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ABSTRACT 

Hydrogen was produced from waste plastic (polyethylene) using a novel two-stage pyrolysis-

low temperature (250 °C) plasma catalytic steam reforming process. Pyrolysis of the 

polyethylene generated pyrolysis gases which were catalytically steam reformed in the 

presence of low temperature non-thermal plasma (dielectric barrier discharge) to produce 

hydrogen gas. In the absence of catalyst, increasing the plasma power resulted in a significant 

increase in hydrogen yield. Different catalysts (Ni/Al2O3, Fe/Al2O3, Co/Al2O3 and Cu/Al2O3) 

were incorporated in the discharge region of the plasma reactor and the Ni/Al2O3 produced 

the highest yield of hydrogen at 1.5 mmol g-1
plastic. Addition of steam to the plasma catalytic 

process was investigated at different steam weight hourly space velocities (WHSV) using the 

Ni/Al2O3 catalyst. The addition of steam to promote catalytic steam reforming reactions 

resulted in a marked increase in hydrogen yield, producing the highest hydrogen yield of 4.56 

mmol g-1
plastic at a WHSV of 4 g h-1 g-1

catalyst.  

 

Key words: Pyrolysis; Steam reforming; Plasma; Hydrogen; Plastic  



2 

 

INTRODUCTION 

Increasing demand for plastic products, due to their suitability for a wide range of 

applications, has resulted in an increasing amount of waste plastics generated each year [1]. 

The majority of the plastics produced are designed for single use and become waste almost 

immediately after use, resulting in environmental and waste management issues [2]. Geyer et 

al. [3] studied the production, use and fate of all plastics ever made from 1950-2015. They 

estimated that by 2015, a total of about 8.3 billion tonnes of plastic (resins, fibres and 

additives) was produced out of which 2.5 billion tonnes is still in use while 5.8 billion tonnes 

have become accumulated waste. Environmental issues arise due to the accumulation of 

waste plastic in the environment, for example, toxic additives contained within historical 

plastics, marine micro-plastics and illegal and unsightly dumping of waste plastics  [4-6].  

 Waste plastics have received increasing interest by researchers as alternative sources 

of high value products through thermal processing methods such as pyrolysis and gasification 

[7-10]. Among these high value products, hydrogen is of current interest because it is a 

carbon-free clean fuel that produces only water as the by-product of its combustion. 

Hydrogen is also used in several industrial applications such as ammonia production, 

methanol production, electricity generation and fuel production. Currently, hydrogen is 

mainly produced from fossil fuels via natural gas (methane) steam reforming typically using 

nickel-based catalysts at high temperature (700 - 1000 °C) and pressure (0.3 – 2.5 MPa). 

Producing hydrogen from waste plastics would provide an alternative feedstock in addition to 

solving an environmental waste plastics management issue. Building on the commercial 

methane steam reforming process, several research groups have developed a two-stage 

process where the plastics are pyrolysed to produce a range of hydrocarbon gases, which then 

pass to a second stage where catalytic steam reforming of the hydrocarbons takes place to 

produce a hydrogen-rich gas [11-18]. Such studies have been carried out to maximize the 
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hydrogen production by investigating the effects of the operating parameters such as 

temperature, steam input, pressure, residence time, etc. [11-14]. In addition, different types of 

catalysts have been developed for the pyrolysis gas steam reforming process aimed at 

enhanced catalytic activity towards hydrogen production and to minimise catalyst coke 

formation [15-18]. However, the challenges to these plastics pyrolysis-catalytic reforming 

processes include the high catalyst temperatures involved (typically ~800 °C) and consequent 

energy requirement and catalyst deactivation due to carbonaceous coke deposition on the 

catalyst.  

 These challenges can be overcome by the development of a new process which uses 

low temperature non-thermal plasma technology. This technology may provide a promising 

alternative to the thermal catalytic process for the conversion of wastes into value added 

chemicals and fuels at low temperatures. Thermal plasma operates at high temperature 

(10,000-100,000 K) [19-22], but non-thermal plasma operate at much lower temperature 

(e.g.~250 °C). Non-thermal plasmas consist of particles at different temperatures and degrees 

of freedom. Electron temperature determines the ionization and the chemical processes in this 

type of plasma [21]. Most of the plasma chemical reactions occur through electron impact 

reactions such as electron impact excitation, dissociation and ionization. The collisions 

between the high temperature electrons and the relatively cold gas molecules in non-thermal 

plasmas result in generation of radicals such as atomic oxygen, hydroxyl and excited oxygen, 

that can influence the kinetics of chemical conversion reactions [20]. These radicals are able 

to break most chemical bonds and allow reactions that are thermodynamically unfavourable 

to occur at low temperatures. This has enabled non-thermal plasmas to be used for the 

synthesis of fuels and chemicals [23]. In non-thermal plasmas, the ionization processes 

induced by an electric field dominate the thermal processes and produce relatively high-

energy electrons as well as excited ions, atoms and molecules. The average electron density 
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in a non-thermal plasma is very high, typically 1 – 10 eV, while the bulk temperature remains 

as low as room temperature [21]. This non-equilibrium property of the non-thermal plasma 

makes it chemically selective and can be used for catalytic processes [24]. The non-thermal 

plasma process has been used by researchers for gas conversions, and different experimental 

parameters have been studied [25-27]. 

