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The sugarcane industry generates significant amounts of waste, such as bagasse (SCB) and sugarcane straw (SCS),
which can be reused as raw materials to produce a wide range of renewable chemicals. This study, employing an
approach that integrates kinetic studies and comprehensive product characterization, assessed the potential of
pyrolysis to convert SCB and SCS into high-value-added inputs. Kinetic analysis revealed average activation
energies (Ea) of ~139 kJ mol ™! and ~166 kJ mol ™! for SCB and SCS pyrolysis, respectively. Thermodynamic
analysis, with AH values close to those of Ea, indicates low potential energy barriers and high viability of py-
rolysis to recover bioenergy from the studied biomasses, as shown by AG values > 170 kJ mol . SCB and SCS
pyrolysis mainly produced pyrolytic liquids (58-63 wt%), with monomers, dimers, and trimers derived from
lignin and holocellulose as main constituents. GC/MS analysis of the bio-oil revealed the predominance of
phenolic compounds and sugar derivatives. These findings indicate that SCB and SCS generate pyrolytic liquids
with similar compositions, suggesting potential as renewable industrial chemicals. This study highlights the
possibility of expanding the sugarcane industry’s product portfolio through sustainable management of these

wastes.

1. Introduction

Biomass utilization as a source of energy and renewable chemicals
has emerged as the most promising way to minimize dependence on
petroleum and the impacts associated with its exploitation and con-
sumption [1]. From an economic and industrial perspective, widely
available and easily accessible biomass sources, such as agricultural
processing industries waste, are the most advantageous raw materials
for obtaining bio-products on a large scale, which may serve as indus-
trial inputs [2,3]. In this way, the integration of biomass conversion
processes into agro-industrial production sectors is a promising option
for waste valorization, transforming traditional processing plants into an
integrated system that is based on the concept of circular bioeconomy
and aims to convert waste into renewable energy and value-added
products — Biorefinery [4,5].

The sugarcane industry has a high potential to operate within the
concept of a biorefinery, primarily due to the large volume of lignocel-
lulosic waste generated during the production process, which can be
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used as raw material for a wide range of products [6]. The sugarcane
industry is among the main sources of residual biomass in Brazil, which
led the world’s sugarcane production in 2023 with around 653 million
tons produced [7]. It is estimated that during the sugarcane processing,
to produce sugar and first-generation ethanol, about 27 % of bagasse
(SCB) and 14 % of straw (SCS) are generated, which concentrates
approximately 2/3 of all sugarcane energy content [8,9]. Furthermore,
as they are lignocellulosic raw materials with a high content of cellulose
and hemicellulose, SCB and SCS have a high potential to be converted
into value-added products with a wide range of applications in energy
transport and industrial sectors [10]. However, currently, the energy
and chemical potential of these biomasses are underexploited by the
sugarcane industry, thus, to explore the full potential of these residues
for the production of biofuels and/or chemical inputs, it is necessary to
investigate the applicability of efficient technologies for the conversion
of residual biomass [11,12].

The conversion of biomass through pyrolysis is considered one of the
most promising methods to produce value-added products [13].
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Pyrolysis consists of a thermal cracking process in an inert atmosphere,
where organic matter is degraded by heat, producing gaseous products;
solids (biochar); and a liquid product consisting of both an aqueous and
an organic phase, called bio-oil [14]. Among them, biochar and bio-oil
stand out as the most noteworthy bio-products, owing to their vast
range of applications. Biochar is a product rich in recalcitrant carbon
possessing a functionalized structure with a high polymerization degree,
presenting promising properties to be used in high-performance energy
storage devices development, for improving the quality of agricultural
soils, among other applications [15]. Bio-oil, on the other hand, consists
of a complex mixture formed mainly by oxygenated compounds, such as
phenolic species, derived from the thermal cracking of lignin; sugar
derivatives, originating from the polysaccharide matrix cleavage (cel-
lulose and hemicellulose) and compounds from secondary cracking re-
actions, such as short-chain carboxylic acids, alcohols, furans,
aldehydes, and ketones [16]. As it is a matrix rich in compounds of high
industrial interest, bio-oil can be applied in different sectors of the
economy through upgrading and refining, transforming into fuel or in-
puts for the chemical industry, reducing the demand for petrochemicals
[17,18].

Understanding the composition of bio-oil is an important step for a
more precise analysis of the potential applicability of this product [19].
Most studies focus on the use of gas chromatography (GC) techniques for
the characterization of pyrolytic oils However, this analysis is limited to
the speciation of the bio-oil volatile fraction, which may represent at
most 50 % of the total composition of raw bio-oil derived from a
lignocellulosic matrix [20]. Therefore, Ultra-High Resolution Mass
Spectrometry (UHRMS) emerges as a powerful tool to complement the
chemical speciation of polar, non-volatile, and high molecular weight
structures, enabling comprehensive molecular characterization of py-
rolytic oils [21,22].

Among the ionization techniques used for the UHRMS analysis of
complex mixtures, electrospray ionization (ESI) and atmospheric pres-
sure chemical ionization (APCI) have gained considerable attention for
the analysis of pyrolytic oils derived from lignocellulosic matrices
[23,24]. Depending on the ionization source and the mode of analysis
used (positive or negative), different compounds tend to be preferen-
tially ionized. Analysis of bio-oils using ESI in positive mode (ESI (+))
allows for greater ionization efficiency for basic nature compounds and
sugar derivatives, through the formation of ions such as [M+H]' and
[M+Na]™, respectively [25]. Therefore, it is a powerful technique for
the speciation of biomass polysaccharide matrix derivatives. When used
in negative ionization mode, ESI allows for greater ionization efficiency
of acidic compounds, mainly species containing carboxylic groups
(COOH), which can suppress other species. To minimize the ion sup-
pression effect, analysis using the APCI source in negative mode (APCI
(9)) has been highly efficient for further speciation of acidic, aromatic,
and low to medium polarity compounds, thus being effective for an
efficient ionization of lignin derivatives [23,26,27].

In addition to the advanced characterization of the pyrolysis liquid
product, it is necessary to understand the intrinsic nature of the con-
version technology employed focusing on the production process opti-
mization [28]. The determination of the kinetic and thermodynamic
parameters involved in the pyrolytic process is an important step for the
optimization and scalability of the thermal cracking technology, as well
as assisting in the proposition of industrial systems for biomass con-
version [29]. The kinetic study of pyrolysis is typically conducted
through thermogravimetric analysis (TGA), where mathematical models
allow for an estimation of the apparent activation energy (Ea) and other
parameters involved in the reaction process [30]. Among the applicable
models for estimating the activation energy of the pyrolysis process, the
Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose (KAS), and Starink
(STK) models have been widely used for the kinetic analysis of residual
biomass pyrolysis [31-33].

Considering the literature on the pyrolysis of sugarcane industry
residues for bioenergy production, several studies have addressed a

comparative analysis of the characteristics of products obtained during
bagasse and straw pyrolysis or the kinetic parameters involved in the
conversion process. Rodriguez-Machin et al. (2023) [34] conducted
chemical characterization of bio-oils derived from SCB and SCS and
observed that the volatile fraction of the liquid product showed a high
content of carbohydrate derivatives and phenolic species. This finding
corroborates the study by Barros et al. (2018) [35], which found that
both SCB and SCS produce bio-oils with similar chemical composition,
mainly consisting of phenolic compounds. Song et al. (2019) [36], in
their study of the kinetics involved in the thermal degradation of sug-
arcane residues, observed that the pyrolysis of residual biomass
occurred through the combined effects of multiple reaction mechanisms.
Rueda-Ordénez and Tannous (2015) [37], while studying the kinetics
involved in the thermal decomposition of SCS, showed that the straw
degrades through bidimensional diffusion mechanisms with activation
energies ranging between 154 and 177 kJ mol !. Meanwhile, de Palma
et al. (2019) [38] reported that the activation energy for the pyrolysis of
SCB and SCS ranged between 175 kJ mol ! and 200 kJ mol !,
respectively.

However, despite the significant effort dedicated to the use of sug-
arcane bagasse and straw as raw materials to produce bio-derived in-
puts, the literature still lacks studies that correlate the kinetics of the
pyrolysis process of these residues with the molecular characteristics of
the pyrolytic products. Additionally, it is important to consider that the
characteristics of sugarcane bagasse and straw can vary depending on
the species of sugarcane processed and the growing conditions. This
variation can result in slightly different products and processes
depending on the mill producing and supplying the residues. Therefore,
this study aims to obtain data to evaluate the potential of using the
thermal conversion process of sugarcane industry residues. This will
help implement the pyrolysis process in the sugarcane processing in-
dustry through a comprehensive analysis of the kinetics and molecular
characteristics of the products from bagasse and straw pyrolysis. This
will enable the sugarcane sector to diversify the portfolio of products.

