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A B S T R A C T

This study investigates the thermal decomposition and product distribution of three representative hemicellulose 
polysaccharides: xylan (hardwoods), glucomannan (softwoods), and arabinoxylan (herbaceous biomass) to 
obtain data aimed at the development of accurate kinetic models. A novel thermogravimetric analysis (TGA) 
based methodology, previously developed for cellulose, was applied, integrating kinetic analysis with detailed 
online and offline product speciation at multiple heating rates (3–100 ◦C/min). Results revealed distinct devo
latilization patterns among the hemicelluloses. While xylan exhibited a two-step decomposition with significant 
gas formation, glucomannan displayed a single sharp degradation peak, yielding the highest bio-oil fraction. 
Arabinoxylan showed yields more distributed among the different product categories, with bio-oil characterized 
by high anhydrosugars formation. Online mass spectrometry (MS) analysis identified CO, CO2, CH4, and H2O 
evolution closely linked to thermal degradation pathways. Quantitative gas chromatography (GC-MS/FID) 
analysis of bio-oil unveiled diverse product distributions: xylan primarily formed ketones and furanic com
pounds, glucomannan produced C6 anhydrosugars, and arabinoxylan yielded significant C5 sugar derivatives. 
Comparison with lumped kinetic models for hemicellulose pyrolysis highlighted substantial discrepancies, 
particularly in bio-oil composition and water mass yield, underscoring the need for refined reaction pathways. 
The high-quality dataset presented in this study provides significant insights into hemicellulose pyrolysis ki
netics, enabling the improvement of predictive models for biomass thermochemical conversion.

1. Introduction

In the last decades, the growing need for sustainable energy solutions
has promoted the exploration of alternatives to conventional fossil- 
based feedstocks, such as lignocellulosic and waste biomass [1–4], a 
renewable and versatile resource, which holds significant promise as a 
feedstock for producing biofuels, biochemicals, and energy carriers.

Bioenergy currently accounts for 55 % of renewable energy and 6 % 
of the global energy supply, and it has seen a steady growth of 3 % 
annually from 2010 to 2022 [5,6]. However, to meet the International 
Energy Agency’s Net Zero Emissions (NZE) scenario for 2050, its growth 
rate needs to accelerate to 8 % annually, already by 2030 [5,7].

Pyrolysis, a thermochemical process that thermally decomposes 
biomass in an oxygen-free environment, stands out as a versatile and 
promising technology for biomass valorization. It produces three main 
product streams: a gaseous fraction containing compounds like CO, CO2, 

H2, and CH4; a liquid bio-oil composed of oxygenated species; and a 
solid carbon-rich residue known as biochar [8]. Despite its importance, 
the complex chemistry of biomass pyrolysis remains insufficiently un
derstood, largely due to the intricate structure of lignocellulosic feed
stocks [9]. Lignocellulosic biomass is constituted by three major 
components: cellulose, hemicellulose, and lignin. Their proportions and 
chemical structures vary depending on the biomass source, with smaller 
amounts of pectin, proteins, and minerals also present. To fully under
stand the thermal behavior of real biomass, it is imperative to investi
gate the behavior of all its constituents. Hemicellulose, a heterogeneous 
mixture of amorphous and partially branched polysaccharides, is one of 
the least explored components in literature, despite accounting for 
approximately 30 % of real biomass [10]. Unlike the uniform compo
sition of cellulose, hemicellulose comprises various building blocks, 
including pentoses (arabinose, xylose), hexoses (glucose, galactose, 
mannose), hexuronic acids (glucuronic acid, galacturonic acid) and 
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acetyl groups, as well as small amounts of L-rhamnose and L-fucose [11]. 
These functional groups can assemble into a range of various hemicel
lulose polysaccharides with diverse structures from linear to highly 
branched. The abundance and detailed structures of these hemicellulose 
polysaccharides vary widely, depending on the biomass sources. Hard
wood biomass (e.g. deciduous trees) primarily contains xylan-based 
hemicelluloses, accounting for 15–30 wt% of dry biomass, with chains 
of β-D-xylose and side groups like 4-O-methyl-D-glucuronic acid. 
Typical molar ratios of xylose to glucuronic acid range from 25:1 to 4:1 
[11,12]. Contrarily, in softwood species (e.g. conifers), glucomannans 
are the predominant hemicellulose polysaccharides accounting for 
20–25 wt% of dry biomass, characterized by a backbone of β-D-mannose 
and β-D-glucose units. The molar ratio of mannose to glucose is 
approximately 3:1 [11]. Instead, herbaceous plants mostly comprise 
arabinoxylan, a linear chain of β-D-xylose in which L-arabinofuranosyl 
substituents are linked through O-2 or O-3. In this case the molar ratio of 
xylose to arabinose is around 5:3 [11,12].

One critical research area in biomass pyrolysis is the development of 
kinetic models for the devolatilization step, able to describe quantita
tively and qualitatively the release and the distribution of primary vapor 
products from the solid biomass [9,13,14]. These primary products are 
the results of complex kinetics within the solid hemicellulose particle 
and are then released in the vapor phase. These products can then un
dergo secondary reactions in the vapor phase, but while the knowledge 
on homogeneous kinetic schemes is well established, devolatilization 
chemistry remains poorly understood, despite being fundamental to 
improve pyrolysis technologies and develop predictive modelling tools 
for different feedstocks. Moreover, insights into devolatilization are also 
crucial for related processes such as gasification and combustion, where 
it represents the first conversion stage.

Different strategies have been developed to model biomass pyrolysis 
kinetics, varying in their level of complexity and detail. Global models, 
such as single-step first-order reaction, nth-order models and distributed 
activation energy model (DAEM) [15,16], describe pyrolysis as one or a 
few overall reactions, reproducing mass loss and apparent kinetics but 
without resolving product distributions. Mechanistic or network models 
(such as the bio-FLASHCHAIN™ [17]) attempt to describe more detailed 
reaction pathways, involving several reactions and intermediates; while 
highly informative, these models remain incomplete for biomass com
ponents and are computationally demanding [9,13,14]. Lumped kinetic 
models [18,19] offer a semi-detailed compromise, simplifying the 
complex chemistry of biomass pyrolysis by grouping many individual 
reactions and products into a smaller set of ‘lumps’ or ‘pseudo-compo
nents’ (e.g., ketones, aldehydes, char, water, CO2) that share similar 
properties [13]. In this approach biomass is represented in terms of its 
main constituents (cellulose, hemicellulose, and lignin) so that the 
overall behavior of real feedstocks can be reconstructed as the additive, 
weighted contribution of each fraction [6]. This lumping technique 
represents an engineering approach to reduce system complexity, 
enabling the development of predictive models for reactor design and 
process optimization. Over time, lumped models have been refined, with 
early schemes developed by some of the authors [6,18,20–22] forming 
the basis for more advanced models proposed by researchers such as 
Dussan et al. [19] and Debiagi et al. [18]. The accuracy of these models 
remains closely tied to the quality of experimental data used for 
parameter calibration; however, the current literature still lacks 
comprehensive and kinetically informative datasets. To develop effec
tive kinetic models, two types of experimental data are essential: 
devolatilization rates and quantitative product speciation. While several 
studies in literature have reported devolatilization rates [23–29], there 
are only a few examples of works providing quantitative product char
acterization. Notably, S. Niksa compiled a comprehensive hemicellulose 
pyrolysis database, which includes several studies resolving major gas 
products and illustrating the impact of secondary volatiles on product 
distributions [30]. Nevertheless, comprehensive quantitative charac
terization of both gaseous and condensable products across a range of 

heating rates remains limited. In particular, systematic data on hemi
cellulose pyrolysis with resolved condensables are still scarce, despite 
their importance for kinetic model development.

