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Abstract: The slow pyrolysis characteristics of lignocellulosic biomass and its three major compo-
nents via a Thermogravimetric Analyzer coupled with a Fourier Transform Infrared Spectrometer
(TGA-FTIR) was studied. Different compositions and ratios of cellulose, hemicellulose, and lignin,
olive pomace, sunflower waste, and pinecone were selected. The main decomposition temperature
ranges of xylose (hemicellulose) and lignin showed a broad range between 173–690 and 170–835 ◦C,
respectively, whereas that of cellulose was detected to be 291–395 ◦C. All biomass samples presented
a three-stage pyrolysis model that is explained by the superposition of the weight losses of major
components. Simultaneous FTIR analysis of the evolved gases demonstrated that the greater the
cellulose and hemicellulose contents, the higher the CO and CO2 concentrations. Chemical kinetics
were computed with the Coats–Redfern model. The activation energy required for the initiation
of the thermal decomposition of biomass samples is in the range of 53–94 kJ/mol. Moreover, the
product yields of all samples were determined via laboratory-scale pyrolysis. Pyrolytic oil and char
yields were determined to be between 18.9–32.4 wt.% and 26.6–31.2 wt.%, respectively, at 550 ◦C final
temperature for the biomass samples. It is concluded that the bio-oil yield was not only controlled
by the cellulose content but also affected by the presence of n-hexane soluble (oil) fraction as well
as inorganics.

Keywords: olive pomace; pinecone; pyrolysis; sunflower waste; TGA-FTIR

1. Introduction

In recent years, global environmental problems related to the consumption of fossil
resources have been experienced due to the increasing industrialization and population.
Several renewable energy technologies have been extensively conducted to life to replace
fossil fuel utilization [1,2]. Biomass, as a carbon-neutral source, seems to be one of the most
promising candidates for the production of biofuels that could substitute conventional fuels
and reduce CO2 and NOx emissions. Among the possible biomass conversion processes,
thermochemical technologies are the most suitable ones as they can provide synthetic fuels
with high calorific value. The pyrolysis process is a thermochemical conversion method that
produces biofuel, the yield and composition of which are dependent on both the pyrolysis
conditions and the type of biomass [3,4]. The pyrolysis behavior of biomass is strongly
related to its three major components: hemicellulose, cellulose, and lignin, together with
extractives and ash.

Cellulose, which can be symbolized as (C6H10O5)n, is the most abundant natural or-
ganic polymer with a high molecular weight of 300,000 and 500,000. Typically, the cellulose
content varies between 30–50 wt.% depending on the type of biomass [5]. Hemicellulose
is the second major chemical constituent comprising 10 to 40% of the mass of biomass
and is chemically related to cellulose with a heterogeneous structure [5,6]. It is a mixture
of various polymerized monosaccharides built up of different hexoses (C6-sugars) and
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pentoses (C5-sugars). The aromatic polymer lignin is the third major component of biomass,
accounting for 23–33% of the mass of softwood and 16–25% of the mass of hardwood [5]. It
provides mechanical support to the plant during its growth. Due to having an amorphous
cross-linked resin with no exact structure, lignin is composed of benzene rings joined with
methoxy-, hydroxy-, and propyl- groups. In addition to these major components, biomass
also contains inorganics, mainly K, Na, Ca, Si, and others, that can be observed through the
ash. Organic extractives are the last group of constituents of biomass, including fats, waxes,
alkaloids, proteins, phenolics, simple sugars, pectins, mucilages, gums, resins, terpenes,
starches, glycosides, saponins, and essential oils. In addition, biomass has a substantial
amount of water, both in free and bound form. The lignocellulosic complex holds water in
the form of fibers, vessels, and other anatomical parts [7–9].

Thermal decomposition behavior of the major components of biomass has importance
on the degradation of biomass. In the last decade, researchers have studied the effect
of constituents on pyrolysis and also on the chemical and physical properties of bio-oil
and biochar [10–12]. Chen et al. examined the possible reaction pathways and kinetics
of cellulose, hemicellulose, and lignin and the pyrolysis product characterization [13].
Zhu and Zhong reported the activation energy and pre-exponential factor as the kinetic
parameters for the biomass constituents [14]. The effect of different pyrolysis conditions on
the lignocellulosic biomass pyrolysis yield and quality was studied to investigate the envi-
ronmental and economic aspects of pyrolysis by Yogalakshmi et al. [15]. On the other hand,
the pyrolytic behavior of several biomass samples has been studied since the last quarter
of the 20th century [16–18]. Pyrolysis (slow or fast) kinetics and/or product yields and
product characterization via several instrumental techniques have been published [19–21].
Table 1 summarizes the new developments in biomass pyrolysis, where the effects of several
parameters on the pyrolysis characteristics of lignocellulosic materials were reported. In
addition, studies published in recent years on biomass pyrolysis include artificial neural
networks or computer-based modeling applications, which require a large number of data
to be used in validating the results. On the other hand, plenty of literature is available on
the comparison and characterization of slow pyrolysis yields of both the constituents and
different biomass samples and their decomposition behaviors.

The novelty of this work is to gain pyrolysis data to understand the complex rela-
tionship between biomass composition and pyrolysis behavior. While previous studies
have investigated the pyrolysis behavior of various biomass samples, the inclusion of the
effect of biomass constituents has the potential to provide insights into the factors that
influence the product yields of slow pyrolysis. Overall, this study focuses on the effect of
biomass constituents on the pyrolysis behavior of different biomass samples, which has
the potential to contribute data to the literature for the development of more efficient and
sustainable biomass conversion technologies and for their possible usage in artificial neural
network studies.