2. Materials and methods
2.1. Physicochemical characterization of biomass

The sugarcane bagasse (SCB) and straw (SCS) used in this study were
provided by a sugarcane mill located in the municipality of Iracemap-
olis, Sao Paulo, Brazil. Before being employed in the pyrolysis process,
the raw materials were air-dried to reduce the residual moisture content
of the samples to values close to 10 %. After drying, both SCB and SCS
were subjected to milling to produce particles with sizes < 2 mm. Sub-
sequently, both biomasses were characterized to obtain data regarding
physicochemical properties. Proximate analysis was performed accord-
ing to ASTM D1762-84 standard methodology. Elemental analyses
(CHN) of the received residues were conducted using a LECO CHN628
elemental analyzer, while the oxygen content was determined by dif-
ference on ash-free dry basis. The content determination of the biomass
constituents (extractives, hemicellulose, cellulose, and lignin) was car-
ried out through the deconvolution process of the derivatives curves of
both biomasses’ thermogravimetric analyses.

2.2. Thermogravimetric analysis

The thermogravimetric behaviors of SCB and SCS were determined
using a Shimadzu TGA-50 thermogravimetric analyzer with a sensitivity
of 0.001 mg. It was operated using a 75 pL platinum crucible in a ni-
trogen atmosphere at a flow rate of 50 mL min . Initially, the SCB and
SCS samples were subjected to ball milling for particle size homogeni-
zation (<150 pm), and then the biomasses were analyzed using
approximately 10 mg of raw material. Before starting the temperature
program, the equipment was purged with N» until mass stabilization.
Both biomasses were heated from room temperature to 1000 °C using



four different heating rates (10, 15, 20, and 25 °C min 1 to elucidate the
different pyrolysis behaviors of the samples and enable the kinetic study.
The lignocellulosic sample compositions were determined from the SCB
and SCS derivative thermogravimetric curves (DTG), obtained at the
different heating rates, through a progressive deconvolution procedure
based on the parallel reactions model described by Kim et al. (2022)
[39]. The statistical measure (R%) was 0.99 for all four deconvolutions,
indicating a good fit of the model with the experimental data.

2.3. Kinetic and thermodynamic study

The kinetic modeling of the degradation of SCB and SCS was carried
out based on the results of the TGA analysis using the temperature range
where the main mass loss zone of the biomass occurs. The mass loss data
were converted into conversion units (o), defined by o=
(m;j m)/(m; m¢) where, mj, m¢ e m¢ correspond to the initial sample
mass, the mass at time t, and the final mass, respectively. The expression
of the conversion rate (da/dt) was determined using the generalized
form of the kinetic equation combined with the Arrhenius equation, as
presented in Eq. (1).
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Where A corresponds to the pre-exponential factor, Ea to the acti-
vation energy, R to the universal gas constant, T to the temperature (K)
and f(a) indicates the kinetic mechanism function dependent on the a.
Considering a constant heating ramp (fdT/dt), the term da/dt can be
expressed as pda/dT. Thus, the conversion rate equation can be rear-
ranged as follows:
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The left side of Eq. (3) corresponds to the integral form of the reac-
tion models, while the temperature integral (right side of Eq. (3)) does
not have an exact analytical solution. Therefore, to describe pyrolysis
kinetics, it is necessary to use approximate models [40]. In this study,
the FWO, KAS, and STK isoconversional models were used to determine
the activation energy (Ea) of the SCB and SCS thermal conversion pro-
cess. Based on these models, Ea is calculated for each degree of con-
version using the slope coefficient of a linear regression between a
dependent variable X and an independent variable Y, derived from the
linearization of the approximate solution of Eq. (3). The linearization
equations and variables for each model applied are available at
Table S1.

After determining the Ea values, the pre-exponential factor (A) and
the thermodynamic parameters (AG, AH, and AS) for transitional state
were estimated using the equations below, as described by Zhang et al.
(2023) [41].
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Where T, corresponds to the temperature (K) where the maximum
degradation rate of the sample occurs, ky, is Boltzmann’s constant (1,381

x 10 2 JK 1) and h is the Plank constant (6,626 x 10 435 1.

2.4. Micro-scale pyrolysis experiments

The pyrolysis experiments of SCB and SCS were conducted using a
micro-scale tubular reactor operating in tandem mode. The system
consists of a borosilicate glass tube (500 mm x 4 mm) housed within two
sequentially arranged electrically heated furnaces using Nickel-
Chromium resistances, where each furnace has independent tempera-
ture control. The first furnace, responsible for the thermal cracking of
the feedstock, operated at 500 °C. The second furnace operated at
350 °C, aiming to fractionate the liquid product of pyrolysis into two
fractions, low and high molecular mass, LMM and HMM, respectively.
An illustration of the microreactor is provided in the Supplementary
Material (Figure S1).

Approximately 100 mg of biomass was introduced into the tube,
supported with glass wool. The tube containing the feedstock was
inserted into the heating system so that the biomass bed was arranged
inside furnace 1. Before the heating started, the tube was purged for 2
min with nitrogen gas (N3) at a flow rate of 5 mL min 1 for the complete
removal of oxygen, which was maintained throughout the process. The
procedure for operating the pyrolysis reactor, recovery, and determi-
nation of the yields of pyrolytic products was described in our previous
work [42].

2.5. Characterization of pyrolysis products

2.5.1. Biochar characterization

The carbon (C), hydrogen (H), and nitrogen (N) content in the pro-
duced biochars were determined by CHN analysis using a LECO CHN628
analyzer (St. Joseph, MI, USA). The equipment was operated with he-
lium (99.995 %) and oxygen (99.99 %), with a furnace temperature of
950 °C and post-combustion temperature of 850 °C. The system was
calibrated with EDTA standard (41.0 % C, 5.5 % H, and 9.5 % N) using a
mass range between 10 and 200 mg. The oxygen (O) content in the
biochars was determined by difference, also considering the ash content
present in the biocarbon samples, which was estimated based on the ash
content present in the biomass (Ashgeedstock) and the biochar yield ob-
tained (Ygc), as shown in Eq. (8).
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2.5.2. Characterization of the low molecular mass fraction of the liquid
products by GC/MS

Due to the nature of LMM (non-condensable at 350 °C), constituted
by a significant concentration of low molecular weight compounds and
higher potential for volatilization, gas chromatography-mass spec-
trometry (GC/MS) analysis was exclusively applied to this fraction of the
liquid product. The LMMs from SCB and SCS pyrolysis were subjected to
the silylation reaction, employing N, O-bis(trimethylsilyDtri-
fluoroacetamide (BSTFA) as a derivatizing agent, to enhance the com-
pounds volatilization, analysis sensitivity, and improve the detection of
functionalized compounds. The final sample solutions were analyzed on
a Thermo-Fisher Scientific GC/MS system model TRACE 1310/TSQ
9000 (Thermo-Fisher Scientific, Austin, TX, USA) equipped with a NA-
5MS column (60 m x 0.25 mm; 0.25 pm). The derivatization proced-
ure and operational conditions of the chromatographic system are
detailed in Silva et al. (2022) [43]. Compounds identification was car-
ried out by comparing the experimentally obtained mass spectra with
spectra available in the NIST spectral library (version 2.73; 2017). For
isomers with similar spectra, confirmation of identification was per-
formed through a comparison of experimental retention indices, calcu-
lated using a standard of n-alkanes, with retention indices available in
the literature.



2.5.3. Characterization of the liquid products by Ultra-High resolution mass
spectrometry

The liquid fractions (LMM and HMM) from SCB and SCS pyrolysis
were characterized by UHRMS using a Thermo-Fisher Scientific Exactive
Plus Orbitrap system (Thermo-Fisher Scientific, Austin, TX, USA). LMM
and HMM samples were diluted in tetrahydrofuran (HPLC grade) to
obtain the final sample with a concentration of 300 ug ml . Then, the
analysis solutions were characterized by H-ESI(+) and APCI(-)-
FT-Orbitrap MS. For the analysis by H-ESI(+), the following instru-
mental conditions were used: Sheat gas flow at 25 arbitrary units (a.u.),
auxiliary gas temperature at 110 °C, S-Lens RF level at 65 %, capillary
temperature at 320 °C, and spray voltage at + 3.8 kV. For analyses by
APCI(-), the conditions were as follows: Sheat gas flow at 40 a.u.,
auxiliary gas flow at 10 a.u., vaporization temperature at 300 °C, S-Lens
RF level at 70 %, capillary temperature at 320 °C, and spray current at 4
pA. Spectra were acquired in scan mode in the range of m/z 100 to 800,
with 100 micro scans and a Full Width Half Maximum resolution
(FWHM) of 140,000 (m/z 200). The final mass spectrum was obtained
by subtracting the blank spectrum from the sample mass spectrum and
processed using an advanced data processing approach.

