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Abstract
The aim of this research is to investigate the pyrolytic reactivity of hemicellulose, specifically focusing on β -D-
xylopyranose (xylose), as it is a significant component of hemicellulose. Quantum chemistry-based computational
techniques, such as density functional theory, post Hartree-Fock methods, and composite schemes, were employed
to evaluate the potential energy surfaces for the initial steps of xylose thermal degradation pathways. Conforma-
tional analysis of minima and transition states was carried out in order to obtain molecular structure guesses for
global minima. To compare the accuracy of this study against other approaches, reference data was obtained from
“cheap” composite schemes. In addition, the Arrhenius parameters were derived by fitting rate coefficients com-
puted using transition state theory. These findings are beneficial and will be utilized in developing a kinetic model
scheme in the near future.

Introduction
Biomass pyrolysis refers to the thermal decomposi-

tion of organic matter, such as agricultural waste and
wood, in the absence of oxygen to produce biofuels,
such as bio-oil, charcoal, and biogas. As the demand
for energy grows, biomass pyrolysis has emerged as a
promising source of clean and sustainable energy. This
is because it produces useful biofuels, and has the po-
tential to reduce greenhouse gas emissions by replacing
fossil fuels, while also minimizing waste. For example,
the European Union has set targets to increase the use of
renewable energy and reduce greenhouse gas emissions
[1]. This has led to increased investment in biomass py-
rolysis technologies, as well as the development of poli-
cies and incentives to support their deployment.

Lignocellulosic plant matter in particular is a highly
desirable form of biomass with numerous advan-
tages. Its abundance, widespread availability, and cost-
effectiveness make it an attractive option for various
applications, owing to its prevalence in crop residues,
woody plants, and grasses. Chemicals, fuels, and en-
ergy must be produced from lignocellulosic plant mat-
ter in order to decarbonize our global economies and,
to be successful, these lignocellulose-derived products
must compete in quality and price with fossil-derived
products. Lignocellulose is formed by three main com-
ponents, namely cellulose, hemicellulose, and lignin.

Existing models to describe the chemical reaction of
lignocellulosic biomass are approximate in detail and
empirical in nature [2–8]. For pyrolysis and combus-
tion, most attention has focussed on cellulose, and these
models have propagated as archetype to lignocellulose,
hemicellulose and lignins. The historical approach has
been to arbitrarily partition “gears” of reactivity across
structural attributes imposed to the kinetic model archi-
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tecture.
In order to accurately simulate the chemical reac-

tion of lignocellulose, it is necessary to have a model of
its composition. This involves two main challenges: (i)
identifying the precise chemical structure of the ligno-
cellulose, and (ii) creating a compositional model that
can approximate this structure. Today, useful progress
has been made on (i) but compositional models (ii) are
basic and limiting to progress [7, 8]. For both the chem-
ical reaction and compositional modelling challenges,
the works of Ranzi and co-workers [3–6] have made pi-
oneering progress. Normally, only the elemental com-
position (C/H/O) of lignocellulose is typically reported
[2, 5]. Ranzi and coworkers innovate by inferring the
biochemical composition of individual lignins and lig-
nocelluloses by relating their C/H/O elemental compo-
sition to that of a set of seven reference species. The
approach established by Ranzi et al. is to define pseudo-
components (real or virtual model compounds) that con-
tain the main chemical compositional features of actual
biomass materials. These pseudo-components are com-
bined in the fractions needed to replicate the C/H/O of
the target lignocellulose. The approach is similar to
compositional modelling work on liquid fuels by Doo-
ley et al. [9]. In both, there are two key aspects; (i) accu-
rate provision of (lignocellulose) chemical functionali-
ties by pseudo-component definition, and (ii) selection
and determination of meaningful indicators of lignocel-
lulose composition. The state-of-art practice has been to
directly couple this compositional model to the chemi-
cal equations and rate constants that constitute the reac-
tion kinetic model. Models of this type are refered as to
(lumped) compositional-kinetic models.

For hemicelluloses, Dussan et al. [7] and Ranzi et
al. [6] have both recently implemented and advanced
models of the B-S type compositional-kinetic model ar-
chitecture. In Dussan et al., two “active hemicelluloses”



are used to test the applicability of expanded detail to
describe wider ranges of reactivity and evolved species
fractions as determined by various experimental meth-
ods. Concurrently, Ranzi et al. also re-parameterized
their lumped compositional-kinetic model.

