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The destruction of low concentration of toluene (0–30 ppm) has been studied under the UV/photogenerated O
3
/MnO

2
-

impregnated granular activated carbon (MnO
2
-impregnated GAC) process by the combination of self-made high frequency

discharge electrodeless lamp (HFDEL) with MnO
2
-impregnated GAC catalyst. Experimental results showed that the initial

toluene concentration can strongly affect the concentration of photogenerated O
3
from HFDEL and the efficiency and mass

rate of destruction of toluene via HFDEL/MnO
2
-impregnated GAC system. Active oxygen and hydroxyl radicals generated

from HFDEL/MnO
2
-impregnated GAC system played a key role in the decomposition of toluene process and the intermediates

formed by photolysis are more prone to be mineralized by the subsequent MnO
2
-impregnated GAC catalyst compared to the

original toluene, resulting in synergistic mineralization of toluene by HFDEL/MnO
2
-impregnated GAC system. The role of

MnO
2
-impregnated GAC catalyst is not only to eliminate the residual O

3
completely but also to enhance the decomposition and

mineralization of toluene.

1. Introduction

Volatile organic compounds (VOCs) as widespread air pol-
lutants can be found in both outdoor and indoor environ-
ments. The majority of VOCs originate from the exhausts
of motor vehicle and solvent utilization and VOCs from
the former case can react with NO

𝑥
to form tropospheric

O
3
which results in smog in urban air [1]. Exposure to

VOCs might cause toxic effects on central nervous system
and internal organs, and the related symptoms, such as
headache, respiratory tract irritation, dizziness, and nausea,
are known as the sick building syndrome (SBS) [2]. For high
concentration (several hundreds of ppm) of VOCs emission
sources, catalytic incineration and combustion (200–900∘C)
have been well developed and successfully operated but
are not cost-effective for low concentration of VOCs [3].
Among those available potential air-cleaning technologies

for contamination of lower concentration of VOCs, pho-
tocatalytic oxidation (PCO) has caused extensive concern
recently, but the problems of the poisoning or deactivation
of photocatalyst caused by accumulation of organic products
on the surface of catalyst have not been well solved [4,
5], which may render PCO as a technology for controlling
contaminations of low concentration of VOCs inefficiently
and uneconomically.

High frequency (HF) discharge electrodeless lamp
(HFDEL), a typical UV light source, has been invented over
100 years and started to apply into the photolysis of organic
compounds in solution and the irradiation of gases since
1970s [6]. Due to the leakage of electromagnetic radiation and
ozone, however, the application of HFDEL became restricted
afterwards. Unlike the conventional lamps energized by the
electric field between the electrodes, the principle of HFDELs
is that the gas or materials in the lamp are excited by HF
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electromagnetic field to form stable UV-emitting discharge
plasma. Such unique discharge pattern endows the HFDELs
with lots of advantages compared to the conventional UV
lamps (i.e., low pressure mercury lamps), including long
lifetime of UV output, high UV/vacuum UV (VUV) radiant
power, VUV-mediated generation of O

3
in conjunction with

UV to create hydroxyl radicals (HO∙), and adaptable lamp
shapes. Compared to microwave discharge electrodeless
lamps (MDELs), HFDELs possess higher energy conversion
efficiency, have no need for resonant cavity, and overcome
the short lifetime of magnetron equipped on MDELs.
Employing mercury MDELs to water sterilization [7, 8] and
photodissociation of organic pollutants in aqueous solution
[9–12] have been studied extensively in the past few years,
as mercury is the most readily to be excited, and even a
domestic microwave oven may act as the microwave power
supply reactor [13]. However, little has been done on the
photolysis of VOCs using MDELs as the UV light source
probably due to practical limitations in reactor design and
operation for the treatment of gas pollutants [14]. Recently,
we have investigated the photolysis of H

2
S using HFDEL

showing much higher removal efficiency compared to
MDELs, gained some insights into the possible mechanisms
for photolysis, and confirmed the feasibility of application
of HFDEL into the decomposition of air pollutants [15]. To
further extend the application of HFDEL, the photolysis of
VOCs by HFDEL has been investigated in this study. To cope
with electromagnetic radiation generated from HFDEL,
stainless steel reactors have been applied in this study to
minimize the negative effects of electromagnetic wave on
human bodies. Meanwhile, the stainless steel reactor is
also beneficial in the reflection of UV light and resistant to
corrosion of corrosive gas.

