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Abstract

Agricultural residues represent an abundant lignocellulosic resource for the production
of renewable fuels and value-added products through thermochemical conversion. In
this study, the influence of bran and peat as organic and mineral-rich binder components
on the pyrolysis behaviour and product distribution of biomass pellets was investigated.
Wheat straw, barley straw, and oat husks were pelletized using barley bran or peat as
binders and analysed by thermogravimetric analysis coupled with Fourier-transform
infrared spectroscopy (TGA-FTIR). The thermal degradation behaviour, product yields,
evolution profiles of non-condensable gases, and composition of condensable products
were evaluated during pyrolysis at 700 ◦C. The results indicated that pelletization modified
the thermal degradation pathways and product distribution through interactions between
biomass and binder components. Bran-bonded pellets promoted the formation of bio-oil
and oxygen-containing condensable compounds, with bio-oil yields reaching up to 45.2%,
whereas peat-bonded pellets showed increased formation of non-condensable gases and
solid residue. CO2 and CO were the dominant gaseous products, while CH4 formation
mainly occurred at elevated temperatures in the passive pyrolysis region. The results
indicate that binder composition plays an important role in controlling pyrolysis pathways
and product distribution, providing opportunities for the optimization of agricultural
residue-based pellets for bioenergy and circular bioeconomy applications.

Keywords: agricultural residues; biomass pellets; pyrolysis; TGA-FTIR; bio-oil; non-
condensable gases; bran binder; peat binder; thermochemical conversion; circular bioeconomy
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1. Introduction
The thermochemical conversion of biomass into energy-dense fuel and value-added

products has attracted increasing attention in response to the growing demand for sustain-
able energy sources and effective waste management strategies. Among thermochemical
conversion technologies, pyrolysis—the thermal decomposition of organic materials in
an oxygen-free environment—is widely regarded as a promising route for transforming
biomass into solid char, liquid condensates, and non-condensable gases [1,2]. Biomass-
based pellets, particularly those produced from agricultural residues, provide a compact
and energy-efficient feedstock for pyrolysis, offering improved handling, greater uniformity,
and more predictable thermal behaviour compared with raw or loose biomass [3,4].

Previous studies have shown that compacted biomass forms, such as pellets, can
improve feedstock handling and process stability, while also influencing heat and mass
transfer, conversion behaviour, and pyrolysis product distribution [5,6]. Granulation, often
referred to as pelletization in biomass processing, is therefore an effective densification
approach prior to pyrolysis, as it increases bulk and energy density, enhances feeding
behaviour, and reduces storage and transportation requirements [7]. Bielecki et al. reported
that densification mainly affected the composition of volatile pyrolysis products, including
saturated and unsaturated hydrocarbons, carbonyl-containing compounds, alcohols, and
phenols, through intensified volatile–char interactions during pyrolysis [8]. Similarly,
Crowley et al. showed that pelletization of pine biomass produced a denser and less
permeable feedstock, which converted more slowly during fast pyrolysis and resulted in
higher residual char formation compared with non-pelletized pine biomass [9].

The selection of binder materials for biomass granulation is a critical factor influencing
pellet quality, including density, mechanical strength, and durability [10]. Organic binders,
such as starch- or flour-rich agro-processing by-products, are often used due to their
availability, binding capacity, and compatibility with lignocellulosic matrices [11]. In
contrast, inorganic or mineral-rich additives may modify ash composition and influence
thermal degradation pathways during pyrolysis [12]. However, limited research has been
conducted on the pyrolysis performance of agricultural-residue-based pellets formulated
with different binder components, particularly regarding how organic and mineral-rich
binders affect thermal conversion behaviour, product distribution, and material properties.

Latvia generates substantial amounts of agricultural residues, including straw, husks,
and grain-processing by-products such as bran, which represent promising feedstocks for
thermochemical conversion. In addition, peat is a locally available mineral-rich material
that may influence biomass pellet properties and pyrolysis behaviour [13,14].

Although agricultural residues and peat are individually recognized as relevant feed-
stocks or additives for thermochemical conversion, their combined use in biomass granule
formulations remains insufficiently explored. In particular, limited information is available
on how organic binder components such as bran and mineral-rich components such as peat
affect granule properties, thermal degradation behaviour, and the distribution of pyrolysis
products. Addressing this gap is particularly relevant for regions such as Latvia, where
both agricultural by-products and peat resources are locally available.

Previous studies have investigated the pyrolysis of pelletized biomass and the use
of individual additives; however, these studies have mainly focused on pellet quality,
conversion efficiency, or overall product yields. A systematic comparison of chemically
different binder types under identical pyrolysis conditions is still lacking. In particular,
the mechanisms by which organic and mineral-rich binders modify thermal degradation
pathways, volatile evolution, and the distribution of gaseous and condensable products
have not been clearly established.
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The composition of non-condensable gases and condensable vapours is particularly
important for evaluating the potential utilization of pyrolysis products as fuels, chemical
intermediates, or precursors for further upgrading. Pyrolysis gas typically contains CO,
CO2, H2, CH4 and light hydrocarbons, and its composition strongly affects its potential
energetic value and further use as a fuel or upgraded gas product [15,16]. Similarly, the
chemical profile of condensable vapours and derived bio-oil provides insight into the
formation of oxygenated compounds, phenolics, hydrocarbons, and other compounds
relevant for fuel and chemical applications [17].

