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A B S T R A C T

Hemicellulose pyrolysis plays a critical role in biomass conversion processes, but its kinetic modeling remains 
challenging due to its structural complexity, variability across biomass sources and the lack of experimental 
speciation data. This study presents a new lumped kinetic model for the pyrolysis of xylan-based hardwood 
hemicellulose. The new model is developed using new experimental data obtained through a thermogravimetric 
analysis (TGA)-based methodology. The experimental setup allowed for high-precision measurement of devo
latilization rates and quantitative product speciation under varying heating rates (3–100 ◦C/min). This enables 
the development of a new kinetic model stemming from a previously established lumped kinetic model for 
hemicellulose pyrolysis. The new model incorporates an improved feedstock characterization, modifies reaction 
pathways to better reflect experimental observations, and improves predictions of water, char, and bio-oil yields. 
Model validation was performed against independent literature data, demonstrating significantly improved ac
curacy over previous models, particularly in predicting gas evolution and bio-oil composition. The refined kinetic 
model enhances our understanding of hemicellulose pyrolysis mechanisms and provides a reliable tool for 
biomass conversion modeling, with implications for bioenergy and bio-based chemical production.

1. Introduction

Global conflicts and supply chain disruptions have highlighted vul
nerabilities in conventional energy resources, urging the need for 
decentralized and renewable energy solutions [1]. Moreover, the tran
sition to renewable resources like biomass will also reduce greenhouse 
gas emissions by substituting carbon-intensive fossil fuels. Biomass, 
particularly residual biomass, presents a promising renewable resource 
for energy and chemicals due to its abundance, sustainability, and car
bon neutrality when managed properly. Residual biomass, such as 
agricultural waste, forestry residues, and by-products of food industry, 
can be valorized through thermochemical processes, including pyroly
sis, combustion and gasification [2]. Among these processes, pyrolysis 
plays a fundamental role as it represents the primary step in all these 
processes and for this reason, it is a key focus of research in the field of 
biomass thermovalorization. Pyrolysis allows the utilization of biomass 

for heat and power generation, and for its conversion into biofuels and 
bio-based chemicals, providing alternatives to fossil fuels and petro
chemicals, and contributing to a circular economy by reducing wastes 
[3]. Furthermore, it allows producing biochar, a valuable product for 
carbon sequestration and soil amendment [4].

Even though thermochemical processes are among the most effective 
methods for treating biomass feedstocks, these remain challenging to be 
processed due to their heterogeneous and complex structural and 
chemical nature. Biomass is typically composed of cellulose, hemicel
lulose, lignin, and various extractives, including lipids, proteins, 
phenolic compounds and sugars [5]. The proportions of these constitu
ents vary significantly depending on the biomass source, greatly influ
encing its behavior during the pyrolysis process.

Hemicelluloses are a diverse group of polysaccharides with signifi
cant structural variability, as represented in Fig. 1: hardwood hemicel
lulose are mainly composed of glucuronoxylan, but also glucomannan 
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and xyloglucan are present. Glucomannan is instead the most abundant 
component in softwood hemicelluloses, together with smaller fractions 
of glucuronoxylan and arabinogalactan. Finally, arabinoxylan is the 
major hemicellulose in herbaceous hemicelluloses. Among them, xylan- 
type hemicelluloses represent the most abundant ones and they are for 
this reason often chosen as a reference component in literature studies 
[7–11]. Xylan − based hemicelluloses can be broadly classified accord
ing to the presence and distribution of substituent groups on the main 
xylosyl backbone. Glucuronoxylan features a single glucuronic acid 
substituent for every ten to fifteen xylose units [12], along with a vari
able number of acetyl groups. In contrast, xylan-based hemicellulose 
found in the primary cell walls of dicots follows a more regular pattern, 
with one glucuronic acid substitution for every six xylose units. Mono
cots exhibit a similar ratio of one glucuronic acid for every four to six 
xylose units [13]. Another major xylan-based hemicellulose is 

glucuronoarabinoxylan, commonly found in grasses and gymnosperms. 
It is characterized by an abundance of arabinofuranose side chains, with 
a smaller number of glucuronic acid substitutions [12].

During pyrolysis, xylan-based hemicelluloses undergo decomposi
tion, resulting in the formation of a solid char residue (composed of fixed 
carbon and ash) and a variety of volatile products. These volatiles 
include both condensable and non-condensable species, ranging from 
small molecules such as CO, CO2, short-chain alcohols, aldehydes, and 
carboxylic acids to larger organic compounds, including furan-ring de
rivatives and anhydrosugars [14]. The thermal degradation of xylan- 
based hemicelluloses is a complex process involving multiple simulta
neous reactions, such as dehydration, depolymerization, fragmentation, 
and carbonization [15]. Various decomposition pathways have been 
proposed and summarized in studies by Shen et al.[7] and Zhou et al. 
[16].

