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Abstract: The behavior of wheat straw biomass (WS), woody sawdust biomass (WB), and their
blends during catalytic co-pyrolysis are analyzed in the presence of CaO catalyst, which is obtained
from the calcination of mussel shells. Synergy analysis of blends and pure materials is measured
by studying the difference between theoretical and experimental values of wt.%/min, (RL%), and
(WL%), which correspond to maximum weight loss rate, residue left, and weight loss, respectively.
The Coats–Redfern method is utilized for evaluating the thermo-kinetic properties. The chemical
reaction order model F1 is the best model that describes the Ea of 60.05 kJ/mol and ∆H, ∆G, and
∆S values of 55.03 kJ/mol, 162.26 kJ/mol, and −0.18 kJ/mol.K, respectively, for the optimum blend
80WS−20WB, reducing the thermo-kinetic properties. Model D3 showed better results for the Ea,
∆H, ∆G, and ∆S for the 5% CaO blend, which certified the viability of co-pyrolysis of WS and WB,
while DTG indicated that exothermic and endothermic reactions occur together.

Keywords: wheat straw; woody sawdust; co-pyrolysis; CaO; catalytic co-pyrolysis; kinetics

1. Introduction

From an early period, renewable energy sources were utilized for energy-serving
purposes. Wind energy for driving mills and navigation, hydropower for driving mills
also, and lastly biomass sources for lighting, heating, and cooking purposes. But since the
discovery of fossil fuels like coal, crude oil, and then gas, the world has shifted towards
these sources in the 19th and 20th centuries. Due to the decline of fossil fuel sources and
their negative influence on the environment, research on renewable energy sources has
gained more importance globally [1,2]. Currently, the share of fossil fuels in the global
energy mix is around 80%. The projections done by the International Energy Agency (IEA)
in their World Energy Outlook 2022 reports reveal that this share will decrease to 75%
by 2030 and a little over 60% by 2050. Consequently, the stake of renewable energy in
the current energy mix accounts for 12% presently, reaching 17% by 2030, and by mid-
century, that share will increase to 29% [3]. The utilization of renewable energy technology
has grown popular in recent years. These include sources like solar, wind, geothermal,
hydropower, tidal, and biomass.

Biomass is considered a primary energy source and a more stable form of renewable
energy than solar and wind due to its non-effectiveness concerning weather conditions
and its abundance [4]. Currently, it is the fourth-largest energy-producing source globally
after oil, gas, and coal, supplying almost 14% of global energy consumption [5] and
playing a key role in the whole energy system. Still, biomass has some drawbacks, like
having less calorific value (CV) while producing biofuel, along with elevated oxygen and
moisture content [6,7]. Solid biofuels comprise the vast majority of renewable energy output
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worldwide. Presently, the main source of woody biomass is agricultural waste obtained
from oilseed crops and cereal, the food and wood processing industry, and forests [8].
Wood biomass, both from agricultural short-rotation-woody-crops (SRWC) cultivation
and forest-derived, is utilized as raw material for heat and electricity production through
gasification [9]. One of the wastes produced from processing forest-derived wood biomass
used for doors in construction is called sawdust, which is presently studied extensively for
its potential utilization in biofuel production [10]. Woody sawdust (WB) is considered an
excellent renewable energy source, containing a lower ash content and higher heating value,
along with conversion towards excellent quality pyrolysis products [11]. Another biomass
source that is obtained from the waste of one of the world’s most important crops related
to agriculture is wheat straw (WS), which contains higher ash content than woody sawdust
(WB). Wheat is a main food crop, so it has ginormous production. The structure of WS
mainly constitutes lignin, hemicellulose, and cellulose; the latter ones entail complicated
amorphous structures. While analyzing its dry weight, WS consists of 17.1% lignin, 39.5%
hemicellulose, and 38.8% cellulose [12]. There are significant differences between forestry
residue and agricultural residue, including the percentage of the main components and the
contents of other elements, which will help in understanding the interactions between the
different biomass materials in thermochemical processes, which are extremely complex.

Thermogravimetric analysis (TGA) is an important tool for measuring biomass mass
loss and pyrolysis kinetic characteristics throughout the thermal degradation process [13].
Pyrolysis kinetics, mechanism, and thermodynamics must be studied to design co-pyrolysis
reactors, maximize desired product output, and optimize process variables. Today, most
nations focus on replacing conventional transportation fuels with ecologically friendly
alternatives, such as biofuels [14,15]. The study of chemical kinetics and thermodynamics
characteristics using TGA is essential because it reflects whether or not the examined
materials are suitable for use as an alternate source [15]. Co-pyrolysis is a process in which
two or more feedstocks as raw materials are utilized. In any co-thermochemical process,
it is the essential first step, and the benefits of this process include uniqueness related to
biofuel production like syngas, bio-oil, and biochar [16]. Biomass co-pyrolysis has gained
popularity as a viable technique for producing bio-oil, which may then be utilized as a
sustainable energy source [17]. Even while co-pyrolysis of two biomass raw materials
may result in a higher grade bio-oil, it still has a high oxygen content and a poor heating
value [18]. However, these disadvantages can be mitigated, to some extent, through a
catalytic approach [19] to improve the product yields and selectivity along with catalyst
efficiency, meanwhile reducing coke formation and pyrolysis temperature; an advanced
pyrolysis technique, namely catalytic co-pyrolysis, is utilized [20,21]. This type of catalytic
co-pyrolysis can be of two types based on the mixing of the sample. If the blends are
pyrolyzed separately and then passed downstream where the catalyst bed is located, then
it is called ex situ. And, if the samples are directly mixed with the blends, it is called in
situ [22].

Calcined dolomite [23], HZSM-5 [24], Cu/C, Pd/C, and Pd-Ag [25] were studied as
catalysts for utilization in the catalytic pyrolysis of sawdust by the researchers. Fe-Ca-
Ni [26] and HZSM-5 [27] were studied as catalysts for utilization in the catalytic pyrolysis
of WS. Various studies have been performed on catalytic co-pyrolysis of WS with plastics
to study their kinetics via model-fitting and model-free techniques [18,28,29]. However,
very little study has been conducted on the co-pyrolysis and the catalytic co-pyrolysis of
one biomass along with another biomass feedstock. The majority of biomass pyrolysis
and biomass catalytic pyrolysis research has been conducted utilizing a single feedstock,
with a particular focus on their usage as a source of valuable chemicals [30]. CaO is a
heterogenous catalyst with advantages like cost-effectiveness, environmentally friendly,
easy to handle, and elevated basicity [31]. CaO was also utilized in the microwave-assisted
catalytic pyrolysis of biomass for bio-oil production [32]. Xue et al. performed a study
in which CaO was coupled with ZSM-5 zeolite as a dual-layer catalyst for the catalytic
pyrolysis of poplar sawdust [33]. Dzol et al. conducted a study in which they compared
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the performance of various catalysts, among which CaO was included, against waste
cooking eggshell (WCE) in catalytic pyrolysis [34]. Chen et al. performed a study in which
CaO-based catalysts were analyzed in the catalytic co-pyrolysis of corn husk (CH) and
food waste digestate (FD) for upgrading bio-oil [35]. The results revealed that the yield of
bio-oil production increased with CaO catalysts. CaO was also utilized as a catalyst in the
catalytic co-pyrolysis of biomass and plastic to increase bio-oil yield [36]. The focus of this
research is to evaluate the effect of in situ catalytic co-pyrolysis via TGA and to study the
interactive behavior among the two biomasses to improve the quality of the product bio-oil
by deoxygenation using CaO catalytic upgrading. To the best of the authors’ knowledge,
no comprehensive study has been reported so far on the application of mussel shell-derived
CaO catalyst on (wheat straw and woody sawdust) biomass co-pyrolysis for a better yield
of bio-oil produced.

In the present study, woody sawdust and wheat straw were blended in various ratios
for the first time and then characterized using different techniques such as FTIR (Fourier
transform infrared spectroscopy), GCV, and CHNS-O (ultimate analysis). CaO catalyst was
characterized via FTIR, XRD, and SEM-EDS. A thermogravimetric analyzer (TGA) was
utilized for performing the co-pyrolysis in an inert environment and evaluating thermo-
kinetic behavior. For the identification of an optimum blend, synergy analysis was utilized.
The mechanistic behavior was evaluated by utilizing the Coats–Redfern fourteen (14)
integral technique, and thermodynamic parameters like ∆S, ∆G, and ∆H were also studied.
Furthermore, the CaO catalyst was utilized for studying the optimum blend’s catalytic
co-pyrolysis and is compared with the optimum blend to have insights for future use.