 The addition of a catalyst to the plasma can have a synergistic effect resulting from 

the interactions between the plasma and the catalyst to enhance the conversion of the 

feedstock, improve selectivity of the desired product, increase energy efficiency of the 

process and prevent catalyst deactivation by reducing catalyst coking [28,29]. The interaction 

is interdependent with the plasma, modifying the properties of the catalyst such as its 

dielectric constant, surface faceting and morphology, while the catalyst modifies the electric 

field generation and distribution and the electron energy distribution which affect the 

generation of reactive species [30]. Studies have been carried out using plasma-catalysis 

which have shown that the synergistic reactivity is improved over the performance of either 

plasma alone or the conventional catalytic process alone [31-34]. Others have shown that the 

packing mode of the catalyst material and the position of the catalyst can influence the 

conversion process [35,36]. This suggests that synergy is not always achieved and depends 

on experimental conditions, catalyst selection and packing mode which should be 

investigated to get a better understanding of the synergistic effects of the plasma-catalysis 

process. 

 Different types of non-thermal plasmas have been studied for gas conversion 

processes including dielectric barrier discharge (DBD) [37,38], corona discharges [39,40], 

gliding arc discharge [41,42] and glow discharges [43,44]. Among them, the dielectric barrier 

discharge (DBD) plasma is attracting interest  because it simple design, easy scale up and low 
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installation cost [45]. The discharge in a DBD plasma can be generated in the annular gap 

between two co-axial electrodes one of which is shielded from the gas by dielectric materials.  

 Non-thermal plasma-catalysis has been used in several applications to produce syngas 

from a simulated biogas [46], for reforming of toluene as a model for biomass tar [47,48] and 

for the production of hydrogen from biomass pyrolysis gases [49]. However, to the best of 

the authors knowledge, no previous work has been reported on the use of non-thermal 

plasma-catalysis for reforming of pyrolysis products from plastic waste. In this paper, the 

production of hydrogen-rich syngas from waste high density polyethylene (HDPE) was 

studied using a novel two-stage pyrolysis-non-thermal plasma reactor. Pyrolysis of the waste 

plastic takes place in the first stage reactor and the pyrolysis gases are passed to the second 

stage, low temperature, non-thermal DBD plasma reactor. The influence of different plasma-

catalysis process conditions and the influence of different catalysts were investigated with the 

aim of producing a hydrogen-rich gas. 

 

MATERIALS AND METHODS 

Materials: The waste plastic used in this study was high density polyethylene (HDPE), one 

of the major plastics found in municipal solid waste. It was obtained as a post-consumer 

recycled waste plastic of 2 mm sized pellets from Regain Polymers Ltd., UK. Ultimate 

analysis of the HDPE revealed that it had an elemental content of 81.78% carbon, 10.59% 

hydrogen and 0.54% nitrogen and a calorific value of 28.06 MJkg-1. Proximate analysis 

showed a moisture content of 0.14%, volatile matter of 97.84%, fixed carbon 0.16% and ash 

3.63%. 

 For the plasma catalysis, 10% nickel alumina catalyst (10 wt.% Ni/Al2O3) was the 

main catalyst used for the investigation of the influence of process parameters on hydrogen 
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yield. In addition, and for comparison, three other transition metal catalysts (Fe/Al2O3, 

Co/Al2O3 and Cu/Al2O3) were also used. All the catalysts were prepared by the wet 

impregnation method to give a 10 wt.% metal loading followed by calcination and reduction. 

In each case, a measured amount of the metal nitrate hexahydrate was dissolved in deionised 

water and stirred with a magnetic stirrer for 30 minutes. A measured quantity of alumina 

pellets (1mm diameter) was then added and the mixture heated to 60 °C with continuous 

stirring. The catalyst precursor was then dried overnight in an oven at 105 °C and then 

calcined at 750 °C by heating in air from ambient to 750 °C with 20 °C min-1 heating rate and 

held for 3 h at 750 °C. This was then followed by reduction of the catalyst under a reducing 

environment of hydrogen in nitrogen (5% H2 in 95% N2) at 800 °C with a heating rate of 20 

°C min-1 for two hours. 

Experimental system: A schematic diagram of the two-stage pyrolysis-plasma reactor 

used in this study for hydrogen production is shown in Figure 1. Figure 2 shows a detailed 

schematic diagram of the pyrolysis reactor coupled with the plasma reactor showing the 

insulation and electrode system. This two-stage system has the advantage of independently 

monitoring and controlling the conditions in each reactor and also improves the contact 

between pyrolysis gases and the catalyst. The first stage pyrolysis reactor holds the waste 

plastic sample and the second stage holds the catalyst within a dielectric barrier discharge 

(DBD) reactor. The first stage pyrolysis reactor was constructed of stainless steel which was 

a fixed bed reactor, 250 mm in length by 20 mm internal diameter, heated using a controlled 

electrical furnace with programmable temperature control. A stainless steel crucible holds the 

HDPE sample, suspended in the middle of the reactor. The pyrolysis reactor was heated to a 

final temperature of 500 °C at a heating rate of 20 °C min-1 to generate pyrolysis gases from 

the thermal degradation of the waste plastic. The pyrolysis reactor was held at 500 °C for a 

further 15 minutes. The pyrolysis and plasma reactors are connected using a electrically 
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insulating ceramic transfer tube. The second stage DBD plasma reactor consisted of an outer 

electrode made of an 80 mm long copper mesh wrapped around a quartz tube of 25 mm o.d. 

and 22 mm i.d. The inner electrode was an 18mm stainless steel rod centrally placed in the 

quartz tube thus making a discharge length of ~80 mm and discharge gap of 2 mm. The inner 

electrode was connected to an AC high-voltage power supply (0 – 240V) with a frequency of 