In the present study, barley bran and peat were selected as binder components because
of their distinct physicochemical properties and expected influence on thermal decom-
position processes. Barley bran contains starch, proteins, and other readily degradable
organic compounds that may promote volatile release and affect the formation of condens-
able products during pyrolysis. In contrast, peat is rich in humic substances and mineral
constituents, which may influence char formation, gas evolution, and secondary thermal
reactions. In addition, barley bran exhibits good natural binding properties, enabling the
production of durable pellets while maintaining a high proportion of agricultural biomass
in the final product. Owing to their contrasting chemical compositions and thermal degra-
dation characteristics, these materials provide a suitable basis for evaluating the influence
of organic and mineral-rich binders on pyrolysis behaviour and product distribution.

To the best of our knowledge, this is the first study to systematically compare bran
and peat as representative organic and mineral-rich binders under identical pyrolysis
conditions using TGA–FTIR analysis. Beyond comparing product yields, this work provides
mechanistic insight into how binder chemistry influences thermal degradation pathways,
volatile evolution, and the formation of gaseous and condensable products in agricultural
residue-based biomass pellets.

Therefore, the aim of this study was to investigate the influence of bran and peat
binder components on the thermal degradation behaviour, volatile evolution, and product
distribution of agricultural residue-based biomass pellets using TGA–FTIR analysis.

2. Materials and Methods
2.1. Physicochemical Properties of the Raw Materials

Wheat straw and barley straw were collected in September 2024 from Dižstende, Talsi
District, Latvia. Barley bran and oat husk were obtained from AS “Dobeles dzirnavnieks” in
Dobele, Latvia, while ZTK low-type peat from Lielvārde, Latvia, was used as an additional
binder component. Prior to granule preparation, the biomass samples were dried at 60 ◦C
for 24 h in a UF 110 drying oven (Memmert GmbH + Co. KG, Schwabach, Germany).
The proximate and compositional characteristics of the raw materials are summarized in
Table 2.

Proximate analysis was performed to determine volatile matter, fixed carbon, ash
content, and moisture content of the biomass samples. Volatile matter and fixed carbon
were determined from thermogravimetric analysis data obtained using a STA 6000 thermo-
gravimetric analyzer (PerkinElmer Inc., Waltham, MA, USA) thermogravimetric analyzer,
while fixed carbon was calculated by difference. Ash content was determined in a muffle
furnace HTC 03/16 muffle furnace (Nabertherm GmbH, Lilienthal, Germany) according
to ISO 5984:2022 [18]. Approximately 2 g of each biomass sample was placed in porcelain
crucibles and ashed at 550 ◦C for 4 h until constant mass was achieved. Moisture content
was determined according to LVS EN ISO 712:2011 [19] by drying 5 g biomass samples
in aluminum containers at 105–110 ◦C for 2 h in a laboratory drying oven UF 110 drying
oven (Memmert GmbH + Co. KG, Schwabach, Germany). The samples were then cooled
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in a desiccator for 30 min and weighed using an analytical balance ABJ 220-4M analytical
balance (KERN & SOHN GmbH, Balingen, Germany) [20].

Cellulose content was determined after Soxhlet extraction of biomass with ethanol-
benzene (1:1) and subsequent mercerisation. Approximately 0.5 g of sample was treated
with chilled 25% KOH, washed to neutrality, and further hydrolysed with an ethanol-nitric
acid mixture (4:1) under reflux for 1.5 h. The resulting precipitate was filtered, washed with
hot ethanol, dried at 105 ◦C to constantly weighed. Cellulose content was calculated as:

CEL(%) =
B − A

Gw

(
1 − Wr

100

) × 100, (1)

where A is the filter mass (g), B is the filter + cellulose mass (g), Gw is the oven-dry biomass
mass (g), Wr—relative moisture (%).

Approximately 1 g of extracted dry biomass was hydrolyzed with 72% H2SO4

(Chempur, Piekary Śląskie, Poland), diluted, refluxed for 1 h, filtered, washed to neutrality
and the residue was dried at 105 ◦C to constant weight. Lignin content was quantified by
the Klason method. The lignin content in the analysed sample was calculated using the
following formula:

L(%) =
B − C

Gw

(
1 − Wr

100

) × 100, (2)

where B is the mass of the filter with lignin residue (g), C is the mass of the empty filter
(g), Gw is the mass of the dry biomass sample (g), Wr is the relative moisture content of
the biomass.

Biomass (3–5 g) was Soxhlet-extracted for 6–8 h with a 1:1 ethanol-benzene mixture
(95% EtOH, Chempur, Piekary Śląskie, Poland). After cooling, the residue was weighed for
further calculations.

The extractives content was determined as:

E(%) =
G0 − Ge

G0
× 100, (3)

where G0 is the oven-dry sample mass (g), Ge is the extracted sample mass (g).
It should be noted that the applied cellulose determination method, based on al-

kaline treatment (KOH) followed by ethanol–nitric acid hydrolysis, is not fully spe-
cific to cellulose and may include residual hemicellulose fractions, similarly to classical
TAPPI-type procedures.

Holocellulose content was determined using the monoethanolamine method, based
on selective delignification of biomass while preserving the carbohydrate fraction [21]. This
approach is consistent with commonly used procedures for lignocellulosic compositional
analysis. Approximately 2 g of oven-dry biomass was subjected to repeated chlorination
and monoethanolamine treatment with intermediate washing steps until the sample became
white. The residue was washed sequentially with ethanol, water, and ether, then dried at
103 ◦C to constant weight. The holocellulose content was calculated according to:

HOL(%) =
B − A

Gw

(
1 − Wr

100

) × 100, (4)

where A is the mass of the empty filter (g), B is the mass of the filter with holocellulose (g),
Gw is the oven-dry mass of biomass (g), Wr is the relative moisture (%).
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Therefore, the calculated hemicellulose content, obtained as the difference between
holocellulose and cellulose, should be considered as an approximate value and used
primarily for comparative analysis between biomass types.