2. Results and Discussion
2.1. Physiochemical Characterization

The ultimate analysis (CHNS-O) and Gross Calorific Value (GCV) of pure wheat straw
(100WS) and woody sawdust biomass (100WB) are shown in Table 1. Both biomass samples
have varied compositions since each of them has distinct formation characteristics and
origins that might cause an increase or decrease in specific components and phases [37].
The carbon content of 100WS was roughly 41.25%, nearer but lesser than 100WB, which was
47.20%. In the research studies, alike carbon composition for 100WS and 100WB has been
reported [5,38]; thus, 100WB will have a higher char yield attained if the fuel contains a
higher quantity of carbon [39]. The amount of hydrogen in 100WS and 100WB samples was
5.85% and 7.20%, respectively, displaying that they are also nearly adjacent to one another
and that woody sawdust biomass waste has a higher hydrogen content than wheat straw
waste. Although the nitrogen content of 100WS was 0.62%, for 100WB, it was 0.12%, which
is almost five times lower than that of 100WS; in some studies, almost a comparable amount
of nitrogen in wheat straw was stated [38], while also nearly similar results in literature
were reported for 100WB [5]. The sulfur content of 100WS was 0.16%, which was higher
than that of 100WB, for which it is 0.02%, which is nearly equal to zero; similar results
were found in the literature for 100WS and 100WB [40]. The oxygen content was higher
in 100WS as compared to 100WB. The energy content H/C and O/C ratios for 100WS
were 1.69% and 0.95%, while for 100WB, they were 1.82% and 0.72%. Because biomass
has a higher H/C ratio than other materials, it supplies more hydrogen resources to play
a leading role in hydrogenation [41]. The H/C value is responsible for energy content;
consequently, it will improve the combustion process [42]. The presence of H, N, and S
collectively was slightly high in 100WB in comparison to 100WS since it has these elements
as their main constituents, whilst carbon presence in 100WB was higher. After all, it is
its main component. The energy content in a fuel is briefly defined by GCV, which is its
important property [43]. The GCV of 100WS and 100WB specifically demonstrates the heat
of combustion, which was determined by a Parr 6200 oxygen bomb calorimeter. The GCV
of 100WB was higher than that of 100WS, which surely shows that woody sawdust biomass
waste has higher carbon content and less moisture content than 100WS, as shown in the
ultimate analysis presented in Table 1.
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Table 1. Ultimate analysis of wheat straw and woody sawdust biomass.

Sample Code Carbon (%) Hydrogen (%) Nitrogen (%) Sulfur (%) Oxygen a (%) O/C (%) H/C (%) GCV (MJ/kg)

100WS 41.25 5.85 0.62 0.16 52.12 0.95 1.69 17.92

100WB 47.20 7.20 0.12 0.02 45.46 0.72 1.82 20.80
a—by difference.

The FTIR spectrum of (WS−WB) blends is depicted in Figure 1. There may be sub-
stantial distinctions between them in the key functional groups on the biomass surface
due to the difference in their compositions. This technique aids in the research of material
structure and properties, revealing vital data about their chemical structure.
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Figure 1. FTIR of WS−WB blend.

The FTIR spectra of 100WS disclose a broad absorptional vibration peak at 3325 cm−1,

indicating hydroxyl (O-H) stretching. This group’s existence indicates the existence of
alcoholic, hydroxyl, and phenolic group attachments and is found abundantly in all types
of biomasses, which shows that it contains hydrogen and oxygen in large amounts [44].
A small widening peak exists at 2905 cm−1, which shows the existence of -CH aliphatic
stretching in polysaccharides. Due to the existence of a high carbon amount found in
the ultimate analysis, a vibration peak stretching is indicated at 1620 cm−1, showing the
presence of C=C aromatic stretching vibration. C-O stretching is observed at 1025 cm−1,
depicting the presence of cellulose, hemicellulose, and lignin [45], as depicted in Figure 1. In
100WB, obvious broadening and stretching peaks were detected at 3320 cm−1, which depicts
the hydroxyl (O-H) stretching, the same as for 100WS; this peak exists as a major peak in
all biomasses and relates to moisture presence. A small peak at 2890 cm−1 depicts cellulose
existence, marks the existence of a methylene group in the cellulose and is assigned as an
aliphatic C-H stretching vibration. Furthermore, a weak and strong peak was observed at
1596 cm−1 and 1025 cm−1, which depicts the existence of aromatic C=C stretching vibration
and lignin existence and is also accredited to the benzene ring in its molecules, highlighting
nitrogen presence in the ring [46]. The strong peak depicts the existence of C-O stretching
vibration, which indicates the 100WB network ordinarily contains alcoholic and phenolic
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O-H groups and sometimes an ether bond. In literature, approximately the identical peak
for C-O stretching vibration for cellulose and hemicellulose is reported [47].

The majority of the peaks found in 100WS, 100WB, and WS−WB blends had identical
wavenumbers with variations in absorbance. Furthermore, it can be shown that the func-
tional groups in the 100WS and 100WB samples of biomass are similar, but their intensity
of absorption or percentage of their relative contents are different. The peaks existing in
blends (80WS−20WB), (60WS−40WB), (40WS−60WB), and (20WS−80WB) are shown in
Figure 1. The peak mentioned at (3320–3325 cm−1), (2890–2900 cm−1), (1596–1620 cm−1),
and at the 1025 cm−1 region slightly varies between 100WS and 100WB, showing their dom-
inance. Thus, when 100WS is mixed with 100WB, the functional group intensity changes,
so WS-WB mixtures show the intermediary actions concerning band intensity in between
the parent bandwidth of both 100WS and 100WB.

2.2. Catalyst Characterization

Figure 2 represents the FTIR configuration of the prepared catalyst over the range
of 650–4000 cm−1. There are multiple peaks in the spectrum that represent the existence
of various groups. The spectrum peak at 866 cm−1 was determined as the out-of-plane
vibration modes of the carbonated group (CO3

−2) [48]. The spectrum peak at 1132 cm−1

with low intensity was attributed to stretching vibrations of C−O bonds [49]. Furthermore,
a strong peak was observed at 1411 cm−1, which was a clear representation of the C=O
group’s asymmetric stretching in CO3

−2 ions [50,51]. The strongest peak was detected
at 3636 cm−1, which was attributed to the stretching peak of the hydroxyl group. This
corresponded to the absorption of water on the surface of the prepared catalyst [31,51]. The
details of the FTIR spectrum data of the CaO catalyst are given in Table 2. As seen in Figure 2,
there are four peaks observed on the spectrum. Each peak range represents a respective
functional group that is present in the catalyst. FTIR is capable of detecting functional
groups, such as CO3

−2, even in trace amounts that may not result in detectable crystalline
phases in XRD. This notable sensitivity to small quantities clarifies why carbonate peaks
manifest in the FTIR spectrum even when they are not discernible in XRD [52,53].
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Table 2. Details of CaO catalyst FTIR spectrum.

CaO Catalyst

Sr No. Range Peak Functional Group Reference

1 833–896 866 CO3
−2 [48]

2 1064–1186 1132 C−O [49]
3 1337–1580 1411 C=O [50,51]
4 3551–3691 3636 O−H [31]

XRD was utilized to investigate the structure of CaO. Table 3 demonstrates the lattice
parameter, interplanar spacing, phases, and crystallite size, which have been effectively
charted out by the analysis of the crystal structure. The diffraction follows Bragg’s equation
(Equation (1)), where n = integer, λ = wavelength of light, d = spacing between crystal
planes in the material, and θ = angle of incident light. For calculating interplanar spacing
“d”, Bragg’s formula was utilized as shown in Equation (1) [54]:

Nλ = 2dsin θ (1)

where the inter-planar distance between two neighboring planes in the (hkl) family is
represented by “n”. The following expression in Equation (2) is obtained by utilizing
Bragg’s formula in Equation (1) [55]. This expression gives us the lattice parameters.

1
d2 =

(
h2 + k2 + l2)

α2 (2)

Table 3. Details of CaO’s XRD measurement.

Angle “2θ”
(◦)

Interplanar
Spacing “d”

(Å)

FWHM
(Radians)

Crystallite Size “Ds”
(nm)

Lattice Parameters
“a = b = c”

(Å)

32.20 2.78 0.059 146.4 1.079852
37.35 2.40 0.072 121.7 1.662741
53.85 1.70 0.096 97.02 4.700846

A mathematical representation of Scherer’s formula for calculating the crystallite size
of the XRD peaks by utilizing FWHM (full width at half maximum) is represented by
Equation (3) [54].

