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Abstract: Plastic waste accumulation poses significant environmental challenges, underscoring the
importance of closing the plastic life cycle by converting waste into valuable products. Pyrolytic
char, a promising byproduct, offers diverse industrial applications. However, little attention has
been given to converting hydrocarbon-based plastics into solid carbon due to their low fixed carbon
content. This study compares sulfonation and thermal oxidation stabilization techniques for
carbonizing waste polyethylene and polyvinyl chloride. Results indicate sulfonation yields higher
pyrolytic char formation and improves surface properties, surpassing Al20s in catalyst support
characteristics. Thermal oxidation increases fixed carbon content but adversely affects char yield
and surface properties. Both methods effectively enhance fixed carbon content, but sulfonation
emerges as more advantageous, suggesting potential use of plastic-derived char as a catalyst
support material, contributing to circular economy development.

Keywords: plastic waste; carbonization; pyrolytic char; sulfonation; chemical stabilization; thermal
oxidation stabilization; catalyst support

1. Introduction

400 million tons — the average amount of plastic waste (PW) generated worldwide nowadays
annually [1]. Unfortunately, only 9% undergoes mechanical recycling, with the majority of PW being
deposited in landfills and subsequently entering the global ocean [2]. The inadequate handling of
these abundant waste materials raises significant concerns regarding the enduring issue of
microplastic pollution, stemming from the extremely slow decomposition of PW, thereby
contaminating water and soil and adversely impacting various organisms. For example, marine
fauna faces severe consequences, including ingestion and entanglement in PW, resulting in increased
mortality. In addition to that, plastics containing chlorine, such as polyvinyl chloride (PVC), present
additional environmental threats through the release of toxic substances that contaminate the
biosphere. [3]. The well-known problems associated with PW create a need for research aimed at
comprehensively understanding and managing the life cycle of plastics, with the ultimate goal of
reducing the associated environmental hazards.

Thermochemical conversion processes such as pyrolysis and gasification are one of the possible
solutions to address the problems related to PW by upcycling it into valuable products. Many
research studies have shown that PW are easily converted into gaseous or liquid energy and chemical
products via the aforementioned processes [4-7]. When plastic thermally degrades, it releases high
contents of volatile matter, consequently, the main products are VOC (volatile organic compounds),
while the composition of evolved chemical species mainly depends on selected process conditions.
Substantial amounts of volatile matter along with low fixed carbon contents in plastic determine the
very limited formation of valuable, multifunctional product — pyrolytic char from such carbon-rich
material. Pyrolytic char has gained considerable attention due to its wide range of applications,
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encompassing energy generation [8], accumulation [9], catalyst support [10], as well as its
employment for water [11] and air purification [12] when activated, among other uses. The
applicability of pyrolysis char across diverse fields, including but not limited to energy, underscores
its potential for substantial demand in the future, addressing environmental concerns and the ever-
increasing need for energy resources.

Carbon materials can be obtained from plastics via different techniques depending on the type
of solid product desired, e.g. carbon black, carbon nanotubes (CNTs), char, etc. Carbon black can be
produced through the soot formation at high temperatures (>1000 °C) which is driven by the
secondary reactions — cyclization and aromatization which occur in the gas-phase VOC. An example
of such a technique application on the conversion of plastic materials is presented by H. Jiang et al.
[13], who have succeeded in producing 47.9-56.7% yield of carbon black from waste tyres via
pyrolysis at 1300 °C. While, CNTs from plastics are majorly produced through catalytic processing,
in which VOC emitted during pyrolysis undergo chemical vapour deposition reactions on the surface
of the transition metals catalyst. For instance, J. C. Acomb et al. [14] have described the influence of
different transition metals on the yields of filamentous carbon and H2 gas and concluded that Fe
catalyst performance for LDPE conversion is the best - CNTs and H2 were the main products with
26% and 50%wt. yield respectively. The production of pyrolytic char from plastic material is another
available pathway, which is advantageous in terms of multifunctionality this product serves, but also
due to the milder process conditions — lower temperature and avoidance of the need for a catalyst.
Nevertheless, the constraint for this path is the absence or very low content of fixed carbon in plastics,
thus additional treatment is required to carbonise such material into char.

