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Abstract: Sustainable hydrocarbons are one of the main methods of decreasing the use
of fossil fuels and derivatives, contributing to the mitigation of environmental impacts
and greenhouse gas emissions. Circular economic concepts focus on reusing waste by
converting it into new products, which are then input again into industrial production
lines, thus decreasing the necessity of fossils. Polypropylene-based plastic waste can be
depolymerized into smaller chemical chains, producing a liquid phase rich in hydrocar-
bons. In the same way, triacylglycerol-based waste biomasses can also be converted into
renewable hydrocarbons. Our research studied the co-processing of polypropylene (PP)
and cottonseed oil dreg (BASOs) waste from the biodiesel industry using a micropyrolysis
system at 550 °C, previously validated to predict the scale-up of the process. PP showed
the production of alkanes and alkenes, while BASOs also produced carboxylic acids in
addition to the PP products. The main impacts were observed in the conversion yields,
reaching the highest values of pyrolytic liquid (64%), gas (14%), and solid product (13%)
compared to the co-processing mixture of BASO:PP (1:2). Also, in this mixture, the produc-
tion of carboxylic acids decreased to the lowest value (~10%), improving the conversion to
sustainable hydrocarbons.

Keywords: plastic waste; thermal conversion; circular economy; vegetable oil; polymer

1. Introduction

Among the urban solid waste produced, there is a high percentage of non-biodegradable
materials, among which plastics represent an environmental risk due to the large amount
generated and discarded in nature. Mechanical recycling for waste such as plastic is still lim-
ited by the quantity and quality of the product generated [1]. Among chemical treatments,
gasification requires a huge amount of thermal energy (~1000 °C) compared to pyrolysis,
which operates between 400 °C and 750 °C and does not require high pressures [2]. In
addition, pyrolysis is a carbon-neutral process, with a practical destination for the products
generated and the potential to add value to the product, making it highly promising [3,4].
In industry, the generation and management of solid waste is also a crucial problem [5].
For example, the biofuel industry, with the production of biodiesel, for example, generates
10 tons of waste for every 100 tons of fuel produced [6]. This waste is made up of glycerols,
methanol, soap, oils, salts, and solid organic materials [7,8].

Considering that plastic waste has already been found in all ocean basins and the
enormous difficulty in reusing it, a new, more effective route is needed to manage this
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waste [9]. Polypropylene (PP) is an inexpensive thermoplastic polymer with high thermal
distortion temperatures and dimensional fastness [10]. PP is a plastic widely used in
industry where it is applied in the production of packaging and labels. Its production
represents 16% of the world’s plastics market [11]. In terms of chemical composition, PP is a
petrochemical derived from a propylene “olefin monomer” [12]. To recycle post-consumer
polypropylene, it is necessary to eliminate impurities from the recycled polymer using
additional techniques that cause unwanted environmental impacts. Thus, with current
recycling methods, it is much more difficult to obtain a product that can be reintroduced
into the economic chain [13].

Biodiesel, defined as the mono-alkyl esters of vegetable oils or animal fats, is an
attractive and ecological alternative to petrodiesel due to its biodegradable, renewable, and
non-toxic attributes, but attention is needed because its production can generate major
environmental impacts such as the use of large amounts of water, the destruction of forests,
and increased soil degradation [14,15]. To produce biodiesel from cottonseed oil, the oil
needs to go through a basic neutralization pretreatment for the removal of free fatty acids.
The fatty acid salts formed are called “SOAPSTOCK” and are separated from the oil by
simple decantation or centrifugal separators [16,17]. This material is rich in triacylglycerols
and free fatty acids (approximately 65% by weight) and is an excellent source of biomass to
produce biofuels [18] or bio-oils by pyrolysis [19].

Pyrolysis consists of the thermal degradation of a raw material in an inert atmosphere,
can occur in a temperature range of 350 to 800 °C, and has three products: pyrolytic liquid,
charcoal (in some cases called coke), and pyrolytic gas [20]. Pyrolytic products have a
viable application in the market; they produce biochar for application in soil or electrolytic
cells, pyrolysis gas that can be used as a synthesis gas, and the liquid product can have fuel
fractions identical to those derived from petroleum. Such flexibility makes pyrolysis an
excellent process for studying new ways to reintroduce waste into the economy [21].

