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Abstract 

The replacement of natural gas with plastic-derived pyrolysis gas can defossilize H2 

production, while subsequent capture, utilization and storage of carbon in a solid form can 

decarbonize the process. The objective of this study was to investigate H2 production from 

three types of plastics using a process comprising pyrolysis (600 °C) and thermolysis stages 

(1200-1500 °C). Depending on the plastic feedstock and thermolysis temperature, the 

laboratory-scale setup generated 1000-1350 mL/min product gas with H2 purity of 74.3-94.2 

vol.%. The recovery of 5-9 wt.% molecular H2 per mass of plastics was achieved. Other 

products included solid residue (0.1-12 wt.%) and oil (8-52 wt.%) from the pyrolysis reactor, 

solid carbon (36-53 wt.%) and gas impurities (2-16 wt.%) from the thermolysis reactor. The 

purity of H2 gas was detrimentally influenced by polyethylene terephthalate in the feedstock 

due to the dilution of gas by CO. The decomposition of methane containing in the pyrolysis 

gas was the limiting reaction step during H2 production and improved at higher thermolysis 

temperature. Three solid carbon structures were formed during the thermolysis stage 

regardless of the plastic type: carbon black aggregates, carbon black aggregates coated with 

a layer of pyrolytic carbon and a carbon film on the inner reactor wall. Among the three types 

of carbon, the highest valorization potential was identified for carbon black aggregates. Plastic 

feedstock composition had little if any effect on carbon black properties, while high thermolysis 

temperature (1500 °C) reduced the particle sizes and increased the surface area of 

aggregates. 
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1. Introduction 

Hydrogen is considered a key resource for decarbonized economy. However, current 

hydrogen production relies heavily on fossil feedstock. Approx. 95-96% of hydrogen supply 

originates from coal gasification and natural gas (methane) steam reforming [1]. Methane is a 

“cleaner” fossil feedstock compared to coal. The estimated CO2 emissions from steam 

methane reforming are 9-11.5 tonnes per 1 tonne of hydrogen [2], which is nearly two times 

lower than from coal gasification [3]. Several technologies are being developed to reduce 

carbon footprint of hydrogen from methane, including steam methane reforming coupled with 

CO2 capture and storage (so called low-CO2 or blue hydrogen) and methane pyrolysis (CO2-

free or turquoise hydrogen). The carbon footprint of these technologies is sensitive to the 

efficiency of carbon capture, CO2 leakage, source of heat to run the process, fugitive methane 

emissions and natural gas supply chain due to the vicinity of deposits [2,3]. The conceptual 

difference of hydrogen production using steam methane reforming with carbon capture and 

storage from methane pyrolysis is a form of carbon by-product. The former technology 

generates CO2. That requires permanent CO2 storage, typically under supercritical conditions 

in geological formations. Leakage from storage sites is the major risk associated with CO2 and 

it can be induced by geochemical reactions, pressure and temperature as well as poor cement 

cladding near a wellbore region [4]. The latter technology transforms methane into a solid 

carbon product, that is easier to handle, and store compared to CO2, for instance, in concrete 

[5]. 

While the above-mentioned technologies can reduce carbon emissions, their benefits 

come at a cost of higher fossil resource consumption. The efficiency drop of steam methane 

reforming upon integration with carbon capture and storage is 5-14% [2], meaning more 

methane is required to compensate growing process needs. The consumption of methane is 

even larger when steam methane reforming is replaced by methane pyrolysis. During steam 

methane reforming, one molecule of methane can yield up to four molecules of hydrogen. The 

first step of the process is a reforming reaction, typically yielding a gas mixture containing 

hydrogen and CO. Water gas shift reaction is then applied as a second step to catalytically 
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convert CO in the presence of steam into CO2 and generate more hydrogen. During methane 

pyrolysis, only two molecules of hydrogen are produced from one molecule of methane. That 

is, two times larger methane usage is required to reach the equivalent hydrogen outputs. 

Reforming step: CH4 + H2O = CO + 3H2       (1) 

Water-gas shift step: CO + H2O = CO2 + H2      (2) 

Combined steam methane reforming: CH4 + 2H2O = CO2 + 4H2    (3) 

Methane pyrolysis: CH4 = C + 2H2       (4) 

How to mitigate intensified fossil resource consumption while decarbonizing hydrogen 

production? One way to achieve this goal is by partially replacing natural gas with alternative 

hydrocarbon sources. Biomass is one potential feedstock for hydrogen production. However, 

the concentration of hydrogen in producer and pyrolysis gases (i.e. from gasification and 

pyrolysis, respectively) is relatively low due to the high O/C molar ratios. This leads to exergy 

losses [6] and co-generation of large quantities of carbon oxides [7], reflecting on hydrogen 

separation cost and potential need for CO2 capture and storage. 

