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A B S T R A C T

Utilizing low-density polyethylene (LDPE) as a feedstock, non-catalytic thermal pyrolysis represents a promising 
technology for large-scale hydrogen generation and carbon capture. Furthermore, the use of the solid carbon 
byproduct generated during the process, enhances the operation’s economic feasibility. This work uses the model 
compound to reveal the potential of LDPE pyrolysis for producing hydrogen and capturing carbon. A laboratory- 
scale high-temperature fixed bed reactor is operated in the temperature ranging from 700 ◦C to 1600 ◦C, with 
LDPE pellets of 5 mm in diameter. Despite a decrease in gas yield to 13.7 wt% as the temperature increases, the 
hydrogen yield significantly increased up to 11.0 wt% from 900 ◦C to 1600 ◦C. Approximately two-thirds of the 
hydrogen present in the polymer was identified as molecular hydrogen in the product gas. At 1600 ◦C, a purity of 
98.5 mol% was achieved for the hydrogen produced, while the product gas at temperatures ranging from 700 ◦C 
to 900 ◦C predominantly contained methane and ethylene. The analysis of the influence of temperature on the 
condensable product phase demonstrated an increase in the yields of aliphatic and polycyclic aromatic hydro
carbons (PAHs) species up to a temperature of 1000 ◦C. The decrease in yield of Aliphatic and PAHs from 1000 
◦C onwards could be attributed to the gradual decarbonization of the gas phase through the formation of solid 
carbon. Additionally, the produced solid carbon was analyzed using various techniques, including TEM, SEM, 
DLS, TGA, XRD, and Raman spectroscopy. The results demonstrated its potential as a sustainable industrial 
carbon material.

1. Introduction

Low and high-density polyethylene (LDPE, HDPE), polypropylene 
(PP), polystyrene (PS), polyvinyl chloride (PVC), and polyethylene 
terephthalate (PET) are the most commonly utilized plastics in everyday 
life and industry [1]. Polyethylene (PE) including LDPE and HDPE, is the 
most widely manufactured and consumed plastic globally, accounting 
for 32 % of the overall composition of municipal solid waste [2]. LDPE is 
often used in applications such as blister packages, drug packaging, and 
films due to its durability and flexibility [3]. LDPE’s crystalline structure 
is less efficient in chain packing due to significant short and long-chain 
branching [2]. HDPE is a thermoplastic renowned for its impressive 
strength-to-density ratio, and therefore, it finds wide application in the 
production of detergent bottles, food packaging, as well as agricultural 
films [4]. To date, over 70 % of plastic waste (PW) is either landfilled or 
improperly discarded worldwide [5], which commonly results in an 

accumulation of PW that raises environmental concerns, in particular, 
due to toxic additives in ancient plastics, the prevalence of marine 
microplastics, and the unlawful dumping of PW [6,7]. To address this 
issue, researchers have explored various ways to convert PW into highly 
profitable products. Although in this context especially incineration and 
mechanical recycling have been identified as potential solutions, 
incineration results in the emission of toxic gases such as NOx, N2O, and 
CO, and thus contribute to air pollution. Furthermore, both methods can 
be expensive and not economically feasible in certain situations. 
Therefore, developing novel approaches to overcome these problems is 
crucial.

Chemical recycling has been considered as a potential solution for 
various polymers, including those that cannot be mechanically recycled 
[8,9]. Within the several chemical recycling approaches, pyrolysis 
stands out as an appealing alternative for converting PW into more 
useful products such as gas fuel, fuel oil, or raw materials for the 
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chemical industry [10,11]. Pyrolysis is a thermochemical process that 
involves the degradation of (organic) material through heating in a 
commonly oxygen-free atmosphere. One important product of this 
process is hydrogen, which has gained significant interest because it is a 
comparably versatile carbon-free energy carrier [12,13]. Hydrogen is 
widely employed in various industrial applications, including ammonia 
and methanol production, electricity generation, and fuel production 
[14,15]. Presently, the majority of hydrogen is generated from fossil 
fuels via natural gas (methane) steam reforming, which commonly 
employs the utilization of nickel-based catalysts at high temperatures 
(700 ◦C - 1000 ◦C) and pressures (0.3 MPa - 2.5 MPa) [16]. Obtaining 
hydrogen from PW instead not only provides an alternative raw material 
but particularly addresses the environmental challenges associated with 
managing PW.

