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Abstract This paper presents a new type of ozone-assisted catalysis for toluene
decomposition. The different catalytic activities of ZSM-5 and Ag/ZSM-5 were incorpo-
rated into a layered catalyst with a tandem configuration. Instead of increasing the amount
of metal catalyst, the layered catalyst was formed, which had an equal amount of bare
ZSM-5 and Ag/ZSM-5 and could achieve both high toluene conversion and CO, selectivity
concurrently. The properties of each catalyst were evaluated with respect to toluene
conversion, formation of intermediates, CO, selectivity and ozone demand factor. The bare
ZSM-5 exhibited higher toluene conversion than the Ag/ZSM-5, while its activity toward
deep oxidation was limited. However, the Ag/ZSM-5 was found to be effective for the
deep oxidation of reaction intermediates (HCOOH and CO). Separate oxidation tests with
HCOOH and CO revealed that the ZSM-5-supported Ag nanoparticles could oxidize the
HCOOH and CO in the absence of ozone, which was not possible with the bare ZSM-5.
Plausible pathways for the oxidation of toluene with O3 over ZSM-5 and Ag/ZSM-5 were
proposed based on the experimental evidence.
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Introduction

Volatile organic compounds (VOCs) have been a subject of environmental and public
health concern because they substantially contribute to photochemical oxidants and sec-
ondary organic aerosols. In 2006 in Japan, air pollution control laws have severely
restricted the emission of VOCs from large plant facilities used for the painting, drying,
cleaning, printing, and storage industries. Conventional pollution control methods,
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including incineration, catalytic combustion and adsorption techniques, have already been
implemented at large exhaust sources [1-3]. However, these techniques are unsuitable for
many small- and medium-sized plant facilities because they are expensive and require a
large space for installation. Therefore, more effective and inexpensive techniques must be
developed for use in these small- and medium-sized plant facilities. Platinum-group
metals, such as platinum and palladium, are currently used as active materials in catalysts.
However, the use of these rare metals will most likely be restricted in the future because
they are increasingly in demand for various applications, such as automobile catalysts,
combustion catalysts, and fuel cell electrodes [4]. Some other transition metals exhibit
catalytic activity, but these elements require higher reaction temperatures than are nec-
essary with the platinum-group catalyst [5, 6].

The combination of electrical discharge with catalysis has become more popular for
applications in VOC control because these processes yield higher conversion and superior
CO, selectivity [7-9]. These combined systems fall into two basic categories; one is single-
stage (also referred to as plasma-driven or in-plasma catalysis) and the other is two-stage
(also referred to as plasma-assisted or post-plasma catalysis) [10, 11]. Precious metals (Pt,
Pd) are also not essential for successful plasma-catalysis processes. Ozone (O5)-assisted
catalysis is one optimized type of the two-stage plasma-assisted catalysis because the
plasma is specifically used for ozone generation. Previous studies have indicated that using
ozone can reduce the reaction temperature by approximately 200 °C during the oxidations
of CO and benzene (C¢Hg) over a blast furnace slag catalyst containing several metals (Cu,
Ni, Mn, Co) [12], the oxidation of i-propanol and CO over CoOx/Al,O5 [13], and the
oxidations of several VOCs over Ba—CuO-Cr,03/Al,05 [14]. One important feature of the
ozone-assisted catalysis is the complete control over NOx formation, which is not possible
with the other types of combined plasma-catalysis processes operating in air-like mixtures
[9, 15, 16]. Ozone-assisted catalysis is essentially free from ion chemistry [17], short-lived
radicals [18], UV [19], excited or metastable molecules [20, 21], and surface streamers [22,
23], which often make the interactions between the plasma and the catalyst in single-stage
configuration difficult to understand.