In this context, the present work aims to investigate the pyrolysis characteristics of se-
lected biomass samples and biomass constituents using both a fixed bed batch-type reactor
and a thermogravimetric analyzer coupled with a Fourier-transform infrared spectrome-
ter (TG-FTIR). To accomplish these objectives, olive pomace as an industrial by-product,
sunflower waste as an agricultural biomass, and pinecone as a forestry biomass have
been selected for the experimental studies. The tendency of bio-oil, char, and gas product
formation as a consequence of biomass pyrolysis was enlightened through the pyrolytic
characteristics of hemicellulose, cellulose, and lignin.
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Table 1. Selected studies about the comparison of biomass types and characteristics and pyrolysis conditions on the pyrolysis product yields.

Biomass Type Holocellulose
Content (wt. %)

Lignin Content
(wt. %) Pyrolysis Conditions Main Objectives Ref.

Oak wood chips 59.07 25.41

Lab-scale cylindrical pyrolyzer
H.R. *: 5–100 ◦C/min

N2 flow: 50–300 mL/min
Temperature: 400–800 ◦C

Effects of pyrolysis conditions on the product yields
and quality [22]

Pine sawdust 69.97 26.67

Laboratory scale pyrolyzer
H.R.: 10 ◦C/min

N2 Flow rate: 50–200 cm3/min
Temperature: 350–575 ◦C

The pyrolysis behavior of real and synthetic biomass
samples was compared with predicted characteristics. [23]

Sunflower husk 69.46 28.48

Pine sawdust 71.27 10.55
Semi-batch reactor

H.R.: 50–120 ◦C/min
N2 Flow rate:100 cm3/min
Temperature: 400–600 ◦C

The effect of biomass bed thickness and distance
between successive beds on pyrolytic product yield

and characterization
[24,25]Sal sawdust 66.95 11.18

Areca nut husk 65.79 13.27
Cornstalk 64 15 TGA experiments H.R.: 20 ◦C/min

N2 flow rate: 120 mL/min
Temperature: 900 ◦C

Effect of the correlation between the cellulose and
lignin content on the reaction conversion [26]Larch bark 59 35

Bagasse 74 90

Pine needles N.A. ** N.A.

Laboratory scale pyrolyzer
H.R.: 10–50 ◦C/min

N2 Flow rate: 50–200 cm3/min
Temperature: 350–650 ◦C

Effects of nitrogen flow rate, particle size, and final
temperature on the product yields and characteristics

of bio-oil and char
[27]

33 biomass materials N.A. N.A.

Microwave-enhanced fast pyrolysis system
H.R.: 1.5–50 ◦C/s

N2 flow rate: 0.9 L/min
Temperatures: 500 ◦C

The various effects of biomass and pyrolysis
conditions on microwave-enhanced fast pyrolysis

product yields and qualities
[27]

Miscanthus 76.9 12.2 MATLAB R2015b
Temperature: 200–1000 ◦C

Derivation of a mathematical model to predict the
production of biochar, flue gas, and tar under

different pyrolysis conditions
[28]

Bamboo 69 23.2
482 lignocellulosic

samples N.A. N.A. Artificial neural networks The prediction of the solid, liquid, and gas yields
from pyrolysis processes [29]

* H.R.—Heating Rate, ** N.A.—not available.
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2. Materials and Methods
2.1. Materials

Hemicellulose (xylose, Acros Organics, Branchburg, NJ, USA), cellulose (Sigma Aldrich,
St. Louis, MO, USA), and lignin (Sigma Aldrich, USA) were used to investigate their func-
tion in biomass pyrolysis. Olive oil residue-olive pomace (Aydın, Turkey), sunflower waste
(Bursa, Turkey), and pinecone (Aydın, Turkey) were selected as the biomass samples since
their compositions are different. All biomass samples were air-dried and ground to obtain
a uniform particle size of 1.25 < Dp < 0.625 mm.

Biomass samples were characterized in terms of proximate and ultimate analyses,
acid insoluble lignin, holocellulose, extractive, and n-hexane soluble fraction (oil content)
determination according to standard test methods given in Table 2.

Table 2. Properties of biomass components and selected samples.

Analysis (wt.%) Method Xylose Cellulose Lignin Pinecone Olive
Pomace

Sunflower
Waste

Moisture ASTMD 2016-74 1.44 4.97 9.35 9.23 6.31 8.19
Ash ASTMD 1102-84 ~0 ~0 33.46 1.20 4.85 11.20

Volatile matter ASTME 897-82 91.02 91.25 40.05 71.05 70.99 67.43
Fixed carbon From difference 7.54 3.78 17.14 18.52 17.85 13.18

Holocellulose TS 324 - - - 57.12 55.02 64.58
Oil TS 769 - - - 2.35 5.78 4.50

Extractives ASTMD 1105-84 - - - 9.70 5.02 9.75
Lignin ASTMD 1106-84 - - - 29.50 34.04 20.22

2.2. Thermal Decomposition Behaviour-TGA-FTIR Analysis

The thermal decomposition behavior of the samples was determined using a Setaram
Labsys Evo Thermogravimetric Analyzer, and the sample weight losses were recorded as a
function of temperature and time. Prior to the experiments, a blank test was conducted.
Afterward, for each experiment, 10 ± 0.5 mg of the sample was weighed in a 100 µL
alumina crucible without a lid. The heating program was applied as follows: a heating
rate of 10 ◦C/min in the temperature range from 25 ◦C to 1000 ◦C with a nitrogen flow
at a rate of 20 mL/min to maintain an inert atmosphere. All experiments were carried
out at least three times to check the accuracy and precision of the data and to decrease the
experimental errors.

