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Abbreviations 

PVC Polyvinyl chloride 

DBD Dielectric barrier discharge 

NTP Non-thermal plasma 

GC/MS Gas chromatography/mass spectrometer 

Residue-5min PVC residue treated for 5min 

Residue-10min PVC residue treated for 10min 

Residue-20min PVC residue treated for 20min 

Residue-40min PVC residue treated for 40min 
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Abstract: Dechlorination is essential for the chemical recycling of waste polyvinyl chloride (PVC) 10 

plastics. This study investigated the use of non-thermal plasma (NTP) for chlorine removal, with a 11 

focus on the effects of treatment time and discharge power on dechlorination efficiency. The results 12 

showed that longer treatment times and higher discharge powers led to better dechlorination 13 
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performance. The maximum efficiency (98.25%) and HCl recovery yield (55.72%) were achieved at 14 

180 W power after 40 minutes of treatment where 96.44% of Cl existed in the form of HCl gas, 1.44% 15 

in the liquid product, and 2.12% in the solid residue product. NTP at a discharge power of 150 W 16 

showed better dechlorination performance compared to traditional thermal pyrolysis treatment in 17 

temperatures ranging from 200 to 400 °C. The activation energy analysis of the chlorine removal 18 

showed that compared to pyrolysis-based dechlorination (137.09 kJ/mol), NTP-based dechlorination 19 

(23.62 kJ/mol) was more easily achievable. This work presents a practical method for the 20 

dechlorination of waste PVC plastic using a novel technology without requiring additional thermal and 21 

pressure input. 22 

 23 

Keywords: Polyvinyl chloride, Plastic wastes, Dechlorination, Non-thermal plasma, Hydrochloric 24 

acid 25 

 26 

1. Introduction 27 

Polyvinyl chloride (PVC) is the third largest plastic used worldwide, with applications in industries 28 

such as electronics, construction, agriculture, and many others [1-4]. In 2021, global PVC production 29 

reached 50.70 Mt, resulting in significant amounts of PVC in the waste stream [5]. Thermal recycling 30 

methods, such as pyrolysis and gasification, have limited effectiveness when dealing with waste 31 

plastics containing PVC, because the chlorine in PVC may contaminate the resulting products [6, 7]. 32 

The presence of Cl element will reduce the value of these products, cause equipment corrosion, and 33 

result in irreversible environmental pollution. Burning PVC will also produce toxic chlorinated 34 

byproducts, including dioxins and polychlorinated biphenyls [8, 9]. Additionally, PVC plastic is 35 
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inevitably contained in the mixed waste plastics due to the limitations of the waste sorting process. 36 

Therefore, the dechlorination of PVC is essential for sustainable waste plastic recycling in terms of 37 

economic and environmental benefits.  38 

Hydrothermal and catalytic pyrolysis have been studied widely as the main disposal methods for 39 

dechlorinating waste plastics. Hydrothermal dechlorination tends to operate at high pressures (0.1-19 40 

MPa) and moderate temperatures (220–300 °C) [10-12]. However, it is energy-intensive, requiring 41 

harsh reaction conditions, long reaction times, and expensive equipment. Catalytic pyrolysis usually 42 

operates at temperatures between 300 and 600 °C in an inert atmosphere and can also remove Cl [13-43 

15]. However, there are problems including high temperatures, equipment corrosion, catalyst 44 

deactivation, and high disposal costs [16, 17]. Hence, it is crucial to develop a low-temperature and 45 

atmospheric-pressure method for dechlorinating waste plastics. 46 

Non-thermal plasma (NTP), or non-equilibrium plasma, is the fourth state of matter, where the 47 

average temperature of gas molecules (10-103 °C) is much lower than that of electrons (104-105 °C). 48 

NTP produces high-energy electrons that favor electron collision processes with gases, which could 49 

heat the sample to over 200 °C [18, 19]. Additionally, collisions between electrons and gas molecules 50 

could create charged particles (cations and anions), and electronically neutral excited substances 51 

