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� Hydrothermal fractionation of holm
oak was studied in a packed bed
reactor.

� Temperature has the main influence
over the composition out flow stream.

� A kinetic model was developed which
is able to reproduce the profile of TOC
content.

� The model is capable to reproduce all
the physical phenomena like porosity
variation.

� A simulation of the whole process
was done, checking its physical
behavior.
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Lignocellulose fractionation is a key biorefinery process that need to be understood. In this work, a
comprehensive study on hydrothermal-fractionation of holm oak in a semi-continuous system was con-
ducted. The aim was to develop a physicochemical model in order to reproduce the role of temperature
and water flow over the products composition. The experiments involved two sets: at constant flow
(6 mL/min) and two different ranges of temperature (140–180 and 240–280 �C) and at a constant tem-
perature range (180–260 �C) and different flows: 11.0, 15.0 and 27.9 mL/min. From the results, temper-
ature has main influence and flow effect was observed only if soluble compounds were produced. The
kinetic model was validated against experimental data, reproducing the total organic carbon profile
(e.g. deviation of 33%) and the physicochemical phenomena observed in the process. In the model, it
was also considered the variations of molecular weight of each biopolymer, successfully reproducing
the biomass cleaving.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The concept of biorefinery is based on the definition of a con-
ventional petroleum refinery. Therefore, it is an installation which
transforms a raw material (biomass) into energy (heat, electricity
and biofuels) and several products (chemicals and biomaterials)
by fractionation or conversion processes. One of the most studied
ways to perform this conversion is biomass pyrolysis, where heat
is used to transform it into charcoal, gases and biofuels (Ranzi
et al., 2008; Tanoue et al., 2007; Tock et al., 2010). On the other
hand, hydrothermal fractionation is another promising option
because it is capable to recover the cellulosic fraction of biomass,
which corresponds between 38.3 and 81.3 wt% of woody biomass
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Nomenclature

Ct total concentration in the solid, mg/L
e and u porosity of the bed and the relation factor between it

and Ct , dimensionless
CSj ;CSi concentration of the compound ‘‘j” or ‘‘i” 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 ex-

change area, min�1

C�
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

CLj ;CLi concentration of the compound ‘‘j” or ‘‘i” in the liquid
phase, mg/L

ai;joraj;i stoichiometric coefficient of the compound ‘‘j” for the
reaction ‘‘i”, mg

kdj kinetic constant of the compound ‘‘j”, mg�1 �min�1

Fauto auto catalytic factor for the solid kinetics, dimensionless
bi;j or ci;j acceleration factor for the compound ‘‘j” in the reaction

‘‘i”, dimensionless
mi;mio solid mass and its initial value of the compound ‘‘i”, mg
rdeaj deacetylation reaction rate for compound ‘‘j”, mg/min � L
rdead reaction rate of the direct deacetylation of HC1, mg/

min � L
kdead kinetic constant of rdead, mg�1 � min�1

rdeadi first reaction rate of the direct deacetylation of HC2, mg/
min � L

kdeadi kinetic constant of rdeadi, mg�1 �min�1

rdeadii second reaction rate of the direct deacetylation of HC2,
mg/min � L

kdeadii kinetic constant of rdeadii, mg�1 �min�1

rcv C5 formation from HC1 reaction rate, mg/min � L
kcv kinetic constant of rcv , mg�1 �min�1

rlent C6 formation from HC1 reaction rate, mg/min � L
klent kinetic constant of rlent , mg�1 �min�1

CHþ proton concentration in liquid phase, mg/min � L
n1;n2 reaction order for proton concentration in hydrolysis

and sugar degradation, dimensionless

kLj kinetic constant for compound ‘‘j” in liquid phase,
Ln1 �mg�1�n1 �min�1

rdeg reaction rate for sugar degradation, mg/min � L
kdeg1, kdeg2 kinetic constant for C6 and C5 degradation,

Ln2 �mg�1�n2 �min�1

CLiSugar�C6
;CLiSugar�C5

concentration of the sugar ‘‘C6” or ‘‘C5” number
‘‘i”, mg/L

rde reaction rate for sugar deacetylation, mg/min � L
kde kinetic constant of rde, mg�1 �min�1

CLsugar total sugar concentration in liquid phase, mg/L
rrep reaction rate for the polymerization, mg/min � L
krep kinetic constant of rrep, mg�1 �min�1

racet reaction rate for the acetic acid dissociation, mg/min � L
kdirect kinetic constant of acetic acid dissolution, mg�1 �min�1

kinverse kinetic constant of acetic acid recombination,
L �mg�2 �min�1

CLacet� concentration of the acetate, mg/L
rprot proton consumption reaction rate, mg/min � L
kprot kinetic constant of rprot , mg�1 �min�1

AðTÞ or A Napierian logarithm of the kinetic prexponential factor,
dimensionless

Ho(T) solubility constant, �C�1

E1; E2 base activation energy and correction factor of the base
activation energy depending on the molecular weight,
J/mol

PDj polymerization degree of compound ‘‘j”, dimensionless
PDh first correction factor of the PDj for solubility calcula-

tions, dimensionless
hp second correction factor of the PDj for solubility calcula-

tions, dimensionless
u liquid velocity in the reactor, m/min
N number of compounds, dimensionless
L length of the reactor, m
z dimensionless length of the reactor, dimensionless
t operating time, min
Xexp;Xsim experimental and simulated value of the fitted variable
n total number of experiments, dimensionless
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(Bobleter, 1994; Yedro et al., 2015), using only water as reactive.
This technique has been highly studied and various articles can
be found in literature (Charles et al., 2004; Mohan et al., 2015;
Pronyk and Mazza, 2010; Rogalinski et al., 2008). However, the
modelling of this process is an issue which still has not a final solu-
tion due to biomass complexity, which is formed by three main
compounds: hemicellulose, cellulose and lignin. Cellulose and
hemicellulose are polysaccharides composed by up to 10,000 and
200 monomers, respectively. The former is a linear biopolymer
with a high degree of crystallinity formed by hexoses (C6) and
the latter is amorphous and it is constituted by hexoses and pen-
toses (C5). On the other hand, lignin is an aromatic biopolymer
formed by phenylpropane units (Bobleter, 1994; Harmsen et al.,
2010). In addition, biomass diversity and the process monitoring
also complicate the development and validation of a kinetic model.
The first issue can be seen in Yedro et al., 2015 who studied the
fractionation of several wood species in a semi-continuous reactor.
They observed that the extraction yields were very different
between the species, although the qualitative behavior of all of
them were similar. Regarding monitoring, the problem would be
that the analysis of the samples must be done at different condi-
tions from which were used during the operation. The reason is
that the characterization requires wet chemical analysis followed
by a separation of the different fractions by conventional analytical
instruments at certain conditions (Carrier et al., 2011). Therefore,
some measured values would be different from the real ones dur-
ing the operation.

