‘ energies

Article

Effect of Pyrolysis Temperature on Chemical Structure and
Thermal Stability of Digestate-Based Biochar

Justyna Kujawska *{9, Wojciech Cel 11, Barbara Charmas

W) Check for updates

Academic Editor: Mohammed

Abushammala

Received: 20 January 2026

Revised: 12 February 2026

Accepted: 14 February 2026
Published: 16 February 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

2() and Dorota Szala 3

Faculty of Environmental and Energy, Lublin University of Technology, Nadbystrzycka 40B,

20-618 Lublin, Poland; w.cel@pollub.pl

2 Faculty of Chemistry, Maria Curie-Sklodowska University, Maria Curie-Sklodowska 3, 20-031 Lublin, Poland;
barbara.charmas@mail.umcs.pl

Faculty of Biology and Biotechnology, Maria Curie-Sklodowska University, Akademicka 19,

20-033 Lublin, Poland; dorotaszalazar@gmail.com

*  Correspondence: j.kujawska@pollub.pl

Abstract

Biochar obtained from digestate is a promising material in the context of digestate man-
agement. However, it is important to note that the properties of the resulting material
are largely dependent on the parameters of the pyrolysis process, with temperature being
a particularly significant factor. The objective of this study was to evaluate the impacts
of the digestate pyrolysis temperature on the chemical structure, thermal stability, and
thermal decomposition characteristics of biochar produced at temperatures of 400, 500,
600, and 800 °C in an inert nitrogen atmosphere. Material characterization was performed
using a range of analytical techniques, including elemental analysis, FTIR spectroscopy,
thermogravimetric analysis (TGA/DTG), and coupled TGA-FTIR analysis, in order to
identify volatile products released during the heating process. The results demonstrated
that elevating the pyrolysis temperature results in progressive carbonization and aroma-
tization of the carbon structure. Concurrently, functional groups containing oxygen and
hydrogen were eliminated, as evidenced by declines in the H/C and O/C atomic ratios.
FTIR analysis confirmed the disappearance of aliphatic and hydroxyl bands, as well as
the dominance of aromatic structures and mineral components in biochar subjected to
high-temperature treatment. The TGA results demonstrated an enhancement in thermal
stability with increasing pyrolysis temperature. Concurrently, the TGA-FTIR analysis
revealed a substantial decline in the emission of volatile decomposition products from
biochar obtained at temperatures >600 °C. Overall, the pyrolysis temperature of digestate
determines the utilization potential of the resulting biochar; in particular, low-temperature
biochar can be used as a soil amendment and methane fermentation stimulant, while high-
temperature biochar can be used for contaminant immobilization in soil and long-term
carbon sequestration.

Keywords: biochar; digestate; pyrolysis; thermal stability; FTIR; TGA-FTIR; carbon sequestration

1. Introduction

Biochar, which is produced by subjecting biomass to pyrolysis under oxygen-limited
conditions, has attracted interest due to the possibility of effectively managing organic
waste in accordance with circular economy principles and the potential to increase the
energy efficiency of biomass conversion processes [1]. The physicochemical and chemical
properties of biochar—including its chemical structure, mineral content, specific surface
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area, porosity, aromaticity, and thermal stability—are largely determined by the parameters
of the pyrolysis process, especially the temperature [2].

It has been demonstrated that elevated pyrolysis temperatures are conducive to the
formation of micropores, the development of a porous structure, and augmentation of
the specific surface area of biochar; however, these processes have also been observed
to concomitantly result in decreased process efficiency and augmented ash content [3,4].
The production of biochar at elevated temperatures has been shown to result in materials
exhibiting elevated hydrophobicity, a high carbon content, a more ordered carbon layer
structure, and enhanced environmental stability and durability [5]. A substantial corpus of
research has focused on the subject, and the findings are clear: an increase in the pyrolysis
temperature results in increases in the specific surface area [6], pH [7], and carbon content,
while simultaneously reducing the nitrogen content [8].

The H/C and O/C molar ratios are significant indicators of structural changes in
biochar, which exhibit certain relationships with the pyrolysis temperature. The H/C and
O/C ratios can be utilized to evaluate the aromaticity, polarity, and stability of biochar [9].
It is evident that an increase in the pyrolysis temperature generally results in an increase in
the carbon content, whilst concurrently leading to decreases in the nitrogen, hydrogen, and
oxygen contents [10].

The volume of digestate—a by-product of anaerobic digestion—is escalating with the
development of the biogas sector, necessitating the development of effective management
strategies; in this context, a potential solution is the conversion of this material into biochar.
According to Xu et al., there are currently over 110,000 biogas installations worldwide,

012 m3 per year [11]. A standard

with a total biogas production of approximately 12.5 x 1
agricultural biogas plant with a capacity of 1 MW processes several dozen Mg of raw
materials per day (from 30 to 80 Mg, depending on the energy value of the substrates).
The amount of digestate produced, depending on the type of substrate and operating
conditions, usually constitutes 70-90% of the input weight [12]. According to forecasts
by the European Biogas Association, there is expected to be a substantial increase in
global digestate production (expressed in dry matter), which is predicted to rise from
approximately 31 Mt DM per year in 2022 to 75 Mt DM per year in 2030 and then to 177 Mt
DM per year in 2050 [13].

