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Abstract

Dichlorodifluoromethane (CCLF,/CFC-12) is widely used as refrigerant, foaming agent and aerosol propellant in industry.
Due to its chemical stability, CCL,F, gradually diffuses from the troposphere to the stratosphere once released and
catalyzes the destruction of ozone through photodegradation. In addition, CCLF> is listed as a potent greenhouse gas with
a high global warming potential (GWP = 10.2). Current technologies for treating CCL,F; include combustion, catalysis,
and plasma destruction. This study aims to develop a catalyst with good activity and integrate it with plasma to form a
hybrid system for the removal of CCL,F, from gas streams. The results obtained show that combined plasma with catalyst
(plasma catalysis system) is effective in removing CCLF, and the highest removal efficiency of 99.0% is achieved for the
operating conditions of applied voltage 17 kV, gas flow rate 500 sccm, [CCL:F,] = 800 ppm and [O>] =1%. Nitrogen
atoms, excited N, molecules such as Ny(A3Y,") N*(*S, ?D, 2P) and high-energy electrons generated by plasma are
beneficial for the removal mechanism of CFC-12. In the presence of oxygen, the main byproducts of CCI,F, conversion
include CO,, CCIF3, N,O and NOx. This study confirms that addition of Mn into TiO, greatly improves the removal
efficiency of CCl>F; and this system has good potential for industrial application.
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1. Introduction

Refrigerants are essential in air-conditioning, coolers, pre-coolers, refrigerators, heat pumps, and freezers to
maintain a specific temperature or cooling. Material used as refrigerant should own a high heat absorption
capacity and thermal stability. Halogen-containing compounds such as chlorofluorocarbons (CFCs) are
commonly used in industrial activities and daily life as a refrigerant material [1].

CFCs were first developed in the early 1930s [1]. Due to their low toxicity, non-flammability, low thermal
conductivity, good chemical stability, low corrosives, and reasonable price [2], CFCs have been widely used
as refrigerants, solvents, propellants and foaming agents. One of the examples is the utilization of
trichlorofluoromethane (CCI3F/CFC-11) in aerosol propellant mixtures. However, its function had been
gradually replaced by other substances after 1990 [3]. Dichlorodifluoromethane (CCl,F,/CFC-12) was
developed as a refrigerant in the 1930s. It was also often used as aerosol propellant [4]. Despite of the vast
application of CCLF», it is also one the most dangerous threats for ozone layer. CCL,F; has a considerably high
global warming potential (GWP) of 10.2 and ozone depleting potential (ODP) of 1 [5-6].

CFCs can drift upwards towards the stratosphere where CFCs are easy to break up by ultraviolet radiation
to generate Cl atoms [7]. Cl atom generated would participate in the formation of CIO, when in contact with
the ozone layer, leading to the destruction of ozone molecules and weakening the ozone layer's capability to
filter out harmful ultraviolet light. In 1987, many countries signed the Montreal Protocol on substances that
deplete the ozone layer. The aim is to avoid the continued damage and deterioration of chlorofluorocarbons to
the earth’s ozone layer by controlling the production and usage of CFCs, halons and relevant substances [1].

The technologies available for abatement chlorofluorocarbons include combustion, adsorption, catalysis,
and thermal plasma technology [8—10]. However, these methods have certain drawbacks such as high fuel cost
of combustion, limited adsorption capacity, and catalyst poisoning of the thermal catalysis. Thus, it is essential
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to develop an efficient method to degrade CCl,F». As an innovative technology, plasma catalysis has been
studied in recent years for dry reforming of methane, syngas production, hydrogen production, methanation,
and ammonia (NH3) synthesis [11-13]. Recently, several researchers investigated the decomposition of CCL:F»
over metal oxide catalysts including AlOs;, TiO,, zeolites, and ZrO, [14-17]. Researchers have made
considerable efforts to utilize TiO, as a catalyst in plasma catalysts because it has the following advantages:
nontoxic, biocompatible, and inexpensive material with a high dielectric constant and chemical stability [18].
Despite of the numerous advantages, using pure TiO; as catalyst might be a shortfall. Wallis ef al. (2007)
reported that utilizing TiO; as a catalyst for CCL,F, conversion via plasma catalysis reveals a low destruction
efficiency (n =27) % [14].