1500 Hz and a maximum peak to peak voltage of 20 kV while the outer electrode was 

connected to earth. The catalyst was held by quartz wool in the space between the inner 

electrode and the inner wall of the quartz tube at the centre of the discharge zone in the 

second stage reactor. High voltage was applied to the packed bed where a non-equilibrium 

plasma will be created in the void space between the dielectric pellets of the catalyst bed. By 

refraction of the electric field on the pellets, the electric field becomes non-uniform and 

stronger with an intensity dependent on the porosity, shape and dielectric constant of the 

pellets. The discharge power supplied to the plasma was kept constant throughout the 

experiment by adjusting the input voltage. All electrical signals were monitored using a 

mixed domain digital oscilloscope (Tektronix MDO3024). Distilled water was injected into 

the second stage plasma-catalysis reactor using a glass syringe controlled by a metered pump 

to generate steam for the catalytic reforming of the pyrolysis gases. The quartz reactor was 

held in an electrical furnace maintained at 250 °C. This temperature was chosen to minimise 

condensation of product pyrolysis gases and input steam. Nitrogen gas continuously purged 

the reactor system and the product gases from the second reactor which passed to a series of 

glass condensers cooled by dry ice where the condensable products are collected. The non-

condensable gases were passed to a 25 L TedlarTM gas sample bag for later analysis in a suite 

of packed column gas chromatographs. 

 The experimental procedure involved pre-heating and maintaining the second stage 

plasma reactor at 250 °C. Once the second stage reactor temperature was stabilised, the 
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pyrolysis heating was commenced. When the pyrolysis process reached a temperature of 200 

°C, the plasma system was then powered up to generate the plasma. Steam injection 

commenced when the pyrolysis temperature reached 120 °C.After completion of pyrolysis, 

the liquid and gas products were collected for a further 20 minutes to ensure all the pyrolysis 

products from the first stage have reacted in the plasma reactor. At the end of the experiment, 

the solid residue retained in the sample crucible and the condensed liquids collected in the 

condenser system were weighed for determination of the mass balance. The gas in the gas 

sample bag was analysed for the identification and quantification of the product gas 

composition and converted to mass to obtain the total gas yield. All experiments were 

repeated at least twice for accuracy with negligible differences between the repeated 

experiments. Results were the average of the repeated experiments. 

Gas analysis: The gases collected in the gas sample bag were immediately analysed off-

line in three separate packed-column gas chromatographs. Hydrocarbons (C1 – C4) were 

analysed using a Varian CP-3380 gas chromatograph equipped with a flame ionisation 

detector (GC/FID) and a 2m x 2mm column packed with 80 – 100 mesh Hayesep packing 

material and nitrogen was the carrier gas. The temperature programme started at 60 ºC for 3 

min and increased at 20 ºC min-1 up to 120 ºC and held for 10 minutes. Permanent gases (H2, 

O2, N2 and CO) were analysed using another Varian 3380 gas chromatograph with thermal 

conductivity detector (GC/TCD), 60 – 80 molecular sieve column held at 30 °C and argon 

carrier gas. CO2 was analysed using a third Varian 3800 gas chromatograph with a 2m x 2 

mm column, but with a different packing material, 80 – 100 mesh Hayesep, and argon carrier 

gas. The different packing material enabled separation of CO and CO2 which tend to elute 

from the column closely together. The gas yield was determined accurately by analysis and 

calculation, rather than by difference; knowing the nitrogen purge gas flow rate, the 

volumetric composition and concentration of each of the gases in the gas sample bag coupled 
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with the Ideal Gas Law and known density of each gas, the determination of the mass of each 

gas and thereby the total mass of gas could be calculated. The product gases were analysed 

for N2, O2, H2, CO, CO2, CH4, C2H6, C2H4, C3H8, C3H6, C4H10, C4H8 ,C4H6.  Extended 

repeatability experiments were carried out under the same conditions and produced 

repeatable gas analysis results which gave a standard deviation between 0% and 5% 

depending on the particular gas. 

 

RESULTS AND DISCUSSION 

Influence of plasma on the process: The effect of the non-thermal plasma on the 

waste plastic pyrolysis gases in relation to hydrogen yield was investigated with the use of 

plasma alone (no catalyst), plasma-catalysis, plasma-steam reforming and plasma catalytic 

steam reforming. The experiments were carried out at a pyrolysis temperature of 500 °C in 

the first stage and using a power input of 60 W to sustain the discharge in the second stage 

reactor which was maintained at 250 °C. A steam flow rate of 4 g h-1 g-1
catalyst was used in the 

steam reforming experiments and 1g of 10 wt.% Ni/Al2O3 catalyst calcined at 750 °C was 

used in the catalytic processes. The results were compared with that of pyrolysis-catalysis (no 

plasma). The yield and composition of the gases is based on an input of plastic and water (in 

the case of steam reforming) and output of product gas, liquid (pyrolysis oil and water) and 

solid residue. In this work the interest was in the gas only which was determined accurately 

by mass. The liquid, which is a mixture of oil and water, was not analysed but merely 

weighed for material balance.  The solid char residue was the same for every experiment at 

4.0 wt.%, since the same mass of high density polyethylene was used each time and was 

unaffected by any variables in the second stage plasma-catalytic reactor. 
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 The results in Table 1 show that compared to catalysis alone (10 wt. % Ni/Al2O3, no 

plasma), using plasma in the second stage increased the gas yield from 8.0 wt.% to 10.9 

wt.%. This indicates that reactive species have been generated in the plasma which cracked 

more of the high molecular weight pyrolysis gases into lower molecular weight gas. The non-

thermal plasma has been reported to generate electrons with higher energy than the 

dissociation energies of the C-H and the C-C bonds [21]. It may be suggested that these 

energetic electrons together with other active species generated in the plasma enhanced the 

cracking of the HDPE pyrolysis volatiles resulting in increased gas yield. Diaz [24] suggested 

that the collision between the reactive species and the pyrolysis volatiles lead to the formation 

of carbenium-like ions and radicals along the hydrocarbon chains which promotes reaction 

pathways similar to secondary β-scission reactions. In their review on plasma performance of 

dry reforming of methane (DRM), Chung and Chan [50] noted that electron impact excitation 

and dissociation (Eqs 1-3) play an important role in the DRM since the direct dissociation of 