Digestate is distinguished by its elevated contents of organic matter and essential
minerals, including nitrogen, phosphorus, and potassium, rendering it a compelling raw
material for subsequent processing [14]. Although it has been recommended for application
as an organic fertilizer [15,16], a growing body of research is beginning to shed light on
the potential risks associated with the introduction of digestates into soil. As outlined
in [17], factors such as intensive nitrate leaching, ammonia, nitrous oxide, volatile organic
compounds, and unpleasant odors must be considered. Furthermore, the issue of heavy
metal accumulation is of particular concern [18]. Innovative methods for processing are
being developed, including the utilization of digestate in insect breeding [19]. Zheng
et al. [20] utilized liquid digestate from the acidogenesis stage as a cost-effective and eco-
friendly compound for the pretreatment of lignocellulosic biomass. The elevated organic
carbon content of digestate is of particular significance, as it enables the production of
biochar with advantageous structural properties. The transformation of digestate into
biochar constitutes an innovative and promising solution for its management, consistent
with the principles of a circular economy and resource recovery [21]. As indicated by
reports in the literature, biochar obtained from digestate exhibits superior qualities in
terms of its carbonaceous material and adsorption properties when compared with biochar
produced from non-fermented biomass [22,23].

https://doi.org/10.3390/en19041043


https://doi.org/10.3390/en19041043

Energies 2026, 19, 1043

30f20

The selection of an appropriate pyrolysis temperature for digestate biochar produc-
tion involves a compromise between the desired physical and chemical properties of the
biochar. Changes in the structure and chemical composition of biochar can be effectively
monitored using thermogravimetric analysis (TGA) and Fourier-transform infrared (FTIR)
spectroscopy, respectively, while their combination (TGA-FTIR) enables the detailed identi-
fication and analysis of gases released during the thermal decomposition of biochar. These
analytical techniques permit assessments of thermal stability, aromaticity, the presence and
transformation of functional groups, and the nature and intensity of volatile emissions
during biochar decomposition, thus facilitating the optimization of pyrolysis process pa-
rameters and consequently enabling the production of biochar with properties tailored to
specific agricultural, environmental, or energy applications. Furthermore, such analyses
foster a more profound understanding of the mechanisms that occur during the thermal
conversion of digestates.

Despite the plethora of publications concerning the properties of biochar derived
from diverse biomass types, there is a paucity of studies on digestate biochar, particularly
regarding the integration of FTIR and TGA methods. Furthermore, there is a discernible
absence of research focused on detailed characterization of the chemical structure and
thermal stability of this type of biochar under varying pyrolysis temperatures.

The objective of this study was to evaluate the impacts of the digestate pyrolysis
temperature on the structural and thermal characteristics of the resulting biochar. Particular
emphasis was placed on analysis of the changes in chemical composition, the evolution
of functional groups, the degree of aromatization of the carbon structure, the thermal
stability, and the nature and intensity of volatile product emissions under different biochar
process temperatures. The objective of this study was to ascertain the optimal pyrolysis
temperature range for the production of biochar from digestate, thus yielding properties
that are suited to potential environmental and agricultural applications including long-term
carbon sequestration, soil improvement, and the immobilization of inorganic pollutants.

2. Materials and Methods
2.1. Digestate

The digestate was derived from an anaerobic digestion system that processed cow
manure and pig manure, primarily from household sources. The fermentation process was
conducted at the Bioenergia Plus facility in Piaski (in the vicinity of Lublin, Poland).

Prior to the pyrolysis process, the digestant underwent a drying procedure at a tem-
perature of 105 °C, with the objective of achieving a constant mass. This drying process was
conducted utilizing a laboratory dryer manufactured by Czylok (Jastrzebie-Zdroj, Poland).
The characteristics of digestate are presented in Table 1.

Table 1. Contents of carbon, hydrogen, oxygen, nitrogen, and water forms in digestate and digestate
biochar samples.

Sample TOC ROC TIC H,O o N C:N H 0] Ash
Digestate 30.14 1.58 0.07 31.3 2.92 10.30 2.98 28.07 4.35
BP400 22.65 4.38 0.11 16.43 1.86 12.16 1.28 13.72 60.43
BP500 19.44 4.66 0.12 9.09 1.65 11.47 0.63 7.67 43.26
BP600 18.98 475 0.12 6.58 1.67 11.58 0.39 5.77 38.26
BP800 16.78 6.47 0.28 5.17 1.31 12.83 0.17 4.34 34.25
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2.2. Biochar Production

Biochar was produced from dried and ground digestate by means of pyrolysis. The
material was placed in a fluidized quartz reactor, which was part of a laboratory pyrol-
ysis setup constructed at the Faculty of Chemistry, Maria Curie-Skfodowska University,
Lublin, Poland.

Pyrolysis experiments were conducted in a tubular furnace (MRT-4, Czylok, Jastrzebie-
Zdroj, Poland) under an inert nitrogen atmosphere with a constant gas flow rate of
20 dm? h~!. Digestate-derived precursor samples were subjected to controlled thermal
treatment using a one-step heating protocol. The material was heated from ambient temper-
ature to the target pyrolysis temperatures of 400, 500, 600, 700, and 800 °C at a heating rate of
5°C min~! and subsequently maintained at the final temperature for 3 h to ensure complete
carbonization. After cooling to room temperature under nitrogen flow, the resulting biochar
was collected and labelled according to the applied pyrolysis temperature (BP400-BP800).

2.3. Determination of Carbon, Hydrogen, Moisture, and Total Nitrogen

The carbon, hydrogen, and moisture contents of the biochar were determined using
a LECO RC 62 analyzer (LECO Corporation, St. Joseph, MI, USA). This instrument facili-
tates quantification of the total carbon and water contents, as well as the different forms
of carbon—namely, organic carbon (TOC), inorganic carbon (TIC), and residual organic
carbon (ROC)—based on the temperature and atmospheric conditions of the measure-
ment, following standardized procedures for solid fuels and biomass materials (ASTM
D5373-16) [24].