For this reason, developing an experimental protocol capable of 
delivering accurate experimental data and identifying the full range of 
pyrolysis products is crucial for the advancement and validation of ki
netic schemes. Thermogravimetric analyzers (TGA) are widely used in 
biomass pyrolysis studies to investigate decomposition, mass loss, and 
thermal stability, often in combination with analytical tools such as gas 
chromatographs or mass spectrometers for detailed product character
ization [29,31–35]. Building on this approach, the authors previously 
developed a novel TGA-based methodology that integrates kinetic 
analysis with comprehensive product quantification [25]. This protocol 
enables the identification and the quantification of the entire range of 
pyrolysis products – gases, condensable species and solid residual – by 
combining different analytical methodologies and sampling procedures, 
coupled with calibration protocols. The methodology was first validated 
through cellulose pyrolysis experiments, leading to the development of 
an improved kinetic scheme with refined reactions and product cate
gories [25,36]. Then its applicability was also demonstrated for studying 
other biomass components, obtaining preliminary results on hemi
celluloses like xylan and glucomannan [26].

The primary objective of this work is to build upon this groundwork 
[18,25,26,36] and to expand the investigation by delivering a compre
hensive experimental dataset on the devolatilization behavior and 
product distribution of hemicellulose. Additionally, this study aims to 
critically compare the experimental results with previous lumped ki
netic models, thereby underscoring the necessity of expanding experi
mental knowledge in biomass pyrolysis to improve model accuracy and 
reliability.

Three model biomasses were chosen to represent hemicellulose in 
the three main classes of real biomass: xylan for hardwood biomass, 
glucomannan for softwood biomass, and arabinoxylan for herbaceous 
plants [12]. Pyrolysis experiments were conducted using the TGA-based 
methodology described in [25]. This approach enabled the collection of 
intrinsic rate data together with detailed, quantitative product specia
tion. This work focuses on the investigation of various heating rates (3, 
10, 20, 50, and 100 ◦C/min) and the on-line dynamic evolution of 
gaseous products, providing novel insights on the kinetics of hemicel
lulose decomposition. The experimental findings were then compared 
with predictions from the models by Dussan et al. and Debiagi et al. [18, 
19]. To the best of our knowledge, the results provide novel and valuable 
understanding of hemicellulose pyrolysis currently unavailable in 
literature.

2. Materials and methods

2.1. Materials

In this work pyrolysis experiments were performed on model bio
masses purchased from Megazyme International. Three different hemi
celluloses were chosen: beechwood-derived xylan, low viscosity konjac- 
derived glucomannan and insoluble (gel) form wheat-derived 
arabinoxylan.

For what concerns the monosaccharide composition, xylan was 
characterized by a xylose:glucuronic acid ratio of 8:1 and by a 7.8 % 
content of other sugar compounds, glucomannan presented a mannose: 
glucose ratio of 3:2 and arabinoxylan had a xylose:arabinose ratio of 2:1 
and a 4.5 % content of other sugar compounds. Table 1 reports further 
details of these biomass constituents. The elemental composition of all 
biomasses was characterized using an Elemental Analyzer Costech ECS 
model 4010, which enabled the simultaneous determination of C and H 
weight percentage. The O content was calculated as the complementary 
fraction. The proximate analysis was carried out in a thermogravimetric 
analyzer (Hitachi STA7300 TG-DTA) following the ASTM method 
D7582–12. All samples were used without any pre-treatment for 
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pyrolysis experiments in the TGA.

2.2. TGA Pyrolysis experiments

Pyrolysis experiments were carried out with a novel TGA-based 
methodology specifically developed by Piazza et al. [25] for cellulose 
pyrolysis to achieve a complete characterization of the product slate. 
Fig. 1 displays a schematization of this methodology, extensively pre
sented and described in [25]. Adjustments of the operating parameters 
were made in order to fit the procedure also for hemicellulose.

The pyrolysis experiments were conducted using a thermogravi
metric analyzer (Hitachi STA7300 TG-DTA), where biomass samples 
(approximately 12 mg for xylan, 16 mg for glucomannan and 18 mg for 
arabinoxylan) were placed inside a ceramic crucible and heated up at 
five different controlled heating ramps (3 ◦C/min, 10 ◦C/min, 20 ◦C/ 
min, 50 ◦C/min and 100 ◦C/min). The TGA chamber was continuously 
flushed with a high helium flow (275 Nml/min), ensuring rapid trans
port of volatile products out of the hot zone. This configuration was 
designed to minimize the residence time of vapors and thereby suppress 
secondary gas-phase reactions, enabling the focus to remain on the 
devolatilization step. Moreover, given the extremely fine hemicellulose 
powders (dP ≪ 500 micron), intraparticle secondary reactions could 
play a role only at the slowest heating rate (3 ◦C/min), but their impact 
is expected to be minimal due to the high dilution and low temperature. 
During the experiment, continuous measurements of sample weight 
were taken, and thermogravimetric (TG) and differential thermogravi
metric (DTG) curves were generated.

The solid residual present on the crucible at the end of the experi
ment represents biochar, the solid carbon-rich product of biomass py
rolysis. Therefore, from the TG curve it was possible to calculate the 
yield of biochar, as the percentage of remaining mass at 950◦C.

2.3. Online MS analysis of gases and water

Monitoring of gaseous products evolved from the pyrolysis of the 
different biomass samples was achieved using a quadrupole mass spec
trometer (HPR-20 EGA, Hiden Analytical) with SEM (Secondary Elec
tron Multiplier) detector. This instrument was directly connected to the 
TGA chamber with a quartz inert capillary line (heated at 250◦C). At the 
TGA outlet two Orbo-609 traps (Supelco), containing a sorbent material, 
were placed to retain all heavy oxygenated species produced during the 
pyrolysis process to prevent blocking of the capillary line. In this setup 
gases (CO, CO2, CH4) and H2O were analyzed in real-time across a wide 
range of heating rates, enabling the direct association of their produc
tion dynamics with TG curves. Moreover, proper calibration procedures 
were developed [25] to convert the qualitative information obtained 
into quantitative data, enabling the calculation of instantaneous gas 
production rates (mg/min) and, after integration, the total mass yields of 
each species according to Eq. 1

Yi =
mi

mbio,0
∗ 100 [%] (1) 

where mbio,0 and mi represent respectively the initial mass of biomass 
and the total mass of the produced species. Further details on the 
quantitative analytical protocol are provided in Section S1 of the Sup
plementary Material.

Real-time monitoring of pyrolysis gaseous products is particularly 
important for hemicellulose, especially xylan, where gaseous products 
constitute a significant portion of the pyrolysis output, contributing 
between 30 % and 45 % of the total mass yield.

Table 1 
Biomass tested in this study.

Xylan Glucomannan Arabinoxylan

Sugar composition Xylose: 80.8 % 
Glucuronic acid: 11.4 % 

Other sugars: 7.8 %

Mannose: 60 % 
Glucose: 40 %

Xylose: 62 % 
Arabinose: 33.5 % 

Other sugars: 4.5 %
Molecular structure

Elemental analysis C: 40.0 ± 0.2 [wt%] 
H: 6.8 ± 0.2 [wt%] 
O: 53.3 ± 0.4 [wt%]

C: 39.0 ± 0.2 [wt%] 
H: 7.1 ± 0.2 [wt%] 
O: 53.9 ± 0.4 [wt%]

C: 47.7 ± 0.2 [wt%] 
H: 6.7 ± 0.2 [wt%] 
O: 45.6 ± 0.4 [wt%]

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

Ashes: 2.6 [wt%]

Moisture: 11.2 [wt%] 
Volatile matter: 71.3 [wt%] 
Fixed carbon: 14.9 [wt%] 

Ashes: 2.6 [wt%]

Moisture: 9.5 [wt%] 
Volatile matter: 80.7 [wt%] 

Fixed carbon: 9.3 [wt%] 
Ashes: 0.5 [wt%]

Fig. 1. TGA-based experimental setup for biomass pyrolysis analysis [25].
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2.4. Offline GC analysis of bio-oil

In order to identify and quantify both light and heavy condensable 
products resulting from biomass pyrolysis (i.e. oxygenated compounds 
in the range of C1-C9), off-line analyses were performed with a GC 
equipped with FID and MS detectors (Agilent 6890, 5973 MSD) and with 
a 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. The specific procedure 
used to obtain the quantitative speciation is reported in Section S1 of the 
Supplementary Material.

