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Introduction

Most volatile organic compounds (VOCs) are toxic to human and environmental health [START_REF] Baltaretu | Primary atmospheric oxidation mechanism for toluene[END_REF]. Due to their negative impact, it is important to reduce the emission of VOCs. Among the various environmental processes which are used for the removal of VOCs from exhaust gases [START_REF] Khan | Removal of Volatile Organic Compounds from polluted air[END_REF][START_REF] Vandenbroucke | Nonthermal plasmas for non-catalytic and catalytic VOC abatement[END_REF], adsorption is one of the most cost effective and simplest process. The most commonly used adsorbents for VOC removal are carbon based [START_REF] Gironi | VOCs removal from dilute vapour streams by adsorption onto activated carbon[END_REF], and metal oxide-based adsorbents. However, the main limitations of adsorption are the need for continuous regeneration of the used adsorbent, the disposal of spent adsorbents and the processing of the adsorbed VOCs. In practice, most saturated sorbents are either incinerated or disposed which leads to a negative impact on the environment. To make the adsorption process more environmentally friendly and to reduce the demand for virgin adsorbents, it is thus indispensable to regenerate the used adsorbents. Several processes which have been investigated for the regeneration of adsorbents include pressure swing [START_REF] Salvador | Regeneration of carbonaceous adsorbents. Part II: Chemical, Microbiological and Vacuum Regeneration[END_REF], temperature swing [START_REF] Salvador | Regeneration of carbonaceous adsorbents. Part I: Thermal Regeneration[END_REF], microwave heating [START_REF] Salvador | Regeneration of carbonaceous adsorbents. Part I: Thermal Regeneration[END_REF][START_REF] Kim | The effect of pore structure of zeolite on the adsorption of VOCs and their desorption properties by microwave heating[END_REF],

purging gas [START_REF] Salvador | Regeneration of carbonaceous adsorbents. Part I: Thermal Regeneration[END_REF], chemical methods [START_REF] Salvador | Regeneration of carbonaceous adsorbents. Part II: Chemical, Microbiological and Vacuum Regeneration[END_REF], and the combination of heating and catalytic oxidation [START_REF] Xie | Adsorption properties of regenerative materials for removal of low concentration of toluene[END_REF]. In addition, non-thermal plasmas (NTPs) have also been proven effective for the regeneration of spent adsorbents [START_REF] Veerapandian | Regeneration of Hopcalite used for the adsorption plasma catalytic removal of toluene by nonthermal plasma[END_REF][START_REF] Jia | New routes for complete regeneration of coked zeolite[END_REF], as NTPs generate ozone and N2O which are very effective oxidizing agents.

Important adsorbent properties which have to be considered for pollution control include pore size distribution, surface area, thermal stability and hydrophobicity. Due to their large specific surface area, narrow pore size distribution and acidity, zeolites are very interesting candidates as adsorbents [START_REF] Veerapandian | The use of zeolites for VOCs abatement by combining non-thermal plasma, adsorption, and/or catalysis: A review[END_REF]. In this particular work, zeolite X is used as adsorbent which is commercially available as MS-13X (molecular sieve) in sodium (mostly) and calcium form. Zeolite 13X is a faujasite (FAU) molecular sieve with a 3D pore structure, a pore size of ~ 7 Å and an Si/Al ratio of ~2.6-3. The pore size of MS-13X is suitable for the adsorption of various VOCs such as hexane, toluene, benzene, ethyl benzene, o-, m-, p-xylene and methyl ethyl ketone (kinetic diameter in the range of 4.3 -6.8 Å) [START_REF] Van Bavel | Adsorption of hydrocarbons on mesoporous SBA-15 and PHTS materials[END_REF][START_REF] Ghafari | Impact of styrenic polymer one-step hyper-cross-linking on volatile organic compound adsorption and desorption performance[END_REF][START_REF] Noël | micromachines Design of a Novel Axial Gas Pulses Micromixer and Simulations of its Mixing Abilities via Computational Fluid Dynamics[END_REF] and also accessible for ozone (kinetic diameter of 5.8 Å) [START_REF] Tsukada | Pulsed-laser deposition of LiNbO3 in low gas pressure using pure ozone e[END_REF] which is one of the oxidizing species produced by an NTP. This paper deals with the engineering of an original environmental process which combine (i) adsorption and (ii) plasma discharge, which is known as a cycled storage and discharge (CSD) process for the removal of VOCs from air. This environmental process involves two steps: first, the diluted VOC is concentrated on the adsorbent (plasma off). Then, the adsorbed VOC is oxidized by NTP discharge.

The advantages of this process are: (i) reduced energy consumption by increasing the ratio of the adsorption time to the plasma discharge time (particularly suitable for low concentration of VOC in a large volume of exhaust gas), (ii) simultaneous oxidation of the adsorbed VOC and regeneration of the adsorbent, avoids an extra step of regeneration and (iii) the possibility to use a benign discharge gas which avoids the formation of unwanted and toxic by-products such as NOx (which is out of scope for this work).