The total nitrogen content of the biochar samples was determined using the Kjeldahl
method, in accordance with ISO 11261:1995 for organic matter analysis [25], employing a
TM 8200 Foss Tecator System (FOSS, Hogands, Sweden).

Elemental composition was determined on a dry basis. Total carbon content was
calculated as the sum of TOC, ROC, and TIC. Atomic ratios (H/C and O/C) were calcu-
lated from the elemental analysis data (wt.%) by converting mass percentages to molar
proportions using the respective atomic weights of H, C, and O.

2.4. Fourier-Transform Infrared Spectroscopy Analysis

The chemical structure of the biochar was analyzed via Fourier-Transform Infrared
(FTIR) spectroscopy using an iS50 Nicolet spectrometer (Thermo Scientific, Waltham, MA,
USA) equipped with a DTGS KBr detector. The measurements were conducted utilizing
the ATR-FTIR technique, employing a diamond ATR attachment. Spectroscopic analysis
was conducted within the 400-4000 cm~! wavenumber range, employing a resolution of
4 cm~! and accumulating 512 scans for each specimen.

2.5. Thermogravimetric Analysis

The thermal stability of the biochar was assessed by means of thermogravimetric
analysis (TGA) and its derivative (DTG). Analyses were conducted over a temperature
range extending from ambient temperature to 1000 °C, using a constant heating rate.
Thermogravimetric analysis of the biochar was performed using a TGA55 Discovery Series
analyzer (TA Instruments, New Castle, DE, USA). The measurements were conducted in an
inert nitrogen (N;) atmosphere, with a flow rate of 40 mL/min. The temperature program
that was employed involved heating the sample at a rate of 10 °C/min to 900 °C, followed
by an isotherm lasting 2 min. The measurement data were recorded and analyzed using
the TRIOS software (version M10.1, TA Instruments, New Castle, DE, USA).
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2.6. Thermogravimetric Analysis Coupled with FTIR (TGA-FTIR)

Thermal decomposition analysis of the biochar was conducted utilizing a TGA55
Discovery Series thermogravimetric analyzer (TA Instruments, New Castle, DE, USA) in
conjunction with an iS50 FTIR infrared spectrometer (Thermo Scientific, Waltham, MA,
USA). The mass loss was measured at various temperatures and times. The analysis was
conducted in an inert nitrogen (N;) atmosphere with a constant flow rate of 40 mL/min,
thereby ensuring anaerobic conditions during measurement.

The temperature program that was employed involved heating the sample at a rate of
10 °C/min to 900 °C, followed by an isothermal hold for 2 min. Thermogravimetric data
were recorded and analyzed using the TRIOS software (version M10.1, TA Instruments,
New Castle, DE, USA).

The gases emitted during thermal decomposition were continuously transferred from
the TGA furnace to the FTIR gas chamber via a heated transfer line. It is imperative to
note that both the transfer line and the FTIR gas chamber were meticulously maintained
at 250 °C to avoid the condensation of volatile products. The FTIR spectra of the gaseous

decomposition products were recorded in the 400-4000 cm !

wavenumber range, at a
resolution of 4 cm~1, with 8 scans. The analysis of the data was conducted utilizing OMNIC
software (version M11.1, Thermo Scientific, Waltham, MA, USA), which facilitated the
generation of 3D spectra, Gram-Schmidt curves, and chemigrams. This approach enabled

the identification of functional groups as a function of time and temperature.

2.7. Thermal Stability Analysis of Biochar (TGA/DTG and FTIR)

The following indicators reflecting the thermal stability of the biochar were adopted:
T_(max), Rs5p, and A/B index.

The maximum mass loss rate (T_(max)) was determined based on the DTG curves. Fur-
thermore, the proportion of solid residue at 550 °C (Rs509) was determined as a percentage
of the initial sample mass.

The semi-quantitative A/B index—defined as the ratio of the mean absorbance in
the 2970-2880 cm ! range to the mean absorbance in the 1550-1600 cm~! range—was
calculated based on the FTIR spectra.

2.8. Use of Generative Artificial Intelligence

Generative artificial intelligence (AI) tools were used solely to assist with the transla-
tion of the manuscript text into English. The Al support was limited to language translation
and linguistic clarification. No Al tools were used to generate scientific content, data,
figures, analyses, interpretations, or conclusions. All scientific content and final editorial
decisions were made by the authors.

3. Results
3.1. The Elemental Composition of Biochar

The elemental composition and proportions of individual carbon forms in the biochar
subjected to the analyses are presented in Table 1.

As the pyrolysis temperature increased, the biochar exhibited decreasing concentra-
tions of hydrogen, oxygen, nitrogen, and labile organic carbon while resistant organic
carbon (ROC) increased, reflecting the formation of more condensed and stable carbon
structures. In a previous study assessing biochar derived from sewage sludge and digestate,
the carbon content increased substantially between 400 °C and 800 °C, accompanied by a
clear decline in nitrogen concentration (from 1.86 to 1.3% in digestate biochar and from 4.2
to 1.36% in sewage sludge biochar) [26].