(radicals, atoms, molecules, and dissociated fragments). These active species have high concentrations 52 

and potential energies, leading to many chemical reactions [20-23]. The energy of active species in the 53 

N2 discharge (nitrogen ion, excited atom, and molecules, etc.) was mainly between 6 eV and 11 eV, 54 

greater than the energy acquired to break C-C (6.29 eV), C-Cl (4.11 eV), and C-H (3.49 eV) [24]. 55 

Therefore, NTP offers a potential method for dechlorinating PVC without requiring additional thermal 56 

or pressure input. Currently, the environmental application of NTP was focused on ozone production 57 
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[25, 26], air pollution control [27, 28], tar removal [29, 30], and value-added utilization of waste [21, 58 

31]. There is a lack of research on its application for dechlorination. 59 

To achieve dechlorination, this study investigated the use of NTP for the treatment of waste PVC. 60 

Specifically, this study investigated the dechlorination efficiency and HCl recovery yield at different 61 

treatment times by NTP. This study also explored the effect of NTP discharge power on dechlorination 62 

effectiveness and HCl recovery. Additionally, this study compared the dechlorination performance and 63 

HCl yield from the NTP at a discharge power of 150 W to thermal pyrolysis treatment at pyrolysis 64 

temperatures of 200-400 °C. Finally, a dechlorination mechanism by NTP was proposed. This work 65 

provides a novel low-temperature and atmospheric-pressure PVC dechlorination technology, that 66 

recovers the HCl by-product simultaneously. It represents a green and promising method for PVC 67 

waste treatment. 68 

 69 

2. Materials and methods 70 

2.1 Materials and analytical techniques 71 

  The PVC plastic polymer used in these experiments was supplied by Shanghai Macklin Biochemical 72 

Co., Ltd, China, in the form of powder. It is composed of three elements: C, H, and Cl. The content of 73 

C and H was determined through elemental analysis, and the content of Cl was obtained by the 74 

difference method. Its elemental composition was analyzed with an elemental analyzer (Vario EL 75 

cube), revealing that it contained 38.40 wt.% carbon, 4.80 wt.% hydrogen, and 58.40 wt.% chlorine. 76 

A spectrometer (AvaSpec-ULS2048L-USB2) was applied to record the optical emission spectrum 77 

of the NTP, which is a major tool to diagnose the state of gases during discharge. Prior to the 78 

experiment, the optical fiber was placed vertically 5 mm away from the discharge gap, and the optical 79 
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emission spectrum was measured to investigate the active species in the nitrogen discharge process, 80 

with an integration time of 1 s, and an average of 10 measurements. 81 

The released chlorine during the experiments was trapped in deionized water using a bubbler trap, 82 

and the concentration of chloride ions was measured using ion chromatography (Dionex Aquion). 83 

During analysis, a 125 µL sample was injected into an analytical separation column (Dionex, Ion Pac, 84 

AS11-HC) coupled with a guard column (AG11-HC), and the data was collected and processed using 85 

Chromaleon software. 86 

To investigate the dechlorination mechanism of PVC, Fourier transform infrared (FTIR) analysis 87 

was used to study changes in the functional groups of the polymer during the dechlorination process. 88 

The functional groups of the PVC sample and the PVC residue treated after different times were 89 

analyzed using an FTIR spectrometer (Nicolet iS50) in the range of 4000–400 cm-1 with a resolution 90 

of 4 cm-1, and each sample was scanned 32 times. 91 

 92 

2.2 Experimental setup  93 

  The experimental reactor system is illustrated in Fig. 1. A 0.50 g PVC sample was suspended by 94 

quartz wool in the discharge gap between the inner electrode and the ceramic alundum (Al2O3) tube, 95 

with the outer electrode in close contact with the outer side of the alundum tube. The NTP was 96 

generated inside the alundum tube (φ 25×2.50 mm), which was wrapped by a 150 mm-long copper 97 

