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ARTICLE INFO ABSTRACT

Keywords: The development and utilization of biomass play a vital role in reducing fossil fuel dependency and mitigating
TGA-MS greenhouse gas emissions. High-temperature pyrolysis provides a promising route for converting biomass into
Biochar

valuable products without tar formation. Kinetic models are essential for understanding biomass pyrolysis

o N processes, aiding reactor design and optimization. In this study, rice husk (RH) and corn straw (CS) are selected,
Kinetic mechanism . e e e . . . L. .
Oxygen functionalities which exhibit significant differences in ash content but are widely present. Pyrolysis is performed using a
CRECK-S-B thermogravimetric analyzer coupled with a mass spectrometer (TGA-MS). The results show a rapid decrease in
solid residue oxygen content at elevated temperatures, which stabilized after reaching 900°C, accounting for
about 8-10%. MS quantification indicates increased release of HyO and CO during this stage. Fourier transform
infrared spectroscopy (FTIR) analysis on the biochar unveils that this phenomenon is attributed to the stretching
vibration of C-O bonds and the conversion of -OH groups. The remaining oxygen primarily exists as carbonyl and
carboxyl groups. Subsequently, the CRECK-S-B biomass pyrolysis kinetic model is updated, specifically targeting
the transformation mechanism of oxygen-containing solids at high temperatures to improve the prediction of
biochar yield and elemental composition. The relative error of oxygen content prediction is less than 10%. The
accuracy of the model is validated through experimental data and an extensive literature database, leading to the
establishment of a comprehensive database. The updated model demonstrates significantly enhanced prediction
accuracy for pyrolysis temperatures above 800°C, expanding its applicability range. Moreover, it achieves an
accuracy rate exceeding 80% for char yield and elemental content in the temperature range of 200-1000°C,
including torrefaction conditions. It provides a theoretical foundation for the effective utilization of high-
temperature biochar, offers a novel insight into biomass thermochemical conversion, and contributes to the
sustainable development of biomass energy.

High-temperature pyrolysis

biomass, pyrolysis is recognized as a potential substitute for
co-production technologies [8,9]. It enables the production of various
chemicals, biochar, pyrolysis gases, and bio-oil, showcasing strong
sustainability and low greenhouse gas emissions [10-12]. The solid
product obtained from biomass pyrolysis, known as biochar, exhibits
high surface activity [13,14]. Biochar can be directly utilized as fuel or
employed as a feedstock for gasification-based power generation.
Additionally, biochar serves as a versatile material, finding applications
in soil amendment, as a fuel cell electrode, and as an excellent choice for
energy storage [15-17].

1. Introduction

The development and utilization of novel energy sources have
become imperative to address the urgent need to reduce human reliance
on fossil fuels [1]. Biomass, as a type of renewable energy, has garnered
significant attention due to its abundant reserves and wide availability
[2-5]. The generation and processing of biomass offer a net-zero emis-
sions process, positioning it as one of the most promising energy alter-
natives of the 21st century [6,7]. Among the utilization pathways of
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Nomenclature

Abbreviations

ad air-dry basis

A Ash

daf dry, ash-free basis

FC Fixed carbon

LIG Lignin

M Moisture

RH Rice Husk

A Volatile

AAEMs Alkali and alkaline earth metal elements
Cs Corn Straw

dTG Derivative thermogravimetric

FTIR Fourier transform infrared spectroscopy
m/z Mass-to-charge ratios

MS Mass spectrometer

SM Supplemental material

TGA Thermogravimetric analyzer

The high-temperature pyrolysis of biomass provides the necessary
activation energy to break covalent bonds, resulting in the production of
low molecular weight substances and high-calorific value gas products.
According to reports [18], biomass can be converted into gas at rates as
high as 87 wt% when the temperature exceeds 800-1000°C. Caglar et al.
[19] observed an increase in combustible gas content with rising py-
rolysis temperature. Efika et al. [20] considered that high-temperature
pyrolysis enhances the cracking of larger volatiles (tars), leading to
higher yields of high-calorific value gas products. Additionally,
high-temperature pyrolysis can also prove to be an effective approach in
mitigating the challenges related to tar formation. In our previous study
[21], the tar yield reached the milligram level and became negligible
when the pyrolysis temperature exceeded 900°C. Septien et al. [22]
conducted experiments in an entrained-flow bed reactor and demon-
strated biomass conversion into tar-free high-value products through
high-temperature fast pyrolysis. The results of Paethanom et al. [23]
show that the tar removal ability is significantly influenced by the py-
rolysis temperature, with tar removal rates reaching 87.5% at 800°C.
Biochar at high temperatures tends to exhibit orderliness and unifor-
mity, making it more targeted for specific applications [24,25]. Pariyar
et al. [26] proposed that biochar prepared at higher temperatures is
more suitable for carbon sequestration. Anand et al. [27] suggest that
biochar above 800°C possesses high micropore volume and aromaticity.
Its surface oxygen functional groups and large surface area make it an
effective adsorbent for removing pollutants, particularly in aquatic
systems contaminated with heavy metals and organic pollutants. Surup
et al. [28] found that high-temperature wood char can be successfully
used as a substitute for fossil-based reducing agents in the metallurgical
industry, reducing costs and environmental pollution. Therefore,
acquiring a comprehensive understanding of the high-temperature py-
rolysis process of biomass is crucial.