Moreover, previous studies highlighted the significance of thermal 
pyrolysis process for plastic wastes in comparison to mechanical recy
cling and landfilling. H. Almohamadi et al. [17] demonstrated that, 
using an Aspen Plus model, a hydrogen yield of 70–85 mol% results in a 
minimum selling price (MSP) ranging from 0.10 to 0.09 €/kg. According 
to Volk et al. [18], in the context of Germany, thermal pyrolysis of 1 kg 
of input plastic waste generates a global warming potential (GWP) of 
0.99 kgCO2e/kg, a cumulative energy demand (CED) of 14.99 MJ/kg, a 
product cost of 0.24 €/kg, and a carbon efficiency of 59 %, while me
chanical recycling exhibits a GWP of 0.67 kgCO2e/kg, a CED of 3.83 
MJ/kg, a product cost of 0.10 €/kg, and a carbon efficiency of 20 %. In 
the case of the United States. Salahuddin et al. [19] found that thermal 
pyrolysis yields a positive profit (⁓ 21.59 €/ton) and high efficiency 
(70 %) compared to landfill (5 %, − 43.18 €/ton) and mechanical recy
cling (66 %, − 133.13 €/ton), confirming its economic viability for 
plastic waste management. However, it is crucial to maximize their 
profitability by enhancing system effectiveness, and reducing energy 
and material usage because this process could take 5–10 years to become 
profitable, which is generally considered long for investors.

Several groups have extensively investigated the pyrolysis of poly
ethylene. Kaminsky et al. [20] carried out research on polyethylene 
pyrolysis at various temperatures. Williams et al. [21] explored the role 
of temperature during the pyrolysis of LDPE in a fluidized bed reactor. 
Similarly, Milne et al. [22] studied the pyrolysis of LDPE in a pilot plant 
scale internally circulating fluidized bed (ICFB) reactor, examining the 
impact of temperature and residence time on the composition of the 
pyrolysis gas. Lopez et al. [23] revealed that the overall yield of gas and 
liquid reached up to 65 % if PE waste is pyrolyzed at 480 ◦C. In another 
study by Sogancioglu et al. [2], a gas yield of 11.49 % was achieved at 
300 ◦C and increased to 20.71 % at 700 ◦C. Regarding hydrogen content, 
Honus et al. [24] report 18 % of H2 at 500 ◦C, which decreases to 14 % at 
900 ◦C. While numerous of these studies have acknowledged the impact 
of temperature and residence time on product composition, the specific 
effect of temperature on hydrogen production has not been clearly 
explained in the literature, with different authors obtaining contradic
tory results. Moreover, most researchers have focused on temperatures 
ranging from 300 ◦C to 700 ◦C. Additionally, the influence of tempera
ture on condensed phase products as well as on solid carbon formation 
have not been sufficiently examined during the thermal pyrolysis of PW. 
Furthermore, although heterogeneous catalysts such as Fe2O3 [25], Ca 
(OH)2 [25], Al2O3 [26], natural and synthetic zeolite [23,27] are 
effective in reducing the heat required for waste plastics decomposition, 
particularly due to their ability to remove tar, and produce high yields of 
syngas, they are prone to rapid deactivation due to coking and could 
potentially contaminate the carbon product that might be used as 
C-source in a variety of applications [11].

Based on the aforementioned observations, a non-catalytic thermal 
pyrolysis approach is proposed for low-density polyethylene decompo
sition to H2 and solid carbon at temperatures ranging from 700 ◦C to 
1600 ◦C. Here, a lab-scale high-temperature reactor filled with LDPE 
pellets is used and operated at a pressure of 1 bar.

2. Experimental

2.1. Feedstock

A commercially available low-density polyethylene, denoted LDPE 
(linear formula: H(CH2CH2)nH, product number 428043), in the form of 
pellets (granule size of 5 mm with smooth surface) was obtained from 
Sigma-Aldrich (affiliates of Merck KGaA, Darmstadt, Germany). The 
properties of the LDPE are: density of 0.925 g mL− 1, the melt index of 
2.5 g min− 1 (190 ◦C /2.16 kg), melting point of 116 ◦C, and transition 
temperature of 93 ◦C.

2.2. LDPE pellets and solid carbon characterization

The LDPE sample and the solid carbon produced were subject to 
thermogravimetric analysis (TGA) in an STA 409 C/CD device 
(NETZSCH, Karlsruhe, Germany) to study their thermal stability. For 
this, 20.0 mg of LDPE pellets were placed in a ceramic crucible and 
heated from 20 ◦C to 600 ◦C (by 10 ◦C min− 1) in N2 atmosphere with a 
total flow rate of 65.0 mL min− 1. Figure S1 in the supplementary in
formation (SI) shows the TGA results on the LDPE pellets. To analyze the 
structural properties and defects, Raman spectra of the soot particles 
were recorded with a Renishaw Model inVia Reflex Raman spectrom
eter, covering the range of 200–2000 cm− 1 using a 525.0 nm laser at 
room temperature. Dynamic Light Scattering (DLS) was conducted in a 
Zetasizer nano by Malvern Pananalytical instrument to provide the 
particle size distributions. Scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) was performed in Quanta 200 
FEI microscope with an accelerating voltage of 8–10 kV and Thermis Z 
microscope from ThermoFischer at an electron acceleration voltage of 
300 kV, respectively, to offer insights into surface morphology and in
ternal structure of the solid carbon samples. To analyze the microscopy 
images, the particle diameters were measured using the ImageJ pro
gram. This involved comparing the diameter to a pixel scale. A total of 
200 particles were randomly recorded from the different TEM images 
and a mean diameter was calculated. Figure S2 in SI illustrates an 
example of these measurements. X-ray diffraction (XRD) patterns were 
obtained using a Malvern Pananalytical Xpert pro instrument with Cu Kα 
radiation, scanning from 5.0◦ to 90.0◦, to reveal crystallographic 
properties.

