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Abstract. This study investigated the photocatalytic degradation of volatile organic compounds (VOCs)
(taking toluene as target material) from indoor pollution source using a continuous flow reactor with TiO2 at
ultraviolet lamp (254 nm, UVC). From the characteristic analyses, the maximum absorbance wavelength is
major at 250 nm from UV/vis spectrum and it proved that UVC is that peak absorbance wavelength of TiO2.
XRD patterns show that the major crystal composition is composed of about 70% anatase, and part of the
rutile of 30%. From SEM spectrum, the average particle size of TiO2 is between 40-50 nm. I-V curve of
PECSC of TiO2 also proved that there is really low photoelectrochemical effect of TiO2 under the visible
light source. Therefore, UVC light is the best light choice. In the continuous flow reactor, the vapor toluene
was volatilized from mixing toluene liquid, and the initial concentration was decreased from 3632.81 to
358.06 ppmv with the volatilized temperature of 288 to 275 K, respectively. In the case of air flow rate of 30
mL min-1 and initial concentration of 358.06 ppmv, the toluene maximum removal efficiency with UVC light
was more than 72.38%. The photocatalytic degradation efficiency increased with the initial concentration
decreased as expected. The removal mass of toluene increased from 44.45 to 151.31 mg g -1-TiO2 as the initial
concentration of 3632.81 to 358.06 ppmv, respectively. This is very useful information and design
specifications for scientific researchers.
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1. Introduction
The removal of organic pollutants with oxidative photocatalysis from water and air has demonstrated
successful performance for its environmental applications. The oxidative photocatalysis of TiO2 are drove
from the irradiation of ultraviolet (UV) light to excite the charge carriers (electric hole and electron) which
occurs upon from valence band to the conduction band as well as forming hydroxyl radicals (•OH),
furthermore, which typically reacts with molecular oxygen in the air to produce superoxide radical anions
(O2•−). The radical can react with volatile organic compounds because of their oxidizing power from light
source to irradiate semiconductors [1]-[7].
Photocatalysis allows the use of sunlight under the existence of photocatalyst to destruct the highly toxic
molecules, synthetically useful redox transformations in specific organic compounds, various inorganic and
metal ions, and even biological pathogens such as bacteria and viruses. The main drawbacks are the low
quantum yields and the lack of visible-light utilization, however, they hinder their widespread acceptance as
a practical remediation technology. Various approaches have been attempted to enhance the photocatalytic
efficiency and visible light utilization of TiO2, which include impurity doping of various elements such as F,
S, N, etc. [3]-[10], metallization [2]-[13], and sensitization [4]-[18].
Toluene is used as an target material of VOCs in this research, the reason is due to its less toxicity and
less hazardous to be used in the environment [2]-[11]. The main motivation of this study is to analyse the
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characteristics of TiO2 and evaluate the competitiveness of toluene removal in a single pass as well as
continuous flow system using ultraviolet lamp as light source at the photodegradation utilizations and
efficiencies.

2. Materials and Methods
2.1. Reagents and catalyst
Toluene of purity 99.7% was purchased from Nihon Shiyaka Industries, Ind. Co., Ltd., Japan. The
known volume of toluene was injected into the single pass system. The toluene was diluted to 5-25 % using
ethylene, then the diluted liquid of 100 mL was put into the 500 mL tank. For the control of the input initial
concentration, the 5 to 25 % liquid toluene were vaporized with a continuous flow of 30 mL min-1 of air at
275 K and atmospheric pressure, the initial concentration into the reactor were detected as 3632.81 to 358.06
ppmv while the volatilization temperature of 288 to 275 K, respectively. TiO2 (Degussa P-25, Germany) was
used as received without any pretreatment for comparison. For coating purpose, 4 g TiO2 was suspended in
solutions of 40 mL D. I. water, 20 mL acetylacetone (2,4-Pentanedione, Nacalai Tesque Inc., Kyoto, Japan)
and 1 mL Triton X-100 (Nacalai Tesque Inc., Kyoto, Japan). Then, the TiO2 solution was uniformly coated
on the supports of 350 glass sticks of 1.8 g dry coated TiO2, calcined at 623 K for 20 min.

