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Abstract: This work aimed to conduct a kinetic study of cotton stalks (CSs) through TGA to
examine the impact of reaction conditions on bio-oil yield derived from CS slow pyrolysis
using a tube furnace lab-scale reactor, as well as a characterization of bio-oil and biochar
products. The iso-conversional approaches of Kissinger-Akahira—Sunose (KAS) and Flynn—
Wall-Ozawa (FWO) were applied to estimate kinetic parameter activation energy (E,) for
the range of conversion degrees (x = 0.1-0.9). The kinetic results demonstrated that the
average values of E, for secondary pyrolysis were lower compared to those of primary
pyrolysis; this could be explained by the fact that mainly cellulose degrades during primary
pyrolysis, which requires more energy to be degraded. The pyrolysis findings indicated
that the highest yield of bio-oil was 38.5%, which occurred at conditions of 500 °C and
0.5-1 mm size, while retention time showed an insignificant effect on pyrolysis oil. GC-MS
analysis demonstrated that bio-oil is dominated by phenol compounds, which account
for more than 40% of its components. SEM and XRD analyses emphasized that biochar is
porous and has an amorphous shape, respectively. It can be concluded that these outcomes
confirm that CSs have the potential to be a good candidate for a feedstock material for
bioenergy production via the pyrolysis process.

Keywords: cotton stalks; kinetic analysis; reaction conditions; slow pyrolysis; bio-oil; biochar

1. Introduction

Energy produced from fossil fuels has detrimental social, political, and environmental
effects. Moreover, burning fossil fuel has increased carbon dioxide (CO;) levels globally and
accelerated climate change. These implications have attracted more attention to renewable
energy source development [1]. over the decreasing supply of fossil fuels and the increasing
emissions of greenhouse gases (GHGs) are conducive to a growing emphasis on utilizing
biomass energy as an alternative fuel, particularly from forestry and agricultural wastes,
due to its low cost and availability [2]. Biomass resources have the ability to be transformed
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to solid, liquid, and gaseous fuels. When compared with fossil fuels, biomass energy emits
less CO, and has lower content of nitrogen and sulfur [3]. Biomass derives either directly
or indirectly from sun energy. The emitted CO,, a byproduct of biomass combustion,
can be reabsorbed via photosynthesis through the growth of green plants. Consequently,
biomass is a source of renewable energy that can potentially satisfy the needs of sustainable
development [4]. Cotton stalks (CSs), a byproduct of the cultivation of cotton, is becoming
an important agricultural waste via its potential uses throughout many industries. Annually,
huge amounts of CSs are generated worldwide—about 90.3 to 129 million tons—but this
material is commonly neglected and categorized as waste [5]. However, CSs have high
percentages of lignin, hemicellulose, and cellulose contents, which make it a good candidate
for bioenergy production via thermo-chemical conversion methods. Therefore, exploiting
CS biomass for bioenergy generation could contribute significantly to emission reduction,
as well as providing further income for cotton farmers.

Biomass as a solid fuel has attracted researchers’ interest due to its potential to aid in
reducing dependency on fossil fuels as well as address climate change issues [6]. Biomass
energy has gained great attention due to its low CO, emissions, high content of hydrogen,
and widespread distribution. By 2050, energy derived from biomass will account for
almost half of the energy consumption in the world; of this, developed countries consume
approximately 80%. Furthermore, biomass resources have been used as fuels for long
periods throughout history and, recently, it has been found that biomass can be utilized
with different thermal methods (mixed combustion, pure combustion, pyrolysis, and
gasification) for generating energy along with other value-added outputs [7].

The pyrolysis process is considered the first stage in all thermal processes, and plays
an important role in the thermo-chemical conversion of biomass [7]. It refers to the thermal
degradation of biomass in an oxygen-free atmosphere. In terms of operations, the pyrolysis
method can be categorized into three different stages: flash, fast, and slow pyrolysis [8].
Many studies have been conducted on CS pyrolysis using different reactors and conditions.
For instance, the impact of CS particle size and reaction temperature on the fast pyrolysis
technique was investigated in a bubbling fluidized-bed reactor. The findings determined the
highest bio-oil output to be at a temperature of 490 °C and a 1 mm feedstock particle size [9].
Another study examined the microwave-assisted pyrolysis of CSs under various parameters
(reaction temperature, microwave power, and retention time). These conditions were
optimized to obtain maximum bio-oil production (32.47%) [10]. Valorized colored cotton
residue was investigated using a micro-pyrolyzer. The results demonstrated significant
energetic ability and depicted a presence of oxygenated substances, light organic acids,
and phenols in pyrolysis products, implying its use as an alternative energy source and
bioenergy generator [11]. On the other hand, investigating CSs via slow pyrolysis is still
not well established. Therefore, studying CSs through slow pyrolysis, adopting different
conditions for bio-oil production, could contribute significantly to the utilization of these
residues and produce clean energy as well.

