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ABSTRACT

This research examines the catalytic performance of the catalyst developed from natural kaolin clay as a cheap cata-
lyst for the thermal pyrolysis of date stones (DS). Firstly, the natural kaolin clay was acid-treated, followed by thermal
activation at 600 °C for 2h to obtain the activated kaolin catalyst (AKC). Several techniques, like BET surface area,
pore volume distribution, XRD, FESEM, and EDX, were utilized to identify the AKC. The BET surface area of the
AKC was 119.49 m*/g, while its mean pore diameter amounted to 7.13 nm, indicating its mesoporosity. The catalytic
activity of the AKC was examined via the thermal pyrolysis of DS. Effect of pyrolysis temperature (400-500 °C),
catalyst loading (2.5-10.0 wt.%), pyrolysis period (30—120 min), and particle size of DS (0.25, 0.297, 0.4, 0.595, and
0.841 mm) on the pyrolysis products yield was investigated. The highest yield of pyrolytic liquid was produced at 425
°C for 1h using 2.5 wt.% of the AKC and 0.40 mm participle size of the feed. At these conditions, the pyrolytic liquid
yield amounted to 60.64%. The analysis of the bio-oil (BO) fraction stripped from the pyrolytic liquid was achieved
by FTIR spectroscopy, 'H NMR spectroscopy, and GC-MS analysis, which indicated that the BO fraction was mainly
composed of hydrocarbons and oxygenated hydrocarbons. Results from the GC-MS analysis exhibited that hydro-
carbons (48.28%), oxygenates (41.42%), aromatics (10.44%), and nitrogenates (2.13%) were the main components
of the BO. Alkenes and n-alkanes were the main constituents of the hydrocarbon part of the BO, while acids were
the main component of oxygenates. Non-catalytic thermal cracking of DS at the optimal conditions exhibited a lower
pyrolytic liquid yield than the catalytic process. Finally, the fuel properties of the BO produced via catalytic pyrolysis
of DS were superior to those measured for that produced by the thermal pyrolysis process.

Keywords: date stones; activated kaolin catalyst; catalytic pyrolysis; bio-oil; identification of BO.

INTRODUCTION

Recent years have witnessed a rise in energy
demand because of the more considerable rise in
energy consumption. Conventional fundamental
energy sources, namely fossil energy sources,
couldn’t satisfy the world’s energy needs (Pan
et al., 2021). Moreover, the environmental con-
tamination results from these sources must be
noticed. Consequently, searching for new energy
sources is imperative (Wang et al., 2021). Among
the possible alternative to fossil fuel sources are
sustainable energy sources. Biomass (BM), one
of these sources, is the most encouraging as it is
globally recognized as a renewable and carbon-
neutral fuel resource with low SO_and NO,
emissions (Tursi, 2019). Furthermore, using the

proper technology, biomass can be immediately
turned into various forms of energy (solid, gas,
and liquid) (Paenpong and Pattiya, 2016). The
BM is a complicated blend of hemicellulose, cel-
lulose, lignin, and a trace of other organics, in-
cluding extractives. Various sources of BM, like
fruit seeds (Fadhil and Kareem, 2021), de-oiled
cakes (Rajpoot et al., 2022), non-edible seeds
(Al-Layla et al., 2021), bagasse (Li et al., 2022),
sawdust (Agnihotri and Mondal, 2023), and other
forms of BM, were implemented in producing
various types of fuel (liquid, gas, and solid). Date
stones (DS) are among the bio-wastes employed
for producing biofuel because they are abundant
and affordable, particularly in Mediterranean na-
tions. Iraq is an essential date supplier worldwide,
with more than 21,000,000 date trees, with an
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annual production of almost 400,000 tons of date
fruit (Ahmed and Theydan, 2015; Younis et al.,
2022) The DS are waste materials that account for
around 14% of the total mass of the fruit. Beyond
the manufacturing of palm syrup, the DS is dis-
carded. As such, eliminating such solid waste is
of the essence, as its collection might harm the
environment (Ahmed and Theydan, 2015; Younis
et al., 2022). Pyrolysis is a thermochemical con-
version process that can potentially treat many
types of solid wastes besides producing new
products. The pyrolysis process involves expos-
ing the solid waste to temperatures ranging from
400 to 800 °C in a deficient atmosphere of oxygen
(Silvestre et al., 2020). Heating the solid substrate
in an inert environment promotes the thermolysis
of the solid waste macromolecules. Thus, liquid
products (pyrolytic oil), char (pyrolytic char) and
non-condensable gases are produced (Silvestre et
al., 2020; Mishra and Mohanty, 2020).

