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Abstract: The paper investigates the potential of biomass pyrolysis as a sustainable and renewable
energy solution. The study focuses on three biomass types: corn cob, vine rod, and sunflower, which
are abundant agricultural residues with potential for biofuel production. The pyrolytic gas, oil, and
char produced during pyrolysis at a heating rate of 10 °C/min were analyzed. At the pyrolysis
temperature of 500 °C, the corn cob showed the smallest final residual mass of 24%, while the vine
rod exhibited the largest mass loss of 40%. Gas analysis revealed the concentrations of CO,, CO,
Hj, and CHy in the pyrolytic gas, indicating its energy potential. Sunflower presented the largest
calorific value of the produced biogas, while corn cob was the lowest. The chemical composition of
the bio-oils was determined, with aliphatic acids identified as the dominant compounds, suggesting
their potential for biodiesel production. Fourier Transform-Infrared Spectroscopy (FT-IR) analysis of
raw biomass and char products demonstrated varying extents of decomposition among the biomass
samples. A multicriteria assessment approach was employed to evaluate the differences between the
selected three biomass feedstock and determined that sunflower biomass ranked the highest among
the three, although the overall difference was small, confirming the suitability of all three biomass
samples for pyrolysis conversion to higher-value-added fuels.

Keywords: pyrolysis; agricultural biomass waste; biofuel generation; renewable energy

1. Introduction

With accelerated energy demands and environmental concerns, there is a growing
need for the adoption of a wider range of renewable energy sources. Climate change,
identified as the greatest threat to humanity, stems from a systemic issue intertwined with
global population growth and the escalating consumption of fossil fuel-based energy. The
scientific community directly links fossil fuel use with intensified greenhouse gas (GHG)
emissions, which have caused irreversible alterations in the Earth’s climate, leading to
global warming.

Hoechek et al. [1] overviewed the renewable energy capacities and proposed that a
complete substitution of fossil fuels with renewable energy by 2050 may be conceivable;
however, achieving this goal will necessitate vigorous implementation of all renewable
energy sources, with substantial and close international collaboration. The worldwide
energy demands in both developed and developing countries require the adoption of
more sustainable energy alternatives to conventional electricity generation technologies [2].
Conventional energy sources have engendered significant environmental challenges related
to global warming and climate change, as well as the exponential rise in GHG emissions
resulting from power generation [3,4].
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Consequently, renewable energy sources, including solar, wind, hydropower, biomass,
and geothermal, as well as the energy carriers produced from these sources, such as
renewable hydrogen, have emerged as viable alternatives to mitigate the current environ-
mental crisis as they demonstrate sustainable electricity production solutions [5]. Extensive
research has explored and compared various hybrid renewable energy technologies to
enhance overall electricity generation performance, while providing recommendations
to address the economic, technical, and energy conversion efficiency challenges [6]. The
environmentally friendly attributes of renewable energy technologies, coupled with their
capacity to generate power while minimizing air pollutant emissions, have spurred increas-
ing efforts and advocacy for clean environments [7]. As a result, renewable energy sources
have gained escalating attention and recognition as a promising solution to meet energy
demands while addressing the imperative need for environmental sustainability. There is a
substantial increase in renewable energy penetration in the energy market, although its
share remains smaller compared to fossil fuel resources [8]. According to the International
Energy Agency (IEA) [9], there has been a notable decrease in the demand for fossil fuel use
in electricity generation since 2019, coinciding with the increasing utilization of renewable
energy to meet global energy needs.

Bioenergy, as a form of energy derived from biomass through conventional or mod-
ern approaches, is an appealing renewable energy source to supply energy for heating,
transport, and electricity sectors while promoting environmental sustainability [10,11].
Another benefit of biomass is when CO;, is released from its use, it is of biogenic origin,
which is not accounted for in GHG emission estimates because it releases the same amount
of CO, that has been originally fixed from the atmosphere during the life cycle of the
biomass. Currently, bioenergy supplies approximately 24 EJ of energy, making it the largest
renewable energy source today corresponding to approximately 10% of the world’s en-
ergy [12]. Bioenergy is expected to have a substantial role in transitioning the world to a
carbon net-zero economy by 2050, with projections for the bioenergy supply of up to 313 EJ
by 2050, or 37% of the world’s energy demand [13]. Thermochemical and biochemical
conversion technologies enable the transformation of biomass into high-value-added fuels
and chemicals [14]. Biomass encompasses a diverse array of renewable biological resources,
including crop residues, wood and forestry residues, municipal solid wastes, spent coffee
grounds, and other energy crops, which can be utilized for the generation of biohydrogen
and biofuels [15]. Traditional bioenergy use is associated with the application of fuelwood,
charcoal, crop or animal wastes in cooking or heat supply. Modern bioenergy applications,
however, involve process heat, electricity supply, or the production of biofuels through
thermal conversion technologies, such as gasification, combustion, or pyrolysis [16,17].