In the past, Chao et al. investigated the decomposition of toluene using ozone in the presence of 13X zeolite [START_REF] Chao | Potential use of a combined ozone and zeolite system for gaseous toluene elimination[END_REF] and reported the enhanced degradation of toluene, as the Lewis acid sites of the zeolite decomposed ozone to form active oxygen which has a higher reactive rate constant when compared to ozone [START_REF] Van Durme | Abatement and degradation pathways of toluene in indoor air by positive corona discharge[END_REF]. However, the deactivation of the 13X zeolite occurred after a few hours of experiments. Yi et al. investigated a metal loaded 13X zeolite for the removal of toluene using adsorption plasma catalysis (APC) and reported that the catalytic activity and product selectivity were improved by the metal loading [START_REF] Yi | Removal of toluene from industrial gas over 13X zeolite supported catalysts by adsorption-plasma catalytic process[END_REF]. In addition, Yi et al. also investigated the effect of a closed and ventilated discharge on the oxidation of toluene adsorbed on a Co/13X zeolite and reported that the closed discharge was more efficient for the oxidation of toluene [START_REF] Yi | Removal of toluene from industrial gas by adsorption-plasma catalytic process : Comparison of closed discharge and ventilated discharge[END_REF]. Researchers investigated the use of bare 13X and metal loaded 13X for the removal of various VOCs such as ethylene [START_REF] Trinh | Removal of ethylene from air stream by adsorption and plasma-catalytic oxidation using silverbased bimetallic catalysts supported on zeolite[END_REF][START_REF] Trinh | Effect of the adsorbent/catalyst preparation method and plasma reactor configuration on the removal of dilute ethylene from air stream[END_REF], benzene [START_REF] Kim | Adsorption and oxygen plasmadriven catalysis for total oxidation of VOCs[END_REF][START_REF] Kim | Oxygen partial pressuredependent behavior of various catalysts for the total oxidation of VOCs using cycled system of adsorption and oxygen plasma[END_REF] and toluene [START_REF] Kim | Oxygen partial pressuredependent behavior of various catalysts for the total oxidation of VOCs using cycled system of adsorption and oxygen plasma[END_REF]. Researchers also investigated the use of different catalysts such as Mn-Cu/Al2O3 [START_REF] Shang | Successive treatment of benzene and derived byproducts by a novel plasma catalysis-adsorption process[END_REF] and CeO2-Co3O4/γ-Al2O3 [START_REF] Li | Double dielectric barrier discharge incorporated with CeO2-Co3O4/γ-Al2O3 catalyst for toluene abatement by a sequential adsorption-discharge plasma catalytic process[END_REF] for APC abatement of VOCs.

Although the above-mentioned research works established the use of MS-13X or metal loaded MS-13X for APC or CSD removal of VOCs, these works have never investigated the effect of the used NTP discharge on the surface and bulk properties of adsorbents in detail, which is critical for CSD process. Apart from the stability of adsorbent in NTP discharge, the regenerability of adsorbent by NTP has to be investigated as well. Thus, the main objective of this work is to investigate the use of an NTP sustained in dry air for the activation of fresh MS-13X and the regeneration of used MS-13X for CSD removal of toluene, a model VOC.

In the first part of this work, the adsorption capacity of MS-13X pellets activated by heating and NTP discharge is compared. In the second part of this work, the use of NTP for the simultaneous oxidation of adsorbed toluene and the regeneration of MS-13X pellets is studied. Then, the surface and bulk properties of thermal activated, NTP activated and NTP regenerated MS-13X are studied. Based on the obtained results, correlations between the physico-chemical properties and the adsorption capacity of MS-13X pellets activated by different methods are discussed. To the best of our knowledge, this is the first work which investigates the use of NTP discharge for both the activation and in-situ regeneration of adsorbents and the effect of NTP discharge on the surface and bulk physicochemical properties of adsorbents.

Experimental methods

Experimental set-up

The general schematic representation of the experimental set-up used for the activation of MS-13X and the CSD process is shown in Figure S1. The experimental set-up comprises a gas supply system, MS-13X pellets and glass beads packed bed DBD reactor (shown in Figure S2) and analytical instrumentation for flue gas analysis. The detailed description of the experimental set-up is given in the supplementary information and elsewhere [START_REF] Ye | An in-Depth Investigation of Toluene Decomposition with a Glass Beads-Packed Bed Dielectric Barrier Discharge Reactor[END_REF].

Activation of MS-13X

To remove the adsorbed carbonaceous compounds and moisture, the purchased MS-13X pellets is usually heated to high temperatures prior to adsorption [START_REF] Swetha | Combination of adsorption followed by ozone oxidation with pressure swing adsorption technology for the removal of VOCs from contaminated air streams[END_REF]. In this work, MS-13X pellets was activated using two different methods: (i) by heating and (ii) by NTP exposure. Thermal activation was carried out by heating MS-13X in a flow of dry air (0.2 L . min -1 ) from room temperature to 400˚C at a heating rate of 1˚C/min and maintained at 400°C for 4 hours [START_REF] Huang | Adsorptive properties in toluene removal over hierarchical zeolites[END_REF]. NTP activation was carried out in the DBD reactor using a fixed flow of dry air of 0.5 L . min -1 for 1 hour using different discharge powers (between 6 and 65 W). The MS-13X samples activated by heating and NTP are labelled as "thermal activated" and "NTP activated", respectively.