Elemental analysis for carbon (Cdaf), hydrogen (Hdaf), and nitrogen (Ndaf) contents
was performed using a Vario Macro CHNS elemental analyzer (Elementar Analysensysteme
GmbH, Langenselbold, Germany) in accordance with CEN/TS 15104:2005 [22] instrumental
methods. The total sulfur content was determined according to CEN 15289:2006 (Solid
Biofuels: Determination of Total Content of Sulfur and Chlorine) [23]. Oxygen content was
not determined directly but calculated by difference, assuming that the total elemental
composition equals 100% on a dry ash-free (daf) basis. The oxygen content (Odaf) was
calculated using Equation (5):

Odaf = 100 − Cdaf − Hdaf − Ndaf − Sdaf, (5)

where Cdaf, Hdaf, Ndaf, and Sdaf represent the carbon, hydrogen, nitrogen, and sulfur
contents, respectively, expressed on a dry ash-free basis [24].

2.2. Pellet Production

The biomass pellet production procedure followed the standard technological se-
quence described in a previous study [25,26], consisting of raw material pretreatment and
preparation, homogenization of the pelletizing mixture, pellet formation, and pellet drying.
The specific conditions applied at each stage may vary depending on the relative propor-
tions and moisture content of the feedstock components, which are known to strongly
influence the quality and physicochemical properties of the final pellets. In this study,
biomass pelletization was carried out using a flat die pellet mill ZLSP 20.OB flat-die pellet
mill (Anyang Best Complete Machinery Engineering Co., Ltd., Anyang, China). Six pellet
formulations were prepared, including three peat-bonded and three bran-bonded pellet
types, as summarized in Table 1.

Table 1. The composition of the pellets.

Sample Composition

85WSP 85% Wheat straw + 15% peat
85BSP 85% Barley straw + 15% peat
85OHP 85% Oat husks + 15% peat
90WSB 90% Wheat straw + 10% barley bran
90BSB 90% Barley straw + 10% barley bran
90OHB 90% Oat husks + 10% barley bran

The binder contents used in this study were selected based on our previous optimiza-
tion studies on biomass pellet production [25,27]. The primary objective was to maximize
the proportion of agricultural biomass while maintaining sufficient pellet mechanical
strength and durability for handling and thermochemical conversion. Barley bran exhib-
ited high natural binding efficiency due to its starch and protein content; therefore, 10 wt.%
was sufficient to produce durable pellets. In contrast, peat required 15 wt.% to achieve
comparable pellet integrity because of its lower binding capacity. Lower binder contents
resulted in mechanically weak and brittle pellets, whereas increasing the binder content
reduced the biomass fraction without providing a significant improvement in pellet quality.
Consequently, the selected formulations represent the optimum compromise between pellet
quality and maximum biomass utilization.
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2.3. TGA-FTIR Experiment

The thermogravimetric analyzer STA 6000 thermogravimetric analyzer (PerkinElmer
Inc., Waltham, MA, USA) was interfaced with a Fourier-transform infrared spectrometer
Spectrum 100 FTIR spectrometer (PerkinElmer Inc., Waltham, MA, USA) via a heated
transfer line TL8000 heated transfer line (PerkinElmer Inc., Waltham, MA, USA) to enable
simultaneous monitoring of mass loss and volatile product evolution during the thermal
degradation of raw materials and pelletized samples. Both the transfer line and gas cell
were maintained at a constant internal temperature of 230 ◦C to prevent condensation
or adsorption of semi-volatile compounds. FTIR spectra were collected every 9 s across
a spectral range of 4000–400 cm−1, with a spectral resolution of 4 cm−1. A time lag of
approximately 90 s was observed between the TGA signal and the corresponding FTIR
spectra. Since the transfer line configuration and operating conditions were identical
for all experiments, this time lag remained constant throughout the study and did not
affect the comparative evaluation of the thermal decomposition behaviour or the relative
distribution of volatile products among the investigated samples. Dry biomass samples,
weighing between 50 mg and 60 mg, were heated from 30 ◦C to 700 ◦C at a heating rate of
100 ◦C·min−1 under a nitrogen atmosphere flowing at 20 mL·min−1, regulated by a mass
flow controller. A heating rate of 100 ◦C·min−1 was selected to simulate rapid pyrolysis
conditions and to ensure sufficient volatile evolution for TGA–FTIR analysis. Heating
rate is known to influence the apparent decomposition temperatures, volatile evolution
profiles, and product distribution because higher heating rates increase thermal lag and
may enhance secondary cracking reactions. The same heating rate was applied to all
samples to ensure a reliable comparative evaluation of the effect of binder composition on
pyrolysis behaviour. Prior to analysis, the pellet samples were ground and homogenized to
obtain representative material for TGA–FTIR measurements.

2.3.1. Volatile Matter (Non-Condensable Gases and Bio-Oil)

The yield volatile matter (VM) received in thermal pyrolysis is calculated based on
mass changes during TG analysis according to Equation (6):

VM(%) =
ms − mr

ms
× 100, (6)

where ms, mr—a mass of the sample and solid residue (fixed carbon, ash), g.

2.3.2. The Relative Yield of the Volatile Compounds

The standard output of the TGA-FTIR system consists of time-resolved infrared spectra,
pre-programmed based on temperature, presented as three-dimensional (3D) absorbance
stack plots that reflect the release of volatile compounds during thermal decomposition
under an inert atmosphere.

Throughout the pyrolysis process, the collected TGA-FTIR data were compiled to
generate absorbance profiles across the temperature range for each detected volatile com-
ponent. In this study, the relative yield of each compound was determined by integrating
the area under the corresponding absorbance-temperature curve (2D plot), following the
methodology described in the literature [13,28].