An alternative source of hydrogen is plastic waste. Global plastic consumption is 

growing. So does the amount of discarded plastic waste and associated pollution due to 

leakage of plastics into the environment [8]. Plastic waste is recognized as a promising 

feedstock for hydrogen production via gasification and pyrolysis-based technologies. Lopez at 

al. [9] reviewed thermochemical technologies for plastic waste utilization and pointed out 

several challenges related to gasification, including tar generation and dilution of hydrogen 

stream by other products. The authors highlighted advantages of pyrolysis-reforming process, 

yielding syngas with higher hydrogen concentrations and low tar contents. In recent years, 

pyrolysis-chemical vapor deposition process was widely studied [10]. Haggar et al. [11] 

demonstrated the production of gas over a catalyst with hydrogen content up to 81 vol.% using 

low-density polyethylene (LDPE) as a feedstock. The obtained carbon deposits were in a form 

of multi-walled carbon nanotubes. Due to relatively low temperatures of chemical vapor 

deposition stage (typically, below 800 °C), the complete conversion of hydrocarbons was not 

attainable, and the product gas contained methane and other by-products [10-12]. In another 
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study, thermal plasma pyrolysis was applied for the decomposition of plastics. Even though 

plasma arc temperatures could reach above 11,000 K, the obtained hydrogen-rich gas 

contained residues of undecomposed hydrocarbon compounds (51.2-79.4 vol.% H2 and 20.6-

47.4 vol.% C1-C5 hydrocarbon compounds, depending on the feedstock and conditions) [13]. 

According to hydrogen supply chain analysis data, purification stage can contribute up to 30% 

of operation costs with higher costs expected for the lower purity hydrogen streams [14]. 

Therefore, further improvements in the processing of plastics are required in order to obtain 

cost competitive hydrogen. 

The objective of this study was to investigate the production of concentrated hydrogen 

streams (above 90 vol.% H2) with nearly complete hydrocarbon decomposition (below 1 vol.% 

C1-C5 hydrocarbon compounds) using thermal pyrolysis (thermolysis) of non-condensable 

pyrolysis gas from plastics. In this sense, the process resembles CO2-free or turquoise 

hydrogen production from natural gas, except natural gas is substituted by plastic waste in 

order to reduce consumption of fossil resources. While thermolysis has been extensively 

studied for the decomposition of single hydrocarbon gases, including pure methane [15, 16], 

ethane [17] and propane [18], as well as natural gas [189], pyrolysis oils from biomass [20] 

and tires [21], there are limited data about the application of this process towards conversion 

of pyrolysis gas from plastics using non-plasma process. Pure LDPE and mixtures of real-

world post-consumer plastics containing polyethylene terephthalate (PET) were used. The 

effects of feedstock type and thermolysis temperature (1200-1500 °C) on the properties of 

hydrogen gas and solid carbon were investigated. Special attention was given to the 

characterization of carbon black in order to gain insights about potential valorization pathways 

of this material. 

 

2. Materials and methods 

2.1 Plastics 

Pure LDPE (Lotte Chemical Titan, denoted as LDPE) and a mixture of sorted post-

consumer plastic packaging, primarily composed of polyethylene and propylene (denoted as 
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mixed plastics, MP) were used in the study. Polyethylene terephthalate bottles (denoted as 

PET) were added to MP to investigate the influence of PET on hydrogen and solid carbon 

evolution. Although recycling rates of PET are generally high, it is not always profitable or 

practical to recycle PET items due to contamination or lack of infrastructure and other 

challenges [22]. In such circumstances, thermal treatment of mixed plastics containing PET 

could be an alternative option. LDPE was used in the form of pellets. MP and PET were 

shredded into flakes prior to experiments. The properties of three types of plastics are shown 

in Table 1. Due to the heterogeneity and small quantities of sample taken for the elemental 

analysis (several mg), the experimental errors for C and H contents of MP were higher 

compared to LDPE and PET. The higher ash content in MP could be due to the presence of 

inorganic fillers and metallized packaging in the plastic waste. MP was mixed with PET to 

prepare a mixture containing 60 wt.% MP + 40 wt.% PET (denoted as 60MP40PET). 

 

Table 1. Characteristics of plastics. 

Propertiesa LDPE MP PET 

C, wt.% 84.2±0.1 79.1±8.9 62.0±0.1 

H, wt.% 15.4±0.3 14.1±2.0 4.0±0.2 

N, wt.% <0.1 0.2±0.2 <0.1 

S, wt.% 0.4±0.4 0.4±0.2 <0.1 

Fixed carbon, wt.% <0.1 0.6±0.3 6.2±1.4 

Volatile matter, wt.% 99.7±0.1 96.5±0.6 93.8±1.4 

Ash (550 °C), wt.% <0.1 2.4±0.8 <0.1 

Higher heating 

value, MJ/kg 
46.5±0.2 39.4±0.8 23.0±0.2 

a where applicable, the values are reported as averages ± standard deviations; C, H, 

N, S contents were determined by Elementar Vario El Cube; fixed carbon, volatile matter and 

ash content were determined by gravimetry in a muffle furnace; higher heating value was 

measured by IKA C2000 equipped with a 260 mL calorimetric bomb. 
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2.2 Experimental setup 

