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photocatalytic degradation of toluene
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To improve the degradation efficiency of TiO, for low concentrations of volatile organic compounds, TiO, loaded on activated carbon fibres
(ACF) was prepared by an impregnation—hydrothermal method. The crystal structure, surface area, dispersion, optical absorption properties,
and chemical composition of the TiO,/ACF composite materials were characterised by X-ray diffraction, Brunauer—Emmett—Teller analysis,
scanning electron microscopy, ultraviolet—visible absorption spectroscopy, and X-ray photoelectron spectroscopy. The influence of the
hydrothermal temperature, illumination time, space velocity, and light intensity on the photocatalytic activities of the TiO,/ACF composite
materials was investigated with toluene as a model pollutant. The results showed that the phase of TiO, was anatase, which was dispersed
as a thin film on the ACF surface. The crystallinity, dispersion, UV absorption, and hydroxyl group content of TiO, increased with an
increase of hydrothermal temperature, whereas the photocatalytic activity of TiO,/ACF was maximised when the hydrothermal
temperature was 180°C. Increases in illumination time, space velocity, and light intensity were beneficial for regeneration of the composite
materials. However, the energy efficiency decreased with increased light intensity. The degradation efficiency of toluene reached 40% with
reaction conditions of illumination time: 3 h, space velocity: 1400 h™", and light intensity: 32 W. This degradation efficiency decreased

3.3% after recycling five times.

1. Introduction: Recently, the consumption of indoor decoration
materials has increased significantly owing to enhanced living
standards. Many decoration materials contain volatile organic
compounds (VOCs), which are a major contributor to indoor air
pollution. Among VOC:s, toluene is a typical pollutant, which has
toxicity and carcinogenic potential. Long-term exposure to
toluene will cause serious harm to human health. Photocatalytic
technology has attracted increasing attention in the field of indoor
air purification because it can non-selectively and completely
mineralise VOCs into CO, and H,O [1]. The most commonly
used photocatalysts are ZnO, Fe,0s, TiO,, and CdS [2], among
which TiO, has the advantages of high stability, high activity,
and low price [3]. However, because the concentration of VOCs
in indoor air is relatively low, the contact time between VOCs
and the photocatalyst is very short, which causes low
photocatalytic degradation efficiencies [4]. This has hindered the
application of photocatalysts for indoor air purification. An
effective strategy to overcome this shortcoming is to use TiO,
supported on activated carbon fibres (ACF). ACF has a
well-developed pore structure and large specific surface area,
which can not only improve the photocatalytic properties of TiO,,
but also realise the in situ regeneration of ACF [5]. Several
methods have been developed to immobilise TiO, on ACF, such
as the bonding process, the sol-gel method, electrostatic spinning,
dip-coating, and the hydrothermal method. Yuan er al [6]
prepared TiO,-loaded ACF with epoxy resin as a binder and
showed that increasing pore size can improve the photocatalytic
activity. Guo [7] prepares activated carbon supported TiO, by a
sol—gel method and studied the degradation efficiency of phenol,
which could be controlled by the heat treatment temperature,
TiO, loading, catalyst dosage, and other factors. Wu er al. [§]
prepared TiO,/ACF nanofibres by an electrospinning method and
reported that the preoxidation temperature has a decisive effect on
the properties of the carbon fibres. Zhong et al. [9] coated TiO,
onto glass fibres and carbon fibres and investigated their
adsorption capacities for nine kinds of VOCs. They found that
the adsorption behaviour is highly dependent on the substrate. In
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contrast with these methods, the hydrothermal method is well
known to be a more promising method because it can be used to
directly synthesise high purity anatase TiO, with a narrow
particle size distribution. Shi et al. [10] suggested that the
hydrothermal method could improve the combination of ACF and
TiO, to achieve higher catalytic activity than that obtained using
the coating method. Wang et al. [11] deposited three-dimensional
TiO, flower-like structures on the surface of ACF by a
hydrothermal method and showed that the activity of TiO,/ACF
was significantly higher than that of rutile TiO,. Meng et al. [12]
prepared TiO,/ACF by a hydrothermal method and investigated
the effect of TiO, loading on the photocatalytic activity of the
catalyst. They found that the degradation rate of rhodamine B
first increased and then decreased with the increase of loading,
with the degradation efficiency reaching a maximum of 67.6%
when the loading amount of TiO, was 75.1%. However, previous
studies have mainly focused on the photocatalytic treatment of
liquid-phase organic pollutants or the purification performance of
high concentrations of gas-phase organic pollutants in static
systems. Few reports have studied the regeneration performance
and purification performance of materials for indoor gas organic
pollutants in low concentrations.

