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Abstract:  22 

Plasma-catalysis pyrolysis is a promising way to solve the problem of catalyst 23 

deactivation during plastic recycling. In this study, pyrolysis of polypropylene (PP) 24 

over zeolite ZSM-5 has been carried out in a two-stage fixed bed pyrolysis system with 25 

a coaxial dielectric barrier discharge (DBD) plasma reactor. The role of plasma on the 26 

pyrolysis process, as well as the stability of the plasma-catalytic system was 27 

investigated. Compared to conventional catalytic pyrolysis, plasma-catalysis pyrolysis 28 

increased gas products from 29 wt% to 47 wt% with 4.19 mmol/g H2 formed, and 29 

improved the selectivity of BTX (benzene, toluene, xylene) whilst inhibiting the 30 

production of wax simultaneously. After 10 cycles, clear decreases in gas and oil yield 31 

(from 86 wt% to 48 wt%) and BTX selectivity (from 71 wt% to 39 wt%) were found in 32 

the conventional catalytic pyrolysis, however, nearly no variation was shown in the 33 

plasma-catalysis mode. The coupling of catalyst and plasma modified the catalysts 34 

acidic sites, while the radicals enhanced the pre-cracking of volatiles, resulting in less 35 

deposited coke. Overall, the introduction of plasma resulted in an obvious reduction in 36 

total costs and presented a feasible strategy for the recycling of waste plastic.  37 
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1. Introduction 44 

Global plastic production has increased year on year due to its wide range of 45 

applications in many fields. Recently, COVID-19 has aggravated the challenge of 46 

plastic pollution, however, this potential threat is greatly overshadowed by the health 47 

crisis (Prata et al., 2020). According to the latest report, the epidemic resulted in a 48 

monthly global consumption and subsequent waste of approximately 65 billion gloves 49 

and 129 billion face masks (Adyel, 2020).  50 

Considering that plastic is derived from fossil fuels, conversion of waste plastic into 51 

energy or resources is a promising way to reduce the volume of plastic being released 52 

into the environment and conserve the available fossil energy (Oasmaa et al., 2020). 53 

Pyrolysis is a highly efficient technology for permanent elimination of plastic and 54 

energy recovery (Geyer et al., 2017). However, direct pyrolysis of plastic leads to a 55 

wide distribution of products including large amounts of waxes, which may cause 56 

blockages along pipelines (Lu et al., 2012). Catalysts can be added to a pyrolysis reactor 57 

to convert plastic pyrolysis vapors selectively into high-value products such as 58 

chemicals and hydrogen (Weckhuysen, 2020; Yao and Wang, 2020). However, 59 

improvement of selectivity and their resistance to deactivation remain as crucial 60 

problems for the conversion of plastics into higher-value products using catalysts 61 

(Miandad et al., 2016).  62 

A plasma-catalytic pyrolysis system with a plasma zone temperature of 250 oC for 63 

biomass conversion was reported by Blanquet et al. (Blanquet et al., 2019). 64 

Interestingly, there was less coke deposition on the catalyst compared to non-plasma 65 
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catalytic processing. Diaz-Silvarrey et al. (Diaz-Silvarrey et al., 2018) found that the 66 

amount of ethylene recovered from polyethylene pyrolysis with cold plasma-catalysis 67 

(without extra heating) was up to 55 times higher than that obtained in conventional 68 

pyrolysis. Liu et al. (Liu et al., 2004) found that the numbers of Bronsted acid sites and 69 

Lewis acid sites in the glow discharge plasma-treated Pd/HZSM-5 catalyst were much 70 

higher than those found in the untreated catalyst. In addition, plasma has been widely 71 

demonstrated in the fields of hydrocarbons cracking (Ahmed et al., 2009), tar reforming 72 

(Zhu et al., 2020), as well as solid waste thermochemical conversion (Huang and Tang, 73 

2007), showing excellent performance. The effect of combining plasma with catalysis 74 

is often greater than the sum of their individual effects, as was reported in some studies 75 

(Neyts et al., 2015; Zeng et al., 2018). These show the great potential of introducing 76 

plasma to enhance the catalytic pyrolysis of plastic. However, cold plasma-enhanced 77 

catalytic pyrolysis as a novel technique has rarely been reported, especially with a high 78 

temperature of the plasma zone (with heating). Very little information about the 79 

catalytic pyrolysis behavior of plastics with plasma is available, and less attention has 80 

been devoted to understanding the role of plasma on the performance and stability of 81 

the catalyst.  82 

In this study, plasma-catalytic pyrolysis of waste plastic was investigated using waste 83 

polypropylene as a typical plastic, with the commercial zeolite ZSM-5 involved as a 84 

representative catalyst to facilitate analysis of the mechanism. The influence of plasma 85 

power, catalyst amount and catalytic temperature on the reaction performance of the 86 

plasma-catalytic pyrolysis were analyzed. Simultaneously, the complex interactions 87 



5 
 

between plasma, catalyst and volatile were explored to understand the role of plasma. 88 

This study was conducted with the aim of providing a better understanding of the 89 

catalytic mechanisms for plastic catalytic pyrolysis. 90 

 91 

2. Materials and methods 92 

2.1. Materials 93 

The raw plastic waste material used in this study was waste PP collected from 94 

disposable lunch boxes. The ultimate analysis was determined using a C/H/N/O 95 

elementary analyzer (vario MICRO cube, Elementar, Germany), and the proximate 96 

analysis was conducted according to ASTM standards E790, E897 and E830, for 97 

moisture, volatiles and ash content, respectively (Yao et al., 2018). The PP contained 98 