The products of high-temperature pyrolysis have different applica-
tions and offer targeted benefits. Therefore, studying pyrolysis kinetics
not only reveals the reaction mechanisms but also paves the way for
novel pyrolysis-based approaches for efficient biomass utilization, pre-
senting significant scientific research value and engineering prospects.

Assessing biomass pyrolysis kinetics is crucial for understanding the
process and determining its controlling parameters. It directly relates to
the thermochemical utilization of biomass, providing insights into the
reaction pathways or mechanisms and enabling the prediction of reac-
tion rates and complexity [29,30]. Regrettably, current research is
deficient in a comprehensive kinetic model that elucidates the in-
tricacies of the high-temperature pyrolysis process of biomass. With the
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advent of high-performance computers, advanced kinetic methods and
molecular simulations have been widely employed, leading to compre-
hensive mechanistic models such as the semi-detailed lumped kinetic
model [31]. The lumped kinetic model describes solid conversion, gas
release, and devolatilization reactions based on three reference com-
ponents of biomass [32,33]. The accuracy of the models is validated by
comparing predicted biomass mass loss rates and pyrolysis product
distribution with experimental data. The established multi-step reaction
models have many applications for different biomass feedstocks and
pyrolysis conditions [34], making them the optimal choice for investi-
gating high-temperature biomass pyrolysis kinetics.

Motivated by these facts, two biomass feedstocks containing
different amounts of ashes were selected to investigate their pyrolysis
behavior and characterize biochar formation at high temperatures. Ex-
periments are conducted in two different pyrolysis systems: a high-
temperature, fixed-bed reactor for isothermal experiments and a ther-
mogravimetric analyzer coupled with mass spectrometry (TGA-MS) for
non-isothermal experiments. Ultimate and FTIR analyses are conducted
on the high-temperature biochars. The CRECK-S-B model is employed to
numerically reproduce the pyrolysis processes. Through comparison of
the experimental data together with relevant literature and sensitivity
analysis, improvements are proposed to the model to account for the
high-temperature evidences observed in the experiments. The updated
model is then validated with a large collection of literature experimental
data, which is organized and made available as a database in the sup-
plemental material. This work aims at presenting new data of high-
temperature pyrolysis of biomass and to establish a kinetic model of
this process, offering a novel insight into the thermochemical utilization
of biomass and contributing to the sustainable development of biomass
energy.

The work is organized as follows: In Section 2 the materials experi-
mental methods are described. In Section 3 the experimental findings
are reported and discussed. In Section 4, the modeling activity is
described, comparing the experimental results with the kinetic model
predictions, followed by the improvements and validation of the model.
Final comments and conclusions are drawn in Section 5.

2. Methodology
2.1. Materials

Rice husk (RH) and corn straw (CS) samples from Heilongjiang
Province, China, were selected for the experimental study. They are two
representative biomass feedstocks of widely different ash contents.
Table 1 summarizes the proximate and ultimate analyses. The C, H, O,
and N contents of the raw materials are measured by the micro-
combustion method in the elemental analyzer (Vario EK III) [35]. The
biomass biochemical composition is determined by the characterization
method from Debiagi et al. [32] to characterize the samples using the
ultimate analysis.

2.2. Apparatus and Procedures

2.2.1. Sample preparation

The biomass raw materials were finely grounded, followed by sieving
through a 20-mesh to retain particles smaller than 0.85 mm. Samples
were dried in an oven at 105°C for 12 hours.

2.2.2. High-temperature pyrolysis system

The pyrolysis process was carried out in a self-designed high-tem-
perature pyrolysis experimental system, (Fig. 1). The main body of the
pyrolysis reaction chamber is a cylindrical alumina tube with a length of
1000 mm and an inner diameter of 60 mm. The heating unit consists of
eight "U"-shaped silicon molybdenum rods, type B thermocouples, and a
programmable logic controller. The temperature could be controlled
within the range of 25-1600°C. The experimental gas was supplied from
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Table 1
The proximate, ultimate analysis and biochemical composition of biomass.
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Biomass Proximate analysis (wWt%) Ultimate analysis (wt%) Biochemical composition (wt%)