Pyrolysis is a technology in which organic biomass is thermally treated in the absence
of oxygen and converted to a mixture of gases, liquids, and solid biofuels, generally taking
place at atmospheric pressure and temperatures ranging from 300 to 700 °C and above [18].
Vuppaladadiyam et al. [19] highlighted that pyrolysis offers a sustainable pathway for
converting waste biomass into valuable products, emphasizing the need for a better un-
derstanding of pyrolysis to optimize processes, scale up operations, and reduce costs,
ultimately advocating for the widespread adoption of biomass pyrolysis as an economically
viable technology applicable to diverse feedstocks. Various studies on the characterization
of biomass were carried out in the past. Pyrolysis was presented as an efficient method for
converting heavy metal-contaminated biomass obtained through phytoremediation into
valuable products, therefore enhancing the sustainability of phytoremediation practices [20].
The properties of the pyrolytic products, their analysis methods, and the effects of the
pyrolysis parameters were considered by Kan et al. [21]. Ioannidou et al. [22] explored the
potential applications of corn residues for energy, fuel, materials, and chemical production
according to thermochemical treatments by non-catalytic and catalytic pyrolysis in two
reactor configurations. The sunflower waste was previously used for the production of
bioenergy and liquid biofuels under pyrolysis conditions [23]. A thermogravimetric study
on sunflower oil was further applied, confirming that the raw material has the properties
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for biodiesel production [24]. Thermogravimetry and differential scanning calorimetry
were used to explore samples of thermal behavior under slow pyrolysis conditions [25].
Slow pyrolysis produces high biochar yields at the expense of lower liquid yields, while
fast pyrolysis is used to maximize the production of bio-oils. Commonly used biomass
types for pyrolysis technology include wood and wood residues [26], agricultural crops,
such as corn straw and rice husks [27], sunflower as an oilseed crop [28], as well as ani-
mal and agricultural residues [29]. Grapes are one of the world’s largest fruit crops with
vine rods generated as wastes, which have potential for use in bioenergy production [30].
The application of corn residues for energy, fuel, materials, and chemical production was
investigated based on their thermochemical treatment product yields and quality, and it
was found that corn cob can be used to produce solid and gaseous biofuels. It can also
be a viable material for activated carbon production after activation or gasification with
steam [31].

The design of efficient pyrolysis systems requires an understanding of the pyrolysis
process and processing parameters, such as biomass feedstock and the effect of temper-
ature, on product distribution. There is a need to evaluate the quality of the feedstock
to be able to determine the best value in use for bioenergy production. There have been
multiple analytical techniques applied for the evaluation of biofuel production distribution,
including hyphenated thermo-analytical techniques, such as TG-MS, TG-FI-IR, and other
methods [32]. However, the use of analytical techniques to determine the feedstock quality
and evaluate biomass’ most effective use has not been sufficiently evaluated in the past.

The objectives of this research are to study the thermal behavior and characterize
the pyrolysis products of three commonly available biomass materials, namely corn cob,
vine rod, and sunflower, under slow pyrolysis conditions and to determine the relative
quality of each biomass for the type of biofuel production. These agricultural residues hold
significance due to their widespread availability, based on the global production of crops,
namely corn cob as waste from cereal crops with one third of the total crop production,
sunflower from oil crops with 12% production, and vine rod from the fruit with 10%
production [33]. These residues are by-products of agricultural food production and, hence,
can complement the food production industry to improve the overall sustainability of
the agricultural sector. The investigation entails analyzing the pyrolysis behavior, organic
fraction loss, and identification of different compounds, and then applying a multicriteria
assessment for evaluation of their quality. The obtained findings will serve as valuable
reference information for harnessing energy and producing fuel through the pyrolysis of
agricultural biomass.

