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Abstract
The light absorbance of photocatalysts and reaction kinetics of environmental pollutants at the liquid-solid and gas-solid interfaces 

differ from each other. Nevertheless, many previous photocatalytic studies have applied the science to aqueopus applications without 
due consideration of the environment. As such, this work reports the surface and morphological characteristics and photocatalytic 
activities of carbon-embedded (C-TiO2) photocatalysts for control of gas-phase methyl tertiary-butyl ether (MTBE) under a range of 
different operational conditions. The C-TiO2 photocatalysts were prepared by oxidizing titanium carbide powders at 350oC. The charac-
teristics of the C-TiO2 photocatalysts, along with pure TiC and the reference pure TiO2, were then determined by X-ray diffraction, scan-
ning emission microscope, diffuse reflectance ultraviolet-visible-near infrared (UV-VIS-NIR), and Fourier transform infrared spectros-
copy. The C-TiO2 powders showed a clear shift in the absorbance spectrum towards the visible region, which indicated that the C-TiO2 
photocatalyst could be activated effectively by visible-light irradiation. The MTBE decomposition efficiency depended on operational 
parameters, including the air flow rate (AFR), input concentration (IC), and relative humidity (RH). As the AFRs decreased from 1.5 to 
0.1 L/min, the average efficiencies for MTBE increased from 11% to 77%. The average decomposition efficiencies for the ICs of 0.1, 0.5, 
1.0, and 2.0 ppm were 77%, 77%, 54%, and 38%, respectively. In addition, the decomposition efficiencies for RHs of 20%, 45%, 70%, and 
95% were 92%, 76%, 50%, and 32%, respectively. These findings indicate that the prepared photocatalysts could be effectively applied to 
control airborne MTBE if their operational conditions were optimized.

Keywords: Air flow rate, Input concentration, Relative humidity, Titanium carbide, Visible light 

1. Introduction

Methyl tertiary-butyl ether (MTBE) has received a great deal 
of attention over recent years due to its widespread detection in 
indoor environments, including residential buildings and ve-
hicle interiors. MTBE is added to unleaded gasoline to increase 
the octane rating and enhance combustion efficiency [1, 2]. The 
addition of MTBE to unleaded gasoline reduces atmospheric CO 
emission levels by 10−15% [3], however, it is toxic in its own right 
and building and vehicle occupants are exposed to it through 
its addition to fuel [1, 2]. Previous studies [4, 5] have reported 
that MTBE concentrations may be higher in residences than out-
doors as a result of the atmospheric containment of sources of 
MTBE. A major source of MTBE in such instances may include 
automobiles at parking areas adjacent to buildings and garages, 
where vehicle emissions can penetrate into the building interior. 
The vehicle cabin is also a contained environment associated 
with elevated personal exposure to MTBE [6]. MTBE is a poten-
tial carcinogen and causes other adverse health effects, such as 
dizziness, nausea, eye irritation, and headache [7]. These charac-
teristics of MTBE along with its prevalence around humans have 

prompted the development of control measures to lower health 
risks of building and vehicle occupants from indoor exposure.

Heterogeneous photocatalysis using semiconductors is con-
sidered to be a viable tool for the treatment of air and water pol-
lution. Among various semiconductors, titanium dioxide (TiO2) 
has primarily been used for the photocatalytic control of water 
and air pollutants due to its outstanding photocatalytic perfor-
mance and stability toward photocorrosion [8]. The photocata-
lytic process converts light energy into chemical energy. How-
ever, because of its high band gap energy (3.2 eV), this process 
requires UV light irradiation <387 nm to generate electron-hole 
pairs [7]. Many researchers have attempted to modify TiO2 to im-
prove its light absorption capacity and photocatalytic oxidation 
efficiency under visible-light irradiation conditions using co-
catalytic process, dye sensitization, metallic embedding, metal 
particle loading, and nonmetallic embedding [9-14].