The Xcalibur Qual Browser software was used to assign molecular
formulas to the ions. At this stage, up to 10 possible molecular formulas
were accepted for each m/z with an error lower than 3 ppm. Criteria for
elemental composition assignment were: 12C5_75, 13C0_1, 1H5_150, 1600_15,
14N0,5, 23Na0_ (Only for H-ESI (+)), +1 charge for analysis using H-ESI
(+), and -1 for APCI(-). The ions list witﬁ the molecular formulas
assigned was transferred to Microsoft Excel and processed with an al-
gorithm based on Visual Basic for Applications (VBA) programming
language, which was employed to select the most probable molecular
formula. To do so, the isotopic pattern of 13C and Kendrick mass defects
(tolerance + 0.001) were evaluated to confirm the accuracy of
elemental composition assignments.

3. Results and discussions

3.1. Biomass proximate and elemental analyses

The knowledge about the characteristics of the raw material to be
processed plays an important role in the analysis of the thermal con-
version potential of residual biomass into chemical feedstocks or bio-
energy [44]. The results obtained from the characterization of sugarcane
bagasse and straw through proximate and ultimate analysis are pre-
sented in Table 1.

The residual moisture content present in SCB and SCS was 8.75 %
and 10.74 %, respectively. For thermal conversion processes, it is ideal
for the moisture content in the feedstock to be lower or close to 10 %.
The analyzed biomasses exhibited moisture levels that comply with this

Table 1
Proximal and elemental properties of SCB and SCS biomass.

Parameter SCB scs scB? scsd

Proximate Analysis (wt. %)

Moisture 8.75 £ 0.24 10.74 £ 0.54  6.61 & 2.37 7.16 + 3.37
VM (dry basis) 87.05 + 0.46 75.34 + 0.84 82.16 +5.72 81.35 + 5.54
Ash (dry basis) 3.33 +0.20 8.68 + 0.14 5.13 + 5.02 8.41 +2.48
FC? (dry basis) 9.62 + 0.66 1598 £0.75 12.72+2.97 10.25+5.44
Elemental Analysis (wt. %)

C 43.26 42.24 44.82+3.34 4231 +1.66
H 6.95 6.65 5.93 + 0.52 5.68 + 0.24
N 0.41 0.47 0.43 + 0.35 0.44 +0.17
o 46.05 41.96 44.42 £+ 3.81 43.68 + 3.39
H/C molar ratio  1.93 1.89 1.60 £+ 0.21 1.61 + 0.10
0O/C molar ratio  0.80 0.75 0.75 + 0.12 0.78 + 0.07
HHV (MJ kg 1)C 17.44 17.14 17.35+1.45 17.24 £ 0.88

@ Determined by the difference; b Determined by difference on ash-free basis; ¢
Estimated based on the equation proposed by Noushabadi et al. (2021) [45];
9 Average values reported by Najafi et al. (2023) [10].

standard, indicating their suitability for use in the pyrolytic process
[46]. Regarding volatile matter (VM) content, it was observed that both
SCB and SCS exhibited high values (above 75 %). According to Silva
etal. (2019) [47], the high percentage of VM implies a high potential for
converting the raw material into renewable feedstocks via pyrolysis. VM
and fixed carbon (FC) metrics also provide clues about the lignocellu-
losic composition of the material. In general, a higher FC content in-
dicates a higher lignin content in the material, while a higher VM
content suggests a higher cellulose and hemicellulose content [48,49].
The higher fixed carbon content in the straw (15.98 %) suggests that,
compared to the bagasse (9.62 %), the SCS sample has a higher lignin
content, while the SCB, due to its higher volatile content, has a higher
percentage of polysaccharides. About the ash content, it was observed
that, compared to the SCB sample, SCS has a higher content of inorganic
materials. This result is consistent with the fact that straw is a residual
biomass that is in greater contact with agricultural soil. This observation
is aligned with information reported in the literature [38,50].

From the elemental analysis of the biomass under study, it was
observed that the carbon (C), hydrogen (H), nitrogen (N), and oxygen
(O) contents found are similar to the values reported in the study by
Najafi et al. (2023) [10]. Both samples, bagasse, and straw, were mainly
composed of carbon and oxygen. The C and O contents in the SCB
sample were approximately 43 % and 46 %, respectively, while in the
SCS sample, the percentages for both elements were around ~ 42 %. The
high amount of oxygen in the biomass is attributed to the presence of
cellulose, hemicellulose, and lignin, which are the main components of
lignocellulosic biomass [20]. Additionally, the lower oxygen concen-
tration in the SCS, compared to the SCB, may occur due to a higher lignin
content in this residual biomass [51]. This is consistent with assump-
tions made about the difference in the fixed carbon levels of the biomass
under study.

The molar ratio of H/C can be used as an indicator of the degree of
aromaticity of the biomass [52]. H/C values greater than 1.5 suggest
that the matrix studied is composed of structures with naphthenic and/
or aliphatic carbon chains. On the other hand, values below 1.0 indicate
the predominance of aromatic carbon chains. For sugarcane industry
residues, the molar ratios of H/C varied between 1.89 and 1.93, indi-
cating that both bagasse and straw have a predominantly aliphatic na-
ture. As for the O/C ratio, used as an indicator of the presence of
oxygenated functional groups, it may be directly related to the ligno-
cellulosic composition of the raw material. Straw presented a slightly
lower O/C ratio than bagasse, with 0.75 for SCS and 0.80 for SCB. This
suggests a higher concentration of lignin in this material, as lignocel-
lulosic matrices with lower O/C ratios tend to have higher lignin content
and lower holocellulose content [43]. The higher heating value (HHV)
for both biomass samples under study was approximately 17 MJ kg 1.
This result is in agreement with the data available in the literature for
this type of biomass and reveals that both SCB and SCS have high po-
tential for bioenergy production [10].

3.2. Assessment of thermal degradation behavior

The results obtained from thermogravimetric analyses of sugarcane
bagasse and straw samples using heating ramps of 10, 15, 20, and 25 °C
min lis represented by the mass loss curves (TGA) and derivative mass
loss (DTG) curves available in Fig. 1.

The TGA curves of the sugarcane residues exhibited a uniform
thermal degradation pattern under the four different analysis condi-
tions. This suggests that the heating rate did not have a significant
impact on the degradation pattern but rather the reaction rates. This can
be observed by the increase in DTG as the heating rate was increased.
The thermogravimetric behavior of both biomass samples can be clas-
sified into 3 stages, namely: initial devolatilization (T<150 °C), active
pyrolysis (150 °C<T<700 °C), and char formation (T>700 °C). During
the initial devolatilization phase, a mass loss of ~ 9 % was observed for
the SCB and about 11 % for the SCS. This first phase of the degradation
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Fig. 1. TGA and DTG curves of the biomasses studied at heating rates of 10, 15, 20, and 25 °C min~%: A) SCB and B) SCS.

process is associated with the release of residual moisture from the raw
material and the volatilization of low molecular weight compounds
[32]. The most significant mass losses were observed during the active
pyrolysis phase, between 150 and 700 °C. According to Alves et al.
(2023) [53], the active pyrolysis phase is characterized by the temper-
ature range in which devolatilization and degradation of extractive
components, hemicellulose, and cellulose occur, as well as partial
decomposition of lignin, resulting in the release of volatiles. In this
temperature range, a mass loss of approximately 75 % for SCB and 62 %
for SCS was observed. The degradation percentages of the samples in
this stage are consistent with the volatile material content presented in
Table 1. The residue content in the analysis of SCB was ~12 %, while in
the SCS analysis was 22 %. The higher amount of residue for sugarcane
straw, compared to bagasse, corroborates the higher ash and fixed car-
bon content present in the SCS sample. Furthermore, this result is in line
with the hypothesis regarding the higher lignin content in the straw, as it
is the most stable polymer in biomass, its decomposition occurs slowly
over a wide temperature range (160-900 °C), contributing significantly
to the char formation stage and the final residue percentage in the TGA
analysis [54].