To increase the fixed carbon content in polymers of liner structure, specific pre-treatment is
applied, which includes thermal oxidation or chemical stabilization after which an intermediate
cyclic structure is built. Both of these techniques cover the oxidation of a material followed by cross-
linking reactions, which determine the higher stability of a polymer. The difference between these
stabilization approaches is that during thermal oxidation, air acts as an oxidising agent at a high
temperature that usually is equal to 200-300 °C [15], whereas the most common chemical stabilization
technique is sulfonation in which strong oxidisers are employed, such as sulfuric acid, fuming
sulphuric acid or chlorosulphonic acid [16]. The first technique has been well-known and applied
industrially since the early 1960s in carbon fiber production from polyacrylonitrile (PAN) fibers, in
which thermal oxidation stabilisation (TOS) is considered a crucial step to achieve successful
carbonisation [17]. The stabilizing effect of this approach on a plastic material was confirmed by D.
Choi et al. [15,18]. Authors have revealed that 330 °C stabilization temperature for 10 min is sufficient
to produce graphitic carbon from PE microfilms at 1200 °C pyrolysis temperature. The same
conditions of TOS were reported decent to convert PE, PP and PET into char by E. M. Iwanek & D.
W. Kirk [19] by obtaining a maximum 33-55 % yield of char. In comparison, sulfonation as a sufficient
stabilisation method for plastic materials was first reported by A. Postema et al. [20], who showed
that this type of stabilisation requires lower temperatures, although longer conditioning along with
a high concentration of chemical stabilisation agent. Investigations covering this technique [16,21-23]
have published that up to 50 % yield of plastic-derived char can be produced by the pre-treatment of
up to 12 h at 120-170 °C by submerging fibrous plastics into highly concentrated sulfonating agents.

In this study, several of the main PW were selected —PE as the most extensively utilized plastic
worldwide [24] which therefore contributes to plastic waste generation substantially, and PVC, which
serves some additional problems such as the formation of dioxins and other toxic substances during
combustion [25]. Complicated recycling due to the high content of plasticizers added is another
disadvantageous feature of PVC plastic which triggers the need to research alternative approaches
for these waste management. The aim was set to evaluate the potential of the thermochemical
conversion of these PW to multifunctional char by increasing the fixed carbon proportion through
stabilisation. Previous research has mainly concentrated on liner, halogen-free plastic carbonisation
by applying chemical or thermal oxidation stabilisation techniques. This work, on the other hand,
focused on comparing the influence of the both most common techniques influence on the physical
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and chemical properties of char derived from PE and chlorine-rich PVC together with the assessment
of their surface properties and eventually their potential to be applied as a catalyst support material.

2. Materials and Methods
2.1. Experimental design

Figure 1 illustrates the sequence of the experiments implemented in this research. The
experimental part was divided into three stages: I - PW separation, shredding/ milling followed by
compositional and thermal characterisation of prepared feedstock, II — application of chemical and
thermal oxidation stabilisation pretreatment to increase fixed carbon content in PW, III -
carbonisation experiments of treated PW in a fixed bed reactor and subsequent characterisation and
comparison of plastic-derived char. The stages of the study and the conditions applied are presented
in detail in the following sections.

I - Feedstock preparation Il - Pre-treatment 11l - Carbonization

Pyrolytic char

Plastic waste Shredding

Hz504 (conc.)
[}ulfonation
120 °C

4 Air N

“Cfin 500 °C I

330 °C R

Characterisation of Feedstocks Characterisation of Inftemediates Characterisation of Char

Figure 1. The sequence of experiments fulfilment.