85.18 wt% C, 13.74 wt% H and 0.87 wt% O on a dry basis, and proximate analysis of 99 

a dry sample indicated that it contained 99.87 wt% volatiles, 0.06 wt% ash, and 0.03 100 

wt% fixed carbon.  101 

Commercial rod-shaped ZSM-5 with a Si/Al ratio of 38 (Surface area ≥ 260 m2/g, 102 

Pore volume ≥ 0.17 cm3/g) was purchased from the catalyst plant of Nankai University. 103 

Prior to each experiment, ZSM-5 was ground and sieved to produce a granular powder 104 

with a particle size of 40-60 mesh, and then calcined at 550 oC for 5 h in a muffle 105 

furnace using air to remove the template residues and moisture in the channels. Before 106 

each experiment, the catalyst was dried in an oven at 105 °C for 24 h.  107 

 108 

2.2.Plasma-catalytic pyrolysis experiment 109 



6 
 

As shown in Fig. 1, plasma-catalytic pyrolysis of plastic was performed in a two-110 

stage reactor system. The upper stage is a PP thermal-degradation process, while the 111 

lower stage is a plasma-catalytic process in a cylindrical DBD plasma reactor. A quartz 112 

tube (height: 800 mm, OD: 25 mm and 2.5 mm thickness) was used for both processes. 113 

Part of the quartz tube was wrapped with a 100 mm long stainless-steel mesh as a 114 

ground electrode, while a 340 mm long ×14 mm OD coaxial stainless-steel pillar was 115 

placed in the quartz tube as a high voltage electrode, forming a cold plasma zone 116 

between the high voltage electrode and the inner wall of the quartz tube with a gap of 117 

3 mm and a discharge volume of 16 cm3. A stainless-steel mesh was placed in the 118 

middle of the plasma zone and used to support the catalyst. The DBD plasma reactor 119 

was connected to an AC high voltage power supply (CTP-2000K, CORONA LAB, 120 

Nanjing) with a maximum peak-to-peak voltage of 30 kV and a variable frequency of 121 

5-25 kHz. All the electrical signals were sampled by a two-channel digital oscilloscope 122 

(Tektronix TBS1072B, 70 MHz, 1 GS/s).  123 

Before each experiment, a certain amount of ZSM-5 (1, 2, 4 and 6 g) was placed in 124 

the plasma zone and the quartz reaction tube was purged with 100 ml/min Argon 125 

(99.999%) for 20 min. A heating band was wrapped around the end of the reaction tube 126 

to prevent the condensation of products. The input power was kept constant by 127 

adjusting the applied voltage and frequency. When the temperature of the upper electric 128 

furnace reached 500 oC, the PP (2 g) was dropped into the pyrolysis zone and was 129 

processed at this temperature for 15 min. The plastic pyrolysis volatiles were carried by 130 

the argon (100 ml/min) to the plasma zone for plasma-catalytic pyrolysis. Finally, the 131 
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gas products were collected using a gas sampling bag, while the condensable products 132 

were condensed. The collected clear liquid we will term oil, and the sticky substance 133 

attached to the internal walls of the quartz tube will be referred to as wax. The oil 134 

products yield was determined through the weight difference of the coil and pipe 135 

condenser, and the gas yield was calculated by combining the volume of all the gases 136 

collected during pyrolysis, as explained in our previous work (Chen et al., 2012). The 137 

wax yield was calculated by subtraction. In the pyrolysis process, few carbon products 138 

(< 3 wt%) were formed on the surface of the catalyst, as such they have no effect on 139 

the analysis of the main products even if they are combined with the wax yield. The 140 

term “modified catalyst-alone mode” is used when the fresh or spent catalyst had 141 

undergone 120 W plasma modification before the catalytic reaction. The sample name 142 

method is as shown in the following example: the ratio of ZSM-5 : PP = 2, plasma 143 

power = 120 W, catalytic temperature = 400 oC was defined as 2-120-400. The majority 144 

of the experiments were repeated two to three times and marked with error bars. 145 
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 146 

Fig.1. Schematic diagram of the plasma-catalytic pyrolysis of plastic: a two-stage fixed 147 

bed system for plasma-catalytic pyrolysis.  148 

 149 

2.3. Characterization 150 

2.3.1. Product characterization 151 

The gas products were analyzed using a dual-channel micro-gas chromatograph 152 

(Micro-GC 3000A, Agilent Technologies, USA) with thermal conductivity detectors. 153 

Two columns were used: Column A (molecular sieve 5A, Ar carrier gas) for analyzing 154 

H2, CO and CH4 at 95 °C; Column B (ProapakQ-PPQ, He carrier gas) for analyzing 155 

CO2, C2H6, C2H4, C2H2 at 60 °C. Each sample was tested at least three times to take the 156 

average. 157 
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The liquid products were analyzed using GC–MS (HP7890 series GC with an HP5975 158 

MS detector) with a capillary column (DB-5MS; 30 m×0.25 mm×0.25 um, Agilent). 159 

The temperature program was set as follow. It was kept isothermal at 40 oC, then heated 160 

to 180 oC at a heating rate of 4 oC/min, it was then heated up to 280 oC at 10 oC/min. 161 

Finally, it was kept at 280 oC for 10 min. The flow rate of carrier gas (He) was 1 ml/min, 162 

and a 1 μl sample was injected with a split ratio of 80:1. The organic compounds were 163 

identified using the Agilent software and the NIST library. Owing to the extremely 164 

complex composition of samples, the relative content of each compound was 165 

determined by peak area normalization.  166 

 167 

2.3.2. Catalyst characterization  168 

The acidity of the zeolite was analyzed using temperature-programmed desorption 169 