Several authors have considered using multi-component catalysts to increase the per-
formance in single-stage or two-stage plasma-catalysis processes. Ogata et al. [24] reported
the combined effects of BaTiO; with metal-supported alumina, as well as BaTiO; with
zeolites [25] on the decomposition of benzene. Holzer et al. [26] has also confirmed that
enhanced performance in methyl fert-butyl ether (MTBE) destruction can be achieved with
a packed-bed (single-stage) reactor containing both BaTiO3; and LaCoQOj3. A group at the
University of Manchester reported the destruction of toluene and cyclohexane in air using a
two-stage plasma-enhanced catalyst process. They used dual-layer catalysts composed of
MnO,/alumina and MnO,-CuO downstream from the plasma cells [27]. Although the
carbon balances were very low (below 25 %), which is most likely due to the adsorption of
intermediates on the surface of catalysts, this configuration produced more CO, with less
outlet O5. A similar effect was also reported when a mixed catalyst, which was composed
of MnO,/TiO,-Al,03 and TiO,, was used for the removal of toluene (750 ppbv) [28].
However, these approaches have not yet been studied for the ozone-assisted catalysis of
VOC:s. In this study, different catalytic activities from using ZSM-5 and Ag/ZSM-5 were
incorporated into layered catalysts, in which the ZSM-5 was followed by the Ag/ZSM-5.
Comparison of the new system with the individual catalysts, as well as the development of
the optimum ratio for the layered catalyst, will be discussed. The screening of suitable
catalysts, which include parameters such as the type of metal or support, is an important
issue during the optimization of the Oj-assisted catalysis. The most widely studied
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materials used in Os-assisted catalysis are Mn oxides (MnO,) [29-32]. Various metal
oxides [33], titania-supported V,05 [34], wood fly ash [35], and Cu—Cr catalysts [36, 37]
have also been studied recently in low reaction temperatures (e.g., room temperature or
100 °C). Furthermore, porous materials, such as zeolites and MCM-41, have also been
used as supports or even catalysts during oxidation reactions [31, 38, 39]. Sugasawa and
Ogata [40] reported that ZSM-5-supported Ag (Ag/ZSM-5) decomposed toluene
(C¢HsCHj3) more efficiently than systems using Mn, Fe, Co, or Ni. We focused on the
behavior of ZSM-5 and Ag/ZSM-5 during the oxidation of 200 ppm toluene using varying
inlet O; concentrations, catalyst loadings, and reaction temperatures. The carbon recovery
in a previously reported Os-assisted catalytic oxidation of 100 ppm benzene (C¢Hg) was
below 40 % at room temperature [41]. Formation of intermediates and their accumulation
on the catalyst surface cause the low carbon recovery and deactivation of the catalyst over
time [42]. Increasing the reaction temperature and the amount of catalyst are simple
changes that may increase the carbon recovery [40] and decrease the outlet ozone (com-
plete utilization of ozone). Temperature limit of ozone-assisted catalysis will be about
270 °C due to the rapid decomposition of O3 in gas-phase. To elucidate the catalytic role of
Ag in the deep oxidation, separate test oxidations using two major byproducts (100 ppm
HCOOH and 160 ppm CO) were also conducted. A plausible reaction mechanism will be
presented based on the experimental evidence.

Experimental Section
Catalyst Preparation

Hydrophobic ZSM-5 pellets (Union Showa K. K., Japan HiSiv-3000, diameter = 1.6 mm,
Si/Al ratio >1,000) were impregnated with an aqueous solution of AgNQO3, before drying at
40 °C in a rotary evaporator, finally the material was calcined in air at 500 °C for 10 h.
The amount of Ag (4.4 wt%) on the prepared catalyst (Ag/ZSM-5) was determined with
inductively coupled plasma-atomic emission spectrometry (ICP-AES, SII Nano Technol-
ogy Inc., Japan, Model SPS 5100). The Brunauer-Emmett-Teller (BET) surface area of the
ZSM, which was determined via N, adsorption using BELSORP 28 system (BEL Japan) at
liquid nitrogen temperature, decreased from 313 to 294 m*/g after loading the Ag. The
morphology and size of the Ag nanoparticles on the ZSM-5 zeolite were measured with a
transmission electron microscope (TEM; Topcon EM-022B). Figure 1 presents a TEM
image of Ag/ZSM-5. The Ag nanoparticles were uniformly dispersed on ZSM-5 (2—7 nm)
with a mean particle size of approximately 3 nm. All catalysts were pretreated in dry air at
500 °C for 1 h before each test run. The oxidation state of the impregnated Ag was
measured using X-ray diffractometer (Rigaku, Model MiniFlex II), which is shown in
Fig. 2. Most of Ag peaks were ascribed to metallic Ag and the Ag oxide was found to be
trace or negligible.