During the thermal decomposition, the evolved gases were simultaneously analyzed
by Thermo Nicolet IZ 10 FT-IR spectrometer. The gases were transferred from the TGA
furnace to the FTIR gas cell, where the transfer line and the gas cell were kept at 225 and
250 ◦C, respectively, to avoid condensation of the gases. IR spectra were recorded between
4000–700 cm−1 at a resolution of 4 cm−1 with 32 scans. The OMNIC software program
was used to obtain three-dimensional spectra, Gram–Schmidt curves, and chemigrams to
identify each functional group with time and temperature.

2.3. Pyrolysis Kinetics Modeling

The data obtained from TGA was used to identify pyrolysis kinetics for biomass
components and selected samples. One of the common non-isothermal model-fitting
techniques, where the degree of the reaction order is needed to be assumed, and the Taylor
series expansion is used for the arrangement of the integral, is known as the Coats and
Redfern (CR) equation (Equation (1))

ln
[
− ln(1 − α)

T2

]
= ln

[
AR
βEa

(
1 − 2RT

Ea

)]
− Ea

RT
(1)
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where T is the absolute temperature (K), A is the pre-exponential factor (1/s), Ea is the
activation energy (kJ/mol), R is the ideal gas constant (8.3144 J/mol.K), and α is the degree
of conversion that is expressed as:

α =
wi − w
wi − wf

(2)

where wi is the initial mass of the sample, wf is the final mass and w is the mass at any
time t.

Equation (1) can be simplified by assuming usual values of Ea between 80–260 kJ/mol
for 2RT/Ea<<<1 to get the following equation:

ln
(

g(α)
T2

)
= ln

(
AR
βEa

)
− Ea

RT
(3)

Here, g(α) is the integrated reaction model, which is expressed in Equation (4) and
β is the heating rate (K/s). Plotting ln(g(α)/T2) versus 1/T using single heating rate data
yields a straight line. Ea and A can be obtained from the slope of the line, Ea/R, and its
intercept, ln(AR/Ea).

g(α) =
∫ α

0

dα
f(α)

=
A
β

∫ Tα

0
exp

(
−Ea

RT

)
dT (4)

where Tα is the temperature at conversion α and f(α) is the function stating the dependence
of the reaction rate on the conversion. To able to solve this integral, Ea/RT is defined as x,
and equation becomes:

g(α) =
AEa

βR

∫ ∞

α

exp−x

x2 =
AEa

βR
p(x) (5)

The temperature integral, p(x), cannot be solved analytically. However, the Coats–
Redfern method approximates p(x) using a Taylor series expansion to yield Equation (3) [30,31].

2.4. Laboratory Scale Pyrolysis Studies

Slow pyrolysis experiments were performed in a fixed-bed reactor having a volume of
400 cm3, details of which were given elsewhere [32,33]. Temperature measurements were
carried out using a thermocouple placed on the bed above the sample. The experimental
conditions for the slow pyrolysis system were as follows: pyrolysis temperature ranged
from room temperature to 550 ◦C, heating rate of 10 ◦C/min, and nitrogen flow rate
of 100 cm3/min. The volatiles formed during pyrolysis were immediately cooled and
condensed by an ice bath maintained at around 0 ◦C. The bio-oil was then washed with
dichloromethane from the collecting traps, and the solvent was removed by a rotary
evaporator. The condensable fractions also contained a considerable amount of water
which was further separated by a separation funnel. The amounts of bio-oil and water
were determined, and bio-oil yields were calculated on a dry ash-free basis as follows:

Bio-oil yield(wt.%) = moil/(mi (1 − xash − xmoisture)) (6)

Char yield (wt.%) = mchar/(mi (1 − xash − xmoisture)) (7)

Water yield (wt.%) = mwater/(mi (1 − xash − xmoisture)) (8)

Gas Yield (wt.%) = 100 − (Bio-oil yield + Char yield + Water yield) (9)
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where, moil, mchar, and mwater are the amounts of bio-oil, char, and water formed in grams,
mi is the initial amount of sample in grams, and xash and xmoisture are the fractions of ash
and moisture in the sample.

All experiments were performed at least three times, and the average yields with an
experimental measurement error of less than ±0.5% were given in this study.

3. Results and Discussion
3.1. Properties and Thermal Decomposition Behavior of Biomass Components and Selected Samples

The proximate analysis results of biomass constituents and selected samples are given
in Table 2. Lignin, as the highly aromatic structured component, has the highest amount
of fixed carbon with 17.14 wt.%, whereas xylose and cellulose have significantly higher
amounts of volatile matter contents, more than 90 wt.%. Therefore, during the pyrolysis of
lignocellulosic biomass, lignin shows resistance to relatively higher temperatures due to the
requirement of high energy for the breakage of the double bonds existing in its structure.

For the biomass samples, similar volatile matter and moisture contents are observed
(Table 2). The fixed carbon content of sunflower waste is 13.18 wt.%, which is relatively
lower than that of the other biomass samples due to its high ash content of 11.20 wt.%. The
effect of ash (inorganics) on pyrolysis has been investigated previously by researchers, and
it is mainly mentioned that the presence of ash has a strong effect on the pyrolysis and
gasification of the char since inorganic species act as a catalyst during thermal decompo-
sition [34,35]. On the other hand, when scale-up processes are required, the presence of
high amounts of ash is problematic due to its accumulation in the pyrolysis/gasification
reactors, and also extra equipment should be installed in the process to separate ash from
the gas product.