CH4 in an atmospheric pressure plasma is limited due to high energy requirement. However, 

Neyts et. al. [51], noted that vibrational energy has an important role in the CH4 dissociation 

in a plasma environment. Some of the vibrational energy can be used to reduce the energy 

barrier of the reaction and on the other hand the vibrationally excited species can have a 

lower activation barrier than the ground state species. In addition, the plasma species create 

alternative reaction pathways towards product formation [52]. 

e + CH4 → e + CH3 + H          (1)  

e + CH4 → e + CH2 + H2        (2) 

e + CH4 → e + CH + H2 + H        (3) 

 It is suggested that the reactions in this work also followed a similar route where 

cracking of the hydrocarbons was mainly through dissociation of excited species. In addition 
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to the electron induced chemical reactions, thermochemistry may also exist in the plasma-

assisted processes since the collision between the electrons is non-reacting which inevitably 

transfers energy to the surrounding gas molecules resulting in increased gas temperature [53]. 

Therefore, even though the furnace temperature of the plasma reactor in this work was ~250 

oC, the temperature inside the plasma-catalyst reaction zone could be much higher [52]. 

 Compared to plasma alone and catalysis alone, plasma-catalysis showed a better 

performance in terms of total gas yield of 12.0 wt.%. Introducing catalyst in the discharge 

zone enhanced the average electron energy and electron temperature, resulting in an 

improved reaction performance [30]. The catalyst also provides a surface for the plasma 

species to react with the pyrolysis volatiles thereby enhancing the gas yield. It has been 

reported that adsorption of the species onto the catalyst surface is enhanced by the non-

equilibrium nature of the discharge due to vibration excitation, thus increasing the reactivity 

for the process [29]. When steam was injected for plasma reforming without catalyst, a 

further increase in the gas yield to 17.0 wt.% was observed possibly because the plasma 

cracks both the hydrocarbons and the injected steam. It has been reported that addition of 

steam into the DBD plasma generates H and OH radicals leading to the formation of more 

hydrogen gas [48]. 

 Using a 10 wt. % Ni/Al2O3 catalyst and steam at 4 g h-1 g-1
catalyst for plasma catalytic 

steam reforming produced the highest gas yield of 19.8 wt.%. The increased performance 

when catalyst was used for plasma-catalysis and plasma catalytic steam reforming are 

suggested to be due to synergistic effects between plasma and the catalyst. It is noteworthy 

that Ni/Al2O3catalyst is active at high temperatures around 800 °C and when used in low 

temperature reactions, its activity is low [54]. However, the results of the plasma catalysis 

shown in Table 1 suggests that the catalyst has been activated to some extent by the plasma at 

the low experimental temperature. When the plasma is in contact with the catalyst surface, it 
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can heat the catalyst surface through the impact of plasma species (charge carries, metastable, 

photons and excited neutrals), and fast ground state neutral species, and through exothermic 

reactions [51]. Nozaki et al. [55], studied the steam reforming of methane using a barrier 

discharge with Ni/SiO2 catalyst and observed that the vibrational temperature was 

significantly increased in the presence of the nickel catalyst which resulted in an increased 

reactivity of the vibrationally excited species. Fridman and Kennedy [56] noted that in a 

plasma characterised by vibrational-translational equilibrium, the surface temperature can be 

much greater than the translational gas temperature. When the surface area of the catalyst is 

so high, this can make the catalyst surface to be preferentially heated without heating the bulk 

gas. Other studies comparing plasma-alone, catalysis-alone, and plasma-catalysis also 

reported plasma-catalysis having better performance than plasma alone or catalysis alone 

[57]. Wang et al. [30], suggested that the interaction between the plasma and the catalyst is 

interdependent in that the plasma modifies the properties of the catalyst such as dielectric 

constant, surface faceting and morphology, while the catalyst modifies the electric field 

generation and distribution and also the electron energy distribution resulting in more 

generation of reactive species; molecules, free radicals, excited species, atoms, ions and 

electrons. These species then react on the catalyst surface resulting in more conversion and 

selectivity. The presence of the catalyst in the discharge gap between the electrodes provides 

the surface for the development of the plasma and would be dependent on the dielectric 

properties of the catalyst packing material [58]. It has been suggested that, energy is 

concentrated in the gaps and pores of the catalyst resulting in more electron impact 

excitation, dissociation and ionization and also more collision of electrons and adsorbed 

species on the catalyst. The presence of the active Ni-metal of the catalyst enhances selective 

reforming and cracking reactions 
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 The detailed gas composition in relation to catalysis alone, plasma alone, plasma-

catalysis, plasma steam reforming and plasma catalytic steam reforming are shown in Figure 

3. Figure 3(a) shows that the hydrogen gas yield obtained with catalyst alone was 0.19 mmol 

g-1
plastic with methane yield at 0.26 mmol g-1

plastic. The use of plasma alone increased the yield 

of hydrogen to 1.10 mmol g-1
plastic, while methane increased to 0.56 mmol g-1

plastic. Figure 3(b) 

shows the analysis of the individual C2 – C4 hydrocarbons. Total C2 – C4 hydrocarbons were 

1.66 mmol g-1
plastic for pyrolysis-catalysis and when the plasma alone was used, the total C2 – 

