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Abstract: Cellulose is the most abundant component of biomass and the one that requires the most
activation energy (Ea) for pyrolysis. In this study, the dependence of Ea on the intrinsic cellulose
characteristics, such as the degree of polymerization (DP), crystallinity, and crystal size, was studied
in different cellulose samples, including samples from Eucalyptus globulus, Ulmus minor, Linun
usitatissimum, Olea europaea, Robinia pseudoacacia, and Populus alba. Then, to describe the pyrolytic
degradation of cellulose, the Ozawa–Flynn–Wall kinetic method was the most appropriate among
the isoconversional models studied. An acceptable quadratic relationship of R2 > 0.9 between the
Ea values of the different cellulose samples with their corresponding DP, crystallinity index, and
crystal size values was found. Therefore, low crystallinity and low-to-medium crystal size values are
desired to obtain lower Ea values for cellulose pyrolysis. On the other hand, DP did not present a
clear effect on Ea in the studied DP range.

Keywords: cellulose; crystal size; crystallinity; degree of polymerization; kinetic; pyrolysis; TGA

1. Introduction

One of the most important goals of today’s society is the transition from a fossil fuel-
based economy to a sustainable bioeconomy with the aim of mitigating global greenhouse
gas (GHG) emissions, the alarming increase in global energy demand, and the exhaustion
of fossil fuel reserves [1]. In this context, biomass is a renewable source with constant
global availability that can be used for the manufacture of a wide variety of bio-products,
including chemicals, materials, food, and feed [2]. Moreover, it can be converted into liquid,
solid, or gaseous fuels without contributing to the net increase in the level of CO2 in the
atmosphere [3–5], especially when residual biomass is used [6]. Among the most promis-
ing technologies for the transformation and valorization of biomass are thermochemical
processes such as liquefaction, gasification, pyrolysis, and combustion [7].

The three main components of lignocellulosic biomass are cellulose, hemicelluloses,
and lignin, varying in contents and characteristics depending on the type of biomass. The
kind of thermochemical process to be used for biomass recovery is greatly influenced
by its physico-chemical characteristics. However, according to Chen et al. [8], most of
the published studies in this field have focused on the type of biomass but not on its
components and characteristics. Therefore, the influence of the characteristics of biomass
components on the kind of recovery process to be used should be extensively studied.

Among the thermochemical processes, pyrolysis is one of the recovery processes
with the best industrial prospects as it can be optimized to maximize the yields of the
final product, i.e., liquid, gas, or biochar [9]. As a positive side effect, H2 is also obtained
through pyrolysis as a by-product [10]. As biomass, as it was mentioned before, is basically
composed of cellulose, hemicelluloses, and lignin, the reaction rate and, therefore, the
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residence time and temperature depend on both the operating variables and the kinetic
constants of the pyrolysis process. It is important to investigate the influence of the
parameters related to these components on the kinetic constants, as well as to find the best
model, among those usually used, to explain the data found. The most important operating
parameters may include the temperature at which pyrolysis is performed, as well as the
activation energy (Ea) as a function of the parameters of the biomass components. As
already confirmed by the studies of Carrier et al., Larrain et al., and Várhegyi [11–13], the
evolution of Ea as a function of the degree of advancement shows a dependence of the
cellulose rupture mechanism on the process temperature. Thus, it has been suggested that
weak bond scission represents the rate-limiting radical generation step in the pyrolysis
process. For natural polymers such as cellulose, the global activation energy represents the
scission of a much broader variety of bonds of varying strengths.

The thermal degradation of cellulose by pyrolysis has been previously described as
a function of first-order reactions [14], although several authors have described it as a
function of other reaction orders that implies the existence of parallel reactions between
the main components of biomass i.e., cellulose, hemicelluloses, and lignin [15]. Although
fitting to a first-order reaction has been shown to provide higher values than true A and
Ea values [16], it can be used in a comparative study among celluloses with different
characteristics. In this sense, Antal et al. [17] found an Ea value of 228 kJ mol−1 and
Wu et al. [18] reported values between 214.5 and 275.1 kJ mol−1 both for commercial
ash-free celluloses. Amutio et al. [19] described an Ea value of 206 kJ mol−1 for pine wood
sawdust cellulose, whereas Cai et al. [20] found values between 204.2 and 212.5 kJ mol−1

for several celluloses extracted from different raw materials, such as corn stover, cotton
stalk, palm oil husk, pine wood, red oak, sugarcane bagasse, switchgrass, and wheat
straw. Radojević et al. [21] found values between 180 and 240 kJ mol−1 in celluloses
from corn brakes, wheat straw, hazelnut shell, and sawdust as raw material. Moreover,
Adenson et al. [22] reported an Ea value of 199± 2.0 kJ mol−1 for microcrystalline cellulose.
Therefore, the variations in kinetic values calculated by different authors could be due
to both the effect of the physical form and the distinctive chemical characteristics of
the cellulose.

Although it is known that reaction conditions, such as different heating rate, residence
time, and particle size, for each type of pyrolysis reactor are different, the knowledge of
the factors related to cellulose that can affect the kinetics can help to improve the designs
for large-scale equipment. In this sense, different studies about the influence of several
parameters related to the cellulose pyrolysis process have been reported [23–26]. However,
in these studies, only parameters such as process temperature, particle size, residence time,
and pressure have been evaluated. Few studies on the influence of the susceptibility of
the intrinsic characteristics of cellulose to the pyrolysis process have been conducted. For
that reason, this study aimed to calculate the relationship between cellulose characteristics,
including the degree of polymerization, crystallinity index and crystal size, and kinetic
constants, serving as a reference to optimize the biomass pyrolysis process.