In this work, TiO, was immobilised onto ACF by an impregna-
tion—hydrothermal method. To examine the effect of the hydrother-
mal temperature, TiO,/ACF composite materials were prepared at
hydrothermal temperatures of 120, 150, 180, and 210°C. The
morphology, structure, chemical composition, and optical absorp-
tion of the TiO,/ACF composite materials were characterised by
X-ray diffraction (XRD), Brunauer—Emmett—Teller (BET),
scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), and ultraviolet—visible (UV-vis) absorption
spectroscopy. In addition, the adsorption and photocatalytic proper-
ties of the samples for gas-phase toluene were studied systematical-
ly based on the application of TiO,/ACF composite materials in
indoor air purification devices, and suitable operating parameters,
such as illumination time, space velocity, and light intensity, were
determined.
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2. Experimental

2.1. Preparation of TiO,/ACF composite materials: First,
viscose-rayon based ACF with a specific surface area of 1289 m%/g
was immersed in a 6 mol/l nitric acid solution for 4 h at 100°C,
second, washed with deionised water until the pH value was around
7.0, and dried at 110°C for 12 h. Finally, 4 ml of tetra-n-butyltitanate
(Ti(OC4Ho),4) was dissolved in 20 ml of ethanol and mixed with
magnetic stirring for 4h. The pretreated ACF (0.2 g) was
impregnated into the mixed solution for 30 min and then dried at
room temperature. Then, the composite material was supported by
bracket in a 100 ml hydrothermal synthesis reaction kettle with 40 ml
of distilled water and heated at various temperatures (120, 150, 180,
or 210°C) for 12 h. Finally, the obtained sample was washed with
anhydrous ethanol and deionised water three times and dried at 80°C.
According to the hydrothermal temperature used, the samples were
named S120, S150, S180, and S210.

2.2. Characterisation: The crystal structure of the composite
materials was studied using a D/max 2500PC automatic powder
X-ray diffractometer. The specific surface area and pore volume
of the composite materials were obtained using a Micromeritics
ASAP2020 Analyzer. The morphology of the composite materials
was characterised using an EVO MA 10L/S 10 SEM. UV-vis
absorption spectra of the composite materials were recorded using
a Hitachi UH4150 spectrophotometer. XPS analyses of the
composite materials were obtained using an ESCALAB 250
spectrometer.

2.3. Experimental procedures and apparatus: The photocatalytic
degradation efficiencies of gaseous toluene by the samples were
investigated using a homemade photocatalytic reactor (Fig. 1).
The air from an air cylinder was metered using a bubbling gas
pipeline with access to a toluene solution at a constant
temperature. Toluene exhaust fumes were mixed with diluted air,
and then the mixed gas flowed into the photocatalytic reactor.
The concentration of the mixed gas was controlled by adjusting
the temperature of the water bath and the dilution gas flow. A
10 mm U-type quartz tube was used as the photocatalytic reactor.
Illumination was provided by 8 W ultraviolet lamps (365 nm) and
the light intensity was controlled by adjusting the number of
lamps. The concentration of toluene was analysed using a gas
chromatograph (SP-6800A) equipped with a flame ionisation
detector. First, 0.1 g of the composite materials was loaded into a
U-type tube reactor. The adsorption of toluene on the composite
materials was conducted with a toluene concentration of about
800 ppm under dark conditions, and the toluene adsorption
capacity of the fresh samples was measured. Second, the
photocatalytic degradation experiments were conducted following
illumination with ultraviolet light and introduction of regeneration
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Fig. 1 Schematic diagram of the experimental apparatus
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air into the U-type tube reactor. Third, the toluene adsorption
experiment was repeated, and the toluene adsorption capacity of
the samples after the photocatalytic degradation reaction was
measured. The second and the third steps were defined as one
cycle. In this Letter, the stability of the composite materials was
determined using five cycles.

The photocatalytic degradation efficiency of toluene (R) was
calculated using the following equation

A
R="21%100% (1)
AO

The degradation rate of toluene (V) was calculated using the following
equation

4,

V(mg/(h-») =1 @

The degradation energy consumption (Q) was calculated using the
following equation

_E x 3600

O(J/mg) = (3)

Ay xm

where 4 is the toluene adsorption capacity of the fresh samples
(mg/g), A, is the toluene adsorption capacity of the samples after
the photocatalytic degradation reaction (mg/g), ¢ is the reaction
time (h), m is the quantity of the composite materials (g), and £
is the light intensity (W).