The process flow diagram is shown in Fig. 1A. The conversion of plastic waste into 

hydrogen was decoupled into two stages: plastic pyrolysis and gas thermolysis. Pyrolysis 

stage refers to the thermal degradation of plastic waste in the absence of oxidizing gases and 

resulting in the formation of condensable liquid product (oil) and non-condensable gas 

(pyrolysis gas). The produced oil from plastic waste can potentially replace crude oil as a 

feedstock in refineries, e.g., in a steam cracker [23]. Therefore, only pyrolysis gas containing 

mainly C1-C5 and small quantities of C6+ compounds [24] was used for the valorization via 

thermolysis. Thermolysis refers to the thermal decomposition of hydrocarbon compounds 

containing in pyrolysis gas into a solid carbon product and hydrogen. Both plastic pyrolysis 

and hydrocarbon gas thermolysis are considered scalable technologies [19, 25]. The 

replacement of methane with plastic waste-derived gas provides means for defossilization of 

hydrogen production, while capture, utilization or storage of solid carbon can decarbonize the 

process.  
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Fig. 1. (A) Process flow diagram of plastic waste-to-hydrogen comprising pyrolysis and 

thermolysis stages. (B) Experimental setup: 1 – plastic pyrolysis reactor, 2 – airlock valve, 3 – 

manometer, 4 – N2 supply, 5 – cracking reactor, 6 – oil condenser, 7 – sampling port for 

pyrolysis gas, 8 – thermolysis reactor, 9 – filter. (C) Carbon collected from the particle filter, 

(D) carbon recovered from the thermolysis reactor and (E) carbon layer deposited on the inner 

wall of thermolysis reactor (MP, 1300 °C). 

 

Fig. 1B shows the experimental setup. Plastic samples were fed into a stainless steel 

pyrolysis reactor pre-heated to 600 °C (15 g every 10 min). N2 was supplied as a sweep gas 

and internal standard for the calculation of total gas volume using gas chromatography (50 

mL/min). The produced volatile products were directed into a cracking reactor, comprising a 

hollow tube pre-heated to 600 °C. The purpose of cracking reactor was to increase the 

residence time of volatile pyrolysis products at high temperature to facilitate decomposition 

P

N2

H2

Pyrolysis 

gas

Pyrolysis 

oil

Plastics

1

23

4

5

6

7

8

9

Carbon 

black

A

B
C

ThermolysisPlastic waste Pyrolysis gas

Defossilization Decarbonization

Oil Solid carbon

D

E



9 
 

into pyrolysis gas [26]. Liquid pyrolysis products were collected in a condenser maintained at 

ambient temperature (approx. 23 °C). The pyrolysis gas was directed via a pipeline into an 

alumina reactor pre-heated to 1200-1500 °C followed by a filter, separating solid carbon from 

product gas containing hydrogen (referred to as a product gas). The thermolysis reactor had 

an inner diameter of 5 cm and the reaction zone of 70 cm. 

In a typical experiment, the pyrolysis and thermolysis reactors were pre-heated and 

purged with N2 to remove air. Plastic pyrolysis was conducted semi-continuously by feeding 

15 g of material every 10 min. Together with plastics, 50 mL/min of N2 were continuously co-

fed into the pyrolysis reactor. During 1 h of flow stabilization, pyrolysis gas by-passed the 

thermolysis reactor. After 1 h, the feeding of plastics and N2 into the pyrolyzer continued at the 

same rates. A sample of pyrolysis gas was collected into a gas bag and the stream of pyrolysis 

gas was switched from the by-pass to the thermolysis reactor. The collection of carbon at the 

outlet of the thermolysis reactor was started immediately after switching to the thermolysis 

reactor and continued for 30 min. The collection of product gas was started 5 min later to allow 

for the displacement of N2 in the thermolysis reactor with produced H2. The collection of 

product gas continued for 25 min. Then, the stream of pyrolysis gas was switched back to the 

by-pass and one more sample of pyrolysis gas was collected in a gas bag. The filter was 

cleaned to remove solid carbon and the thermolysis process was conducted 2 more times 

before cooling the pyrolysis and thermolysis reactors. In addition to carbon collected from the 

filter, carbon samples recovered from the thermolysis reactor were also analyzed. Fig. 1C, 1D 

and 1E show the three specimens of solid carbon samples: a powder from the particulate filter, 

a bulk agglomerate from the thermolysis reactor (resembling a plug sample from thermal 

methane cracking reported in [27]) and a thin film grown on the inner surface of the thermolysis 

reactor. The first two carbon samples have black color, while the film is shiny and silvery. For 

each set of conditions, the experiment was conducted twice, resulting in the collection of 6 

samples of product gas and 8 samples of pyrolysis gas in total. Additionally, pyrolysis 

experiments were conducted three times for each feedstock to quantify the production of oil 

and solid residue. All results are reported as averages and the experimental errors are 
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expressed as standard deviations. Where applicable, the statistical significance of averages 

was evaluated using a two-tailed t-test with a confidence level of 95%. 

