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Abstract

This study investigates the use of combined solvent extraction and hydrothermal carbonization
(HTC) to enhance the fuel properties of lignocellulosic biomass.. Focusing on Johnsongrass biomass,
we investigate the influence of solvent pretreatment and HTC temperature on the physicochemical
characteristics and combustion behavior of the resulting hydrochars. Elemental and proximate
analyses indicate that solvent extraction enhances carbon contentwhile reducing heteroatoms (e.g.,
nitrogen), contributing to improved fuel quality and cleaner combustion. Increasing HTC
temperature further promotes carbon densification and aromaticity, as evidenced by elevated
ignition and burnout temperatures and higher activation energies, implying enhanced thermal
stability. Advanced characterization techniques (FTIR and thermal analysis) reveal that structural
transformations leading to oxygen depletion and formation of condensed carbon domains-features
favorable for energy harvesting and conversion applications. These nanoscale modifications impart
improved combustion performance and reduced emission potential, underscoring the value of
extraction-HTC integration as a green and scalable route for producing nanostructured bio-carbon
materials. The results offer significant implications for the development of environmentally friendly,
high-efficiency solid fuels within the framework of sustainable energy harvesting technologies.

Keywords: Johnsongrass (Sorghum halepense); hydrothermal carbonization (HTC); bioenergy
production; pharmaceutical-extracted biomass; energy densification

1. Introduction

The increasing global demand for renewable and sustainable energy sources has intensified
interest in the valorization of lignocellulosic biomass as a feedstock for solid biofuels. Among various
herbaceous species, Sorghum halepense (L.) Pers., Poaceae (Johnsongrass), has gained attention not
only for its agronomic performance and influence, but also for its content of bioactive compounds,
traditionally utilized in some pharmaceutical applications [1]. Sorghum halepense, native to a broad
region stretching from Macaronesia through Central Asia to Indochina [2], is recognized as a major
noxious weed worldwide, affecting more than 30 crops in at least 53 countries [3]. It was introduced
as a forage crop in regions such as the United States in the early 1800s. Its aggressive nature led to it
escaping cultivation, a common pathway for invasive species [4].

Its invasiveness is attributed to a dual reproductive strategy: extensive creeping rhizomes that
ensure local persistence and prolific seed production that enables long-distance dispersal. Rhizome
fragments, easily spread through tillage, readily regenerate, with a single plant capable of developing
a substantial underground network —rhizomes often account for the majority of the plant’s biomass
[5,6]. Simultaneously, S. halepense can produce up to 80,000 seeds per growing season, many of
which remain viable for several years [6]. These seeds disperse via wind, water, animals, and
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contaminated crop seed, complicating control efforts. The species also forms dense monospecific
stands that outcompete surrounding vegetation, possibly supported by allelopathic interactions [3,6].
Being a well-known weed, Johnsongrass has been the subject of extensive and often futile eradication
campaigns that have placed a heavy financial burden both on farmers and governments. The
scientific community has predominantly focused on its harmful effects on crops, soils and the
environment, neglecting its potential benefits. This omission underlines the urgent need to research
and promote the positive aspects of Johnsongrass, fostering a more balanced understanding in
agriculture and scientific sectors, as the possibilities of its use instead of extinction are far from being
exausted [6].

This study addresses the existing gap in the energetic valorization of Johgsongrass biomass in
form of residues derived from pharmaceutical processing. While the raw Johnsongrass biomass has
been previously studied for fuel applications, no systematic evaluation has been conducted on the
energy characteristics of the biomass following bioactive compound extraction. Pharmaceutical plant
waste, encompassing residues from production processes and unused or expired medicines, remains
largely underutilized for energy recovery [7]. Despite its substantial organic content, this biomass is
often treated as low-value residue, with limited application in energy generation. This
underutilization persists due to factors such as the ecotoxicity of active pharmaceutical ingredients
(APIs) and the complexity of pharmaceutical waste streams, which complicate their valorization.
Consequently, pharmaceutical waste is frequently disposed of through conventional methods like
incineration or landfilling, rather than being harnessed for energy recovery. Addressing these
challenges requires the development of specialized technologies and strategies to mitigate
environmental risks and enhance the economic viability of utilizing pharmaceutical plant waste as a
renewable energy source [8].