Due to its commercial availability, beechwood extracted glucur
onoxylan (commercially named “beechwood xylan”) has been 
commonly used as a model compound for hemicellulose pyrolysis 
studies [7,10,17,18]. Thermogravimetric analyses (TGA) of beechwood 
xylan present in literature show a major weight loss in the range of 
190–350 ◦C, depending on the heating rate. Differential scanning calo
rimetry (DSC) experiments have further revealed that its decomposition 
is associated with exothermic charrification reactions [19]. Product 
analysis from beechwood xylan pyrolysis has been performed using 
techniques such as Fourier transform infrared spectroscopy (FT-IR) and 
gas chromatography-mass spectrometry (GC–MS/FID) [7,20]. The 
gaseous phase is predominantly composed of CO, CO2, and CH4, while 
the bio-oil contains a complex mixture of carboxylic acids, furans, al
dehydes, ketones, cyclopentanone and water. Some studies have also 
reported on the presence of anhydrosugars; however, conflicting results 
exist in literature regarding their formation [21].

Despite the importance of xylan as a representative hemicellulose 
polysaccharide and its significant presence in biomass feedstocks, 
literature data on its pyrolysis remain fragmented. This gap in 

Fig. 1. Structure of common hemicellulose polysaccharides in hardwood, softwood and herbaceous biomass with corresponding monomers: black = xylose, blue =
methyl-glucuronic acid, green = glucose, pink = mannose, orange = arabinose, red = galactose, brown = acetyl-galactose (figure []. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
adapted from 6)

Table 1 
Properties of xylan sample tested in this study.

Beechwood xylan (glucuronoxylan) properties

Sugar composition Xylose: 80.8 % 
Glucuronic acid: 11.4 % 
Other sugars: 7.8 %

Molecular structure

Elemental analysis C: 39.97 ± 0.2 [wt%] 
H: 6.77 ± 0.2 [wt%] 
O: 53.26 [wt%] 
N: <0.01 [wt%]

Proximate analysis Moisture: 11.5 [wt%] 
Volatile matter: 66.3 [wt%] 
Fixed carbon: 18.8 [wt%] 
Ashes: 2.6 % [wt%]

M.Y. Suleiman et al.                                                                                                                                                                                                                           Energy Conversion and Management: X 27 (2025) 101130 

2 



knowledge highlights the need for accurate, comprehensive, and quan
titative data to advance our understanding of biomass pyrolysis and 
develop reliable kinetic models.

In fact, developing predictive kinetic models for biomass conversion 
processes is crucial for optimizing thermochemical technologies and for 
improving reactor design, process efficiency, and product yield control. 
In this respect, lumped kinetic models offer a good compromise between 
computational efficiency (facilitating integration with reactor simula
tions) and sufficient accuracy for engineering applications, especially 
when compared to mechanistic models based on elementary reaction 
pathways at the molecular scale. Lumped kinetic models of hemicellu
lose pyrolysis were initially proposed by some of the authors [22–24] 
and are now being refined thanks to the new experimental findings. The 
CRECK-S kinetic model initially proposed a representation of all hemi
cellulose types with a single component, defined as a polymeric chain of 
pentose monomers [24]. This simplification caused misprediction in the 
pyrolysis behavior of several feedstocks. The model was later improved, 
differentiating hemicelluloses that originate from hardwood, softwood 
and grass/cereal feedstocks [23,25], following the approach suggested 
by Dussan et al. [26].

In a recent study, some of the authors studied the pyrolysis of xylan 

using a novel TGA-based methodology, which allowed for the collection 
of a high-quality, quantitative dataset with strong kinetic relevance, in 
terms of both devolatilization rate and product speciation [18]. A pre
liminary comparison between experimental data and the state-of-the-art 
lumped models (Debiagi et al. [23] and Dussan et al. [26]) revealed that 
both models adequately predict the devolatilization trends of xylan 
pyrolysis, but they fail to describe the distribution of pyrolysis products, 
especially for tar species.

To address these gaps, the present work proposes a new lumped 
model for the pyrolysis of glucuronoxylan hemicellulose, addressing 
critical gaps in the prediction capability and reliability of the model, 
especially in terms of product speciation. The model was developed 
using accurate and complete datasets collected with the novel TGA- 
based experimental methodology [27], using a reference xylan com
pound with a well-defined molecular structure.

The paper is structured as follows: first, the Materials and Methods 
section details the experimental setup and the lumped kinetic model. 
The Results and Discussion section instead analyzes the response of the 
model, comparing it with newly collected experimental data and a 
previous version of the kinetic model for hardwood hemicellulose, 
highlighting improvements. The new model is also validated by 

Fig. 2. (a) CRECK-S scheme for glucuronoxylan pyrolysis (b) Arrhenius plots of the rate constants reported in Table 2.
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comparing its predictions with independent datasets from the literature 
to further establish its reliability and applicability. Finally, mechanistic 
insights behind the product formation mechanisms were highlighted.

2. Materials and methods

2.1. Structural and chemical analysis of the xylan feedstock

Pyrolysis experiments were performed on high purity (95 %) 
beechwood-derived xylan purchased from Megazyme International.

Table 1 reports the properties of the xylan tested in this study. For 
what concerns the monosaccharide composition, the sample is charac
terized by a xylose to glucuronic acid ratio of 7.6, and a 7.8 wt% content 
of other sugar compounds, as reported in the technical datasheet pro
vided by Megazyme. Therefore, this hemicellulose is glucuronoxylan. 
The proximate analysis was carried out in a thermogravimetric analyzer 
(Hitachi STA7300 TG-DTA) following the ASTM method D7582-12. The 
elemental analysis was performed using an Elemental Analyzer Coste
ch ECS model 4010, which enabled the simultaneous determination of 
C, H, and N content, which turned out to be below the instrumental 
accuracy. The O content was calculated as the complementary fraction. 
Char samples were collected from multiple pyrolysis tests at 100 ◦C/min 
up to 950 ◦C, followed by a cooling to room temperature in N2 flow.