2. Materials and Methods

Three biomass feedstock materials were selected for this study, which comprised of
corn cob, vine rod, and waste from sunflower. The selection of these agricultural residues
was conducted because of their availability and abundance [34].

Before starting with the experimental analysis, the samples underwent a 2-h vacuum
drying process at 80 °C. The proximate analysis of each sample was conducted following the
ASTM D7582 [35] test methods with results shown in Table 1. Consequently, the proximate
analysis revealed the composition of moisture, volatile matter, ash, and fixed carbon for
each biomass sample. The measurement procedure was organized into a sequence of
three stages. Initially, the sample underwent heating from 25 °C to 110 °C, facilitated by a
heating rate of 10 °C/min. Subsequently, the sample was maintained at 110 °C for a span
of 5 min. Throughout the test, nitrogen was employed as the carrier gas, flowing at a rate
of 50 mL/min. The temperature was then progressively raised from 110 °C to 900 °C, with
a heating rate of 50 °C/min. The sample was held at this temperature for 15 min. Finally,
the nitrogen atmosphere was exchanged with air, with a flow rate of 50 mL/min. During
this phase, the sample was held at a temperature of 900 °C for a duration of 10 min.



Sustainability 2023, 15, 13552 4 of 14
Table 1. Proximate analysis of the three biomass samples.
Moisture (%) Volatile Matter (%) Ash (%) Fixed Carbon (%)
Corn cob 2.77 80.18 1.73 15.33
Vine rod 3.90 69.33 4.06 22.71
Sunflower 2.94 72.05 8.30 16.71

The results in Table 1 show that all samples had high volatile matter and fixed carbon
contents in the range of 69% to 80% and 15% to 23%, respectively. Sunflower showed the
largest ash content of 8.3%, compared to 1.7% for corn cob, while vine rod had the largest
fixed carbon content of 22.7%. Examining the work of Adilaih et al. [36], a comparison was
drawn among multiple studies regarding proximate analysis. The results of the corn cob in
this investigation displayed similarities, albeit with a slightly higher moisture content of
around 7%. In a similar vein, the research conducted by Putun et al. [37] explored the yields
and compositions of products from sunflower pyrolysis. These findings closely resembled
the results obtained from the proximate analysis carried out on the sunflower samples in
the current study.

2.1. Thermogravimetric Analysis (TGA)

TGA was performed to evaluate the weight loss of the samples during heating under
inert conditions. TGA /DSC 1 STARe System from Mettler Toledo was used for the TGA
analysis. Approximately 10 to 40 mg of biomass sample was used for the TGA tests and
heated under nitrogen carrier gas with a nitrogen flow of 20 mL/min at a heating rate of
10 °C/min from room temperature to 800 °C. The mass loss data were differentiated versus
temperature to determine the differential thermogravimetric curves to better understand
the different temperature ranges of reaction activity of the biomass samples.

2.2. Gas Chromatographic (GC) Analysis

GC analysis was performed to measure the gaseous products that evolved during
pyrolysis. A fixed-bed reactor consisting of an infrared furnace [38] under an ultra-high-
purity helium atmosphere was used to pyrolyze each of the samples. The samples with
100 mg mass were loaded in a quartz tube and heated from room temperature to 800 °C. The
gases that evolved during pyrolysis were analyzed using a micro gas chromatograph (model
M200 from MTI Analytical Instruments, Poway, CA, USA) equipped with two thermal
conductivity detectors. The molecular sieve 5A column at 60 °C was used to determine
hydrogen and carbon monoxide evolution, while a Paraplot U column maintained at 40 °C
was employed for detecting carbon dioxide, methane, ethane, and ethylene. The total gas
yield and individual gas components were calculated by integrating the measured gas
evolution rates over time.

