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Abstract
Limited information is available on the degradation of volatile hydrocarbons determined via the use of plate-inserted photocatalytic 

reactors. This has led to the evaluation of surface areas of cylindrical continuous-flow photocatalytic reactors for the degradation of 
three selected aromatic hydrocarbons. Three types of reactors were prepared: a double cylinder-type, a single cylindrical-type without 
plates and a single cylindrical-type with inserted glass tubes. According to diffuse reflectance, FTIR and X-ray diffraction (XRD) spec-
troscopy, the surface characteristics of a coated photocatalyst were very similar to those of raw TiO

2
, thereby suggesting that the coated 

photocatalyst exhibited the same photocatalytic activity as the raw TiO
2
. The photocatalytic degradation efficiencies were significantly 

or slightly higher for the single cylinder-type reactor than for the double cylinder-type reactor which had a greater catalytic surface area. 
However, for all target compounds, the degradation efficiencies increased gradually when the number of plates was increased. Accord-
ingly, it was suggested that the surface area being enhanced for the plate-inserted reactor would elevate the photocatalytic degradation 
efficiency effectively. In addition, this study confirmed that both initial concentrations of target compounds and flow rates were impor-
tant parameters for the photocatalytic removal mechanism of these plate-inserted photocatalytic reactors.
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1. Introduction

Volatile hydrocarbons which are present in large quantities 
in multiple environments have been the recipient of a great deal 
of work mainly because of their toxic effects on human health. In 
particular, aromatic compounds such as toluene, ethyl benzene 
and xylenes have been detected at high concentration levels in 
both industrial and residential environments, mainly resulting 
from anthropogenic sources such as motor vehicle exhausts 
and other combustion processes utilizing fossil fuels, petroleum 
storage and distribution, solvent usage as well as other industri-
al processes [1, 2]. These compounds are classified as hazardous 
air pollutants, which can cause a variety of health problems such 
as cancerous illnesses, respiratory irritation and central nervous 
system damage [3, 4]. In addition, they are closely associated 
with a variety of types of DNA damage such as single-strand 
breaks, double-strand breaks and oxidative base modification 
with neurotoxicity as well as hepatotoxicity [5, 6]. These char-
acteristics of aromatic hydrocarbons led to the development of 
control measures for reducing health and environmental risks 
from exposure to these pollutants. 

Photocatalysis has become a highly promising technology 
for the removal of various environmental pollutants [7−9]. In 
particular, this technology has the potential to degrade a broad 
range of volatile hydrocarbons to non-toxic compounds (CO

2
 

and H
2
O). This can be achieved as a result of reactions either 

with molecular oxygen or with hydroxyl radicals and super-oxide 
ions. These super-oxide ions are form after the initial production 
of highly reactive electron and hole pairs, which occurs when 
the photocatalysts are ultraviolet (UV) irradiated [7, 10, 11]. The 
operational efficiency of this technology for environmental pol-
lutants depends upon several photocatalytic conditions [10]. 
The surface area of photocatalysts is an important parameter 
in the photocatalytic degradation processes of environmental 
pollutants [10, 12]. Based on theoretical, numerical and experi-
mental studies, Mo et al. [12] have reported that formaldehyde 
degradation performance could be improved via the enhanced 
surface area of a photocatalytic system. 

Various geometric shapes of photocatalytic reactors have 
been applied to the removal of volatile hydrocarbons [13−15]. 
Amongst these geometries, a cylindrical continuous flow type is 
one of the most commonly used reactors for air control applica-
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actor without plates. Fig. 2 illustrates the single cylindrical-type 
with inserted glass tubes. For this type of reactor, both the inner 
surface of the tube and the surfaces of plates exposed to the gas 
flowing through the annular region were coated with thin films 
of TiO

2
 (Degussa P-25). For all reactor types, a cylindrical light 

source was inserted into the tube and served as the inner sur-
face of the cylindrical reactors. The reactor was constructed to 
direct the incoming air flow towards the light in order to increase 
the air turbulence inside the reactor, thereby enhancing the dis-
tribution of the target compounds onto the catalytic surface of 
the reactor. The outer surface of the reactors was wrapped with 
aluminum foil in order to minimize the light loss through the 
reactor surface as well as to prevent light gain from the labora-
tory fluorescent lamps.