Ds =
0.9λ

βcos θ
(3)

Here, the Bragg diffraction angle is represented by θ, FWHM is denoted by β given in
radians, the constant wavelength of the X-ray is given by λ, k represents the shape factor
given as 0.9, and the crystallite size is given as Ds.

Substantial peaks are identified between 30◦ and 60◦, as shown in Figure 3. The catalyst
revealed peaks at multiple angles. The first peak was recorded at 32.20◦, and its intensity
is lowest when compared with the intensity of other peaks. This peak corresponded
to the (111) plane of the CaO. After that, a strong peak was observed at 37.35◦, which
corresponded to the (200) plane of the CaO. The third peak was observed at 53.85◦, which
corresponded to the (220) plane of CaO. These findings correlated with JCPDS card No. 37-
1497 of the Joint Committee on Powder Diffraction Standards. The cubic phase of the
catalyst was determined by the XRD pattern. Sharp XRD reflections ((111), (200), and (220))
indicate that the catalyst is well crystallized [56]. Furthermore, no secondary phases were
detected, such as CaCO3. The average crystallite size of the catalyst CaO was calculated
to be 121.70 nm. A space group of Fm-3 m (225) was detected for CaO. X-ray diffraction
(XRD) is most useful for identifying crystalline phases. If the carbonate is present in an
amorphous form or in very small quantities, it may not generate detectable peaks in XRD.
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This limitation clarifies why XRD might not identify CaCO3, even if CO3
−2 is present in

the sample [57].
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Figure 3. Diffractogram of CaO catalyst.

Scanning Electron Microscopy (SEM) was utilized to examine the morphology and
structure of the CaO catalyst. Figure 4a represents the SEM image of the CaO catalyst
at 2 µm. The structure resembles a needle-like shape with varying height and thickness.
In other words, it can also be termed a worm-like structure. Furthermore, the porosity
in the structure is visible, which can be ascribed to the release of CO2 and water during
calcination. In this way, water and CO2 could be attributed as porogens. An increase
in catalytic activity is observed due to this porous surface [56]. A crystalline structure
is observed, which is also attributed to the calcination of CaCO3 [31]. The EDS analysis
revealed that the elemental composition of CaO includes 53.74% w/w Ca and 43.85%
w/w oxygen, as depicted in Figure 4b. The presence of carbon in SEM-EDS is most likely
attributed to surface contamination or the adsorption of atmospheric CO2, a prevalent
issue in SEM-EDS analysis, where surface elements may not accurately represent the bulk
material [58]. There are various organic impurities present in minute quantities that can be
detected by SEM-EDS and FTIR but not enough to be detected by XRD [59].

Figure 5 represents the color-mapped SEM image of the CaO catalyst. The calcium
content is represented by red color, and the green dots represent oxygen. As depicted in the
EDS analysis in Figure 5, Ca is spread all over the sample, and oxygen is present in clusters,
which explains the higher w/w% of Ca in the specimen. The oxygen clusters depict a dense
structure when compared to Ca, which is evenly spread across the specimen. The bonding
between the particles and their irregular shape is attributed to the calcination of CaCO3.
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Figure 6 depicts the analysis of particle size measurement for the CaO catalyst. Since
the catalyst showed a worm-like structure, the thickness of various particles, which can
be seen in Figure 6a, is measured using ImageJ software version 1.54g (National Institute
of Health, Bethesda, MD, USA). Since the particles are stacked over each other in an
irregular manner, only the visible particles are taken into account for the thickness/diameter
measurement. After calculating the diameter of various samples, we plot the data in the
form of a histogram for better understanding. The mean diameter of the CaO catalyst was
calculated to be 1.66 µm, as represented in Figure 6b.
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2.3. TGA

The weight loss behavior of (WS−WB) blends concerning temperature and its first
derivative (DTG) in (wt.%/min)’s terms were examined by the thermogravimetric analyzer
(TGA), which can be seen in Figure 7a,b. The weight loss of (WS−WB) blends was catego-
rized by a three-stage thermal process, irrespective of their nature [60]. Those three stages
include the first stage, known as the moisture removal stage, which lies in the temperature
range of (25–150 ◦C); the second stage, known as the devolatilization stage, occurs in the
temperature range of (200–500 ◦C); and the third stage, known as slow degradation of the
solid residue, which lies in the temperature range of (500–900 ◦C).

For 100WS, slight weight loss occurs due to the removal of bound and inbound watery
components and volatiles in the form of non-condensable and condensable gases from the
material in the first stage [61]. In the second stage, rapid and most of the material’s weight
loss was witnessed from the sudden slope that develops in DTG curves; degradation of
cellulose and hemicellulose was responsible for occurring in the temperature range of
(200–450 ◦C). Whereas in the third stage, the reactions occur at a high temperature where
slow degradation occurs, mostly attributed to the carbon residues and lignin due to their
complicated structure, and they degrade at a very slow rate due to the difficulty in breaking
them down [62]; this is responsible for methane and hydrogen gas generation [63], as
shown in Figure 7a. The TGA curve presents 100WB degradation in three stages. In the
first stage, moisture removal and marginal loss of light volatiles occur. Structural water that
exists in the form of H and OH moieties is exposed from the equatorial point of cellulose
in the temperature range of (140–150 ◦C) [64]. The second stage for 100WB lies in the
temperature range of (200–480 ◦C), where a sharp decrease was noted during its degra-
dation of cellulose and hemicellulose, nominated as an active pyrolysis zone. The third
stage occurs in the temperature range of (500–900 ◦C) and is ascribed to the degradation
of lignin and carbonaceous material, which eventually degrades at a very slow rate, as
depicted in Figure 7a. The co-pyrolysis of the four (WS−WB) blends, i.e., (80WS−20WB),
(60WS−40WB), (40WS−60WB), and (20WS−80WB), is also displayed in three stages. The



Catalysts 2024, 14, 655 10 of 30

difference between the profiles of thermal degradation of samples is well understood. In
the first stage, the removal of moisture occurs the same as the parent materials. The second
stage lies in the temperature range of (200–500 ◦C) and is known as the active pyrolysis
region, where the main constituent of both biomasses, i.e., hemicellulose, degrades first,
and then cellulose degrades in this region. The third stage occurs in the temperature
range of (500–900 ◦C), where the free radicals formed in both biomasses help each other in
the degradation of lignin in this stage. The breaking of various bonds occurs due to the
volatile formation from the blends, as shown in Figure 7a. The weight loss behavior of the
constituent materials is imitated by the blends during co-pyrolysis, subjective to blending
ratios. When the amount of 100WB in the blends was increased, the (WL%) also increased,
which suggests that there is more volatile content in 100WB than in 100WS [65].