2.3. Pyrolysis experiment

The pyrolysis experiments were conducted in the same high- 
temperature flow reactor previously described in our previous publica
tions [28–30] and which was modified to enable plastic pyrolysis ex
periments, as schematically shown in Fig. 1a. The setup consists of a gas 
supply system, a tubular reactor in laminar-flow geometry, an analytic 
gas and exhaust gas section. The reaction gas stream enters an electri
cally heated Al2O3-based ceramic reactor tube (DEGUSSIT AL23 by 
Friatec/Aliaxis) with an inner diameter of 20 mm. To ensure efficient 
insulation and safe reactor operation, even in the case of over-pressure 
in the reactor tube, the reactor is located in a stainless-steel vessel. 
Prior to each experiment, the plastic pellets (Fig. 1b) are filled into a 
90 mm high container made of graphite foil (Fig. 1c). The container is 
installed in the reactor so that its base is fixed at the upper end of the 
isothermal hot zone, as illustrated in Fig. 1d. Additionally, argon adjusts 
the residence time of the gases in the reactor tube and drives the py
rolysis gases into the sample bag.

2.4. Product analysis

Since during the batch-like experiments no period of stationary gas 
phase composition can be maintained, all gases leaving the reactor are 
collected in gas sampling bags during each experiment. Multi-layer film 
gas sampling bags from Restek with a capacity of 5.0 L are used for this 
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purpose. An Agilent 6890 gas chromatograph (GC) and a Hiden 
Analytical HPR-20 R&D mass spectrometer (MS) are used for the sub
sequent analysis of the gas mixture. The GC is operated with a first- 
column HAYESEP Q 100/120 column (1 m x 1 mm) and a second- 
column Shin Carbon ST 100/120 column (2 m x 1 mm) from Restek 
using helium as the carrier gas. Both columns are utilized in combination 
to separate the gaseous components (light gases, methane, C2-, C3-hy
drocarbons) discharged from the reactor. The first column is employed 
to backflush higher hydrocarbons. The separation is carried out using an 
oven temperature program that begins at 100 ◦C for 2 min and then 
continues with a ramp of 30 ◦C min− 1 to up to 300 ◦C and maintain this 
temperature for 10 min. Taking into account the time required for the 
oven to cool down to the initial temperature, the total cycle time for this 
analysis is less than 19 min. In this way, the species Ar, CH4, CO, CO2, 
C2H2, C2H4, C2H6, C3H6 and C3H8 are separated and quantified. Each gas 
sample is analyzed three times using the GC and the final results as 
presented herein are obtained by averaging. The MS is used to quantify 
benzene content (C6H6). The method used here includes the measuring 
components Ar, H2, CH4, and C6H6. The data collected is generated by 
averaging five measurements. While the GC indicates the absolute 
concentration of the respective measurement components, the MS nor
malizes the measured gas components to 100 %. For the gas calibration, 
we utilized one bottle containing H2, and C1 to C3 species to calibrate 
the C1 to C3 range. Another bottle, which contained a mixture of H2, Ar, 
and CH4, was used to calibrate Ar. Additionally, we used a separate 
bottle of benzene (C6H6) in H2 for calibrating C6H6. The GC signals were 
evaluated by data integration whereas for MS the HIDEN analytical QGA 
software was used for species quantification with species concentration 
measured in the range 0.1 ppm to 100 %. The composition of the 
product stream is calculated from the GC and MS results. The error bar/ 
uncertainty of the GC and the MS were ± 2 % and ± 10 %, respectively.

Regarding the condensable product phase, the samples were 
collected at the flange of the reactor outlet, the downstream cyclone, the 
fine filters in the line leading to the analyzers, and the connecting 
product lines. Subsequently, the soot in all devices was collected and all 
devices were flushed with hexane, wiped out with filter paper, and 

thoroughly cleaned by ultrasonic treatment. Afterwards, the soot and 
the filter papers were extracted in a Soxhlet extractor (period time 4 h) 
using hexane as solvent.

The Soxhlet extract underwent a solid phase extraction (SPE) treat
ment to separate aliphatic and aromatic hydrocarbons using UCT 
Enviro-Clean Fusion Ag+ sorbent. It consists of silver ions functionalized 
onto a solid support. Aromatic hydrocarbons are selectively retained on 
the sorbent by forming a charge-transfer complex with the silver ions. 
This procedure ensures high capacity for the aromatic hydrocarbons and 
no breakthrough into the aliphatic fraction. Using the nonpolar solvent 
hexane, the aliphatics are flushed through the stationary phase without 
any retention whereas the aromatics are adsorbed. To desorb the aro
matics the polar solvent acetone is used. As a result, an aliphatic and an 
aromatic fraction are obtained which are analyzed by gas chromatog
raphy (GC). The gas chromatograph is a ThermoFischer Scientific Trace 
1310 GC equipped with a J&W Scientific DB-5 MS column (25 m ×
0.32 mm, df = 0.25 μm). The two SPE fractions are injected into the GC 
and analyzed individually. The components are separated using a tem
perature program that starts at 40 ◦C. After 2 min, the temperature 
ramps up to 120 ◦C at a rate of 30 ◦C min− 1, followed by a ramp of 8 ◦C 
min− 1 until reaching 330 ◦C.

