
Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

Photocatalytic degradation of gaseous VOCs over Tm3+-TiO2: Revealing the
activity enhancement mechanism and different reaction paths

Zepeng Raoa,b, Gansheng Shia, Zhuang Wanga, Asad Mahmooda, Xiaofeng Xiea,⁎, Jing Suna,⁎

a State Key Lab of High Performance Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics, Chinese Academy of Sciences, 1295 Dingxi Road, Shanghai
200050, China
bUniversity of Chinese Academy of Sciences, 19 (A) Yuquan Road, Beijing 100049, China

H I G H L I G H T S

• The decreased particle size of Tm-TiO2

enhanced the adsorption capability
towards VOCs.

• Improved charge separation was as-
cribed to the induced 4f-states of Tm
ions.

• More hydrophilicity of Tm-TiO2 pro-
duced more •OH radicals.

• The photodegradation pathway of
VOCs on Tm-modified TiO2 was pro-
posed.
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A B S T R A C T

In this work, we synthesized thulium (Tm3+) modified TiO2 nanoparticles by a facile sol-gel route. We show that
Tm3+-modified TiO2 exhibit superior photocatalytic activity than pure TiO2 towards gas-phase degradation of
acetaldehyde, o-xylene, and their mixture. The photocatalytic activity enhances with the increasing Tm content
from 0.1 to 0.5 mol%. The 0.5 mol%Tm-TiO2 sample demonstrated the highest photodegradation efficiency
(> 90.0%) for acetaldehyde and o-xylene. According to the systematic characterization such as photo-
luminescence (PL), photocurrent, up-conversion spectra, UV–Vis diffuse reflectance spectroscopy and electron
spin resonance (ESR) analysis, the enhanced photocatalytic performance can be attributed to introducing the
new Tm-4f states between the original band gap of TiO2, which led to the increase of efficiency of light-induced
electron-hole separation and the increase of hydrophilicity which resulted in the increased adsorption capacity
towards acetaldehyde and o-xylene. Gas Chromatography-Mass Spectrometer (GC–MS) analysis suggested that o-
xylene was first oxidized to o-benzaldehyde, which was eventually converted to butanol before being miner-
alized into CO2. However, new intermediates including phthalide, o-methyl acetophenone, naphthalene and 5-
Methyl-4-octanone were detected in the mixture.

1. Introduction

Volatile organic compounds (VOCs) are produced in the

environment through various sources, including fossil fuel processing,
industrial and agricultural operations, and automobile exhaust gases
[1]. The presence of VOCs in the outdoors and indoor environment can
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cause serious health issues, such as cancer, respiratory, liver and skin
problems. It is reported that VOCs are accountable for the ozone de-
pletion and also contribute to secondary aerosol formation [2–4].
Therefore, it is important to eliminate VOCs from the outdoors as well
as the indoor environment. To do this, several technologies have been
developed, for example, adsorption, thermal catalysis and photo-
catalysis [3]. Among these, photocatalytic oxidation (PCO) is regarded
as a promising method for the destruction of VOCs [5–7], which utilize
oxide semiconductor materials, i.e., TiO2, Cu2O, Fe2O3, WO3 and ZnO
to harvest solar light at ambient temperature [4]. The hole-electron
pairs (h+/e−) produced in these materials can either directly oxidize
the pollutant molecules or produce reactive oxygen species, i.e., hy-
droxyl (•OH) and superoxide (•O2

−) radicals [4]. These reactive radi-
cals further participate in the surface catalyzed reaction.

TiO2 has been regarded as a potential photocatalyst for the solution
as well as gas-phase photocatalytic reactions to degrade environmental
pollutants due to its high oxidation capacity, non-toxicity, low cost, and
chemical stability [8–10]. However, the practical use of TiO2 is still
hindered by low light-harvesting capability, which can only harvest
light in the UV region (λ < 380 nm) of the solar spectrum. The fast
recombination of photogenerated hole-electron pairs further limits its
usefulness. The incorporation of rare earth (RE) ions in the crystal
lattice of TiO2 is an effective way to tailor the optical bandgap of TiO2

and hence to improve the light-harvesting and charge separation
properties [11–13]. Along these lines, different RE ions, i.e., Nd3+,
Pr3+, Ho3+, Er3+ and Tm3+, have been used as dopants in TiO2 crystal
lattice to improve the photocatalytic performance of TiO2 [14–24]. The
studies suggested that the superior photocatalytic performance of RE
ions-doped TiO2 is attributed to the up-conversion process (UCP), in
which low energy photons are converted to high energy photons One
such attempt was reported by the Obregon et al. [17]. They studied the
photodegradation of liquid-phase phenol and gas-phase toluene using
Er-doped TiO2. Their results suggested an improved photocatalytic ac-
tivity of Er-doped TiO2 in contrast to pure TiO2, which was attributed to
the up-conversion phenomenon. In other studies, TiO2 doped with
various Tm content were synthesized by ball-mill [19] and low-tem-
perature hydrolysis methods [20,21]. It has been observed that Tm-
doped TiO2 exhibited 50% high photodegradation efficiency in contrast
to pure TiO2 to photodegrade methylene blue under an actinic lamp
irradiation [20]. On the other hand, the improved photocatalytic ac-
tivity of RE ions doped TiO2 nanoparticles is related to the incorpora-
tion of impurity states (RE-4f level) around the Fermi level in the op-
tical bandgap of TiO2. These impurity states either facilitates the
conduction of photoinduced electrons or trap them, which eventually
improve the charge separation efficiency. Parnicka et al. [14] in-
vestigated the UCP in Nd-TiO2 samples during liquid-phase phenol
photodegradation. They reported that although Nd-TiO2 could be ex-
cited in the visible region (400 to 480 nm), the UCP was not responsible
for the enhancement of photocatalytic performance. Mazierski et al.
[15] reviewed that the UCP would not affect the photocatalytic prop-
erties because of the low intensity of the RE emission. Liu et al. [18]
also reported an improved photodegradation of phenol in the aqueous
phase under visible light irradiation utilizing Tm-doped TiO2 nano-
particles. Despite these attempts, the PCO of gas-phase VOCs is widely
ignored on Tm ions doped TiO2 nanoparticles. Also, the role of Tm ions
in the enhancement of photocatalytic activity continues to be dubious.
Similarly, Tm doped TiO2 has been rarely studied and most of the re-
lated studies investigated the photocatalytic performance of Tm-TiO2