Carbon-doped TiO2 (C-TiO2) is a prospective heterogeneous 
photocatalyst that is enhanced by nonmetallic doping tech-
niques, because C-TiO2 photocatalysts effectively extend the light 
absorbance into the visible region due to their unique electrical 
and structural properties [13]. Several researchers have prepared 
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tor was then dried at 100oC for 30 min and was then calcined in 
an oven for a further 30 min at the same temperature that was 
used for its oxidation. 

A daylight lamp with a geometry that allowed for uniform 
light distribution onto the surfaces of the photocatalysts was 
inserted inside the coated reactor, and the outside of the reac-
tor was wrapped with aluminum foil to prevent light loss from 
the reactor lamp through the Pyrex reactor window, as well as to 
stop the influx of light from external sources. The standard gas 
was prepared by injecting MTBE into a mixing apparatus using 
a syringe pump (KDS210; KD Scientific, Holliston, MA, USA) and 
by mixing with humidified air. This gas flowed above the photo-
catalyst-coated Pyrex reactor. The humidity level was controlled 
by making zero-grade air pass through an activated carbon filter, 
followed by water-contained impingers in a water bath. The rela-
tive humidity (RH) was monitored adjacent to the photocatalytic 
reactor inlet and outlet using a humidity meter. AFR was adjust-
ed using both rotameters and a mass-flow meter. 

The photocatalytic activities of the photocatalysts were ex-
amined under different conditions on the basis of AFRs, input 
concentrations (ICs), and RHs. The AFR range for these experi-
ments was set at 0.1−1.0 L/min (0.1, 0.3, 0.5, and 1.0 L/min), cov-
ering a broad range. The ICs ranged from 0.1−2.0 ppm (0.1, 0.5, 
1.0, and 2.0 ppm), which included in-vehicle concentration lev-
els [2]. The RH was adjusted to 20−95% (20%, 45%, 70%, and 95%) 
to cover both dry and humidified environmental conditions. For 
the test of each parameter, other parameters were fixed to their 
representative values: AFR, 0.5 L/min; IC, 0.1 ppm; and RH, 45%. 
Visible-light radiation was provided using an 8-W fluorescent 
daylight lamp (F8T5DL; Youngwha Lamp Co., Seoul, Korea). The 
spectrum of this light source was 400−720 nm. Its intensity was 
determined to be 2.1 mW/cm2, at a distance from the visible-
light lamp equal to half the hydraulic diameter (HD, 1.0 cm) – 
defined as the inside diameter of the annular reactor tube, minus 
the outside diameter of the lamp – of the reactor, by using a digi-
tal Lux meter (DX-100; INS Enterprise, Taipei, Taiwan). Although 
the daylight lamp used in this study irradiated UVA light at 0.1 
mW/cm2, the commercially-available daylight lamp was used as 
a light source for practical photocatalytic applications, instead 
of pure visible-light source. The coating weight of the C-TiO2 
photocatalyst was approximately 3.3 mg/cm2. For comparison, 
the current study additionally investigated the plug-flow reac-
tor coated with pure TiC under the representative experimental 
conditions.

Air sampling was carried out by filling a clean Tedlar bag at 
both the reactor inlet and outlet for 10 min with a specified time 
interval. The collected chemical species were analyzed using a 
gas chromatographer (Agilent 7890) with a fused silica column 
(Supelco SPB-5) which was coupled with a flame ionization de-
tector. The peak areas for compounds other than MTBE on the 
chromatogram were negligible; thus, they were neither qualified 
nor quantified. The quality control program for the measure-
ments of MTBE involved laboratory blank and spiked samples. 
The method detection limit of MTBE was 1.2 ppb. 

