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Abstract 

 

Plastic waste represents the most serious global problem for ecosystem and environmental 

balance, which urges the development of new recycling process for the improvement of 

circular economy. Chemical recycling of waste plastic to produce back light olefins, ethylene 

and propylene, is of high interest to reduce the use of fossil sources and allows the direct re-

use of waste plastic with a concomitant reduction of associated carbon footprint. In this 

present work, we report on the development of metal-free carbon catalyst, with high 

deactivation resistance, coupled with contactless induction heating with high heat efficiency 

and low energy for the direct conversion of waste plastics back to light olefins and aromatics. 

Such process is critical yet challenging in industrial applications. Relevant characterizations 

proved that exclusive surface heating, significantly improves the selective cracking of waste 

plastics, either model or industrial ones, to produce light olefins and aromatics during long-

term operating process. The commercial carbon felt displays remarkable performance for the 

chemical recycling of waste plastics, surpassing the conventional metal and zeolite catalysts 

for such relevant environmental problem. The influence of an alternating magnetic field on 

the catalytic mechanism is advanced to explain such high performance.  
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1. Introduction 

 Plastics represent one of the main commodities for our society in almost every 

domains spanning from industrial packaging to health care as well as composites for 

transportation or in different electronic devices. The single-use of plastics, ca. 40%, as 

commodities represents one of the main sources for the CO2 release and causes problems for 

environment and health taken into account that nowadays, about 79% of waste plastic is 

dumped or landfilled while only a very small amount is recycled (9%) and incinerated (12%) 

[1, 2, 3]. The landfilling of plastic also contributes to water pollution through waste generated 

during the extraction and refining of raw materials and from solid waste disposal. The plastic 

degradation in water leads to the formation of microplastics which can harm marine and 

human life through transmission within the food chain [ 4 , 5 ]. New legislations and 

environmental constraints significantly increase research from both academic and industrial 

sides to develop new paths for the plastic recycling with the aim to produce value-added 

products for transportation and petrochemical processes and to reduce the use of fossil 

resources [6, 7]. Plastic waste as such is contamined with different dopants, which are used 

for the final packaging depending on the dedicated uses, and thus, preliminary sorting and 

cleaning are necessary ahead of the recycling process, especially for chemical recycling, as 

the recycling efficiency and catalyst stability also depend on the nature of the various 

additives used in the plastic [8]. Nowadays, depending on the quality and purity of the plastic 

waste, different recycling processes are developed: (1) reuse (direct from the plastic waste 

which can concern a small part of the global plastic produced) [9, 10], (2) reprocessing or 

mechanical recycling with the main concerns due to the gradual decrease of the recycled 

plastic quality [ 11 , 12 ], (3) depolymerization to produce raw monomeric material (not 

applicable for all types of plastics), (4) thermochemical conversion of the waste plastic into 

hydrocarbon feedstock [13, 14], and finally, (5) energy recovery through incineration with a 
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concomitant release of CO2 and some toxic compounds [15, 16]. Among these processes, the 

thermochemical route allows one to recycle waste plastic fractions that cannot be reused or 

recycled through mechanical or depolymerization processes and to avoid landfill or 

incineration. Thermochemical recycling allows one to reduce in a significant manner the 

greenhouse gas (GHG) emission compared to incineration [17] while remains close, in terms 

of GHG, to the mechanical recycling as this later can only be applied to a very limited 

fraction of waste [18]. Recently, several approaches have also been proposed to chemically 

convert waste polyolefins, especially polyethylene, into valuable products which could be 

further used as raw materials in several chemical processes [3, 19, 20, 21, 22, 23]. However, 

the developed processes are mainly relying on low temperature and high hydrogen pressure, 

which implies challenges for further scaling-up. 

Light olefins (ethylene and propylene) represent an important chemical feedstock in 

chemical industries for the production of polymers, solvents, construction, synthetic fibers, 

electronic, etc. [24, 25] and are produced in significant volume worldwide and require large 

amount of fossil compounds. It is estimated that ca. 400 million tons of light olefins 

(accounted for a total cost of ca. 400 B$ for 2019) are annually produced using billion tons of 

hydrocarbon feedstock through different processes such as fluid- or steam-cracking or 

dehydrogenation [26]. Different technologies are used for the production of light olefins from 

various feedstock such as crude oil, natural gas, coal and biomass, while steam cracking (SC) 

and fluid catalytic cracking (FCC) represent the main operational processes [27, 28, 29, 30]. 

The conversion of waste plastic directly into light olefins, C2-C4 olefinic fractions, could 

represent an alternative to the costly depolymerization process, for the supply of light olefins, 

as monomer subunits to the market, with a concomitant reduction of fossil compounds as raw 

materials. Thermochemical processes have recently been developed using two-stage process 

where the first one converts plastic into intermediate hydrocarbons, naphtha fraction, which 
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are further converted into light olefins through a steam cracker [31, 32, 33]. The light olefins 

yield amounted between 25 % to 40 % of the inlet hydrocarbons [34, 35, 36]. However, such 

indirect route remains complex, as the naphtha fraction should be purified to remove all traces 

of olefins and aromatics, before it could be introduced into the steam cracker and this poses 

economic and environmental problems. In addition, the residence time should be extremely 

well controlled as well as steam-to-hydrocarbon ratio to maximize the production of light 

olefins and to reduce as much as possible undesired secondary reactions [37]. According to 

the different drawbacks cited before, direct route to convert waste plastic into light olefins, at 

low to medium temperature and atmospheric pressure (to improve light products yield), with 

high yield per pass is of high interest. In such thermochemical plastic conversion processes, 

the acidic zeolites are the most used catalyst in order to perform long-chain polymer cracking 

to yield liquid hydrocarbon compounds which will be further processed into different high 

value added fuels such as gasoline, jet fuel or diesel [38, 39, 40, 41, 42]. However, such acidic 

catalysts are frequently deactivated due to the presence of trace impurities and carbonaceous 

residue deposit, and thus, requires periodical regeneration, which could have an economic 

impact on the large-scale development of the process. Meanwhile, a recent study implying 

iron-based catalyst and microwave has also been reported for the deconstruction of plastic 

into hydrogen and high-value carbons [43]. Very recently, Conk et al. [44] reported an elegant 

way to convert high-density polyethylene into propylene, ca. 80 % yield, through a sequence 

implying dehydrogenation, metathesis and isomerization, using organometallic complexes 

based on iridium, ruthenium and palladium as catalysts operated under mild reaction 

conditions. However, despite such promising results, the use of iridium or platinum-based 

catalysts, noble metals with critical scarcity and high cost, could hamper the future 

development of the process. In addition, traditional heating via external heater could pose 

problem of heat transfer, and especially for such high endothermic process. Indeed, the 
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conductive heating from the reactor periphery induces severe inhomogeneity of temperature 

inside the catalyst bed, as the heat transfer from outer wall to the center tends to have large 

thermal resistance due to the long distance of heat conduction through the insulator catalyst 

layer. Such poor heat transfer leads to a large temperature gradient across the catalyst bed, 

which is accelerated with the high endothermic character of the reaction. 