Mad Vad Aad FCaa Caf Haaf Odaf Naaf CELLgas HCELLgaf LIGgar
RH 2.8 62.7 18.8 15.7 46.5 6.1 46.7 0.7 46.2 42.4 7.1
CS 4.4 75.9 2.6 17.1 45.8 6.0 47.3 0.9 46.2 44.9 5.6

Note: M= moisture, V= volatile, A= ash, FC= fixed carbon, ad= air-dry basis, daf=, CELL= cellulose, HCELL= hemicellulose, LIG= lignin.
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Fig. 1. High-temperature pyrolysis system.

high-pressure cylinders. To ensure a stable and oxygen-free environ-
ment, the furnace was preheated in an Ny atmosphere to the desired
pyrolysis temperature and held for 2 hours. A sample weighing 2 g was
placed in a crucible, while the N flow rate was set at 20 L/min. Sub-
sequently, the crucible was promptly positioned at the center of the
constant temperature zone for a 10-minute pyrolysis period. Upon
completion of the pyrolysis process, the crucible was moved to the
quartz glass at the end of the corundum tube and cooled under an Ny
atmosphere. Biochar samples were collected for further analysis.

2.2.3. TGA-MS Analysis

Pyrolysis of the raw biomasses was also conducted in a thermogra-
vimetric analyzer (TGA STA449C, Netzsch, Germany) coupled with a
mass spectrometer (MS QMS403, Netzsch, Germany). For each experi-
ment, approximately 5-10 mg of the sample was used, and TGA was
conducted under a controlled argon gas atmosphere, flowing at a rate of
100 ml/min. The heating rate was 20 °C/min, while the target tem-
perature reached 1000°C. The volatiles released in the TGA were
transferred through a heated line that was interfaced with the MS.
Operating under vacuum conditions, the MS detected and measured the
characteristic fragment ion intensities of the volatiles based on their
respective mass-to-charge ratios (m/z).

2.2.4. FTIR Analysis

The infrared spectrum of the biochars was analyzed using a Nicolet
5700 FTIR spectrometer. The biochar samples were dried at 105°C in an
oven for 12 hours, followed by thorough mixing, grinding, and pellet-
izing with a mass ratio of 1:120 using spectroscopic grade KBr. The
recorded infrared spectra spanned a range of 400 cm ™' to 4000 cm™!
with a resolution of 4 cm™!. Each spectrum was scanned 32 times to
generate the infrared spectrum curve of the biochar. The composition
and content of functional groups in the sample were determined by
analyzing the characteristic absorption peaks in the spectra, considering
their positions and relative intensities.

3. Experimental results and discussion
3.1. TG-MS Analysis

Fig. 2 illustrates the thermogravimetric (TG) and derivative ther-
mogravimetric (dTG) curves. The initial stage corresponds to the
dehydration and drying of the biomass, occurring between 75 and
150°C. The onset of decomposition for both types of biomass takes place
within the temperature range of 300-400°C. This process is attributed to
the release of volatile components primarily derived from the decom-
position of hemicellulose and cellulose [36]. Lignin decomposition takes
place at a wider temperature range, first overlapping with the other
components and later characterizing the mass loss at 400-500°C. At
temperatures within 500-700°C, the mass loss is attributed to the bio-
char decomposition, releasing light gases. Aromatic compounds grow
forming Polycyclic Aromatic Hydrocarbons, resulting in the formation
of multi-ring structures. As the pyrolysis temperature continues to rise,
mass loss tends to stabilize at 900°C. Within the temperature ranges of
700-1000°C, the respective mass losses are 1.1% and 1.5%. Overall, CS
exhibits a higher mass loss than RH, possibly due to the higher ash
content in RH. The dTG results reveal that the pyrolysis process cannot
be described as a single component thermal conversion. The differences
in peak heights and positions indicate a strong correlation between the
thermal stability of biomass and its chemical structure. The peak of mass
loss for RH and CS occur at 354.3°C and 334.1°C, respectively, corre-
sponding to the cellulose decomposition. Furthermore, an additional
peak is observed for CS at 206.4°C, displaying a weight loss rate of
5.87%/min. This peak can be attributed to the release of light volatile
components, possibly arising from the higher hemicellulose content in
CS. The shoulder in RH devolatilization corresponds to hemicellulose,
and the different temperature for this peak when compared to CS in-
dicates the different nature of the hemicelluloses. The above findings
comprehensively demonstrate the influence of different organic and
inorganic constituents of biomass on the pyrolysis process.

