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A B S T R A C T   

Pyrolysis has emerged as a highly promising technology for the efficient utilization of organic materials, 
particularly lignocellulosic materials. This study investigates the behavior and influence of three primary 
biomass fractions (cellulose, hemicellulose, and lignin) derived from different sources (trees, shrubs, and agri
cultural residues) on the kinetic of the pyrolysis process. With this objective, different fragmentation methods 
were employed to isolate the main components of the lignocellulosic biomass, followed by thermogravimetric 
analysis to examine the pyrolysis process. The activation energy was determined using both, the Friedman 
differential kinetic models of and the Flynn-Wall-Ozawa integrated method, with the latter being found to be 
more efficient. The activation energy (Ea) was found to be influenced by several factors, including the frac
tionation process and the origin of the raw material. For hemicellulose, the Ea was in the range of 200–300 kJ 
mol− 1, while cellulose showed Ea values of about 180–220 kJ mol− 1. In contrast, lignin displayed a wider range 
of Ea variation, with its values being more sensitive to the fractionation method used. Gas samples were collected 
through adsorption tubes during pyrolysis for analysis of gas stream compositions from different lignocellulosic 
fractions using gas chromatography/mass spectrometry. Furfural, among other compounds, was predominantly 
detected in the pyrolysis of hemicellulose fractions, ranging from 6.6 % to 19.3 %.   

1. Introduction 

Biomass can be used as an alternative to fossil fuels to reduce 
greenhouse gas emissions and promote sustainable development [1]. 
One of the most promising uses is to produce fuels such as bio-oil, 
renewable diesel, methane, and hydrogen through processes such as 
pyrolysis and hydrotreatment [2].Biomass can also be used to produce a 
range of valuable chemicals, materials and products through bio
refineries, similar to oil refineries and petrochemical plants [3]. These 
processes have both positive and negative ecological impacts, and 
therefore need to be optimized from both a technical and economic 
point of view [4,5]. 

In this context, in order to successfully achieve biomass valorisation, 
there are several needs that must be addressed, among which stand out 
(i) the optimisation of pre-treatments due to the fact that biomass is a 
complex and recalcitrant material that must undergo pre-treatment to 
decompose its structure and make it more accessible to conversion 
processes [6]; (ii)the selection of the optimal valorisation technology 
depending on the characteristics of the biomass [7,8]; and (iii) the 

proper integration of the technology used with existing industries such 
as agriculture, forestry and biorefineries. This approach can also 
contribute to the creation of a circular economy in which waste mate
rials are transformed into valuable products [9]. 

There are numerous technologies for biomass valorisation, such as 
direct combustion, biochemicals such as fermentation or anaerobic 
digestion, and thermochemical including pyrolysis, gasification, or hy
drothermal liquefaction. Among them, pyrolysis is an efficient thermo
chemical process that can convert biomass into pyrolytic gas, bio-oil and 
solid biochar, meeting the requirements mentioned above [10,11]. In 
general, the pyrolysis process involves heating biomass in the absence of 
oxygen to temperatures between 300 and 800 ◦C. In addition, the py
rolysis process can be easily integrated with other biomass valorisation 
processes, such as anaerobic digestion, to increase the overall biomass 
conversion efficiency [12]. 

The kinetics of the pyrolysis process, regulated by reaction rate, 
temperature, and residence time, must be carefully controlled to opti
mize the yield and quality of the pyrolysis products. Biomass composi
tion, primarily comprising cellulose, hemicelluloses, and lignin, has a 
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significant influence on pyrolysis rate and efficiency [13]. These poly
mers have different physical behavior and thermochemical properties 
depending on feedstock, biomass, and other required properties [14]. 
Furthermore, significant variations in biomass behavior during pyrolysis 
arise from differences in the structure and chemistry of polymers, 
resulting in different decomposition ratios, temperatures, and forms 
[15].The operating variables of the pyrolysis process must be carefully 
controlled to optimize its efficiency. For example, higher temperatures 
tend to increase the yield of gaseous products, whereas lower temper
atures favor the production of liquid bio-oil [16]. Similarly, longer 
residence times result in higher char yield, while shorter residence times 
enhance the yield of gaseous and liquid products [17]. In pyrolysis, the 
key operating variables are the temperature and the activation energy, 
which vary depending on the biomass components. Some studies suggest 
that the activation energy depends on the degree of polymerisation of 
the components [13]. 

Consequently, understanding the influence of biomass composition 
and pyrolysis process kinetics are critical factors. In this sense, the 
relative influence of each of the fractions on the kinetics of the process, 
and therefore on the products generated, has not been studied in depth. 
Some articles with pure compounds have been found [16,18–20], but no 
comparison of the comparative influence between different types of 
cellulose, hemicelluloses and lignin has been made. 

In order to understand the impact of each major fraction lignocel
lulosic biomass, it is essential to fragment the biomass. Various treat
ments can be used sequentially for this purpose. One such treatmentis 
cold alkaline extraction, which offers operational and environmental 
advantages as it operates below 40 ◦C [21]. Other methods that can be 
utilized include the kraft and soda-anthraquinone processes to obtain 
the cellulosic and lignocellulosic fraction. The kraft process, a tradi
tional and widely used method, solubilizes more than half of the 
hemicelluloses and almost all of the lignin from the fibers, while the 
cellulose undergoes partial degradation without dissolution, leading to 
an increase in its crystallinity degree [22–24]. Alternatively, soda- 
anthraquinone, serves as an alkaline, non-sulphur alternative to the 
kraft process. However, the cellulose pulp produced by the soda- 
anthraquinone process has lower strength compared to kraft [25]. 

The aim of this study is, therefore, to explore the comparative 
valorization of the pyrolysis (kinetic, and gasses) of the main biomass 
fractions (cellulose, hemicellulose, lignin) with different characteristics 
and origins (tree, shrub, agricultural residue) and under different types 
of fractionations (kraft and soda-anthraquinone), focusing on its po
tential applications. 