2.2. TGA- based experimental setup for pyrolysis experiments

Pyrolysis experiments were carried out using a novel TGA-based 
methodology developed by Piazza et al. [27] to obtain kinetically rele
vant data on biomass pyrolysis. Initially developed and validated for 
cellulose, this methodology is here adopted for glucuronoxylan pyroly
sis. The use of TGA in this setup ensures precise temperature control 
while eliminating heat and mass transfer limitations due to the small 
sample size. Additionally, the absence of secondary gas-phase reactions 
allows for the intrinsic measurement of devolatilization rates and 
product speciation. As a result, this approach provides quantitative and 
accurate data under various operating conditions, making it a powerful 
tool for the development and refinement of kinetic models.

Pyrolysis experiments were performed using a thermogravimetric 
analyzer (Hitachi STA7300 TG-DTA), where glucuronoxylan samples of 
10–12 mg were placed inside a ceramic crucible and heated up at five 
different heating rates (3 ◦C/min, 10 ◦C/min, 20 ◦C/min, 50 ◦C/min, 
and 100 ◦C/min) with a helium (He) flow rate of 275 ml(NTP)/min, 
needed to suppress secondary reactions of the released products. Sample 
weight was continuously monitored, producing thermogravimetric (TG) 
and differential thermogravimetric (DTG) curves to evaluate devolati
lization rates and determine the solid residual.

The liquid fraction of glucuronoxylan pyrolysis products (i.e., 
oxygenated compounds in the range of C1-C9), namely bio-oil, was 
analyzed through an offline GC-FID/MS instrument (Agilent 6890, 5973 
MSD) equipped with an HP-5MS capillary column (30 m x 250 µm x 
0.25 µm). This dual-detection setup enabled comprehensive analysis, 
with GC–MS providing qualitative identification of compounds based on 
a National Institute of Standards and Technology (NIST) mass spectral 
library, and GC-FID allowing for quantitative measurements after a 
dedicated calibration. Two distinct sampling protocols were then 
developed to collect, respectively, light and heavy condensable pyrolysis 
products for offline GC analysis. In particular, pyrolysis vapors were 
directly sampled from the outlet of the TGA when the devolatilization 
rate was maximum and were immediately injected into the GC using a 
gas syringe with a 2.5 ml volume. On the other hand, heavy products 
were collected using two Orbo-609 traps (Supelco) in series, containing 
Amberlite® XAD®-2 (400/200 mg), placed at the TGA outlet. After the 
experiments, the retained products were eluted from the sorbent mate
rial with a solution containing acetone and a known amount of 1-Fluo
ronaphthalene, used as an internal standard for the quantitative analysis 
in GC-FID. The obtained liquid mixture was then injected into the GC. 
Further details about the experimental setup can be found in [27].

Finally, a quadrupole mass spectrometer (HPR-20 EGA, Hiden 
Analytical) with a Secondary Electron Multiplier (SEM) detector was 
used for the monitoring of gaseous products (CO, CO2, CH4) and H2O. 
This instrument was directly connected to the TGA chamber with a 
quartz inert capillary line, enabling real-time analysis of those products 
and direct association of their production dynamics with TG curves. The 
integral mass yield of these gaseous species was calculated after a proper 
calibration.

2.3. Lumped kinetic mechanism

The CRECK-S model offers a semi-detailed, multi-step approach, 
characterized by a lumped representation of products, thus providing a 
balance between accuracy and computational complexity. The CRECK-S 
model was initially developed using data from literature and has un
dergone continuous refinement over time [22–24]. Recent advance
ments in analytical equipment, such as thermogravimetric analysis 
coupled with product speciation techniques, have significantly 
enhanced the accuracy of pyrolysis experiments. This enables the 
detection and quantification of new species. For instance, a refined 
model for cellulose pyrolysis was recently proposed [28], incorporating 
new experimental evidence reported by Piazza et al. [27].

To better describe the atomic mass balances, the structural 

Table 2 
Kinetic scheme of the new glucuronoxylan model.

Kinetic Mechanism Kinetic Parameters 
A [1/s], Eact [kcal/ 
kmol]

R1 GLXY → 0.35 GLX1 + 0.65 GLX2 1.25 × 1011 × Exp 
(− 31400/RT)

R2 GLX1 → 0.05 C5H8O4 + 0.16 FURFURAL + 0.18 
CH3COCH3 + 0.09 CO2 + 0.1 CH4 + 2.79 H2O +
0.66 CO + 0.05 CH3CHO + 0.1 CH3CO2H + 0.15 
C4H6O2 + 0.06 CH2OHCH2CHO + 0.02 H2 + 1.48 
CHAR

1.6 x 101 × T × Exp 
(− 12900/RT)

R3 GLX1 → 1.84 H2O + 0.7 CO2 + 0.22 CO + 0.21 G 
{CO} + 0.21 G{CO2} + 0.05 H2S + 0.11 CH2O +
0.43 CH2OS + 0.1 CH4 + 0.525 G{CH4} + 0.1 C2H4 