nanoparticle for the solution phase dyes degradation [18–21]. There-
fore, it is meaningful to investigate the photocatalytic degradation
pathways and interaction of organic pollutants with Tm ions doped
TiO2 nanoparticles to comprehend the photodegradation mechanism in
depth.

Herein, we synthesized TiO2 nanoparticles with varying Tm content
(0.1–0.5 mol%). In this way, we significantly improved the photo-
catalytic activity of TiO2 for the removal of gas-phase VOCs, which

include acetaldehyde, o-xylene and their mixture. The as-prepared na-
noparticles demonstrated superior adsorption capabilities, improved
charge separation, and high photocatalytic activities with xenon lamp
(400 W) irradiation in contrast to pure TiO2. We found an enhanced
hydrophilic character in Tm-modified TiO2 nanoparticles, which par-
ticularly benefit for the adsorption capacity. The detected intermediates
suggested that VOCs degraded through different paths on pure TiO2 and
Tm-modified TiO2, which could be associated with the variation in
chemical structure and hydrophilic affinity of catalysts. Our study ex-
plored in detail how Tm doping improved the photocatalytic perfor-
mance of TiO2. The proposed oxidation pathways further highlight the
photocatalytic oxidation mechanism of the gas-phase VOCs.

2. Experimental

2.1. Materials

The precursor materials were used without further purification. We
used titanium (IV) isopropoxide (TIP) (97%, Sigma–Aldrich) and Tm
(NO3)3·6H2O (99.9%, Sigma–Aldrich) as titanium and Tm sources.
Acetic acid and ethanol (Zhenxing Co., Ltd) were used as solvents. 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) (Sigma Chemical Co.) was used
as radicals trapping agent.

2.2. Preparation of Tm-TiO2

Pure and Tm-doped TiO2 were synthesized via a sol-gel method. In a
typical procedure, TIP (10 mL) was first dissolved in a mixture of
ethanol (46 mL) and acetic acid (6 mL) under magnetic stirring. Then
distilled water (3 mL) was added to the above solution. Next, a certain
amount of Tm (NO3)3·6H2O was added and kept under vigorous stirring
for 60 min. The as-prepared solution was aged for 90 min, which was
subsequently converted to dried gel in an electric oven at 60 °C for 24 h.
The dried gel was transferred into a muffle furnace and calcined at
500 °C for 2 h to achieve the final product. The samples with a different
Tm mole ratio are noted as pure TiO2 and 0.1%Tm-TiO2, 0.3%Tm-TiO2,
and 0.5%Tm-TiO2.

2.3. Characterization

The X-ray diffraction (XRD) profiles were collected on a dif-
fractometer (Bruker, D8 Advance) using Cu Ka irradiation
(λ = 0.15418 nm) in the range of 2θ from 20° to 80°. The
Brunauer–Emmett–Teller (BET) specific surface area (SBET) analysis of
the photocatalysts was performed on a Micromeritics ASAP 3000 ap-
paratus. Raman spectra were obtained using a DXR spectrometer under
the excitation of laser wavelength λex = 532 nm. A field-emission
scanning electron microscope (FESEM, Magellan 400) was used to
analyze the morphology of the samples. The microstructure of the
photocatalysts was investigated by a high-resolution transmission
electron microscope (HRTEM; JEM-2100) using 200 kV as an accel-
erating voltage. A Lambda 950 spectrometer (Perkin–Elmer) equipped
with BaSO4 as reference was used to characterize the UV–vis spectra.
The up-conversion spectra were taken using a FLS 980 instrument. X-
ray photoelectron spectroscopy (XPS) analysis was carried out by a
Perkin Elmer system (PHI-5000C ESCA) with a monochromatic MgKα
X-ray source, the binding energy was calibrated with C 1 s
(BE = 284.6 eV) signals of contaminant carbon. PL spectra were
measured by the luminescence spectrometer 55 (LS55, Perkin–Elmer)
under an excitation wavelength of 250 nm. The photocurrent response
curve and electrochemical impedance spectroscopy (EIS) were carried
out in a slandered three-electrode cell using an electrochemical work-
station (CHI660D) equipped with an AM1.5G solar power system. ESR
spectra were recorded on a JES-FA200 spectrometer. Initially, sample
(4 mg) was dispersed in a mixture containing DMPO (40 μL) and 4 mL
of ethanol (for DMPO- •O2

−) or deionized water (for DMPO- •OH) under
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irradiation for 3 min. The temperature-programmed desorption (TPD)
test was performed on a ChemiSorb PCA-1200 measurement to in-
vestigate the adsorption–desorption behavior of the samples. The in-
termediate species during the photodegradation reaction were studied
using a GC–MS (TSQ 8000 Evo, Thermo).