2. Materials and methods 

2.1. Materials 

Three types of biomasses with different characteristics and compo
sitions have been evaluated. Populus x-Euroamericana clone AF2 (Poplar) 
as a tree, Tagasaste as a shrub (because both are high-yielding species) 
and Wheat Straw as agroforestry waste have been selected. The Agro
forestry Department of University of Huelva has supplied these raw 
materials. For all the raw materials studied, the initial conditioning 
consists of a mechanical treatment based on the reduction of the sliver 
size that runs on a disposer conventional (Mill Retsch) with a sieve of 
mesh size 20 mm and, later, sieved to obtain the length and width 
average of chips between 1 and 3 cm and 0.5 cm, respectively. Finally, 
the chips are stored at room temperature to maintain a constant mois
ture level and then packed in airtight containers. The main chemical 
characteristics of the materials used in Table 1 are shown, and the main 
parameters of industrial interest and elemental analysis of the biomasses 
under study in Table 2 are shown. 

2.2. Biomass treatments 

Three replicates for each of the tested treatments have been 
performed. 

2.2.1. Alkali Pretreatment: Hemicellulose extraction 
Alkaline pretreatments are used in biorefinery for delignification to 

improve the accessibility and digestibility of polysaccharides as a step 
before enzymatic hydrolysis or microbial digestion [26]. Among the 
alkaline treatments, cold alkaline extraction (CAE) is widely used. This 
operation breaks down the biomass into hemicelluloses and soluble 
lignins in alkali and waste through the separation of hetero
polysaccharides polymer of the fiber source. In this way, it facilitates the 
use of these components in higher value products with minimal chem
ical and physical changes. In this case, the hemicelluloses are extracted 
from the biomass in the liquor with a polymeric structure without sig
nificant degradation [27,28]. The used conditions were: 40 ◦C operating 
temperature; 90 min operating time and 100 g.L− 1 alkali concentration 
for Wheat Straw [27] and 120 g.L− 1 for Tagasaste and Poplar [29]. The 
difference lies in the type of lignocellulosic biomass. Wheat is herba
ceous and has a greater capacity for hemicelluloses extraction, while the 
nature of the others requires a higher alkali concentration to extract the 
hemicelluloses. The resulting solid from the cold alkaline extraction is 
repeatedly washed with water to remove any traces of NaOH according 
to TAPPI standard T264 cm-07 [30]. 

2.2.2. Delignification kraft treatment 
The solid obtained is the cellulose-rich pre-treatment and contains 

most of the lignin from the biomass. The kraft process is currently the 
dominant delignification method for paper pulp production due to its 
advantages over other methods for the same purpose [31]. The oper
ating conditions for a batch pulp mill were as follows: a liquid to solid 
ratio of 3.5; a sulphide content of 25 %, a cooking temperature of 165 ◦C 
and a cooking time of 50 min [32]. 

2.2.3. Delignification soda-anthraquinone treatment 
Among the alternative methods, the most widely used is an alkaline 

Table 1 
Chemical characterization of studied raw materials.  

Characterization/Raw Material Poplar Tagasaste Wheat Straw 

Removable in ethanol (% p/p) 12.13 ± 1.32 11.36 ± 1.10 20.35 ± 4.23 
Glucan (% p/p) 40.31 ± 5.15 41.42 ± 4.02 34.12 ± 6.86 
Xylan (% p/p) 19.35 ± 1.04 18.56 ± 1.25 14.33 ± 4.14 
Araban (% p/p) 0.23 ± 0.15 0.65 ± 0.21 2.35 ± 0.15 
Acetyl Groups (% p/p) 2.88 ± 0.39 3.31 ± 0.17 2.12 ± 0.17 
Lignin Klason (% p/p) 19.53 ± 1.65 20.1 ± 1.72 21.62 ± 2.38 
Ash (% p/p) 1.4 ± 1.41 0.8 ± 0.90 4.02 ± 0.31  

Table 2 
Proximate, ultimate and calorific values for studied biomasses.   

Proximatea Ultimateb Calorimetryc 

Volatile 
(%) 

Fixed 
Carbon 
(%) 

H 
(%) 

C 
(%) 

N 
(%) 

HHV (MJ/ 
kg) 

Poplar 85.61 
± 2.3 

12.30 ±
0.4 

6.21 
± 0.2 

48.68 
± 0.7 

1.05 
± 0.1 

14.35 ± 1.2 

Tagasaste 78.84 
± 1.9 

18.65 ±
0.8 

6.58 
± 0.2 

47.31 
± 0.9 

4.23 
± 0.1 

16.27 ± 1.5 

Wheat 
Straw 

73.55 
± 1.2 

15.21 ±
0.5 

5.41 
± 0.2 

43.16 
± 0.6 

0.30 
± 0.1 

16.82 ± 1.3  

a Proximate analysis was done according to ASTM D5142-09. 
b Ultimate analysis was conducted using a modified ASTM D5373-10 method. 
c Heating value (HHV) were determined with a calorimeter using ASTM 

D5865-10. 
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(NaOH), sulphur-free process using anthraquinone (AQ) as a catalyst. 
The cellulose obtained is more difficult to bleach and has poorer resis
tance properties than that obtained by the kraft process [33]. For this 
delignification process, 13 % active alkali; a temperature of 143 ◦C and a 
time of 90 min for all the biomasses studied [32] has been used. 

2.2.4. Chemical analysis 
The standards: TAPPI T264 cm-07 [30] to determine the moisture 

content of the raw material; TAPPI T204 cm-07 [33] standard to mea
sure extractable compounds such as hydrocarbons, non-volatile low 
molecular weight carbohydrates, phytosterols, salts, waxes, poly
phenols, resins, fats and other compounds; TAPPI T222 [34] for the 
quantitative determination of monomeric compounds and lignin and 
TAPPI T249 [35] to the determination of monomeric sugars, i.e. xylose, 
glucose and arabinose, acetic acid and possibly 5-hydroxymethylfurfural 
and furfural by HPLC, have been successfully used. 

2.3. Thermogravimetric analysis 

The thermogravimetric experiments applied to each of the different 
biomasses and fractions studied were carried out on the Mettler Toledo 
TGA/DSC1 STARe system. The samples of the different starting mate
rials were previously ground and homogenized. In the pyrolysis exper
iments, nitrogen was used as an inert gas to avoid secondary reactions. 
The pyrolysis processes were carried out in two steps: (i) heating the 
sample from 25 to 105 ◦C with a heating rate of 15 ◦C min− 1 and an inert 
nitrogen atmosphere with a flow rate of 15 mL min− 1; (ii) heating from 
105 to 800 ◦C with different heating rates (5, 10, 15, 20 and 25 ◦C 
min− 1) with a nitrogen flow rate of 30 mL min− 1. The initial sample 
mass was approximately 10 mg in all cases and the experiments were 
carried out in triplicate and the mean values recorded. 

