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Abstract: Bio-oil plays a vital role in bioheating, biopowering, and fuel for agricultural machinery,
yet its potential in South Africa is limited by a lack of suitable energy substrates. This study
investigated the properties of six invasive alien plant species (IAPs), three woody species (Acacia
mearnsii, Eucalyptus grandis, and Pinus patula), and three nonwoody species (Lantana camara,
Chromolaena odorata, and Solanum mauritianum) to assess their suitability for bio-oil production. Key
analyses included structural, elemental, proximate, atomic ratio, higher heating value (HHV), and
thermogravimetric analysis (TGA) analyses. Results showed that woody IAPs had significantly
higher structural composition (p < 0.05), improving bio-oil yield. The bio-o0il can be blended with
diesel for agricultural use, while lignin-derived biochar serves as a soil amendment. Higher carbon
and hydrogen contents enhanced HHV and combustion, while lower nitrogen and sulfur levels
reduced emissions. Despite oxygen hindering pyrolysis, its bioactive properties support crop
protection. Compared to South African coal, IAP derived bio-oil shares similarities with peat coal
and could be used for greenhouse heating. This study promotes energy efficiency in agriculture,
reduces fossil fuel dependence, and supports environmental sustainability by repurposing IAPs.
Future research should focus on lignin pretreatment, and bio-oil upgrading to reduce oxygenated
compounds

Keywords: South Africa; invasive alien plants; characterization; bioenergy; bio-oil; pyrolysis;
agricultural systems

1. Introduction

The cumulative demand for renewable energy in agricultural machinery is driven by the heavy
reliance on fossil fuels, which accelerates climate change [1]. For example, maize and wheat
production in South Africa is projected to decrease by 35% and 45%, respectively, due to rising
temperatures and shifts in rainfall patterns. [2]. The country requires annual fossil fuel investments
ranging from R638 million and R12 690 million, funds that could be allocated for cost-effective
renewable alternatives [3]. Despite the environmental and economic drawbacks of fossil fuels, South
Africa has faced persistent load-shedding since 2007 [4]. For instance, the canola process experienced
a 40 million loss due to a 5% reduction in operations caused by power outages [5]. These challenges
highlight the urgent need for investment in renewable energy to enhance agricultural sustainability.

Biomass energy is a renewable energy source generated through the thermochemical or
biochemical degradation of biomass, producing biofuels such as biogas, bio-oil, biochar, and
biodiesel that can be utilized for heat, electricity generation, transport fuel, and chemical feedstock
[6,7]. It is considered a valuable energy source due to its accessibility, affordability, reliability, and
cost-effectiveness, with lower carbon emissions while supporting the principles of a circular
bioeconomy [8]. Bio-oil is a dark brown liquid derived from pyrolysis, it can be upgraded as a diesel

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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substitute in tractors, used in broilers to heat the greenhouse, biochar as soil amendments, and
applied as an eco-friendly pesticide [7]. Despite the various applications of biofuels, less than 0.01%
of biofuel contributes to the South African energy mix, creating a niche area for research and
development [9,10]. The challenge for minimal exploration of biofuels as energy sources is due to
food security concerns, investment and infrastructure to support feedstock supply, and limited tasks
force in characterizing existing biomass for specific biofuel production [9,11].

To address land use and food security challenges, IAPs have been considered alternative energy
substrates. These plants, which invade a certain habitat and negatively impact biodiversity,
livelihood, and the economy [12], infest over 10 million hectares in South Africa [13]. For instance,
Parthhenium hysterophorus reduces crop yield by 40% and poses health risks to livestock and
humans by causing allergic reactions, anemia, eczema, and swelling around the eyes [14].
Additionally, dense infestation destructs field operations, increasing fuel consumption and
mechanical failures. Current control methods such as mowing, and herbicides application contribute
to soil hydrophobicity, which inhibits water infiltration and exacerbates soil erosion, ultimately
depleting soil nutrients [15]. Despite an investment of R45 million to clear 17,000 ha of IAPs, the effort
was inadequate [16]. Although often viewed negatively, IAPs have been reported to have a moisture
content of 3.78% and an ash content of 0.24%, indicating their potential for bio-oil production [17].
Compared with food crops and municipal waste, IAPs generate fewer greenhouse gas (GHG)
emissions and require minimal inputs such as water or fertilizers, making them affordable, accessible,
and eco-friendly energy resources [18].

Biomass varies in characteristics due to different growth conditions, making feedstock
characterization crucial for targeted biofuel production [11]. Characterization enables the selection of
high-performing and sustainable feedstocks ensuring optimal conversion efficiency while
minimizing processing cost. Characterizing techniques include proximate, elemental, structural, and
thermal compositions. The proximate composition includes moisture content, volatile content, fixed
carbon content, and ash content, which affect the efficiency of degradation [19]. Elemental
compositions such as carbon, nitrogen, oxygen, hydrogen, and sulfur influence the energy density of
biomass. The structural composition includes cellulose, hemicellulose, and lignin, which provide
energy-rich compounds and determine the efficiency of degradation [20]. The thermal composition
includes the higher heating value (HHV), which is the amount of thermal energy produced in the
form of heat when biomass is combusted in the presence of oxygen [21].