The pyrolysis of solid fuels involves two major steps: primary and secondary pyrolysis.
The primary stage takes place at a lower temperature, where solid fuel deteriorates into tar,
char, lighter gases, and ash. Secondary pyrolysis is a process in which primary pyrolysis
products, particularly tar, undergoes additional chemical reactions at a higher temperature
and longer retention time [12]. Cellulose, hemicellulose, and lignin of biomass degrade
through the primary reaction, yielding primary as well as intermediate byproducts. The
intermediate products undergo a secondary reaction which depends on the reaction param-
eters and feedstock characteristics [13]. Consequently, understanding the biomass’s thermal
decomposition is critical for determining the optimal temperature of biomass conversion
for combustion or pyrolysis. Kinetic studies of thermal and chemical processes can help to
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predict the reaction’s performance and energy [14]. Furthermore, estimating the pyrolysis
kinetics is crucial for predicting biomass decomposition behavior through the pyrolysis
process, which provides the basis of designing the reactors. The thermal decomposition of
biomass involves several steps, making it a complex process. However, the International
Confederation for Thermal Analysis and Calorimetry (ICTAC) strongly recommends the
use of iso-conversional (IC) approaches to determine the kinetic triplet of thermal degrada-
tion, which includes activation energy [15]. The IC, also known as the model-free method,
is the most extensively used method for studying biomass pyrolysis kinetics. Generally,
there are two kinds of model-free approaches: differential and integral. The differential
iso-conversional technique’s reliance on the instantaneous rate values makes it vulnerable
to trial noise, resulting in numerical instability. Using the integral method, particularly in
TGA experiments, can effectively avoid this matter [16]. The Kissinger—Akahira-Sunose
(KAS) and Flynn-Wall-Ozawa (FWO) approaches are common integral non-isothermal iso-
conversion methods [17]. In the present study, the FWO and KAS models were employed
to determine the activation energy (E,) of CSs using TGA data. However, more attention is
given to the pyrolysis technique due to several benefits. It can convert biomass materials
to biochar, gases, and bio-oil. Each of these products can be utilized for various purposes.
The gases are capable of being used to generate heat and electricity. Bio-oil could serve as a
boiler fuel or a raw material for chemicals. Biochar can be gasified to produce syngas, or
utilized as an adsorbent, biofuel, or amendment for soil [18]. However, in this research, a
kinetic analysis was first carried out to investigate CS decomposition behavior. The effects
of reaction conditions (including biomass characteristics) on pyrolysis products were then
explored, while many other investigations focusing on other conditions including heating
rate, reaction temperature, and carrier gas flow rate, not including feedstock particle size,
were performed.

Exploiting biomass wastes as a renewable energy using efficient techniques can pro-
vide alternative green fuels which contributes positively to the reduction of GHG emissions
in the environment. Reaction parameters such as residence time, temperature, and biomass
characteristics have an impact on the yield and properties of the products produced during
the pyrolysis process. Therefore, this study aimed to perform kinetic analysis to estimate the
activation energy of CSs using thermogravimetric analysis (TGA) data and to estimate the
impact of reaction conditions (particle size, temperature, and retention time) on bio-oil yield
derived from CS pyrolysis adopting the single factor method, and further characterize the
bio-oil and biochar products utilizing analytical methods including gas chromatography—
mass spectrometry (GC-MS), TGA, scanning electron microscopy (SEM), X-ray diffraction
(XRD) analysis, energy yield, and energy densification. This work integrates both the deter-
mination of E, and investigation of unique reaction conditions (temperature, retention time,
and particle size) via TGA and analysis of the pyrolysis process of CS biomass, respectively.
According to kinetic E, values, it has been found that smaller biomass particle sizes are
more suited to the pyrolysis process due to increased heat transmission efficiency, which
is in conformity with the pyrolysis experiments, where the highest bio-oil yield occurred
using smaller sizes of CSs (0.5-1 mm) at a reaction temperature of 500 °C, while the other
sizes (1-1.5 and 1.5-2 mm) generated more gases. Therefore, this research provides insight-
ful information about the kinetic and pyrolysis processes of CSs; hence, it can be used as a
valuable reference for researchers and stakeholders.

2. Materials and Methods
2.1. Samples Preparation and Characteristics

Cotton stalk samples were collected from Xinjiang Province, China. CS samples were
collected in the 2023 season, directly after the cotton harvest, and used in experiments
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after 45 days. The dried samples were cut into smaller sizes and then crushed to sizes of
0.5-1, 1-1.5, and 1.5-2 mm. The prepared raw materials were placed in an oven at 105 °C
for 4 h. After that, they were packed in bags and stored in a dry place to be used later
in experiments.

A German Element Analyzer (Model: UNICUBE) was used for the ultimate analysis.
The sample was decomposed by catalyst oxidation in an oxygen environment at a high
temperature (1800 °C), the non-detected gases such as volatile halogen were removed
and different component gases were separated by a special adsorption column, then the
corresponding gases were detected by a Thermal Conductivity Detector using nitrogen as
a carrier and purge gas. The proximate test was performed in accordance with the current
Chinese national standard (GB/T28732-2012). Calorific value was measured using a bomb
calorimeter. The cellulose, hemicellulose, and lignin percentages in CS raw materials were
measured using the Van Soest Method of Detergent Fiber Analysis [19].

2.2. Experimental Design and Procedures

Pyrolysis products were investigated adopting various operation conditions, including
temperature (°C), particle size (mm), and retention time (min). The single factor method
was used to conduct the experiments and to understand the effect of factors on the liquid
yield. The single factor research approach involves changing a single factor within a specific
range while keeping all other variables constant. The adopted operation conditions of CS
slow pyrolysis were: temperature (400, 450, 500, 550, and 600 °C); particle size (0.5-1, 1-1.5,
and 1.5-2 mm); and retention time (15, 25, 35, and 45 min).