https://doi.org/10.3390/en19041043
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Changes in the degree of biochar carbonization were confirmed using the atomic H/C
and O/C ratios shown in the van Krevelen diagram (Figure 1), which are widely applied
as indicators of the stability and long-term environmental behavior of biochar [27]. With
increasing pyrolysis temperature, the H/C ratio decreased markedly from 0.565 for BP400
to 0.086 for BP80O, reflecting the loss of hydrogen-containing functional groups and the
progressive formation of condensed aromatic structures associated with greater carbon
stability [28]. As demonstrated in the study by Cayuel et al. (2015), biochar exhibiting a
H/C ratio less than 0.3 has the capacity to curtail nitrous oxide emissions [18]. At the same
time, the O/C ratio declined from 0.379 to 0.138 due to the removal of oxygen-containing
groups through dehydration and decarboxylation reactions during thermal treatment [29].
According to the criteria proposed by Spokas et al., biochar with an O/C value between 0.2
and 0.6 can be expected to persist in the environment for 100-1000 years, whereas that with
O/C below 0.2 may exhibit stability exceeding 1000 years [30]. Thus, samples BP500-BP600
can be classified as materials with medium to high durability, while BP800 represents
a highly carbonized and extremely stable biochar. These findings agree with previous
reports on the influences of the feedstock and temperature on biochar carbonization [30]
and with the International Biochar Initiative guidelines, which indicate biochar with low
O/C and H/C < 0.6 as suitable for long-term carbon sequestration and environmental
applications [31].

0.6

BP800

BP600

BP500
0.2

BP400
0.1 'S)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
O/C

Figure 1. Van Krevelen diagram plotting atomic H/C ratio against atomic O/C ratio.

3.2. FTIR

FTIR spectroscopic studies are commonly performed to identify the functional chem-
ical groups present in biochar and observe their changes as a function of the pyrolysis
temperature [22]. Figure 2 shows the FTIR spectra of biochar obtained from pyrolysis of
digestate at temperatures of 400, 500, 600 and 800 °C, while Table 2 details the assignments
for the FTIR peaks.

https:/ /doi.org/10.3390/en19041043
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Figure 2. FTIR spectra of digestate biochar samples.

The analysis of FTIR spectra demonstrated that with an increase in pyrolysis tempera-
ture, gradual declines in the intensities of O-H bands (3600-3200 cm ') and aliphatic C-H
bands (2980-2880 cm ') were observed. This finding indicates the processes of dehydra-
tion, dihydroxylation, and thermal degradation of unstable organic compounds, derived
primarily from hemicellulose and cellulose or residual water [32,33]. The bands in the
2921-2851 cm~! range were attributed to C-H and -CHj, stretching vibrations, which are
characteristic of aliphatic structures. The almost complete disappearance of these vibrations
above the pyrolysis temperature of 600 °C confirms the decomposition of organic mat-
ter [34]. In all biochar samples examined, a band at approximately 1569 cm~! was observed,
corresponding to C=C vibrations in condensed aromatic structures. Notably, this band has
been identified as an indicator of increasing aromatic and structural maturity in biochar [35].
In the 1200-900 cm ™! range, the overlap of C-O signals from organic groups with Si-O
and P-O vibrations was observed, which are associated with the presence of silicates and
phosphates. The bands at approximately 1350 cm ! and 1384 cm ! were assigned to N=O
bonds and C=0 vibrations of carboxyl and -OH groups of phenols, respectively [36,37].
The mineral fraction exhibited high thermal stability, and its relative share increased with
the pyrolysis temperature, as confirmed by distinct bands in the 967-958 cm ! range,
which are characteristic of silicate and phosphate structures [38,39]. Furthermore, the bands
below 900 cm ™1, attributed to out-of-plane C-H vibrations of aromatic rings, signify the
progressive condensation of aromatic structures [40].

https://doi.org/10.3390/en19041043
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Table 2. FTIR peak assignments of digestate biochar samples produced at different pyroly-
sis temperatures.

Compounds/Functional

BP400 BP500 BP600 BP800 Assignments References
Groups
3646 3636 3636 - v(O-H) N Bound water, [41]
ydroxyl groups
v(O-H),
3189 - - - H-bonded Phenols, alcohols [41]
2980 2971 - ; v(C-H), CHs Aliphatic organic [42]
compounds
2889 2889 - - v(C-H), CH, Lipids, biomass residues [38]
1569 1569 1569 1569 v(C=C) Aromatic carbon [43]
structures
) } } _ v(N-H), Amide II [44]
v(C-N) (proteins)
1472 1462 1462 1462 B(CO527) Carbonates (Ca/Mg) [45]
1382 1382 1382 1382 v(CO527) Carbonates, carboxylates [45]
1251 - - - v(C-0) Phenols, ethers [46]
V(C-0), Polysaccharides
1100-1000  1100-1000  1100-1000  1100-1000 v(Si-O), oY / [39]
silicates, phosphates
v(P-O)
v(Si-0), .
967 958 958 958 v(P-O) Silicates, phosphates [39]
872 872 872 872 B(CO5327) Carbonates [45]
- 838 838 838 v(C-H), Aromatic structures [44]
out-of-plane
- 798 798 798 v(Si-O) Silicates [39]
- 603 563 563 v(M-0) Metal oxides [39]

3.3. Thermal Stability of Digestate Biochar (TGA/DTG)

The thermal stability of biochar samples obtained from digestate at temperatures of
400, 500, and 600 °C was assessed using thermogravimetric analysis and its derivatives, as
demonstrated in Figures 3 and 4. It is evident that both methods facilitate the identification
of temperature ranges in which thermal decomposition processes occur, in addition to
providing information on the contents of volatile components, organic matter, ash, and fixed
carbon [47]. The TG and DTG curves indicate a significant effect of pyrolysis temperature
on the mass loss and solid residue values of the tested biochar. Consequently, the pyrolysis
temperature exerts a significant influence on the extent of carbonization and the structural
characteristics of the biochar. The quantitative contributions of individual stages of thermal
decomposition are summarized in Table 3. It was found that only the biochar obtained at
a pyrolysis temperature of 400 °C was characterized by three distinct degradation stages,
which had the lowest share of solid residue. The remaining biochar samples exhibited only
two stages of decomposition and a higher proportion of residues.

https:/ /doi.org/10.3390/en19041043
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Figure 3. TGA curves for biochar samples.
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Figure 4. DTA curves for biochar samples.