Recently, it has been reported by different research groups that unusual catalytic 

processes can be carried out using direct induction heating (IH) in place of traditional heat 

convection/conduction transfer [45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55]. In such catalytic 

process the heat is directly targeted to the solid catalyst without overheating the whole reactor 

volume and thus, significantly reduce the waste heat associated with the processes [56]. The 

targeted heat to the catalyst also provides a high efficiency of temperature maintaining to 

operate catalytic process at kinetic regime by improving the heat transfer and by reducing the 

problem of heat loss, especially for such high endothermic reaction. In addition, IH also 

represents a green heating mean for operating catalytic processes as it can be operated using 

exceeding renewable energy sources (RES), instead of traditional fuel or natural gas burners, 

for heating up the reactor which thus, contributes to the reduction of the GHG for chemical 

processes, i.e. electrification of chemical processes [57, 58, 59, 60]. Alongside with magnetic 

compounds, which can be actively heated by IH, electrical conductors, such as metal or 

carbon and graphite, could also be efficiently heated up by IH [61, 62]. Recent reports by 

Pham-Huu and co-workers [63, 64] have pointed out that metal-free carbon catalyst can be 

efficiently used for the direct catalytic methane decomposition (CMD) to produce turquoise 

hydrogen under IH mode. The catalyst displays high and stable CMD activity and such 

catalytic performance was attributed to the fact that the solid carbon deposit plays directly the 

role of active phase for the CMD process through the formation of vacancies on its surface. 

Induction heating displays several advantages compared to traditional convection and 
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conduction heating (CH): (i) the heat is directly targeted to the solid catalyst which 

significantly reduces the heat waste, (ii) the temperature maintaining is extremely fast thanks 

to the instantaneous temperature regulation (several hundred degrees per minute), and (iii) the 

gas-phase is merely heated, mostly through local radiating heat from the solid, and thus, a 

temperature gradient is created between the solid and gas media which allows the rapid 

quenching of gas-phase secondary reactions. Finally yet importantly, IH allows one to operate 

small size plant, which is not possible for conventional heating as for this later, large plant is 

required for improving the heat production using large gas fuel burners. In the case of IH 

mode, decentralized plants with on-site and on-demand could be operated with lower 

environmental impact compared to large ones.   

 Here, we report on a combination of high heat harvesting carbon-based catalyst and 

direct IH to crack down a model mixture of polymers (high- and low-density polyethylene 

(HDPE and LDPE), polypropylene (PP) and polystyrene (PS)) to produce light olefins and 

aromatics with high yield per pass (ca. 50%) and at medium pyrolysis reaction temperature 

(atmospheric pressure and ≤ 500°C) [65]. Finally, the chemical cracking process was also 

being experimented on a refusal sorting industrial mixed polymers containing real additives 

compounds for the complete assessment of the process. The stability of the catalyst was also 

evaluated through cycling tests using industrial waste polymer. The catalyst was characterized 

by different techniques and the results are discussed in light of the catalytic performance. The 

results obtained indicated that the combination of carbon catalyst and contactless IH turns out 

to be an efficient way to convert waste plastic into light olefins and aromatics with high yield 

per pass and long-term stability. It is also worthy to note that, by combining carbon catalyst 

and radiofrequency heating, one can avoid the problem linked with the dependency between 

the catalyst particle radius and the specific absorption rate, as well as reaction temperature 

dependency with the Curie temperature of the sample, as usually encountered with magnetic 
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nanoparticles. In addition, carbon-based catalyst should also display higher deactivation 

resistance against impurities present in the waste plastic due to its high chemical inertness. 

 

2. Experimental section 

2.1 Carbon felt 

 Commercial filamentous carbon felt (CF), ex-polyacrylonitrile (PAN), with a 

dimension of 1 × 3 m2 (thickness of 12 mm) was supplied by Carbone Lorraine (MERSEN, 

La Défense, France). The as-received CF was cut longitudinally in the form of thin plate 

(thickness, 3 mm × width, 30 mm), which is further rolled to form a macroscopic cylinder (26 

mm x 30 mm) for the experiment. The CF displays a relatively low specific surface area, 4 ± 

2 m2/g measured by means of Kr adsorption, which is mostly linked with its geometric 

surface area and is in good agreement with the lack of internal porosity of the material (see 

SEM analysis). The relatively high entanglement of the carbon microfilaments and their high 

aspect ratio (length-to-diameter ratio) could significantly contribute to the high heat transfer 

with the induction coil as well as high heat transfer within the catalyst bed through local 

conduction process. 

 

2.2 Plastic-To-Olefins process 

The Plastic-To-Olefins (PTO) process was carried out on a metal-free carbon felt (CF) 

catalyst in a two stages process. The representative setup used for the process is presented in 

Fig. 1 with associated legendary for different sections. The first section was consisting in a 

polymer supplier, which can contain a polymer weight from 10 to 400 g. The reservoir was 

continuously flushed with an argon flow (30 mL. min-1). The polymer chips (3 mm x 2 mm) 

were fed to a pre-cracking stage consisting with 4 g of silicon carbide (extrudates with 

diameter of 3 mm and length up to 4 mm) localized within an electric furnace kept at 450 °C 
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and continuously flushed with an argon flow with a flow rate of 30 mL. min-1. In the first pre-

cracking stage the polymer was decomposed into smaller fragments, i.e. random cracking, to 

yield both gaseous and liquid compound, which further passed through the connection pipe 

(100 mm length), maintained at 250°C, into the second cracking stage operated either under 

direct IH or indirect Joule heating. The outgoing products, from the first pre-cracking stage, 

were also analyzed through direct cooling in order to get more insight about their nature. At 

room temperature, the products are in the form of waxy compounds which are hardly 

solubilized in petroleum ether solvent; this indicates that the pre-cracking stage only crack 

down the pristine polymer into some long-chain fragments (mostly waxes at room 

temperature) which will be further cracked into liquid and gaseous hydrocarbons in the 

second cracking stage.  

The second cracking stage is heated up either under direct IH or indirect CH mode. 

The IH experiment was conducted on an EasyHeat 8310 induction heating setup (10 kW, 

Ambrell Ltd) equipped with a spiral 6-turn induction coil (L = 1.05 m, pure coil resistance = 

2.066 10-3 ) and external cooling chiller with recirculated water/glycerol (10%) mixture as 

cooling media. In a typical experiment, a quartz reactor (inner, 24 mm, length, 1,000 mm) 

containing the catalyst, similar to that used for the CH, was placed inside the induction heater 

coils (see inset in Fig. 1). The real-time temperature control/regulation was ensured by a PID 

system (Proportional Integral Derivative controller, Eurotherm model 3504), connected to a 

laser pyrometer (Optris®, power < 1 mW, located at  30 cm from the catalyst), focused on 

the middle of catalyst bed on the external wall of the quartz reactor, and another for the 

monitoring of the entrance temperature and operates in the range of 150 °C to 1400 °C. The 

accuracy of the temperature measurement is also monitored using a volumetric thermal 

camera (Optris, Model PI 1M) operated in a temperature range of 450 °C to 1,400 °C. The 

heating rate of the system is about 2000 °C min-1 in the 160 - 600 °C temperature range which 
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could allow the efficient temperature maintaining during the highly endothermic cracking 

process. It is worthy to note that the inductor operated at a frequency of 263 kHz which 

generated a much lower magnetic field compared to those operated at lower frequency, i.e., < 

10 kHz. In order to reduce the exposure of the worker to the magnetic field the setup was 

localized inside a Faraday cage surrounded with metal mesh. 