(TPD) experiments (BELCAT-M, MicrotracBEL Corporation, Japan). A 100.0 mg 170 

sample was purged with He and heated from room temperature to 600 °C and 171 

maintained there for 60 min. Then, the sample was cooled to 100 °C and purged with 172 

NH3 at 40 mL/min for 60 min. The gas was then switched to He with a flow rate of 40 173 

mL/min and maintained there for 30 min. Finally, the sample was heated to 600 °C at 174 

10 °C/min to desorb NH3, with the signal recorded from 100 °C. 27Al-NMR and 28Si-175 

NMR analyses were carried out using a solid-state NMR Bruker AVANCE III 176 

spectrometer fitted with a 4 mm double resonance probe at a rotation frequency of 14 177 

kHz.  178 



10 
 

The porous characteristics of the catalysts were measured by N2 adsorption and 179 

desorption with a Quantachrome Autosorb-iQ instrument (USA) to obtain the surface 180 

areas, total pore volume, average pore diameter and micropore surface areas of the 181 

catalysts based on the Brunauer-Emmett-Teller (BET) method and non-local density 182 

functional theory (NLDFT) using adsorption data (Xia et al., 2019). The surface 183 

morphologies of the catalysts were obtained using environmental scanning electron 184 

microscopy (ESEM; Sigma 300, Carl Zeiss, Germany). The amount of coke deposited 185 

on the catalysts was determined with temperature-programmed oxidation (TPO) in a 186 

thermogravimetric (TG) analyzer (STA-449F3 NETZSCH, Germany). A sample of 15 187 

mg was heated from room temperature to 800 °C in air (flow rate, 100 mL/min) at a 188 

heating rate of 15 °C/min with a holding time of 10 min at 105 oC and 800 oC. 189 

 190 

3. Result and discussion 191 

3.1. Plasma-catalytic pyrolysis of PP 192 

The effect of plasma power, catalyst ratio and catalytic temperature on the plasma-193 

catalysis pyrolysis of PP was firstly investigated. The yield distribution and product 194 

composition at various plasma powers are shown in Fig. 2a. Without plasma, catalytic 195 

pyrolysis of PP produced large amounts of oil (54 wt%) with some gas (20 wt%) and 196 

lots of wax (26 wt%) stuck to the inner wall of the reactor. These waxes were mainly 197 

paraffinic (> C20) with a melting point of 70 °C (Lopez et al., 2017). When switching 198 

on the plasma (60 W), the gas yield increased rapidly and the wax yield decreased 199 

significantly, while the oil yield only slightly decreased. Increasing plasma power 200 
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decreased the yield of gas products and wax but did not change the oil yield. At a plasma 201 

power of 120 W, the wax was almost eliminated. These findings suggest that plasma 202 

promotes the cracking of heavy hydrocarbons to light hydrocarbons. 203 

As shown in Fig. 2b, C3H8 was the main component of the pyrolysis gas, and H2 was 204 

not detected for the pyrolysis of PP without plasma, this suggests that it is difficult to 205 

break C–H bonds at a catalysis temperature of 400 oC. After switching on the plasma 206 

(60 W), the volume percent of C3H8 decreased from 75% to 50%, while the volume of 207 

H2 and CH4 increased by 18% and 7%, respectively. This phenomenon implies that 208 

plasma facilitated the cleavage of C–H and C–C bonds. Further increasing the plasma 209 

power increased the content of H2 and CH4 but decreased the formation of C3H8. The 210 

volume content of H2 and CH4 reached a maximum of 23% and 18%, respectively at 211 

120 W.  212 

In the absence of the plasma, the oil products mainly contained benzene, toluene and 213 

xylene due to the catalytic effect of ZSM-5 (Fig. 2c). Introducing plasma to this process 214 

(60 W) slightly increased the formation of benzene and toluene but reduced the content 215 

of xylene. Upon increasing plasma power, the xylene content further decreased, while 216 

the benzene content increased until the power reached 80 W, the toluene content began 217 

to ascend rapidly when the power was higher than 80 W. These results suggest that 218 

plasma promoted the cleavage of the methyl group of xylenes, producing more toluene 219 

and benzene. The formation of other aromatics such as naphthalene decreased when 220 

increasing the plasma power, indicating that plasma promoted the conversion of other 221 
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aromatics to BTX. Interestingly, the production of non-aromatics was almost 222 

unaffected by increasing the plasma power.  223 
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Fig. 2. Influence of plasma power (at ZSM-5/PP mass ratio = 2 and 400 oC) on a) 225 

product distribution, b) gas and c) oil compositions of PP plastic pyrolysis. 226 

 227 

Fig. 3a shows the influence of the catalyst ratio on the plasma-catalytic pyrolysis of 228 

PP. Without a catalyst, the main product was wax (60%), while some liquid oil and 229 

limited gas products also formed. Increasing the catalyst amount significantly enhanced 230 

the yield of gas and oil products and reduced the formation of wax. The maximum yield 231 

of oil and gas products was attained at a Z/P (ZSM-5/PP) ratio of 3 when the wax has 232 

almost disappeared. These results indicate that ZSM-5 can enhance the decomposition 233 

of wax into oil and gas.  234 

As shown in Fig. 3b, in the absence of a catalyst, H2 and CH4 account for 72 vol.% 235 

of the gas composition. Increasing the Z/P ratio from 0 to 1 considerably enhanced the 236 

production of H2 and CH4 but significantly reduced the formation of C3H8 and C2H4. 237 