mesh outer electrode. An inner stainless steel electrode rod, 14 mm in diameter, was located at the 98 

center of the alundum tube. The stainless steel electrode was connected to an AC high-voltage 99 

generator, while the low-voltage electrode was grounded. As a result, the discharge zone was 150 mm 100 

in length, and the discharge gap was 3 mm wide. A four-channel digital oscilloscope (MDO3014, 101 
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Tektronix, America) monitored the electrical signals. The NTP was generated once the high-voltage 102 

generator reached the required power. To assess the dechlorination efficiency, PVC dechlorination 103 

experiments were also performed using thermal pyrolysis for comparison. The electric furnace 104 

functioned as a heating source during the thermal pyrolysis experiments, and each pyrolysis test was 105 

run at constant temperatures ranging from 200 to 400 °C. Before each experiment, nitrogen was purged 106 

into the reactor, and it was used as a carrier gas at a flow rate of 100 mL/min. The produced gases 107 

passed through a bubbler trap containing 200 mL of deionized water to recover the produced HCl gas. 108 

After each experiment, the reactor and the connecting tube between the reactor and the bubbler trap 109 

were rinsed with an additional 100 mL of deionized water. The deionized water used for rinsing was 110 

mixed with the deionized water in the bubbler trap, ensuring the collection of the majority of HCl. 111 

Other gas products, mainly H2 and N2, were collected in a gas sample bag. The solid residues were 112 

weighed after each experiment to determine the solid yields and were collected for elemental and FTIR 113 

analyses.  114 

The yield and compositions of the gas products were determined by gas chromatographs (Agilent 115 

490 Micro GC) equipped with TCD detectors. The gas compositions were analyzed using the 10 m 116 

MS5A column held at 80 °C, and argon served as the carrier gas. 117 

The liquid products yield was calculated on mass balance, and composition species were determined 118 

using a gas chromatography/mass spectrometer (GC/MS-QP2010 SE, Shimadzu, Japan) equipped with 119 

a Shimadzu capillary column (SHRxi-5Sil MS, 30 m × 0.25 mm × 0.25 μm). The GC oven temperature 120 

was originally set at 35 °C for 5 min, heated to 300 °C at 15 °C/min, and finally kept constant for 20 121 

min. The mass spectrometer was configured as previously reported [32].  122 
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 123 

Figure 1 Schematic diagram of the experimental device. 124 

 125 

2.3 Dechlorination and element recovery efficiency 126 

  The dechlorination efficiency was determined using the following calculation as shown in Eq. (1): 127 𝐷𝑒𝑐ℎ𝑙𝑜𝑟𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 𝑀𝐶𝑙 𝑖𝑛 𝑃𝑉𝐶−𝑀𝐶𝑙 𝑖𝑛 𝑟𝑒𝑠𝑖𝑑𝑢𝑒𝑀𝐶𝑙 𝑖𝑛 𝑃𝑉𝐶 ∗ 100% (1) 128 

  The 𝑀𝐶𝑙 𝑖𝑛 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 was calculated as Eq. (2): 129 𝑀𝐶𝑙 𝑖𝑛 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 = 𝐶𝑙𝑢𝑡𝑖𝑚𝑎𝑡𝑒 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑖𝑛 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 ∗ 𝑀𝑟𝑒𝑠𝑖𝑑𝑢𝑒 ∗ 100%  (2) 130 

  The element recovery efficiency was calculated by Eq. (3) as follows:  131 𝐸𝑙𝑒𝑚𝑒𝑛𝑡 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 𝑀𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 𝑟𝑒𝑠𝑖𝑑𝑢𝑒𝑀𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 𝑃𝑉𝐶 ∗ 100% (3) 132 

 133 

3. Results and discussion 134 

3.1 Dechlorination under different treatment times 135 

The spectrum of the NTP at the 10th minute of discharge under a power of 180 W is shown in Fig. 136 

2 to identify the active species in the N2 plasma. The dominant active species bands are the first 137 

negative bands of N2
+ and the second positive bands of N2 [33]. The spectrum showed emission from 138 