The maximum weight loss rate that takes place at which temperature in the course of
the process is the maximum reactivity temperature peak in the DTG curve and is described
in terms of (wt.%/min); two peaks were observed in the first two stages of (WS−WB) blends.
The maximum degradation rate in the first stage for 100WS and 100WB was found to be
−0.7753 and −0.6572 wt.%/min at 53.89 ◦C and 51.83 ◦C. For the four (WS−WB) blends,
i.e., (80WS−20WB), (60WS−40WB), (40WS−60WB), and (20WS−80WB), the maximum
degradation rate was (−0.9044 wt.%/min), (−0.8175 wt.%/min), (−0.5582 wt.%/min), and
(−0.7033 wt.%/min) at 56.65 ◦C, 55.03 ◦C, 66.24 ◦C, and 59.03 ◦C, respectively, as presented
in Figure 7b. At the beginning of the second stage of thermal degradation of 100WS, a minor
shoulder curve was observed between (250–320 ◦C), whereas in 100WB, a major shoulder
curve was detected between (300–350 ◦C) in DTG, while in the four (WS−WB) blends, two
peaks exist. The first peak was prominent, large, and sharp and was like a shoulder curve,
while the second one was small, known as the primary peak, where a rapid weight loss was
examined as the slope increased in the DTG curves; thus, the degradation reached a peak
then decreased as the temperature further increased. Hemicellulose and cellulose degrada-
tion occurs in this stage and is accountable for massive weight loss. The shoulder curve sim-
ply represents the degradation of hemicellulose that occurs between (250 and 350 ◦C), which
was followed by a primary peak, which is attributed to the degradation of cellulose, mostly
happening in the later part of the second stage in the parent materials and their blends. At
the end of this stage, complete depletion of volatile matter content in 100WS occurs. The
maximum degradation rate in the second stage for 100WS and 100WB was found to be
−9.2283 wt.%/min and −8.3836 wt.%/min at 329.02 ◦C and 368.06 ◦C; similar peak temper-
atures were reported in the literature for 100WS and 100WB [46,64]. For the four (WS−WB)
blends, i.e., (80WS−20WB), (60WS−40WB), (40WS−0WB), and (20WS−80WB), the maxi-
mum degradation rate was (−8.2449 wt.%/min), (−7.1169 wt.%/min), (−6.044 wt.%/min),
and (−5.9499 wt.%/min) at 330.1 ◦C, 329.79 ◦C, 344.19 ◦C, and 332.34 ◦C, respectively, as
presented in Figure 7b. The third stage has no sharp peaks detected in the DTG curve for
the (WS−WB) blends, as it follows a smooth horizontal line from 500 ◦C until 900 ◦C, as
shown in Figure 7b. The peak intensity of the blends varies among the peaks of 100WS and
100WB. The peak degradation temperature of (WS−WB) also varies between the parent
materials. Also, the Tp of 100WB was lowered from 368 ◦C through blending with 100WS,
showing its reactivity dominance, as 100WB has a higher Tp than 100WS. At the reaction’s
end, the complete (WL%) was 72.35%, 74.62%, 74.95%, 73.96%, 79.18%, and 82.98%, while
the (RL%) was 27.65%, 25.38%, 25.05%, 26.04%, 20.82%, and 17.02% at 0, 20, 40, 60, 80, and
100% of woody sawdust biomass, respectively.
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Synergy Analysis

100WS and 100WB showed different thermal behaviors due to the alterations in their
chemical and structural properties in the main constituents. To get an in-depth understand-
ing of the thermal behavior of the blend synergy, an analysis study of (WS−WB) blends
was carried out. An additive formula was utilized, presuming that there was no interaction
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between the two substances in the blend (WS and WB). The thermal profile was calculated
employing the additive formula by comparing it to the experimental results. The synergy
analysis might be extrapolated from the difference between the two profiles. The blends’
calculated and experimental TGA curves are plotted in Figure 8. Table 4 examines the
highest relative deviations among the blends’ calculated and experimental TGA curves.
The production of more volatiles in co-pyrolysis than individual pyrolysis is a result of a
positive synergy analysis value [66]. Synergy analysis is also aided by heat transfer during
co-pyrolysis. The generation of radicals through reactions that include intermolecular hy-
drogen movement, depolymerization, and isomerization is well recognized for influencing
co-pyrolysis [67]. The synergy analysis of free-radical processes in the co-pyrolysis process
results in better biofuels that have a high GCV [64].
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Table 4. Synergy analysis evaluation of (WS-WB) blends.

Sample Code Experimental Value (SE) Calculated Value (SC) Deviation (%)
(WL%) (RL%) (WL%) (RL%) (WL%) (RL%)

100WS 72.35 27.65 - - - -
80WS−20WB 74.62 25.38 74.48 25.52 0.19 −0.54
60WS−40WB 74.95 25.05 76.60 23.40 −2.15 7.05
40WS−60WB 73.96 26.04 78.73 21.27 −6.06 22.43
20WS−80WB 79.18 20.82 80.85 19.15 −2.07 8.72

100WB 82.98 17.02 - - - -

From the TG curve, we can see that for 80WS−20WB and 60WS−40WB, the calcu-
lated curve value was higher than the experimental curve until it reached 300 ◦C, where
it remained negative; after that, the experimental curve value got higher and showed
significant positive synergy analysis in the second stage of TG and remained positive until
it reached 900 ◦C. Whereas in 20WS−80WB in the first stage, it was positive at first and
then got negative synergy analysis; after that, in the second stage, after 250 ◦C, it remained
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positive until it reached the end at 900 ◦C. For 40WS−60WB, it remained positive in all
three stages of degradation in TG. The deviation values of the synergy analysis are shown
in Table 4. The positive synergy analysis regarding (WL%) is simply due to the release
of volatiles; they were all preferred for bio-oil and biogas production, and the deviancy
in the values is higher in terms of (WL%) for 80WS−20WB. While the negative synergy
analysis in regard to (RL%) shows that they were all preferred for biochar [66], in terms
of (RL%), 60WS−40WB, 40WS−60WB, and 20WS−80WB are the best. Positive synergy
analysis with regard to (RL%), together with a negative result in (WL%), suggest that the
provided sample is ideal for the yield of biochar and vice versa. So, based on synergy
analysis, 80WS−20WB is evaluated as an optimum blend. Figure 9 represents the possible
synergy mechanism during the co-pyrolysis of WS and WB.
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2.4. Thermo-Kinetic Modeling

The data taken from (WS−WB) blends’ co-pyrolysis through TGA at a heating rate of
10 ◦C/min, which is represented in Figure 10a–d and Table S1, resulted in the calculation of
kinetic triplets. The goal of fourteen G(α) is to find the most effective reaction mechanism
for each level of WS−WB blends. The analysis in fourteen G(α) was based on larger
R2 values, with the specified range from 0.90 to 0.99 [68,69]. The activation energy was
calculated by using the slope of the plot. The kinetic investigation was conducted on the
active pyrolysis zone since it has a higher percentage of (WL%) [70]. The smallest amount
of energy necessary for starting a reaction is called Ea, while for starting the reaction,
the number of clashing molecules in the required direction is denoted by A [71]. The
sample reactivity is determined by Ea, while A is primarily concerned with the material
structure [60]. The main pyrolysis region for the volatile releases can be considered as the
single main process region with a single Ea, R2, and A. The rapid degradation region lies in
the overall temperature region of (180–430 ◦C).
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In this stage, the Ea lies in a range of (5.16–128.78 kJ/mol), A in the range of (9.15 × 10−4–
5.32 × 108 s−1) for every reaction mechanism, and the best models are F2, F1, F1, F1, F1, and D3
with an R2 of 0.982, 0.984, 0.990, 0.994, 0.994, and 0.995; A values of 3.44× 106 s−1, 2.98× 102 s−1,
2.22 × 102 s−1, 2.73 × 102 s−1, 2.61 × 102 s−1, and 2.36 × 106 s−1; and Ea values of 79.01 kJ/mol,
60.05 kJ/mol, 59.05 kJ/mol, 60.86 kJ/mol, 60.60 kJ/mol, 119.40 kJ/mol, respectively, and the
(WS−WB) blends, i.e., 100WS, 80WS−20WB, 60WS−40WB, 40WS−60WB, 20WS−80WB, and
100WB, are considered the most feasible mechanism for their thermal degradation, as depicted
in Figure 10a. This shows that the co-pyrolysis of 100WS reduces the Ea of 100WB [72]. The
value of the (A) decreases as the ratio of WB increases and further increases with the increase in
the ratio of WB. The reaction becomes more complicated as the value of A becomes larger [73].
The co-pyrolysis process provides an additional key aspect of thermal behavior, namely kinetic
properties, that contributes to reactor design. The research discovered that kinetic features can
be utilized to demonstrate the co-pyrolysis process of blends [74].

The thermodynamic properties, such as enthalpy (∆H), entropy (∆S), and Gibbs free
energy (∆G), are key aspects to establishing the tools of engineering for the co-pyrolysis
of (WS−WB) blends as a single-stage process, with a single value for each property for
all fourteen reaction mechanisms. Table S1 displays Tp, which was measured from DTG
analysis, and was utilized for the measurement of these properties. The thermodynamic
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parameters reveal crucial data regarding biomass conversion into biofuels [75]. The reaction
processes’ exothermic and endothermic reactions were illustrated by enthalpy. Gibbs free
energy describes the increase in the system’s total energy when activated complexes are
formed, and the reactants become consumed. In thermodynamic equilibrium, the hard
substance was exposed to a variation of chemical and physical processes because of the
low entropy values [76].