Experimental Apparatus

The experimental setup is described schematically in Fig. 3. An oxygen-fed (0.1 L/min)
surface discharge type ozonizer was made of a quartz tube with an 11.5 mm outer
diameter, a 9.5 mm inner diameter, and a length of 150 mm. The ozonizer was energized
using an AC high voltage power supply (Trek JAPAN Co., Japan 20/20B). The discharge
power (0.2-2.0 W) was measured using the Lissajous method [43]. The catalyst reactor
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Fig. 1 TEM photograph of Ag/ZSM-5 with a magnification of 55,000

Fig. 2 XRD pattern of the Ag/
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was made of a quartz tube with a 12.5 mm outer diameter, a 10.0 mm inner diameter, and a
210 mm length, which was placed vertically in an electrical oven. A glass bubbler con-
taining liquid toluene placed in a water-bath, where the temperature was thermostatically-
controlled at 5 °C. The toluene concentration was controlled either by the flow rate of the
nitrogen through the bubbler or the temperature of water-bath. The flow rate of each gas
was independently controlled with a mass flow controller (MFC). The toluene/N, gas
(0.4 L/min) and the O5/O, gas (0.1 L/min) were mixed upstream from the catalyst bed. As
was expected from the small reaction rate constant (k = — 10722 molecules/cm®), no
decomposition occurred when the O3 was mixed with toluene at room temperature in the
absence of catalyst. The inlet concentrations of toluene and O; were adjusted to 200 and
660—4,100 ppm, respectively. The Os-assisted catalytic oxidation was begun after the
toluene adsorption reached equilibrium.

In this study, four sets of experimental conditions were examined by varying the
reaction temperature and amount of catalyst: (A) 0.5 g of catalyst at a reaction temperature
of 100 °C, (B) 0.5 g of catalyst at 150 °C, (C) 1.0 g of catalyst at 100 °C, and (D) 1.0 g of
catalyst at 150 °C. These four sets of experiments may provide important insight into
optimal temperature and amount of catalyst. Gaining an understanding the formation and
the further oxidation of two major intermediates (HCOOH and CO) is particularly
important. The oxidation abilities of ZSM-5 and Ag/ZSM-5 for the conversion of HCOOH
and CO were also examined to elucidate the catalytic properties during the toluene deg-
radation. The concentrations of HCOOH and CO in the mixed gases (0.5 L/min) were 100
and 160 ppm, respectively.

The characteristics of each catalyst were incorporated into tandem layered catalysts,
where ZSM-5 was followed by Ag/ZSM-5 in the direction of the gas flow (Fig. 3). The

Layered catalyst*

R 0.59 0.89 0.9 |

M

Ag/ZSM -5 (8 0.5 029 0.1g |

) Ozonizer
0.1 L/min A
A\
0.4 L/min Catalyst
O
Toluene >

HCOOH CO N,

Fig. 3 Experimental setup for the ozone-assisted catalytic decomposition of toluene. Unless otherwise
noted, the test conditions were as follows: a 0.5 g of catalyst at 100 °C, b 0.5 g of catalyst at 150 °C,c 1.0 g
of catalyst at 100 °C, d 1.0 g of catalyst at 150 °C
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total amount of layered catalyst was 1.0 g and different ratios of ZSM-5 and Ag/ZSM-5
were also surveyed. Glass filters were used to hold and to separate each catalyst bed. The
reaction temperature was maintained at 100 or 150 °C by an electrical furnace, and the O3
concentration was adjusted to 2,423 or 2,700 ppm.