Two distinct sampling protocols were developed to collect respec
tively light and heavy condensable pyrolysis products for offline GC 
analysis.

Heavy products were collected using two Orbo traps (Supelco) in 
series, placed at the TGA outlet. After the experiments the retained 
products were eluted from the sorbent material with a solution con
taining acetone and a known amount of 1-Fluoronaphthalene, used as 
internal standard for the quantitative analysis in the GC-FID. The ob
tained liquid mixture was injected into the GC where a constant increase 
of the temperature from 40◦C to 300◦C at 10 ◦C/min was used. To 
ensure the effective trapping of condensable pyrolysis products Orbo 
609 sorbing tubes, containing Amberlite® XAD®-2 (400/200 mg), were 
used thanks to their optimal retention capacity and compatibility with 
acetone for desorption. Other tested sorbents were found to be either 
excessively retentive, hindering desorption and quantification, or 
insufficient in retaining the desired compounds, leading to incomplete 
trapping.

Instead, pyrolysis vapors were directly sampled from the outlet of the 
TGA when the devolatilization rate was maximum and were immedi
ately injected into the GC using a gas sampling syringe with 2.5 ml 
volume. Due to the richness of very light products (C1-C4) for hemicel
lulose pyrolysis an optimized procedure for the GC-FID analysis was 
developed, due to the similar retention time of the analyzed compounds. 
In particular, during the GC analysis, a heating ramp of 1 ◦C/min was 
used up to 150◦C, where the majority of the products reach the end of 
the column, while a faster ramp (10 ◦C/min) was used up to 300◦C.

Thanks to this protocol a complete mass balance closure, including 
the quantification of bio-oil product yields, was achieved at 100 ◦C/min. 
At this heating rate, pyrolysis generates a sharp pulse of products over a 
very short time, resulting in higher concentrations that can be effectively 
captured using gas sampling syringes and ORBO sorbent traps. An 
attempt was also made to achieve complete quantitative speciation of 
the bio-oil fraction at a lower heating rate (20 ◦C/min). Due to the 
greater dilution of pyrolysis products at this condition, the ORBO tubes 
placed at the outlet of the TGA were immersed in an ice bath to enhance 
condensation. This proved to be effective in the case of arabinoxylan, 
possibly thanks to the high concentration of easily condensable sugars in 
the bio-oil fraction. Instead, for xylan and glucomannan, the ORBO traps 
proved ineffective despite the lower condensation temperature. Still, 
bio-oil species sampled with the gas syringe could be analyzed in terms 
of relative GC areas, as presented in the Results section.

2.5. Lumped kinetic scheme of hemicellulose pyrolysis

To simulate biomass pyrolysis experiments, the lumped kinetic 
models proposed by Debiagi et al. [18] and Dussan et al. [19] were used. 
Their approach is to group numerous individual chemical species into a 
few representative categories, or “lumps,” which correspond to broader 
chemical classes. Lumped reactions and lumped species of these models 
were built from the literature data on hemicellulose pyrolysis available 
at the time. The details of the two kinetic schemes can be found in the 
Supplementary material (Section S4). Simulations of the TG experiments 
were performed using OpenSMOKE++, an open-source software suite 

for modeling reactive systems, which supports various kinetic mecha
nisms in CHEMKIN format and can handle both gas-phase and 
solid-phase reactions [6]. The lumped mechanism was integrated into a 
zero-dimensional reactor model, with each simulation using the initial 
biomass mass, and temperature program as input parameters to match 
those of the experimental setup. Experimental data were compared with 
model predictions to highlight the benefits of a comprehensive dataset in 
refining and upgrading kinetic models. These models [18,19] are in fact 
semi-empirical and their accuracy mirrors the accuracy of available 
experimental data.

3. Results and discussion

3.1. Devolatilization behavior of hemicellulose

The pyrolytic behavior of xylan, glucomannan and arabinoxylan was 
investigated through TGA experiments as detailed in section 2.2.1. TG 
curves are calculated on a dry basis, thus eliminating the contribution of 
the moisture released by the biomass sample below 150◦C, which ac
counts for approximately 10 % of the initial weight of biomass for ara
binoxylan, 12 % for glucomannan and 13 % for xylan.

In Fig. 2 TG and DTG curves for the analyzed hemicelluloses at 
20 ◦C/min are presented. The devolatilization profiles indicate that 
different polysaccharides exhibit distinct and characteristic pyrolysis 
behaviors. Overall, as evident from the TG curves, mass loss occurs 
within a similar temperature range for all hemicelluloses, typically 
falling between 200–350◦C. The TG curves also reveal the multi-step 
nature of hemicellulose devolatilization, where changes in slope indi
cate distinct decomposition stages. The least thermally stable hemicel
lulose is xylan, undergoing decomposition at the lowest temperature, 
followed by glucomannan and arabinoxylan. This low thermal stability 
corresponds to a higher yield of solid residue that in fact decreases from 
xylan to glucomannan to arabinoxylan.

As reported by mechanistic studies present in the literature [8,28, 
37], the observed multi-faceted behavior mirrors the inherent diversity 
of hemicellulose polymers, both in terms of structure and chemical 
composition. The pentose or hexose-based backbone structure and the 
different lateral substituents may undergo partial or complete devola
tilization at distinct stages. As represented in Table 1 the xylan tested in 
this work is composed of a xylose backbone chain with lateral glucur
onic acid moieties, the glucomannan is a co-polymer of glucose and 
mannose, while the arabinoxylan has arabinose monomers linked to the 
main xylose chain.

The DTG curves offer a clearer depiction of the multi-step devolati
lization of hemicellulose especially for xylan and arabinoxylan. In 
Fig. 2B xylan shows two major peaks at 265◦C and at 312◦C. The first 
peak can be ascribed to the decomposition of side-chain structure (such 
as the 4-O-methyglucuronic acid unit), and the second one should be 
attributed to fragmentation of the depolymerized units, as reported by 
Shen et al. [29]. For temperatures higher than 350◦C, Chen et al. [8]
reported that the continuous weight loss displayed by the TG curve is 
associated with the rearrangement of the solid residue with release of 
species in the gas phase and with charring process.

Glucomannan shows instead a unique devolatilization peak at 
319◦C, due to its more regular hexose-based structure. Similar TG and 
DTG trends were observed by Moriana et al. [23] testing a glucomannan 
extracted from spruce wood. They also reported that the devolatilization 
of glucomannan could exhibit a dual-stage behavior similar to that of 
xylan, due to the presence of two distinct monomers—mannose and 
glucose—in its main chain. The observed single devolatilization peak 
may result from the overlapping of the individual devolatilization peaks 
of these monomers, as both decompose within a similar temperature 
range.

Finally, arabinoxylan displays once again a dual peak behavior, with 
a main peak at 312◦C and a secondary contribution at 358◦C, similarly 
to what reported by Werner et al. [28]. The main peak, visibly 
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overlapping to glucomannan main devolatilization event and to the 
second peak of xylan DTG is likely correlated to the onset of the chain 
depolymerization.