 

Pre-cracking stage

Cracking stage

Exit stream

Polymer feeder
(HDPE, LDPE, PP, PS

and industrial waste)ArIN

ArOUT

ArIN

ArOUT
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450-500°C
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Exit line (30°C)
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Feeding capacity: up to 400 g
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(Pmax: 2,500 W,

Tmax: 1,500°C) 

Polymer  C20 to C50

C20 to C50  C1 to C20

 
Fig. 1 | Schematic representation of the pyrolysis setup operated under IH mode for 

converting waste plastic into light olefins and aromatics on CF catalyst. Digital photos of the 

different sections are also presented. 

 

 

2.3 Characterization techniques 

 The scanning electron microscopy (SEM) was carried out on a ZEISS 2600F with a 

resolution of 5 nm. The sample was deposited onto a double face graphite tape in order to 

avoid charging effect during the analysis. 
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The specific surface areas of the catalysts, were determined in a Micromeritics 

sorptometer. The sample was outgassed at 250 °C under vacuum for 8 h in order to desorb 

moisture and adsorbed species on its surface. Physisorption measurements were carried out 

using N2 as adsorbent at -196 °C under a relative pressure between 0.06 and 0.99. The pore 

size distribution was calculated from the desorption branch of the isotherm. 

Computed X-ray tomography (CT) was performed on an X-Ray Solution tomograph, 

model Easytom 150–160 (RX solution SAS, Chavanod, France) on the ICS tomography 

platform (UPR 22, CNRS, Strasbourg, France). The X-ray generator is an open-tube Hamatsu 

microfocus with tungsten filament and tungsten target. The detector is a Varian PaxScan 

2520DX1920x1536 pixel flat panel sensor (pixel size 1/4.127 μ m x 127 μm) – 16 bits. The 

scan is carried out with the following parameters: Resolution = 1.2 μ m, Source – sampling 

distance = 3.29 mm, Source – sensor 1/4,347 mm, X-ray energy = 80 kV, beam intensity = 65 

μ A. The 1984 projections are made on 360°. Average = 15 images per position. The sensor 

has a frame rate of 2 frames per second. The entire scan lasts 4.5 hours. The reconstruction 

method used is filtered rear-projection. 

The Raman spectra were recorded using LabRAM ARAMIS Horiba Raman 

spectrometer equipment. Spectra were recorded over the range of 500 - 4000 cm-1 at the laser 

excitation wavelength of 532 nm. The sample was deposited on glass substrate by deep-

coating of its suspension and carefully dried before measurement. 

Thermal gravimetric analysis (TGA) was realized on a TGA Q5000 instrument with a 

heating rate of 10 °C/min under air atmosphere. The weight of the sample was kept at around 

10 mg in order to avoid diffusion problems during the analysis. 
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3. Results and discussion 

3.1 Carbon felt characteristics 

 The characteristics of the carbon felt (CF) used as metal-free catalyst are presented in 

Fig. 2. For the tests, the rolled CF in a cylinder shape with following dimension: height, 30 

mm, diameter, 24 mm and displays an apparent volume of 64 cm3 is used (Fig. 2a). The CF 

cylinder displays a large pores connection as evidenced by CT analysis in Fig. 2b and c, 

which can measure the whole volume of the cylinder with a relatively high accuracy. SEM 

micrographs with different magnifications reveal the high entanglement of the carbon 

microfilaments within the sample and the smooth microfilament surface (Fig. 2d to f). High-

resolution SEM micrograph in Fig. 2f clearly evidences the non-porous structure of the CF 

catalyst with a complete lack of internal porosity within the carbon microfilament (indicated 

by arrow). On such non-porous carbon catalyst, it is expected that the pyrolysis reaction takes 

place exclusively via external surface without any diffusional phenomenon as generally 

encountered with zeolite catalysts where pores plugging by solid residue is the main cause of 

catalyst deactivation alongside with chemical poisoning. The connected voids allow the easy 

circulation of gaseous or even liquid reactants throughout the CF matrix, which could 

contribute to high pyrolysis efficiency. The catalytic activity of the CF, containing defects, 

has already been reported to be an efficient metal-free catalyst for selective oxidation of H2S 

into elemental sulfur and confirm it advantage over traditional metal-based catalysts [66]. 
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1 cm

a

 
Fig. 2 | (a) Digital photo and drawing of the rolled carbon felt used as metal-free catalyst in 

the conversion of waste plastic-to-olefins process. (b) CT micrograph and (c, d) SEM images 

of the rolled CF catalyst showing the entanglement of the carbon microfilament arrangement 

inside the sample. (e, f) Medium and high-resolution SEM micrographs showing the presence 

of large voidage within the sample and the smooth surface without internal porosity (indicated 

by arrows in 2f) in good agreement with the low SSA measured by N2 adsorption. 

 

 

 The nature of the carbon in the CF sample is investigate by Raman spectroscopy and 

the results are presented in Fig. 3a. Raman spectra show classical typical D and G bands at 

1343 cm-1 and 1597 cm-1, respectively. A third band located at 2700 cm-1, noted 2D, is also 

observed in the Raman spectra which is attributed to the presence of graphene and/or 

graphene multi-sheets [67]. G band was assigned to symmetric and crystalline sp2 carbon, 

while D band was associated with the defects/edges in the in-plane of graphene layers and 

irregular graphitic lattice on the surface. The ID/IG ratio is relatively high at 1.28 and indicates 

that the sample displays a relatively large number of defects or low graphitization degree. 

Indeed, the fact that D peak is relatively high could be attributed to the presence of disorder in 

the graphite plane over long distance. A prominent 2D peak seems to indicate that some 

surface graphene planes are present in the CF sample, and this could be originated from the 

production technique. The TGA spectra of the fresh and spent CF catalysts are presented in 
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Fig. 3b. The CF sample displays a combustion peak at ca. 740 °C, which represents a medium 

oxidative resistance and is in good agreement with the relatively high graphitization of the CF 

and also with the Raman analysis presented above. Ammonia titration has evidenced the 

complete lack of any residual acidic sites on the CF catalyst (not reported) which rules out 

any influence of such acid sites on the pyrolysis process. 

 

2D (2700 cm-1)

D (1343 cm-1)

G (1597 cm-1)

a b

 
Fig. 3 | (a) Raman spectra of the CF sample, before and after PTO test, at reaction 

temperature of 500 °C. (b) Corresponding TGA spectra of the fresh and spent catalysts under 

air (10 mL. min-1). 

 

 

3.2 Model HDPE pyrolysis 

 The cracking results obtained on the CF rolled disk at different temperatures are 

presented in Fig. 4a to c. The CF catalyst displays a maximum cracking performance and light 

olefins yield at reaction temperature of 450 °C, as at lower temperature liquid hydrocarbon is 

predominant with lower light olefins fraction (not shown). At reaction temperature higher 

than 500 °C, extensive cracking yields mostly methane leading to a net decrease of the light 

olefins yield, and also to the increase of the solid residue deposited on the CF catalyst. 

Aromatic compounds are also obtained among the reaction products, and are mostly 

constituted by benzene and toluene: 6 % at 450 °C and 9 % at 500 °C, respectively (Fig. 4c 

and d). However, it is worthy to mention that the objective of the present process is devoted to 
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the production of light olefins back from waste plastic and not aromatic compounds according 

to the relatively low operational temperature. However, the formation of some aromatic 

compounds could be useful as there are belonging to the five most demanded chemical 

building blocks for the petrochemical field. Work is ongoing to check out the reaction 

conditions in order to tune the selectivity of either light olefins or aromatics in the process. 