N2
+ at 392 nm, which is a characteristic of N2 negative glows [34, 35]. The energy level of N2

+ is high 139 

at 18.70 eV. The N2 second positive band, with an energy level of 11 eV, is the strongest and clearest 140 

band of the N2 spectrum [24, 36]. The energy of both N2
+ and the second positive band of N2 are high 141 

enough to break the bonds of C-C (6.29 eV), C-Cl (4.11 eV), and C-H (3.49 eV), leading to the 142 
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decomposition of PVC.  143 

 144 

Figure 2 Optical emission spectrum of the NTP in a run.  145 

 146 

Fig.3 shows the product distribution, the dechlorination efficiency, and yields of HCl and H2 under 147 

various NTP treatment times at discharge power of 180 W. As shown in Fig. 3(a), with the increase in 148 

the NTP treatment time, more PVC sample was decomposed into gas products. The highest gas yield 149 

of 56.34% was obtained at a treatment time of 40 min when the yield of liquid products was as low as 150 

5.91%. The liquid products came from the decomposition of the PVC polymer and the secondary 151 

reaction of intermediate products. 152 

According to Fig. 3(b), the gas products were primarily composed of HCl and H2. The bonds of C-153 

Cl and C-H of the PVC sample were broken under the active species of N2
+ and the second positive 154 

band of N2. Afterwards, part of the radicals of H and Cl combined to form HCl, while part of the H 155 

radicals recombined with each other to produce H2. The HCl yield climbed to 55.72% while the H2 156 

yield increased to 0.62% when the treatment time was extended to 40 min. It is predicted that 157 

lengthening the treatment time would increase both the HCl and H2 yields, especially the H2 yield. 158 

Increasing the treatment time also increased the dechlorination efficiency, reaching a maximum of 159 

98.25% after NTP treatment of 40 min. It is worth noting that after only 20 min of treatment, the 160 

dechlorination efficiency was remarkable, reaching 97.28%.  161 
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 162 

Figure 3 The product distribution (a), and the dechlorination efficiency and yields of HCl and H2 (b) 163 

under various treatment times. 164 

  Calculating accurate enthalpy values for dechlorination reactions under NTP is challenging due to 165 

their complexity. However, it is well-established that these reactions are exothermic. During the 166 

discharge process, electrons acquire energy from the electric field and transfer it to the kinetic and 167 

internal energy of the intermediate products through collisions. These energized molecules become 168 

excited or ironized, leading to the formation of reactive molecules. Through subsequent collisions, a 169 

series of complex physicochemical reactions occur, resulting in the production of final products and 170 

the release of heat [37-39]. The reactor temperature during the dechlorination process was measured 171 

using a thermocouple. The measurement results are shown in Fig. S1. Fig. S1 indicates that the reactor 172 

temperature increased with the treatment time, while the rate of the temperature rise decreased with 173 

the treatment time. When the discharge reached 20 min, the reactor temperature was 256.70 °C. At this 174 

point, the dechlorination efficiency was 97.28% (Fig. 3(b)), resulting in the weight loss of the PVC 175 

sample of 61.70% (Fig. 3(a)). According to the thermal weight loss curve of PVC (Fig. S2), the weight 176 

loss of PVC was only 4.67% at this temperature, indicating that the reaction temperature had a minimal 177 

impact on the dechlorination effect under NTP. After 40 min of treatment, the final temperature of the 178 
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reactor was 279.70 °C. 179 

Fig. 4 and Table S1 display the FTIR spectra and functional groups of various samples, including 180 

fresh PVC, PVC residue treated for 5 min under NTP conditions (residue-5min), PVC residue treated 181 

for 10 min (residue-10 min), PVC residue treated for 20 min (residue-20min), and PVC residue treated 182 

for 40 min (residue-40 min), respectively, with an input power of 180 W. The FTIR was used to 183 

observe the development of the reaction throughout different NTP treatment times. After the first 5 184 

min of NTP treatment, the original PVC absorption peaks remained, but new C=C bonds were detected 185 

at FTIR wavenumbers at 3015, 811, and 747 cm-1, suggesting dechlorination and dehydrogenation 186 

reactions have occurred. Further prolonging the treatment time to 10 min, the C-H bending in -CH2- 187 