To sum up, it is not clear that a model with a single set of
kinetic parameters could be used as a global solution for biomass
solubilization. Nevertheless, several models for this process, with
a reasonable success, can be found in literature (Haghighat
Khajavi et al., 2005; Lin et al., 2015; Mohan et al., 2015;
Rogalinski et al., 2008; Zhu et al., 2014). Zhu et al. (2014) studied
the hydrolysis of peanut shell in subcritical water in a batch reac-
tor. They proposed a kinetic model with a 1st reaction order
respect to biomass concentration which was able to reproduce
their experimental data. In the same way, Mohan et al. (2015)
and Lin et al. (2015) assessed the hydrolysis of real biomass
(bamboo and rice straw respectively) in a batch reactor and they
also fitted their data applying a 1st order kinetic. Rogalinski et al.
(2008) performed a successful kinetic analysis of the starch
hydrolysis in a plug-flow reactor assuming a 1st reaction order.
And Haghighat Khajavi et al. (2005) studied the hydrolysis of
sucrose in a flow-type reactor but taking into account the effect
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of the pH variations during the process. All of them were based
on the idea that the cellulosic fractions of biomass (cellulose
and hemicellulose) decompose into sugar. This sugar formation
could be from an intermediate product (oligomers) or directly
from biomass. The formation of degradation products, such as
formic or lactic acid, from these sugars was also considered.
Nonetheless, they were generally applied to a batch system or
they studied model compounds, like sucrose. Besides, they did
not take into account the whole set of physical phenomena
observed during a hydrothermal treatment of biomass: deacetyla
tion/autohydrolysis/pH variations and solid–liquid mass trans-
fer/porosity variations. In addition, a previous work (Cabeza
et al., 2015) was done to reproduce the behavior of a hemicellu-
lose extraction process from holm oak (one of the most common
trees in southern Spain) considering all these phenomena. The
study was performed in a packed bed reactor with hot com-
pressed water and the effect of different particle diameters and
flow rates was also assessed. Temperature was fixed around
180 �C in order to enhance hemicellulose extraction. The result
was a model able to reproduce the total organic carbon (TOC),
pH and acetic acid concentration at the reactor output with aver-
age absolute deviations of 32.1%, 7.4% and 56.0% respectively.
However, the effect of the molecular weight, the oligomer distri-
bution and high temperature effect were not considered with this
model.

Therefore, the objective of this work is to complete that prelim-
inary kinetic model for the holm oak hydrothermal fractionation in
a semi-continuous system (packed bed reactor) with hot com-
pressed water. This model will be able to reproduce the experi-
mental data including the effect of the molecular weight and all
the physical phenomena observed. Besides, it will also capable of
simulating the oligomer distribution and reproducing the varia-
tions in the fractionation when high and low temperatures are
used. The latter was done performing a temperature change during
the process. So, the extraction of the whole cellulosic of biomass at
subcritical conditions has been studied. The idea was to perform
experiments at two temperatures, one between 140 and 180 �C,
in order to enhance hemicellulose extraction, and the other
between 240 and 280 �C to recover the main cellulose fraction.
An autocatalytic kinetic was used being suitable to reproduce the
fractionation in the previously mentioned study. Thus, this model
will help to understand better the fractionation process. In addi-
tion, it will allow to simulate how a change in the reactor diameter
or length would affect the fractionation and how would be the
solid composition evolution, which could be an important factor
to stop the process. To sum up, this model will be a useful tool
to perform a future scale-up of this lab-scale biorefinery.
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Fig. 1. Process flow diagram of the experimental device. T-1 and T-2: type II Millipore
Parker check valve. H-1: electric low temperature heater. H-2: high temperature heater.
high temperature valve, HE: cooling heat exchanger. V-5: three way Parker valve, T-3: F
2. Methods

2.1. Experimental setup

The experimental device used in this work is shown in Fig. 1.
The whole system consisted in a fractionation column whose out-
put stream feeds a supercritical hydrolysis reactor. This setup
belongs to a bigger project and it was constructed with the aim to
study other biomass transformations (e.g. enhancement of sugars
yield and optimizing the selectivity to fully hydrolyzed products,
coming from cellulose or from real biomass). However, for this work
only the fractionation column was used. The system was composed
of a water deposit (T-1) followed by an American Lewa EK6 2KN high
pressure pump (P-1, maximum flow rate 1.5 kg/h) and a pre-heater
(H-1, 200 cm of 1/800 SS 316 pipe, electrically heated by 2 resistances
of 300W) used tomaintain a constant temperature at the inlet of the
fractionation column (R-1, a SS 316 tube of 40 cm length and
1.27 cm O.D.). In addition, the column was heated by three flat resis-
tors of 500W placed along an aluminum device which contains the
column. The preheater and the column were inside a chromato-
graphic oven HP5680 for safety reasons.

On the other hand, the supercritical water line was composed
by another tank of water (T-2), a heater (H-2, a SS316 tube of
20 m with 1/8 in O.D.) with two flat resistors, total power of
5 kW and a Milton Roy XT membrane pump (P-2, maximum flow
rate 6 kg/h). Pressure was controlled by a Micro Metering valve
30VRMM4812 from Autoclave Engineers (V-4). The output of the
reactor (R-2) was cold down in the heat exchanger H-3 (200 cm
of concentric tube 1/2–1/4 in.) with cold water and then it was
collected in the tank T-4.

2.2. Procedure

6.12 ± 0.03 g of holm oak were introduced into the fractionation
column. Two metallic filters were used, one located at the top and
the other at the bottom, to keep the rawmaterial inside. In order to
check if any leak was present in the fractionation line, cold water
was pressurized into the system before each experiment. Then,
the flow was stopped and the preheater and the fractionation col-
umn were heated up. When the desired temperature value was
achieved the pumps were turned on adjusting the flow in the
pump control panel and the pressure with V-4. In order to moni-
toring the process, pH evolution was followed online (every min-
ute) using an electronic pH-meter (Nahita model 903). Also,
liquid samples were taken between 2 and 20 min (in tank T-3),
depending on the pH value. During the operation, two tempera-
tures were used. The change between them was done depending
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water tanks, P-1: high pressure piston pump. P-2: membrane pump, V-1 and V-2:
R-1: fractionation column. V-3: Parker relieve valve. R-2: supercritical reactor. V-4:
alcon flask. T-4: product vessel.
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Fig. 2. Scheme of the hydrothermal degradation of biomass at two temperatures (a) and pH evolution during the process (b).