The pyrolytic liquid produced by BM ther-
mal pyrolysis is usually called bio-oil (BO), bio-
fuel, or bio-crude. It can be considered a cleaner
substitute for fossil fuels since they contribute
almost zero CO, emissions. It comprises a com-
plicated mixture of oxygenates, saturated and un-
saturated hydrocarbons besides the oxygenated
compounds (Toro-Trochez et al., 2022; Mekhilef
et al., 2012). BO includes essential compounds
that could be employed in various applications,
including medicinal, cosmetics, agricultural,
and industrial products. The O-containing com-
pounds, such as water, acids, aldehydes, and
ketones, are the most compounds found in BO
(Mariscal et al., 2016; Wang et al., 2022). The
BO can’t be directly employed as a fuel in auto-
motive engines as they own several drawbacks,
including its content of multiple O-compounds,
which diminished its quality and made it more
viscose with a lower calorific value. Also, the
presence of these compound in BO decrease its
stability and provoke its corrosion features. Con-
sequently, it is necessary to reduce the level of
oxygenated compounds before using them as
fuel (Rowhani and Rainey, 2016).

The catalytic pyrolysis (CP) was proposed to
lessen the oxygen content in the BO. However, few
works were established on the catalytic pyrolysis of
DS. In this regard, (Aljeradat et al., 2022) studied
the thermal pyrolysis of date kernels using natural
Jordanian Tripoli as a low-cost catalyst. (Arabiour-
rutia et al., 2022). explored catalytic thermal pyrol-
ysis of DS between 450 and 500 °C over HZSM-5
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and dolomite as catalysts,( Hai et al., 2022). in-
spected thermokinetics of the in-situ pyrolysis
of DS utilizing layered double hydroxide-based
catalysts. Lastly, ( Hou et al., 2023). they have
explored thermal and catalytic pyrolysis of DS in
Py-GC/MS equipment. For the catalytic pyrolysis,
HZSM-5 zeolite was employed for this purpose.
As mentioned above, direct thermal pyrolysis of
BM will result in the formation of products with
low quality due to their content of high molecu-
lar weight fractions. As such, catalytic pyrolysis
was proposed as a potential means to improve the
liquid oil yield and quality besides lessening the
time and temperature required for thermal pyroly-
sis (Hou et al., 2023). The most frequent catalysts
employed upon thermal pyrolysis solid wastes in-
clude zeolite (Arabiourrutia et al., 2022), micropo-
rous and acidic mesopores (Saidi et al., 2016), base
catalysts (Saidi et al., 2016), and noble transition
metals (Saidi et al., 2017), and metal oxide (Saidi
et al.,, 2017). Additionally, transition-metal-sup-
ported catalysts have recently gained considerable
concern as a catalyst for this purpose (Saidi et al.,
2016; Saidi et al., 2017). However, those catalysts
are ecasily deactivated besides being expensive.
Thus, low-cost catalysts, such as kaolin, were em-
ployed in this respect. Kaolin belongs to the group
of layered silicate minerals and is naturally occur-
ring clay. It is composed of a two-layered 1:1 struc-
ture that consists of (Si0,) tetrahedral and (AlO,)
octahedral; the layers are connected by relatively
stable hydrogen bonds (Luo et al., 2020).

As far as we know, the catalytic thermal de-
struction of any BM feed using activated kaolin
catalyst (AKC) as a low-cost catalyst has not been
announced in the literature. Additionally, employ-
ing the AK as an effective catalyst in the thermal
cracking of the DS, which is generated with mas-
sive amounts as a byproduct of the dates industry
to produce an upgraded liquid oil compared to the
pyrolysis oil produced via the thermal pyrolysis
process with optimizing the experimental condi-
tions affecting the quality and yield of the pro-
duced liquid oil, has not been touched to the best
of the author knowledge. This issue attracted us
to accomplish this research work.

The DS was thermally cracked using acid-
activated kaolin clay as a cheap catalyst in this
context. The raw kaolin clay was acid treated and
thermally activated to be utilized later in the py-
rolysis of DS. The thermal decomposition of DS
using the AKC was performed by optimizing the
working conditions that affect the production of
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the maximum liquid yield of oil. The typical BO
from DS was identified by GC-MS spectroscopy
and '"H NMR spectroscopy. The FTIR spectros-
copy was utilized to specify functional groups in
the liquid fuel bedsides assessing fuel properties
of the obtained liquid fuel.

MATERIALS AND METHODS

Materials

The raw materials, namely DS employed in
this study, were stripped from the locally pro-
duced date fruit. The catalyst was synthesized
from the kaolin clay from natural deposits in
Dohok City, north of Iraq.