The relative yield of each identified gaseous and condensable product was determined
from the integrated area of the corresponding FTIR absorption band. Prior to integration,
baseline correction was applied by subtracting the initial absorbance from the recorded
spectra. Peak areas were calculated using the trapezoidal integration method over the
selected temperature interval. Quantification was performed using previously established
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calibration curves for the analysed compounds, and the obtained peak areas were converted
into relative product yields.

2.3.3. Determination of Non-Condensable Gases

The TGA-FTIR technique was employed to quantify the concentrations of CO, CO2,
and CH4 present in the volatile fraction generated during pyrolysis [29]. The amounts of
non-condensable gases produced during the pyrolysis of the investigated raw materials
and pellet formulations were calculated using Equation (7):

Non.cond.gases(%) =
mCO2 + mCO + mCH4

mbiomass
× 100, (7)

where mbiomass, mco2, mco, mCH4—a mass of CO, CO2, CH4, and biomass, mg.

2.3.4. Determination of Bio-Oil

The amount of bio-oil obtained in the pyrolysis process calculated according to
Equation (8):

Bio-oil, (%) = VM − Non.cond.gases, (8)

where: VM—volatile matter content (wt.%); Non-cond. gases—yield of non-condensable
gases (wt.%).

The bio-oil yield was estimated indirectly as the difference between the volatile matter
yield and the yield of non-condensable gases. This calculation was used to enable a com-
parative evaluation of the investigated samples under identical experimental conditions. It
assumes complete conversion of the volatile fraction into condensable and non-condensable
products and does not account for possible experimental losses or incomplete recovery
of volatile compounds. Therefore, the calculated bio-oil yield should be interpreted as a
comparative rather than an absolute value.

2.3.5. Determination of Solid Residue Yield

The yield of the solid residue obtained after pyrolysis was determined from the
residual mass recorded at the end of the TG experiment (700 ◦C) according to Equation (9):

Charyield, (%) = 100 − VM, (9)

2.3.6. Determination of Aromatic Hydrocarbons and Olefins

Toluene (99.8%, Sigma-Aldrich, St. Louis, MO, USA) was used as standards and
calibration materials for the quantification of monocyclic aromatic hydrocarbon. For olefin
quantification, 1 hexadecene (≥99%, Sigma-Aldrich, St. Louis, MO, USA) was employed as
the standard and calibration reference. The TGA-FTIR technique was utilized to determine
the concentrations of monocyclic aromatic hydrocarbons and olefins present in the volatile
fraction released during pyrolysis. The yield of hydrocarbons (i.e., monocyclic aromatic
hydrocarbons and olefins) obtained during the pyrolysis of the investigated samples was
calculated according to Equation (10):

Hydrocarbons(%) =
mtoluene + molefins

mbiomass
× 100, (10)

where mbiomass, mtoluene, molefins—mass of toluene, xylene, olefins, and biomass, mg.
Toluene and 1-hexadecene were selected as representative calibration compounds

for monocyclic aromatic hydrocarbons and olefins, respectively. The obtained calibration
relationships were used to estimate the relative content of these compound groups from the
integrated FTIR absorption bands. It should be noted that these compounds were used as
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representative standards for comparative quantification and that the TGA–FTIR approach
does not provide the compound-specific identification achievable by GC–MS.

2.3.7. Determination of Water from Pyrolysis

Calcium oxalate monohydrate (99%, Alfa Aesar, Haverhill, MA, USA) was employed
as the standard and calibration material for water quantification. The TGA-FTIR technique
was applied to determine the water content present in the volatile fraction generated
during pyrolysis. Water content was quantified using a calibrated FTIR method to enable
simultaneous analysis of all volatile products during pyrolysis. Although Karl Fischer
titration is the reference method for absolute water determination, the FTIR approach was
selected to provide a consistent comparative evaluation of water evolution under identical
experimental conditions for all investigated samples.

2.3.8. Determination of Oxygen-Containing Compounds from Pyrolysis

The content of oxygen-containing compounds (%) was calculated using the follow-
ing equation:

Oxygen-containingcompounds, (%) = Biooil − water − hydrocarbons, (11)

where Organic represents the total content of organic compounds (%), while Olefins and
Toluene correspond to the respective compound groups (%) determined by analytical methods.

It should be noted that the applied TGA–FTIR methodology provides quantitative
information only for the selected calibrated compound groups investigated in this study.
Biomass pyrolysis vapours and bio-oils are known to contain numerous additional com-
pounds, including phenolics, aldehydes, ketones, carboxylic acids, furans, and nitrogen-
containing species, which cannot be comprehensively identified or quantified using FTIR
alone. A detailed molecular characterization of these compounds would require comple-
mentary techniques such as GC–MS.

3. Results and Discussion
The reported values represent average experimental results obtained under identical

experimental conditions. The original replicate datasets were unavailable at the time of
manuscript revision; therefore, statistical parameters (standard deviations and error bars)
could not be calculated retrospectively. Consequently, the quantitative results should be
interpreted primarily as comparative trends rather than statistically validated differences.
Accordingly, the discussion focuses on overall trends observed among the investigated
samples rather than on small quantitative differences between individual formulations.

3.1. Characterization of Raw Materials

Table 2 summarizes the proximate, ultimate, and compositional properties of the raw
lignocellulosic biomass samples investigated in this study.