 

2.3 Characterization of samples 

Product and pyrolysis gases were characterized by a gas chromatograph with one 

flame ionization and two thermal conductivity detectors (customized 7890B, Agilent). The 

chromatograph was calibrated with a mixture containing 21 C1-C5 hydrocarbon compounds, 

CO, CO2, H2 and N2. The flow rate of each component in a mixture was calculated by knowing 

the flow rate of N2 and volumetric concentrations of the component and N2. Hydrogen, carbon 

and oxygen contents (g/min) were determined from the volumes of components in pyrolysis 

and product gases. The production rates of product gas, solid carbon and hydrogen were 

calculated as: 

Product gas (g/min) = m(H product gas) + m(C product gas) + m(O product gas)  (5) 

Solid carbon (g/min) = [m(C pyrolysis gas) – m(C product gas)]/[C determined by 

CHNS analysis]          (6) 

Hydrogen (g/min) = m(H product gas)      (7) 

The yields of product gas, solid carbon and hydrogen per mass of plastics were 

calculated by dividing production rate by feeding rate (i.e. 1.5 g/min plastics). 

The yields of oil and solid residues from the pyrolysis reactor were calculated based 

on the masses of products divided by the mass of plastics used for experiments. The material 

balance was determined as the sum of yields of product gas, solid carbon, oil and solid 

residue. 

Solid carbon samples were characterized by transmission electron microscopy (TEM, 

JEOL JEM-1400Plus) and field emission scanning electron microscopy (FESEM, JEOL JSM-

7600F). The size distribution of solid carbon particles collected on the filter was determined 

by calculating diameters of 300-350 spherical particles from TEM images. A graphitization 

degree was analyzed by Raman spectroscopy (XploRA PLUS, Horiba Scientific) with a 532 

nm laser excitation. C, H, N and S contents of solid carbon and oil were determined by 
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Elementar Vario El Cube. N2 adsorption/desorption isotherms were measured by 

Quantachrome Autosorb-1 Analyzer at −196 °C. The Brunauer–Emmett–Teller (BET) model 

was used to determine the specific surface area of solid carbon. The total pore volume was 

calculated from N2 uptake at P/P0 = 0.95-0.96. 

 

3. Results and discussion 

3.1 Effect of plastic feedstock on product output 

Pure LDPE was used as a reference material in this study. The distribution of products 

after the thermolysis at 1300 °C is shown in Table 2. The main output was oil (52 wt.%) 

followed by solid carbon (40 wt.%), product gas (9 wt.%) and negligible quantity of solid 

residue remaining in the pyrolysis reactor (<0.1 wt.%). Commercial pyrolysis processes 

optimized for oil production can yield 75-95 wt.% oil [25]. In this study, oil production was lower 

due to higher pyrolysis temperature and increased residence time. Hydrogen production from 

LDPE was 7 wt.%. This plastic showed better mass balance closure (101%) as compared to 

other two samples (80-99 %, depending on the experimental run). The decrease in mass 

recovery suggests that in case of real waste samples there could be other unaccounted 

compounds formed during the process. For example, volatile organic compounds or aerosols 

condensing along the lines.  

 

Table 2. Product outputs from the plastic waste-to-hydrogen process. 

Feedstock LDPE 60MP40PET MP 

Temperature 

(°C) 

1300 1300 1200 1300 1400 1500 

Product gas 

(wt.%) 

9±1 21±3 10±2 9±2 13±2 10±1 

Solid carbon 

(wt.%) 

40±5 42±3 37±2 41±8 53±2 36±6 

Oil (wt.%) 52±7 8±1 24±7 
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Solid residue 

(wt.%) 

<0.1 12±6 10±6 

Mass balance 

(wt.%) 

101 84 81 84 99 80 

Hydrogen 

(wt.%) 

7±1 5±2 6±1 6±1 9±1 7±1 

 

Compared to LDPE, pyrolysis of MP and 60MP40PET at 600 °C resulted in the 

formation of more solid residue in pyrolysis reactor and less oil. Since the quantities of solid 

residue (i.e. 10 and 12 wt.% from MP and 60MP40PET) were higher than the ash contents of 

the individual polymers (i.e. 2.4 and 0.1 wt.% for MP and PET), the specimens contained both 

ashes and coke formed by carbonization of organic material under the pyrolysis conditions. 

The lower oil yields from MP and 60MP40PET (i.e. 24 and 8 wt.%) were probably caused by 

the differences in plastic feedstock composition. Based on the CHNS analysis, oil samples 

mainly consisted of carbon and hydrogen atoms (Table S1). The contents of these elements 

were comparable regardless of plastic feedstock. In case of the PET addition, the decrease in 

oil yield is well documented [28, 29]. One reason is the increased formation of CO and CO2 

from PET, which was also observed by the gas chromatography of pyrolysis gas from 

60MP40PET (Fig. 2A). Another reason is the production of sublimated organic solids, such as 

benzoic and terephthalic acids, that may condense on cold reactor walls or form aerosols, 

which by-pass the oil trap and accumulate in downstream gas lines. 

The composition of pyrolysis gas flowing into the thermolysis reactor is shown in Fig. 