2. Materials and Methods
2.1. Raw Materials

Black locust and poplar woods, from the Robinia pseudoacacia L. genotype Nyirsegi
and Populus alba L. clone PO-10-10-20, respectively, were provided by the Silviculture and
Forest Management Department of INIA, CSIC (Madrid, Spain), whereas olive tree, Olea
europaea, pruning was supplied by Universidad de Jaén (Jaén, Spain).

Elm wood, from Ulmus minor clone Ademuz, registering in Spain as tolerant to Dutch
elm disease, was provided by the Spanish elm breeding program between the Polytech-
nical University of Madrid and the Spanish Environmental Administration. Eucalyptus
(Eucalyptus globulus) and flax (Linun usitatissimum) bleached commercial pulps were kindly
supplied by La Montañesa pulp mill (Lecta Group, Zaragoza, Spain) and Celesa (Tortosa,
Tarragona, Spain), respectively.
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All used chemicals were reagent-grade and obtained from Sigma-Aldrich (Madrid,
Spain) or Merck (Barcelona, Spain).

2.2. Cellulose Production and Chemical Composition

All cellulose samples were obtained from R. pseudoacacia, P. alba, U. minor, and
O. europaea using the kraft pulping process followed by a bleaching sequence. Kraft
pulping was carried out using a 15 L batch cylindrical reactor, which was equipped with
a rotating shaft to ensure proper agitation. The conditions of the kraft pulping, the type
of bleaching sequence, and the conditions of the bleaching stages were set for each raw
material in order to obtain cellulose samples with the lowest lignin content, taking into
account previous works [27–30].

Pulping conditions for P. alba were: 20% sulfidity, 17% active alkali, 170 ◦C, 120 min,
and a liquid/solid ratio of 7:1 [27]. Then, the resulting unbleached sample was submitted to
a standard industrial totally chlorine-free (TCF) bleaching sequence consisting of OOQPoP,
where O is a twice delignification stage of oxygen (held twice), Q is a chelating stage, and
P and Po are hydrogen peroxide bleaching stages without or with oxygen. The conditions
used in each bleaching stage were those described by Ibarra et al. [28]. In brief, oxygen
delignification stages were: 6 MPa of oxygen pressure, 60 min, 98 ◦C, 0.5% MgSO4 o.d.p.
(oven dry pulp), 1.5% NaOH o.d.p., and 20% (w/v) of consistency. The chelating step
was performed using 0.3% diethylenetriaminepentaacetic acid (DTPA) at 85 ◦C for 60 min
and at pH 5–6. Finally, the bleaching conditions in the first step were: 2% NaOH, 0.5%
Na2Si2O3, 0.1% MgSO4, and 3% H2O2 for 140 min at 105 ◦C pressurized with oxygen at
6 kg cm−2, while the second step was carried out using the same chemical reagents but for
180 min at 98 ◦C without pressure. Cellulose pulps were washed after each stage using
deionized water and stored at 4 ◦C.

Pulping conditions for R. pseudoacacia and U. minor wood were: 21% sulfidity, 16%
active alkali, a liquor-to-wood ratio of 6:1 liquid/solid, and 90 min at maximum temper-
ature (165 ◦C). After pulping, an oxygen delignification step was carried out at 98 ◦C,
60 min, 0.6 MPa of oxygen pressure, 1.5% NaOH o.d.p., 0.5% MgSO4 o.d.p., and 10% (w/v)
consistency. Then, the bleaching sequence used for both materials was QPP, consisting
of a chelation step at 85 ◦C, 60 min, pH 5–6, and 0.3% DTPA, followed by two steps of
hydrogen peroxide. The first hydrogen peroxide step conditions were: 3% H2O2 o.d.p.,
2% NaOH o.d.p., 0.1% MgSO4 o.d.p., 10% (w/v) of consistency, and 105 ◦C for 140 min;
and the second step conditions were the same as the first step except for temperature and
time: 98 ◦C for 180 min [29]. Cellulose pulps were washed after each stage using deionized
water and stored at 4 ◦C.

Pulping conditions for O. europaea were: 175 ◦C, 90 min, 20% active alkali, 25% sulfidity,
and 5:1 liquid/solid ratio [30]. After kraft pulping, the resulting unbleached pulp was
subjected to an oxygen delignification (O) stage followed by three consecutive peroxide
bleaching (P) stages, resulting in the OPPP bleaching sequence [30]. The conditions of the O
stage were 100 ◦C, 50 min, 6 MPa of oxygen pressure, 2.5% NaOH o.d.p., 0.5% MgSO4 o.d.p.,
0.1% DTPA o.d.p., and 10% (w/v) of consistency, using the same reactor described above
for the pulping process. Then, P stages were performed under the following conditions:
90 ◦C, 90 min, 1.5% NaOH o.d.p., 0.2% MgSO4 o.d.p., 1% DTPA o.d.p. and 3% H2O2 o.d.p.,
and 6% (w/v) of consistency in a plastic bag submerged in a thermostatic bath. Cellulose
pulps were washed after each stage using deionized water and stored at 4 ◦C.