The slow pyrolysis experiments were conducted in a fixed-bed reactor (tube furnace)
Hefei Kejing Material Technology Co., Ltd., (OTF-1200X, Kejing, Hefei, China). As demon-
strated in Figure 1, the system contains a gas supply, gas flowmeter, quartz tube, liquid
yield collector, and flue gas purifier (a water filter was used to trap gases which include
heavy hydrocarbons). The sample of CS (30 g) was placed directly in the center of the
tube (1000 mm length, internal diameter 54 mm, length of temperature zone 150 mm). The
tube was purged with high purity Ar gas (99.99%) at a flow rate of 200 mL/min. To start
the experiment, the temperature of the furnace was programed from 20 °C to increase
gradually to the selected temperatures of 400, 450, 500, 550, and 600 °C, with 10 °C/min as
the rate of heat increase. Liquid products were collected by condensation using two glass
bottles (500 mL size) placed inside iced water. To ensure accurate results, each experiment
was conducted in three replicates.
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Figure 1. Schematic diagram of the pyrolysis system. (1) Ar gas; (2) flowmeter; (3) temperature con-
troller; (4) CS sample; (5) electric tube furnace; (6) iced water; (7) condensation bottle; (8) gas purifier.

2.3. Yield Calculations

The liquid yield was determined by weighing the bottles before and after the experi-
ment, then it was computed as a percentage of the sample’s initial weight. Biochar yield
was obtained by the difference between the final solid product and the sample weight. For
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the gas yield, it was calculated by the difference between 100% and the sum of solid and
liquid yields. Equations (1) and (2) show the calculation of liquid and solid yields [20,21].
weight of liquid (g)

Liquid yield (wt%) = weight of biomass sample (g) X100 @

weight of biochar (g)

Biochar yiel %) =
iochar yield (wt%) weight of biomass sample (g)

x 100 )

The energy densification ratio and energy yield of CS biochar were determined using
Equations (3) and (4) [22].

calorific value of char
calorific value of biomass

Energy densification ratio =

(3)
Energy yield = char yield x Energy densification ratio (4)

2.4. Thermogravimetric Tests

Thermogravimetric tests of CS samples were performed using a TG analyzer (TGA
5500, TA Instruments, United State of America (USA)). Approximately 6.5 mg of CS sample
was placed in a heat-resistant platinum pot. The reactor’s temperature was adjusted to
gradually increase from 30 °C to 800 °C at a rate of 10 °C/min. The furnace was purged
with helium gas at a flow rate of 25 mL/min. The TRIOS program was used to analyze the
recorded data.

Pyrolysis progress (conversion degree devolatilization) « (—) was calculated using
sample weight loss as a function of temperature:

My —M;

where My, M, and M are the initial, actual, and final weights of the sample, respectively.

2.4.1. Non-Isothermal Model-Free Iso-Conversion Method

The activation energy of the pyrolysis process was determined by employing IC
approaches. These methods assume the same conversion degree () of a given value of
Ea, regardless of heating rate, and that the E, fluctuates as the progress of process. Every
chemical process is progressive, reflecting various aspects of the mechanism across the
whole reaction route [23]. To conduct kinetic analysis using IC methods, numerous TG
measurements at various heating rates are required. The values of E, are calculated using
data from multiple kinetic curves rather than, as with a single fitting approach, at varied
heating rates for a constant «. The E, value can be obtained at any stage of the process,
allowing for a thorough evaluation of the kinetics and reaction mechanism, and its degree
of complexity as it advances [24]. The IC study of kinetics provides for exact, near-actual
activation energy estimates, limiting issues caused by the impacts of mass transfer and
energy at varying heating rates. This analysis also helps to avoid problems caused by the
imprecise evaluation of the reaction models.

The model-free approach employed in this study served as the foundation for the IC
methods. The IC techniques of FWO and KAS were applied to determine various kinetic
parameters that occur via the pyrolysis of CS. The ICTAC has recommended that FWO
and KAS are precise procedures for kinetic parameter calculations. Differential or integral
approaches are the two types of IC methods. Two integral approaches that are frequently
used are FWO and KAS.
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Calculations of E, were conducted for the o« range from 0.1 to 0.9, and four heating
rate constants (3 = 10, 15, 20, and 25 °C/min). This work concerns pyrolysis at a heating
rate of 10 °C/min. However, measurements at other heating rates were used to calculate Ea,
and these measurements showed trends similar to those at 10 °C/min. For both formulas,
R represents the universal constant of gas (8.314 J/mol-K) [24].

2.4.2. Flynn-Wall-Ozawa (FWO) Method

The E, is often determined using the FWO method, which is dependent upon TGA
data conducted at heating constant rates. Following that, a linear function with a slope
corresponding to the E, is calculated by combining the natural logarithm of the degradation
fraction and the inverse of the absolute temperature. Doyle’s approximations algorithm [25]
was then applied to obtain the subsequent Equation (6):

log(B) = log (ﬁ?ﬁ;) —5.331 — 1.052% (6)
where (3 is the heating rate (°C/min), g(x) is a constant at a known conversion value,
1/T is the linear relationship with a given conversion value at different rates, A is the
frequency or pre-exponential factor, E, is the activation energy of the reaction, R is the
universal gas constant (8.314 ] /mol-K), and T is the absolute temperature. The apparent
E, can be determined via a plot of log(3) versus 1/T at a specific conversion for different
heating rates.

2.4.3. Kissinger—Akahira-Sunose (KAS) Method

The Arrhenius formulation serves as the foundation for the KAS, which is a differential
method. This approach leads to the conclusion that the heating rate logarithm over the
square of absolute temperature versus the reciprocal of absolute temperature is a linear
function for a given conversion degree (to understand it another way, the slope and
activation energy are proportional). By using the Murray-White approximation [26] and
the Coats—Redfern method [27], we obtained the KAS model, which is expressed by the

Equation (7): ; A .
o8(72) =18 (50e7) ~ ?

E, can be calculated using Equation (6) from the slope (—E,/RT) on a plot of log
(B/T?) versus 1/T at a particular conversion for various heating rates.