Evaluating the active pyrolysis stage on DTG curves, distinct profiles
were observed between the assessed biomass samples. Higher rates of
thermal degradation were observed in the SCB sample compared to SCS,
which may be related to a higher cellulose content in this material [55].
In sugarcane bagasse, the mass losses observed in this region occur
through overlapping multiple thermal degradation events, where at
least three events can be identified from the peaks/shoulders on the DTG
curve in Fig. 1-A. The first mass loss event, occurring at ~ 230 °C, was
attributed to the decomposition process of extractive components, such
as soluble sugars [56]. The second peak, observed at ~ 300 °C, can be
associated with the degradation process of hemicellulose [57], while the
third event, showing the highest decomposition rate, occurred at around
350 °C and was attributed to cellulose decomposition [39]. Due to the
slow degradation of lignin occurring at temperatures in the range of 160
to 900 °C, visualization of the corresponding decomposition event was
difficult. In the SCS sample DTG curve (Fig. 1-B), it was not possible to
distinguish the different mass loss events due to the total overlap of
degradation peaks of lignocellulosic polymers, resulting in a single
broadened degradation peak, with the maximum degradation rate
occurring at ~ 330 °C. This result may indicate significant differences
between the hemicellulose, cellulose, and lignin contents present in

bagasse and straw. To verify this hypothesis, the lignocellulosic
composition of the biomass under study was estimated through the
deconvolution process of the DTG curves obtained at the different
heating rates used.

For compositional analysis, only the active pyrolysis zone was
considered, as no significant mass losses were observed after the tem-
perature of 700 °C. For this analysis, the mass loss data of both biomass
occurring in this temperature range were normalized to conversion units
(o), and conversion rates (da/dt) were calculated. The experimental
curves obtained from TGA analysis of the studied biomass were simu-
lated considering the individual contribution of 4 constituents, namely:
extractives, hemicellulose, cellulose, and lignin. The parameters ob-
tained in the data modeling stage are available in Table S2 of the sup-
plementary materials. The method developed by Kim et al. (2022) [39]
satisfactorily reproduced the thermal degradation process of sugarcane
bagasse and straw biomasses, showing fitting errors lower than 2.75 %
for the do/dt curves and 1.75 % for the conversion curves.

Analyzing the individual contributions of the biomass components to
the conversion curve profiles obtained from the analysis at 10, 15, 20,
and 25 °C min !, available in Figure S2, it was possible to access the
degradation profile of each constituent of the studied biomass sepa-
rately. The extractives degradation occurred in the temperature range
between 150 and 275 °C. Hemicellulose was degraded in a temperature
range ranging from 200 to 375 °C, with the maximum degradation rate
observed at 295 °C for bagasse conversion and 285 °C for straw. Cel-
lulose degradation occurred between 250 and 400 °C, with maximum
conversion rates occurring at 350 °C for the SCB sample and 330 °C for
SCS. As for lignin, its degradation was gradual across the temperature
range between 150 and 700 °C, reaching the maximum rate at around
400 °C. The temperature ranges at which biomass constituents degrade
are consistent with literature data [58-60].

The results of the lignocellulosic composition estimation for sugar-
cane bagasse and straw are presented in Table 2 as the average values
obtained at the different heating rates. These estimated values agree
with the values presented in the study by Najafi et al. (2023) [10].

The SCB has a higher content of holocellulose (cellulose + hemi-
cellulose) when compared to SCS, as observed in Table 2, this result may
explain the higher thermal degradation rate observed in SCB, as evi-
denced in Fig. 1, since a higher amount of polysaccharides in the
biomass can result in a highest thermal degradation rate and greater
release of volatiles [39]. On the other hand, the lignin content was



Table 2
Results of the compositional analysis of bagasse and straw biomass obtained
from the deconvolution of DTG curves.

Component (wt. SCB SCS SCB? scs?

%)

Extractives 3.64 +£0.24  4.06 + 0.31 6.81 +£5.24  7.15 + 4.06

Hemicellulose 32.03 + 27.4 +0.26 27.87 + 28.95 +
1.17 5.48 3.25

Cellulose 47.19 + 43.68 + 40.42 + 36.35 +
0.79 0.46 4.76 3.93

Lignin 17.14 + 24.86 + 20.14 + 24.41 +
0.51 0.16 4.97 4.54

# Average values reported by Najafi et al. (2023) [10].

significantly higher in SCS (24.86 %) compared to SCB (17.14 %). This is
in line with the results discussed in the proximate analysis of the
biomass, where a higher fixed carbon content indicates a greater lignin
content in the material, further corroborating with the highest per-
centage of final residue in the TGA analysis of sugarcane straw.

3.3. Kinetic and thermodynamic analysis

As observed in the TGA/DTG results of sugarcane bagasse and straw
biomasses, the thermal degradation of the constituents of the matrices
analyzed mainly occurs during the active pyrolysis phase between 150
and 700 °C, thus, this temperature range was selected for conducting
kinetic studies. Fig. 2 illustrates the behavior of the conversion degree,
or rate, as a function of temperature according to the analyses at 10, 15,
20, and 25 °C min  of both biomass samples.
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Evaluating the heating rate (f) influence, it was observed that as the
value of p increased, the conversion curve experienced a slight shift
towards higher temperatures. However, the thermal conversion profile,
which is related to the reaction mechanism, remained unchanged, sug-
gesting that the heating rate exerted a low influence on the reaction
mechanisms occurring in the thermal degradation process of both
analyzed biomasses. Nonetheless, it was observed a greater influence on
the conversion rates, which may be attributed to increased heat transfer
within the biomass particle, promoting an increase in the conversion
ratios under higher heating rates [61,62].

For kinetic modeling, the isoconversional models FWO, KAS, and
STK were employed. The conversion range between 0.20 and 0.80 was
considered to determine the apparent activation energy (Ea) of the
thermal degradation process. The results obtained from the kinetic
analysis (linear fitting curves and distribution of Ea values) are shown in
Fig. 3.

It was observed in Fig. 3-A that all kinetic models used fitted well to
the experimental data, showing regressions with high linearity and R?
values above 0.985, indicating suitability for modeling the kinetics of
both sugarcane bagasse and straw pyrolysis. Regarding the Ea values
obtained for each sample (Fig. 3-B), it was observed that there were no
significant differences between the FWO, KAS, and STK methods, indi-
cating high reliability in the modeling using all three methods.

The Ea values of the thermal conversion process of SCB increased
from 125 to 160 kJ mol !, according to the conversion degree increase.
The behavior of activation energy in this process can be sequenced into
three steps, indicating the occurrence of simultaneous and parallel re-
actions. In the first steps of the process (o« = 0.2-0.5), an increasing trend
in Ea was observed with the degree of conversion, from ~ 125 kJ mol !
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Fig. 2. Thermal conversion curves and their derivatives for the decomposition processes of SCB and SCS at different heating rates.
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Fig. 3. Kinetic modeling of the thermal degradation of sugarcane bagasse and straw: (A) linear fit curves for the three models evaluated and (B) comparison between
the activation energies involved in the thermal conversion process of SCB and SCS.

ata = 0.20 to ~ 150 kJ mol ! at a = 0.5. When correlating the behavior
of Ea with the thermal conversion curves of each lignocellulosic con-
stituent of bagasse (Figure S2), it was found that the first steps of the
process was mainly related to the cracking of hemicellulose. The ten-
dency for Ea to increase in the hemicellulose degradation process is due
to the nature of its more branched polysaccharide structure, with fewer
free hydroxyl groups, that during the cleavage process it can induce the
formation of more stable structures through condensation reactions,
thus requiring greater energy to convert them into molecules with a
lower molecular mass [15,60]. When o increased to 0.7, the reactions
occurring in the process were mainly related to the thermal degradation
of cellulose. At this stage, the activation energy of the process decreased
to ~ 140 kJ mol !. During the cracking of the cellulose structure, it is
described that the polymer absorbs energy to reach an intermediate
stage called active cellulose (point of highest activation energy), after
this point, the fission of active cellulose occurs faster (higher degrada-
tion rates), and requiring lower energy rates [60,63,64]. With a values
> 0.7, the breakdown of the lignin structure had a greater influence on
pyrolysis. Ea values increased as the decomposition process progressed,
indicating the formation of thermally stable structures derived from the
random condensation of radicals generated by the cleavage of lignin’s
p-aryl ether bond [65,66].

In the SCS sample, the activation energies involved in the thermal
cracking process concentrated in the range from 140 to 290 kJ mol 1. As
the degree of conversion increased from 0.2 to 0.5, corresponding to the
region mainly associated with the cleavage of the biomass poly-
saccharide matrix structures, there was an increase in the Ea of the
process, from ~ 140 to ~ 155 kJ mol I However, as o increased to 0.8,

an exponential increase in Ea values was observed, reaching the
maximum value of ~ 290 kJ mol . This result may be related to the
higher lignin content in the straw, which tends to promote greater for-
mation of stable carbonaceous structures during the thermal decompo-
sition process [66,67]. Analyzing the distribution of Ea as a function of
the values of o and correlating it with the conversion curves of the
lignocellulosic constituents of the straw (Figure S2), it was observed that
in this sample, due to the higher lignin content, this polymer exerted a
greater influence throughout the conversion range studied, also
affecting the decomposition reactions of the other lignocellulosic com-
ponents, which suggests the occurrence of simultaneous and combined
reactions between the intermediates derived from each constituent of
the biomass. This interaction between intermediates from the poly-
saccharide matrix and lignin derivatives contributed to greater
complexity in the pyrolysis of straw, in line with the increase in Ea as the
thermal conversion process progressed [68]. Additionally, the higher
ash content in the straw may have contributed to the higher Ea values in
SCS pyrolysis, as ashes tend to limit the heat and mass transfer process,
hindering the thermal cracking process [69].