Table 1
Experiments performed and its operational conditions.

Experiment Volumetric
flow

Sampling
volumetric flow

Range of
temperatures

Operating
time

mL/min mL/min �C min

1 6.5 22.8 180–280 99
2 6.2 22.5 160–260 120
3 7.8 23.4 150–250 160
4 6.9 21.1 140–240 200
5 6.5 23.1 180–260 110
6 11.5 37.7 180–260 110
7 15.0 100.8 180–260 60
8 27.0 106.8 180–260 46
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on the value of the monitored pH, because of the fact that there is a
relation between the pH value and the extracted biomass. So, if the
pH variation is slow, biomass has reached its maximum
solubilization at that temperature and the temperature change is
done (Fig. 2b).

Once the operation was over, the heating was shut off and the
fractionation column was gradually cooled down to room temper-
ature with external air flux. Both pumps were disconnected and
the system was depressurized. The solid inside of the reactor was
collected, filtered and dried 24 h at 105 �C for further analysis.
Finally, the column was cleaned and reconnected to the system,
which was washed with Type II water.

2.2.1. Effect of the temperature
In previous studies it has been seen that temperature is the

main influencing variable on this type of process. For this reason,
8 different temperatures (140, 150, 160, 180, 240, 250, 260 and
280 �C) were studied in this work. Besides, the same sample was
treated at two different temperature levels in order to extract first
the hemicellulose at the lowest temperature and then the cellulose
at the highest temperature. The volumetric flow was fixed around
6 mL/min and the operating pressure was 15 MPa.

2.2.2. Effect of the volumetric flow
Other variable that have a high effect in the biomass solubiliza-

tion is the volumetric flow. This was studied by performing exper-
iments at 3 different flows (11.0, 15.0 and 27.9 mL/min) at the
same temperatures (180–260 �C).

2.2.3. Model validation
In order to validate the model, TOC, sugars, acetic acid and

degradation product concentration at the output of the column
were measured and fitted. The adjustment was focused in TOC
because it would be the most precise measure. This would be
caused by the high dilution (Table 1) of the samples due to the fact
that during the operation both pumps must be working (Fig. 1).
Besides, the final mass inside the reactor was simulated and com-
pared with the experimental data. In addition, the overall behavior
of the system was simulated. To achieve these objectives the
experiments arrayed in Table 1 were performed.

2.3. Analytical methods

2.3.1. Solid characterization
The solid phase characterization was done following the

method provided by the National Renewable Energy Laboratory
(NREL) – Determination of Structural Carbohydrates and Lignin
in Biomass. Firstly, biomass suffered an extraction performed in a
Soxhlet equipment by n-hexane. After, a sample of 300 mg (m)
was treated with 3 mL of sulphuric acid (72 wt%) for 30 min at
30 �C. Then, the sample was diluted by 84 mL of distilled water
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and it was maintained at 120 �C for one hour more. The result was
filtered under vacuum, washed by distilled water and dried at
105 �C for 24 h. Then, the solid was weighted (m1) and calcined
at 550 �C for 24 h and weighted (m2) again. Thus, the acid insoluble
lignin was obtained by (m1 �m2)/m. The obtained liquid was used
to determine the content of acid soluble lignin by spectrophotom-
etry, measuring the absorbance at 320 nm (recommended absorp-
tivity 34 L � g�1 � cm�1). Moreover, 30 mL of sample were
neutralized up to pH = 6–7 with calcium carbonate and they were
filtered by 0.2 lm filters. Finally, this sample was analyzed by high
pressure liquid chromatography (HPLC). The used HPLC column
was SUGAR SH-1011 (Shodex). As mobile phase a 0.01 N sulfuric
acid solution and Milli-Q water were used. To obtain the hemicel-
lulose, cellulose and degradation product content two detector
were used: a Waters IR detector 2414 (210 nm) and Waters dual
k absorbance detector 2487 (254 nm). The calculated initial com-
position of the biomass sample is: 1.81 wt% of extractives with
n-hexane, 46.64 wt% of cellulose, 24.48 wt% of hemicellulose,
27.07 wt% of lignin and 0.28 wt% of ash. The value of the lignin
includes the soluble lignin (4.32%).

2.3.2. Liquid characterization
An acid hydrolysis was performed to the liquid phase in order to

convert the oligomers into their monomeric sugars. Samples of
10 mL were hydrolyzed by 4 mL of sulphuric acid (72 wt%) and
maintaining them for 30 min at 30 �C. After, the sample was
diluted by 86 mL of distilled water and it was incubated for one
hour more at 120 �C. Then, it was neutralized with calcium carbon-
ate until pH = 6–7 and filtered using 0.2 lm filters. Finally, it was
analyzed by HPLC as explained in the before section. In addition,
the total organic carbon (TOC) was measured by Shimadzu equip-
ment model TOC-VCSH. The carbon concentration of the standard
solutions corresponds to 500 mg C/L.
3. Comprehensive modeling

3.1. Fractionation process by hydrothermal processes at mild
temperatures

The fractionation takes place in solid phase where hemicellulose
and cellulose start to break into oligomers of decreasing molecular
weight. For both species, at a certain molecular weight, they became
water-soluble and they are solubilized. From this point, the fraction-
ation occurs as in solid phase as in liquid phase. In the latter, the
solubilized oligomers hydrolyze, cleaving down in smaller oligomers
until they reach their respective monomers (sugars). Finally, these
monomers, depending on temperature and residence time, can be
transformed into several degradation products, such as hydrox-
ymethylfurfural, formic acid, lactic acid and others (Alvarez-Vasco
and Zhang, 2013; Feng et al., 2012; Yedro et al., 2015). Basically,
the reactor behaves like a fixed bed extraction-reaction column
(Fig. 2a). Therefore, solid is depleted from bottom to top and liquid
is more concentrated at the outlet. This process continues up to all
the removable biomass at the operating is recovered. Reached this
point, a change in the operating temperature is performed, and the
extraction process starts again. This new extraction could originate
a thermal breaking process in the biomass sample, which means that
some parts of the solid might be separated from the whole biomass
and they might be fluidized outside of the fractionation column.

