1). Then, Fig. 3b displays a
comparison of results of ˙O2− on TiFN, Cu2O–CuO/TiFN,
Mn2O3–MnO2/TiFN and Ag–Ag2O/TiFN under VUV irradiation.
Trace amounts of ˙O2− are detected in photolysis and TiFN
systems, suggesting inefficient decomposition of O3 to ˙O2−
by VUV or TiFN in the current study. After MOx is
composited, a significant signal of ˙O2− is observed, and
these ˙O2− will come from O3 decomposition on MOx. As confirmed by the XPS results, metal ions in all MOx consist of

3.3. Role of ˙OH and ˙O2− in enhanced photocatalytic
ozonation of n-hexane
Previously, Ji et al. reported the transformation of O3 to ˙OH
on TiO2,36 while Wang et al. proposed that ˙OH produced by
O3 over TiO2 had a great effect on the decomposition of
formic acid.37 However, these authors did not obtain the experimental results to prove the conversion of O3 to ˙OH. In

This journal is © The Royal Society of Chemistry 2019

Fig. 3 EPR spectra of TiFN and MOx/TiFN under VUV irradiation ((a)
DMPO–OH; (b) DMPO–O2−).
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two valence states, and Mn+ in MOx is then easily oxidized by
O3 to form M(n+2)+, according to eqn (1). The decreased ratios
of Cu+ to Cu2+ in Cu2O–CuO/TiFN from 1.5 to 0.7 (Fig. 1d), of
Mn3+ to Mn4+ in Mn2O3–MnO2/TiFN from 1.4 to 0.5 (Fig. 1e)
and of Ag0 to Ag+ in Ag–Ag2O/TiFN (Fig. 1f) from 1 to 0.9 after
the photocatalytic ozonation reaction solidly confirm the occurrence of the oxidation reactions.
Meanwhile, the intensity order of ˙OH and ˙O2− in all MOx/
TiFN is highly consistent with that of O3 reduction concentration (Fig. S4†) as well as that of photocatalytic ozonation performances (Cu2O–CuO/TiFN > Ag–Ag2O/TiFN > Mn2O3–
MnO2/TiFN). This consistent result indicates that higher O3
decomposition on MOx/TiFN results in higher ˙OH and ˙O2−
formation, and then better photocatalytic ozonation degradation and mineralization activities toward n-hexane. To further
clarify the role of ˙OH and ˙O2− in the enhanced performance,
the promoted intensity of these two ROSs are compared
according to the EPR results. To ensure the comparability of
the EPR results, all irradiations by VUV are kept for the same
10 min. As shown in Fig. 3, the intensities increase by 1.2,
2.1 and 2.3 times for ˙OH, and by 3.8, 4.5 and 18.1 times for
˙O2− on Mn2O3–MnO2/TiFN, Ag–Ag2O/TiFN and Cu2O–CuO/
TiFN compared to TiFN. Clearly, the intensity of ˙O2− enhances by about 3.2 to 7.9 times compared to ˙OH after MOx
composition, resulting in 2.3 to 5.0 times higher concentra-

tion of ˙O2− than ˙OH generated in MOx/TiFN photocatalytic
ozonation systems. Then, the higher enhanced ˙O2− may
make a higher contribution to the enhanced photocatalytic
ozonation performance. Huang et al. reported that ˙O2− also
contributed a more dominant part of the photocatalytic ozonation of oxalic acid on an MnOx-based catalyst than ˙OH,39
and Nawaz et al. also reported the dominant role of ˙O2− in
the
MnOx
catalytic
ozonation
degradation
of
p-chlorophenol,26 consistent with our results.

