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Abstract: Gaseous sulfur compounds are emitted from many facilities, such as wastewater facilities
or biomass power plants, due to the decay of organic compounds. Gaseous dimethyl sulfide re-
moval by ozone catalytic oxidation was investigated in this study. A Vacuum-Ultra-Violet (VUV)
xenon excimer lamp of 172 nm was used for ozone generation without NOx generation, and acti-
vated carbon impregnated with iodic acid and H2504 was utilized as a catalyst. Performance assess-
ment of dimethyl sulfide removal ability was carried out by a dynamic adsorption experiment.
Empty-Bed-Contact-Time (EBCT), superficial velocity, concentration of dimethyl sulfide, tempera-
ture and humidity were set at 0.48 s, 0.15 m/s, 3.0 ppm, 25 °C and 45%, respectively. Without ozone
addition, the adsorption capacity of impregnated activated carbon was 0.01 kg/kg. When ozone of
7.5 ppm was added, the adsorption capacity of impregnated activated carbon was increased to 0.15
kg/kg. Methane sulfonic acid, a reaction product of dimethyl sulfide and ozone, was detected from
the activated carbon. The results suggest that the VUV and activated carbon impregnated with iodic
acid and H2SOu are workable for ozone catalytic oxidation for gas treatments.

Keywords: catalytic oxidation; dimethyl sulfide; gas treatment; impregnated activated carbon; iodic
acid; ozone; sulfur compounds; vacuum-ultra-violet (VUV); xenon excimer

1. Introduction

To contribute to sustainable development goals (SDGs), waste treatment facilities or
waste-to-energy plants are attracting much attention [1,2]. These facilities emit odor due
to the decay of organic compounds [3-5], and these facilities are distributed based on ge-
ographical conditions or disaster risk [6]. Deodorization systems have been developed for
conventional large-scale centralized systems, but these systems are not always suitable
for small-scale distributed systems. Thus, a gas treatment technology suitable for small-
scale systems is increasingly needed.

In general, nitrogen compounds and sulfur compounds are emitted from waste treat-
ment facilities and waste-to-energy plants due to the decay of organic compounds [7]. In
particular, nitrogen alkaline gases such as ammonia or trimethylamine, sulfur acid gases
such as hydrogen sulfide or methane thiol, and sulfur neutral gases such as dimethyl sul-
fide (DMS, (CHs)2S) are the dominant materials [8]. However, ammonia and trimethyla-
mine canbe removed by acid neutralization [9]. Hydrogen sulfide and methane thiol can
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be removed by alkaline neutralization [10] or catalytic oxidation by oxygen at room tem-
perature [11]. Although dimethyl sulfide cannot be removed by neutralization [12] or cat-
alytic oxidation by oxygen at room temperature [13,14], DMS is easily vaporized from the
liquid phase due to its low boiling point of 37 °C [15]. Furthermore, the odor threshold
concentration of DMS is very low: 0.0032 ppm [16]. Thus, oxidants are needed to remove
dimethyl sulfide to prevent malodor pollution.

Therefore, DMS removal by ozone catalytic oxidation has been proposed by many
researchers [17-19], as ozone can be generated by oxygen molecules in atmospheric air
and electric power. These studies used expensive catalysts: ion-exchanged zeolite or
metal-oxide. In addition, a Pressure-Swing-Adsorption (PSA) oxygen generator is needed
for ozone generation by atmospheric discharge without NOx species [20]. To widen the
spread of ozone, catalytic oxidation for gas treatment, inexpensive catalytic materials and
a simple equipment ozonizer are needed.

In this study, granular activated carbon impregnated with iodic acid and inorganic
acid was selected as a catalyst material. It is a cost-effective method for gas contaminant
treatment [21,22]. Iodic acid is well known as an oxidant, and its reduction-oxidation po-
tential is 1.195 eV [23]; iodic acid is reduced to iodide or iodine by oxidizing pollutants. It
is well known that iodide can be oxidized to iodic acid by ozone [24-26]. Thus, iodic acid
could be useful as an ozone oxidation catalyst. Inorganic acid was used for pH control.

A Vacuum-Ultra-Violet (VUV) xenon excimer lamp was used as an ozonizer in this
paper. Oxygen molecules were decomposed using a 172 nm VUV, and ozone was gener-
ated [27]. NOx was not generated because a 172 nm VUV does not have adequate energy
to excite nitrogen molecules [28]. An excimer lamp can generate ozone without the use of
expensive equipment.

This paper reports on gaseous DMS removal by ozone catalytic oxidation using a
xenon excimer lamp and activated carbon impregnated with iodic acid and inorganic acid
for an economical deodorization technology.