3.2. Reaction pathway

The proposed reaction mechanism is shown in Fig. 3a. As it was
mentioned in Section 1, the aimwas to reproduce the experimental
behavior of the reactor taking into account the main phenomena of
the process, i.e. biomass cleaving and solubilization, biomass
hydrolysis, changes in porosity and pH variations. To this end, for
both, cellulose and hemicellulose, a population of several oligo-
mers of decreasing length was used. In addition, deacetylation
reactions were considered for hemicellulose family (Garrote
et al., 2002; Parajó et al., 2004). Besides, a proton consumption
reaction was introduced because it was observed some pH incre-
ments at the start of the operation. So, it was assumed that a cer-
tain amount of inorganic compounds with basic behavior was
present in biomass. This value was initially fixed at 1% in order
to provide enough substance to the neutralization but without dis-
turbing the initial composition. On the other hand, two kinds of
hemicellulose and cellulose were defined, one easily degradable
and other hard to break (Charles et al., 2004; Klemm et al.,
2005). For the former, this could be caused by a structural reason,
the fact that some hemicellulose fibers can be protected by cellu-
lose and lignin, which reduces their breaking. Regarding cellulose,
the reason would be that there is a certain fraction of cellulose
which could not be crystalline. This subdivision means that each
type of cellulose and hemicellulose has its own oligomer popula-
tion (OP). The OP for both hemicelluloses was formed by 60 com-
pounds each, 40 for the fibers which were not deacetylated and 20
for the fibers deacetylated. For cellulose, both populations also had
60 members. These OP were used to reproduce in a more real way
the biomass cleaving into smaller and smaller species (Fig. 3b). In
addition, it was assumed that cellulose fibers have 10,000 units
and hemicellulose fibers 200 (Charles et al., 2004). In both cases,
compounds from 1 to 20 units were simulated and the rest of
the family was formed by oligomers with increments of 250 and
9 units respectively. So, for cellulose, its fiber would contain
10,000 units, the highest oligomer, 9770 units and the following
oligomer 9520 units. For hemicellulose, its fiber would be formed
by 200 units, the highest oligomer by 191 and the following by
182. In parallel, direct deacetylation reaction from both hemicellu-
loses, direct dimer and monomer (sugars C6) formation and direct
oligomer and monomer (sugars C5) formation from hemicellulose
easily degradable were also included. These two last reactions,
were needed to reproduce the initial slow solubilization of bio-
mass. Finally, hexoses (C6) formation from hemicellulose
(Charles et al., 2004), sugar degradation, and polymerization reac-
tions from degradation products (Kumar et al., 2010; Minowa et al.,
1998) were considered too.

3.3. Kinetic model

In order to simplify the problem the following statements were
assumed: (1) there are nor temperature neither concentration pro-
files within the solid along the reactor length, (2) the solid porosity
only depends on the total concentration of the solid phase, (3)
there are not significant diffusional effects in the solid or liquid
phase, (4) lignin behaves as an inert at these temperature condi-
tions, taking as negligible soluble lignin and (5) the reaction order
for all the kinetics is 1 for the biomass compound.

3.3.1. Mass balances
3.3.1.1. Solid phase. The model was obtained applying a mass bal-
ance for each compound (Eq. (1)). In order to introduce the effect
of the porosity variations, the definition of the porosity (Eq. (2))
was introduced in Eq. (1), obtaining Eq. (3).

dð1� eÞ � CSj

dt
¼ rj � kj � a � C�

Lj
� �CLj

� �
ð1Þ

e ¼ 1�u � Ct ð2Þ

dCSj

dt
¼ 1

1� e
� rj �u � CSj �

dCt

dt
� kj � a � C�

Lj
� �CLj

� �� �
ð3Þ
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On the other hand, the mass balance to the insoluble lignin, consid-
ered as an inert compound, would be Eq. (4).

dð1� eÞ � Ct �
Pj¼N

j¼1CSj

� �
dt

¼ 0 ð4Þ
3.3.1.2. Liquid phase. Developing a similar process to the solid
phase, the mass balance for each liquid compound would be repre-
sented by Eq. (5).

dCLj

dt
¼ 1
e
� rj � u

L
� dCLj

dz
�u � CLj �

dCt

dt
þ kj � a � C�

Lj
� �CLj

� �� �
ð5Þ
3.3.2. Kinetics
3.3.2.1. Solid phase. Solid kinetics were based on an autocatalytic
model (6) due to the fact that it has been successfully used by other
authors (Capart et al., 2004) to reproduce the sudden changes in
biomass at certain temperature. In addition, depending on the pop-
ulation this autocatalytic factor changes its definition. So, the auto
catalytic factor (Fauto) for the hemicellulose (HC1) and cellulose (C1)
easily degradable is shown in Eq. (7). And for the hard hemicellu-
lose (HC2) and cellulose (C2) is shown in Eq. (8).

rj ¼ �kdj � CSj � Fauto �
XN
i¼1

ai;j þ
XN
i¼1

aj;i � Fauto � kdi � CSi ð6Þ



96 A. Cabeza et al. / Bioresource Technology 200 (2016) 90–102
Fauto ¼ 1� 0:99 � CHC1

Ct

� �bi;j

ð7Þ

Fauto ¼ 1� 0:99 � mHC2

mHC2o

 !bi;j

ð8Þ

Eq. (6) shows the overall kinetic for each solid compound, which is
formed by two parts. The first represents the breaking of this com-
pound into any product of lower molecular weight. Meanwhile, the
second shows the formation of this compound from any component
of higher molecular weight (Fig. 3b). Eqs. (7) and (8) presents two
coefficients. The initial velocity factor, whose recommended value
is 0.99 (Capart et al., 2004), and the acceleration factor (bi;j), which
represents how fast the degradation is once the fractionation pro-
cess has started. In the same way, the deacetylation kinetics were
also defined by an autocatalytic expression for each compound of
both hemicellulose populations (Eqs. (9) and (10)) respectively.

rdeaj ¼ kdj � Csj � 1� 0:99 � Csj

Ct

� �bi;j

� 1� 0:99 �
CsHC1

Ct

 !ci;j

ð9Þ

rdeaij ¼ kdj � Csj � 1� 0:99 � mHC1

mHC1o

� �ci;j
ð10Þ

Finally, the direct deacetylation reactions from hemicellulose are
shown in Eqs. (11)–(13) the oligomer and monomer production
(C5) in Eq. (14) and the dimer and monomer formation (C6) in Eq.
(15).