2.3. Gas Chromatography-Mass Spectrometry (GS-MS) Analysis

The bio-oil samples evolved during pyrolysis of each biomass sample were heated
to 500 °C at 10 °C/min under helium gas in the infrared furnace and were condensed
on a quartz wool positioned at the end of the reactor tube. The bio-oils were dissolved
with dichloromethane (DCM) to extract the pyrolysis oil components and then subjected
to derivatization. The pyrolysis oils were analyzed using a GC-MS system consisting
of a gas chromatograph (Agilent 7890B, Santa Clara, CA, USA) coupled with a mass
spectrometer (Agilent 5977A MS). The GC system was equipped with an HP-5MS column
(60 m x 0.25 um) for compound separation. The oven temperature was initially set to
40 °C for 2 min, then heated up to 310 °C at a rate of 2 °C/min and held at the same
temperature for 30 min. The quantification of the bio-oil compounds was conducted based
on the calculated peak areas from the total ion current. As recommended by Stas et al. [39],
this type of quantification is acceptable when the bio-oils are produced under the same
pyrolysis process and analyzed under the same analytical conditions. The amount of
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bio-oils was calculated as a difference between the total weight of the sample and the sum
of the weights of the gas products and the char from the TGA analysis.

2.4. Fourier Transform—Infrared Spectroscopy

The produced biochar samples from pyrolysis at 500 °C were subjected to FT-IR
analysis. The initial raw samples of corn cob, vine rod, and sunflower were heated to
500 °C in nitrogen to generate the biochar. FI-IR spectra were obtained using a Nicolet 6700
FT-IR spectrometer (Waltham, MA, USA) equipped with an attenuated total reflectance
accessory. The analysis involved 32 scans with a spectral resolution of 4 cm~!. The acquired
data were graphically analyzed to identify the functional groups present in the raw samples
and the resulting chars after pyrolysis.

2.5. Multicriteria Analysis of the Biomass Quality

A multicriteria assessment was conducted to assess the relative quality of the biomass
samples to establish a method for the selection of the most suitable biomass candidates
for the pyrolysis process. The selected biomass samples were assessed based on three
parameters: (1) the amount of biochar produced at 500 °C, considering that biochar is a
desirable product of pyrolysis; (2) the calorific value of the produced biogas at temperatures
of up to 500 °C and (3) the value of the compounds present in the bio-oils produced at 500 °C
at relative concentrations above 1%. Considering the bio-oils are composed of a wide range
of compounds, they are not suitable for direct use, but are suitable for the production of
biofuels, phenols, carboxylic acids, furfural, and aromatic hydrocarbons, depending on their
composition and processing methods [40]. The market value of each compound present in
the bio-oils was assessed using Jaggaer Chemical Inventory Management software 23.1.0.
The cost of each compound was assessed based on the cheapest value of the lowest purity
available in the software for all compounds, except for 2-hydroxycyclohexane-1-carboxylic
acid and hexanoic acid, 3-hydroxyl-, which were not available in this system, and the values
for these two compounds were found in [41].

The biomass sample with the highest value in each of the selected criteria was assigned
a value of 1, while the other samples were related to this value based on the relative
difference in the criteria. The sum of each of the three criteria gave a multicriteria score of
the maximum of 3 with the biomass sample exhibiting the highest score demonstrating the
most desirable pyrolysis properties.

3. Results and Discussions
3.1. Mass Change during Pyrolysis Using TGA

The changes in sample mass during pyrolysis, as determined by the TGA, are pre-
sented in Figure 1. The primary mass degradation occurred between 200 °C and 450 °C,
indicating the decomposition of organic matter. At 500 °C, corn cob showed the highest
degradation with a residual mass content of 24%, followed by sunflower with 36% and
vine rod with 40% residual mass content. The corn cob char yield at 500 °C determined
in this study was in the similar range to 22.1-22.5% reported by Ceranic et al. [42], who
revealed that the char yield of corn cob depends on the biomass particle size, with the
larger particle sizes producing a larger fraction of biochar. The sunflower in the current
work produced higher biochar yield and lower pyrolysis conversion rates compared to
sunflower bagasse [43] and sunflower stalks [44], which were reported at 28% char yield at
520 °C, and 25% char yield at 540 °C, respectively. Vine rod in the current work showed
higher char production rates at 500 °C compared to the work by Suarez et al. [45] who
produced 35% biochar rates at the same temperature, which significantly reduced to 20%
when the biomass was leached with distilled water before pyrolysis.
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Figure 1. TGA on the biomass pyrolysis products: (a) corn cob; (b) vine rod; (c) sunflower. Arrows
show the directions of the corresponding axis for the presented data.