To enhance the present comprehension of lignocel-
lulose pyrolysis, it is necessary to incorporate physic-
ochemical information into kinetic models, which can
be acquired through the use of computational chemistry
techniques. Particularly, quantum chemistry modelling
can give many details at the atomic/molecular level. It
is usually performed to simulate the pyrolysis of the
individual principal biomass components, interactions
within/between these materials, and catalytic pyrolysis
with various catalysts. On the basis of the theoreti-
cal models in quantum chemistry modelling, geometric
structures, transition states, intermediates, correspond-
ing electron transfers, orbital interactions, energetics,
and other important information involved in the pyrol-
ysis process can be obtained. Benefiting from the ad-
vancement of theoretical methods and computer hard-
ware, quantum chemistry modelling is playing increas-
ingly important roles in the lignocellulosic biomass py-
rolysis mechanism studies.

However, the majority of literature on biomass py-
rolysis quantum chemical modelling has been found to
have a low standard quantum chemical bias due to the
absence of well-established and robust protocols in the
field. The real danger lies in the scientific community of
“non-theoretical chemists” persisting in the use of out-
dated functionals (such as B3LYP) simply due to their
established history, rather than their demonstrated effec-
tiveness. This issue has been highlighted by Grimme
and his colleagues in their recent works [10, 11]. This
low quality quantum chemical modelling can introduce
a significant level of uncertainty in computed proper-
ties (in particular geometries and reaction barriers), es-
pecially when these data are incorporated into global
kinetic schemes to reproduce pyrolysis experiments.
Therefore, it is essential to develop new, more physi-
cally based protocols for accurate cost-effective charac-
terization of lignocellulosic pyrolytic systems.

This paper presents a proposal to use β -D-
xylopyranose (xylose) as a structural motif of hemicel-
lulose. The thermal degradation potential energy sur-
faces (PESs) of xylose are investigated using density
functional theory computations and composite schemes
to uncover the energetics and thermodynamics of the
associated chemical processes. Preliminary conforma-
tional analysis is also conducted to identify the global
minimum conformer of the species under investigation.
In addition, kinetic parameters are calculated using tran-
sition state theory (TST) for the elementary steps shown
in Figure 1. Furthermore, for the first time, reaction bar-
riers for the thermal degradation of xylose are calculated
using a new family of composite schemes (junChS), as
described in the Computational Methodology section.
This establishes new reference data that could be useful
for benchmarking purposes within the pyrolysis scien-

tific community.

Figure 1: Initial steps of xylose thermal degradation: ring-
opening, ring-contraction and dehydration.

Computational Methodology
The potential energy surfaces of the studied com-

pounds were analyzed using composite model chemistry
methods and density functional theory.

Composite model chemistry methods involve a step-
wise approach to obtain accurate results in chemical cal-
culations. These methods begin with initial calculations
at a relatively simple and cost-effective level. The ba-
sis set is then extended to the complete basis set (CBS)
limit, and higher levels of correlation energy, such as
MP4 and perturbative triples excitations, are incorpo-
rated. Additionally, in some cases, empirical factors are
added to correct for dissociation energies with respect
to the atoms. By following this approach, composite
model chemistry methods can improve the accuracy of
chemical calculations without requiring highly expen-
sive computational resources. Available methods com-
prise the CBS model chemistries reported by Petersson
et al. [12, 13], the Gaussian-n (Gn) methods reported
by Pople and co-workers [14], the Weizmann-n (Wn)
theories reported by Martin and co-workers [15], the fo-
cal point method reported by Schuurman et al. [16],
the “high accuracy extrapolated ab initio thermochem-
istry” (HEAT) method reported by Tajti et al. [17],
and “cheap” schemes (ChS) methods by Barone and co-
workers [18, 19]. In particular, in this paper, we used
the CBS-QB3, G4 and junChS methods. The junChS to-
tal electronic energies are obtained by single-point com-
putations at revDSD-PBEP86-D3(BJ)/jun-cc-pVTZ ge-
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ometries [20]:

EjunChS = E(CCSD(T)/jVTZ)+∆ECBS
MP2 +∆ECV (1)

where the CBS term is

∆ECBS
MP2 =

43E(MP2/jVQZ)−33E(MP2/jVTZ)
43 −33

−E(MP2/jVTZ)
(2)

and the core valence correction ∆ECV is the MP2 energy
difference between all electron (ae) and frozen core (fc)
calculations employing the cc-pwCVTZ basis set. jVnZ
stands for jun-cc-pVnZ basis set, where n= T,Q. Vibra-
tional contribution (harmonic) is computed at the same
level of theory of geometries.

On the grounds of its well-known robustness and
widespread use [10, 11, 21], geometry optimizations
and zero-point corrected electronic energies of reac-
tants, transition states, intermediates, and products
along the reaction pathways were obtained by the M06-
2X [22] global hybrid density functional in conjunction
with the 6-311++G(d,p) basis set. The stationary points
on the reaction pathways were characterized as min-
ima (reactants, intermediates, and products) and saddle
points (transition states) based on vibrational frequency
calculations. The transition states obtained were fur-
ther confirmed using intrinsic reaction coordinate (IRC)
scans at the same levels of theory.