In this study, approximately 117 major invaders were mapped via the Conservation of
Agricultural Resources Act [13]. Among the major invaders, three nonwoody IAPs (Lantana Camara,
Chromoleana Odorata, and Solanum mauritianum) and three woody IAPs (Acacia Mearnsii, Eucalyptus
Grandis, and Pinus Patula) were selected. This study aims to investigate the physiochemical
characteristics of IAPs for bio-oil production. The structure of this work is as follows: (1) structural
analysis via the Van Soest fiber analysis method; (2) elemental analysis via the Flash 2000 elemental
analyzer; (3) proximate analysis via the American Society for Testing Materials (ASTM); (4) atomic
ratios, which compare IAPs with other South African energy substrates; (5) thermal analysis via HHV
equations from structural, elemental, and proximate compositions; and (6) thermogravimetric
analysis (TGA). Furthermore, statistical analysis methods compare these characteristics between
nonwoody and woody plants. This study contributes towards promoting a waste-to-energy approach
using IAPs, providing bio-oil as a renewable fuel for farm operations, and enhancing land
productivity by managing IAPs sustainably.

2. Materials and Methods

Three woody IAPs, namely, Acacia mearnsii, Eucalyptus grandis, and Pinus patula, and three
nonwoody IAPs, namely, Lantana camara, Chromoleana odorata, and Solanum mauritianum, were
selected and evaluated for bio-oil production. Woody IAPs and nonwoody IAPs were sourced from
the Institute of Commercial Forestry Research and Athlone region, respectively, both of which are in
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Pietermaritzburg, South Africa. Pietermaritzburg is located at 29°37’S, 30°23'E, and has an average
rainfall of 832 mm. The typical maximum and lowest temperatures are 26 °C and 11 °C, respectively.

2.1. Materials

The woody part of the biomass (stem) aged 10 years was used as a working sample for woody
IAPs, as proposed by Cichy et al. [22]. The stems were chopped into cubes of approximately 20 mm
for drying and grinding [23]. The nonwoody biomass consisted of wood twigs and leaves that had
been cut into 20 mm long pieces for drying and grinding [24]. An identical preparation protocol was
used for both woody and nonwoody biomass samples, which involved setting an oven air dryer to
60 °C for 24 hours [25]. After drying, a 1 mm sieve was fitted to a grinding machine to grind the dry
materials. After being ground, the samples were wrapped in plastic bags with labels and kept in a
desiccator to keep moisture out [8]. Figure 1 illustrates the stages of preparing woody and nonwoody
IAPs for characterization.

(d) Packaging and storing the
prepared IAPs

(b) Nonwoody IAP leaves
and twinges

(a) Wood chips of IAPs (c) Grinding in 1 mm

Figure 1. Stages of preparation for woody and nonwoody IAPs for analysis.

2.2. Methods

An experimental investigation was conducted to assess the potential of woody and nonwoody
IAPs as energy substrates for bio-oil production via pyrolysis. The biomass was characterized via the
structural, elemental, proximate, atomic ratio, heating value, and combustion behavior analyses. Each
analysis was performed via standardized protocols and instruments, as outlined in the subsequent
sections. To ensure the reliability of the findings, all the experiments were conducted in triplicate,
and the results are presented as the means.

2.2.1. Structural Analysis

Biomass contains cellulose, hemicellulose, and lignin in its structural makeup. The van Soest
fiber analysis by Singh et al. [26] was used to determine the structural composition. The experiment
was conducted at Cedara College of Agriculture, Pietermaritzburg, South Africa. Van Soest fiber
analysis uses neutral detergent fiber (NDF), which removes all nonstructural extracts and leaves
hemicellulose, cellulose, and lignin, and acid detergent fiber (ADF), which removes hemicellulose,
leaving cellulose and lignin. The acid detergent lignin (ADL) leaves lignin only.

For NDF, approximately 1 g of the powdered sample was placed in a crucible, and
approximately 100 ml of a neutral detergent solution (sodium borate decahydrate) with 0.5 g of
sodium sulfate and some drops of n-octanol were added at room temperature [26]. The solution was
boiled at 400 °C and refluxed for 60 minutes from the onset of boiling. The crucible was dried at
105 °C for 8 h and weighed. Equation (1), where Wt is the weight (g), was used to determine the total
fiber content of the plant [26].

