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요 약

본 연구는 황 원소와 질소 원소가 도핑된 이산화티타늄의 특성을 조사하고 8-와트(W) 일반 램프와 가시광선 영역의 발광 다

이오드 조사 조건에서 낮은 농도수준의 가스상 이소프로필 알코올(isopropyl alcohol, IPA)의 광촉매적 분해능에 대하여 조

사하였다. 또한, 이소프로필 알코올의 광촉매 분해시 발생되는 아세톤의 생성에 대해서도 조사하였다. 황 원소와 질소 원소

가 도핑된 이산화티타늄의 표면 조사결과, 두 촉매들은 가시광선 조사(visible light-emitting-diodes, LEDs)에 의해 효율적으

로 활성화될 수 있는 것으로 나타났다. 두 촉매 모두에 대하여, 공기 유량이 감소함에 따라 이소프로필 알코올의 제거 효율

이 증가하는 것으로 나타났다. 황 도핑 촉매의 경우, 유량이 0.1 L min-1일 때 이소프로필 알코올 제거효율이 거의 100%로 나

타난 반면에 유량이 2.0 L min-1일 때 이소프로필 알코올 제거효율은 39%로 나타났다. 질소 도핑 촉매의 경우에는, 유량이 

0.1 L min-1일 때 이소프로필 알코올 제거효율이 거의 100%로 나타난 반면에 유량이 2.0 L min-1일 때 이소프로필 알코올 제

거효율은 90% 이상으로 나타났다. 이소프로필 알코올 제거 효율과는 달리, 유량 감소에 따라 아세톤 생성율은 감소하는 것

으로 나타났다. 결과적으로, 아세톤 생성을 최소화하고 이소프로필 알코올 제거 효율을 높이기 위해서는 질소 도핑 촉매를 

낮은 유량 조건에서 작동시키는 것이 나은 것으로 나타났다. 또한, 이소프로필 알코올 제거를 위해 가시광선 조사 발광 다이

오드보다 8-와트 일반램프가 효율적인 것으로 나타났다. 

주제어 : 질소 도핑, 황 도핑, 공기 유량, 아세톤 생성, 발광 다이오드 

Abstract : This work explored the characteristics and the photocatalytic activities of S element-doped TiO2 (S-TiO2) and N 
element-doped TiO2 (N-TiO2) for the decomposition of gas-phase isopropyl alcohol (IPA) at sub-ppm concentrations, using a 
plug-flow reactor irradiated by 8-W daylight lamp or visible light-emitting-diodes (LEDs). In addition, the generation yield of 
acetone during photocatalytic processes for IPA at sub-ppm levels was examined. The surface characteristics of prepared S- and 
N-TiO2 photocatalysts were analyzed to indicate that they could be effectively activated by visible-light irradiation. Regarding 
both types of photocatalysts, the cleaning efficiency of IPA increased as the air flow rate (AFR) was decreased. The average clea-
ning efficiency determined via the S-TiO2 system for the AFR of 2.0 L min-1 was 39%, whereas it was close to 100% for the AFR 
of 0.1 L min-1. Regarding the N-TiO2 system, the average cleaning efficiency for the AFR of 2.0 L min-1 was above 90%, whereas 
it was still close to 100% for the AFR of 0.1 L min-1. In contrast to the cleaning efficiencies of IPA, both types of photocatalysts 
revealed a decreasing trend in the generation yields of acetone with decreasing the AFR. Consequently, the N-TiO2 system was 
preferred for cleaning of sub-ppm IPA to S-TiO2 system and should be operated under low AFR conditions to minimize the 
acetone generation. In addition, 8-W daylight lamp exhibited higher cleaning efficiency of IPA than for visible LEDs.

Keywords : N-doped, S-doped, Air flow rate, Acetone generation, Light-emitting-diode

1. Introduction

Heterogeneous photocatalysis over semiconductors has become 
a promising technology for environmental remediation, since it 
has a potential to oxidize several organic pollutants and relatively 
high decomposition efficiency under certain operating conditions 
[1,2]. In the presence of light illumination over semiconductors, 
if the energy of the incident light is equivalent to the band gap 
energy of the semiconductor, electrons would be excited from 

the valence band to the conduction band of the semiconductor 
and holes would be left in the valence band[3]. These electrons 
and holes could undergo subsequent oxidation and reduction 
reactions with any species, which might be adsorbed on the sur-
face of the semiconductor to give the necessary products. Among 
several semiconductors, TiO2 is the most commonly employed 
photocatalyst due to inexpensive cost, readily availability, and 
chemical stability[4,5]. However, TiO2 exhibits a relatively high 
activity only under UV light, which exceeds the band-gap energy 
of 3.0 or 3.2 eV in the rutile or anatase crystalline phase, respec-
tively, limiting its practical applications[6]. 