According to Kim et al. (2007), some of the most important aspects in the oxidation process via plasma
catalysis are the influence of oxygen content and loading amount of transition metal in catalyst that plays a
key role in the oxidation process [12]. Ogata et al. (2005) showed that lattice oxygen from the catalyst plays a
role in the oxidation of CCL,F, [16]. Therefore, it is necessary to increase the oxidation state and lattice oxygen
of TiO; through the addition of a transition metal such as Mn to enhance CCI:F, decomposition efficiency.
This research aims to develop an effective Mn/TiO; catalyst and to combine it with a plasma system in
removing CCLF,. The efficiency and mechanism of the plasma catalysis system to remove CCl,F, by changing
the operating parameters are also investigated.

2. Methods
2.1 Catalyst preparation

In this study, impregnation method was used to prepare the catalyst. Mn/TiO; catalyst is a mixture of (Mn
(NO3)3*6H,0) and TiO, with a ratio of 10:90 by wt%. The mixture was dissolved in deionized water and the
homogeneous solution was stirred at 80 °C until the solution formed a gel. The gel-like sample obtained was
placed in an oven and dried at 105 °C for 24 hours. After drying, the gel was placed at a high temperature and
heated at a heating rate of 10 °C per minute. The temperature was raised to 500 °C and held for 5 hours. The
powder catalyst obtained was denoted as Mn/TiO,. The Mn/TiO, catalyst was ground to the size of 30—70
mesh for the activity tests.

2.2 Experimental setup

The plasma reaction system is a schematically shown in Fig. 1. It consists of a dielectric barrier discharge
(DBD) reactor, AC power supply, frequency adjuster, and an oscilloscope. The DBD reactor was made of a
quartz tube (inner diameter = 17 mm with gap 7.25 mm) filled with Mn/TiO; catalyst place in the discharge
zone, which means volume discharge is equal to the volume of catalyst 2.5 cm®. The gas hourly specific
velocity (GHSV) was calculated as 6,000-24,000 h™'. The DBD reactor used in the experiment was a coaxial
cylindrical reactor. A stainless-steel rod with a diameter of 3 mm was utilized as a ground electrode. The
aluminum foil was fixed with a stainless-steel mesh as a high-voltage electrode. The gas composition was
controlled as follows: [CClyF2] = 800-7200 ppm, [O2] = 0-10%, and N, was applied as the carrier gas. The
total flow rate of the gas was 500-2,000 sccm. A gas analyzer (Testo 350) was used to monitor the
concentrations of NOy and CO; in the simulated flue gas online. The absolute power is calculated using the
applied voltage and current shown in the oscilloscope. CCLF; and byproducts were determined by Fourier
transform infrared spectroscopy (FTIR, Nicolet 6700). For the analysis of the experimental results, the
conversion efficiency () and removal rate (mg h™") of CCL,F; are calculated by Equations (1) and (2).

[CCLR)in—[CCL ] out
[CClLF]in

n(%) = x 100% (1)

Removal rate(mg/h) = Q X Ciy X (%) X ZA:V:s 2)

where, [CCL:F2]in is the inlet CCl,F; concentration, [CCILF2]ou is the outlet CCLLF, concentration, Q is total gas
flow rate, 24.45 is conversion factor and MW is the molecular weight of CCLF».
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Fig. 1. Schematic of the plasma system.

3. Results and discussion
3.1 Effect of O, content on CCI.F, removal

Fig.2 shows the effectiveness of plasma catalysis with Mn/Ti0O» as catalyst for converting CCI,F; at an applied
voltage ranging from 13 tol17 kV. Gas streams containing 800 ppm CCILF; with a total gas flow rate of 500
sccm and O; content varying from 0 to 10% were generated for experimental tests. As shown in Fig. 2, the
removal efficiency of CCL:F; achieved with the system increased gradually with the increase of operating
voltage. At 13 kV, the lowest removal efficiency achieved was 9% in the absence of O,. At 17 kV, the removal
efficiency of CCL:F; in the absence of O, was the highest, being > 99%. At the same voltage, CCl,F, removal
efficiency decreased to 65% as the O, content was increased to 10 %. As shown in Fig. 2, adding 1% O to the
gas stream reveals a comparatively better CCl,F, removal efficiency. However, excess oxygen results in a
significant reduction of CCL,F, conversion. At 13 kV, the removal efficiency of CCl,F, was only 29% when
1% O, was added. The increase in CCLF, conversion with the addition of 1% O, can only be seen at the applied
voltage of 13-16 kV. At 17 kV, addition of 1% oxygen shows a decrease in the conversion of CCL,F>.