2.4. Adsorption capacity and photocatalytic activity

The adsorption and photodegradation properties of acetaldehyde, o-
xylene and mixed acetaldehyde and o-xylene were tested in a con-
tinuous automatic intake reactor (Scheme S1). The dynamic ad-
sorption–desorption experiments were performed in the dark to in-
vestigate the adsorption behavior of our samples. In a typical
procedure, we added 120 mg of sample into a 50 mL of plastic bottle
containing 12 mL of ethanol, which was tightly sealed. The suspension
was ball milled for 8 h. Finally, the as-prepared samples (0.1 g) were
coated on a glass substrate and dried in an electric oven at 80 °C. The
coated glass samples were transferred to the reaction chamber, which
were tightly capped. The sample gases were allowed to flow (flow rate:
20 sccm) through the reaction chamber. Initially, the ad-
sorption–desorption equilibrium was achieved in the dark. Next, the
samples were irradiated using a UV–visible light (400 W xenon lamp)
source. The distance between the lamp and the surface of the catalyst is
31 cm and the incident integrated irradiance of the lamp on the sample
surface is 51.2 mW/cm2. In this measurement, the initial concentration
of all VOCs was 25 ppm. The adsorption capacity (Ac) of VOCs was
calculated by the Eq. (1):
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The conversion efficiency (Ƞ) of target VOC is calculated by the Eq.
(2),

= − ×η C C C( )/ 100%0 0 (2)

The photodegradation rate follows a pseudo-first-order kinetic
model as according to the Eq. (3):

=ln C C rt( / ) .0 (3)

where C0 is the initial concentration of VOC, C represents the con-
centration at different time intervals, ρ1 and ρ2 are the air density and
the relative vapor density of VOC, ν represent VOC flow rate, M and m
are the VOC molar mass and photocatalyst mass, r and t are the reaction
rate constant and time interval, respectively.

3. Results and discussion

3.1. Structural and morphology characteristics of photocatalysts

The XRD and HRTEM results confirmed pure anatase phase for all
the samples (Figs. 1a and S1). The average crystallite size was calcu-
lated by the Scherrer equation and the results are given in Table 1. The
average crystallite size decreased from 24.3 to 16.0 nm with increasing
Tm content. As the ionic radius of Ti4+ (61 pm) is smaller than that of
Tm3+ (87 pm), therefore, it is difficult to incorporate Tm3+ in the
crystal lattice of TiO2. It has been previously reported that the mis-
match of ionic radii could result in Ti-O-Tm bonds (i.e., surface mod-
ification) or formation of Tm2O3 at the grain boundaries [25]. Ac-
cordingly, it is anticipated that the formation of Ti-O-Tm bonds or
Tm2O3 might inhibit the growth of TiO2 grains. This behavior might be
responsible for the decreased crystallite size, which consequently in-
creased the specific surface area from 26.301 to 56.895 m2/g with in-
creasing Tm content (Table 1). The Rietveld refinement method was

used to evaluate the effect of Tm content on the unit cell parameters
(Table 1). The unit cell volume increased slightly from 136.01 to
136.72 Å3 with increasing Tm concentration, which suggested that Tm
ions might induce interstitial doping. Similar results have been pre-
viously reported [26,27]. Therefore, it can be inferred that Tm doping
in TiO2 resulted in interstitial doping and surface modification under
the given experimental conditions.

The Raman spectra further confirmed that all of the samples re-
tained pure anatase phase during the calcination process, which ex-
hibited characteristic Raman modes (3Eg + 2B1g + A1g) of anatase
phase (Fig. 1b). The well-resolved distinct Raman bands at 144, 395,
516, and 638 cm−1 and a weaker peak at 197 cm−1 were assigned to Eg
(1), B1g, A1g/B1g, Eg(3) and Eg(2) vibrational modes of TiO2 , respectively,
where Eg, A1g, and B1g modes were attributed to the symmetric
stretching, symmetric and asymmetric bending vibrations of O–Ti–O,
respectively [28–30].

The SEM micrographs and particle size distribution histograms are
given in Fig. 2. In contrast to pure TiO2 (26.5 nm), the mean particle
size of Tm-doped samples decreased from 24.2 to 16.2 nm with in-
creasing Tm content (Fig. 2a–d), which suggested that Tm doping in-
hibited the grain growth. These results are in good agreement with the
XRD data.