With the assistance of MS spectra, the chemical composition of the
evolved gases during different decomposition steps was elucidated by
comparing the peak intensities corresponding to different m/z (Fig. 3).
The intensities of several major gas species released during the pyrolysis
processes, including Hy, CH4, H20, CO, CH20, and CO,, were detected
and analyzed. The ion intensity and release process of Hy in the pyrolysis
gases of both biomass types exhibit a remarkable similarity. Especially
two distinct peaks were observed at low temperatures (300-400°C) and
high temperatures (700-800°C). The former peak was attributed to the
decomposition of C-H groups in cellulose. The other peak was poten-
tially associated with the reforming reaction of CH4 during the pyrolysis
process, leading to a reduction in CH, intensity within that temperature
range. The release peak of CH4 coincided with the decomposition stages
of three main components, primarily arising from the removal of
methoxy substituents and the cleavage of aliphatic carbon chains. Ac-
cording to the ion intensity results, the release of HyO can be divided
into multiple stages. Initially, at around 100°C, moisture is removed.
The subsequent peak corresponds to the desorption of hydroxyl groups.
In the decomposition of lignin, the transformation of aromatic alkyl/
hydroxyl substitutes and dehydration reactions play a significant role in
the production of H50. It is noteworthy that at pyrolysis temperatures
above 700°C, there is a slight increase in the intensity of H,O, suggesting
further conversion of oxygen-containing functional groups. The
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additional peak observed in CS aligns with TGA, providing consistent
results. The use of argon gas in the pyrolysis atmosphere eliminates
interference from nitrogen gas, with the m/z=28 peak identified as CO.
Among the gases released, CO exhibits the highest ion intensity. Its peak
occurs during the decomposition stages of hemicellulose and cellulose,
primarily resulting from the cleavage of C-O-C and C—=O groups. The
width of the CO peak in RH is slightly broader compared to CS, but it
becomes stable at higher temperatures. The ion intensity of CO in CS
shows an upward trend above 600°C, potentially due to secondary re-
actions and cracking of primary pyrolysis-generated biochar. Conse-
quently, within this temperature range, CS demonstrates a slightly
higher biochar yield reduction rate than RH. The ion intensities and
distributions of CH50, the major pyrolysis gases with the lowest yields,
are relatively similar between the two biomass types, with only a slightly
earlier release of CH,0 in CS compared to RH. The release of CO; is
believed to be influenced by reaction rates [37]. As indicated by TGA,
the elevated thermal loss rate of CS elucidates the preferential release
and higher peak intensity of CO,. The minor peak observed at 600°C can
be attributed to some macromolecular cracking. Similarly, the ion in-
tensity slightly increases after 800°C, possibly stemming from the
decomposition of carbonyl and carboxyl groups. Except for CO,, the
quantity of gases produced during RH pyrolysis exceeds that of CS, while
CS leaves a higher solid residue. It is evident that the total yield of tar
and non-condensable gases in CS pyrolysis is anticipated to be higher
than that in RH.

3.2. Biochar characteristics

Fig. 4 shows the char yield of both biomass types at various pyrolysis
temperatures. The char yield of RH decreases from 41.2% at 500°C to
36.9% as the temperature increases. Similarly, CS exhibits a decrease
from 26.2% to 22.3%, with a change slightly lower than that of RH.
Above 900°C, the char yield for both biomass types remains constant
and the char yield difference between them remains nearly unchanged.
Despite variations in ash content contributing to the differences in char
yield, RH and CS show a similar trend in elemental content changes
under high-temperature conditions. Table 2 reports the ultimate ana-
lyses of the biochars. The biochars obtained from rice husk or corn straw
under different pyrolysis temperatures are denoted as "RH-Temperature"
or "CS-Temperature." For example, RH-500 represents the biochar pro-
duced from rice husk at 500°C.

As anticipated, increasing the pyrolysis temperature leads to a
decrease in char yield, accompanied by reductions in the H/C and O/C
ratios. The increase in carbon content can primarily be attributed to the
formation of polycyclic aromatic hydrocarbon structures resulting from
the cyclization of side alkyl chains and from the aggregation of aromatic
units in biochar. The decrease in hydrogen and oxygen content is caused
mainly by removing hydrogen- and oxygen-containing functional

50
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Fig. 4. Yields of biochar.
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Table 2
Ultimate analysis of the biochar.