Further increasing the Z/P ratio from 1 to 3 does not show any obvious variation of the 238 

gas products except C3H8. This finding indicates the formation of C3H8 is directly 239 

related to the catalyst, and the β-scission step was dominant in the presence of ZSM-5 240 

(Vogt and Weckhuysen, 2015).  241 

Fig. 3c shows the GC/MS peak areas (%) of the oil compositions from the plasma-242 

catalytic pyrolysis of plastics. Without a catalyst, nearly 90% of the oil was nonaromatic 243 

(Fig. S2). The addition of the catalyst directly increased the BTX content by almost 244 

70%, indicating ZSM-5 played a critical role in improving the selectivity of aromatic 245 

products in the plasma-catalytic process. Increasing the catalyst amount did not change 246 
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the BTX content but the content of aromatics increased when the Z/P ratio > 1. This 247 

might be due to excessive catalysts promoting further aromatization for other aromatics 248 

such as naphthalene. 249 
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Fig. 3. Influence of the ZSM-5/PP mass ratio (at 80 W and 400 oC) on a) product 251 

distribution, b) gas and c) oil compositions of PP plastic pyrolysis. 252 

 253 

Fig. 4a shows the variation of pyrolysis products at different catalytic temperatures. 254 

At a temperature of 200 oC, the yield of wax and gas reached nearly 30 wt.% and 19 255 

wt.%, respectively (see Fig. 4a), while the main product (oil) accounted for 51 wt.%. 256 

Upon increasing the catalytic temperature, the yield of wax decreased drastically, and 257 

almost no wax was found at 500 oC. In contrast, increasing the temperature of the 258 

catalyst bed enhanced the gas yield significantly but slightly decreased the generation 259 

of oil products.  260 

As shown in Fig. 4b, C3H8 and H2 were the main gas products at a low temperature 261 

(200 oC). Increasing the catalytic temperature enhanced the production of almost all gas 262 

products except C3H8 and C4+. The volume content of C3H8 dropped significantly with 263 

the increase of the catalyst temperature. Propylene can be mainly formed via chain-end 264 

scission (Kruse et al., 2003), and formed earlier when a catalyst surface was provided 265 

(Vollmer et al., 2021), thus the amount of propylene was supposed to increase. The 266 

reduction indicated that propylene was the key reactant for catalysis, while hydrogen 267 

and methane were products.  268 

At 200 oC, the oil products had a high content of toluene and xylene and a relatively 269 

low content of benzene (Fig. 4c). Increasing the temperature reduced the content of 270 

xylene and enhanced the formation of benzene. By contrast, the content of toluene 271 

dropped first and then increased when varying the temperature from 200 to 500 oC. 272 
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These results could be ascribed to the high temperature promoting the cleavage of 273 

methyl bonds on xylene. This finding is similar to those presented in Fig. 2c. 274 

Interestingly, the BTX selectivity was almost independent of the temperature but 275 

increased when increasing the plasma power, suggesting that the performance of the 276 

ZSM-5 catalyst was enhanced due to the modification of the catalyst by plasma.  277 

The results presented in Figs. 2-4 clearly indicate that the increase of plasma power, 278 

catalyst amount and temperature reduces the formation of wax whilst generating more 279 

gas and oil products. PP can be completely converted into gas and oil products at a 280 

plasma power of 100 W, a Z/P ratio of 2 and a temperature of 400 oC. 281 
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Fig. 4 Influence of temperature (at Z/P mass ratio = 2 and 80 W) on a) product 283 

distribution, b) gas and c) oil compositions of PP pyrolysis. 284 

 285 

3.2. The role of plasma in the catalytic pyrolysis process 286 

Five different pyrolysis process modes: direct pyrolysis (0-0-400), plasma-alone 287 

pyrolysis (0-120-400), catalyst-alone pyrolysis (2-0-400), modified catalyst-alone 288 

pyrolysis (catalyst modified by 120 W plasma before catalysis reaction, 2-0-400) and 289 

plasma-catalysis pyrolysis (2-120-400) were compared to get a better understanding of 290 

the synergistic effect of plasma catalysis and pyrolysis.  291 

As shown in Fig. 5, the direct pyrolysis of PP produced 2 wt.% gas, 44 wt.% oil and 292 

a large amount of wax (54 wt.%). This very small amount of gas released included CH4, 293 

C2H6, C2H4 and C3H8. A large number of cycloparaffins (59%) and olefins (27%), as 294 

well as a small number of aromatics (6%), were also produced (see Table S1). The 295 

composition of the products is similar to that reported in previous studies (Aguado et 296 

al., 2002; Muhammad et al., 2015).  297 

Introducing plasma into the pyrolysis process considerably enhanced the gas yield 298 

(nearly 22 wt.%) and greatly decreased the generation of wax products from 54 wt% to 299 

31 wt%, this indicates that plasma-enhanced the decomposition of waxes into light gas 300 

products even without a catalyst. All the gas products increased significantly, 301 

suggesting that plasma does not favor selective scission of PP and the reaction 302 

intermediates. Active species such as metastable Ar species and electrons collide with 303 

volatiles to form carbenium-like ions, the β-scission reaction can occur where the C–C 304 
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bond between the beta carbon (i.e. the one next to the carbocation) and the following 305 

one is broken, resulting in a smaller carbocation and a shorter olefin (Diaz-Silvarrey et 306 

al., 2018). No obvious variation of aromatics was observed with the assistance of 307 

plasma, but the content of olefins increased to 73% while the content of cycloparaffins 308 

decreased to 9% (see Table S2). This might be due to plasma causing the C–H and C–309 