The total light olefins and aromatics yield at 450 °C is amounted to about 49 wt. % which 

represents a highest yield for a one-step pyrolysis process to convert waste plastic into its 

corresponding monomers and aromatics. Indeed, for a two-stage process, i.e. waste plastic 

conversion into naphtha followed by steam cracking to produce olefins, the overall olefins 

yield remains low despite the complexity and high severity of the process, i.e. ≤ 40 % [68, 

69]. 

 The reaction seems to occur by adsorption of the intermediate long-chain hydrocarbon 

pyrolyzed compounds, issued from the first pre-cracking stage, on the external surface of the 

non-porous CF catalyst followed by a cracking to yield light olefins and aromatics, which 

could be rapidly desorbed into the gas-phase. Therefore, the reaction would thus proceed in a 

different way than the traditional ones reported on zeolite and zeolite-based catalysts [70, 71] 

where light products are mostly formed inside the catalyst porosity after surface cracking to 

yield smaller fraction which subsequently diffuse inside. In general, on a non-porous material 

and in the absence of metallic catalyst, long-chain hydrocarbons fraction is generated through 

external cracking on the surface site of catalysts [72]. As IH only targets heat to the solid and 

thus, favors the cracking of adsorbed species, the gas phase medium is expected to have a 

lower temperature allowing a rapid quench of the desorbed light olefins and thus, reducing the 

secondary gas-phase reactions in a similar way as reported for microwave heating [73, 74]. 

Similar observation has also been reported by Luo et al. [45] during the catalytic 

decomposition of medical waste plastic under IH to produce hydrogen-rich gas. The 
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surrounding magnetic and electric fields, even weak, could also have some influence on the 

radical production, or reaction intermediate adsorption/desorption, as recently reported from 

different research groups [75]. Indeed, Essyed et al. [75] have suggested that the presence of 

both electric and magnetic fields could be at the origin of the ordered graphene-like carbon 

generated during the catalytic methane decomposition (CMD) process on carbon catalyst and 

that IH not only provides heat to the catalyst but also intervene itself in the reaction 

mechanism by modifying the reaction intermediate species.  

1H-NMR spectrum presented in Fig. 4d shows the presence of some aromatic 

compounds inside the liquid medium. Such results have also been confirmed by liquid-phase 

GC analysis which indicates the presence of aromatics (see discussion below). The NMR 

analysis of the liquid fraction also indicates that branched alkanes and alkenes are also 

detected in trace amounts, which is in good agreement with the lack of acidity in the catalyst. 

Alkenes appeared to be a mixture of terminal and internal aliphatic derivatives with lower 

amount of aromatic, and could be explained by the random scission mechanism of 

polyethylene thermal degradation followed by internal rearrangement through radical 

migration within the hydrocarbon chain. Saturated hydrocarbons are generated by 

incorporation of hydrogen into the hydrocarbon backbone followed by desorption. Aromatic 

compounds are also detected in both gaseous and liquid products. According to the fact that 

the CF catalyst contains no acidic sites, it is expected that these aromatic compounds, detected 

in the present study, could be issued from the surface reaction between the intermediate olefin 

species, adsorbed on the carbon surface, and not from the gas-phase condensation process as 

discussed above. Indeed, Santamaria and co-workers [76] have reported that, during the 

methane dehydroaromatization (MDA) process operated under microwave heating, where the 

gas-solid temperature gradient significantly decreases the quantity of aromatic compounds in 

the exit stream with a concomitant improvement of the amount of primary intermediate 
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product, i.e. C2H2. Such a control of the temperature gradient should significantly decrease the 

formation of polyaromatic hydrocarbon (PAH) which is a coke precursor and is in good 

agreement with the results observed in this study where mostly monoaromatics are obtained. 

The GC results indicate the presence of mostly benzene, toluene and xylene present in the gas 

phase in the following proportion: BTX = 6 wt. % at 450 °C and BTX = 9 wt. % at 500 

°C. The lack of heavier aromatic compounds, polyaromatic hydrocarbons (PAHs) which 

should be steadily solidify at the exit stream (due to their high liquefaction point), seems to 

confirm that gas-phase condensation is unlikely to occur due to the specific heat targeting to 

the solid under IH mode. The aromatic compounds detected by NMR are amounted to ca. 19 

% of the total carbon in the liquid fraction and could be attributed to the specificity of IH to 

heat up surface material. It is worthy to note that the unsaturated hydrocarbons and aromatics 

which are coke precursors compounds could reacted each other on the catalyst surface upon 

re-adsorption to produce carbonaceous residues. However, the contribution of such secondary 

pathway seems to be relatively low at reaction temperature of 450 °C, i.e. 1 wt. % of solid 

(and some waxy) residue, while it significantly increases at higher reaction temperature, i.e. 9 

wt. % at 500 °C (Fig. 4a and b). Such relatively low solid residue could be attributed to the 

lower re-adsorption rate of the intermediate species due to exclusive surface heating provided 

by the IH. The high surface temperature could prevent re-adsorption of unsaturated 

hydrocarbons and aromatics which are coke precursors [77] as adsorption is exothermic 

process and thus, an increase in surface temperature leads to a decrease in adsorption. Such 

reaction could be attributed to the presence of eddy thermal effect on the surface of the CF 

which provided high local temperature compared to a simple thermal-diffusion process [78]. 

This property has also been used in the field of water splitting in order to achieve the reaction 

close equilibrium voltage at room temperature whereas it cannot be reached in traditional 

heating process [79, 80]. The results clearly demonstrate that model HDPE waste plastic can 
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be efficiently cracked-down into light olefins and aromatics, with a relatively high yield up to 

49 %, at moderate reaction temperature, i.e. 450 °C, compared to cracking process of naphtha 

in traditional steam cracker where reaction temperature is around 1,000 °C [81].    
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Fig. 4 | (a, b) PTO performance at different reaction temperature using model HDPE on CF 

catalyst operated under contactless IH in a two-stage reactor configuration. Reaction 

conditions: polymer weight feeding = 10 g. h−1 with sequential feeder, CF weight = 1.6 g (with 

an apparent volume of 64 cm3), reactor diameter = 26 mm, argon flow rate (downward) 

= 30 mL. min−1, reaction temperature = 450°C, and 500 °C, the HDPE was vaporized in a first 

stage of the process using an electric oven set at 450 °C. (c, d) The light olefins and aromatics 

hydrocarbons in the gaseous fraction obtained in the different experiments. (e) 1H-NMR 

spectrum of the liquid phase hydrocarbons condensed at the exit stream of the process. 

 

 

 The same CF catalyst was also evaluated under indirect CH in an electric oven and the 

results are presented in Fig. 5a and b. Under CH mode most of the waste plastic was 

converted into liquid and waxy hydrocarbons, which can be partly dissolved in dioxane. The 

dissolved hydrocarbons fraction contains medium to short chain hydrocarbons ranged from 

C10 to C30. The higher waxy hydrocarbons which was not dissolved in dioxane, CnH2n+2 > C30, 

cannot be analyzed. Such results definitively confirm the high efficiency of IH to operate PTO 

process compared to conventional CH as already reported from several studies in the 

literature.  