This study challenges that notion by demonstrating that bioactive-extracted biomass can be
significantly upgraded through hydrothermal carbonization (HTC), yielding solid fuels with
enhanced combustion performance. Hydrothermal carbonization (HTC) represents an increasingly
recognized thermochemical route for the valorization of wet lignocellulosic biomass, offering a direct
conversion process that operates in aqueous environments at moderate temperatures (typically 180-
260 °C) and under autogenous pressure [9]. This process simulates accelerated coalification by
facilitating a series of dehydration, decarboxylation, and condensation reactions, ultimately yielding
a carbon-rich solid product known as hydrochar [10,11]. Compared to conventional dry
thermochemical processes such as pyrolysis or torrefaction, HTC is particularly well-suited for high-
moisture biomass, as it eliminates the need for prior drying, thereby reducing overall energy input
and improving process economics [12].

The hydrochars produced via HTC typically exhibit enhanced energy density, reduced oxygen
and hydrogen contents (as reflected in lower O/C and H/C atomic ratios), and improved physical
properties such as hydrophobicity and grindability. These characteristics contribute to their
suitability as solid biofuels and facilitate their handling, storage, and combustion performance
[13,14]. Furthermore, HTC offers additional environmental advantages, including the stabilization of
organic matter, partial retention of nutrients in the solid phase, and a significant reduction in biomass
volume, making it attractive for integrated waste-to-energy strategies. In this context, HTC has
shown considerable promise for the conversion of unconventional and underutilized biomass
streams, including agro-industrial and biorefinery residues [15]. One such category, often overlooked
in energy recovery frameworks, includes biomass residues from pharmaceutical plant processing.
Although these residues frequently possess high organic content and latent calorific value, they are
commonly treated as low-value waste due to their heterogeneous composition and the presence of
trace bioactive compounds [16]. The application of HTC to these residues not only offers a pathway
to recover energy in the form of solid biofuels but also aligns with broader objectives of circular
bioeconomy by promoting the sustainable utilization of sector-specific waste streams. Thus, HTC
emerges as a versatile and scalable platform for converting complex biowastes-such as post-
extraction pharmaceutical biomass-into functional energy carriers.
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By applying HTC to both raw and extracted Johnsongrass, this study aims to (i) assess the
influence of pharmaceutical extraction on the physicochemical and fuel properties of the biomass and
(ii) evaluate how HTC treatment further enhances its bioenergy potential. Detailed analyses-
including elemental composition, and Van Krevelen atomic ratios-were conducted to compare fuel
quality, combustion behavior, and energy yield between raw and extracted biomass across multiple
HTC temperatures. In addition, comprehensive combustion analysis was performed to elucidate the
thermal degradation characteristics and stability of the produced hydrochars. To provide a robust
statistical framework for interpreting the experimental data, regression analysis was applied.

This research introduces a dual-valorization pathway whereby a single feedstock serves two
complementary functions: extraction of high-value bioactive compounds, followed by conversion of
the residual biomass into solid biofuels. Such an integrated approach not only improves the overall
resource efficiency but also contributes to sustainable waste management and circular bioeconomy
objectives. To our knowledge, this is the first comprehensive study to explore the HTC-based
upgrading of Johnsongrass following pharmaceutical extraction. The findings provide novel insights
into how waste materials from biorefinery processes can be repurposed as renewable energy sources,
reinforcing the synergy between bioenergy production and sustainable agricultural residue
utilization.