2.4. Kinetic models 

Iso-conversional kinetic methods are those in which the variation of 
the activation energy is estimated as a function of the conversion degree. 
These models are of great importance in systems where there is a vari
ation of the activation energy as a function of the conversion degree. 
This type of method is particularly useful for biomass, which degrades at 
different temperatures due to the diverse and heterogeneous nature of 
its components [36]. Within this type, there are two groups: differential 
methods and integral methods [37]. These models are used to determine 
the kinetic parameters of the reaction by using the Arrhenius equation 
(Eq. (1), and that all the reactions are of order 1, because there is an 
excess of the sample, in these models are assumed. 

k(T) = Ae

(
− Ea
RT

)

(1)  

Where: A: preexponential factor (s− 1); Ea: activation energy (kJ mol− 1)); 
and R: universal gas constant (8,8145 kJ mol− 1K). 

In general, in the differential kinetic models data from dα/dt as a 
function of T (Eq.2) are fitted. 

dα
dt

= Ae

(
− Ea
RT

)

f (α) (2)  

Where: dα/dt: ratio of reaction, represented as the variation of the 
conversion (α), calculated through the loss of mass, with respect to time 
(t); and f(α): dependent on temperature (T) function of the conversion. 

However, when working in conditions that are not isothermal, the 
temperature will vary with time and will produce a specific heating rate 
(β) and the Eq. (3) will be obtained. 

dα
dT

=
A
β

e

(
− Ea
RT

)

f (α) (3)  

Integral methods, by separating the variables and integrating with 
respect to the limits α and 0; T and T0, which is then simplified to 0 since 
the reaction ratio is significant from the initial temperature, Eq. (4) can 
be obtained. 

g(α) =
∫ α

0

dα
dT

=
A
β

∫ T

T0

e

(
− Ea
RT

)

dT ≈
A
β

∫ T

0
e

(
− Ea
RT

)

dT (4)  

g(α): conversion dependent function. 
The integrated models used data α, or an integral of α as a function of 

t, or T. In this sense, the Flynn-Wall-Ozawa (FWO) method [38,39], 
which faithfully represents systems where there is more than one 
simultaneous reaction [40]. The equation for this method is shown in 
Eq. (5). 

ln(β) = ln
(

AEa

Rg(α)

)

= 5, 523 − 1, 052
(

Ea

RT

)

(5)  

Using the Eq. (5) for each of the conversion degrees, we get the Eq. (6). 

ln(β) = ln
(

AEa

R

)

− lng(α) − 0, 4567
(

Ea

RT

)

(6)  

For each conversion value (α), by plotting lnβ versus 1/T, a line with a 
slope of − 0.4567 Ea/R can be obtained and the activation energy 
calculated. The pre-exponential factor (A) can be found by intersecting 
the line with the axes. 

On the other hand, the values of the DTG curve (Differential Ther
mogravimetric Analysis) are used for the differential methods. The 
method developed by Friedman [41] is the most widely used differential 
method. This method is based on the application of logarithms to 
equation (3), which results in Eq. (7). 

ln
(

β
dα
dT

)

= ln
(

dα
dt

)

= ln[Af (α)] − Ea

RT
(7)  

For each conversion degree (a) and heating rate (b), the plot of ln(dα/dt) 
versus 1/T gives a straight line whose slope is -Ea/R. From this slope, the 
value of the activation energy for each of the conversions is determined 
[40]. 

2.5. Pyrolysis products analysis by TD/GC–MS 

To obtain the pyrolysis products (pyrolytic gases) from different 
fractions (cellulose, hemicellulose, and lignin) of the three biomass 
species studied, a laboratory-scale reactor was used. The reactor com
prises a temperature-controlled furnace housing a quartz tube 
measuring 10 mm in diameter and 140 cm in length. A horizontal 
actuator is employed to introduce the sample, typically around 1 g. The 
residence time was systematically set a 7 min and nitrogen (250 cm3 

min− 1) was used as transport gas. 
Volatile compounds samples from the pyrolysis process at the peak 

temperature ranges of the different biomasses and fractions obtained 
(hemicellulose, kraft cellulose, soda-AQ cellulose, kraft lignin, and soda- 
AQ lignin) sere collected at the exit of the Laboratory-scale pyrolysis 
reactor in fritted glass TD tubes (Supelco, Bellefonte, PA; O.D.: 6.35 mm; 
length: 88.9 mm) for 15 s. These tubes contained 100 mg of Tenax® TA 
(80–100 mesh purchased from Supelco, Bellefonte, PA) packed in syn
thesized glass wool layers. After collecting samples in TD tubes, the 
analysis was performed using TD/GC–MS. Therma desorption (TD) was 
employed to release the volatile compounds captured by the sorbent 
material in the tubes, facilitating their identification and quantification 
on the GC/MS. TD was carried out using a thermal desorption system 
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unit (TD-20, Shimadzu, Japan) equipped with an HP-5 MS column 
(column length: 60 m, inner diameter: 0.25 mm, film thickness: 0.25 µm, 
J&W Scientific, Agilent Technologies, Santa Clara, California, USA), 
involving two steps: tube desorption and trap desorption. The mass 
spectrometer operated in scan mode (41–450 m/z), and volatile organic 
compounds were identified by comparing their mass spectra with those 
in the NIST11 library database, using 1-bromo-3-chlorobenzene as an 
internal standard (Fig. 1). 

3. Results and discussion 

3.1. Cold alkaline extraction (CAE) 

Cold alkaline extractions were utilized to extract hemicelluloses in a 
liquid medium. The extraction process resulted in solid rich in cellulose 
and lignin after the removal of hemicelluloses. In Table 3, the main 
components of the solid residue following hemicellulose extraction from 
the selected raw materials are shown. The hemicellulose yields are 
referred to as the quantity of dry hemicellulose obtained relative to the 
quantity of raw material introduced in the cold alkaline extraction 
process. 