The investigated biomass samples exhibited distinct differences in their chemical
composition and fuel-related properties. Oat husks indicated the highest volatile matter
content (71.3 wt.%) and cellulose content (35.2 wt.%), whereas barley straw contained
the highest fixed carbon content (29.7 wt.%). Wheat straw was characterized by the
highest lignin content (22.4 wt.%), which may contribute to improved thermal stability
during thermochemical conversion processes. The oxygen content of all samples remained
relatively similar, ranging from 43.3 to 43.6 wt.%, indicating the lignocellulosic nature of the
selected agricultural residues. These differences in composition are expected to influence
the thermal degradation behavior and gaseous product formation during pyrolysis.
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Table 2. Analytical results for the investigated biomass samples.

Biomass
Samples

Proximate Analysis (wt.%) Composition Analysis (wt.%) Ultimate Analysis (wt.%)

V
ol

at
il

e
M

at
te

r

Fi
xe

d
C

ar
bo

n

A
sh

C
on

te
nt

R
el

at
iv

e
M

oi
st

ur
e

C
el

lu
lo

se

Li
gn

in

Ex
tr

ac
ti

ve
s

H
ol

oc
el

lu
lo

se

H
em

ic
el

lu
lo

se

C
ar

bo
n

H
yd

ro
ge

n

N
it

ro
ge

n

Su
lf

ur

O
xy

ge
n

Wheat straw 69.2 26.7 4.1 6.2 42.7 22.4 2.5 71.1 28.4 47.6 6.2 0.8 0.02 43.3
Barley straw 65.4 29.7 4.9 6.5 46.6 20.5 2.1 72.5 25.9 46.7 6.1 0.8 0.10 43.3
Oat husks 71.3 24.8 3.9 6.8 39.2 20.5 1.4 74.5 35.2 47.3 6.4 0.8 0.05 43.6

3.2. Thermal Decomposition of Raw Materials and Pelletized Samples

The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of
raw materials and pelletized samples pyrolysis from 30 to 700 ◦C at the heating rate
of 100 ◦C·min−1 are presented in Figure 1. The characteristic points of the TG and DTG
curves are summarised in Table 3.

Figure 1. TG (a–c) and DTG (d–f) curves of raw materials and pelletized samples pyrolysis.

The thermal degradation of raw materials and pelletized samples occurred in three
major weight loss steps: (I) dehydration, (II) degradation of organic components, and
(III) charring of the residue. The first weight-loss step, corresponding to the removal of
moisture and light components, occurred over a temperature range of 30–180 ◦C. Barley
bran exhibited the highest moisture content among the raw materials at 9.5 wt.%, while
wheat straw had the lowest at approximately 7.5 wt.%. Since peat can contain up to 80 wt.%
moisture, it was dried before pyrolysis experiments, resulting in a negligible moisture
content of approximately 1 wt.%. For pelletized samples using peat (85WSP, 85BSP, and
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85OHP) or bran (90WSP, 90BSP, and 85OHP) as binders, the relative moisture content
remains below 9.5 wt.%.

Table 3. The characteristic points of the TG and DTG curves in thermal pyrolysis.

Samples
Active Pyrolysis Zone Passive

Pyrolysis Zone

Ti, ◦C Tmax,
◦C Tf, ◦C Tf

2, ◦C

Wheat straw 194 329 406 577
Barley straw 192 331 395 622

Oat husks 198 320 416 585
Barley bran 181 310 403 600

Peat 150 273 and 379 536 700
85WSP 203 300 and 360 415 640
85BSP 198 290 and 337 390 640
85OHP 220 305 and 358 414 635
90WSB 248 367 410 600
90BSB 235 325 and 367 410 600
90OHB 242 305 and 350 405 560

Ti—pyrolysis initial temperature; Tmax, (DTG max)—where the rate of weight loss is maximum; Tf—the final
temperature of the active pyrolysis zone; Tf

2—pyrolysis final temperature.

The main weight-loss step occurred over a wide temperature range from 190 ◦C to
520 ◦C and is associated with the degradation of the organic components of raw materials
and pelletized samples, representing the active pyrolysis zone. This step is ascribed to a
series of reactions involving dehydration, decarboxylation, decarbonylation, fragmentation,
and rearrangement. Among all the raw materials examined, peat exhibits the lowest
thermal stability. Its thermal degradation commences at 150 ◦C, a property attributed to its
high hemicellulose and fulvic acid content. As a result, pelletized samples utilising peat as
a binder exhibit lower thermal stability than those utilising bran.

In contrast to raw materials, the inflection points during the active pyrolysis step ex-
hibit significant changes in pelletized samples. The observed phenomenon may result from
interactions between biomass and binder components during thermal degradation. When
multiple raw materials, including polysaccharides (hemicellulose), proteins, lignin, and
humic substances, are combined, their co-pyrolysis behaviour cannot be predicted by the
simple additive effects of individual components. These interactions modify degradation
pathways, reaction rates, and product distributions [30].

All pelletized samples utilising peat as a binder exhibit two inflection points in the
active pyrolysis zone. In the case of peat, these inflection points occur at 273 ◦C and 379 ◦C.
The first inflection point corresponds to the thermal degradation of hemicellulose and is
partially related to the decomposition of fulvic and humic acids. The second inflection
point is attributed to the thermal degradation of lignin and the complete decomposition of
fulvic and humic acids. Although the peat content in the pellets is relatively low (15 wt.%),
the first inflection point increases and the second inflection point decreases for all pelletized
samples compared to pure peat. The thermal stability of less stable components is altered
through interactions with more stable components, resulting in a modified overall thermal
stability of the pellets.