(Wt of crucible + NDF) — Wt of the crucible

= 1
NDF Wt of sample * 100 1)
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For analysis of ADF, the same procedure was used but with the acid detergent (sulphuric acid 1
N). Equation (2) was used to calculate the cellulose and lignin contents in the fiber.

(Wt of crucible + ADF) — Wt of the crucible y

ADF =
Wt of sample

100 @)

The acid detergent lignin (ADL) content was determined by adding 72% sulfuric acid and
constantly stirring for 3 hours. The mixture was then filtered, washed with water twice, and placed
in a hot air oven at 105 °C for 8 h, after which weight loss was recorded. Equation (3) was used to
calculate the lignin content in the fibers.

(Wt of crucible after acid soak ) — Wt of the crucible

ADL = x 100 3
Wt of sample ®)

Equations (4)—(6) were used to calculate the amount of hemicellulose, cellulose, and lignin in a
substrate [8].

Hemicellulose = NDF % — ADF % 4)
Cellulose = ADF % — ADL % (5)
Lignin = ADL % 6)

2.2.2. Elemental Analysis

The elemental composition of biomass includes major organic elements, namely, carbon (C),
sulphur (S), hydrogen (H), oxygen (O), and nitrogen (N) [26]. The elemental analysis was performed
at the University of Kwa-Zulu Natal (UKZN) Physics and Chemistry Laboratory in Pietermaritzburg
via a Thermo Scientific Flash 2000 CHNS analyzer. This elemental analysis method was used by Singh
et al. [26], where approximately 1 mg of each powdered sample was placed in a tin capsule. The tin
capsule with biomass was weighed and heated at 980 °C with a constant flow of helium enriched
with oxygen. The mass percentages of C, H, N, and S were determined via Eager 300 software.
Equation (7) was used to calculate the mass percentage of oxygen by subtracting the amount of CHNS
from 100, as proposed by Reza et al. [23].

Oxygen (0 %) =100—(C + H+ N +YS5) 7)

2.2.3. Proximate Analysis

The percentage weights of the moisture content, ash content, volatile content, and fixed carbon
are referred to as the proximate composition. The proximate properties were determined according
to the standards of the ASTM.

The moisture content (MC) was determined according to the ASTM D 2974-8 standard, as
referenced by Mishra and Mohanty [27]. Approximately 5 g of the solid sample was placed in a
crucible and weighed at room temperature. The crucible was placed in an oven air dryer at 105 +
3°C for 24 hours. After 24 hours, the sample was placed in a desiccator to cool. Once the sample
reached room temperature, it was weighed again, and the MC was calculated via Equation (8), where
(W) represents the initial weight of the sample before heating (g) and where (W) represents the
final weight of the sample after heating (g).

me =2 Wsr 100 8)

Wsi
The ash content (AC) was determined following the ASTM 3173--87 standard, as referenced by
Mishra and Mohanty [27]. A dried sample of 5 g was stored in a crucible and placed in a preheated
muffle furnace at 575 °C for 3 hours for combustion. After the sample had cooled, it was weighed,

and Equation (9) was used, where (W) is the weight of the sample after combustion (g).
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Wash

AC = T 100 ©)
The volatile content (VC) was determined following the ASTM D4559-99 standard, as referenced
by Mishra and Mohanty [27]. A dried sample of 5 g with a particle size of 1 mm obtained via the MC
determination technique was placed in a furnace for 7 minutes at 900 °C, the sample was removed
and allowed to cool to room temperature, and the final mass was weighed. Equation (10) was used
to calculate VC, where (Wy.¢mqining) is the weight of the content remaining after volatile compounds

were released (g).

Ve = st - Wremaining % 100 (10)
W

The fixed carbon (FC) content was determined via Equation (11) via the values of ash content
and volatile content obtained via Equations (9) and (10) [28].

FC =100 — (AC + VC) 1)

2.2.4. Van Krevelen Diagram

The van Krevelen diagram was employed to assess the energy density of IAPs compared with
other biomass substrates in South Africa, such as cow manure, fruit and vegetable waste, and cassava
tubers. The atomic ratios of hydrogen to carbon (H:C) and oxygen to carbon (O:C) were calculated
via Equations (12) and (13), respectively. The values were then used to plot the van Krevelen diagram
[29].

H:C Ratio = (12)

alo alx:

0: C Ratio = (13)

2.2.5. Higher Heating Value (HHV)

The HHV was obtained via formulas derived from the literature based on structural, elemental,
and proximate compositions of woody and nonwoody biomasses. This approach provides a
comprehensive understanding of how each characteristic impacts the thermal stability, energy
content, and combustion behavior of IAP species. Three equations were adopted from each
composition to increase the reliability of the results, as depicted in Table 1. These equations have also
been utilized by other researchers for similar species, such as A. mearnsii, C. odorata, and A. donax
[29,30].