The high PTO efficiency observed on the CF material under IH, unlikely to that 

obtained under CH, could be attributed to the following facts (the influence of the magnetic 

field will be discussed apart below): (i) high temperature maintaining efficiency due to the 
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high heating rate of the IH, i.e. several hundred degrees per minute, to maintain the material 

temperature at the set value for the endothermic cracking reaction; and, (ii) better temperature 

homogeneity within the entire solid bed as the heat is generated directly within the material 

body and not through convection/conduction indirect transfer as encountered with the indirect 

CH mode. Indeed, carbon felt is well known as insulator shield material to prevent heat 

transfer for high temperature oven, and thus, the carbon filaments display high heat transfer 

along its filamentous structure but not between the filaments due to the presence of large 

voidage in the material. In the case of IH, the entire solid volume can be heated while in the 

case of CH the heat is transferred along the external filaments to the core of the solid bed, 

which is more affected by the filamentous structure with large voidage of the material. Such 

heat resistance can be avoided with IH as heat is directly generated through the material body 

as discussed above and the heat distribution throughout the carbon microfilaments is much 

faster due to their small diameter, which remains within the range of depth penetration for the 

eddy currents, i.e. few micrometers from the outer surface. The high aspect ratio (length vs 

diameter) of the carbon microfilaments constituting the CF material also contributes to rapid 

heat conduction along the filaments and through the entire material matrix and thus, greatly 

improve the reaction process. The high heat maintaining, especially on the catalyst surface 

where the chemical process takes place, is of high interest as it allows the direct and rapid 

temperature compensation due to the highly endothermic reaction. Zhang et al. [82] have 

reported the conversion of waste plastic on acidic carbon-based catalysts operated at relatively 

high reaction temperature, i.e. 600°C, to produce jet fuel liquid hydrocarbons. According to 

such results the direct conversion of waste plastic into gaseous light olefins is unlikely to 

occur at reaction temperature ≤ 600°C. Similar results between IH and CH modes have also 

been reported during the plastic-to-fuel process operated on a medium SSA mesoporous 

carbon (300 m2. g-1) under both IH and CH modes [83]. In such report at the same reaction 



 

22 

 

temperature the porous carbon mostly yields liquid hydrocarbons from the pyrolysis of waste 

plastic while in the present work, non-porous microfilaments mostly yield light olefins and 

gaseous hydrocarbons. Such results could be explained by the presence of a large porosity 

network in the mesoporous carbon which allows rapid intermediate hydrocarbons diffusion 

inside the catalyst matrix where cracking is initiated. Plastic cracking is a highly endothermic 

reaction and thus, the products formation could be strongly linked to the catalyst temperature. 

In the case of mesoporous carbon, it is suggested that some temperature gradient could exist 

between the carbon surface (thin layer of heating by skin effect) and its core, which could 

reduce the efficiency of the cracking leading mostly to medium chain hydrocarbons. The 

small diameter of the CF microfilament (10 µm) also significantly contributes to a high heat 

transfer and maintaining compared to that of the mesoporous carbon with larger diameter (3 

mm). Such an effect of the surface temperature could also be advanced to explain the 

formation of a relatively large amount of aromatic compounds, i.e. 19 % vs 1 %, in the liquid 

fraction of the CF vs mesoporous carbon catalyst. One cannot exclude the different interaction 

between the carbon catalyst and the magnetic field which could led to a different reaction 

mechanism between the two carbon catalysts (see discussion below).    

 In addition, as stated above the presence of a surrounding magnetic field, even small at 

ca. 20 mT, could also have an influence on the adsorption and cracking process. 

Kiatphuengporn et al. [84] reported about 50 % increase in the rate of CO2 hydrogenation on a 

Fe/MCM-41 catalyst operated under an external magnetic field of 30 mT alongside with a 

decrease of about 20 % of the activation energy. The influence of magnetic field on the 

physisorption and chemisorption of reactant gases on the magnetic catalyst has been advanced 

by the authors to explain the observed results. The cracking of plastic intermediates could 

give rise to radical species through the breaking of C-C bonds with lower strength than the C-

H bonds, as reported in a review by Gholami et al. [68], which could be influenced by the 
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magnetic field according to the reports by Liu et al. [85] and by Harmon et al. [86]. Liu et al. 

[84] and Ikeya et al. [87] have stated in their reports that magnetic field could stabilize radical 

species leading to an off-equilibrium chemical process. Rodgers [88] has also reported that 

the exchange between the singlet and triplet states under an external magnetic field could led 

to a so-called radical pair mechanism in chemical process. The presence of adatom (carbon) 

or defects (vacancies) also induce magnetic character sites on the carbon material which could 

participate in the adsorption of the radical intermediates and allow the reaction to proceed 

forward [89, 90, 91]. Recently, Adogwa et al. [92] have advanced an interesting hypothesis 

about the role of alternative magnetic field on the adsorption and desorption of the reactant on 

the catalyst surface to explain the high catalytic performance of CO oxidation, almost an order 

of magnitude, on the Pt/Fe3O4 catalyst operated under IH mode. The authors have observed 

that infrared (IR) peaks corresponding to *CO-Pt at 2063 cm-1, gaseous CO at 2118 and 2171 

cm-1, and a negligible gaseous CO2 (2400 and 2300 cm-1) were rapidly changed to a 

prominent formation of gaseous CO2 upon introducing an oscillating magnetic field of 24 mT 

(which is very similar to that the field used in the present work). Such results confirm the high 

influence of the oscillating magnetic field to facilitate *CO oxidation. The same IR peaks are 

restored after removing the magnetic field for about 60 s. The observed results were attributed 

by the authors to the presence of an oscillating magnetic field which could improve on one 

side, the adsorption state of the reactant, and on the other, the combined desorption of the 

product. The oscillating magnetic field could modify the binding energies of surface 

intermediates, eg. A* and B*, over a broad range of frequencies. Such oscillating frequency 

could allow the most abundant B* formation from A* → B* before switching to favor B* → 

B + *, and thus, breaking the Sabatier limit, which stated that the reaction intermediates 

should avoid binding to the catalyst surface either too weakly or too strongly to achieve high 

activity. Such hypothesis remains very similar to that reported before by Kiatphuengporn et 
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al. to explain the possible influence of a magnetic field on the catalytic performances [83]. 

Recent results reported by Essyed et al. [74] during the catalytic methane decomposition 

(CMD) process on carbon-based catalyst operated under IH also pointed the same positive 

influence of an oscillating magnetic field on the catalytic performance. The authors have 

observed that carbon-based catalyst under IH displayed a relatively high methane conversion 

up to 60 % whereas the same catalyst, operated under traditional convection and conduction 

mode without an external magnetic field, only displayed about 2 % of methane conversion. 

Magnetic field allowing the stabilization of intermediates radical species was advanced by the 

authors to explain the observed results. These latest results pointed out that IH not only 

improve heat transfer to the catalytic system but also actively participate in the reaction 

pathway itself, by modifying either the adsorption and conversion rate of the intermediate 

species or the reaction mechanism itself. 
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Fig. 5 | (a, b) PTO process of model HDPE on CF catalyst operated under indirect convection 

and conduction heating mode at different reaction temperature: 550 °C and 600 °C. The waxy 

fraction contains hydrocarbons ranged from C10 to > C30. (c, d) The light olefins and 

aromatics hydrocarbons obtained in the different experiments. Reaction conditions: polymer 

weight feeding = 10 g. h−1 with sequential feeder, CF weight = 1.6 g (with an apparent volume 

of 64 cm3), reactor diameter = 26 mm, argon flow rate = 30 mL. min−1, reaction temperature 

= 550 °C and 600 °C, HDPE was vaporized in the first stage of the process with an electric 

oven set at 450 °C.  

