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HIGHLIGHTS

e CI-VOCs are decomposed by a non-

thermal plasma catalysis process.

e Nano-sized Pt on hierarchical silicaite

support decomposes CI-VOCs.

o Catalyst pore structure significantly im-

pacts Cl-VOC decomposition.

e Pore structure also affects by-product

formation (PCCD/F).
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ABSTRACT

Development of efficient catalysts for non-thermal plasma (NTP) assisted catalysis to mitigate the formation of
harmful by-products is a significant challenge in the degradation of chlorinated volatile organic compounds
(Cl1-VOCs). In this study, catalytically active Pt nanoparticles supported on non-porous SiO2 and silicalite-1
zeolites (S1) with different pore structure were comparatively investigated for catalytic chlorobenzene degra-
dation under NTP condition. It was shown that the pore structure could significantly impact the metal size and
metal dispersion rate. Pt supported on modified S1 hierarchical meso-micro-porous silicalite-1 (Pt/D-S1)
exhibited the smallest particle size (~6.19 nm) and the highest dispersion rate (~1.87). Additionally, Pt/D-S1
demonstrated superior catalytic performance compared to the other catalysts, achieving the highest chloro-
benzene conversion and COx selectivity at about 80% and 75%, respectively. Furthermore, the pore structure
also affected the formation of by-products according to the findings from GC-MS analysis. Pt/SiO; generated a
total of 18 different species of organic compounds, whereas only 12 species of organic by-products were iden-
tified in the Pt/D-S1 system (e.g. polychlorinated compounds like 3,4 dichlorophenol were exclusively identified
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in Pt/SiO3). Moreover, dioxin-like polychlorinated biphenyl and other chlorinated organic compounds, which
have potential to form highly toxic dioxins, were detected in the catalysts. HRGC-HRMS confirmed and quan-
tified the 17 different dioxin/furans formed on Pt/SiO5 (25,100 ng TEQ kg’l), Pt/S1 (515 ng TEQ kg’l) and Pt/
D-S1 (367 ng TEQ kg™ 1). The correlation between synthesis-structure-performance in this study provides insights
into the design of catalysts for deep oxidation of CI-VOCs in NTP system.

1. Introduction

Chlorinated volatile organic compounds (Cl-VOCs), a significant
subset of volatile organic compounds (VOCs), are recognised as major
contributors to global air and water pollution due to their low biode-
gradability, high stability, and toxicity (EPA, 2014; Mu and Williams,
2022). Moreover, many Cl-VOCs, such as trichloroethylene, tetra-
chloroethylene, and dichloromethane, have been identified as carcino-
genic to human beings by the International Agency for Research on
Cancer (Fletcher et al., 2002). The emissions of CI-VOCs lead to the
formation of ozone, photochemical smog, and secondary organic aerosol
(Choi et al., 2020; Lin et al., 2021b; Whalley et al., 2021). In contrast to
other VOCs, the chlorine substitution in Cl-VOCs results in their
degradation and becomes more challenging and complicated, as well as
generating highly toxic secondary pollutants, such as polychlorinated
compounds, polychlorinated dibenzo-p-dioxins (dioxins (PCDDs)) and
polychlorinated dibenzofurans (furans (PCDFs)). Hence, there is an ur-
gent need for the development of technologies aimed at efficiently
degrading Cl-VOCs and mitigating the production of toxic by-products.

Chlorobenzene is extensively used as a solvent in various industrial
applications and served as a crucial intermediate in chemical synthesis.
It is considered the most hazardous member of Cl-VOCs and has
attracted significant research attention due to its role as a key precursor
in the formation of highly toxic dioxins (Yeh et al., 2020; Lin et al.,
2021a). Therefore, chlorobenzene was selected as the model component
for this study to explore methods for achieving deep oxidation of
Cl-VOCs and minimising the formation of toxic by-products.

Non-thermal plasma (NTP)-assisted catalysis is recognised as a
promising technology in Cl-VOCs degradation due to the unique inter-
play between plasma and heterogeneous catalysts (Chen et al., 2019,
2020a, 2020b). Numerous efforts have been dedicated to studying the
degradation of CI-VOCs under NTP conditions. For example, the uti-
lisation of MnOx/y-Al;O3 has been explored for the degradation of
chlorobenzene under NTP conditions (Li et al., 2021b). The NTP-assisted
catalysis system exhibited remarkable efficiency, eliminating nearly all
injected chlorobenzene with a conversion rate of 98%. However, a sig-
nificant portion of the degraded chlorobenzene was transformed into
other organic chemicals, yielding a selectivity of 21% for the desired
COs. Furthermore, investigations into noble metal-based catalysts in
NTP-assisted Cl-VOCs degradation have demonstrated enhanced CO»
selectivity. For example, the utilisation of 1 wt% Ag/TiO, for chloro-
benzene degradation resulted in an 88% removal efficiency and a
notable 51% COx selectivity (Zhu et al., 2015).