The chemical composition of the resulting cellulose pulps, as well as the commercial
pulps, was determined according to NREL/TP-510-42618: Laboratory Analytical Proce-
dures for determination of carbohydrates and lignin in biomass [31]. After acid hydrolysis,
the carbohydrate concentration was determined by high-performance liquid chromatogra-
phy (HPLC) in an Agilent Technologies 1260 HPLC fitted with a refractive index detector
(Agilent, Waldbronn, Germany) and equipped with an Agilent Hi-PlexH column at 65 ◦C
using 5 mM of sulfuric acid as mobile phase at 0.6 mL min−1.
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All cellulose pulps were soaked in diluted HCl solution (pH 2, 10% (w/v) consistency),
mechanically stirred for 20 min, and intensively washed with water to remove heavy
metals, if present.

2.3. Degree of Polymerization

The degree of polymerization of the different bleached cellulose pulps was calcu-
lated as the viscosity-average molecular weight. First, the intrinsic viscosity in the cupri-
ethylenediamine (CED) solution was determined according to the ISO 5351 standard
for each cellulose sample. Then, the degree of polymerization (DPv) was calculated ac-
cording to the Mark–Houwink–Sakurada equation (Equation (1)), as other authors have
referenced [30,32,33]:

[µ] = KpDPa
v (1)

where [µ] is the intrinsic viscosity in g mL−1, DPv is the degree of polymerization, and
Kp and a are empirical parameters. The values of these empirical parameters for cellulose
have been determined by several authors using different solvents. Thus, for cellulose
pulp dissolved in CED, Kp and a values can be considered as 1.70 mL g−1 and 0.80,
respectively [32].

2.4. Crystallinity

Bleached cellulose pulps were analyzed by X-ray powder diffraction to determine
their crystallinity. Cellulose pulps were pressed as pellets before being analyzed. A Bruker
D8 Advance instrument (Bruker, Billerica, MA, USA) equipped with a Cu anode (CuKα

radiation) and Ni filter was used. The voltage was set at 40 kV and the current sources at
30 mA. Diffraction patterns were recorded between 8◦ and 40◦ (2θ diffraction angle) using
a step size of 0.04 and a goniometer speed of 1 s per step. Then, the Segal method was used
to determine the crystallinity index (CI) according to Equation (2):

CI =
I002 − IAM

I002
·100 (2)

where I002 is the height of the crystalline (002) peak and IAM is the height of the amor-
phous intensity.

The average size of the nanocrystallites (t) was also estimated for the different cellulose
pulps, based on the Scherrer equation (Equation (3)) using the (002) reflection:

t =
k·λ

β·cosΘ
(3)

where k is the correction factor (0.9), λ is the radiation wavelength (0.15418 nm), β is the
width of the peak at half of the maximum height (in radians), and Θ is the diffraction angle
of the peak.

2.5. Thermogravimetric Analysis

The thermal decomposition behavior of the cellulose pulps was evaluated by thermo-
gravimetric equipment (TGA) (Mettler Toledo TGA/DSC1 STARe System, Mettler-Toledo,
S.A.E., L’Hospitalet de Llobregat, Barcelona, Spain). The studies were carried out by heat-
ing samples, quantities between 50 and 100 mg, from room temperature to 800 ◦C. Four
heating rates, including 5, 10, 15, and 20 ◦C min−1, with a nitrogen flow of 20 cm3 min−1,
were used in each of the samples. The resulting data were analyzed in order to determine
the Arrhenius activation energy (E) and the pre-exponential constant (A) by using different
isoconversional methods. Netzsch Kinetics Neo (v2.1.2.1) software (NETZSCH-Gerätebau
GmbH, Selb, Germany) was employed for the determination of the parameters.
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2.6. Kinetic Modeling

The kinetics of thermal degradation of organic materials, such as cellulose, has been
commonly studied by thermogravimetric techniques under both isothermal and non-
isothermal conditions. In general, model-free kinetic methods based on the Arrhenius
equation are among the most widely used. Therefore, the common modeling methods used
have been evaluated [34,35]. In this sense, ASTME-2070, Friedman, Ozawa–Flynn–Wall,
and Kissinger–Akahira–Sunose methods were selected [34,36,37]. These models allow
us to determine the main kinetic constants such as the activation energy (Ea) and the
pre-exponential factor (A) without having to assume a certain kinetic model for the studied
reactions [38]. However, under these kinetic methods, it is not possible to determine either
the number of reaction steps or their contribution to the total effect.

This type of analysis is used in several American Society of Testing Materials (ATM)
methods such as ATME-698, ATME-2890, ATME-1641, and ASTME-2070. These equations
are also the scientific basis for other commonly used methods such as those of Friedman,
Ozawa–Flynn–Wall (OFW), or Kissinger–Akahira–Sunose (KAS).

