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Abstract: The co-pyrolysis of various biomasses mixed with two types of plastic waste was investi-
gated in this study. Mixture M1 consisted of 30% m/m styrene–butadiene rubber (SBR), 40% m/m
polyethylene terephthalate (PET), and 30% m/m polypropylene (PP). M2 consisted of 40% m/m
PET, 30% m/m PP, and 30% m/m acrylonitrile–butadiene–styrene copolymer (ABS). The SBR, ABS,
and PP used in this study were from the automotive industry, while the PET originated from scrap
bottles. Co-pyrolysis was performed using wood biomass, agricultural biomass, and furniture trash.
Thermal treatment was performed on samples from room temperature to 400 or 600 ◦C at a heating
rate of 10 ◦C/min under N2 at a flow rate of 3 dm3/min. Based on the findings of the experiments,
an acceptable temperature was found for the fixed-bed pyrolysis of biomass–plastic mixtures with
varying ratios, and the raw materials were pyrolyzed under the same conditions. The composition
of the derived gaseous fraction was investigated. The co-pyrolysis studies and variance analysis
revealed that combining biomass with plastic materials had a good influence on the gaseous fraction,
particularly in the presence of 6.6–7.5% v/v hydrogen and a lower heating value of 15.11 MJ/m3. This
type of gaseous product has great potential for use as a replacement for coke oven gas in metallurgy
and other applications.

Keywords: ANOVA; biomass; co-pyrolysis; DoE; hydrogen; plastic waste blends

1. Introduction

The desire for more energy and the depletion of current energy sources have prompted
research into and the creation of technology for using alternative fuels that are safer for the
environment than traditional fuels. Plastics and other polymer-based materials that are
currently made primarily from petroleum-derived components are being developed for use
as components or surrogates for liquid fuels and viable energy sources for the future. [1].
There has been a significant increase in global plastic production from 1950 (1.5 million Mg)
to 2008 (245 million Mg) [2,3]. This increase may be attributed to rapid urbanisation, rising
incomes, and increasing industrial applications. The production of plastics across the
world has grown approximately 10% annually on average since 1950. The lightweight and
corrosion-resistant properties of plastic are only two of its many advantages. However,
plastic waste is the third largest component of municipal solid waste (MSW) [4,5] after food
and paper. The enormous volume and per person weight of plastic rubbish means that it
makes up approximately 20–30% of MSW [6].

Currently, the plastic disposal problem is addressed by traditional recycling of waste
plastic into reusable plastic items [7]. The nonbiodegradable nature of plastic, along with its
widespread usage and very short average product life, has created serious environmental
concerns. Petroleum-based plastics may be recycled and processed into useful goods such
as gasoline and heavy oils that can be further utilised to generate energy or chemicals by
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thermal treatment or combustion [8–10]. When compared to combustion, the environmental
benefits of pyrolysis as a thermal conversion process for plastic waste are far greater. In
addition to minimising carbon monoxide (CO) and carbon dioxide (CO2) emissions [11–14],
the inert atmosphere (no oxygen) and low temperature used in the pyrolysis process also
inhibit the production of dioxins.

Thermochemical degradation processes, pyrolysis and co-pyrolysis take place in an
inert atmosphere between 400 and 900 ◦C. When heated past their breakdown temper-
ature, high molecular weight chains break down and form more stable, low molecular
weight products and solid residue [15]. Plastic type, reactor type, and process parame-
ters, especially reaction temperature and heating rate [16–20], affect the composition and
yield of the char, oil/wax, and gas produced during the thermal conversion process. In
addition, several scientists tried co-pyrolysis of polymers with catalysts to produce a large
percentage of oil products [21–28]. Co-pyrolysis of binary or ternary mixtures of biomass
and polymers was the primary focus of previous studies. Previous research [29] examined
the raw material interactions of high-density polyethylene (HDPE) and potatoes through
primary and secondary co-pyrolysis. The temperature used in the thermal conversion was
900 ◦C with heating rates of 10, 20, and 30 ◦C/min. Other studies [30] combined agri-
cultural residues, including cotton stalks, hazelnut shells, and sunflower remnants, with
polyvinyl chloride (PVC) and poly(ethylene terephthalate) (PET) plastics. The parameters
for pyrolyzing binary mixtures and raw materials were identical, with the exception of
the final temperature of 500 ◦C. A number of studies examined the potential benefits of
the co-pyrolysis of biomass and plastic wastes. A very useful tool for this type of anal-
ysis is chemometrics, especially design of experiments (DOE) and analysis of variance
(ANOVA), which are often used in this type of approach [31–33]. Experimental data on
the co-pyrolytic behaviour of polyolefins such as polyethylene (PE), polypropylene (PP),
and polystyrene (PS) with biomass materials, such as pine wood-PP [4,34–37], hazelnut
shell-PP [38], rubber seed shell-HDPE [39], wood pellet-PP [40], wood sawdust-PP [41],
olive residue-LDPE (low-density polyethylene) [42], and pine cone-PE/PP/PS [43], were
presented in many publications.