Fig. 3 shows the absorption properties of pure and Tm-doped TO2.
We observed three additional bands in the range from 400 to 1100 nm
in Tm doped samples, which could be attributed to f-f electronic tran-
sitions of Tm3+ ions. The adsorption peaks at 467, 685 and 796 nm
could be associated with the transitions from the Tm ion ground state
3H6 to the higher energy levels 1G4, 3F2/3 and 3H4, respectively [31,32].
Hence, it can be inferred that Tm3+ ions were successfully incorporated
in the host crystal lattice of TiO2. Interestingly, the absorption edge of
Tm-doped TiO2 slightly shifted to low energy wavelengths compared
with pure TiO2 (Fig. 3b). This behavior contradicted the previous re-
ports which have reported a red shift for somewhat similar composi-
tions [33,34]. The blue shift might be associated with the surface
modification by successive Tm doping and small crystallite size. Despite
this effect, the doping of Tm ions in TiO2 did not result in a significant
change of the optical band [17,35]. Remarkably, no up-conversion
phenomenon could be evidenced in 0.5%Tm-modified TiO2 sample
under laser λex at 467, 685 and 796 nm excitation (Fig. S2), indicating
that the enhanced photocatalytic performance of Tm-doped TiO2 is not
related to the UCP effect.

The XPS spectra are shown in Figs. 4 and S3. The bands at
~464.20 eV and ~458.50 eV were assigned to Ti 2p1/2 and Ti 2p3/2 of
Ti4+–O bonds (Fig. S3a) [36,37], respectively. The three peaks of C 1 s
XPS spectra at 288.19, 286.46 and 284.60 eV were associated with
C = O, C–OH and C–C, respectively (Fig. S3b) [38]. The presence of
these peaks might be associated with the organic residues during the
calcination process or the atmospheric gas adsorption. Although there
exist carbonaceous species in all samples, the presence of carbonaceous
species did not affect the physicochemical properties of the catalyst
[39].

A broad band of O 1 s XPS spectra can be resolved into two peaks,
which were attributed to surface Ti-OH groups (OOH, at 531.36 eV) and
surface lattice oxygen (OL, at 529.63 eV), respectively (Fig. 4a). The
ratio of OOH / (OOH + OL) can be roughly used to interpret the hy-
drophilicity or polarity of materials [40,41]. As listed in Table 1, the
ratio of OOH/OL increased from 0.09 to 0.34 with increasing Tm con-
tent, which suggested that the surface hydrophilicity of the catalysts
increased. We further confirmed this behavior by contact angle (Fig.
S4). The smaller the contact angle, the stronger the hydrophilicity. A
significant decrease in the contact angle from 11.58° to 5.66° was ob-
served in Tm-modified samples in comparison with pure TiO2, illus-
trating that the hydrophilicity of the material was enhanced. This
characteristic is useful for better interaction between the photocatalyst
and polar molecules. A weak Tm2O3 peak can be found at approxi-
mately 177.11 eV only in 0.5%Tm-TiO2 sample (Fig. 4b) [20,42], which
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suggested the formation of Tm2O3 on the surface of Tm-doped TiO2

catalysts. However, Tm2O3 could not be detected in 0.1% and 0.3% Tm-
modified samples due to its lower concentration.

3.2. PL and photoelectrochemical properties

The migration, capture and recombination of photoinduced carriers
in photocatalytic materials are one of the major factors in photo-
catalytic processes, and these features were investigated by PL and
photoelectrochemical measurements. Fig. 5a displays that the intensity
of PL spectra for the as-prepared catalysts gradually decreased after the

Fig. 1. (a) XRD and (b) Raman spectra of pure and Tm-modified TiO2 samples.

Table 1
Structural cell parameters, the specific surface area (SBET) and XPS results of
pure and Tm-modified TiO2 samples.

Sample V (Å3) Crystallite
size (nm)

SBET (m2/g) OOH:
(OOH + OL)

Tm
(Atomic
%)

pure-TiO2 136.01 24.3 26.301 0.09 0
0.1%Tm-TiO2 136.52 23.2 35.286 0.14 0
0.3%Tm-TiO2 136.70 19.1 46.643 0.21 0
0.5%Tm-TiO2 136.72 16.0 58.895 0.34 0.04

Fig. 2. SEM images of (a) pure-TiO2, (b) 0.1%Tm-TiO2, (c) 0.3%Tm-TiO2, (d) 0.5%Tm-TiO2. The inset figures show the particle size distribution of the samples.
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addition of Tm ions, which suggested that the separation process of
photoinduced electron-hole pairs was improved. This might be due to
the incorporation of new Tm-4f levels or intra-4f electrons of Tm ions
facilitating the photoinduced carries transfer-transition between TiO2

and Tm ion [43–45]. The photocurrent density curves and EIS data
further verified this mechanism. As shown in Fig. 5b, the photocurrent
density of the samples increased with increasing Tm concentration,
which also confirmed that the incorporation of Tm in TiO2 crystal lat-
tice promoted the photogenerated electron-hole pairs’ separation
[46,47]. The EIS results revealed that the photogenerated charge se-
paration efficiency increased with the increase of Tm content (Fig. S5).
Therefore, it can be inferred that Tm doping can promote the separation
and migration of electron-hole pairs.