The formation of final products in the degradation of Cl-VOCs be-
comes considerably more intricate owing to the presence of chlorine in
the chemical structure (Lei et al., 2019; Lin et al., 2021b). Various in-
vestigations have been undertaken to enhance Cl-VOCs degradation
through NTP-assisted catalysis. For example, the humidity level within
the system has been identified as a factor influencing both CO, forma-
tion and HCI selectivity (Abedi et al., 2018; Zhou et al., 2021). The
NTP-assisted CI-VOCs degradation is also beneficial from the -OH rad-
icals generated by the injected water. Similarly, catalysts featuring
abundant acidity sites have been demonstrated to improve CO5 and HCl
selectivity while mitigating the formation of by-products (Yang et al.,
2017b; Weng et al., 2018; Sun et al., 2020; Li et al., 2021b). Despite the
number of studies performed, to date, information concerning the con-
trol of by-products remains limited. The prevention of dioxins formation
in NTP-assisted Cl-VOCs systems is notably lacking, even though

PCDD/Fs have been detected on the surface of catalysts following
NTP-assisted catalytic degradation (Altarawneh et al., 2009; Yu et al.,
2022).

Porous materials are extensively employed as catalyst supports
owing to their commendable porous structure, acidic properties, and
hydrothermal stability (Garcia-Martinez et al., 2012; Chen et al., 2021;
Wang et al., 2021). In NTP systems, the accessibility of metal active sites
plays a crucial role in determining the performance of NTP-assisted
catalysis. Consequently, understanding the impact of the porous
network on the diffusion of plasma-induced species is essential for the
tailored design of NTP catalysts. It is widely accepted that the diffusion
of plasma and short-lived reactive species is more challenging in mi-
cropores (Xu et al., 2023). The limited accessibility of metal active sites
occurs because short-lived reactive species can only penetrate the
boundary layer of the catalyst surface, particularly in micropores.
Consequently, the incorporation of mesoporous structures into micro-
porous catalyst supports, particularly those featuring hierarchical mes-
opores, may prove advantageous for catalysis under NTP conditions
(Wang et al., 2022). This structural arrangement enhances the diffusion
of plasma-generated reactive species, thereby improving the overall
catalytic performance.

In this study, non-porous silicon dioxide and siliceous silicalite-1
zeolites with different pore structures, namely microporous and desili-
cated hierarchical meso-micro-porous silicalite-1, were synthesised and
employed as supports for Pt nanoparticles. These catalysts were sub-
jected to a comparative investigation of NTP-assisted chlorobenzene
degradation. The primary objective was to elucidate the influence of
pore structure on chlorobenzene degradation, by-products formation,
PCDD/Fs generation.

2. Experimental
2.1. Preparation of catalysts

2.1.1. Preparation of microporous silicalite-1 (S1)

The catalyst synthesis procedure, as detailed by Xu et al. (2022),
involved the gradual addition of 16.64 g of tetraethyl orthosilicate
(TEOS, Sigma-Aldrich, >99.0%) to a 16.25 g solution of tetrapropy-
lammonium hydroxide (TPAOH, Sigma-Aldrich, 1.0 M in Hy0), and 50 g
H0 under continuous stirring in a beaker. The resulting mixture was
stirred for 6 h and subsequently subjected to heating in a Teflon-lined
stainless-steel autoclave at 170 °C for a duration of 72 h. Following
this synthesis period, the solid product was separated from the liquid
phase through centrifugation, washed multiple times with deionised
(DI) water, dried at 100 °C overnight, and calcined in a muffle furnace
for 8 h at 550 °C.

2.1.2. Preparation of desilicated silicalite-1 (D-S1)
Cetyltrimethylammonium bromide (0.7 g) (CTAB, Fisher Scientific,
Pure) was added into a beaker containing 50 mL of a dilute aqueous
ammonia solution (NH4OH, Merck, 15%). The mixture was stirred until
complete dissolution of the surfactant. Subsequently, 1.0 g of the as-
synthesised S1 was added to the solution and stirred for 3 h at room
temperature. The resulting mixture was then transferred into an auto-
clave and heated at 90 °C for a duration of 24 h. Following this process,
the solid product was separated from the liquid through centrifugation
and washed with DI water. After drying the product overnight at 80 °C,
the final powder was calcined in a muffle furnace at 550 °C for 10 h.
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2.1.3. Preparation of Pt catalysts