Biochar  Ultimate analysis Ash Molar ratio
(daf wt%) (dry (daf)
wt%)
Cdaf Hgar Ogart Ndaf Sdaf Aad H/C 0/C
RH-raw 46.5 6.10 46.7 0.69 0.01 18.8 1.57 0.75
+ 0.5 + + 0.5 + +
0.05 0.01 0.01
RH-500 68.1 3.58 27.3 0.98 0.04 32.4 0.63 0.30
+ 0.4 + + 0.3 + +
0.01 0.02 0.01
RH-600 74.1 2.63 22.2 1.01 0.06 39.2 0.43 0.22
+ 0.2 + + 0.1 + +
0.02 0.01 0.01
RH-700 76.6 2.08 20.2 1.07 0.05 42.8 0.33 0.20
+ 0.5 + + 0.2 + +
0.01 0.01 0.01
RH-800 77.6 1.60 19.7 1.05 0.05 43.1 0.24 0.19
+ 0.5 + + 0.2 + +
0.03 0.02 0.01
RH-900 89.5 1.21 8.0 + 1.21 0.08 51.4 0.16 0.07
+ 0.2 + 0.1 + +
0.02 0.01 0.01
RH- 90.0 0.90 8.1+ 0.91 0.09 53.6 0.12 0.07
1000 +0.1 + 0.1 =+ +
0.01 0.01 0.01
CS-raw 45.8 5.98 47.2 0.93 0.09 2.6 1.57 0.77
+ 0.3 + + 0.5 + +
0.06 0.01 0.01
CS-500 70.4 3.39 25.2 0.92 0.09 3.1 0.57 0.27
+ 0.3 + + 0.3 + +
0.04 0.02 0.01
CS-600 75.2 2.79 20.8 1.08 0.13 4.0 0.45 0.21
+ 0.2 + + 0.3 + +
0.03 0.01 0.01
CS-700 77.6 2.06 19.1 1.12 0.12 5.0 0.32 0.18
+ 0.2 + + 0.2 + +
0.03 0.01 0.01
CS-800 79.0 1.26 18.3 1.33 0.11 5.7 0.19 0.17
+ 0.2 + + 0.1 + +
0.03 0.01 0.01
CS-900 86.7 1.01 10.3 1.92 0.07 11.8 0.14 0.09
+0.1 + + 0.2 + +
0.03 0.01 0.01
CS- 86.7 0.75 10.4 1.99 0.16 11.9 0.10 0.09
1000 +0.1 + + 0.1 + +
0.02 0.01 0.01

groups, the de-alkylation and the ring-opening reactions of the three
biomass components. The rapid decline in oxygen content occurs in two
stages, corresponding to the peaks observed in the MS results for
releasing CO and CO». The O/C ratio of RH decreases at a higher rate
than CS because of the slightly higher lignin content in RH. The $-O-4
bond, the main interunit linkage in lignin, tends to decompose under
medium pyrolysis temperatures (500-600°C). The O/C ratio remains
constant above 900°C, but the H/C ratio continues to decrease, indi-
cating ongoing carbonization of biochar. Moreover, the H/C ratio is
slightly higher for RH at each temperature, aligning with Crombie Kyle
et al. [38] findings that CS char exhibits greater stability than RH char.

Fig. 5 shows the FTIR spectra of high-temperature biochars produced
from RH and CS. Six distinctive absorption bands are observed in the
biochars: -OH (3100-3500 cm ™), -CHs and -CH,- (2850-3030 cm ™),
C=0 (1500-1750 cm™"), C-O (1000-1400cm™!), and CH
(550-700 cm™1). The -OH groups in the high-temperature biochars
gradually decrease as the temperature increases, with the peak intensity
attributed to dehydration reactions involving parallel and consecutive
processes. The sustained presence of the peak associated with Ho0 at
high temperatures explains the continuous rise in H,O ion intensity over
800°C. The C=O0 peak corresponds to carbonyl and carboxyl groups
present in the conjugated aromatic carbons, indicating the existence of
oxygen-containing functional groups in the high-temperature biochars.
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Fig. 5. FTIR spectrogram of the biochar.

It also correlates with the increasing trend of CO, emissions as the
temperature increases. The higher ash content in RH, along with the
presence of alkali and alkaline earth metal elements (AAEMs), contrib-
utes to the breakdown of interrelated cross-linked structures within the
biomass [39], resulting in an increasing trend of the C=0 peak in RH
chars as the temperature rises. The peak observed at 1090 em ! s
commonly attributed to the stretching vibration of C-O, and its high
intensity suggests that it is the main source of CO generated during
high-temperature pyrolysis. The rapid decline in oxygen content be-
tween 800 and 900°C can be attributed to this phenomenon. The
remaining functional groups have relatively lower absorption intensities

than CO, highlighting CO as the dominant gas product during
high-temperature pyrolysis. The presence of the C-H peak indicates the
existence of aromatic CH bonding and a significant increase in bending
intensity. RH chars display minimal peak intensity, while CS chars show
almost no presence, suggesting that the aromatic structures in the
high-temperature pyrolysis-derived chars have achieved stability and
tend towards graphitization. Moreover, the absence of peaks repre-
senting C=C stretching within the 1800-1650 cm™! range provides
further evidence of the degradation of aliphatic carbon side chains and
bridging bonds under high temperatures. It signifies the advancement of
the primary carbon framework towards graphitization. This perspective
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Fig. 6. Raman spectrogram of the biochar.
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is further corroborated by the Raman spectra depicted in Fig. 6. The
D-band (1320 cm_l) signifies additional structural flaws present in
highly disordered carbon materials, while the G-band (1590 em™ D)
signifies structurally uniform aromatic rings. The reduction in the in-
tensity ratio of the two characteristic peaks (Ip/Ig) suggests that the
lattice structure of biochar is more intact, exhibiting fewer structural
defects and higher levels of graphitization.