3. Results and Discussion

3.1. Characteristics of the Prepared Photocatalysts 

The characteristics of pure TiC, C-TiO2, and the reference 
pure TiO2 were determined utilizing XRD, Fig. 1. SEM, UV-VIS-

C-TiO2 photocatalysts using a variety of synthesis processes, 
including chemical vapor deposition, thermal oxidation of tita-
nium carbide, sol-gel processes, and hydrothermal methods [15-
19]. These studies have revealed that C-TiO2 photocatalysts have 
high photocatalytic performance under visible-light irradiation 
conditions. For these studies, photocatalytic performance tests 
were primarily carried out in the aqueous phase to investigate 
the decomposition of water pollutants such as 4-chlorophenol, 
dye reactive brilliant red X-3B, methyl orange, methylene blue, 
phenol, rhodamine B, and trichloroacetic acid. However, the 
light absorbance of photocatalysts and reaction kinetics of en-
vironmental pollutants differ at the liquid-solid and gas-solid 
interfaces. For gas-solid photocatalytic reactions, the photo-
catalytic performance primarily depends on the concentrations 
and types of gas-phase compounds, air flow rate (AFR), light in-
tensity, and humidity. Conversely, the major parameters associ-
ated with liquid-solid photocatalytic reactions involve ions, pH, 
concentrations, types of water pollutants, and light intensity [8]. 
These differences imply that the photocatalytic performance ob-
tained from aqueous-phase applications may not be calculated 
based on data from gas-phase applications. In order to more ac-
curately estimate the performance of such systems, this study 
assessed the photocatalytic activities of C-TiO2 photocatalysts 
for purification of gas-phase MTBE under different experimental 
conditions. MTBE was chosen as a target pollutant based on its 
prevalence in vehicle interiors and its toxicity [6, 7].

2. Materials and Methods

2.1. Preparation and Characterization of Photocatalysts

Titanium carbide (TiC) powders were purchased from Taiji-
Ring Co., China and were oxidized at 350oC to prepare C-TiO2 
photocatalysts. TiC powders were sprayed uniformly onto a 
glass plate and were then oxidized at the specified temperature 
(350oC) for 8 hr to give grey powders [16]. The prepared pow-
ders, along with pure TiC powders and reference Degussa P25 
pure TiO2 powders, were then characterized by X-ray diffraction 
(XRD), scanning emission microscope (SEM), diffuse reflectance 
ultraviolet-visible-near infrared (UV-VIS-NIR), and/or Fourier 
transform infrared (FTIR) spectroscopy. XRD patterns were mea-
sured using a Rigaku D/max-2500 diffractometer with Cu Kα ra-
diation operated at 40 kV and 100 mA. The powder morphology 
was observed using the Hitachi S-4300 and EDX-350 field emis-
sion (FE)-SEM at an acceleration voltage of 15 kV. Visible absorp-
tion spectra were identified using a Varian CARY 5G spectropho-
tometer equipped with an integrating sphere. FTIR analysis was 
conducted using a PerkinElmer Spectrum GX spectrophotome-
ter at a resolution of 4/cm in the spectral range of 400−4,000/cm. 

2.2. Photocatalytic Performance Test

The photocatalytic performances of the photocatalysts were 
examined using a cylindrical photocatalytic reactor, which was 
prepared using a Pyrex tube with a 4.5 cm inside diameter and a 
length of 26.5 cm [20]. The inner surface of the reactor was coat-
ed with the C-TiO2 photocatalyst. To accomplish this, the pow-
ders were ground in a ceramic bowl and were mixed with 0.1 M 
aqueous EDTA solution, after which deionized water was added 
to dilute the mixture. Subsequently, Triton X-100 was added and 
the mixture was pasted onto the Pyrex reactor. The pasted reac-
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For the C-TiO2, the peak which appeared at 36.0o 2θ is likely due 
to the overlap of TiC and TiO2 rutile phase, while the other peaks 
are attributed to anatase or rutile phases [18, 21]. In addition, it 
is noteworthy that the peak intensity of the rutile crystal phase 
was stronger for C-TiO2 than for pure TiO2, whereas the reverse 
was true for the anatase crystal phase, providing a higher rutile-
to-anatase ratio for the C-TiO2. Consequently, it was confirmed 
that TiO2 crystal phases were formed during the oxidation of TiC 
at high temperature conditions.    