Increasing applied voltage could increase the amount of energetic electrons for effective CCl,F, removal.
In the absence of oxygen, the conversion of CCl,F is facilitated by the supply of energetic electrons. In contrast,
in the presence of excess oxygen, some energetic electrons would attach to oxygen due to its electronegative
properties. This might inhibit the removal of CCl,F,. Additionally, a high conversion value is promised by the
factors like the applied voltage. However, increasing applied voltage might not guarantee an optimal energy
efficiency. A high applied voltage caused a high conversion that is negatively correlated with the energy
efficiency [21, 41]. Therefore, it's essential to find appropriate applied voltage in order to maintain a high
energy efficiency.

The combination of Mn/TiO, catalyst with plasma chemistry leads to efficient CCl,F, removal. Several
factors might contribute to this phenomenon, such as: 1) The presence of a catalyst in the discharge zone can
extend the residence time. The presence of catalyst would provide numerous active sites for the adsorption of
CCLF; molecules, extending the residence time of CCLF, in the discharge zone. According to Kim et al.
(2016) and KP Veerapandian et al. (2019), addition of appropriate catalyst can adsorb gas pollutants in a
plasma catalysis system [55,56]. These findings demonstrate that catalysts and plasma can interact to enhance
the removal of CCl,F,. 2) The presence of a Mn/TiO; catalyst in the plasma system can increase the electric
field. According to Azadmanjiri et al. (2014) TiO, has a dielectric constant of 95 [44]. Zhang et al. (2016)
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indicated that dielectric constant is one of the most important factors in plasma generation [45]. The presence
of a catalyst with a high dielectric constant can increase the number of contact points, resulting in a significant
impact on the electric field (E), mean electric field (Ex), and electron distribution function (EEDF) [21, 24,
43]. 3) TiO; has a basic property as a photocatalytic material with a band gap of 3.2 eV and a Schottky defect
that results in n-type semiconducting properties [48]. On the other hand, TiO; has the capacity to absorb UV
light at 385 nm, which is followed by electron-hole pair generation, resulting in excess radical cations [14].
Furthermore, Fu et al. (2021) found that adding a transition metal, such as Mn, boosts the photocatalytic
process [19]. In plasma chemistry, the formation of UV rays in the discharge zone also contributes to this
photocatalytic process. Sano et al. (2006) explained that photocatalytic processes in plasma catalysis could
occur when TiO; absorbs UV light (300 <A <380 nm) emitted from N, plasma [49]. Due to the aforementioned
reasons, we conclude that using Mn/TiO; catalyst to combine with plasma chemistry is effective for the
removal of CClyF». 4) The effect of oxygen lattice and oxidation state on Mn/TiO, for CCl:F, removal. Ogata
et al. (2007) demonstrated that electrons captured on the TiO; catalyst's surface excite active lattice oxygen,
which is very useful for oxidizing CCl,F, [16]. According to Dey and Kumar (2020), Mn tends to produce
oxides with varying oxidation states, which may affect the characteristics and activity of the catalyst [41].
Through interaction with reducing or oxidant agents, Mn could quickly undergo a reduction-oxidation cycle.
Mn with various oxidation states, such as Mn"?, Mn", and Mn"™, are common products of the reduction-
oxidation reaction. Due to this variation, Mn possesses a great capability to store/release oxygen. According
to Putri et al. (2022), addition of Mn3O4 to TiO, would form lattice oxygen species (O ), free oxygen species
(02), and surface-adsorbed oxygen species (OH™ and H,Oy). Meanwhile, the oxidation states of Mn, Mn"
are a form of tetrahedral and octahedral sites that are important for the reaction because they provide more
active sites [47]. Due to these reasons, we believe that the photocatalytic and presence of lattice oxygen with
oxidation state on the Mn/Ti0O, would be primarily accountable for the conversion of CCLF.

As excess oxygen was added into the gas stream, however, the removal efficiency of CCl,F decreased.
These phenomena might be caused by the electronegative property of O,. In the presence of excess O», the
electron attachment would occur, resulting in the decrease of CCl>F, conversion. Wang et al. (2017) showed
that the addition of excess oxygen in the discharge gap led to the electrons being adsorbed by oxygen during
the discharge process. The adsorption of electrons could lead to the reduction of electron dissociation [20].
Therefore, we believe that 1% O- in the gas stream is sufficient for the effective removal of CCLF».
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Fig. 2. The influence of voltage and oxygen content on the CCL,F, removal efficiency ([CCL,F,] =
800 ppm, Q = 500 sccm, catalyst: Mn/Ti0O,, applied voltage ranging from 13 to17 kV, frequency =
15.5 kHz).