2A and Fig. 2B. Notably, the H2 concentration was only 7-12 vol.%, while the total content of 

hydrocarbon compounds was 41-84 vol.%, depending on the plastic feedstock. After the 

thermolysis at 1300 °C, hydrocarbon compounds were decomposed generating 40-42 wt.% 

of solid carbon (Table 2). Based on the similar quantities of solid carbon, there was little if any 

influence of the feedstock composition on carbon formation in this study. However, the effect 

of plastics on the generation of product gas was significant. The quantities of product gas after 
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thermolysis of MP and LDPE were 9 wt.% per mass of plastic feed, which is much lower 

compared to 60MP40PET (i.e. 21 wt.% per mass of plastic feed). The overall recovery of 

molecular hydrogen from the three samples was not statistically different (i.e. the yield of 

hydrogen was 7±1, 6±1 and 5±2 wt.% for LDPE, MP and 60MP40PET according to Table 2). 

The remaining species in product gas accounted for 2, 3 and 16 wt.% for LDPE, MP and 

60MP40PET and included traces of C1-C5 hydrocarbon compounds, N2 and CO (Fig. 2C and 

Fig. 2D). Although the volumetric percentages of the above mentioned impurities are lower 

compared to hydrogen, these compounds are heavier. Therefore, even small volumetric 

concentrations of impurities can make a large impact on the yield of product gas expressed 

on a mass basis. The contribution becomes more prominent with the increase in concentration 

of gas impurities as it can be observed in case of the product gas from 60MP40PET, containing 

19.3 vol.% CO (Fig. 2C). 

 

Fig. 2. Pyrolysis (A, B) and product gases (1300 °C) (C, D) from the four types of 

plastics: (A, C) H2, N2, CO2 and CO and (B, D) C1-C5 hydrocarbon compounds. 
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According to Fig. 2C, the volumetric hydrogen concentration in the product gas was 

the highest in case of LDPE (94.2 ± 0.7 vol.%) followed by MP (91.3 ± 1.7 vol.%) and 

60MP40PET (74.3 ± 2.9 vol.%). Although CO2 was present in the pyrolysis gas of MP and 

60MP40PET samples (Fig. 2A), after thermolysis at 1300 °C, it was converted into CO, 

indicating the oxidation of hydrocarbon compounds and/or solid carbon by CO2 in the 

thermolysis reactor. CO2 could also react with H2 via a reverse water gas shift reaction 

producing CO and H2O. The residues of N2 gas used as an internal standard for volume 

calculation can be seen in all gas samples and accounted for no more than 5.5 vol.% (Fig. 

2C). The elimination of N2 usage as an external standard for volume calculation can improve 

hydrogen purity further. For all samples, almost complete decomposition of C1-C5 hydrocarbon 

compounds was achieved at 1300 °C (Fig. 2D) with the most stable hydrocarbon species 

being methane as suggested by the highest volumetric concentration. Compared to 

hydrocarbon compounds with larger number of carbon atoms, methane has the stronger C-H 

bond, making it more difficult to decompose into C and H2 [30]. Fig. 3 shows the production 

rates of pyrolysis and thermolysis gases (1300 °C) from the three types of plastics. The output 

of pyrolysis gas was 600-800 mL/min, depending on plastic feedstock. Upon the thermolysis 

stage, the decomposition of hydrocarbon compounds into solid carbon and hydrogen 

occurred. According to Fig. 2B, the hydrocarbon compounds in the pyrolysis gas were mainly 

alkanes and alkenes with general formulas CnH2n+2 and CnH2n, where n is the number of carbon 

atoms. During the thermal decomposition of alkanes and alkenes, (n+1) and n molecules H2 

per n number of carbon atoms are formed, respectively. Furthermore, each CO2 molecule 

produces 2 molecules of CO during the reaction with hydrocarbon compounds and solid 

carbon. Due to these reactions, the volume of product gas after thermolysis increased to 1000-

1350 mL/min, depending on the feedstock. 
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Fig. 3. Influence of plastic feedstock on the generation of pyrolysis and product (1300 

°C) gases. 

 

Apart from the two-stage pyrolysis-thermolysis process described in this study, two 

commonly investigated thermal technologies were pyrolysis-steam reforming and pyrolysis-

chemical vapor deposition (CVD) as reviewed in [10] and compared in Table 3. The H2 purity 

from polypropylene pyrolysis-steam reforming could reach up to 66 vol.% only [31], due to 

dilution by released CO and CO2. The reported H2 purity obtained by pyrolysis-chemical vapor 

deposition of LDPE at 700 °C was up to 81 vol.%, which is lower than that shown in Fig. 2C 

for LDPE and MP [11]. The lower hydrogen concentration (~80 vol.%) was also achieved by 

microwave-initiated pyrolysis-chemical vapor deposition of high-density polyethylene [32]. 
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especially, PET content, yielding CO). Furthermore, metal catalysts that are prone to 

deactivation are not required for the thermolysis stage, thus allowing for the lower raw material 

footprint. It also avoids contamination of solid carbon by catalyst residues and eliminates 

carbon purification stage compared to pyrolysis-CVD process. These trade-offs should be 

considered when analysing pros and cons of technologies for hydrogen generation and solid 

carbon capture from plastics. 