(2968 cm-1), the C-H bending in -CHCl- (1331, 1255, and 1097 cm-1), and the C-Cl stretching vibration 188 

(608 cm-1) disappeared [15, 40]. The results suggested that the H and Cl attached to these functional 189 

groups were largely removed after 10 min of treatment using NTP. Meanwhile, new bonds associated 190 

with the C=C stretching of aliphatic compositions at 3060, 1599, and 876 cm-1 wavenumbers and C=C 191 

bonds of aromatic compounds at 1490 cm-1 were generated [41]. The aromatic compounds indicated 192 

the cyclization of the carbon skeleton during the reaction. The functional groups of residue remained 193 

unchanged when the NTP treatment time was increased from 10 to 40 min.    194 

 195 

Figure 4 The FTIR spectra of PVC under different treatment times.  196 
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 197 

Fig. S3(a) displays the distribution of Cl in the products, while Fig. S3(b) shows the recovery 198 

efficiency of elements under different treatment times. The Cl distribution in the solid residue 199 

decreased as the NTP treatment time was prolonged, as shown in Fig. S3(a). The organic Cl in PVC 200 

polymer was mostly converted to inorganic chlorine in the form of HCl gas under the influence of 201 

NTP, with the highest Cl distribution of 96.44% towards HCl. After 20 min of treatment, the proportion 202 

of Cl in the solid residue dropped to 2.24%, indicating that most of the Cl had been removed. And 203 

residual Cl in the solid residue was confirmed by FTIR analysis to exist in the form of -C-Cl- functional 204 

groups.   205 

Fig. S3(b) suggests that the C recovery efficiency decreased slightly with the increase in NTP 206 

treatment time due to the scission of the carbon skeleton, resulting in the production of liquid by-207 

products. The H recovery efficiency also decreased with increasing treatment time, primarily due to 208 

the release of HCl and H2. In general, element recovery efficiency and dechlorination efficiency 209 

showed opposite trends with the prolongation of treatment time. Therefore, it is crucial to find an 210 

appropriate dechlorination time.  211 

Table S2 shows the ultimate analysis of the solid residue under different NTP treatment times. When 212 

the treatment time increased to 40 min, the Cl content in the solid residue decreased to 3.35 wt.%, and 213 

the C content increased to 90.22 wt.%. Moreover, the total content of C and H elements reached 96.26 214 

wt.% after treatment for 40 min. However, the content of elements did not change significantly when 215 

the treatment time was further extended from 20 to 40 min, indicating that the solid products reached 216 

a relatively stable state after 20 min of treatment. Considering the dechlorination efficiency, HCl yield, 217 

and element recovery efficiency, a treatment time of 20 min was considered optimal in this study. 218 
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 219 

3.2 Dechlorination under different discharge power 220 

The influence of discharge power on the dechlorination effectiveness was investigated at a treatment 221 

time of 20 min. Fig. 5 shows the product distribution (Fig. 5(a)), the dechlorination efficiency, and 222 

yields of HCl and H2 (Fig.5(b)) obtained at various discharge powers of NTP. It could be seen in Fig. 223 

5(a) that increasing the NTP discharge power led to a higher gas yield and a lower solid yield. This 224 

effect can be attributed to the release of Cl from the siccsion of the C-Cl bonds and the migration of 225 

Cl towards the gas phase in the form of HCl. Moreover, the decrease in liquid yield with increasing 226 

NTP discharge power from 120 to 180 W indicated that fewer by-products were produced under these 227 

conditions.  228 

As displayed in Fig. 5(b), the yields of HCl and H2 increased with increasing the discharge power, 229 

with maximum values of 53.45% and 0.49%, respectively. A minimal dechlorination reaction was 230 

observed under a discharge power of 60 W. However, increasing the power to 90 W resulted in a 231 

dechlorination efficiency of 46.70%, suggesting the existence of a power threshold between 60 W and 232 