C4 hydrocarbons increased to 2.23 mmol g-1
plastic. The individual hydrocarbons (Figure 3(b) 

shows that the alkene gases all showed an increase when the plasma was used. The use of 

plasma has enhanced the production of the gases by cracking the fragments of the 

polyethylene polymer chain produced from pyrolysis, producing mainly ethene and also 

propene and butene. The increase in the yield of hydrogen gas (Figure 3(a) was more 

significant which suggests the plasma has cracked more of the C-H bonds. Nickel catalysts 

are known for their activity in cracking tars in pyrolysis-gasification reactions. Addition of 

the 10 wt.% Ni/Al2O3 catalyst to the plasma process (plasma-catalysis) showed an increase in 

the hydrogen yield to 1.50 mmol g-1
plastic. When steam was used for plasma reforming without 

catalyst, a higher yield of hydrogen was obtained at 2.27 mmol g-1
plastic but no CO was 

detected. Plasma catalytic steam reforming generated hydrogen at 4.56 mmol g-1
plastic and CO 

at 0.50 mmol g-1
plasticwith a decrease in the methane yield. Figure 3(b) shows that the C2 – C4 

hydrocarbons were decreased in concentration, particularly with the introduction of steam, 

resulting in steam reforming and catalytic steam reforming of the pyrolysis hydrocarbons, 

suggesting enhanced steam reforming of the methane and hydrocarbons in the presence of the 

Ni/Al2O3 catalyst (Eq. 4). The reaction also produced CO2 at 0.5 mmol g-1
plastic (Figure 3(a)) 

suggesting that in addition to steam reforming, the catalyst also promoted water gas shift 

reaction (Eq. 5) to increase the hydrogen yield. It has been proposed that in the gas phase, the 
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plasma causes the dissociation of the hydrocarbons into radicals (Eq. 6) [52] and the injected 

steam into H and OH radicals (Eq. 7) [48]. On the catalyst surface, the CHx radicals 

generated in the plasma and adsorbed on the catalyst surface undergo further dissociation into 

adsorbed carbon and adsorbed hydrogen. On the other hand, adsorbed oxygen was formed 

from the oxygen species from the injected steam. The adsorbed carbon and adsorbed oxygen 

reacted on the catalyst surface forming adsorbed CO (Eq. 8) which is subsequently released 

as CO, while adsorbed hydrogen recombine with adsorbed hydrogen or CHx radicals to 

produce hydrogen gas (Eq. 9). 

CnHm + nH2O → (n + m/2)H2 + nCO       (4) 

CO + H2O →  H2 + CO2        (5)  

CnHm → CHx + H         (6) 

H2O → H + OH         (7) 

Cads + Oads→  COads         (8) 

Hads + Hads → H2ads         (9) 

 

Influence of plasma power input on the pyrolysis-plasma process. Table 2 

shows the gas yield from the pyrolysis-plasma processing of waste polyethylene for a number 

of different process parameters. The influence of power input to the plasma on the pyrolysis-

plasma process was investigated at input powers of 20 W, 40 W and 60 W and the results are 

shown in Table 2. The input power was adjusted by changing the applied voltage through a 

voltage regulator at constant applied frequency of 1500 Hz. The experiments were carried out 

by pyrolysis of the HDPE to a final pyrolysis temperature of 500 °C in the first stage and 

using plasma alone with different power inputs, without catalyst or steam, in the second 
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stage. The results were compared with the result of the one-stage pyrolysis of the HDPE 

carried out at 500 °C without any accompanying second-stage. A total gas yield of 5.4 wt.% 

was obtained from the pyrolysis of HDPE at 500 °C with a liquid yield (mostly wax) of 87.0 

wt.%. When a second stage plasma reactor was incorporated into the system and a plasma 

discharge generated at a power input of 20 W, the gas yield increased to 9.6 wt.%.  This was 

due to the active species generated in the plasma that caused the cracking of the pyrolysis 

gases and higher molecular weight hydrocarbons. This was also confirmed by the reduction 

in the liquid yield from 87.0 wt % to 78.0 wt.%. When the input power was increased to 40 

W, the gas yield increased to 10.3 wt.% and then to 10.9 wt.%. with a further increase in the 

input power to 60 W. This may be attributed to the enhanced electric field and higher electron 

density of the plasma discharge when the input power was increased, promoting more 

reaction species for cracking the hydrocarbons. More active species and radicals are 

generated at higher discharge power, creating a more reactive environment that enhances 

conversion rate of the gases [59]. Tu and Whitehead [28] investigated the effect of discharge 

power on the dry reforming of methane in a DBD reactor and observed that the conversion 

increased linearly with increasing discharge power. They also observed that at higher 

discharge power, more syngas was produced.  

 The gas composition obtained from the different plasma input power are shown in 

Figure 4. Compared to the one stage pyrolysis process, the introduction of the non-thermal 

plasma in the second stage significantly improved the hydrogen yield which increased further 

with an increase in the plasma input power (Figure 4(a). For example, 0.63 mmol g-1
plastic of 

hydrogen was produced at 20 W, 0.84 g-1
plastic  produced at 40 W and 1.04 g-1

plastic  was 

produced at 60 W. This is attributed to the enhanced electric field and electron density when 

the input power was increased. No carbon oxide was produced in this set of experiments 

because there was no oxygen source as only pure nitrogen was used in generating the plasma.  
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Figure 4(b) shows the yields of the individual C2 ― C4 hydrocarbon gases. Increasing input 

power to the plasma showed an increase in hydrocarbon gases, suggesting enhanced cracking 

of the pyrolysis gases.  At 60 W plasma power input, there was a slight decrease in the yields 

of the hydrocarbons which may be due to further cracking to produce more methane and 

hydrogen as reflected in Figure 4(a)  