Table 2 reports elemental analyses of the solid residue for the 
different samples. Biochar is primarily composed of carbon, though 
small amounts of hydrogen and oxygen are also present. Generally, 
higher carbon purity is more desirable in biochar. The carbon content in 
biochar is influenced by various factors, including biomass type, py
rolysis temperature, residence time, ash content, and biomass moisture 
content [38]. Among the samples, xylan produced biochar with the 
highest carbon content and the lowest oxygen content, although the 
differences between all analyzed samples were relatively small.

For all three samples, the carbon content was found to be quite high 
while hydrogen content was instead quite low. Typically, hemicellulose 
char samples contain between 1.5–2 % hydrogen, while O/C ratio range 
between 0.1 and 0.2 [39,40]. However, both Smith et al. [41] and Ma 
et al. [42] observed that increasing the char collection temperature leads 
to a decrease in hydrogen content, with values dropping from about 5 % 
at 300◦C to 1 % at 700◦C as well as in an increase in the carbon content 
from about 40 % at 300◦C to 90◦C at 850◦C. In this study, char samples 
were collected at the end of the pyrolysis experiment in the TGA, 
reaching a final temperature of 950◦C, which is likely the reason for the 
high amount of carbon and the low amount of hydrogen found in the 
elemental analysis.

Hemicellulose samples were also tested at different heating rates. 
Fig. 3 displays TG and DTG curves for xylan, glucomannan and arabi
noxylan at 3 ◦C/min, 10 ◦C/min, 20 ◦C/min, 50 ◦C/min and 100 ◦C/ 
min. With higher heating rates, the onset of the pyrolysis process shifts 
to higher temperatures, as expected due to the dynamic nature of the 
measurement. Interestingly, the temperature interval from 5 % to 50 % 
mass loss is similar across all heating rates, amounting to ~110 ◦C for 
xylan, ~90 ◦C for glucomannan, and ~70 ◦C for arabinoxylan, in 
agreement with studies conducted under similar condition [10,29].

In the case of glucomannan and xylan, a higher heating rate corre
lates with a lower production of biochar. For xylan the biochar yield at 
100 ◦C/min is 23 % while at 3 ◦C/min is 25 %. For glucomannan the 
biochar yield at 100 ◦C/min is 19 % while at 3 ◦C/min is 25 %. 
Conversely, arabinoxylan exhibits a constant production of solid residue 

(around 13 %) with a negligible difference in mass yield.
The DTG curves (Fig. 3 B-D-F) show that by increasing the heating 

rate, the peaks shift to higher temperatures for all tested hemicelluloses. 
The shift in peak temperatures (ΔT between peak DTG at 3 ◦C/min and 
100 ◦C/min) is ~53◦C for xylan, ~51◦C for glucomannan and ~63◦C for 
arabinoxylan. Additionally, for both xylan and arabinoxylan, higher 
heating rates result in the merging of distinct devolatilization contri
butions into a single, broader peak, consistent with findings from liter
ature studies conducted under similar conditions. [28]

3.2. Speciation of hemicellulose pyrolysis products

The objective of this work is to assess a characteristic product slate 
for each model biomass, both qualitatively and quantitatively, to high
light unique features and behaviors and to analyze the effect of the 
heating rate. This study builds upon previous work by some of the au
thors [26], which provided an initial assessment of product speciation 
for xylan and glucomannan. Expanding on that foundation, this work 
introduces new insights, including online measurements of gaseous 
products during hemicellulose pyrolysis at different heating rates, 
detailed bio-oil speciation across heating rates, and the extension of the 
analysis to arabinoxylan. Together, these advancements offer a 
comprehensive view of hemicellulose pyrolysis. The extensive dataset 
collected in this study is unparalleled in existing literature and provides 
deep insights into the governing stoichiometries with invaluable benefit 
for the advancement and validation of kinetic models.

First the online analysis of gaseous products and H2O will be pre
sented, together with their integral yields for various heating rates. Then 
the detailed speciation of the bio-oil fraction obtained at 100 ◦C/min 
will be shown. Finally, the distribution of the products among solid, 
liquid and gaseous fraction will be reported for various heating rates.

3.2.1. Online analysis of gases and H2O
The monitoring of the dynamic evolution of gaseous products, such 

as CO, CO2 and CH4, throughout the pyrolysis process is crucial to link 
their production to specific thermal events as well as tune decomposi
tion kinetics. In fact, these products constitute a significant portion of 
hemicellulose pyrolysis products, as also highlighted in previous studies 
[8,10,26,28,34,43],

Fig. 4 illustrates the online monitoring of gaseous species (CO, CO2, 
H2O and CH4) together with the sum of their signals (left panels), 
compared to the DTG curves (right panels) at 20 ◦C/min. In each case, 
the production patterns of these species closely mirrored the dynamics 
of hemicellulose devolatilization, described by the DTG curves.

Below 450◦C, for all three hemicelluloses a substantial release of CO, 
CO2 and H2O accompanied the main devolatilization event. The lower 

Fig. 2. TG (A) and DTG (B) curves for xylan, glucomannan and arabinoxylan at 20 ◦C/min.

Table 2 
Elemental composition of biochar from xylan, glucomannan and arabinoxylan.

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

Xylan biochar 82.90 ± 0.05 0.35 ± 0.05 16.75 ± 0.09
Glucomannan biochar 79.90 ± 0.05 0.34 ± 0.05 19.13 ± 0.09
Arabinoxylan biochar 77.81 ± 0.05 0.33 ± 0.05 20.19 ± 0.09
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intensity of the total gas production profile with respect to that of DTG 
reveals the formation of condensable C2–C6+ volatiles, which will be 
analyzed in Section 3.2.2. On a qualitative basis, it is observed that the 
shape of the gas trends replicates that of the DTG curves. Xylan displays 
broad gas production peaks, suggesting a devolatilization behavior 
characterized by overlapping stages, closely following the dual-peaks 
profile observed in its DTG curve. Glucomannan exhibits a sharper 
production peak, suggesting a single devolatilization event, aligned with 
its DTG curve. Arabinoxylan also displays a single gas release profile, in 

line with the dominant devolatilization event in the DTG; the minor DTG 
peak at 350◦C is not detected in the gas profiles, likely due to resolution 
limits.

At temperatures between 450◦C and 600◦C, the pyrolysis of all the 
hemicellulose was solely characterized by gas release (CH4, CO and 
CO2), without additional volatile formation. Debiagi et al. [18]
explained this behavior due to a release in the gas phase of intermediates 
(‘metaplastic species’) retained within the solid matrix of the decom
posing biomass. Both in the DTG curves and the gas release profile of all 

Fig. 3. TG (A,C,E) and DTG (B,D,F) curves for xylan, glucomannan and arabinoxylan at 3 ◦C/min, 10 ◦C/min, 20 ◦C/min, 50 ◦C/min and 100 ◦C/min.
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three hemicelluloses this second stage corresponds to the spreading of 
the main peak between 450◦C and 600◦C.

Finally, at higher temperatures (>600◦C), a minor impact of charring 
reactions is observed, characterized by the aromatization, condensation, 
and cross-linking of the remaining solid matrix, leading to the formation 
of a carbon-rich char and the concomitant release of minor amounts of 
gases such as CO, CO2, and CH4. These reactions are consistent with 
those reported in the literature [18,19,44], describing the thermal 
degradation and carbonization of hemicellulose residues.

Among the hemicelluloses studied, xylan exhibits the highest yield of 
gaseous products, arabinoxylan the lowest, and glucomannan an inter
mediate yield; it is observed that DTG curves resemble the summation of 
flowrates curves when the yields of these species become more 
significant.