C bonds to break, resulting in the formation of unsaturated bonds and hydrogen ions 310 

which is consistent with the observations shown in the gas compositions. 311 

The presence of ZSM-5 was particularly efficient for wax removal, but nearly 17 wt% 312 

wax was still left on the cold pipe. The gas and oil yields were also relatively higher 313 

than the plasma-alone mode. Compared to the previous two modes, it was clear that the 314 

catalyst-alone mode increased the amount of C3H8 and C4+ significantly, and the 315 

absence of H2 indicates that the formation of H2 might be driven by the plasma. In 316 

addition, the plasma-alone mode produced an overall lighter gas than the catalyst-alone 317 

mode. As for oil composition, the BTX selectivity reached over 70%, while the content 318 

of toluene and xylene was more than 30%, respectively.  319 

After the catalyst was modified by the plasma (at 120 W), the distribution of products 320 

obtained in the modified catalyst-alone mode evolved similarly to that obtained under 321 

the original catalyst-alone mode. Compared to the catalyst-alone mode, the presence of 322 

ZSM-5 further reduced wax to around 8 wt.% and increased the oil yield by 6 wt.%, 323 

while the gas yield only slightly increased. The gas produced had more C3H8 and C4+, 324 

and the oil products showed a higher benzene, toluene and xylene content than that 325 

without plasma modification. These results indicate that plasma modification might 326 
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enhance the catalytic activity of ZSM-5 and the stronger catalytic activity of ZSM-5 327 

was more conducive for promoting oil production (Liu et al., 2004; Yaneva et al., 2016).  328 

In the plasma-catalysis mode, it is noteworthy that all waxes were almost eliminated 329 

with a significant increase in the gas yield. López et al. (Lopez-Urionabarrenechea et 330 

al., 2011) reported that 400 oC is not high enough to decompose plastics, since a solid 331 

residue (unconverted plastic) near 30 wt% was obtained in the ZSM-5 catalytic 332 

experiments. This highlights the advantage of plasma-catalysis pyrolysis. The amount 333 

of H2, CH4, C2H6, C2H4 and C3H8 showed explosive growth compared to the plasma-334 

alone and catalyst-alone modes, indicating a significant synergistic effect between the 335 

plasma and catalyst. The content of benzene increased from 6% to 15%, and the toluene 336 

content also increased by 14%, compared to the catalyst-alone mode. On the contrary, 337 

the content of xylene dropped from 33% to 23%. These findings suggest the plasma 338 

promoted the breaking of the methyl bond on xylene generating toluene and benzene. 339 

The broken methyl groups combined with hydrogen ions from the broken C–H bond to 340 

form CH4, this is supported by the results of the gas composition in Fig. 5b.  341 

Comparing these five modes, it was obvious that the production of H2, CH4, C2H6 and 342 

C2H4 is closely related to the presence of plasma, while the formation of C3H8 is related 343 

to the presence of ZSM-5. The plasma catalysis provided a more reactive environment 344 

with more energetic species, increasing the formation of carbocations and radicals in 345 

the hydrocarbon chains and enhancing the cleavage of C–C and C–H bonds and 346 

therefore promoting the formation of light hydrocarbons and H2. In the meantime, the 347 

exposure of the catalyst to the plasma would modify the catalysts morphology, acidic 348 
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sites and oxidation state (Guo et al., 2006; Liu et al., 2004), leading to stronger catalyst 349 

activity. Zhang et al (Zhang et al., 2015). investigated the microwave pyrolysis of LDPE 350 

with a ZSM-5 catalyst and found that the highest yield of oil was 32.58 wt.%, whereas 351 

65.13 wt% gas was obtained. The mono-ring aromatic hydrocarbons were detected in 352 

abundance in the upgraded pyrolysis oils at 74.73–88.49%. However, the reaction 353 

temperature (480 oC) and microwave power (700 W) were much high than the 354 

conditions used in this work. Compared with conventional catalytic pyrolysis, novel 355 

pyrolysis methods, such as plasma and microwave, can improve gas yield and oil 356 

selectivity. The pros and cons of these two methods are worthy of further comparison. 357 
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 359 

 360 

Fig. 5. Influence of plasma and catalyst on the products distribution, gas and oil 361 

compositions of PP pyrolysis.  362 
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In this work, the distribution of the products could be associated with the acidity of 364 

the catalysts determined by NH3-TPD. As shown in Fig. 6, the ZSM-5 catalyst has a 365 

typical TPD profile of zeolite which consists of two main desorption peaks (Che et al., 366 

2019). Compared to the fresh ZSM-5, the TCD signal of the catalyst modified by the 367 

plasma was much stronger, indicating that plasma modification increased the number 368 

of acid sites on the ZSM-5 catalyst. This phenomenon can be attributed to the 369 

breakdown of siloxane bonds and the formation of new hydroxyl groups (Si–OH and 370 