Cycled storage and discharge process

A schematic representation of the different steps in a CSD for the abatement of toluene in dry air is reported elsewhere [START_REF] Veerapandian | Regeneration of Hopcalite used for the adsorption plasma catalytic removal of toluene by nonthermal plasma[END_REF]. The three steps of each cycle of CSD are: (i) the adsorption of toluene on activated MS-13X pellets either until saturation or until a certain critical concentration of toluene is reached, (ii) the desorption of reversibly adsorbed toluene by flushing with dry air and (iii) NTP exposure for the oxidation of irreversibly adsorbed toluene and the regeneration of MS-13X for the next cycle of adsorption. The experimental parameters used during the different steps of the CSD process for the abatement of toluene are summarized in Table S2.

The MS-13X samples activated by heating and NTP are labelled as "thermal activated" and "NTP activated", respectively. The NTP regenerated MS-13X is labelled as "NTP (X) regenerated", where X corresponds to the number of exposure times to the NTP discharge in addition to the activation (in case of NTP activation).

Catalyst characterization

The fresh, thermal activated, NTP activated and NTP (II) regenerated MS-13X samples were characterized using different techniques including powder X-ray diffraction (PXRD), X-ray photoelectron spectroscopy (XPS), nitrogen adsorption-desorption analysis, argon sorption and pyridine-Fourier transform infrared spectroscopy (py-FTIR) [START_REF] Qin | On the framework hydroxyl groups of H-ZSM-5 zeolites[END_REF].

Stability tests

To examine the stability of the zeolite used in this work, 1000 ppm of toluene in dry air (flow rate = 0.1 L/min) was first adsorbed on NTP activated MS-13X until the concentration of toluene in the outlet of the plasma reactor was 10% of the initial concentration. After flushing with dry air, the NTP was turned on for 60 minutes to oxidize the irreversibly adsorbed toluene and to regenerate the MS-13X. This sequence of CSD was repeated for 10 cycles. In addition, the regeneration efficiency (RE) defined as the ratio of the adsorption capacity of the NTP regenerated MS-13X ([𝑇𝑜𝑙𝑢𝑒𝑛𝑒] 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑,𝑟𝑒𝑔 ) to that of the fresh NTP activated MS-13X ([𝑇𝑜𝑙𝑢𝑒𝑛𝑒] 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑,𝑓𝑟𝑒𝑠ℎ ) was also calculated.

Results and Discussion

Activation of 13X zeolite

The breakthrough curves of toluene adsorbed on thermal and NTP activated MS-13X are shown in Figure 1 and the amount of adsorbed toluene is determined to be 2.19 ± 0.06 and 2.45 ± 0.06 mmol/g, respectively. These results reveal that the amount of toluene adsorbed on NTP activated MS-13X is ~10% higher than on thermal activated MS-13X. In addition, the time required to reach the critical concentration of toluene in the outlet of the NTP reactor is delayed by 1 hour and 45 minutes for the NTP activated MS-13X. Moreover, the NTP activation of MS-13X is energy efficient as the power consumption of the NTP activation is at least five times lower than the thermal activation.

During thermal activation, the main products desorbed from the MS-13X are H2O and CO2, whereas during NTP activation, CO2, H2O and N2O are the main products observed. In NTP activation, the adsorbed carbonaceous compounds are desorbed as CO2 from MS-13X pores either by the reaction with diffused short-lived [START_REF] Holzer | Combination of non-thermal plasma and heterogeneous catalysis for oxidation of volatile organic compounds. Part 1. Accessibility of the intra-particle volume[END_REF] or long-lived species such as O3 and N2O formed in NTP discharge and the adsorbed moisture is desorbed by electropolarization [START_REF] Zhang | Carbon Dioxide reduction by non-equilibrium electrocatalysis plasma reactor[END_REF]. The amounts of CO2 desorbed during thermal activation and NTP activation using different applied voltages, shown in Table 1, suggest that the amount of CO2 desorbed during activation is proportional to the amount of toluene adsorbed on MS-13X. The NTP activation of the MS-13X is performed in-situ, whereas the thermal activation is performed ex-situ and transferred to the NTP reactor for toluene adsorption. It has been widely reported in literature that 13X zeolite is an efficient adsorbent material for CO2 owing to its higher pore volume and suitable pore diameter [START_REF] Siriwardane | Adsorption of CO2 on Zeolites at Moderate Temperatures[END_REF] and its low Si/Al ratio with a cation which exhibits strong electrostatic attraction for CO2 [START_REF] Harlick | An experimental adsorbent screening study for CO2 removal from N2[END_REF]. Thus, the reason for the higher adsorption of toluene from dry air on NTP activated MS-13X using applied voltages ≥ 7.00 kV could be as follows: (i) the amount of CO2 desorbed by thermal activation is lower than by NTP activation at applied voltages ≥ 7.00 kV (see Table 1) and (ii) adsorption of CO2 from the atmosphere can occur on the thermal activated sample as it was transferred to the NTP reactor. Thus, in order to investigate the above-mentioned possibilities, the thermal activated sample was also exposed to the NTP. During NTP exposure, more CO2 and H2O were desorbed, which can explain the reduced toluene adsorption on the only thermal activated MS-13X. Thus, NTP activation of MS-13X pellets is more efficient in the removal of adsorbed carbonaceous compounds and moisture and in addition, it eliminates an extra step of sample transfer. The FTIR spectra of the outlet gas after 10 minutes of NTP exposure for various applied voltages are shown in Figure S3, in order to visualize the effect of the applied voltage on the amount of CO2 desorbed at a given time. The amount of desorbed CO2 after 10 minutes increases upon increasing the applied voltage (Table 1 and Figure S3). When the applied voltage increases, the discharge power increases and thus, the energy deposited on MS-13X increases resulting in more desorbed CO2 after 10 minutes of NTP exposure.