Table 1. HHV estimation equations derived from the structural, elemental, and proximate compositions.

HHYV formula Author R2 Biomass Accuracy

HHYV from structural composition

HHV =16.1964 + 0.0555L [31] - 1.13%
HHV = 0.0889 + 16.8218 [32] 0.95 | Wood/nonwood | 0.056%
HHV = 16.292 + 0.0979L [33] 0.93 | Wood/nonwood | -

HHYV from elemental composition

HHV = —0.763 + 0.30C + 0.525H + 0.0640 [34] 0.792 | biomass 1.78
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HHV = 0.3516C + 1.16225H — 0.11090 + 0.0628N [35] 0.720 | biomass -0.59%
+ 0.104655
HHV = —1.3675 + 0.3137C + 0.7009H + 0.03180 [21] 0.834 | biomass 0.07%
HHYV from proximate composition

HHV = —3.0368 + 0.2218 X VC + 0.2601 X FC [21] 0.617 | biomass 0.26

HHV = 23.885 — 0430 x Ash — 0.047 XVC [34] - biomass -

HHV = —10.81408 + 0.3133(FC + VM) [36] 1.16 | biomass 0.533

Composition: C, H, O, and S represent the elemental compositions of carbon, hydrogen, oxygen, and sulphur,
respectively. L refers to the lignin content, whereas VC, MC, and FC denote the proximate composition,

specifically the volatile content, moisture content, and fixed carbon content, respectively.

2.2.6. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was used to analyze the thermal degradation of the sample
to better understand the pyrolysis process and temperature ranges for pyrolysis feeding for bio-oil
production. For this analysis, a DTG-60H simultaneous analyzer was used, with approximately 10
mg of the sample carefully placed in an aluminum pan within a well-balanced holder [37]. Mishra
and Mohanty [27] used TGA, where the sample underwent analysis at various temperatures; initially,
at 30 °C, the temperature was increased to 10 °C/min, and the sample was held for 2 min under a
20m/min nitrogen atmosphere. The sample was subsequently subjected to 600 °C at 10 °C/min and
held for 2 min under a 20ml/min nitrogen atmosphere for further degradation. Throughout the
experiment, the sample mass loss was continually recorded and displayed via TGA and differential
thermogravimetry (DTG) curves. TGA measures the change in mass of a sample, whereas DTG
provides information on the rate of mass loss, which aids in understanding the heat breakdown
behavior of a material [38].

2.2.7. Statistical Analysis

Statistical analysis was performed via SPSS software version 11 to evaluate variations and trends
in the physicochemical composition of woody and nonwoody IAPs for bio-oil production.
Descriptive statistics, including means, were used to summarize the data. Furthermore, t-tests at the
5% significance level and two-way ANOVA were conducted to determine significant differences
between the groups.

3. Results and Discussion

3.1. Structural Analysis

The percentages of cellulose, hemicellulose, and lignin in the IAPs were 47.5, 22.6 and 22.8%,
respectively, for woody IAPs and 23.7, 15.9 and 8.7%, for nonwoody IAPs, as shown in Table 2.
Compared with nonwoody IAPs, woody IAPs had a significantly greater (p < 0.05) structural
composition. This difference is attributed to the maturity of woody species, which develop stronger
tissues over their longer lifespan (10 years) than do the flexible, less structured tissues of perennial
nonwoody species [39]. This is also validated by [40], who reported a greater structural composition
in sapwood (31%) than in herbaceous species (10%). In terms of bio-oil production, woody IAPs,
particularly P. patula, presented greater potential for higher yields than nonwoody IAPs did. This is
due to their relatively high contents of cellulose (30 to 60%) and hemicellulose (20 to 40%), both of
which fall within acceptable thresholds and contain volatile compounds that readily condense to bio-
oil [41,42]. The higher yield of bio-oil derived from woody IAPs can be blended with diesel to power
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direct injection engines in agricultural tractors. This approach enhances the ignition quality while
reducing NOx and CO emissions, making it a cleaner and more efficient alternative [43].

Although higher bio-oil yields are expected, the stable and resistant structure of lignin favors
biochar over bio-oil production, requiring higher temperatures for optimal pyrolysis [44]. However,
the resulting biochar can be applied to the soil to improve water infiltration, pH, and microbial
biomass, ultimately enhancing the growth of plants [45]. Ayaa, Lubwama, Kirabira and Jiang [11]
noted similar trends for Acacia mearnsii which contained 40.2% cellulose, 21.3% hemicellulose, and
14.7% lignin. Variations in lignin content are attributed to differences in growing conditions, such as
high rainfall promoting faster growth with less lignin.

This section provides a holistic understanding of how structural composition influences bio-oil
yield and the feasibility of woody IAPs as a bio-oil energy source for agricultural tractors. Utilizing
bio-oil can reduce dependence on fossil fuels while improving soil fertility. Further research is needed
on identifying energy sources for effective pyrolysis processes along with subsequent bio-oil
upgrading techniques.