Table 3. Mass loss (%) of biochar from digestate during thermal decomposition, determined

via TGA/DTG.
Biochar Stage I Stage II Stage III Residue
[%] (30-200 °C) (200-400 °C) (400-550 °C) (>550 °C)
BP400 5.28 5.35 2417 61.22
BP500 4.76 25.36 - 65.68
BP600 4.95 2247 - 69.53
BP800 3.44 19.54 - 72.28
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For all biochar samples examined, the initial phase of decomposition (Stage I) occurred
within a temperature range of 30-200 °C, which is predominantly attributable to the
extraction of physically bound moisture and the decomposition of the most readily volatile
organic compounds, which ranged from 3.44 to 5.28% and exhibited similarity across all
biochar samples investigated. The values under discussion are significantly lower than
those reported for raw sewage sludge, where the mass loss in this temperature range
reached 6% for unfermented sludge and 10% for sludge after anaerobic digestion [37]. The
limited mass loss of biochar from digestates in this temperature range serves to confirm the
effectiveness of the pyrolysis process in eliminating moisture and the most labile organic
fractions at the stage of biochar production.

The initial phase of mass loss (Stage 1I) occurred within the temperature range of
200-400 °C, which was attributed to the decomposition of less stable organic compounds,
including residues of polysaccharides, lipids, and components of aliphatic structures and
oxygen-containing functional groups [48].

The BP400 sample exhibited a reduced rate of mass loss in Stage II (5.35%) in com-
parison to the other biochar samples. This clear differentiation indicates a strong influ-
ence of the pyrolysis temperature on the distribution of thermally labile fractions in the
biochar structure.

An additional decomposition stage (Stage III), spanning 400-550 °C, was only observed
for biochar obtained at a pyrolysis temperature of 400 °C. The temperature range of
400-550 °C is associated with the degradation of more ordered, partially aromatic organic
structures [49]. The absence of this stage in digestates pyrolyzed at 500 °C, 600 °C, and
800 °C indicates that these structures underwent further condensation during pyrolysis,
leading to the formation of more stable carbon structures. It is evident that a divergence in
the values obtained for biochar derived from lignocellulosic raw materials was observed.

Conversely, the share of residue above 550 °C exhibited an increase with pyrolysis
temperature, reaching 61.22% for BP400, 65.68% for BP500, 69.53% for BP600, and 72.26%
for BP800. The temperature range of over 550 °C pertains to the interactions of inorganic
compounds, characterized by the decomposition of more stable fractions of organic matter
and the degradation of certain mineral compounds. The residue resulting from this pro-
cess is chiefly ash and resistant forms of carbon, which are responsible for the long-term
persistence of biochar in soil [50].

The alterations in the TGA /DTG curves were corroborated by the FTIR analysis
results. As the pyrolysis temperature increased, the gradual disappearance of the bands
corresponding to hydroxyl groups (approximately 3636-3646 cm~!) and aliphatic C-H
bonds (2971-2888 cm~!) was observed, which correlated with the limited mass loss in
Stage I and the marked decrease in the intensity of Stage II. Concurrently, the proportion of
aromatic structures increased, as evidenced by the presence of a band at around 1569 cm !,
which can be attributed to C=C vibrations in aromatic rings. Bands characteristic of mineral
compounds, such as phosphates, silicates, and metal-oxygen bonds, were observed in the
range below 1000 cm !, indicating the presence of inorganic residues (as also observed in
the TGA spectra).

3.4. Thermogravimetric Analyzer Coupled with a Fourier-Transform Infrared Spectrometer
(TGA-FTIR)

The utilization of thermogravimetric analysis in conjunction with Fourier-transform
infrared spectroscopy (FTIR) for the detection of gases emitted during the heating of the
sample materials permitted a qualitative evaluation of the effect of the pyrolysis tempera-
ture on the nature of volatile products generated from digestates. The TG-FTIR spectra
(Figure 5a—d) of the biochar samples demonstrate that with increasing pyrolysis temper-
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ature, changes in both the intensity of gas emissions and the degree of carbon structure
stabilization are observed.

The TGA-FTIR spectra of the BP400 biochar sample revealed strong bands attributed
to CO, (~2350 cm 1), as well as distinct signals in the 1000-1200 cm ! range, which are
characteristic of C-O and C-O-C bond vibrations. The presence of these bands is indicative
of a significant contribution of oxygen functional groups and incomplete decomposition
of organic matter. The maximum emission intensity was observed in the middle stage of
the process, thereby confirming the high thermal reactivity of the biochar and the ongoing
decarboxylation and devolatilization processes. This emission pattern serves to confirm
that biochar obtained at a pyrolysis temperature of 400 °C represents a transitional structure
between digestate and fully stabilized biochar.