2.2. Characterization of Photocatalyst Surface

The surface characteristics of the coated TiO
2 

photocatalysts 
were obtained using a diffuse reflectance UV-VIS-NIR spectro-
photometer, an FTIR spectrophotometer and an XRD meter. Vis-
ible absorption spectra were obtained for the dry pressed disk 
samples using a Varian CARY 5G spectrophotometer equipped 
with an integrating sphere with Polytetrafluoroethylene being 
used as a reference. FTIR analysis was performed on a Perki-
nElmer Spectrum GX spectrophotometer at a resolution of 4 
cm-1 in the spectral range of 400-4,000 cm-1, using a KBR pellet 
for sample preparation. XRD patterns were determined on a 
Rigaku D/max-2500 diffractometer with Cu Kα radiation operat-
ed at 40 kV and 100 mA. The particle morphology was observed 
using a Hitachi S-4300 (Hitachi, Tokyo, Japan) & EDX-350 FE-
SEM (Hitachi) at an acceleration voltage of 15 kV. 

 
2.3. Survey Protocols

Two experiments were conducted for the evaluation of the 
enhanced surface areas of cylindrical continuous-flow photo-
catalytic reactors for the degradation of toluene, ethyl benzene 
and xylenes. For the first experiment, two reactors, a single cy-
lindrical-type reactor without plates and a double cylinder-type 
reactor, were tested for their photocatalytic activity. The major 
operational conditions were as follows: the initial concentration 
(IC) of the individual compound was 0.5 ppm; flow rate of 2 L 
min-1; relative humidity (RH) range of 50−55%; lamp type being 
used was a 8-W fluorescent black light lamp (SANKYO DENKI 
F8T5/BLB; Sankyo Denki, Tokyo, Japan) with a maximum spec-
tral intensity at 352 nm. Under these operational conditions, a 
second experiment was performed to examine the photocata-
lytic characteristics of another two reactors, a single cylindrical-
type reactor without plates and a single cylindrical-type reactor 
with six inserted plates. In addition, the single cylindrical-type 
reactor with inserted plates was investigated for its photocata-
lytic activity under various operational conditions. The photo-
catalytic operational conditions were determined on the basis 
of three operational parameters, the number of plates, ICs and 
the flow rates. The number of plates used was either 0, 3, 6, or 9. 
The ICs used included 0.1, 0.5, 10, 50, 75, and 100 ppm, in order 
to cover both residential and industrial levels. The range of air 
flow rates investigated was from 0.4 to 2.3 L min-1. All other pa-
rameters were fixed to their representative values: the number 
of plates, 6; IC, 0.1 ppm; flow rate, 1 L min-1; RH range, 50−55%. 
However, the representative IC used was 1.0 ppm for the experi-
ment conducted to examine the effect of the fin number on deg-

tions, as it provides a well-characterized reactive catalyst surface 
along the length of the reactor body and allows for uniform light 
distribution [13]. In addition, this geometry allows for lower re-
action times when compared with batch reactors. As such, the 
present study was designed to evaluate the enhanced surface 
areas of cylindrical continuous-flow photocatalytic reactors on 
the degradation of three selected aromatic hydrocarbons (tolu-
ene, ethyl benzene, and xylenes). These target compounds are 
three of the most abundant components contained in gasoline 
and some of the most commonly used in industrial solvents 
[16]. The surface area of photocatalysts was enhanced using two 
different types of reactors, a double cylinder-type reactor and a 
single cylindrical-type reactor with inserted glass plates. For the 
purpose of comparison, another single cylindrical-type reac-
tor without any inserted plates was also prepared. The present 
study also examined the characteristics of the coated photocata-
lyst using diffuse reflectance, FTIR and X-ray diffraction (XRD) 
spectroscopy. 

2. Materials and Methods

2.1. Preparation of Reactors

Three types of reactors were prepared: a double cylinder-type, 
a single cylindrical-type without plates and a single cylindrical-
type with inserted glass tubes. Fig 1 illustrates the double cylin-
der-type reactor, which consists of a cylindrical glass tube with 
another cylindrical glass tube with a smaller diameter placed 
within. Another cylindrical glass tube whose size was same as 
the outer cylindrical tube was used for the single cylindrical re-

Fig. 1. Top and side views of a double cylinder-type reactor.

Fig. 2. Top and side views of a single cylinder-type reactor with 
inserted glass plates.
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crystal phase with a distinct peak at 2θ = 25.2o and a rutile crystal 
phase with a distinct peak at 2θ = 27.4o, these are consistent with 
the results of previous studies [17, 18]. This finding confirms that 
the coated TiO

2 
has similar morphological characteristics to raw 

TiO
2
.