3.3. The adsorption capacity of single VOC

The adsorption of VOCs on a photocatalyst surface is critical for the
gas-phase photocatalytic reaction. The difference in degradation results
(including removal efficiency, degradation rate and path) is closely
related to the chemical structure of a pollutant gas molecule and ad-
sorption behavior on the photocatalyst surface. We used dynamic ad-
sorption and TPD experiments to evaluate the adsorption properties of
pure and Tm-doped TiO2 samples. Fig. 6a and b show the dynamic
adsorption plots of single acetaldehyde and o-xylene (25 ppm, 20

sccm), respectively. The adsorption capacity of pure TiO2 improved
when doped with Tm, which could be due to increasing specific surface
area and the polarity of the catalyst surface (Table 1). Two selected
VOCs exhibited the highest adsorption ability on 0.5% Tm-TiO2

(3.635 μmol/g and 2.116 μmol/g for acetaldehyde and o-xylene, re-
spectively) in contrast to pure TiO2 (1.083 μmol/g and 0.770 μmol/g
for acetaldehyde and o-xylene, respectively), which was 2.4 and 1.7
times higher for acetaldehyde and o-xylene, respectively. The adsorp-
tion amount of acetaldehyde was higher than that of o-xylene, which is
related to the size (molecular weight) and polarity of acetaldehyde
molecules [48]. The size of acetaldehyde molecule is smaller than o-
xylene and the polarity of acetaldehyde molecule is greater than o-xy-
lene. Moreover, since our samples exhibited surface polarity, which will
strongly interact with acetaldehyde molecules in contrast to weakly
polar o-xylene molecules.

The TPD experiment exhibited the different desorption peaks in the
temperature range from 80 to 400 ℃ for acetaldehyde (Fig. 6c) and
from 60 to 980 ℃ for o-xylene (Fig. 6d). The adsorption capacity of
acetaldehyde and o-xylene increased with increasing Tm content, sug-
gesting that Tm doping enhanced the adsorption capacity. The TCD
signals of acetaldehyde were higher than o-xylene, which indicated that
greater quantity acetaldehyde was adsorbed than o-xylene. The TPD
results are in good agreement with the dynamic adsorption test. The
desorption peaks for Tm-doped samples around 350 °C (acetaldehyde)

Fig. 3. (a) UV–vis spectra and (b) the spectra at 300–450 nm of all photocatalysts under 250 nm excitation.

Fig. 4. (a) XPS data for (a) O 1 s and (b) Tm 4d regions of the as-prepared photocatalysts.
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and 790 °C (o-xylene) were different from pure TiO2 which appeared
around 200 °C for acetaldehyde and 600 °C for o-xylene, indicating
improved chemical adsorption capabilities of Tm modified TiO2. Based
on these results, it can be inferred that Tm doping significantly im-
proved the adsorption properties of TiO2, which will eventually affect
the photodegradation efficiency.

3.4. Photocatalytic properties of single VOC

Fig. 7 shows that Tm doping enhanced the photocatalytic properties
of TiO2. The removal efficiency of pure TiO2, 0.1%, 0.3% and 0.5%Tm-
doped TiO2 for acetaldehyde was 51.1%, 85.8%, 95.9% and 99.2%,
respectively (Fig. 7a and Table 2). The order of degradation rate
(min−1) was as follows: TiO2 (0.0167) < 0.1%Tm-TiO2

Fig. 5. (a) Photoluminescence emission spectra and (b) photocurrent density curves of pure and Tm-modified TiO2 samples.

Fig. 6. Dynamic adsorption plots of (a) acetaldehyde and (b) o-xylene, the inset shows the corresponding adsorption amount of gas-phase VOC, and acetaldehyde
-TPD (c) o-xylene -TPD (d) curves. The initial concentration of VOC is 25 ppm.
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(0.0242) < 0.3%Tm-TiO2 (0.0346) < 0.5%Tm-TiO2 (0.0768), re-
spectively (Fig. 7b). Similarly, the order of o-xylene for different cata-
lysts can be arranged as follows (Fig. 7c and Table 2): 0.5%Tm-TiO2

(93.1%) > 0.3%Tm-TiO2 (90.7%) > 0.1%Tm-TiO2 (81.2%) > TiO2

(42.8%). The reaction rate (min−1) of 0.5%Tm-TiO2, 0.3%Tm-TiO2,
0.1%Tm-TiO2 and TiO2 was 0.0325, 0.0245, 0.0234 and 0.0121, re-
spectively (Fig. 7d). The improved photodegradation efficiency can be
attributed to the increased adsorption capacity and the enhanced
charge separation process. It was observed that the removal efficiency
and degradation rate of o-xylene was slightly lower than that of acet-
aldehyde, which might due to the stronger affinity of acetaldehyde
towards the catalyst surface than o-xylene. Also, the required energy for
breaking the C = C (607 kJ/mol) bond of o-xylene is greater than the
C–C (345.6 kJ/mol) bond of acetaldehyde. Meanwhile, the generation

of free radicals (•OH and •O2
−) was also responsible for enhancing the

photocatalytic performance, a detail discussion is given in section 3.6.1.

3.5. Adsorption capacity and photocatalytic properties of mixed VOCs

Generally, several kinds of VOCs coexist in the atmosphere, thus, we
carried out photocatalytic experiments on two typical coexisting VOCs.
Based on our adsorption and degradation results, 0.5%Tm-TiO2 sample
was selected to perform adsorption and degradation experiments of
mixed VOCs due to its excellent performance (Figs. 8, 9 and Fig. S6).
The adsorption results of single acetaldehyde and o-xylene on pure and
0.5%Tm modified TiO2 were used as a reference. Interestingly, the
adsorption performance of single VOC was quite the opposite to the
mixture (Fig. 8). Pure TiO2 demonstrated lower adsorption capacity for

Fig. 7. The photodegradation plots for the flowing gas-phase (a) acetaldehyde and (b) o-xylene at a flowing rate of 20 sccm under the light illumination, quasi-first-
order kinetic model of (c) acetaldehyde and (d) o-xylene within 60 min.