These results are consistent with experiments conducted by various
researchers. Wang et al. [40] conducted a comprehensive study on
biochar in the temperature range of 800-1200°C using Raman spec-
troscopy, FTIR, and XPS and identified the existence of C=0 and C-O
functional groups. Wu et al. [41] observed an oxygen content exceeding
20% in citrus peel char at 900°C, attributing it to the significant presence
of oxygen functional groups. These findings further validate that
oxygen-containing substances cannot be entirely converted at 800°C,
leading to their persistence in the solid biomass residues generated
through high-temperature pyrolysis.

4. Modeling section
4.1. Modeling Approach

A detailed kinetic model is essential for understanding the high-
temperature pyrolysis process and its practical applications. In this
study, the biomass pyrolysis model CRECK-S-B proposed by Debiagi
et al. [42] is adopted. The model characterizes biomass samples as
varying combinations of reference components that represent the mo-
lecular structure of cellulose, hemicellulose, lignin, and extractives in
real biomasses. A multi-step kinetic model describes the decomposition
of each reference component using global, irreversible, and apparent
first-order reactions. The model is composed of 59 reactant and product
species in a total of 32 chemical reactions. Volatiles are represented by
29 realistic and lumped chemical species, encompassing permanent
gases and condensable materials. Additionally, competing reactions
with varying selectivities at different temperatures are considered and
describe the different pyrolysis pathways. Simulation of the pyrolysis
processes and sensitivity analysis is performed with the OpenSMOKE
++ Suite [43], predicting the samples’ mass loss profiles, the yields of
biochar, and their elemental compositions.

In this work, a large set of experimental data reported in the litera-
ture is collected and organized into a database available in the first
supplemental material (SM1). The database contains the biomass
composition, pyrolysis conditions, char yields, and char composition.
TGA is a crucial indicator for model evaluation. The TGA data for
different raw materials and heating rate conditions from the literature
are compared with simulation results, attached in SM2.

4.2. CRECK-S-B kinetic model

The CRECK-S-B comprehensive model is subsequently discussed and
updated based on the novel experimental results. In this model, the
composition and mass fraction of each biochar residue are considered,
and the accuracy of predictions is verified by calculating the C, H, and O
element contents. Fig. 7 shows the comparison of C/H/O contents be-
tween the experiments and the CRECK-S-B model. Experimental data are
normalized and corrected to ensure a total sum of 100% for C, H, and O.
As reported [42], the relative errors for all elements are within 10%, and
the CRECK-S-B model exhibits excellent predictive performance at
temperatures below 800°C. However, under high-temperature condi-
tions, the carbon content exceeds the experimental values, while oxygen
and hydrogen contents significantly fall below the experimental values,
with oxygen approaching 0%. Based on the test results presented in this
paper and previous studies on the structure and functional groups of
biochar [44-46], high-temperature biochar should contain some oxygen
elements. This suggests limitations in the model to predict the conver-
sion of oxygen-containing substances under high-temperature
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Fig. 7. Comparison of experimental data and CRECK-S-B model predictions.

conditions, leading to discrepancies in the predicted results.

To further investigate this hypothesis, Fig. 8 shows a statistical
analysis comparing experimental results in the database from pyrolysis
experiments above 800°C with simulated results. Out of 95 cases, 40% of
the experimental results showed oxygen contents between 1% and 5%,
while 35.8% fell within the 5-10% range. Only 7.37% of the experi-
mental results indicated oxygen contents below 1%, whereas the model
predicted oxygen contents below 1% in 97.9% of the cases. Therefore,
the main modification discussed in this work focuses on reducing the
conversion of oxygen-containing biochar functionalities at high tem-
peratures to increase the oxygen content in biochar, achieving better
agreement with experimental results. It is important to emphasize that
the kinetic model of biomass pyrolysis in CRECK-S-B is continuously
revised and improved to incorporate newly available experimental data
[34,47].