Pt/S1 catalysts were synthesised employing a conventional incipient
wetness impregnation method, with variations in the theoretical Pt
loading at 0.5, 1.0, and 1.5 wt%, respectively. In detail, S1 was
impregnated with a chloroplatinic acid hexahydrate (HoPtClg - 6H50,
Merck, >37.50% Pt basis) aqueous solution for 12 h, followed by drying
at 80 °C. Subsequently, the resulting solids underwent calcination in a
muffle furnace at 500 °C for 4 h. Following the calcination step, the
powder was reduced under a flow of Hy (5% Hj in nitrogen) at 50 sccm
for a duration of 3 h at 450 °C, with a heating ramp of 5 °C min™'. The
nomenclature of the catalysts was determined based on the theoretical
Pt wt% loading, denoted as xPt/S1 (x = 0.5, 1.0, and 1.5 respectively).
The results of NTP assisted catalysis indicated that the 1.0 Pt/S1 out-
performed all the other catalysts. For comparison, 1.0Pt/D-S1 catalysts
and reference-supported Pt catalysts (1.0Pt/SiO,) were also prepared
with the same method to investigate the effects of supports structure on
the chlorobenzene degradation and by-products formation.

2.2. Characterisation of materials

The catalysts underwent a comprehensive characterisation to eluci-
date their physical and chemical properties. The crystal structure of the
zeolites was determined using X-ray diffraction (XRD) on a Bruker D8
diffractometer with Cu Ka radiation (40 kV and 40 mA). The scanning
range was 5°-55° with a step size of 0.02°. Elemental analysis of the
prepared catalysts was performed using a Varian Fast Sequential Atomic
Absorption Spectrophotometer (AAS, AA204FS). Prior to AAS elemental
analysis, the samples (~50 mg) were mixed with 12 mL aqua regia and
digested for 30 min at 220 °C. H; pulse chemisorption was carried out by
Micromeritics AutoChem II 2920 instrument to measure the Pt disper-
sion and active Pt surface areas. The samples were reduced at 300 °C for
1 h under 10% Hy/Ar flow (30 mL min 1) and then were cooled down to
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50 °C. The H; pulse chemisorption was then carried out by pulsing of a
mixture of 10% Hay/Ar (30 mL min~'). Ny physisorption analysis of
samples was carried out using a Micrometric Tristar 3000 Analyser.
Prior to Ny physisorption measurements, the samples (~50 mg) were
degassed at 150 °C under Ny atmosphere overnight. The Brunauer-
Emmett-Teller (BET) method was employed to determine the specific
surface area of materials. Scanning electron microscopy (SEM) images of
the catalysts were obtained using Carl Zeiss EVO MA15 SEM with a high
voltage mode of 20 kV. High-resolution transmission electron micro-
scopy (HRTEM) images were collected with FEI Titan Cubed Themis 300
G2 FEG STEM operated at 200 kV, and energy dispersive X-ray spec-
troscopy (EDS) for element mapping was also carried out using an Ox-
ford Ultim® Max system. The sample was prepared by dispersion of the
powder catalysts in ethanol with the assistance of sonication, and a drop
of the suspension was spread onto a TEM copper grid.

2.3. Chlorobenzene degradation and by-products analysis experiments

Fig. 1 illustrates the experimental setup. Chlorobenzene was injected
into an evaporator by a syringe pump (KD Scientific, SPLG 100) with a
rate of 0.05 g/h. The temperature of the evaporator was controlled by a
tube furnace at 150 °C to ensure complete vaporisation of the feedstock.
The carrier gas (Air) was regulated by a mass flow controller (Bronk-
horst) at 50 mLmin !, facilitating the introduction of vaporised chlo-
robenzene into a continuous-flow dielectric barrier discharge (DBD)
plasma reactor at atmospheric pressure, without an external heat source.
The DBD plasma reactor consists of a cylindrical quartz reactor (6 mm O.
D. x 4 mm L.D.), a stainless-steel rod (1 mm O.D., is used as the ground
electrode and positioned along the axis of the quartz cylinder), and an
aluminium foil sheet (functioning as a high voltage electrode) wrapped
around the outer surface of the quartz reactor. The discharge length and
gap of the DBD reactor were 10 and 1.5 mm, respectively. In a typical
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Fig. 1. Schematic diagram of the system for NTP assisted chlorobenzene catalytic degradation.
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experiment, 100 mg of the synthesised catalyst (Pt/S1, Pt/D-S1, and Pt/
SiO3) were packed in the discharge zone between the ground electrode
and the quartz reactor body. Throughout the reaction, the applied peak
voltage was adjusted between 7.5 and 15.0 kV, maintaining a constant
frequency of 20.3 kHz to investigate its impact on the chlorobenzene
degradation. The applied peak voltage was measured using a digital
oscilloscope (Tektronix MDO3024). The gases exiting the reactor were
directed through a condenser cooled by a dry ice bath to facilitate the
condensation of any vapours generated by the reaction. Following this,
the gas chromatographs (GC, Varian-3800) were employed to analyse
any remaining incondensable gases. The liquid collected from the dry ice
bath was diluted with dichloromethane and analysed using the gas
chromatographs-mass spectrometry (GC-MS, Varian-3800/-Saturn,
2000). The analysis of PCDD/Fs was undertaken by the Institute for
Thermal Power Engineering, Zhejiang University, Hangzhou, China. The
analytical procedure was based on the US Environmental Protection
Agency Method 1613 and involved high resolution gas chromatography
coupled with high resolution mass spectrometry (HRGC-HRMS) (JMS-
800D, JEOL, Japan) with a DB-5MS column.