Table 2
The photocatalytic properties of the as-synthesized catalysts towards single VOC and mixed VOCs.

Condition Properties VOC type Pure-TiO2 0.1%Tm-TiO2 0.3%Tm-TiO2 0.5%Tm-TiO2

Single VOC Adsorption capacity (μmol/g) acetaldehyde 1.083 1.845 2.545 3.635
o-xylene 0.770 1.040 1.695 2.116

Removal efficiency (%) acetaldehyde 51.1 85.8 95.9 99.2
o-xylene 42.8 81.2 90.7 93.1

Mixture VOCs (The ratio of acetaldehyde/o-xylene is 1:1) Adsorption capacity (μmol/g) acetaldehyde 0.615 – – 1.885
o-xylene 1.565 – – 3.076

Removal efficiency (%) acetaldehyde 20.9 – – 55.2
o-xylene 31.8 – – 99.7

Z. Rao, et al. Chemical Engineering Journal 395 (2020) 125078

7



acetaldehyde (0.615 μmol/g) than that of o-xylene (1.565 μmol/g) in
mixed VOCs (Fig. 8a and Table 2), but TiO2 showed higher adsorption
capacity for acetaldehyde (1.083 μmol/g) than o-xylene (0.770 μmol/g)
with single pollutant (Fig. 8c and Table 2). Similarly, the adsorption
amount of acetaldehyde (1.885 μmol/g for 0.5%Tm-TiO2) was less than
o-xylene (3.076 μmol/g for 0.5%Tm-TiO2) under mixture mode (Fig. 8b
Table 2), while the adsorption capacity of 0.5%Tm-TiO2 sample for
acetaldehyde (3.635 μmol/g) was more than o-xylene (2.116 μmol/g)
under single mode (Fig. 8d and Table 2). One reason for this might be
that when larger volume of o-xylene molecules adsorbed on the catalyst
surface, it covers most of the adsorption sites, which might affect
acetaldehyde adsorption. Another reason might be that the aldehyde
group could be conjugated to aromatic rings after being adsorbed on
the catalyst surface, thereby promoting the adsorption of o-xylene [49].
The adsorption capacity of 0.5%Tm-TiO2 (1.885 μmol for acetaldehyde
and 3.876 μmol for o-xylene, respectively) was larger than TiO2

(0.615 μmol for acetaldehyde and 1.565 μmol for o-xylene, respec-
tively) for the same VOC under mixture mode.

The differences in adsorption behavior have a significant effect on
photocatalytic degradation properties, Fig. 9 provides a direct evidence
for this behavior. The photocatalytic activity of the mixture was quite
different from that of an individual contaminate. The removal effi-
ciency of acetaldehyde (20.9% for TiO2 and 55.2% for Tm-TiO2 sample)
was lower than o-xylene (31.8% for TiO2 and 99.7% for Tm-TiO2

sample) in the case of mixed VOCs (Fig. 9a, b and Table 2), while the
photocatalytic efficiency of acetaldehyde (51.1% for TiO2 and 99.2%
for Tm-TiO2 sample) was higher than o-xylene (42.8% for TiO2 and

93.1% for Tm-TiO2 sample) in single VOC mode (Fig. 9c, d and
Table 2). This might be due to the fact that the opposite tendency of the
adsorption capacity between the single VOC and mixed VOCs. Notably,
0.5%Tm-TiO2 catalyst still maintained high photocatalytic performance
under high adsorption capacity in mixed mode, in which the amount of
acetaldehyde and o-xylene adsorbed by 0.5%Tm-TiO2 was 3.1 and 2.0
times as much as pure sample, respectively. And no obvious deactiva-
tion was observed in 0.5%Tm-TiO2 sample, even though the photo-
catalytic reaction time reached 300 min. Interestingly, the ratio of C to
C0 of pure sample decreased rapidly (Fig. 9a) while that of Tm modified
sample first increased and then decreased in 50 min under light irra-
diation (Fig. 9b). It is due to the fact that 0.5%Tm-TiO2 adsorbed larger
quantity of mixed-VOCs than pure sample (Table 2). It is anticipated
that the exposed reactive sites of 0.5%Tm-TiO2 will decrease with in-
creasing absorptivity, which will ultimately deteriorate the photo-
degradation efficiency. Accordingly, the desorption rate of VOC was
higher than degradation and adsorption rate in 30 min, and conse-
quently showing the negative removal efficiency value [50]. As the il-
lumination time reached 48 min, most of the VOC molecules adsorbed
by the catalyst have been desorbed. As a result, the covered reaction
sites were gradually exposed, and then the degradation rate was larger
than desorption and adsorption rates, thereby exhibiting the positive
photocatalytic efficiency value (Fig. 9b). Also, pure TiO2 began to in-
activate after the illumination of 30 min, but 0.5%Tm-TiO2 was poi-
soned after 300 min of operation. This phenomenon might be due to the
fact that 0.5%Tm-TiO2 had greater number of free radicals to photo-
degrade the intermediates in contrast to pristine TiO2. Eventually, two

Fig. 8. Dynamic adsorption of the mixture of acetaldehyde and o-xylene on (a) pure TiO2 and (b) 0.5%Tm-TiO2 samples, and the adsorption of single VOC on (c) pure
TiO2 and (d) 0.5%Tm-TiO2 catalysts. The insets show adsorption amount.
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catalysts were poisoned due to the formation of intermediates occu-
pying the reactive sites on the catalyst surface. A detailed discussion of
this has been presented in our previous work [24].