As represented in Fig. 5, major peaks in the FTIR spectrum 

radation efficiency. 
The major experimental parameters that required control 

included control of RH, ICs and flow rates. Humidified air was 
generated by passing zero-grade air through a charcoal filter fol-
lowed by a humidification device in a water bath (Cole-Parmer 
HAAKE W26; Cole-Parmer Inc., Vernon Hills, IL, USA). The RH is 
measured just in front of the PCO reactor inlet using a humidity 
meter (Thermo Recorder TR-72S; T & D Co., Tokyo, Japan). The 
flow rate measurements were carried out using identical rota-
meters (0–10 L min-1) calibrated against a dry test meter (URG 
3000-020C). The humidified air stream then flowed into a Pyrex 
mixing bulb where it was mixed with the standard VOCs, which 
were then injected into the bulb via a syringe pump (KdScientif-
ic Model 210; KdScientific, Holliston, MA, USA). The air stream 
was then finally fed into the PCO reactor.

2.4. Measurements

Target compounds in the air stream were collected by fill-
ing 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 
g of Tenax TA using a constant flow sampling pump (Model 
224-PCXR4; SKC Inc., Eighty Four, PA, USA). All of the samples 
were taken at ambient room temperature (19-25oC). The target 
compounds collected on the sorbent trap were analyzed by cou-
pling a thermal desorption system (Thermal Desorber SPIS-TD; 
Donam Instrument, Seongnam, Korea) to a gas chromatograph 
(Agilent 4890D; Agilent Inc., Wilmington, DE, USA) with a flame 
ionization detector using a 0.32 mm I.D. fused silica column of 
length 60 m (J & W Scientific, Folsom, CA, USA).

The quality assurance/quality control program for measure-
ment of the target compounds included laboratory blank traps 
and spiked samples. At the beginning of the day, a laboratory 
blank trap was analyzed to check for any contamination, how-
ever no such contamination was identified. An external stan-
dard was analyzed daily to check the quantitative response, 
when this differed more than ± 20% from that predicted by the 
specified calibration equation, a new calibration equation was 
determined. The method detection limits ranged from 1.2 to 3.3 
μg m-3, depending on isomers. 

3. Results and Discussion

3.1. Surface Characteristics of the Coated Photocatalyst

The coated TiO
2 

photocatalyst was characterized using three 
spectroscopy methods. The UV-visible absorbance spectrum of 
the photocatalyst is presented in Fig. 3. This photocatalyst re-
vealed maximum absorption at λ < 300 nm, with the absorption 
edge at λ ≈ 430 nm, which was similar to that reported by other 
studies [17−19]. TiO

2 
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 phases respectively [10]. When 
this photocatalyst is irradiated with photons with a wavelength 
of less than 385 nm, the band gap energy is exceeded and an 
electron is promoted from the valence band to the conduction 
band [10]. Accordingly, the maximum absorption obtained at λ < 
300 nm confirms that the coated TiO

2 
can be photocatalytically 

activated in the same way as raw TiO
2
.

Fig. 4 reveals the XRD patterns of coated TiO
2 

calcined at 
500oC for 3 hr. The X-ray diffractograms exhibited an anatase 

Fig. 3. Ultraviolet-visible spectra of TiO2 coated onto reactors.
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Fig. 4. X-ray diffraction (XRD) pattern of TiO2 coated onto reactors.
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Fig. 5. Fourier transforms infrared (FTIR) spectra of TiO2 coated 
onto reactors.
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dation efficiencies increased gradually when the plate number 
was increased. For example, the average degradation efficien-
cies determined via the single cylinder-type reactor with nine 
glass plates inserted were 73%, 76%, and 86% for toluene, ethyl 
benzene and xylenes respectively, whereas those for the single 
cylinder-type reactor without any plates inserted were 45%, 
53%, and 54%. The elevated degradation efficiency for the for-
mer type of reactor is mainly attributed to the increased reaction 
area and mass transfer rate for the plate-inserted reactor [12]. 
Meanwhile, the light intensity measured at the inner catalytic 
surface of the former reactor with nine plates (3.7 mW cm−2) was 
somewhat lower than that for the latter reactor (4.2 mW cm−2). 
This is likely due to the interference in light transport caused 
by the plates from the lamp to the inner catalytic surface of the 
single cylinder-type reactor with inserted plates [12]. As such, 
the gradual increase in the degradation efficiency with number 
of plates suggests that the effects of an increased reaction area 
and mass transfer rate would outweigh the effects of the light-
intensity decrease on the inner wall surface on the degradation 
efficiency. 

