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Abstract—Although several visible light-emitting diode (LED)-irradiated photocatalysts exhibited low photocata-
lytic decomposition efficiencies for toxic gaseous pollutants, activated carbon fiber (ACF) has rarely been used as a
backup adsorption device for photocatalytic systems. Accordingly, this study accessed the applicability of a supplemen-
tal ACF following a visible LED-irradiated S-TiO, unit for the control of low-degraded benzene and toluene. The char-
acteristics of the S-TiO, and ACF were determined using an XRD, a UV-Vis-NIR, and an FTIR spectrophotometer.
For an LED/S-TiO, system, low degradation efficiencies regarding benzene and toluene (close to zero-7.2% and 7.1-
64.4%, respectively) were found. In contrast, the mean degradation efficiencies of both compounds obtained from the
photocatalytic-ACF hybrid system were all close to 100%. In addition, no peaks were observed in the gas chromato-
gram of air samples taken at the outlet of the hybrid system, whereas several trace peaks were observed in the stand-
alone photocatalytic reactor results. The breakthrough of the ACF occurred at approximately 14 and 28 hours for benzene
and toluene, respectively, and saturation occurred at approximately 28 and 42 hours, respectively. Consequently, this
study newly found that the supplemental activated carbon fiber following a visible LED-irradiated S-TiO, unit could

be applied effectively for the control of low-degraded toxic benzene and toluene.
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INTRODUCTION

Heterogeneous photocatalysis has recently been found to be an
attractive technique regarding the remediation of environmental pol-
lutants [1-3]. This technology has the potential to degrade a broad
range of volatile organic compounds (VOCs) to CO, and H,O as a
result of reactions either with molecular oxygen or with hydroxyl
radicals and super-oxide ions formed after the initial production of
highly reactive electron-hole pairs when photocatalysts are UV or
visible-light irradiated [4,5]. The photocatalytic process over pho-
tocatalysts requires a light source that exceeds the band-gap energy
of the photocatalysts. Recent studies [6-9] have suggested the use
of light-emitting diodes (LEDs) as promising alterative light sources
over conventional lamps for the photocatalytic processing of envi-
ronmental pollutants. LEDs have several advantages over conven-
tional light sources [10]. They are more efficient in converting elec-
tricity into light due to their close to unity high quantum yields, there-
by leading to low electrical consumption. LEDs also have a long life
and provide a tunable and nearly monochromatic light. Moreover,
certain studies [7,9] have reported that LEDs could be energy-effi-
ciently utilized as alternative light sources for the photocatalytic de-
gradation of volatile dimethy! sulfide and formaldehyde under vari-
ous operational conditions. Nevertheless, these studies emphasized
that the LED/photocatalytic systems evidenced lower photocatalytic
degradation efficiencies compared to conventional lamp/photocata-
lytic systems. This finding suggests that the application of an LED/
photocatalytic system alone may not be sufficient to effectively con-
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trol certain toxic VOCs that require high removal efficiency in order
to minimize health risks from environmental exposure. In regards
to such cases, the use of a supplemental device, such as an adsorp-
tion system, would aid in the further removal of toxic VOCs exiting
from LED/photocatalytic systems without being decomposed.

The adsorption of VOCs by means of an activated carbon (AC)
bed is a well-known technology with an effective removal efficiency,
even at indoor concentration levels [11]. AC fibers (ACFs) are a
newly developed type of photocatalyst support material consisting
of nanographites. Compared to granular AC, ACF has a larger spe-
cific surface area, a superior rate of adsorption and desorption, and
a faster attainment of adsorption equilibrium [12,13]. Nevertheless,
ACEF has rarely been used as a backup adsorption device for photo-
catalytic systems. Accordingly, the present study investigated the
feasibility of the use of supplemental ACF materials following a visi-
ble LED-irradiated S-doped TiO, (S-TiO,) unit to control low-de-
graded gaseous toxic compounds. Several studies have reported
that S-TiO, exhibited a relatively high photocatalytic activity for
environmental pollutants under visible-light irradiation [14-16], al-
though these studies utilized conventional lamps for their visible-
light source, such as a fluorescent daylight lamp or a mercury-xenon
lamp. The target compounds, benzene and toluene, are frequently
detected at high concentration levels in indoor as well as outdoor
environments [17]; they are toxic or potentially toxic to humans [18].