During pyrolysis, long-chain polymers like PP are broken down into smaller fractions,
and the resulting oils and gases are highly valuable precursors to fuels and chemicals. With-
out the use of any catalyst, PP pyrolysis at 500-600 °C mainly produces hydrocarbon chains
with more than 20 carbons, which are a solid wax product at room temperature [22]. Ther-
mal cracking of PP produces a wide range of hydrocarbons that are mainly composed of
gases (C1-C4), C5—Cjp non-aromatic hydrocarbons, monoaromatics, and waxes (>Cy1) [23].
Depolymerization follows a free radical mechanism (initiation), which is followed by ran-
dom scission and chain-end scission (secondary decomposition), and then recombination
of different chains (termination) [24]. On the other hand, pyrolysis of cotton sludge residue
mainly produces alkanes, alkenes, and carboxylic acids, and a way to reduce the amount of
acids formed is needed to increase the added value of the product [25]. The cracking of
TAGs and FFAs follows three distinct processes: decarboxylation, decarbonylation, and
random cleavage [26].

Several studies have reported that introducing a hydrogen-rich waste plastic into co-
pyrolysis increases hydrocarbon yield and decreases coke formation. Causing the increase
in the H/C ratio and modifying the oxygen removal reaction mechanism, replacing the
decarbonylation and decarboxylation reactions with the dehydration reaction [27-30].
The liquid fraction for PP pyrolysis has properties and composition similar to petroleum-
derived fuels and can be used as a raw material for the petrochemical industry and the
gaseous fraction can also be used to provide energy for the process [31]. On the other hand,
BASQO'’s liquid pyrolysis product has characteristics, such as high acidity, that prevent its
direct application to diesel engines. The pyrolysis of waste plastic with triglyceric waste
from biodiesel production can then improve the quality of the liquid fraction by the donor
effect of H from the plastic [32].
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In this context, the present work evaluated the pyrolysis and co-pyrolysis processes
as a sustainable alternative for the management of urban and industrial waste, such as
polypropylene and cottonseed oil dregs, in order to propose a waste treatment process,
obtain value-added products, and reinsert the products in the production chain aiming at a
circular economy.

2. Materials and Methods
2.1. Feedstock

Cottonseed oil dregs (BASOs) were provided by the experimental biodiesel plant of the
Northeast Strategic Technologies Center (CETENE, Caetes, Pernambuco, Brazil) and were
used in the experiments in their raw form without any previous treatment. Polypropylene
waste (PP) was obtained at the waste collector sector from the Federal University of Sergipe.
The plastic waste was previously washed and dried at 120 °C in an oven. After drying, the
material was finely ground (<2 mm). The samples were named PP (polypropylene), BASOs
(cottonseed oil dregs), BASO:PP (1:1), BASO:PP (1:2), e BASO:PP (2:1).

2.2. Immediate and Elemental Analysis

The determination of moisture, ash, fixed carbon content, and elemental analysis
(CHN) followed the procedures previously described in the literature [33].

2.3. Thermogravimetric Analysis (TGA)

The thermal profile of the samples was obtained using a TGA-50 thermogravimetric
analyzer (Shimadzu, Kyoto, Japan), operating under an atmosphere of N, at a flow rate of
50 mL min~!. For the analysis, ~8 mg of sample was subjected to heating using a rate of
15 °C min~!. Mass loss was monitored over a temperature range of 30 °C to 1000 °C.

2.4. Micropyrolysis Off-Line

A total of 100 mg of each sample was subjected to pyrolysis in a tandem microreactor
with furnace 1 at 550 °C and furnace 2 at 500 °C. The experiments were carried out
in triplicate, and the pyrolytic liquid was eluted from the reactor with 5 mL of THE.
The resulting solution was submitted directly to GC/MS analysis without any previous
derivatization process. The microreactor scheme and analytical conditions are previously
described in the literature [33].

2.5. FTIR

Infrared absorption spectroscopy analysis was utilized to determine the functional
groups present in the produced wax. As the BASO:PP (1:2) mixture showed the high-
est yield in the production of the respective product, it was selected for the analysis.
A PerkinElmer spectrophotometer, model Spectrum Two, was used, with a scanning range
of 4000 to 400 cm 1, a resolution of 4 cm™, and 32 scans per minute to obtain the infrared
spectrum. For the analyses, a blank was prepared using only KBr; then, the sample was
prepared by maceration with KBr and pressed to obtain a pellet for subsequent analysis.

