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H I G H L I G H T

� The holm oak hydrothermal fractiona-
tion in a semibatch systemwas studied.

� An autocatalytic kinetic model could
reproduce the cellulosic fraction clea-
vage.

� TOC and pH were fitted with an aver-
age deviation of 32.1% and 7.3% respec-
tively.

� Acetic acid concentration was also
adjusted with a greater deviation
(56.0%).

� Mass transfer between solid and
liquid was simulated with an error
lower than 8.5%.
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a b s t r a c t

Hydrothermal fractionation has been thoroughly studied in order to develop a sustainable process to recover
the sugars and/or the biopolymers contained in biomass. However, a physico-chemical model which considers
the main involved physical phenomena, like porosity variations, has not been fully developed yet. Thus, the
objective of this work was to approach a more realistic model than other yet published, incorporating also a
novel reaction pathway for biomass fractionation. It establishes that cellulose and hemicellulose begin their
fractionation in the solid, breaking in water-soluble oligomers and sugar. Besides, deacetylation reactions and
insoluble oligomer formation from cellulose were considered. Kinetics followed the Arrhenius' law and and it
has been demonstrated that an autocatalytic kinetic model can be successfully used to simulate the biomass
breaking in soluble oligomers. The process was carried out in a tubular reactor charged with 5 g of holm oak
and continuously fed with hot pressurized water. To assess the mass transfer between the solid and liquid,
4 volumetric flows (5 mL/min, 10 mL/min, 20 mL/min and 40mL/min) and two particle diameters (3 mm and
6mm) were used. In the same way, temperature was set between 175 1C and 207 1C. The latter was the main
variable due to its effect in biomass solubility and kinetics. The model was solved by the Runge-Kutta's method
with 8th order of convergence and its discretization was performed by a new modification of the orthogonal
collocation method on finite elements. It was validated by fitting total organic carbon (TOC) with Absolute
Average Deviation (A.A.D. between 16.3% and 55.8%), acetic acid concentration (A.A.D. between 44.4% and
84.4%) and pH profiles (A.A.D. between 5.6% and 9.7%). Besides, the mass transfer between the solid and the
liquid was checked and the deviations of the simulation were lower than 8.5%.
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1. Introduction

For several decades petrol has been used as the main source of
energy and raw materials. Nevertheless, it is not a sustainable
source and other option will be needed in a near future. One likely
option would be biomass, and several international institutions,
such as the European Union or the Organisation for Economic Co-
operation and Development, have shown interest about it (King,
2009; OECD, 2009; Organisation, T.E.P.S, 2011). The general idea is
to develop a hydrolysis process to obtain the sugars present in
biomass, which will be converted into liquid fuels in a following
process. In addition, the extraction of the biomass phenolic com-
pounds would be interesting due to the fact that they would be

used as raw material to chemical industry. Thus, biomass hydrolysis
have been studied thoroughly and in different ways, such as,
enzymatic hydrolysis, acid or alkaline hydrolysis (Alvarez-Vasco
and Zhang, 2013; Charles et al., 2004; Feng et al., 2012; Gao et al.,
2013; Yoon et al., 2014). One of the most promising options would
be the biomass fractionation by hydrothermal processes at sub-
critical conditions because it can extract the main fraction of these
sugars only using water as reactive (Cantero et al., 2013; Garrote et
al., 2002; Sefik Tunc, 2008; Moniz et al., 2013; Parajó et al., 2004;
Rissanen et al., 2014; Zakaria et al., 2015). Subcritical conditions
refer to all temperature and pressure below the critical point and,
supercritical conditions, when they are beyond it (Fig. 1). Focusing
in water, subcritical water means a liquid at high pressure and

Nomenclature

Acronyms

Co1 cellulose.
Co2 hemicellulose.
Co3 cellulose oligomer 1 (first oligomer soluble from

cellulose).
Co4 hemicellulose oligomer 1 (first oligomer soluble from

hemicellulose)
Co5 cellulose oligomer 2 (last oligomer from cellulose

before sugar production)
Co6 hemicellulose oligomer 2 (last oligomer from hemi-

cellulose before sugar production)
Co7 Sugars C6
Co8 Sugars C5
Co10 acetic acid
Co12 hemicellulose oligomer 3 (deacetylated oligomer from

hemicellulose).
Co13 base (inorganic compound)
Co15 cellulose oligomer 3 (deacetylated oligomer from

cellulose)
Co17 insoluble cellulose oligomer
TOC total organic content.
A.A.D. average absolute deviation.

Subindex and superindex

pH-SIM simulated pH.
pH experimental pH.
TOC-SIM simulated TOC.
TOC experimental TOC.
[Acetic acid]–SIM simulated acetic acid concentration.
[Acetic acid] experimental acetic acid concentration.

Greek letters and symbols

ε porosity of the bed, dimensioless.
CSj cocnetration of the compound “j” in the solid

phase, mg/L.
rj reaction rate of the compound “j”, mg/min L
kj � a mass transfer coefficient multiplied by the specific

exchange area, min�1.
Cn

Lj equilibrium concentration of the compound “j” in
liquid phase, mg/L

CLj average concentration of the compound “j” along the
reactor in liquid phase, mg/L

Hj equilibrium constant between the solid and the liquid,
dimensionless

Ct total concentration in the solid, mg/L.
φ relation factor between porosity and the total concen-

tration in solid phase, dimensionless
CLj concentration of the compound “j” in the liquid

phase, mg/L
Фi;j stoichiometric coefficient of the compound “j” for the

reaction “i”, mg
ri reaction velocity “i”, mg/min L
αi;j initial velocity factor for the compound “j” in the

reaction “i” dimensionless
αi;Cel initial velocity factor for cellulose in the reaction “i”,

dimensionless
αi;Hcel initial velocity factor for hemicellulose in the reaction

“i”, dimensionless
βi;j acceleration factor for the compound “j” in the reac-

tion “i”, dimensionless
βi;Cel acceleration factor for cellulose in the reaction “i”,

dimensionless
βi;Hcel acceleration factor for hemicellulose in the reaction

“i”, dimensionless
ki kinetic constant, mg�1 min�1

Cf j concentration of the compound “j” in the phase
“f”, mg/L

CCel concentration of cellulose in the solid phase, mg/L
CHcel concentration of hemicellulose in the solid phase, mg/L
CSLO concentration of the last oligomer before sugar pro-

duction (from hemicellulose or cellulose) in the solid
phase, mg/L

u liquid velocity in the reactor, m/min
N number of compounds, dimensionless
nrec number of reactions, dimensionless
L length of the reactor, m
z coordinate along the length of the reactor,

dimensionless
t operating time, min
xiEXP experimental value of the fitted variable
xiSIM simulated value of the fitted variable
o total number of experiments, dimensionless
k pre-exponential factor of the kinetic constant,

mg�1 min�1

Ea=R activation energy, K
R2 coefficient R2, dimensionless
T operating temperature, 1C
mreal final solid mass, g
msim simulated final solid mass, g
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