3. Results and discussion

3.1. Characterisation: Fig. 2 shows the XRD patterns of ACF and
the prepared TiO,/ACF composite materials. For ACF, the broad
diffraction peak at 26=20°-30° and the weak diffraction peak at
260=40°-48° correspond to the (002) and (100) planes of carbon
[13]. The diffraction peaks observed in all the composite
materials at 20 =25.28°, 37.80°, 48.05°, and 53.89° correspond to
the (101), (004), (200), and (105) planes of anatase TiO,,
respectively, which implies that the only crystalline phase in the
composite materials is anatase. However, for samples prepared at
higher hydrothermal temperatures, the diffraction peaks of anatase
TiO, became stronger, suggesting that an increase of the
hydrothermal temperature is favourable for the crystallinity of
anatase TiO,.

To further analyse the influence of the hydrothermal temperature
on the formation of TiO, grains, the grain size and crystallinity of
the TiO,/ACF composite materials were calculated using Jade 6.0
(MDI), as shown in Table 1. The grain size of TiO, prepared by
the hydrothermal method with ACF as a support was significantly
smaller than that of commercial TiO,, which was 20.7 nm [14].
This decreased grain size is mainly the result of the numerous
micropores and large specific surface area of ACF, which inhibit
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Fig. 2 XRD patterns of ACF and the TiO,/ACF composite materials
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Table 1 Structure parameters of TiO,/ACF composite materials

Sample Crystalline size, nm Crystallinity, % Surface area, m%/g Total pore volume, cm*/g Average pore diameter, nm
S120 2.1 5.81 682.50 0.415 22
S150 4.1 13.60 659.07 0.409 2.3
S180 4.9 25.71 636.81 0.369 2.5
S210 6.7 25.81 567.52 0.312 2.8

the agglomeration of TiO, grains [15]. When the hydrothermal tem-
perature was increased from 120 to 180°C, the grain size increased
from 2.1 to 4.9 nm and the crystallinity increased from 5.81 to
25.71%. When the hydrothermal temperature was further increased
to 210°C, the crystallinity increased slightly, whereas the grain size
increased to 6.7 nm. This is because TiO, grains appear to agglom-
erate at the higher hydrothermal temperatures. In addition, the spe-
cific surface areas and pore volumes of the prepared composite
materials are presented in Table 1. The specific surface areas of
the samples were significantly smaller than that of ACF, as TiO,
filled a portion of the pores. The specific surface areas and pore
volumes showed decreasing trends with increased hydrothermal
temperatures, implying that the porosity of the samples deteriorates
with increasing hydrothermal temperature.

Fig. 3 displays SEM images of the TiO,/ACF composite materi-
als. As shown in Fig. 3a, in the sample prepared at the lowest hydro-
thermal temperature, irregular particles of TiO, are supported on the
ACF surface. From S150 (Fig. 3b) to S180 (Fig. 3¢) and to S210
(Fig. 3d), more and more flake TiO, is attached to the ACF
surface. A dense and uniform TiO, film was formed on the
surface of ACF when the hydrothermal temperature was 180°C.
Moreover, when the hydrothermal temperature was further
increased to 210°C, TiO, on the ACF surface exhibited a reunion
phenomenon and the uniform film is not observed. These results in-
dicate that the dispersion and crystallinity of TiO, are enhanced by
increasing the hydrothermal temperature, which is consistent with
the results of the XRD analysis.

Fig. 4 shows the UV—vis absorption spectra of ACF, S120, S150,
S180, and S210. All the TiO,/ACF composite materials show ab-
sorption over the entire UV—vis region. Compared with ACF, all
the composite materials exhibited stronger absorption of ultraviolet
light. With increasing hydrothermal temperature, the ultraviolet
light absorption of the samples first increased and then decreased.
The sample prepared at a hydrothermal temperature of 180°C had
the highest ultraviolet light absorption. However, when the hydro-
thermal temperature was further increased to 210°C, the absorption
of ultraviolet light by the prepared sample decreased owing to TiO,
agglomeration on the surface of ACF, which resulted in a decrease

d
Fig. 3 SEM images of the TiO/ACF composite materials (x2000)
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of the surface area. These results are consistent with the results of
the BET analysis.