2.6. APCI(+)-FT-Orbitrap MS

A Thermo Fisher Scientific Exactive Plus Orbitrap (Bremen, Germany), equipped with
an Jon Max API source with an APCI probe operating in positive ionization mode, was
used for the analyses. The samples were dissolved in toluene to produce a 300 ppm solution
and analyzed by direct infusion at a flow rate of 80 uL min~!. The APCI(+)-FT Orbitrap
MS data were collected under the following conditions: sheath gas flow at 20 arbitrary
units (AU), auxiliary gas flow at 20 AU, ion source temperatures at 320 °C, spray current at
1 pA and S-Lens RF level:60. The mass spectrum acquisition was performed in full-scan
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mode over a mass range of 100-1000 Da, with a resolution of 140,000 FWHM (full width
at half maximum) at m/z 200. A total of 100 uscans were accumulated for each analysis.
The final mass spectrum for each sample was obtained by subtracting the blank spectrum.
Molecular formula assignments for the ions were made using Xcalibur 3.0 software, with a
maximum error tolerance of 3 ppm between the experimental and theoretical m/z values.

3. Results

3.1. Immediate and Elemental Analysis

The results obtained during the immediate analysis and those obtained in the elemental
analysis are available in Table 1.

Table 1. Immediate and elemental analysis of PP and BASO waste and their mixtures.

BASO:PP BASO:PP BASO:PP

Properties PP  BASO (1:1) 1:2) 2:1)
Immediate analysis (wt%)
Moisture 0.00 7.84 - - -
Ashes 0.00 4.06 - - -
Fixed carbon 0.00 1.57 - - -
Elemental composition (wt%)
Carbon 86.29 66.48 75.33 78.28 7291
Hydrogen 1455 11.14 11.94 13.27 12.73
Nitrogen 0.00 0.00 0.00 0.00 0.00
Oxygen * 0.00 2231 12.73 8.45 14.37
O/C 0.00 0.25 0.13 0.08 0.15
H/C 2.02 2.01 1.90 2.03 2.09

* Obtained by difference.

3.2. Thermogravimetric Behavior

The thermal degradation profile of individual polypropylene samples (PP) and the
cottonseed oil dregs (BASOs) and their mixes (1:1), (1:2), and (2:1) were evaluated by
thermogravimetric analysis (TGA). From Figure 14, it is possible to observe the loss of
mass of the individual BASOs and PP samples in relation to the increase in temperature.
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Figure 1. Thermogram (A) and first derivative curve (B) of PP and BASO materials.
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The thermal behavior of the mixtures of BASO and PP, (1:1), (1:2), and (2:1), was also
evaluated, as shown in Figure 2.
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Figure 2. Thermogram (A) and first derivative curve (B) of BASO:PP (1:1), (1:2), and (2:1) material
mixes.

The synergistic effect between the two materials during the co-pyrolysis process was

evaluated and is shown in Figure 3, the synergistic effect was calculated using the following
formula [34]:

AW = Wexp — Wcal 1)

Wear = xppWpp + XpasoWBaso ()

35

—— BASO:PP (1:2)
——BASO:PP (1:1)
—— BASO:PP (2:1)

AW (%)

200 400 600 800 1000
Temperature (°C)

Figure 3. Synergistic effect of BASO:PP (1:1), (1:2) e (2:1) co-pyrolysis.

The AW values are analyzed as a function of temperature. When AW < 0, the experi-
mental weight is lower than the calculated value, indicating a greater release of volatiles
in the real process and suggesting the presence of a synergistic effect. Conversely, when
AW > 0, an inhibitory effect is observed.
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3.3. Pyrolytic Gravimetry Yields

In order to evaluate the potential of waste conversion into products that can be rein-
troduced into the chemical industry, conventional pyrolysis and co-pyrolysis experiments
were carried out for PP and BASO samples, and in their mixtures. The gravimetric yield of
the experiments performed can be shown in Table 2.

Table 2. Predicted yields of co-pyrolysis obtained by micropyrolysis experiments.