Influence of metal catalyst type on the pyrolysis-plasma process: The 

influence of different metal catalysts on the hydrogen production from the pyrolysis-plasma 

catalysis (no steam input) of HDPE was investigated. Four different transition metal catalysts 

were used, Ni/Al2O3, Fe/Al2O3, Cu/Al2O3 and Co/Al2O3 each with a 10 wt. % metal loading 

and prepared using a calcination temperature of 750 °C. The experiments were carried out 

with 1g of the catalyst placed in the centre of the discharge region which was sustained at an 

input power of 60 W. The results for the product gas yield over the different metal-alumina 

catalysts are shown in Table 2. The highest gas yield of 12.0 wt. % was produced with the 

Ni/Al2O3 catalyst. In terms of the total gas yield produced, the order of the catalysts used was 

Ni/Al2O3>Co/Al2O3>Fe/Al2O3>Cu/Al2O3.  Moreover, the liquid oil/wax yield produced from 

the pyrolysis of the polyethylene decreased with increasing gas yield. The gas composition 

from the different metal-alumina catalysts is shown in Figure 5. Figure 5(a) shows that the 

highest hydrogen gas yield of 1.5 mmol g-1
plastic was obtained with Ni/Al2O3 followed by 

Co/Al2O3 with 1.36 mmol g-1
plastic. Figure 5(b) shows the yield of C2 ― C4 hydrocarbons with 

the different catalysts and shows that they were very similar irrespective of what catalyst was 

used. 

 The results show that coupling the plasma with the different catalysts has enhanced 

the product yield because the catalysts influence the discharge properties which influence the 

reaction between the plasma excited species and the pyrolysis gases. The discharge mode 

changed from filamentary for plasma alone to a combination of filamentary and surface 
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discharge in the plasma-catalytic process. It has been suggested that for the case of plasma-

catalysis there is a possibility of direct Eley-Rideal reaction of the adsorbed species on the 

catalysts and the gas phase plasma-generated radicals thus producing additional reaction 

pathways with lower energy barriers and higher rates than conventional catalysis [29]. The 

activities of the different catalysts also depend on their chemical activities and dielectric 

properties. 

 To test the activity of the four catalysts for low temperature catalytic steam reforming 

in the presence of plasma, a steam input of 2 g h-1 g-1
catalyst into the second stage catalytic 

plasma process was used. The results of the gas yield and gas composition are shown in 

Table 2 and Figure 6, respectively. Table 2 shows that for each of the catalysts used an 

enhanced gas yield was obtained with the pyrolysis-catalytic steam reforming process 

indicating a contribution from the injected steam. For example, with the introduction of 

steam, gas yield increased from 12.0 wt.% to 17.8 wt.% using Ni/Al2O3, from 11.2 wt.% to 

15.6 wt.% using Fe/Al2O3, 10.9 wt.% to 14.8 wt.% using Cu/Al2O3 and 11.4 wt.% to 16.6 

wt.% using Co/Al2O3. 

 Figure 6(a) shows that compared to plasma-catalysis (Figure 5), the yield of hydrogen 

was significantly increased for all the catalysts for the pyrolysis-plasma catalytic steam 

reforming of polyethylene. This, in addition to the production of CO indicated that steam 

reforming reactions took place with all the catalysts according to Eq. 4. The hydrogen yield 

also followed the trend for total gas yield with Ni/Al2O3 producing the highest hydrogen yield 

at 3.52 mmol g-1
plastic. Figure 6(b) shows that for the C2 ― C4 hydrocarbons, the Ni/Al2O3 

catalyst also gave the lowest yield of hydrocarbons suggesting they have been reformed using 

the steam to produce more syngas. This higher performance of the Ni/Al2O3 is attributed to its 

better activity in cracking both C – C and C – H bonds [60]. The CH4 and C2 ― C4 

hydrocarbon yields for the Fe/Al2O3, Cu/Al2O3 and Co/Al2O3 catalysts were all very similar.     
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Influence of steam input on the pyrolysis-plasma process: The influence of 

different steam inputs on the plasma catalytic steam reforming process was investigated using 

different steam input rates (0, 2, and 6 g h-1 g-1
catalyst) with a plasma input power of 60 W 

using the Ni/Al2O3 catalyst. Table 2 shows the gas yields obtained with the different steam 

input rates including zero steam injection. At 0 g h-1 g-1
catalyst (no steam), 12.0 wt.% of total 

gas was obtained, however, with the introduction of steam to the plasma-catalytic at 2 g h-1 g-

1
catalyst, a significant increase in the gas yield was observed at 17.8 wt.%. This shows that the 

introduction of steam into the system has promoted the conversion of pyrolysis volatiles to 

produce more gas. It has been reported that when steam is introduced in the discharge region, 

OH radicals are generated through electron-impact dissociation of water and collisions of the 

water with excited N2 species [61]. These radicals leading to increased conversion of the 

pyrolysis volatiles. A further increase in the gas yield to 19.8 wt % was obtained at the higher 

steam input of 4 g h-1 g-1
catalyst indicating that more water has reacted with the pyrolysis gases 

to generate more gas. However, at 6 g h-1 g-1
catalyst steam input, the gas yield decreased to 14.2 

wt.%.  