3.2. Elemental Analysis

The yield and quality of bio-oil produced by IAPs can be influenced by the elemental
composition; hence, these factors require investigation. According to Table 2, there were no
significant variations (P > 0.05) in the elemental compositions of woody (48.6% carbon and 6.0%
hydrogen) and nonwoody (47.6% carbon and 6.2% hydrogen) IAPs. This is because the IAPs have
similar compounds, such as cellulose, hemicellulose, and lignin, that have the same element profile
with the same synthesis process. Both woody and nonwoody IAPs have carbon contents between
30% and 60% and hydrogen contents between 5% and 6%, which are optimal for HHV, increasing
the efficiency of combustion. The bio-oil derived from both woody and non-woody IAPs can be
blended with ethanol and used in gas turbine combustors providing power in irrigation systems or
heating greenhouses. Bio-oil tested in gas turbine resulted in electric power output of 75 kW, bio-oil
tested in gas turbine resulted in electric power output of 75 kW, adequate for farm lighting or grain
drying [43].

The oxygen content of the woody IAPs was 45.1%, whereas that of the nonwoody IAPs was
43.0%, as shown in Table 2. Other researchers have obtained similar values that tend to range between
30 and 45%, and such low concentrations reduce the HHV of bio-oil, resulting in poor flame stability
[42]. A lower HHV causes heat output fluctuations and incomplete combustion; therefore, upgrading
techniques such as deoxygenation is essential [46]. The oxygen content leads to the formation of fatty
acids, long-chain fatty acids, esters, and phenolic derivatives known as biopesticide compounds for
crop protection [47]. This offers an eco-friendly alternative to synthetic chemicals, managing pests
without harming the environment and non-target organism

Woody IAPs contained approximately 3.2% nitrogen with no detectable sulphur, whereas
nonwoody IAPs contained no nitrogen or sulphur. The reason for the lack of detection was that
elements present at lower concentrations (less than 1%) could not be detected by the CHNS element
analyzer [48]. The absence of detectable nitrogen and sulphur in IAPs suggests that bio-oil production
can have a minimal environmental impact and reduce health risks, as it limits the formation of NOx
and SOx emissions. The elemental composition of woody and nonwoody biomass in a study by
Shrivastava et al. [8] was comparable to that of carbon (44.9 to 47.6%), hydrogen (5.9 to 6.2%), oxygen
(45.9 to 46.3%), nitrogen (0.3 to 1.5%), and sulphur (0.03 to 1.5%).

Overall, both woody and nonwoody IAPs exhibit favorable characteristics for supplying high
energy efficiency and reducing GHG emissions while protecting agricultural production. This section
provides a comprehensive understanding of how the elemental composition influences bio-oil
quality and may affect pyrolysis efficiency.

3.3. Proximate Analysis
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The pyrolysis process as well as the yield and quality of the bio-oil produced from IAPs are
influenced by the proximate composition. Hence, investigating these factors is mandatory. According
to Table 2, there were no significant differences (P > 0.05) in moisture content or volatile content
between woody and nonwoody IAPs. The proximate analysis yielded 2.9% moisture content and
87.3% volatile content for woody IAPs, 3.7% moisture content, and 84.1% volatile content for
nonwoody IAPs. The results of this study indicate that both woody and nonwoody IAPs have greater
potential for increasing yields of bio-oil. This is attributed to an MC below 10%, which enables more
energy for pyrolysis than energy for moisture evaporation thus more energy efficient for agricultural
tractors and machinery [49]. Furthermore, the higher concentrations of volatile compounds (between
65% and 85%) indicate that greater amounts of volatile compounds can be condensed into bio-oil
during pyrolysis [28,50]. The MCs of the other nonwoody and woody biomasses were between 6.48%
and 7.13%, which differed from what was obtained in this work [8]. This may be attributed to the
lack of standardized methods for determining proximate analysis, as shown in studies by [23], who
conducted their analysis at 105 °C for only 3 hours, and by [51] at 105 °C for 24 hours.

The results in Table 2 show that there were significant variations (P < 0.05) in ash and fixed
carbon contents between woody and nonwoody IAPs. The analysis yielded 2.2% ash content and
7.6% fixed carbon for woody IAPs 8.8% ash content and 3.5% fixed carbon content for nonwoody
IAPs. This difference is related to a study conducted by Bakker and Elbersen [52] on the accumulation
of ash in nonwoody plants because higher silica uptake strengthens the cell walls of plants to protect
them against harsh environmental conditions. For this work, the ash content in woody IAPs is ideal
for bio-oil production, as it is within the acceptable threshold of 0.1 to 5%. However, for nonwoody
IAPs, the ash content concentrations are higher than the acceptable threshold, which may lead to
toxic components such as silica, slagging, and corroding pyrolysis reactors [53].