Fig. 5 shows the curve-fitting analyses of the as-measured Ols
spectra of the TiO,/ACF composite materials. All samples
showed three peaks at 530.23, 530.91, and 532.60 ¢V, which
correspond to O-Ti bonds in the TiO, lattice, hydroxyl groups,
and O-C bonds, respectively. It is well known that OH groups
trap photogenerated holes to produce OH radicals that enhance
the photocatalytic performance of TiO,, and OH radicals also
have very strong oxidising properties. The percentage of OH
groups increased with increasing hydrothermal temperature (see
Table 2), which implies that the photocatalytic activity is higher
in samples prepared at higher hydrothermal temperatures. In
addition, the percentage of O—C bonds decreased with increasing
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Fig. 4 UV—vis absorption spectra of the TiO»/ACF composite materials
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Table 2 Binding energy and area ratio (%) of the characteristic peaks in
the Ols spectra of the samples

Sample Ols
530.23 (eV) 530.91 (eV) 532.60 (eV)
O-Ti O-H o-C
S120 29.51 37.86 32.62
S150 32.59 38.14 29.27
S180 32.25 41.60 26.14
S210 32.46 44.99 22.54

hydrothermal temperature because ACF is covered with a denser
TiO, film in samples prepared at higher hydrothermal temperatures,
as demonstrated by the SEM experiments.

3.2. Effect of hydrothermal temperature on adsorption and
photocatalytic degradation: The adsorption capacity and
photocatalytic degradation rate of ACF and the TiO,/ACF
composite materials for toluene are shown in Fig. 6. The
saturated adsorption capacities of ACF and the TiO,/ACF
composite materials prepared using different hydrothermal
temperatures were about 260 and 170 mg/g, respectively. With
increasing hydrothermal temperature, the adsorption capacity of
the TiO,/ACF composite materials declined slightly because the
pore volume and specific surface area of the composite materials
decreased with the gradual increase of the sheet structure at
higher hydrothermal temperatures. During the photocatalytic
degradation experiment, all the TiO,/ACF composite materials
achieved adsorption capacity regeneration, while the ACF shows
unconspicuous adsorption capacity after regeneration. The results
of repeated experiments show that the test error of adsorption
quantity is less than 3 mg/g. For S120 and S150, the average
values of adsorption capacities after regeneration were 31.92 and
35.38 mg/g, respectively. The adsorption capacity of S180 after
regeneration increased a further 8.49 mg/g, whereas the
adsorption capacity of S210 after regeneration decreased 5.38 mg/g.
The best photocatalytic degradation efficiency of toluene was
obtained for the sample prepared at a hydrothermal temperature
of 180°C, and the change of degradation rate was consistent with
the change of regenerative adsorption capacity. For the TiO,/ACF
composite materials, the degradation rate was mainly determined
by the photocatalytic degradation ability of TiO, over short
illumination times [16]. In combination with the results of XRD
and SEM, these results indicate that the crystallinity of TiO,
decreased when the hydrothermal temperature was 120 or 150°C.
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Fig. 6 Adsorption and photocatalytic degradation properties of ACF and
the TiO/JACF composite materials for toluene

Reaction conditions: illumination time: 1 h, space velocity: 1400 h™', light
intensity: 32 W, and reaction temperature: 20 + /°C
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Fig. 7 Effect of illumination time on the performance of S180 in the photo-
catalytic degradation of toluene

Reaction conditions: space velocity: 1400 h™", light intensity: 32 W, and
reaction temperature: 20 + 1°C

At the same time, TiO, was not evenly distributed on the surface
of ACF in these samples; therefore, the photocatalytic activity of
the composite materials was lower. Furthermore, the crystallinity
of TiO, in S210 slightly increased compared with that in S180,
but the grain size increased significantly and TiO, exhibited a
reunion phenomenon; therefore, the photocatalytic degradation
performance of S210 decreased.