EXPERIMENTAL

1. Experimental Set-up
The schematic diagram of the experimental set-up is presented
in Fig. 1. The photocatalytic reactor and the ACF unit were con-
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Fig. 1. Schematic diagram of experimental set-up.

nected in a tandem arrangement. The photocatalytic reactor had an
annular geometry, and consisted of a glass tube coated on its inner
surface with a thin film of an S-TiO, photocatalyst. A hexahedral
tube with violet or blue LED bulbous lamps was inserted inside
another Pyrex tube, whose outer surface served as the inner surface
of the annular reactor. The hexahedral tube was made of Teflon (11x
11x285 mm), as a support for the visible-light LEDs. The S-TiO,
photocatalyst was prepared using the method employed by Ohno
et al. (2004). In brief, titanium isopropoxide was mixed with thio-
urea, dried for 3 d, and then calcined at 500 °C. The prepared S-
TiO, powder was coated on the inner surface of the reactors using
the method employed by Xagas et al. [19]. In addition, viscose rayon-
based ACF (Korean Activated Carbon Fiber) in the form of felt was
purchased and washed with ultra-pure water and then, dried at 105 °C
for 3 h prior to use. The carbon content, the surface area, and the
micropore diameter of the ACF were 70 g m™>, 1,000m* g, and
20 A, respectively. A double-cylindrical Pyrex tube was utilized in
order to contain the ACF (0.1 cm thickness and 6.2-cm diameter).
Both the prepared S-TiO, powder and the ACF were characterized
using an X-ray diffraction (XRD) meter (D/max-2500 diffractome-
ter, Rigaku Inc.), a diffuse reflectance ultraviolet-visible-near infra-
red (UV-VIS-NIR) spectrophotometer (Model CARY 5G Varian
Inc.), and a Fourier transform infrared (FTIR) spectrophotometer
(Spectrum GX, PerkinElmer Inc.).

Dried air was supplied by a zero-grade air cylinder. The humid-
ity level was adjusted by passing the dried air through a charcoal
filter, followed by a humidifying device in a water bath (HAAKE
W26, Cole-Parmer Inc.). The relative humidity (RH) was measured,
immediately prior to the photocatalytic reactor inlet, by using a humid-
ity meter (Thermo Recorder TR-72S, T & D Co). The standard gas,
which was prepared by injecting standard compounds into a mix-
ing chamber via a syringe pump (model 210, KdScientific Inc.),
flowed through the annular region of the photocatalytic reactor and
then to the ACF unit. The stream flow rate (SFR) was controlled
using rotameters calibrated against a dry gas meter.

2. Survey Design

This study included two different experiments: the comparison
of the removal efficiencies as determined via a stand-alone photo-
catalytic reactor and a photocatalytic-ACF hybrid system and ACF
breakthrough and saturation tests. Both experiments were performed
under the following conditions: SFR, 1.0 L min™'; input concentra-
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tion (IC), 1.0 ppm (2.5 ppm for the latter experiment); and RH, 50%.
For the former experiment, the light source was blue- or violet-LEDs.
In addition, three operational parameters (SFR, RH, and IC) were
evaluated for the removal efficiencies for benzene and toluene using
the stand-alone photocatalytic reactor and the photocatalytic-ACF
hybrid system. The SFRs were varied from 0.5 to 2.0 L min™'. The
RHs ranged from 10 to 90%. The test ICs involved 1, 3, 5, and 10
ppm. The target compounds were introduced after confirming that
no contamination with the target compounds was measured in the
system. A series of concentration measurements with respect to the
target compounds were conducted at both the inlet and outlet of
the photocatalytic reactor, ACF unit, or hybrid system. For the first
experiment, six 10-min samples were collected over 3 h at 1 h inter-
vals at the inlet and outlet openings. Since the series concentrations
were similar, their average values were utilized in order to calcu-
late the removal efficiency for the photocatalytic reactor, the ACF
unit, and the hybrid system. For the second experiment, air samples
were periodically collected for 48 h at the inlet and outlet of the ACF
unit.