Table 2 lists the constituents of biomass samples. Holocellulose is referred to the total
amount of cellulose and hemicelluloses in the lignocellulosic biomass [36]. All samples
comprised of holocellulose more than 55 wt.%, denoting that there is a remarkable volatile
fraction in their structure. The sunflower waste contains the highest amount of holocellulose
(64.58 wt.%) and the minimum amount of lignin (20.22 wt.%). The n-hexane soluble
extractives, in other words, oil fraction, achieved their highest value for the olive pomace
sample with an amount of 5.78 wt.%.

After the preliminary analysis, FT-IR spectra were taken to determine the functional
groups of the biomass components and raw materials. FT-IR spectra are given in Figure 1,
and the results are given in Table 3. It is not surprising to see that all samples presented
similar spectra and had many common functional groups (Figure 1a). The spectra can be
examined in three regions: the first one between 3400–2800 cm−1 and the second between
1800–100 cm−1, while the last one is the fingerprint region below 900 cm−1. In this manner,
the broad stretching vibration band seen at 3400–3000 cm−1 is attributed to O-H groups,
and the medium and weak band at around 2800–3000 cm−1 is indicative of asymmetric and
symmetric stretching C-H vibrations in xylose, cellulose, and lignin structures. The bands
between 1740–1510 cm−1 are due to olefinic C=C and C=O vibrations in aromatic structures.
The bending vibrations 1460–1325 and 900–750 cm−1 are assigned to C-H, whereas the
strong C-O stretching vibrations are observed between 1280–1030 cm−1 [37,38].

Hydroxyl group stretching vibrations arising from the polysaccharides are one of the
similar bands for all biomass samples since they all include cellulose. In addition, the
second indicative of polysaccharides, i.e., C-H vibrations around 2900 cm−1, is observed
not only for cellulose but also for all samples. The appearance of C-O stretching vibration
bands (1200–1000 cm−1) that belong to the main glucosic structure of cellulose is detected
for all biomass samples. Since lignin has a three-dimensional phenolic and polymeric
structure composed of phenyl propane, it also contributes to the C-H and O-H vibrations.
In addition, being the only aromatic component in the biomass samples, its presence is
supported by the intense C=C vibrational band seen between 1620 and 1510 cm−1 [39]. The
FTIR spectra of all biomass samples resemble each other due to having similar vibrations
arising from a similar structure.
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Figure 1. FT-IR spectra of (a) biomass constituents and (b) biomass samples.

Table 3. FT-IR analysis of biomass constituents and selected samples.

Wave
number
(1/cm)

Functional
Groups * Assignment Xylose Cellulose Lignin Pinecone Olive

Pomace
Sunflower

Waste

3400–3000 O-H
(υ)

Alcohol, phenol,
carboxylic acids 3331 3346 3400 3345 3336 3340

3000–2800 C-H
(υ) Alkanes, alkenes 2978

2889 2900 2935 2928 2925
2854 2928

1740–1600 C=O
(υ)

Ketones,
aldehydes 1632 - 1596 1734

1663
1732
1660 1737

1620–1510 C=C
(υ)

Olefinics,
aromatics - - 1506 1611

1511
1538
1516 1612

1460–1325 C-H
(δ) Aliphatic

1476
1395
1373
1312

1432
1372
1336

1421
1374

1454
1379

1455
1378

1423
1323

1280–1030 C-O
(υ)

Alcohol, phenol,
ester, ether

1150
1128
1040

1165
1113
1032

1266
1217
1135
1042

1272
1163

1244
1163
1033

1243
1101

900–750 C-H
(δ) Aromatics 904

760 897 856
743 895 755 833

768

* υ—stretching vibrations; δ—bending vibrations.

TG and dTG curves representing the thermal decomposition behavior of biomass
constituents (xylose (in place of hemicellulose), cellulose, and lignin) and selected samples
are given in Figures 2 and 3. In addition, Table 4 lists the results of the TGA analysis in
detail. Prior to investigating the pyrolytic performance of biomass samples, it is beneficial
to completely understand the decomposition pathways of the constituents.
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Table 4. TGA results of biomass components and selected samples.

Sample
Moisture Release 1. Stage 2. Stage 3. Stage Solid

Residue at
1000 ◦C (%)

T Range
(◦C)

Mass Loss
(%)

T Range
(◦C)

Mass Loss
(%)

T Range
(◦C)

Mass Loss
(%)

T Range
(◦C)

Mass Loss
(%)

Xylose 25–130 0.17 173–249 15.74 258–355 46.31 360–645 23.25 14.53
Cellulose 25–130 3.17 - - 291–395 80.0 - - 16.83

Lignin 25–100 7.12 170–420 25.96 420–495 4.35 495–835 12.05 50.52
Pinecone 25–140 6.13 210–310 20.34 310–380 25.92 380–715 11.40 36.10

Olive pomace 25–130 5.39 188–350 40.14 350–410 8.79 410–620 7.27 37.65
Sunflower waste 25–125 7.54 160–275 21.60 275–380 27.91 380–570 4.30 33.12

The differences in the chemical structures of biomass constituents result in variations
in the thermal degradation styles. Xylose, as one of the main compounds in the heterocyclic
structure of hemicellulose, is readily subjected to hydrolysis reactions at lower temperatures.
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From Figure 2, it can be reported that the thermal decomposition of xylose starts as the
former constituent at 173 ◦C. Neglecting the initial mass loss (0.17 wt.%) that is related to
the moisture release up to 130 ◦C, the decomposition of xylose is completed in three stages,
as seen from the dTG curve and Table 4. Due to the highly oxygenated compounds joined to
a cyclic framework, less energy is required to break the bonds, and hence more than 60% of
the decomposition of xylose is completed around 355 ◦C. The first stage occurs at a slower
rate and is completed at 249 ◦C. Maximum weight loss is achieved during the second
stage between 258 and 355 ◦C with an amount of 46.31 wt.%. The last decomposition stage
appears as a shoulder on the dTG curve, and the decomposition of xylose is accomplished
at around 645 ◦C where no further mass loss is observed, and the total conversion of
80.1% is achieved (Table 5). The final amount of solid residue is attained to be 14.53 wt.%
for xylose.