 The gas yield for the product gases is shown in Figure 7 and shows that introducing 

steam resulted in a marked increase in hydrogen yield (Figure 7(a). The hydrogen yield 

increased from 1.5 mmol g-1
plastic in the absence of steam to 3.52 mmol g-1

plastic when steam 

was introduced at 2 g h-1 g-1
catalyst. Increasing the steam input to 4 g h-1 g-1

catalyst resulted in 

further increase in the hydrogen yield to 4.56 mmol g-1
plastic but at higher steam input of 6 g h-

1 g-1
catalyst, the hydrogen yield decreased to 3.24 mmol g-1

plastic. It is also noteworthy that no 

CO was detected in the absence of steam but when steam was added CO was obtained. The 

initial increase of the steam input from 2 g h-1 g-1
catalyst  to 4 g h-1 g-1

catalyst  promoted the steam 

reforming of the pyrolysis hydrocarbons resulting in enhanced hydrogen and CO yields while 

at higher steam flow rate the yields decreased suggesting there is an optimum steam:carbon 
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ratio for maximum hydrogen yield. Liu et al. [62] studied the effect of steam:carbon ratio on 

the steam reforming of toluene in a gliding arc discharge and reported the best performance 

of the reactor at a steam:carbon ratio of between 2 - 3. When steam was added, high activity 

radicals such as OH are generated in the discharge zone which provide a route for the 

hydrocarbons conversion. When the steam input was increased, the concentration of the OH 

radicals increased and a corresponding increase in the yield of H2 and CO was observed. At 4 

g h-1 g-1
catalyst, the extra steam was also able to promote the water gas shift reaction (Eq. 5) 

resulting in the production of CO2 and increased yield of hydrogen gas. Sugasawa et. al. [63], 

noted that increased water content increased the oxidative capacity of water to promote COx 

production. However, beyond the optimum steam:carbon ratio, there is an excess of steam 

which could be adsorbed on the surface of the catalyst, thereby reducing the contact of the 

hydrocarbons with the catalyst [64]. Excess water in the plasma can also result in a reduced 

density of energetic electrons as a result of electron attachment to water molecules [65]. A 

number of studies have reported quenching of the reactive chemical species when the amount 

of water in the plasma is in excess [66-68]. 

 The maximum hydrogen yield obtained from the pyrolysis-plasma catalytic steam 

reforming of waste high density polyethylene was only 4.56 mm g-1. Conventional pyrolysis-

catalytic steam reforming has shown much higher yields of hydrogen from waste plastics. For 

example, Yao et al [69] reported a hydrogen yield produced from the two-stage fixed bed 

pyrolysis-catalytic steam reforming of polyethylene of 66 mmol g-1
plastic. A hydrogen yield of 

88 mmol g-1
plasticwas reported for polypropylene using a two-stage screw kiln reactor 

followed by a fixed bed catalytic steam reforming reactor [70]. Czernik and French [13] used 

a continuous two-stage fluidised bed pyrolysis reactor with a fluidised bed catalytic steam 

reforming reactor for the processing of polypropylene and reported a hydrogen yield of 

168mmol g-1
plastic. Barbarias et al [17] produced even higher yields of hydrogen using a 
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continuous fluidised spouted bed reactor with a coupled fluidised bed catalytic steam 

reforming reactor. They reported a hydrogen yield from the pyrolysis-catalytic steam 

reforming of polyethylene of 185 mmol g-1
plastic. The yield of hydrogen will be influenced by 

the reactor design, for example a fluidised bed will provide enhanced heat and mass transfer 

of reactants compared to a fixed bed reactor, the catalytic steam reforming temperature, the 

type of catalyst used, steam input, catalyst:plastic ratio etc. [71]. However, the comparative 

low yield from the pyrolysis-plasma catalytic process in the work reported here is produced at 

significantly lower catalyst temperature of 250 °C compared to typical thermal reforming 

catalyst temperatures of ~800 °C.  Comparison of the energy balance of the two processes for 

the production of hydrogen from plastics would enable a definitive assessment of the 

advantages of low-temperature plasma-catalytic steam reforming. In addition, the Ni/Al2O3 

catalysts used in this work that produced the highest hydrogen yield is designed for thermal 

catalytic steam reforming at high temperature and would be significantly less efficient at the 

operational temperature of the plasma reactor (250 °C). Therefore, catalysts should be 

designed for the unique plasma-catalytic environment, for example support materials with 

enhanced dielectric properties which promote plasma formation and active metal species that 

promote reforming catalytic activity and selectivity for hydrogen production in the plasma 

environment. 

 

CONCLUSIONS 

The use of a novel two stage pyrolysis-non thermal dielectric barrier discharge (DBD) plasma 

reactor has been studied for hydrogen production from waste high density polyethylene. The 

results showed that using a DBD plasma enhanced the total gas and hydrogen yield compared 

to catalysis alone. When a Ni/Al2O3 catalyst was incorporated in the discharge region, the 
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yields of all the product gases increased due to the synergistic effect of plasma and catalyst. 

Introducing steam into the plasma promoted steam reforming reactions due to the formation 

of OH radicals that open a new reaction route resulting in increased production of hydrogen 

and carbon monoxide. 

 Increasing the plasma power input from 20 W to 60 W increased the electric field and 

electron density resulting in increased hydrogen yield from 0.63 mmol g-1
plastic to 1.10 mmol 

g-1
plastic. In addition, the total gas yield also increased. Four different transition metal catalysts 

(Ni/Al2O3, Co/Al2O3, Fe/Al2O3 and Cu/Al2O3) were investigated for the plasma catalysis and 

plasma catalytic steam reforming process and Ni/Al2O3 gave the highest yield of total gas and 

hydrogen gas. The effect of steam input rate was further studied using the Ni/Al2O3 catalyst. 

When steam was injected, OH radicals were produced and their concentration increased with 

increased steam input rate up to an optimum steam:carbon ratio. At the optimum steam input 

rate of 4 g h-1 g-1
catalyst, the highest hydrogen gas yield was obtained as 4.56 mmol g-1

plastic. 