Fig. 2 shows the SEM images of pure TiC, C-TiO2, and the ref-
erence pure TiO2. The sizes of agglomerated particles were simi-
lar for pure TiC and C-TiO2, indicating that the synthesis process 
for C-TiO2 by oxidizing TiC does not change the size of particles. 
However, the sizes of agglomerated particles were larger for C-
TiO2 than the reference pure TiO2. As demonstrated by the XRD 
results, C-TiO2 exhibited a higher rutile-to-anatase ratio as com-
pared with the pure TiO2. In addition, the crystallite size of rutile 
phase is generally larger than that of anatase phase [22]. Accord-
ingly, the larger particle size for the C-TiO2 is ascribed to the ru-
tile phase crystal phase with larger particle sizes. 

Fig. 3 shows the UV-visible absorption spectra of pure TiC, 
C-TiO2, and the reference pure TiO2. The P25 TiO2 revealed an 
absorption edge at λ ≈ 420 nm, which was consistent with that 
reported by other researchers [20, 23]. In contrast, absorption 
edge of pure TiC and C-TiO2 shifted to the visible-light range. The 
optical absorption thresholds for both types of powders were 
>700 nm. For C-TiO2, the absorption shift to the visible-light 
range were attributed to the presence of carbonate species at in-
terstitial positions of TiO2 lattice [19]. Similarly, previous studies 

NIR, and FTIR spectroscopy. When applied to analysis by XRD, 
pure TiC exhibited several TiC-associated peaks, but not any 
TiO2-associated peaks, such as anatase and rutile crystal phases. 
This indicates that TiO2 crystal phases were not included in the 
TiC. In contrast, C-TiO2 showed not only one TiC-related peak at 
36.5o 2θ, but also an anatase titania phase with a distinct peak at 
25.2o 2θ and a rutile titania phase with a distinct peak at 27.4o 2θ. 

Fig. 1. X-ray diffraction spectra of titanium carbide (TiC), carbon-
doped TiO2 (C-TiO2), and pure titanium dioxide (TiO2).

Fig. 2. Scanning electron microscope pattern of titanium carbide (TiC), carbon-doped TiO2 (C-TiO2), and pure titanium dioxide (TiO2).
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[19, 21] reported that the C-TiO2 photocatalysts prepared using 
other synthetic routes showed a light absorbance shift to the vis-
ible-light region, although their absorbance intensities differed. 
As such, these findings suggest that the C-TiO2 photocatalysts y 
could be activated under visible-light range. 

The FTIR spectra of pure TiC, C-TiO2, and the reference pure 
TiO2 are presented in Fig. 4. Two bands at 3,440/cm and 1,626/
cm were appeared for the pure TiC as well as C-TiO2 and pure 
TiO2. The band at 3,440/cm corresponds to the O-H stretching vi-
bration, whereas the band at 1,626/cm results from O-H bending 
of adsorbed water molecules [21, 24]. Other bands below were 
also observed for the oxidized photocatalysts, whereas they were 
negligibly observed for the TiC. These bands were ascribed to the 
titania crystal lattice vibration [25]. However, the bands at 460 
and 694 nm, which were assigned to the stretching vibration of 
Ti−O [26], were much stronger for pure TiO2 than for pure TiC or 
C-TiO2. Moreover, for the peak at <1,000/cm the frequency was 
shifted from 694 nm for TiO2 to lower values for C-TiO2. This fre-
quency movement to a lower wavelength for C-TiO2 is likely due 
to the interaction between the impregnated C atoms. 