In the course of their thermal decomposition, polyolefins donate hydrogen from the
polyolefinic chain to radicals produced from biomass [44–46]. Co-pyrolysis, whereby
biomass and plastics are heated together, is a process whose mechanism is not well under-
stood and that depends upon the feedstock. Several papers have suggested alternative
polymer precursors, including PET for everyday usage and PVC for industrial use. Prepaid
credit cards, films, fibres, and tapes are only some of the many industrial applications for
PET, making it the plastic most used by consumers on a daily basis [47]. Naturally, there
has been a great deal of research on the interactions of different polymers. For our study,
this knowledge is crucial, especially for characterizing the most important interactions
between polymers and biomass components (cellulose, hemicellulose, and lignin). HDPE,
LDPE, PP, PS, PVC, PET, and their mixtures were studied by Williams and Williams [48,49]
for their yield and quality of pyrolysis products. HDPE, LDPE, and PP were found to
contain approximately 80% aliphatic oil and wax, whereas PS included aromatic oil. Oil
output and quality were negatively affected, and pyrolysis facilities were corroded, by
corrosive gases such HCl, terephthalic acid, and benzoic acid, as studied by Fukushima
et al. [50]. Calcium oxide (CaO) and calcium hydroxide (Ca(OH)2) were tested for their
impact on the pyrolysis of a variety of polymers (including PE, PP, PS, and PET) at 600 ◦C
in a steam atmosphere by Kumagai et al. [51]. They also discovered that the yields of liquid
and gaseous products were particularly high under these conditions.

In this study, three lignin-rich materials were mixed with multicomponent biomass-
plastic blends before being manufactured and subjected to thermal treatment; the biomasses
were wood biomass, straw biomass, and furniture waste. The PET from bottles recovered
from MSW, PP from scrap bumpers, and acrylonitrile–butadiene–styrene copolymer (ABS)
from automotive detritus were all put to good use. Different types of biomass were consid-
ered while selecting the three lignin-rich materials. This variation in primary concentration
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was a direct result of the fact that their physical and chemical characteristics were not
identical (cellulose, hemicellulose, and lignin). Notably, the waste polymers used in this
study were selected because each one degraded in a unique way. For example, PP, ABS,
and styrene–butadiene rubber (SBR) undergo free radical reactions throughout their de-
composition. The waste polymers used in this study were selected for their unique rates
of decomposition. Consequently, radical reaction degradation must take place in the case
of PP, ABS, and SBR. Under pyrolysis conditions, PET degrades by heterolytic (ionic)
main-chain cleavage, yielding a structure with an olefin end and an acidic end. When PET
degrades, it forms non-volatile residues, which is not the case for PP, ABS, or SBR [52–54].
By combining radical and ionic degradation events during co-pyrolysis, biomass thermal
conversion results may vary from those achieved with a single polymer.

Previous investigations employing two distinct waste plastic mixes, as noted previ-
ously in the Introduction, primarily focused on the impact of process parameters and addi-
tive type on the yield of products collected during the co-pyrolysis process. Furthermore,
no consideration has been given to the interaction between the type of biomass-derived
material and the type of plastic waste combination, which might have a considerable impact
on the products obtained in thermal processes of multi-component waste containing both
biomass and polymer waste. In terms of technology, determining not only the influence
of the thermal conversion processes that pyrolysis and co-pyrolysis belong to is vital for
scaling up processes, for example.

As a result, the goals of this research were not only to examine the impact of process
parameters on the quantitative and qualitative composition of gaseous products but also to
present and characterise the possibility of an interaction between the kind of biomass and
the type of plastic mixture.

2. Materials and Methods
2.1. Materials and Analytical Methods

In this study, two types of plastic mix were employed. M1 constituted 30% m/m SBR
from tire waste, 40% m/m PET from scrap bottles recovered from MSW, and 30% m/m PP
from scrap bumpers. M2 was composed of 40% m/m PET from scrap bottles, 30% m/m PP
from automotive scrap, and 30% m/m ABS from automotive scrap. PET came from MSW.
Table 1 shows the results of the approximate and ultimate analyses of the polymers.

Table 1. Basic physical and chemical characterisation of waste polymers [37], reproduced with
permission from Elsevier.