For the NTP assisted chlorobenzene degradation, chlorobenzene
(XcB, %) conversion was calculated using Eq. (1):

Ian _nout

Xep = €8 x 100% (€8]

CB

Wheren % and n%§ are the mole of chlorobenzene in the inlet and outlet
of the reactor, respectively.

The selectivity to CO (Sco, %), CO2 (Sco, , %) and COx (Sco,, %) were
calculated using Eq. (2), Eq. (3) and Eq. (4).
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(n% — n‘é—“é) X 6

Seo, =902 4009 3)
<n% - n"“f> x 6

Seo, =MCO)+1(C02) 4005 )

in out
(n@ — n§> x 6

Chemosphere 359 (2024) 142294

The specific input energy (SIE, J mL™1) was calculated using Eq. (5).

Powerpgp

SIE= x 100% 5)

Total

Where Powerppp is the power of the DBD plasma, and the Froty is the
total flow rate of the catalytic system.

3. Results and discussion
3.1. Characterisation of catalysts

In Fig. 2a, the powder XRD patterns of S1, D-S1, and four Pt catalysts
supported on various siliceous zeolites are presented. Characteristic
peaks at 20 = 7.97°, 8.83°, 23.17°, 24.09°, and 24.48° (highlighted in
the shaded area) were observed for all zeolites and catalysts. These
peaks confirm the well-crystallised MFI structure and the intactness of
structure after impregnation (Niu et al., 2020). Alongside the strong
diffraction peak of the zeolites, diffraction peaks associated with Pt at 20
= 39.71° and 46.21° (highlighted in the shaded area), corresponding to
the (111) and (200) facets, were observed for all Pt catalysts. This
observation indicates the successful incorporation of Pt into the zeolite
framework (Jiang et al., 2024). Furthermore, the intensity of diffraction
peaks related to Pt in Pt/D-S1 catalysts was notably lower than in the
other catalysts. This suggests the potential presence of highly dispersed
small Pt particles on the support, or some Pt Nanoparticles may be
encapsulated within the zeolites structure, likely promoted by the hi-
erarchical mesoporous structure of D-S1 (Goodarzi et al., 2018).

SEM analysis of the different Pt catalysts supported on S1, D-S1, and
SiOs is illustrated in Fig. S1. The images reveal that the ellipsoid-shape
morphology of Pt/S1 and Pt/D-S1, and the crystal size are approxi-
mately between 0.5 and 1.0 pm. In contrast, the Pt catalysts supported
on commercial SiO9 exhibit significantly bigger particle sizes, approxi-
mately around 20 pm.

N, physisorption was carried out to investigate the relevant porous
properties of the three different supports, and the results are presented
in Table 1. The D-S1 exhibited the highest specific surface area (i.e. 388
m? g~1), which could be contribute to mesopores formed by the desili-
cation treatment. In the contrast, specific surface area of the SiO, was
only 2.18 m? g! due to its dense and compact structure. The Ny
adsorption-desorption isotherms of S1 and D-S1 are shown in Fig. S2.
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Fig. 2. XRD patterns of the microporous silicalite-1 (S1) and desilicated silicalite-1 (D-S1) supports and as-prepared catalysts (after calcination in air at 550 °C).
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Table 1
Porous properties of different supports by N5 physisorption analysis.

Materials ~ Sper(m®g™")  Vio1 (@m®g™")  Viiero (cm®g ") Vineso (cm®g™")
S0, 2.19 - - -

s1 347 0.184 0.121 0.063

D-s1 388 0.227 0.094 0.133

Both of the S1 and DS1 exhibited a steep increase in the Ny uptake at low
relative pressure (P/Py<0.01) due to micropores being filled by Ny
molecules, confirming the presence of microporous structure regardless
of their structure. Additionally, the isotherm of D-S1 showed the H4
hysteresis loop that is at around P/Py = 0.45, indicating the presence of
mesoporous structures in the zeolites.