Analysis

The concentrations of the toluene and the oxidation products (CO,, CO, and HCOOH)
were measured with an online Fourier transform infrared spectrometer (FT-IR, Jasco Co.,
Japan FT/IR-4200) equipped with a gas cell 2.5 m in optical length (Specac Inc., UK
Sirocco series 24102). The spectral resolution of the FT-IR was set at 0.5 cm™'. The
concentrations of toluene, CO,, CO, and HCOOH were determined quantitatively from the
absorption peaks at 729.2, 2,296.3, 2,190.0, and 1,103.0 cem™ !, respectively. The con-
centration of O3 was measured with an O3 monitor (Ebara Jitsugyo Co., Japan EG-550)
downstream from the FT-IR. The data points in this work represent the data read beginning
30 min after the start of O; supply to the catalyst reactor, unless otherwise noted. The
toluene conversion and CO, selectivity were calculated with the following equations.

[Toluene], — [Toluene]

Conversion (%) = x 100 (1)

[Toluene]y

[CO,]
[CO,] + [COJ + [CHOOH]

CO; selectivity (%) = 100 (2)
The subscript 0 indicates the inlet concentration. The CO, selectivity in COy indicates
the ratio of CO, from the sum of CO and CO,.

Results and Discussion
Catalytic Activity of Bare ZSM-5

The toluene conversion over the bare ZSM-5 was plotted against the inlet the O3 con-
centration in Fig. 4. As the temperature and the amount of catalyst increased, the con-
version of toluene increased. Under all tested conditions (A, B, C, and D), the conversion
of toluene and the formation of the oxidation products (CO, CO,, and HCOOH) became
progressively saturated when the inlet O; concentrations exceeded approximately
2,700 ppm. Figure 5 displays (a) the ozone consumption and (b) the concentrations of the
oxidation products formed over the bare ZSM-5. The lowest ozone consumption was
observed with condition A, which reflects the poor conversion of toluene (Fig. 3), the
limited formation of oxidized products and the low CO, selectivity. This observation
indicates that the decomposition of ozone generates active oxygen species on the bare
ZSM-5, which leads to the oxidation of the toluene [44-46].

Figure 6 illustrates the (a) profiles of HCOOH, and (b) CO, selectivity. The HCOOH
formation was noticeable at conditions A and C (100 °C). The peak values reached 124 and
131 ppm, respectively. Further increasing the amount of inlet O to a concentration above
1,260 ppm resulted in the accumulation of less HCOOH. The declining slope was pro-
portional to the amount of ZSM-5 (condition C > condition A), but detectable amounts of
HCOOH still existed, even with 4,000 ppm of ozone. On the other hand, increasing the
temperature from 100 to 150 °C significantly reduced the HCOOH formation to levels
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Fig. 4 Toluene conversion over
ZSM-5 as a function of inlet O3
concentration

Fig. 5 Influence of reaction
conditions on a consumed Os,
and b concentration of oxidation
products. The dashed line in

a shows the values when all the
inlet O; was consumed. Catalyst:
ZSM-5
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below 33 and 14 ppm (maximum at 660 ppm O;3) for the conditions of B and D,
respectively. When the ozone concentration was higher than 2,700 ppm, no HCOOH was
observed at 150 °C. The order of HCOOH formation (A > C > B > D) was inversely
proportional to the ozone consumption (Fig. 5) and CO, selectivity (D > B > C > A),
indicating that the ozone-induced oxygen species on the ZSM-5 surface played an
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Fig. 6 Influence of reaction (a) 150
conditions on a formation of ®A:059g,100°C
HCOOH, b CO, selectivity. £ ‘ 0B:0.5g,150 C
Catalyst: ZSM-5 % AC:1.0g,100C

C=> 100 | ] AD:1.0g,150 °C

= A  J

£ A

§ [ )

<  J

S 50}

%

I

2 | o b e

(6]

T A 8 AL

0

0 1000 2000 3000 4000 5000
Inlet O; concentration (ppm)

(b) 100
S
i}
5 0
3
5 gof--o- _é%_gﬁem__-
i 8 )
©
£ A A ...
2 7} © .‘
>
5 A ® A:0.59,100 °C
% 6o | Ao OB:0.5g,150 C
» AC:1.0g,100°C
N
o AD:1.0g,150°C
o o 9

50

0 1000 2000 3000 4000 5000
Inlet O; concentration (ppm)

important role during the oxidation of toluene. However, the CO, selectivity was
approximately 83 % at maximum and did not exceed this value, even with 4,000 ppm Os3.
These results clearly indicated that the bare ZSM-5 exhibits relatively good activity during
initial stage of toluene conversion, but has limited activity in the subsequent steps toward
deep oxidation.