Woody IAPs are more suitable for bio-oil production due to lower levels of moisture and ash
content, ensuring efficient combustion. Standardized testing methods for proximate analysis are
crucial for reliable and comparable results.

Table 2. Physiochemical characteristics of woody and nonwoody IAPs.

Sample name Woody IAPs Nonwoody IAPs
A. E. grandis | P.patula | L. camara | C. odorata | S.
mearnsii mauritianum

Structural analysis

(%) Cellulose 43.7 53.5 45.3 26.7 24.1 20.1
Hemicellulose 23.6 20.3 23.9 19.3 16.2 12.2
Lignin 229 23.9 29.8 12.2 9.9 74
Elemental analysis

(%) 44.6 50.8 50.5 48.1 46.1 48.5
Carbon 5.6 6.2 6.1 6.1 6.2 6.3
Hydrogen ND ND ND 2.3 2.9 4.6
Nitrogen 48.8 43.0 43.0 43.5 449 40.7
Oxygen ND ND ND ND ND ND
Sulphur

Proximate analysis

(%) 3.9 1.9 2.9 4.2 3.3 3.6
Moisture content 87.2 87.9 86.8 84.0 85.3 82.9
Volatile content 0.9 3.8 1.9 8.6 8.1 9.7

Ash content 8.0 6.4 8.5 3.3 3.3 3.9
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Fixed carbon

Note: Each data point represents the mean in triplicate; ND = not detected.

3.4. Van Krevelen Diagram

The hydrogen-to-carbon (H: C) and oxygen-to-carbon (O: C) atomic ratios of woody and
nonwoody IAPs with other South African biomasses, such as cow manure, fruit and vegetable waste,
and cassava tubers, are shown in Table 3. This comparison highlights the potential of IAPs as
competitive feedstocks for bio-oil production relative to alternative energy substrates, as presented
in Figure 2. The results indicate that fruit and vegetable wastes had the highest H: C ratio with a
lower O: C ratio than woody and nonwoody IAPs, making them the most viable substrate for bio-oil
production. This occurred because the H: C ratio was within the range of 1.5 to 2.5, and such levels
increase the HHV. The O: C ratio of fruits and vegetables was within the range of 0.1 to 0.6, suggesting
an increase in C-C bonds, and such a scenario lowers the number of oxygen-containing compounds
[27,54,55]. For woody and nonwoody IAPs, the H: C ratio is within the acceptable threshold
indicating better fuel quality, whereas the O: C ratio is greater than the acceptable threshold, making
IAPs less viable for bio-oil yield than fruits and vegetable wastes. Even though fruit and vegetable
waste has good carbon and hydrogen contents, they have the disadvantage of higher MCs (58.4%),
which translates to higher transport costs and lower energy conversion efficiency [49]. Compared
with bio-oil, cow manure, and cassava tubers, which have lower H: C ratios, are more likely to favor
biochar production.

For the quality of bio-oil, the van Krevelen diagram in Figure 2 classified bio-oil compounds in
this manner: lipids (0 < O/C £0.2, 1.7 < H/C < 2.25), unsaturated hydrocarbons (UHs, 0 < O/C <0.1,
0.7 <H/C <1.7), condensed aromatic hydrocarbons (CAHs, 0 < O/C < 1.0, 0.3 < H/C £0.7), phenolic-
like species (0 < O/C < 0.6, 0.6 < H/C < 1.3) and saccharides (sugars, 0.5 < O/C <0.9, 1.2 < H/C <2.25)
[56]. The results suggested that all the substrates predominantly produce saccharide-derived sugars.
These sugars, such as levoglucosan and cellobiosan, are produced during the degradation of cellulose
and hemicellulose and reduce the hydrogen content, promote coke formation, and deactivate
catalysts [57]. This means that bio-oil remains highly oxygenated and can cause potential corrosion
in pyrolysis reactors.

Overall, both woody and nonwoody IAPs show promising characteristics for bio-oil production
but not as fruit or vegetable waste. The saccharide-derived sugars in bio-oil could be extracted
through a water-washing procedure before the refining process.

Table 3. Atomic ratios of woody and nonwoody IAPs to other South African substrates.

Biomass o:C H:C References
Woody IAPs 0.68 1.56 Present study
Nonwoody IAPs 0.7 1.48 Present study
Cow manure 0.51 1.42 [58]

Fruits and vegetable waste | 0.57 1.78 [59]

Cassava Tuber 0.6 1.37 [59]
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Figure 2. Van Kreven diagram showing woody and nonwoody IAPs compared with other South African energy

substrates.