2.6.1. Ozawa–Flynn–Wall and ASTME-2070 Methods

The Ozawa–Flynn–Wall method [39,40] could be deduced as the most suitable to
explain thermal degradation by the pyrolysis of cellulose, regardless of the degree of
polymerization and crystallinity. This is an isoconversional method, suitable for single-step
reactions, in which the Ea must be constant in the weight loss region [40]. The Ea values
were determined according to Equation (4).

ln(β) = ln
(

A Ea
R g(α)

)
− 2.315 − 0.4567

(
Ea
RT

)
(4)

where β is the heating rate, A is the pre-exponential factor, g(α) is a function of the conver-
sion, Ea is the activation energy, and R is the gas constant.

Therefore, for a given degree of conversion (α) and under the different heating rates (β)
studied, a linear relationship of the maximums of the thermogravimetric curves recorded,
plotted by the natural logarithm of heating speeds (ln β), as opposed to (1/T), can be
calculated. From the slope (−0.4567 (Ea/RT)) of the calculated straight line, the Ea can
be obtained.

A significant advantage of this method is that it can be used for the calculation of
Ea without the need to know the reaction mechanism beforehand [41]. However, on the
other hand, it has the disadvantage that the tests must be with similar samples and process
conditions, as fluctuations usually cause measurement errors [42]; therefore, in the present
study, four replicas of each sample were used.

In this sense, the standard ASTME-2070 method, aimed to evaluate the kinetic behavior
at reaction initiation, is also based on this equation, although only the 5% conversion rate
data were used.

2.6.2. Friedman Method

The differential isoconversional method of Friedman is also based on the Arrhe-
nius equation:

dα

dt
= ln( f (α)) A −

(
Ea
RT

)
(5)

According to this equation, under different heating rates, a constant value for f (α)
A must be obtained at the same conversion degree. Therefore, as a function between
temperature T and reaction rate (dα/dt) at a fixed conversion degree and under different
heating rates, the activation energy can be deduced from the slope of ln(dα/dt) versus 1/T.
Furthermore, A can be calculated from the intercept with the axes.
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2.6.3. Kissinger–Akahira–Sunose (KAS) Method

The KAS integral method is also derived from the Arrhenius equation. In this case,
this equation can be integrated from the initial condition of α = 0 for T = T0, obtaining the
expression shown in Equation (6).

ln(
β

T2 ) = ln
(

A R
Ea

)
−

(
Ea

RT

)
(6)

The activation energy can be deduced from the slope of ln(β/T2) versus 1/T. Further-
more, A can also be calculated from the intercept with the axes.

3. Results and Discussion
3.1. Composition of Cellulose Pulps

Cellulose pulps showed cellulose, hemicellulose, and lignin contents of 69.2–88.7%,
5.2–20.6%, and 0.2–2.5%, respectively, as it can be observed in Table 1.

Table 1. Chemical composition of cellulose samples (weight percentage %).

Total Lignin
(%)

Glucan
(%)

Xylan
(%)

Eucalyptus globulus 1.3 ± 0.1 74.5 ± 2.0 18.2 ± 0.5
Ulmus minor 1.3 ± 0.2 74.2 ± 1.8 19.4 ± 0.9

Linun usitatissimum 0.2 ± 0.3 88.7 ± 0.9 5.2 ± 0.4
Olea europaea 2.5 ± 0.2 69.2 ± 1.7 20.6 ± 0.8

Robinia pseudoacacia 1.0 ± 0.3 76.4 ± 1.8 18.7 ± 0.6
Populus alba 1.2 ± 0.1 74.1 ± 1.8 19.1 ± 0.8

The O. europaea sample presented the highest total lignin content and the L. usitatis-
simum sample the lowest compared with the rest of the cellulose pulps. Regarding the
carbohydrates content, glucan was the most abundant carbohydrate in all samples, fol-
lowed by xylan, which is a normal composition after alkaline pulping processes such as
kraft or soda. In concordance with lignin content results, O. europaea showed the lowest
value in glucan content and L. usitatissimum the highest. These results could be explained
not only by the different conditions used during the pulping and bleaching processes for
each raw material, which were optimized to obtain samples as rich in cellulose as possible,
but also by the initial raw material to be processed. Thus, the compositions obtained for
O. europaea and E. globulus were very similar to that found by Fillat et al. [30], who used the
same cellulose samples production procedure as that in the present study.

Francis et al. [43] achieved lignin content values of 0.4% for black locust kraft bleached
pulp under similar pulping conditions than those used in this work but using an elementary
chlorine-free (ECF) bleaching sequence. Regarding flax, Barba et al. [44] and Ye and
Farriol [45] presented a similar composition than that found in this study.

3.2. Degree of Polymerization, Crystallinity and Crystal Size of Cellulose Pulps
3.2.1. Degree of Polymerization

As it is known, the degree of polymerization (DP) is the average number of monomers
that form the polymer molecules. In the case of cellulose pulps, the DP is calculated through
their viscosity, as explained in Section 2.3. The DP values for the different cellulose samples
tested were within the range of 1939–2744 (Table 2). The highest values were described
for E. globulus and U. minor samples and the lowest for P. alba and R. pseudoacacia samples,
while the other samples showed intermediate values. These values are in concordance
with those reported by other authors. Thus, Fillat et al. [30] found very similar DP values
for olive tree pruning and eucalypt bleached cellulose pulps. Ibarra et al. [28] reported
different viscosity values for different nonwood soda pulps, with the abaca cellulose sample
being the one presenting the highest viscosity, around 1200 mL g−1, while the flax cellulose
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sample showed a viscosity of 800 mL g−1, corresponding to a DP very similar to that found
in this work for the same pulp. Different DP values were found by Kim et al. [46] for
Funacel, cotton, and halocynthia cellulose samples with values of 520, 4300, and 19,000,
respectively, which were isolated using a different process than the one used in this work.
Przybysz et al. [47] showed a DP of around of 1500 for different hybrids and clones of
poplar cellulose pulps without bleaching. Therefore, a higher value was obtained in our
case for bleached P. alba cellulose pulp, taking into account that the bleaching process
normally decreases the DP.