2. Materials and Methods

2.1. Characteristics of Granular Activated Carbon Impregnated with lodic Acid and Inorganic
Acid

Granular activated carbon impregnated by iodic acid and inorganic acid (Suntecs,
Gifu, Japan, Y-AC-I) was used in a series of experiments. In this paper, it is called impreg-
nated activated carbon. Particle size distribution, bulk density and toluene adsorption ca-
pacity were measured according to JIS K 1474: 2014 [29], while the pH of impregnated
activated carbon was measured according to JWWA A114 [30]. JIS K 1474: 2014 specifies
the characterization protocols of activated carbon regulated by the Japanese Industrial
Standards Committee. JWWA A114 specifies the characterization assessment protocols of
activated carbon for the water supply as regulated by the Japan Water Works Supply.

Particle size was classified by sieve size. Bulk density was calculated by measuring
the weight of impregnated activated carbon packed in a 200 mL container. Toluene ad-
sorption capacity was calculated by measuring the weight difference between before and
after toluene vapor adsorption by flowing 1/10 Toluene vapor to 10 g of impregnated ac-
tivated carbon. The specimen for pH measurement was made of 3 g of impregnated acti-
vated carbon added to 300 mL of ion exchanged water and shaken for 30 min.

Granular activated carbon without impregnation (Suntecs, Gifu, Japan, Y-AC) was
also used in a series of experiments in comparison with impregnated activated carbon,
termed “activated carbon” in this paper.

2.2. Characteristics of VUV Xenon Excimer Lamp

The xenon excimer lamp (Ushio Inc., Tokyo, Japan, UXFL95-172F) was used in a se-
ries of experiments. Figure 1 shows the structural image of the excimer lamp. Xenon gas
was enclosed in a quartz glass, and the electrodes were designated on both sides of the
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outer surface of the quartz glass. By applying pulsed high voltage using a (Ushio Inc.,
Tokyo, Japan, PXZ170120-E) power supply, dielectric barrier discharge plasma was gen-
erated, and 172 nm VUV light emitted. Ozone was generated by irradiation of VUV light
to the oxygen molecule.

VUV light emission (Emission area: 95 mm X 12 mm)

Mesh electrode (High voltage energized)

Electric wires | 0 0O O O
2
/_ [ Xenon plasma ] Quartz glass
o
Ll L L L ||

Mesh electrode (Grounded)

v

Figure 1. The structure of the xenon excimer lamp.

Figure 2 shows the experimental set-up for characterization of the excimer lamp. The
room dry-bulb temperature and relative humidity (RH) were 25 °C and 50%, respectively.
The excimer lamp was stored in an SUS chamber, and gas (humidity controlled air or dry
N2) of 1.5 L/min was flowed to the SUS chamber while energizing the excimer lamp. Nz
gas was used for measuring the emission spectra of the excimer lamp. Discharge power
was controlled by transmitting ON/OFF signal to power supply.

The waveform of discharge voltage and the corresponding discharge current and
discharge power were measured by a high-voltage probe (Tektronix, Oregon, USA,
P6015A), a current probe (Tektronix, Oregon, USA, P6021) and a digital oscilloscope (Tek-
tronix, Oregon, USA, TDS2024B). Room air was flown to the SUS chamber when measur-
ing the discharge characteristics.
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Figure 2. The schematic image of the experimental setup for characterization of the excimer lamp.
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The emission spectra of the VUV region and UV-IR region emitted by the excimer
lamp were measured using a VUV spectrometer (Ocean optics, Florida, USA,
MAYA2000PRO) and a UV spectrometer (ASEQ Instruments, Vancouver, Canada, LR1-
B), respectively. The N2 gas was flowed to SUS chamber, avoiding oxygen molecule ab-
sorption with a VUV light.

By lighting the excimer lamp, joule heating loss occurred. The surface temperature of
the excimer lamp was measured by an infrared camera (FLIR systems, Oregon, USA, FLIR
(3). The emissivity parameter of the thermometer was set at 0.95, as the emissivity of glass
is about 0.95 in an infrared region [31]. Ozone concentration was measured by an ozone
monitor (Ebara jitsugyo, Tokyo, Japan, EG-3000B).

NOx concentration of flowing room air and 100% output power of the excimer lamp
was measured by the ion chromatography method according to ISO 11564: 1998. Sampling
gas was collected in a vacuum flask, and NOx was oxidized by absorption liquid, which
contained H2504 and H202. The HNO:s concentration of absorption liquid was measured
by ion chromatography (Thermo Fisher Scientific, Massachusetts, USA, IC5-1100), and the
NOx concentration of gas was calculated.