Scientifically interesting results are associated with the use of bran as a binder. All
lignocellulosic raw materials in the active pyrolysis zone exhibit a single inflection point.
However, for bran, this inflection point does occur at a lower temperature (310 ◦C) com-
pared to straw (~330 ◦C) and husks (320 ◦C). This difference can be attributed to the
presence of proteins and starch in bran, which degrade at slightly lower temperatures than
cellulose and lignin, the primary constituents of straw and husks. In contrast, the active
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pyrolysis zone in pelletized samples exhibits distinct characteristics. Although bran is
present as a binder at only 10 wt.%, it exerts a substantial influence on the DTG characteris-
tics. The 90BSB and 90OHB samples display two inflection points in the active pyrolysis
zone, whereas the 90WSB sample exhibits only one. Furthermore, the second inflection
points of 90BSB and 90OHB, as well as the sole inflection point of 90WSB, tend to occur at
higher temperatures than those of the raw materials. These significant changes are likely
due to protein complicated interactions with other chemical components in the pelletized
samples during pyrolysis. Thermochemical degradation of protein occurs across a broad
temperature range, from 250 ◦C to 1000 ◦C [13]. In pelletized samples, the first inflection
point is likely associated with the thermal degradation of hemicellulose and partial protein
degradation. The second inflection point appears to correspond to the thermal degradation
of cellulose, lignin, and additional proteins.

During pyrolysis, proteins undergo deamination, decarboxylation, and fragmentation
reactions over a broad temperature range, producing ammonia, amines, nitriles, pyrroles,
and other nitrogen-containing intermediates. These reactive species may participate in
secondary reactions with carbohydrate- and lignin-derived volatiles, thereby modifying
volatile evolution profiles and thermal degradation pathways. In addition, Maillard-type
reactions between proteins and reducing sugars may contribute to the formation of more
thermally stable intermediates and carbonaceous structures, influencing both volatile
composition and char formation [31].

The final temperature of the active pyrolysis zone does not exceed 420 ◦C for all
lignocellulosic biomasses and pelletized samples, whereas it reaches 536 ◦C for peat. The
final weight loss step observed between approximately 420 and 700 ◦C corresponds to
the passive pyrolysis zone, in which the remaining carbonaceous residue undergoes slow
thermal decomposition and carbonization, resulting in further char formation and the
release of small amounts of non-condensable gases.

Thermal degradation yields the highest volatile matter from barley bran (69.4 wt.%),
oat husks (68.9 wt.%), and wheat straw (67.9 wt.%). Although peat initiates decomposition
earlier and proceeds over a wide temperature range, it yields a substantial amount of solid
residue (36.5 wt.%). Pelletized samples that use peat as a binder exhibit volatile matter
levels during thermal destruction that are comparable to those of the raw material without
a binder. However, 85WSP shows a slightly higher solid residue (27.3 wt.%) than wheat
straw (24.6 wt.%). The use of bran as a binder has minimal impact on the volatile matter
content of pelletized samples during thermal degradation. For all pellets, the solid residue
either decreased slightly or remained unchanged compared to the raw material.

The findings indicate that pelletization substantially modifies the thermal degradation
behaviour of lignocellulosic biomass because of interactions between biomass and binder
components. Notably, incorporating bran as a binder, even at low concentrations, appears
to modify pyrolysis pathways through protein-mediated interactions, thereby altering
thermal stability.

3.3. Product Yields Obtained from Raw Materials and Pelletized Samples During
Thermal Pyrolysis

Figure 2 presents the product yields obtained from dry raw materials and pelletized
samples during thermal pyrolysis at 700 ◦C. The reported values represent the average
experimental results and were used for the comparative evaluation of the investigated
biomass samples under identical experimental conditions.
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Figure 2. Product yields obtained from dry raw materials and pelletized samples during thermal
pyrolysis at 700 ◦C. Values represent average experimental results.

Among the raw materials analysed, wheat bran produces the highest yield of non-
condensable gases during pyrolysis (34.0%), whereas peat results in the lowest yield
(approximately 29.6%). Peat also produces the lowest bio-oil yield (33.4%) and the largest
amount of solid residue (37.1%). These results can be attributed to the more aromatic
chemical structure of peat, which facilitates biochar formation during pyrolysis. Oat husks
produce the highest bio-oil yield (40.4%), likely due to their elevated hemicellulose content
and reduced lignin content.

Among the pelletized samples, 85OHP and 90OHB achieved the highest bio-oil yields
of 41.0% and 45.2%, respectively. Notably, pelletized samples utilising bran as a binder
exhibited higher bio-oil yields than both the raw materials and other pelletized samples.
This suggests a specific interaction between the components during pyrolysis that favours
the formation of the condensable fraction rather than the non-condensable fraction, which
is the dominant pyrolysis product for wheat bran.

Although peat produces the lowest yield of non-condensable gases during pyrolysis,
its use as a binder in pelletized samples increases the formation of non-condensable gases,
reaching up to 35.6% in the case of 85BSP.

The chemical composition of binders influences the product distribution of lignocel-
lulosic biomass during pyrolysis. Binders with higher protein content, interacting with
lignocellulosic biomass components, tend to promote the formation of bio-oil. In contrast,
binders with a more aromatic structure favour the formation of non-condensable gases.
These differences can be attributed to the contrasting biochemical composition of the binder
materials. Barley bran contains readily degradable polysaccharides, starch, and proteins,
which promote volatile formation and increase the condensable product yield. In contrast,
the humified aromatic structure and mineral constituents of peat favour dehydration and
char-forming reactions, resulting in higher solid residue and gas production, in agreement
with previous studies [16,32].