2.2. Apparatus
In this study, a cylindrical pyrex glass reactor of 1500 mL capacity was used as a reaction vessel in
which a UVC light source was inserted. The light source was surrounded by a quartz glass tube to protect it
and to prevent direct contact with the toluene. The top cover and bottom plates of the reactor were made
from stainless steel 316. The glass sticks (diameter: 1.5 mm, length: 25 cm, half illuminated area of total 350
glass sticks: 4123.35 cm2), outside surface coated TiO2, were inserted into the reactor. The flow rate of
toluene with 1 mL min-1 was vaporized and mixed with additional dry air of 29 mL min-1 to obtain a toluene
concentration of 3632.81 to 358.06 ppmv. After the complete mixing with stirrer, the mixing air flowed into
the balance tank, then it was injected into the reaction reactor. It corresponded to a gas velocity of 0.38 cm
min-1 and a residence time of 50 min. Before the photocatalytic reaction, the catalyst was first exposed to the
polluted air stream with no illumination until dark-adsorption equilibrium was reached, and afterwards UVC
illumination (UV lamp, λ = 254 nm, Philips TUV, 16 W, Japan) was switched on. The chromatographic
column of the GC-MS (Focus GC and DSQ, USA) is a Rtx-1 capillary GC column (26 m long, 0.53 mm i. d.,
3 μm film thickness). The operating conditions of the GC-MS were set as follows: injector temperature 473
K, detector temperature 473 K, column temperature (following the sampling injection) being increased from
333 to 373 by program, helium carrier gas flow rate 1 mL min-1, helium make-up gas 50 mL min-1, and
sample volume 150 μL. Quantitative analysis of gaseous products was conducted using the linear calibration
response equations of standards. The equation was generated for each compound of gas standard using a
minimum of five different concentrations with three replicates at each concentration. All correlation
coefficients (r2) of linear calibration response curves exceed 99.5%.

2.3. Catalyst characteristic analyses
Scanning electron microscope (SEM) (Hitachi Tabletop TM-3000, Japan), X-ray single crystal
diffractometer (XRD) (Rigaku TTRAX Ⅲ, Japan) and ultraviolet-visible (UV/vis) (EVOLVTION-220,
Thermo., USA) spectroscopy were used for the characteristic analyses of TiO2. The photoelectrochemical
effects of TiO2 was also detected through using photoelectrochemical solar cells (PECSC). For the
preparation of PECSC, TiO2 was suspended in solutions of acetylacetone (2,4-Pentanedione, Nacalai Tesque
Inc., Kyoto, Japan) and Triton X-100 (Nacalai Tesque Inc., Kyoto, Japan). The photocatalyst was then
uniformly coated on the indium-doping tin oxide (ITO) surface. The ITO film was then calcined at 723 K for
20 min and the coated catalyst was 0.02 g. The ITO film, wetted with a film of the catalyst coating, was dried
at 378 K in an oven and denoted as negative electrode. The positive electrode was prepared by coating pure
carbon film. The electrolyte was chosen as KI3 solution. The solar cell prepared from catalyst of TiO2 was
denoted as TiO2 solar cell (TSC). The PECSC characteristics were analyzed by Cyclic Voltammetry (5600
Electrochemical Workstation, Jichan, Taiwan). The cyclic voltammetry measurements were carried out using
a conventional three-electrode assembly (working electrode (WE), counter platinum electrode (CE) and
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saturated calomel reference electrode saturated calomel electrode (SCE)). The open-circuited output voltage
(Voc), short-circuit output current (Isc), fill factor (FF), maximum power (Pm) and I-V curves of TSC under
the irradiation of visible light lamp (VLL, 400-800 nm, Tl Pro 8W/840, Philips, Japan) were measured, and
the light intensity is 10515.16 Lux.