2.5. Analysis of Pyrolysis Products

The compositions of tar compounds were determined using GC-MS model 7890A /
5975C, Agilent Technologies, Santa Clara, CA, USA. Acetone solution was utilized to swill
the condensed bottles to collect tar products. Powder of copper sulfate (anhydrous) was
utilized to soak up moisture, followed by filtration via a quartz microporous membrane
(0.22 pm). The GC-MS column was DB-5MS (30 m length, 0.25 mm diameter, and film
thickness of 0.25 pum). Chromatographic conditions were: 1 uL injection volume, unsplit
stream sampling, injector temperature adjusted to 250 °C, flow rate 64.20 mL/min. The
temperature of the column was maintained at 60 °C for 5 min before gradually increasing
to 270 °C with a rate of heat of 5 °C/min for 10 min. Pure helium gas (He) was employed as
the carrier gas. The chromatographic peaks for each target component achieved using the
aforementioned chromatographic parameters were compared to the NIST, 2008 (National
Institute of Standards and Technology, USA) database of MS. The component yields were
obtained as a peak area percentage.
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The physical morphology of biochar surface was analyzed using SEM, SU3500, Hitachi,
Japan, with parameters of 100 pm resolution and 10.0 kV acceleration. The XRD instrument
was used to assess the structure and crystallinity of biochar.

The liquid yield data were assessed utilizing Statistical Package for the Social Sciences
(SPSS), and differences among averages were examined via analysis of variance (ANOVA)
using LSD (least significant difference) with p-value (p < 0.05).

3. Results and Discussion
3.1. Characteristics of CS Biomass

The CS samples underwent the proximate, ultimate, and chemical composition analy-
ses (hemicellulose, cellulose, and lignin). Table 1, depicts the results of those tests.

Table 1. Basic properties of cotton stalks.

Sample Cotton Stalks
Ultimate analysis (%)
C 44.41
H 5.40
N 1.11
S 0.23
O (by difference) 48.85
Proximate analysis (%)
MC 3.57
Ash 0.70
VM 74.03
FC 21.70
HHV (M]/kg) 16.55
Chemical composition
Cellulose 42.50
Hemicellulose 17.32
Lignin 15.11

MC—Moisture content, VM—Volatile matter, FC—Fixed carbon.

3.2. Thermogravimetric (TGA) Results

TGA is a critical technique for determining the thermal degradation mechanism of
a feedstock materials [28]. According to Figure 2, TGA/DTG analysis of CS samples
with different sizes (0.5-1, 1-1.5, and 1.5-2 mm) demonstrated the weight loss in three
stages. The thermal decomposition of these stages can be classified as moisture evaporation,
release of volatile matter content, and slow carbonization for solid products [29]. The water
evaporation in the first stage of all samples occurred between 30-200 °C with weight loss
of almost 2.7% attributed to the low content of moisture in the CS sample (Table 1). Also,
the second stage (so called primary pyrolysis) shows similar trend which occurred between
200-370 °C with weight loss of (57.18, 58.08, and 58.48%) due to the degradation of cellulose
and hemicellulose. It has been noticed that when the sample size increased the peak
shoulder of temperature on DTG curve was also increased, the highest temperature peak
values were 328, 338 and 342 °C for CS samples (0.5-1, 1-1.5, and 1.5-2 mm) respectively.
The last stage of CS samples decomposition (secondary pyrolysis) occurred after 400 °C
and followed by steady trend when the temperature reached around 600, 640, and 735 °C
for the feedstock particle size (0.5-1, 1-1.5, and 1.5-2 mm) respectively. The most intense
degradation stage for biomass feedstocks took place in the second phase which represents
the major pyrolysis zone (primary pyrolysis). A study conducted by Hopa and others [3]
revealed that the loss of mass in the initial phase was caused by moisture evaporation
and decay of lower-temperature volatile, while the second phase (stage) which represents
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the major pyrolytic region, showed thermal breakdown of biomass chemical composition
(hemicellulose, cellulose, and lignin). The final phase is credited to fully breakdown of
lignin and formation of char and ash.
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Figure 2. TGA (a,c,e) and DTG (b,d,f) curves of CS with different particle size (0.5-1, 1-1.5, and
1.5-2 mm).

Activation Energy

The kinetic parameter E, obtained by the KAS and FWO iso-conversion approaches
was estimated for the conversion degree ranges o« = 0.1 to 0.9 to avoid uncertainties in
initial and ultimate values and provide the most results that are reliable. Tables 2 and 3
describe the activation energy values and coefficient of determination R? (which measures
the fitting of experimental data to the model) of primary pyrolysis for analyzed samples.

The obtained R? determination coefficient values were high—the lowest value ob-
tained was 0.9513 with most of the other R? values being much higher. Moreover, in each
case, the FWO method was characterized by higher R? values. These results imply that the
measurement data fits well with the models utilized (particularly FWO).

The data provided in Tables 2 and 3 and Figure 3, demonstrate that the E; values
were always higher for the FWO method, and the bigger the particle sizes, the smaller the
differences (the differences were in the range between 1.2-5.7 k] /mol).
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For the sample with the lowest particle size, a slight decrease in the E, values is
observed in the initial stage of the primary pyrolysis (to alpha ~0.4) and then there is an
increase in this value (particularly intense from alpha ~0.6). As the particle size increases to
1-1.5, the decrease in E, at the initial stage visible for the sample with the lowest particle
size is no longer observed. In this case, E, values increase over the entire alpha range,
but this increase is very mild up to alpha of approximately 0.6 and then intense. In turn,
for the sample with the largest particle size, E, values increase intensively over the entire
alpha range.

Table 2. Kinetics parameters calculated based on the KAS method (primary pyrolysis).