3. Sampling and Analysis

Gas samples were collected by filling an evacuated 5 L Tedlar
bag at a constant flow rate. Air was then drawn through a sorbent
trap containing 0.2 g of Tenax TA and 0.1 g of carboxen 569, using
a constant flow-sampling pump (Aircheck Sampler Model 224-
PCXRS, SKC Inc.). All of the samples were collected at ambient
room temperatures (19-25 °C); the sampling flow rates were recorded
at between 0.1 and 1/ min™". The target compounds collected on
the sorbent trap were analyzed by coupling a thermal desorption
system (Tekmar Model Aerotrap 6000) to a gas chromatograph (GC,
Hewlett Packard 7890) in conjunction with a flame ionization de-
tector (HP 5890II) or a mass spectrometer (HP MSD5973) (GC/
MS) system using a 0.32-mm-id by 60-m-length fused silica col-
umn (Supelco Co. SPB-5).

The quality assurance/quality control program for the measure-
ment of the gas-phase target compounds included laboratory blank
traps and spiked samples. At the beginning of a test, a laboratory
blank trap was analyzed in order to monitor any trap contamina-
tion. An external standard was analyzed daily in order to monitor
the quantitative response. When the daily quantitative response dif-
fered by more than +10% from that predicted by the specified calibra-
tion equation, a new calibration equation was determined. The method
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Fig. 2. X-ray diffraction spectra of S-doped TiO, and ACF.

detection limits ranged from 0.3 to 0.5 ppb for benzene and tolu-
ene, respectively.

RESULTS AND DISCUSSION

1. Characteristics of S-doped TiO, and ACF

Fig. 2 illustrates the XRD patterns of both the S-TiO, and ACF.
The X-ray diffractogram of the S-TiO, powder exhibited well-defined
diffraction peaks corresponding to the anatase crystal TiO, phase
with a distinct peak at 20=25.3°, but without the distinctive peaks
found for the rutile crystal TiO, phase. This result is consistent with
that found for S-TiO, prepared at calcination temperatures lower
than 600 °C by other researchers [14,15,20]. In contrast, Znad and
Kawase [21] observed a few small peaks assigned to the rutile crystal
TiO, phase for the S-TiO,, which was synthesized using commer-
cially-available Degussa P-25 TiO, and thiourea. In addition, the
small peak located for the ACF at approximately 26=43° was as-
signed to graphite [22], which is reflective of the presence of car-
bon on the viscose rayon support regarding the ACG employed in
the current study.

The UV-visible absorbance spectrum of the S-TiO, photocatalyst
is presented in Fig. 3. A shift of the absorbance spectrum towards
the visible light region was observed for the S-doped TiO, powders,
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Fig. 3. Ultraviolet-visible spectrum of S-doped TiO,.
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whereas, according to previous studies [21,23], pure TiO, photo-
catalysts evidenced their absorption edge at A=400-450 nm. This
result agrees well with those reported by other studies [14,21,23].
The absorption edge for the S-doped TiO, was shifted to a 4>720
nm, which was attributable to the band gap narrowing of the TiO,
by sulfur doping [14,24]. Consequently, it was indicated that the
as-prepared S-doped TiO, powders could be effectively activated
by visible-light irradiation.

Fig. 4 exhibits the FTIR spectra of the as-prepared S-doped TiO,
powders. Major peaks were located at 3,411, 1,630, 1,151, and 604
cm™'. Other researchers [25,26] have also reported main absorption
peaks at similar frequencies for their S-doped TiO, samples. The
band at 3,411 cm™' was assigned to the O-H stretching vibration,
whereas the band at 1,630 cm™" was assigned to the O-H bending
of the water molecules absorbed on the catalyst surface [25,26]. A
peak at 1,151 cm™ was ascribed to the stretching frequencies of the
S-O bonds of sulfate ions [27], which would be produced by the
dissociation of the thiourea. The correspondence of the band at 604
cm™' was attributable to titanium crystal lattice vibrations [25].