2.3. Performance Assessment of Ozone Catalytic Oxidation
2.3.1. Optimizing the Ozone Addition Amount

Characterization of ozone catalytic oxidation was conducted using the dynamic ad-
sorption experiment. The experimental set-up for dynamic adsorption was as specified in
Figure 2 and Section 2.2. A mixture of ozone gas and DMS gas was flowed to the impreg-
nated activated carbon. Ozone was generated by driving the excimer lamp, and room air
of 2.1 L/min was flowed to the SUS chamber. Ozone concentration was controlled by dis-
charge power. DMS was generated by flowing dry air of 0.2 L/min to the gas permeator
(Gastec, Tokyo, Japan, PD-1B-2).

Flow rate, temperature, RH and DMS concentration of the mixed gas were set to 2.3
L/min, 25 °C, 45% and 3.0 ppm, respectively. Impregnated activated carbon was packed
into a U-shaped glass tube with an 18 mm diameter. Packing length was set to 72 mm.
Superficial velocity was defined as air flow rate over cross-section of glass tube, and its
value was 0.15 m/s. Empty-Bed-Contact-Time (EBCT) was defined as packing length over
superficial velocity, and its value was 0.48 s.

Breakthrough time dependence on ozone addition amount was measured, and ozone
amount optimization was investigated. tz [h] is the time to outlet DMS concentration in-
crease to ¢z [ppm] (generally, cp is set to 5% of inlet concentration [32]). In this study, cp
was set at 5% of inlet DMS concentration, and ¢z was 5% breakthrough time. Os/DMS is
defined as ozone concentration over DMS concentration after mixing gas, and Os/DMS
varied from 0 to 4 in this study. DMS concentration was measured using a gas detection
tube (Gastec, Tokyo, Japan, No. 53). During DMS measurements, ozone generation was
stopped to prevent interference.

2.3.2. Dynamic Adsorption Experiment

Adsorption capacity and adsorption rate constant are important parameters in con-
tinuous adsorption processes such as deodorization equipment processes [33]. Adsorp-
tion capacity is defined as the mass of the adsorbate that can be captured by the adsorbent
unit mass. Adsorption capacity q, (kg/kg) was calculated by Equation (1) [34]. T =25
(°C). M =62 (g/mol) is the molecular weight of the adsorbate (DMS). ¢; =3 (ppm) is the
inlet concentration of the adsorbate (DMS). p;, (kg/m?3) is the bulk density of the adsor-
bent (impregnated activated carbon of this is 540 kg/m?, activated carbon of this is 480
kg/m3). t. =0.48 (s) is EBCT. tsq (h) is time for outlet DMS concentration to increase to
50% of inlet DMS concentration, referred to as 50% breakthrough time.
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Adsorption rate constant k, (s™) is the time for EBCT to capture an adsorbate. Ac-
cording to the Wheeler-Jonas equation, the adsorption rate constant is calculated by Equa-

tion (2) [35]. The experiment set-up is as specified in Section 2.3.1.
439 x 1072 Mcits,

=37 pyte M)
Ci — Cp

k _lll’l(ch ) 2
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Outlet DMS concentration was measured using a gas detector tube (Gastec, Tokyo,
Japan, No. 53). The odor threshold concentration of DMS and ozone were 0.0032 ppm and
0.003 ppm, respectively [16]. Ozone could be removed by impregnated activated carbon
to accomplish deodorization. Outlet ozone concentration was also measured using a gas
detector tube (Gastec, Tokyo, Japan, 18 L).

Table 1 shows the major oxidation products of DMS and its boiling points [36]. Gen-
erally, high boiling point material adsorbs more adsorbents [37]. In oxidation products,
Sulfur dioxide (5Oz2) could be detected at the outlet of the impregnated activated carbon
due to its low boiling point. SO: concentration was measured using a gas detector tube
(Gastec, Tokyo, Japan, 5Lb). Other oxidation products could be stored in impregnated
activated carbon due to the high boiling points.

During DMS and SO: measurement, ozone generation was stopped to prevent inter-
ference. It was confirmed that DMS did not interfere with ozone measurement.

Table 1. DMS and its major oxidation products and boiling points.

Materials Boiling Point (°C)
Dimethyl sulfide (DMS)—(CHz)2S 37
Dimethyl sulfoxide (DMSO)—(CHz3)2SO 189
Methane sulfinic acid (MSIA)—CHsSOH 256
Methane sulfonic acid (MSA)—CHsSOsH 167
Sulfur dioxide—SO: -10
Sulfuric acid —H>S0s 337

2.3.3. Activated Carbon Analysis

Methanesulfonic acid (MSA) and H250s4 can be the major oxidation products of DMS
[38]. After the dynamic adsorption experiment, 3 g of adsorbent was added to 100 mL of
ion exchanged water. This specimen was shaken for 30 min. MSA and H2SOs concentra-
tions of the specimen were measured by ion chromatography (Thermo Fisher Scientific,
Massachusetts, USA, ICS-1100). The pH of the specimens was also measured.