90 W that triggered the dechlorination reaction. The relatively lower dechlorination efficiency 233 

observed at 90 W can be attributed to the short treatment time. The dechlorination efficiency increased 234 

slightly with increasing the discharge power from 120 to 180 W because the energy was sufficient to 235 

remove most of the Cl at the discharge power of 120 W. The majority of Cl removal occurred at a 236 

discharge power of 120 W, and the dechlorination efficiency reached 97.05%.  237 
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 238 

Figure 5 The product distribution (a), and the dechlorination efficiency and yields of HCl and H2 (b) 239 

under various discharge power. 240 

 241 

Fig. S4 shows the Cl distribution (Fig. S4(a)) and element recovery efficiency (Fig. S4(b)) obtained 242 

at different NTP discharge powers. The results in Fig. S4(a) show that the Cl distribution as HCl 243 

increased with increasing discharge power, reaching 91.43% at 180 W. Meanwhile, the Cl content 244 

distributed in the solid residue decreased, suggesting a greater dechlorination efficiency. 245 

As shown in Fig. S4(b), the C recovery efficiency gradually decreased to 87.61% when the discharge 246 

power was increased to 180 W. Also, the H recovery efficiency declined at higher discharge power. 247 

The energy for breaking the C-H bond (3.49 eV) is lower than that for breaking the C-C bond (6.29 248 

eV), so more H radicals are released to form other products, leading to a lower H recovery efficiency. 249 

Table S3 shows the ultimate analysis of the solid residue under various NTP discharge power inputs. 250 

With the increase in discharge power, the Cl concentration in the solid residue reduced while the C 251 

content in the residue increased. A low Cl concentration and high C content were obtained at a low 252 

discharge power of 120 W. The highest overall contents of C and H elements were 96.39 wt.% with a 253 

discharge NTP power of 180 W.  254 

 255 
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3.3 Dechlorination comparison between thermal pyrolysis and NTP  256 

Thermal pyrolysis was applied on PVC dechlorination tests so that the effectiveness of 257 

dechlorination could be compared with NTP. When the treatment time was 20 min, the product 258 

distribution obtained from thermal pyrolysis experiments conducted between 200 and 400 °C and NTP 259 

experiments at an input power of 150 W was illustrated in Fig. 6(a). Fig. 6(b) shows a comparison 260 

between thermal pyrolysis results (200 to 400 °C) and NTP results (150 W power) with a treatment 261 

time of 20 min in terms of dechlorination efficiency and yields of HCl and H2. As shown in Fig. 6(a), 262 

PVC could not be decomposed until the thermal pyrolysis temperature reached 300 °C, with a solid 263 

yield of 93.01%, indicating incomplete pyrolysis. At 400 °C, the solid yield fell to 39.48% while the 264 

gas yield was 50.15%. The thermal pyrolysis of PVC takes place in two stages. The first stage, 265 

approximately between 200 to 400 °C, involves the removal of most of the Cl, accompanied by the 266 

release of small amounts of hydrocarbons [42-44]; The second stage, roughly between 400 to 550 °C, 267 

involves the decomposition of dechlorinated PVC to produce other gas and oil products [45-47]. 268 

Compared to previous studies, the main decomposition process in this study occurred at a higher 269 

temperature of about 400 °C [13, 15, 48]. In contrast, the product distribution from NTP experiments 270 

at the discharge power of 150 W was similar to that of thermal pyrolysis at the temperature of 400 °C.  271 

As shown in Fig. 6(b), the yields of HCl by thermal pyrolysis at the temperature of 400 °C and by 272 

NTP treatment at the discharge power of 150 W were almost the same. However, the H2 yield under 273 

NTP treatment at 150 W (0.42%) was significantly higher than that under thermal pyrolysis at 400 °C 274 