As such, modification of photocatalysts for the enhancement 
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of light absorption and photocatalytic activity under visible light 
irradiation has been the focus of recent studies. 

In particular, TiO2 photocatalysts impregnated with non-metal 
elements, such as sulfur (S) and nitrogen (N), have received 
more recent attention as one of the most attractive photocatalyst 
groups that exhibit relatively high activities under visible light 
[7-10]. It is noteworthy that calcination temperature of a pho-
tocatalyst for a preparation process can be an important factor, 
which influences its surface characteristics and thus, its photo-
catalytic activities[11,12]. As compared with unmodified TiO2, 
this kind of study was much less reported for element-doped 
photocatalysts in literature. This assertion has led the present 
study to investigate the effects of calcinations temperatures of 
the element-doped photocatalysts on surface characteristics and 
photocatalytic activities for environmental applications. 

The current study investigated the characteristics and the pho-
tocatalytic activities of S element-doped TiO2 (S-TiO2) and N 
element-doped TiO2 (N-TiO2) for the decomposition of gas-phase 
isopropyl alcohol (IPA) also called 2-propanol at sub-ppm con-
centrations, which are associated with indoor air quality rather 
than industrial emission levels. This was accomplished using 
a plug-flow reactor coated with the as-prepared element-doped 
photocatalysts. Moreover, this study examined the applicability 
of light-emitting-diodes (LEDs) for the photocatalytic processes 
as a light source, because they have newly received attention 
for photocatalytic applications, since they are more efficient in 
converting electricity into light due to high quantum yields close 
to unity, thereby leading to low electricity consumption[13]. The 
target compounds, IPA is generally detected at higher concen-
tration levels in indoor than outdoor environments[14]. In addi-
tion, this compound is a prototype VOC (volatile organic com-
pound) for photocatalytic studies because the initial reaction 
pathway involves almost exclusively the partial oxidation to ace-
tone[15]. Therefore, this study also investigated the generation 
yield of acetone during photocatalytic processes for IPA at sub- 
ppm levels. It is highlighted that this study has a unique charac-
teristic in that the element-doped photocatalysts combined with 
LED as a light source were applied for the photocatalytic decom-
position of low-level gas-phase species.

2. Methods

2.1. Preparation and characterization of visible-light- 
activated photocatalysts

Two types of visible-light-activated photocatalysts (S- and N- 
TiO2) were prepared. For S-TiO2 powders, titanium isopropoxide 
(TIP, 100.0 g) was mixed with thiourea (107.2 g) at a molar ratio 
of 1 : 4 in ethanol (1,000 mL). The mixture was stirred at room 
temperature for 1 h, and a white slurry was obtained after the 
evaporation of ethanol. A white powder was obtained after lea-

ving the white slurry for 3 days at room temperature. This white 
powder was calcined at 450 ℃ for 1 h under aerated conditions.

Urea was used as an N source to prepare N-TiO2 photocata-
lysts. Eight gram of Degussa P25 TiO2 powder was added to 
20 mL of aqueous solution of urea and stirred at room tempera-
ture for 1 h. The resulting mixture was left in the dark for 1 
day and then dried under reduced pressure. N-doped TiO2 pow-
der was calcined at 450 ℃ for 1 h under aerated conditions to 
obtain yellow powder. The calcined powder was washed with 
diluted sulfuric acid and then with pure water, and vacuum-dried. 

The prepared S- and N-TiO2 powders, along with the reference 
pure TiO2, were characterized using an X-ray diffraction (XRD) 
meter, a diffuse reflectance ultraviolet-visible-near infrared (UV- 
VIS-NIR) spectrophotometer, and a Fourier-Transform Infrared 
(FTIR) spectrometer. XRD patterns were determined on a Rigaku 
D/max-2500 diffractometer with Cu Kα radiation operated at 40 
kV and 100 mA. Visible absorption spectra were obtained for the 
dry pressed disk samples using a Varian CARY 5G spectrophoto-
meter equipped with an integrating sphere. FTIR analysis was 
performed on a PerkinElmer Spectrum GX spectrophotometer 
at a resolution of 4 cm-1 in the spectral range of 400-4,000 cm-1. 