When the steam input was increased to 6 g h-1 g-1
catalyst, the hydrogen yield was reduced due 

to saturation of the catalyst and quenching of plasma species. 

 This study shows that the two-stage pyrolysis-non-thermal plasma reactor can be used 

for the conversion of waste HDPE to produce hydrogen gas at low temperature and 

atmospheric pressure. Although the hydrogen yield is low compared to thermal catalytic 

processes, the low temperature used in this system can be seen as an alternative route for 

hydrogen production from the waste HDPE. A techno-economic assessment of the pyrolysis-

non-thermal plasma catalysis process should be compared with that of conventional thermal 

catalytic processes to ascertain the potential of the process, in terms of mass and energy 

balance, and cost.  
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FIGURE CAPTIONS 

 

Figure 1. A schematic diagram of the two-stage pyrolysis-plasma reactor 

Figure 2. Schematic diagram of the reactors 

Figure 3. Comparison of gas composition from catalysis, plasma alone, plasma-catalysis, 

plasma steam reforming and plasma catalytic steam reforming processes. 3(a) Main gas 

components, 3(b) C2 ― C4 hydrocarbons. 

Figure 4. Influence of different plasma power input on the gas composition from pyrolysis-

non-thermal plasma cracking of waste polyethylene (pyrolysis temperature 500oC, no steam, 

no catalyst). 4(a) Main gas components, 4(b) C2 ― C4 hydrocarbons. 

Figure 5. Influence of different metal catalysts on the gas composition from pyrolysis-

plasma-catalysis of waste polyethylene (pyrolysis temperature 500oC, power 60 W, no 

steam). 5(a) Main gas components, 5(b) C2 ― C4 hydrocarbons. 

Figure 6. Influence of different metal catalysts on the gas composition from pyrolysis-

plasma-catalytic steam reforming of waste polyethylene (pyrolysis temperature 500oC, power 

60 W, steam WHSV 2 g h-1 g-1
catalyst). 6(a) Main gas components, 6(b) C2 ― C4 

hydrocarbons. 

Figure 7. Influence of different steam weight hourly space velocity on the total gas yield 

from pyrolysis-plasma-catalytic steam reforming of waste polyethylene (pyrolysis 

temperature 500oC, power 60 W, 10 wt. % Ni/Al2O3 catalyst). 7(a) Main gas components, 

7(b) C2 ― C4 hydrocarbons. 
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Figure 1. A schematic diagram of the two-stage pyrolysis-plasma reactor system 
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Figure 2. Schematic diagram of the reactors 
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Figure 3. Comparison of the composition of lighter hydrocarbons from catalysis, plasma 

alone, plasma-catalysis, plasma steam reforming and plasma catalytic steam reforming 

processes. 3(a) Main gas components, 3(b) C2 ― C4 hydrocarbons. 
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Figure 4. Influence of different plasma power input on the gas composition from pyrolysis-

non-thermal plasma cracking of waste polyethylene (pyrolysis temperature 500oC, no steam, 

no catalyst). 4(a) Main gas components, 4(b) C2 ― C4 hydrocarbons. 
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Figure 5. Influence of different metal catalysts on the gas composition from pyrolysis-

plasma-catalysis of waste polyethylene (pyrolysis temperature 500oC, power 60 W, no 

steam). 5(a) Main gas components, 5(b) C2 ― C4 hydrocarbons. 
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Figure 6. Influence of different metal catalysts on the gas composition from pyrolysis-

plasma-catalytic steam reforming of waste polyethylene (pyrolysis temperature 500oC, power 

60 W, steam WHSV 2 g h-1 g-1
catalyst). 6(a) Main gas components, 6(b) C2 ― C4 

hydrocarbons. 
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Figure 7a. Influence of different steam weight hourly space velocity on the gas composition 

from pyrolysis-plasma-catalytic steam reforming of waste polyethylene (pyrolysis 

temperature 500oC, power 60 W, 10 wt. % Ni/Al2O3 catalyst). 7(a) Main gas components, 

7(b) C2 ― C4 hydrocarbons. 
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Table 1. Comparison of total gas yield (in relation to the mass of plastic) from catalysis, 

plasma alone, plasma-catalysis, plasma steam reforming and plasma catalytic steam 

reforming processes. 

 Catalysis Plasma 

alone 

Plasma- 

catalysis 

Plasma 

Steam 

reforming 

Plasma 

catalytic 

steam 

reforming 

 

Gas yield (wt. %) 

 

7.0 

 

10.9 

 

12.0 

 

17.0 

 

19.8 
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Table 2. Influence of various process parameters on the total gas yield from pyrolysis-

non-thermal plasma processing of waste HDPE. 

 

 Plasma input power (No catalyst) 

0 W 20 W 40 W 60 W 

 

Gas yield (wt.%) 

 

5.4 

 

9.6 

 

10.3 

 

10.9 

 Catalyst type 

 Ni/Al2O3 Fe/Al2O3 Cu/Al2O3 Co/Al2O3 

 

Gas yield (wt. %) 

 

12.0 

 

11.2 

 

10.9 

 

11.4 

 Catalyst type with Steam input 

Ni/Al2O3 Fe/Al2O3 Cu/Al2O3 Co/Al2O3 

 

Gas yield (wt. %) 

 

17.8 

 

15.6 

 

14.8 

 

16.6 

 Steam weight hourly space velocity (Ni/Al2O3) 

(g h-1 g-1
catalyst) 

0 2 4 6 

 

Gas yield (wt. %) 

 

12.0 

 

17.8 

 

19.8 

 

14.2 

 

 

 