2. Removal Efficiencies via Photocatalytic Reactor and Hybrid
System

Fig. 5 shows the removal efficiencies of the benzene and tolu-

ene as determined over a 3-h period via the photocatalytic reactors
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Fig. 4. Fourier transform infrared spectrum of S-doped TiO,.
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Fig. 5. Removal efficiencies (%)+standard deviation of benzene
(IC, 1.0 ppm) and toluene (IC, 1.0 ppm) as determined over
a 3-h period via photocatalytic reactor (PCR) with blue or
violet LEDs and photocatalytic-ACF hybrid system.

using blue or violet LEDs and a photocatalytic-ACF hybrid system.
The mean degradation efficiencies of the benzene and toluene ob-
tained from the photocatalytic reactor using violet LEDs were 7.2
and 64.4%, respectively, whereas the mean degradation efficiencies
obtained from the photocatalytic reactor using blue LEDs were close
to zero and 7.1%, respectively. As indicated earlier, other studies
[7,9] have also reported lower photocatalytic degradation efficien-
cies of gas-phase dimethyl sulfide and formaldehyde when LED/
photocatalytic systems were applied. Benzene is a known carcino-
gen, inducing diseases such as leukemia [28], and toluene is a toxic
chemical causing damage to the nervous system and liver [29]. The
mean concentrations of benzene and toluene measured at the outlet
of the photocatalytic reactor using blue LEDs were close to 1 ppm
and 0.93 ppm, respectively. Even for the photocatalytic reactor using
violet LEDs, the mean outlet concentrations of benzene (0.93 ppm)
and toluene (0.36 ppm) exceeded the USEPA reference concentra-
tion (Rfc) of 30 ug m’ (corresponding to 0.01 ppm) and 400 ug m’
(corresponding to 0.11 ppm) with respect to benzene and toluene
[30]. Therefore, the low degradation efficiencies of the two toxic
compounds for the LED/photocatalytic system rationalize the appli-
cation of the ACF, as a backup device to effectively control these
compounds.

Fig. 5 also exhibits the degradation efficiencies of the benzene
and toluene obtained from the photocatalytic-ACF hybrid system.
Unlike the photocatalytic reactor alone, the mean degradation effi-
ciencies of both compounds obtained from the photocatalytic-ACF
hybrid system were all close to 100%. Previous studies [31,32] have
reported that specific byproducts can be generated during the photo-
catalytic processes regarding gaseous pollutants. In fact, although
they were unidentified, several trace peaks were observed when
the photocatalytic reactor alone was applied, suggesting the pres-
ence of byproducts in the gas samples. However, no peaks at all in
the gas chromatogram were observed at the outlet of the photocata-
lytic-ACF hybrid system. This suggests that the supplemental ACF
also removed the gas-phase byproducts which were generated dur-
ing the photocatalytic process. Consequently, it was confirmed that
the supplemental ACF following a visible LED-irradiated S-TiO,
unit could be applied effectively for the control of low-degraded

Table 1. Comparison of removal efficiencies (%) for benzene (IC,
1.0 ppm) and toluene (IC, 1.0 ppm) determined via pho-
tocatalytic reactors with violet LEDs and photocatalytic-
ACEF hybrid system under different relative humidity (%)
conditions

Relative humidity
10 50 70 90

Compounds ~ System

Benzene Photocatalytic reactor 126 83 85 54
Hybrid system ~100 ~100 ~100 88.7
Toluene Photocatalytic reactor 81.3 63.4 62.7 48.5

Hybrid system ~100 ~100 ~100 93.2

toxic benzene and toluene.