Parameter Unit ABS PET PP SBR

Ash content—Ash

wt.%

0.00 0.00 0.00 14.01

Volatile Matter—VM 99.95 86.84 99.92 61.61

Fixed carbon—FC 0.00 13.11 0.00 24.36

Moisture content—Wa 0.05 0.05 0.08 0.02

Carbon content-Ct
a 75.44 62.48 84.8 70.42

Hydrogen content—Ht
a 8.19 4.17 14.5 6.46

Oxygen content—Ot
a 3.44 33.3 0.25 7.22

Nitrogen content—Na 4.74 0.00 0.14 0.43

Sulphur content—St
a 8.14 0.00 0.23 1.44

High heating value—HHV MJ/kg 38.09 30.85 45.80 33.92

The polymers utilised in the co-pyrolysis process had particle sizes ranging from 1 to 5 mm.
This particle size was adjusted to match the particle size of the raw biomass, which was
less than 10 mm. A laboratory drum mixer was used to guarantee that the plastic mix was
uniform and homogeneous. Appropriate quantities of waste polymers were added to the
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drum, which was then agitated at a constant speed of 30 rpm. Every 5 min, a predetermined
amount of the mixture was added as needed. Raw biomass for the co-pyrolysis process
included alder wood, straw biomass, and furniture trash. Table 2 shows the results of the
proximate and ultimate analyses of the biomass.

Table 2. Basic physical and chemical characterisation of applied biomass-based materials [37],
reproduced with permission from Elsevier.

Parameter Unit Alder Wood Straw Biomass Furniture Waste

Ash

wt.%

0.35 4.78 2.02

VM 78.55 70.50 73.87

FC 14.78 17.18 17.78

Wa 6.32 7.54 6.24

Ct
a 45.90 43.80 47.70

Ht
a 5.67 5.48 5.83

Ot
a 37.40 38.69 41.79

Na 4.47 0.62 0.26

St
a 0.08 0.10 0.40

HHV MJ/kg 17.835 17.523 19.072

2.2. Analytical Procedures

All raw materials were analysed for ash content (ash), volatile matter content (VM),
and final analysis (Ct

a, Ht
a, Na, St

a, and Ot
a). Proximate and final analyses were carried

out in accordance with the procedures shown in [34–36,55].
The ash content of the samples was determined by incineration. The sample was

placed in a muffle furnace and continuously heated in air to 815 ◦C, which was then
maintained until a constant weight was achieved. Weighing a closed crucible without
air before and after heating it at 850 ± 15 ◦C for 7 min and calculating the difference
between total weight loss and weight loss due to water evaporation yielded the volatile
matter concentration.

To determine the carbon, hydrogen, nitrogen, and sulphur content of samples, they
were submitted to automatic quantitative combustion in an oxygen stream at 1150 ◦C (the
temperature of the reaction is roughly 1800 ◦C as a result of the exothermic reaction in
tin foil). The combustion products (CO, CO2, NO, N2, SO, SO2, PO2, F, O2, H2O) were
introduced through a quartz bridge into a reduction tube, where sulphur and nitrogen
oxides were reduced to SO2 and N2 in the presence of copper (the excess oxygen was also
bonded). The mixture of components (He + N2 + CO2 + H2O + SO2) at the reduction tube’s
exit was transported into a dynamic separation system, where absorption columns were
thermally desorbed in series. A thermal conductivity detector (TCD) was used to analyse
combustion gases (N2, CO2, H2O, and SO2). An NDIR detector was used to examine low
SO2 concentrations.

To determine the oxygen content of samples, they were pyrolyzed at 1120–1150 ◦C in
an H2O, CO2, and O2 free reductive environment (95% N2 and 5% H2), providing a direct
quantitative analysis of oxygen concentration. The sample was placed in a pyrolysis tube
filled with elemental carbon, and carbon dioxide was produced as a result of the reaction
between oxygen from the sample and carbon from the filler (Boudouard equilibrium).
The acidic pyrolysis products, such as H2S, HCN, and HCl, were absorbed on granulated
NaOH, while the generated water was absorbed by a dehumidifier. The inert pyrolysis
products (N2 and CH4) were introduced into a measuring cell containing carbon monoxide.
Because the NDIR detector was only sensitive to CO, the other gases did not need to be
separated. A Vario Macro Cube automatic elemental analyser was used to determine the
elementary composition of Ct

a, Ht
a, Na, St

a, and Ot
a.
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Equation (1) [56] was used to compute the temperatures of combustion of the materials studied.

HHV = 601.95 − 11.57 · Ahs − 7.12 · VM + 341.67 · Ca
t + 1165.86 · Ha

t − 97.35 · Oa
t − 193.37 · Na + 110.36 · Sa

t (1)

A Varian CP3800 gas chromatograph was used to determine the pyrolytic gas com-
position. The gas composition was determined according to PN-C-96012:1993—Gaseous
fuels. Determination of the content of gaseous components in pyrolysis gas by gas chro-
matographic methods.