rdead ¼ kdead � CsHC1
� 1� 0:99 �

CsHC1

Ct

 !bi;j

ð11Þ

rdeadi ¼ kdeadi � CsHC2
� 1� 0:99 �

CsHC1

Ct

 !bi;j

ð12Þ

rdeadii ¼ kdeadii � CsHC2
ð13Þ

rcv ¼ kcv � CsHC1
ð14Þ

rlent ¼ klent � CsHC1
� 1� 0:99 �

CsHC1

Ct

 !bi;j

ð15Þ

3.3.2.1. Liquid phase. Liquid phase kinetics were defined in a similar
way to solid phase kinetics but including the effect of the proton
concentration, which works as a catalytic reaction (Eq. (16)).

rj ¼ �kLj � CLj � Cn1
Hþ �

XN
i¼1

ai;j þ
XN
i¼1

aj;i � Cn1
Hþ � kLi � CLi ð16Þ

Moreover, in liquid phase there are sugar degradation, sugar
deacetylation and repolymerization from degradation products
reactions whose kinetics are shown by Eqs. (17)–(19) respectively.
In Eq. (17) the addition of the sugar concentration was needed
because they were calculated separately depending on their origin:
C1, C2, HC1, HC2 or deacetylated fibers (from HC1 and HC2). In addi-
tion, the dissolution acetic acid equilibrium and the proton con-
sumption reactions are arrayed in Eqs. (20) and (21) respectively.

rdeg ¼ kdeg1 �
Xi¼2

i¼1

Cn2
LiSugar�C6

þ kdeg2 �
Xi¼4

i¼1

Cnd
LiSugar�C5

 !
� Cn2

Hþ

� 1� 0:99 �
CSHC1

Ct

 !bij

ð17Þ

rde ¼ kde � CLSugar ð18Þ
rrep ¼ krep � CLDP ð19Þ

racet ¼ kdirect � CLacet � kinverse � CLacet� � CHþ ð20Þ

rprot ¼ kprot � CLbase ð21Þ
3.3.2.1. Kinetic constants. Kinetic constants for biomass fractiona-
tion were defined to include the effect of the polymerization
degree (molecular weight) of the reactive and the changes in bio-
mass structure and water properties during the process. Therefore,
all of them were defined by the expression (22). Where R is the
ideal gas constant (8.314 J �mol�1 � K�1) and T the operating
temperature (�C).

kdj ¼ kLj ¼ eAðTÞ�
ðE1þE2 �PDj Þ

R�T ð22Þ
The other kinetic constants were defined by the following
expressions.

kdead ¼ eA�
ðE1 Þ
R�T ð23Þ

kdeadi ¼ eA�
ðE1þE2 �PDHCÞ

R�T ð24Þ

kdeadii ¼ eA�
ðE1Þ
R�T ð25Þ

kcv ¼ eA�
ðE1þE2 �PDHCÞ

R�T ð26Þ

klent ¼ eA�
ðE1þE2 �PDHCÞ

R�T ð27Þ

kdeg ¼ eA�
ðE1þE2 �1Þ

R�T ð28Þ

kde ¼ eA�
ðE1þE2 �1Þ

R�T ð29Þ

krep ¼ eAðTÞ�
ðE1Þ
R�T ð30Þ

kdirect ¼ eA�
ðE1Þ
R�T ð31Þ

kinverse ¼ eA�
ðE1Þ
R�T ð32Þ

kprot ¼ eA�
ðE1 Þ
R�T ð33Þ
3.3.2.2. Proton reaction order. Proton concentration was considered
in Eqs. (16) and (17) because it is the main cause of biomass
hydrolysis and it has a high effect in sugar degradation (Li et al.,
2014). In order to obtain a theoretical value of its reaction order,
the following process was done. As protons have a catalytic role,
their effect in a general kinetic would be described by Eq. (34).

K ¼ eA�
ðE1þf ðCHþ ÞÞ

R�T ¼ eA � e�ðE1 Þ
R�T � e�

f ðCHþ Þ
RT ð34Þ

If the function of the proton concentration would be logarithmic,
e.g. ðf ðCHþ Þ ¼ lnðCHþ ÞÞ, Eq. (34) could be rewritten into Eq. (35).

K ¼ eA�
ðE1þf ðCHþ ÞÞ

R�T ¼ eA � e�ðE1 Þ
R�T � C� 1

R�T
Hþ ð35Þ

Therefore, the reaction order of the protons would depend directly
proportional on temperature.

3.3.2.3. Stoichiometric matrix. All the equations were used in mass
basis so their stoichiometric coefficients (ai,j) were in mass basis
too. They were defined in order to represent the cleavage of a
polysaccharide fiber into any smaller compound (Fig. 3b).
In addition, it was considered that any fiber mainly breaks into
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near oligomers (Eq. (36)). This was supposed because during frac-
tionation, biomass is slowly solved up to certain time is reached,
when, suddenly its extraction rate is largely increased. On the
other hand, for the deacetylation, it was assumed that if the PD
is greater than 19 an average deacetylated oligomer is produced
and, if it is lower, one of the other 19 deacetylated oligomers is
released. The breaking of these 20 deacetylated compounds was
simulated as if their highest oligomer would have a PD of 20. This
is done to include the fiber degradation during the deacetylation.
Furthermore, the last assumption is supposed because the deacety-
lation would take place when biomass have been degraded into
relative low PD oligomer.

ai;j ¼

PDj
PDi

� �
PDj�PDi

PN
i¼1

PDj
PDi

� �
PDj�PDi

; a1;j ¼ 0 ð36Þ

For deacetylation it was considered that 1.0 g of reactive produces
0.3 g of acetic acid and 0.7 g of deacetylated oligomer. For the acetic
acid equilibrium it was supposed that 1 g of acetic acid generates
0.017 g protons and 0.983 g of residue. For hexoses deacetylation,
it was assumed that 0.33 g of acetic acid and 0.67 g of degradation
products are produced. For direct formation of monomer from
hemicellulose (C5), 1 g of hemicellulose generates 0.15 g of mono-
mer and 0.85 g of oligomer of 191 units. And for direct formation
of monomer from cellulose (C6), 1 g of cellulose generates 0.5 g of
monomer and 0.5 g of dimer (cellobiose). The values of the coeffi-
cients above mentioned were obtained during the optimization.
For proton consumption, it was assumed that 0.2 g react with
0.8 g of base material.

3.3.3. Solubility
Eqs. (1), (3) and (5) show an equilibrium concentration in liquid

phase (CLj⁄) which is obtained by the product of an equilibrium
constant (Hj) and the concentration in the solid (CLj⁄ = Hj�Csj). This
equilibrium constant represents the solubility of biomass and it
should be a function of several variables: the polymerization
degree, structure of the biopolymer, acetylation degree and some
water properties (Kruse and Dinjus, 2007; Miller-Chou and
Koenig, 2003; Teo et al., 2010). In order to include these aspects
in its calculation, Eq. (37) was used.