It has been demonstrated that an increase in the pyrolysis temperature to 500 °C results
in a substantial decrease in volatile organic compound emissions and a simplification
of the gas phase composition. The TGA results indicated a two-stage mass loss, with
the dominant stage being associated with the decomposition of the remaining organic
structures. The TGA-FTIR spectra of the BP500 biochar sample were characterized by the
predominant presence of CO, bands, while signals indicative of C—O bonds exhibited a
substantial attenuation in comparison to the BP400 biochar. The absence of clearly defined
bands corresponding to aliphatic hydrocarbons suggests progression towards carbonization
and a concomitant reduction in oxygen-containing functional groups. Concurrently, the
elevated level of residual carbon observed in the TGA results (Figure 4a) is indicative of the
substantial mineral composition and augmented thermal stability of this biochar. As Wang
etal. (2020) ([51)] previously demonstrated, an analogous phenomenon was observed in the
temperature range of 450-500 °C, where a discernible decline in the intensity of the bands
corresponding to the C-O and C=0 groups was evident. This decline was interpreted as
being due to carbonization and decomposition of the residual aliphatic structures [51]. The
authors placed particular emphasis on the fact that at this stage of the pyrolysis process,
the primary source of carbon dioxide is secondary reactions involving decomposition of
the carbon structure and the transformation of oxygen groups associated with lignin. This
finding is in alignment with the nature of the FTIR spectra obtained in this study.
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Figure 5. TGA-FTIR analysis of biochar samples: (a) BP400; (b) BP500; (c) BP600; (d) BP80O.

The TGA-FTIR spectra of the BP600 and BP800 biochar samples revealed weak, short-
lived signals corresponding to CO, emission, while the FTIR spectra recorded at different

analysis times showed no significant bands originating from organic compounds. The

reduced intensity of the CO, bands in comparison to the other biochar samples examined

indicates that the majority of the reactive oxygen groups had been eliminated during the

initial stages of pyrolysis. The biochar samples analyzed in this study were distinguished
by a high degree of aromatization and excellent thermal stability.

Increasing the digestate pyrolysis temperature led to a gradual transition from a

material rich in reactive functional groups and intensely emitting volatile products to
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biochar with a high degree of carbonization and stability. In particular, the biochar obtained
at a pyrolysis temperature of 400 °C was characterized by high chemical reactivity and
low structural stability, while those obtained at pyrolysis temperatures of 600 °C and
800 °C exhibited minimal gas emissions and the highest thermal resistance. Meanwhile,
biochar produced at a pyrolysis temperature of 500 °C represents a compromise between
reactivity and stability and has been demonstrated to have significant potential for use in
both environmental and technological applications.

The findings of this study demonstrate a consistent pattern with the results of previous
studies conducted on pyrolyzed digestates and sludge employing the TGA-FTIR technique,
indicating a gradual reduction in oxygenate emissions with increasing pyrolysis temper-
ature. Zhang et al. (2017) demonstrated that corn digestate was characterized by lower
thermal reactivity and lower emission intensity of volatile decomposition products when
compared to raw biomass, which was attributed to the earlier degradation of hemicellulose
and cellulose in the methane fermentation process [52]. In this study, analysis of the gas
phase composition during the main pyrolysis stage revealed that carbon dioxide was the
predominant component. Concurrently, the bands indicative of oxygenates (C-O, C=0)
gradually diminished with increasing temperature. A similar phenomenon was observed
in this study, particularly in the case of the BP500 and BP600 biochar samples.

4. Discussion

Previous studies have demonstrated that the temperature at which biochar is produced
during the pyrolysis process is a key factor determining its properties. The findings of this
study, derived from the integration of FTIR spectroscopy with elemental analysis and TG-
DTG curves, unequivocally demonstrate that elevating the digestate pyrolysis temperature
results in carbonization of the material and alterations in its chemical structure.

Biochar obtained at pyrolysis temperatures of 400-500 °C has been shown to retain a
significant number of oxygen and aliphatic functional groups, indicating the persistence of
residual organic compounds with high chemical reactivity. As the pyrolysis temperature in-
creased from 600 to 800 °C, bands attributable to C=C vibrations in aromatic structures—in
addition to vibrations originating from mineral compounds such as silicates, phosphates,
and carbonates—were observed in the FTIR spectra of the biochar samples.

The findings regarding the FTIR spectra were fully confirmed by the elemental analysis
results. The decreases in hydrogen (1.28% for BP400 to 0.17% for BP800) and oxygen (13.72%
for BP400 to 4.32% for BP800) contents with increasing pyrolysis temperature, as well as
the systematic reduction in H/C and O/C ratios, clearly indicate an increasing degree of
condensation and aromatization of the carbon structure. The presence of mineral bands in
the FTIR spectra of the BP600 and BP800 biochar samples is consistent with increases in
the inorganic fraction of carbon (0.11% for BP400 to 0.28% for BP800) and more oxidation-
resistant carbon (4.38% for BP400 to 6.47% for BP800).

The structural changes observed from the FTIR spectra and elemental analysis were
also directly reflected in the TG-DTG curves. The BP400 biochar demonstrated the most
significant mass loss within the temperature range of 400-550 °C, while the BP500 biochar
exhibited the most substantial mass loss within the temperature range of 200400 °C. This
phenomenon can be attributed to the decomposition of residual organic compounds and
thermally unstable functional groups. As the temperature of the pyrolysis process was
increased, the proportion of residues above 550 °C also increased, indicating an increasing
proportion of condensed aromatic structures and stable mineral components.