(0.01%). The dechlorination performance using NTP at 150 W was slightly higher than that using 275 

thermal pyrolysis at 400 °C by 0.54%. In conclusion, NTP had a better performance on HCl recovery 276 

and dechlorination than thermal pyrolysis at a temperature ranging from 200 to 400 °C. 5 g of PVC 277 
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was also treated at a discharge power of 150 W for 20 min to assess the dechlorination effectiveness 278 

of NTP treatment of PVC on a larger scale. The results showed a dechlorination efficiency of 76.60%, 279 

which was lower than the observed efficiency of 97.49% when dechlorinating 0.5 g of PVC. These 280 

findings suggest that, in intermittent experiments under the same working conditions, the 281 

dechlorination efficiency decreased with an increase in the quantity of the sample being treated.  282 

 283 

Figure 6 The product distribution(a), and the dechlorination efficiency and yields of HCl and H2(b) 284 

under various treatment conditions. 285 

 286 

Fig. S5 shows the Cl distribution (Fig. S5(a)) and element recovery efficiency (Fig. S5(b)) in relation 287 

to the thermal pyrolysis temperature (200–400 °C) compared with the NTP results produced at the 288 

discharge power of 150 W. It can be seen from Fig. S5(a) that the Cl distribution in the solid residue 289 

achieved by the NTP at 150 W was less than that achieved by thermal pyrolysis at 400 °C while the 290 

Cl distribution in HCl obtained by the NTP at 150 W was more than that obtained by thermal pyrolysis 291 

at 400 °C. The results were consistent with the higher HCl yield and the dechlorination efficiency by 292 

the NTP treatment.  293 

As presented in Fig. S5(b), the recovery efficiency of C and H elements under the discharge power 294 

of 150 W was lower than that obtained under the thermal pyrolysis temperature of 400 °C, especially 295 
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the H recovery efficiency. The lower H recovery efficiency obtained by NTP was attributed to a higher 296 

transfer of H from the PVC sample to the gas phase. 297 

Table S4 shows the ultimate analysis of the solid residue after thermal pyrolysis compared with the 298 

NTP process. Compared with the solid residue obtained by thermal pyrolysis at a temperature of 299 

400 °C, there was less Cl content and more C content in the solid residue obtained by the NTP at 150 300 

W power. However, the NTP process was able to fix a small amount of N element from N2 into the 301 

solid products.   302 

  The kinetic analysis of the dechlorination using thermal pyrolysis and NTP was discussed. For 303 

thermal pyrolysis, the focus was on the temperature range of 200-400 °C, where the dechlorination 304 

reaction predominantly takes place. The kinetics of NTP-based dechlorination were calculated using a 305 

discharge power of 180 W and a treatment time of 40 min. 306 

For a single reaction model, the dechlorination rate at a certain moment can be described by: 307 

 
𝑑𝛼𝑑𝑡 = 𝐴 exp (− 𝐸𝑅𝑇)(1 − 𝛼)  (4) 308 

Where A is the frequency factor; E denotes the activation energy (kJ mol-1); R and T represent the 309 

universal gas constant (8.314 J mol-1 K-1) and the temperature (K), respectively. α is the conversion 310 

which can be expressed by: 311 

 α = 𝑚0−𝑚𝑡𝑚0−𝑚𝑓 (5) 312 

Where 𝑚0, 𝑚𝑡, and 𝑚𝑓 are the initial PVC mass, the actual PVC mass and the final residue mass, 313 

respectively. 314 

  With β = 𝑑𝑇𝑑𝑡 , Eq. (1) can be converted into the following form: 315 

 
𝑑𝛼𝑑𝑇 = 𝐴𝛽 𝑒𝑥𝑝 (− 𝐸𝑅𝑇) (1 − 𝛼) (6) 316 

   After the Doyle integral derivation and the Hancock empirical formula, the following equation is 317 
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finally obtained: 318 

 ln[−𝑙𝑛(1 − 𝛼)] = − 𝐸𝑅𝑇 + 𝑙𝑛 [𝐴𝐸𝑅𝛽 − 5.33] (7) 319 

Where ln[−𝑙𝑛(1 − 𝛼)] and 
1𝑇 exhibit a linear relationship, therefore these two can be fitted into a 320 

straight line. The kinetic parameters E and A during different reactions are determined from the slope 321 

of ln[−𝑙𝑛(1 − 𝛼)] vs. 1𝑇 and the intercept of the fitted plot with respect to ln[−𝑙𝑛(1 − 𝛼)]. 322 