Pyrolytic Products (% w/w)

Process Char Oil Gas Wax
BASO 25.78 +4.42 44.45 4 2.84 29.76 4 2.29 -

PP 13.88 + 4.90 60.85 + 4.66 18.74 + 3.61 6.52 +1.04
BASO:PP (1:1) 26.52 +4.76 52.34 4+ 3.92 17.07 £ 1.86 4.04 +0.52
BASO:PP (2:1) 1717 £1.17 59.14 4 2.64 19.88 £ 1.21 3.79 £ 0.66
BASO:PP (1:2) 12.80 £ 6.67 63.78 + 4.97 13.78 £ 1.68 9.61 £+ 1.86

n=3.

Char is mainly constituted by a solid carbonaceous structure with an involved
inorganic fraction represented by alkali metals such as Na*, K*, and Ca?* in the form
of oxides in most cases. These inorganic constituents contribute to the application
of char for soil amendment, making nutrients available and increasing soil pH [35].
Inorganics in char are associated with the ash content from the feedstock, as the higher
values are found in sewage sludges and lignocellulosic biomasses [35,36]. In our work,
PP and BASOs present 0% and 4.06% of the ash content, respectively, contributing to
produce chars with a lower inorganic fraction, when compared with other chars from
lignocellulosic biomasses [36], which can be addressed as an absorbent material to
wastewater treatment for pollutants removal [37]. Biomass with a higher ash content
can also produce bio-oils with metal traces in its composition that need to be removed
to prevent catalyst poisoning during the upgrading process [38]. For pyrolysis of
triacylglycerol-based biomass, the main role of inorganic salts is on the catalytic effect
to promote the production of olefins and paraffins [39].

3.4. Chemical Characterization of Pyrolytic Liquid by GC/MS

The volatilizable compounds present in the pyrolytic oils resulting from the pyrolysis
and co-pyrolysis process of BASO and PP were characterized by GC/MS using the criterion
of peak detection with an area greater than 0.1%, as shown in Supplementary Materials
(Figures S1-56). The identification of the compounds was based on the comparison of the
mass spectra with those of the NIST library, considering the compounds with similarity
greater than 75%. This resulted in the integration of 66 peaks for the PP sample, 73 for the
BASO sample, and 89, 95, and 79 for the BASO:PP (1:1), (2:1), and (1:2), respectively. The
identified compounds cover about 90% of the total chromatographic area.

The identified compounds were grouped into different classes according to their main
organic functions. The chemical distribution of these compounds is shown in the class
histogram in Figure 4.
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Figure 4. Histogram of chemical classes of the compounds present in the pyrolytic liquid.

3.5. FTIR of the Pyrolytic Wax

During the pyrolysis experiments on PP and the mixtures containing PP, the produc-
tion of a solid wax product condensed into the reactor was observed. We performed FTIR
analysis to confirm the chemical characteristics of the product, such as the presence of
saturated hydrocarbons, as shown in Figure 5.
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Figure 5. FTIR spectrum of the pyrolytic wax recovered from the reactor.

3.6. APCI(+)-FT-Orbitrap MS

Non-volatile and medium polar compounds present in the pyrolytic oils were evalu-
ated by APCI(+)-FT-Orbitrap MS. The detected ions that had their formulas assigned were
separated according to their heteroatom class and according to their relative intensity, as
shown in Figure 6.
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Figure 6. Histogram by chemical classes of the pyrolytic liquid constituents obtained by APCI(+).
In order to evaluate the characteristics of hydrocarbon class compounds, an iso-
abundance contour plot of DBE vs. carbon number was created, as shown in Figure 7.
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Figure 7. Diagrams of the chemical constituents of the pyrolytic liquid obtained by APCI(+).

4. Discussion
4.1. Elemental Analysis

From the results obtained through the elemental analysis, it was observed that the
PP and BASO residues have approximately 86.29% and 66.48% of carbon, respectively.
This fact is directly related to the high energy potential of the raw material. The hydrogen
content in both materials was in the range of 11-15%, while the oxygen contents were 0%
for PP and 22.31% for BASOs. The moisture content was ~8% for BASOs and 0% for PP;
the ash from the BASO material (~4.06%) is correlated with inorganic salts not degraded
at working temperature, and it is attached to the fixed carbon content. The percentage of
carbon for the mixtures was 75.33%, 78.28%, and 72.91% for the mixtures (1:1), (1:2), and
(2:1), respectively. The values were oxygen: 12.73%, 8.45%, and 14.37%, and hydrogen:
11.94%, 13.27%, and 12.73% for the mixtures (1:1), (1:2), and (2:1), respectively. The variation
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in the amount of each element occurs proportionally to the amount of each residue in the
mixture. The mixture that presented the highest oxygen content was BASO:PP (2:1) due to
the higher amount of carboxylic acids and derivatives from the BASOs.