2.2. Survey protocol
A plug-flow type photocatalytic reactor was constructed using 

two Pyrex tubes with different diameters but with a same length 
(26.5 cm) (Figure 1). A conventional lamp or a hexahedral tube 
installed with visible LED lamps was inserted inside the smaller- 
diameter Pyrex tube. The inner wall of the outer Pyrex tube 
was coated with a thin film of the N- or S-TiO2 photocatalyst. 
The reactor was designed to direct the flow of incoming air 
toward the UV light in order to increase the air turbulence in-
side the reactor, thereby enhancing the distribution of the target 
compounds onto the photocatalyst surface. The standard gas 
(0.1 ppm) was prepared by injecting standard IPA into a mixing 
chamber via a syringe pump (Model 210, KdScientific Inc.). 

Figure 1. Schematic diagram of photocatalytic reactor.
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The prepared gas was flowed through the annular region between 
the two Pyrex tubes. Its humidity level was adjusted by passing 
zero-grade air through a charcoal filter, followed by a humidifi-
cation device in a water bath. The air flow rate (AFR) was con-
trolled using rotameters calibrated against a dry test meter. 

The photocatalytic activities of N- and S-TiO2 powders were 
evaluated at specified operational conditions. Major operational 
parameters involved the AFRs and type of light sources. The AFR 
range for these experiments was 0.1-2.0 L min-1 (0.1, 0.5, 1.0, and 
2.0 L min-1) to cover a broad range. In addition, two different 
light sources (conventional 8-W daylight fluorescent lamp and 
visible LEDs) were used to test their effects on the photocataly-
tic degradation for IPA. Other parameters were fixed to their re-
presentative values: light source, visible LEDs; initial concentra-
tion, 0.1 ppm; relative humidity, 50-55%; and AFR, 0.5 L min-1. 

For the evaluation of the photocatalytic control efficiencies of 
IPA and the generation yield of acetone, a time series of gase-
ous measurements were collected at the inlet and outlet of the 
photocatalytic reactor prior to and after turning on the lamp. Prior 
to turning on the lamp, six 10-min samples were collected at 
1 h interval for 3 h. Three hours after the introduction of the 
target compounds (after adsorption equilibrium), the lamp was 
turned on, and another series of six 10-min samples were col-
lected at 1 h interval for 3 h. The catalyst was pretreated for 
several hours by making zero-grade air flow through the illu-
minated reactor. The catalyst pretreatment was performed after 
the humidity level at the reactor outlet reached equilibrium. 
When no contamination with the target compounds was mea-
sured in the reactor, the target compounds were introduced. The 
photocatalytic tests were performed under visible-light irradiation 
conditions, whereas the adsorption tests were done in the ab-
sence of visible-light irradiation. 

Gas samples were collected by filling an evacuated 5-L Tedlar 
bag at a constant flow rate. Air from this bag was then drawn 
through a sorbent trap containing 0.3 grams of Tenax TA using 
a constant flow-sampling pump (A.P. Buck Inc. Model I.H). All 
samples were taken at ambient room temperature. The target 
compounds collected on the sorbent trap were analyzed by cou-
pling a thermal desorption system (SPIS TD, Donam Inc.) to 
a gas chromatograph (Agilent 7890A) with a flame ionization 
detector using a 0.32-mm-i.d. by 60-m-length fused silica colu-
mn (SPB-5, Supelco Co.). The quality assurance/quality control 
program for the measurement of target compounds included la-
boratory blank traps and spiked samples. 

3. Results and Discussion

3.1. Surface characteristics of photocatalysts 
The particle morphologies of S- and N-TiO2, along with the 

reference pure TiO2, were observed by utilizing XRD patterns, 

UV-vis spectroscopy, and FTIR patterns. Figure 2 illustrates the 
XRD patterns of pure TiO2 and S- and N-TiO2. For all types 
of photocatalysts, a major peak was appeared at (2θ = 25.2°), 
which is assigned to anatase crystal phase[12,16]. However, 
S-TiO2 and pure TiO2 showed a peak at 2θ = 27.4°, which is 
attributed to rutile crystal phase, whereas N-TiO2 did not. These 
results are ascribed to the difference of Ti source for the pre-
paration of S- and N-TiO2 photocatalysts. The S-TiO2 photoca-
talysts was prepared using TIP as a Ti source, while N-TiO2 
was prepared using the Degussa P25 TiO2. Therefore, the XRD 
patterns were similar for pure TiO2 and N-TiO2 photocatalyst. 
In addition, it is noteworthy that the locations for major XRD 
peaks were nearly same for the two types of photocatalysts (pure 
TiO2 and N-TiO2), although their intensities were not. This is 
likely due to the low amounts of nitrogen in the N-TiO2 photo-
catalysts, respectively. 