Table 3. Thermal two-stage technologies for hydrogen recovery from plastic waste 

[10]. 

 Pyrolysis-steam 

reforming 

Pyrolysis-CVD Pyrolysis-

thermolysis 

H
2
 purity Up to 66 vol.% [31] Up to 81 vol.% [13] Up to 94.2 vol.% 

[This study] 

H
2
 yield Up to 38 g/100 g 

plastics [32] 

Not reported Up to 6-9 g/100 g 

plastics [This study] 

Typical temperature 

range 

600-900 °C 500-900 °C 1200-1500 °C 

Catalyst Required for the 

reforming stage 

Required for the 

CVD stage (short 

catalyst life-time) 

Not required 

Main by-products CO, CO
2
 Carbon nanotubes, 

carbon nanofibers, 

CH
4
 

Carbon black 

 

 

3.2 Influence of thermolysis temperature on product gas 

MP sample was used to investigate the effect of thermolysis temperature in the range 

of 1200-1500 °C on the gas composition. In all gas samples, hydrogen was the main 

component with the lowest concentration at 1200 °C (89.8 ± 0.4 vol.%), reaching the maximum 
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at 1400 °C (94.0 ± 0.5 vol.%) (Fig. 4A). The contents of N2 and CO were 3.0-4.9 and 1.8-3.0 

vol.%, respectively at 1200-1500 °C. Among hydrocarbon compounds, methane was the 

predominant species due to the high stability of the molecule (Fig. 4B). The largest methane 

content was observed in the product gas obtained at 1200 °C (4.1 ± 0.5 vol.%) followed by 

1300 °C (1.0 ± 0.3 vol.%), 1400 °C (0.1 ± 0.1 vol.%) and 1500 °C (0.1 ± 0.1 vol.%). The 

concentration of C2-C5 hydrocarbon compounds at 1200 °C was 0.3 vol.% and did not exceed 

0.1 vol.% at higher temperatures. According to these results, at the studied temperatures, the 

decomposition of methane was the limiting step determining the overall conversion efficiency 

of hydrocarbon compounds in plastic pyrolysis gas into hydrogen. For the experimental setup 

and conditions used in this study, almost complete hydrocarbon conversion containing in the 

pyrolysis gas was achieved at around 1400 °C. The obtained temperature was close to the 

temperature of complete methane splitting using a non-catalytic 10 kW solar powered 

thermolysis reactor (1450 °C) [34]. The kinetic data for methane decomposition at 1427 °C 

showed that residence time above 0.03 s-1 assures nearly complete methane conversion [35]. 

Based on the dimensions of reactor and product gas volume provided in Fig. S1 (assuming 

no deviation from ideal gas behavior), it can be calculated that the residence time at 1300-

1500 °C was 9-14 s, exceeding the reported values. Thus, it can be concluded that the 

thermolysis time was sufficient to decompose most of methane containing in the pyrolysis gas. 

 

Fig. 4. Influence of thermolysis temperature on product gas composition (MP feedstock): (A) 

H2, N2, CO2 and CO and (B) C1-C5 hydrocarbon compounds. 
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3.3 Properties of solid carbon from the thermolysis process 

Solid carbon was the main by-product from hydrogen generation and is the most 

abundant output from the thermolysis of plastic pyrolysis gas regardless of the plastic type 

and process temperature (Table 2). Characterization of solid carbon is important for 

determining potential applications of this material to improve economic viability of the plastic 

waste-to-hydrogen process. Fig. 5 shows the morphologies of the three solid carbon types 

produced by thermolysis of MP feedstock at 1300 °C. Based on the FESEM and TEM images, 

there were distinct differences in the material structure, attributed to the various growth 

mechanisms. Furthermore, the morphologies were different from those synthesized via 

catalytic chemical vapor deposition of pyrolysis gas from plastics at lower temperatures, 

typically yielding filamentous carbon, such as multi-walled carbon nanotubes [10-12, 36], few-

walled carbon nanotubes [37, 38] and nanofibers [36]. Solid carbon collected from the particle 

filter consisted of spheroidal aggregates, resembling typical morphology of carbon black [39, 

40]. Taken into consideration the residence time of product gas in the thermolysis reactor (i.e. 

9-14 s), the formation of carbon black aggregates was accomplished within several seconds. 

The growth of carbon black is associated with the formation in a gas phase of reactor [41] and 

involves three stages [39]: 

(1) Nucleation of carbon black precursors and carbon black inception, including the 

transformation of gas molecules into carbon particles with dimensions in order 1-2 nm. 

(2) Aggregation of nucleated particles due to collision, resulting in the formation of 

larger spheroidal particles with sizes in the nanometer range. 