The H/C ratio was ~2 for both samples, which indicates linear or naphthenic structures
and low unsaturation content present in the samples [40]. The H/C and O/C ratios have
values very close to those observed for liquid fuels such as diesel and gasoline, which
have H/C ratios of 1.5 to 2.0 and O/C ratios close to zero, thus indicating that PP, BASO,
and their mixtures have a high potential to be converted into liquid hydrocarbons of
high commercial value [41]. It is expected that, to facilitate this conversion pathway,
the oxygenated compounds present in BASO will be converted, for the most part, into
hydrocarbons through deoxygenation reactions. In relation to the molar O/C ratio, BASOs
had a ratio of 0.25, while PP does not have oxygen in its composition, which confirms that
BASOs are mostly composed of molecules with aliphatic characteristics and low oxygen
content, which is characteristic of triacylglycerols that mostly compose the sample. For the
mixtures, the H/C ratio remained between 1.9 and 2.1, and O/C between 0.08 and 0.15 [42].

4.2. Thermogravimetric Behavior

The PP sample remained stable up to 360 °C, which reveals the absence of moisture
in the sample; after this temperature, the first and only mass loss event begins, where it
decomposes completely up to approximately 490 °C. It is observed that the ash content
and fixed carbon of this sample are approximately 0%, confirming the data obtained in
Topic 4.1. The absence of ash and fixed carbon occurs due to the polymer’s molecular
structure undergoing depolymerization and hydrogenation, resulting in lower molecular
carbon chains of smaller molecular weight that are fully volatilized [43].

The BASO material is composed of mono-, di-, and/or triacylglycerols (TAGs), free
fatty acids (FFA), and organic salts of fatty acids formed in the pre-treatment of cotton-
seed oil used to remove impurities and decrease the acidity of the oil [44]. The BASO
thermogravimetric curve has a total of five mass loss events, as observed in Figure 1B. The
first mass loss event occurs between 100 and 150 °C and can be attributed to the moisture
present in the material, where it corresponds to ~10% of the total mass. Between 220 and
350 °C, the degradation of FFAs can be attributed, followed by the decomposition of mono-,
di-, and/or triacylglycerols, which represent 60.2% of the BASO mass. This decomposition
continues until 450 °C [44,45]. It is followed by a degradation event of the surfactant
compounds that follows up to ~550 °C, and, finally, the last event that starts at 750 °C is
attributed to inorganic salts present in the residue derived from the degradation of the
previously decomposed fatty acid salts. At the end of the analysis, a remaining mass of
5.8% was recorded, which corresponds to the percentage of fixed carbon of the sample,
together with the ashes formed.

From the thermogram of Figure 14, it was possible to define the pyrolysis temperature
at 550 °C because this is the temperature at which there is a stability of the mass of the
samples after their greatest mass loss events. This temperature correlates well with the
values found in the literature [46,47].

The thermal degradation curve of the mixture of BASO:PP (1:1) is presented in
Figure 2A and showed that the first mass loss corresponds to the water mass of the BASO
sample, since PP has no moisture and corresponds to ~5% of the total mass; the second
event, from 250 °C to 300 °C, occurs due to the FFAs that come from the BASO sample,
and, in this analysis, correspond to 10% of the mass of the sample; the next event begins at
~330 °C where, for BASO, the degradation of TAGs would correspond; however, at this
same temperature, there is the beginning of PP degradation; due to this interaction, the
TAGs and fatty acid salts degradation events are suppressed in the thermogram. The event
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visualized at 750 °C in BASQO is also not seen in the BASO:PP (1:1) thermogram due to its
relatively low percentage of mass loss (~2%).

The BASO:PP (2:1) has a total of five mass loss events, as observed in Figure 2A,B, due
to its higher mass percentage coming from BASOs; its profile follows similar characteristics
to the individual BASO material. The first event of 100-150 °C is related to the moisture
present in the material, where it corresponds to ~10% of the total mass. From 220 to 350 °C,
the degradation of the FFAs begins. Soon after that, there is the beginning of the degradation
of the mono, di, and triacylglycerols present in the material; this event joins the degradation
event of the PP polymer that begins at 430 °C, and this decomposition continues until
550 °C. The degradation of the surfactant compounds is inhibited by the event of polymer
degradation. Finally, the last event that begins at 750 °C is attributed to inorganic salts
present in the residue derived from the degradation of previously decomposed fatty acid
salts. At the end of the analysis, a remaining 5% mass was recorded, which corresponds to
the percentage of fixed carbon of the sample, together with the ashes formed.