 

 The representative SEM micrographs of the spent CF catalyst after pyrolysis 

experiments under IH at 500 °C are presented in Fig. 6. SEM analysis indicates the presence 

of a relatively thin and homogeneous carbonaceous layer, 250 nm, on the surface of the CF 

microfilament (Fig. 6a-c). High-resolution SEM micrograph seems to confirm that such 

carbonaceous layer is relatively rough with small carbon nodules ranged from 30 to 60 nm 

stacked from each other (Fig. 6d). In addition, as shown in Fig. 6b and c the layer of solid 

carbon deposit during the test is relatively homogeneous and covering well the surface of the 

pristine CF microfilament. According to previous results obtained on carbon-based catalysts 

for the catalytic methane decomposition (CMD) the deposited carbon plays directly the role of 

active phase for such reaction [63, 75]. Indeed, in the CMD process, as a function of the 

reaction no more pristine carbon surface was accessible due to the extremely high carbon 

deposit amount from the reaction whereas the CMD activity remains unchanged which 

confirms the autocatalytic characteristic of the deposited carbon to act as an active phase for 

the decomposition of methane. The evidence about the fact that carbon deposit could plat 

directly the role of catalyst for the PTO will be presented and discussed in the section 

dedicated to the cycling tests [63, 75]. It is also worthy to note that the carbon layer is 

deposited in a homogeneous way on the surface of the carbon microfilament which indicates 

that the entire surface of the CF participates to the process and not some very localized sites. 

Such layer deposition is quite surprising as generally, carbonaceous deposit is mostly 

performed in the form of discrete carbon nodules dispersed on the different areas of the 
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catalyst surface and not as thin and homogeneous one as observed in the present case. It is 

expected that the presence of an electrical or magnetic field could have an influence on such 

peculiar structure of the carbon deposit. It is worthy to note that the waste plastic pyrolysis 

performance remains stable, see long-term cycling tests in section 3.3, which confirms in part 

that the deposited carbon could also play a role of catalyst. Again, similar results have also 

been reported by Essyed et al. [74] during the catalytic methane decomposition process on 

carbon-based catalyst where the deposited carbon displays a high and stable catalytic activity, 

i.e. autocatalytic process. However, work is still needed to investigate such phenomenon as 

well as the influence of an oscillating magnetic field on the life-time or adsorption and 

desorption of the intermediate species as discussed in the different recent literature reports 

[55, 63, 74].  
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Fig. 6 | (a, b) Low magnification SEM micrographs of the spent CF catalyst after HDPE test 

operated under IH at 500 °C showing the presence of a carbon layer on the top surface, (c) 

SEM micrograph with medium resolution evidencing the homogeneous thickness of the 
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deposited carbon layer, (d) High-resolution SEM micrograph showing the porous structure of 

the carbon layer. 

 

 Raman analysis of the spent CF sample again confirms the presence of two main peaks 

at 1345 cm-1 and 1605 cm-1 while the ID/IG ratio is significantly modified with respect to the 

pristine sample, i.e. 0.76 vs 1.28 (Fig. 3a). The ID/IG ratio change could be attributed to the 

formation of the thin layer of carbonaceous residue on the spent catalyst with slightly higher 

graphitic nature, or with lower structural defects, which are mostly affecting the D peak. 

Another striking fact is the formation of an enlargement base around the D peak which was 

not observed on the pristine sample. Such widening of the D peak could also indicate that the 

formed carbon is consisting with long-range disordered graphite structure or to the formation 

of higher graphitic domain boundaries [93]. The increase of the G peak seems to indicate that 

crystallinity, or graphitic character, is improved on the spent CF catalyst which could be due 

to the well-ordered inside the individual carbon nanoparticles constituting the deposited 

carbon layer. The disappearance of the 2D peak could be attributed to the displacement of 

phonons in several stacked graphene planes which are stacked in a disordered arrangement, 

i.e. in-plane defects.   

On the other hand, TGA spectrum also confirms a temperature shift between the fresh 

and spent CF samples indicating that the carbon deposit displays a slightly higher oxidative 

resistance, i.e. combustion peak shifted from 760 °C to 800 °C (Fig. 3b), which is in good 

agreement with the Raman results showing a more ordered carbon structure (Fig. 3a).  
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3.3 PTO with model mixed polymer 

 The results obtained above clearly evidence the high performance of the carbon-based 

materials for converting model HDPE directly to light olefins at mild reaction temperatures in 

a continuous mode. In order to check out if such performance could be obtained not on a 

model single polymer but on a representative waste polymer the same experiment was carried 

out using a mixture of polymers which simulates the main components of the most common 

sorting refusal waste: HDPE (35 wt.%), LDPE (35 wt.%), PP (20 wt.%) and PS (10 wt.%) 

[94, 95]. The different gas, liquid and solid residues, and the detailed products distribution 

obtained at different reaction temperatures are presented in Fig. 7a, c and e. At reaction 

temperature  480 °C the gaseous fraction remains similar at ca. 70 % of the total weight of 

the waste plastic converted (Fig. 7c) with a light olefins yield at around 38 % (Fig. 7d and f). 

At reaction temperature of 480 °C the aromatics contribute to about 10 % (Fig. 7d) while they 

increase to 12 % at 500 °C (Fig. 7f). It is worthy to note that at 500°C, the solid residue 

deposited on the CF catalyst was relatively important, compared to that obtained at lower 

reaction temperature, i.e. 2% at 450 °C, 6% at 480 °C and 10% at 500 °C, which could be due 

to the condensation reactions on the catalyst surface leading to heavier hydrocarbons and solid 

residue. In addition, at high reaction temperature the amount of methane also significantly 

increases due to extensive cracking process as depicted in Fig. 7f. NMR analysis is used again 

to assess the different product fractions inside the recovered liquid phase (Fig. 7g). The 1H-

NMR spectrum clearly evidences the presence of aromatic compounds (19 % accounting for 

the total carbon) inside the liquid phase similarly to that observed during the pyrolysis of 

model single HDPE plastic (Fig. 4e). However, by comparison with the latter, the ratios of 

styrene and toluene versus alkenes are slightly higher due to the presence of PS in the model 

mixed plastic and, terminal alkenes are little less abundant than their internal counterparts.  
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Fig. 7 | PTO process on the model mixed plastic including HPDE, PP, PS at different 

pyrolysis temperatures. (a, c, e) Product fraction distribution and product distribution with 

model mixed plastic as a function of the reaction temperature. (b, d, f) Light olefins and 

aromatics distribution determined in the gas-phase at different reaction temperature. (g) 1H 

NMR of the liquid fraction obtained at 450 °C. Reaction conditions: polymer weight feeding 

= 10 g. h−1 with sequential feeder, CF weight = 1.6 g (with an apparent volume of 64 cm3), 

reactor diameter = 26 mm, argon flow rate = 30 mL. min−1, reaction temperature = 450 °C, 480 

°C and 500 °C, plastic was vaporized in the first stage of the setup with an electric oven set at 

450 °C and passed downward to the cracking stage operated under IH mode. 