In this stage, ∆H lies in a range of (1.16–123.78 kJ/mol), ∆G in a range of (147.69–
184.34 kJ/mol), and ∆S in the array of (−0.05–(−0.28) kJ/mol.k). The values were positive
for the first two, while for all reaction mechanisms, negative values of ∆S were observed,
and the best models are those with a ∆H of 74.02 kJ/mol, 55.03 kJ/mol, 54.05 kJ/mol,
55.81 kJ/mol, 55.55 kJ/mol, and 114.06 kJ/mol; ∆G of 157.12 kJ/mol, 162.26 kJ/mol,
162.31 kJ/mol, 164.22 kJ/mol, 164.20 kJ/mol, and 180.53 kJ/mol; and ∆S of −0.14 kJ/mol.k,
−0.18 kJ/mol.k, −0.18 kJ/mol.k, −0.18 kJ/mol.k, −0.18 kJ/mol.k, and −0.10 kJ/mol.k for
the (WS−WB) blends, i.e., 100WS, 80WS−20WB, 60WS−40WB, 40WS−60WB, 20WS−80WB,
and 100WB, respectively. The results are displayed in Figure 10b–d and Table S1. The posi-
tive value of ∆H indicated the whole co-pyrolysis process was endothermic, necessitating
the application of external heat to transform the materials into usable bio-energy [75,77].
The ∆H trailed the identical arrangement, as with an increasing ratio of WB, the Ea in-
creased but decreased again with an increasing ratio in the blends. However, the difference
between Ea and ∆H was in the range of 4.95–5.50 kJ/mol for all the blends, demonstrating
the reaction was possible to yield because of the small potential energy barrier [77,78]. A
higher ∆H value implies that the degradation process necessitates more energy for breaking
the reactant sample’s bonds [79]. In both stages, for all four blends, ∆G is constantly posi-
tive throughout the process, showing that the reaction is complex and non-spontaneous,
needing external heat to accelerate the reaction [80]. As the ratio of WB increases, the ∆G
values increase for all the blends. The activated complex is distinguished by an intensively
established “degree of arrangement”, as shown by the formation’s negative ∆S values [78].
The positive value of ∆S specified that the system’s active complex was chaotic, deviating
from thermodynamic equilibrium, and the negative value of ∆S indicates that the system is
close to approaching thermodynamic equilibrium, representing the production of a thermal
product [81].

2.5. Catalytic Co-Pyrolysis in TGA

The (80WS−20WB) blend’s catalytic co-pyrolysis over mussel shell-derived CaO
catalyst was performed in TGA. The representation of catalytic co-pyrolysis blends is
demonstrated as 5% CaO, 7% CaO, and 10% CaO. Their thermal degradation behavior was
investigated, as seen in Figure 11a,b. The TGA-DTG profile of the catalytic blends, i.e., 5%
CaO, 7% CaO, and 10% CaO, is also categorized by a three-stage thermal reaction. The
first stage for the catalytic blends lies in the range of (25–150 ◦C), known as the moisture
removal stage; the second stage, also known as the active pyrolysis region, is where most of
the devolatilization occurs in the range of (150–500 ◦C); and the third stage, known as the
secondary pyrolysis region, is where most of the degradation of the solid residue occurs
that lies in the range of (500–900 ◦C), as shown in Figure 11a.
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In Figure 11b, the DTG curves of the (80WS−20WB) blend with three CaO loadings are
shown, demonstrating a major DTG peak in each of the three stages of the process. When
we loaded mussel shell-derived CaO catalyst in three proportions, i.e., 5%, 7%, and 10%, on
the optimum blend (80WS−20WB), the Tp in the first stage, at which maximum weight loss
occurs, was 56.7 ◦C, 60.2 ◦C, and 56.43 ◦C, while the maximum degradation rate observed
was −0.5871 wt.%/min, −0.9190 wt.%/min, and −0.9380 wt.%/min. This shows that in
this stage, 10% CaO increased the degradation rate while slightly reducing the Tp from
56.65 ◦C. This stage mainly responds to the removal of watery constituents from the materi-
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als along with slightly volatile releases. During the thermal degradation in the second stage,
two main peaks were observed: the first peak forms a shoulder curve-like structure, which
shows the degradation of hemicellulose, followed by a primary shoulder curve at a higher
temperature, which is further followed by another downward peak, so the primary shoul-
der, which is then followed by another prominent peak, shows the degradation of cellulose.
In this stage, most of the volatiles were released at an earlier temperature in the optimum
blend (80WS−20WB) with the help of the catalyst CaO, which helps in reducing the catalyst
peak degradation temperature in the two loadings of 5% CaO and 10% CaO from 330.1 ◦C
to 321.57 ◦C and 320.96 ◦C, respectively, for the first peak, thus showing prominent results.
Additionally, 7% CaO loading has also lowered the temperature, but among the three
loadings, it has the highest peak degradation temperature. The CaO catalyst acts as an
activating agent by further lowering the peak degradation temperature [82]. The maximum
degradation rate observed for 5% CaO was (−7.3974 wt.%/min) and (−1.1912 wt.%/min)
at 321.57 ◦C and 410.34 ◦C; for 7% CaO, the maximum degradation rate observed was
(−5.7436 wt.%/min) and (−1.3423 wt.%/min) at 322.60 ◦C and 417.36 ◦C; and for 10% CaO,
it was (−7.0965 wt.%/min) and (−1.5077 wt.%/min) at 320.96 ◦C and 410.15 ◦C. Another
visible peak was observed in the third stage, where the slow degradation of the solid
residue takes place. In the degradation of the pure optimal blend without a catalyst, small
humps were seen; this stage showed the lower range of degradation of carbon residues.
However, after the addition of the catalyst, the peak also suggested the degradation of the
naturally existing minerals and lignin in the later part of the catalytic co-pyrolysis process
at higher temperatures. Among the three catalytic blends, 5% CaO showed the lowest
degradation rate and temperature. On the other hand, the degradation rate peak of weight
loss in the third stage at a temperature higher than 580 ◦C must be associated directly
with the calcination step of CaCO3, which degrades into CaO and CO2, which leads to its
decrease and appearance [83]. The maximum degradation rate observed for 5% CaO was
(−0.2552 wt.%/min) at 597.25 ◦C; for 7% CaO, the maximum degradation rate observed
was (−0.4506 wt.%/min) at 623.06 ◦C; and for 10% CaO, it was (−0.3346 wt.%/min) at
597.52 ◦C. The peak intensity of the blends varies among the catalytic blends. At the
reaction’s end, the overall (WL%) was 69.23%, 68.84%, and 65.80%, while the (RL%) was
30.77%, 31.16%, and 34.20% at 5% CaO, 7% CaO, and 10% CaO, respectively. The (WL%)
was reduced for the optimum blend as the loading of CaO on it increased, but 5% CaO
showed excellent performance results as compared to the other loadings of 7% and 10%.
The catalyst’s reactivity starts reducing when the percentage of the catalyst loading in-
creases, which would favor us in only improving the biochar yield in the products, but
lower catalyst loading would help in increasing the bio-oil yield effectively. However,
except for CaO, none of these metal oxides, i.e., ZnO, MgO, TiO2, NiO, and Fe2O3, can
remove acids or create hydrocarbons [84]. CaO has a better cracking ability, which splits the
carbon chain into smaller molecules without descending into the higher temperature [85].
It is claimed that employing CaO for co-pyrolysis did not generate carboxylic acids or
furans since the presence of carboxylic acids would considerably reduce bio-oil output.
Simultaneously, the CaO catalyst may boost the yield of ketone, phenol, alkenes, and
alkadienes [86]. The maximum temperature for the reaction is restricted to 480 ◦C because
of consequent cracking reactions above 500 ◦C, which will improve gas formation and also
weaken bio-oil generation. It can be deduced that 5% CaO is the best catalytic blend ratio
with respect to the outcome of volatiles (WL%) from TGA profiles and the breakdown rate
from DTG for generating higher volatile yields in regard to bio-oil.

Thermo-Kinetic

Table S2, which provides the data for 5% CaO, 7% CaO, and 10% CaO with a 10 ◦C
min−1 constant heating rate, was utilized to perform the thermodynamic and kinetic
analysis obtained from TG. As discussed previously, the specified range of 0.90–0.99 was
set, and fitting the data’s precision relied on R2. The fitting data accuracy was based on
R2. The main pyrolysis region for the volatile releases can be observed as the single-stage
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process in which the main process region lies in the overall temperature region of (150–
500 ◦C), with individual Ea, A, R2, ∆H, ∆G, and ∆S for all fourteen reaction mechanisms,
as displayed in Figure 12a–d.
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(c) (∆G), and (d) (∆S).