+ 0.075 G{C2H4} + 1.375 CHAR + 0.37 G{COH2} 
+ 0.2 G{C2H6}

3 × 10-3 × T × Exp 
(− 3600/RT)

R4 GLX2 → 0.1663 CO + 0.5398 CO2 + 1.7571 H2O +
0.0305 C2H5OH + 0.0423 CH2OHCHO + 0.015 
CH3CO2H + 0.0178 MEK + 0.0178 CH2O + 0.0238 
C5H10O2 + 0.1213 NC5H10O + 0.7 G{H2O} +
0.0912 G{CH4} + 0.01 G{CO} + 0.0312 G 
{CH3OH} + 0.0158 G{C2H4} + 0.20 G{CO2} +
0.0337 G{CH2O} + 2.345 CHAR + 0.7 G{H2} +
0.3792 G{COH2} + 0.0445 G{C2H6}

5 × 109 × Exp 
(− 30500/RT)

R5 G{CO2} → CO2 1 × 106 × Exp 
(− 24500/RT)

R6 G{CO} → CO 5 × 1012 × Exp 
(− 52500/RT)

R7 G{CH3OH} → CH3OH 2 × 1012 × Exp 
(− 50000/RT)

R8 G{CH2O} → 0.8 CHAR + 0.8 H2O + 0.2 CO + 0.2 
H2

6 × 1010 × Exp 
(− 50000/RT)

R9 G{C2H6} → C2H6 1 × 1011 × Exp 
(− 52000/RT)

R10 G{CH4} → CH4 1 × 1011 × Exp 
(− 53000/RT)

R11 G{C2H4) → C2H4 1 × 1011 × Exp 
(− 54000/RT)

R12 G{COH2} → 0.2 CHAR + 0.2 H2O + 0.4 CO + 0.8 
H2 + 0.4 COSTIFF

1 × 109 × Exp 
(− 59000/RT)

R13 G{CO}STIFF → 0.8 CO + 0.2 CHARO 1.8 × 108 × Exp 
(− 65000/RT)

R14 G{H2} → H2 1.8 × 108 × Exp 
(− 70000/RT)

R15 MOIST → H2O 1 × 101 × T × Exp 
(− 8000/RT)

R16 G{H2O} → H2O 1 × 106 × Exp 
(− 22500/RT)
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composition of glucuronoxylan used in this work was refined. This 
component is heavily oxygenated with side groups of acetyl and glu
curonic acid [29]. Therefore, a new reference species reflecting the 
elemental analysis shown in Table 1 was defined (GLXY, C5H10O5).

The previous models particularly underestimate the yield of pyro
lytic water and carbon monoxide (CO), while strongly overestimate tar 
yields (bio-oil). Char yields at pyrolysis temperatures above 750 ◦C are 
significantly underpredicted. To address these limitations and better 
capture the distribution of pyrolysis products, several improvements 
were implemented in this new kinetic model for glucuronoxylan as 
discussed in the following sentences. The overall structure of the multi- 
step mechanism for hemicellulose was maintained. Additional volatile 
species were introduced into the model to account for the ketones and 
cyclo-oxygenates detected in the bio-oil fraction. The model was 

moreover modified to significantly reduce the yield of furans, acids and 
sugars, which are overpredicted by the previous mechanism.

Fig. 2a schematically shows the new CRECK-S model for glucur
onoxylan pyrolysis. The reference species GLXY (C5H10O5), representing 
glucuronoxylan, initially decomposes into two active intermediates: 
GLX1 and GLX2. These intermediates then undergo further decomposi
tion through R2, R3 and R4, forming solid char and a range of con
densable and non-condensable products. Fig. 2b shows the temperature 
dependency of the glucuronoxylan pyrolysis reactions, R1 to R4. GLX1 
decomposes via two competing pathways, yielding most of the non- 
condensable gases from GLXY pyrolysis. Reaction R2, favored at tem
peratures above 300 ◦C, releases anhydrosugars and furans together 
with other light oxygenates and gases directly to the gas phase, without 
formation of metaplasts (e.g. G{species}). The competing reaction R3, 

Fig. 3. Comparison of model prediction for TG (left) and DTG (right) curves for glucuronoxylan (GLXY) pyrolysis at 3, 10, 20, 50, 100 ◦C/min with experimental data 
and previous kinetic model [30].
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dominant below 300 ◦C (Fig. 2b), primarily produces light gaseous 
compounds and large amounts of metaplasts. These differences in 
selectivity aid the description of different product distribution in diverse 
pyrolysis regimes. GLX2, in contrast, produces most of the light 
oxygenated compounds such as ethanol (C2H5OH), glycolaldehyde 
(CH2OHCHO), acetic acid (CH3COOH), methyl-ethyl-ketone (MEK), 
together with pivalic acid (C5H10O2), cyclopentanol (NC5H10-O), and 
char-trapped metaplasts that are released at high temperatures.

Table 2 presents the complete kinetic scheme for glucuronoxylan 
pyrolysis, formulated to describe its decomposition pathways and re
action kinetics. The mechanism accounts for the specific reactivities and 
decomposition profile of the glucuronoxylan chain, ensuring alignment 
with experimental observations.