3.5. Higher Heating Values

The HHV of biomass influences the HHV of bio-oil; hence, a comprehensive investigation is
essential. Table 4 shows that the HHV of woody IAPs based on structural composition was 18.4
M]J/kg, whereas that of nonwoody IAPs was 17.2 MJ/kg. The HHV of woody IAPs is greater than that
of nonwoody IAPs, which may be attributed to greater amounts of cellulose, hemicellulose, and
lignin, as discussed in section 3.1. These results suggest that prioritizing woody IAPs could improve
bio-oil quality, which could translate into an efficient combustion process. Although woody IAPs
exhibit HHVs, pretreatment methods with higher energy inputs are essential during pyrolysis to
depolymerize the complex structure of lignin.

Furthermore, from Table 4, the HHV of woody IAPs based on elemental composition was 19.5
M]/kg, whereas that of nonwoody IAPs was 19.1 M]/kg. The HHVs for woody and nonwoody IAPs
were almost the same due to the similarity in their elemental compositions, with carbon (48.6 and
47.6) % and hydrogen (6.00 and 6.2) %, respectively. This indicates that the HHV in bio-oil is derived
from both feedstocks; however, the higher content of oxygen-containing compounds can hinder the
thermal stability of bio-oil, as discussed in section 3.2. Notably, the HHV from the elemental
composition was the highest among all the HHV derived from the proximate and structural
compositions because of the combustible elements such as carbon and hydrogen [60,61]. A study by
Sheng and Azevedo [21] revealed that the proximate composition indirectly estimates the heating
value, as it accounts for noncombustible components such as moisture and ash, whereas the
structural composition may be affected by the complex lignin structure, leading to incomplete
combustion. HHVs ranging from 17 to 20 M]J/kg and 15 to 19 MJ/kg, respectively, from other
researchers were reported for both woody and nonwoody samples, which is in accordance with the
results obtained in this study [62].

Table 4 further presents different South Africa energy coal, both woody and non-woody IAPs
resemble peat coal, which is low low-energy fuel that could be utilized for heating in agriculture.
Overall, this section highlighted the influence of each composition with elemental composition
production of higher calorific value to increase combustion efficiency.

Table 4. HHV of woody and nonwoody IAPs derived from structural, elemental, and proximate compositions.
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Species HHYV from structural | HHV from elemental | HHV from proximate
composition (MJ/kg) | composition (MJ/kg) | composition (M]/kg)
Woody IAPs
A. mearnsii 18.3 17.9 18.9
E. grandis 18.1 20.4 18.5
P. patula 18.8 20.2 18.8
Nonwoody IAPs
L. camara 17.3 19.5 16.4
C. odorata 17.2 18.9 16.7
S. mauritianum 17.0 19.1 16.2
South African Coal
Coal Higher heating value (M]/kg) [63]
Peat 174 to 22.4
Lignite 26.5 to 31.7
Bituminous 19.9 to 36.4
Anthracite 30.6-36.2

3.6. Thermogravimetric Analysis

The objective of performing thermal analysis was to examine the thermal behavior of IAPs and
determine the optimal stages and temperature ranges for pyrolysis to achieve the maximum bio-oil
yield. Figure 3 and Figure 4 show the thermogravimetric analysis (TGA) and differential
thermogravimetry (DTG) curves produced for nonwoody and woody IAPs after thermal analysis,
respectively. A summary of the data extracted via TGA and DTG is shown in Table 5, with myqgs
representing weight loss, T; representing the initial temperature, T; representing the final
temperature and T, representing the peak temperature. The results in Table 5 show three stages of
pyrolysis. The first stage is the dehydration region at temperatures ranging from 33 to 180°C for
nonwoody IAPs and 33 to 205 °C for woody IAPs, with a negative peak observed at 110 °C in DTG
(Figure 4). This stage is not designed for bio-oil production but primarily involves the released
moisture with no volatile compound emissions. The second stage, referred to as active pyrolysis,
occurs between 180 and 480 °C°C for nonwoody IAPs and between 205 and 470 °C for woody IAPs.
This stage is crucial for the optimal yield of bio-oil because of the degradation of cellulose and
hemicellulose, which release volatile compounds that readily condense to bio-oil. The final stage,
termed passive pyrolysis, occurs between 480 and 600 °C for nonwoody IAPs and between 470 and
600 °C for woody IAPs. This stage is attributed to lignin decomposition and the formation of char at
relatively high temperatures [64]. The results obtained in this work are supported by a study by
Shafiq and Capareda [65], in which no bio-oil was obtained at 300 °C, and the bio-oil yield was 6.2%
at 450 °C, which decreased to 5.7% at 600 °C.

These findings imply that the active pyrolysis stage is the most important stage for maximum
bio-oil. Performing TGA allows informed decisions on reactor design and better control of the
temperature and reaction rate. The limitation observed was an inability to show temperature ranges
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for cellulose and hemicellulose separately, as this would assist in understanding thermal stability and
improving material characterization and processing.