(3) Aggregation or agglomeration of spheroidal particles into chains. 
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Fig. 5. FESEM (top) and TEM (bottom) images of solid carbon particles after thermolysis 

(MP, 1300 °C): (A, D) Carbon collected from the particle filter, (B, E) carbon recovered from 

the thermolysis reactor and (C, F) carbon layer deposited on the inner wall of thermolysis 

reactor. 

 

On the contrary, solid carbon recovered from the thermolysis reactor was 

predominantly composed of fused spheroidal particles coated with a layer of attached pyrolytic 

carbon (Fig. 5B, 5E). The differences in the density of two carbon types can be observed in 

the TEM image with a spheroidal core, having higher density and darker color, and an outer 

shell, having lower density and lighter color. (Fig. 5E). The imaging of different areas of sample 

(Fig. S2) shows that the thickness and density of the outer layers formed on the core surfaces 

vary, suggesting that the core is likely formed first, while the shell is deposited thereafter. The 

appearance of core structures is similar to the spheroidal carbon black aggregates collected 

from the filter. The surface of carbon can act as a site for solid-gas interactions, promoting the 

decomposition of hydrocarbon compounds at temperatures as low as 750 °C 42]. These 

reactions could result in the formation of shell composed of pyrolytic carbon on the surface of 

carbon black particles. A previous study of carbon formation during methane pyrolysis also 

suggested that the growth rate of pyrolytic carbon on surfaces is slower compared to the 

growth of carbon black aggregates [41]. Therefore, the growth mechanism of carbon collected 
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from the thermolysis reactor could be described as having one more step in addition to those 

for carbon black aggregates: 

(4) Pyrolytic carbon deposition on the surface of carbon black particles. 

The morphology of shiny silvery film grown on the surface of reactor walls is shown in 

Fig. 5C and 5F. Unlike the other two types of carbon, this material contained only aspherical 

structures. The surface of carbon was uneven and composed of stacked pyrolytic coke layers. 

The layers had distinct sharp edges. The stacking of several layers can be observed from the 

color gradient in the TEM image with the lighter areas corresponding to the thinner carbon 

layer and the darker area to the thicker carbon deposits (Fig. 5F). Similar to the carbon shell 

formed in the previous carbon sample, the growth of this carbon type was associated with the 

surface reactions. The differences in morphologies were caused by the different structure of 

underlying surfaces (i.e. the surface of carbon black against alumina) as the composition and 

properties of surface are crucial factors for carbon growth [41-43]. 
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Fig. 6. TEM images of carbon black aggregates: LDPE and 60MP40PET samples were 

obtained by the thermolysis at 1300 °C and MP by the thermolysis at 1200, 1300, 1400 and 

1500 °C. 

 

As it was shown above, carbon black particles trapped in the thermolysis reactor 

played the important role in hydrocarbon decomposition (Fig. 5E and Fig. S2). Apart from that, 

carbon black is a marketable product that is widely used as a manufacturing additive [39]. The 

production of carbon black is around 15 million tonnes per year globally with 73% carbon black 

being used in automobile tires, 20% in non-tire rubber products and 7% in paints, coatings, 

inks, plastics and other products [44]. Therefore, the properties of carbon black aggregates 

collected from the filter were comprehensively investigated. Fig. 6 shows TEM images of 

carbon black aggregates from the three types of plastics. The aggregates were composed of 

predominantly spheroidal and ellipsoidal carbon particles. Some of the particles were fused 

together in randomly arranged clusters. The clusters were aligned in linear and branched 

morphologies. Such carbon black aggregates were obtained from all studied plastics and at 

all studied thermolysis temperatures. 
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Fig. 7. (A) Effect of thermolysis temperature on diameter distributions of spherical carbon 

black aggregates from MP. Effect of thermolysis temperature and plastic feedstock on (B) 

average diameters of spherical carbon black aggregates, (C) ID/IG values and (D) BET 

surface areas (The lines are only to guide the eye. Where applicable, the error bars 

represent standard deviations based on at least 3 measurements). 

   

To gain a better insight about the sizes of carbon black aggregates, the diameters of 

300-330 spheroidal particles from each sample were measured using TEM images. The 

influence of thermolysis temperature on the diameters of particles from MP is shown in Fig. 

7A. The lowest temperature (1200 °C) resulted in the particles with the largest diameters in 

the range of 160-360 nm. With the increase in temperature, the size distributions shifted to 

smaller particle ranges (i.e. 20-200 nm at 1500 °C). For all samples, the width (i.e. the distance 

between smallest and largest particles) of size distribution remained comparable to approx. 

180-200 nm. The gradual decrease in average diameters of spherical aggregates from 270 
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nm to 110 nm with the increase in thermolysis temperature is demonstrated in Fig. 7B for the 

MP sample. The similar influence of temperature was reported previously for the growth of 

carbon black from ethylene [45] and benzene [46], suggesting that the growth mechanism of 

carbon black from pyrolysis gas of plastics is consistent with other studied precursors. The 

same figure shows the average diameters of the two other types of plastics at 1300 °C. Unlike 

temperature, the feedstock composition had little if any effect on the size of carbon black 

particles since the average diameters of carbon black from MP, LDPE and 60MP40PET were 

comparable. At the studied concentration in pyrolysis gas, the CO2 released during PET 

decomposition had no significant impact on the size of carbon black aggregates. 