The differential thermogravimetric curves in the current work revealed three distinct
regions of pyrolysis. The first region involved the evaporation of absorbed water in the
samples. The second region, spanning between 200 °C and 400 °C, exhibited the highest
mass loss and the release of most volatiles, with two peaks representing the degradation
of hemicellulose and cellulose. The third region, starting at 400 °C, displayed continuous
degradation with a low mass loss rate, associated with lignin decomposition.

The mass loss curves of the three biomass samples exhibited similarities, with approxi-
mately 10% to 15% weight reduction observed between 400 °C and 800 °C. The corn cob
showed the smallest final residual mass of 20.4%, while the vine rod exhibited the largest
mass loss of 33.5%. The mass loss curves can be correlated with the findings from the
proximate analysis, as depicted in Table 1. When examining the results of the proximate
analysis for the three biomass samples, it becomes evident that the vine rod exhibits the
highest concentration of fixed carbon at 22.71% and the lowest amount of volatile matter
at 69.33%. Similarly, the sunflower displays fixed carbon and ash percentages of 16.71%
and 8.3%, respectively, resulting in a final residual mass of 24.3%. Finally, the corn cob
shows the lowest fixed carbon content along with the highest amount of volatile matter,
culminating in the smallest final residual mass of 20.4%.

The differential thermogravimetric curves of vine rod and sunflower displayed similar
behavior, characterized by two troughs in the rate of weight loss. In contrast, the corn
cob exhibited three troughs within the temperature range between 200 °C and 400 °C,
indicating a different decomposition behavior associated with hemicellulose, as it is one
of the major components of the plant cell walls of corn cobs, composed of various sugars.
The presence of three distinct troughs within the specified temperature range suggests that
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the decomposition behavior of the corn cob is not uniform throughout the whole process,
showing the complex interaction of several components. The first trough occurs at a lower
temperature, corresponding to the removal of moisture and other volatile compounds,
causing a reduction in mass. The second trough shows degradation of hemicellulose,
where it undergoes depolymerization and breaks down into smaller sugar units. This
results in the release of volatile organic compounds and a further reduction in mass. The
third trough occurring at a higher temperature range shows the degradation of other
complex compounds, lignin, and cellulose, contributing to the final mass loss observed in
the TGA curve.

3.2. Gas Analysis Results from Pyrolysis of Corn Cob, Vine Rod and Sunflower

The gas analysis for the three analyzed biomass samples is shown in Figure 2. The
main components of the pyrolysis gas across all samples were carbon oxides (CO and CO,),
with concentrations ranging between 10% and 18% for CO, at 500 °C, and 1.76% and 2.23%
for CO. Carbon dioxide and carbon monoxide predominantly arise from the degradation
and transformation of carbonyl (C=0) and carboxyl (COOH) functional groups. Methane
primarily originates from cracking of the methyl (-CHj3), methoxyl (-O-CHj3), and methylene
(-CHy-) functional groups [46], with methane concentrations ranging from 0.25% to 0.34%
at 500 °C in the examined samples. The presence of hydrogen is attributed to the breaking
of the different C-H functional groups. Among the samples, vine rod exhibited the highest
quantity of biogas at 21.2%, followed by sunflower with 18.8%, while corn cob yielded the
lowest amount of biogas at 12.3%. The observed higher mass loss in the vine rod samples
correlates positively with a greater amount of biogas production. This implies that the
pyrolysis process for vine rod generates a higher quantity of gas products, likely due to the
breakdown of organic compounds. This result underscores the potential of vine rod as a
feedstock for bioenergy production.
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Figure 2. GC analysis of the biomass pyrolysis gas products: (a) corn cob; (b) vine rod; (c) sunflower.

3.3. Analysis of Organic Compounds in Pyrolysis Oils of Corn Cob, Vine Rod, and Sunflower

The investigation of organic compounds present in the pyrolysis oils at 500 °C was
carried out using GC-MS. The results for the compounds present in relative amounts above
1% are shown in Tables 2—4 for corn cob, vine rod, and sunflower, respectively, revealing
that most compounds contain oxygen.