The alterations detected in the TGA /DTG curves were corroborated by the FTIR
analysis outcomes. As the pyrolysis temperature increased, a gradual disappearance of
the bands corresponding to hydroxyl groups (3636-3646 cm ') and aliphatic C-H bonds
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(29712888 cm ™ !) was observed, confirming limited mass loss in the temperature range of
30-200 °C and a marked reduction in mass loss in the temperature range of 200400 °C.
Concurrently, there was an increase in the proportion of aromatic structures, as evidenced
by the presence of a band at around 1569 cm ™!, which can be attributed to C=C vibrations
in aromatic rings. The presence of bands characteristic of mineral compounds, such as
phosphates, silicates, and metal-oxygen bonds, was observed in the range below 1000 cm !,
indicating the presence of inorganic residues, as observed in the TGA spectra.

The stability indicators presented in Table 4 quantitatively confirm these trends; in
particular, the stability indices of biochar from digestate determined in a nitrogen (Nj) at-
mosphere are shown, which reflect their degree of charring and thermal stability. In an inert
atmosphere (N), the thermal stability of biochar is best described by the T_(max) and Rsps
indices [53]. Increasing the temperature of the pyrolysis process has been shown to lead
to increases in T_(max) and residual Rs59, in the order of BP400 < BP500 < BP600 < BP800.
This indicates progressive condensation and aromatization of the carbon structure with
increasing pyrolysis temperature. This finding is consistent with the FTIR results, which
demonstrated the disappearance of the aliphatic C—-H bands and an increase in the propor-
tion of aromatic structures, as indicated by a decrease in the A /B ratio.

Table 4. Stability indices of digestate-derived biochar samples in an inert atmosphere (Ny).

. T_(max) R505 A/B
Biochar [°C] [%] (FTIR)
BP400 ~510 61.22 0.92
BP500 ~520 65.68 0.96
BP600 ~535 69.53 0.98
BP800 ~594 72.28 1.00

The uniformity of all parameters unequivocally demonstrates that elevated pyrolysis
temperatures promote the processes of dehydration, dehydrogenation, and aromatization,
resulting in the formation of biochar with enhanced chemical stability.

Biochar obtained from digestate exhibited properties intermediate between those
of lignocellulosic biochar and biochar derived from sewage sludge, resulting from the
biodegradation of organic matter during anaerobic digestion and the presence of a mineral
fraction in the digestate. Compared to plant biochar, digestate biochar is significantly more
stable while, compared to biochar from sewage sludge, it has a more ordered aromatic
structure, making it particularly useful for carbon sequestration and environmental ap-
plications. In the case of biochar from digestate, decreases in the hydrogen, oxygen, and
organic carbon contents were observed with increasing pyrolysis temperature, while the
proportion of resistant carbon forms increased. These changes are much milder than those
observed in the case of lignocellulosic biomass, where the intensive devolatilization of
cellulose, hemicellulose, and lignin leads to a significant enrichment of elemental carbon
in the biochar. A study by An et al. demonstrated that an increase in the plant biomass
pyrolysis temperature from 300 to 700 °C resulted in an enhancement in the carbon content
of the biochar, with increases ranging from 66.8 to 82.8% for kenaf, from 51.7 to 81.2% for
jute, and from 48.8 to 74.6% for ramie [54]. The van Krevelen diagram revealed a nearly
linear relationship between the H/C and O/C ratios with increasing pyrolysis temperature,
indicating a predictable carbonization pathway for digestates. Most classical van Krevelen
diagrams documented in the extant literature refer to raw lignocellulosic biomasses, which
characteristically exhibit nonlinear carbonization pathways during pyrolysis. However,
digestate is defined as a biologically pretreated and partially stabilized organic material
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from which readily degradable fractions have already been removed during anaerobic
digestion [55].

The TGA results for the digestate biochar samples demonstrated that the BP500, BP600,
and BP800 biochars exhibited an intermediate thermal character and were less reactive
than biochar derived from agricultural waste. However, these biochars were found to be
more susceptible to decomposition than conventional wood biochar. To provide a basis for
comparison, lignocellulosic biochar obtained from pyrolysis of corn cobs and wheat straw
at 400 °C was characterized by very high mass loss in the range of 200400 °C, reaching
35-41%, respectively; in contrast, wood biochar showed much lower values of 6-8% [56].
This finding indicates that biochars BP500, BP600, and BP800 exhibit an intermediate
thermal character, being less reactive than biochar derived from agricultural waste but
more susceptible to decomposition than conventional wood biochar.

In the case of biochar from digestates, a very high percentage of solid residue above
550 °C (more than 60-70%) was observed, a value which significantly exceeds the typical
values for plant biochar (20-30%). The FTIR spectra of the digestate biochars indicated the
disappearance of hydroxyl and aliphatic groups, along with the emergence of condensed
aromatic structures with increasing pyrolysis temperature and a concomitant increase in
mineral compounds. TGA-FTIR analysis of digestate biochar has indicated dominant CO,
emissions and the limited presence of volatile organic compounds [37]. The presence of a
high proportion of residue is indicative of a highly advanced degree of carbonization, as
well as a significant inorganic fraction, which is characteristic of materials derived from
sewage sludge and digestates. Analogous trends have been observed in research on sewage
sludge; in particular, following fermentation and thermal treatment, there was a marked
increase in the proportion of the stable fraction and a concomitant decrease in the organic
matter susceptible to decomposition within the temperature range of 200-600 °C [37].