Hj ¼ HoðTÞ � T
1þ ehp �ðPD�PDhÞ ð37Þ
3.4. Resolution

The combination of Eqs. (3) and (5) generates a set of partial dif-
ferential equations (PDE) which need to be discretized to convert
them into a set of ordinary differential equations (ODE). The dis-
cretization was performed by the combination of the orthogonal
colocation method on finite elements (Press et al., 2007). Once
the discretization has been done, the set of ODE was solved by
the Runge–Kutta’s method with an 8th convergence order. The fit-
ting of the experimental data implied an optimization problem.
Due to its complexity, it was previously initialized by solving it by
hand, and then, optimized by the Nelder–Mead–Simplex’s method.
Finally, the solution was reviewed in order to ensure the physical
meaning of the parameters. The objective function was the mini-
mization of the Absolute Average Deviation (A.A.D., Eq. (38)) for
TOC, acetic acid, sugar and degradation products concentration at
the reactor output (given a higher weight to the TOC values).

A:A:D: ¼
Xn
i¼1

1
n
� Xexp � Xsim

Xexp

����
���� � 100 ð38Þ
4. Results and discussion

4.1. Effect of volumetric flow and temperature

In this part, the role of the volumetric flow and the operating
temperature is assessed. The former is shown in Fig. 4a by the
TOC evolution at 3 different volumetric flows (11.5, 15.0, and
27.0 mL/min) and at the same temperature range (180–260 �C).
Apart from dilution, the following effects can be observed. At
180 �C the volumetric flow does not change the time of the maxi-
mum TOC value but it enhances the extraction, reducing the time
of the final part of this stage. After the temperature change, flow
again accelerates the process but it also modifies highly the maxi-
mum TOC time. This behavior could be explained by the fact that at
180 �C biomass degrading would be slow enough to break into oli-
gomers and not directly to dimers or monomers (with greater
water solubility). So, an increment in the water velocity only affect
to the end of this stage, when more soluble components would be
produced. In contrast, at 260 �C biomass would be highly degraded,
producing and enormous amount of soluble compounds and the
volumetric flow would affect from the beginning. In addition, in
this second stage a slow variation zone at the end of the process
is observed because, at this time, biomass would be formed by very
low soluble substances, such as deacetylated oligomers. Therefore,
during the operation, 3 zones can be observed depending on the
controlling resistance of the mass transfer. Two zones controlled
by the solubility (for the first 10 min and at the end of the process)
and other zone dominated by the external mass transfer (from
10 min and until the temperature change). Being this latter, the
zone where a change in volumetric flow can influence on the
extraction. On the contrary, temperature affects to the whole pro-
cess (Fig. 4b) which could be explained by the bigger formation of
soluble compounds at higher temperatures.

On the other hand, the final mass of the solid presented an
interesting result (Table 2). It can be checked that the recovered
mass after the operation (mReal) was always lower than the lignin
content of the sample (mLignin), which at this conditions should
behave as an inert. This discrepancy could be explained by a weak-
ening of biomass structure due to the operation at two tempera-
tures. So, after the second temperature change, some parts of
biomass could be broken and fluidized. Finally, it can also be
observed that temperature has an inverse proportional ratio to
the final mass of the solid, which boosts the idea of a thermal
breaking process.
4.2. Fittings

The validation of the model was performed by fitting the TOC
for the experiments arrayed in Table 1. In addition, acetic acid
concentration, sugars C5 and C6 concentration and degradation
products concentration were simulated and checked with their
experimental values for essays 2–5. For the latter, these fittings
and simulations are showed in Fig. 5. The obtained parameters
for all of them are listed in Table 4.

Analyzing Fig. 5a it can be observed that the extraction was
slow up to 10 min when the TOC suddenly increases. This also
occurs in the acetic acid (Fig. 5b), C5 and C6 sugar concentration
(Fig. 5c and d respectively) and degradation products concentra-
tion (Fig. 5e). This behavior could by caused by two reasons. The
first could be that, up to this time, biomass degradation was not
big enough to produce high soluble compounds (as it was
mentioned in Section 4.1). The second could be that, in parallel
to oligomer formation, an acetic acid production (and releasing)
takes places, enhancing the hydrolysis. After the maximum TOC
value (14 min), a slower extraction was observed in all the profiles



(a) 

(b) 

Fig. 4. TOC evolution with volumetric flow (a) and temperature (b).

Table 2
Final solid mass evolution.

Experiment mReal
1 mLignin

2

g g

1 0.2622 1.7227
2 0.4659 1.7311
3 0.8491 1.7508
4 0.8733 1.7288
5 0.4380 1.7525
6 0.4601 1.7423
7 0.8491 1.7616
8 0.8491 1.7394

1 Measured final solid mass.
2 Lignin content of the sample and final mass expected after the operation.
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of Fig. 5, which was attributed to a mass transfer limitation. In
addition, biomass would be more and more composed by low sol-
uble products, such as deacetylated oligomers, HC2 and C2. This
behavior continued up to the temperature change was performed
(55 min), obtaining a similar behavior to the first step. Neverthe-
less, an initial slow period is not present due to the fact that at
260 �C biomass degradation is so high that soluble compounds
are directly produced. From this adjustment it can be concluded
that the model is suitable to simulate a biomass fractionation
process. The same conclusion can be obtained from the value of
the A.A.D. for each assay (Table 3). Which were relatively low
taking into account the complexity of the reaction process, the
little amount of initial raw material, the diversity of biomass and
the dilution of the outlet stream. This latter would increase the
average deviation from 33% at low flow (experiments 1–5) up to
58% at high flow (experiments 6–8). Focusing in the calculated val-
ues, it can be seen that the lowest deviations were in TOC fittings
(42.62%). The experimental data of sugar and degradation product
of experiment 1 were not considered because their values showed
discrepancy with the tendency fixed by experiments 2–5. In the
case of experiments 6 and 7, only TOC was considered due to the
high dilution of these samples.
4.2.1. Fitted parameters
In this section an analysis of the parameters showed in Table 4

is done. It is interesting the fact that the obtained kinetic
parameters (A, bi;j and ci;j) show changes around 150 and 240 �C.
Temperatures that represent the star of the fast degradation of
hemicellulose and cellulose respectively (Kumar et al., 2010;
Minowa et al., 1998; Pronyk and Mazza, 2010; Rissanen et al.,
2014). Therefore, the tendency calculated for these variables agrees
with the data reported by other authors, showing that the model is