The complete dataset for the online monitoring of water and gas 
production is provided in the Supplementary Material (S2), including 
dynamic profiles alongside DTG curves for all investigated heating rates 
(3 ◦C/min, 10 ◦C/min, 50 ◦C/min, and 100 ◦C/min). It is important to 

Fig. 4. Online monitoring of gases (CO, CO2, CH4) and H2O (left panels) and DTG curves (right panels) during xylan, glucomannan and arabinoxylan pyrolysis at 
20 ◦C/min.
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underline that at heating rates of 50 ◦C/min and 100 ◦C/min, the online 
monitoring of H2O becomes challenging due to the short experiment 
duration, and H2O tendency to condense on the connection lines and 
ORBO, before a gradual release. To indicate the uncertainty of the online 
signal, the H2O flowrate at these rates is plotted as a dashed line.

The real-time quantification of gases and H2O also allowed for the 
calculation of species yields (Eq. 1) using the protocol described in 
Section S1.1 of the Supplementary Material. Fig. 5 presents the calcu
lated integral mass yields for these species for xylan, glucomannan, and 
arabinoxylan across all heating rates studied. All measurements are 
accompanied by their respective experimental errors, which are also 
shown in Fig. 5, calculated based on 3 replicates of the same experiment.

The measurement uncertainty is ±1 % for methane, ±3 % for CO, 
and ±4 % for CO2. Water exhibits a higher uncertainty (±6 %) due to 
the complexity of the calibration procedure required to determine its 
response factor, detailed in [25], as well as its challenging behavior 
during the experiment.

Some trends are identified: for xylan, the water yield increases with 
higher heating rates, rising from 27 % at 3 ◦C/min to 34 % at 100 ◦C/ 
min. In contrast, the yields of CO and CO2 decrease as the heating rate 
increases. For glucomannan, the water yield decreases as heating rates 
increase. The trends for CO and CO2 differ and while the CO2 yield de
creases with higher heating rates, CO remains relatively stable, oscil
lating around 5 % across all heating rates. For arabinoxylan, the water 
yield exhibits a significant decline, dropping from 46 % at 3 ◦C/min to 
20 % at 100 ◦C/min. Unlike the other hemicelluloses, no clear trends are 
observed for either CO or CO2. Noteworthy, the CO:CO2 ratio (0.4 for 
xylan and glucomannan and 0.6 for arabinoxylan) remains fairly con
stant across the range of heating rates analyzed.

Moreover, for all three hemicelluloses, CH4 is a minor product, 
negligible at higher heating rates and appreciable only at the slowest 
rate (≈5 wt% at 3 ◦C/min). Its formation can be associated with sec
ondary cracking reactions, which are more pronounced at lower heating 
rates. CH4 can therefore serve as a marker of the extent of secondary 
reactions in our setup, which remain, however, very limited.

3.2.2. Speciation of bio-oil
Quantitative speciation of the liquid organic fraction was achieved 

for all hemicelluloses at the fastest heating rate (100 ◦C/min). This 
condition facilitated rapid decomposition kinetics and produced a sharp 
pulse of volatiles, enabling efficient collection of the products in the 
Orbo trap.

Table 3 presents the integral mass yields of each identified species for 
xylan, glucomannan, and arabinoxylan pyrolysis, along with the 
elemental composition of the product pool for each hemicellulose. The 
data refine and extend the work previously conducted by some of the 
authors [26], offering a more comprehensive characterization of 
liquid-phase products from hemicellulose pyrolysis. The bio-oil obtained 
from hemicellulose pyrolysis exhibited a diverse product distribution, 
including ketones, aldehydes, furanic species, anhydrosugars, mono
saccharides, other cyclic oxygenates, and aromatic compounds with 
carbon chain lengths ranging from C1 to C6+.

In all three cases, no single compound emerged as dominant product 
in the bio-oil fraction. Instead, a wide array of species was identified, 
each contributing in little amount to the total mass yield. Specifically, 
29, 41, and 26 condensable oxygenates were identified and quantified 
for xylan, glucomannan, and arabinoxylan pyrolysis, respectively.

For clarity, Fig. 6 illustrates the bio-oil composition in terms of total 
mass yield, grouping products by chemical functionality and catego
rizing them by carbon chain length. In the case of xylan (Fig. 6 A), at 
100 ◦C/min aliphatic ketones represented the predominant class of 
condensable products, followed by furanic species, esters and cyclic 
oxygenates. These products were distributed across the C1–C9 range. 
Notably, no anhydrosugars were detected, and specifically, the C5 
anhydrosugar associated with xylan depolymerization, anhydro-xylose, 
was absent. This behavior appears to be linked to structural features of 

Fig. 5. Integral mass yields of single gaseous species for xylan, glucomannan 
and arabinoxylan.
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Table 3 
Quantitative speciation of bio-oil organic species for xylan glucomannan and arabinoxylan pyrolysis at 100 ◦C/min.

ketones and aldehydes [mass yields %]
​ xylan glucomannan arabinoxylan
formaldehyde CH2O 0.1 < 0.1 < 0.1
acetaldehyde C2H4O 2.3 < 0.1 < 0.1
methyl glioxal C3H4O2 - - < 0.1
acetone C3H6O 0.3 0.1 0.3
2-propanone, 1-hydroxy C3H6O2 - 0.7 -
2,3 butanedione C4H6O2 0.7 0.3 0.1
succindialdehyde C4H6O2 - 0.4 -
hydroxyacetaldehyde C2H4O2 - 0.1 -
acetic anhydride C4H6O3 - - 0.1
2-butanone C4H8O 0.4 - -
2,3 pentanedione C5H8O2 0.4 0.5 0.2
glutaraldehyde C5H8O2 - 0.7 -
2-furancarboxaldehyde, 5-methyl C6H6O2 - 0.5 -
​
acids and alcohols [mass yields %]
​ ​ xylan glucomannan arabinoxylan
acetic acid C2H4O2 - 0.3 -
propanoic acid, 2-oxo-, methyl ester C4H6O3 - 0.5 -
1-ethylcyclopropanol C5H10O - - 0.2
propanoic acid, 2,2-dimethyl- C5H10O2 0.7 - -
​
furan derivatives [mass yields %]
​ ​ xylan glucomannan arabinoxylan
furan C4H4O 0.1 < 0.1 -
2,3-dihydrofuran C4H6O3 - - < 0.1
furan, 2,5-dihydro C4H6O - - 0.3
2(5 H)-furanone C4H4O2 - 0.5 -
2(3 H)-furanone, dihydro− 4-hydroxy- C4H6O3 - 0.4 -
2-furanol, tetrahydro− 2-methyl- C5H10O2 - 0.2 -
furan, 2-methyl- C5H6O 0.1 0.4 0.1
2-furanmethanol C5H6O2 - 3.5 -
2(3 H)-furanone, 5-methyl- C5H6O2 0.1 - -
2-furanmethanol, tetrahydro- C5H10O2 - 1.4 -
furfural C5H4O2 0.1 0.4 2.0
2,4(3 H,5 H)-furandione,3-methyl C5H6O3 - - 0.2
furan, 2,5-dimethyl C6H8O - 0.2 -
2,5-dimethyl− 4-hydroxy− 3(2 H)-furanone C6H8O3 - 0.9 -
ethanone, 1-(2-furanyl)- C6H6O2 - 1.7 0.3
5-hydroxymethylfurfural C6H6O3 - 3.0 -
5-acetoxymethyl− 2-furaldehyde C8H8O4 - 1.8 -
furan, 2-(2-propenyl)- C7H8O 0.1 - -
​
cyclo oxygenates [mass yields %]
​ ​ xylan glucomannan arabinoxylan
butyrolactone C4H6O2 - 0.4 0.2
2-hydroxy-gamma-butyrolactone C4H6O3 0.3 1.0 -
cyclo propyl carbinol C4H8O 0.4 1.3 -
1,2-cyclopentanedione C5H6O2 - 1.5 -
cyclopentanol C5H10O 0.3 1.1 -
1,2-cyclopentanediol, trans- C5H10O2 - 0.6 -
1,2-cyclopentanedione, 3-methyl- C6H8O2 0.3 0.9 -
2-cyclohexen− 1-ol C6H10O - 0.8 -
1,4-dioxaspiro(2,4)heptan− 5-one, 7-methyl C6H8O3 - 0.7 -
3-hexanone C6H12O 0.2 - -
3,4-hexanedione C6H10O2 0.1 - -
1,3-dioxane− 4,6-dione, 2,2-dimethyl- C6H8O4 - - 0.6
2-cyclopenten− 1-one, 3-ethyl− 2-hydroxy- C7H10O2 - 0.8 -
2-cyclopenten− 1-one, 3,4-dimethyl- C7H10O2 0.1 - -
4,4-dimethyl− 2-cyclopenten− 1-one C7H10O 0.1 - -
1,2-dioxolan− 3-one, 5,5-diethyl− 4-methylene- C8H12O3 1.4 - -
​
ethers and esters [mass yields %]
​ ​ xylan glucomannan arabinoxylan
ethyl− 1-propenyl ether C5H10O 0.3 - 0.2
​
sugars [mass yields %]
​ ​ xylan glucomannan arabinoxylan
dianhydroxylose - I C5H6O3 - - 7.6
dianhydroxylose - II C5H6O3 - - 1.6
1,4-anhydro-D-xylopyranose - I C5H8O4 - - 4.5
1,4-anhydro-D-xylopyranose - II C5H8O4 - - 4.0
DL-arabinose C5H10O5 - - 0.9
levoglucosenone C6H6O3 - 0.6 -
1,4:3,6-dianhydro-α-D-glucopyranose C6H8O4 - 1.7 0.1