Although photogenerated O
3
by HFDEL can induce

advanced oxidation processes (AOPs) such as UV/O
3
to

produce HO∙ for effectively decomposing VOCs, excess
O
3
, as an air pollutant, in the effluent gas stream should

be reduced to a safe level. Therefore, a reactor containing
an O
3
-decomposition catalyst (ODC) needs to be set up

following the photoreactor to treat excess O
3
in the effluent

gas stream.TheO
3
/granular activated carbon (GAC)method

is relatively common in which the GAC performs dual roles:
adsorption of residual O

3
and VOCs (their organic products)

and decomposition of O
3
over the surface to yield HO∙,

which in turn are able to quickly mineralize VOCs and their
organic products adsorbed on the surface of GAC and/or
in gas phase [16]. To further enhance the O

3
decomposition

and generation of HO∙ for mineralization of VOCs and
their organic products, the impregnation of MnO

2
on GAC

has been applied in this study as MnO
2
shows an excellent

simultaneous elimination of VOCs and O
3
[17]. In addition

to the elimination of excess O
3
and enhanced removal of

VOCs, the combination of HFDEL and ODC may also have
the following advantages: (i) the photolysis of VOCs results
in the partial mineralization of VOCs, which may reduce the
accumulation of organic intermediates on the surface ofODC
and extend the lifetime of ODC, (ii) photogenerated O

3
may

have a positive effect on the regeneration of ODC consid-
ering that O

3
photogenerated from HFEDL can regenerate

the photocatalyst [18], and (iii) the organic intermediates of
photolysis may be more subject to be mineralized by MnO

2
-

impregnated/O
3
compared to the original VOCs.

In this study, a preliminary study on the removal of VOCs
with the combination of HFDEL and MnO

2
-impregnated

GAC was investigated. Filled with binary mixtures of Hg-Ar,
HFDEL was found to emit intense atomic lines of mercury
in both UV and VUV region (mainly atomic Hg emission
lines at 185 nm (6s6p(1P

1
)–6s6p(1S

0
)) and 253.7 nm (62P

1
–

62S
0
) [15] and MnO

2
-impregnated GAC was confirmed to

decompose O
3
and induce the formation of O∙ and HO∙

following the exposure to O
3
. A relatively low concentration

level of toluene as the target VOC, in the range of 0–
30 ppm, was selected for this work, in the consideration
of ubiquitousness of indoor and outdoor environments.
The performances of removal and mineralization of toluene
were examined under different conditions with photolysis
by HFDEL, MnO

2
-impregnated GAC-mediated catalyzed

ozonation, and the combination of HFDEL and MnO
2
-

impregnatedGAC.The analysis of intermediates and possible
mechanisms for photolysis and catalyzed ozonation were also
evaluated in this study.

2. Materials and Methods

2.1. HFDEL. HFDEL consisted of an HF power supply and
electrodeless lamps. The HF power supply was operated to
produce a current with a fixed frequency of 2.45MHz, which
was transmitted to a coupling fixture to generate an HF
electromagnetic field. The mercury atoms were excited by
the HF electromagnetic field followed by returning to ground
state to emit UV light [13, 19].The working power for HFDEL
was 80W which was sufficient to ignite the quartz lamp. The
electrodeless lamps were made of quartz bulb with the height
of 15 cm (the volume is ∼550mL).

2.2. Characterization of HFDEL. The emission spectrum of
UV radiation emitted by HFDEL was detected by an Acton
VM-505VUVmonochromator.The stability of light intensity
of HFDEL at 253.7 nm was monitored at the outflow of the
photolysis reactor by an irradiatometer (TN-2254, Taiwan
Taina Instrument) while the distribution of light intensity at
253.7 nm as a function of the distance to the bottom center
of the lamp was measured by the same irradiatometer. More
details have been shown in Supplementary Material available
online at http://dx.doi.org/10.1155/2014/365862 (SM) (Figures
SM1–3).