The humidity effect on the removal efficiency was investigated
using four RHs (10, 50, 70, and 90%) that cover dry and humid en-
vironments. Table 1 shows the removal efficiencies for benzene and
toluene concentrations determined using the photocatalytic reactors
with violet LEDs and the photocatalytic-ACF hybrid system under
different RH conditions. For the photocatalytic reactors, the removal
efficiencies exhibited a general decreasing pattern with the RH in-
creases. This pattern is attributable to the result of competitive adsorp-
tion between water and the contaminant on the catalyst surface [33].
This result confirms that water vapors are an important parameter
for photocatalytic oxidation processes of the S-TiO, photocatalyst
prepared in the present study. For the hybrid system, however, the
removal efficiencies were close to 100% for both benzene and tolu-
ene. Consequently, it was suggested that the application of a hybrid
system rather than stand-alone photocatalytic system is strongly
recommended to remove effectively benzene and toluene under high
humidity environments.

Table 2 exhibits the effect of SFR, which is related to residence
time and face velocity in reactors, on the removal efficiencies for
benzene and toluene. For the photocatalytic unit, the removal de-
creased as the SFR was increased. For two highest SFRs (1.5 and
2.0L min"), the removal efficiencies determined using this unit
were <1% for both benzene and toluene. This pattern is ascribed to
an insufficient reactor residence time or mass transfer due to high
flow rate [34]. The residence times, which were calculated by divid-
ing the reactor volume by flow rate, were 26.4, 13.2, 8.8, and 6.6 s
for the flow rates of 0.5, 1.0, 1.5, and 2.0 L minute ', respectively.
In contrast, the removal efficiencies determined using the hybrid
system were close to 100% for both benzene and toluene, thereby
implying the application of a hybrid system rather than a photocat-

Table 2. Comparison of mean removal efficiencies (%) for benzene
and toluene determined via photocatalytic reactors with
violet LEDs and photocatalytic-ACF hybrid system under
different flow-rate (L. min™") conditions

Flow rate
0.5 1.0 15 20

Compounds ~ System

Benzene Photocatalytic reactor 154 83 <1 <l
Hybrid system ~100 ~100 ~100 ~100

Toluene Photocatalytic reactor 77.3 634 <1 <1
Hybrid system ~100 ~100 ~100 ~100

Korean J. Chem. Eng.(Vol. 30, No. 3)
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Table 3. Comparison of removal efficiencies (%) for benzene and
toluene determined via photocatalytic reactors with vio-
let LEDs and photocatalytic-ACF hybrid system under
different input concentration (ppm) conditions

Input concentration
1 3 5 10

Compounds ~ System

Benzene Photocatalytic reactor 83 52 <1 <1
Hybrid system ~100 ~100 812 67.8

Toluene Photocatalytic reactor 63.4 51.7 342 155
Hybrid system ~100 ~100 914 842

alytic unit when high flow rates are required.

Table 3 shows the benzene and toluene removal efficiencies as
determined using the photocatalytic system and the hybrid system
according to the ICs. In most cases, removal efficiencies obtained
from the photocatalytic system revealed a decreasing trend with
increasing ICs. This result is consistent with those of other studies
[35,36]. This removal efficiency dependence on ICs is ascribed to
a competition of pollutant molecules for adsorption sites on the S-
TiO, photocatalyst surface, because the adsorption of pollutants is
an important factor for photocatalytic degradation efficiencies [37].
The competitive adsorption rate would be even greater at higher IC
levels. In contrast, the removal efficiencies for both benzene and
toluene as determined using the hybrid system were much higher
than those determined using the photocatalytic unit alone. This indi-
cates that the hybrid system can be applied more effectively to con-
trol high-level benzene and toluene compared to the photocatalytic
unit alone.

3. Breakthrough and Saturation Property of ACF

To further understand the breakthrough and saturation properties
of the ACF unit, the benzene and toluene concentrations were meas-
ured at the inlet and outlet of the ACF unit, without connecting any
photocatalytic reactor upstream. Fig. 6 represents the breakthrough
and saturation curves of the benzene and toluene as determined using
the ACF unit. A roll-up effect for benzene was observed after being
saturated, suggesting that water molecules displace the benzene mol-
ecules adsorbed earlier on the surface of the ACF. Similarly, Agueda
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Fig. 6. Breakthrough and saturation curves of benzene (IC, 2.5
ppm) and toluene (IC, 2.5 ppm) as determined using the
ACEF unit.