3.4. Composition and Evolution Profiles of Non-Condensable Gases from Raw Materials and
Pelletized Samples During Thermal Pyrolysis

Composition of the non-condensable gases resulting from the raw materials and
pelletized samples during thermal pyrolysis is shown in Figure 3.
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Figure 3. Composition of non-condensable gases from dry raw materials and pelletized samples
during thermal pyrolysis at 700 ◦C temperature. Values represent average experimental results.

The non-condensable gas composition was dominated by CO2 and CO in all analysed
samples, while CH4 represented only a minor fraction. The dominance of CO2 and CO
indicates that decarboxylation, decarbonylation, and secondary cracking reactions were the
main contributors to gas formation during pyrolysis [16]. Raw biomass materials showed
relatively similar gas profiles, although slight differences in CO2, CO, and CH4 contents
may be related to variations in lignocellulosic composition and mineral matter.

Binder composition clearly affected the gas profile of the pelletized samples. Peat-
bonded pellets showed comparatively higher total gas contributions and slightly enhanced
CH4 formation, which may be associated with the aromatic and humified structure of
peat and its mineral constituents. In contrast, bran-bonded pellets showed substantial
CO2 and CO formation but comparatively lower CH4 contents, consistent with the organic
and oxygen-rich nature of bran. These results confirm that binder type influences the
gas-forming pathways during pyrolysis and affects the distribution of non-condensable
gas products.

CO2 release was observed for all studied samples in both the active and passive
pyrolysis regions, over approximately from 200 to 700 ◦C (Figure 4). A single dominant
peak appeared in the active pyrolysis zone (around 350–420 ◦C). The highest CO2 emissions
occurred in biomass samples with peat as a binder. This indicates enhanced decomposition
of oxygen-containing functional groups. The onset of CO2 evolution occurred at the lowest
temperature in peat (~190 ◦C) and the highest in bran (~255 ◦C), reflecting differences in
thermal stability.

Figure 4. The evolution of CO2 during thermal pyrolysis of raw materials and pelletized samples.

In the active pyrolysis region, CO2 release is mainly associated with the decom-
position of cellulose and hemicellulose. In the passive pyrolysis region (>450 ◦C), it is
attributed to the gradual degradation of more stable aromatic structures. The extended
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high-temperature tail in some samples suggests thermally resistant carbonaceous structures
and secondary reactions.

CO release was observed for all investigated samples mainly within the active pyroly-
sis region, approximately between 250 and 450 ◦C (Figure 5). A dominant CO evolution
peak appeared around 350–400 ◦C for both raw materials and pelletized samples. The
highest CO emissions were detected for wheat straw and pelletized biomass samples
containing peat as a binder. In contrast, peat exhibited a broader and less intensive CO
release profile. CO formation during pyrolysis is primarily associated with the thermal
degradation of oxygen-containing functional groups, including carbonyl, carboxyl, and
ether structures originating from hemicellulose, cellulose, and partially lignin decomposi-
tion. The gradual decrease in CO release intensity above 450 ◦C indicates the depletion of
thermally unstable oxygenated compounds. However, the extended high-temperature tail
observed in pelletized samples suggests the contribution of secondary cracking reactions
and the decomposition of more stable carbonaceous structures.

Figure 5. The evolution of CO during thermal pyrolysis of raw materials and pelletized samples.

CH4 evolution was mainly observed in the passive pyrolysis region at temperatures
above 400 ◦C (Figure 6). Unlike CO2 and CO, methane formation occurred over a broader
temperature range, with the maximum CH4 release detected between approximately
550 and 680 ◦C. The highest methane emissions were observed for wheat straw and oat
husk pellet samples, while bran-containing samples showed comparatively lower CH4

evolution intensity.

Figure 6. The evolution of CH4 during thermal pyrolysis of raw materials and pelletized samples.

CH4 formation is mainly related to the thermal decomposition of lignin-derived
aromatic structures and secondary reactions occurring during high-temperature pyrolysis.
The broad methane evolution profiles indicate gradual degradation of thermally stable
carbonaceous components. Increased CH4 release at elevated temperatures may also
be associated with secondary tar cracking and methanation reactions. The higher CH4

formation observed in some pelletized samples suggests enhanced secondary conversion
reactions promoted by prolonged volatile residence time within the pellet structure.

The mineral constituents naturally present in peat, including alkali and alkaline-earth
metals, may also influence pyrolysis reactions. These inorganic species have been reported
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to promote dehydration, decarboxylation, and deoxygenation reactions while suppressing
the formation of condensable oxygenated products. Consequently, a greater proportion of
oxygen is released as CO2, CO, and H2O, accompanied by increased char formation [12].

3.5. Composition of Bio-Oil from Raw Materials and Pelletized Samples During Thermal Pyrolysis

The distribution of major compound groups in the condensable products (bio-oil)
varied depending on the raw material and binder type (Figure 7). Oxygen-containing
compounds were the dominant fraction in all analysed samples, indicating that cellulose,
hemicellulose, lignin, and binder-derived oxygenated structures contributed substantially
to the formation of condensable vapours. Among the raw biomass materials, oat husks
and wheat straw showed the highest contents of oxygen-containing compounds, reaching
24.6% and 23.6%, respectively, whereas peat showed the highest value among the binder
materials, at 21.3%. The hydrocarbon fraction remained comparatively low in all raw
materials and binders, not exceeding 4.8%.

Figure 7. Composition of bio-oil from dry raw materials and pelletized samples during thermal
pyrolysis at 700 ◦C temperature. Values represent average experimental results.

It should be noted that the detected water does not originate from the initial mois-
ture content of the biomass, as all samples were dried prior to pyrolysis. Instead, it is
mainly formed during thermal decomposition through dehydration reactions of cellulose,
hemicellulose, lignin, and the organic constituents of the binder materials. Therefore, the
water content reported in the condensable products represents reaction water generated
during pyrolysis.