 

  

For comparison, the cracking process is also carried out on PP and PS alone and the 

results are presented in Fig. 8. The different gas, liquid and solid residues, and the detailed 

products distribution obtained at 450 °C on the two polymers are presented in Fig. 8a and b. 

The gaseous fraction contributes to 64 % for PP while it significantly decreases to about 16 % 

for PS. For PP the cracking efficiency is high and liquid fraction contributes to ca. 35 % while 

light olefins contribute to about 42 % and almost no aromatics (Fig. 8c). For PS the light 

olefins decreases in a drastic way and is accounted for about 9 % (Fig. 8d). According to these 

results, the cracking behavior of the model mixed polymers remains very similar to those 

obtain with a single polyolefins, i.e. HDPE and PP, while that of PS differs, due to the high 
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stability of the C-C bonds in the aromatic ring compared to the non-aromatic C-C bond and 

thus, the cracking of PS mostly yield styrene as product [96, 97, 98]. 
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Fig. 8 | (a, b) Product fraction distribution and product distribution with PP and PS single 

model plastic at 450°C. (c, d) Light olefins and aromatics distribution in the gaseous stream 

on PP and PS feed. Reaction conditions: polymer weight feeding = 10 g. h−1 with sequential 

feeder, CF weight = 1.6 g (with an apparent volume of 64 cm3), reactor diameter = 26 mm, 

argon flow rate = 30 mL. min−1, reaction temperature = 450 °C, plastic was vaporized in the 

first stage of the setup with an electric oven set at 450 °C and passed downward to the 

cracking stage operated under IH mode. 

 

 

 The influence of the branching in the polyolefin polymers on the cracking 

performance is also evaluated using model HDPE and LDPE. Under the same set temperature, 

i.e. 450 °C, the gaseous fraction recovered from the pyrolysis of LDPE is similar compare to 

that obtained with HDPE, i.e. 71 % vs 70 % (Fig. 9a and b). The light olefins yield displays a 
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large improvement passing from 43 % for HDPE to about 49 % for LDPE (Fig. 9c and d). On 

the other hand, aromatics show hardly change between LDPE and HDPE charge. According 

to the results, LDPE displays higher light olefins production compared to HDPE which could 

be attributed to the multiple branching within the LDPE leading thus to a higher cracking. 

Such chemical recycling efficiency should be taken into account during the processing of 

industrial waste plastic mixture by adjusting the operated temperature in order to avoid 

excessive cracking. 
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Fig. 9 | PTO process on the LDPE and HDPE model plastics at 450 °C. (a, b) Product fraction 

distribution and product distribution with LDPE and HDPE single model plastic at 450°C. (c, 

d) Light olefins and aromatics distribution in the gaseous stream on LDPE and HDPE feed. 

Reaction conditions: polymer weight feeding = 10 g. h−1 with discontinuous feeder, CF weight 

= 1.6 g (with an apparent volume of 6 cm3), reactor diameter = 26 mm, argon flow rate 

= 30 mL. min−1, reaction temperature = 450 °C, PE was vaporized in the first stage of the 

setup with an electric oven set at 450 °C and passed downward to the second stage operated 

under IH mode where cracking occurs. 
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3.4 PTO with industrial waste plastic mixture 

 According to the results obtained before, rolled CF catalyst is able to convert model 

HDPE plastic in one-step into light olefins (yield of ca. 43 %) and aromatics (yield of ca. 6 

%). However, the results obtained could be biased as model waste plastic contains no 

impurities which could affect the catalyst stability. In recent report Jaydey et al. [99] have 

reported the hydrogenolysis of different polyethylene model waste plastic into alkanes (C1-

C45) under mild conditions on ultrafine ruthenium nanoparticles. The catalyst displayed 

relatively high stability up to three cycles. However, the reaction carried out with commercial 

caps induced a reduced activity compared to the model waste plastic and was attributed to the 

presence of additives, in the real sample, which could influence the ruthenium activity. Such 

results pointed out the difficulty to perform chemical recycling with real industrial waste 

plastic where additives and impurities significantly harm the catalyst stability and long-term 

operability. Similar investigation has also been reported by Zhang et al. [100] through 

chloride and hydride transfer to convert polyethylene into liquid alkanes. The authors have 

observed that only AlCl3 and GaCl3 can efficiently catalyze selective deconstruction of LDPE 

to liquid alkanes close to ambient temperature. Again, the direct evaluation of such catalyst 

using industrial waste plastic is lacking of a complete assessment of its performance and 

stability in such process. Indeed, mixed plastics contain several impurities, additives 

(plasticizers and lubricants), fillers and reinforcement, and different stabilizing compounds 

(flame retardants, anti-oxidants and ultraviolet stabilizers) that make them difficult to reuse or 

recycle [101, 102]. The presence of plastic mixture, i.e. multilayer plastics, also represents a 

problem for the recycling, especially for mechanical recycling and chemical recycling as well 

due to the production of mixture products which needs to be separated post-process [103]. 

In order to assess the high pyrolysis performance of our system the model HDPE 

plastic is replaced by a real industrial mixture containing HDPE, LDPE, PS and also some 
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residual wood component. The PTO experiments were carried out at two reactions 

temperature, i.e. 450 °C and 500 °C, and the results are presented in Fig. 10. The gas, liquid 

and solid fraction and product distribution as a function of the reaction temperature are 

presented in Fig. 10 a and b. At 450 °C the gaseous fraction contributes to about 72 % while 

the liquid and solid fraction are 22 % and 6 %, respectively (Fig. 10a). At 500 °C the solid 

fraction steadily increases from 6 % to 10 % at the expense of the gaseous one (Fig. 10b). The 

high concentration of LDPE in the industrial waste plastic explains the production of a higher 

gaseous fraction due to the reactivity of the branched polymer compared to that of the HDPE 

as reported above. At medium temperature, i.e. 450 °C, the light olefins yield amounted to 

about 45 % with ethylene and propylene contributing to ca. half part and about 5 % of 

aromatics (Fig. 9c). At higher reaction temperature, methane becomes important while the 

light olefins significantly decreased, passing from 45 % to 36 % (Fig. 10c and d). It is worthy 

to note that some residual wooden particles are also present inside the processed waste 

polymer and was found trapped in the first pyrolyzed stage in the form of yellow pale powder. 

The process operated with such two stages pyrolysis, thus allows one to prevent the excessive 

fouling of the CF catalyst as the first stage acts both as pre-vaporization step and also, as 

scavenger guard bed for the retention of undesirable products.  

 1H NMR spectrum of the liquid fraction recovered at the exit of the pyrolysis reactor is 

presented in Fig. 10e and confirms the presence of linear alkanes and alkenes, terminal 

derivatives being still more abundant than internal ones. By comparison, a relatively large 

amount of aromatics, i.e. BTX fraction contributes to about 50 % in liquid fraction, is 

observed but the amount of styrene and toluene derivatives remains stable and inferior with 

respected to alkenes. It is worthy to note that ethylene, propylene and BTX fraction are among 

the five most demanded chemical building blocks for petrochemical in the future, which also 

contribute to a high carbon footprint [57]. 
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Fig. 10 | PTO process with industrial waste plastic consisting with a mixture of HDPE, LDPE, 

PS and residual wood on CF catalyst operated under direct IH mode. Hydrocarbon 

distribution and gaseous products yield at (a, c) 450 °C and (b, d) 500 °C. Reaction 

conditions: CF weight = 1.6 g, plastic feeding = 10 g. h-1. (e) 1H-NMR spectrum of the 

condensed liquid hydrocarbon in the exit gas stream. 
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3.5 Stability evaluation with industrial waste plastic 

 In order to assess the long-term pyrolytic performance of the CF catalyst cycling tests 

(6 g per test) were carried out with industrial waste plastic. The cycling tests were carried out 

at 450°C in order to reduce the amount of solid carbonaceous deposit according to the results 

obtained above. The results obtained after different number of cycles confirm the high 

selectivity of the rolled CF material to convert waste plastic into light olefins and the high 

stability of the material as no deactivation was observed between Cycle#1 and Cycle#9 (Fig. 