0.5-1 mm 1-1.5 mm 1.5-2 mm
Conversion Degree (—)
E, R? E, R? E, R?
0.1 80.3 0.9861 106.4 0.9925 110.4 0.9833
0.2 80.2 0.9768 111.7 0.9877 129.6 0.9822
0.3 78.5 0.9664 112.9 0.9836 142.7 0.9794
0.4 772 0.9564 113.5 0.9803 154.1 0.9779
0.5 77.5 0.9513 115.1 0.9781 162.7 0.9762
0.6 79.9 0.9514 118.2 0.9747 168.9 0.9744
0.7 85.8 0.9583 124.5 0.9699 173.1 0.9704
0.8 99.5 0.9760 136.2 0.9592 175.7 0.9628
0.9 127.8 0.9973 159.7 0.9380 172.2 0.9491
Mean Value 87.4 0.9689 122.0 0.9738 154.4 0.9728

Table 3. Kinetics parameters calculated based on the FWO method (primary pyrolysis).

0.5-1 mm 1-1.5 mm 1.5-2 mm
Conversion Degree (—)
Ea R? Ea R? Ea R?
0.1 85.3 0.9887 110.2 0.9937 114.1 0.9857
0.2 85.3 0.9812 1153 0.9896 1325 0.9845
0.3 83.9 0.9730 116.7 0.9861 145.1 0.9819
0.4 82.8 0.9652 117.4 0.9834 156.1 0.9804
0.5 83.2 0.9612 119.0 0.9815 164.4 0.9788
0.6 85.5 0.9611 1221 0.9786 170.4 0.9771
0.7 91.2 0.9662 128.1 0.9743 174.4 0.9735
0.8 104.4 0.9801 139.3 0.9646 176.9 0.9667
0.9 1314 0.9977 161.8 0.9451 173.7 0.9545
Mean Value 92.6 0.9749 125.6 0.9774 156.4 0.9759

160
140
120

10

8

6

| 1 1
0

0.5-1mm 1-1.5mm 1.5-2mm 0.5-1mm 1-1.5mm 1.5-2 mm

Ea kJ/mol
D
o O O O O

KAS FOW

B Primary ® Secondary

Figure 3. The average of E, for KAS and FOW in primary and secondary pyrolysis for different
particle sizes.



Resources 2025, 14, 75

10 of 20

As can be seen in Tables 2 and 3, the E; is highly relying on conversion degree,
indicating that pyrolysis technique is a complicated procedure involving various reactions.
Nevertheless, smooth changes in E, were occurred as the conversion degree increased from
0.1 to 0.6 (for samples with particle size 0.5-1 and 1-1.5), due to the lignin and hemicellulose
pyrolysis [30]. As the pyrolysis progressed, the E, values significantly increased due to the
degradation of cellulose (which has the maximum activation energies; 145-285 k] /mol) [31].
Moreover, higher particle sizes gave different character and higher activation energies
compared with the lower particle sizes. The cause for this could be due to a constraint in
heat transfer among CS particles. Therefore, when the feedstock particle size rises, heat
transmission across biomass particles diminishes, consequently, less biomass particles get
into touch; lowering the chance of reaction, and ultimately, higher E, needed to overcome
these limitations [32]. Thus, it can be concluded that smaller size of particles is better
suitable for the process of pyrolysis due to increased heat transmission efficiency.

The mean values of E; of primary pyrolysis amount to: 87.4/92.6; 122.0/125.6, and
154.4/156.4 k] /mol (KSA/FWO) for 0.5-1, 1-1.5, and 1.5-2, respectively. These values are
similar to some presented in the literature [33-36].

In the case of secondary pyrolysis (Tables 4 and 5, and Figure 3), a trend is also
observed that the FWO method gives higher E, values and that these values (both average
and for a given conversion degree) generally increase as the CS particle sizes rise (thus
confirming the negative impact of high grain size on the process). As for the nature of the
curves, a decrease in E, is generally observed with the degree of conversion (the exception
is the process for samples with particles 1.5-2), which indicates the decomposition of main
lignin and low residual cellulose at this stage.

Table 4. Kinetics parameters calculated based on the KAS method (secondary pyrolysis).

0.5-1 mm 1-1.5 mm 1.5-2 mm
Conversion Degree (—)
E. R? E. R2 E. R2
0.1 88.4 0.8408 145.0 0.9570 1124 0.9961
0.2 64.2 0.9914 104.0 0.9395 153.9 0.9933
0.3 45.0 0.9714 79.1 0.9138 187.2 0.9585
0.4 32.0 0.9769 55.4 0.8879 154.5 0.8688
0.5 219 0.9825 37.2 0.8525 115.8 0.7867
0.6 14.3 0.9826 25.2 0.8091 88.5 0.7386
0.7 8.7 0.9767 17.3 0.7497 69.3 0.7046
0.8 49 0.9572 12.2 0.6685 58.7 0.6865
0.9 2.5 0.8702 8.9 0.5689 53.5 0.7049
Mean Value 31.3 0.9500 53.8 0.8163 110.4 0.8265

Table 5. Kinetics parameters calculated based on the FWO method (secondary pyrolysis).