In the CRECK-S-B model, the solid species having the name code as G
{CxHyO,} represent metaplastic species and chemical functional groups
attached to the nascent biochar during biomass pyrolysis. In particular,
the species G{COH>} strongly influences the oxygen content in biochar.
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5-10% 10-15% over 15%

Fig. 8. Oxygen content statistics from database and model predictions.
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This species decomposes following the reaction (R30):

G{CH20}—0.8CO + 0.8H2 + 0.2H20 + 0.2CHAR

which leads to a strong decrease in oxygen content in the residual solid
biochar composition at medium-high temperatures. Since the only solid
product of this reaction is species CHAR (pure carbon), no residual ox-
ygen is left in the solid after the complete decomposition of species G
{COHa}. Details on the role and decomposition of each G{} type species
can be found elsewhere [42]. For these purposes, the sensitivity to the
decomposition reaction of G{COHy} is analyzed with the brute force
method. Fig. 9 shows the results of reaction rate parameters. At low
temperatures, the changes in reaction rate had no significant impact on
the results. However, as the pyrolysis temperature exceeds 700°C, an
increased reaction rate leads to a higher production of small molecular
gas products. The inflection point, where the oxygen content rapidly
decreased, shifted earlier, accelerating the conversion of oxygen into
biochar. By 900°C, the presence of oxygen becomes almost negligible.
Nonetheless, statistical analysis indicates that the oxygen content in
biochar typically falls within the range of 1-10% for pyrolysis temper-
atures above 800°C. Consequently, Reaction 30 is modified, including
the formation of G{COsfr}, which is only released at higher tempera-
tures as CO in the new reaction 32, and some of it remains in a new
oxygen-containing biochar species (CHARO) in the new reaction 33.
According to experimental results and evidence from the references [24,
40,45], G{COggs} is defined as solid residues containing C—=O double
bonds, representing carbonyl and carboxyl functional groups.

G{CH20}-0.4CO +0.8H2 + 0.2H20 + 0.2CHAR + 0.4{COy; } k

= 1.0 x 10%e 014007 (R32)
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G{COyitt } >0.8CO+ 0.2CHAR, k = 1.8 x 10% 127 (R33)

The whole mechanism is shown in supplemental material 3.

The modification is implemented to enhance the activation energy
required for the conversion of oxygen-containing solid products, thereby
improving the accuracy of oxygen content prediction in the model while
maintaining previous agreements.

4.3. Model validation

TGA is a valuable tool for analyzing the composition, thermal sta-
bility, decomposition behavior, and mass-related information of pyrol-
ysis processes. It also serves as a good indicator for evaluating the
performance of a model. The simulation results from the updated model
are compared to the experimental TGA (Fig. 10). The model accurately
captures the experimental trends, with the predicted mass loss closely
matching the experimental data. Particularly, at pyrolysis temperatures
above 800°C, the updated model slightly reduces the mass loss rate,
resulting in improved agreement with the experimental findings. These
changes in the conversion process of oxygen-containing solid materials
suggest the presence of residual oxygen functional groups within the
solid products in this temperature range. To further showcase the per-
formance of the new model, several representative examples are
selected from the database, including different biomass types and
varying heating rates for the same biomass. Fig. 11 presents the com-
parison of TGA data, where heating rates range from 1 °C/min to 200
°C/min [48,49], thus illustrating the wide range reliability of the new
model. Additional comparisons of TGA data for different feedstocks and
heating rate conditions are available in the SM2.

Accurately predicting char yield and elemental composition is
crucial as it affects the continuous reaction behavior during combustion
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Fig. 9. Sensitivity analysis.



Journal of Analytical and Applied Pyrolysis 179 (2024) 106463

X. Zou et al.
100 4 100
— Experimental — Experimental
90+ —— Simulation 90+ —— Simulation
801
80 -
;\3 :\3 70+
é 70 2 60
£
= 60+ g 1
2 g
504 40
40 307
204
30 T T T T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)
(a) RH (b) CS
Fig. 10. Comparison of experimental TGA data and predictions of the proposed model.
100+ — Experimental
— Simulation 1004 = Experimental 100+ = Experimental
804 = Simulation = Simulation
i e 804 < 804
2 60+ 2 | ] |
£ E 60 g 60
©)
= 401 2 40 2 40
20+ 20 20
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C) Temperature (°C)
(¢] b (¢] 1 (@) 1
(a) 1 °C/min (b) 5 °C/min (¢) 10 °C/min
100+ = Experimental 100+ = Experimental 100 — Experimental
= Simulation = Simulation — Simulation
< 807 < 807 ~ 80-
X X S
] | 2 | 2
E £ g 60
O @) ~
40+ 40+
= = 2 40-
20+ 20+
‘ ‘ ‘ ‘ . ‘ ‘ . . . 20+
0 200 400 600 800 1000 0 200 400 600 800 1000 .