Particularly, reaction R1 defines the initial breakdown of GLXY, with 
stoichiometry and kinetic parameters consistent with fundamental glu
curonoxylan decomposition pathways. In reaction R2, the formation of 
anhydrosugars is limited, with C5H8O4 representing their contribution. 
This minimal formation of anhydrosugars is balanced by increased for
mation of CO, H2O, CH3CHO, and CH3COOH, reflecting their formation 
from alternative decomposition pathways. Additionally, furans forma
tion is restricted to contributions from furfural (C5H4O2). GLX1 
decomposition via R2 also leads to the formation of CH3COCH3 
(acetone), CO, H2O, and char, better aligning the product slate with 
experimental data. Reaction R3 occurring at lower temperature condi
tions favors the formation of CO and CO2 with a mild metaplastic species 
formation from GLX1. This leads to an increased release of H2O and 
subsequent char formation. Reaction R4 involves the additional forma
tion of small amounts of metaplastic species and strongly promotes the 
formation of H2O, carbon monoxide (CO) and permanent char. It also 
accounts for the formation of other C5 tar species (pivalic acid and cyclo- 
pentanol) as experimentally observed by Piazza et al. [18]. The 

formation of MEK (methyl-ethyl-ketone) is included to additionally 
reflect the contribution of ketones to the overall product mixture. The 
frequency factor for R4 is set as 5 × 109 [1/s] to improve the model’s fit 
of the experimental DTG curve, specifically to better capture the dual- 
step decomposition behavior of glucuronoxylan pyrolysis.

Experimental findings indicate a delayed release of H2O beyond the 
main decomposition peak (above 350 ◦C). To describe this feature, an 
additional metaplastic specie G{H2O} is included in the model. Reaction 
R16 represents char dehydration and release of H2O at the beginning of 
the charring step (~400 ◦C).

3. Results and discussion

3.1. Comparison of experimental data and model predictions

3.1.1. TG and DTG curves
The performance of the new model in the prediction of mass loss was 

assessed. Fig. 3 shows a detailed one-to-one comparison between 
measured and calculated TG and DTG curves, where the response from 
the previous hemicellulose model [30] is also reported. The new model 
demonstrates an improved agreement with experimental data. The 
refined kinetic scheme accurately captures the primary mass loss phase 
between 200 ◦C and 350 ◦C. The onset and peak decomposition tem
peratures closely match experimental observations. Unlike the previous 
version, the new model corrects the overprediction of mass loss at high 
temperatures. This leads to char fractions that align more closely with 
experimental measurements and minimize deviations in the final mass 
loss.

The new model also more accurately captures the dual-stage 
decomposition behavior of glucuronoxylan as evident in the DTG 
curves, and minimizes the volatile release at high temperatures that 

Fig. 3. (continued).
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previously led to overestimated mass loss. A similar behavior was 
observed for predictions at different heating rates.

3.1.2. Product speciation
Fig. 4 shows the new model predictions of the mass yields of major 

products compared to experimental data and the previous kinetic model. 
The new model demonstrates improved agreement across all product 
categories. Most importantly, as highlighted earlier, the previous 
model’s poor prediction of liquid organic products and water yields was 
improved to match the experimental yields obtained. Additionally, the 
final char yield across the different heating rates more closely matches 
the experimental results than the previous model’s prediction.

Fig. 5a compares then the predicted bio-oil product distribution from 
the new and previous models with the experimental data. The new 
model demonstrates significantly improved accuracy, aligning more 
closely with experimental observations. The predicted yields of furans, 
acids, and sugars have been reduced to better match the experimentally 
measured values. Additionally, the new model accounts for the forma
tion of cyclic oxygenated compounds, exemplified by cyclopentanol, 
which were not present in the previous model. Fig. 5b compares the 
predictions of the new model with the previous model and experimental 
data, grouping the bio-oil species based on the length of their carbon 
chain. The overprediction of the previous model for C1-C3, C5 and C6, 
and the underrepresentation of C4 was greatly improved in the new 
model. The predicted formation of C6 species in the previous model was 
due to the interconnection between the scheme of the C6-hemicellulose, 
GMSW (softwood hemicellulose) previously modelled as C5H8O4 and 
that of XYHW (hardwood hemicellulose). The new model limits the 
prediction to C5 species reflecting its exclusive focus on pentose 

hemicellulose. The formation of aromatics was also observed experi
mentally but is considered attributable to possible lignin residue in the 
xylan sample and, therefore, excluded in the new kinetic scheme.

Improvements are also evident in the prediction of gaseous products 
as shown in Fig. 5c. The new model more accurately estimates CO yields, 
bringing them in line with experimental values. Furthermore, the pre
dicted yields of CO2 and CH4 have been slightly reduced compared to the 
prediction of the previous model. This resulted in a more balanced 
representation of the overall pyrolysis gas composition.