2.3.4. DMS Desorption Experiment

Adsorbed material is desorbed by flowing clean air to the adsorbent [39]. Material
captured by physical adsorption is mainly desorbed; however, chemically adsorbed ma-
terial is less desorbed. The ratio of physical adsorption and chemical adsorption can be
roughly estimated by calculating the desorption amount. After the dynamic adsorption
experiment, air was flowed to the adsorbent without generating DMS, and the ozone out-
let concentration of DMS was measured. Desorption ratio is defined as desorption amount
over adsorption amount. The experimental set-up was as specified in Section 2.2.

3. Results and Discussions
3.1. Characteristics of Granular Impregnated Activated Carbon

Figure 3 shows the particle size distributions of impregnated activated carbon and
activated carbon, and Table 2 shows the bulk density, toluene adsorption capacity and
pH. For both impregnated activated carbon and activated carbon, particles sizes were
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2.80-5.60 mm. These particles sizes are typically values for gas treatment [40]. Bulk den-
sity was increased and toluene adsorption capacity was decreased by impregnation. This
might be due to the impregnation materials infiltrating the pores [41]. The pH of activated

carbon was alkali due to the impurity of the metals [42]. The pH was decreased by im-
pregnation due to acid dissociation.

50
g @ Impregnated activated carbon
_§ 40 - O Activated carbon
=
§ 30
%’
220 |
510 |
=
=0
N
§ § &
e 8 $
s & §
W w

Figure 3. The particle size distribution of impregnated activated carbon.

Table 2. Characteristics of impregnated activated carbon and activated carbon.

L Impregnated .
Characteristics Activzteg Carbon Activated Carbon
Bulk density (kg/m?) 540 480
Toluene adsorption capacity (kg/kg) 0.217 0.259
pH (-) 2.4 9.7

3.2. Characteristics of Excimer Lamp

Figure 4 shows the waveforms of the discharge voltage, corresponding discharge
current and discharge power when room air was flowed to the SUS chamber, with an
ON/OFF signal of duty ratio of 30% and frequency of 10 Hz transmitted to the power
supply. Figure 4a shows the waveforms of one-shot pulse. Discharge voltage, the corre-
sponding discharge current and discharge power were -3.6 kV, -2.2 A and 3.5 kW, respec-
tively. Power consumption of one-shot pulse was calculated by integration of the dis-
charge power, and its value was 187 pJ. Figure 4b shows the repetitions of pulsed dis-

charge. Pulse frequency was 70 kHz. Figure 4c shows the controlled output of the power
supply by the ON/OFF signal.
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Figure 4. The waveforms of the discharge voltage, corresponding discharge current and discharge

power: (a) 500 ns/div; (b) 5 us/div; (c) 25 ms/div.

In plasma physics, estimation of the order of gas pressure is important [43]. Gas pres-
sure enclosed in the lamp could be estimated using the Paschen curve [44]. In this study,
discharge voltage was 3.6 kV, and electrode distance was 1 cm. Gas pressure was esti-
mated at about 5-20 kPa.

Figure 5 shows the power consumption of the excimer lamp proportional to the duty
ratio of the ON/OFF signal. When the duty ratio was 100%, power consumption was 13
W (187 yJ times 70 kHz). When controlling the plasma power by varying the discharge
voltage, it is difficult to adjust due to the non-linear characteristics [45]. However, plasma
energy could be linearly controlled by the ON/OFF duty ratio.

Figure 6 shows the emission spectra of the excimer lamp when N2 gas was flowed to
the SUS chamber and the duty ratio of the ON/OFF signal was 100%. Figure 6a shows the
VUV region emission spectra. For the light emission of the peak wavelength of 172 nm, a
full width at a half height of 16 nm was observed. This characteristic VUV light is emitted
from the second continuum of the xenon excimer [46]. The first continuum peak and sec-
ond continuum peak are about same order of value when the gas pressure is about 5-20
kPa [47], although the first continuum of the xenon excimer peak at 152 nm was not de-
tected. This could be due to the VUV adsorption by quartz glass [48] or nitrogen molecules
[49].

15

10

Power consumption [W

0 50 100
Duty ratio of the ON/OFF signal [%]

Figure 5. The dependence of the power consumption of the excimer lamp on the duty ratio of the
ONJ/OFF signal.
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Figure 6. The emission spectra of the excimer lamp: (a) VUV region; (b) UV-IR region.