(a) 

(b) (c) 

(d) (e) 

Fig. 5. Adjustment of the experiment 5. TOC fitting (a), simulation of the concentration of acetic acid (b), sugars C5 (c), sugars C6 (d) and degradation products (e).TOC-EXP:
measured TOC. TOC-SIM: simulated TOC. [Acet]-EXP: measured acetic acid concentration. [Acet]-SIM: simulated acetic acid concentration. C5-EXP: measured C5 sugar
concentration. C5-SIM: simulated C5 sugar concentration. C6-EXP: measured C6 sugar concentration. C6-SIM: simulated C6 sugar concentration. DP-EXP: measured
degradation products concentration. DP-SIM: simulated degradation products concentration.
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able to reproduce the process with physical meaning. Regarding
the equilibrium constants (Hj), it is observed that for C1 and C2

the opposite behavior is obtained. The first increases its value with
temperature up to 240 �C and the second is constant until 180 �C,
where in starts to grow. This behavior could be explained by the
fact that C1 should be more soluble than C2 due to its lack of crys-
tallinity. So, the former would increase its water solubility up to it
would be totally soluble. The later, by the contrary, would have a
low (and constant) solubility up to certain temperature when it
would start to solve more and more due to the change in water
properties. Hemicelluloses show the same tendency that C1 but
with smoother changes because of they are more soluble. It is also
interesting that the polymerization constant decreases at 240 �C,
which would be originated because of the bonds breaking would
be bigger than the repolymerization at high temperatures. Finally,
it is remarkable that the reaction order for proton increases with
temperature, confirming the theoretical development showed in
Section 3.3.2.2.

4.2.1.1. Acceleration factors. Effect of temperature and volumetric
flow. Temperature and flow influence on the acceleration factors in
an opposite way, increasing and decreasing them respectively.



Table 3
A.A.D. of the fittings.

Experiment A.A.D.

TOC [Acetic acid]1 C52 C63 DP4

1 51.15 61.06 * * *

2 24.55 49.51 54.75 65.45 48.56
3 34.61 56.26 60.58 60.79 77.02
4 25.36 47.11 51.78 57.87 66.24
5 30.15 45.02 73.56 49.56 75.35
6 63.36 * * * *

7 53.29 * * * *

8 58.47 * * * *

Average 42.62 51.79 60.17 58.42 66.79

1 Acetic acid concentration.
2 Sugars C5 concentration.
3 Sugars C6 concentration.
4 Degradation products concentration.
* Experimental data which were not considered.

Table 4
Fitted parameters for solid (4.1) and liquid phase (4.2).

Solid phase

HC1 population
rj

kd ¼ eA�
7550�0:1�PD
Tþ273:15

A ¼ 16:16þ 0:24
1þe�ðT�145Þ þ 1:10

1þe�ðT�245Þ

bi;j ¼ 20þ 2
1þe�ðT�160Þ

Hj
Hj ¼ ho �T

1þe0:08�ðPD�3Þ

No deacetylated
ho ¼ 0:003

1þeðT�160Þ þ �5�10�7 �T2þ2:64�10�4�0:019182
1þe�ðT�156Þ

Deacetylated
ho ¼ 0:005

rdeaj
kd ¼ e12:0�

7550�0:1�PD
Tþ273:15

bi;j ¼ 200� 80
1þe�ðT�155Þ

ci;j ¼ 15
1þe�ðT�155Þ

rdead
kdead ¼ e12:0�

7550�0:1�200
Tþ273:15

bi;j ¼ 50þ 10
1þe�ðT�155Þ

rcv
kcv ¼ e11:2�

7550�0:1�200
Tþ273:15

rlent
klent ¼ e12:0�

8000�0:1�200
Tþ273:15

bi;j ¼ 7þ 1
1þe�ðT�155Þ

C1 population

rj
kd ¼ eA�

8000�0:1�PD
Tþ273:15

A ¼ 18:5

bi;j ¼ 15
1þe�ðT�160Þ

Hj
Hj ¼ ho �T

1þe0:08�ðPD�1Þ

ho ¼ 0:0011�T�0:0144
1þeðT�250Þ þ 0:012

1þe�ðT�250:2Þ

Liquid phase

rj HC1 population
kdj ¼ Kinetic constants in solid phase rj
n1 ¼ 0:361 � lnðTÞ � 1:6165 bi;j

rdeg C1 population
kdeg1 ¼ e10:0�

7550�0:1�1
Tþ273:15 rj

kdeg2 ¼ e17:0�
8000�0:1�1
Tþ273:15 bi;j

nd ¼ 0:6 HC2 population
n2 ¼ 0:361 � lnðTÞ � 1:7785 rj
bi;j ¼ 2:50�T

1þeðT�165Þ þ 50
1þe�ðT�165Þ bi;j

rde C2 population
kde ¼ e11:0�

7550�0:1�1
Tþ273:15 rj

rrep bi;j
krep ¼ 17:3� 1:3

1þe�ðT�255Þ

racet
kdirect ¼ e0:5�

1053
Tþ273:15

kinverse ¼ e1:76�
1053

Tþ273:15

rprot
kprot ¼ e3:36�

1170
Tþ273:15
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Regarding temperature, the behavior could be explained because of
a higher temperature means more biomass degradation, more oli-
gomer production and, due to this, a more abrupt process. In con-
trast, a greater flow would reduce the residence time of the
products, enhancing the extraction (if temperature is high enough).
So, oligomer would have less time to degrade and the fractionation
would be smoother.
4.2.1.2. Hemicellulose and cellulose composition. In the Section 3.2 it
was assumed that two types of hemicelluloses (HC1 and HC2) and
cellulose (C1 and C2) can be present in biomass. Therefore, their ini-
tial composition constituted other 2 parameters to fit. The calcu-
lated value for HC1 and C1 were 75% and 30% of the total
hemicellulose and cellulose content, respectively. This result
agrees with the expected behavior because, in general, cellulose
is more difficult to extract than hemicellulose. So, C2 and HC1

would be the main components in biomass. In addition, these val-
HC2 population
rj kd ¼ eA � 7550�0:1�PD