Figure 1 Adsorption of toluene in dry air (initial concentration=1000 ppm; total flow rate=0.1 L/min) on thermal activated and NTP activated MS-13X (applied voltage=7.25 kV; discharge power=58 W; plasma exposure time=1h) Table 1 Amount of CO2 desorbed during activation of MS-13X, amount of toluene adsorbed on activated MS-13X and time to reach the critical concentration of toluene in the outlet of the reactor during adsorption for thermal activated and NTP activated MS-13X (plasma

To further investigate the effect of the applied voltage on the activation of MS-13X, the toluene adsorption capacity of NTP activated MS-13X using different applied voltages was also studied and the breakthrough curves are shown in Figure 2. The amount of toluene adsorbed (mmol/g) and the time required to reach the critical concentration of toluene in the outlet of the NTP reactor are shown in Table 1, follow the same trend as that of the total amount of CO2 desorbed from the MS-13X during NTP activation. Considering that a lower discharge power (58 W) used for activation of MS-13X results in a similar toluene adsorption capacity (approximately 2.45 mmol/g), MS-13X activated by NTP during 1 h at an applied voltage of 7.25 kV will be used further on in this study for the investigation of CSD for the removal of toluene. 

Adsorption/desorption of toluene on NTP activated MS-13X

The breakthrough curve of toluene adsorbed on NTP activated MS-13X at 7.25 kV followed by the desorption of reversibly adsorbed toluene by flushing dry air is shown in Figure 3. The amount of toluene adsorbed and the amount of toluene which is reversibly adsorbed on the MS-13X sample are quantified to be 2.45 ± 0.06 mmol/g and 0.12 mmol/g, respectively. Thus, after flushing with dry air at room temperature 2.33 ± 0.05 mmol/g of toluene is still adsorbed on the surface of the NTP activated MS-13X. The FTIR spectra of the outlet gas during NTP treatment at three different exposure times [START_REF] Trinh | Removal of ethylene from air stream by adsorption and plasma-catalytic oxidation using silverbased bimetallic catalysts supported on zeolite[END_REF][START_REF] Zhao | Photodegradation of oxytetracycline in aqueous by 5A and 13X loaded with TiO2 under UV irradiation[END_REF], and 60 minutes) are shown in Figure 5. Apart from the desorption of unconverted toluene and the formation of CO2, CO and H2O, there was also the formation of N2O (Reaction 12) [START_REF] Fan | Formation of Nitrogen Oxides (N2O, NO, and NO2) in Typical Plasma and Plasma-Catalytic Processes for Air Pollution Control[END_REF], at 40 and 60 minutes and the temporal evolution of N2O is depicted in Figure 6(a). In addition, the formation of NO and NO2 was also observed at 60 minutes of NTP exposure. In the temporal evolution of NO (shown in Figure 6(b)), NO is already formed after 40 minutes of NTP exposure. However, this NO formation is not visible in the FTIR spectrum due to the presence of a broad H2O band which overlaps with the characteristic peaks of NO. The formation of NO is according to the Reaction 13 or the Reaction 14 [START_REF] Krawczyk | Conversion of nitrous oxide by positive pulsed corona discharge[END_REF], while NO2 is formed through the oxidation of NO (Reactions 15 & 16) [START_REF] Pekárek | Effect of catalysts on dc corona discharge poisoning[END_REF]. The increase in the concentration of N2O and the presence of more electronically excited oxygen atoms result in the formation of NO after 40 minutes of NTP exposure. The formation of NO2 after 50 minutes of NTP exposure is probably due to the availability of the atomic oxygen species and ozone, which were initially involved in the conversion of adsorbed toluene. As CSD provides the flexibility for the choice of discharge gas and considering the toxicity and negative environmental impact of oxides of nitrogen [37],

the formation of these compounds can be avoided by using non-nitrogen gas such as O2 diluted in He or Ar during the discharge stage. Ozone, which is one of the main oxygen species produced in a dry air plasma [START_REF] Ye | An in-Depth Investigation of Toluene Decomposition with a Glass Beads-Packed Bed Dielectric Barrier Discharge Reactor[END_REF] was also detected in the outlet of the MS-13X pellets & glass beads packed bed DBD reactor, but only during the first 5 minutes of NTP exposure. The temporal evolution of O3 (not shown here) showed an initial O3 concentration of 200 ppm immediately after plasma ignition, which rapidly decreased to zero after five minutes of NTP exposure. 