The ability of the model to capture the online release rates of key 
gaseous products and H2O at different heating rates was also stringently 
verified, as shown in Fig. 6 (20 ◦C/min) and Fig. S1 (3 ◦C/min, 10 ◦C/ 
min, 20 ◦C/min, 50 ◦C/min and 100 ◦C/min) in supplementary material. 
Both models capture the peak release temperature of the experimental 
measurements for all the heating rates. Compared to the previous model, 
the new model more accurately aligns with the release behavior of the 
experimental water measurements during both the main decomposition 
and initial charring steps. The new model limits the overprediction event 
of CO2 between 380 ◦C to 520 ◦C and improves the peak release rate to 
match with the experimental release profile during the major devolati
lization step. Additionally, improved prediction accuracy of CO yield is 
also obtained compared to the previous model. CH4 is released in rela
tively small amounts across all heating rates. The new model predicts 
the release rate for CH4 during the main decomposition step and at 
higher temperatures to be lower than the previous model’s prediction, 
aligning closely with the experimental observations. Comparison with 
the experimental data suggests that CH4 release is mostly related to char 
decomposition and likely occurs at lower temperatures than those pre
dicted by the model. However, due to the limited yields of CH4 (<2 wt% 

Fig. 4. Predicted integral mass yields of the main product categories of glucuronoxylan pyrolysis at 3, 10, 20, 50, 100 ◦C/min with experimental data and previous 
kinetic model [30].
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of raw sample), we avoided further modifications in the reaction ki
netics, so that the common release of the metaplastic species for other 
biomass reference species is maintained.

Table 3 shows the comparison of the elemental composition of the 
char obtained after pyrolysis up to 950 ◦C. The new model predicted the 
final C content to be 86.33 wt% which closely corresponds to the 
experimental value, and 9.96 wt% for O, slightly lower than the 
experimental value. The predicted content of H by the new model is 
3.72 wt%, which is higher than the experimentally observed value of 
0.35 %. Accelerating the decomposition of G{COH2} species to tem
peratures below 800 ◦C could easily meet the measured values, but 
would lead to elevated H2 gas yields, which contradict the same ex
periments. Nevertheless, typical amounts of H found in hemicellulose 
char samples range between 1.5–2 % [31] and in biomass char samples 
between 2–4 % [26], so we believe the low H content in char from the 
experiments is the possible result of underestimation error and, there
fore, we prefer to maintain the model predictions in the current ranges. 
Compared to the predictions of the previous model of (69.67 wt% C and 
27.35 wt% O), the new model exhibits a remarkable improvement in 
prediction accuracy of the char elemental composition.

3.2. Validation by comparison with independent literature data

To assess the reliability and accuracy in prediction of the new model, 
validation data available from the literature are also compared for mass 
loss curves at different heating rates. The products distribution for slow 
and flash pyrolysis experiments are also compared to provide a thorough 
assessment of the model’s ability to capture the complex thermal 
decomposition behavior of glucuronoxylan.

3.2.1. TG curves
Experimental TG curves for glucuronoxylan pyrolysis at heating 

rates of 10 ◦C/min, 20 ◦C/min and 30 ◦C/min [9,32–35] were utilized 
for model validation. Fig. 7 presents the results of this comparison. The 
new kinetic model exhibits good agreement with the literature data 
across the investigated heating rates. The model’s prediction of the onset 
temperature for glucuronoxylan decomposition closely matches the 
experimental data, accurately capturing the thermal stability of the 
glucuronoxylan structure and the initial breaking of glycosidic linkages. 
The model correctly reflects the influence of the heating rate on the 
pyrolysis behavior, shifting to higher temperatures as the heating rate 
increases. The mass loss curves predicted by the model closely align with 
the experimental curves during the primary decomposition stage 
(approximately 200–350 ◦C). This demonstrates the model’s ability to 
represent the complex interplay of reactions that lead to the formation of 
volatile products during glucuronoxylan pyrolysis. Unlike the previous 
model, the new model aligns with experimental datasets in the char 
formation phase. It also adequately predicts the final char yield observed 
at higher temperatures.

The new model’s performance was further tested at extreme oper
ating range for glucuronoxylan torrefaction experiments performed by 
Kou and Chen [36,37], which involved a 1-hour torrefaction period. 
Notably, these experiments were also incorporated into the develop
ment of the previous model [23,30]. As shown in Fig. 8(a-b), the new 
model describes the overall torrefaction-pyrolysis process, capturing the 
initial moisture evaporation, the torrefaction phase, and the subsequent 
pyrolysis stage. The new model closely aligns with the previous model at 
lower torrefaction temperatures, with a pronounced deviation observed 
at 250 ◦C and 260 ◦C. The closer agreement of the previous model with 
the experimental data at these temperatures is attributable to the fact 
that the previous model was, in part, developed using these same 
experimental data. This might also suggest that this data exhibits some 
sort of behavior, such as large formations of metaplastic species during 
torrefaction that are subsequently rapidly released during pyrolysis, and 
are less obvious using the new model. This difference may stem from 
variations in the inherent characteristics of the xylan samples used in 

Fig. 5. (a)Speciation of glucuronoxylan bio-oil, (b) Yields of bio-oil fractions 
with different C-atoms [(1) Furans, (2) Aldehydes/ketones, (3) Acids/Alcohols, 
(4) Cyclo-oxygenates, (5) Aromatics, (6) Anhydrosugars], and (c) Yield of 
gaseous products. Both experiments and model simulations were obtained at at 
100 ◦C/min.
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this study compared to those employed by Kou and Chen [36,37], 
leading to differing thermal degradation characteristics.