3.4. Intermediate identification on TiFN and MOx/TiFN
Unlike the decreased ratio of metal ions in MOx/TiFN, the
intensity of the O 1s peak located at ca. 532.0 eV increases after the photocatalytic ozonation reaction (Fig. S2†). This increase is ascribed to the accumulation of oxidized intermediates on the catalysts. Li et al. observed the same XPS result
during the photocatalytic degradation of rhodamine B on Cu/
Cu2O/CuO, and they also supposed them to be degradation
products.40 Herein, GC-MS is further applied to qualitatively
identify these photocatalytic ozonation intermediates, and
the corresponding results are displayed in Table 1, Fig. 4, 5
and S5.†
Fig. 4 displays the total ion chromatogram of the intermediates on TiFN, Cu2O–CuO/TiFN, Mn2O3–MnO2/TiFN

Table 1 Name, formula, retention time, structure and main fragments of intermediates

No.

Name

Formula

Retention time (min)

1

2-Methyltetrahydropyrane

C6H12O

3.672

100, 85, 56

2

2,3-Diethyloxirane

C6H12O

3.729

100, 85, 58

3

2-Methyl-3-propyloxirane

C6H12O

3.772

85, 71, 57

4

3-Hexanone

C6H12O

4.374

100, 85, 71, 57

5

2-Hexanone

C6H12O

4.459

100, 85, 71, 58

6

3-Hexanol

C6H14O

4.550

100, 73, 59

7

2-Hexanol

C6H14O

4.647

100, 84, 69, 55

8

2,5-Hexanedione

C6H10O2

7.139

114, 99, 71, 57

9

3-Hydroperoxyhexane

C6H14O2

7.520

100, 85, 73, 55

10

4-Hexanolide

C6H10O2

9.416

114, 85, 70, 56
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Fig. 4 Total ion chromatogram of intermediates on TiFN and MOx/
TiFN (the numbers in the figure are consistent with those in Table 1).

and Ag–Ag2O/TiFN. Different numbers and compositions
of the intermediates are detected on TiFN and MOx/TiFN.
There are four products formed on TiFN. After analyzing
their molecular ion peaks and cleavage pattern mass fragment information as well as comparing them with the
NIST database (Fig. S5†), these four peaks are identified
as 3-hexanone, 2-hexanone, 3-hexanol and 2-hexanol, respectively (Table 1). Those four compounds are also
obtained on all Cu2O–CuO/TiFN, Mn2O3–MnO2/TiFN and
Ag–Ag2O/TiFN, indicating that MOx composition does not
alter the formation of these alcohols and ketones from
n-hexane on TiFN.
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Along with those four products, six new peaks appear on
the total ion chromatogram of the extraction solution from
Cu2O–CuO/TiFN, Mn2O3–MnO2/TiFN and Ag–Ag2O/TiFN
(Fig. 4), corresponding to six new products. After comparing
their mass fragments with the NIST mass spectral library,
these products are identified as 2,5-hexanedione,
3-hydroperoxyhexane, 2-methyltetrahydropyrane, 2,3-diethyloxirane, 2-methyl-3-propyloxirane and 4-hexanolide, respectively (Table 1 and Fig. S5†). Further comparison reveals four
epoxides with three (2,3-diethyloxirane and 2-methyl-3propyloxirane), five (4-hexanolide) or six (2-methyltetrahydropyrane) membered rings on Cu2O–CuO/TiFN,
Mn2O3–MnO2/TiFN and Ag–Ag2O/TiFN (Fig. 5). To the best of
our knowledge, this is the first time the formation of epoxides from the photocatalytic ozonation of n-hexane has been
reported. A previous study of the photocatalytic ozonation of
n-hexane on TiO2 by Farhanian et al. obtained only small
molecule carbonyl compounds as the main gaseous degradation products.11 And they did not give information about the
intermediates on the catalyst. Together with the EPR results,
the formation of these epoxides should be highly related to
the enhanced ˙OH and ˙O2−.
3.5. Role of ˙OH and ˙O2− in photocatalytic ozonation
pathway and mechanism of n-hexane
As mentioned above, the four same intermediates are
detected on TiFN, Cu2O–CuO/TiFN, Mn2O3–MnO2/TiFN and
Ag–Ag2O/TiFN, suggesting partially the same transformation
processes of n-hexane on these composite photocatalysts.