2.3. MnO
2
-Impregnated GAC. Wood-based GAC (cylinder

shape with a diameter of 4 cm) was selected as support-
ing material in this study (Calgon Carbon Corporation
in Tianjin, China). Firstly, GAC was acid-treated in a 5%
solution of hydrochloric acid for 6 h to reduce ash con-
tent, washed with Milli-Q water (MQ) repeatedly to reach
neutrality, and dried at 105∘C for 24 h. Then 500 g GAC
and certain amounts of Mn(NO

3
)
2
were mixed with 2 L

MQ and constantly shaken for 24 hours at 25∘C for the
preparation of MnO

2
-impregnated GAC with different mass

loading of MnO
2
from 0 to 10%. The concentration of Mn2+
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Figure 1: The sketch of experimental setup of the combination of HFDEL with MnO
2
-impregnated GAC system.

in the supernatant was characterized by inductively coupled
plasma-optical emission spectrometry (ICP-OES) (Varian
AX, Varian) confirming ∼100% Mn2+ has been adsorbed
on GAC. Afterwards, the solids were filtrated and dried
overnight at 105∘C for 12 h in an air oven and calcinated at
450∘C inmuffle furnace for 6 h. Mineralogy of theMnO

2
was

characterized by X-ray diffraction (Rigaku D/MAX 2500).
The surface morphology of MnO

2
-impregnated GAC was

obtained by scanning electron microscope (Hitachi S-4700).

2.4. Experimental Setup. The experimental setup designed
for the evaluation of toluene removal efficiency by HFDEL/
MnO
2
-impregnated GAC is shown in Figure 1. The system

consisted of an experimental parameter control system, a
continuous flow gas generation system,HFDEL stainless steel
reactor, and MnO

2
-impregnated GAC system. The toluene

gas was pumped via the bubbling of air into the toluene
solution (1) and the humidity was adjusted to 74.1% through
the experimental parameter control system (2). The mixture
of toluene was transferred through a mixing tube (3) before
introducing into the photolysis area (4), which is followed
byMnO

2
-impregnated GAC system (5).The ozone generator

(6) was only applied to investigate the effect of O
3
/MnO

2
-

impregnated GAC on the removal of toluene. The gas stream
passed through the reactor for 15min to allow the system
to reach the steady state. Power was then applied to inspire
the lamp for another 10min to make sure the steady state of
light intensity had been achieved before the measurement of
concentration of toluene in the gas stream.The initial toluene
concentration ranged from 0 to 30 ppm. All the experiments
were carried out at fixed gas flow rate of 4m3 h−1 at room
temperature (25 ± 2∘C).

2.5. Chemical Analysis. The concentration of toluene and its
final product CO

2
in the air stream was analyzed by a gas

chromatograph (GC,Thermo Finnigan) equipped with flame
ionization detector (FID), respectively. The concentration of
O
3
was monitored spectrophotometrically at 254 nm where

O
3
possesses amolar absorptivity of 3292± 70M−1 cm−1 [20].

The gaseous intermediates in the outlet gas were collected
by an absorption bottle filled with HPLC grade methanol
(Dima Technology, USA) for 1 h after the reaction reached
equilibrium. The solution was analyzed by GC (Agilent
6890A)-MSD (Agilent 5975Cwith Triple-Axis Detector).The
carrier gas was ultrahigh purity helium at a constant flow
rate of 1mLmin−1. The injector and detector temperatures
were set at 230 and 270∘C, respectively. The GC column was
DB-5 (30m × 0.25mm × 0.25mm, Agilent technology). The
temperature of the GC oven was initially set at 80∘C for
1min and then raised at 5∘C min−1 to 250∘C for 3min with
a subsequent increase to a final 300∘C at a rate of 10∘C min−1
for 5min. 1.0 𝜇L of sample was injected in the splitless mode.