Catalytic Activity of Ag/ZSM-5

The toluene conversion over the Ag/ZSM-5 was plotted against the inlet O3 concentration
(Fig. 7). The effects of different reaction conditions (temperature and amount of catalyst)
were less significant with the Ag/ZSM-5 than were observed with bare ZSM-5. The
maximum conversions were also lower than the conversions observed with the bare ZSM-5.
When the inlet O; concentration was higher than 2,700 ppm, the toluene conversion
became saturated at approximately 70 %, which is about 30 % lower than was observed for
the bare ZSM-5 (Fig. 4). Figure 8 shows concentration of the oxidation products and
consumed O; as functions of the inlet O3 concentration. As expected from the lower
toluene conversion, the Ag/ZSM-5 generated approximately 300 ppm less oxidation
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Fig. 7 Toluene conversion over 100
Ag/ZSM-5 as a function of inlet
O3 concentration

< sof

f =

o]

% eo0|

3

>

S

© 40 ®A:0.5g,100°C
T

o OB:0.5,150°C
L 2 AC:1.0g,100°C
O

AD:1.0g,150°C

. . n .

0 1000 2000 3000 4000 5000
Inlet O; concentration (ppm)

Fig. 8 Concentration of
oxidation products and consumed
ozone as function of inlet O3
concentration. Catalyst: Ag/
ZSM-5

1000

1 6000
500
-1 4000

Consumed O3 (ppm)

71 2000

Concentration of oxidation products (ppm)

1000 2000 3000 4000
Inlet O; concentration (ppm)

products by than the bare ZSM-5. However, the Ag/ZSM-5 was effective in the decom-
position of ozone. High ozone conversion alongside low toluene conversion indicates that,
as will be discussed later (Sect. “Plausible Toluene Oxidation Pathways Over ZSM-5 and
Ag/ZSM-5”), facile O; consumption occurs over the Ag/ZSM-5. Figure 9 lists the CO,
selectivities on the Ag/ZSM-5. Regardless of the reaction temperature or amount of cat-
alyst, HCOOH was not formed at all over the Ag/ZSM-5. The CO, selectivity was
increased under either catalyst amount (0.5 g — 1.0 g) or reaction temperature
(100 °C — 150 °C), or both. Under condition D, the CO, selectivity reached 99 % at inlet
O3 concentrations higher than 2,300 ppm. Table 1 summarizes effect of the amount of Ag/
ZSM-5 on the Os-assisted catalytic oxidation of 200 ppm toluene at 100 °C. The O;
consumption increased rapidly with the amount of catalyst, and leveled off when the
amount of Ag/ZSM-5 exceeded 0.5 g. These results explain the patterns of consumed O3
under conditions A, B, C, and D in Fig. 8. The CO, selectivities in CO, were higher than
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94 %, regardless of the catalyst amount. For example, toluene conversion with 0.1 g of Ag/
ZSM-5 was only 9 % while a 94 % of CO, selectivity in CO,.

Although the Ag/ZSM-5 decomposed O; more effectively than the ZSM-5, it was less
active during toluene conversion, resulting in fewer amounts of oxidation products. In
contrast, the presence of the Ag nanoparticles on ZSM-5 played an important role during
the deep oxidation to form CO, by reducing the formation of CO and HCOOH. This
observation indicates that oxygen species form on the Ag nanoparticles facilitate not only
oxidation of toluene and its intermediates but also facile ozone decomposition, leading to
much greater ozone consumption without enhancing the oxidation processes.