3.2.2. Product distribution
The new kinetic model was further validated by comparing its pre

dictions for the yields of H2O, char, gases, and bio-oil, reported in the 
literature under a range of experimental conditions. Literature data on 
glucuronoxylan pyrolysis with detailed and quantitative product speci
ation are often scarce and the few available were used for the validation 
of this new model. These data, obtained from experiments in TGA set 
ups, fixed bed reactors, quartz tube reactors, and wire-mesh reactors 
across a temperature range of 500 ◦C to 700 ◦C as shown in Table S1
[18,38,39], provide an assessment of the model’s performances across 
different reactor configurations and operating conditions. This com
parison represents an extension of the 0-dimensional approach, initially 
applied to the TG experiments. In Fig. 9a, the yields of major products 
from the fixed bed experiment at 500 ◦C for 8.5 min by Piazza et al.[18] 
are in good agreement with the model predicted yields. Although the 
model predicts slightly higher yields of char and H2O, and lower yields 
of gas and tar, compared to experimental values, these discrepancies are 
within the acceptable error tolerance of the lumped model approach. 
Additionally, potential errors introduced by simplifications in the 
reactor model, such as heat and mass transfer limitations, may also 
contribute to these minor deviations. The corresponding predicted 
yields of the bio-oil and gaseous fractions (Fig. 9b) from the same 
experiment shows that the model can well predict the yields of the 
various fractions in fixed bed reactors, showing a clear improvement 
with respect to the previous version of the model.

The results from another fixed bed experiment in Fig. 10(a-b) by 
Stefanidis et al.[38] demonstrate the ability of the model to predict the 
yields with a reasonable accuracy, in the absence of quantified experi
mental uncertainties⋅ H2O and gas predictions align well with the 
experimental observations. The predictions for char and tar show the 
model’s response represents the balance between this experiment and 
that of Piazza et al. [18]. The model accurately predicted the yield of 
furans and ketones/aldehydes as shown in Fig. 9b.

3.2.3. Product distribution at high heating rates
Char formation from glucuronoxylan fast pyrolysis was assessed by 

comparison with measurements from Shen et al. [7] across different 
conditions of temperature in quartz tube flow reactor within a short 
residence time of 0.5 s (allowing for 30 s cooling time in the simulation). 
While the simulation assumes negligible reactor model effects, which 
may introduce some inaccuracies, the model approximately captures the 
char yields observed experimentally from 510 ◦C to 690 ◦C as shown in 
Fig. 11.

To conclude, comparison of yield of products from fast pyrolysis was 
assessed with measurements from Hoekstra et al. [40] in a wire mesh 
reactor at high heating rates of 6000 ◦C/s and 1 s holding time. The 
results of the simulation at these conditions (allowing 60 s for cooling to 
room temperature) are plotted in Fig. 12. A good agreement between the 
two results can be observed for the main pyrolysis products and the 
distribution of gaseous products (CO and CO2), also considering possible 
experimental uncertainty.

Statistical comparison using Pearson correlation-based dissimilarity 
indices and sum-of-squared-error metrics are used to evaluate the 
overall performance of the new kinetic model relative to the previous 
model. The overall TGA curve matching index parameter M across the 
investigated heating rates as shown in Fig. S2(a) and the dissimilarity 
indices shown in Table S2 demonstrated the superior prediction capa
bility of the new model (with M ranging from 0.776 to 0.885) against the 
previous model (with M ranging from 0.714 to 743). Additional com
parison of the model performance is shown in Fig. S2(b–d) where the 
new model’s sum of squared errors for product distributions from this 
work (Figs. 4-5) and from other works (Figs. 9-12) were significantly 
lower than the previous model’s, confirming its improved accuracy in 
predicting yields and represents a major advancement in simulating 
xylan pyrolysis across various conditions and reactor set-ups.

3.3. Mechanistic considerations for glucuronoxylan pyrolysis

To better elucidate the improvements introduced by the refined 
model, a brief discussion on the underlying reaction mechanisms is here 
presented.

The first reaction proposed in the model (R1) represents the activa
tion of glucuronoxylan. This is the step with the highest activation en
ergy and begins at temperatures below 200 ◦C, as shown in Fig. 13.

Below 250 ◦C, dehydration reactions and the cleavage of weaker 
bonds associated with lateral substituents begin to occur. These pro
cesses are represented in the model by reactions R3 and, to some extent, 
R2. Dehydration reactions play a dominant role [7,41], contributing 
significantly to the release of H2O captured in R3. Compared to previous 
models, the extent of water release has been notably increased to more 
accurately reflect the experimental data. The fragmentation of the 

Fig. 6. Release rate of gaseous species (a) CO2 and CO (b) H2O and CH4 for glucuronoxylan pyrolysis at 20 ◦C/min [symbols = experimental data, dashed lines =
previous model [30] solid lines = this work’s model].

Table 3 
Elemental composition of char from pyrolysis at 100 ◦C/min up to 950 ◦C.

C [wt%] H [wt%] N [wt%] O [wt%]

Experiment 82.9 0.35 <0.1 16.75
Previous Model 69.67 2.98 0.0 27.35
This Work’s model 86.33 3.72 0.0 9.96
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methoxy group attached to the C4 position of the glucuronic acid unit 
results in the formation of methanol (R2) [7,41]. Instead, the decom
position of acetyl groups, accounting for approximately 11.4 wt% of 
total xylan, leads to the generation of acetic acid (R2) [41]. Moreover, 
the decarboxylation of the carboxylic acid moiety contributes to the 
early formation of CO and CO2, with their release primarily associated 
with reaction R3 [7,41].