Thermochemical quantities (Gibbs free energies,
G) have been computed using the Shermo code [23],
employing the standard standard rigid-rotor harmonic-
oscillator (RRHO) approximation. The code treats auto-
matically low frequencies employing Grimme’s entropy
interpolation between harmonic and free-rotor approxi-
mations.

Given the high flexibility of the molecules under
investigation, conformational analysis for minima and
transition states is performed with CREST program [24]
in order to provide starting guesses for the potential en-
ergy surfaces calculations. The code couples state-of-
art semiempirical quantum chemical methods (GFNn-
xTB) [25] with metadynamics simulations [26]. All
geometry optimizations as well as energy, thermody-
namic functions and frequency calculations have been
performed using the Gaussian code [27]. Rate co-
efficients are determined by the conventional transi-
tion state theory (TST) within the rigid-rotor harmonic-
oscillator (RRHO) approximation, and they can be ex-
pressed by

k(T ) = κ(T )
m‡σext

mσ
‡
ext

kBT
h

Z‡

Z
exp

(
− E0

kBT

)
. (3)

Here κ(T ) is the transmission coefficient, which ac-
counts for tunneling as well as nonclassical reflection
effects using the one-dimensional asymmetric Eckart
model. m‡ and m denote the number of enantiomers
for the transition state and reactants, respectively, while
σext and σ refer to the symmetry numbers for external

rotation of these entities. The partition functions for
the transition state and reactants are denoted by Z‡ and
Z, respectively. Furthermore, the constants h, T , and
kB represent Planck’s constant, temperature, and Boltz-
mann’s constant, respectively. The term E0 represents
the barrier height, including the zero-point energy. To
model their temperature dependence, the rate constants
at different temperatures have been fitted to Arrhenius
equation

k(T ) = Aexp
(
− Ea

RT

)
. (4)

The TST calculations have been performed using MESS
code by Georgievskii et al. [28].

Results

Table 1: Xylose thermal degradation relative standard en-
thalpies at 0 K (∆H◦

0K) (i.e., zero-point corrected electronic
energies). In particular, initial step of the three main pathways
are reported, i.e., ring opening, ring contraction, and dehydra-
tion ones. Values in kJmol−1.

M06-2X CBS-QB3 G4 junChS

Ring opening
Xylose 0.00 0.00 0.00 0.00

TS1 184.77 184.88 181.79 183.09
2 16.92 18.90 20.10 17.34

Ring contraction

TS2 304.06 - 298.81 292.82
TS3 292.98 - 272.26 271.16

I2 + H2O 55.02 41.51 40.96 39.17
I3 + H2O 56.87 43.35 41.58 41.64

Dehydration

TS-D1 279.20 279.08 276.48 276.25
TS-D2 293.19 290.90 289.66 288.34
TS-D3 295.99 291.73 288.81 288.06
TS-D4 291.58 291.50 288.95 287.17
TS-D5 305.44 305.51 303.44 300.54
TS-D6 345.09 341.12 340.54 337.12
TS-D7 285.24 285.53 283.84 278.68

D1 + H2O 31.97 24.26 21.86 18.86
D2 + H2O 35.45 28.74 26.96 21.91
D3 + H2O 32.93 25.28 22.86 19.43
D4 + H2O 38.84 29.88 27.77 23.74
D5 + H2O 36.70 27.17 25.33 21.18
D6 + H2O 23.18 16.67 14.83 10.20
D7 + H2O 63.45 55.75 53.76 49.73

MAX 21.82 6.85 5.98
MUE 9.68 4.17 2.71

RMSD 11.33 4.65 3.23

Investigation of xylose pyrolysis initial reaction
steps has been performed and results are reported in
this Section. Xylose can undergo 3 different initial
reactions, ring opening, ring contraction and dehydra-
tion reactions, as detailed in Figure 1. Zero-point cor-
rected electronic energies computed at different lev-
els of theory are gathered in Table 1. In particular
the performances of M06-2X/6-311++G(d,p) (hereafter
M06-2X), CBS-QB3 and G4 are compared to those
of junChS. Among CBS-QB3 and G4, the latter pro-
vides smaller errors, as already reported in literature
[29], showing a Root-mean-square deviation (RMSD)
of 3.23 kJmol−1 with respect to 4.65 kJmol−1. M06-2X
shows overall satisfactory performances, with a RMSD
of 11.33 kJmol−1. At the CBS-QB3 level of theory, it
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was not possible to locate the transition states TS2 and
TS3 for the ring contraction reactions.