Oxidations of HCOOH and CO Over the ZSM-5 and Ag/ZSM-5

Oxidation test reactions with HCOOH and CO were performed separately to elucidate the
reaction pathways over the ZSM-5 and the Ag/ZSM-5. Table 2 summarizes the HCOOH
oxidation with and without O3 at 100 and 150 °C. The bare ZSM-5 could not oxidize the
HCOOH to CO, at all in the absence of O3, regardless of reaction temperature. However,
the presence of ozone significantly enhanced the HCOOH conversion into CO,, with an
88 % selectivity. Furthermore, the Ag/ZSM-5 efficiently oxidized 100 ppm of HCOOH to
form CO, even without O3 at 100 °C. These results indicate that the two catalysts easily
oxidize HCOOH to CO, in the presence of Oz. Additionally, the ZSM-5-supported silver
nanoparticles played a more important role than the ozone during the oxidation of HCOOH
to C02

Fig. 9 Relationship between e 100
CO, selectivity in all products -~ A Q _ﬁ_ 6 ﬁ_@_’_p
. e %) R K g @O
and inlet O3 concentration. i ® [ ]
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Table 1 Effect of catalyst amount on toluene oxidation over Ag/ZSM-5 ([toluene]y = 200 ppm,
temperature = 100 °C)

Catalyst amount Supplied O3 Consumed O3 C¢HsCHj3 CO, selectivity
Ag/ZSM-5 (g) (ppm) (ppm) conversion (%) in COy (%)

0.1 2,423 1,074 9 94

0.2 2,423 1,558 23 94

0.5 2,700 2,550 61 95

1.0 2,700 2,677 68 97
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Table 2 HCOOH oxidation over ZSM-5 and Ag/ZSM-5 with and without ozone ((HCOOH], = 100 ppm,
amount of catalyst = 0.5 g)

Catalyst Reaction Supplied O3 Consumed O3 HCOOH CO, selectivity
temperature (°C) (ppm) (ppm) conversion (%) in COy (%)

ZSM-5 100 - - 0 -

ZSM-5 150 - - 0 -

ZSM-5 100 2,423 1,761 100 88

Ag/ZSM-5 100 - - 97 100

Ag/ZSM-5 100 2,423 2,413 100 100

Table 3 CO oxidation over ZSM-5 and Ag/ZSM-5 with and without ozone ([CO]Jy = 160 ppm, amount of
catalyst = 0.5 g)

Catalyst Reaction Supplied O3 Consumed O3 CO conversion
temperature (°C) (ppm) (ppm) (%)

ZSM-5 100 - - 0

ZSM-5 150 - - 0

ZSM-5 100 2,423 1,843 49

ZSM-5 150 2,423 2,112 62

Ag/ZSM-5 100 - - 48

Ag/ZSM-5 150 - - 79

Ag/ZSM-5 100 2,423 2,418 100

Ag/ZSM-5 150 2,423 2,423 100

Table 3 depicts the characteristics of the two catalysts during the oxidation of CO under
the same conditions as were employed for HCOOH. In the absence of Os, the bare ZSM-5
could not also oxidize CO at all. The presence of the O; promoted CO oxidation to reach
49 and 62 % at 100 and 150 °C, respectively. In contrast, ozone was not necessary for CO
oxidation over the Ag/ZSM-5, but it still enhanced the CO oxidation. The Ag/ZSM-5
oxidized 48 and 79 % of CO at 100 and 150 °C, respectively in the absence of O5. The
presence of ozone completely oxidized the CO over the Ag/ZSM-5 at both reaction
temperatures. The catalytic activity of Ag on the CO oxidation is consistent with the data
reported in literature [47-49]. As shown in Fig. 9, CO, selectivity increased with tem-
perature at given amounts of Ag/ZSM-5. This observation indicates that ozone-induced
production of surface oxygen species on Ag reacted preferentially with CO and HCOOH
rather than toluene.

Plausible Toluene Oxidation Pathways Over ZSM-5 and Ag/ZSM-5

From the above experimental results, plausible steps for the oxidation of toluene with O3
over ZSM-5 and Ag/ZSM-5 were schematically proposed in Fig. 10. The catalytic effects
occurring during an ozone-assisted catalysis are the consequence of the dissociative
adsorption of ozone on the surface of the catalyst. Ozone adsorbs onto the active sites of
ZSM-5(z) and decomposes to generate active atomic oxygen (z—O*) and O, (reactions R1
and R2). Subsequently, z—O* reacts with O3 to form peroxide (z—O,*) and desorbs O,
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Ozone-assisted catalysis of toluene Side reaction
CH;
CO.
CO,
O; O3
i (e]e] CO,
CH;
93_, 9 - 92 - 9 HCOOH
z z z 3 z residues
; ’ ZSM-5 ‘