In the presence of O,, it was found that CO,, N,O, and CCIF3 gas were formed as by-products after
removing CCl,F,. Wallis et al. (2007) also found CO,, and N,O as by-products in the decomposition of
CCLyF;[14]. Chen et al. (2021) also reported the formation of CO, or NO, in the decomposition of fluorinated
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compounds with O; in the gas stream. O, would generate O species which are useful for oxidizing CCLF». In
the absence of oxygen, O species were generated from the etching of quartz (SiO,) wall. On the other
possibility, O species were generated from the lattice oxygen on Mn/TiO; catalyst [21, 22]. Based on Choi et
al. (2020), etching on plasma only has a rate of 235.5 nm min"' and may not cause considerable damage to the
reactor. According to the study, the reaction of fluorocarbon with SiO, produced small particles of 5-10 pum,
resulting in the un-detected byproducts such as SiF, (shown in FTIR result) [50].

The catalyst lifetime is one of the most important parameters for evaluating the catalyst, particularly in
terms of the practical application. To investigate the lifetime of catalyst, we carried out the durability test of
the catalyst via plasma catalysis for removal of CCLF,. Fig 3 shows the removal efficiency of CCLF, using
DBD system during long-term experiment (~100 hours). The applied voltage was set as 15 kV and the CCl,F;
concentration was controlled at 800 ppm. 1 % of O, was added with the gas flow rate at 500 sccm. As shown
in Fig 3, the removal efficiency of CCL:F, gradually decreased over time. The initial efficiency was 65 % and
gradually decreased to 20% after ~100 hours.

The decreasing CCILF, removal efficiency over time could be attributed to some factors. Firstly, the
Mn/TiO> catalyst might be the deactivated due to the oxidation of CCLF,. Duan and Henkelman (2018)
demonstrated the deactivation of Au/TiO; in the presence of O, for CO, decomposition. It is suggested that
high CO; binding strength would result in carbonates being adsorbed on active sites of catalysts [23]. Hence,
we presume that the presence of carbonates on the active sites of the catalyst could accelerate the deactivation
process. Secondly, formation of coke on the catalyst might result in a decreased conversion. Pan et al. (2019)
reported that formation of coke on the catalyst during the removal of fluorinated compounds would inhibit the
performance of the catalyst [24]. As the reaction continues, coke might continuously form and accumulate on
the active surface of catalyst. To further investigate the coke formation, we compare (X-Ray Diffraction) XRD
profiles between fresh catalyst and used catalyst (reaction in plasma catalysis for ~100 hours).

As shown in Fig. 4 the XRD pattern of the fresh (black line) and used (red line) Mn/TiO; catalyst. TiO,
support is made up of anatase TiO, (26 = 25.3°, 37.8°,48.1°, 53.9°, 55.0°, 62.7°, 68.9° and 70.3°) and traces
of rutile TiO, (20 = 37.5° and 58.5°). The characteristic peaks of MnO, (20 = 28.7° and 42.7°) also appeared
in the XRD pattern of Mn/Ti0; [51, 52]. There is no obvious effect on the TiO; crystal structure with addition
of Mn. However, there is a significant decrease on XRD peak at 20 = 25.3° after reaction for 100 hours via
plasma catalysis. The decrease of XRD peak might indicate a low degree of crystallinity, where the lattice
parameter decreased as a function of time. The degree of crystallinity has a great impact on stability, solidity,
and sometimes an indication of higher catalytic activity. Zerjav and Pintar (2020) found that decreasing degree
of crystallinity in anatase TiO, catalyst can also reduce the quality of the photocatalytic activity [54]. Moreover,
the formation of coke on the Mn/TiO; catalyst surface makes it possible to inhibit the adsorption of UV light.
The formation of coke is evidenced by the peak at 20 =31.5° in XRD pattern. According to Yang et al. (2020),
the condition for the appearance of a new peak at 20 = 31.5° indicates the formation of coke [53]. This
formation can be due to the decomposition of carbon contains in CCl,F>.
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Fig. 3. The change of CCl,F, removal efficiency of plasma system with reaction time. ([CCLF»] = 800
ppm, Q =500 sccm, [O,] =1%, catalyst=Mn/TiO,, applied voltage = 15 kV, frequency= 15.5 kHz).
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Fig. 4. XRD pattern of Mn/TiO; catalyst after 100 h with reaction conditions ([CCLF>] = 800 ppm, Q = 500 sccm, [2]

=1%, applied voltage = 15 kV, frequency= 15.5 kHz). XRD patterns of fresh catalyst (black line), XRD of used catalyst
(red line) and blue arrow indicate coke formation peak intensity.