(continued on next page)
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the xylan polymer, which markedly distinguish it from its monomer 
(xylose) and its dimer (xylobiose). In this respect, Hu et al. [45] inves
tigated the pyrolysis of xylan, xylose and xylobiose, reporting that 
anhydrosugar formation decreased from monomer to dimer and was 
almost completely absent for xylan. He reported that the higher DP 
value of the polymer, compared to the monomer and the dimer, inhibits 
depolymerization and cracking reactions during xylan fast pyrolysis 
resulting in the absence of anhydrosugars, relatively low yields of vol
atile organic products (which in this study were found limited to 
12.9 %), and a preference for gaseous species. Moreover, other studies 
by Wang et al. [31] and Shen et al. [29] reported that the branched 
structure of xylan favors the formation of gaseous products over bio-oil, 
particularly heavier compounds such as sugars. It is also noteworthy that 
the presence of aromatic compounds shown in Fig. 6 A likely indicates 
contamination of the xylan powder with lignin-derived structures, 
potentially originating from the extraction process. Additionally, acetic 
acid was not detected in this study, which is surprising given that it is 
typically produced from the cleavage of 2-O-acetyl xylopyranose [11, 
31]. The absence of acetic acid may suggest a lack of acetyl side groups 
in the commercial xylan used. At 20 ◦C/min the distribution of the main 
product categories was largely consistent with the distribution seen at 
100 ◦C/min, with only a slightly higher presence of ketones and esters at 
the slower ramp, alongside the absence of aromatic impurities and 
aliphatic acids. More information can be found in the supplementary 
material (Section S3).

In contrast to xylan, both glucomannan and arabinoxylan produced 
larger amounts of organic bio-oil (42,9 % and 26,6 % respectively). For 
glucomannan, anhydrosugars and furanic compounds were the most 
prominent fractions, followed by other cyclic oxygenates. Unlike xylan, 
glucomannan showed a significant monomeric unit release, as evi
denced by the substantial production of C6 anhydrosugars, which 
accounted for 17.7 % of the total mass yield. Among these, levoglucosan 
was the most abundant product, followed by D-allose and 1,4:3,6-dia
nhydro-α-D-glucopyranose. Other notable products from glucomannan 
pyrolysis included hydroxymethylfurfural, furfuryl alcohol, and cyclo
pentanol. This product distribution aligns with previous thermal 
degradation studies [23,33]. However, no detailed mechanistic expla
nation for glucomannan’s pyrolysis behavior is currently available. 
Moriana et al. [23] suggested that, like xylan, glucomannan pyrolysis 
might occur in two stages: cleavage of glycosidic bonds followed by 
monomer decomposition. Yet, the preference for depolymerization as 
the dominant decomposition pathway in glucomannan, in contrast to 
xylan, remains unexplained. This behavior could potentially be attrib
uted to the absence of lateral substituents, the more regular polymeric 
structure of glucomannan, and the greater stability of C6 sugars 
compared to C5 sugars. Once again, a speciation was obtained also for a 

slower heating rate (20 ◦C/min) and compared to the quantitative data 
from the 100 ◦C/min experiment (Supplementary material, Section S3). 
The distribution of the main product categories was almost perfectly 
reproduced between the two heating rates, with only slightly higher 
production of cyclic oxygenates and lower amount of furanic species.

Finally, the analysis of arabinoxylan revealed that the majority of 
bio-oil products were sugars, accounting for approximately 20 % of the 
total mass yield. Notably, two anhydrosugars, dianhydroxylose and 1,4- 
anhydro-D-xylopyranose, were identified as the predominant com
pounds. These compounds are not included in the NIST libraries typi
cally used for species identification but were identified based on studies 
by Hu et al. [45] and Duan et al. [46] which investigated the pyrolytic 
behavior of xylose and arabinose, the two monomeric units of the ara
binoxylan polymer. Interestingly, arabinoxylan showed a significant 
formation of anhydrosugars, unlike xylan, regardless the similar chem
ical structure of the pentose monomers. This phenomenon is within the 
scope of network depolymerization models [17,30], but to the best of 
the author knowledge these models have not yet been applied to inter
pret this specific behavior. Other significant bio-oil products included 
ketones, aldehydes, furfural, and various other furan derivatives. 
Overall, the majority of the products contained five carbon atoms. In this 
case it was possible to obtain a quantitative speciation in terms of mass 
yield also at a slower heating rate (20 ◦C/min), possibly due to a higher 
production of easily condensable anhydrosugars with respect to the 
other hemicelluloses. At 20 ◦C/min a similar product distribution was 
observed, with sugars remaining the dominant product class, followed 
by ketones and furan derivatives. The carbon atom distribution also 
remained consistent under these conditions.

These key findings not only underscore the robustness of the 
analytical procedure employed for product speciation but also enriches 
the dataset, making it of great value for the development of kinetic 
models.