𝑁 2 (𝐴 3 ∑ + 𝑢 ) + 𝑂 2 → 𝑁 2 𝑂 + 𝑂 1 
𝑂( 1 𝐷) + 𝑁 2 𝑂 → 2𝑁𝑂 2 
𝑁( 2 𝐷) + 𝑂 2 → 𝑁𝑂 + 𝑂( 3 𝑃) 3 𝑁𝑂 + 𝑂 + 𝑀 → 𝑁𝑂 2 + 𝑀 (𝑀 = 𝑁 2 , 𝑂 2 , 𝑁𝑂, 𝑁𝑂 2 , 𝑁 2 𝑂) 4 
𝑁𝑂 + 𝑂 3 → 𝑁𝑂 2 + 𝑂 2

Regeneration of 13X zeolite

The breakthrough curves of toluene adsorbed on NTP activated (fresh) and NTP (I) regenerated (used) MS-13X are shown in Figure 7. From Figure 7, it is determined that the total amount of toluene adsorbed on NTP (I) regenerated MS-13X is 2.49 ± 0.03 mmol/g, which is similar to that of the fresh NTP activated MS-13X. The critical concentration of toluene was also observed after 14.6 and 14.9

hours for NTP activated and NTP (I) regenerated MS-13X, respectively. These results demonstrate the complete regeneration of the used MS-13X after one cycle of CSD. In this work, the carbon balances were calculated by considering the total amount of toluene adsorbed as 100%. As shown in Figure 8 and Table S3, the amounts of toluene desorbed by the flushing of dry air for NTP activated and NTP (I) regenerated MS-13X are the same. On the other hand, the desorption of unconverted toluene by the NTP discharge for the NTP (I) regenerated MS-13X (43.8%) sample is slightly higher than the NTP activated MS-13X sample (42.4%), resulting in the same amount of toluene converted for both samples. Finally, the COx yield of the NTP (I) regenerated sample is lower than the NTP activated MS-13X, resulting in slightly more missing carbon for the former sample. The missing carbon for both zeolite samples could be explained by the presence of oil-like deposits on the inner wall of the plasma reactor outside the plasma discharge zone, which was also reported by other researchers even in the presence of transition metal oxide catalysts [START_REF] Li | In Plasma Catalytic Oxidation of Toluene Using Monolith CuO Foam as a Catalyst in a Wedged High Voltage Electrode Dielectric Barrier Discharge Reactor: Influence of Reaction Parameters and Byproduct Control[END_REF]. The formation of these deposits could be potentially reduced by heating the walls of the plasma reactor, by increasing the applied gas flow rate and by loading transition metal oxide on MS-13X [START_REF] Karatum | A comparative study of dilute VOCs treatment in a non-thermal plasma reactor[END_REF]. To conclude, for the same amount of converted toluene, more CO2 and CO are formed when using the NTP activated MS-13X compared to the NTP (I) regenerated MS-13X, consequently resulting in a higher CO2 and CO selectivity for NTP activated MS-13X. On the other hand, the higher adsorption time on the NTP (I) regenerated MS-13X results in a lower energy cost to remedy 1 m 3 of air (Table 2), whereas the energy yield remains the same for both the MS-13X. The performance of APC/CSD process using MS-13X reported in various work are listed in Table 3. This overview highlights that comparable COx yield has been obtained in this work despite higher amount of toluene adsorbed on MS-13X and suggests that metal loading on MS-13X yields better selectivity towards CO2 formation. [19]

Figure 8 Carbon balance of the NTP activated and NTP (I) regenerated MS-13X

Surface and bulk properties of activated and regenerated MS-13X

The surface and bulk properties of the thermal activated, NTP activated and NTP regenerated MS-13X are investigated in this section. To understand the effect of NTP exposure on the MS-13X

properties and to establish correlations between the properties and its performance in APC process, the surface and bulk properties of the zeolite are measured.

As a first step, the PXRD patterns of the fresh, thermal activated, NTP activated and NTP (II) regenerated MS-13X are studied to examine the crystallinity of the samples after plasma exposure (shown in Figure 9). The fresh MS-13X sample is regarded as the reference sample for this particular study. The diffraction of the three samples match with those reported for the FAU structure of MS-13X