Looking at Table 2, it is notable that the ring open-
ing product (2) is not thermodynamically favourable for
the investigated reaction across the entire temperature
range (300-1000 K), while both ring contraction and de-
hydration mechanisms are favourable. Interestingly, the
dehydration product, D7 + H2O, is unfavourable at 300
and 400 K, but becomes favourable at 500 K.

Table 2: Xylose thermal degradation relative free energies
(∆G) at various temperatures. In particular, initial step of
the three main pathways are reported, i.e., ring opening, ring
contraction, and dehydration ones. Computed at M06-2X/6-
311++G(d,p) level of theory. Values in kJmol−1.

T /K 300 400 500 600 700 800 900 1000

Ring opening
1 Xylose 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TS1 186.46 187.79 189.32 190.99 192.77 194.63 196.57 198.56
2 15.28 14.68 14.11 13.55 13.03 12.54 12.09 11.67

Ring contraction

TS2 302.70 302.31 301.95 301.65 301.42 301.27 301.19 301.19
TS3 291.69 290.97 290.20 289.43 288.70 288.01 287.37 286.79

I2 + H2O 10.94 -5.84 -22.60 -39.26 -55.78 -72.14 -88.35 -104.40
I3 + H2O 12.71 -4.16 -21.02 -37.80 -54.44 -70.93 -87.27 -103.45

Dehydration

TS-D1 280.58 281.19 281.70 282.13 282.50 282.82 283.12 283.40
TS-D2 294.16 294.53 294.80 294.99 295.12 295.21 295.28 295.33
TS-D3 296.30 296.26 296.12 295.90 295.61 295.29 294.96 294.61
TS-D4 291.25 291.17 291.02 290.82 290.60 290.38 290.16 289.96
TS-D5 304.41 304.05 303.65 303.23 302.80 302.40 302.02 301.68
TS-D6 343.38 342.56 341.66 340.70 339.71 338.73 337.77 336.84
TS-D7 282.70 281.44 280.11 278.75 277.41 276.09 274.82 273.59

D1 + H2O -9.37 -25.24 -41.26 -57.30 -73.30 -89.24 -105.07 -120.80
D2 + H2O -6.89 -23.25 -39.74 -56.24 -72.68 -89.03 -105.26 -121.37
D3 + H2O -9.42 -25.70 -42.11 -58.53 -74.89 -91.16 -107.31 -123.35
D4 + H2O -3.67 -19.96 -36.36 -52.76 -69.09 -85.32 -101.43 -117.41
D5 + H2O -5.84 -22.10 -38.46 -54.80 -71.07 -87.23 -103.26 -119.16
D6 + H2O -20.34 -37.28 -54.37 -71.48 -88.54 -105.50 -122.35 -139.09
D7 + H2O 20.90 4.36 -12.34 -29.07 -45.74 -62.33 -78.81 -95.17

The rate coefficients were calculated within the tem-
perature range of 300 to 1000 K using reaction barriers
computed at the junChS level of theory (refer to Table
1). The temperature dependence rate constants plot is
presented in Figure 2. As previously noted in the litera-
ture [30, 31], ring opening is the fastest reaction channel
throughout the entire temperature range. The other re-
action channels are slower by 1-2 orders of magnitude,
which means that, kinetically, ring opening is always
favourable. The Arrhenius plots indicate that the inves-
tigated reactions follow the expected Arrhenius behav-
ior within the temperature range studied. However, for
dehydration reactions involving TS-D4, TS-D5, and TS-
D6, there are slight deviations from the trend at lower
temperatures.

Table 3: Fitted Arrhenius parameters.

A /s−1 Ea /kJmol−1

Ring opening 5.07×1012 181.34
Ring contraction (TS2) 5.21×1014 300.86
Ring contraction (TS3) 5.51×1013 277.30
Dehydration (TS-D1) 1.40×1013 279.38
Dehydration (TS-D2) 1.71×1013 292.14
Dehydration (TS-D3) 3.42×1013 293.13
Dehydration (TS-D4) 7.48×1013 289.43
Dehydration (TS-D5) 1.91×1014 303.56
Dehydration (TS-D6) 5.43×1014 340.82
Dehydration (TS-D7) 6.18×1014 287.97

Figure 2: Arrhenius plots illustrate the temperature-dependent
rate coefficients in the initial stages of xylose pyrolysis.

Conclusions
In this study, β -D-xylopyranose has been proposed

as a structural motif to model hemicellulose. Initial
reaction steps, including ring opening, ring contrac-
tion, and dehydration, were investigated using quantum
chemical calculations. Energetic results align well with
previous literature findings and provide new reference
data at the junChS level of theory. These data can serve
as a valuable benchmark for future studies. Addition-
ally, TST results will aid in the development of a global
kinetic scheme for xylose pyrolysis in future research.
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