The average values of Ea for the SCB sample were 141.17 kJ mol !,
139.02 kJ mol !, and 138.32 kJ mol ! for the FWO, KAS, and STK
methods, respectively. For the SCS sample, the average values were
167.06 kJ mol !, 165.76 kJ mol !, and 164.85 kJ mol ! for the three
models used, respectively. Considering that the Ea represents the min-
imum amount of energy that must be supplied to the system to overcome
the energy barrier and favor the formation of products in a chemical
reaction [70], the higher average Ea values for the SCS biomass suggest
that, compared to SCB, the straw has a more recalcitrant and stable



structural formation, requiring higher energy rates to promote the
occurrence of molecular rearrangements that induce the formation of
active intermediates and consequently the formation of pyrolytic
products [47,69].

For conducting the thermodynamic analysis of the thermal conver-
sion processes, it was decided to use only the Ea obtained by the Starink
model, since the variations between the Ea obtained by different kinetic
models were not significant, moreover, among the models used it is
considered more accurate by the Kinetics Committee of the International
Confederation for Thermal Analysis and Calorimetry (ICTAC) [71].
Furthermore, the slowest heating rate was chosen to facilitate the
identification of possible changes in data behavior as the degree of
conversion progresses. Thus, the thermodynamic parameters were
calculated using the data from the analysis conducted under the heating
rate of 10 °C min '. The pre-exponential factors and thermodynamic
parameters involved in the thermal conversion of bagasse and sugarcane
straw are available in Table 3.

The pre-exponential factors (A) involved in the studied processes
varied from 10'° to 10! min ! for the SCB thermal degradation and
10*! to 10%* min ! for SCS, at the conversion range from 0.2 to 0.8. The
variation trend of A with increasing conversion resembles the variation
observed in the activation energy, as shown in Fig. 3-B, indicating an
increase in the complexity of reactions as the process advances [66].
This suggests the presence of multiple reactions in pyrolysis, especially
for the SCS sample, which varied over a wider range. The smaller
variation of A in the bagasse conversion process, compared to straw,
suggests a greater uniformity in the SCB cracking reactions, which may
be related to its more abundant composition in cellulose and hemicel-
lulose. Furthermore, all values found exceed the order of 10'° min 1,
indicating a higher frequency of intermolecular collisions, promoting
the occurrence of complex reactions, not limited only to surface mech-
anisms [72].

Upon analyzing the enthalpy variation (AH*), it is noted that during
the pyrolysis of SCB, the values concentrated in the range of 123 to 142
kJ mol !, with an average value of 133.32 kJ mol !. However, in the
thermal cracking process of SCS, AH* values ranging from 133 to 280 kJ
mol ! was observed, with an average value of 159.92 kJ mol *. These
values with positive signals are in line with the endothermic nature of
the pyrolysis process [73]. Additionally, considering that AH* repre-
sents the energy required to decompose biomass into volatile com-
pounds and char, the higher AH* values in SCS pyrolysis, indicate that
the straw decomposition process demands higher energy consumption
for the production of pyrolytic products than in SCB pyrolysis [74]. The
difference between the values of Ea and AH* oscillated from 4.5 to 5.5
kJ mol ! for both biomasses, reflecting a low potential energy barrier,
suggesting that the formation of the activated state is favorable, making
the pyrolysis process viable [75].

Regarding entropy, a state function used to analyze the degree of
disorder and randomness of a reactional system, it was observed nega-
tive values of entropy variation (AS*) on the thermal conversion process
of SCB across the entire range of evaluated conversion, ranging from
-95.09 to —64.57 J mol ! K 1. This indicates a more ordered system
closer to thermodynamic equilibrium [76]. In contrast, in the SCS py-
rolysis, AS* oscillated between negative and positive values, showing a
tendency to increase AS* with the value of a. For the SCS sample, the
entropy variation increased from -69.94 to -15.33 Jmol 'K ! asarose
from 0.2 to 0.7. At conversions greater than 0.7, AS* became positive,
reaching the maximum value (179.65 J mol 1K 1) at « = 0.8. This
indicates that the straw pyrolysis reaction system becomes more reactive
as the conversion progresses, deviating from thermodynamic equilib-
rium towards the end of the process, which is characteristic of a more
complex reactional system [77,78].

The recoverable energy potential of biomass through the pyrolysis
process can be assessed by the variation of Gibbs energy (AG*) [53]. The
AG* values involved in the pyrolysis of SCB ranged from 176 to 183 kJ
mol !, with an average value of 180.51 kJ mol 1. In the conversion of

Table 3
Pre-exponential factors and thermodynamic parameters involved in the thermal
conversion of sugarcane bagasse and straw using the 10 °C min ' heating rate.

Conversion A AH* Ea-AH* ? AS* AG*
(@ (min 1) (kJ (kJ 6] (kJ
mol 1) mol 1) mol K 1) mol 1)

Sugarcane bagasse pyrolysis

0.20 2.05 x 123.42 4.65 -95.09 176.57
1010

0.25 4.19 x 126.91 4.72 -89.27 177.56
1010

0.30 1.03 x 131.33 4.78 -81.92 178.45
1011

0.35 2.45 x 135.62 4.84 -74.80 179.20
1011

0.40 4.19 x 138.25 4.91 -70.44 179.81
1011

0.45 5.69 x 139.72 4.97 -68.00 180.34
1011

0.50 3.25 x 136.85 5.02 -72.77 180.81
1011

0.55 1.49 x 132.89 5.07 -79.33 181.31
1011

0.60 1.06 x 131.14 5.12 -82.24 181.81
1011

0.65 8.78 x 130.16 5.17 -83.87 182.27
1010

0.70 1.03 x 130.91 5.21 -82.62 182.65
1011

0.75 1.97 x 134.11 5.25 -77.30 182.92
1011

0.80 9.18 x 141.78 5.30 -64.57 182.94
1011

Sugarcane Straw pyrolysis

0.20 4.16 x 133.22 4.58 -69.94 171.76
1011

0.25 6.19 x 135.05 4.66 -66.79 172.52
1011

0.30 1.13 x 137.88 4.73 -61.92 173.13
1012

0.35 1.72 x 139.86 4.79 -58.52 173.58
1012

0.40 3.74 x 143.57 4.84 -52.14 173.94
1012

0.45 6.92 x 146.50 4.89 -47.11 174.21
1012

0.50 9.64 x 148.07 4.93 -44.43 174.44
1012

0.55 1.48 x 150.10 4.98 -40.94 174.61
1013

0.60 2.60 x 152.78 5.02 -36.34 174.72
1013

0.65 6.23 x 156.99 5.06 -29.13 174.73
1013

0.70 3.31 x 165.05 5.11 -15.33 174.47
1014

0.75 5.64 x 190.03 5.17 27.31 173.04
106

0.80 5.23 x 279.82 5.29 179.65 165.57
1024

2 Potential energy barrier; *Transitional state.

SCS, AG varied between 165 and 175 kJ mol !, with an average value of
173.13kJ mol 1. The AG positive values confirm the non-spontaneity of
the pyrolysis process, as energy input is required to promote the thermal
cracking reactions. Furthermore, the higher AG values obtained in the
SCB sample suggest a greater energy potential for conversion into
products through pyrolysis [79].

3.4. Distribution of pyrolysis products and characteristics of biochar

To enhance the assessment of the sugarcane residues’ thermal con-
version process to produce renewable chemical inputs, the studied
biomasses underwent microscale pyrolysis experiments at 500 °C. The
yields of the resulting products and the compositional characteristics of



the pyrolytic gas and the biochar are presented in Table 4.