2.2. Feedstock collection and preparation

Plastic wastes investigated in this research were collected from different sources according to
plastic recycling symbols. Low-density polyethylene (LDPE) was collected and separated from public
recycle bins, whereas high-density polyethylene (HDPE) wastes were obtained from local producers of
plastic products and PVC samples were from collection point of old PVC pipes. PW were separately
shredded by FilaMaker Textile shredder (blades of 15 mm width) and particles of approximately 1x1
cm dimensions were obtained. Shredded plastics were cryo-milled into fine powder (Figure 1) by
FRITSCH analysette 3 pulverisette 0 applying the amplitude of the grinding ball vibrations to 1.5-2.0
mm. Plastic samples were characterised by proximate and ultimate analyses following ASTM D7582-
15 and ISO 17247:2020 international standard methods respectively (Tables 1 & 3).

Table 1. Elemental analysis of shredded plastic samples.

PW  Structure Elemental analysis (%)
C H N S (©) Cl
LDPE  (CoHa)n 84.54 14.53 0 0 0.93 0
HDPE (CoHa)n 85.43 14.48 0 0 0.09 0
PVC (CHiCl)n  29.73 3.63 0 0 10.44 56.2

Generally, among analyzed plastic wastes, LDPE and HDPE have high contents of carbon and
hydrogen with low amounts of oxygen, originating from plasticizers added, which mainly are ester
compounds [26]. While in PVC dominant element is chlorine and carbon compiles only up to 30% of
this waste material.
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2.3. Stabilisation pre-treatment of PW

To produce char from plastic material, the stabilization must be applied prior to carbonization.
As explained in the introduction section, the inner structure of the aliphatic polymer (plastic) is
reinforced by cross-linking between polymeric chains through the stabilization treatment, thus
increasing the thermal stability of plastic. Ground PW were separately stabilised by sulfonation and
thermal oxidation techniques to compare the influence on the formation of char and its properties.

2.3.1. Sulfonation

To select optimum conditions for the treatment and reach a high degree of sulfonation, shredded
LDPE, HDPE and PVC plastic samples were chemically stabilized in accordance with previously
conducted research [16,20-23,27-29]. Samples were separately submerged in sulfuric acid 96% p.a.,
Lach-Ner, Ltd., and heated for 20 h at 120 + 1 °C in a silicone oil bath. After the treatment, the residual
acid from the filtered samples was removed by washing with distilled water until the neutral pH.
Finally, drying at 80 °C for 8 h was accomplished and sulfonated plastics were considered to be ready
for the carbonization.

2.3.2. Thermal oxidation stabilisation

In parallel, ball-milled PW samples underwent thermal oxidation treatment in a muffle furnace
following the method approved by D. Choi et al. [15,18]. The temperature ramping rate was set at 5
°C/min, and the samples were maintained at 330 °C for 30 minutes in the air-rich ambient.
Subsequently, the stabilized samples were carbonized as described in the section below.

2.4. Carbonisation procedure

Plastic samples were carbonized in a vertical, fixed-bed tube reactor made of steel (5 cm inner
diameter and 40 cm length). The optimum pyrolysis temperature of 500 °C was selected for the
process with the retention of 2 h to reach sufficient carbonization [30]. Slow pyrolysis was conducted
by elevating the temperature at a 5 °C/min rate under the N2 gas flow of 0.5 1/min.

2.5. Analysis methods
2.5.1. Simultaneous thermogravimetric — differential scanning calorimetry analysis (TGA-DSC)

TGA of pre-treated and raw plastics was performed to gain an understanding of differences in
the pattern of decomposition during the pyrolysis process. The equipment used for this part was a
NETZSCH STA 449 F3 Jupiter analyser with a SiC furnace. Samples of 10 + 2 mg weight were heated
in Al20s crucibles from 40 to 900 °C temperature at a heating rate of 35 °C/min. An inert ambient was
established by supplying N2 gas in the furnace with a constant flow rate of 60 ml/min. Obtained
thermograms were processed by NETZSCH Proteus® software version 8.0.3 and the first derivative
of TGA curves was calculated to determine the rate of the weight changes during the decomposition.
Ball-milled plastics were analysed by TGA-DSC simultaneous analysis to determine precisely the
temperatures of thermal processes occurring under heating in a nitrogen environment. Analysis was
carried out following the ISO 11358 standard method.