The BASO:PP (1:2) has its profile closer to the thermogram of the isolated PP because
its higher mass percentage comes from the polymer. However, as we can see in Figure 2B,
the events arise from the degradation of BASOs. They follow the same order as the previous
ones, with the difference in the duration of the PP degradation event. The interactions of the
residues can be visualized in the calculation of the synergistic effect for co-pyrolysis. Finally,
considering the temperature at which the maximum thermal conversion of both samples
occurs, to carry out the subsequent pyrolysis experiments, the temperature adopted for the
process was 550 °C.

From Figure 3, it is possible to observe an inhibitory effect during the thermal degra-
dation process, with AW > 0. The interaction of the mixture being inhibitory means that
the experimental mass loss was less than calculated. This is a result of a greater thermal
stability caused by polypropylene. Although the addition of PP helps to form products
with higher added value, its interaction with BASOs tends to inhibit the volatilization of
volatiles from the cracking of biomass through the change in the physical state of the plastic,
which, when it reaches its melting point, becomes “liquid” and changes the way that heat
is transferred to the waste as well as traps the vapors produced, which are released after
the volatilization of the plastic waste, generating the negative synergistic effect shown in
Figure 3 [48]. Although the synergistic effect is negative, the permanence of the compounds
in the reactor for a longer time can help in the thermal cracking of the waste, which can
generate products with higher added value [49].

4.3. Pyrolysis Yields

It can be seen that BASO'’s individual pyrolysis formed 44.45% of pyrolytic liquid
product, a difference of ~20% less when compared to PP. According to Melo et al. (2021) [45],
pyrolytic oils from triglyceric-based biomasses have a higher amount of oxygenates, demon-
strating the need for treatments to add value and increase their yield. Gaseous products
accounted for ~30% and ~19% for BASOs and PP, respectively. When coke was evaluated,
there was a formation of ~26% for BASO and 14% for PP. The coke is recognized by a
structured carbon in the form of coal; the results corroborate the literature [50].

It is possible to observe that there have been significant changes in relation to con-
ventional pyrolysis and co-pyrolysis; the percentage of the pyrolytic liquid obtained from
BASO:PP (1:1) is higher by ~8% compared to BASOs and lower by ~8% than PP. For
BASO:PP (1:2) and (2:1), we have, for the pyrolytic liquid, a ~64% and 59% yield, respec-
tively. Despite the higher amount of BASOs in the (2:1) mix, its yield in the liquid product
remained at the same percentage as the individual PP and less than 4% of the BASO:PP
(1:2); this suggests a better interaction of PP radicals with BASO, promoting the breakdown
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of larger molecules, such as fatty acids and TAGs, producing less coke than BASO: PP (1:1)
and more gaseous than the other mixtures.

For the coke formed to BASO:PP (1:1), there was an increase of ~0.7% in relation to
the individual BASO; on the other hand, there was a reduction of ~8.8% and ~13.2% of
the coke for the BASO:PP (2:1) and (1:2), respectively. The decrease in coke may be linked
to the interaction of eH radicals produced from polypropylene with the ones from BASO
radicals, making it impossible to form polyaromatic chains that are precursors of coke [51].
Co-pyrolysis also produced, respectively, 20 to 14% of gas, which is proportional to the
pyrolysis of the waste. The percentage of BASO:PP (1:2) liquid product increased in relation
to PP, showing that the interaction between these two residues can enable the formation of
a higher quality liquid product, along with the reduction in the solid product.