Table 5. Analysis of the thermogravimetric curves of the biomass components and selected samples
(heating rate: 10 ◦C/min, nitrogen flow rate: 20 mL/min, x (%) = conversion = ((mo − m)/mo) × 100
where mo is the initial mass and m is the mass of the sample at a given time).

T (◦C)

Sample x = 10 x = 20 x = 30 x = 40 x = 50 x = 60 x = 70 x = 80 x = 90 x@1000 ◦C

Xylose 221 269 290 304 319 346 392 630 >1000 80.1
Cellulose 315 325 333 337 341 345 352 468 >1000 82.9

Lignin 276 330 402 687 >1000 46.7
Pinecone 262 300 327 346 371 526 >1000 63.9

Olive pomace 242 286 314 342 387 521 >1000 62.4
Sunflower waste 175 237 271 304 347 471 >1000 67.9

The second polysaccharide component, cellulose, decomposes at 291 ◦C after the initial
weight loss of 3.17 wt.% in a temperature range of 25–130 ◦C, which is associated with
moisture removal. The structure of cellulose is different from hemicellulose because this
natural polymer is formed by glucose molecules. The decomposition of cellulose takes place
in one step with a sharp decrease in weight loss and, as seen in the dTG curve, a sudden
peak with a weight loss rate of 25.6%/min at 340.9 ◦C. The higher initialization temperature
for cellulose is due to its crystalline structure. The heterocyclic glucose molecules are
primarily decomposed by the cleavage of glucosidic bonds, which is accompanied by
dehydration reactions. The mass loss rate of cellulose is lowered to 0.97 wt.%/min at
temperatures higher than 395 ◦C, and the amount of solid residue remaining is obtained as
16.83 wt.% at around 520 ◦C. However, the third component—lignin—undergoes a gradual
decomposition over a wide temperature interval between 170 and 935 ◦C. In contrast to
xylose and cellulose, a lower amount of mass (49.5 wt.%) is decomposed at a very slow rate.
The only polymeric aromatic compound among the other constituents of biomass, lignin is
composed of phenylpropane units and C=C (614 kJ/mol) bonds that require approximately
two folds of bond dissociation energy than C-O (358 kJ/mol), C-C (347 kJ/mol) and C-H
(413 kJ/mol) bonds [40]. The maximum weight loss rate of 2.5 wt.%/min is obtained at
320 ◦C where the main decomposition occurs, and at temperatures over 495 ◦C during
the third stage; the mass loss rate is lowered to ~0.5 wt.%/min. The charring reactions
occurring during the last stage led to the formation of a higher amount of solid residue than
that of cellulose and xylose. Similar results were also reported previously, indicating the
differences in the degradation behavior of all three components of biomass [26,41–45]. In
addition, although the chemical structure of lignin and xylose is significantly different, they
begin to decompose at similar temperatures, around 170 ◦C. However, the dissimilarity in
their decomposition rates explains the different reactions taking place during degradation,
where that of lignin is lower and extends to higher temperatures [46].

Figure 3 represents the thermal behavior of the selected biomass samples. As seen,
the mass loss and dTG curves are similar for all lignocellulosic biomass samples, and
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the pyrolysis curves are in relation to the proportions of hemicellulose, cellulose, and
lignin in the biomass. The initial mass loss is associated with the moisture release up to
approximately 140 ◦C. From the mass loss percentages, it is seen that initial mass losses are
6.13, 5.39, and 7.54 for pinecone, olive pomace, and sunflower waste, respectively. Since
this initial mass loss is just the vaporization of water molecules bound on the surface of the
samples, it is not related to pyrolysis, and hence it is not considered a pyrolytic reaction in
this study. The slight difference between TGA and ASTM results for the moisture contents
of the samples might be due to the amount of material used and sampling. At temperatures
over 160 ◦C, all samples showed three-stage pyrolysis with different temperature ranges
and mass loss rates. The decomposition of the pinecone starts at 210 ◦C, forming a shoulder
around 300 ◦C, which is followed by a sharp peak for the maximum mass loss rate at about
346 ◦C. The third stage of the decomposition is completed with a very slow rate of lower
than 0.25 wt.%/min after 550 ◦C, leaving a 36.10 wt.% solid residue. For olive pomace, a
moisture release of 5.39 wt.% is followed by the main pyrolysis stage, where 48.93 wt.% is
volatilized in the temperature range of 188–410 ◦C. Among the biomass samples, the solid
residue left from olive pomace is the highest, 37.65%. The decomposition of sunflower
waste showed three peaks in the pyrolysis region, starting at about 160 ◦C and reaching its
maximum weight loss rate at 301.5 ◦C with the second peak in the dTG curve. The main
pyrolytic reactions are completed at around 520 ◦C, and the solid residue remaining at this
temperature is 38.65 wt.%. In contrast to the other biomass samples, due to its high amount
of ash content, sunflower waste has an extra decomposition peak at higher temperatures
of between 580 and 730 ◦C with a weight loss of 6.43%. This last peak can be explained
by the decomposition of carbon that is absorbed by the inorganics and volatilized at high
temperatures. The mass loss rates and corresponding temperatures are within the ranges
that have been published for several biomass feedstocks [47–52].