Detailed information about the dispersion and size of Pt nano-
particles in the different supports was further investigated by HRTEM.
As shown in Fig. 3a to 5c, for the 1Pt/SiO, catalysts, large and irregu-
larly agglomerated Ni particles are mainly formed on the external sur-
face of SiO,, with an average particle size of 13.18 nm. In contrast, for
the 1 Pt/S1 catalysts, the distribution of the Pt nanoparticles is signifi-
cantly better than that observed in the Pt/SiOy catalysts, with less
agglomeration of Pt nanoparticles. In addition, the average particle size
of Pt nanoparticles (~9.8 nm) is also smaller in the 1 Pt/S1 catalysts
compared to the 1Pt/SiO, catalysts. The enhanced dispersion of Pt
nanoparticles in the 1 Pt/S1 catalysts can be attributed to the porous
structure of the zeolite supports (Sun et al., 2021). The larger surface
area and uniform pore size contribute to a more controllable distribution
of the metal during the synthesis of catalysts. For the 1Pt/D-S1 catalysts
with the hierarchical meso-micro-porous structure promoted the for-
mation of very small Pt nanoparticles with a particle size approximately
at 6.19 nm as shown in Fig. 3i to 5k. This is in accordance with the
findings of XRD, where the characteristic peak of Pt in 1Pt/D-S1 is much
weaker than the peaks in the other two catalysts. Furthermore, by the
cumulative frequency analysis as shown in Figs. 3d, 5h and 51, it can be
found that more than 90% of the Pt nanoparticles in 1Pt/D-S1 is smaller
than 8.65 nm (d (90) = 8.65 nm) which is quite close to the mean
particle size indicating a highly uniform Pt nanoparticles were deposited

(@)
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on the D-S1.

To visually analyse the dispersion of metals on different supports,
TEM-EDS mapping and Hy chemisorption were employed for further
investigation. As shown in Fig. S3 (a) and (d), for the 1Pt/SiO; catalysts,
the distribution of the Pt nanoparticles was uneven, mainly concentrated
on the top of the SiO support, with almost no Pt nanoparticles observed
in the middle area of the support. Consequently, the Hy chemisorption
results (Table S1) indicated that Pt dispersion of the 1Pt/SiO, was the
lowest among all the catalysts, measuring only 0.626%. For the 1 Pt/S1
catalysts, as shown in Fig. S3 (b) and (e), the Pt nanoparticles were
evenly dispersed on the surface of the zeolites, resulting in a higher
dispersion rate (i.e. 0.805%) compared to 1Pt/SiO,. However, some
agglomeration was also observed on the catalysts, which had a negative
impact on the metal dispersion. The dispersion rate of 1Pt/D-S1 (i.e.
1.87%) outperformed all the other catalysts. From Fig. S3 (e) and (f), it
could be found the Pt nanoparticles were evenly deposited on the D-S1
and no agglomeration were observed.

3.2. Catalytic degradation of chlorobenzene over the catalysts under NTP
conditions

Fig. 4 presents the relevant results of NTP assisted catalytic degra-
dation of chlorobenzene in different systems, namely catalyst-free, with
the Pt/SiO,, Pt/S-1, and Pt/DS-1 packing, respectively. In the catalyst-
free NTP system, chlorobenzene degradation conversion was relatively
low, ranging from ca., 25%-48%, compared to the catalysts packing
system. However, with increasing input energy, around half of the input
chlorobenzene was still eliminated in the NTP system at 37 J mL ™!, This
can be attributed to the active species generated by the NTP, such as
vibrationally-excited molecules, radicals, atoms and ions which can
enhance the breakdown of the chemical bonds in the chlorobenzene
(Kim et al., 2016; Chen et al., 2020c). Nevertheless, as shown in Fig. 4b,
the COy selectivity in the catalyst-free NTP system was extremely low.
This can be explained by the high energy from the above-mentioned
active species mainly destroyed the benzene ring to generate reactive
species such as methyl and phenyl radicals (Jiang et al., 2021; Zhao
et al., 2023). These intermediates are subsequently oxidised to various

5
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Fig. 3. HRTEM images and corresponding Pt particle size distribution of (a—d) 1Pt/SiO,, (e-h) 1 Pt/S1 and (i-1) 1Pt/D-S1.
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Fig. 5. Main organic by-products formed in the NTP assisted catalytic chloro-
benzene degradation over different catalysts (experiment conditions: carrier gas
flow rate of 50 sccm, chlorobenzene inlet speed of 0.05 g/h, applied voltage of
12.5 kV).

by-products including Ethyl acetate, ethylene oxide, propyne and ketene
(Liang et al., 2021; Mu and Williams, 2022). Only a very small amount of
intermediates can be fully oxidised into the desired COy, primarily CO.