Al–OH) on the zeolite edges induced by reactive species created by the plasma (Yaneva 371 

et al., 2016). After the reaction using the catalyst-alone mode, the number of acid sites 372 

of the spent ZSM-5 catalyst significant decreased, suggesting that coke deposition 373 

covered the acidic sites on the catalyst surface. In the modified catalyst-alone mode, the 374 

number of acidic sites of the modified ZSM-5 decreased after the reaction, but it was 375 

still approximate to that of the fresh ZSM-5 catalyst without plasma modification. For 376 

the plasma-catalysis mode, the number of acidic sites on the catalyst was still higher 377 

than that of the fresh ZSM-5 and slightly lower than that of the modified ZSM-5 378 

catalyst. This finding might be attributed to the increased number of acidic sites 379 

produced and the reduction in coke formation due to plasma modification (Blanquet et 380 

al., 2019).  381 
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 382 

Fig. 6. NH3-TPD profiles of fresh ZSM-5, modified ZSM-5 and spent ZSM-5. 383 
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3.3. Effect of plasma on the stability of the catalyst 385 

3.3.1. Catalyst stability test 386 

Fig. 7 shows a stability study of ZSM-5 for the catalyst-alone, modified catalyst-387 

alone and plasma-catalysis modes. After 10 cycles, remarkable reductions in gas and 388 

oil yield (86 wt% to 48 wt %), BTX selectivity (71% to 39%) and the amount of C3H8 389 

were observed for the catalyst-alone mode, indicating significant catalyst deactivation. 390 

For the modified catalyst-alone mode, the reduction in gas and oil yield and BTX 391 
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C3H8 were found in the plasma-catalysis mode, indicating that the plasma-catalysis 396 

system showed excellent stability. Plasma-catalysis can produce less deposited coke 397 

compared to non-plasma catalytic processing (Blanquet et al., 2019). The absence of 398 

H2 production from the catalyst-alone and modified catalyst-alone modes reveals that 399 

the formation of H2 is mainly related to plasma cracking of hydrocarbons. However, 400 

the amount of H2 decreased with the increase of the reaction cycle, which may be related 401 

to a reduction of its precursor caused by a slightly reduced catalyst performance.  402 

Moreover, the downward trend shown for the catalyst-alone mode was relatively 403 

sharp at the beginning of the cycle, before becoming relatively retardatory towards the 404 

end of the cycle, however, the deactivation rate for the modified catalyst-alone mode 405 

was more linear. These results show that the catalyst deactivation rate is faster in the 406 

first half of the cycle than that in the second half of the cycle for the catalyst-alone 407 

mode. It could be speculated that some wax deposition blocked the pores on the catalyst 408 

surface, making it difficult for heavy volatiles to enter the internals of the catalyst. As 409 

a result, a more rapid catalyst deactivation happened in the first few cycles, with only 410 

lighter volatiles able to enter the internal pores for catalytic reactions in the subsequent 411 

cycles. In contrast, the deactivation rate of the modified catalyst is relatively uniform, 412 

which may be attributed to the plasma’s cleaning effect on wax formed on the catalyst 413 

surface (Ahmed et al., 2009).  414 
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 415 

Fig. 7. Stability tests for the catalyst undergoing catalyst-alone pyrolysis and plasma-416 

catalysis pyrolysis.  417 
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3.3.2. Effect of plasma on the catalyst  419 

Fig. 8 compares the acidity of the catalysts in two modes after 10 reaction cycles. To 420 
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literature (Zheng et al., 2014). The peaks centered at around 180–220 oC, 230–310 oC 423 

and 360–450 oC correspond to the desorption of NH3 for the weak acid, medium acid 424 
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mode contained more medium and strong acid sites and fewer weak acid sites, 426 
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medium acid sites on the catalyst surface during the catalytic process (Kwak et al., 428 
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2006). The enhanced formation of strong acid sites also explains why the plasma-429 

catalysis had a better catalytic performance at 400 oC than conventional catalytic 430 

pyrolysis.  431 

 432 

Fig. 8. NH3-TPD profiles of spent ZSM-5 after 10 reaction cycles under catalysis-alone 433 

pyrolysis and plasma-catalysis pyrolysis. 434 
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Obviously, the peak intensity of tetrahedral framework aluminum and octahedral Al 445 

coordination increased significantly after the reaction, and the spent catalyst used for 446 

plasma-catalysis exhibited the highest peak intensity. The 29Si-NMR spectrum in Fig. 447 

9b presented a broad peak with a chemical shift around 95 ppm assigned to Si(2Al) and 448 

a small peak located at about -89 ppm assigned to Si(3Al), suggesting limited aluminum 449 

species in the vicinity of Si atoms which is in agreement with 27Al- NMR spectrum. 450 

The presence of broad 29Si typical peaks of zeolites might be due to impurities on the 451 

catalyst and broad distribution of coordinated Si sites, with different extents of cross-452 

linking and non-uniform Si–O–Si bond angles or bond distances (Epping and Chmelka, 453 

2006; Lippmaa et al., 1981). After the reaction, the broad peak intensity reduced and 454 

the small peak disappeared, indicating reduced aluminum content in the framework. 455 

Compared to the spent catalyst used for plasma-catalysis, the catalyst after the catalyst-456 

alone reaction exhibited a lower peak intensity, suggesting its lower aluminum content. 457 

These NMR results provide a possible explanation for the low acidity of the catalyst in 458 

the catalyst-alone mode. 459 
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 460 

 461 

Fig 9. 27Al-NMR spectra and 29Si-NMR spectra of spent ZSM-5 after 10 cycles under 462 

catalysis-alone pyrolysis and plasma-catalysis pyrolysis. 463 
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Temperature programmed oxidation (TPO) was used to investigate the coke 466 

deposition on the spent catalysts. As shown in Fig. 10, the derivative weight loss 467 

thermograms exhibited two distinct peaks at temperatures around 180 and 580 oC, 468 

respectively. Therefore, the oxidation process involved two main stages: the removal 469 

of water in the range of 100–250 oC and the coke combustion from 250 °C to 700 oC. 470 