Table 2. Degree of polymerization, cellulose crystallinity, and crystal size of cellulose samples.

Degree of
Polymerization

Crystallinity
(%)

Crystal Size
(nm)

Eucalyptus globulus 2744 ± 246 91.2 ± 1.4 10.9 ± 0.4
Ulmus minor 2682 ± 412 89.0 ± 1.1 8.6 ± 0.1

Linun usitatissimum 2023 ± 351 95.5 ± 0.1 9.1 ± 0.4
Olea europaea 2138 ± 138 86.8 ± 0.6 8.1 ± 0.4

Robinia pseudoacacia 1965 ± 311 89.9 ± 2.9 8.9 ± 0.3
Populus alba 1939 ± 397 93.8 ± 0.2 9.4 ± 0.4

Therefore, as expected, not only the source of cellulose but also the processes used for
isolating it have influence on the degree of polymerization of the resulting samples.

3.2.2. Crystallinity and Crystal Size

Cellulose molecules have a strong tendency to form intra- and inter-molecular hy-
drogen bonds, which may give rise to several ordered crystalline arrangements and pack-
aging [48], whereas the surface of these cellulose packages can only be regarded as an
amorphous region, in the same way that hemicelluloses and lignin [49]. The degree of
crystallinity of cellulose is one of the most significant crystalline structure parameters,
with X-ray diffraction being one of the methods generally used to evaluate it, either in
different vegetable materials or cellulose samples [50]. The cellulose crystallinity index of
cellulose samples depends, among other factors, on the biomass source [51]. In this study,
the crystallinity index (CI) values of the different cellulose samples were calculated from
their different X-ray diffractograms according to the Segal methods (Equation (2)) (Table 2).
The highest percentage of crystallinity was displayed for the L. usitatissimum sample, with
a value of 95.5%, while the lowest value was presented for O. europaea, with a value of
86.8%, with intermediate values for P. alba (93.8%), E. globulus (91.2%), R. pseudoacacia
(89.9%), and U. minor (89.0%) cellulose pulps. In this sense, Agarwal et al. [50] showed a
higher crystallinity index of flax biomass compared to other hardwoods and softwoods, in
accordance with data showed herein. Moreover, the type of pulping process, i.e., chemical
reagents, temperature, pressure, etc., also influences the cellulose crystallinity [50,52]. Thus,
either the removal degree of hemicellulose, lignin, extractives, etc., or the grade of attack,
i.e., peeling and chain scissions, on the amorphous domains of cellulose is a factor that
affects the crystallinity of cellulose samples. In this way, Gümüskaya et al. [53] showed a
major crystallinity of linter cotton submitted to soda pulping compared to kraft pulping.

The crystal size values of the different cellulose samples, based on the Scherrer equa-
tion (Equation (3)) using the (002) reflection are also shown in Table 2. Generally, crys-
tal size values increase with crystallinity index values. Thus, the highest crystal size
was displayed for the E. globulus sample, with a value of 10.9, while the lowest value
was presented for the O. europaea sample (8.1), with intermediate values for P. alba (9.4),
L. usitatissimum (9.1), R. pseudoacacia (8.9), and U. minor (8.6) samples.

3.3. TGA and DTG Study of Cellulose Pulps

Figure 1 shows the thermogravimetric (TG) and derived thermogravimetric (DTG)
profiles of the samples studied obtained at heating rates of 15 ◦C min−1. TG and DTG
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curves at the different heating rates studied (5, 10, 15, and 20 ◦C min−1) are included
as Supplementary Materials for each cellulose sample (Figures S1–S6). For 15 ◦C min−1

curves, maxima of degradation speed (DTG peaks) at temperatures of 355 ◦C for E. globulus
and U. minor and 357 ◦C for L. usitatissimum, O. europaea, R. pseudoacacia, and P. alba cellulose
samples were found. Therefore, under these studied cellulose samples, other factors such
as pH of the substrate, hemicellulose content, and oxidized functionalities content slightly
affected the maximum speed of degradation reached.