2. Materials and Methods

2.1. Biomass Collection

The plant material was collected from a ruderal site at Kumodraz, southern suburbs of Belgrade,
Serbia (coordinates: 44.747938 N, 20.495694 E). The collected material was identified by Assistant
Professor Dr. Milo$ Zbilji¢ from the Department of Botany, Faculty of Pharmacy, University of
Belgrade. The voucher specimen was deposited in the Herbarium of the Department of Botany,
Faculty of Pharmacy, University of Belgrade (HFF), under the number 4323.

Plant material was cut into smaller pieces and dried naturally in a shaded and well-ventilated
place. Dried plant material was finally ground into a coarse powder with a laboratory grinder and
stored in airtight containers until extraction.

2.2. Plant Material Extraction

A part of the dried plant material was successively extracted with solvents of increasing polarity
(n-hexane, methanol; both Fischer Chemicals, UK) in a Soxhlet-type all-glass apparatus for
continuous extraction until exhausted. Two test samples were obtained using this method: extracted
(ES) and non-extracted sorghum (5).

2.3. HTC Experiments

For the HTC experiments we were used a laboratory autoclave reactor (CARL Roth, Model II,
Germany) equipped with a cooling system, temperature and pressure controller. For each
experiment, 10 g of biomass (S and ES) was combined with 150 mL of deionized water in autoclave
(1:15 ratio). Mixtures were heated at different carbonization temperatures (180, 200, 220, 240 and 260
°C) with a residence time of 60 min at constant heating rate (4°C/min). After cooling the autoclave,
the solid-liquid mixtures were separated by filtration, washed with deionized water and dried at 105
°C for 24h to ensure a consistent weight. The obtained hydrochars were labelled: 5180, 5200, 5220,
5240, 5260 and ES180, ES200, ES220, ES240, ES260.

2.4. Characterization

Elemental analysis (C, H, N, S) of investigated samples was performed by elemental analyzer
(Vario EL II CHNS) while the content of O was calculated by subtraction of C, H, S, N and ash content
(%) from 100%.
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The moisture and ash contents and the volatile matters (VM) were determined in accordance
with standard ASTM D176284 (2007) procedure while fixed carbon (FC) was calculated by their
subtraction from 100%.

2.5. Statistical Analysis

To optimize the hydrothermal carbonization (HTC) process conditions based on hydrochar
characteristics, regression analysis was performed. The regression models were developed using the
built-in data analysis tools available in Microsoft Excel 2010 (Version 14.0.6023.1000, 32-bit, Microsoft
Office Professional Plus 2010, Microsoft Corp., Redmond, WA, USA).

2.6. Thermogravimetric Analysis

The combustion properties of investigated samples were analyzed by TG-DTA analysis using a
Netzsch STA 409 EP Analyzer (Selb, Germany) in the temperature range 50-700 °C with heating rates
10 °C/min.

3. Results and Discussions
3.1. Physicochemical Properties

3.1.1. Elemental Analysis

Table 1 presents the physicochemical properties of the S, ES and corresponded hydrochars. The
outcomes of elemental analysis (Table 1) showed that C content increased from 41.11 to 60.47 % for S
and from 41.72 to 63.49 % for ES, while the content of H and O decreased during HTC process of S
and ES. This is likely due to dehydration and decarboxylation reactions that occur during high-
temperature carbonization, leading to the densification of carbon and the removal of oxygen [17]. The
nitrogen content in the hydrochar slightly increased, from 2.04 to 2.20% in S and from 0.63 to 1.20%
in ES. This increase is likely due to the hydrolysis of carbohydrates in the raw materials during HTC,
which led to a higher concentration of reducing sugars. These sugars compounds subsequently
reacted with proteins through the Maillard reaction, resulting in the formation of nitrogen-containing
heterocyclic compounds [18,19]. It is also important to emphasize that, with increasing HTC severity,
a marked decrease in N content was observed in the produced hydrochars. This is a highly
advantageous characteristic for fuel applications, as the reduced levels of N significantly minimize
the emission of nitrogen oxides during direct combustion. In this context, HTC not only enhances the
energy density of biomass but also yields cleaner solid fuels with lower environmental impact,
making the process particularly attractive for sustainable energy systems [20]. Due to the low N
contents in S and ES hydrochars, NOx emissions are expected to be in the range of emission limits

[21].
Table 1. Physicochemical properties of the S and ES.