2.5.2. Attenuated total reflectance spectroscopy(ATR-FTIR)

ATR-FTIR was applied to establish chemical changes in polymers occurred during the pre-
treatment triggered partial oxidation. The FTIR spectra of plastic samples were measured using
ALPHA series Platinum spectrometer. The total internal reflection of IR beams was measured in a
wavenumber range of 600-4000 cm™ with a scan resolution of 4 cm, automatically calculating
average values of reflected IR beams from the data of 32 scans for each spectrum.
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2.5.3. Brunauer-Emmett-Teller analysis (BET)

The specific surface area of plastic-derived carbon was determined by employing Quantachrome
Autosorb-iQ-KR/MP automated gas sorption analyser. Analysis of specific surface area was based on
adsorption-desorption isotherms of N2 gases at liquid nitrogen temperature (-196°C) by calculating
the particular value with the Brunauer—-Emmett-Teller equation. ASiQwin (Version 2.0) program
developed by Quantachrome Instrument 24 was used for the accomplishment of calculations.

2.5.4. Scanning electron microscopy with an energy-dispersive spectroscopy (SEM-EDS)

SEM-EDS was utilized to examine the plastic-derived char morphology and elemental
composition. Analysis was performed on Zeiss EVO MA10 scanning electron microscope by applying
20 kV voltage under vacuum conditions. The constituent elements were determined by the Bruker
AXSX Flash 6/10 detector at an overall accuracy of about 1% and detection sensitivity.

3. Results
3.1. Thermal analysis
3.1.1. Simultaneous TGA-DSC analysis of the raw plastics

Figure 2. illustrates the TGA-DSC thermograms and the main temperatures of characteristic
phase transitions observed under heating of ball-milled PW.
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Figure 2. Thermograms of investigated plastic wastes with characteristic temperatures of thermal
transitions under heating.

Both types of PE undergo similar transitions at corresponding temperatures, while another
polymeric waste — PVC consequently had dissimilar peaks of ongoing thermal processes. The first
transition of PE (low and high density) is an endothermal process of semicrystalline polymeric
structure turning into amorphous state, which is determined from the first endothermic peak in the
thermogram at 121 — 128 °C temperature. Upon further heating PE thermally degrades when the
decomposition onset temperature is reached (406 — 410 °C). At this temperature point breakdown of
liquid phase polymer into gaseous state decomposition products is triggered [31]. PVC, on the other
hand, firstly underwent glass transition and then melted. PVC polymer has polarity due to the
presence of Cl atoms in its chemical composition, which determines stronger intermolecular forces
compared to non-polar PE. Consequently, polymer structure becomes amorphous, but stiff due to
interchain attractions and polymer has glassy state at 92 °C [32]. Another important difference is
multistep-degradation of PVC compared to that of PE. Decomposition onset was determined by
exothermal peak, which depicts heat release due to the breakage of chemical bonds [33]. Degradation
patterns during pyrolysis is described more detailed in the next section.
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3.1.2. TGA-DTG analysis of raw and pre-treated plastics

Changes in weight and major decomposition points of raw and pre-treated (stabilized)
precursors during pyrolysis were determined by fulfilling TGA. The first derivative of TGA curve —
DTG - was calculated which depicts the rate of weight changes. TGA-DTG curves are presented in
Figure 3.

Both LDPE and HDPE feedstock degraded in one sharp step with the degradation onset at
around 408 °C within a single DTG peak at 497 °C which is characteristic to polyethylene. Whereas,
the pre-treated samples had a different degradation pattern. It was determined that the
decomposition of the stabilized PE occurred in a considerably lower rates contrary to the untreated
samples. Together with that, residual mass, which corresponds to char rates, increased significantly
when the stabilization was applied. B. Xie et al. [21] have revealed that sulfonated linear LDPE
undergoes a matching thermal decomposition pattern with a residual mass of >40 % after pyrolysis.
A very similar decomposition trend was also confirmed on thermally stabilized LDPE in previous

research [15].
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Figure 3. Weight changes (TGA) and weight loss rates (DTG) defined upon heating under N2 gas flow
of raw and pretreated plastic samples, here: Sulfo — sulfonated, Raw — untreated, Therm — thermal
oxidation stabilized plastics.