The determination of density and calorific value based on gas composition was per-
formed according to PN-EN ISO 6976:2016-11—Natural gas. Calculation of calorific values,
density, relative density, and Wobbe number from composition.

The principle of the method is to determine the composition of the gas using a Varian
CP3800 gas chromatograph equipped with two detectors: a TCD (thermal conductivity
detector) and an FID (flame ionisation detector), as well as a valve system that allowed the
carrier gas stream (compressed helium, compressed air of 5.0 purity), along with the sample,
to be split and sent to the FID and TCD. The FID was fed with hydrogen (purity 5.0).

The chromatograph was additionally equipped with a capillary column, e.g., CP Sil 5,
measuring 60 m × 0.25 mm with a sample dispensing loop on the 1 mL capillary column,
and a Molecular Sieve 5A CP packed column measuring 1.5 m × 2.0 mm with a sample
dispensing loop on the 250 µL packed column.

The following chromatograph operating conditions were used to perform the analyses.
The following two-stage temperature programme was applied: from 45 ◦C to 90 ◦C with a
ramp-up of 8 ◦C per minute, from 90 ◦C to 160 ◦C with a ramp-up of 20 ◦C per minute, and
then holding at the initial temperature for 9 min. The injector temperature was 150 ◦C, the
FID detector temperature was 280 ◦C, and the TCD detector temperature was 175 ◦C.

2.3. Experimental Design with Analysis of Variance (ANOVA)

The experimental design approach is one of the most widely used methods for con-
trolling a wide range of technical processes, including those in chemical technology [57].

However, for a variety of reasons, including a lack of time, it is not required in research,
despite the fact that it can have numerous good impacts, the presence of which may not
have been anticipated by researchers at the outset of their research preparation. This
method’s strength is that it may be paired with data analysis methods such as analysis of
variance to identify current effects both qualitatively and quantitatively, allowing for the
development of new inventive ways or products.

This approach has also been used to obtain relevant information about the interactions
and correlations between examined factors (chemical reagents and process parameters),
which may then be utilised to optimise product yield. The Box–Wilson central composite
design, also known as the central composite design, was chosen as the design of experi-
ments (DOE) approach in this study. Table 3 shows the physical and coded values of the
parameters for the design of the experiments.

Table 3. Physical and coded values of parameters for the design of experiments [37], reproduced
with permission from Elsevier.

Parameters/Levels
Symbols

Coding—Classical Experimental Design A—Temperature (◦C) B—Polymer Blends Addition (M1, M2) (%)

Lowest −1.414 400 0.0

Low −1 450 2.0

Centre 0 500 4.0

High +1 550 16.0

Highest +1.414 600 32.0
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ANOVA is a statistical approach for determining the importance of process variables
and process conditions. ANOVA may be used to assess the experimental error and deter-
mine the impact of each component (e.g., A, B, and C) and their interactions (e.g., AB, AC,
BC, and ABC). If the components and interactions that impact the response (e.g., material
quality) are known, then the common least-squares criteria may be used to construct an
empirical model. As a result, the statistical significance of the regression coefficients must
be determined, often using Student’s t-test. The final equation is constructed by fitting the
regression coefficient. STATISTICA [58] was used to statistically analyse the co-pyrolysis
data. Pearson’s correlation coefficient was used to calculate correlations. The significance of
differences between the process conditions applied to the tested materials was determined
using one-way ANOVA.

2.4. Co-Pyrolysis Process

The studied biomass was first dried to 2–3% humidity (Wa) before being pulverized
into particles smaller than 10 mm in diameter. The resultant mixture (which contained the
investigated polymer blends and biomass) was put in a steel retort and co-pyrolyzed under
a nitrogen atmosphere. An electric furnace, a steel retort (where the tested materials were
converted), and a system for collecting the liquid and gaseous products comprised the test
setup. Figure 1 displays a schematic of the solid fuel thermal conversion system. Nitrogen
was injected from the bottom of the retort at a rate of 3 dm3/h. The retort was purged
with nitrogen for 15 min prior to pyrolysis, and the treated material was then heated to the
aforementioned temperature at a heating rate of 10 K/min. After attaining the required
temperature, it was held for 30 min before the sample was cooled to room temperature.
The laboratory-scale setup was similar to that employed in previous investigations [55].
During the procedure, char, liquid, and gaseous samples were collected for future study.
To confirm that the reactions were reproducible and stable, the reactions were performed
in triplicate.