(JCPDS card No. 38-0237) by other researchers [START_REF] Zhao | Photodegradation of oxytetracycline in aqueous by 5A and 13X loaded with TiO2 under UV irradiation[END_REF][START_REF] Treacy | Collection of simulated XRD powder patterns for zeolites[END_REF][START_REF] Ramakrishna | Rapid and complete degradation of sulfur mustard adsorbed on M/zeolite-13X supported (M = 5 wt% Mn, Fe, Co) metal oxide catalysts with ozone[END_REF][START_REF] Valkaj | Catalytic properties of Cu/13X zeolite based catalyst in catalytic wet peroxide oxidation of phenol[END_REF][START_REF] Zhou | Characteristics and evaluation of synthetic 13X zeolite from Yunnan's natural halloysite[END_REF]. Moreover, no shift in the diffractions and no significant diffraction lines corresponding to any new phase is observed after NTP exposure. This observation, together with the remaining high diffraction intensities and low background, clearly show that the crystallinity of MS-13X is maintained. 4. This analysis reveals that the examined zeolite samples have a similar surface elemental composition. It is known from literature that the adsorption capacity of zeolites changes as a function of their Si/Al ratio [START_REF] Hernández | Quantitative study of the adsorption of aromatic hydrocarbons (benzene, toluene, and p-xylene) on dealuminated clinoptilolites[END_REF]. However, there is no difference in the surface Si/Al ratio of thermal and NTP activated MS-13X samples. eV corresponds to Na KLL [START_REF] Ramos-Martinez | Zeolite 13X modification with gamma-aminobutyric acid (GABA)[END_REF]. From the depicted O1s spectra, it can be seen that the oxygen percentage in the zeolite framework for the NTP activated (49.6 %) and the NTP (II) regenerated (50.0 %) MS-13X is higher than in case of the thermal activated MS-13X (45.0 %). This observation suggests that NTP activation of MS-13X desorbs the carbonaceous compounds (especially CO2) more effectively.

In addition, the ratio of the oxygen present in the zeolite framework (531.2 eV) to the adsorbed oxygen (532.3 and 533.4 eV) for NTP activated (1.05) and NTP (II) regenerated (1.06) MS-13X is similar, suggesting that there are no residual carbon containing compounds in the MS-13X after 2 cycles of CSD.

Figure S4(b) depicts the Na1s spectra of the examined zeolites. In all samples, only one broad photopeak was observed at ~ 1072 eV, which can be assigned to Na2O [START_REF] Vinodh | Novel 13X Zeolite/PANI electrocatalyst for hydrogen and oxygen evolution reaction[END_REF]. No shift in the Na1s peak of MS-13X was observed for any of the samples shows that the ionicity of the Na-O bonds was maintained after NTP exposure [START_REF] Barr | The nature of the relative bonding chemistry in zeolites: An XPS study[END_REF]. Figure S4(c) shows the high-resolution Si2p spectra of all the samples. These spectra are deconvoluted using 2 different peaks, which are centred at 103.4 eV and 102.4. The former peak can be attributed to the Si-O bonds in SiO2, while the latter can be assigned to silicates. Moreover, there is no shift in the peak position of the Si-O bonds at 102.4 eV, suggesting that there is no change in the covalent nature of this bond due to plasma activation or cyclic CSD process [START_REF] Wang | X-ray photoelectron spectroscopic investigation into the surface effects of sulphuric acid treated natural zeolite[END_REF]. In addition, there is also no shift in the peak which corresponds to silicates (peak centred at 103.4 eV). Finally, Figure 10(b) shows the Al2p spectra, which are deconvoluted using two peaks centred at 74.2 eV and 75.2 eV, that correspond to the Al-O bonds of Al2O3 and Al(OH)3, respectively. From the Al2p spectra, the relative area of the peak centred at 75.2 eV (attributed to Al(OH)3) in the NTP activated (18 %) and the NTP (II) regenerated (19 %) zeolite are similar to that of the thermal activated (16 %) MS-13X, which

shows that there is no change in the presence of the EFAL species in MS-13X after NTP exposure. range of 0.1-0.6 is observed. The first increase is attributed to the filling of the micropores, whereas the second increase is visible at a relative pressure close to 1.0, which is probably due to the presence of macropores resulting from the use of binders and pore forming agents in the pelletization process. The specific surface area SBET and pore volume of the four MS-13X samples are shown in Table 5. The results show that the SBET of activated MS-13X is higher than the fresh MS-13X and there are no significant changes in the SBET and pore volume after one-time (NTP activated) and three-times (NTP (II) regenerated) NTP exposure. The BJH (Barrett-Joyner-Halenda) pore size distribution (PSD) (Figure S5(b)) shows a broad distribution of mesopores (between 2 nm and 50 nm) for all samples. Additionally, there are no significant differences in PSD for the examined zeolites.