3. Results

3.1. Generation of O
3
. As photogenerated O

3
can induce

AOPs including UV/O
3
and MnO

2
-impregnated GAC/O

3

to create HO∙ for effective decomposition of toluene, the
concentration of generated O

3
as a function of inlet toluene

concentration was investigated. Figure 2 shows that the
concentration of photogenerated O

3
decreased from 130 to

41 ppm with an increase in the inlet toluene concentration
from 0 to 30 ppm. The possible pathway of O

3
formation

during the UV photolysis process is as follows (see (1)–(3)):

O
2
+ ℎV (𝜆 < 200 nm) → O∙ +O∙ (1)

H
2
O +O∙ → HO∙ +HO∙ (2)

O
2
+O∙ → O

3
(3)
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Figure 2: Photogenerated O
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concentration as a function of inlet
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Figure 3: XRD pattern of MnO
2
-impregnated GAC.

O∙ is commonly regarded as the main oxidant in the catalytic
ozonation [21]. The primary pathway of toluene oxidation
by O∙ is the abstraction of hydrogen atoms from the methyl
group, directly resulting in the production of benzyl alcohol
or/and benzaldehyde, which were further attacked by an
O∙ leading to benzoic acid or the direct opening of the
aromatic ring followed by mineralization of intermediates
by O∙ [22]. With an increase in the inlet concentration
of toluene, therefore, the consumption of O∙ by toluene
increases, which may result in a decrease in the generation
of O
3
during photolysis process (see (3)).

3.2. Optimization of MnO
2
-Impregnated GAC. In addition

to the elimination of excess O
3
, MnO

2
-impregnated GAC

was also applied to enhance the removal of toluene through
the catalyzed-ozonation process. The XRD pattern of MnO

2
-

impregnated GAC is shown in Figure 3. Besides two basic
diffraction peaks (2𝜃 = 24∘ and 43∘), there is a sharp and
intense peak at about 2𝜃 = 26∘, which is identified with the
typical spectrum of 𝛽-MnO

2
phase [23], the most stable
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Figure 4: Removal efficiency of toluene as a function of (a)
MnO

2
loading and (b) height of GAC during the O

3
/MnO

2
-

impregnated GAC process. Experimental conditions: (a) [O
3
]
0
=

40 ppm; [toluene]
0
= 9 ppm; the height of GAC = 1.6 cm; (b) [O

3
]
0
=

40 ppm; [toluene]
0
= 20 ppm; the loading of MnO

2
= 5%.

structure in a variety of Mn (IV) oxides structural forms at
low temperatures [23]. In addition, significant instrumen-
tal noises indicate that MnO

2
impregnated on the surface

is amorphous in structure. Figure 4(a) shows the removal
efficiency of toluene as a function of the loading of MnO

2

impregnated on GAC (0–10%), where the inlet concentra-
tions of toluene and O

3
are 9 and 40 ppm, respectively, and

the depth of GAC is fixed at 1.6 cm. To evaluate the “real”
decomposition of toluene by MnO

2
-impregnated GAC/O

3
,

all adsorption sites of MnO
2
-impregnated GAC were satu-

rated with toluene followed by the introduction of O
3
(the

breakthrough curve for the adsorption of toluene by MnO
2
-

impregnated GAC has been shown as in Figure SM-4). Since
it has been confirmed previously that molecular O

3
reacts

very slowly with toluene (1.4M−1 s−1) [24], the observed
reduction of toluene by MnO

2
-impregnated GAC/O

3
in

Figure 4 could be largely the result of a partial formation of
HO∙ and O∙ (the rate constants for the reaction of toluene
with HO∙ and O∙ are 3.0 × 109 [25] and 2.1 × 109M−1 s−1
[26], resp.), which is consistent with other reports that the
decomposition of toluene and its intermediates mainly result
from the presence of HO∙ and O∙ produced during O

3

decomposition overMnO
2
layer [17, 27, 28].With an increase

in the loading of MnO
2
from 0 to 5%, the impregnation

of MnO
2
on GAC indeed enhanced the decomposition of

toluene from 49 to 76% while the degradation of toluene
remained unchanged (76%) with a further increase in the
loading of MnO

2
from 5 to 10%, which could be attributed to

(i) the complete consumption of O
3
which halts the initiation

of HO∙ and O∙ formation and/or (ii) overloading of MnO
2

which could block the access of O
3
to surface sites within

the pores of GAC, as shown in Figure 5. Therefore, the
optimal loading of MnO

2
is selected as 5% when the inlet

concentration of O
3
is 40 ppm.