3.2 Effect of inlet concentration and gas flow rate on CCI;F. removal

Fig. 5 shows the effect of inlet CCl,F, concentration on the removal efficiency of CCl,F,. The system is
operated with the applied voltage of 13 -17 kV and the total gas flow rate of 500 sccm. 1% O, is also added to
the gas stream. The results show that as the inlet CCL,F, concentration increases, its removal efficiency
decreases. At the applied voltage of 17 kV, the highest removal efficiency (3 = 95 %) was obtained when the
inlet CCl,F, concentration was controlled at 800 ppm. At the same applied voltage, the CCLF, removal
efficiency decreased to 32.0% as the inlet CCL,F, concentration was raised to 7,200 ppm.
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Fig. 5. The effect of CCI,F, concentration and operating voltage on CCl,F; removal efficiency in the
presence of oxygen. ([O2] = 1%, Q = 500 sccm, catalyst: Mn/TiO», applied voltage ranging from 13
tol7 kV, frequency = 15.5 kHz).
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Plasma chemistry involves the number of energetic electrons, photons, positive and negative ions, which
are determined by the plasma power. As the applied voltage was increased, more energetic electrons were
produced. Eventually, the magnitude of mean electric field would increase as well. The collision of energetic
electrons with CCIL,F; is considered to be the most important mechanism leading to CCL:F, conversion. As the
concentration increases, the interaction between plasma chemistry and catalyst might be limited at constant
applied voltage due to excess unreacted CCl,F». As a result, the removal efficiency of CCL,F, decreases.

To further investigate the effect of CCI,F, concentration, we observe the removal rate of CCl,F» at various
applied voltages. As shown in Fig. 6, increasing inlet CCL,F, concentration would increase its removal rate,
although the removal efficiency of CCLLF, decreased with increasing inlet CCLLF, concentration. The removal
rate of CCL,F, with the inlet concentration of 7200 ppm and applied voltage of 17 kV reached 342.0 mg h™!
while the CCl,F, removal efficiency was reduced to less than 35% (see Fig. 5). This kind of discrepancy could
be explained by Equation 2, as the removal rate is proportional to the efficiency and concentration of CCLF».
As the inlet CCL:F; concentration increases, the removal rate of CCl,F; should increase as long as the reducing
level of CCl:F, removal efficiency is lower than the increasing level of inlet CCIL,F> concentration.
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Fig. 6. The effect of CCl,F, concentration and applied voltage on CCLLF, removal rate in the
presence of oxygen. ([O2] = 1%, Q = 500 sccm, catalyst: Mn/TiO», applied voltage ranging from
13 to17 kV, frequency = 15.5 kHz).
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Fig. 7. The effects of gas flow rate and applied voltage on the CCL,F, removal efficiency. ([CCLF>]
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To further understand the effect of gas flow rate on the removal efficiency of CCL F,, the gas streams with
varying gas flow rates were generated for tests. Fig. 7 shows the changes in CCl,F, removal efficiency with
varying gas flow rates within the range of 500-2000 sccm. The gas streams with 800 ppm CCLF; and 1% O,
were experimentally tested. The results show that at same applied voltage, the removal efficiency of CCIL,F,
decreased as the flow rate increased. At 17 kV, the CCLLF; removal efficiency reached 94.2% as the total gas
flow was controlled at 500 sccm. At the same voltage, the removal efficiency of CCl:F; reduced to 80.0% as
the total flow rate of the system was increased to 2000 sccm. The decreasing removal efficiency is associated
with the residence time of the gas inside the reactor. As the gas flow rate decreased, the residence time of the
gas in the reactor increased. Due to the increasing gas residence time, the gas molecules would accept more
energy through the discharge region. Therefore, it could enhance the internal energy of CCLF,> molecules and
promote the removal efficiency.