All NTP systems involving catalysts outperformed the NTP-only
system in both chlorobenzene conversion rate and COy selectivity.
However, under 8 J mL™!, CO and CO, were undetectable in all systems,
indicating insufficient energy to activate the catalysts. Among the
various catalysts, the Pt/S-1 catalysts exhibited better catalytic perfor-
mance than Pt/SiO, in both chlorobenzene conversion rate and COy
selectivity, suggesting a promotion effect by S1 and D-S1 (as the sup-
ports to promote the dispersion of Pt phase and Pt nanoparticle size).
This is confirmed by the above-mentioned findings of HRTEM results
and H; pulse chemisorption analysis, which showed significantly higher
Pt dispersion in the Pt/S1 catalysts (e.g., about 1.87% for 1Pt/D-S1) than
that of 1Pt/SiO3 (ca., 0.626%). An increase in Pt loading was found to be
beneficial to the degradation of chlorobenzene. For example, at 37 J
mL™}, the 1.5 Pt/S1 demonstrated the highest chlorobenzene conversion
rate of ca. 78%. However, the 1.5 Pt/S1 presented a relatively poor
selectivity of COy under a high SIE(ca., 36% under 28 J mL™}). This may
be attributed to the agglomeration of Pt nanoparticles on the surface of
S1 due to the overloading of Pt. The agglomeration of Pt resulted in a
decrease in the utilisation rate of Pt nanoparticles. As a result, under
high SIE, there may have insufficient Pt nanoparticles can interact with
the active species generated by the NTP. Meanwhile, these active species
directly interact with chlorobenzene, leading to a disordered and sto-
chastic degradation reaction, resulting in low COx selectivity. Addi-
tionally, an increase in power was also found to be advantageous for the
selective conversion of chlorobenzene. However, when the energy
density reached 28 J mL ™}, the impact of increasing the energy density
on the chlorobenzene degradation was minimal.

The 1Pt/D-S1 catalysts outperformed all the other catalysts, sug-
gesting the desilication of the S1 have a great impact on the catalytic
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performance in the NTP system. For example, at 28 JmL ™}, the 1Pt/D-S1
presented the highest chlorobenzene conversion rate and COy selec-
tivity, which were 80% and 75%, respectively. This can be explained by
(i) the high dispersion of small Pt nanoparticles in the Pt/D-S1 catalysts
(as shown in), (ii) the improved diffusivity of chlorobenzene and
gaseous reactants into the pores of zeolite supports, and (iii) the for-
mation of microdischarges in the NTP system which was of the order, D-
S$1>S1>Si0». In section 3.1, a detailed discussion was provided on how
the hierarchical meso-micro-porous structure of D-S1 impacted metal
dispersion and nanoparticles size, consequently influencing the uti-
lisation efficiency of metal in the catalytic reaction. It is also well rec-
ognised that larger pore size is advantageous for facilitating better
diffusion of molecules. In this case, the larger pore size allowed chlo-
robenzene molecules to more efficiently reach the active sites of Pt-
based catalysts, as well as the active reactants generated by the NTP
(Zhao et al., 2014; Li et al., 2015; Gao et al., 2023). Furthermore, the
mesopores present in the zeolites can contribute to microdischarge
formation, increase in electric field, and enhancement of electron den-
sity in the NTP system (Zhang et al., 2016, 2017; Yao et al., 2018). This
resulted in the generation of more active reactants, thereby enhancing
the degradation performance of chlorobenzene.

3.3. Organic by-products analysis and the distribution of PCDDs and
PCDFs

To investigate the formation of organic by-products in the NTP-
assisted catalytic degradation process, all organic compounds were
condensed using dry ice and identified using the GC-MS. Based on the
different retention times of compounds observed in the total ion chro-
matogram, the NIST 2000 spectrum library database was utilised to
classify the compounds into their respective categories. The main sub-
stances formed by different catalysts (including 1Pt/SiO, 1 Pt/S1 and
1Pt/D-S1) under the SIE of 28 J mL™! are summarised in Table S2.

The 1Pt/SiO, catalysts generated the highest number of organic
compounds, totalling 18 different species, whereas only 12 organic by-
products were identified in the condensate from the 1Pt/D-S1 catalytic
system. Among the 3 catalyst systems, 6 different types of benzene and
its chlorinated derivatives were all detected in the condensate, including
benzene, dichlorobenzene, chlorobenzonitrile, chloronaphthalene,
chlorobiphenyl, and chlorophenol. The 1Pt/SiO catalysts formed the
highest amount of benzene (ca., 2.8 mg) as shown in Fig. 5, which was
around 5 times higher than the benzene formed from 1Pt/D-S1. Benzene
is generally considered to be more toxic than chlorobenzene and is
classified as a Group 1 carcinogen by the IARC (Henschler, 1994;
Fletcher et al., 2002). Therefore, in NTP-assisted C1-VOCs degradation,
it is crucial to consider the potential for inhibiting the formation of more
toxic by-products. Minimising the production of benzene and other
highly toxic compounds is essential to ensure the safety and effective-
ness of the degradation process. The reasons why 1Pt/D-S1 formed the
lowest benzene can be attributed to the hierarchical meso-micro-porous
structure of D-S1. Regarding the chlorobenzene molecule, the bond
energy of the C-Cl bond in its branched chain (4.2 eV) is lower than that
of the C-H bond (4.4 eV), C—C bond (5.0-5.3 eV), and C=C bond (5.5
eV) (Li et al., 2021a; Zhou et al., 2021; Xie et al., 2022). Therefore,
during the discharge process, the C-Cl bond in the chlorobenzene
molecule is likely to break first to form a Cl atom and a phenyl radical (as
shown in Eq. (6)). Subsequently, the benzene ring may undergo
ring-opening reactions under the dual action of active free radicals and
high-energy electrons.