Table 2. Composition of bio-oil collected from corn cob at 500 °C for compounds detected above 1%.

Number Compound Area (%)
1 Catechol (CgHgO») 4.8
2 9-Octadecenoic acid, (E)- (C1gHz40,) 4.6
3 Palmitic acid (C14H3,05) 4.51
4 2-Hydroxycyclohexane-1-carboxylic acid (C7H;,03) 3.75
5 9,12-Octadecadienoic acid (Z,Z)- (C1gH3,0,) 3.54
6 cis-4-Hydroxycyclohexanecarboxylic acid (C7H1,03) 3.36
7 1,2,3,4-Tetrahydroisoquinolin-6-ol-1-carboxylic acid, 3.08

7—Methoxy—l—methyl— (C12H15NOy) ’
8 M-cresol (C;HgO) 2.89
9 Pimelic acid (CyH1204) 2.72
10 2-hexenoic acid, (E)- (C4gH100,) 2.65
11 Isobutanol (C4H;(O) 2.63
12 Furfuryl alcohol (C5HgO5) 2.59
13 Levoglucosan (C¢H19Os) 2.59
14 D-(+)-ribono-1,4-lactone (C5HgOs) 2.55
15 Triethylene glycol (CgHi404) 2.03
16 Phenol (C¢HgO) 1.75
2,2-Dimethyl-5-[2-(ethoxymethoxy)-propyl]-[1,3]dioxolane-4-
17 carboxaldehyde 1.71
(C12H2O5)

18 Glycerol (C3HgO3) 1.66
19 Syringol (CgH10O3) 1.5
20 Stearic acid (C1gH3z605) 1.39
21 2-Oxooctanoic acid (CgH1403) 1.29
22 Hydroquinone (C4HgO,) 1.22
23 Oleic acid, (Z)- (C18H3402) 1.22
24 Sorbic acid (C¢HgO5) 1.21
25 Neopentyl alcohol (C5H;,0) 1.05
26 Cyclopentene-3-carboxylic acid, 1-hydroxyl- (C;H19O3) 1.02
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Table 3. Composition of bio-oil collected from vine rod at 500 °C for compounds detected above 1%.

Number Compound Area (%)
1 Catechol (CgHgO») 9.15
2 4-Methylcatechol (C;HgO,) 5.74
3 3-Pyridinol (C5sHgNOg) 4.13
4 Palmitic acid (C1¢Hz3203) 3.93
5 Phenol (C¢HgO) 3.63
6 M-cresol (C;HgOg) 3.16
7 2-Pyrrolidinone (C4H7NO) 3.04
8 Hydroquinone (C¢HgO») 2.71
9 Syringol (CsH1¢O3) 2.4
10 Triethylene glycol (C¢H1404) 2.39
11 9,12-Octadecadienoic acid (Z,Z)- (C1gH3,07) 2.33
12 Acetamide (C,H5NO) 2.15
13 2-(3,4-Hydroxyl)ethanamine (CgH1;NO;) 1.88
14 Stearic acid (C1gH360;) 1.87
15 .Alpha.-linolenic acid (C1gH300;) 1.81
16 Hexanoic acid (C¢H1,05) 1.68
17 3,5-Dimethylphenol (CgH;(O) 1.55
18 P-cresol (C;7HgO) 1.33
19 O-cresol (C7HgOg) 1.13
20 Stigmast-5-ene, 3.beta.-(hydroxyl)-, (24S)- (C29H500) 1.06
21 Hymexazole (C4H5NO,) 1.01

Table 4. Composition of bio-oil collected from sunflower at 500 °C for compounds detected above 1%.

Number Compound Area (%)
1 Isoprimaric acid (CpoHp9O5) 9.23
2 Abietic acid (CpoH3¢05) 493
3 Palmitic acid (C13H3,05) 4.86
4 Hydroquinone (C¢HgO5) 4.83
5 Hexanoic acid, 3-hydroxyl- (C¢H12,03) 4.21
6 9,12-Octadecadienoic acid (Z,Z)- (C1gHz,0,) 3.89
7 Phenol (C¢HgO) 37
8 Catechol (CgHgO») 3.65
9 Alpha-linolenic acid (C1gH300O7) 2.1
10 Triethylene glycol (C¢H1404) 2.02
11 Isopimaric acid (CpoH3¢O5) 2.02
12 3-pyridinol (CsH;NO) 1.64
13 Hexanoic acid (CgH120,) 1.53
14 Ethylene glycol (C;HgO;) 1.51
15 Glycerol (C3HgO3) 1.31
16 Acetamide (C,H5NO) 1.18
17 Me-cresol (C;HgO) 1.15
18 Stearic acid (C1gH3405) 1.1
19 Furfuryl alcohol (C5HgO5) 1.03