Material Elemental analysis (wt. %, dry basis) o/C H/C Proximate analysis (wt. %, dry basis)

C H N S 0a FCv VM Ash
S 41.11 581 2.04 <0.02 4222 0.77 1.70 0.00 93.25 8.82
S-180 44.50 583 156 <0.02 40.53 0.68 1.57 0.00 87.72 7.58
S-200 48.01 587 1.11 <0.02 38.04 0.60 1.47 3.10 85.29 6.97
5-220 51.12 571 139 <0.02 33.94 0.50 1.34 10.72 78.11 7.84
S-240 5424 555 166 <0.02 28.72 0.40 1.23 16.70 70.82 9.83
S-260 6047 523 220 <0.02 2046 0.25 1.04 21.33 65.19 11.64
ES 41.72 572 0.63 <0.02 46.68 0.84 1.65 0.00 95.15 5.25
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ES-180 4530 585 059 <0.02 46.90 0.78 1.55 0.00 94.25 1.36
ES-200 48.06 6.03 055 <0.02 4373 0.68 1.51 0.00 97.21 1.63
ES-220 5192 587 071 <0.02 39.53 0.57 1.36 7.19 87.39 1.97
ES-240 55.78 571 087 <0.02 35.14 0.47 1.23 8.34 85.95 2.50
ES-260 63.49 538 120 <0.02 25.60 0.30 1.02 32.30 60.82 4.33

aCalculated by difference

The elemental composition of the samples was further analyzed and visualized using the Van
Krevelen diagram. The Van Krevelen diagram was used to show the degree of coalification of S and
ES during HTC synthesis (Figure 1). The figure shows that the H/C and O/C atomic ratio decreases
in hydrochar indicating a high degree of S and ES coalification. This is a result of the removal of a
significant amount of oxygen from the S and ES during dehydration and decarboxylation process,
which subsequently enhances the carbonization level of the hydrochar [22]. The decrease in the O/C
ratio was more notable than the reduction in the H/C ratio, highlighting the substantial effect of
applied hydrothermal temperature on the removal of oxygen.

1.8 4
1.6 -
1.4 -
1.2 4

0.8
0.6
0.4
0.2 |

o
Lignite

Atomic H/C ratio

Anthracit

0.2 0.4 0.6 0.8
Atomic O/C ratio

Figure 1. Van Krevelen diagram of S and ES waste and their hydrochars.

The Van Krevelen diagram also provides information about the hydrochar classifications
obtained following various types of fossil fuels. As can be seen from the diagram (Figure 1), S and
ES-derived hydrochars were spread in the range of biomass, peat, and lignite. Moreover, the
carbonization process conducted at 260 °C effectively transforms biomass into valuable carbon-rich
material based on its elemental composition, categorized in the lignite region, while S 260 is almost
on the border between lignite and coal. It is important to note that hydrochars produced from ES are
different from those obtained from untreated biomass, likely because of the presence of digested
organic structure after extraction of S.

3.1.2. Proximate Analysis

According to proximate analysis, VM content decreases significantly (from 93.25 to 65.19 % in S
and 95.15 to 60.82 % in ES). In contrast, FC content significantly increases in single hydrochar during
HTC synthesis of S and ES (Table 1). This can be attributed to a series of reactions in the high-
temperature aqueous solution, which leads to the expulsion of volatile substances and the
compression of carbon [23]. Reducing the volatile matter content in biomass when converting it to
hydrochar enhances its suitability as a solid fuel, as it leads to a more stable combustion process,
improved energy output, and a reduced tendency for unwanted emission during burning. At the
same time, the ash content showed a minor decrease at lower temperatures but increased at higher
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temperatures, with the total ash content in the hydrochar remaining lower than in S and ES. This
indicates that inorganic components from raw materials may have been leached into process water
[17]. Based on the observed reductions in VM, increases in FC content, and more favorable ash
behavior during hydrothermal carbonization, ES demonstrates superior fuel properties compared to
S, indicating its greater potential as a solid biofuel.