According to these results, since the weight loss related to the volatilization of major
components occurs at temperatures lower than 600 ◦C, choosing a pyrolysis temperature
of 550 ◦C is appropriate when the maximum amount of liquid and gaseous products is
aimed. It can also be concluded that during the pyrolysis of biomass, the components
decompose individually, forming a superposition. However, the process of pyrolysis is still
complex, and the explanations of each reaction or the synergetic effects of the components
are not clear yet. Nevertheless, in a general view, biomass decomposition can be divided
into three main categories; namely, (i) moisture release (25–140 ◦C), (ii) main pyrolysis
(decomposition of hemicellulose, cellulose, and lignin in a temperature range of 170–390 ◦C)
and (iii) further pyrolysis (decomposition of lignin between 390–835 ◦C), consistent with
previous studies [53–55].

In addition to the above explanations, it can be noted that the maximum weight
loss rate temperature is affected by the distribution of biomass components. The lowest
maximum temperature of 301 ◦C is obtained for the sunflower waste sample that has the
highest amount of holocellulose as given in Table 2. In addition, pinecone with a high
amount of lignin has a maximum weight loss rate temperature of 346 ◦C. Although olive
pomace has a significant amount of lignin originating from the high percentage of stone in
the solid remainder, its maximum temperature is observed to be around 320 ◦C, which is
due to the presence of hexane-soluble oils that accelerates the devolatilization reactions
and thus decreases the temperature.

Table 5 lists the typical temperatures at which 10, 20, . . . , and 90% conversion is
achieved for all samples. The maximum conversion of 60% is achieved within the tempera-
ture range of between 473 and 526 ◦C for biomass samples revealing that the primary and
secondary pyrolytic reactions are essentially complete at temperatures around 500 ◦C. This
is an important outcome since after this temperature; conversion is very slow, and volatile
formation is limited due to the charring reactions. Among the samples, sunflower waste
(high holocellulose and inorganics content) degradation starts at the lowest temperature, in
other words, earlier than the others. On the contrary, the conversion of the pinecone sample
(high lignin content) starts at 262 ◦C with 10%, and nearly complete conversion (60%) is
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reached at 526 ◦C. This conversion versus temperature (time) table is consistent with the
kinetic parameters calculated from the Coats–Redfern equation, as will be described in the
next sections.

3.2. TGA-FTIR Analysis of Biomass Components and Selected Samples

The Gram–Schmidt curves of the total FT-IR absorbance intensity of gaseous products
released during the pyrolysis process of the samples are presented in Figures 2 and 3.
A collection of linearly independent vectors can be converted into an orthonormal basis
for a given vector space using the Gram–Schmidt process, and it is a common method
to represent the total change in the IR signal relative to the initial state [56]. The Gram–
Schmidt curves of all samples have similar temperature ranges with weight loss curves,
specifically dTG curves. In other words, Gram–Schmidt curves are all consistent with the
dTG. The temperature obtained from dTG data, at which the highest conversion rate is
achieved, is also delivered from the Gram–Schmidt curve as the time at which the highest
gas evolution is detected. For instance, during the decomposition of lignin, the third stage
happened between 495 and 835 ◦C as a third peak in the dTG curve and similarly, a second
noticeable peak is observed in the Gram–Schmidt graph between 50 and 84 min.

The three-dimensional FT-IR spectra of biomass constituents and samples that are simul-
taneously obtained from the TGA are also shown on the right-hand side of Figures 2 and 3.
The appearance of 3d peaks begins with an increase in time (temperature). The volatile
compounds are released both during the primary pyrolysis reactions and charring reactions.
Because of the overlapping peaks in the FT-IR spectra, it is challenging to determine the
particular volatile species with accuracy. However, the typical bands observed at specific
wavelengths are effective in interpreting the evolved gases. The gaseous products are
observed in the temperature range of 165–720 ◦C, and they are detected to be mainly
CO2, CO, CH4, and H2O. These evolved gases are typical for the lignocellulosic biomass
pyrolysis process [57–60]. The appearance of absorbance peaks in the 3D spectra and the
mass loss in the TG curves are in good agreement. The most recognizable peaks that
correspond to CO2 stretching and bending vibrations between 2250 and 2450 cm−1 and
between 580 and 730 cm−1, respectively, are observed during the highest devolatilization
reactions. IN ADDITION, the O-H vibration bands between 3900–3400 cm−1 are observed
from 3d spectra, revealing the fact that water is released due to the vaporization of ad-
sorbed moisture and the dehydration reactions taking place during the primary pyrolysis
stage. The other gas products are also observed from 3d spectra. However, they are better
recognized from the chemigrams given in Figures 4 and 5. The chemigram produced for
the wavelength region of 3200–2850 cm−1 is assigned to the formation of CH4 due to the
decomposition of phenols at high temperatures. Stretching vibration bands seen around
1650–1850 cm−1 are attributed to the presence of aldehydes and ketones formed during
cellulose and hemicellulose pyrolysis. In addition, C-O and O-H stretching vibration bands
seen around 1300–1130 cm−1 and 1085–960 cm−1 indicate the presence of acids (formic
acid) and alcohols (methanol) [61].