0.5-1 mm 1-1.5 mm 1.5-2 mm
Conversion Degree (—)
Ea R? Ea R? Ea R?
0.1 118.4 0.9386 148.5 0.9669 117.5 0.9967
0.2 85.9 0.9701 110.1 0.9507 157.5 0.9942
0.3 64.1 0.9418 86.9 0.9342 189.7 0.9633
0.4 50.0 0.9473 64.8 0.9233 159.2 0.8861
0.5 39.1 0.9513 47.9 0.9144 122.9 0.8214
0.6 31.0 0.9513 36.9 0.9107 97.6 0.7919
0.7 25.2 0.9492 29.9 0.9099 80.1 0.7789
0.8 21.5 0.9427 25.6 0.9094 70.7 0.7789
0.9 19.1 0.9330 23.0 0.9085 66.5 0.8039

Mean Value 50.5 0.9473 63.7 0.9253 118.0 0.8684




Resources 2025, 14, 75

11 of 20

Comparing the values obtained for primary and secondary pyrolysis, it can be con-
cluded that the average E, values of the secondary pyrolysis are lesser than those values of
the primary pyrolysis. The result could be clarified due to the fact that cellulose decomposes
primarily during primary pyrolysis. Because of higher thermal degradation characteristics,
cellulose requires greater amounts of energy to be decayed, hence, the mean E, of primary
pyrolysis was comparatively higher than that of the secondary pyrolysis [31].

3.3. Product Yield Distribution
3.3.1. Temperature Effect

Pyrolysis products of CS at various temperatures (400-600 °C) are demonstrated in
Figure 4. Liquid products increased significantly (p < 0.05) with increase of temperature
from 400 to 500 °C (34.1 to 38.5 %) and then declined as reaction temperature raised from
550 to 600 °C (37.4 to 34%). Solid products showed decreased trend with increasing of
temperature from 400 to 500 °C (35.4 to 30.5%), then it decreased slightly from 500 to
600 °C (30.5 to 30.2%). Gas yield increased with the increase of temperature from 400 to
600 °C (30.5 to 35.8%). Studies have revealed that as the pyrolysis temperature raised the
biochar yield declined, the yield of gases rose. But for the bio-oil output initially climbed,
subsequently showed dropped trend, and reached its maximum value between 500 and
600 °C [18]. Another study of CS was performed in a batch pyrolizer (laboratory scale)
by Al Afif and others [37], which revealed that when the temperature increases the char
yield decreases and liquid and gas products increase. Furthermore, study conducted by
Sakhiya and others [21] which revealed that raising the temperature of pyrolysis negatively
impacted the yield of biochar; because of the thermal decay of heavy hydrocarbon at higher
temperatures, hence contributed to a rise in bio-oil and syngas yields, further raising the
reaction temperature, bio-oil output declined and gases production raised, which could be
attributed to the reactions of secondary pyrolysis at greater temperatures, and tar vapor.

600 [N
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3

© 500 [—— W Liquid
[}
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@ 450 | —
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400 [N
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Figure 4. Pyrolysis products distribution under different temperatures (400-600 °C).

3.3.2. Particle Size Effect

Figure 5, illustrates the pyrolysis products of CS at 500 °C using different particle sizes
(0.5-1, 1-1.5, and 1.5-2 mm). The liquid yield produced from 0.5-1 mm particle size of
samples was significantly (p < 0.05) different when comparing to that yield of samples with
1-1.5 and 1.5-2 mm size (38.5, 37.9, and 37.2 respectively). It has been found that liquid
products increased with decreasing particle size, while for the solid and gases products
showed a slight increase with the increase of CS particle size. Similar results were obtained
by Mahmood and others [38], their study investigated the impact of feedstock sizes on bio-
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oil output generated via pyrolysis of cotton stalk in a fixed-bed reactor, which concluded
that the solid and gases products increase as the size of particles increases, while bio-oil
output decrease as the feedstock size increases. Fast pyrolysis experiments of maize stalks
were conducted in bubbling fluidized bed reactor using different particle sizes (1.0, 1.5, and
2.0 mm) by Ali and others [13], the findings revealed that bio-oil product declined from 42
to 35 wt%, biochar product increased from 22 to 25 wt%, and syngas output raised from
36 to 40% as biomass particle size increased. This effect of biomass particle size on the
pyrolysis products due to higher transfer of heat via smaller particles which conduce to
produce more volatiles, then condensed, leading to more liquid (bio-o0il) production.

35
30
:\a 25
© 20 H Liquid
()
> 15 Solid
10
Gas
5
0
0.5-1 1.5-2

Particle size (mm)
Figure 5. Particle size effect on pyrolysis products at 500 °C.
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3.3.3. Retention Time (RT) Effect

Different four retention times (15, 25, 35, and 45 min) were investigated at 500 °C.
First slow pyrolysis was conducted to 500 °C and then hold for 15, 25, 35, and 45 min
individually to determine the bio-oil yield under each residence time. The results indicated
that the bio-oil yield of retention time 15, 25, and 35 min were not significantly (p > 0.05)
different to that yield of 500 °C experiments, where the optimal liquid output of 38.3% was
obtained at 35 min RT. This amount of yield was less than that yield obtained at 500 °C
(without RT), then it was declined when the RT increased, as the RT attained 45 min the
output of bio-oil dropped to 36.7%. The solid yield was decreased as the RT raised from
15 to 45 min. The gas product was increased with the increase of RT from 15 to 45 min
(31.9 to 33.1%). However, this could explain that RT from 15 to 45 min increases gas
yield, decreases solid products, but for the liquid yield first increased to reach it maximum
at 35 min, then decreased. Pyrolysis experiment of shredded CS was conducted under
different resident times and the findings concluded that with the increase of residence time,
biochar output was decreased, gases and bio-oil products were increased [39]. Another
pyrolysis experiment of sunflower husk pellets was carried out in a continuous reactor
to investigate the operation parameters effects on biochar yield and characteristics, the
results demonstrated that the yield of biochar was declined when the temperature and
RT were increased [40]. Furthermore, residence time effects have been studied through
co-pyrolysis of CS and sewage sludge in electric furnace at 600 °C, the results indicated that
the yield of biochar was decreased significantly when the residence time increased from
30 to 90 min, tar and gas yields were showed opposite trend of biochar; this is attributed
to breaking down more volatile biomass macromolecules due to longer residence time, as
well as thermal cracking of macromolecular organic components in tar [41].
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3.4. Bio-Oil Chemical Compositions