Temperature (°C)

(d) 50 °C/min

(e) 100 °C/min

0 200 400 600 800 1000
Temperature (°C)

(f) 200 °C/min

Temperature (°C)
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and gasification processes. Fig. 12 presents a comparison between
experimental data and predicted values for char yield and CHO content,
respectively. The results highlight the high accuracy of the new model in
predicting char yield, with a relative error of less than 5%. Compared to
the previous model, the updated model shows a slight increase in char
yield at high temperatures, resulting in reduced relative errors for RH
from 10.3% to 2.2% and for CS from 12.6% to 3.6%. Importantly, the
char yield is unaffected by variations in biomass ash content. In terms of
elemental composition, the modified model maintains the original ac-
curacy at temperatures below 800°C. However, at high temperatures,
the new model accurately predicts a decrease in carbon content and a

reasonable increase in oxygen content.

Fig. 13 demonstrates the effectiveness of the proposed improve-
ments, with additional comparisons between the experimental data
from the database and model predictions. The database comprises
different biomass types with varying ash content in the raw material,
along with experimental results obtained at different pyrolysis dura-
tions. The specific experimental conditions are as follows:

(1) Pyrolysis of wood chips and rice straw in a batch-type vertical
retort furnace at varying temperatures (400, 600, 800, and 1000°C) at a
heating rate of 10 °C/min for 1 hour [27]. (Fig. 13 (a) (b))

(2) Pyrolysis of pine sawdust in a fixed bed reactor at 950°C for
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150 min [50]. (Fig. 13 ()

(3) Pyrolysis of sugarcane bagasse at 40 °C/min to 1000°C [51].
(Fig. 12 (d))

(4) Pyrolysis of sawdust in a fixed-bed quartz tubular reactor at a
heating rate of 200 °C/min and residence time of 5 min at the final
temperature of 900°C [52]. (Fig. 13 (e))

(5) Pyrolysis of rice husk at 1000°C for 150 min [53]. (Fig. 13 ())

The new model exhibits higher accuracy in predicting the elemental
composition and char yield of biochar residues at high temperatures.
Although the char yield at high temperatures is slightly lower than the
experimental results, the error is within an acceptable range. The SM1
contains a comprehensive comparison of the model predictions with 376
sets of experimental data from the database.

Fig. 14 provides the statistical comparison of all experimental data
from the comprehensive database, with a criterion of relative error not

11

exceeding 10% as the accuracy standard. It is important to acknowledge
that some discrepancies in predicting experimental data may arise due
to simplifications in biomass characterization and pyrolysis models.
Furthermore, uncertainties exist in the experimental setup, including
incomplete knowledge of biomass sources and composition, as well as
insufficient descriptions of reactors and operating conditions. None-
theless, an accuracy rate surpassing 80% sufficiently attests to the
capability of the updated CRECK-S-B model to provide a simple yet
adaptable computational approach for describing the intricate behavior
of pyrolysis products.

5. Conclusion

In this study, the kinetics of high-temperature biomass pyrolysis are
investigated using experimental and modeling approaches. The



X. Zou et al.

I Carbon
I Hydrgen
- Oxygen
[ Char yield

»3 - Previous model

Accuracy (%)

>800°C

<500°C

500-800°C
Temperature range (°C)

Fig. 14. C/H/O and char yield content accuracy statistics from the database.

pyrolysis processes of RH and CS are analyzed using TGA-MS, revealing
distinct thermal behaviors at high temperatures. MS quantitative anal-
ysis of gaseous volatile compounds demonstrates an increased release of
H»0 and CO during high-temperature pyrolysis. The two biomass sam-
ples exhibit mass losses of 1.1% and 1.5%, respectively, at temperatures
exceeding 700°C, accompanied by a rapid loss of oxygen content in the
solid residue. FITR results confirm that this increase is attributed to the
stretching vibration of C-O bonds and the conversion of -OH groups. The
remaining oxygen primarily exists as carbonyl and carboxyl groups. The
CRECK-S-B biomass pyrolysis model was updated, and the revised
comprehensive pyrolysis kinetics model addresses limitations in pre-
dicting oxygen content and converting oxygenated compounds at high
temperatures. The accuracy of the model is validated through the
comparison with experimental data and an extensive literature data-
base. The updated model demonstrates significantly enhanced predic-
tion accuracy for pyrolysis temperatures above 800°C. TGA curves
closely matched experimental data, providing a more accurate charac-
terization of residual biochar yield and elemental composition. The
maximum relative errors in biochar yield prediction decrease signifi-
cantly, from 10.3% to 2.2% and from 12.6% to 3.6%, respectively.
Notably, the relative error in predicting oxygen content decreases from
over 90% to within 10%. It is possible to observe an accuracy of over
80% in the prediction of pyrolysis results (including torrefaction) across
the temperature range of 200-1000°C, expanding its applicability range.
Additionally, a comprehensive database comprising pyrolysis experi-
ments conducted over the past decade is established, encompassing
component analysis for both biomass and biochar and experimental
conditions. The results allow a better understanding of biomass high-
temperature pyrolysis and provide a theoretical foundation for
designing heat conversion reactors and effectively utilizing biochar.
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