The comparison of evolved gases during the pyrolysis of xylose, cellulose, and lignin
yields slight differences mainly due to the changes in the reaction mechanisms. The
formation of H2O begins slowly as the heating process starts. H2O is produced from a
two-step degradation for xylose and lignin during the primary reactions, whereas cellulose
decomposition yielded H2O as the product in a single step. Since lignin contains more
methyl groups, CH4 formation through the cracking of methoxyl, methyl, and methylene
groups is more detectable than the other constituents. CO2 is the most significant product
of all constituents. It is mainly produced during the initialization reactions, such as cracking
and reforming of carboxyl, carbonyl, and ester groups. Lignin decomposition produced
CO2 for up to 80 min (~820 ◦C) due to the charring reactions occurring at these high
temperatures, which is a wider range than that of cellulose and xylose. Similarly, the
cracking of carbonyl and ether groups yields CO gas as the product, and it is produced
in one step for cellulose pyrolysis. Xylose presents a two-step CO formation, the first one
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being more intense than the second. While the evolution of CO starts around 26 and 29 min
for xylose and cellulose, respectively, it is released after 52 min for lignin, as also reported
by other researchers [13]. In addition to the formation of these gases, other low molecular
weight hydrocarbons, such as acidic and alcoholic groups, are also released, as given in the
chemigrams. However, these gases have lower intensities when compared to the others,
indicating the occurrence of leading CO2-producing reactions.
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Figure 5. FT-IR spectra (chemigrams) of evolved gases during the thermal decomposition of
biomass samples.

All biomass samples display noticeable chemigrams for CO2, CH4, and H2O, as can
be seen in Figure 5. The C-H vibrations of CH4 evolution are detected between 19 and
74 min for pinecone pyrolysis as a single and wide-range peak. In contrast, sunflower
waste produced CH4 between 14 and 57 min with a two-step degradation. The first
small peak at 18. minutes (~200 ◦C) is explained by the initialization reaction, and the
second main peak at 43 min (~450 ◦C) is due to the final decomposition reactions of the
holocellulosic fraction. These temperatures are in agreement with the TGA data (Table 4)
and previous studies [58,62]. The release of aldehydes and/or ketones starts at 23, 20,
and 14 min for pinecone, olive pomace, and sunflower, respectively. In addition, the
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chemigrams illustrated for the wavelength between 1085–960 cm−1, which are assigned to
C-O stretching vibrations of alcohols and C-C stretching vibrations of alkenes, are viewed
for all samples at different temperatures. All these differences in the evolved gas profiles
demonstrate the effect of compositional differences in the samples and also the inexplicable
synergetic effects of the combination of these natural polymers with inorganics arising from
the ash content of biomass.

3.3. Pyrolysis Kinetics

The Coats–Redfern method was used to calculate pyrolysis kinetic parameters. The
initial weight loss and removal of moisture from the biomass were not considered in the
kinetic calculations. The decomposition of hemicellulose, cellulose, and lignin took place
simultaneously in the pyrolysis process, exhibiting several parallel and series reactions [63].
From TGA-FTIR data (Gram–Schmidt curves), it is noticed that the degradation of xylose
and lignin took place in three steps, while cellulose decomposed in one step.

The thermal degradation of xylose started at around 175 ◦C, being the component
that decomposes in the first place at lower temperatures. The initial reactions required
higher activation energies than the further decomposition reactions due to the elevated
bond-breaking energies initially [64]. Cellulose decomposition demonstrated a rapid step
between 290–350 ◦C, and the calculated activation energy is the highest among the other
constituents. Similar results were reported previously for cellulose pyrolysis kinetic pa-
rameters by assuming a first-order degree decomposition [65]. A three-step decomposition
scheme was recorded for the lignin degradation between the temperatures of 210–874 ◦C.
The higher temperature decomposition reactions are assigned to char formation solid-
ification reactions, and the calculated activation energy is lower than that of pyrolysis
initialization reactions [66].

The activation energy required for the initiation of the thermal decomposition of
biomass samples is in the range of 53–94 kJ/mol, which is close to that of xylose and
lignin (Table 6). Since the selected biomass samples consist of similar holocellulose content,
their initiation activation energies are close to each other. On the other hand, the kinetic
calculation for the pinecone sample resulted in higher activation energy than that of olive
pomace and sunflower waste. The low activation energies of sunflower waste prove that
this biomass begins to decompose first compared to others, as explained before (Table 5). For
all samples, it is seen that the initial pyrolysis reactions exhibited high activation energies,
which could be unfavorable for the decomposition process. However, the higher pre-
exponential factors calculated for the lower temperature decomposition zones indicated
that the pyrolytic reactions were promoted. In other words, the compensating effect
between activation energy and pre-exponential factor resulted in a stable overall reaction
rate [67]. In addition, the R2 values that are close to unity verify the first-order reaction
assumption by yielding linear straight lines in the ln (g(α)/T2) versus 1/T graphics.