3.2.3. Distribution among solid, liquid and gaseous products
To summarize the data obtained for product speciation Fig. 7 shows 

the yields of the main product streams—gases, water, bio-oil (including 
all organic condensable species), and biochar—at 100 ◦C/min, together 
with the error calculated for water (±6 %), gases (±5 %) and char 
(±1 %). As discussed in the previous section for this heating rate, all 
fractions were analytically measured, achieving excellent mass bal
ances, with total mass yields of 95.4 %, 97.0 %, and 94.5 % for xylan, 
glucomannan, and arabinoxylan, respectively. In addition, the closure of 
the elemental balances (C = 95 % ± 12 %, H = 76 % ± 9 %, O = 108 % 
± 15 %) has been calculated. As discussed in Section 3.1 the closure of 
the hydrogen balance is less accurate due to the high temperature at 
which chars were obtained (950 ◦C) and the uncontrolled cooling phase 

Table 3 (continued )

2,3-anhydro-D-mannosan C6H10O5 - 1.0 -
beta-D-glucopyranose, 1,6-anhydro C6H10O5 - 9.8 1.7
D-allose C6H12O6 - 4.6 1.1
​
aromatics [mass yields %]
​ ​ xylan glucomannan arabinoxylan
catechol C6H6O2 0.4 0.6 -
benzyl alcohol C7H8O 0.1 - -
2,3-dihydroxybenzaldehyde C7H6O3 0.9 - -
1,2-benzenediol, 3-methyl- C7H8O2 0.9 - -
phenol, 2,5-dimethyl- C8H10O 0.2 - -
resorcinol, 2-acetyl- C8H8O3 0.4 - -
benzopyran C9H8O 1.0 - -
​
elemental composition [wt%]
​ xylan 

bio-oil
glucomannan bio-oil arabinoxylan bio-oil

C 63.1 53.0 51.0
H 7.9 6.8 5.4
O 29.0 40.2 43.6
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in the TGA, during which further release of light gases and structural 
changes may occur. Nevertheless, the reported values remain mean
ingful and consistent with the elemental composition of the starting 
hemicelluloses (Table 1).

Xylan exhibited high yields of gases, water, and solid residue, with a 
relatively lower organic liquid fraction compared to the other hemi
celluloses. In contrast, glucomannan showed greater production of 
condensable organic species, accompanied by substantial char produc
tion and reduced gas and water yields if compared to xylan. Finally, 
arabinoxylan displayed intermediate behavior, with products evenly 
distributed in all categories.

Fig. 8 shows the integral mass yields of the main product streams for 
xylan, glucomannan and arabinoxylan at varying heating rates, in the 
3–100 ◦C/min range. The bio-oil yield was independently quantified for 
all pyrolysis tests at 100 ◦C/min and for arabinoxylan pyrolysis at 
20 ◦C/min, while it is calculated as the complementary fraction to 
achieve full mass balance closure in the other cases.

Distinct trends in product distribution with varying heating rates for 
the different hemicelluloses can be observed. For xylan, water yield 
increased up to 20 ◦C/min and stayed almost constant at higher heating 
rates while gases decreased with the increase of heating rate, as also 
identified through the online monitoring of these species (Fig. 5). The 
biochar yield remained almost constant, while the expected yield of 
volatiles progressively increased. For glucomannan, the yield of water 
decreased with increasing heating rates. The yield of gases also showed a 
declining trend, consistent with the observed reduction in CO2 and CH4 
and production at higher heating rates. Meanwhile, the biochar yield 
and the expected yield of volatiles followed patterns similar to those 
observed for xylan. For arabinoxylan, the yield of water also decreased 
with increasing heating rates, but the yield for gases remained fairly 
constant, showing no distinct pattern. The biochar yield remained 
relatively stable across the heating rates, while the overall yield of 
volatiles increased, similar to the behavior observed for the other 
hemicelluloses. A consistent trend was observed for organic volatiles, 
whose yield increased with heating rate for all the hemicelluloses, 
doubling in the case of xylan and tripling in the case of glucomannan and 
arabinoxylan.

Overall, the data highlight that a significant portion of hemicellulose 
pyrolysis products in all heating rates consists of gases and water. This 
finding underscores the importance of monitoring the online evolution 
of these products, reported in Section 3.2.1, to better understand the 
distinct steps and mechanisms involved in hemicellulose pyrolysis, as 
well as evaluating the potential of this stream as a fuel gas, providing 
insights into its composition and energy content.

Fig. 6. Product distribution in bio-oil of xylan (A), glucomannan (B) pyrolysis 
at 100 ◦C/min, and for arabinoxylan (C) pyrolysis at 100 ◦C/min and 
20 ◦C/min.

Fig. 7. Integral mass yields of xylan, glucomannan and arabinoxylan pyrolysis 
products at 100 ◦C/min.
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3.3. Comparison with model predictions

The comprehensive dataset collected in this study serves as a valu
able reference for the development of kinetic models. Data on 

devolatilization provides insights into activation energies and kinetic 
constants, while product speciation data forms the basis for defining the 
mechanism of the pyrolysis process. Furthermore, this study underscores 
the distinct pyrolytic behaviors of individual hemicellulosic constitu
ents, emphasizing the importance of fundamental investigations using 
model biomasses before transitioning to the complexity of real biomass 
systems.

To illustrate the novelty and completeness of the xylan/gluco
mannan/arabinoxylan dataset herein reported, we extend the analysis of 
our previous study [26] (limited to xylan and glucomannan and with 
speciation at one heating rate) and compare the bulk of experimental 
findings with the predictions of the kinetic models by Debiagi et al. [18]
and Dussan et al. [19] that are taken as descriptors of the previous state 
of the art on hemicellulose pyrolysis. Most of the comparisons are re
ported in the Supplementary Material (sections S.5-S.6) for consultation.

3.3.1. Comparison of TG curves
Fig. 9 and Figures S5.1-S5.4 show the model predictions of TG and 

DTG curves for xylan, glucomannan, and arabinoxylan at 3/10/20/50/ 
100 ◦C/min, alongside experimental measurements.

For the TG curves, there is generally good agreement between the 
model predictions and the experimental data across all three hemi
cellulosic constituents. In particular, the sharp mass loss stage occurring 
between 200◦C and 350◦C is accurately captured. However, at higher 
temperatures, the predicted TG curves show additional mass loss stages 
that are not detected in the experimental data. These deviations also 
result in lower char yields in the models compared to the experimental 
observations.

The differences between model predictions and experimental results 
become more apparent when examining the DTG curves. While the 
primary devolatilization event is reasonably well-predicted, with the 
models effectively distinguishing the dual-stage or single-stage pathway 
of xylan, glucomannan and arabinoxylan, discrepancies emerge at 
higher temperatures. Specifically, the models predict additional events 
of volatile release, that are not observed experimentally, due to the 
lumping approach and to the release of gaseous species that remain in 
the solid phase up to higher temperatures in the so called charrification 
reactions.

These discrepancies are more pronounced in the model by Debiagi 
et al. [18], which significantly overestimates the mass loss. In contrast, 
the model by Dussan et al. [19] provides a closer match to the devola
tilization behavior of the different biomasses, particularly in terms of the 
overall mass loss trends.

3.3.2. Comparison of product speciation
The value of the dataset collected in this study lies in the detailed 

speciation of pyrolysis products. Fig. 10 and Figure S6.1–4 compare the 
yields of product streams predicted by the models with experiments at 
3/10/20/50/100 ◦C/min. As expected, significant discrepancies be
tween the model and the data obtained in this work highlight the lack of 
consolidated knowledge regarding the kinetics of hemicellulose 
pyrolysis.

The model by Dussan et al. [19] accurately captures the distribution 
of products from xylan (Fig. 10 A) across the different streams. In 
contrast, the model by Debiagi et al. [18] significantly overestimates the 
yield of liquid organic products while underestimating the production of 
H2O.

In the case of glucomannan (Fig. 10 B), both models overestimate the 
yield of gaseous products. Moreover, the model by Debiagi et al. [18]
underestimates the yield for H2O and char, while both models give a fair 
representation of bio-oil yield. For arabinoxylan (Fig. 10 C), both 
models underestimate H2O production, the model by Debiagi [18]
overestimates the yield of gaseous species, while the model by Dussan 
[19] underestimates char and overestimates volatiles. Overall, the dis
crepancies between model predictions and experimental measurements 
become more pronounced at lower heating rates, particularly for bio-oil 

Fig. 8. Integral mass yields of xylan, glucomannan and arabinoxylan pyrolysis 
products at 3 ◦C/min, 10 ◦C/min, 20 ◦C/min, 50 ◦C/min and 100 ◦C/min.
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and water yields, underscoring the need for further refinement of kinetic 
models to improve their predictive accuracy.