3.6. Proposed mechanism

3.6.1. Mechanism of photocatalytic activity enhancement
The Hydroxyl (•OH) and superoxide radicals (•O2

−) are important
reactive species in the photocatalytic oxidation reaction [51]. We car-
ried out ESR tests using DMPO as the spin-trapping agent to analyze the
production of free radicals (•OH and •O2

−) for Tm-modified and un-
modified TiO2 samples. Fig. 10 shows the four-line ESR signal with a
characteristic intensity ratio of 1:1:1 and 1:2:2:1, which were assigned
to •O2

− and •OH adducts, respectively [52,53]. This indicated that there
existed •O2

− and •OH active species involved in the removal of selected
gaseous pollutants [51]. The intensities of •O2

− (Fig. 10a) and •OH
(Fig. 10b) increased with increasing Tm content in contrast to pure
TiO2, which suggested that the production of the reactive oxygen spe-
cies was improved by Tm incorporation in TiO2. This was attributed to
the special intra-4f electronic structure of Tm accelerating photo-
generated carries separation of the catalyst (Fig. 5). The PL and pho-
toelectrochemical results further confirmed this behavior. Meanwhile,
the enhancement in the hydrophilicity (OH groups) (Table 1 and Fig.
S4) of the catalyst surface resulted in the formation of more •OH radi-
cals. The greater number of reactive oxygen radicals will undoubtedly
increase the photocatalytic activity, which was observed in our pho-
tocatalytic test.

Considering above, it can be inferred that an enhanced photoactive
species production and adsorption capacity promoted the photo-
catalytic activity of the catalyst. A proposed mechanism for enhancing
the photocatalytic performance of TiO2-based catalysts is presented in
Scheme 1. TiO2 modified with Tm ions (introducing the new Tm-4f
level) promoted the separation efficiency of photoinduced electron-hole
pairs, thereby generating more photoactive species to increase photo-
catalytic properties for removing the target VOCs.

3.6.2. Photocatalytic degradation pathway under single VOC
GC–MS was carried out to disclose the photocatalytic degradation

pathway of pure TiO2 and 0.5%Tm-TiO2 sample for o-xylene and mix-
ture (acetaldehyde and o-xylene). As indicated in Fig. 11, the inter-
mediates of pure TiO2 in the case of o-xylene (Fig. 11a) showed che-
mical compound specified as 2, 6, 7, 9, 10, 11 and 12 while that of
0.5%Tm-TiO2 (Fig. 11b) did not produce intermediates 7 and 10. The
presence of o-xylene (No.1) showed some undegraded residues, which
was observed in all samples.

Based on the GC- MS signals, the proposed photocatalytic reaction
route in single VOC mode is shown in Scheme 2, Table 3, and Fig. S7. In
the case of pure TiO2, o-xylene (No. 1) was converted to o-benzaldehyde
(No. 2), toluene (No. 6) and benzene (No. 7) [35–37], which were
further oxidized into open chain compounds including butanol (No. 9),
butanone (No. 10) and acetone (No. 11), and eventually mineralized
into CO2 (No. 12) and H2O. However, no toluene and acetone were
detected in the photodegradation process of o-xylene when 0.5%Tm-
TiO2 was used as the photocatalyst. This might be due to the presence of

Fig. 9. Photodegradation plots of (a) pure TiO2 and (b) 0.5%Tm-TiO2 samples for mixed VOCs, and photodegradation curves of (c) pure TiO2 and (d) 0.5%Tm-TiO2

catalysts for single VOC.
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more reactive oxidation species in Tm-doped samples (shown in
Fig. 10) which readily oxidize toluene into open ring products without
generating benzene and mineralized acetone into CO2 and H2O or other
products in contrast to pristine TiO2. This is why the removal efficiency
of Tm-TiO2 was higher than pure TiO2.

The proposed photodegradation routes of o-xylene on different
photocatalysts in our work are quite different from previous studies. Liu
et al. [54] suggested that thermal catalysis of o-xylene follow inter-
mediates, such as 1,3-isobenzofurandione, citric acid and acetic acid
utilizing γ-MnO2/SMO at 220 ℃. Pei et al. [55] reported that various
intermediate products (i.e., propanedioic acid, formic acid, acetic acid
and oxalic acid) in the photodecomposition of o-xylene using a TiO2/
ZnO/Bi2O3 photocatalyst. We also detected benzene and toluene in our

work despite variation in experimental conditions. However, the open
chain intermediate species in our work are somewhat different. Wang
et al. [56] investigated that TaON/V2O5 photocatalyst photodegraded
o-xylene into benzyl alcohol, hydroxytoluene, methoxy acetaldehyde
and xylose under visible light illumination. Overall, the photocatalytic
degradation pathway and intermediates of o-xylene are closely related
to the catalyst system and light source. Based on the previous work
[54–59], even though toluene and o-xylene are aromatic compounds
with similar properties, there still exist significant differences in their
degradation pathways, especially in ring-opening products. Therefore,
there are still too many problems to be solved in the photocatalytic
degradation path of VOC, such as the relationship between inter-
mediates and oxidation reactive species, the reasons for the formation

Fig. 10. ESR signals of DMPO- •O2
− in ethanol dispersion (a) and DMPO- •OH in aqueous dispersion (b) of the as-prepared photocatalysts under 400 W xenon lamp

irradiation for 4 min.