3.4. Pyrolysis Product Yields

Fixed bed pyrolysis reactor experiments were carried out with a 10 ◦C/min heating rate
at the final temperature of 550 ◦C under 100 cm3/min flow rate of nitrogen gas. Nitrogen
gas was selected as the sweeping gas to prevent the formation of secondary reactions during
devolatilization and increase the bio-oil yield, and also to maintain a similar atmosphere
to TGA conditions [68]. The product yields distribution, which was calculated on a dry
ash-free basis, is given in Figure 6. Bio-oil yields for biomass components could be listed
from low to high as lignin, xylose, and cellulose. Although cellulose gave the highest
bio-oil yield among the other constituents, 24.28 wt.% yield was significantly low when
compared to lower temperature pyrolysis yields [69]. According to the data from TGA,
the decomposition of cellulose was completed around 395 ◦C, and hence gas formation
was enhanced at 550 ◦C final temperature rather than bio-oil. Having a high amount of
volatile matter, the gaseous product yields were greater for xylose and cellulose, while
the highly aromatic compound lignin yielded a relatively low gas product of 25.7 wt.%.
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The water produced during the thermal degradation reactions of xylose draws attention
in Figure 6. Since H2O is one of the main products of possible pyrolysis reactions of
xylose, 26.86 wt.% of water yield was achieved for this constituent [70]. On the other hand,
42.25 wt.% of char yield was recorded for lignin due to the charring reactions taking place
at temperatures of higher than ~500 ◦C during lignin decomposition. In addition, the
lowest bio-oil yield of 11.46 wt.% was achieved for lignin pyrolysis due to reconstruction,
condensation, and polycondensation reactions occurring to form solid products rather
than condensable volatiles. Also, the highly aromatic structure of lignin, which contains
aromatic rings, makes it more thermally stable than the aliphatic bonds found in cellulose
and hemicellulose. Since it is more difficult to break down these aromatic rings during
pyrolysis, lignin produces fewer amounts of condensable volatiles, and hence the bio-oil
yield is the lowest among the other constituents [43,71].

Table 6. Pyrolysis kinetic constants calculated by the Coats–Redfern method.

Sample Temperature Range (◦C) E (kJ/mol) A (1/min) R2

Xylose
173–249 104.57 5.700 × 109 0.8979
258–355 52.13 6.560 × 103 0.9748
360–690 10.11 0.106 × 101 0.9545

Cellulose 291–352 252.87 2.288 × 1021 0.9989

Lignin
210–416 56.05 5.021 × 103 0.9614
416–490 5.02 2.083 × 10−2 0.9716
672–874 24.28 0.421 × 101 0.9790

Olive pomace
188–350 52.80 3.110 × 104 0.9969
350–410 25.81 0.310 × 101 0.9956
410–535 15.05 0.130 × 101 0.9813

Pinecone
210–310 93.52 3.960 × 108 0.9842
310–380 63.31 2.360 × 105 0.9841
380–620 6.46 0.980 × 101 0.9910

Sunflower farm
waste

160–275 56.45 4.630 × 104 0.9880
275–380 24.66 1.990 × 101 0.9485
380–520 8.94 0.060 × 101 0.9894Energies 2023, 16, x FOR PEER REVIEW 16 of 20 
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The pyrolysis product yields of selected biomass samples are also given in Figure 6.
Olive pomace yielded the highest amount of bio-oil (32.36 wt.%) when it is compared to
other biomass samples. The lignin content of olive pomace was quite high, and hence
lower bio-oil formation was expected due to the pyrolytic behavior of lignin, as explained
above. However, the significant amount of n-hexane soluble oil content of olive pomace
resulted in the condensable volatile formation through the possible complex reactions
between -oic acids (mainly oleic acid) in the oil and lignocellulosic constituents. A woody
plant—pinecone—had the lowest bio-oil yield of 18.88 wt.% and the highest char yield of
31.20 wt.% among the biomass samples. The lignin content of this forestry residue resulted
in more charring reactions and, consequently, a high amount of char at the end of pyrolysis.
Sunflower waste was characterized by its relatively high holocellulose content; therefore,
the bio-oil and considerably high water yields were calculated to be around 22.6 wt.% and
22.7 wt.%, which lie in the range of agricultural waste pyrolysis yields [72,73]. Although the
lignin content of sunflower waste was approximately 20 wt.%, the char yield was calculated
to be close to that of olive pomace, which contained approximately 50% more lignin than
sunflower waste. The reason for this elevated char yield could be explained by the ash
content of sunflower waste. When compared to other samples, sunflower waste had the
largest amount of inorganic content (ash) with 11.2 wt.%, and accordingly, the calculation
using Equation (5) generated a higher char yield.

4. Conclusions

The effect of major components of lignocellulosic biomass on the pyrolytic behavior
and as well as the slow pyrolysis bio-oil yield and composition, were investigated in this
study. The following conclusions were derived from the experimental work:

− The highest decomposition rate was achieved at the temperatures of 305, 340, and
320 ◦C for xylose, cellulose, and lignin, respectively.

− Thermal decomposition of selected biomass samples showed similar behavior regard-
less of their different lignocellulosic structure and composition.

− The superimposition of hemicellulose, cellulose, and lignin degradation curves re-
sulted in a three-step decomposition of biomass samples.

− The 3d visualization of evolved gases during pyrolysis demonstrates the steps of
degradation through the gas products.

− The order of pyrolytic volatile production is hemicellulose (xylose), cellulose, and
lignin, which is similar to their thermal decomposition and thermal stability.

− CO2, CH4, and H2O are the main products of primary pyrolytic reactions such as
cracking, reforming, and dehydration, whereas CO formation is accelerated at higher
temperatures during the decomposition of lignin.

− Calculated activation energies revealed the fact that the initialization reactions re-
quired more energy than the secondary pyrolysis reactions, such as solidification
and condensation.

− Laboratory-scale pyrolysis experiments yielded the highest amount of char for the
highest lignin-containing biomass, whereas bio-oil formation was enhanced by the
presence of high amounts of cellulose and hemicellulose. In addition, the highest
bio-oil yield of 32.26 wt.% was obtained from olive oil pomace since it contains the
highest n-hexane soluble fraction among the selected biomass samples.

As a result, it can be concluded that the major components of biomass have a significant
effect on the decomposition rate and, accordingly, on the product yields and composition.
However, other constituents of biomass, such as protein, ash, and extractives, also influence
the quality of the bio-oil.
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