3.2. Statistical Analysis

To rigorously elucidate the influence of HTC temperature on the C%, VM% and Ash% of S and
ES hydrochars, regression analysis was utilized (Figure 2). This approach enables the quantification
of linear relationships between process temperature and hydrochar properties, facilitating statistical
validation of correlations and providing predictive insight into process-performance linkages. The
use of regression modeling thus supports the identification of key parameters driving material
transformation during HTC and offers a robust framework for optimizing process conditions to
enhance fuel quality.
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C o | & 40
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Figure 2. Regression model of C%, VM% and Ash% of S (a,c.e) and ES (b,d,f) hydrochars with the HTC

temperature.

Statistical analysis revealed a strong linear correlation between HTC temperature and key fuel-
related parameters, particularly carbon content, with coefficients of determination exceeding 0.90.
This relationship suggests that increasing the HTC process temperature facilitates enhanced carbon
enrichment, thereby improving the fuel quality of hydrochars [24]. In parallel, a substantial decrease
in volatile matter content (VM%) was observed with rising temperatures, a trend consistent with the
intensification of devolatilization reactions during HTC [25]. A pronounced correlation between
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temperature and VM% was identified in hydrochars derived from S series, whereas those produced
from extracted materials (ES) exhibited a more moderate association (R?=0.739), potentially reflecting
intrinsic differences in feedstock reactivity. Ash content displayed a positive correlation with HTC
temperature, likely resulting from the concentration of inorganic residues as labile organic matter is
thermally degraded. These trends are in line with previous findings on the HTC of Paulownia leaves,
further supporting the conclusion that elevated process temperatures contribute to the enhancement
of hydrochar fuel properties through targeted physicochemical transformation [26].

3.3. Chemical Structure

FTIR spectra are essential for examining the alterations in surface functional groups during the
transformation of S and ES into their hydrochar. Table 2 summarizes the information about the
position of functional groups in the FTIR spectrum.

Table 2. Characteristic functional groups in S, ES and their hydrochars.

Peak position _ Assigment of functional
Vibrations Ref
(cm) group/component
Aliphatic secondray amines stretch and
3700 - 3200 - OH/N-H [27]
hidroxy groups
3000 - 2800 - CHn Aliphatic methylene group [28]
Near 1737 C=0 Vibraion of carbonyl, esters or carboxyl [18]
Near 1650 C=0 Primary amide, carboxylates [27]
1540 N-H Secondary amides [27]
1526 C=C Aromatic ring [29]
1220 - 945 C-0-C Aliphatic esters [18]
700 - 500 -CH Aromatic compounds [30]