VUV light emission is generated by the following process in Equations (3)-(5) [50].
The Xenon atom was excited by the electrons in plasma. The excited xenon atom and
ground state xenon atoms generated the xenon excimer (Xe;) by a three-body reaction.
The light emission of 172 nm occurred by dissociation of the xenon excimer to the xenon
atoms. Figure 6b shows the UV-IR emission spectra. Light emissions of 823 nm, 828 nm,
882 nm, 985 nm, 905 nm, 916 nm, 980 nm and 992 nm by 6p—6s transition of xenon atoms

were observed [51].

Xe +e — Xe" 3)
Xe" + 2Xe — Xe; + Xe 4)
Xe; — 2Xe + hv (172 nm) 5)

Figure 7 shows the dependence of the surface temperature of the excimer lamp on
the duty ratio of the ON/OFF signal when room air was flowed to the SUS chamber. When
the duty ratio was 1% and less, the surface temperature was nearly equal to the room
temperature. When the duty ratio was 100%, the surface temperature was up to 95 °C. The
surface area of excimer lamp was about 7.3 x 107* m? (size: 115 mm X 20 mm x 10
mm), and the temperature difference between the surface and environment was 70 °C at
a power consumption of 13 W. The heat transfer coefficient could be calculated as power
consumption divided by the product of the temperature difference and surface, are and
its value was 25 W/(m? °C). When considering the heat transfer coefficient, heat was dif-
fused by natural convection [52].
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Figure 7. The dependence of the surface temperature of the excimer lamp on the duty ratio of the
ONJ/OFF signal.

Figure 8 shows the dependence of the ozone generation characteristics on the duty
ratio when the room air was flowed. Figure 8a shows the ozone concentration versus duty
ratio. By increasing the duty ratio, the ozone concentration was increased. When the duty
ratios were 1% and 100%, the ozone concentrations were 41 ppm and 1600 ppm, respec-
tively. Saturation behavior of ozone concentration was observed above 3% of the duty
ratio. Saturation phenomena occurred due to the ozone decomposition by VUV adsorp-
tion and the self-decomposition described below. In order to improve ozone generation
efficiency at high energy consumption, it was necessary to increase the flow rate. Because
the heat transfer coefficient could be increased by forced convection, ozone concentration
would be decreased by increasing the flow rate.

Ozone generation by VUV irradiation to air occurs by the following process in Equa-
tions (6)—(8) [53]. The oxygen molecule is decomposed to singlet oxygen O( 1D) and tri-
plet oxygen O( °P) by VUV irradiation. Singlet oxygen is transited to triplet oxygen by
collision with neutral molecules M. Triplet oxygen, oxygen molecules and neutral mole-
cules generate ozone by a three-body reaction.

Energy consumption per unit of ozone generation was calculated by Equation (9)
[54]. n (kWh/kg) is the energy consumption per unit of ozone generation, Q (L/min) is
flow rate of air, C,,on. (ppm) is ozone concentration and P (W) is power consumption of
the excimer lamp. Figure 8b shows the energy consumption per unit of ozone generation
versus duty ratio when room air was flowed. Energy consumption per unit was increased
by increasing the duty ratio when it was 3% or greater. When the duty ratios were 1% and
100%, the energy consumption per unit was 18 kWh/kg and 46 kWh/kg, respectively.

When a high duty ratio signal was applied, an increase in power consumption per
unit could occur by following processes. When a high duty ratio signal was applied, ther-
mal decomposition of ozone was accelerated in accordance with Equation (10). Further-
more, with a higher ozone concentration, decomposition occurred by VUV irradiation and
collision with triplet oxygen, as specified in Equations (11) and (12) [55].

£ 10000 80
> £ %
RS )
1000 —* S X0
5 / SO
."Es' / E 3 /.
£ 100 2 =40
[} / 8 ]
g / °'g
s 10 z 220 i and Rl
? <'/ 2B
S}
s ! 0
0.1 1 10 100 0.1 1 10 100
Duty ratio of the ON/OFF signal [%] Duty ratio of the ON/OFF signal [%]
(a) (b)

Figure 8. The dependence of the ozone generation characteristics on the duty ratio of the ON/OFF
signal: (a) ozone concentration; (b) power consumption per unit.

0, + hv (172 nm) - 0( 'D) + O( °P) (6)
o('D)+M - 0(3P)+M @)

O(°P)+0,+ M > 0;+M (8)
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3 51 Q Cozone

= 9
n [8/kWh] = 2oe 2 X —p )
0;+M-0,+0(%P)+M (10)
O;+hv (172nm) - 0, +0 (11)
03 +0(°P) - 0, (12)