Figure 1. Test setup for co-pyrolysis of biomass and plastic blends in a fixed-bed reactor.
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3. Results
3.1. The Co-Pyrolysis of Biomass and Plastic Waste Blends—Product Mass Balance

Co-pyrolysis of biomass has been intensively researched [22,24,55], mostly employing
two-component combinations of polymer–biomass feedstock, as discussed in a previous
paper [37]. Because these materials have similar physicochemical qualities, the yields of
solid, liquid, and gaseous products from wood biomass and furniture waste were com-
parable. As shown in Table 4, depending on the biomass sample and thermal conversion
conditions, various product yields can be achieved.

Table 4. Mass balance of products (average) from pyrolysis biomass [59].

Pyrolysis Temperature Char (% m/m) Liquid Fraction (% m/m) Gaseous Fraction (% m/m)

Straw biomass

400 54.8 37.5 7.60

450 38.0 40.4 21.6

500 37.6 39.8 22.6

550 32.4 43.0 24.6

600 29.3 47.5 23.2

Alder wood

400 39.0 44.9 16.1

450 37.8 47.7 14.5

500 27.8 55.0 17.1

550 27.2 55.2 17.6

600 25.3 55.9 18.8

Waste furniture

400 53.5 32.1 14.4

450 38.5 44.2 17.3

500 32.7 47.5 19.8

550 30.3 48.9 20.8

600 29.0 49.6 21.4

If the conversion process was focused on the yield of solid products, then the lower
the temperature was, the greater the biochar yield. Biochar yields varied depending on the
type of biomass material tested, ranging from 39% for alder wood (400 ◦C) to 54.8% for
straw biomass (400 ◦C). An increase in temperature resulted in a decrease in the amount
of biochar obtained in favour of liquid and gaseous products. An increase in temperature
from 400 ◦C to 600 ◦C resulted in a decrease in biochar of approximately 12% for alder
wood and approximately 25% for straw biomass and waste furniture. Additionally, the
largest increase of more than 17% in liquid products was observed for waste furniture,
and an increase of more than 15% in gaseous products was observed when increasing the
pyrolysis temperature for straw biomass.

The impact of polymer addition on pyrolysis of waste furniture was extremely large,
with an average increase of +6.35%, and it increased with the square of the amount of added
polymer. In all situations, the average yield of liquid products was between 47 and 56%.
Co-pyrolysis between 500 ◦C and 600 ◦C (0% m/m of M1) produced the largest output
of gaseous compounds from the M1 mix. In the case of combination M1, the opposite
tendency was observed. An ANOVA test indicated that raising the temperature of the
thermal conversion process had a statistically significant effect, with averages of 2.2%, 1.5%,
and 2.9% for wood biomass, agricultural waste, and furniture waste, respectively. The
influence of various polymer waste blends on the yields of products from the co-pyrolysis
of biomass was evaluated through fifteen tests utilising two mixtures of waste polymers
(M1 and M2) at different temperatures in triplicate runs (Table 5).
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Table 5. Mass balance of products (average) from co-pyrolysis biomass and plastic waste blends [59].

Addition
(% m/m)

Pyrolysis Temperature
(◦C)

Char
(% m/m)

Liquid Fraction
(% m/m)

Gaseous Fraction
(% m/m)

Char
(% m/m)

Liquid Fraction
(% m/m)

Gaseous Fraction
(% m/m)

Abder wood + M1 Alder wood + M2
2 450 28.00 54.40 17.61 30.50 54.02 15.48
2 550 25.25 56.56 18.19 23.25 58.59 18.17
16 450 38.50 48.24 19.68 31.75 54.67 13.58
16 550 29.25 50.25 20.51 26.00 58.99 15.01
0 500 27.67 55.17 17.16 27.67 55.17 17.16
32 500 29.50 54.12 16.39 28.75 56.16 15.09
4 400 36.50 49.50 14.01 35.00 51.33 13.67
4 600 23.50 58.20 18.31 23.25 58.72 18.04
4 500 24.75 57.61 17.64 25.75 57.46 16.79
4 500 26.25 57.09 16.67 26.25 56.92 16.83

Straw + M1 Straw + M2
2 450 34.00 44.96 21.04 31.25 47.78 20.98
2 550 29.50 47.81 22.69 27.50 50.16 22.34
16 450 37.25 40.79 21.97 33.75 47.97 18.29
16 550 29.75 50.21 20.05 27.00 54.11 18.90
0 500 38.94 39.28 21.77 38.94 39.28 21.77
32 500 34.25 41.58 19.43 30.00 51.38 18.62
4 400 39.00 41.58 19.43 38.25 43.25 18.50
4 600 27.25 49.82 22.94 26.00 51.81 22.19
4 500 29.75 49.17 21.09 30.25 49.36 20.40
4 500 32.25 46.43 21.33 31.00 45.56 23.44