As can be seen from Figure 3, several significant changes occur upon extraction and the HTC
process which indicate an improvement in the fuel properties of the material. The observed peak
between 3700-3200 cm™ originates from the overlapping of O-H and N-H stretching vibrations from
S and ES [27]. Notably, the broad absorption band in the 3300-3400 cm™ region is primarily attributed
to N-H stretching vibrations, which indicates the formation of amine or amide groups during the
HTC process. Distinct absorption bands around 1650 cm™ and 1540 cm™, along with a broad and
increasingly intense band near 3300 cm™ at higher HTC treatment temperatures, strongly indicate
the formation of amide structures. The band near 3300 cm™' corresponds to N-H stretching vibrations,
while those at 1650 cm™ and 1540 cm™ correspond to amide I (C=O stretching) and amide II (N-H
bending) modes, respectively [27]. In biomass containing nitrogenous compounds such as proteins,
HTC promotes Maillard-type reactions between reducing sugars and amino acids. These reactions
lead to the formation of nitrogen-enriched aromatic structures, including amides, heterocycles, and
melanoidin-like polymers. Consequently, the observed FTIR features reflect the progressive nitrogen
functionalization of the carbon matrix with increasing temperature, highlighting not only the
structural transformation but also the development of surface functionalities that enhance the
material’s reactivity and adsorption capacity in aqueous environments. At 260 °C, the decrease in
intensity of the 3300 cm™ band suggests thermal degradation or transformation of N-H-containing
groups into more stable aromatic or heterocyclic nitrogen structures, accompanied by a reduction in
hydrogen bonding and surface polarity [31]. This phenomenon is particularly noticeable in the ES
sample, where the removal of nonpolar components from the biomass enables a more pronounced
expression of the remaining polar groups. As a result, the ES sample exhibits a stronger manifestation
of nitrogen-containing functional groups, further contributing to its properties.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The stretching vibration peak between 3000 and 2800 cm assigned to aliphatic -CHn structure
[28] showed specific differences after extraction and HTC process. Notably, the peak intensity is
higher in the raw S compared to the ES, which can be attributed to the removal of lipids and other
organic components during extraction. On the other hand, during the HTC process of both materials
(S and ES), as the temperature increases, the intensity of this peak rises, suggesting that the generation
of aliphatic compounds takes place during the HTC process [18]. The spectral behavior remains
similar up to 240°C; however, at 260°C, a significant difference is observed in the spectra. The ES 260
spectrum exhibits a marked decrease in intensity, indicating a more pronounced formation of
aromatic, energy-rich structures at this temperature. This observation aligns with the results from the
Van Krevelen diagram (Figure 1), indicating that extraction results in shift toward the down-left
movement of ES on the diagram to region characteristic for lignin.

C0-C  -CH
OHM-H  -CHa C=CNH. C=C | |
v

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm™’

c-0-C -CH
OHM-H <G Cal N, G l l
300 s

T T

T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm

Figure 3. FTIR spectra of S (a) and ES (b) and their hydrochars.

The stretching vibration peak at 1737 and 1654 cm assigned to C=O and C=C from hemicellulose
is visible only in S spectra [24]. Following extraction, there is a marked reduction in peak intensity,
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which strongly suggests the partial degradation of hemicellulose as a result of the extraction process.
As the temperature increases during the HTC process, this peak shifts and clusters in the spectral
range around 1700 cm indicating formation of carboxyl, carbonyl or ester groups at both materials
[18].

The peak in the spectral range at 1526 cm™ assigned to C=C vibration was slightly enhanced
during the HTC process, implying a higher degree of aromaticity in obtained hydrochars [29].

Furthermore, the peaks in the range of 1220 - 945 cm™ are attributed to C-O-C aliphatic ethers.
Following HTC treatment, the intensity of the peaks decreases, likely due to the high-temperature
process that promotes hydrolysis and dehydration of carbohydrates, leading to the breakdown of
compounds [18,22]. This reduction is particularly evident at 260°C for both S and ES samples,
indicating that dehydration and subsequent degradation of carbohydrates facilitate the formation of
more aromatic, energy-dense structures. The resulting transformation into aromatic compounds and
carbon-rich structures enhances the material's thermal stability, contributing to an overall increase in
energy density.

Finally, the differences in the peaks in the spectral range between 700-500 cm-, which
correspond to C-H stretching vibrations on the aromatic nucleus [30], indicate changes in aromatic
structure caused by the HTC process.

3.4. Apparent Changes Analysis

A noticeable difference in color between samples S and ES is observed, which can be attributed
to the extraction process (Figure 4). As the HTC temperature increases, both samples exhibit a gradual
color transition from brown to black. Interestingly, at a constant hydrothermal temperature of 240 °C,
only minor changes in the color of the hydrochar are observed, regardless of further processing
(Figure 5). This behavior is observed consistently in both materials. It is mainly attributed to the
Maillard reaction taking place during the HTC process, which results in the formation of low-
molecular-weight melanoidins, ultimately giving the hydrochar its characteristic black color [33]. The
Maillard reaction was previously confirmed by the FTIR analysis in this study, where changes in
functional groups correspond well with this reaction mechanism. Additionally, the structural
morphology of both samples becomes increasingly uniform as the treatment temperature rises,
indicating enhanced homogeneity at higher thermal conditions.