Fig. 5 Mass spectra of four epoxides detected on all MOx/TiFN samples ((a) 2,3-diethyloxirane; (b) 2-methyl-3-propyloxirane; (c) 4-hexanolide and
(d) 2-methyltetrahydropyrane).

This journal is © The Royal Society of Chemistry 2019
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ROS results reveal that ˙OH is responsible for the processes,
since ˙O2− on TiFN is negligible (Fig. 3b). Then, ˙OH abstracts
a hydrogen atom from the C2 or C3 position of n-hexane to
form an alkyl radical, which undergoes ˙OH addition to form
alcohols (2-hexanol and 3-hexanol), and these alcohols are
subsequently oxidized by O2 to form ketones (2-hexanone
and 3-hexanone). Our results on the dominance of ˙OH in
n-hexane degradation to alcohols and ketones are consistent
with those reported by Saucedo-Lucero et al.41 and Shang
et al.42 Aldehydes are then expected to be the next-generation
products from the reaction between alcohols (or ketones) and
˙OH.43 However, in this study, no aldehydes are detected on
TiFN and MOx/TiFN even after derivatization treatment (data
not shown). The possible reason is that the generated aldehydes are easily desorbed from the photocatalysts and
discharged together with the air flow. Farhanian et al.
detected gaseous formaldehyde and acetaldehyde at the outlet of the photocatalytic ozonation of n-hexane,11 confirming
our hypothesis.
Furthermore, the formed alcohols undergo a series of processes to generate epoxides, including 2,3-diethyloxirane,
2-methyl-3-propyloxirane,
4-hexanolide
and
2-methyltetrahydropyrane on Cu2O–CuO/TiFN, Mn2O3–MnO2/TiFN and
Ag–Ag2O/TiFN. To accurately elucidate the epoxidation mechanism, quantum chemical calculations were performed in
combination with the intermediate results. Previous studies
have already confirmed that the photocatalytic degradation
of alkanes begins with H abstraction by ˙OH.42–44 And our
preliminary theoretical calculation reveals that H abstraction
occurs more easily by ˙OH than by ˙O2− on the formed alcohols, releasing higher energy. Hence, in the case of 2-hexanol
(Fig. 6a), ˙OH firstly abstracts a hydrogen atom from its alcohol group and loses one H2O molecular to generate a
2-hexanol radical with a high exothermic energy (ΔEr =
−13.07 kcal mol−1), verifying a spontaneous reaction for the
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formation of this radical. Then, this radical is transformed to
a six-membered epoxide (2-methyltetrahydropyrane). ˙O2−
rather than ˙OH takes charge of this process because such an
epoxide is not detected on TiFN where ˙OH exists with almost
an absence of ˙O2−. Meanwhile, theoretical calculation reveals
the significant release of energy (−39.14 kcal mol−1) for the reaction between the radical and ˙O2−, confirming the ease of
the reaction. These results reveal that both ˙OH and ˙O2− are
necessary for the achievement of 2-hexanol epoxidation to
2-methyltetrahydropyrane, while ˙OH contributes to the radical formation and ˙O2− determines the subsequent epoxidation process in this work.
Similarly, H abstraction from the alcohol group of
3-hexanol by ˙OH initially occurs to form 3-hexanol radical,
which undergoes epoxidation processes under the effect of
˙O2− to form two three-membered epoxides (2,3-diethyloxirane
and 2-methyl-3-propyloxirane) (Fig. 6b). Theoretical calculations reveal that all processes release significant energy
(13.23 to 26.64 kcal mol−1), while the energy released from
the epoxidation process involving ˙O2− is at least 13.38 kcal
mol−1 higher than that from the H abstraction process involving ˙OH, further suggesting that all these processes are spontaneous, and the former process is more thermodynamically
favourable than the latter.
Meanwhile, previous work proposed that the H atom on
the terminal carbon of VOCs was also favoured for abstraction.45 Then, the H atom on the terminal carbon of 3-hexanol
is also abstracted by ˙OH in this work. And after losing one
H2O molecule, a 3-hexanol-6-radical is formed. The theoretical calculation confirms that this process is an exergonic reaction (ΔEr = −17.41 kcal mol−1), indicating that H abstraction at the terminal carbon of 3-hexanol is also
thermodynamically favourable. Then, the formed 3-hexanol-6radical is further reacted with ˙OH to generate 1,4-hexanediol.
This diol is not detected in our system, probably due to its