GC-MS analysis was conducted to investigate CS bio-oil chemical compounds, pro-
duced under the parameters (500 °C and 0.5-1 mm particle sizes), which represent the
highest liquid yield. Bio-oil is widely recognized as a complex combination of phenols,
acids, hydrocarbons, esters, ketones, ethers, alcohols, nitrogen-containing compounds, and
other components that make it appropriate for a variety of applications. Nevertheless, it is
crucial to consider that the quantity of chemical compounds in bio-oil differs substantially
based on biomass type, feedstock mix, type of pyrolysis, and operation conditions [42].
According to Table 6, the chemical components of bio-oil obtained from the present study
mainly contain phenols, 2,6-dimethoxy and benzene acetic acid, 4-hydroxy-3-methoxy,
and other compounds such as; 2H-Pyran, 3,4-dihydro-6-methyl, 1,2-Cyclopentanedione, 3-
methyl, Pyrazine, 2-methoxy-3-(1-methylethyl), and 4-Methyl-2,5-dimethoxybenzaldehyde.
It has been found that phenol compounds were greater than other components (more than
40%). Other studies have indicated similar results of phenol contents in bio-oil obtained
from pyrolysis of CS [10] and algal biomass [43]. The phenolic compounds fraction can be
utilized to replace fossil phenols directly, or further separation techniques can be employed
to produce simple phenols for usage in medicinal products, fine chemical substances, and
food industries [44].

Table 6. GC-MS results of CS bio-oil produced under optimal conditions (500 °C and 0.5-1 mm
particle size).

RT (min) Compounds Name Area (%)
4.95 2H-Pyran, 3,4-dihydro-6-methyl- 7.39
9.75 Tetrahydrofurfuryl chloride 0.59
11.14 1,2-Cyclopentanedione, 3-methyl- 4.89
13.30 Phenol, 2-methoxy- 12.96
16.97 Phenol, 2-methoxy-4-methyl- 3.60
19.93 Pyrazine, 2-methoxy-3-(1-methylethyl)- 4.85
21.18 2-Methoxy-4-vinylphenol 322
22.04 Phenol, 2,6-dimethoxy- 36.77
25.23 Phenol, 2-methoxy-4-(1-propenyl)- 1.31
26.93 Benzene acetic acid, 4-hydroxy-3-methoxy- 18.53
28.00 4-Methyl-2,5-dimethoxybenzaldehyde 591

3.5. Biochar Characteristics
3.5.1. Calorific Value, Energy Yield and Energy Densification Ratio of CS Biochar

Table 7, illustrates the calorific values, energy densification ratios, and energy yields
of CS biochar produced at 500 °C with heating rate of 10 °C/min using different RT (15,
25, 35, and 45 min), and biomass particle size (0.5-1, 1-1.5, and 1.5-2 mm). It can be seen
that CS biochar shows high energy content comparing to the HHV of the initial feedstock
sample. Energy yield ratios are greater than biochar yields for all samples. Furthermore, all
energy density values were bigger than the feed stock energy density, demonstrating that
CS biochar has a higher mass energy density than the CS raw materials, which means that
CS pyrolysis produced high quality biochar with high energy content. It was found that
increasing CS particle size from 0.5-1 mm to 1-1.5 mm the calorific value and energy yield
increased from 25.56 to 25.90 MJ /Kg and 47.41 to 48.2% respectively. However, there was
slight decrease in HHV of 1.5-2 mm sample, while the energy yield reached it maximum
ratio of 48.37%, due to the increase of biochar yield. Similar results have been found for
biomass torrefaction at 200 °C, which indicated that as the particle size raised from 1 to
3 mm the energy yield and solid mass yield increased and slight increase occurred in the
calorific value [45]. For the RT experiments, the highest heating value and energy yield
occurred in the first RT of 15 min after slow pyrolysis at 500 °C (26.05 MJ/Kg, 48.01%), and
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then followed by little reduction in the RT of 25, 35, and 45 min. The energy yield and HHV
indicated slight decrease with the increasing of RT from 15 to 45 min. These results are in
the line with the study performed by Lee and others [46], which examined feedstuff waste
via pyrolysis using various reaction temperatures of 300, 400, and 500 °C and different RT
(15, 30, 45, and 60 min), their findings explained that the highest energy yield obtained at RT
of 15 min, then decreased when the RT time increased. Furthermore, pyrolysis study of CS
biochar revealed that the energy yield showed decreased trend as the temperature raised
from 400-800 °C (64.48-39.14%), and the HHV decreased after temperature of 600 °C [37].

Table 7. Calorific value, energy yield and energy densification ratio of CS biochar produced at 500 °C
using different RT and particle size (PS).