In the case of corn cob, the most abundant compounds were found to be catechol
(4.80%), 9-octadecenoic acid, (E)-(4.60%), palmitic acid (4.51%) and 2-hydroxycyclohexane-
1-carboxylic acid (3.75%). For vine rod, the existing compounds with significant percentages
were catechol (9.15%), 4-methylcatechol (5.74%), and 3-pyridinol (4.13%). Similarly, for
sunflower, the compounds with the highest percentages were identified as isoprimaric
acid (9.23%), albietic acid (4.93%), and palmitic acid (4.86%). The results confirm a similar
chemical composition of the bio-oils from the selected biomass types compared to other
studies [47,48], indicating high concentrations of acids. The higher catechol content in the
vine rod samples could be indicative of its chemical composition, as certain compounds tend
to yield specific by-products during pyrolysis. The presence of catechol might contribute
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to the observed trends in biogas production and mass loss, linking chemical properties to
pyrolysis outcomes.

The overall observation suggests that the bio-oils derived from corn cob, vine rod, and
sunflower possess potential for further utilization. However, due to the elevated presence
of acids, it is recommended to implement additional processing techniques to reduce the
oxygen content.

3.4. FT-IR Spectroscopic Analysis of Raw Biomass and Char Products at 500 °C

Figure 3 illustrates the FT-IR Spectroscopic data comparing the raw biomass and their
corresponding char products generated at 500 °C. In Figure 3a, the FI-IR spectra of corn
cob demonstrate notably lower transmittance intensity of functional groups in the biochar
compared to the raw corn cob, particularly in the range of 500 cm~! to 1750 cm~!. Similar
trends are also noticed for the other two samples, as shown in Figure 3b,c. For all three
samples, the IR peak at approximately 1000 cm ! signifies the C-C stretch related to skeletal
vibrations [49], while the broad peak at around 3300 cm ! corresponds to the O-H normal
‘polymeric’ stretch. In the case of the raw corn cob, the small peak at 1250 cm ™! arises from
the C-N functional group, indicating the presence of an aromatic secondary amine and
representing CN stretch. For the raw vine rod and sunflower, the IR peak at 1700 cm ™!
signifies the aromatic combination bands. The peak at around 1600 cm~! observed in
both sunflower and vine rod corresponds to the C=C-C functional group, indicating the
stretch of an aromatic ring. The disappearance and reduction of these functional groups at
temperatures above 500 °C indicate the decomposition of these chemical structures.

L Crr——

O-|

S N A

stretch

T

C-N stretch
aromatic -

O-H stretch

1
1
1
1
1
1
1
1
1
1
:
C-

C stretch

4000 3500

3000

2500 2000 1500

Wavelength (cm™)

(a)

1000

500

combination C=C-C
band stretch of
aromatic

ring
T

i
C-C stretch

4000

3500

3000

2500

2000 1500

Wavelength (cm™)

aromatic

combination

(b)

1000

500

O-H stretch band C=C-C
stretch of
aromatic
ring C-C stretch
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)
—biomass = biochar

(c)

Figure 3. FT-IR of the raw data and the biochar products of the selected biomass products: (a) corn
cob; (b) vine rod; (c) sunflower.
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3.5. Multicriteria Assessment of the Biomass Samples

The quality of the biomass samples was evaluated using the multicriteria assessment
approach with values presented in Table 5 for the three selected criteria.

Table 5. Values of the criteria selected for assessment of the quality of the biomass sources.