of the photocatalyst were located at 3,436-3,410, 1,640-1,631, 
and 683-675 cm-1. Similarly, Mejía et al. [20] reported four main 
absorption peaks located at 3,480, 1,600, 1,030 and 530 cm-1 for 
their TiO

2
 samples. The band at 3,436-3,410 cm-1 appears to be 

due to the O-H stretching vibration, while the band at 1,640-
1,631 cm-1 is likely due to O-H bending of the water molecules 
absorbed on the catalyst surface [21, 22]. The correspondence of 
the band below 1,000 cm-1 could have been due to vibration of 
the titania crystal lattice [22]. Consequently, the surface charac-
teristics of the coated photocatalyst were very similar to those of 
the raw TiO

2
, suggesting that the coated photocatalyst exhibited 

the same photocatalytic activity as raw TiO
2
. 

3.2. Photocatalytic Activities

The present study evaluated the enhanced surface areas of 
cylindrical continuous-flow photocatalytic reactors for the pho-
tocatalytic degradation of selected aromatic hydrocarbons using 
three different reactor types. The destruction of the VOCs occurs 
as a result of reactions with the molecular oxygen or reactions 
with hydroxyl radicals and super-oxide ions formed after the ini-
tial production of highly reactive electron and hole pairs when 
the photocatalyst is light-irradiated. Fig. 6 illustrates the pho-
tocatalytic degradation efficiencies of toluene, ethyl benzene 
and xylenes determined via single and double cylinder-type 
reactors. With respect to two of the compounds, toluene and 
ethyl benzene, the degradation efficiencies were significantly 
or slightly higher for the single cylinder-type reactor (499 cm2) 
than for the double cylinder-type reactor (707 cm2), which had 
a greater catalytic surface area. The degradation efficiencies for 
the single cylinder-type reactor were 77% and 84% for toluene 
and ethyl benzene respectively, while for the double cylinder-
type reactor they were 53% and 78%. Considering their catalytic 
surface areas only, the degradation efficiency for the double 
cylinder-type reactor ought to be higher since the photocatalyti-
cally active surface area is an important parameter [10,12]. How-
ever, the average light intensity irradiated onto the catalyst sur-
face measured at the inner catalytic surface of the outer tube for 
the double cylinder-type reactor (0.8 mW cm−2) was much lower 
than that for the single cylinder-type reactor (4.2 mW cm−2). This 
is most likely due to the blocking effect of the TiO

2
 film coated on 

the outer surface of the inner tube for the double cylinder-type 
reactor. Light intensity is another important parameter in the 
photocatalytic processes of chemicals [10]. As such, the current 
finding suggests that the light intensity effect would outweigh 
the enhanced surface area effect on the photocatalytic degrada-
tion efficiencies of the target compounds. In contrast to toluene 
and ethyl benzene, the degradation efficiencies for xylenes were 
not significantly different between the single cylinder-type reac-
tor and the double cylinder-type reactor. One possible explana-
tion for this result is that xylenes have higher photocatalytic oxi-
dation rates when compared to the other two compounds [23]. 
Since both reactors revealed high degradation efficiencies, the 
differences are barely distinguishable. 

This work was derived to examine a new reactor having an 
enhanced catalytic surface area. Fig. 7 represents degradation 
efficiencies of toluene, ethyl benzene and xylenes determined 
by the number of plates via a single cylinder-type reactor with 
inserted glass plates whose surfaces were coated with TiO

2
. The 

experimental conditions used to obtain the data for Fig. 7 were 
different from those for Fig. 6, which were described in section 
2.3. Survey Protocols. For all of the target compounds, the degra-

Fig. 6. Photocatalytic degradation efficiencies (PDEs, %) of toluene, 
ethyl benzene and xylenes determined via single and double cylinder-
type reactors. 
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likely due to a competitive adsorption rate between the contam-
inant molecules on the catalyst surface, since this adsorption 
rate is an important parameter with respect to the photocata-
lytic degradation efficiency [25, 26]. The adsorption competition 
would be even greater at higher ICs. This suggests that, although 
the surface area of the catalyst was increased for the surface-
enhanced photocatalytic reactors, the adsorption rate is still an 
important parameter for the photocatalytic removal mechanism 
of the inserted plate photocatalytic reactors.  