The yield of hemicellulose obtained from Poplar after cold alkaline 
extraction is less than 5 % as shown in Table 3. This is mainly attributed 
to the structural characteristics of Poplar which make the alkaline liquor 
difficult to penetrate and act on, resulting in a low yield of hemicellu
lose. Hemicellulose yield is directly related to cold alkaline extraction 
process yield. It has been observed that woody materials exhibit lower 
extraction yields compared to herbaceous materials, as demonstrated by 
various studies. For instance, Carvalho et al. 2016 [21] achieved 
extraction yields of 4.52 % and 37.7 % from eucalyptus and straw, 
respectively. The composition of obtained solid in the cold alkaline 
extraction process from Tagasaste was found to be intermediate between 
those of Poplar and Wheat Straw, containing significant amounts of 
glucan and xylan. This extraction treatment is selective for the hemi
celluloses but does not prevent the extraction of part of the lignin con
tent of the raw material. This means that the extracted hemicellulose 
fractions are not pure, and their behavior must be further analysed by 
thermogravimetric analysis. 

3.2. Kraft process delignification 

Delignification by the kraft process was carried out on the materials 
studied. The characteristics of the solids obtained are given in Table 4. 
The yield indicates the amount of pulp produced in relation to the solid 
obtained from the cold alkaline extraction process; a lower yield means 
less solid obtained, i.e. a higher extraction in the liquid phase. On the 
other hand, the kappa index is directly related to the lignin content of 
the pulp, i.e. the higher the kappa index, the more lignin is found in the 
pulp and vice versa. 

Table 4 shows the characteristics of products obtained through kraft 
delignification of Poplar, Tagasaste, and Sheat Straw. The yield of the 

solids obtained from Poplar was the highest at 60.1 %, followed by 
Tagasaste at 57.84 %, and Wheat Straw at 53.30 %. The Kappa number 
was highest for Poplar at 16.27, followed by Tagasaste at 14.81 and 
Wheat Straw at 12.93, indicating that Wheat Straw pulp has the lowest 
lignin content. The glucan content was highest for Wheat Straw at 78.02 
%, followed by Tagasaste at 72.03 % and Poplar at 70.95 %. The xylan 
content was highest for Poplar at 10.03 %, followed by Tagasaste and 
Wheat Straw at 8.65 % and 6.24 %, respectively. However, the araban 
content was highest for Wheat Straw at 1.47 %, followed by Tagasaste at 
0.26 % and 0.2 % for Poplar. 

The higher extraction observed in agricultural residues, as occurred 
with Wheat Straw, after kraft treatment results in a lower yield, a phe
nomenon previously noted by several authors. These results are 
consistent with those reported in the literature. For instance, in a study 
involving a simple kraft process, the solid yield for Eucalyptus Citriodora 
was 47 % with a kappa number of 20.9 [42]. In another study, which 
focused on optimizing of kraft conditions for wheat straw, the solid yield 
ranged from 40.02 % to 44.11 %, while the kappa number varied from 
18.7 to 47.6 [43]. 

3.3. Soda-Anthraquinone process delignification 

Delignification by the soda-Anthraquinone process was carried out 
on the materials studied. Table 5 shows the characteristics of the ob
tained solids in the soda-anthraquinone delignification of Poplar, 
Tagasaste and Wheat Straw. 

The results show that Poplar had the highest yield of 70.89 %, fol
lowed by Tagasaste with 65.57 % and Wheat Straw with 60.94 %. Poplar 
also had the highest kappa number of 42.03, followed by Tagasaste with 
33.01 and Wheat Straw with 17.98, in particular the Poplar pulp had 
17.73 % of lignin content. The highest glucan content was found in 
Wheat Straw with 68.02 %, followed by Tagasaste with 64.65 % and 
Poplar with 58.47 %. The highest xylan content was found in Poplar 
with 14.17 %, followed by Tagasaste with 11.33 % and Wheat Straw 
with 9.03 %. The highest araban content was found in Wheat Straw with 
2.35 %, followed by Tagasaste with 1.21 % and Poplar with 0.33 %. 

Comparing the data presented in Tables 4 and 5, it is clear evident 
that the pulp yield obtained by soda-anthraquinone delignification ex
ceeds that obtained through kraft delignification. Also, the kappa index 
obtained with soda-anthraquinone delignification is significantly higher 
than that obtained with kraft delignification, indicating a greater degree 
of delignification in kraft process. This difference between the two 
processes has been observed in various studies, including the work of 
Alaejos et al. (2006) [44], where the holm yield for kraft and soda- 
antraquinone processes was reported to be 50.5 % and 55.0 %, respec
tively, while the corresponding kappa numbers were 20 and 23.7, 
respectively. 

Consequently, the three pulps obtained from different raw material 
using soda-anthraquinone have slightly less glucan, and more xylan, 
araban and Klason lignin compared to kraft. 

3.4. Thermogravimetric analysis (TGA-DSC) 

3.4.1. Raw materials pyrolytic degradation 
The TGA and DTG curves shown in Fig. 2 were obtained from Poplar, 

Tagasaste and Wheat Straw raw materials at a heating rate of 20 ◦C 
min− 1. The TGA curves show an initial drop, corresponding to the initial 
peak of the DTG curves, which indicates the loss of moisture from the 
sample at a temperature of approximately 112 ◦C for the three raw 
materials. During this initial phase of dehydration, the sample loses 
approximately 3.20 % for Poplar, 4.95 % for Tagasaste and 6.01 % for 
Wheat Straw. This is followed by the active pyrolysis stage 
(112–500 ◦C), during which the sample loses most of its weight due to 
the thermal degradation of the biomass, which is mainly composed of 
cellulose, hemicellulose, and lignin. The first peak observed in the py
rolysis active region represents the degradation of hemicelluloses and 

Fig. 1. Schematic of pyrolysis experimental system: (1) Flowmeter, (2) Auto
matic Sample System, (3) furnace, (4) sample, (5) quartz reaction tube, (6) 
condenser, (7) cold trap, (8) gas collection (Tenax®), (9) TD-GC/MS. 
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lignin. Hemicelluloses start to degrade at around 200 ◦C and continue to 
degrade up to around 500 ◦C due to their relatively low thermal stability 
[19,34]. 