Fig. 10 Plausible reaction pathways of ozone-assisted catalytic oxidation of C¢HsCH3 over ZSM-5 and Ag/
ZSM-5

(reactions R3 and R4) [50]. The higher toluene conversion observed over the bare ZSM-5
indicates that the z—O* is effective in the early steps of toluene decomposition (reactions
R5-R7), which is also supported by the enhanced formation of intermediates. However, its
ozone-assisted oxidation capacity was limited against these intermediates (HCOOH and
CO). No oxidation of HCOOH and CO occurred over the bare ZSM-5 in the absence of O5
(see Tables 1, 2), which also confirmed that the z—O* plays a key role in the ozone-assisted
catalysis of toluene, but does not react with the intermediates over the bare ZSM-5. When
the Ag nanoparticles were present on ZSM-5, the deep oxidation of the reaction inter-
mediates was largely enhanced. Ray and Anderegg were most likely the first authors to
report an ozone-assisted CO oxidation over Ag [51]. Similar reactions between CO and Ag
catalyst have been reported by many authors using various supports such as alumina [42,
52], and NaY [53]. Ozone has a strong interaction with metal surfaces and can induce
various surface chemical reactions via ozone-induced surface oxygen species [54]. The
surface of metallic Ag (as prepared the Ag/ZSMS5) can uptake ozone, which leads to the
formation of active oxygen on the surface. Although it is still unclear which of the surface
oxygen species (0, 07, O*7, 0,7, 0,%7) plays the predominant role in the oxidation
process, the presence of a superoxide anion radical (O,) has been confirmed with ESR
(electron spin resonance) measurements on the surface of Ag/NaY [53]. Similar obser-
vations of ozone-induced oxygen uptake and CO oxidation on Au have been reported by
Biener et al. [55].The ZSM-5-supported Ag nanoparticles exhibited some catalytic activity
during the oxidations of HCOOH and CO in this study even in the absence of ozone (R12
and R14). The Ag nanoparticles can also catalytically decompose O3 to O,, which has been
reported by many authors [53, 54, 56]. The Ag—O* in reactions 9 and 10 could be either
AgO or Ag,0. This side reaction (R9) over Ag increases the unproductive consumption of
ozone, which does not contribute to the decomposition of either toluene or the interme-
diates. This result clearly reveals that loading amount of Ag should be carefully designed
on the basis of tradeoff between positive effects (R8, R11-R14) and side reaction (R10).
One important feature of this figure is that the different reactivity between z—O* and Ag—O*.
The z—O* reacts with toluene more efficiently (i.e. R5—-R7 > R8), whereas the Ag-O*
demonstrates a higher activity against CO and HCOOH oxidation, as well as O;
decomposition.

O3 +2z—2-0; (R1)
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z—03 - z—0* + 0, (R2)
2—0" + 03 — 2—-0, + O, (R3)
-0, -2+ 0, (R4)
HCOOH (RS)

C¢H5;CH; + z-O* CO (R6)
CO, R7)

C¢HsCH; + Ag—O" — Products (R8)
Ag + 0; — Ag—0"+ 0, (R9)
Ag—O" + 03 — Ag + 20, (R10)
HCOOH + Ag—0* — CO; (R11)
HCOOH + Ag — CO, (R12)
CO + Ag—0* — CO, (R13)

CO +1/20, + Ag — CO, (R14)

Ozone-Assisted Catalysis Using Layered Catalysts

To take advantage of the different activities of each catalyst, layered catalysts composed
of bare ZSM-5 followed by Ag/ZSM-5 were proposed and tested in the Os-assisted
catalytic oxidation of toluene. Figure 11 summarizes the schematic outline of the layered
system, where the two catalysts play slightly different roles in the ozone-assisted
decomposition of toluene. Because the bare ZSM-5 exhibits better toluene conversion than
the Ag/ZSM-5, it is positioned upstream from the Ag/ZSM-5. The highly ozone-depen-
dent behavior of the bare ZSM-5 also favors the front position. Although less ozone is
available in the rear position, the Ag/ZSM-5 catalyst can still efficiently oxidize HCOOH
and CO; therefore, the rear position is suitable for the Ag/ZSM-5. Table 4 presents the
experimental results of the three sets of layered catalysts alongside the data for the four
single catalysts. The layered catalyst achieved both high toluene conversion and high CO,
selectivity, which was not possible for any of the single catalyst cases. The optimum
mixing ratio between the bare ZSM-5 and the Ag/ZSM-5 was found to be an equal
amount by mass (0.5 g:0.5 g).