March, 2013

Table 4. Adsorption capacity (mg g™), breakthrough time (h), satu-
ration period (h) of the ACF, and initial concentrations
(mg m’) for benzene and toluene

Adsorption Breakthrough Saturation Initial

Compound . . . .
capacity time period  concentration

Benzene 32 14 28 7.5

Toluene 44 28 42 9.0

et al. [38] observed a similar roll-up effect when activated carbon
monoliths were applied for the removal of gas-phase dichlorometh-
ane. According to the outlet to inlet concentration ratios, the break-
through occurred at approximately 14 and 28 h for benzene and
toluene, respectively; the saturation occurred at approximately 28
and 42 h, respectively, as given in Table 4. Similarly to this study,
Sidheswaran et al. [13] found that toluene exhibited a longer break-
through and saturation time compared to benzene. The longer break-
through and saturation times for toluene are ascribed to a decrease
in solubility and an increase in molecular weight [39]. The decrease
in its solubility reflects the decrease in affinity with the water mole-
cules on the AC surface, thereby resulting in less adsorption [40].
In contrast, Sidheswaran et al. [13] and Yao et al. [41] reported the
saturation time of toluene or other VOCs on certain ACFs to be 197
and 97 h, respectively. This difference in saturation time is ascribed
to the difference in experimental conditions, such as the properties
and amounts of ACF employed, the initial concentrations of the
target compounds, and the gas flow rates.

The adsorption capacity of the ACF used in this study was es-
timated using the inlet and outlet concentrations obtained during
the adsorption processes, and the following equations:

A=MM, O
M,= jim B @
;= (o Con () Ql ®

where A, is the adsorption capacity of benzene or toluene on the
ACF (mg g'); M, is the mass of the ACF (g); M, is the total mass
of benzene or toluene adsorbed on the ACF (mg); m, is the mass
of benzene or toluene adsorbed on the ACF (mg) during the jth ad-
sorption period; C,, is the inlet concentration of benzene or toluene
(mg m™); C,, ()is the outlet concentration of benzene or toluene
(mg m™) obtained downstream of the ACF during the jth adsorp-
tion period; and Q is the adsorption flow rate (m’ min™"). Table 1
presents the adsorption capacity of the benzene and toluene on the
ACF. The total benzene and toluene masses adsorbed on the ACF
were 32 and 44 mg g, respectively. The sum (76 mg) of the ben-
zene and toluene masses adsorbed on 1 g of ACF was slightly lower
than the toluene mass (81.6 mg) per gram of ACF reported by Yao
et al. [41] and the VOC mixture mass (90.7 mg) per gram of ACF
reported by Sidheswaran et al. [13]. Nevertheless, the difference in
the adsorption capacities between this study and the Yao et al.’s study
was less than 10%. In addition, according to both this study and
the Sidheswaran et al. study, benzene, which was chosen in this study
as a target compound, had a lower adsorption capacity relative to
toluene or other aromatic VOCs. Accordingly, it is suggested that the
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ACF employed in the present study was comparable to that of the
previous studies with respect to the VOC adsorptions.

CONCLUSION

Although LEDs may be utilized as energy-efficient alternative
light sources for the photocatalytic degradation of certain gaseous
pollutants, their application to certain photocatalytic units may be
limited due to their low photocatalytic degradation efficiencies, par-
ticularly for toxic gases. Therefore, this study investigated the appli-
cability of a supplemental ACF following a visible LED-irradiated
S-TiO, unit for the control of low-degraded benzene and toluene.
The spectral investigations of an as-prepared S-TiO, photocatalyst
and ACF supported their removal potentials for benzene and tolu-
ene. However, low degradation efficiencies of the two toxic com-
pounds were obtained in the LED/S-TiO, system, thereby ration-
alizing the application of the ACF, as a backup device to effec-
tively control benzene and toluene. Consequently, this study newly
suggested that the supplemental activated carbon fiber following a
visible LED-irradiated S-TiO, unit could be applied effectively for
the control of low-degraded toxic benzene and toluene.
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