Clearly, the weight loss of coke is dominant, and plasma-catalysis produced less 471 

deposited coke compared to the non-plasma catalytic process. It is noteworthy that the 472 

presence of the plasma increased the number of acid sites of the catalyst and promoted 473 

the cleavage of the C-H bond, which can promote cyclization and polymerization due 474 

to the dehydrogenation of hydroaromatic and expansion of the skeletal carbon network 475 

(Xia et al., 2022). These results indicate a complex mechanism of coke formation in the 476 

plasma-catalytic pyrolysis of PP. Blanquet et al. (Blanquet et al., 2019; Kameshima et 477 

al., 2015) speculated that the contribution of the Boudouard reaction to plasma-catalysis 478 

leads to less deposited coke compared to catalysis-alone. It is clear that the catalyst used 479 

for catalyst-alone showed a much higher derivative weight loss rate in the range of 250 480 

°C to 400 °C, which may be explained by the degradation of paraffin wax (George et 481 

al., 2020). This finding indicates that plasma-catalysis can also inhibit the adhesion of 482 

wax on the catalyst. In addition, reactive species formed in the plasma promoted the 483 

decomposition of long-chain hydrocarbons to short-chain hydrocarbons (Deminsky et 484 

al., 2002).  485 
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 486 

Fig. 10. Temperature programmed oxidation of spent ZSM-5 after 10 cycles under 487 

catalysis-alone pyrolysis and plasma-catalysis pyrolysis. 488 

 489 

Table 1 The pore characterizations of the catalyst 490 

 
Surface area 

(m2/g) 

Micropore area 

(m2/g) 

Total pore 

volume (cc/g) 

Average pore 

diameter (nm) 

ZSM-5 323.04 235.84 0.31 3.85 

PMZ 323.82 237.72 0.31 3.80 

CA10 147.76 34.22 0.19 5.34 

PC10 250.84 133.50 0.24 3.83 

Note: PMZ, CA10 and PC10 represent plasma modified ZSM-5, the ZMS-5 at catalyst-491 

alone mode after 10 cycles, the ZSM-5 at plasma-catalysis mode after 10 cycles. 492 
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The pore size distribution of fresh, modified and spent catalysts after 10 reaction 494 

cycles is listed in Table 1. For ZSM-5, the BET surface area, micropore area, total pore 495 

volume and average pore diameter was 323.04 m2/g, 235.84 m2/g, 0.31 cc/g and 3.85 496 

nm, respectively. Plasma modification of the ZSM-5 catalyst did not change its surface 497 

area, micropore area, total pore volume and average pore diameter, revealing that 498 

plasma modification does not change the physical pore structure of the catalyst. 499 

Compared to the fresh ZSM-5, the surface area, micropore area and total pore volume 500 

of the spent catalysts after 10 cycles reaction decreased significantly, this is especially 501 

true for the spent catalyst which was used in the catalyst-alone mode, which can be 502 

ascribed to deposited wax and the coke blockage in the pores of the catalyst. Notably, 503 

the micropore area of the spent catalyst used in the catalyst-alone mode was reduced 504 

drastically from 235.84 m2/g to 34.22 m2/g, compared to that used in the plasma-505 

catalysis mode which dropped to 133.50 m2/g. The external pores of the catalysts were 506 

blocked by the deposited wax and coke, thus the internal micropores cannot be detected. 507 

By contrast, the spent catalysts after the plasma-catalytic reaction showed a similar 508 

average pore diameter with the fresh ZSM-5, which indicates that the wax and coke 509 

were uniformly deposited across the surface in pores of varying sizes.  510 

The surface morphologies of the fresh ZSM-5 and spent ZSM-5 catalysts after 10 511 

reaction cycles were determined by SEM analysis, as shown in Fig. 11. The fresh ZSM-512 

5 surface was relatively flat and smooth with a flaky texture and became rougher after 513 

plasma modification. Many coral-like substances were attached to the surface of the 514 

spent catalyst after the catalyst-alone process, while very small amounts of 515 
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agglomerated particles were tightly attached to the surface and pores of the spent 516 

catalyst after the plasma-catalytic reaction. Polypropylene has a rather low molecular 517 

weight (Mw ≈ 12000 g/mol), while the root-mean-square end-to-end distance in its 518 

coiled state is about 9 nm and the average length of the fully extended polymer is 73 519 

nm. As a result, the chains are suspected not to be able to enter deep into the zeolite 520 

pores (0.7 nm) without pre-cracking (Vollmer et al., 2021). This suggests that non-521 

plasma catalysis tended to form dense agglomerates on the catalyst surface blocking 522 

pores, while plasma-catalysis provides some pre-cracking allowing the reactants to 523 

enter deep into the complex pore network of the catalyst more easily and thus be 524 

aromatized further.  525 

 526 

Fig. 11. SEM images of (a) fresh ZSM-5, (b) plasma modified ZSM-5 and spent ZSM-527 