In order to determine the yields of the individual species in the gas 
phase, the MS and GC results were processed as follows: Starting with the 
averaged results obtained from the three GC measurements, the volume 
fractions are converted into the yield of the corresponding species. This 
conversion process involves determining the dosed argon volume over the 
entire experiment period from the reactor’s measurement file. Subse
quently, the total volume VTgb of the gas bag is calculated using the volume 
fraction of argon yGC

Ar 
and the dosed argon volume VAr , according to Eq. (1). 

The dosed argon volume was calculated by multiplying the argon gas flow 
rate by the reaction time. VAr was 227.13 mL min− 1, 205.96 mL min− 1, 
188.41 mL min− 1, 173.61 mL min− 1, 160.97 mL min− 1, 150.04 mL 
min− 1, 142.90 mL min− 1, 132.10 mL min− 1, 124.65 mL min− 1, and 
118.00 mL min− 1, for 700 ◦C, 800 ◦C, 900 ◦C, 1000 ◦C, 1100 ◦C, 1200 ◦C, 
1300 ◦C, 1400 ◦C, 1500 ◦C, and 1600 ◦C, respectively, for a residence time 
of 10 s. 

Fig. 1. Flow diagram of the experimental setup (a), plastics pellets (b), graphite tube container (c), and position of the fixed bed container inside the reactor (d).
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VTgb =
VAr

yGC
Ar

(1) 

The respective amounts of substance nj of the species CH4, CO, CO2, 
C2H2, C2H4, C2H6, C3H6, and C3H8 are calculated using Eq. (2). 

nj = yGC
j

pVTgb

RT
(2) 

where p is the ambient pressure, R is the ideal gas constant and T is the 
ambient temperature.

To determine the amount of C6H6 produced, the quotient of yC6H6 and 
yCH4 is formed with the MS volume fractions. These ratios are calculated 
with the amount of substance of CH4, as shown in Eq. (3). 

nC6H6 = nCH4

yMS
C6H6

yMS
CH4

(3) 

The amount of hydrogen is calculated by balancing the amount of 
analyzed substance. To do this, the sum of the amount of substance of all 
product gas species ni is subtracted from the total amount of substance in 
the sample bag, as seen in Eq. (4). 

nH2 =
pVTgb

RT
−

∑
niexkl.H2 (4) 

With the initial weight of the polymer mPolymer and the specific molar 
mass Mi of each species, the yield Yi per gram of polymer can be 
calculated using Eq. (5). The fraction of the sum of all gaseous product 
masses and the polymer mass gives the gas yield. 

Yi =
ni Mi

mPolymer
YGas =

∑
(niMi)

mPolymer
(5) 

The combined yield of solid and condensable phases is given by the 
following relationship from Eq. (6). 

Restsolid+condensed phase = 1 − YGas (6) 

The yields of the individual fractions of the liquid phase were 
calculated as in Eq. (7). Herein, mi,liq stands for the mass of a specific 
fraction of the liquid phase, which was determined by GC analysis. More 
details regarding GC analysis of the liquid sample can be found in 
Tables S1 and S2 in the SI. 

Yi,liq =
mi,liq

mPolymer
(7) 

The experiments were repeated three times to ensure reproducibility. 
In this work, the average values are reported in the figures, and the 
standard deviations of the three repeated runs are used as error bars. The 
sum of the experimental error bars with regard to gas phase species 
quantification and carbon balance is less than 5 %.

3. Results and discussion

3.1. Influence of temperature on the gaseous-product composition

Fig. 2 illustrates the results of temperature-dependence tests on LDPE 
pyrolysis product yields based on MS and GC results, which were con
ducted in the high-temperature flow reactor described above (Fig. 1). All 
data were collected at 1 bar pressure using 0.3 g of LDPE pellets for each 
experiment and a residence time of 10 s concerning the purge gas argon 
in the hot reactor zone. The yields of gaseous species and non-gaseous 
species, namely solid carbon as well as condensed phase species, are 
plotted against the hot zone temperatures. Further details on the impact 
of temperature on condensed phase products and solid carbon will be 
provided in Sections 3.2 and 3.3.

The maximum yield in gaseous products of 63.0 wt% is achieved if 
the LDPE pyrolysis experiment is conducted at a temperature of 800 ◦C. 
As the temperature increases, the gas yield gradually decreases to 

13.7 wt%. The combined yield of solid carbon and condensed phase 
species is inversely related. After reaching a plateau between 700 ◦C and 
800 ◦C, the yield increases to 86.3 wt% at 1600 ◦C. The minimum value 
is 37.0 wt% at a temperature of 800 ◦C.