Tþ273:15

A ¼ 12þ 4
1þe�ðT�245Þ

bi;j ¼ 1
1þe�ðT�165Þ þ 30

1þe�ðT�245Þ

Hj
Hj ¼ ho �T

1þe0:08�ðPD�3Þ

No deacetylated
ho ¼ 0:003

1þeðT�160Þ þ �5�10�7 �T2þ2:64�10�4�0:019182
1þe�ðT�156Þ

Deacetylated
ho ¼ 0:005

rdeaj
kd ¼ e12:5�

7550�0:1�PD
Tþ273:15

ci;j ¼ 5

rdeadi

kdeadi ¼ e7:5�
6392

Tþ273:15

bi;j ¼ 15þ 55
1þe�ðT�155Þ

rdeadii

kdeadii ¼ e1�
6392

Tþ273:15

C2 population

rj
kd ¼ eA�

8000�0:1�PD
Tþ273:15

A ¼ 17:50þ 0:5
1þe�ðT�245Þ

bi;j ¼ 4

Hj
Hj ¼ ho �T

1þe0:08�ðPD�1Þ

ho ¼ 0:001
1þeðT�180Þ þ 9�10�5�0:0152

1þe�ðT�180Þ

Other parameters

Mass transfer coefficient
kj � a ¼ 0:2 � u0:2 � ð1� eÞ

¼ 0 Hacet

Hacet ¼ 0:025 � T
Hrep

¼ 0 Hrep ¼ 0:008 � T

¼ 22;793�Q�3033

1þe�ðT�165Þ

¼ 4� 3
1þe�ðQ�14Þ



Table 5
Simulation of the extracted biomass.

Experiment mReal
1 mSimulated

2 mTheoretical
3

g g g

1 4.2720 3.5948 4.3002
2 4.1968 3.6212 4.3211
3 4.1796 3.8357 4.3704
4 3.5992 3.9716 4.3154
5 3.8850 3.6408 4.3745
6 4.6349 4.0318 4.3491
7 3.7172 4.0280 4.3973
8 3.4134 4.0061 4.3419

1 Extracted biomass during the process.
2 Simulated value of the extracted biomass.
3 Total amount of cellulose and hemicellulose in the solid.
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ues also agree with literature (Charles et al., 2004; Klemm et al.,
2005; Parajó et al., 2004). For HC1 has been reported that its value
is between 65% and 90% of the total hemicellulose and for C2

around 65%.

4.3. Simulated behavior

Finally, an overall simulation of the fractionation was per-
formed (Fig. 6 and Table 5). Fig. 6a shows the evolution of the solid
composition during the process, which agrees with the experimen-
tal data showed in 4.2.1. During the first stage, hemicellulose is
mainly extracted and only a few part of cellulose (C1) is also recov-
ered. The main part of cellulose (C2) and a few amount of hemicel-
lulose (HC2) remain in solid up to the temperature change is done,
being solubilized. Finally, the solid is formed by residual cellulose
(as cellobiose), deacetylated oligomers and the repolymerization
products. Solid phase composition is also represented in
Fig. 6c and d by population C2 and HC1 evolution respectively. It
is remarkable the result for HC1 because up to 22 min of operation
the main products are oligomers. So, this simulation agrees with
the explanation given in Section 4.1 about the temperature and
water flow effect. In addition, these simulations are interesting
Cellobiose

Cellulose 

(a)

(c) 

Fig. 6. Overall simulation of the process. (a) Evolution of solid cellulose and hemicellulos
population evolution. HC: total solid hemicellulose content. C: total solid cellulose conte
Ct: total solid concentration. Olig: liquid oligomer content. DP + [Acet]: addition of the
amount in the liquid.
because they reproduce a real composition of biomass, which
could be a mandatory factor to decide when stop the process. On
the other hand, liquid behavior is shown in Fig. 6b. At the begin-
ning of the process (until 10 min), mainly sugars would be recov-
ered because biomass has not been fractionated yet. Once this
time have been reached, biomass would produce soluble oligomers
Hemicellulose

Dimer

(b)

(d) 

e. (b) Liquid oligomer concentration. (c) Solid C2 population evolution. (d) Solid HC1

nt. REP: polymerization product in the solid. DO: deacetylated product in the solid.
amount of degradation product and acetic acid in the liquid. C5 + C6: total sugar
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and they would be the main component in the liquid phase. This
tendency continuous up to around 60 min, when biomass would
be exhausted, and the concentration of oligomers starts to
decrease. Moreover, at this time, the temperature change is per-
formed and many degradation products and sugar are produced,
increasing their concentrations quickly. At the end of the process,
the oligomers would be again the main component in the liquid
because only cellobiose, deacetylated oligomers and repolymeriza-
tion products would remain in the solid.

Finally, the amount of extracted biomass was calculated and
compared with the experimental data (Table 5). It can be seen that,
generally, the experimental value is bigger than the simulated due
to the fluidization process explained in 3.1. Thus, this discrepancy
could be another reason for the deviation between the simulated
and experimental behavior. It is also remarkable that for experi-
ments 7 and 8 the data are lower than the simulated. Which could
be caused by the dilution of the sample in these experiments.

4.4. Model limitations and other biomass

From the discussions showed in Sections 4.2 and 4.3, it can be
concluded that the model is able to reproduce the holm oak frac-
tionation in a packed bed reactor at subcritical conditions. How-
ever, in order to apply this model to other biomass samples the
following statements should be considered:

� The reaction pathway was developed for woody biomass, as
hardwood as softwood. Thus, to adjust any other woody species
only changes in the parameters or/and in the initial biopolymer
length would be required. For other hardwood woods, the
changes in the parameters would be required because the frac-
tionation also depends on the structure and chemical properties
of biomass.

� Extractives and soluble lignin were assumed as negligible sub-
stances. Therefore, to reproduce the behavior of any biomass
with a great amount of any of them, such as grape seeds, new
mass balances for these compounds should be added.

� The reaction pathway was done assuming that the biomass
sample would be composed of cellulose, hemicellulose and lig-
nin. However, there are several species that present other
polysaccharides, like starch, which could not be studied with
the presented model.

� Lignin as an inert. Lignin does not start its degradation up to
300 �C, however it protects cellulose and hemicellulose against
degradation. Therefore, changes in lignin composition would
require a new set of parameters to reproduce the biomass
breaking.

5. Conclusions

A kinetic model for hydrothermal fractionation of holm oak was
developed and validated in this work. This model could reproduce
the experimental data considering all the physical phenomena
observed, like porosity variations, and the molecular weight distri-
butions. Moreover, a novel reaction pathway based on 4 different
populations of oligomers was introduced. These populations were
defined according to their origin: hard cellulose, hard hemicellu-
lose, weak cellulose or weak hemicellulose. Finally, the tempera-
ture and flow effect was assessed, founding that temperature is
the main influencing parameter. The water flow affected to the
process only if temperature was high enough to degrade biomass.
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