Figure 3 exhibits the UV-Vis absorbance spectra of S- and 

Figure 2. XRD pattern of photocatalysts (S-TiO2, N-TiO2, and un-
modified TiO2). 

Figure 3. UV-visible spectra of photocatalysts (S-TiO2, N-TiO2, 
and unmodified TiO2).
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Figure 5. Photocatalytic decomposition efficiency of isopropyl alcohol (a) and generation yield of acetone (b) as determined via photocatalytic
systems with S-TiO2, according to flow rate (0.1, 0.5, 1.0, and 2.0 L min-1).

N-TiO2, along with pure TiO2. Pure TiO2 photocatalysts presented 
the absorption edge at λ≈ 400 nm, which were consistent with 
the results obtained other studies[16-18]. However, for both S- 
and N-TiO2 photocatalysts, the light absorption region was red- 
shifted. This light absorption shift for S- and N-TiO2 was also 
reported by other studies [7,8,17,19]. The shifted absorption 
edges for the S- and N-TiO2 photocatalysts were attributed to 
S and N element doped into TiO2 particles, respectively[7,17, 
19,20]. Consequently, it was identified that in the doping tech-
niques used in the present work, S or N atoms were incorporated 
into two different sites of the bulk phase of TiO2. In turn, these 
findings suggested that the prepared S- and N-TiO2 photoca-
talysts could be effectively activated by visible-light irradiation. 
Meanwhile, a higher N-TiO2 absorbance level was obtained in 
all visible regions, in comparison to the S-TiO2 result. However, 
it is noteworthy that this pattern may be reversed, depending on 
the synthesis routes of the two types of photocatalysts.

The FTIR spectra of pure TiO2 and S- and N-TiO2 are pre-
sented in Figure 4. The absorption peaks of all types of photo-
catalysts were very similar among another, although their inten-
sities are somewhat different. The major absorption peaks were 
observed at 3,411, 1,630, and < 1,000 cm-1. The peak at 3,411 cm-1 
would correspond to the hydroxyl (O-H) stretching vibration, 
while the band at 1,630 cm-1 was ascribed to O-H bending of 
adsorbed water molecules[19,21,22]. When compared with that 
of pure TiO2 previously reported by other researchers as well 
[23,24], the frequency was moved to a slightly lower wavelength 
for both types of the N- and S-TiO2. This frequency movement 
is likely due to the interaction between the doped N or S and 
H atoms[24,25]. The bands below 1,000 cm-1 are assigned to the 
titania crystal lattice vibration[21,22]. It is noteworthy that no 
distinct N- or S-associated peaks were observed for the FTIR re-
sults of the as-prepared photocatalysts. This is attributable to small 
amounts of N or S elements doped into TiO2[19,21,22]. 

Figure 4. FTIR spectra of photocatalysts (S-TiO2, N-TiO2, and 
unmodified TiO2).

3.2. Cleaning efficiencies of IPA and generation yield of 
acetone via S- and N-TiO2 systems

The cleaning efficiencies for IPA determined via N- and S- 
TiO2 photocatalysts were determined in the presence of visible- 
light. Figures 5(a) and 6(a) exhibit the photocatalytic degradation 
efficiencies of IPA obtained from the photocatalytic units with 
S- and N-TiO2 photocatalysts, respectively, according to AFR. 
Regarding both types of photocatalysts, the cleaning efficiency 
of IPA increased as the AFR was decreased. The average clea-
ning efficiency determined via the S-TiO2 system for the AFR 
of 2.0 L min-1 was 39%, whereas it was close to 100% for the 
AFR of 0.1 L min-1. Regarding the N-TiO2 system, the average 
cleaning efficiency for the AFR of 2.0 L min-1 was above 90%, 
whereas it was still close to 100% for the AFR of 0.1 L min-1. 
As such, under the experimental conditions used in this study, 
the N-TiO2 system revealed superior performance for cleaning 
of IPA to S-TiO2 system. Moreover, as AFR was increased, the 
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Figure 6. Photocatalytic decomposition efficiency of isopropyl alcohol (a) and generation yield of acetone (b) as determined via photocatalytic
systems with N-TiO2, according to flow rate (0.1, 0.5, 1.0, and 2 L min-1).