3.3. Effect of illumination time on photocatalytic degradation:
Fig. 7 shows the degradation data of adsorption-saturated TiO,/
ACF for toluene under different illumination times. As shown in
Fig. 7, the photocatalytic efficiency of S180 was lowest at an
illumination time of 1 h, with a degradation efficiency of 25.74%
and degradation rate of 43.51 mg/(h-g). With this short illumination
time, the degradation efficiency is dependent on the photocatalytic
degradation of toluene adsorbed on the ACF surface because the in
situ photocatalytic reaction of toluene adsorbed in the micropores
of ACF is not complete. As the illumination time increased, the
degradation efficiency of toluene increased continuously, mainly
because toluene adsorbed in the micropores of ACF was desorbed
owing to the difference in the concentration of toluene between the
holes and surface, and then degraded on the surface of TiO,.
Obviously, S180 exhibited excellent photocatalytic properties when
the illumination time was 3 or 4 h. However, the degradation rate
decreased at longer illumination times. Therefore, take the
degradation rate and the degradation efficiency into consideration,
it can be deduced that illumination time of 3 h gave the best
photocatalytic regeneration result.
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Fig. 8 Effect of space velocity on the performance of S180 in the photocata-
Iytic degradation of toluene

Reaction conditions: illumination time: 3 h, light intensity: 32 W, and
reaction temperature: 20+ 1 °C
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Reaction conditions: illumination time: 3 h, space velocity: 1400 h™!, and
reaction temperature: 20 + 1°C

3.4. Effect of space velocity on photocatalytic degradation: Fig. 8
shows the degradation data of adsorption-saturated TiO,/ACF for
toluene under different space velocities. When the space velocity
was 350 h™', the degradation efficiency and degradation rate of
toluene were only 20.81% and 10.81 mg/(h-g), respectively. A
space velocity of 350 h™' was unable to provide enough oxygen
atoms for the photocatalytic process, as O, effectively improves
the photocatalytic activity by trapping electrons through the
formation of O~ and inhibiting the recombination of electrons
and holes. The degradation efficiency and degradation rate of
toluene increased when the space velocity was increased to 1400
and 5600 h™' owing to sufficient oxygen atoms for the
photocatalytic reaction and an improved desorption rate of
toluene from the micropores of ACF.

3.5. Effect of light intensity on photocatalytic degradation: The
degradation data of adsorption-saturated TiO,/ACF for toluene
under different light intensities are shown in Fig. 9. The
degradation efficiency of toluene increased with increasing light
intensity, which is not only attributable to an increase of the
number of electrons and holes on the sample surface, but also to
an improved toluene desorption rate owing to an increase of the
difference in the toluene concentration between the surface and
holes. However, the light intensity increase led to a reduction of
energy utilisation. The degradation efficiency increased by 7.2%
when the light intensity increased from 8 to 32 W, but the energy
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Fig. 10 Photocatalytic stability of S180 for the photocatalytic degradation
of toluene

Reaction conditions: illumination time: 3 h, space velocity: 1400 h™", light
intensity: 32 W, and reaction temperature: 20+ 1 °C

Micro & Nano Letters, 2016, Vol. 11, Iss. 9, pp. 539-544
doi: 10.1049/mnl.2016.0171

consumption increased three-fold. Based on energy consumption,
which is an important consideration for household indoor air
cleaners, the light intensity should not be too high.

3.6. Photocatalytic stability of TiO,/ACF composite materials: To
investigate the photocatalytic stability of S180, five recycling
experiments for the photocatalytic degradation of toluene were
carried out, and the results are shown in Fig. 10. The degradation
efficiency of toluene was 36.7% after five cycles, which was a
decrease of only 3.3% compared with the first degradation
experiment. This result indicates that the sample has good
regeneration performance. The decrease in photocatalytic
efficiency was probably due to the absorption of an intermediate
product of the degradation of toluene on the surface of the
sample, which would occupy some of the active sites of the sample.

4. Conclusion: In this work, TiO,/ACF composite materials were
prepared by an impregnation—hydrothermal method. The results
show that the grain size of TiO, was very small and TiO, was
highly dispersed on the ACF surface. Moreover, the composite
materials exhibited excellent adsorption and photodegradation
properties. The hydrothermal temperature influenced the
microstructure and photodegradation properties of the TiO,/ACF
composite materials, and the degradation efficiency of toluene
was greatest for the sample prepared at a hydrothermal
temperature of 180°C. Increasing the illumination time, space
velocity, and light intensity were beneficial for regeneration of the
composite materials. However, the energy efficiency decreased as
the light intensity increased. In addition, the photocatalytic ability
of the TiO,/ACF composite materials did not show significant
loss after reuse for five cycles. Therefore, this Letter provides a
theoretical basis for the development and application of TiO,/
ACF composite materials in the field of indoor air purification.
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