After this stage, at around 300 ◦C, cellulose degradation begins. This 
follows a similar process to that of hemicellulose, with degradation 
continuing up to about 600 ◦C [46]. Lignin, on the other hand, has a 
more complex structure, which makes it more thermally stable. It un
dergoes bulk degradation in the temperature range of 150–600 ◦C [47] 
and has a lower degradation peak. Therefore, the DTG curve of lignin 
overlaps with that of hemicelluloses and cellulose. Although cellulose is 
more thermally stable than hemicellulose, it undergoes degradation in a 
temperature range of about 390–600 ◦C due to its crystalline structure. 
During the active pyrolysis stage, the sample loses 72.17 % of its weight. 
The final stage of pyrolysis begins at around 500 ◦C, the passive pyrol
ysis stage, during which the weight loss of the sample is minimal, and 
the degradation of lignin is completed. 

3.4.2. Hemicelluloses pyrolytic degradation 
Fig. 3 shows the evolution during pyrolysis (DTG) of hemicelluloses 

obtained by cold alkaline extraction of the selected raw materials. As can 
be seen in Fig. 3, both degradation rate of and chemical changes can vary 
depending on the specific characteristics of the hemicellulose sample 
being analyzed. 

The DTG curves show the three typical phases of hemicellulose 
degradation. The first phase causes dehydration of the hemicelluloses 
and results in an average weight loss of 10 % for the three materials. This 
is mainly due to the moisture remaining in the hemicelluloses after 
extraction and to the removal of some volatile organic compounds from 
the hemicellulose. The second phase involves active degradation of the 
hemicelluloses by pyrolysis (breaking of glycosidic bonds) in the range 

Table 3 
Material balance for the Cold Alkaline Extraction.   

Hemicelluloses Yield 
(% w/w)a 

Glucan 
(% w/w)b 

Xylan 
(% w/w)b  

Araban 
(% w/w)b  

Acetyl Groups 
(% w/w)b 

Klason Lignin 
(% w/w)b 

Poplar 4.59 ± 1.35 45.5 ± 8.25 16.67 ± 1.45 1.24 ± 0.10 2.2 ± 0.01 22.41 ± 4.48 
Tagasaste 7.23 ± 2.13 48.18 ± 8.13 14.50 ± 2.60 0.8 ± 0.11 2.65 ± 0.01 21.24 ± 3.76 
Wheat Straw 15.52 ± 2.88 49.35 ± 6.18 12.29 ± 0.88 2.61 ± 0.20 2.98 ± 0.01 20.52 ± 1.23  

a Percentages based on quantity raw material. 
b Percentages based on obtained solid. 

Table 4 
Characteristics of solids obtained in kraft delignification.   

Yield 
Pulp 
(% w/ 
w)a 

Kappa 
Index  

Glucan 
(% w/ 
w)b  

Xylan 
(% w/ 
w)b  

Araban 
(% w/ 
w)b  

Klason 
Lignin 
(% w/ 
w)b 

Poplar 60.1 ±
6.84 

16.27 
± 3.47 

70.95 
± 2.21 

10.03 
± 1.05 

0.20 ±
0.01 

8.34 ±
1.01 

Tagasaste 57.84 
± 9.78 

14.81 
± 2.02 

72.03 
± 2.63 

8.65 ±
0.88 

0.26 ±
0.05 

7.27 ±
0.74 

Wheat 
Straw 

53.30 
± 6.82 

12.93 
± 1.75 

78.02 
± 2.84 

6.24 ±
0.62 

1.47 ±
0.10 

6.56 ±
0.62  

a Percentages based on solids obtained in CAE. 
b Percentages based on the kraft pulps obtained. 

Table 5 
Characteristics of solids obtained in soda-anthraquinone delignification.   

Yield 
Pulp 
(% w/ 
w)a 

Kappa 
Index  

Glucan 
(% w/ 
w)b  

Xylan 
(% w/ 
w)b  

Araban 
(% w/ 
w)b  

Klason 
Lignin 
(% w/ 
w)b 

Poplar 70.89 
± 7.45 

42.03 
± 9.58 

58.47 
± 5.39 

14.17 
± 4.21 

0.33 ±
0.07 

17.73 ±
4.32 

Tagasaste 65.57 
± 9.41 

33.01 
± 2.84 

64.65 
± 5.96 

11.33 
± 2.58 

1.21 ±
0.26 

15.17 ±
2.15 

Wheat 
Straw 

60.94 
± 5.50 

17.98 
± 2.05 

68.02 
± 7.63 

9.03 ±
0.94 

2.35 ±
0.46 

12.45 ±
1.21  

a Percentages based on solid obtained in CAE. 
b Percentages based on solid obtained in soda-anthraquinone process. 

Fig. 2. Pyrolytic evolution (TGA and DTG) curves obtained from Poplar, Tagasaste and Wheat Straw as raw materials under nitrogen atmosphere at 20 ◦C min− 1.  
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of 250–350 ◦C, with a total weight loss of 63.94 %, 42.23 % and 60.27 % 
for Poplar, Tagasaste and Wheat Straw respectively at 400 ◦C. The 
maximum degradation occurs at around 300 ◦C, mainly due to the 
depolymerisation of sugars such as xylan, a major component of hemi
celluloses [48]. This phase can be further divided into primary and 
secondary reactions. In the primary reaction, thermal depolymerization 
of hemicelluloses triggers the production of volatile components such as 
acetic acid, furfural, and 5-HMF. In the secondary reaction, these vola
tile compounds further transform into liquid and solid products, such as 
phenols and aromatics [49]. Finally, the third stage is the passive py
rolysis stage, which occurs at temperatures above 450 ◦C and involves 
the transformation of the remaining hemicellulose fragments into a 
more stable carbonaceous char, through reactions with aromatic 

compounds and the cracking of carbon-hydrogen and carbon–oxygen 
bonds [45]. 

It should be noted that the peaks found in this study for hemicellu
lose fractions coming from the selected raw materials are smaller than 
those found in commercial hemicelluloses. This discrepancy could be 
attributed to the degradation of these linkages during the cold alkaline 
extraction process, which mainly affects the weaker linkages while 
preserving the main structure of the hemicelluloses. In addition, 
commercially available hemicelluloses undergo purification which is 
not part of the cold alkaline extraction process. 