3.2. Control Efficiencies of C-TiO2 Photocatalysts 

The control efficiencies for MTBE determined via prepared 
C-TiO2 photocatalysts were investigated under a range of opera-
tional conditions, which were determined on the basis of three 
parameters (IC, AFR, and RH). Fig. 5 shows the photocatalytic 
decomposition efficiency for MTBE determined via the C-TiO2 
according to AFRs. Similar to other photocatalytic studies [27, 
28], the MTBE decomposition efficiency decreased with increas-
ing AFRs. As the AFRs was increased from 0.1 to 1.5 L/min, the 
average efficiencies for MTBE decreased from 77% to 11%, sug-
gesting that AFR was still an important parameter for the pho-
tocatalytic decomposition mechanism of the C-TiO2 system. As 
AFR was increased, the bulk mass transport of target compounds 
from the gas-phase to the surface of the catalyst particle, which is 
an important heterogeneous catalytic reaction process, would be 
increased mainly due to convection and diffusion [29]. As such, 
the decomposition rate would increase as AFR was increased, in-
dicating that MTBE decomposition is limited to the mass trans-
fer to C-TiO2 surface. However, this pattern is in contrast to that 
determined in the current study. At higher AFRs the gas retention 
time in the photocatalytic reactor would be too short to provide 
sufficient MTBE transfer from the gas phase to the solid catalyst 
surface [29, 30]. The gas retention times in the current study were 
76, 15.2, 7.6, and 3.8 sec for AFRs of 0.1, 0.5, 1.0, and 1.5 L/min, 
respectively. They were determined by dividing the photocata-
lytic reactor volume by AFR. Consequently, the lower efficien-
cies at higher AFRs indicate that an insufficient reactor retention 
time effect would exceed the bulk mass transport effect on MTBE 
decomposition on the catalyst surfaces. Meanwhile, our prelimi-
nary study showed that photocatalytic MTBE decomposition by 
Degussa P25 TiO2 under visible-light was negligible.

Fig. 6 exhibits the photocatalytic MTBE decomposition ef-
ficiency of C-TiO2, as determined according to the ICs. The 
decomposition efficiencies did not vary significantly with in-
creasing IC within the range of 0.1−1.0 ppm. The average decom-
position efficiencies for the ICs of 0.1, 0.5, 1.0, and 2.0 ppm were 
77%, 77%, 54%, and 38%, respectively. This suggests that within 
this concentration range photocatalytic decomposition would 
occur on the C-TiO2 surface through a Langmuir-Hinshelwood 
mechanism via first-order reaction kinetics. In contrast, Jo and 

Fig. 3. UV-visible absorption spectra of titanium carbide (TiC), 
carbon-doped TiO2 (C-TiO2), and pure titanium dioxide (TiO2).

Fig. 4. Fourier transform infrared spectra of titanium carbide (TiC), 
carbon-doped TiO2 (C-TiO2), and pure titanium dioxide (TiO2).

Fig. 5. Methyl tertiary-butyl ether decomposition efficiency (DE, 
%) of photocatalytic systems with carbon-doped TiO2 (C-TiO2) 

photocatalyst according to air flow rate (0.1, 0.5, 1.0, and 1.5 L/min).
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for MTBE determined via the C-TiO2 according to RH. The MTBE 
decomposition efficiency decreased with increasing RH. The 
average decomposition efficiencies for 20%, 45%, 70%, and 95% 
were 92%, 76%, 50%, and 32%, respectively. This pattern was 
consistent with that of other types of photocatalysts reported by 
other studies [20, 32]. For example, Sleiman et al. [32] reported 
that using low IC conditions (0.02−0.4 ppm), the toluene decom-
position efficiency decreased with increasing RH within the RH 
range of 55−95%. With respect to high RH conditions, excessive 
water molecules would preferably occupy active sites on the 
photocatalyst surface, causing a decrease in the reaction rate. 
Therefore, it is suggested that like other types of photocatalysts, 
the photocatalytic decomposition efficiency of C-TiO2 depends 
on RH. 

4. Conclusions

This work determined the morphology and the photocatalyt-
ic activities of C-TiO2 photocatalysts for the control of gas-phase 
MTBE under a range of different environmental conditions. 
The surface and morphological of C-TiO2 could be successfully 
determined. A number of C-TiO2 photocatalysts with different 
photocatalytic characteristics were prepared, and were analyzed 
for their relative activity alongside commercially available TiO2 
photocatalysts. The C-TiO2 powders showed a clear shift in the 
absorbance spectrum towards the visible region, which indicates 
that the C-TiO2 photocatalyst could be activated effectively by 
visible-light irradiation. The efficiency of MTBE decomposition 
depended on the operational parameters, such as AFR, IC, and 
RH. It is further suggested that C-TiO2 photocatalysts could be 
effectively applied for airborne MTBE purification inside vehi-
cles if their operational conditions are optimized.
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