In this stage, the Ea lies in a range of (4.60–122.75 kJ/mol), A in the range of (8.33 × 10−4–
1.37 × 107 s−1) for all the reaction models, and the best models are D3, D1, and D2, with R2 of
0.986, 0.983, and 0.986; A values of 3.49 × 106 s−1, 2.66 × 105 s−1, and 1.37 × 107 s−1; and Ea
values of 117.93 kJ/mol, 98.80 kJ/mol, and 118.13 kJ/mol for the catalytic blends, i.e., 5% CaO,
7% CaO, and 10% CaO, respectively. These are considered the most possible mechanism for
their thermal degradation, as depicted in Figure 12a. The Ea and A increase as the ratio of CaO
increases in comparison to the non-catalytic blend, as presented in Table S2. The Ea and A of the
optimum blend were observed to be lowered, to some extent, when the catalyst was added to
all mass loadings.

In this stage, ∆H lies in a range of (1.65–117.81 kJ/mol), ∆G in a range of (150.49–
175.29 kJ/mol), and ∆S in the range of (−0.08–(−0.288) kJ/mol.k). The values were positive
for the first two, whereas the values of ∆S were negative for all the reaction mechanisms, and
the best models are D3, D1, and D2, with ∆H values of 112.97 kJ/mol, 93.85 kJ/mol, and
113.18 kJ/mol; ∆G values of 172.34 kJ/mol, 166.02 kJ/mol, and 165.70 kJ/mol; and ∆S values
of −0.09 kJ/mol.k, −0.12 kJ/mol.k, and −0.08 kJ/mol.k for the catalytic blends, i.e., 5% CaO,
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7% CaO, and 10% CaO, respectively. The results are displayed in Figure 12b–d and Table S2.
The ∆H followed the identical pattern as Ea increased, although the difference between Ea
and ∆H was in the region of 4.95–5.05 kJ/mol for all the catalytic blends, indicating the
reaction was likely to be generated due to a small potential energy barrier [77,78]. For Ea, ∆H
repeated the same behavior as in the first stage; it increased for 5% CaO and then decreased
at 7% CaO, while increasing again at a higher catalyst loading of 10% CaO. The values of
∆G decreased when CaO’s ratio in the blends increased. The indication of complex reactions
was indicated by the positive values and for speeding up the reaction, a suitable amount
of external energy was required [73]. Values of ∆S that are negative show how near the
system was to the attainment of thermodynamic equilibrium. Low ∆S indicates that the
material has lately undergone physical or chemical aging, putting it near thermodynamic
equilibrium [67,73]. Lastly, during catalytic co-pyrolysis, the best blend that improved the
optimum blends (80WS−20WB) (WL%), resulting in improving the yield of bio-oil, was
5% CaO.

2.6. Significance of the Study

The significance of this study is that it helps in optimizing catalytic conditions and
provides insights into how to design and choose appropriate catalysts and feedstock for
specific applications, improving process efficiency and product quality. Thermogravimetric
analysis (TGA)-based catalytic co-pyrolysis is a technique used to study interactions be-
tween catalysts and feedstocks during co-pyrolysis. TGA provides real-time data on weight
loss as a function of temperature, allowing researchers to monitor the decomposition behav-
ior of feedstocks in the presence of a catalyst. It helps in identifying the synergy analysis
between the feedstocks and shows how their interactions modify their reaction pathways. It
also helps in optimizing the temperature and catalytic conditions for co-pyrolysis processes,
which leads to improved product (bio-oil, biogas, and biochar) yields and quality. Its
limitation is that it is used for small-scale experiments, and results may not always scale
linearly to larger industrial processes. The insights gained from such studies are crucial for
improving biomass conversion processes and advancing sustainable energy technologies.
Table 5 shows the catalytic co-pyrolysis literature comparison with previous studies.

Table 5. Catalytic co-pyrolysis literature comparison.

S.No Blends with Catalyst Catalytic Blends Best Catalytic
Blend

Reaction
Condition in TGA

Activation
Energy-Ea
(kJ/mol)

Synergy
Analysis
Deviation (%)

Ref.

1.

Wheat straw biomass (WS),
woody sawdust biomass
(WB) using mussel
shell-derived CaO catalyst

5% CaO (0.05:0.95),
7% CaO (0.07:0.93), and
10% CaO (0.10:0.90),

5% CaO
T = 25–900 ◦C
Heating
rate = 20 ◦C/min

117.93 kJ/mol 0.19% Present
work

2.

Corncob biomass with
HDPE waste plastic using
chicken and duck eggshell
catalysts

Corncob:HDPE = 0.9:0.1
Corncob:HDPE:Chicken
eggshell = 0.8:0.1:0.1
Corncob:HDPE:Duck
eggshell = 0.8:0.1:0.1

All the catalytic
blends showed
better performance
with chicken
eggshell, which
shows it as a more
favorable one

T = (373 K–1173 K)
100–900 ◦C Heating
rate = 10, 20, 50,
100, 200 K/min

59.64 kJ/mol NR [87]

3. 10%CeO2@MNA/(20 BCE-
80 AC) 3 wt% and 5 wt%

3 wt% with an
increase in WL%
from 45.9% to
68.7%

T = 25–900 ◦C
Heating
rate = 20 ◦C/min

67.82 kJ/mol 3.55% [19]

4.

Kukersite oil shale and
black pine wood with
HZSM-5(23), HBETA(25),
and HY(30)

(BPW/KOS: 1/1) and
catalyst-to-sample
weight ratio (3/1)

-
T = 25–800 ◦C
Heating
rate = 10 ◦C/min

22.8 kJ/mol
20.3 kJ/mol
22.2 kJ/mol

NR [88]

5. Cellulose, Douglas fir, and
LDPE with HZSM-5 Ratio of 4:1 DF-LDPE-catalyst

T = 25–600 ◦C,
Heating
rate = 20 ◦C/min

54.51 kJ/mol NR- [89]
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Table 5. Cont.

S.No Blends with Catalyst Catalytic Blends Best Catalytic
Blend

Reaction
Condition in TGA

Activation
Energy-Ea
(kJ/mol)

Synergy
Analysis
Deviation (%)

Ref.

6. Seaweeds and HDPE with
HZSM-5 Ratio of 1:1:2 Seaweeds-HDPE-

HZSM-5,

T = 25–800 ◦C,
Heating rate = 10,
20, 30 and
40 ◦C/min

(104.21–113.78)
kJ/mol NR [90]

7. Spirulina and oil shale
with CaO and HZSM-5

3CaO1HZSM-5
1CaO1HZSM-5
1CaO3HZSM-5

SP and OS with
1CaO3HZSM-5

T = 25–900 ◦C,
Heating
rate = 20 ◦C/min

192.53 kJ/mol NR [91]

8.

Empty fruit bunch (EFB)
biomass and recycled
(HDPE) plastic with rice
husk ash (RHA) and
HZSM-5 catalyst

EFB-to-HDPE mass ratio
of 1:1,
catalyst-to-feedstock
mass ratio of 1:1
(Raw RHA, RHA-T,
HZSM-5)

Rice husk ash
catalyst

T = 30–700 ◦C
Heating
rate = 20 ◦C/min

70.04 kJ/mol NR [92]

3. Materials and Methodology
3.1. Material and Catalyst Preparation
3.1.1. Material Preparation

Consequently, locally sourced wheat straw (WS) and woody sawdust biomass (WB)
are utilized in this research. Figure 13 represents the schematic for the preparation of
WS−WB samples in which they are first dried inside an oven at a temperature of 105 ◦C
for 1 day for the purpose of eliminating any moisture content. After that, a mixer–grinder
is utilized for grinding–crushing purposes to obtain 0.2 mm particle size samples with
the help of a sieve. All the blends of WS−WB were prepared on a weight % basis by
mixing wheat straw (100WS) with woody sawdust biomass (100WB) to make 100% wt.
of blends besides the pure samples. Thus, 80WS−20WB symbolizes that 80% wt. wheat
straw was mixed with 20% wt. woody sawdust; likewise, 60WS−40WB, 40WS−60WB,
and 20WS−80WB blends were prepared accordingly. By these calculations, all the samples
were prepared as shown in Table 6. Pure samples of WS and WB were referred to as pure
wheat straw (100WS) and pure woody sawdust (100WB), respectively.
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Table 6. Details of blend composition along with sample code.