In general, both the total number and the location of these peaks vary depending
on the cellulose sample and the reaction conditions. The graphs are shown from 200 ◦C
to avoid deviation due to moisture loss. The pyrolysis of cellulose in these samples is
postulated to occur through three main regimes based on the TG profile: (i) devolatilization
of hemicelluloses, between 230 and 250 ◦C; (ii) devolatilization of cellulose, between 140
and 420 ◦C, as the decomposition of cellulose occurs at a higher temperature than the
decomposition of hemicelluloses; (iii) slow devolatilization of lignin >380 ◦C [54]. In this
regard, in the figures concerning L. usitatissimum and R. pseudoacacia, a slight shoulder at
250 ◦C that may be due to the degradation of carbohydrates can be observed. This shoulder
in the rest of the figures was not found. In addition, with respect to the devolatilization
of lignin, in the figures corresponding to E. globulus, L. usitatissimum, and O. europaea, a
slight decrease in the corresponding TGA and an increase in the degradation rate in its
corresponding DTG can be observed. This third degradation may be due to the residual
lignin that would remain in the samples.
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3.4. Cellulose Pulps Kinetics

Table 3 shows the statistical results obtained, including R2 and Snedecor F-Test, after
the application of the different models most used to calculate the kinetic constants for
biomass [41]. It can be seen that, for all the cellulose samples studied, the Ozawa–Flynn–
Wall (OFW) kinetic model is the one under which the best statistical data were found.
Therefore, it is the best method to describe the kinetics of thermal degradation under
pyrolysis, regardless of the cellulose characteristics. On the other hand, with the exception
of the ASTME-2070 method, the other methods studied showed a high R2 and good F-test
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data, and are, for some of the samples studied, statistically similar to those obtained by the
OFW method.

Table 3. Calculated statistical values for the different studied kinetic methods.

Kinetic Method R2 F-Test

ASTME-2070 0.877 16,707.22
Friedman 0.996 4494.01

Eucalyptus globulus Ozawa-Flynn-Wall 0.998 805.53
Kissinger-Akahira-Sunose 0.967 2142.13

ASTME-2070 0.904 19,899.81
Friedman 0.996 7990.41

Ulmus minor Ozawa-Flynn-Wall 0.999 3137.64
Kissinger-Akahira-Sunose 0.999 4544.63

ASTME-2070 0.912 522.26
Friedman 0.996 18,205.87

Linun usitatissimum Ozawa-Flynn-Wall 0.999 424.28
Kissinger-Akahira-Sunose 0.999 522.26

ASTME-2070 0.914 150.52
Friedman 0.994 15.68

Olea europaea Ozawa-Flynn-Wall 0.998 19.29
Kissinger-Akahira-Sunose 0.998 17.00

ASTME-2070 0.958 134.78
Friedman 0.995 13.59

Robinia pseudoacacia Ozawa-Flynn-Wall 0.996 18.40
Kissinger-Akahira-Sunose 0.997 12.00

ASTME-2070 0.907 346.06
Friedman 0.990 38.51

Populus alba Ozawa-Flynn-Wall 0.997 18.00
Kissinger-Akahira-Sunose 0.997 16.18

The Ea and the pre-exponential factor (A) of all the cellulose samples were calculated
by the OFW method. These kinetic parameters and the conversion value of the maximum
DTG (α) were calculated according to Equation (4). The estimated data were obtained as
an average of three experimental determinations, with the standard deviations, for each
sample, being less than 5% with respect to the presented average in all cases. The results
obtained are shown in Table 4. In this sense, the Ea was not similar for all the samples,
which indicates the existence of a relationship between the characteristics of the celluloses
found and their physico–chemical characteristics.

Table 4. Maxima activation energy, pre-exponential factor, and conversion degree for studied
cellulose samples.

α
Ea

(kJ mol−1)
Log A

(log (1/s))

Eucalyptus globulus 0.82 285.30 21.86
Ulmus minor 0.85 242.42 16.39

Linun usitatissimum 0.80 257.67 18.80
Olea europaea 0.75 180.07 13.04

Robinia pseudoacacia 0.84 267.51 21.50
Populus alba 0.83 275.58 18.74

As it can be observed in Table 4, the Ea for the studied celluloses ranged from
180.07 kJ mol−1 to 285.30 kJ mol−1 and its pre-exponential factor natural logarithms ranged
from 21.86 log (1/s) to 13.04 log (1/s). These values are within the range of values found
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by other authors [17–22]. On the contrary, Jin et al. [55] found values of 381 kJ mol−1 for
cellulose activation energy under isothermal heating conditions.