3.4.3. Celluloses pyrolytic degradation 
The major component of the obtained pulps is cellulose. Fig. 4 shows 

Fig. 3. Pyrolytic evolution (DTG) curves obtained from Poplar, Tagasaste and Wheat Straw extracted hemicelluloses under nitrogen atmosphere at 20 ◦C min− 1.  

Fig. 4. Pyrolytic evolution (DTG) curves obtained from Poplar, Tagasaste and Wheat Straw kraft and soda-Anthraquinone celluloses under nitrogen atmosphere at 
20 ◦C min− 1. 
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the DTG curves of kraft and soda-anthraquinone pulp for the selected 
raw materials. Similar to what was found for hemicelluloses, the rate of 
degradation can also vary depending on the specific characteristics of 
the cellulose sample being degraded. However, both temperature and 
degradation intervals appear to be similar between different starting 
materials and delignification methods. As can be seen, cellulose 
decomposition occurs in two stages; the first phase takes place at tem
peratures up to 300 ◦C and results in the highest weight loss of 80.3 % for 
all pulps tested. This phase involves the dehydrogenation and decar
bonisation of cellulose, leading to the production of levoglucosan, vol
atile compounds such as levoglucosan (a major product), furans, acetic 
acid and other oligosaccharides through transglicosilación [50]. Similar 
to hemicelluloses, the degradation phase of cellulose pyrolysis can be 
further divided into primary and secondary reactions. The primary re
action involves depolymerisation of the cellulose, releasing volatile 
organic compounds at the start of the process. The secondary reaction 
involves the production of liquid and solid products through various 
chemical reactions in the later stages of the process [16]. The second 
phase occurs above 500 ◦C and involves the conversion of volatiles and 
chars through reactions with aromatics and cracking of the carbon- 
hydrogen and carbon–oxygen bonds [50]. Both the Kraft and soda- 
anthraquinone processes exhibit similar cellulose fractions obtained 
degradation behavior, and both show a single peak representing cellu
lose degradation, but some differences were observed. For the species 
studied, the soda-anthraquinone pulps suffers from a higher degradation 
rate and a higher weight loss compared to those for the kraft process. 
These differences in the different cellulose fractions contents (Tables 4 
and 5) obtained from the different delignification processes may be due 
to the fact that the soda-anthraquinone process delignifies less due to the 
lower cellulose content in the final pulp. 

3.4.4. Lignin pyrolytic degradation 
Fig. 5 shows the DTG curves of lignin fractions obtained from the 

acid hydrolysis of the kraft process and soda-anthraquinone treatment of 
the selected raw materials. Acid hydrolysis quantitatively extracts Kla
son lignin, which is further analyzed. A similar evolution to those found 
for hemicellulose and cellulose has been found for lignin. Also the 
degradation intervals of lignin pyrolysis can vary depending on factors 
such as the source of lignin and the delignification method. Lignin is a 
very complex and heterogeneous polymer, and its behavior during py
rolysis can be influenced by the presence of other components or by the 
different specific structures of lignin (depending on the feedstock). In 
this sense, the temperature ranges for lignin pyrolysis can vary 

depending on the specific conditions of the delignification process. 
However, the general temperature range for lignin pyrolysis is between 
250 ◦C and 800 ◦C [36]. Lignin degradation occurs in a wide tempera
ture range due to its complex structure containing various functional 
groups connected by strong linear and weak bonds, different degrada
tion maxima are observed in the DTG curves. 

During lignin pyrolysis, the lignin undergoes three main decompo
sition phases. The first phase (200–300 ◦C), shown in Fig. 5, to the 
degradation of hemicelluloses and celluloses, present as impurities in 
the lignin due to the delignification process, can be attributed. The 
second phase (300–500 ◦C) is the one with the highest rate and weight 
loss (40.46 % weight loss as an average of the different materials and 
treatments), which is attributed to the degradation of β-O-4 alkyl-aryl- 
ether bonds, resulting in the formation of small molecular weight 
compounds such as phenolic compounds, such as guaiacol, syringol, and 
catechol, as well as aromatic hydrocarbons and gasses like carbon di
oxide, carbon monoxide, and methane [51]. The third phase 
(500–800 ◦C), with a low rate of weight loss (10.15 % weight loss on 
average for the different materials and treatments), may be due to the 
degradation of the remaining lignin structures, which undergo thermal 
cracking to form biochar and a carbon-rich solid residue [52]. 

Note that, the lignin fractions curves of both processes exhibit noise, 
which is due to the complexity of reactions and gas flow during the 
measurement. Comparing the lignin of Wheat Straw from the kraft 
process to the soda-anthraquinone process reveals differences, including 
a more reactive sample with a bulk degradation to lower temperatures, 
and a stronger first stage due to the presence of sulphur in kraft process 
causing increased rupture of carbon–carbon bonds in lignin. The sample 
from the soda-anthraquinone process experiences the highest weight 
loss (39.42 %) in the second stage of pyrolysis. 

3.5. Kinetic analysis. 

Two kinetic models, the Friedman differential, and the Flynn-Wall- 
Ozawa (FWO) integral, are compared for all samples tested. Figs. 6-8 
show the lines obtained in the plot of ln(dα/dt) vs 1/T for the Friedman 
method and lnβ vs 1/T for the Flynn-Wall-Ozawa method for all the 
samples studied. In these figures, the values obtained with the highest 
(0.90) and lowest (0.10) conversions grade have been excluded because 
they do not represent the behavior of the sample in the initial and final 
pyrolysis reactions. 

3.5.1. Hemicelluloses kinetic analysis. 
As can be seen in Fig. 6, the use of both methods has resulted in 

remarkably high regression coefficients (R2 > 0.98) when analyzing 
hemicellulose fractions from different sources. Furthermore, it can be 
concluded that the FWO method gives more favorable results than the 
Friedman method, as evidenced by the fact that the lines are more 
parallel when analyzing hemicellulose fractions. 

Observing the change in slope in the figures, apart from what is 
observed in Fig. 3, it is clear that different reactions have taken place 
during the pyrolytic degradation of hemicelluloses. This is because a 
change in slope implies a change in activation energy, which in turn 
implies different reactions involved in the degradation, depending on 
the conversion degree of the sample. Therefore, by observing this fact in 
the figures, it is possible to identify the different reactions that have 
taken place during the pyrolytic degradation of hemicelluloses. 