Similarly, the effect of depth of GAC layer on the decom-
position of toluene was also investigated. The MnO

2
- (5%)
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(a) (b)

(c) (d)

Figure 5: SEM images of MnO
2
-impregnated GAC with the different loading of MnO

2
(a) 0%; (b) 3%; (c) 5%; (d) 10%.

impregnated GACs with different layer depths were saturated
with toluene followed by the introduction of 40 ppm O

3
and

20 ppm toluene, respectively. Figure 4(b) demonstrates that,
with an increase in the depth of GAC layer from 1.6 to
3.6 cm, the decomposition of toluene increased from 47 to
58% while a further increase in the depth of GAC layer from
3.6 to 5.6 cm did not result in a further removal of toluene,
which could be attributed to the complete elimination of
O
3
by MnO

2
-impregnated GACs. As the photogenerated O

3

increased from 41 to 130 ppm with a decrease in the inlet
toluene concentration from 30 to 0 ppm, the ODC system
filled with MnO

2
-impregnated GACs must be capable of

removing 130 ppm O
3
completely. No detection of O

3
in the

effluent gas stream has been confirmed when the loading of
MnO
2
is 5% and the depth of GAC layer is 3.6 cm. As the

inlet O
3
concentration varies with the initial concentration

of toluene, it might be unrealistic to optimize the loading of
MnO
2
and depth of GAC for each concentration of toluene.

For consistency, therefore, the loading ofMnO
2
and the depth

of GAC layer were selected as 5% and 4.0 cm in the following
experiments, respectively.

3.3. Decomposition and Mineralization of Toluene. Figures
6(a) and 7(a) show the removal and mineralization efficiency
of toluene as a function of inlet toluene concentration
from 5 to 30 ppm, respectively. The efficiencies of toluene
decomposition by HFDEL, MnO

2
-impregnated GAC/O

3
,

and HFDEL/MnO
2
-impregnated GAC were observed

(Figure 6(a)) to decrease from 90 to 46%, 94 to 30%, and

100 to 55%, respectively, while the efficiencies of toluene
mineralization by HFDEL, MnO

2
-impregnated GAC/O

3
,

and HFDEL/MnO
2
-impregnated GAC (Figure 7(a)) de-

creased from 74 to 12%, 86 to 7%, and 100 to 23%,
respectively, as the inlet toluene concentration increases
from 5 to 30 ppm. It is noted that the inlet O

3
concentration

in the case of MnO
2
-impregnated GAC/O

3
is consistent

with the concentration of photogenerated O
3
from HFDEL

as a function of inlet toluene concentration. Since the
number and energy of photons and active radicals in the
reaction area did not change at a fixed input HF power and a
constant dosage of catalyst, with constant gas flow rate, unit
toluene obtains less energy as inlet toluene concentration
increases, which results in relatively lower removal and
mineralization efficiencies of higher concentration of inlet
toluene. The HFDEL/MnO

2
-impregnated GAC possesses

higher removal efficiency compared to HFDEL only, which
implies the combination of HFDEL withMnO

2
-impregnated

GAC indeed enhances the removal of toluene. More
importantly, the synergistic effects of the mineralization of
toluene by HFDEL/MnO

2
-impregnated GAC were found

in Figure 7(a) in which the mineralization efficiency of
toluene by HFDEL/MnO

2
-impregnated GAC is higher

than the summation of the efficiency by HFDEL only and
MnO
2
-impregnated GAC/O

3
under the circumstances of

the inlet toluene concentration between 20 and 30 ppm,
suggesting the photolysis of toluene by HFDEL enhances the
subsequent mineralization of toluene by MnO

2
-impregnated

GAC/O
3
. These synergistic effects could be attributed to
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Figure 7: (a) Mineralization efficiency and (b) mass mineralization rate of toluene as a function of inlet toluene concentration by HFDEL
only, O

3
/MnO
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-impregnated GAC, and HFDEL/MnO

2
-impregnated GAC, respectively. Note that the inlet O

3
concentration in O

3
/MnO

2
-

impregnated GAC is consistent with the photogenerated O
3
from HFDEL.

the formation of intermediates during the photolysis process
which are subjected to bemineralized by HO∙ andO∙ formed
during O