The yield curves depicted in Fig. 2 can be divided into two regimes. 
Chemical processes in the temperature range below 900 ◦C are well- 
researched and widely understood. As the temperature increases, the 
endothermic pyrolysis reaction produces smaller primary radicals, 
which ultimately react to form C2H4 through β-cleavage at the polymer 
chain end [31]. This explains the initial increase in the yield of the py
rolysis gas, as well as the inadequate plastic conversion because plastic 
droplets were found at 700 ◦C on the bottom flange at the reactor outlet 
In the second regime above 900 ◦C, the dehydrogenation reactions 
become dominant. As the temperature rises, the composition of the gas 
phase approaches the thermodynamic equilibrium between H2 and C, 
resulting in more carbon being fixed as a solid. Another reason for the 
higher gas yields at lower temperatures is the gas residence time and the 
heating rates in the reactor. While the empty tube residence time of 
argon remains constant throughout the experiments, the residence time 
of the product gas varies significantly depending on the pyrolysis rate, as 
the amount of evolving gas governs the total volume and thus the flow 
rate. In addition, the temperature profile in the hot zone remains con
stant as shown in Figure S3 (see SI) and also demonstrated in previous 
studies [32]. During experiments conducted at 1600 ◦C, there is an 
immediate and abrupt change in the volume of the gas sample bag after 
the start of the reaction, whereas during experiments conducted at 700 
◦C, it is continuously filled. Generally, pyrolysis processes with lower 
heating rates and longer gas residence times are known to predomi
nantly produce pyrolysis gas, whereas flash pyrolysis processes yield less 
gas [33]. Williams et al. [21] presented similar results for the pyrolysis 
of LDPE in a fluidized bed reactor within the lower temperature range. 
The gas yield increases from 40.1 wt% to 71.4 wt% between 650 ◦C and 
700 ◦C. Mastral et al. [34] reported the highest gas yield in HDPE py
rolysis at 780 ◦C, reaching 86.4 wt%. They attribute the decrease in 
yield with increasing temperatures beyond 850 ◦C to the growing for
mation of aromatic hydrocarbons.

In Fig. 3, the gradual increase of carbon black content in the gas 
phase can be observed as the temperature increases. Between 1100 ◦C 
and 1600 ◦C, black carbon deposits on the lower flange at the outlet of 
the reactor, whereas at temperatures of 700 ◦C and 900 ◦C, shiny 
brownish substances are visible instead. These substances are likely 
pyrolysis oils and waxes, which become increasingly dehydrogenated as 
the temperature rises. The total yield of the condensed phase fraction is 
around 20.0 wt% and will be discussed later in 3.2. Consequently, this 
leads to an increase in the production of carbon and hydrogen, as 
depicted in Figs. 3d and 4.

In Fig. 4a-c, the mole fractions of the measured species are presented 
as a function of temperature. H2 is significantly present in the product 

Fig. 2. Temperature influence on mass-related product yields in 
LDPE pyrolysis.
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gas at temperatures about 900 ◦C. With the increment in temperatures, 
the mole fraction of H2 also increases, reaching a value of 98.5 mol% at 
1600 ◦C. On the other hand, the mole fraction of CH4 in the gas is highest 
at 900 ◦C, with a value of 53.7 mol%. The appearance of the deposits at 
the bottom flange shown in Fig. 4 strongly suggests that the relevance of 

dehydrogenation reactions increases as the temperature rises. This 
observation is supported by the data on gas-phase species: While the 
mole fraction of H2 in the gas continuously increases (Fig. 4a), other 
species gradually decompose into solid carbon and hydrogen, particu
larly at temperatures above 900 ◦C. Compared to other studies on plastic 
pyrolysis, qualitatively similar results are achieved in the lower tem
perature range. For instance, Honus et al. [24,35] reported an increase 
in the mole fraction of H2 from 7.7 mol% to 14.2 mol% when the tem
perature was increased from 700 ◦C to 900 ◦C during the pyrolysis of PE. 
As the temperature reaches 900 ◦C, the formation of CH4, C2H4, and 
other alkenes also increases alongside H2. However, comparing results 
at temperatures above 900 ◦C is challenging due to a lack of sufficient 
research.

Fig. 4d-f depict the mass-related products yield (Eq. 5) as a function 
of temperature. In contrast, the CH4 yield steadily increases from 700 ◦C, 
reaching a value of 23.2 wt% at 1000 ◦C. There is no H2 in the product 
gas at 700 ◦C and 800 ◦C. Starting at 900 ◦C, the H2 yield increases to 
11.3 wt% at 1600 ◦C.