With increasing pyrolysis temperature, the FTIR spectra of the digestate biochar sam-
ples demonstrated the disappearance of hydroxyl and aliphatic groups, along with the
emergence of condensed aromatic structures accompanied by a concomitant increase in
mineral compounds. Meanwhile, TGA-FTIR analysis of the digestate biochar samples
indicated the dominance of CO; emissions and the limited presence of volatile organic
compounds. Biochar produced from lignocellulosic biomass, such as wood or straw, tends
to exhibit a divergent thermal decomposition pattern, particularly at lower temperatures, in
comparison to biochar derived from digestate. The observed differences can be attributed
primarily to the divergent chemical compositions of the raw materials—particularly the
proportions of cellulose, hemicellulose, and lignin—as well as the extent of their prior
biodegradation. In a study conducted by Varol & Mutlu (2023) [57], TGA-FTIR analysis of
lignocellulosic biomasses—including pinecones, olive pomace, and sunflower waste—was
performed. The results of this study demonstrated the presence of significant levels of
aliphatic hydrocarbons and carbonyl compounds [57]. Through analysis of the TGA-FTIR
spectra of peanut shell waste biomass, Mishra et al. (2025) [58] demonstrated the emis-
sion of HyO, CO,, CO, carbonyl compounds, ethers, and aliphatic hydrocarbons [58]. In
comparison with lignocellulosic biomass, biochar derived from digestate has been shown
to emit lower levels of aliphatic hydrocarbons; this phenomenon can be attributed to the
earlier biodegradation of the substrate during the methane fermentation process, indicating
distinct thermal decomposition mechanisms.

This characterization facilitates the evaluation of potential applications of biochar
derived from digestate. It has been demonstrated that low-temperature biochar, which
is characterized by an abundance of reactive functional groups and residual organic mat-
ter, tends to exhibit high surface polarity and the capacity to undergo ionic and redox
interactions. This allows for their use as soil amendments that improve nutrient retention,
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microbiological activity, and contaminant immobilization, as confirmed in the literature [59].
However, their diminished structural stability curtails their feasibility for use in long-term
carbon sequestration. In contrast, the presence of mineral compounds and a strongly
aromatic and condensed structure are the hallmarks of high-temperature biochar. These
characteristics are conducive to high environmental stability, pH buffering capacity, and
effective immobilization of heavy metals and other inorganic contaminants. Increasing
the pyrolysis temperature was shown to enhance chemical stability whilst concomitantly
inducing a decline in surface reactivity, a phenomenon that aligns with prior research [60].
This type of biochar has the potential to be utilized in the fields of soil remediation and
long-term coal stabilization. Biochar produced in the 500-600 °C range exhibits a potentially
desirable combination of moderate chemical reactivity and high structural stability.

The results obtained in this study also indicate the potential of the tested biochar
to increase biogas production in the methane fermentation process. The FTIR spectra
of low-temperature activated carbon (BP400-BP500) revealed the presence of O-H and
aliphatic C-H functional groups. In addition, the TG/DTG and TG-FTIR analyses indi-
cated higher contents of thermolabile organic fractions and oxidized volatile compounds,
particularly in the case of BP400, with the results demonstrating that this biochar exhibits
notable retention of residual organic matter and redox-active surface structures. In previous
research, similar low-temperature biochar has been shown to promote methane produc-
tion by providing additional biodegradable carbon and facilitating electron transport or
direct interspecies electron transfer (DIET) via oxygen-containing and redox functional
groups [61]. Conversely, biochar produced at elevated temperatures (>600 °C) is distin-
guished by heightened aromatic condensation, diminished volatile content, and augmented
structural stability. These phenomena primarily contribute to stabilization of the fermen-
tation process through the adsorption of inhibitory compounds, buffering capacity, and
immobilization of microbes, as opposed to direct metabolic stimulation [62]. In this context,
the intermediate pyrolysis temperature range of 500-600 °C, as observed in this study, can
be considered as providing a compromise between chemical reactivity and structural stabil-
ity. Biochar produced within this temperature range retains a limited fraction of surface
functional groups while achieving significant carbonization and thermal stability, thus
providing both moderate electron transfer activity and effective stabilization of anaerobic
digestion systems.

This research contributes to the existing body of knowledge regarding the effects of
the pyrolysis temperature on the properties of biochar, and the findings are expected to
enable more informed and safe use of biochar in agricultural and environmental practices.

5. Conclusions

This study presents an assessment of the effects of digestate pyrolysis temperature
on the chemical structure, thermal stability, and thermal decomposition of the resulting
biochar. The employment of FTIR, TGA, and coupled TGA-FTIR techniques was instru-
mental in facilitating a comprehensive identification of alterations in the carbon structure
and the composition of emitted volatile products in response to variations in the process
temperature. The results obtained clearly indicate that increasing the pyrolysis temperature
within the range of 400-800 °C leads to progressive carbonization, aromatization, and
elimination of functional groups containing oxygen and hydrogen, leading to significant
increases in the thermal and environmental stability of the biochar. Biochar obtained at
temperatures ranging from 500 to 600 °C has been shown to exhibit an optimal compro-
mise between structural stability and moderate surface reactivity. In contrast, materials
produced at temperatures between 600 and 800 °C are characterized by a highly condensed
aromatic structure, a high proportion of mineral residues, and minimal emission of volatile
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decomposition products. The coupled TGA-FTIR analysis results confirmed significant
reductions in CO, and oxygenate emissions with increasing pyrolysis temperature, indicat-
ing advanced stabilization of the biochar’s carbon structure. Concurrently, the elevated
mineral composition of the digestate endows the resulting biochar with a distinct thermal
characteristic when compared with lignocellulosic biochar, thereby enhancing its resilience
to thermal degradation and ensuring prolonged stability.

From an environmental perspective, a pyrolysis temperature in the range of
500-800 °C can be considered optimal for converting digestate to biochar. Materials
obtained under these conditions exhibit a combination of high structural stability and
moderate surface reactivity, rendering them suitable for applications including carbon
sequestration, soil improvement, and immobilization of inorganic pollutants.
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