Fig. 9 illustrates the effects of FRs on degradation efficiencies 
of the target hydrocarbons. FR is closely associated with the resi-
dence time and face velocity in the reactors [27−29]. The rela-
tionships between degradation efficiencies and FRs for toluene, 
ethyl benzene and xylenes respectively, are as follows:

PDE (toluene) = 69.2/FR + 25.3                  (R2= 0.85, p<0.05)        (4)
PDE (ethyl benzene) = 54.4/FR + 40.4     (R2= 0.80, p<0.05)        (5)
PDE (xylenes) = 50.0/FR + 47.3                   (R2= 0.80, p<0.05)         (6)

The degradation efficiency of all of the compounds de-
creased as the FR increased. As the FR increased from 1.0 to 3.0 
L min-1, the average degradation efficiencies obtained from the 
6-hr PCO process in the 6 plate inserted photocatalytic reactor 
decreased from 87% to 42%, from 89% to 52% and from 91% to 
57% for toluene, ethyl benzene and xylenes respectively. The 
lower degradation efficiencies for the target compounds at the 
high flow rates are most likely due to an insufficient reactor resi-
dence time for these pollutants to transfer from the gas phase 
to the catalyst surface [28, 29]. This assertion is supported by 
finding that the residence times in the present study, which were 
calculated by dividing the reactor volume by the flow rate, were 
39.7, 26.5, 19.9, 15.9, 15.9 and 13.2 sec for flow rates of 1.0, 1.5, 
2.0, 2.5 and 3.0 L min-1 respectively. As such, it is suggested that 
similar to no-plate inserted photocatalytic reactors [28, 29], the 
FR is still an important parameter for the photocatalytic removal 
mechanism in plate-inserted photocatalytic units.  

4. Conclusions

The present study evaluated enhanced surface areas for cy-
lindrical continuous-flow photocatalytic reactors on the degra-
dation of three selected aromatic hydrocarbons (toluene, ethyl 
benzene, and xylenes). This purpose was achieved by compar-
ing two sets of two reactors, a single cylindrical-type reactor 
without plates with a double cylinder-type reactor and a single 
cylindrical-type reactor without plates with a single cylindrical-
type reactor with six inserted plates. These were compared for 
their photocatalytic activities on the target compounds. With 
regards to these pollutants, the degradation efficiencies were 
significantly or slightly higher for the single cylinder-type reac-
tor than for the double cylinder-type reactor which had a greater 
catalytic surface area. This result suggests that the surface area 
which was enhanced for the double cylinder-type reactor would 
not elevate the photocatalytic degradation efficiency of the tar-
get compounds. However, it was found that for all of the target 
compounds, the degradation efficiencies increased gradually 
when the number of plates was increased, thereby suggesting 
that the surface area, when enhanced in the plate-inserted re-
actor would effectively elevate the photocatalytic degradation 
efficiency. In addition, this study confirmed that under the ex-
perimental conditions used in the present study, both IC and FR 

The degradation efficiencies of the target compounds ac-
cording to the IC, as determined via the single cylinder-type re-
actor with six plates inserted are exhibited in Fig. 8. The relation-
ships between the degradation efficiencies and ICs for toluene, 
ethyl benzene and xylenes respectively, are as follows:

PDE (toluene) = 6.9/IC + 22.4    (R2= 0.73, p<0.05)                        (1)
PDE (ethyl benzene) = 6.6/IC + 28.4  (R2= 0.77, p<0.05)               (2)
PDE (xylenes) = 5.1/IC + 45.7    (R2= 0.62, p<0.05)                           (3)

Where PDE represents the photocatalytic degradation efficien-
cies expressed as a percentage, which exhibit a decreasing trend 
with the increase in IC. When the IC is increased from 0.1 to 100 
ppm, the average degradation efficiencies decreased from 86% 
to 8%, from 88% to 11% and from 92% to 27% for toluene, ethyl 
benzene and xylenes respectively. Similarly, previous studies 
[24−26] also reported this IC dependence on the removal effi-
ciency of several volatile hydrocarbons, as determined via TiO

2
 

systems without any plates inserted. This IC dependence is most 

Fig. 8. Photocatalytic degradation efficiencies (PDEs, %) of toluene, 
ethyl benzene and xylenes by the number of plates against initial 
concentrations. Efficiencies relative to a single cylinder-type reactor 
with six plates inserted whose surfaces were coated with TiO2.
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were important parameters in the photocatalytic removal mech-
anism of these plate-inserted photocatalytic reactors. However, 
it is noteworthy that different IC or FR dependency for the aro-
matic hydrocarbon degradation efficiency can be found under 
other experimental conditions. 
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