3. Results and Discussion
3.1. Characteristic analyses of TiO2
Figure 1 shows that the maximum absorbance wavelength is major at 250 nm from UV/vis spectrum and
it proved that UVC is that peak absorbance wavelength of TiO2. It needs to note that the absorbance intensity
is approaching to zero while the wavelength higher than 400 nm, therefore, it means that the visible light
cannot excite TiO2 at the wavelength (λ) of 400-760 nm. From Figure 2 of XRD patterns of TiO2, the major
crystal composition is composed of about 70% anatase, and part of the rutile of 30% as compared with the
database of Joint Committee on Powder Diffraction Standards (JCPDS). The SEM spectrum was taken for
the pure photocatalyst sample and is illustrated in Figure 3. The average particle size of TiO2 is between 4050 nm. Figure 4 shows the I-V curve of PECSC of TiO2 at VLL. The values in Figure 4 are the original ones
and do not evaluate the used mass of catalysts. From Figure 4, Voc, Isc, FF and Pm are 0.25 V, 0.009 mA, 0.37
and 0.84 μW, respectively. It is the evidence of that there is really low photoelectrochemical effect of TiO2
under the visible light source. And from the reference [2], the BET surface area of TiO2 is 51.85 m2 g-1.
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Fig. 1 UV-visible spectrum of TiO2.

Fig. 2 XRD patterns of TiO2.

Fig. 3 SEM Photo of TiO2 (100,000 x).

Fig. 4 I-V curve of TSC at the irradiation of VLL. Catalyst
mass=0.02 g.

3.2. Photodegradation efficiency of toluene
In the continuous flow reactor, the vapor toluene was volatilized from mixing toluene liquid, and the
initial concentration was decreased from 3632.81 to 358.06 ppmv with the volatilized temperature of 288 to
275 K, respectively. Figure 5 shows the photodegradation efficiency of toluene in a single pass reaction over
TiO2 for the initial concentration of 3632.81 to 358.06 ppmv using UVC. From the figure, the removal
efficiency increased from 21.26 to 72.38 % as the initial concentrations decreased from 3632.81 to 358.06
ppmv, respectively. Therefore, in the case of air flow rate of 30 mL min-1 and initial concentration of 358.06
ppmv, the toluene maximum removal efficiency was more than 72.38%, as shown in Figure 6 after 80
minutes of adsorption equilibrium and then the UVC light was turned on, the concentration stable decreased
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from 358.06 to 98.9 ppmv after 180 min. The photocatalytic degradation efficiency increased with the initial
concentration decreased as expected. Comparison with the unit removal mass from Table 1, the unit mass of
toluene per TiO2 increased from 44.45 to 151.31 mg g-1-TiO2 as the initial concentration of 3632.81
decreased to 358.06 ppmv, respectively. Therefore, it illustrated that the initial concentration has a great
influence on the toluene removal efficiency. Furthermore, improvement to decrease of initial concentration,
for example, 50 to 100 ppmv of the standard limitations of some countries, the removal efficiency will be
expected to reach more 90%.

Fig. 5: The removal efficiency of different initial concentration of toluene under UVC light.
Table 1: The removal efficiency and unit mass of toluene per TiO2 at different initial concentration of toluene
Initial
concentration
(ppmv)
3632.81
3227.31
1530.15
858.49
647.63
358.06

Diluted times
(%)

Efficiency
(%)

Removal mass (mg)

25
25
10
8
5
5

21.26
29.47
46.11
58.24
66.88
72.38

80.01
110.90
173.51
219.13
251.65
272.35

Removal
unit mass
(mg g-1-TiO2)
44.45
61.61
96.39
121.74
139.81
151.31

Fig. 6: Time variation of C/C0 for the photocatalytic decomposition of toluene using light source of UVC and TiO2. ■:
background；●: under UVC turn on at 80 min. Total reaction times: 200 min, reaction temperature: 298 K, Initial
concentrations: 358 ppmv.

4. Conclusion
This study proved that VOC of toluene can be obviously degraded in the single pass flow reactor using
TiO2 coating. The catalyst of TiO2 is cheaper than other catalyst. In the case of air flow rate of 30 mL min-1
and initial concentration of 358.06 ppmv, the toluene maximum removal efficiency with UVC light was
more than 72.38%. And the removal efficiency is significant affected by the initial toluene concentration.
This is a very useful information and design specifications for scientific researchers.
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