11a to f). The liquid fraction for the different cycles was collected and displays a bright 

yellow color which is typical for aromatic-free hydrocarbons. The fraction distribution as a 

function of the cycling tests indicates that the gaseous fraction slightly decreases from 72% at 

the Cycle#1 to 67% for the Cycle#3 and remains stable for the following cycles (Fig. 11g) 

while the olefins distribution displays similar trend as a function of the cycling tests (Fig. 

11h). Such results represent a significant step forward in the chemical recycling of industrial 

wastes as generally zeolite and metal catalysts display gradual deactivation either by surface 

fouling or pore plugging as a function of cycling tests [104, 105, 106, 107].  
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Fig. 11 | Cycling tests with industrial waste plastic on CF catalyst. Reaction conditions: 

pyrolysis temperature (IH) = 450 °C, rolled CF with 30 mm in height, waste plastic amount = 

6 g x 9 = 54 g). For each test, the catalyst is weighted for checking the amount of 

carbonaceous deposit while the liquid fraction was recovered for analysis. (a to c) Fraction 

distribution as a function of cycling tests, (d to f) Light olefins and aromatics distribution in 

the gaseous fraction as a function of cycling tests, (g) Fraction and products (light olefins and 

aromatics) distribution in the gas phase as a function of cycling tests. 

 

 

 The spent CF after cycling tests was analyzed by SEM and the representative SEM 

micrographs are presented in Fig. 12. Low magnification SEM micrograph evidences the 

almost complete coverage of the pristine CF microfilaments by a thin and homogeneous layer 
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of carbon deposit (Fig. 12a and b). High-resolution SEM micrographs also confirm the very 

homogeneous and smooth surface of the carbon layer with a thickness amounted to ca. 0.5 µm 

(Fig. 12c and d). The deposited carbon layer displays an average thickness of ca. 0.5 µm as 

shown by the SEM analysis. The coated carbon layer is extremely smooth and no apparent 

cracks are observed. Such results could be attributed to the medium reaction temperature used 

in the cycling tests, i.e. 450 °C, compared to the SEM analysis of the spent CF catalyst 

operated at 500 °C (Fig. 6). Such coverage of the pristine CF surface by a new layer of carbon 

again reinforces the fact that the as-deposited carbon could play a role of catalyst for the 

conversion of waste plastic, either pure or mixed, into valuable products such as light olefins 

and aromatics. 
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Fig. 12 | (a) Low magnification SEM micrograph of the spent CF catalyst after long-term test 

showing the coverage of the pristine carbon microfilament by a thin and homogeneous layer 

of carbon deposit. (b-d) High-resolution SEM micrographs showing the detail of the carbon 

deposit layer with an average thickness of ca. 0.5 µm. The carbon layer is indicated by arrows 

on the figure. 
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3.6 Influence of the contact time 

 The influence of the apparent contact time is also investigated for the assessment of 

the ability of the CF catalyst to convert waste plastic into light olefins. Increasing the CF 

catalyst height from 30 mm to 40 mm results in a significant improvement of the light olefins 

production at reaction temperature of 450 °C (Fig. 13a). At temperature of 500 °C the fraction 

of light olefins decreases due to the increase of the ultimate cracking leading to the formation 

of large amount of methane product (Fig. 13b). The results clearly evidence the important role 

of apparent contact time on the conversion of waste plastic, i.e. mostly polyolefins, into light 

olefins on CF catalyst. The results pointed out the relatively high flexibility of the process as 

the contact time can be varied on a large range, as well as the reaction temperature, which 

could allow one to cope with different waste plastic charges, and to adjust the light olefins 

yield without generating excessive methane as ultimate cracking product. 

 

450°C 500°Ca c

b d

 
Fig. 13 | Influence of the CF catalyst length (apparent contact time) on the waste plastic 

pyrolysis to light olefins at different temperature. The recovered fractions and the olefins 

distribution are presented for different reaction temperature: (a, b) 450 °C, (c, d) 500 °C. 
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Digital photos of the rolled CF catalysts are presented in an inset. Reaction conditions: 

polymer weight feeding = 10 g. h−1 with discontinuous feeder, CF weight = 1.6 g (with an 

apparent volume of 6 cm3), reactor diameter = 26 mm, argon flow rate = 30 mL. min−1, 

reaction temperature = 450 °C, HDPE vaporization at the first stage with an electric oven set 

at 450 °C.  

 

4. Conclusion 

 According to the results obtained above, one can stated that rolled CF material, 

displays a high selectivity towards light olefins and aromatics at mild reaction temperature, 

i.e. between 450 °C and 500°C, and could represent a material of choice for the development 

of direct and selective process for converting waste plastic (industrial mixed polymers) into 

valuable products using low cost metal-free carbon-based material. The reaction seems to 

occur by adsorption of the intermediate pyrolyzed compounds issued from the first pre-

cracking stage on the surface of the CF, with exclusively geometric surface as no internal 

porosity is present in such material, followed by a cracking of the adsorbed long-chain 

hydrocarbons to yield light olefins which could be rapidly desorbed into the gas-phase. As 

induction heating only target heat to the solid and thus, the gas phase medium is expected to 

have lower temperature which could allow a rapid quenching of the desorbed light olefins and 

thus, reducing the secondary gas-phase reactions. The adsorbed intermediates could also 

reacted each other to generate aromatics. The surrounding magnetic field, even weak, could 

also have some influence on the radical production or reaction despite further detail 

investigation is still needed to get more insight about the pyrolysis mechanism.  

The high yield of light olefins, especially ethylene and propylene, and aromatics on 

the CF materials was particularly promising as such compounds can find widespread 

application in numerous chemistry commodities such as feedstock for the production of 

polymers, oxygenates intermediates (ethylene glycol, ethylene oxide, acetone, acrylonitrile 

and acetaldehyde) as well as personal care products and detergents. The possibility to produce 

directly light olefins from waste plastic also represents an elegant way to reduce the use of 
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fossil fuel-based routes for the marked needs. The mixture of light olefins obtained can be 

easily processed at the industrial scale by various methods according to the public reports. In 

addition, the process also produces a substantial amount of aromatics, i.e. BTX, which 

represents an interesting chemical feedstock in numerous downstream processes. Another 

advantage relies on the use of plain carbon materials, without any additives or promoters, 

which display stronger resistance towards deactivation through encapsulation by deposit 

carbon or coke precursors, as encountered with zeolite-based materials, or chemical properties 

modification in the presence of organic or inorganic impurities in the industrial processed 

waste polymers. The carbon catalyst also displays high stability as a function of cycling tests, 

for both model and industrial waste plastics, which indicates that deactivation by carbon 

plugging is unlikely.  
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