PVC had a completely different thermal decomposition pattern compared to PE samples. The
decomposition during pyrolysis is eventuated in three distinct stages. The first degradation stage
occurred when the temperature was elevated from 253 °C to 411 °C which corresponds to the release
of chlorine via the formation of HCl [34]. The second stage occurred by increasing the temperature to
approximately 660 °C with the DTG peak at 478 °C which was particularly close to those of PE
samples and corresponded to the degradation of the olefin structure in PVC polymer. The last stage
until 800 °C indicated the carbonisation of a sample. Similarly to the case of PE, PVC modified via
stabilization had lower rates of degradation and the formation of residue was substantially enhanced
Respective results were obtained by J. T. S. Allan et al. [35], who showed that the highest yield of char
of approximately 40% was formed from the PVC sulfonated for 24 h. Overall, the results of TGA-
DTG analysis provide a clear evidence that both stabilisation pre-treatments have a major influence
on the formation of char from selected PW with a significant impact on their decomposition pattern.
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3.2. ATR spectroscopy analysis

Chemical changes in the surface of pre-treated and raw plastic samples were determined using
ATR spectroscopy (Figure 4). The major effect of both treatments was the decrease in the intensity of
IR absorbance peaks characteristic to analysed polymeric wastes along with the development of new

chemical bonds.
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Figure 4. IR reflection (ATR-FTIR) spectra of raw and pre-treated plastic samples

Functional groups and bonds identified via ATR-FTIR spectroscopy of raw and pre-treated
precursors of char are displayed in Table 2.

Table 2. ATR-FTIR peaks and the assigned functional groups or chemical bonds.

Wavenumber range (cm™) Functional group/ Chemical bond

36302986 -OH
30112755 C-H stretching
1672-573 C=C stretching
1553-1131 -CH>-

1485-1396 C-H bending

1206-957 -50:H

892 - 841 c-d

749 — 661 C-H (rocking)

Oxidation reactions during both stabilization procedures caused a decrease in the intensity of
peaks associated with olefinic C-H stretching vibrations [34] due to the consumption of double bonds.
In addition to that, the attachment of new functional groups such as hydroxyl and the formation new
of chemical bonds — C=C was determined in pre-treated PVC due to dechlorination upon exposure
to heat and oxygen, leading to the removal of hydrogen chloride (HCl) molecules. Furthermore,
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during the sulfonation pre-treatment sulfuric acid has introduced sulfonic acid (-SOsH) groups onto
the polymer backbone. Analogous results were demonstrated by J. W. Kim & J. S. Lee [36] — the
intensity of -SOsH vibration peaks has increased together with a substantial decrease in C-H
stretching bonds in LDPE fibers exposed to concentrated H2SO4 at 140 °C for the longest exposure
time.

3.3. Proximate analysis and char yields

As was seen in the TGA-DTG analysis, both stabilization techniques had an important influence
on the formation of carbonaceous residues through pyrolysis. In Table 3. the yields of char in
correlation with fixed carbon content in precursors are presented. Electrophilic substitution of
hydrogen to oxygen-containing groups which is followed by hydride ion loss causes conjugation of
polymer chains via cross-linking [27], thus fixed carbon (FC) content is increased. The cross-linked
polymer has higher stability under heating — devolatilization is diminished and thus carbonization
progresses successfully [37]. According to the obtained results, the sulfonation stabilization technique
had higher efficiency on all analyzed PW samples, due to the major influence on the FC contents.

Table 3. Proximate analysis results and char yields from raw and treated plastics, here: M corresponds
to % wt. of moisture, VM - volatile matter, FC — fixed carbon, A — ash content.