The binder composition influenced the condensable product profile of the pelletized
samples. All bran-bonded pelletized samples showed a high proportion of oxygen-
containing compounds in the condensable products (bio-oil), exceeding 30%, whereas
the water content remained below 10%. This may be related to the organic and volatile-rich
nature of bran, which can promote the formation of oxygen-rich condensable products
during pyrolysis. In contrast, peat-bonded pelletized samples exhibited lower proportions
of oxygen-containing compounds, ranging from 16 to 24%, while showing comparatively
higher water contents, suggesting a different degradation pathway and a stronger contribu-
tion of dehydration reactions.

The differences observed between bran- and peat-bonded pellets can be related to
the contrasting chemical compositions of the binder materials. Bran contains substantial
amounts of organic constituents, including non-starch polysaccharides, starch, proteins,
lipids, and minerals, which can readily decompose during pyrolysis and contribute to the
formation of volatile products. In particular, polysaccharide-derived structures are known
to generate oxygen-containing compounds during pyrolysis, while proteins can modify the
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volatile product profile through the formation of nitrogen-containing species. Thus, the
higher proportion of oxygen-containing compounds in bran-bonded pellets suggests that
interactions between bran and lignocellulosic residues enhanced the release of oxygen-rich
condensable products [33]. In contrast, peat-bonded pellets showed lower proportions of
oxygen-containing organic compounds and higher water contents. This may be associated
with the humified, more aromatic structure of peat and its mineral constituents, which
can favour dehydration, char formation, and secondary deoxygenation reactions, leading
to a greater release of oxygen as water and permanent gases rather than retention in the
condensable organic fraction [34,35].

Besides their structural role, inorganic constituents in peat may exert a catalytic effect
on pyrolysis reactions. Mineral species have been reported to accelerate dehydration,
decarboxylation, and secondary deoxygenation reactions, thereby reducing the proportion
of oxygenated condensable compounds while increasing the formation of permanent gases
and solid carbonaceous residue. Although the catalytic contribution of individual mineral
species was not investigated in the present study, the observed product distribution is
consistent with these mechanisms reported in the literature [12].

The present results should therefore be interpreted as representing the relative dis-
tribution of the major calibrated compound groups rather than the complete chemical
composition of the condensable fraction. Biomass-derived bio-oils are complex mixtures
that typically contain phenolics, aldehydes, ketones, carboxylic acids, furans, and nitrogen-
containing compounds originating from the thermal degradation of lignin, carbohydrates,
and proteins. The applied TGA–FTIR methodology does not provide compound-specific
identification of these species; therefore, complementary techniques such as GC–MS would
be required for comprehensive molecular characterization.

From a practical perspective, the selection of binder materials should consider not
only pyrolysis performance but also economic and environmental aspects. Barley bran
is an abundant agricultural by-product generated during cereal processing and is widely
available in grain-producing regions. Its use as a pellet binder represents a value-added
utilization pathway consistent with circular bioeconomy principles while requiring only
10 wt.% binder to achieve satisfactory pellet quality. In contrast, peat provides favourable
pellet strength and promotes the formation of char and gaseous products; however, peat is
a slowly renewable resource, and its extraction may result in greenhouse gas emissions and
ecosystem disturbance. Therefore, peat utilisation should be carefully evaluated according
to regional regulations and sustainability objectives.

The pellet production technology applied in this study is compatible with conven-
tional industrial pelletization systems and therefore can be readily implemented at a larger
scale without substantial process modifications. Furthermore, binder selection may be
adjusted according to the desired product distribution. Bran-containing pellets are more
suitable when higher bio-oil yields are required, whereas peat-containing pellets may
be advantageous when increased char production or combustible gas generation is pre-
ferred. Consequently, the proposed pellet formulations provide flexibility for different
thermochemical conversion pathways depending on the intended industrial application.

The present results should be interpreted together with our previously published TG–
DSC investigation of peat-bonded biomass pellets [24], which suggested that pelletization
produced only minor changes in the thermal effects of decomposition. Consequently,
the present TGA–FTIR study complements the previous thermal analysis by providing
detailed information on volatile evolution and pyrolysis product distribution associated
with different binder materials.
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4. Conclusions
The present study suggests that pelletization and binder composition may influence

the thermal degradation behaviour and pyrolysis product distribution of agricultural
residue-based biomass pellets. TGA–FTIR analysis suggested that binder composition
influenced the thermal decomposition pathways and evolution profiles of volatile products
in lignocellulosic biomass pellets. Bran-bonded pellets promoted the formation of condens-
able products and oxygen-containing compounds, resulting in the highest bio-oil yield
of 45.2% for the 90OHB sample. In contrast, peat-bonded pellets favoured the formation
of non-condensable gases and solid residue due to the more aromatic and mineral-rich
structure of peat. CO2 and CO were identified as the dominant gaseous products during
pyrolysis, while CH4 evolution mainly occurred in the passive pyrolysis region at elevated
temperatures. The results indicate that organic and mineral-rich binders influence pyrolysis
through different degradation mechanisms. Bran enhanced the release of oxygen-rich
condensable products, whereas peat promoted dehydration, char formation, and secondary
deoxygenation reactions.

Overall, the findings demonstrate that appropriate binder selection provides a practi-
cal approach for tailoring pyrolysis product distribution according to specific industrial
objectives. Barley bran appears particularly attractive for circular bioeconomy applications
because it is an agricultural by-product that enhances bio-oil production, whereas peat-
containing formulations may be more suitable where increased char production is required,
provided that their environmental implications are carefully considered.
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