C6H5Cl+e - C6H5 -+ Cl (6)

As discussed previously, the hierarchical structure of D-S1 can
enhance the microdischarges in the NTP system. The presence of
microdischarges typically indicates a higher electron density which can
provide sufficient energy to break the C-H bond, C-C bond and C=C
bond after breaking the C-Cl bond. Additionally, the mesopores present
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in the 1Pt/D-S1 catalyst facilitated the rapid diffusion of short-lived
reactive species generated by the NTP to the metal active sites. This
enhanced diffusion proved to be beneficial for the deep oxidation of
chlorobenzene. Furthermore, the enhanced adsorption ability and larger
specific surface area of the zeolite catalysts may also contribute to the
deep oxidation of CI-VOCs. Zeolite can efficiently adsorb reactants onto
catalysts and interact with the reactive metal sites, thereby facilitating
the selective and deep oxidation of chlorobenzene while attempting to
prevent dissociation or self-/cross-coupling of chlorobenzene and other
dissociated organic compounds, which are directly influenced by the
plasma rather than the metal catalysts.

In addition to benzene, dichlorobenzene was also found as a main
organic by-product in the GC-MS analysis. The quantity of dichloro-
benzene generated by 1Pt/SiO (ca., 0.756 mg) was significantly higher
compared to the 1 Pt/S1 and 1Pt/D-S1, which formed 0.496 mg and
0.094 mg dichlorobenzene, respectively. The formation of dichloro-
benzene is believed to be the result of the Cl atom formed in Eq. (6)
which can further react with the chlorobenzene via the positioning law
of the electrophilic substitution reaction on the aromatic ring (Zhu et al.,
2024). Interestingly, all three possible structural isomers of dichloro-
benzene (including 1,2-dichlorobenzene, 1,3-dichlorobenzene, and 1,
4-dichlorobenzene) were identified on all the catalysts. However, 1,
2-dichlorobenzene was the dominant structure detected from
1Pt/SiOy. The relatively higher formation energy is required of 1,
4-dichlorobenzene due to the para position of two chlorine atoms,
which can lead to steric hindrance and repulsion between the chlorine
atoms (Deng et al., 2020). As discussed earlier, it was noted that the
microdischarge and electron density of the 1Pt/SiO5 system were lower
compared to the other two catalysts. Consequently, this condition fav-
oured the formation of 1,2-dichlorobenzene, as it required less energy
for its formation compared to other isomers.

Dioxin-like polychlorinated biphenyl and many other chlorinated
organic compounds which have potential to form highly toxic dioxins
such as chlorophenol (Evans and Dellinger, 2005; Peng et al., 2016),
dichlorophenol (Mosallanejad et al., 2016; Yang et al., 2017a), chlor-
onaphthalene (Ghorishi and Altwicker, 1996; Mosallanejad et al., 2016),
and chlorobenzonitrile (Kuzuhara et al., 2005; Fu et al., 2015) were also
detected in the GC-MS analysis. Herein, the used catalysts were further
investigated by high-resolution gas chromatography-high resolution
mass spectrometry (HRGC-HRMS) to identify and quantify the PCDDs
and PCDFs formed on the catalysts.