LDPE
M VM FC A Char yield
(%)
Raw 0 99.62 0.16 0.22 3.03
Sulfo 5.27 44.87 37.93 11.93 56.64
Therm 0.84 55.85 30.96 12.35 17.96
HDPE
M VM FC A Char yield
(%)
Raw 0 99.44 0.56 0 1.32
Sulfo 3.66 48.51 42.16 5.67 49.12
Therm 0.18 73.4 25.7 0.72 10.06
PVC
M VM FC A Char yield
(%)
Raw 0 83.48 14.52 2 13.01
Sulfo 1.37 52.49 27.6 18.54 55.23
Therm 3.31 35.91 24.76 36.02 48.09

3.4. Surface properties and composition of plastic-derived char
3.4.1. Surface morphology

The surface morphology analysis of carbonaceous residues obtained from the raw and pre-
treated plastics was performed by employing SEM and BET analyses. Obtained images (Figure 5)
have illustrated that the treatments have a considerable influence on the surface appearance, the
particles’ size and the char's structure.

Both sulfonation and thermal oxidation pre-treatments applied on PE samples have caused the
reinforcement of the plastic surface and the formation of rigid and large char particles. Treatments
reduced soot formation from PE and charring progressed during slow pyrolysis — carbon particles
maintained a larger size compared with that produced from untreated PE. The outer layer of char
obtained from sulfonated LDPE was flat, while in the inner space, a highly porous structure formed.
Such influence on char from sulfonated HDPE was not defined, while thermal oxidation treatment
has not triggered a similar effect on any sample. Cross-linking reactions have caused shrinkage of
plastic particles' surface, following that, the pyrolysis process triggered inner polymeric matter to
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boil along with the formation of pores. Additionally, it was determined the outer surface of
sulfonated polyethylene-derived carbons had cracks which occurred due to the outer layer shrinkage.
This effect was also highlighted in previous research [27,36].

The surface morphology of PVC-derived carbon was distinct compared to previously described
PE samples. Char produced from untreated PVC distinguished itself by >100 mu cavities formed
during carbonisation. Moreover, the surface of PVC-char was covered with small droplets —
condensed tars. This suggests, that a higher carbonisation temperature should be selected for this
polymer. The outer surface, similarly to sulfonated PE-char samples, was flat and rigid which was
influenced by both treatments.

Figure 5. SEM images in magnitudes of 1000x of pyrolytic carbon obtained from raw ((a), (d), (g)),
sulfonated ((b), (e), (h)) and thermally oxidized ((c), (f), (i)) plastic wastes

The significant influence of the applied pre-treatments was determined on the specific surface
area (SSA) of produced chars by BET analysis (Table 4). Sulfonation treatment has caused the biggest
increase in the SSA of char compared to that of raw or thermally treated precursors. The greatest
effect appeared on the char obtained from sulfonated LDPE of BET value equal to 334.5 m?/g
comparable to that of y-ALl:Os (Alfa Aesar), which is the most widely used catalyst support material
employed in various chemical processing reactions [38]. This further suggests the applicability
perspective for this particular case in catalytic processing.

Table 4. BET analysis results of carbonaceous residues and Al2Os as catalyst support material.

Specific surface area m?/g

Precursor LDPE HDPE PVC AlLOs

Raw 13.6 69.6 1.3 269.8
Sulfonated 334.5 95.8 30.3
Thermally oxidised 87.215 40.993 5.163

PVC-char, compared to PE-char maintained the lowest BET value. Small droplets of pyrolysis
tars visible on the surface of PVC-char (Figure 5g-i) have blocked the pores, thus SSA was
diminished. The increase of specific surface area in all cases suggests that during the pre-treatments,
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especially when samples were exposed to concentrated sulphuric acid, the surface of a polymer was
affected by the oxidising effect of the oxidizing agent and therefore cracks have formed on the surface
that directly affected the surface area [39].