3.3 Removal mechanism and byproducts

Fig. 8 shows the FTIR spectra of CCL,F; before discharge (Fig. 8a) and after discharge (Fig. 8b). As shown in
Fig. 8a, the CCL,F; spectra consist of two regions of absorbance at 850 cm ™' and 1060-1180 cm™', respectively.
Before discharge, the by-products were not detected because CCl,F, was not decomposed yet. After discharge,
we could see several spectra at 850 to 1060-1180, 1250-1400, 1560-1650, 1780-1850, 2150-2260, and 2300-
2400 cm™! which represent the existence of CCIF3;, N,O, NO,, NOCI, N>O and COs, respectively.

The initial stage in plasma chemistry is to generate energetic electrons to dissociate molecules in the gas
stream such as nitrogen, oxygen, and CCl,F,. On the other hand, molecules from the gas stream will be
adsorbed and broken down by high-energy electrons, resulting in active substances like ground-state oxygen,
nitrogen atoms, or molecules excited by electrons (O"(’P, 'D), Ox(a' A), O, N'(*S, 2D, 2P), N2(A*Y.,")) please
see process one and process three (P1 and P3) [25-26]. Sierra ef al. (2004) discovered that electron impact
ionization in CCL,F, results in the formation of CCl*; CCIEF™; CCIF,"; CCIF,*"; CCIF;"; CE™; CF,"; CF5™; CI
and F* please see process one and process three (P1 and P3). N, radical species such as Na(A*Y,,") help break
C—Cl or C—F bonds, as demonstrated in R3 [27]. At the same time, UV light (300 <A <380 nm) from plasma
chemistry can generate a photocatalysis process to form lattice oxygen to further oxidize CCl,F; please see
process two and process four (P2 and P4) [49]. CCL:F; initially combines with oxygen atoms from gas streams,
oxygen radicals from photocatalysts, and possibly electron impact dissociation to create COF,, CIO, CO, and
CO; and desorption as by product, please see process three and process five (P3 and P5). The C—Cl link in
CF,Cl; i1s weaker than the C—F bond, CF,Cl and CI are formed in these two circumstances. The CF,Cl,
molecule has a higher dissociative electron attachment cross section, which can promote dissociative electron
attachment during the removal of CCl,F,. As illustrated in Reactions 4-8, CF,Cl radicals react with O, to create
peroxyl radicals, which are then transformed into COF,, C10, CO, and CO;. According to Herron (1999) and
Umemoto et al. (2000), N, A’Y+ N(D), N(*P), and N(*S) have high CF4 decomposition potential (see
Reactions 9-12) [28, 30]. Harling et al. (2005) demonstrated that reactive nitrogen species react with ClO to
form NCI molecules, which then react with CIO to form NOCI [29]. Furthermore, NO may combine with Cl,
to form NOCI. Reaction 13-16 illustrates the various methods for producing NOCI please see process three
and process five (P3 and P5) [31, 37-40]. Simultaneously, NO, and N,O would arise as undesired by-products
since the excited nitrogen atom combines with molecular oxygen to generate NO or N,O please see process
three and process five (P3 and P5) [14]. However, atomic oxygen or ozone will further oxidize NO to create
NO,. Additionally, TiO; can decompose N,O or NO,, even though unwanted by-products can still develop
[42]. This phenomenon occurs due to the competition among CCl,F», N,O, and NOy on the catalyst surface.
Further studies need to be conducted to develop catalysts that reduce the generation of unwanted by-products
such as N>O and NO..