By flowing room air at a flow rate of 1.5 L/min (25 °C, 50%) and generating ozone of
1600 ppm by lighting the excimer lamp, NOx was not detected (less than 5 ppm). NOx
concentration per ozone concentration was less than 0.32%. Generally, when generating
ozone by atmospheric air discharge without PSA, NOx per ozone would be around 10%
[56]. The mechanism of the excimer lamp that does not generate NOx is described as be-
low. The first reason is that nitrogen molecules do not absorb VUV light of 150 nm and
longer wavelengths [48], and quartz glass does not transmit VUV light of 150 nm and
shorter wavelengths [49]. The second reason is that if NOx was generated slightly, NOx
could be converted to nitrogen molecules by photochemical reactions in accordance with
Equations (13)-(16) [57]. NO:z could be decomposed to NO and nitrogen atoms N by VUV
irradiation. NO could be decomposed by nitrogen atoms and triplet oxygen by VUV irra-
diation. Nitrogen atoms and neutral molecules could generate nitrogen molecules by a
three-body reaction. Nitrogen atoms and NO could generate nitrogen molecules. Thus, an
excimer lamp could generate NOx free ozone, without expensive equipment such as a
PSA oxygen generator.

NO, + hv (172 nm) — NO + N( *S) (13)
NO + hv (172nm) - N(*S)+ 0( *P) (14)
N(*S)+N(*S)+M - N, +M (15)
N(*S)+NO - N, +0(*P) (16)

Energy consumption per unit of atmospheric oxygen discharge using a PSA oxygen
generator, electrolysis and a low-pressure mercury lamp is about 10 kWh/kg, 60 kWh/kg
and 550 kWh/kg, respectively [58]. For the energy consumption per unit of xenon excimer
lamp, 18 kWh/kg has a high efficiency next to the atmospheric oxygen discharge. Conven-
tionally, excimer lamps have been applied for photochemical surface treatment [59]. Ex-
cimer lamps could also be applied for ozone generation for distributed small-scale sys-
tems, due to their high ozone generation efficiency and not requiring expensive systems
such as PSA oxygen generators.

3.3. Performance Assessment of Ozone Catalytic Oxidation
3.3.1. Optimizing the Ozone Addition Amount

Figure 9 shows dependence of 5% breakthrough time on Os/DMS. For activated car-
bon at 5% breakthrough, time was not changed by varying Os/DMS. On the other hand,
by increasing Os/DMS, the 5% breakthrough time of impregnated activated carbon in-
creased. However, when O3/DMS was more than 2.5, 5% breakthrough time was satu-
rated. This saturation phenomena shows that the Os/DMS of 2.5 was optimal. These re-
sults show that impregnated activated carbon could be useful for ozone catalytic oxida-
tion.
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Figure 9. The dependence of 5% breakthrough time on Os/DMS.

3.3.2. Dynamic Adsorption Experiment

Dynamic adsorption experiments were carried out when the adsorbent was activated
carbon at 0 Os/DMS and impregnated activated carbon at 0 and 2.5 Os/DMS. Figure 10
shows the time variation of the outlet DMS concentration in the dynamic adsorption ex-
periments, and Table 3 shows the 5% and 50% breakthrough times. Table 4 shows the
calculated values of adsorption capacity and adsorption rate constant using values from
Table 3 and Equations (1) and (2).

3.0 I I I
—— Impregnated activated carbon (O3/DMS = 2.5)

--ll-- Impregnated activated carbon (O3/DMS = 0)
2.0 F|— A= Activated carbon

25 |

1.5 ¢
1.0 r

0.5

0.0 M—msmidd

1 10 100 1000 10000
Processing time [h]

Outlet DMS concentration [ppm]

Figure 10. The time variation of outlet DMS concentration.

Table 3. The 5% and 50% breakthrough times of dynamic adsorption experiments.

5% Breakthrough 50% Breakthrough

Adsorbents Time (h) Time (h)
Activated carbon
12 72
(Os/DMS = 0)
Impregnated activated carbon 14 926
(O3/DMS = 0)
Impregnated activated carbon 150 1440

(O3/DMS = 2.5)
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Table 4. The calculated values of adsorption capacity and adsorption rate constant.

Adsorbents Ads.orptlon Adsorption Rate
Capacity (kg/kg) Constant (s)
Activated carbon
. 2
(OYDMS =0) 0.0086 3
Impregnated activated carbon
01 1
(O¥/DMS =0) 0010 3
Impregnated activated carbon 015 3.0

(O/DMS = 2.5)

The adsorption capacity of impregnated activated carbon at 2.5 O3/DMS was 15 times
that of impregnated activated carbon at 0 Os/DMS. These results show impregnated acti-
vated carbon could act as a catalyst of ozone oxidation. The adsorption rate constant was
not changed by varying Os/DMS. These results show that the DMS oxidation did not affect
the adsorption rate.

The adsorption process is shown below [60] and includes (1) diffusion in the fluid
film; (2) diffusion in the fine pores of the adsorbent; (3) adsorption to the surface of the
adsorbent; (4) diffusion in the surface of adsorbent. Generally, (1) and (2) are the rate of
determining the processes of adsorption. Thus, DMS oxidation would occur on the surface
of the impregnated activated carbon.