Table 5. Three stages of pyrolysis in woody and nonwoody IAPs from TGA.

Dehydration Active pyrolysis Passive
pyrolysis
Woody IAPs
Sample Myoss (%) | T (°C) | Tp (°C) | mygss (%) | Ti (°C) | Te (°C) | T (°O) | T; (°C) | T¢ (°C)
E. grandis 2.5 33 147 77.6 147 468 279 468 600
A. mearnsii 1.6 33 205 98.1 205 470 305 470 600
P. patula 34 34 155 75.5 155 446 286 446 600
Nonwoody IAPs
Sample Myss (%) | T (°C) | T¢ (°C) | mypss (%) | Ti (°C) | Te (°C) | T (°O) | T; (°C) | T¢ (°C)
L. camara 5.1 35 176 58.5 176 476 315 476 600
C. odorata 6.2 33 177 59.5 177 474 308 474 600
S. 53 33 180 59 180 480 326 480 600
mauritianum
110
— 5. mauritianum — 5. mauntanum
L oo 6. obor
ol 0,000 4
. 80~
£ -0,002 4
% 704 g
2 £
f: G 2 -0,004 1
% 5] E
a
40 —0,006
30 -
20 T T T T T T T “OIODE 7
0 100 200 300 400 500 600 — — — . . .
Temperature (°C) o 100 200 300 400 500 600

Temperature (°C)

TGA
DTG

Figure 3. Thermogravimetric analysis of nonwoody IAPs with TGA curves and DTG curves.


https://doi.org/10.20944/preprints202503.0631.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 March 2025

13 of 17
[—— A. meamsii
|=—— P _patula
——A_ meamsii —— E. grandis
100 4 —— P _patula 0,000 4
—E. grandis
80

0,005
g o
W 60 4 5
g =

= £ 0010 -
5 3
2 404 >
£ |
[s]

—-0,015

20 4
0 4 -0,020
I T I L T T T T T 1
L 200 400 600 0 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figure 4. TGA and DTG of woody IAPs used to assess their thermal behavior.

4. Conclusions

This study aims to evaluate the physiochemical composition of nonwoody and woody IAPs as
potential energy sources for bio-oil production and assess the feasibility of bio-oil utilization in
agricultural systems and productions. The findings of the structural analysis highlight that woody
IAPs are more suitable for bio-oil production because of their higher cellulose and hemicellulose
contents, which increase yield, whereas lignin contributes to energy density. The resulting bio-oil can
be blended with diesel and used as a fuel in agricultural machinery or tractors to enforce sustainable
farming practices, while the lignin-rich biochar byproducts can be utilized as soil amendments to
enforce crop growth. To obtain greater energy from lignin, higher energy inputs are required to
thermally degrade its complex and rigid structure. This analysis provides a holistic understanding of
how biomass traits influence bio-oil productions and enforces the need for further research on lignin
pretreatment and alternative energy sources to optimize bio-oil production for efficient and
sustainable agricultural applications.

The presence of carbon and hydrogen in IAPs indicates a higher HHV and thus improved
combustion efficiency. This makes bio-oil a viable fuel for gas turbines, enabling electricity generation
to power irrigation systems or operations in a greenhouse. The elevated oxygen levels could hinder
pyrolysis efficiency, opening a gap for further research on bio-oil upgrading techniques to enhance
its energy potential. However, these oxygen-rich compounds also contain bioactive components with
potential biopesticidal properties, presenting a sustainable alternative to chemical pesticides for crop
protection. This analysis provides an overview of which biomass traits influence combustion
efficiency that need to be evaluated to enable sustainable heat and electricity generation in
agricultural systems. The atomic ratio indicated that both IAPs are promising feedstocks for bio-oil
production but not as fruit or vegetable wastes, which have relatively high H: C ratios and low O: C
ratios. However, the relatively high moisture and ash contents of fruits and vegetables limit their
suitability for pyrolysis. The atomic ratio used to compare IAPs with other South African biomasses
provides a novel perspective on why IAPs should be considered for bio-oil production.

Woody IAPs had higher HHVs than nonwoody IAPs, which were derived from elemental
composition equations. Comparatively, the IAPs resemble the HHV of peat coal which is a low-
energy fuel that can be useful in heating and drying agricultural systems. Employing HHV estimation
equations provides a comprehensive understanding of which biomass composition influences the
HHV of bio-oil. Finally, TGA revealed the optimal temperature conditions for bio-oil yield at
temperatures between 450 and 600 °C. Overall, this study has contributed to expanding alternative
energy substrates in South Africa for bio-oil production, offering the dual benefits of energy
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generation and ecological management. Further research could focus on optimizing IAP collection
processes and the potential implementation of biomass plant units in South Africa.
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