bulk mass transport of target compounds from the gas-phase to 
the surface of the catalyst particle, which is an important hetero-
geneous catalytic reaction process, would be increased mainly 
due to convection and diffusion[26]. As such, the decomposition 
rate would increase as AFR was increased, indicating that IPA 
decomposition is limited to mass transfer to the surface of pho-
tocatalysts. However, this pattern is a 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 suffi-
cient IPA transfer from the gas phase to the solid catalyst surface 
[26,27]. The gas retention times in the current study were 72, 
14.4, 7.2, and 3.6 s for AFRs of 0.1, 0.5, 1.0, and 2.0 L min-1, 
respectively. They were determined by dividing the photoca-
talytic reactor volume by AFR. Consequently, the lower effici-
encies at higher AFRs indicated that an insufficient reactor re-
tention time effect would exceed the bulk mass transport effect 
on IPA decomposition on the catalyst surfaces.

Figures 5(b) and 6(b) shows the generation yields of acetone 
determined via S- and N-TiO2 photocatalytic systems, respec-
tively, according to AFR. This acetone generation is ascribed 
to the partial oxidation of IPA[15,28,29]. In contrast to the clea-
ning efficiencies of IPA, both types of photocatalysts revealed 
a decreasing trend in the generation yields of acetone with de-
creasing the AFR. The average generation yield of acetone ob-
tained from the S-TiO2 system for the AFR of 2.0 L min-1 was 
90%, whereas it was 80% for the AFR of 0.1 L min-1. As regards 
the N-TiO2 system, the average generation yield of acetone for 
the AFR of 2.0 L min-1 was above 79%, whereas it was still 
close to zero for the AFR of 0.1 L min-1. The N-TiO2 system, 
which exhibited higher cleaning efficiency of IPA, showed lower 
generation yield of acetone. Consequently, these findings indi-
cate that the N-TiO2 system is preferred for cleaning of sub- 
ppm IPA to S-TiO2 system and should be operated under low 
AFR conditions to minimize the acetone generation. 

Figure 7. Photocatalytic decomposition efficiency of isopropyl al-
cohol as determined via photocatalytic systems with  S- 
TiO2 and N-TiO2, respectively, according to light source 
type: conventional 8-W daylight fluorescent lamp and 
visible LEDs.

Figure 7 allows the comparison of two light sources (8-W 
daylight and visible LEDs) for their IPA cleaning efficiencies 
determined via S- and N-TiO2 photocatalysts. For S-TiO2 system, 
the cleaning efficiency of IPA was much higher for the 8-W 
daylight lamp than for the LEDs. However, the effect of light 
source type on cleaning efficiency of IPA was indistinguishable 
because both light sources exhibited cleaning efficiencies of 
close to 100% for the N-TiO2 system. Photocatalytic degradation 
efficiency is proportional to light intensity[30,31]. However, the 
daylight (1.1 mW cm-2), which exhibited higher IPA cleaning 
efficiency, had lower light intensity compared to that of the 
LEDs (2.2 mW cm-2). These findings suggest that under the 
experimental conditions used in this study, light intensity was 
not an influential parameter for the difference in degradation 
efficiency between daylight lamp and LEDs. Rather, the wave-
length of daylight lamp was distributed at a wide range of 400-  
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720 nm, which comprised low wavelengths compared to that of 
the LEDs (470 nm). Thus, the higher cleaning efficiency for the 
daylight lamp system was most likely due to its higher light 
energy at a low wavelength. In addition, the N-TiO2/LED system 
showed higher decomposition efficiency of IPA than that of S- 
TiO2/LED system. These findings are ascribed to the greater sp-
ecific surface area of the N-TiO2 (43.2 m2 g-1) compared to S- 
TiO2 (28.3 m2 g-1).

4. Conclusions

This study explored the cleaning efficiency of IPA and gene-
ration yield of acetone using S- and N-TiO2 photocatalytic sys-
tems under visible-light irradiation. According to the survey of 
surface characteristics of prepared S- and N-TiO2 photocatalysts, 
it was indicated that they could be effectively activated by 
visible-light irradiation. Regarding both types of photocatalysts, 
the cleaning efficiency of IPA increased as the AFR was de-
creased, likely due to insufficient reactor retention time at higher 
AFRs. The N-TiO2 system was preferred for cleaning of sub- 
ppm IPA to S-TiO2 system and should be operated under low 
AFR conditions to minimize the acetone generation. Moreover, 
8-W daylight lamp exhibited higher cleaning efficiency of IPA 
than for visible LEDs, likely due to its higher light energy at 
a low wavelength, but not light intensity. 
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