It was observed in Table 4 that the total liquid fraction (aqueous
fraction + bio-oil) was the main pyrolysis product for both sugarcane
bagasse and straw. The yield of this product was slightly higher for the
SCB sample (~63 %) compared to the SCS sample (~58 %). The liquid
products consist predominantly of LMM fraction, accounting for
approximately 62 % yield for SCB and 55 % for SCS pyrolysis. Due the
condensation temperatures, it is suggested that the LMM corresponds to
a mixture rich in monomeric organic compounds, as well as water
derived from biomasses dehydration during the pyrolysis process. On
the other hand, the HMM fraction represents a mixture rich in polar
oligomers derived from the cracking of lignocellulosic constituents,
mainly phenolic oligomers from lignin (pyrolytic lignin) and products of
condensation reactions between unstable intermediates derived from
the cracking of the lignocellulosic components of biomass [80-82]. The
production of HMM was higher in the pyrolysis of SCS (3.4 %) compared
to SCB (1.7 %), which may be related to the higher lignin content in
straw, leading to a greater production of pyrolytic lignin. In addition, the
higher production of HMM in the SCS is in line with the results of the
kinetic analysis, where it was proposed that in the pyrolysis of straw
there is a greater interaction of lignin derivatives with holocellulose
derivatives resulting in the formation of stable structures (compounds
present in the high molecular mass fraction) and leading to an increase
in the activation energy of the process. Regarding the gaseous product, it
was observed that the SCB pyrolysis yielded ~16 % of gases, while SCS
thermal conversion yielded ~8 % of pyrolytic gas. Correlating these
results with the biomasses characteristics detailed in Table 1 and 2, it is
noted that the higher yield of gases and liquids products in the thermal
conversion of SCB may be related to the greater content of volatile
material and holocellulose (hemicellulose + cellulose) present in this
biomass [83].

About the pyrolysis solid product, a higher biochar yield was
observed in the SCS pyrolysis, reaching ~33 % of biochar, while the
conversion of SCB resulted in ~20 % of this product. The higher solid
production in straw pyrolysis is associated with the high ash content as
well as the higher lignin content, which is a significant component in the
formation of carbonaceous structures [54,84]. This result was consistent
with the observations discussed in the thermogravimetric and kinetic
analysis section, revealing that straw, compared to bagasse, due to the
greater reaction interaction between the unstable derivatives of the
lignocellulosic constituents, induces the production of more thermally
stable carbonaceous structures. The produced biochars were mainly
composed of carbon (C) and oxygen (O), with 68.41 % of Cand 11.73 %
of O observed in the SCB biochar and a content of 59.28 % C and 11.48

Table 4
Gravimetric yields of the pyrolytic products and composition of the biochar
obtained from the pyrolysis of sugarcane bagasse and straw.

Product SCB SCsS

Gravimetric yields (% wt.)

Sum of Liquid Product 63.51 £1.93  58.03 + 1.05
Low Molecular Mass Fraction (LMM)? 61.83 + 1.57 54.65 + 0.54
High Molecular Mass Fraction (HMM)®  1.68 + 0.36 3.38 + 0.51
Gases 16.15 +£0.92 8.3 +0.90
Biochar 20.34 £1.29 33.67 £ 1.10
Biochar Composition (% wt.)

C 68.41 +£0.34  59.28 + 0.44
H 2.61 £0.18 3.11 £0.11
N 0.86 + 0.06 1.02 + 0.05
o¢ 11.73 £0.56  11.48 + 0.46
Ash? 16.4 + 0.75 25.36 + 0.53
H/C Molar Ratio 0.458 0.605

0/C Molar Ratio 0.129 0.145

N/C Molar Ratio 0.011 0.015

HHV (MJ Kg 1) 26.15 23.39

2 Liquid fraction rich in non-condensable compounds at 350 °C; ® Liquid fraction rich
in condensable species at 350 °C; € Obtained by difference; 4 Estimated based on the
biomasses ash contents.

% O in the SCS biochar. Higher values of molar ratios H/C, O/C, and N/C
were observed for straw-derived biochar compared to the produced
from bagasse. This result suggests that SCS biochar has a more func-
tionalized structure, as well as a higher mineral content due to the high
ash content (~25 %) [85]. Bagasse biochar, on the other hand, presents
a structure with a higher degree of condensation, as evidenced by the
lower value of the H/C ratio, and has a higher energy content due to
greater carbon content [86]. These results indicate that the obtained
products may have distinct applications in the industrial sector. For
example, straw-derived biochar, due to its higher degree of functional-
ization and higher mineral content, shows potential to be used as a soil
enhancement agent in sugarcane cultivation or in applications as a
pollutant adsorbent, which can be used in effluent treatment or CO,
adsorption [87-89]. Meanwhile, bagasse-derived biochar can be
directed toward energy purposes in the sugarcane industry or as energy
storage devices [14,90].

3.5. Characterization of volatile compounds present in the low molecular
mass liquid fraction by GC/MS

The LMM fractions chromatograms derived from the SCB and SCS
pyrolysis revealed a similar compositional profile between them (see
Supplementary Material, Figure S4). The same chromatographic peaks
were observed in both samples, with differences in their intensities. This
suggests that concerning the organic fraction analyzable by GC, the
liquid products contain the same compounds but with distinct relative
concentrations for each chemical species. Approximately 70 to 79 % of
the total relative area of the chromatographic peaks was identified, and
the compounds were categorized into different chemical classes ac-
cording to their main organic functions, such as alcohols, carboxylic
acids, phenols, and sugar derivatives. The distribution of compounds
according to their chemical class is shown in Fig. 4. The list of identified
compounds is available in Table S3.

The LMMs analysis revealed structures derived from the thermal
degradation of the lignocellulosic biopolymers of the biomass. In both
samples, the major classes were compounds derived from sugars and
phenolic compounds, which together accounted for about 55 % of the
total area of the chromatogram. A slightly higher content of sugar de-
rivatives was observed in the liquid product resulting from bagasse
pyrolysis. In the SCB-derived sample, the percentage area of this com-
pounds class was approximately 30 %, while in the SCS-derived sample,
a relative content of about 25 % was observed. On the other hand, the
LMM derived from SCS presented ~30 % of phenolic content, while in
the SCB-derived sample this content was about 23 %. The production of
sugar derivatives is associated with the cracking of the biomass hol-
ocellulose matrix, while the formation of phenolic species derives from

I scB
I scs

Unknown Compounds
Carboxylic Acids
Alcohols

Phenolics

Sugars Derivatives

T T T T 1

0 5 10 15 20 25 30 35
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Fig. 4. Histogram of classes obtained from GC/MS analysis of LMMs produced
from the pyrolysis of sugarcane bagasse and straw.



the lignin degradation [16,91]. Thus, the results observed in the GC/MS
analysis are in accordance with the holocellulose and lignin contents
determined for each biomass, where the higher content of poly-
saccharides in bagasse induced the production of a liquid product with a
higher content of sugar derivatives, and the higher lignin content in
straw promoted a greater production of phenolic constituents.

In addition to sugar and phenolic derivatives, the production of
compounds from the alcohol and carboxylic acid classes derived from
the secondary cracking of biomass constituents was also observed [16].
Both biomasses produced pyrolytic liquids with an alcohols content of
approximately 14 %, mainly represented by isobutanol and ethylene
glycol, while the acid content was ~5 % for the SCB-derived LMM and
~10 % for the SCS-derived sample. The sugarcane residues pyrolysis
generated a wide range of chemicals with high added value, such as
isobutanol, furfuryl alcohol, 4-hydroxybutanoic acid, 4-vinylphenol, 2-
methoxy-5-methylphenol, catechol, 4-vinylguaiacol, D-ribofuranose, 2-
deoxy-D-erythro-pentopyranose, and levoglucosan, which are of great
interest to both the industrial and energy sectors [92]. Thus, the con-
version of residual raw materials from sugarcane processing exhibits
high potential to produce renewable chemicals and can promote
diversification of the product portfolio in the sugarcane industry.
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3.6. Characterization of low and high molecular mass liquid fraction by
UHRMS analysis

3.6.1. Positive mode analysis using heated electrospray ionization (H-ESI
(+)-FT-Orbitrap MS)

Fig. 5 presents the results of the analysis conducted on the diverse
liquid product fractions obtained from the SCB and SCS pyrolysis.

The mass spectra and the molecular mass distribution plot revealed
that compounds in the LMM and HMM fractions distribute in distinct
mass regions. Species present in the LMM fractions derived from both
SCB and SCS are predominantly distributed in the m/z range from 100 to
400, with the most intense compounds presenting molecular mass less
than 250 Da. For the HMM samples, different profiles were observed
between the two studied biomass sources. In the SCB-derived HMM
fraction, compounds are mainly distributed between m/z 150 to 600,
with the most intense compounds situated in the molecular mass range
of 200 to 500 Da. In contrast, in the SCS sample, species are distributed
between m/z 100 and 500, with compounds with molecular masses
between 150 and 400 Da being the most abundant in the spectrum. The
HMM fraction of the SCS bio-oil exhibited a higher intensity of com-
pounds in the 100 to 250 Da range, compared to the sample derived
from bagasse at the same m/z range. This result suggests that analyzable
compounds by H-ESI(+) from straw’s HHM exhibit a characteristic of
lower molecular weight compared to bagasse’s HMM.