3
decomposition over MnO

2
-impregnated GAC

compared to the original toluene [22].
Figures 6(b) and 7(b) demonstrate the removal and

mineralization mass rate of toluene as a function of inlet
toluene concentration from 5 to 30 ppm, respectively. The
mass rates of toluene decomposition and mineralization by

HFDEL, MnO
2
-impregnated GAC/O

3
, and HFDEL/MnO

2
-

impregnated GAC followed a similar profile which increased
initially followed by a decrease with an increase in the
inlet toluene (Figures 5(b) and 6(b)). During the photolysis
process, O∙ and HO∙ formed via the absorbance of ℎV (𝜆 <
200 nm) by O

2
and H

2
O, respectively (see (1) and (2)), are

sufficient for low concentration of inlet toluene and thus the
removal andmineralizationmass rate increases with the inlet
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toluene concentration. With the inlet toluene concentration
approaching to a certain concentration, however, toluene
starts to compete with O

2
and H

2
O to consume UV light

at 185 nm, resulting in a lower production rate of O∙ and
HO∙. Although the direct photolysis of toluene by UV light
at 185 nm can occur, the conversion rate of toluene by
direct photolysis is much lower than that by O∙ and HO∙,
respectively [17], thus resulting in a decrease in the removal
and mineralization mass rate with a further increase in
the inlet toluene concentration. For the catalyzed ozonation
process (MnO

2
-impregnated GAC/O

3
), a decrease in the

removal and mineralization mass rate of toluene with a
further increase in the inlet toluene concentration was due to
the decrease in the inlet O

3
concentration with increasing in

the inlet toluene concentration as the inlet O
3
concentration

in this study needs to be consistent with the photogenerated
O
3
concentration (Figure 2). For the low concentration of

inlet toluene, an increase in removal andmineralizationmass
rate with the inlet toluene concentration can be observed
since the high concentration of inlet O

3
combined with

MnO
2
-impregnated GAC results in the sufficient amount of

O∙ and HO∙ for decomposition of toluene.

4. Discussion

In this study, we have shown that the removal efficiency
of toluene using HFDEL depends on the inlet toluene con-
centration and the combination of MnO

2
-impregnated GAC

with HFDEL can not only eliminate the residual O
3
but also

enhance the removal of toluene. More importantly, the syn-
ergistic effects of HFDEL/MnO

2
-impregnated GAC on the

mineralization of toluene have also been confirmed, showing
the intermediates formed during the photolysis process are
prone to bemineralized by the followingMnO

2
-impregnated

GAC catalyzed ozonation process. Possible mechanisms for
the removal of toluene by UV/O

3
/MnO

2
-impregnated GAC

will be discussed in this section.
Under oxygen environment, the photo energy of VUV

light at 185 nm produced by HFDEL is capable of destroying
the bond of O=O (491 kJmol−1), resulting in formation of O∙
(see (1)) with a subsequent generation of HO∙ and O

3
(see

(2) and (3)) [29, 30]. Photogenerated O
3
can efficiently be

decomposed into O∙ by UV irradiation (see (4)) and O∙ can
further react with H

2
O and O

3
to generate HO∙, respectively

(see (2) and (5)) [31, 32]:

O
3
+ ℎV (𝜆 < 254 nm) → O∙ +O

2
(4)

H
2
O +O

3
→ 2HO∙ +O

2
(5)

For O
3
decomposition over the layer of MnO

2
-impregnated

GAC, O
3
can be also decomposed to form O∙ on the active

sites ofMnO
2
-impregnated GAC surface (see (6)) andO∙ can

further react with H
2
O and O

3
to generate HO∙, respectively

(see (2) and (5)) [17]:

O
3
+ ∗ → O∙ +O

2
(6)

where ∗ represents active sites on MnO
2
-impregnated GAC

surface. Due to the limited direct photolysis of toluene by

VUV at 185 nm, the primary pathway of toluene oxidation
was the H-abstraction from the methyl group by HO∙ and
O∙, resulting in two pathways of toluene destruction in the
UV/O

3
/MnO

2
-impregnated GAC process.