S 240 S 260

B

ES ES 180 ES 200 ES 220 ES 240 ES 260

Figure 4. Apparent changes of S and ES during HTC.
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Figure 5. TG /DTG curves for S (a,b) and ES (c,d) and their hydrochars, respectively.

3.5. Combustion Analysis

The TG and DTG curves of S, ES, and their corresponding hydrochars (Figure 5) reveal distinct
thermal behaviours that are in line with lignocellulosic degradation pathways and the chemical
evolution induced by HTC treatment. Three main decomposition regions can be identified, consistent
with literature data on lignocellulosic materials [7,34,35].

In the first region (up to ~150 °C), weight loss is associated with moisture evaporation and the
release of light volatile compounds. This is typical for both S and ES and hydrochars and aligns with
findings from multiple studies where a small DTG peak or endothermic signal is attributed to
physically bound water and low molecular weight volatiles [36].

In the second thermal region (~240-340 °C), the S exhibits a broad DTG peak around 300 °C,
suggesting the decomposition of diverse biomass constituents—mainly hemicellulose and partially
cellulose. With HTC treatment at 180 °C, the peak increases in intensity but remains broad, reflecting
the initial thermal degradation of hemicellulose. As the HTC temperature increases to 220 and 260 °C,
the same peak becomes weaker and narrower, indicating the progressive removal of hemicellulose
and early-stage carbonization and cross-linking. This confirms that hemicellulose is the first to
degrade, particularly during HTC at ~180 °C, and that its degradation contributes to changes in the
DTG peak intensity and shape [37]. In the ES sample, this DTG peak is narrower and slightly shifted
to lower temperatures, indicating earlier decomposition onset and a more uniform decomposition
profile. This behavior results from the absence of low-temperature extractive compounds and a
cleaner carbohydrate matrix, as observed in similar systems in the literature [17,37]. Thus, extractive
removal modifies thermal decomposition behavior, leading to sharper and more defined DTG peaks
at slightly lower temperatures. Hydrochars derived from S and ES show similar thermal patterns in
this second region. Initially, the DTG peak becomes sharper and more intense, suggesting the
formation of more reactive and homogeneous carbon structures. At higher HTC temperatures, the
same peak diminishes, which is attributed to further crosslinking and the formation of stable aromatic
networks. This behavior illustrates that HTC leads to gradual thermal stabilization and carbon
densification, as observed in other hydrochar systems [23,38,39].
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In the third region (>400 °C), S and ES samples show broader and later DTG peaks due to lignin
and partially decomposed cellulose, which are more thermally stable. In hydrochars, this peak shifts
to lower temperatures or decreases in intensity, indicating that lignin is partially depolymerized
during HTC, and more aromatic, carbon-rich structures are formed that combust more uniformly
and at lower [36,37,40]. These changes reflect the progressive transformation of biomass into more
stable, carbonized structures.

Moreover, the narrower and more unified DTG profiles of hydrochars indicate reduced moisture
retention and enhanced hydrophobicity, confirming literature data that HTC improves biomass's
physicochemical stability and thermal behavior [36]. These changes correspond to a more
homogenous, hydrophobic, and combustion-stable product.

The detailed combustion characteristic parameters derived from TG and DTG profiles are
summarized in Table 3. The raw samples, S and ES, exhibited relatively low ignition temperatures
(Ti =203 °C and 192 °C, respectively), which were significantly lower than those observed for their
corresponding hydrochars. An increase in the hydrothermal carbonization (HTC) temperature led to
a noticeable rise in Ti of the produced hydrochars. Specifically, Ti increased from 218 °C (S 180) to
244 °C (5 260), and from 206 °C (ES 180) to 231 °C (ES 260). This increase in ignition temperature is
attributed to the transformation and reduction of volatile matter content in the raw materials and in
hydrochars produced at lower HTC temperatures [41,42]. The lower ignition temperature (Ti)
observed for ES compared to S can be attributed to changes in the surface characteristics of the
extracted material.