Sample Code Weight (%) Composition of Blends

100WS 80WS−20WB 60WS−40WB 40WS−60WB 20WS−80WB 100WB

Wheat Straw (WS) 100 80 60 40 20 0

Woody Sawdust (WB) 0 20 40 60 80 100

3.1.2. Catalyst Preparation

The CaO was prepared through the process of calcination. Waste mussel shells were
cleaned by washing them several times in warm water and then drying them fully at room
temperature. The dried mussel shells were calcined for 4 h in an oxygen environment at
950 ◦C at a heating rate of 10 ◦C/min using an electric furnace (Yamato Standard Electric
Furnace FO 610, Yamato Scientific Co., Ltd., Tokyo, Japan) [56]. This process yielded a
powder that was further sieved and crushed via a 63 µm sieve, resulting in a white powder.
The schematic that explains the synthesis process of CaO catalyst obtained through the
calcination of mussel shells in represented in Figure 14.
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3.2. Catalytic Blend Preparation

The sample was prepared for catalytic co-pyrolysis utilizing the in situ approach,
where the optimal mixture and catalyst were combined directly. The mussel shell-produced
CaO catalyst was immediately blended with the best blend of 100WS and 100WB. A hand
mortar was then utilized for grinding purposes. To form a 2 g sample, they blended in three
distinct proportions of 5 wt.%, 7 wt.%, and 10 wt.% CaO catalyst with the optimum blend.
At catalyst mass loading, the new mixture was subsequently developed, and the optimum
blend loading ratios of 5 wt.% (0.05:0.95), 7 wt.% (0.07:0.93), and 10 wt.% (0.10:0.90) were
used. To ensure blending accuracy, a Digital GSM Balance was utilized to weigh the
samples, and then a vortex mixer (F20220176, VELP SCIENTIFICA, Usmate Velate, Italy)
was utilized for mixing the vial for 5 min, in which the weighed samples were placed [19].

3.3. Characterization

A PerkinElmer 2400 Series II CHNS/O Elemental Analyzer (PerkinElmer, Waltham,
MA, USA)was utilized for the ultimate analysis to compare the percentages of C, H, N, S,
and O content in pure 100WS and 100WB to the standard values. For ultimate analysis, the
weight of each material loaded was in the material size range of 0 to 500 mg. The GCV
analysis of pure 100WS and 100WB was performed by the customary procedure (ASTM
D5865-13) and it was obtained by using a Parr 6200 oxygen bomb calorimeter. Each sample
weighed 1 g.

A Bruker Alpha II Spectrometer with diamond ATR–FTIR detection was employed
to record the FTIR spectra for analyzing the structural analysis of the specimens with a
4000–400 cm−1 wavelength range.

X-ray diffraction (XRD) analysis was done by utilizing Bruker’s D8 advance X-ray
Diffractometer (Bruker, Karlsruhe, Germany) with a sample scanning speed of 0.06◦ min−1

for 2θ with a range between 30◦ and 60◦. Furthermore, for the evaluation of XRD spectra
and peaks, JADE 6.0 was utilized, which incorporated a built-in Powder Diffraction File
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(PDF) or Joint Committee on Powder Diffraction Standards (JCPDS) for the search and
match option.

TESCAN MIRA 3 Schottky field emission scanning electron microscope (TESCAN,
Brno, Czech Republic)was utilized to carry out Field Emission Scanning Electron Mi-
croscopy (FESEM), along with Energy-Dispersive X-ray spectroscopy (EDX), for perform-
ing an analysis of the morphology and structure of the elements in the specimen. The
machine possesses a 10–200,000X extension for procuring magnified 2D images along
with a resolution of about 2 nm. Furthermore, color mapping was also done by utilizing
this microscope.

A PerkinElmer TGA 4000 thermogravimetric analyzer was used to investigate the
thermal degradation behavior of (WS−WB) blends. Nitrogen gas (N2) flow was monitored
by a mass flow controller and maintained to provide an inert atmosphere for conducting
the experiment. After that, at a 10 ◦C min−1 heating rate, the samples were heated to
1000 ◦C from 25 ◦C by utilizing a platinum pan. The particle size and weight of each blend
loaded were 0.2 mm and 10 mg, respectively. The suitable estimation of kinetic parameters
during co-pyrolysis and important information about the degradation rate and (WL%) is
provided by TGA [93].

3.4. Synergy Analysis

The synergy analysis of four (WS−WB) blends is explored by the comparison of calcu-
lated and experimentally derived values from TGA/DTG. Synergy analysis is performed
to analyze how the 100WS and 100WB biomasses will interact during co-pyrolysis to sup-
port their degradation. For positive synergy analysis, the experimentally derived value
is greater than zero, indicating the existence of synergy analysis and the favorable impact
of co-pyrolysis, and less than zero for negative synergy analysis, indicating the inhibitory
impact of co-pyrolysis and denying synergy analysis existence. Thus, if the experimental
values will be higher than the calculated values [94], a significantly greater synergy will be
observed as a result of a greater deviation amongst experimental and calculated values [95].
The calculated values are the addition of individual samples that are directly proportional
to the weight ratio of blends because the assumption that no interactions were observed
throughout co-processing was made by the additive model [96,97]. Equation (4) is utilized
for finding the calculated values of WS−WB blends.

SC = MB1.mr
(
Sexp.B1

)
+ MB2. mr(Sexp.B2) (4)

Blended materials MB1.mr and MB2. mr reflect the mass ratios of 100WS and 100WB
biomass, respectively. Sexp.B1 and Sexp.B2 are the experimental findings of 100WS and
100WB biomass, respectively. The residue left and weight loss are denoted as (RL%) and
(WL%). The difference between the calculated and experimental values of ((DTG)max %),
(RL%), and (WL%) was calculated by utilizing Equation (5). During co-pyrolysis of the
four (WS−WB) blends, the absence or presence of synergy analysis will be highlighted by
Equation (5) [64].

Deviation (%) =
SE − SC

SC
× 100 (5)

where the values calculated through Equation (4) are denoted by SC, and during TGA/DTG
analysis, the experimentally measured values obtained are denoted by SE.

3.5. Thermo-Kinetic Modeling

The kinetic analysis of co-pyrolysis and catalytic co-pyrolysis is an incredibly challeng-
ing method because of the involvement of multiple intermediary and overlapped reaction
processes. An important process is the conversion of (WS−WB) blends into products
through co-pyrolysis and catalytic co-pyrolysis. A co-pyrolytic and catalytic co-pyrolysis
kinetic investigation is valuable in the process of designing, optimizing, and operating [98].
A thermo-kinetic study of (WS−WB) blends was carried out via a model-fitting method,
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i.e., Coats–Redfern method, which is an old-style kinetic analysis method, thus requiring
a single heating rate to estimate kinetic parameters, i.e., pre-exponential factor (A), Co-
efficient of Determination (R2) and activation energy (Ea). Almost fourteen (14) reaction
models, as revealed in Table 7, are used to establish them. This technique extensively
utilizes models for kinetic investigation of biomasses and other materials [99], eventually
demonstrating the complete degradation procedure of a material, supposing it is a stan-
dalone reaction with first-order kinetics. For co-pyrolysis and catalytic co-pyrolysis, the
insight into overall volatile release kinetic was established by applying this approach to
TGA [100]. The degradation of (WS−WB) blends was divided into single stages for more
precise measurement of A and Ea. The measurement of kinetics parameters did not contain
the moisture content stages.

Table 7. Commonly used reaction models’ detailed algebraic expressions.

Symbols Reaction Mechanism
Algebraic Expressions

Differential Form f(α)= 1
k

dα
dt Integral Form g(α)=kt

Geometric Contraction Models

R1 Contracting disk 1 α

R2 Contracting cylinder 2(1 − α)
1
2 1 − (1 − α)

1
2

Power Law

P3 Power law; P3 3(α)
2
3 (α)

1
3

P4 Power law; P4 4(α)
3
4 (α)

1
4

Reaction Order Models

F1 First-order (1 − α) − ln(1 − α)

F2 Second-order (1 − α)2 (1 − α )−1 − 1

F3 Third-order (1 − α)3 1
2

[
(1 − α )−2 − 1

]
F4 Fourth-order (1 − α)4 1

4

[
(1 − α )−3 − 1

]
Nucleation Models

A2 Avarami–Erofe’ev for n = 2 2 (1 − α)[−ln(1 − α)]
1
2 [−ln(1 − α)]

1
2

A3 Avarami–Erofe’ev for n = 3 3 (1 − α)[−ln(1 − α)]
1
3 [−ln(1 − α)]

1
3

Diffusivity Models

D1 Parabolic law 1
2 α α2

D2 Valansi equation −[ln(1 − α)]−1 α + [(1 − α)ln(1 − α)]

D3 Jander equation 2 (1 − α)
2
3

[
1 − (1 − α)