The influence of thermolysis temperature and plastic feedstock on the properties of 

carbon black aggregates was further investigated using elemental analysis, Raman 

spectroscopy and N2 adsorption. The compiled results are provided in Table S2. The content 

of carbon in the samples was 98.8-99.0 wt.% with the remaining mass attributed to H, N and 

S, indicating the high purity of carbon material. The low H/C ratio of 0.005-0.009 for the 

produced sample is one of the characteristics that distinguish carbon black from soot, having 

H/C ratio of approx. 1 [47]. Raman spectra of the samples had typical D- and G-bands at 1350 

and 1560 cm-1, corresponding to defective and graphitic regions in carbon crystals (Fig. S3). 

In the Raman spectrum of pyrolytic graphite, only G-band can be found as the A1g vibrational 

mode giving rise to the D-band is inactive in graphite crystals [48]. The intensity of D-band 

increases with the disorder of material structure. The degree of graphitization/disorder can be 

characterized by the ratio of areas of D- and G-bands ID/IG. The lower is the ID/IG ratio, the 

higher is the graphitization degree. According to Fig. 7C, the ID/IG ratios for carbon black 

aggregates were 1.4-1.8, indicating discontinuity and defectiveness of carbon crystals. These 

values are similar to the reported ones for some thermal and furnace carbon blacks produced 

at industrial scale (i.e. 1.3-1.6) [49]. The differences between ID/IG ratios of carbon black 

aggregates from plastic pyrolysis gas were within the experimental error range, suggesting 

the consistent graphitization degree regardless of the selected thermolysis temperatures and 

plastic feedstock. N2 adsorption-desorption isotherms of carbon black aggregates from plastic 
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pyrolysis gas are shown in Fig. S4. All isotherms were Type II without hysteresis loops, 

indicating that the N2 physisorption predominantly followed a monolayer-multilayer adsorption 

unrestricted by pores and typical for non-porous materials, including non-porous carbon 

blacks [50]. BET specific surface areas of carbon black aggregates from the three types of 

plastics obtained at 1300 °C were between 8 and 13 m2/g (standard deviation ±2 m2/g) (Fig. 

7D). The thermolysis of pyrolysis gas from MP at 1200-1400 °C resulted in the comparable 

values of BET surface areas between 11 and 14 m2/g. The main change in the N2 adsorption 

was observed when the temperature of thermolysis was increased to 1500 °C as suggested 

by the BET surface area of 23 m2/g of the carbon black sample from MP. The obtained surface 

areas are consistent with those for groups 7-9 of commercial carbon blacks classified for 

usage in rubber [51]. Such carbon blacks are considered medium to low grade reinforcement 

fillers in rubber production (subject to performance testing) [52]. Based on the characterization 

of size, elemental composition, graphitic structure and surface area, carbon black aggregates 

obtained from plastic pyrolysis gas could potentially serve as sustainable substitutes of 

commercial carbon blacks obtained from fossil hydrocarbon sources. Alternatively, the 

recovered carbon can be used for the development of new applications, such as a filler and 

carbon storage material in concrete [5], carbon-based environmentally friendly sensors [53], 

and electrochemical CO2 reduction electrodes [54]. 

 

4. Conclusions 

The recovery of 5-9 wt.% molecular H2 per mass of plastic feedstock was 

demonstrated using three types of plastics in an integrated process comprising pyrolysis (600 

°C) and thermolysis reactors (1200-1500 °C). Other products included solid residue and oil 

from the pyrolysis reactor, as well as solid carbon and product gas impurities produced in the 

thermolysis reactor. LDPE and MP could produce H2 with exceptionally high gas purity of 89.8-

94.0 vol.%, which could be further improved by eliminating the usage of N2 (3-5 vol.% residual 

content, used as an internal standard and sweeping gas). The purity of H2 was detrimentally 

influenced by the presence of PET in plastics due to the dilution by CO, indicating that PET 
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sorting could be advantageous prior to the plastic waste-to-hydrogen conversion. Based on 

thermolysis experiments at 1200-1500 °C, the decomposition of methane containing in the 

pyrolysis gas from plastics was the limiting reaction step during H2 production. Three types of 

solid carbon were produced in the thermolysis reactor, namely carbon black collected at the 

outlet of reactor by a particle filter, fused carbon black aggregates coated with a layer of 

pyrolytic carbon and a carbon film coated on the inner reactor wall. Among these types of 

carbon, the carbon black aggregates collected on the particle filter have the valorization 

potential, while the applications for the other two types of carbon have to be yet identified. The 

carbon black samples from plastics were comparable to grade 7-9 commercial carbon blacks 

used as low and medium reinforcement fillers in rubber production. Variations in plastic 

feedstock had little if any effect on carbon black properties, while high thermolysis temperature 

(1500 °C) was beneficial for the reduction of particle sizes and increase in the surface area of 

aggregates. 
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