Based on the research findings from conventional thermal catalysis,
the temperature window for dioxin formation typically ranges from 200
to 600 °C (Xiong et al., 2022). In the NTP system, temperature is
maintained below 200 °C, suggesting that the formation of PCDD/Fs
may be less likely. However, the results from HRGC/HRMS results
indicated that the PCDD/Fs formation was inevitable in the NTP assisted
catalytic system. All 17 types of PCDD/Fs were detected on the three
catalysts. Fig. 6 presents the measured value and toxic equivalent (TEQ)
of 17 different PCDD/Fs formed on the three catalysts. The TEQ uses the
available toxicological and biological data to generate a set of weighting
factors each of which expresses the toxicity of a particular PCDD or
PCDF congener in terms of an equivalent amount of 2,3,7,8 TCDD.
Indeed, in conventional thermal conditions, exceeding the temperature
window aims to promote the dissociation of oxygen, crucial for the
formation of active oxygen species involved in PCDD/Fs formation (Yu
et al., 2022). However, in NTP systems, various oxygen species can be
generated even at near-room temperature in the presence of oxygen. As
aresult, the 1Pt/D-S1 showed apparently lower PCDD/Fs concentrations
than the other two catalysts. The total toxic equivalent of 1Pt/SiO; (25,
100 ng TEQ kg™!) was about 68 times that of 1Pt/D-S1 (367 ng TEQ
kg™1). This finding was consistence with the result from GC-MS as shown
in Fig. 5, where 1Pt/SiO, formed the highest amount of chlorophenol
(ca., 7.2 mg), known as direct precursors of PCDD/Fs formation, while
only 3.5 mg chlorophenol was formed by the 1Pt/D-S1 catalysts (Pan
et al., 2013).
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Fig. 6. Measured value and toxity equivalent of 17 different PCDDs and PCDFs formed from the NTP assisted degradation of chlorobenzene over different catalysts

(1Pt/SiO3, 1 Pt/S1 and 1Pt/D-S1).

It is believed that both Langmuir-Hinshelwood and Eley-Rideal
mechanisms coexist in the NTP system, both of which require the
adsorption of molecules on the catalysts (Chen et al., 2019). Pore size
plays an important role in the adsorption of VOCs (Li et al., 2020). The
non-porous structure of SiOg, with a flat or nearly featureless surface,
results in poor adsorption performance for chlorobenzene. Therefore,
many chlorobenzene molecules were not able to adsorb onto the cata-
lysts and instead reacted with them, resulting in higher formation of
chlorinated organic by-products and PCDD/Fs. Furthermore, Yu et al.
(2022) investigated plasma-catalysis for the abetment of chlorobenzene
and found that PCDD/Fs could only be detected after a discharge time of
10 h, indicating that the formation of PCDD/Fs required the concen-
tration of precursors to accumulate on the catalyst surface to a certain
extent. Therefore, rapid transportation of intermediates without
participating in the chlorination process is a crucial strategy. The
micropore structure of S1, restricted the movement of gas molecules and
intermediates between surfaces, resulting in slower diffusion rates and
the accumulation of chlorinated-related intermediates (Wang et al.,
2023). On the other hand, the hierarchical structures in 1Pt/D-S1can
significantly enhance the mass transfer rate which accelerate trans-
formation of intermediates and reduce the possibility of self-/-
cross-coupling reactions of dioxins precursors, such as chlorophenol and
dichlorophenol resulting in a lower total toxic equivalent (Li et al.,
2021c). This helps to explain why 3,4-dichlorophenol could only be
detected from the 1Pt/SiO5 as shown in Table S2.

4. Conclusions

In NTP assisted catalytic degradation of chlorobenzene, minimising
the production of highly toxic by-products, and achieving the deep
oxidation of chlorobenzene is a major challenge. In this study, a series of
Pt nanoparticles supported on SiO,, microporous silicalite-1 (S1) and
desilicated silicalite-1 (D-S1) catalysts were investigated. Comprehen-
sive characterisation of the catalysts revealed the influence of pore
structure on metal size and dispersion rate, with Pt/D-S1 exhibiting the
smallest particle size (~6.19 nm) and the highest dispersion rate
(~1.87). This resulted in superior catalytic performance, with Pt/D-S1
achieving the highest chlorobenzene conversion and COx selectivity at
approximately 80% and 75%, respectively.

The pore structure also affected the formation of by-products, with
Pt/SiO, generating a greater variety of organic compounds compared to

Pt/D-S1. Specifically, the amount of benzene produced by Pt/SiO2 was
observed to be 100 times greater than that generated by Pt/D-S1. A
similar trend was noted in the formation of chlorophenol across different
catalysts. All catalysts yielded polychlorinated biphenyls and other
chlorinated organic compounds which were precursors in dioxins for-
mation, indicating the unavoidable formation of PCDD/Fs in the NTP-
assisted catalytic system. However, Pt/D-S1 showed lower PCDD/Fs
concentrations and reduced formation of chlorophenol, a precursor to
PCDD/Fs, compared to other catalysts. The hierarchical structure of D-
S1 facilitated microdischarges in the NTP system, enhancing electron
density and diffusion rates, thereby aiding in chlorobenzene degradation
and minimising toxic by-product formation. Furthermore, rapid trans-
portation of intermediates without participating in chlorination pro-
cesses proved crucial in reducing PCDD/Fs formation, highlighting the
importance of catalyst structure in inhibiting toxic by-products.

This work aimed to understand the significance of synthesis-
structure-performance correlations in catalyst design for efficient chlo-
rinated volatile organic compound degradation in NTP systems. Its
findings offer valuable insights for future research and development in
environmental remediation strategies.
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