3.5. Kinetic Constants Dependence on Cellulose Characteristics

The influence of some cellulose characteristics, i.e., degree of polymerization, crys-
tallinity index, and crystal size, on the thermal degradation behavior of the different
cellulose pulps was evaluated. Then, a relationship between Ea values (Table 4) of the
different cellulose samples with their corresponding DP, crystallinity index, and crystal
size values was established, resulting in second-order equations to yield suitable results
(R2 > 0.9) among Ea and DP, with R2 = 0.91, among Ea and cellulose crystallinity, with
R2 = 0.99, and among Ea and cellulose crystal size, with R2 = 0.94, (Figure 2A–C, respec-
tively). However, by establishing a linear relationship among the evaluated parameters,
a low statistical relationship was found (R2 < 0.9). This may be due to unevaluated pa-
rameters such as hemicellulose content, pH, or the content of oxidized functionalities [56].
However, certain significant trends may be noted. In this sense, in Figure 3A–C, we
can observe Ea for the selected cellulose samples as a function of crystallinity versus
DP (Figure 3A), crystal size versus DP (Figure 3B), and crystal size versus crystallinity
(Figure 3C). In Figure 3A, both the DP and the crystallinity have negative influences on the
Ea, i.e., higher Ea with the increase in these parameters, as can be observed. In addition, in
the plane where the studied points are connected, the DP slope is lower than that found for
crystallinity. Therefore, the DP has a lower influence on the evolution of the Ea than crys-
tallinity. In Figure 3B, a similar trend can be observed, finding that the slope corresponding
to crystal size is higher than that found for DP, so crystal size has a higher influence than
DP on Ea. Finally, in Figure 3C, a lower influence of crystallinity on Ea compared to crystal
size was found. Accordingly, the relative influence of the variables can be proposed as:
crystal size > crystallinity > DP. Therefore, low crystallinity and low-to-medium crystal
size values are desired to obtain lower Ea values. This behavior could be due to the fact
that high crystallinity makes degradation more difficult because it constitutes a steric
barrier and hinders the dehydration reactions, contributing to decrease the Ea values and
to increase the cellulose thermal stability and, consequently, slowing down the thermal
degradation process [57]. Conversely, low cellulose crystallinity makes it more accessible
and more susceptible to degradation [58,59]. Therefore, E. globulus and P. alba cellulose
samples with a high crystallinity index and crystal size values lead to a slower thermal
degradation compared to those cellulose samples with the lowest crystallinity index and
crystal size, i.e., O. europaea sample. In this sense, Zickler et al. [60] evaluated the thermal
degradation of cellulose in spruce wood at several temperatures by in situ synchrotron
X-ray diffraction. These authors suggested that the thermal degradation of cellulose takes
place mostly via a thermally activated decrease in the diameter of the cellulose fibril. In
addition, Hidaka et al. [61] evaluated the thermal expansion behavior of cellulose crystals
in tension wood of Japanese poplar by synchrotron X-ray fiber diffraction, proposing that
intramolecular hydrogen bonds stabilize the cellulose molecules and may inhibit thermal
expansion along this direction, improving the wood thermal stability. Poletto et al. [62]
studied the influence of the cellulose crystallinity and crystal size on the thermal degrada-
tion behavior of different wood species. Their X-ray diffractometry results showed that
Dipteryx odorata and Mezilaurus itauba contained many more cellulose chains in highly
organized form in the interior of the crystallite, which led to a higher crystallinity and
crystal size, shifting the thermal decomposition to higher temperatures. Finally, Poletto
et al. [62] reported that higher crystallinity and higher crystallite size values from cellulose
pulp from Pinus taeda increased its thermal stability compared to Eucalyptus grandis, with
lower crystallinity characteristics.

On the other hand, Kim et al. [46] demonstrated that DP may be an important factor for
the transfer of heat in the decomposition of cellulose and in the temperature of the thermal
degradation of cellulose, i.e., higher DP and higher temperature. Similarly, Bílková [63]
and Špérová et al. [64] found a nonlinear relationship between DP and thermal degradation
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parameters that indicated that the higher DP contributed to a higher thermal stability
(higher Tpeak) [63], lower mass loss (%), and lower degradation rate (% min ◦C−1) [64].
However, this trend was not clearly observed in our data, probably because the DP range of
our samples, between 1939 and 2744, was much lower than those studied by Kim et al. [46]
with values between 520 and 19000, by Bílková [63] with values between 150 and 2000, and
by Špérová et al. [64] with values between 352 and 2450. Therefore, the change in DP in
our case is not enough to see a clear effect of DP on thermal degradation. Nevertheless,
according to Mattonai et al. [65], the DP has little impact on the energy required for the
pyrolysis of cellulose, with the decrease in crystallinity being the main cause of the decrease
in Ea. Thus, Sanchez-Jiménez et al. [66] reported that the main step of cellulose degradation
by pyrolysis is the random-chain scission, which is related to the crystalline lattice [66].

Processes 2021, 9, x FOR PEER REVIEW 11 of 15 
 

 

Japanese poplar by synchrotron X-ray fiber diffraction, proposing that intramolecular hy-
drogen bonds stabilize the cellulose molecules and may inhibit thermal expansion along 
this direction, improving the wood thermal stability. Poletto et al. [62] studied the influ-
ence of the cellulose crystallinity and crystal size on the thermal degradation behavior of 
different wood species. Their X-ray diffractometry results showed that Dipteryx odorata 
and Mezilaurus itauba contained many more cellulose chains in highly organized form in 
the interior of the crystallite, which led to a higher crystallinity and crystal size, shifting 
the thermal decomposition to higher temperatures. Finally, Poletto et al. [62] reported that 
higher crystallinity and higher crystallite size values from cellulose pulp from Pinus taeda 
increased its thermal stability compared to Eucalyptus grandis, with lower crystallinity 
characteristics. 

On the other hand, Kim et al. [46] demonstrated that DP may be an important factor 
for the transfer of heat in the decomposition of cellulose and in the temperature of the 
thermal degradation of cellulose, i.e., higher DP and higher temperature. Similarly, Bí-
lková [63] and Špérová et al. [64] found a nonlinear relationship between DP and thermal 
degradation parameters that indicated that the higher DP contributed to a higher thermal 
stability (higher Tpeak) [63], lower mass loss (%), and lower degradation rate (% min °C−1) 
[64]. However, this trend was not clearly observed in our data, probably because the DP 
range of our samples, between 1939 and 2744, was much lower than those studied by Kim 
et al. [46] with values between 520 and 19000, by Bílková [63] with values between 150 
and 2000, and by Špérová et al. [64] with values between 352 and 2450. Therefore, the 
change in DP in our case is not enough to see a clear effect of DP on thermal degradation. 
Nevertheless, according to Mattonai et al. [65], the DP has little impact on the energy re-
quired for the pyrolysis of cellulose, with the decrease in crystallinity being the main cause 
of the decrease in Ea. Thus, Sanchez-Jiménez et al. [66] reported that the main step of cel-
lulose degradation by pyrolysis is the random-chain scission, which is related to the crys-
talline lattice [66]. 