The primary pathway of toluene oxidation by HO∙/O∙
was the H-abstraction from the methyl group, resulting in
the production of a benzyl radical and then the formation of
benzyl alcohol and/or benzaldehyde [22], which were further
attacked by HO∙/O∙ leading to benzoic acid followed by
the opening of the aromatic ring [33–35]. The compounds
generated after the ring opening were substances with low
molecular mass, such as formic acid, acetic acid, and CO,
with a subsequent formation of harmless CO

2
and H

2
O

by the attack of HO∙/O∙. In our study, benzyl alcohol and
benzaldehyde dimethyl acetal (BDA) as intermediates were
detected by GC-MS analysis (Figure SM5). The presence of
BDA, the product of aldol condensation of benzaldehyde and
methanol under acidic conditions, suggests that benzalde-
hyde is formed during the photolysis of toluene. Due to the
lack of detection of benzoic acid, the acidic environment for
the formation of BDA could be attributed to the formation
of low molecular-weight acid (e.g., formic acid and acetic
acid). The low boiling point of these small organic acids
leads to no direct evidence to confirm their presence by GC-
MS. In summary, it can be proposed that the intermediates
including benzyl alcohol and benzaldehyde are produced
from theHFDEL system followed by the direct opening of the
aromatic ring without formation of benzoic acid by the attack
of HO∙/O∙. Compared to the original toluene compounds,
these intermediates are more subjected to be decomposed to
small molecules followed by the formation of CO

2
and H

2
O

via the subsequent O
3
/MnO

2
-impregnated GAC process,

resulting in the synergistic mineralization of toluene using
the HFDEL/MnO

2
-impregnated GAC process.

5. Conclusion

The destruction of low concentration of toluene (0–30 ppm)
has been studied under the advanced photooxidation pro-
cesses by the combination of self-made HFDEL with MnO

2
-

impregnated GAC catalyst. The conclusions are as follow:

(1) The concentration of photogenerated O
3

from
HFDEL decreased from 130 to 41 ppm with an
increase in the inlet toluene concentration from 0 to
30 ppm.

(2) The efficiency of decomposition of toluene byHFDEL
decreased from 90 to 46% as the inlet toluene concen-
tration increases from 5 to 30 ppm. The introduction
of MnO

2
-impregnated GAC catalyst is not only to

eliminate the residual O
3
(41–130 ppm) completely

but also to enhance the decomposition of toluene by
∼10%. (The mass loading of MnO

2
and the depth of

GAC layer were 5% and 4.0 cm, resp.)
(3) Active oxygen and hydroxyl radicals generated from

HFDEL/MnO
2
-impregnated GAC system played a

key role in the decomposition of toluene process.
The intermediates formed by photolysis are more
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prone to be mineralized by the subsequent MnO
2
-

impregnated GAC catalyst compared to the original
toluene, resulting in synergistic mineralization of
toluene by HFDEL/MnO

2
-impregnated GAC system.

In summary, the combination of HFDEL and MnO
2
-

impregnated GAC efficiently enhances the toluene destruc-
tion process, eliminates the residual O

3
, and, more impor-

tantly, fulfills the synergistic mineralization of toluene,
demonstrating that HFDEL/MnO

2
-impregnated GAC sys-

tem will be a promising air-cleaning technology for contam-
ination of lower concentration of VOCs.
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[16] P. M. Álvarez, J. P. Pocostales, and F. J. Beltrán, “Granular
activated carbon promoted ozonation of a food-processing
secondary effluent,” Journal of HazardousMaterials, vol. 185, no.
2-3, pp. 776–783, 2011.

[17] J. Jeong, K. Sekiguchi, and K. Sakamoto, “Photochemical and
photocatalytic degradation of gaseous toluene using short-
wavelength UV irradiation with TiO

2
catalyst: comparison of

three UV sources,” Chemosphere, vol. 57, no. 7, pp. 663–671,
2004.

[18] K.-P. Yu andG.W.M. Lee, “Decomposition of gas-phase toluene
by the combination of ozone and photocatalytic oxidation pro-
cess (TiO

2
/UV, TiO

2
/UV/O

3
, andUV/O

3
),”Applied Catalysis B:

Environmental, vol. 75, no. 1-2, pp. 29–38, 2007.
[19] P. Müller, P. Klán, and V. Ćrkva, “The electrodeless dis-
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