Fig. 7 shows the evolution of the activation energy (obtained from 
the slope of the calculated regression lines) during the pyrolysis of 
hemicelluloses obtained by cold alkaline extraction for the three species 
studied. According to H. Wang et al., (2017) [53], the degradation 
process of hemicellulose is characterized by a low initial activation en
ergy during the degradation process, which gradually increases as the 
reaction progresses. 

In the samples studied, the calculated activation energy for hemi
cellulose pyrolysis is in the range of 200–300 kJ mol− 1. This value is 

Fig. 5. Pyrolytic evolution (DTG) curves obtained from Poplar, Tagasaste and 
Wheat Straw Kraft and Soda-Anthraquinone lignins under nitrogen atmosphere 
at 20 ◦C min− 1. 
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higher than those reported by some authors, which can be attributed to 
the characteristics of hemicellulose, the method used for its extraction 
and the type of modelling performed. For instance, in a review of Zhou 
et al., 2017 [19] the one-reaction/stage models estimated the activation 
energy of hemicellulose pyrolysis to be in the range of 100–220 kJ 
mol− 1, while the multiple-reaction/stage models estimated the Ea in the 
range between 26 and 271 kJ mol− 1. There are several possible reasons 
why the activation energy of hemicellulose extracted by cold alkaline 
extraction is higher than those reported in the literature. Among them, 
the alkaline extraction method used in the study could result in different 
chemical structures, properties, and composition of the extracted 
hemicellulose. For example, the extracted hemicellulose could be 
contaminated with other compounds, which could affect the pyrolysis 
behavior and the activation energy. Fig. 2 also suggests that the alkaline 
extraction method used in the study could result in different chemical 

structures and properties of the extracted hemicellulose depending on 
the feedstock. 

3.5.2. Celluloses kinetic analysis. 
Similar to what was observed for hemicelluloses, the use of both 

methods has resulted in remarkably high regression coefficients (R2 >

0.99) when analyzing celluloses obtained from different sources and 
processes. The high R2 values obtained with both methods indicate that 
they are reliable in predicting the pyrolysis behavior of cellulose and can 
be used to estimate the activation energy of cellulose pyrolysis. In 
addition, based on the high calculated regression coefficients, it is found 
that the pyrolysis of cellulose follows first order reaction kinetics, as 
stated by H. Fan et al., 2022 [54].Furthermore, similar to what was 
found for hemicelluloses, it can be inferred that the FWO method gives 
more favorable results (higher R2) than the Friedman method also for 

Fig. 6. Evolution of the Friedman (A) and FWO (B) lines for hemicelluloses as a function of the conversion degree (symbols) and the regression lines obtained.  
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celluloses [48,55]. This suggests that the FWO method is more accurate 
in predicting the pyrolysis behavior of cellulose than the Friedman 
method. 

In Fig. 8, a similar slope for almost all measured reaction degrees can 
be observed. This may be attributed to the high purity of cellulose 
extracted using both studied delignification methods. In this case, the 
Friedman method shows a closer resemblance in slope compared to the 
Flynn method. 

Fig. 9 illustrates the evolution of activation energy during the py
rolysis of the obtained celluloses. This figure shows that the activation 
energy increases as the reaction degree increases, which is in agreement 
with the literature. 

For the cases studied, the values calculated by the FWO method are 
always higher than those found by the Friedman method. Moreover, the 
calculated values by the FWO method (180–220 kJ mol− 1) are within 
the range calculated by other authors. 

In this sense, the activation energy of cellulose pyrolysis has been 
reported to be in the range of 114–288 kJ mol− 1 [50,56,57]. The average 
pyrolysis activation energy of cellulose has been reported to be 189.2 kJ 
mol− 1[16]. Therefore, it is important to consider the experimental 
conditions and the method used when comparing the activation energy 
values reported in different studies. 

3.5.3. Lignins kinetic analysis. 
Fig. 10 presents an insightful analysis of the kinetic evolution of 

lignin, utilizing both the Friedman and FWO methods. 
According to the studies conducted by L. Luo et al., 2020 and 

Matusiak et al., 2020 [57,58], the activation energies obtained through 
both methods do not demonstrate a clear linear trend with lignin content 
as the degree of reaction progresses. This observation can be attributed 
to the intricate nature of lignin decomposition, which involves multiple 
reactions with varying activation energies due to the diverse range of 
bonds and the multi-phasic character of its conversion Radojević et al., 
2018 [59]. This complexity is reflected in Fig. 10 through the different 
slopes depicted. 

Fig. 11 illustrates the evolution of activation energy during the py
rolysis of the obtained lignins. 

Fig. 11 shows that the activation energy required to break chemical 
bonds in lignin is higher than that for cellulose. It should be noted that 
similar values of activation energy were found between the two kinetic 
models for the different lignins under investigation. According to L. Li, 
et al., 2013 and L. Luo et al., 2020 [60,57], the results show that the 
activation energy of lignin increases as the conversion degree pro
gresses, indicating a higher energy requirement to break lignin bonds. 
This observation holds true for all three species and the two delignifi
cation methods investigated in the study. The increase in activation 
energy can be attributed to several factors. First, as lignin is depoly
merised, the larger lignin molecules exhibit increased resistance to py
rolytic degradation. Secondly, the pyrolysis of lignin involves a complex 

interplay of reactions including fragmentation, condensation, and 
recombination. As the pyrolysis reaction progresses, the composition of 
the reaction mixture changes, leading to the dominance of different 
reaction pathways [61]. 

It should be noted that the evolution of the activation energy during 
the pyrolysis of the different lignins studied is different, since this evo
lution can be influenced by several factors, including the origin and 
composition of the lignin and the delignification method used. Different 
chemical compositions and structures of lignin, resulting in variations in 
pyrolysis kinetics and activation energy profiles, according to the liter
ature cited. 

In this case, the Fig. 11 shows that the delignification method has a 
strong influence on the activation energy, more so than the hemi
celluloses and celluloses present in the lignin samples. The literature 
indicates that lignin has relatively high activation energy values [58], 
which range from 126 to 200 kJ mol− 1, depending on the study and the 
method used to estimate it [54,62,63]. 