When comparing the H2 yield of 11.3 wt% from the experiment of 
this work conducted at 1600 ◦C to the hydrogen mass fraction of about 
13.6 wt% present in the LDPE according to Zheng et al. [36], it is evident 
that a significant portion (around 83.1 wt%) of the hydrogen is released 
into the gas phase as molecular H2. The rest remains in the condensed 
phase and in other hydrocarbon species within the gas phase. The 
incomplete decomposition into H2 molecules can be attributed to the 
sudden increase in volume resulting from the pyrolysis of solid material. 
This volumetric expansion leads to pressure differentials that facilitate 
the transport of product molecules in both directions, towards the inlet 
and the outlet, due to the isotropy of the pressure. Accordingly, gaseous 
products experience varying residence times based on their direction of 
movement. Molecules propelled directly towards the outlet of the 
reactor have shorter residence times compared to those initially directed 

Fig. 3. Flange at the reactor outlet after testing with temperature variation of 
700 ◦C (a), 900 ◦C (b), 1100 ◦C (c), and 1600 ◦C (d).

Fig. 4. Temperature influence on the molar gas phase composition (a, b, and c), and on the mass-related product yield during LDPE pyrolysis (d, e, and f).
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towards the reactor inlet. The only driving force for their expulsion to
wards the reactor outlet is the purge gas argon. However, reduced 
residence times are known to promote the formation of a condensed 
phase [37], in which additional H atoms are chemically bound in 
condensed phase hydrocarbons. This observation suggests that, within 
the reactor configuration employed in this study, the H2 yield cannot be 
significantly enhanced by merely increasing the temperature. Instead, a 
continuous feed of plastic could be implemented to address this chal
lenge, particularly in full-scale applications utilizing a fluidized bed 
reactor.

Furthermore, experimental results regarding the influence of the 
argon residence time investigated at 1000 ◦C can be found in the SI 
(Figures S4 & S5). Figure S4 depicts that the yield of pyrolysis gas in
creases as the argon residence time increases (i.e. lower flow rate), rising 
to a maximum of 55.6 wt% at 20 s. In contrast, the combined yield of 
solid carbon and condensed phase is inversely proportional, peaking at 
79.7 wt% at 3 s. Longer argon residence time allows the product gas to 
remain in the hot reactor zone longer, facilitating additional secondary 
reactions. Consequently, at longer argon residence time, there is an 
enrichment of lighter molecules in the gas phase. According to 
Figure S5, the H2 yield increases from 3.3 wt% to 7.5 wt% with longer 
argon residence. This observation aligns with studies in the pyrolysis of 
HDPE at 850 ◦C reported by Mastral et al. [34]. One reason for the 
decrease in hydrogen yield with increasing argon residence time is that 
dehydrogenation reactions require longer residence times than random 
chain breaks and β-cleavages at the chain ends. As the argon residence 
time decreases (i.e. the argon flow rate increases), the product gas is 
expelled from the hot reactor zone more rapidly, which cools the envi
ronment and inhibits secondary reactions. This explanation is further 
supported by the observed increase in CH4, C2, and C6H6 species with 
lower argon residence time. Additionally, it should be noted that 
altering the gas residence time at high temperatures (> 1000 ◦C) 
significantly affects the interplay between mass transfer and chemical 
kinetics, hereby also influencing product distributions. For instance, 
when dehydrogenation reactions are favored to generate hydrogen and 
carbon, an increasing residence time can hinder the escape of these 
products, resulting in a higher Damköhler number [38]. This increase 
can promote further reactions that enhance hydrogen yield. However, as 
noted by Kim et al. [39] and Tekbas et al. [38], prolonged residence 
times may also facilitate the occurrence of secondary or undesired re
actions, potentially reducing overall process efficiency. This highlights 
the importance of optimizing reactor conditions to achieve the desired 
product selectivity and yield.

3.2. Influence of temperature on condensed phase product species

Fig. 5 presents the yields of polycyclic aromatics hydrocarbons 
(PAHs) and aliphatics plotted against the reactor temperature, with 
Fig. 5a showing yields up to 19.0 wt% and Fig. 5b up to 2.2 wt%.

The yield of aliphatic exhibits a sharp increase from 700 ◦C to 1000 
◦C, reaching a maximum of 19.0 wt% at 1000 ◦C. The yields of PAHs 
show a similar qualitative trend but at an overall lower level. As the 
temperature increases, the yield rises from 0.4 wt% at 700 ◦C to a 
maximum of 2.2 wt% at 1000 ◦C.

The increase in the yield of both aliphatic compounds and PAHs 
increases once again at temperatures exceeding 1400 ◦C can be attrib
uted to the opposing effect of temperature increase, as detailed in 3.1. 
The rapid volume change that occurs immediately after loading the 
reactor with LDPE, in conjunction with rising temperatures, results in 
decreased residence times for the pyrolysis products within the reactor. 
While the influence of temperature increase is more pronounced up to 
1300 ◦C, residence time appears to play a more significant role at tem
peratures above 1400 ◦C. To minimize the presence of potentially 
carcinogenic PAHs, it is essential to aim for their complete degradation 
to carbon during the pyrolysis process [40]. In particular, sufficient 
residence times and the promotion of deposition reactions have been 
reported to facilitate carbon formation [41,42]. According to the data 
presented above (Fig. 4), temperatures of 1300 ◦C and above are optimal 
for maximizing the H2 concentration and yield, exceeding 90.0 mol.% 
(Fig. 4), while also achieving reasonably low amounts of PAHs (Fig. 5).