In the individual pyrolysis of PP and in the co-pyrolysis, the production of wax was
visualized in the range of 4 to 10%, a solid product from the repolymerization of the radicals
formed by the volatilization of PP or partial cracking of the polymer. In the pyrolysis of
polypropylene, there was a 6.52% formation of wax; for the mixtures (1:1), (2:1), and (1:2), it
produced 4.04%, 3.79%, and 9.61%, respectively. It was found that the percentage of BASO
present in the mixture alters the amount of wax formed. Since the melting temperature of
PP (160 °C) is lower than the initial degradation temperature of BASO (220 °C), the PP melts
on the surface of the biomass, retaining the pyrolytic vapors generated during the initial
volatilization of the material. This situation contributes to a longer residence time of BASO and,
consequently, to the formation of lower molecular weight radicals, which are released from the
initial degradation of the polymer (360 °C). Thus, the radicals from the cleavage of PP tend to
interact with the lower molecular weight radicals, promoting their stabilization and inhibiting
polymerization reactions [33]. This situation can be seen in Table 2, where the lower amount of
BASQO in the mixture (1:2) resulted in the highest wax formation; therefore, it is believed that
the lower formation of lower molecular weight radicals occurs.

Thus, to evaluate the improvement in the quality of the pyrolytic liquid obtained from
co-pyrolysis, the products obtained during the studied processes were characterized using
the gas chromatography/mass spectrometry (GC/MS) technique and ultra-high resolution
mass spectrometry (APCI(+)-FI- Orbitrap MS).

4.4. Chemical Characterization of Pyrolytic Liquid

When evaluating Figure 4, it was observed that the pyrolysis of PP has, as its only
product, the hydrocarbon class; this is due to the composition of the plastic waste, where
there are only polymerized chains of isoparaffins. The products obtained in this pyrolysis
are precisely the result of the depolymerization of these chains [43]. As for the cottonseed
oil dregs, we have the majority production of carboxylic acids that come from the primary
degradation of TAGs. Along with this, the amount of alkenes and alkanes can be explained
through the cracking of fatty acids through decarboxylation and decarbonylation reactions,
which consist of the release of CO; and CO + H,O, respectively, where these two routes
can lead to hydrocarbon production.

The co-pyrolysis process promoted the reduction of carboxylic acids when compared to
the BASO'’s individual pyrolysis. There was a decrease from ~60%, 64%, and 61% in the area
for the BASO:PP (2:1), (1:1), and (1:2) samples, respectively. This reduction can be attributed to
the deoxygenation reactions of acids into hydrocarbons, as well as possible repolymerization
reactions of alkanes and alkenes, given the formation of waxes in the co-pyrolysis processes. In
the co-processing of the mixtures, a selectivity in the decarbonylation of carboxylic acids into
alkenes is observed, with a higher formation of these compounds compared to the individual
pyrolysis of BASO, where an increase of 115%, 174%, and 267% can be observed in the BASO:PP
(2:1), (1:1), and (1:2) mixtures, respectively.
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Sustainable aviation fuel (SAF) is mostly made up of renewable hydrocarbons, whose
carbon chain length varies between Cg and Cj4. Among these, the main components
present in this biofuel correspond to paraffins, isoparaffins, and naphthenic and aromatic
hydrocarbons, which are also the main components of fossil kerosene [52,53].

Comparing the pyrolysis of isolated materials with the mixtures, it was observed that
the co-pyrolysis between BASO and PP in all proportions reduced the carboxylic acid con-
tent, from the degradation of TAGs from BASO. This decrease refers to the deoxygenation of
carboxylic acids through decarboxylation and decarbonylation. In addition, the increase in
alkenes in the co-pyrolysis was evidenced when compared to individual pyrolysis of BASO,
first by the presence of PP but also by the synergistic effect between both materials that
contributes to the degradation of the TAGs, FFAs, and fatty acid salts present in BASO. The
presence of sodium and potassium ions in fatty acid salts also contributes to the catalytic
cracking process [54], which may have catalyzed the reduction, along with hydrogenation
of the acid to alkenes [55,56].

4.5. Chemical Characterization of the Wax

For the FTIR spectrum of solid wax produced during the pyrolysis process, Figure 5,
it was observed that the material is mainly composed by paraffinic material, confirmed
by the symmetric and asymmetric stretching of 1300-1400 cm~! and 2800-3000 cm ™!,
characteristic of CH, and CHj in aliphatic chains. Between 3400 and 3600 cm~ Y we can
see the wax from BASO:PP (1:2), a band characteristic of the OH stretch, in a possible
intramolecular interaction, from residual carboxylic acids from the pyrolysis process. The
peaks at 1745 cm ! and 1164 cm ™! are attributed to C=0O and C-O stretching, respectively,
reinforcing the hypothesis of the presence of residual carboxylic acids.