Waste furniture + M1 Waste furniture + M2
2 450 41.00 41.21 17.79 36.00 46.54 17.46
2 550 28.00 51.88 20.12 28.00 51.99 20.01
16 450 42.00 33.64 24.36 36.00 46.96 17.04
16 550 29.00 50.42 20.58 29.00 50.73 20.27
0 500 36.92 45.08 18.00 36.92 45.08 18.00
32 500 38.50 38.95 22.55 40.00 47.89 12.74
4 400 43.00 42.20 14.80 41.50 44.34 14.16
4 600 27.00 52.25 20.75 23.00 55.33 21.67
4 500 30.00 47.86 22.14 30.50 50.25 19.25
4 500 33.00 48.00 19.00 29.00 50.19 20.81

3.2. Variable Effect on the Chemical Composition of the Gaseous Products

The initial stage in the research was to determine which factors had a statistically
significant influence on the composition of different gas product components. As can be
observed from the comparison data in Table 6, temperature had a statistically significant
(p < 0.05) influence on the concentration of the examined components of the co-pyrolysis
products in almost every case (with the exception of C2H4 concentration).

Table 6. Effects of variables on the chemical composition of the gaseous products.

Variable Temperature Polymer Additives Interactions Pyrolysis Option

Parameter

H2 + + - +

CO + + + +

CH4 + - - -

CO2 + + + +

C2H4 - + - -

C2H6 + + - -

C3H8 + + - +

C3H6 + + + +

C4H10 + + + +

HHV + + - +

LHV + + - +

Density + - + +
Pyrolysis option—pyrolysis of various biomass with different polymer waste additives: straw + M2, wood + M1,
wood + M2, furniture waste + M1, and furniture waste + M2.
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The statistical relevance of pyrolysis temperature was not unexpected given that it
is the primary factor controlling the degree of breakdown of materials, whether organic
matter or plastic. Its lack of influence on ethylene concentration was also not surprising
because pyrolysis reactions, and thus co-pyrolysis reactions, are predominantly free radical
reactions (especially when dealing with polyolefin pyrolysis), so the ethyl radical, which is
reactive and is in a pyrolysis reaction environment rich in other chemical entities, is more
likely to combine with other molecules than to form a double bond.

Similarly, with the exception of the methane content and overall density of the resultant
gas after co-pyrolysis, the addition of the waste plastic mixture had a significant influence on
the concentration of the components examined in this example. Furthermore, a significant
interaction effect was detected between the temperature of the co-pyrolysis process and the
addition of the waste plastic mixture for numerous components, such as CO, CO2, C3H6,
C4H10, and density. This was also connected to free radical reactions that occurred during
the thermal conversion of polymers, which easily reacted with them in the presence of
biomass rich in, for example, hydroxyl and carboxyl groups, as demonstrated by a rise in
the amount of CO and CO2 in the process gas.

The presence of a connection between the kind of biomass material and the type of
usage of the waste plastic combination was an essential piece of evidence that confirmed
our hypothesis. In this scenario, significant impacts were found for H2, CO, CO2, C3H8,
C3H6, C4H10, HHV, and LHV concentrations and densities. This knowledge will be critical
for the future design of the composition of gaseous products in this type of procedure.

Simply knowing that both the kind of material and the content of the waste plastic
combination both have significant effects may not be sufficient. Thus, Pareto charts were
created and presented to graphically show which specific variables and, in the case of raw
materials, which biomass–waste mixtures had the greatest influence on the composition of
the pyrolysis gas components mentioned earlier (H2, CO, CO2, C3H8, C3H6, C4H10, HHV,
LHV, density).

For clarity, these components were separated into two groups (Figures 1 and 2), with
LHV reflecting the amount of energy carried by the pyrolytic gas created under specified
process circumstances in the second group.

Figure 2. Pareto charts for (a) H2, (b) C3H8, (c) C3H6, and (d) C4H10 (all variables characterised by
bars exceeding the p = 0.05 limit had a statistically significant effect on the parameters under study).
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The graphs depict the effects of the process variables studied, namely, temperature
(linear effect L, quadratic effect Q), polymer addition (linear effect L, quadratic effect Q),
their linear interaction (1 L vs. 2 L), and options representing various combinations of
the type of biomass-derived material thermally converted with one of the two waste
plastic blends. The linear or quadratic effect was found to determine whether the variable
had a linear effect on the process being studied or it could be described by a quadratic
function. Options 1–5 (pyrolysis option) were the following: straw + M2, wood + M1,
wood + M2, furniture waste + M1, and furniture waste + M2. The impacts of these groups
were compared to option (0), i.e., straw + M1.