Fig. 6 displays the composition of the aliphatic categorized by the 
number of carbon atoms in the molecule (Eq. 7) and plotted against 
temperature.

The trend previously discussed in Fig. 5, namely a maximum in yield 
at 1000 ◦C and the passing of a local minimum at 1400 ◦C, is similarly 
observed in Fig. 6. As depicted in Fig. 6, the yields of short-chain 
aliphatic below 1000 ◦C in the condensed phase species can be 
explained by the high gas output and incomplete conversion of the LDPE 
(because plastic droplets were found at 700 ◦C on the bottom flange at 
the reactor outlet). Between 1000 ◦C and 1300 ◦C, the yields of all 
groups decrease, except for the group with C31-C35. Rising tempera
tures lead to more random chain breaks, resulting in progressively 
smaller molecules. The presence of molecules with C36-C40 at 1500 ◦C 
and 1600 ◦C can be explained by the chain length decrease caused by the 
pyrolysis gases at higher temperatures. Due to the sudden rise in the 
product gas, the residence time for parts of the condensed phase species 
in the hot reactor zone is insufficient for splitting. This is also evident 
from the subsequent increase in yields of molecules with shorter chain 
lengths from 1500 ◦C onwards (see Fig. 6a). Fig. 7a&b display the yields 
of individual groups of PAHs with 2, 3, 4, 5, and 6 rings.

The increase from 700 ◦C to 1000 ◦C can be attributed to the 
temperature-related increase in kinetics towards PAHs. Similar findings 
were reported by Mastral et al. [34], who observed a reduction in the gas 
yield during PE pyrolysis due to PAHs formation starting from 850 ◦C. 
The formation of PAHs at high temperatures can be explained analo
gously to their formation during CH4 pyrolysis. C2H4, C2H2, and C3H6 
are considered to be precursors for PAHs. This explains the low PAHs 
yield observed at 700 ◦C to 900 ◦C, as a significant portion of the 

Fig. 5. Temperature influences on the mass-related yield of aliphatics (a) and polycyclic aromatic hydrocarbons (b).
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precursors remains in the gas phase (28.3 wt% C2H4, 0.3 wt% C2H2, and 
6.7 wt% C3H6) and thus only a limited conversion to PAHs takes place. 
As the temperature increases, more and more C6H6 molecules are 
formed, which according to literature occurs via the dimerization of two 
propagyl radicals that are formed by the addition of an H radical to C2H2 
molecules [29,43].

3.3. Influence of temperature on solid carbon

The solid carbon after the pyrolysis of LDPE was also investigated. 
This data was collected at 1 bar pressure using 15.0 g of LDPE pellets for 
each experiment and a residence time of 10 s concerning the purge gas 
argon in the hot reactor zone. A correlation was observed between 
temperature and the properties of the produced solid carbon.

Fig. 6. Temperature influence on the mass yield of grouped aliphatics.

Fig. 7. Temperature influence on the mass yield of PAHs.

Fig. 8. Number-related median diameter determined by TEM, along with the hydrodynamic median diameter by DLS (a) and the TGA analysis (b) on solid carbon 
samples from LDPE pyrolysis at reaction temperatures of 1200 ◦C, 1400 ◦C and 1600 ◦C with an argon residence time of 10 s.
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Fig. 8 illustrates the relationship between particle sizes and the 
proportion of volatiles in solid carbon as a function of temperature. As 
the pyrolysis temperature increases, the size of the primary solid carbon 
particles decreases as the pyrolysis temperature increases. At 1200 ◦C, 
the median particle diameter is 150.0 nm, which significantly decreases 
to 90.0 nm at 1600 ◦C. The results from the SEM investigation (Fig. 9) 
are consistent with the TEM and DLS analyses presented in Fig. 8a. In 
Fig. 9, the solid carbon exhibits a spherical-like structure with agglom
erations of smooth and porous particles. The size of these particles de
creases with increasing temperature. This reduction in size is attributed 
to a higher nucleation rate at higher temperatures, resulting in the for
mation of a larger number of smaller particles. This phenomenon is 
observed in LDPE pyrolysis, where higher temperatures shift the ther
modynamic equilibrium toward carbon and hydrogen, promoting more 
uniform nucleation and smaller particle sizes.

TGA analysis (Fig. 8b) reveals that the volatile content of solid car
bon varies with temperature. The volatile content reaches a minimum of 
3.5 % at 1400 ◦C, while it increases to 8 % and 10 % at 1200 ◦C and 
1600 ◦C, respectively. This pattern is likely attributed to the condensa
tion of polycyclic aromatic hydrocarbons (PAHs) and aliphatics on solid 
carbon particles and reactor surfaces, particularly after the isothermal 
reactor zone. The decreased volatile content at 1400 ◦C aligns with 
findings that this temperature reduces the concentrations of PAHs and 
aliphatic in the reactor, likely due to optimal reaction kinetics occurring 
at this intermediate temperature.