Scheme 1. Schematic diagram, which shows the mechanism of improving photocatalytic activity by Tm-induced 4f levels promoting electron-to-electron transfer
transition between Tm and TiO2.
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of different intermediates, open-ring route of o-xylene and the role of
photoactive species in degradation process.

3.6.3. Photocatalytic degradation pathway under mixed VOCs
Fig. 12 displays the formation of intermediates regarding acet-

aldehyde and o-xylene mixture photodegradation on pure and 0.5%Tm-
doped TiO2. Different chemical compounds were detected when pure
TiO2 was utilized as the photocatalysts in the reaction chamber, which
are specified by numbers like 2, 3, 4, 5, 6, 8, 9, 10, 11 and 12 (Fig. 12a).
In the case of 0.5%Tm-TiO2, new by-product 7 was generated, however,
compounds 3, 4 and 5 (Fig. 12b) could not be detected. Based on these
results, we proposed possible oxidation reaction paths for acetaldehyde
and o-xylene mixture on pure and Tm-doped TiO2 (Scheme 3). It can be
anticipated regarding pure TiO2, that initially o-xylene was oxidized to
toluene, phthalide, naphthalene and o-methyl acetophenone. Next, the
aromatic ring containing compounds are converted to open chain pro-
ducts, i.e., 5-Methyl-4-octanone, butanol, butanone and acetone, and
ultimately degraded to CO2 and H2O. Particularly, o-methyl acet-
ophenone was produced through the reaction among intermediates of
acetaldehyde and o-xylene. Instead of generating phthalide, naphtha-
lene and o-methyl acetophenone, benzene was produced in 0.5%Tm-
TiO2. Obviously, the intermediates of Tm modified catalyst were less

than that of pure sample, which might be due to the fact that the free
radical yield rate of Tm doping sample was higher than that of pure
sample. The intermediates of single and mixed VOCs were quite dif-
ferent. This might be attributed to the change of the adsorption beha-
vior (Fig. 8a and c), the effect of introducing another VOC (the change
of reaction environment system) and also the interaction among in-
termediates.

Therefore, it can be inferred that the yield of reactive oxidation
species is the main factor, which affects the degradation pathway. Also,
the difference in adsorption behavior (such as a change in the adsorp-
tion trends under mixed condition) might be a factor which can influ-
ence the reaction pathway for the same catalyst. Hence, we can achieve
our desired oxidation reaction pathway by controlling the yield of re-
active oxidation species and adsorption behavior of photocatalysts for
the target VOCs.

4. Conclusion

In summary, photocatalytic oxidation of acetaldehyde, o-xylene,
and their mixture on pure and Tm-modified TiO2 was investigated. Tm
doping induced new Tm-4f states in TiO2, which facilitated charge
transfer and hole-electron pairs separation as evidenced by

Fig. 11. MS signals of (a) pure TiO2 and (b) 0.5%Tm-TiO2 samples for single VOC.

Scheme 2. The proposed photocatalytic degradation pathway of single VOC over the investigated catalysts, the red and blue products represent the photo-
degradation intermediates.
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photocurrent, EIS and PL results, respectively. The presence of Tm2O3

on grain boundaries rendered a hydrophilic character, which facilitated
the increase of adsorption capacity and the production of •OH radicals.
The above two factors mainly contribute to the greatly enhanced

photocatalytic performance of Tm-modified TiO2. The adsorption and
degradation of VOCs showed that the adsorption of acetaldehyde was
higher than that of o-xylene for individual mode, while acetaldehyde
showed decreased adsorption in mixture compared with o-xylene. In

Table 3
Intermediate products of photocatalytic degradation of single o-xylene and mixed VOCs under the given experimental conditions.

Product No. Name Main fragment (m/z) Retention time (min) Formula Structure

1 o-xylene 91, 106, 77 5.10 C8H10

2 o-tolualdehyde 91, 119, 65 7.77 C8H8O

3 Phthalide 105, 77, 134 11.06 C8H6O2

4 o-methylacetophenone 91,119, 65, 134 8.69 C9H10O

5 Naphthalene 128, 127, 192 9.30 C10H8

6 Toluene 91, 92, 65 3.38 C7H8

7 Benzene 78, 86, 134 2.38 C6H6

8 5-Methyl-4-octanone 43, 71, 114 3.70 C9H18O

9 Butanol 44, 56, 57 1.46 C4H10O

10 Butanone 43, 44, 72 1.97 C4H8O

11 Acetone 43, 58, 59 1.61 C3H6O

12 Carbon dioxide 44, 45 1.39 CO2

Fig. 12. MS signals of (a) pure TiO2 and (b) 0.5%Tm-TiO2 samples for mixed VOCs.
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the single and mixed pollutants modes, the difference in the generation
of the reactive species and adsorption behaviors led to the different
degradation pathways. Our work provides an effective strategy to
modify TiO2 based catalyst for target VOCs degradation. It also has an
important guiding significance for how to design a photocatalyst for the
efficient degradation of mixed VOCs in the future.
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