Table 3. Combustion characteristic parameters of S and ES and their hydrochars.

Ea DTG
aT; (°C) T (°C) T (°C) (kJ/mol) max' (% /

min)
S 203 290 490 48.42 1.85
S 180 218 315 490 51.11 2.00
5200 225 315 510 51.11 1.95
5220 231 315 530 51.11 1.90
5240 238 315 540 51.11 1.85
5260 244 310 550 50.62 1.80
ES 192 280 500 49.90 1.34
ES 180 206 315 515 50.42 1.46
ES 200 212 313 515 50.87 1.52
ES 220 218 313 530 51.40 1.58
ES 240 224 312 540 52.16 1.63
ES 260 231 310 570 52.88 1.70

T} - ignition temperature
"T'm - temperature of maximum burning rate
Tv - burnout temperature

¢DTGmax - maximum weight loss rate

The temperature corresponding to the maximum combustion rate (Tm) showed a notable rise
with increasing HTC temperature, ranging from approximately 290 °C to 310 °C in S samples and
from 280 °C to 310 °C in ES samples. This trend suggests a longer and more controlled combustion
process for hydrochars treated at elevated temperatures. Burnout temperature (Tb) similarly
increased with HTC temperature, with ES samples reaching up to 570 °C, surpassing the maximum
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Tb values of raw sorghum (around 490 °C). This progression indicates enhanced thermal resistance
and completeness of combustion for hydrochars derived from higher HTC conditions and after
solvent extraction.

For a deep understand the combustion performance of the S and ES and hydrochars, activation
energy (Ea) was calculated using the Kissnger method [43]:

In (ﬁ/szax) =- Ea/ RxTmax + constant (5)

where, 3 is heating rate [K/min], Tmax is peak temperature [K] corresponding to the maximum mass
loss rate, Ea is activation energy [J/mol], R is universal gas constant 8.314 J/mol.

Activation energy (Ea) exhibited a slight increase as HTC temperature rose, with ES samples
generally demonstrating higher Ea values than S samples, implying a greater energy requirement for
combustion. Meanwhile, the maximum weight loss rate (DTGmax) decreased with increasing HTC
temperature, consistent with a more gradual combustion profile.

In summary, organic solvent extraction coupled with elevated HTC temperatures significantly
improves the thermal stability and combustion characteristics of sorghum-derived hydrochars. The
observed reduction in ignition temperature combined with higher burnout temperatures and
activation energies suggests the formation of more thermally robust materials with potential for
efficient energy recovery in combustion applications.

4. Conclusions

This study comprehensively evaluated the effects of organic solvent extraction and
hydrothermal carbonization (HTC) temperature on the physicochemical properties, combustion
behavior, and energy characteristics of Jonhsongrassbiomass. The results demonstrate that solvent
extraction significantly modifies the biomass matrix by removing extractives and enriching carbon
content, which in turn enhances the fuel properties of the produced hydrochars. Increasing HTC
temperature led to progressive carbon densification, reduction of volatile matter, and improvement
in combustion stability, as evidenced by increased ignition and burnout temperatures, elevated
activation energies, and more uniform thermal degradation profiles. The reduction in nitrogen
contents with increasing HTC severity further underscores the environmental benefits of the process
by potentially lowering NOx emissions during combustion.

Overall, the integration of organic solvent extraction with optimized HTC processing offers a
promising approach to producing high-quality, energy-dense, and environmentally friendly solid
biofuels from lignocellulosic biomass. These findings provide valuable insights into the design of
sustainable bioenergy systems, advancing the efficient conversion of agricultural residues into
cleaner and more efficient renewable fuels.
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