The structural properties of solid carbon, as shown in Fig. 10, were 
analyzed using Raman spectroscopy and X-ray diffraction (XRD). The 
Raman spectra (Fig. 10a) indicate a decrease in the G/D1 band intensity 
ratio with increasing temperature, suggesting a lower degree of graph
itization in the solid carbon at higher temperatures. XRD analysis further 
provides insights into the structure; the XRD patterns (Fig. 10b) reveal 
crystallite structures with interlayer spacings of approximately 4.1 Å. 
These larger spacings become more pronounced at higher temperatures. 
The dominant crystallites exhibit a spacing of 3.54 Å for samples 
collected after experiments conducted at 1200 ◦C, whereas a reactor 
temperature of 1600 ◦C resulted in a significant shift toward the 4.1 Å 
spacing. The larger spacing of 4.1 Å observed at 1600 ◦C indicates a 
disordered arrangement in which carbon layers are misaligned or 
rotated relative to one another. This misalignment results in wider gaps 
between the layers that can be attributed to weaker van der Waals in
teractions. Consequently, this structural arrangement is unique to the 
pyrolysis of LDPE, as it contrasts with the typical graphite spacing of 

3.35–3.5 Å, which is characterized by ordered, stacked graphene layers 
[44]. Despite these structural changes, the solid carbon remains pre
dominantly amorphous, as evidenced by the broad peaks in the XRD 
patterns. In summary, the pyrolysis temperature has an insightful 
impact on the characteristics of solid carbon derived from LDPE pyrol
ysis. Higher temperatures lead to smaller particle sizes, distinct crys
tallite structures, and decreased graphitization, providing valuable 
insights into the mechanisms of solid carbon formation and trans
formation during plastic pyrolysis. Therefore, the solid carbon produced 
from LDPE pyrolysis can be compared to industrial thermal black and 
furnace black of varying quality levels, which are used in elastic rubber 
applications [45,46].

4. Conclusion

In order to contribute to the development of cost-effective and easily 
implementable processes for the utilization of plastic wastes, an exper
imental investigation was conducted on the thermal pyrolysis of plastics. 
The aim was to examine the influence of different process parameters, in 
particular temperature on H2 and solid carbon yield, product gas 
composition, and condensable hydrocarbon species. Low-density poly
ethylene (LDPE) served as the feedstock and the effect of temperature 
was studied using a lab-scale high-temperature tubular flow reactor, 
which could be loaded with plastic pellets and operated at temperatures 
ranging from 700 ◦C to 1600 ◦C. The results demonstrated that an in
crease in temperature resulted in a rise in hydrogen yield to over 11 wt% 
within the temperature range of 900 ◦C to 1600 ◦C. Furthermore, the 
product gas at temperatures of 700 ◦C to 900 ◦C mainly consisted of 
methane and ethylene. This is due to a temperature-related inhibition of 
hydrogen production in the gas phase. A similar behavior was observed 
during methane pyrolysis experiments [28,47]. As the temperature in
creases, the equilibrium of successive dehydrogenation of methane, 
ethylene, and acetylene tends towards the formation of solid carbon. The 
study of the temperature’s effect on the yields of condensable products 
revealed that both aliphatic and polycyclic aromatic hydrocarbons 
(PAHs) increased up to 1000 ◦C. Aliphatic compounds reached a yield of 
up to 19.0 wt%, while PAHs yields were approximately an order of 
magnitude lower throughout the temperature profile. Moreover, the 
solid carbon produced from the pyrolysis of LDPE was evaluated using 
analytical techniques such as TEM, SEM, DLS, TGA, XRD and Raman to 
assess its potential as sustainable industrial carbon material.

In consideration of previous research findings, which revealed a 

Fig. 9. SEM images on solid carbon samples from LDPE pyrolysis at reaction temperatures of 1200 ◦C (a, d), 1400 ◦C (b, e), and 1600 ◦C (c, f) with an argon residence 
time of 10 s.
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hydrogen production level of ≤ 70 mol%) below 900 ◦C, this work 
demonstrates that higher temperatures above 900 ◦C can lead to 
increased hydrogen yield (≥ 90 mol%). Moreover, it presents the po
tential to capture carbon black, which could be subsequently utilized by 
rubber companies. Based on the findings of this study, it is recom
mended to further investigate the enhancement of hydrogen yield by 
extending the residence time. Implementing optimized retention of solid 
and condensed phase products has the potential to result in process 
improvements in the future (for example the utilization of a batch 
reactor could allow very high residence time). In summary, the results 
obtained significantly contribute to our understanding of the thermal 
pyrolysis of LDPE at temperatures exceeding 1000 ◦C.
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