Sample Solid Yield Calorific Value Energy Yield Energy
(%) (MJ/Kg) (%) Densification Ratio
CS 100 16.55 - 1
PS (0.5-1 mm) 30.7 25.56 47.41 1.54
PS (1-1.5 mm) 30.8 25.90 48.20 1.56
PS (1.5-2 mm) 31.1 25.74 48.37 1.56
RT-15 min 30.5 26.05 48.01 1.57
RT-25 min 30.43 25.67 47.20 1.55
RT-35 min 30.28 25.64 46.91 1.55
RT-45 min 30.25 25.6 46.79 1.55

3.5.2. SEM Results of Biochar

Figures 6a—c and 7a—d show the SEM results (at 300x and 500 x magnifications) of CS
biochar produced at 500 °C adopting different particle size (0.5-1, 1-1.5, and 1.5-2 mm)
and retention time (15, 25, 35, and 45 min). Figure 6a—c shows SEM results of biochar,
it has been found that increasing the size of particles promoted more pores, rough and
fragmented structure as well as appearance of honeycomb and cylindrical shapes. For the
biochar produced by different RT, in Figure 7a—d, it can be seen that with increase of RT
from 15 to 35 min more pores were occurred. This result is in conformity with findings
obtained by Ali and others [47], which indicated that the biochar derived from pyrolysis of
woody biomass at high temperature becomes more porous due to thermal decomposition
of the lignocellulosic ingredients. But, in RT of 45 min few pores were observed due to the
accumulation of ash on biochar surface. However, when the RT increased the surface was
rough, particles were fragmented and ash content of the surface increased, because of longer
time of temperature. Studies have shown that as the pyrolysis temperature increased, more
porous structures were seen. Nevertheless, the increasing temperature also contributed
to an increase in the formation of particles, primarily ash, on the biochar surface. Higher
temperatures produce more ash on the surface of the biochar, which supports the idea
that these particles can clog the micropores of the surface [48]. However, studies have
shown that the characteristics of biochar determine its suitability for various purposes. For
instance, biochar materials having high porosity, electrical conductivity, and stable at low
temperature, which makes biochar appropriate as materials for electrodes in microbial fuel
cell devices. In supercapacitor development, biochar has high structural nitrogen groups
and porosity are favored. Moreover, biochar with high surface area and low content of ash
may make it suitable for soil amendment [49].
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Figure 6. SEM images of CS biochar produced at 500 °C using different particle size; 0.5-1 mm (al,a2),
1-1.5 mm (b1,b2), and 1.5-2 mm (c1,c2). (numbers 1 and 2 refer to magnifications of 300 and
500x respectively).

3.5.3. XRD Analysis of Biochar

XRD analysis is a widely used approach for determining the crystallinity and biochar
structure. The diffractogram in XRD has revealed specific properties of nebulous substance
formed at temperatures exceeding 350 °C and was dependable [50]. According to Figure 8,
all biochar samples obtained at 500 °C under different RT and particle size showed that the
XRD results have one large beak at 26 of 23° and the diffraction plots were not crystalline
indicating amorphous shape, due to the decomposition of cellulose compounds. This large
beak at 20 of 23° is associated to (0 0 2) crystallography diffraction, which relates to the
structure of graphitic carbon of biochar [51]. Similar findings were obtained of firewood
biochar, which indicated amorphous components as a sequence of cellulose degradation
illustrating random order structure of aromatic carbons [52]. Another study of CS showed
an amorphous structure of biochar with two wide peaks at 23° and 43° attributed to
(002) and (100) crystalline planes of carbon compound materials [53]. Furthermore, an
experiment of barely straw biochar revealed that a large peak between 20-30° may suggest
the presence of a weak crystal structure and a carbon-rich components in the materials [54].
Researches have reported that high pyrolysis temperature can produce biochar rich in
carbon, which has a higher removal efficiency for organic contaminants. The carbon-rich
biochar generated via high pyrolysis temperature has more removal performance of organic
contaminants, due to its improved characteristics like surface area, porosity, lower dissolved
carbon content, pH, and hydrophobicity [55].
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Figure 7. SEM images of biochar samples produced at 500 °C using different RT; 15 min (al,a2),
25 min (b1,b2), 35 min (c1,c2), and 45 min (d1,d2).
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Figure 8. XRD results of biochar obtained at 500° C under different particle sizes and RT.

4. Conclusions

The present work performed kinetic parameter activation energy of CS using TGA
data adopting KAS and FWO models, as well as investigating the effect of various operation
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parameters such as; temperatures (400-600 °C), particle sizes (1-2 mm), and retention time
(15-45 min) on liquid product produced during CS slow pyrolysis using lab-scale tube
furnace reactor and further characterization of bio-oil and biochar products was conducted.
The results indicate that the main decomposition of CS takes place during primary pyroly-
sis, which is characterized by higher activation energy values than secondary pyrolysis,
mainly due to the degradation of cellulose which it needs more energy to be decomposed.
Experiments findings revealed that bio-oil yield increased with the increasing tempera-
ture from 400 to 500 °C, then decreased when temperature exceeded 500 °C promoting
more gases production and it decreased with the increase of CS particle sizes, which the
maximum yield of bio-oil (38.5%) was achieved at (500 °C and 0.5-1 mm feedstock size),
while retention time indicated insignificant effect on liquid products. GC-MS analysis
depicted that phenol compounds were greater than other components which account for
more than 40% for bio-oil chemical compositions. Furthermore, CS slow pyrolysis at 500 °C
produced high quality biochar with high energy content, which the highest heating value
was 26.05 MJ/Kg and energy yield of 48.01% occurred at the conditions (RT of 15 min
and 0.5-1-min CS particle size). SEM images of biochar confirmed that increasing the
particle size promoted more pores, rough and fragmented structure as well as appearance
of honeycomb and cylindrical shapes, while increasing temperature and RT promoted
more pores. XRD analyses emphasized that all biochar samples obtained at 500 °C under
different RT and particle sizes had one large peak at 26 of 23°, which is related to the struc-
ture of graphitic carbon of biochar, and the diffraction plots were not crystalline indicating
amorphous shape due to the decomposition of cellulose compounds.
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