Although N2 adsorption-desorption analysis is widely used to determine the surface properties, it is not suitable for the investigation of micropores in zeolites [START_REF] Cychosz | Recent advances in the textural characterization of hierarchically structured nanoporous materials[END_REF]. Thus, Ar was also used as an adsorbate for the analysis of the micropores in thermal and NTP activated MS-13X samples. The obtained Ar adsorption isotherms and the corresponding PSD are shown in Figure S6. The specific surface area (SBET) of the NTP activated MS-13X is slightly lower in comparison to the thermal activated MS-13X (Table 5). The PSDs depicted in Figure S6(b) reveal a narrow distribution of micropores with a maximum around 1 nm. [START_REF] Wang | Insight into Three-Coordinate Aluminum Species on Ethanol-to-Olefin Conversion over ZSM-5 Zeolites[END_REF][START_REF] Li | The Nature and Catalytic Function of Cation Sites in Zeolites: a Computational Perspective[END_REF], in-situ IR spectroscopy of pyridine adsorbed on thermal and NTP activated MS-13X was performed. In addition, the analysis of the IR spectra of the OH groups were investigated to get more information about the nature of the acid sites. both Lewis and Brønsted acid sites (1490 cm -1 ) [START_REF] Teh | Mesoporous ZSM5 having both intrinsic acidic and basic sites for cracking and methanation[END_REF]. On the other hand, the absorption peak corresponding to the stretching vibration of the pyridinium ion which is used to detect the Brønsted acid sites could not be seen in the obtained FTIR spectra [START_REF] Jin | A FTIR and TPD examination of the distributive properties of acid sites on ZSM-5 zeolite with pyridine as a probe molecule[END_REF][START_REF] Alejandro | Oxidative regeneration of toluene-saturated natural zeolite by gaseous ozone: The influence of zeolite chemical surface characteristics[END_REF]. Figure S7 also shows that with increasing the pyridine desorption temperature, the intensity of the bands at 1490 cm -1 and 1445 cm -1 decreases for both zeolites, which proves that mainly weak acidic sites are present in both MS-13X samples. The surface concentration of Lewis acid sites (Figure 11) clearly shows that the type and amount of acid sites is similar on the thermal and NTP activated zeolite for all examined desorption temperatures and there is no change in the amount of Lewis acid sites after NTP exposure. Figure S8 shows the IR bands in the region 3850 -3550 cm -1 at pyridine desorption temperature of 450 ˚C. In both the samples, the band around 3740 cm -1 is attributed to surface silanols groups terminating the exterior of the crystal and the band around 3675 cm -1 is attributed to an OH group on EFAl species [START_REF] Schallmoser | Impact of the local environment of Brønsted acid sites in ZSM-5 on the catalytic activity in n-pentane cracking[END_REF]. 

Desorption temperature (˚C)

Thermal activated NTP activated

Reaction mechanism for the oxidation of toluene adsorbed on MS-13X

The exact adsorption mechanism of basic VOCs such as toluene on zeolites is still under debate but it has already been reported that toluene can be adsorbed both on the Lewis and Brønsted acid sites [START_REF] Valdés | Control of released volatile organic compounds from industrial facilities using natural and acid-treated mordenites: The role of acidic surface sites on the adsorption mechanism[END_REF]. Based on the characterization of the acid sites performed in this study and on the OES measurement in our previous study [START_REF] Ye | An in-Depth Investigation of Toluene Decomposition with a Glass Beads-Packed Bed Dielectric Barrier Discharge Reactor[END_REF], the plausible reaction mechanism for toluene oxidation is proposed. The adsorption of toluene on MS-13X is dominated by the formation of Lewis acid-base adducts. During NTP exposure, decomposition of adsorbed toluene occurs (i) in the gas phase for the desorbed toluene and (ii) on the surface of the MS-13X for the irreversibly adsorbed toluene. As the reaction mechanism of toluene oxidation in the gas phase is already well explained in literature, the reader is referred to an earlier study [START_REF] Veerapandian | Regeneration of Hopcalite used for the adsorption plasma catalytic removal of toluene by nonthermal plasma[END_REF]. On the other hand, the decomposition of toluene on the surface of MS-13X proceeds by the following reactions: are due to the presence of Lewis acid sites [START_REF] Alejandro | Oxidative regeneration of toluene-saturated natural zeolite by gaseous ozone: The influence of zeolite chemical surface characteristics[END_REF][START_REF] Yin | Prepared hydrophobic Y zeolite for adsorbing toluene in humid environment[END_REF], which was already confirmed by the pyridine FTIR study. Before switching on the NTP, the saturation of the MS-13X with toluene could occupy all available Lewis acid sites, which in turn explains the presence of ozone in the exit of the NTP reactor for the first five minutes of NTP exposure (Section 3.2.2). Afterwards, the desorption of toluene by NTP exposure (see Figure 4) makes some Lewis acid sites available for the adsorption and decomposition of ozone, which generates active oxygen species, which in turn react with adsorbed toluene. This explains the steep increase in the formation of CO2 and CO after 10 minutes of NTP exposure (see Figure 4) by the following reaction:

𝑂 3 + * → 𝑂
𝐶 6 𝐻 5 𝐶𝐻 3 + 18𝑂 → 𝑥𝐶𝑂 2 + 𝑦𝐶𝑂 + 𝐻 2 𝑂 + missing carbon

Stability of MS-13X for cyclic adsorption-plasma catalysis

In this work, the stability of the NTP activated MS-13X was analyzed by saturating MS-13X until the critical outlet concentration of toluene for 10 cycles of the CSD process. The carbon balance, the total amount of adsorbed toluene, the regeneration efficiency and the product (CO2 and COx) selectivity are shown in Figure 12 and Table S4. The total amount of adsorbed toluene during 10 cycles was in the range 1.8 -1.9 mmol/g which demonstrates that the NTP exposure completely regenerates the MS-13X.

The amount of toluene desorbed by flushing air and the amount of toluene desorbed by NTP exposure was similar for all cycles. The regeneration efficiency is higher than 97% for all 10 cycles (Table S4).