Molecular mass distribution profile
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In the H-ESI(+) analysis of the LMM and HMM fractions was detected
about 3805 to 4890 ions, with approximately 1863 to 2400 molecular
formula assignments, corresponding to between 41 and 55 % of the
detected ions in the samples Fig. 5-B, LMM and HMM samples presented
the same chemical classes except for O; which was absent in HMM. The
oxygenated species were distributed into O;_j¢ classes, and nitrogen-
containing compounds were distributed into N;_ and O;_3N;_; classes
according to the assigned molecular formula.

Regarding the class distribution profile as a function of relative in-
tensity, it was observed that both LMM samples exhibited higher

(B)

intensity for compounds in O;_s classes. In contrast, HMM samples
displayed higher intensity for Og_1¢ classes. Additionally, the relative
intensity of the nitrogen-containing classes was greater in the HMMs
oils, suggesting that nitrogenous constituents formed in the pyrolysis of
the studied biomass have higher thermal stability and tend to remain in
the heavy fraction of the bio-oil. The higher intensity observed for the
O¢_10 classes, indicates that the obtained HMM fractions possess a higher
degree of functionalization or a greater content of phenolic oligomeric
species.

Comparing the SCB and SCS bio-oils, a higher intensity was observed
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for oxygenated compounds in the samples derived from the SCB pyrol-
ysis, which summed up to approximately 97 % and 94 % for the LMM
and HMM samples, respectively. For the samples derived from SCS
conversion, the total intensity of oxygenated classes was about 81 % for
LMM and 68 % for HMM. However, the fractions derived from SCS
showed higher intensities for nitrogenated classes, approximately 19 %
and 32 % for LMM and HMM, respectively. In SCB-derived samples, the
sum of the intensity of nitrogenated constituents was approximately 3 %
and 5 % for LMM and HMM, respectively. Considering that the forma-
tion of nitrogenated species during the pyrolysis of lignocellulosic
biomass derives from the protein matrix present in the feedstock [93],
these results indicate a higher availability of proteins in biomass derived
from sugarcane straw [10,94]. It is also important to consider that basic
nitrogenated species generally exhibit high ionization efficiency in the
H-ESI source, causing these compounds to produce ions with high in-
tensities in mass spectra, which cannot be directly correlated with their
concentration in the sample [95,96]. Further, the low nitrogen content
present in the studied biomass (<0.5 %), a low concentration of nitro-
genated species is expected compared to oxygenated ones in the ligno-
cellulosic bio-oils.

To achieve a more detailed bio-oil molecular characterization, van
Krevelen diagrams are widely used, which are elaborated based on the
atomic ratios (H/C vs O/C, N/C, or S/C) as a function of the relative
intensity of the compounds or as a function of the molecular population
density, that is estimated through Kernel density. By correlating the
atomic ratios, it is possible to identify possible reaction pathways be-
tween different processes, as well as to perform speciation of the com-
pound’s base structures. This allows describing which kind of
compounds predominate in the sample under study [97]. Furthermore,
atomic ratio vs molecular mass plots have recently been used to favor
better speciation between monomeric and oligomeric species [98,99]. In
this way, the molecular distribution of the compound classes containing
only oxygen was evaluated in the van Krevelen diagram of H/C vs O/C
atomic ratio and the O/C vs molecular mass diagram, as shown Fig. 6.

The oxygenated species present in the samples are distributed in a H/
C range varying between 0.5 and 2.0 and an O/C ratio between 0.1 and
1.0 as observed in Fig. 6-A. The LMM samples from both studied bio-
masses exhibited a similar pattern of molecular distribution. Regarding
the HMM fractions, a similar compound distribution was observed,
although relative intensity variations in signal molecules have been
seen. These results indicate that the oxygenated species produced during
pyrolysis exhibit similar characteristics to each other, and differ only in
the quantity formed, regardless of the biomass used. The oxygenated
compounds are in three main regions in the van Krevelen diagrams,
which can be correlated to specific molecular characteristics for the
compound classes, making it possible to identify the base structure
(skeleton) of the compounds. The region with H/C between 1.6 and 2.0
and O/C < 0.4 is typically attributed to lipid derivatives, due to its
aliphatic characteristics and low O/C ratio [24]. Species grouped in the
region of H/C ranging from 1.2 to 2.0 and O/C > 0.5 are characteristic of
predominantly naphthenic and/or aliphatic structures, with a high O/C
ratio, which may be related to molecules derived from sugars, produced
by the thermal degradation of the holocellulose matrix of the biomass
[100]. In the region localized at O/C 0.02 - 0.6 and H/C 0.6 — 1.5 in
Fig. 6-A, a high density of molecules with H/C between 1.0 and 1.3,
characteristics of aromatic molecules, and with an O/C ratio < 0.5 was
observed, which could be attributed to a fraction of highly dehydrated
holocellulose derivatives rich in furanic rings, called pyrolytic humins
[101].

In the van Krevelen diagrams as a function of molecular population
density (Fig. 6-B), it was observed that the identified species predomi-
nantly cluster in the region attributed to pyrolytic humins structures.
This result suggests that during pyrolysis, structures derived from the
primary cracking of the biomass polysaccharide matrix underwent sec-
ondary dehydration and condensation reactions, thus promoting the
formation of a high number of condensed furanic species [22,102].

Comparing the two produced LMM fractions, it was observed that the
region of lipid-derived compounds showed a higher population density
in the SCS sample. This behavior was also observed in the HMM frac-
tions, suggesting a greater abundance of lipid constituents in the
extractive fraction of the straw biomass. Regarding sugars (highlighted
region in green in Fig. 6-B), higher densities were observed for the LMM
samples compared to the HMMs, suggesting that the compounds located
in this region correspond mostly to monomeric species, as detected in
the GC/MS analysis.

From the O/C vs molecular mass graphs in Fig. 6-C, it was observed
that the oxygenated compounds analyzable by H-ESI(+) from the SCB
and SCS bio-oil fractions were distributed along trend lines. Each trend
line corresponds to an oxygenated compound class, which, from left to
right, refers to the O; to Oq¢ classes in the LMM fractions and O3 to O1¢ in
the HMM samples. The compounds present in the LMM fractions are
distributed in the mass range from 50 to 600 Da, while the oxygenated
species in the HMM fractions are distributed from 100 to 750 Da. Ac-
cording to the mass range compounds distribution, they were classified
into monomers (100 to 250 Da), dimers (250 to 450 Da), trimers (400 to
600 Da), and tetramers (550 to 750 Da) [103].

It was observed that the oxygenated compounds were distributed
similarly in the O/C vs the molecular mass plots in the LMM fractions
from the SCB and SCS pyrolysis. The species with higher intensity in the
low molecular mass samples corresponded to molecules from Oz to Os
classes, which is consistent with the observed in the class histograms in
Fig. 5. However, through Fig. 6-C, it was possible to identify that these
compounds mainly correspond to monomeric sugar structures, corrob-
orating observation in the van Krevelen diagrams. The compounds from
Og_10 classes, on the other hand, corresponded to dimer and trimer
structures, and due to present predominantly O/C ratios between 0.2
and 0.6, they were attributed to oligomers of the pyrolytic humins
fraction [101,104]. Regarding the HMM fractions, a higher degree of
polymerization was observed, where species from O3 to Og classes with
dimer and trimer structural characteristics were the most intense. In the
HMM derived from SCB conversion, a higher abundance of compounds
in the trimer and tetramer regions was observed. This result is consistent
with the molecular mass distribution profiles presented in Fig. 5-A,
where higher intensities were observed for species with molecular
masses between 250-800 Da in the HMM-SCB sample compared to
HMM-SCS.

Regarding nitrogen-containing classes, the molecular characteristics
of these compounds were analyzed using DBE (double bond equivalent)
vs Carbon Number diagrams, allowing for the analysis of molecules
according to the degree of aromaticity and size of the carbonaceous
skeleton. These plots are available in the supplementary materials,
Figure S4. The SCB and SCS LMM samples are composed by nitrogenous
species containing between 5 and 25 carbon atoms per structure and a
DBE value ranging from 4 to 15 (aromatic structures). The HMM sam-
ples, on the other hand, exhibit compounds with a higher degree of
aromaticity and carbon chain compared to the LMM fractions. This
result is more noticeable in the N; class, where in the HMM samples, a
region of compounds with a carbon number ranging from 20 to 45 and
DBE<10 was observed. In all samples, there is a predominance of species
with DBE > 4, suggesting that the nitrogenated constituents of the bio-
oils correspond mainly to unsaturated and/or aromatic structures, with
carbonaceous skeletons containing, for example, pyridinic rings in their
composition (DBE 4) or pyrrole structures (DBE 3) with other oxygen-
ated functional groups [26,93].