As shown in Figure 2a, changing the kind of biomass material utilised from straw
to wood had a significant beneficial influence on the rise in hydrogen content of the
pyrolysis gas, in addition to the greatest effects of process temperature and the amount of
waste plastic mixture added. This could have been because alder wood has a lower ash
concentration than straw biomass, which has a slightly higher hydrogen level. A difference
in ash of more than 4%, however, suggests that more biomass material, and thus more
hydrogen, enters the process. Changing the kind of plastic mixture from M1 to M2 has
a significant impact, but it is a negative one, reducing the quantity of hydrogen in the
pyrolysis gas. The negative effect of changing the composition of the waste plastic mixture
from M1 to M2 is visible in all three cases, confirming the hypothesis that not only the
additive but also the composition of the plastic mixture influences the co-pyrolysis process
and, more specifically, the quality and composition of the products obtained in this type of
process. Although more hydrogen compacted in ABS than in SBRs that entered M2 is more
than in SBRs, the process produced hydrogen cyanide, which consumed one molecule
of hydrogen.

In the case of propylene (C3H6, Figure 2b), the situation was somewhat different:
temperature had less influence on propylene concentration than on hydrogen, with the
most substantial effect occurring when plastic was introduced. This was because it is easier
to break the internal C–C (338 kJ/mol) bond in radical reactions than the bond between
C–H (412 kJ/mol). In this case, changing the kind of plastic mix as well as the feedstock
from straw to wood had a considerable detrimental influence on the propylene content of
the co-pyrolysis products. Instead, the mixing of furniture waste with the M1 blend had a
favourable influence on the rise in propylene content.

The inclusion of waste plastics and the process temperature had a synergistic impact
on the higher homologues. This interaction increased the concentrations of C3H6 and
C4H10 in the gas following thermal conversion (Figure 2c,d). This was mostly due to the
previously noted bonding energy between the carbon bonds of both biomass and polymer
wastes. The usage of furniture waste in the form of straw in conjunction with the waste
plastic mixture M2 had a minor but good effect on C3H6. In the case of C4H10, a greater
impact was found when straw was combined with M2, and furniture trash was combined
with M1; other combinations had a negative or statistically negligible effect on the C4H10
content of the resultant postprocess gas.

3.3. Determination of Optimal Co-Pyrolysis Parameters

Optimisation for thermal conversion processes is a very important step. This is because
during thermal conversion processes such as pyrolysis, mainly free radical reactions take
place, which lead to the formation of products that may constitute energy ballast, e.g., CO2
or even CO, in addition to the desired high-energy and valuable products. In contrast to the
previously described dependencies affecting the high-energy content of gaseous products,
the opposite effect was observed in the cases of CO and CO2 (Figure 3a,b), as well as the
material-type–plastic–mixture connection. In contrast to CO2, where a change in biomass
material from straw + M1 to wood + M2 had a strong negative effect on concentration, a
change in biomass material from straw + M1 to wood + M2 had a rather strong positive
effect on CO concentration. Similarly, when we altered the wood + M1 case for CO, we
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observed an increase in concentration as a result of the feedstock change rather than a
decrease in CO2 concentration.

Figure 3. Pareto charts for (a) CO, (b) CO2, (c) LHV, and (d) density (all variables characterised by
bars exceeding the p = 0.05 limit had a statistically significant effect on the parameters under study).

The calorific value and density of the gas were directly affected by changing the
composition of the different components of the gas products. These two parameters were
most strongly and statistically significantly influenced by the change in biomass material
from straw to wood and the change in plastic mixture from M1 to M2, as well as temperature
and the amount of waste plastic added to the co-pyrolysis process, as shown in Figure 3c,d.

Information regarding these interactions is critical for process optimisation. The
variables that determine the composition of the separate components of the gas product
formed from the co-pyrolysis of biomass materials and waste plastic mixtures are demon-
strated above. When optimising the composition of gas products in terms of combustion
heat or, more commonly, calorific value, it is possible to maximise the composition of the
most energetic components so that the final gas obtained has high energy content as well.
Such an approach was used in the present study to demonstrate that proper experimental
planning not only provides valuable and relevant information on the phenomenon under
investigation but also, especially when investigating chemical processes including thermal
processes, allows for optimisation of process conditions to ensure maximum benefit.