By comparing result of impregnated activated carbon at 0 Os/DMS and the result of
activated carbon at 0 Os/DMS, it can be seen that the adsorption capacity of impregnated
activated carbon was higher than that of activated carbon. This is due to DMS oxidation
by iodic acid. The adsorption rate constant of impregnated activated carbon and that of
activated carbon were almost the same. This result shows impregnation was not affected
by fluid film or fine pore diffusion rates.

Figure 11 shows outlet gas concentrations of SO: and ozone, when the impregnated
activated carbon was packed and the O3/DMS was 2.5. Comparing Figures 10 and 11,
ozone and DMS had the same tendency. At a processing time of 1000 h, the concentration
of ozone and DMS were 1.7 ppm and 1.0 ppm, respectively. By increasing O3/DMS to more
than 2.5, the impregnated activated carbon was broken earlier due to the high ozone con-
centration, thus reconfirming that 2.5 Os/DMS is the optimal value. SO2 was not detected
(less than 0.1 ppm). In addition, SO2 was not detected when impregnated activated carbon
or activated carbon was packed at 0 Os/DMS.

— 3.0 |

25 F —@— Ozone
20 | --.-'SOZ

1.5 ¢
1.0
05 F

0.0 l=l===l=—ll—7
1 10 100 1000 10000
Processing time [h]

Outlet gas concentration [ppm

Figure 11. The time variations of outlet ozone and SO: concentration of impregnated activated car-
bon at O3/DMS of 2.5.
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3.3.3. Analysis of Impregnated Activated Carbon

Table 5 shows MSA and H250: concentrations and pH of the specimen in 3 g of ad-
sorbent after dynamic adsorption experiment added 100 mL of ion exchanged water. MSA
was detected from the impregnated activated carbon after processing 2.5 Os/DMS. The
oxidation processes of DMS are as shown in Equation (17) [36]. H2504 was detected from
impregnated activated carbon before the adsorption experiment. This result shows that
H2SOs4 was used for inorganic acid on the impregnated activated carbon.

The pH of impregnated activated carbon at 0 Os/DMS was increased to pH 2.7, as
compared to before adsorption, which was pH 2.3. This is due to the hydrogen ion con-
sumption by the oxidation reaction of iodic acid. The oxidation reaction in the acidic so-
lution is shown in Equation (18) [61]. IO?* is a dissociated iodic acid, E° is the standard
oxidation potential of an iodic acid. Inversely, the pH of impregnated activated carbon at
2.5 Os/DMS decreased to pH 2.0 as compared to before adsorption. This is due to the acid
dissociation of MSA and iodine oxidation by ozone.

In addition, the oxidation reaction of iodic acid in neutral or basic solution is shown
in Equation (19) [61]. This shows that the oxidation potential of iodic acid decreased by
increasing the pH. Thus, H50s plays an important role in ozone catalytic oxidation.

03 OH 03
(CH;),S (DMS) — (CH3),SO (DMSO) — CH3S0,H (MSIA) — CH3SO;H (MSA) 17)
2103 + 12H* + 10e” > [, + 6H,0 E°=1.195V (18)
103 + 2H,0 + 6e~ -1~ + 60H- E°=0.26V (19)

Table 5. MSA concentration and pH of ion exchanged water with adsorbent.

Adsorbents MSA (mg/L)  H2SOs (mg/L) pH(-)
Activated carbon

1 2 7
(before adsorption) <0 0 ?
Activated carbon
1 2 7
(Os/DMS = 0) 0 0 ?
Impregnated actlvatejd carbon <01 340 23
(before adsorption)
Impregnated activated carbon
(Oy/DMS = 0) 0.3 340 2.0
Impregnated activated carbon 520 350 27

(Os/DMS = 2.5)

3.3.4. DMS Desorption Experiment

Figure 12 shows outlet DMS concentrations of adsorbents after the adsorption exper-
iment by air flowed without generation of DMS and ozone. The DMS desorption amount
in the desorption experiment Q4 (mg) is calculated by the time integration of outlet DMS
concentration in the desorption experiment, as shown in Equation (20).

In addition, the DMS adsorption amount in the dynamic adsorption experiment Q,
(mg) is calculated by the time integration of inlet DMS concentration minus the outlet, as
shown in Equation (21). ¢,(t) (ppm) and G (L/min) are the flow rate and time variation
of the outlet DMS concentration, respectively. The desorption ratio is defined as Q4 over
Qq-

Table 6 shows the desorption ratios of each adsorbent. The desorption ratio of im-
pregnated activated carbon at 0 Os/DMS was about half that of activated carbon at 0
O3/DMS. DMS adsorption using activated carbon occurred in part due to physical adsorp-
tion [62]. Thus, both physical and chemical adsorption contributed to the DMS gas re-
moval by impregnated activated carbon without ozone generation. The desorption ratio
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of impregnated activated carbon at 2.5 O3/DMS was only 1/1000 times that of activated
carbon at 0 O3/DMS. Thus, DMS gas removal by impregnated activated carbon at 2.5
O3/DMS was caused in part by the chemical adsorption.