 
Figure 2. Yielded equations among activation energy and cellulose crystallinity (A), cellulose crystal size (B), and degree 
of polymerization (C). 

 

Figure 2. Yielded equations among activation energy and cellulose crystallinity (A), cellulose crystal size (B), and degree of
polymerization (C).

Processes 2021, 9, x FOR PEER REVIEW 12 of 15 
 

 

 
Figure 3. Linear relations found among activation energy, crystallinity, and degree of polymerization (A); activation en-
ergy, crystal size, and degree of polymerization (B); and activation energy, crystallinity, and crystal size (C). 

4. Conclusions 
The Ozawa–Flynn–Wall kinetic method, among the isoconversion models studied, 

seemed to be the most suitable to describe the pyrolytic degradation of the cellulose sam-
ples studied, i.e., E. globulus, U. minor, L. usitatissimum, O. europaea, R. pseudoacacia, and P. 
alba. High relationships (R2 > 0.9) between Ea values of the different cellulose samples with 
their corresponding DP, crystallinity index, and crystal size values were found. During 
pyrolysis, the lowest Ea values (180.1–242.4 KJ mol−1) were found for cellulose samples 
with low values of crystallinity (86.8–89.0%) and low-to-medium values of crystal size 
(8.1–8.6 nm). On the other hand, the highest Ea values (275.6–285.3 KJ mol−1) were found 
in cellulose samples with high crystallinity (91.2–93.8%) and high crystal size (9.4–10.9 
nm). However, DP did not show a clear effect on Ea values. 

Supplementary Materials:  The following are available online at www.mdpi.com/xxx/s1, Figure 
S1: TGA and DTG for Eucalyptus globulus cellulose sample at different heating ratio. Figure S2: TGA 
and DTG for Ulmus minor cellulose sample at different heating ratio. Figure S3: TGA and DTG for 
Linun usitatissimun cellulose sample at different heating ratio. Figure S4: TGA and DTG for Olea 
europaea cellulose sample at different heating ratio. Figure S5: TGA and DTG for Robinia pseudoacacia 
cellulose sample at different heating ratio. Figure S6: TGA and DTG for Populus alba cellulose sample 
at different heating ratio. 

Author Contributions: Conceptualization, M.E.E. and M.J.D.; methodology, M.E.E., M.R.-M., R.M.-
S., D.I. and M.J.D.; software, M.R.-M. and M.J.D.; validation, M.E.E., M.R.-M., R.M.-S., D.I. and 
M.J.D.; formal analysis, M.E.E., M.R.-M., R.M.-S., D.I. and M.J.D.; investigation, M.E.E., M.R.-M., 
R.M.-S., D.I. and M.J.D.; resources, M.E.E., M.R.-M., R.M.-S., D.I. and M.J.D.; data curation, M.E.E., 
M.R.-M., R.M.-S., D.I. and M.J.D.; writing—original draft preparation, M.E.E., M.R.-M., R.M.-S., D.I. 
and M.J.D.; writing—review and editing, M.E.E., M.R.-M., R.M.-S., D.I. and M.J.D.; visualization, 
M.E.E., M.R.-M., R.M.-S., D.I. and M.J.D.; supervision, M.E.E. and M.J.D.; project administration, 
M.E.E., D.I. and M.J.D.; funding acquisition, M.E.E., D.I. and M.J.D. All authors have read and 
agreed to the published version of the manuscript. 

Funding: This research was funded by Comunidad de Madrid and MCIU/AEI/FEDER, EU via Pro-
jects SUSTEC-CM S2018/EMT-4348 and RTI2018-096080-B-C22, respectively, and the Regional Min-
istry of Innovation, Science and Enterprise, Government of the Junta de Andalucía (Operational 
Programme FEDER Andalusia 2014-2020. Project UHU-1255540), Spain. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Figure 3. Linear relations found among activation energy, crystallinity, and degree of polymerization (A); activation energy,
crystal size, and degree of polymerization (B); and activation energy, crystallinity, and crystal size (C).

4. Conclusions

The Ozawa–Flynn–Wall kinetic method, among the isoconversion models studied,
seemed to be the most suitable to describe the pyrolytic degradation of the cellulose samples
studied, i.e., E. globulus, U. minor, L. usitatissimum, O. europaea, R. pseudoacacia, and P. alba.
High relationships (R2 > 0.9) between Ea values of the different cellulose samples with
their corresponding DP, crystallinity index, and crystal size values were found. During
pyrolysis, the lowest Ea values (180.1–242.4 KJ mol−1) were found for cellulose samples
with low values of crystallinity (86.8–89.0%) and low-to-medium values of crystal size
(8.1–8.6 nm). On the other hand, the highest Ea values (275.6–285.3 KJ mol−1) were found
in cellulose samples with high crystallinity (91.2–93.8%) and high crystal size (9.4–10.9 nm).
However, DP did not show a clear effect on Ea values.
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