Between 250 ◦C and 350 ◦C, the glycosidic linkages in the xylan 
backbone become increasingly unstable, initiating the depolymerization 
processes [7,21,41], represented in the model by reactions R2 and R4. 
Depolymerization leads to the formation of 1,4-anhydro-β-D-xylopyr
anose [21]. However, this compound is relatively unstable and is rarely 
detected in pyrolysis oils. Instead, it rapidly decomposes into smaller 
oxygenated species and gases, acting as a transient intermediate [21]. A 
sugar-like compound (C5H8O4), is still included in reaction R2 to ac
count for its presence. Compared to previous models, however, its yield 
has been significantly reduced, in favor of increased formation of CO, 
H2O, acetaldehyde (CH3CHO), and acetic acid (CH3COOH), consistent 
with experimental observations.

The primary C5 products resulting from xylan depolymerization are 
furanic compounds, derivatives of the pentose sugars that constitute the 
xylan backbone [7,21,41]. These species are formed through ring- 
opening and rearrangement reactions of xylan monomers and are rep
resented in the proposed mechanism by FURFURAL, produced via re
action R2.

In addition to furans, other condensable products commonly 
observed include aldehydes, ketones, and acetic compounds [7,21,41]. 
To better align with experimental data, the current mechanism in
troduces in R4 a cyclic oxygenate (cyclopentanol) and two ketones, 
methyl ethyl ketone and butanedione.

Finally, the rapid depolymerization of the xylan structure also gen
erates a significant amounts of H2O, CO2, and CO, and these are 
accounted for in both R2 and R4.

At temperatures exceeding 350 ◦C, reactions R5-R16 generate 
gaseous species. These originate from the release of metaplastic species, 
intermediates that were retained within the solid matrix at lower tem
peratures during the rearrangement of the solid phase (as described by 
reactions R3 and R4).

Finally, glucuronoxylan produces a substantial amount of char, a 
behavior commonly associated with the amorphous nature of hemi
cellulosic polymers [41]. To reflect this behavior, char production is 
included in all reactions stemming from the intermediates GLX1 and 
GLX2 (reactions R2–R4). Compared to previous models, the char yield 
has been increased in accordance with experimental observations.

4. Conclusions

This work presents a new kinetic model for the pyrolysis of glucur
onoxylan, a key component of hardwood hemicellulose, leveraging a 
novel TGA-based experimental methodology. The model, developed 
using high-precision experimental data, significantly improves the pre
diction of devolatilization rates, product yields, and speciation 
compared to previous models.

Relying on newly collected data on devolatilization rates, the refined 
kinetic model is able to effectively capture the dual-stage decomposition 
behavior of glucuronoxylan, accurately predicting the onset and peak 
decomposition temperatures across different heating rates (3 ○C/min to 
100 ○C/min). In addition, a comprehensive and quantitative experi
mental analysis on product distribution has further improved model 
predictions of key pyrolysis products. For instance the final char and 
water yields have been significantly increased, and gas products distri
bution has been improved. Bio-oil yield has been decreased, and some 
new components have been included to reflect experimental evidence. 
Moreover, the model’s ability to predict the release rates of gaseous 
species (CO, CO2, CH4, and H2O) and their temperature-dependent 
evolution further underscores its reliability.

Fig. 7. TG curves at different heating rates [9,32–35].
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Validation against literature data from diverse pyrolysis regimes 
including torrefaction (200 ○C to 300 ○C for 1 h), slow (10 ○C/min to 30 
○C/min), fast (isothermal at 500 ○C) and flash pyrolysis (>103 ○C/s) re
gimes using various reactor configurations (including TGA, fixed bed, 
quartz tube, and wire-mesh reactors), confirms the model’s versatility 
and accuracy in predicting product distributions under different exper
imental conditions. The model’s improved performance in predicting 
char elemental composition of 86.3 % C versus experimental value of 
82.9 % at high temperatures further highlights its potential for 

optimizing biomass conversion processes. Statistical comparison con
firms the new model’s superior prediction accuracy, with a matching 
factor of 0.776–0.885 for TGA curve prediction against the previous 
model’s range of 0.714–0.743, and a significantly lower SSE value for 
prediction of product distributions.

This study provides a comprehensive and reliable kinetic model for 
glucuronoxylan pyrolysis, offering valuable insights into the thermal 
decomposition of hemicellulose. The model serves as a robust tool for 
the design and optimization of thermochemical conversion processes, 

Fig. 8. Comparison of model performance for xylan at different torrefaction temperatures [36,37] [Scatter = experimental data, dashed lines = previous model and 
solid lines = This work’s model].

Fig. 9. Product distribution from glucuronoxylan pyrolysis in fixed bed reactor [500 ◦C, 8.5 min] by Piazza et al.[18]: (a) Yield of main pyrolysis products (b) Yield 
of Bio-oil and Gaseous Products.

Fig. 10. Product distribution from glucuronoxylan pyrolysis in fixed bed reactor [500 ◦C, 15 min] by Stefanidis et al. [38]: (a) yield of main pyrolysis products, (b) 
yield of bio-oil products.
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contributing to the advancement of bioenergy and bio-based chemical 
production. Future work will focus on extending this modeling approach 
to other hemicellulose types and integrating it into broader biomass 
pyrolysis frameworks to further enhance the predictive capabilities for 
complex biomass feedstocks.
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