Comparing the SCB and SCS bio-oils, it was observed that the sam-
ples derived from straw, compared to bagasse, showed a higher number
of compounds in all nitrogen-containing classes. However, the distri-
bution pattern of molecules according to the DBE and the carbon
number shows similar trends between the LMMs and HMMs fractions
produced by both SCB and SCS. This suggests that, although the pyrol-
ysis of straw results in a greater number of nitrogenous components, the
protein matrix of both biomasses presents similar compositional



characteristics, tending to produce nitrogenous species with equivalent
molecular properties [93].

3.6.2. Negative mode analysis using atmospheric pressure chemical
ionization (APCI (-)-FT-Orbitrap MS)

The analysis results for speciation of acidic components and phenolic
derivatives in bio-oil fractions using APCI(-) are shown in Fig. 7.

Different molecular distribution profiles were observed between the
LMM and HMM fractions of the bio-oils (Fig. 7-A. Compounds detected
in the LMM samples from both studied biomasses were mainly distrib-
uted in the m/z range from 100 to 500, with species presenting molec-
ular masses between 100 and 250 Da being the most abundant.
Regarding the compounds present in the HMM fractions, the mass
spectra of the HMM-SCB and HMM-SCS samples revealed that molecules
were predominantly distributed in the m/z range between 100 and 600,
with the most intense compounds restricted to the molecular mass range
from 250 to 500 Da. Comparing the two biomasses, the profiles observed
for the LMM and HMM fractions derived from SCB and SCS are similar,
suggesting that acidic compounds produced from these two feedstocks
present similar characteristics.

The analysis of samples in negative mode resulted in the detection of
between 3365 and 4752 ions, with a total assignment or molecular
formulas ranging from 1344 to 1987, which corresponds to a charac-
terization percentage from 37 to 48 % of the detected ions in the SCB and
SCS samples. The identified species were grouped into class histograms

Mass spectra

(Fig. 7-B), where only the presence of oxygenated compounds con-
taining 1 to 10 oxygen atoms per structure was observed in all samples.
Besides LMM samples presenting a lower range of molecular mass dis-
tribution compared to the HMM, it also showed higher intensity for the
less oxygenated classes (O; to O4). In the HMM fractions were observed
higher relative abundances for the compound classes containing from 5
to 10 oxygen atoms per structure, which is consistent with the higher
degree of functionalization and/or oligomerization present in the heavy
fractions of the bio-oils. Comparing the two feedstocks, differences were
observed only in the intensities of the identified classes, especially for
compounds in class Oy, which were more intense in the samples pro-
duced from straw, suggesting, for example, a higher intensity of car-
boxylic acids in these samples, mainly fatty acids derived from the
cracking of lipids present in the matrix. To confirm this information, the
van Krevelen diagrams as a function of relative intensity and molecular
population density, as well as the O/C ratio vs molecular mass graphs,
are presented in Fig. 8.

In Fig. 8-A, it was observed that the species detected in the LMM and
HMM samples through APCI(-) analysis are distributed in the van Kre-
velen diagram within a H/C range from 0.4 to 2.0 and O/C lower than
1.0. Despite using different biomass, the molecular distribution profiles
of the species in the LMM and HMM samples are similar, with the
greatest differences noted in the relative intensity of the compounds.
This result is in agreement with that was observed in the analysis by H-
ESI(+) and indicates that the acidic constituents of the SCB and SCS bio-

Molecular mass distribution profile
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oils have similar molecular characteristics. Three regions were identi-
fied in the diagrams according to the distinct compositional character-
istics of some compound classes: sugar derivatives (1.2 < H/C < 2.0, 0/
C > 0.5), lipid derivatives (1.6 < H/C < 2.0, O/C < 0.3), and lignin
derivatives — pyrolytic lignin (0.4 < H/C < 1.5, O/C < 0.6). The species
with higher relative intensity in the LMM and HMM samples derived
from SCB and SCS mainly concentrated in the region associated with
pyrolytic lignin, an aromatic region with an H/C ratio mostly around 1.0
and acidic characteristics, therefore associated with monomeric and
oligomeric phenolic compounds derived from lignin cracking[105].

In terms of molecular population density (Fig. 8-B), the species
detected in all samples through the APCI(-) analysis predominantly
grouped in the region of pyrolytic lignin, followed by the region asso-
ciated with lipid derivatives and sugar derivatives. The higher density of
compounds in the region associated with phenolics may be due to the

greater ionization capacity of aromatic structures using the APCI source.
Comparing the LMM with the HMM samples, a slight shift of the region
with maximum kernel density to lower H/C and O/C values was
observed in the HMM bio-oil fractions, which may indicate a more
condensed and longer carbon chain character in the these samples
compared to the LMM [106]. The main difference between the samples
produced from different biomasses corresponds to compounds with lipid
characteristics, wherein in the samples derived from SCS, a higher mo-
lecular population density was observed compared to those derived from
SCB. This result, correlated with the data from the histograms in Fig. 7-
B, indicates that the higher intensity of class O5 in the SCS bio-oil
fractions is due to a higher production of free fatty acids during the
pyrolysis of this residual biomass, which suggests a greater availability
of lipid constituents in the extractive fraction of SCS compared to SCB
[10,1071].



Through the trend lines of the O/C vs molecular mass plots shown in
Fig. 8-C, where from left to right correspond to chemical species con-
taining 1 to 10 oxygen atoms per structure, it was observed that the
species present in the LMM fractions from both biomasses are distrib-
uted in monomer (100 to 250 Da), dimer (250 to 450 Da), and trimer
(400 to 600 Da) structures, while the HMMs, on the other hand, also
contained tetramers (550 to 750 Da) in their composition [108,109].
Since the number of oxygenated classes remains the same in both bio-oil
fractions, the larger carbon chain size of the species presents in the HMM
samples promoted the decrease of the O/C atomic ratio observed in the
graphs of Fig. 7-B. The most intense molecules in the LMM-SCB and
LMM-SCS samples corresponded to molecules of classes O;.4, which had
an O/C ratio < 0.6 and predominantly grouped in the region between
100 and 250 Da, corresponding to phenolic monomers. The most intense
species in the HMM fractions corresponded to species containing 2 to 7
oxygen atoms and exhibited characteristics of lignin-derived species,
grouping into regions of monomer, dimer, and trimer compounds.
Comparing the samples produced from different feedstocks, it was
observed that the distribution profiles of O/C vs molecular mass are
similar between the correspondent LMM and HMM fractions from SCB
and SCS pyrolysis. Based on the analysis in negative mode, it seems that
the pyrolytic lignin derivatives were the main compounds found in both
SCB and SCS bio-oil fractions. This suggests that similar phenolic com-
pounds may have been produced during the pyrolysis of both biomasses,
despite the higher lignin content in the sugarcane straw.

4. Conclusions

This research provides an in-depth evaluation of the potential for
renewable energy generation and bio-inputs derived from the thermal
conversion of sugarcane bagasse (SCB) and straw (SCS). The findings
indicate that the residual biomass from the sugarcane industry possesses
promising attributes for bioenergy production via the pyrolysis process.
These attributes include a high holocellulose content, relatively low ash
content, and a high heating value of ~ 17 MJ kg . The kinetic and
thermodynamic studies unveiled activation energies between 125 and
160 kJ mol ! for SCB pyrolysis and values between 140 and 290 kJ
mol ! for SCS thermal conversion. The pyrolysis of straw involved
higher pre-exponential factors compared to bagasse, suggesting the
presence of more intricate degradation mechanisms. However, for both
types of biomasses evaluated, the potential energy barrier was relatively
low (around 5 kJ mol 1), signifying the high feasibility of the pyrolysis
process for bio-product production. This conclusion was supported by
the AG values, demonstrating that both SCB and SCS possess a high
energy potential that can be harnessed in the form of pyrolytic products.
The pyrolysis of bagasse and straw resulted in a high yield of liquid
product (58-63 wt%), primarily composed of monomeric species
distributed in sugar derivatives and phenolic compounds. The advanced
characterization of the resulting liquid products revealed the predomi-
nance of oxygenated chemical species, containing between 1 and 10
oxygen atoms per structure. These species were grouped into charac-
teristic regions of lignin derivatives and holocellulose-derived com-
pounds. The correlation between the kinetic and thermodynamic results
and the molecular characteristics of the products demonstrated that the
residual biomasses of the sugarcane industry can have their chemical
and energy potential repurposed through the production of a broad
spectrum of renewable chemical inputs with diverse applications. In
conclusion, the findings highlight the significant potential of bagasse
and straw pyrolysis for energy recovery and the acquisition of value-
added inputs such as bio-oil and biochar, which can broaden the prod-
uct portfolio of the sugarcane sector.
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