1
3

]−1 [
1 − (1 − α)

1
3

]2

D4 Ginstling Brounstein equation 3
2

[
(1 − α)−

1
3 − 1

]−1
1 − 2

3 α − (1 − α)
2
3

To understand the kinetics’ mechanism, the formulation of a solid-state reaction kinetic
equation is first done and solved. Equation (6) represents a single reaction that can describe
the thermal degradation of (WS−WB) blends:

Biomass(solid) → Biochar(solid) + Volatile releases(liquid+gas) (6)

Equation (7) represents solid-state reaction’s rate equation:

dα

dt
= k(T)· f (α) (7)
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In Equation (7), the reaction mechanism is denoted as f (α), which, having n as the
order of reaction, is further expressed as (1 − α)n, the rate constant is denoted by k(T), and
the conversion rate is represented as α, having its value lie in the (0–1) range. The weight
of the sample is calculated continuously as a function of time and temperature during
the TGA/DTG experiment. By using the weight range, during co-pyrolysis and catalytic
co-pyrolysis, the conversion rate (α) at any time (t) is measured using Equation (8):

α =
weighti − weightins
weighti − weight f

(8)

where the beginning weight of the material before going through degradation (g) is denoted
as weighti, the spontaneous weight of the material at time t (g) is represented as weightins,
and the final weight of the material after degradation (g) is denoted by weightf. The heating
rate is expressed as (β = dT

dt ), where dt represents the derivative of time while dT is the
derivative of temperature. Moreover, the Arrhenius equation could be utilized to measure
the rate constant k. It is given in Equation (9):

k(T) = A·exp
(
− Ea

RT

)
(9)

In Equation (9), k(T) is termed as the rate constant, the absolute temperature is
represented by T in Kelvin, the universal gas constant is termed as R (8.314 J.K−1.mol−1),
the pre-exponential factor is termed as A in s−1, and activation energy is given as Ea in kJ
mol−1. The rate of a reaction is known as the differential of conversion concerning time.
With temperature dependence from Arrhenius law under a constant heating rate β, adding
in Equation (9) in Equation (7), and thus assuming n = 1, the fundamental Arrhenius rate
expression can be reorganized in the form of Equation (10):

dα

dT
=

A
β
·exp

(
− Ea

RT

)
·(1 − α) (10)

Fuel pyrolysis is often termed a first-order reaction, being completely related to
degradation reactions in many applications. Equation (11) is obtained as a result of the
integration of Equation (10).

g(α) =
α∫

0

dα

f (α)
=

A
β

∫ T

T0

exp
(
− Ea

RT

)
dT (11)

In Equation (7), the reaction model’s integrated form is denoted as g(α). Equation (12) is
a result of Taylor expansion utilized by the Coats–Redfern integral method in Equation (11):

ln
[

g(α)
T2

]
= ln

[
AR
βEa

(
1 − 2RT

Ea

)]
− Ea

RT
(12)

where
(

1 − 2RT
Ea

)
is negligible and is thus removed from Equation (12). For a first-order

reaction, g(α) = −ln(1 − α), as presented in Equation (13) and Equation (14), respec-
tively [101].

ln
[

g(α)
T2

]
= ln

[
AR
βEa

]
− Ea

RT
(13)

ln
[
−ln(1 − α)

T2

]
= ln

[
AR
βEa

]
− Ea

RT
(14)

The slope of the line results in activation energy Ea, and by drawing a graphical curve
between 1

T and ln
[
−ln(1−α)

T2

]
, its intercept results in pre-exponential factor A. A linear line

is obtained for this plot at n=1 [102]. (y = mx + c) resembles the form of Equation (14).
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The parameters y, x show y axis = ln
[

g(α)
T2

]
and x axis = 1

T , and m = Ea
R and c = ln

[
AR
βEa

]
show (slope) and (intercept) [103,104]. The pre-exponential factor value is calculated from
intercept A = exp(c) βEa

R . The Coats–Redfern integral method was utilized using common
reaction models, namely f (α) and g(α), which are represented in Table 7 [105–107]. At a
specific stage, its data for reaction kinetics of weight loss are calculated by the most fitting
model of g(α) with the highest R2.

The Coats–Redfern integral method provided the Ea values via analysis of the kinetic
parameters, which were then utilized to calculate ∆S, ∆H, and ∆G, which are termed as
changes in entropy, enthalpy, and Gibbs free energy, respectively. In a reversible process,
the highest amount of work that a closed system can produce is defined as Gibbs free
energy. At constant pressure during a chemical reaction, the total heat transferred is termed
enthalpy. The randomness in any system is termed entropy [79]. The thermodynamic
properties’ calculations are estimated using Equations (15)–(17), given below [80]:

∆H = Ea − R·Tp (15)

∆G = Ea + R·Tp ln
(

kbTp

hA

)
(16)

∆S =
∆H − ∆G

Tp
(17)

where the DTG peak degradation temperature is represented as Tp in K (Kelvin), the Planck
constant is represented by h with the value of 6.63 × 10−34 Js, the universal gas constant is
denoted as R, and the Boltzmann constant (1.38 × 10−23 J/K) is denoted by kb.

3.6. Catalytic Co-Pyrolysis in TGA

The optimal blend was utilized with the catalyst in a PerkinElmer TGA 4000, a ther-
mogravimetric analyzer, to carry out the catalytic co-pyrolysis. In the first step, the samples
were purged for half an hour with N2 and then placed inside a crucible pan made of
platinum. After that, the samples weighing 10 mg were heated in an inert environment at a
rate of 10 ◦C/min from 25 to 900 ◦C [19].

4. Conclusions

The co-pyrolysis behavior of wheat straw (WS) and woody sawdust biomass (WB) was
studied in detail in this research. Various blending ratios, along with pure raw materials,
were characterized by TGA, CHNS-O, and GCV. CaO was characterized via XRD, SEM,
EDX, and FTIR for structural, morphological, and elemental analysis. Their thermal
characteristics were studied by carrying out co-pyrolysis in TGA with 10 ◦C/min as the
heating rate. These results formulated the evaluation of the synergy analysis of all samples.
The co-pyrolysis of WS with WB outclasses the pyrolysis of single materials in regard to
reducing the activation energy and showing better synergy analysis results for the optimum
blend, i.e., 80WS−20WB, with a positive deviation of 0.19% in terms of (WL%) predicting
good results for bio-oil production. The F1 model served as the best model that describes
the Ea of 60.05 kJ/mol and the ∆H, ∆G, and ∆S values of 55.03 kJ/mol, 162.26 kJ/mol, and
−0.18 kJ/mol.K, respectively for the best blend 80WS−20WB. Thermodynamic properties
(∆H, ∆G, and ∆S) reciprocate viability, spontaneity, and steady product formation in co-
pyrolysis. Catalytic co-pyrolysis was carried out using CaO as a catalyst to study its
effects on production yield. Through catalytic co-pyrolysis, 5% CaO was the best mixture,
increasing the (WL%) of the ideal blend (80WS−20WB). Therefore, D3 served as the best
model for 5% CaO that describes the Ea of 117.93 kJ/mol and ∆H, ∆G, and ∆S values of
112.97 kJ/mol, 172.34 kJ/mol, and −0.09 kJ

mol .k, respectively, thus boosting its bio-oil output.
Gained results are critical for the effective design and modeling of catalytic co-pyrolysis
systems of (WS−WB) blends and in scaling up industrial biomass conversion applications.
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Nomenclature

A Pre-exponential factor
CaO Calcium oxide
CHNS-O Carbon, Hydrogen, Nitrogen, Sulfur, and Oxygen
DTG Derivative thermogravimetry
Ea Activation energy
K Rate constant
FTIR Fourier transform infrared spectroscopy
h Planck constant
GCV Gross Calorific Value
R2 Coefficient of Determination
TGA Thermogravimetric analysis
R Gas constant
SEM-EDS Scanning Electron Microscopy and Energy Dispersive Spectroscopy
SRWC Short-rotation-woody-crops
(WL%) Weight loss %
100WS Wheat straw
(RL%) Residue left %
100WB Woody sawdust biomass
WS-WB Wheat straw and woody sawdust biomass
XRD X-ray diffraction
β Heating rate
α Conversion Factor
∆H Enthalpy
∆S Entropy
∆G Gibbs free energy
kb Boltzmann constant
f(α) Reaction mechanism
g(α) Integral Function
Tp Peak degradation temperature
(wt.%/min) Rate of weight loss % per min
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