3.6. Obtained gasses by pyrolysis from different fractions 

It’s essential to emphasize that temperature ranges and the compo
sition of evolved gasses during the pyrolysis of the different lignocel
lulosic biomass fractions may exhibit variations influenced by factors 
such as the source plant, experimental conditions, and heating rate 
[64,65]. 

Fig. 12 shows the families of compounds detected during the pyrol
ysis of the different fraction. These gas streams have the potential for 
uses as fuel. Currently, there is a growing interest in selectively sepa
rating these compounds for specific applications [66]. For instance, 
among the compounds detected was acetic acid, which can be utilized as 
a platform chemical for the productions of different chemicals and 
materials [60]. Furthermore, apart from these non-condensable gases, a 
substantial amount of lighter gases, such as carbon dioxide, hydrogen, 
carbon monoxide, and methane, have been reported by other authors 
[65,67,68]. 

One family of compounds commonly associated whit the hemicel
lulose and cellulose degradation are furans, with hemicellulose being 
more prone to their formation, as observed in Fig. 12. Poplar wood and 
Wheat Straw primarily yielded fundamentally esters (28.9 % and 31.1 
%, respectively), furans (20.2 % and 22.6 %, respectively), and aromatic 
hydrocarbons (16 % and 21.7 %, respectively). In contrast, Tagasaste 
predominantly produced aldehydes (32.4 %), carboxylic acid (13 %), 
and furans (11.9 %). The variation observed can be attributed to the 
inherent properties of the raw materials. This is due to the fact that the 
composition and the degree of acetylation of the hemicelluloses are 
dependent on the raw material used. For instance, the divergence stems 
from the differing sugar monomers present in the raw materials, which 
decompose at different temperatures and produce different gas prod
ucts. Hardwoods contain predominantly xylose, whereas softwoods 

Fig. 7. Activation Energy evolution for extracted hemicelluloses. Continuous lines for Friedman method and discontinuous lines for FWO method.  
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contain a combination of xylose, mannose, and galactose [69,70]. If we 
refer back to the DTG-curve of hemicellulose fractions (Fig. 3), we can 
observe a difference in the degradation of Tagasaste’s hemicellulose 
fractions compared to that found for Poplar and Wheat Straw. 

Focusing on the cellulose fractions, it is observed in the gas stream 
produced during pyrolysis that the most prominent compounds are al
dehydes, and phenols, while in the Poplar case by the second one, the 
carboxylic acids. Therefore, as mentioned above, the production of 

Fig. 8. Evolution of the Friedman (A) and FWO (B) lines for Kraft (1) and Soda-Antraquinone (2) celluloses as a function of the conversion degree (symbols) and the 
regression lines obtained. 
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specific compounds and their amounts depend on the initial raw mate
rial. With regard to the cellulose fraction, the crystallinity and degree of 
polymerization vary among different feedstocks. For example, soft
woods generally have a higher crystallinity than hardwoods and agri
cultural residues [71–73]. Sun et al., 2022 [74] reported that cellulose 
pyrolysis produces aldehydes, acids, alcohols, ketones, carbohydrates, 
and other. In Poplar, a significant amount of the aldehyde prop-2-enal 
(29.5 %) was identified, while the primary aldehyde in the cellulose 
fractions of Tagasaste and Wheat Straw was 3-Methylbutanal (14.2 % 
and 18.1 %, respectively). 

Regarding the lignin fractions, the differences between Tagasaste, 
Poplar and Wheat Straw are similar to those observed in the hemicel
lulose fractions. In this case, the most abundant family of compounds 
obtained from Poplar and Wheat Straw was aromatic hydrocarbons, 
predominantly toluene (40.8 % and 31.6 %, respectively). However, in 
Tagasaste’s lignin fraction, the predominant group of compounds were 
phenols (28.2 %). For this fraction, there is also a correlation between 
the feedstock and the pyrolytic gases, as the lignin composition is also 
influenced by the feedstock’s composition. Specifically, softwoods have 
a higher lignin content with a predominantly guaiacyl units, whereas 
hardwoods contain a higher proportion of syringyl units [75]. 

One compound deserving special mention is furfural, which has been 

recognized as one of the top biomass-derived platform compounds by 
the US Department of Energy [76]. Furfural has the potential to yield 
high-value products, including liquid hydrocarbon fuels, fuel additives, 
and furfural derivatives with various applications [77,78]. In summary, 
the furfural serves as a valuable source of derivatives that have the 
potential to become biofuel components [79]. In this work, we observed 
that pyrolysis produced a significant quantity of furans, especially 
furfural, primarily originating from hemicellulose fractions. Wheat 
Straw exhibited the highest furfural production, accounting for 19.3 %, 
followed by Poplar with 16.9 %, and Tagasaste with the lowest at 6.6 %. 

4. Conclusions 

The thermogravimetric analysis revealed similar degradation pat
terns across the studied raw materials (Poplar, Tagasaste, and Wheat 
Straw), with distinct characteristics for each lignocellulosic fraction. 
Cellulose exhibited a single peak around 370 ◦C, hemicellulose degraded 
earlier (250 – 300 ◦C) with a smoother profile, and lignin showed a 
broader range (15 – 600 ◦C) that is less prevalent in raw materials due to 
overlapping degradation with other components. The activation energy 
(Ea) required for degradation varied depending on the fraction and 
conversion degree, with hemicellulose (200–300 kJ mol− 1) requiring 

Fig. 9. Activation Energy evolution for kraft (1) and Soda-Antraquinone (2) celluloses by Friedman (continuous lines) and FWO (discontinuous lines) methods.  
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slightly higher Ea than cellulose (180–220 kJ mol− 1). Lignin fractions 
displayed the highest Ea; variations exist among different lignins, 
influenced by factors such as the origin of the raw material and the 
delignification method employed to obtain the lignin fraction. The py
rolysis process generated a diverse gas stream, with a wide range of 

components, originating from different lignocellulosic fractions. High
lighting the presence of furfural, more pronounced in the pyrolysis of 
hemicellulose fractions, especially in hemicellulose obtained from 
Wheat Straw. This observation underscores a potential avenue for the 
targeted production of high-value-added chemicals from specific 

Fig. 10. Evolution of the Friedman (A) and FWO (B) lines for kraft (1) and Soda-Antraquinone (2) lignins as a function of the conversion degree (symbols) and the 
regression lines obtained. 
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biomass sources. 
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