In addition, the CO2 and COx selectivities also remain constant at approximately 25.6 ± 1.0 % and 35.4 ± 1.4 %, respectively. These experimental results suggest that the MS-13X is stable during 10 cycles of NTP exposure, or in other words, the applied CSD technique is a promising process for the removal of toluene from air and the regeneration of the used MS-13X. of the MS-13X by NTP exposure. Unfortunately, there was no total oxidation of toluene, resulting in missing carbon and CO formation which corresponds to 42% of the total adsorbed carbon, irrespective of the initial amount of adsorbed toluene. This implies that further work has to be done to enhance the total toluene oxidation either by engineering the adsorbent or by process optimization.

Figure 2 3 . 2

 232 Figure 2 Effect of the applied voltage (and discharge power) during plasma activation on the adsorption
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 13 Figure 3 Adsorption of toluene in dry air (initial concentration=1000 ppm; total flow rate=0.1 L/min)
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 456 Figure 4 Temporal evolution of the concentration of desorbed toluene, CO2 and CO formed during NTP
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 7 Figure 7 Breakthrough curves for the adsorption of toluene from dry air until saturation on NTP
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 9 Figure 9 PXRD patterns of fresh, thermal activated, NTP activated and NTP (II) regenerated MS-13X

  The high-resolution O1s & Al2p and C1s, Na1s & Si2p spectra of the thermal activated, NTP activated and NTP (II) regenerated MS-13X are shown in Figure10and FigureS4respectively. The high-resolution C1s (either impurities or adsorbed carbonaceous compounds) spectra (FigureS4(a)) are deconvoluted into four photopeaks centred at 285.0, 286.4, 287.5 and 289.2 eV, which correspond to C-C, C-O, C=O and O-C=O bonds, respectively[START_REF] Esbah Tabaei | Comparative study between in-plasma and post-plasma chemical processes occurring at the surface of UHMWPE subjected to medium pressure Ar and N2 plasma activation[END_REF]. No significant differences are observed in the relative peaks for the three investigated zeolite samples suggesting that there is no deposition of carbon containing compounds (see Figure8) from the CSD process. The high-resolution O1s region (shown in Figure10(a)) are deconvoluted by using 4 photopeaks centred at 531.2, 532.3, 533.4 and 537 eV. The first photopeak at 531.2 eV corresponds to the oxygen present in the zeolite framework, whereas the photopeaks at 532.3 and 533.4 eV correspond to C=O and O=C-O bonds and the photopeak at 537
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 10 Figure 10 XPS high-resolution spectra of (a) O1s and (b) Al2p for thermal activated, NTP activated
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 1 Figure S7(a) and (b) show the IR bands in the region 1570 -1400 cm - The two absorption bands observed in this region correspond to the C-C stretch of coordinatively bonded pyridine indicating the presence of Lewis acid sites (1445 cm -1 ) and pyridine interacting with

Figure 11

 11 Figure 11 Evolution of the amount of Lewis acid sites as a function of the pyridine desorption
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 12 Figure 12 Carbon balance for the adsorption plasma catalytic abatement of toluene adsorbed until the
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	100			
			37.4	Desorbed by air	38.1
	Carbon (%) balance	40 60 80	42.4 11.1 4.2	Desorbed by plasma CO₂ formation CO formation Missing carbon	43.8 9.5 3.7
		20			
			4.9			4.9
		0			
			NTP activated 13X	NTP (I) regenerated 13X
	regenerated MS-13X				
				NTP activated	NTP (I) regenerated
					MS-13X
	COx yield (%)			15.3 ± 0.3	13.2 ± 0.2
	CO2 selectivity (%)		21.0 ± 0.4	18.5 ± 0.2
	CO selectivity (%)		8.0 ± 0.2	7.1 ± 0.1
	COx selectivity (%)		29.0 ± 0.6	25.7 ± 0.3

yield, product selectivity, energy cost and energy yield for NTP activated and NTP (I)

Table 4

 4 Surface elemental composition obtained from XPS survey spectra for thermal activated, NTP activated and NTP (II) regenerated MS-13X

	377						
				Atomic percentage (%)		
		C	O	Na	Al	Si	Ca	Si/Al
	Thermal activated	9.0 ± 0.8 61.8 ± 0.4 6.4 ± 0.3	6.3 ± 0.0	15.6 ± 0.7	0.9 ± 0.1	2.5
	NTP activated	9.4 ± 0.8 60.6 ± 1.1 6.3 ± 0.6	6.4 ± 0.6	15.7 ± 0.5	1.3 ± 0.1	2.4
	NTP (II) regenerated	8.9 ± 0.6 61.7 ± 0.8 5.9 ± 0.2	6.3 ± 0.6	16.0 ± 0.4	1.2 ± 0.1	2.5

Table 5

 5 Surface properties of fresh, thermal activated, NTP activated and NTP regenerated MS-13X

		Fresh	Thermal	NTP	NTP (II)
			activated	activated	regenerated
	SBET (m 2 /g) -N2 sorption	312	347	352	347
	Pore volume (ml/g) -N2				
		0.10	0.24	0.24	0.24
	sorption				
	SBET (m 2 /g) -Ar sorption	--	569	521	--
	In order to investigate the effect of NTP exposure on the migration of aluminium from the
	framework, resulting in extra framework aluminium (EFAl), which are Lewis acid sites
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