In Figures 4 and 5, the desirability chart shows how the studied properties of gas
products obtained during co-pyrolysis changed under different process conditions. The
utility function used here assumed that during the optimisation process, the maximum
hydrocarbon content was sought while minimising the carbon monoxide and carbon
dioxide content of the gas product. The utility function (right side of Figures 4 and 5) had
a linear form, and it assumed a value of 0 (undesirable result) for the minimum value of
the hydrocarbon under test and a value of 1 (desirable result) for the maximum value of
hydrogen and the hydrocarbons for the test. In the case of carbon monoxide and carbon
dioxide, the course of the function was reversed, with a value of 1 (the desired result) for
the minimum content of CO2 and a value of 0 (the undesirable result) for the maximum
content of CO2 in the gaseous products of the co-pyrolysis process. In this case, the total
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utility function (bottom part of Figures 4 and 5) was the result of the utility functions for
hydrogen, the labelled hydrocarbons, CO2, and thus also the LHV value.

Figure 4. Desirability charts for percentage concentrations (% v/v) of H2, C3H8, C3H6, and C4H10 in
gaseous products obtained for the optimal co-pyrolysis conditions where desirability was a percentage
of target fulfilment (maximisation of essential substances in gaseous products while minimising
ballast substances, e.g., CO2).

Figure 5. Desirability charts for percentage concentrations (% v/v) of C4H10, C3H6, C3H8 in gaseous
products obtained in the optimal co-pyrolysis conditions where desirability was a percentage of
target fulfilment (maximisation of essential substances in gaseous products while minimising ballast
substances, e.g., CO2).
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The outcome of this research presented in this publication indicated that to obtain
gaseous products with maximally high hydrogen and hydrocarbon contents while minimis-
ing the carbon dioxide concentration, a process of co-pyrolysis of biomass material with a
maximum 32% addition of a plastic mixture (M1) at 550 ◦C was needed. As was observed,
no further increase in process temperature over 550 ◦C was necessary because the increase
in process temperature only had a favourable effect on raising the hydrogen content from
6.23% v/v to approximately 7.68% v/v. In the cases of CH4, C2H5, C3H6, and C3H8, the
concentrations fell by 0.17, 0.46, 0.05, and 0.07% v/v, respectively. The concentrations of the
other components remained constant. These modifications had no effect on the calorific
value of the gas received, which stayed at 15.11 MJ/m3.

A gas with this calorific value is only slightly worse than coke oven gas, which is
currently used quite extensively in the metallurgical industry (17.3 MJ/m3), demonstrating
that the gas products of co-pyrolysis have significant energy potential for use in applications
including those in heavy industry with high energy requirements.

4. Conclusions

This paper provides a thorough analysis using a method to identify the most im-
portant variables that determine the qualitative features of gas products generated from
the co-pyrolysis of biomass-derived materials and waste plastic mixes. Using planning
experiments and analysis of variance methodologies, it was feasible to not only find statis-
tically significant factors but also to characterise the nature of their effect and, finally, to
achieve the best process conditions. Co-pyrolysis provides effective waste management
and carbon utilisation from wastes to help provide circularity to the destination of fossil
fuels and energy used in waste generation while minimising unsustainable paths such as
landfilling and incineration and offering environmental protection by reducing growing
marine pollution caused by plastic wastes and alleviating poisonous emissions created by
incinerators. According to the review article’s authors [60], co-pyrolysis was studied in
terms of key polymers (PET, HDPE, PVC, LDPE, PP, PS, and other plastics) and typical solid
biomass, followed by synergetic effects and influencing factors between the feedstocks. In
general, in co-pyrolysis with solid biomass, HDPE, LDPE, and PP have positive synergetic
effects on liquid yield, whereas PET, PS, and PVC have positive synergetic effects on solid
residue or gas production.

As shown in the study, the optimum conditions to obtain the maximum hydrogen and
hydrocarbon content and at the same time maximise the calorific value of the pyrolysis gas
obtained are to run the co-pyrolysis process at 550 ◦C with a 32% addition of a mixture
of waste plastics. Both the type of biomass and the composition of the waste polymer
blend have little effect on the process. Of course, if, for example, for technological reasons
one wishes to maximise a smaller number of parameters, e.g., focus only on the hydrogen
content, then both the type of biomass material and the composition of the waste polymer
will have an impact, and the optimum conditions may be slightly different and include the
most favourable combination of biomass type and composition of the waste plastic mixture.
In the case studied, to maximise the hydrogen content, it is sufficient to raise the pyrolysis
temperature to the maximum since, as shown by ANOVA, it is the temperature that most
strongly influences the hydrogen content of the pyrolysis gas.

This study is significant in terms of the use of nonrecyclable polymer waste as well
as the use of low-quality biomass or biomass-derived trash. Knowledge of the effect and
interaction of specific elements, for example, on the calorific value of the resultant gas, is
crucial in terms of the use of such a product, for example, in the metallurgical sector, where
products from sustainable sources might replace some of the natural gas. Given the present
economic situation in particular, it is critical to seek solutions that will lessen negative
impacts on the environment while lowering the expenses associated with the current usage
of fossil fuels.
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