Char Yield at 500 °C Pyrolytic Gas CV Bio-Oil Value
(%) (M]/kg Biomass) (AUD/g Biomass)
Corn cob 25.06 0.786 33.23
Vine rod 41.29 0.962 7
Sunflower 36.35 1.381 18

Table 6 presents the multicriteria scores for each of the biomass samples in which the
biomass with the highest value was assigned a score of 1, while the other samples had
a score relative to their values compared to the highest achieved in this study. The vine
rod achieved the highest char yield at 500 °C of 41.29% and was assigned a score of 1 for
this criterion. The sunflower sample had the second highest char yield at 36.35% with the
corn cob showing the lowest char yield. The sunflower presented the highest quality of the
gas with the largest calorific value at 1.38 MJ/kg of biomass. The corn cob presented the
highest values of the bio-0il compounds, followed by the sunflower. The results showed
that each biomass source achieved the highest score in one of the selected criteria and, as a
result, showed a similar range of the multicriteria scores between 1.9 for vine rod to 2.4 for
sunflower biomass. Although the sunflower showed the highest multicriteria score across
the three biomass sources, the difference between the three samples is small demonstrating
that all three samples are suitable candidates for pyrolysis, although each of them presents
different values across the three products of pyrolysis.

Table 6. Multicriteria assessment of the quality of the biomass resources.

Criteria 1 Criteria 2 Criteria 3 Total

(Char) (Biogas) (Bio-Oil) ota

Corn cob 0.61 0.57 1 2.18

Vine rod 1 0.70 0.21 191

Sunflower 0.88 1 0.54 242

When comparing other biomass sources to the selected three using the proposed
multicriteria approach, mallee tree, and wheat straw produced comparable biochar yields
of 35.6% and 32.2% at 500 °C, respectively [50], to the sunflower biomass in the current work.
However, the calorific value of the biogas produced from the pyrolysis of the mallee tree
and what straw at 500 °C under similar pyrolysis conditions were estimated at 5.5 MJ /kg
and 5.1 MJ/kg, respectively, which are significantly larger than the selected three biomass
samples. The selected biomass samples are comparable to paper sludge biomass which
produced 36% of solid char and biogas with a calorific value of 1.2 MJ/kg [51].

4. Conclusions

The three biomass materials, corn cob, vine rod, and sunflower, were subjected to
pyrolysis experiments using several methods to study the thermal behavior and characterize
the energy potential of their pyrolysis products. Overall, the results from the experiments
confirmed the suitability of the biomass samples for biofuel generation. The observed
trends of mass loss, biogas production, residual mass, and chemical content indicate a
complex relationship between the three biomass compositions and their behavior during
pyrolysis. This knowledge is important for designing efficient pyrolysis processes and
selecting suitable biomass feedstocks for sustainable energy generation.

The gaseous products of pyrolysis were evaluated using GC. The oxides of carbon,
CO; and CO, as well as Hy and CH4 were the primary gas species in the gas product,
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indicating the energy potential of the pyrolytic gas. Efficient collection of the biogas is
essential to ensure high energy production at minimized release and pollution to the
environment. The chemical compounds present in the bio-oil products of pyrolysis with
their relevant contents were identified. Catechol and isoprimaric acids were identified as
the dominant compounds in the bio-oils.

The multicriteria assessment approach was applied to assess the differences between
the biomass samples based on three parameters: the amount of biochar produced at 500 °C,
the calorific value of the produced gas at temperatures of up to 500 °C and the value of the
compounds present in the bio-oils produced at 500 °C at relative concentrations above 1%.
While sunflower biomass exhibited the highest ranking among the three, it is noted that all
three biomass samples demonstrated the potential for sustainable energy production. The
obtained data provide important reference information on the opportunities for energy and
fuel generation from the pyrolysis of the analyzed biomass. Although biofuel production
through pyrolysis is still hindered by high production costs and lower competitiveness
when compared to fossil-based fuels [52], improving the techno-economic viability of the
technology can be achieved through the production of higher-value petrochemical products,
including hydrogen, and integrating pyrolysis with solar power systems [53]. The market
growth for energy consumption of biofuels is projected to grow from 4 EJ in 2021 to 11 E]
by 2050, while for solid bioenergy from 11 to 16 E]J [12]. Changes in government policies,
such as targeted feed-in tariff policies, carbon accounting [54], and mandatory renewable
energy targets [55] can accelerate the energy transformation, especially considering the 8%
projected decline in world energy demand by 2050 due to increased energy efficiency and
behavioral change [56].
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