To gain deeper insights into the discrepancies observed in the inte
gral yields of broad product categories, a more detailed analysis is 
performed by comparing the experimental dynamic profiles of water 
and individual gaseous species with model predictions. Fig. 11 presents 
the experimental evolution of CO2, CO, CH2, and H2O (left panels) 
alongside the corresponding predictions by the models of Debiagi et al. 
[18] (middle panels) and Dussan et al. [19] (right panels) for xylan (A), 

glucomannan (B), and arabinoxylan (C).
The model by Debiagi et al. [18] significantly underpredicts water 

production compared to the experimental results of this study, as pre
viously noted in the analysis of integral mass yields. Additionally, it 
predicts notable gas and water production at temperatures above 350◦C, 
which are either absent or less pronounced in the experimental results. 
Specifically, the model shows a significant CO2 peak at 400◦C, a 
contribution of water, CO, and CH4 around 600◦C, and a final release of 
H2O and CO at 800◦C, which are less evident in the experimental data. 

Fig. 9 –. TG and DTG curves for xylan, glucomannan and arabinoxylan at 20 ◦C/min: comparison between experimental data and model predictions [18,19].
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These predicted contributions come from the release of "metaplastic 
species", which represent lumped intermediates that remain in the solid 
phase up to higher temperatures before being released into the gas phase 
as CO2, CO, CH4, and H2O.

The model by Dussan et al. [19] also includes these contributions, 
even if to a much lesser extent. More importantly however, this model 
seems to better differentiate the dynamic evolution of gases and water 
among the various hemicelluloses, more accurately capturing the 
distinctive behaviors of xylan, glucomannan, and arabinoxylan.

The ability of kinetic schemes to predict bio-oil composition must be 
also considered. To this purpose, Fig. 12 compares the predicted bio-oil 
compositions with experimental measurements, revealing significant 
differences between the two models and the limitations experimental 
dataset. These discrepancies highlight opportunities for the improve
ment of these kinetic schemes.

For xylan, the model by Debiagi et al. [18] fails to capture the uni
form distribution of products within the C1–C9 range, instead predicting 
a predominance of anhydrosugars and furanic compounds. This diverges 
from experimental observations, which did not detect anhydrosugars. 
Conversely, the model by Dussan et al. [19] overestimates the yields of 
C2 and C3 products as well as furanic species. In the case of gluco
mannan, both experimental data and the predictions from Debiagi et al. 
[18] indicate a predominance of C5 and C6 species, typically associated 
with anhydrosugars and furanic compounds. However, the model by 
Dussan et al. [19] fails to include C5 species in its predictions. Light 
compounds such as C1 and C2 are overestimated by both models, while 
cyclic oxygenates, which are observed experimentally, are absent in the 
predicted product distributions. For arabinoxylan the model by Debiagi 
et al. [18] shows a strong predominance of furanic species, accompanied 
by a lower production of sugars, ketones and alcohols. Instead, the 
experimental results show a significantly higher production of sugars 
and lower presence of furanic species. The model by Dussan et al. [19]
well predicts the yields of sugars and furanic species but overestimates 
the presence of ketones and alcohols.

Overall, this analysis highlights significant gaps in the predictive 
accuracy of existing models, particularly in capturing the distribution of 
pyrolysis products. New kinetic models are currently under develop
ment based on the comprehensive dataset of this work; in a recent 
publication, the authors propose a new kinetic scheme developed spe
cifically for glucuronoxylan (the same model molecule herein investi
gated), overcoming the limitations of the more general models above 
discussed [47]. Analogous kinetic models for glucomannan and arabi
noxylan are currently under development.

4. Conclusions

The development of biomass pyrolysis technologies is constrained by 
the limited availability of high-quality quantitative data in the litera
ture, making it challenging to establish accurate kinetic models. These 
models are crucial for designing and optimizing reactors and processes 
at an industrial scale, enabling more efficient and sustainable biomass 
conversion.

This study presents an innovative, comprehensive kinetic investiga
tion of hemicellulose pyrolysis, focusing on xylan, glucomannan, and 
arabinoxylan as representative model compounds for hardwood, soft
wood, and herbaceous biomass, respectively. A novel TGA-based 
methodology enabled the simultaneous quantification of devolatiliza
tion rates and detailed product speciation, providing a high-quality 
dataset to refine kinetic models.

Thermogravimetric analyses revealed distinct thermal behaviors 
among the three hemicelluloses. Xylan underwent a two-step devolati
lization, exhibiting the lowest thermal stability, resulting in the highest 
gas and char yields, and the lowest bio-oil production. Arabinoxylan 
displayed a dominant primary devolatilization peak followed by a 
smaller secondary contribution and produced the lowest char yield. In 
contrast, glucomannan exhibited a single sharp devolatilization peak 

Fig. 10. Integral mass yields of main categories of pyrolysis products for xylan, 
glucomannan and arabinoxylan at 100 ◦C/min: comparison between experi
mental data and model predictions [18,19].
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due to its more ordered structure and lack of lateral substituents, leading 
to the highest bio-oil yield.

The real-time monitoring of gaseous species provided valuable in
sights into the dynamic evolution of pyrolysis products. Across all bio
masses, the primary devolatilization stage was marked by the release of 
CO, CO2, and H2O. A secondary stage involved CH4, CO, and residual 
CO2, while a tertiary, minor release of CH4 and CO at higher temperature 
was likely linked to charring reactions.

Bio-oil analysis unveiled the strong influence of hemicellulose 
structure on product distribution. Xylan primarily produced aliphatic 
ketones and furanic species, distributed across the C1-C9 range. No 
anhydrosugars were detected, and specifically, the C5 anhydrosugar 
associated with xylan depolymerization, anhydro-xylose, was absent. 
Glucomannan yielded significant C6 anhydrosugars, predominantly 
levoglucosan, indicating substantial monomeric unit release. Arabi
noxylan mainly produced C5 sugars, with dianhydroxylose and 1,4- 
anhydro-D-xylopyranose as dominant species. Interestingly, the com
mon pentose-based structure of xylan and arabinoxylan yielded very 
different bio-oil speciation, highlighting a strong influence of the 
monomeric composition.

Comparison with existing lumped kinetic models showed reasonable 
predictions for overall mass loss and thermal degradation trends but 
significant discrepancies in product distribution. Water yield was 
notably underpredicted, while gaseous species exhibited high- 
temperature contributions in the models that were absent in the 
experimental results, due to the delayed release of lumped species in the 
metaplastic phase. Furthermore, current models fail to represent bio-oil 
composition, particularly sugar species.

This study highlights the need for improved kinetic parameters and 
reaction pathways to better capture hemicellulose decomposition 
complexity. The dataset presented here provides a robust foundation for 
refining kinetic schemes and enhancing their predictive accuracy for 
real biomass applications. Future research should integrate these find
ings into more detailed mechanistic models, expand datasets to include 
real biomass matrices, and validate model predictions under industrially 
relevant conditions. Such advancements will be critical for scaling up 
biomass pyrolysis technologies for biofuel, biochar, and high-value 
chemical production.

Fig. 11. Comparison of dynamic evolution of gases (CO, CO2, CH4) and H2O for xylan (A), glucomannan (B) and arabinoxylan (C) at 20 ◦C/min: experimental data 
and model prediction [18,19].
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