3.4.2. Elemental composition

An energy-dispersive X-ray Spectrometer (EDS) was employed to determine the elemental
composition of derived carbonaceous matter (Table . Naturally, the major component detected was
elemental carbon, which percentage amount has increased significantly in char obtained from
stabilized plastic samples compared to untreated ones. This reveals the purity of produced char.
Oxygen was the second element in terms of abundance in all samples, originating from different
inorganic additives and catalytic compounds applied in plastic production. Chlorine as a natural PVC
plastics constituent was determined in all PVC-derived char samples, although char produced from
polymers free of Cl in their chemical structure also contained trace amounts of it due to the usage of
Cl compounds as catalysts for the polymerization reactions. The presence of Ca and Ti elements also
originated from catalysts used in the plastic production process [40]. Barium and silicon originated
in LDPE-derived char from the filling material used to produce plastics — BaSOs and 5i20 respectively
[41,42]. Overall, the char of the greatest purity was obtained from raw and pretreated HDPE and
pretreated LDPE plastic waste.

Table 5. EDS analysis results of plastic-derived char (s — sulfonated, t — thermally oxidized) (%wt.).

LDPE LDPEs LDPEt HDPE HDPEs HDPEt PVC PVCs PVCt
C 27.97 86.03 80.78 90.28 90.53 92.92 53.04 73.65 41.33

Cl 0.12 0.00 0.00 0.08 0.00 0.00 8.43 1.47 7.50
@) 45.95 12.91 16.01 7.84 8.85 6.90 27.94 18.34 38.51
S 8.47 0.74 0.76 0.56 0.37 0.01 0.08 2.02 0.10
Ca 0.30 0.04 0.19 0.27 0.03 0.11 9.36 3.44 11.42
Ba 14.77 0.00 0.88 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.28 1.14 0.12 0.04 0.02 1.11 1.01 1.04
Si 242 0.00 0.23 0.85 0.18 0.04 0.04 0.06 0.10
Total 100 100 100 100 100 100 100 100 100

4. Discussion

The results of this study highlight the effectiveness of sulfonation and thermal oxidation
stabilization techniques in enhancing the fixed carbon content of waste polyethylene and polyvinyl
chloride (PVC) for the production of pyrolytic char. Sulfonation treatment exhibited superior
performance, resulting in higher yields of pyrolytic char formation compared to thermal oxidation.
Moreover, sulfonation positively influenced the surface properties of the produced char, making it
comparable to traditional catalyst support materials such as Al:Os. Specifically, the specific surface
area of char obtained from sulfonated low-density polyethylene (LDPE) exceeded 300 m:/g,
indicating its potential as a catalyst support material.

On the other hand, thermal oxidation stabilization increased the fixed carbon content in plastic,
‘but with a significant portion of mass being devolatilized during treatment, resulting in a lower
yields of pyrolytic char. Additionally, this method had negligible impact on the surface properties of
the produced char. However, the approach is more environmentaly friendly compared to sulfonation
stabilization, which requires the use of concentrated sulfuric acid (hazardous chemical wastes).

Overall, both stabilization methods demonstrated effectiveness in enhancing the fixed carbon
content of plastic waste, contributing to the potential utilization of plastic-derived char in various
industrial applications and in particular as catalyst support materials. The findings suggest
sulfonation as a more advantageous technique due to its higher char yield and beneficial effects on
char surface properties. This underscores the importance of exploring innovative approaches to
plastic waste management, ultimately contributing to the development of a circular economy and
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sustainable resource utilization. Further research could focus on optimizing the conditions of the
stabilization step and exploring additional applications of plastic-derived char.

5. Conclusions

This investigation suggests a feasible route for plastic waste conversion to solid carbon of wide
application potential. It was determined that the chemical stabilisation by employing hot sulfuric acid
for a prolonged time has a significant impact on yields of carbon and is greater compared to the
thermal oxidation stabilization technique. Another advantage was the improved surface properties
of plastic-derived char determined by sulfonation treatment. The stabilization has caused cross-
linking of investigated plastic waste by increasing fixed carbon content and pyrolytic char yields
consequently. The findings reveal that polyethylene and polyvinylchloride waste can be successfully
converted to high yields of solid carbon with upgraded surface properties and has potential to be
employed in catalytic processes as catalyst support materials.
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