5 after 10 cycles under (c) catalyst-alone pyrolysis and (d) plasma-catalysis pyrolysis.  528 
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pyrolysis, resulting in the blockage of the catalyst pores due to coke deposition. The 532 

aromatization was limited due to inaccessible acid sites on the catalyst. In comparison, 533 

plasma-enhanced the pre-cracking of heavy intermediates into light intermediates 534 

which can diffuse into the internal pores of ZSM-5. The synergistic effect from the 535 

combination of plasma with catalysis during the pyrolysis process can be divided into 536 

the effect of plasma on volatiles and the modification of the catalyst by the plasma. On 537 

the one hand, plasma can produce highly energetic electrons which have higher energies 538 

than the bond dissociation energies of PP (C–H = 415 kJ/mol and C–C = 331 kJ/mol) 539 

and therefore promote pre-cracking (Diaz-Silvarrey et al., 2018). On the other hand, 540 

plasma can change the acid sites and defects formed on the catalyst surface, enhancing 541 

the performance of the catalyst. Plasma-catalytic pyrolysis has shown promising 542 

potential for dealing with the challenges in the conversion and utilization of plastics 543 

such as catalyst deactivation and low product quality. 544 

 545 
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Fig. 12. Synergy mechanism of plasma-catalysis pyrolysis compared with 546 

conventional catalytic pyrolysis.  547 

 548 

3.3.3. Discussion about practical implications, limitations and future direction 549 

Plasma-catalytic pyrolysis has demonstrated great potential to solve the major 550 

problems of wax formation (Lu et al., 2012), low selectivity of target products 551 

(Miandad et al., 2016) and catalyst deactivation (Vollmer et al., 2021) in the catalytic 552 

conversion of plastics into higher-value fuels and chemicals. 553 

To further identify the economic viability of this process, the cost breakdown of 554 

conventional catalytic pyrolysis (without plasma) and plasma-catalytic pyrolysis 555 

process has been compared. The annual costs of catalytic pyrolysis mainly include 556 

feedstocks, catalyst, electricity, water and labor, as shown in Table 2. The cost and 557 

amount of feedstocks, water and labor are referenced from the literature (Cai et al., 558 

2021; Sunwen Xia, 2018; Yuxin, 2021). The amount of ZSM-5 and electricity were 559 

calculated according to the experimental method.  560 

Catalysts accounted for a major cost in the conventional catalytic pyrolysis process, 561 

while catalysts and electricity are the major costs in the plasma-catalytic pyrolysis 562 

process. The introduction of plasma led to a nearly 4-fold increase in the cost of 563 

electricity but a reduction in the amount of catalyst by more than 10 times. The 564 

significant increase in electricity cost caused by plasma might be a barrier limiting the 565 

potential commercialization of the plasma process. The cost of plastic and water would 566 

not be affected by plasma, while the labor cost might increase due to the additional 567 
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equipment management. Overall, plasma resulted in a nearly 77% reduction in total 568 

operational costs, which was attributed to reduced catalyst use. Moreover, plasma 569 

improved the quality and yield of oil and gas products, which can greatly enhance the 570 

revenue of the products. In summary, a rough estimation based on our experimental 571 

studies has shown that plasma-catalytic pyrolysis as an emerging technology is 572 

promising for waste plastic recycling.  573 

For prospective insight, the main limitations of the advanced pyrolysis technologies 574 

are the process scaling-up and cost control of the plasma-catalytic pyrolysis equipment. 575 

DBD plasma reactors are challenging to enlarge with the expansion of the pyrolysis 576 

chamber due to the limited discharge gap. In the early stage of industrial application, 577 

the pretreatment and posttreatment of the catalyst by the plasma modification is a 578 

process that is easier to achieve and also enhance the catalytic process to a certain 579 

extent. In addition, the feasibility of other feedstocks and more suitable catalysts should 580 

also be evaluated in the process of ongoing research. 581 

 582 

Table 2 The comparison of operating cost between conventional catalytic pyrolysis and 583 

plasma-catalytic pyrolysis 584 

Item Unit price Amount Cost  Proportion 
  Without 

plasma 
With 

plasma 
Without 
plasma 
(USD) 

With 
plasma 
(USD) 

Without 
plasma 

With 
plasma 

Plastics 60 (USD/t) 100 (t) 100 (t) 6,000  6,000   0.36% 1.54% 
ZSM-5 7853 

(USD/t) 
200 (t) 18 (t) 1,570,600  141,354  94.03% 36.25% 

Electricity 0.1133 
(USD/kWh) 

426,573 
(kWh) 

1,676,573 
(kWh) 

48,330.7  189,955.7  2.89% 48.72% 

Water 0.0756 120 (t) 120 (t) 9,072  9,072  0.54% 2.33% 
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(USD/t) 
Salary 3,626.4 

(USD/y) 
10 
(workers) 

12 
(workers) 

36,264  43,516.8  2.17% 11.16% 

Total    1,670,266.7 389,898.5    

 585 

4. Conclusions 586 

Plasma-catalytic pyrolysis as an emerging pyrolysis technology has shown great 587 

potential for solving the major problems in the conversion of waste plastic into higher-588 

value fuels and chemicals. The coupling of plasma-catalysis and pyrolysis generated 589 

more gas products such as H2 and CH4 and enhanced the selectivity of BTX and catalyst 590 

stability whilst completely eliminating the formation of wax. The results showed that 591 

the plasma modification of the ZSM-5 catalyst enhanced the number of acidic sites of 592 

the catalyst, while plasma pre-cracking of volatiles greatly enhanced the catalytic 593 

performance, resulting in the formation of less coke deposition on the catalyst. This 594 

work shed light on the super function of plasma on enhancing catalytic pyrolysis 595 

performance, a process that is expected to reduce the cost of catalyst as well as improve 596 

the quality of products during plastics utilization.  597 
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