Ozone demand factor (DFq,ope) is a useful measure of how much ozone is necessary
during the oxidation of VOC (toluene) [36]. Smaller DF,,,., values correlate with better
performance during the ozone-assisted catalysis of toluene.

A0l A[O]

B 3 3
DFozone_A[Toluene] - ([CO1;, + [CO] + [CHOOH]) /7 (3)

When drawing comparisons based on DF,,,.., a good carbon balance (A[tolu-
ene] = sum of products) is necessary to make a reasonable evaluation.

C6H5CH3 + 1803 — 7C02 + 4H20 + 1802 (RIS)

The stoichiometric DF,,,, for the reaction between toluene and ozone (R15) is 18. This
value (DF,,,. = 18) means that ozone provides an equi-molar amount of atomic oxygen
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-

Outlet

ZSM-5 Ag/ZSM-5

Fig. 11 Functionalized two-layer catalysts for ozone-assisted catalysis of toluene

Table 4 Toluene oxidation over layered catalyst (ZSM-5 and Ag/ZSM-5) ([toluene]y = 200 ppm,
temperature = 100 °C)

Catalyst Supplied  Consumed CgHsCHj HCOOH Carbon  CO, DFo,0ne
—— O3 (ppm) O3 (ppm) conversion  concentration  balance  selectivity
ZSM-  Ag/ (%) (ppm) (%) in all
5 ZSM- products

5 (%)
0.5 - 2,700 1,222 67 58 122 73 9.1
1.0 - 2,700 2,067 96 12 102 80 10.7
- 0.5 2,700 2,550 61 0 104 95 20.9
- 1.0 2,700 2,677 68 0 128 97 19.6
0.9 0.1 2,423 2,087 86 23 97 83 12.1
0.8 0.2 2,423 2,153 86 11 100 86 12.5
0.5 0.5 2,700 2,591 91 0 100 94 14.2

to the reaction before it reforms oxygen. With the single catalysts, the DF,,.,. values for
the bare ZSM-5 and the Ag/ZSM-5 were approximately 10 and 20, respectively. In the
two-layered cases, the DF,,, increased with the Ag/ZSM-5 amount from 12.1 to 14.2,
which is most likely due to the side reactions (R9) and (R10) occurring over Ag. From the
work by Kwong et al. [38], the DF,,,, for the removal of 1.5 ppmv toluene at room
temperature had an estimated range of 20-35. More work is necessary (the effects of initial
condition, type of catalyst, and temperature) to optimize the DF,,,. value, which is also
related to the process economy.

Conclusion
In this study, the different behaviors of the bare ZSM-5 versus the Ag/ZSM-5 during the
ozone-assisted catalytic degradation of toluene were clarified. The bare ZSM-5 had higher

activity during the toluene conversion, but not for the oxidation process that formed CO,.
The Ag/ZSM-5 displayed less efficient toluene conversion, but it had higher activity during
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the oxidation of intermediates (HCOOH and CO). The DFq,ope, indicated that the Ag/
ZSM-5 consumed more ozone because ozone undergoes catalytic decomposition over Ag
nanoparticles. We incorporated two different catalysts with complementary activities into a
layered system to enhance both the toluene conversion and the CO, selectivity. A layered
catalyst constructed with equal amounts of bare ZSM-5 and Ag/ZSM-5 could achieve high
toluene conversion in addition to an oxidation to form CO,, which was impossible when
using either catalyst singly. The layered catalyst incorporates different catalytic activities,
which may lead to the development of systems less dependent on the amount of precious
metal; generating these types of catalysts may also lead to reduced process costs.
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