Fig. 6 Photocatalytic ozonation epoxidation mechanisms of 2-hexanol (a) and 3-hexanol (b and c) on all MOx/TiFN samples.
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very low concentration. However, according to quantum
chemical calculation, this process releases about 93.65 kcal
mol−1 of energy, indicating the very easy occurrence of the reaction. Moreover, about 111.06 kcal mol−1 of energy in total
is released from the transformation of 3-hexanol to 1,4hexanediol, and this tremendous energy easily drives the further transformation of 1,4-hexanediol. This may be another
reason why we do not detect this diol. In detail, the terminal
H atom of 1,4-hexanediol is abstracted by ˙OH to form a 1,4hexanediol radical after losing one H2O molecule. The theoretical calculation energy of 24.18 kcal mol−1 released from
the above reaction is high, again proving the fast conversion
of the diol to its corresponding radical.
Furthermore, the terminal position of the 1,4-hexanediol
radical is further attacked by ˙O2−, and 4-OH-hexanal is generated. A significantly high released energy of 33.46 kcal mol−1
is calculated for this reaction, solidly verifying the easy transformation of a hexanediol radical to the corresponding
hexanal with ˙O2−. Then, this 4-OH-hexanal is itself rapidly
isomerized to form a five-membered epoxide (2-OH-5-ethyl
tetrahydrofuran), accompanied by the release of 8.14 kcal
mol−1 of energy. Our results of the transformation from diol
to a carbonyl compound, and then to furan are consistent
with those obtained by Kroll et al.,46 Gong et al.47 and Lim
et al.48 This furan compound is low in volatility, and
subjected to rapid reaction with highly concentrated ˙O2− on
the catalyst to form a 2-OH-5-ethyl tetrahydrofuran radical
and then 4-hexanolide. The theoretical reaction energies for
the above two processes are 33.96 and −48.27 kcal mol−1, respectively. The fact that 14.31 kcal mol−1 more energy is released from the latter reaction than from the former reveals
the feasible transformation of 2-OH-5-ethyl tetrahydrofuran to
4-hexanolide.
In all, both ˙OH and ˙O2− are important in the photocatalytic
ozonation epoxidation transformation of n-hexane. The combined experimental data and theoretical calculations reveal that
˙OH dominates in the conversion of alcohol intermediates to
corresponding radicals, while ˙O2− determines subsequent epoxidation transformations of these radicals to epoxides.

Conclusions
In the present study, MOx (e.g., Cu2O–CuO, Mn2O3–MnO2 or
Ag–Ag2O) composition resulted in a higher enhancement of
˙O2− than ˙OH, both of which were responsible for the increased photocatalytic ozonation degradation and mineralization activities of n-hexane on MOx/TiFN. Our combined experimental and theoretical results revealed the further
conversion of the formed alcohol products to epoxides on
MOx/TiFN under the combined effect of ˙OH and ˙O2−. That
is, ˙OH contributed to radical formation, while ˙O2− determined the subsequent epoxidation transformation. Therefore, our findings in this study are very helpful for a comprehensive understanding of the transformation mechanism,
and accurately evaluate the fate of alkanes during the photocatalytic ozonation process.
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