4.6. Comprehensive Chemical Characterization of Pyrolytic Liquid by APCI(+)-FT-Orbitrap MS

Ultra-high resolution mass spectrometry can help to evaluate the chemical composition
of complex mixtures as well as to understand the mechanisms of thermal cracking of
macromolecules during the pyrolysis process. Figure 6 shows that the main pyrolytic liquid
constituents are distributed in the HC class for PP, while BASO also includes oxygenated
classes as O1, O,, O3, and O4. The number of molecules in the HC class follows the
increasing trend from PP to BASO. The main observation was the synergistic effect of PP to
help in decreasing the O; and O; classes, corroborating the data from GC/MS, producing
more alkenes with the greatest impact on the process BASO:PP (1:2).

An in-depth assessment of the class of hydrocarbons present in the pyrolytic liquids
produced (Figure 7) revealed distinct profiles between the samples analyzed. BASO, as a
triglyceride-based biomass, produced hydrocarbons with DBE (double bond equivalent)
characteristics ranging from 2 to 18 and carbon numbers between 8 and 40. The cracking of
PP, on the other hand, produced hydrocarbons with lower DBE values (between 2 and 15),
which means that, compared to BASO, PP produces fewer aromatic compounds. On the
other hand, the hydrocarbons produced by the plastic polymer have a longer carbon chain,
with values ranging from 8 to 75, especially the compounds in the homologous series of
DBE 2, 3, 4, and 6, which can refer to diolefinic or cyclic hydrocarbons (DBE 2), triolefinic
or cycloalkadiene (DBE 3), monoaromatic (DBE 4), and dinaphthenoaromatic (DBE 6) [57].

Analysis of the hydrocarbons from the co-pyrolysis samples revealed the presence
of compounds with DBEs ranging from 2 to 15. The formation of structures with DBEs
greater than 15 was inhibited during co-processing (region highlighted in green), indicating
that the synergistic interaction between the PP polymer matrix and the triglyceride-based
biomass reduces the occurrence of condensation mechanisms.
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This result may be due to the stabilization process of active radicals derived from the
cracking of BASO constituents, with intermediates from the scission of the PP structure,
inducing the production of compounds with lower DBE values, i.e., lower aromaticity [33].
According to Ureel et al. (2024) [57], during the depolymerization of PP there is inter-
molecular hydrogen abstraction, causing the generation of stable alkyl radicals, which can
interact with benzyl radicals from the degradation of BASO and, through the alkylation
reaction, produce aromatic hydrocarbons, as seen in the co-pyrolysis, especially in the
BASO:PP (1:1) sample, the region highlighted in red. In addition, when analyzing the
distribution of compounds based on the number of carbons, there was a tendency for the
carbon chain to increase as the amount of PP increased in the mixture, from Cg to Cs; in the
BASO:PP (2:1) sample to Cg to Cyg in the BASO:PP (1:2) sample, which corroborates the
production of wax in the co-pyrolysis samples as well, as highlighted in the black regions.

5. Conclusions

The results presented in this work showed that the co-pyrolysis process of polypropy-
lene with BASO makes it possible to obtain a less oxygenated oil with an improvement in
the alkene content. In addition, co-pyrolysis oil has shown promise to produce fuels and
chemical inputs due to the high production of branched and linear alkenes, alkanes, and the
synergistic effect among the feedstocks. PP demonstrated an interesting effect to increase
the conversion of fatty acids into alkenes. Thus, the results indicate that the conversion of
urban plastic waste and industrial triacylglycerol-based waste through the co-pyrolysis
process has high potential for energy application, as well as in the fine chemical industry,
in addition to being an efficient way to produce sustainable hydrocarbons. In addition, it is
still possible to add catalysts to the process, making the conversion of residual acids into
higher value-added products even more effective, thus increasing the potential application
of the product in industries and energy sectors.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /suschem6020012 /51, Figure S1: TICC of pyrolytic product from
BASO; Figure S2: TICC of pyrolytic product from PP; Figure S3: TICC of pyrolytic product from
BASO:PP (1:1); Figure S4: TICC of pyrolytic product from BASO:PP (1:2); Figure S5: TICC of pyrolytic
product from BASO:PP (2:1); Figure S6: TICC of pyrolytic product from BASO:PP (1:2) with the
tentative identification of the peaks.
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