  Table S5 shows the comparison of the kinetic parameters using thermal pyrolysis and the NTP 323 

approach. The current parameters during thermal pyrolysis progress were similar to those obtained by 324 

previous studies [49-51], indicating that the results in this study are reliable. The activation energy 325 

required for dechlorinating PVC through thermal pyrolysis was 137.09 kJ/mol, which was 326 

approximately 10 times higher than the activation energy (23.62 kJ/mol) for dechlorination through 327 

NTP. Therefore, compared to pyrolysis-based dechlorination, NTP-based dechlorination was more 328 

easily achievable.  329 

 330 

3.4 Reaction mechanism of the dechlorination process by NTP  331 

  Fig. 7 illustrates a possible dechlorination mechanism of PVC under NTP conditions. During the 332 

process, active substances such as electrons, N2
+, and the second positive band of N2 decomposed the 333 

PVC polymer into a range of intermediate products including chain hydrocarbons and chlorinated 334 

hydrocarbons fragments, as well as radicals. Hydrogen radicals may recombine with each other to form 335 

hydrogen, or they can react with Cl radicals to produce HCl, leading to the formation of gas products. 336 

Alkenes and alkanes intermediates may undergo hydrogenation and dehydrogenation reactions to 337 

convert to each other, while aromatization reactions can generate aromatics. Additionally, the 338 

chlorination of alkenes and aromatics may produce chlorinated hydrocarbons and aromatics. Hence, 339 

liquid products include four types of compounds: aromatics, chlorinated aromatics, alkanes, and 340 
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chlorinated hydrocarbons. The GC/MS analysis of the liquid products is presented in Table S6. Finally, 341 

the solid residue left after the dechlorination reaction primarily contained -CH2-, C=C, and a small 342 

amount of -CHCl-.   343 

 344 

Figure 7 The possible dechlorination mechanism of PVC under NTP. 345 

 346 

4. Conclusions 347 

This study investigated the dechlorination efficiency and HCl recovery yield of PVC using NTP at 348 

different treatment times and discharge powers. The dechlorination performance and kinetic 349 

parameters of dechlorinating PVC were compared with thermal pyrolysis treatment. A possible 350 

dechlorination mechanism for PVC using NTP was also presented. The main conclusions were 351 

summarized as follows: 352 

(1) The active species in PVC decomposition and subsequent secondary reactions in N2 plasma 353 

mainly consisted of electrons, N2
+, and the second positive band of N2. 354 

(2) When treatment time was 40 min, the dechlorination efficiency and HCl recovery yield were up 355 

to the maximum value of 98.25% and 55.72%, respectively. However, considering the element 356 
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recovery efficiency, a treatment time of 20 min was considered optimal in this study. 357 

(3) After surpassing the threshold power which is between 60 and 90 W, increasing NTP discharge 358 

power resulted in higher dechlorination efficiency and HCl recovery yield. However, the 359 

dechlorination efficiency decreased with the increase in sample mass under the same working 360 

conditions. 361 

(4) The dechlorination reaction was more favorable under NTP treatment (activation energy of 23.62 362 

kJ/mol) than under thermal pyrolysis (activation energy of 137.09 kJ/mol). Additionally, NTP at a 363 

discharge power of 150 W exhibited superior performance in dechlorination and HCl recovery than 364 

thermal pyrolysis at temperatures ranging from 200 to 400 °C. 365 
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