0731 M °°d
Qq = 3 rT S fo tco(t) [mg] (20)
TEE Y ftsodt( ) 21
a — 273 + T o Cj Co() [mg] ( )

g
o

—@— Impregnated activated carbon (O3/DMS =2.5)

—_—
(9]

| =-#l--Impregnated activated carbon (O3/DMS = 0)

— A- Activated carbon

Outlet DMS concentration [ppm]
>

0.5 ~.
\\\ Y -
SO RPN
0.0 B anieir E SRR
0 20 40 60 80 100

Processing time [h]

Figure 12. The time variations of outlet DMS concentration of adsorbents after adsorption experi-
ment by air flowing without generation of DMS and ozone.

Table 6. Desorption ratio of each adsorbents.

i i Desorption Ra-
Adsorbents Adsorption Desorption . P
Amount (mg) Amount (mg) tio (—)
Activated carbon
7.6 57 0.13
(Os/DMS = 0)
Impregnated activated carbon
. 7 .067
(Os/DMS = 0) 5.0 6 0.06
Impregnated activated carbon 016 1100 0.00015

(Os/DMS = 2.5)

4. Conclusions

In this study, the removal of gaseous dimethyl sulfide by ozone catalytic oxidation
using a Vacuum-Ultra-Violet xenon excimer lamp and activated carbon impregnated with
iodic acid and H250s was investigated. The following conclusions were obtained from the
series of conducted experiments.

(1) The xenon excimer lamp’s energy consumption per unit of ozone generation was 18
kWh/kg. Its ozone generation efficiency was high compared to the atmospheric oxy-
gen discharge. NOx generation ratio over ozone generation was less than 0.32%, con-
firming that the xenon excimer lamp could generate ozone without NOx generation.

(2) The 5% breakthrough time was measured with varying ozone concentrations in the
dynamic adsorption experiment, confirming that impregnated activated carbon
could be utilized as a catalyst. The value of ozone concentration over dimethyl sulfide
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concentration was optimized to 2.5 by measuring the 5% breakthrough time in the
dynamic adsorption experiment.

(3) Adsorption capacity and adsorption rate constant were calculated by conducting dy-
namic dimethyl sulfide adsorption experiments. The adsorption capacity of impreg-
nated activated carbon at 0 and 2.5 Os/DMS was 0.01 kg/kg and 0.15 kg/kg, respec-
tively. Adsorption capacity was increased by ozone addition due to the ozone cata-
lytic oxidation. The adsorption rate constant of impregnated activated carbon at 0
and 2.5 Os/DMS was 3.1 s and 3.0 s7, respectively. Adsorption rate constant did not
change with ozone addition. This shows that dimethyl sulfide oxidation could be
formed on the surface of impregnated activated carbon but does not determine pro-
cesses, the fluid film or fine pore diffusions.

(4) By analyzing the impregnated activated carbon after the dynamic adsorption exper-
iment at 2.5 O3/DMS, methane sulfonic acid was detected. However, when O3/DMS
was 0, methane sulfonic acid was generated in very small amounts. The pH of im-
pregnated activated carbon before the adsorption experiment was 2.3. The pH of im-
pregnated activated carbon after the adsorption of Os/DMS at 0 and 2.5 was 2.0 and
2.7, respectively. This pH increment may have occurred because of iodic acid reduc-
tion, and a pH decrease may be due to methane sulfonic acid generation and iodic
acid oxidation by ozone. These result show the effects on the pH of impregnated ac-
tivated carbon by H2504 could be due to ozone catalytic oxidation.

(5) Dimethyl sulfide desorption occurred by flowing clean air to the impregnated acti-
vated carbon after the adsorption experiment. The desorption ratio of impregnated
activated carbon at 0 and 2.5 Os/DMS was 0.067 and 0.00015, respectively. Dimethyl
sulfide removal by ozone catalytic oxidation occurred because of chemical adsorp-
tion not physical adsorption.

A series of experiments were conducted confirming that ozone catalytic oxidation by
xenon excimer lamp and activated carbon impregnated with iodic acid and H2504 could
be utilized for gas treatment. However, there is a need to conduct not only macroscopic
experiments but also microscopic experiments to gain a deeper understanding of the phe-
nomenon on the surface of the impregnated activated carbon.
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