The second possibility is the presence of Mn/TiO; catalyst in the CCl,F, oxidation process. Mn/TiO;
donates oxygen through the oxygen lattice produced in the photocatalytic process. The basic photocatalytic
process's concept can be clarified using TiO, as a catalyst. The first step starts with TiO, to capture protons
from plasma chemistry, whose energy is greater than its band gap (3.2 eV for anatase and 3.0 eV for rutile),
the photoinduced electrons are excited to the conduction band, leaving positive holes on the valence band, and
thus creating the electron-hole pairs [46]. Furthermore, some of them recombine with each other to release
heat or emit light, others would transfer to the surface of the catalyst and participate in surface chemical
reactions.
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However, addition of Mn to TiO, can improve the photocatalytic process. As described by Fu ez al. (2021),
suggesting that Mn** can boost the catalytic photoactivity process due to the presence of Mn*" electrons that
were photoexcited in rutile migrate to the conduction band of anatase, thereby effectively suppressing the
recombination. Moreover, doping manganese ions such as Mn 3d and the carbon layer formed in the calcination
process can reduce the band gap energy and promote photocatalytic activity both in terms of absorption and
easier charge-discharge [19]. Bharati ef al. (2020) report that there are enhancements in the concentration of
oxygen vacancies by doping Mn into TiO; detected through XPS. Moreover, the addition of Mn also gives the
effect of the existence of Mn in different oxidation states such as Mn*", Mn®", and Mn?". This state can
significantly evoke the formation of the anatase phase. In summary, the presence of Mn in TiO, has a major
effect on the formation of oxygen lattice which affects the oxidation of CCl,F, [52].
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Fig. 8. CCLLF, FTIR spectra: a) before dischargé; b) avfter discharge. ([CCL:F,] =800 ppm, Q =500
sccm, [O2] = 1%, catalyst = Mn/Ti0,, applied voltage 15 kV, frequency = 15.5 kHz).
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O('D) + CF,Cl, — -CCIF, + ClO kasec > 0.40 4)
-CCIF; + 03 — 0, + CF,CIO kas:c >1.00 x 1071 (5)
0; + -Cl - 0, + CIO kasec = 1.84 x 107! (6)
CF,Cl0 — COF; + -Cl kasec =7.53 x 107" (7)
O('D) + COF, — CO;, + F, kasec =2.19x 107! (8)
N(D) + CF4 — Products kysec =1.0x 10717 9)
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N(*S) + CF4 — Products kasc =2.68 x 10710 (10)
N, A’y +CF4 — Products ks =1.0x 1071 (11)
N(P) +C2F4 — Products kysec =2.4x 107! (12)
ClIO+N — NO + -Cl kasec < 498 x 10714 (13)
ClOO + NO — NOCI + O, kasoc = 11% (14)
NO + -Cl — NOCl kysec = 8.92 x 107 (15)
NCI + ClO — NOCI + -Cl kasc =2.31x 1071 (16)

(* mark stands for first order reaction (s '))

recombination

COF] C|O co,co
. CClF, Reaction : 13-16
p

0", 0"1D, o, ala, 0, |-|- CF.! CCIF cr, car, P NoCl

N -
Reaction : 4-8 \ /,
. \ .
\\‘ 'r’ “\ t"
\‘\ ! AN o
\\‘ I,' \ ,’, L N
. . . ’
. o . o . o . @ ' Rfaction: 3 and 9-12
- -
x

o mmmmm—Cmmmmmmmy
! UV light L
(300 <A <380nm) E'

0 Tio, o
-
L KX EX RN KN
," N,
S A b
o g0 N, AL}, N(?D), N(*P), N(*S)
Where : [0°,07D,0,a'n,0, | W @
- : o -
-==== Adsorption 2 N,0, NO,

-===-+ Desorption

——— Recombination recombination
--—-+ Breakdown CCI,F,

Fig. 9. Proposed schematic of the reaction pathways for removal of CCL,F in nitrogen plasma
with Mn/TiO; catalyst and 1% Os.

4. Conclusion

The DBD plasma is integrated with Mn/TiO, to form plasma catalysis system which greatly improves the
removal efficiency of CCLoF,. The highest removal efficiency of CCLF» achieved is 99.0%. In terms of the
influence of operating parameters in the plasma catalysis system, the CCl,F, removal efficiency achieved is
positively correlated with the operating voltage. CCLLF, removal efficiency is optimum at addition of 1% of
oxygen. On the other hand, CCI1,F, removal efficiency is negatively correlated with excess oxygen content, as
well as CClF; concentration and gas flow rate. The products including CO,, N,O, NOx, NOCI and CCIF3 are
detected for the gas stream containing 1% O, 800 ppm CCl,F,. Moreover, CCLLF; has a large dissociative
electron reaction cross section and is easy to react with high-energy electrons. Hence, the removal mechanism
is the decomposition via the reactions with No(A*Y,,"), N*(*S, D, *P) and high-energy electrons generated by
plasma. On the other hand, the integration effect between plasma and catalyst is a decisive factor in the removal
of CCl;F,. The addition of Mn into TiO, can increase the photocatalytic process which is very useful for the
removal of CCLF». On the other hand, catalyst deactivation is one of the disadvantages of using Mn/TiO; as
shown in the durability test and further investigation is required to prevent the catalyst deactivation for the
removal of CCLyF.
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