Preparation and analysis of DS

The DS was washed with water, oven-dried
at 105 °C for a day, pulverized, and then sieved
to obtain homogenous particles (0.40 mm). The
DS powder was then subjected to multiple anal-
ysis procedures. A Vario EL CUBE, Germany,
CHNSO elemental analyzer was employed in de-
termining the elemental analysis of the DS. The
ASTM D121 standard approach was adopted to
examine the proximate analysis (ash %, moisture
%, volatile materials %, and fixed carbon %).
Lastly, the thermal degradation tendency of the
DS was investigated using the SDT- Q600 TA Si-
multaneous TGA/DSC, USA, thermal analyzer at
a heating rate of 10 °C/min under a stream of dry
air and N, gas between 28 and 600 °C.

Synthesis of the AKC

The raw kaolin clay was first rinsed with wa-
ter to eliminate impurities adsorbed on its sur-
face, followed by drying at 105 °C for a day. The
dried clay was ground and sieved to obtain par-
ticles of 0.149 mm in size. The kaolin clay was
mixed with a solution of 10% HCI. The mixture
was then refluxed with stirring at 300 rpm for 2h.
Afterwards, the acid-treated clay was repeatedly
rinsed with distilled water until obtaining neutral
water. After drying at 105 °C for 10h, it was ther-
mally activated at 600 °C for 2h to obtain acti-
vated kaolin clay (AKC) ( Altamer et al., 2022).

Identification of the AKC

The as-prepared catalyst was identified by
multiple techniques before its use in thermal

pyrolysis experiments. The catalyst crystallinity
was identified by a high-resolution x-ray diffrac-
tometer system (Malvern Panalytical X-ray dif-
fraction, UK) with Cu ka radiation (A) of 0.154
nm at 40 kV and 20 mA in 26 range of 10° to
90°. A surface area analyzer (BELSORP MINI
II, Japan) was employed in determining the to-
tal surface area mean pore volume of the catalyst
based on the N, adsorption/desorption isotherms
at 77 K. BET method was followed in calculating
the total surface area of the AK. In addition to the
elemental analysis of the synthesized catalyst, the
morphological features were examined by Field-
Emission Scanning Electron Microscope attached
to an energy-dispersive X-ray analyzer (Tescan
Mira 3 LMU FESEM-EDX, France, 2018).

Pyrolysis experiment using the AKC

The catalytic thermal pyrolysis trials of DS
were carried out employing a semi-batch cylin-
drical reactor made of stainless steel with a length
of 30 cm, 4 cm internal diameter, and 5 cm ex-
ternal internal diameter. Thermal pyrolysis was
connected with a condensation system to con-
dense the volatile vapors collected in a collector
immersed in a cold bath (dry ice+ acetone). The
desired temperature was adjusted by a PID con-
troller linked to the furnace. The catalytic thermal
cracking experiments of DS were accomplished
at numerous feed-to-catalytic ratios in the same
reactor. The catalyst was mixed with DS particles
at 2.5 wt.%, 5.0 wt.%, 7.5 wt.%, and 10.0 wt.%.
Before the thermal pyrolysis experiment, the re-
actor was flushed for 20 min with N, to expel air
and other unwanted impurities. When the reac-
tion was ended, the reactor was left to cool down
to room temperature, and the solid residue was
stripped from the reactor and weighed. Each trial
was repeated twice, and the outcome was record-
ed as the meant SD. The yield of liquid, biochar
(BC), and non-condensable gases was calculated
using the following equations (Mishra and Mo-
hanty, 2019; Fadhil and Kareem, 2021):

Yield of liquid (%) =
Weight of the
_ liquids produced (g)
" Total weight of
WT or DS utilized (g)

x 100 (1

Yield of BC (%) =
Weight of
BC produced (g)
Total weight of
WT or DS utilized (g)

%100 @)
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Yield of gases (%) = 3
= 100 — [% liquid yield + % BC yield] ~ )

In addition to optimizing the amount of cata-
lyst required for maximum conversion of DS into
liquid fuel, other factors, like pyrolysis tempera-
ture (400-600 °C), period of pyrolysis (30—150
min), and the feed particle size (0.841, 0.595,
0.40, 0.297, and 0.25 mm) were optimized as well.

Analytical methods of the BO

The pyrolytic liquid produced after the catalytic
and catalytic thermal decomposition of the DS was
fractionated into two phases. The upper was the
bio-oil (BO) phase, while the lower was the aque-
ous phase. The BO phase was submitted to various
analysis methods, including Fourier Transform In-
frared (FTIR) spectrophotometer (JASCO V-630,
USA), which was employed to inspect the functional
groups in the liquid oil fraction. The chemical com-
ponents of the BO fraction were figured out on a Gas
chromatography-mass spectrometry (GC-MS, Agi-
lent 8860-5977B) employing helium as the carrier
gas at | mL min' a flow rate. The injector tempera-
ture and injection volume were respectively fixed at
280 °C and 1pL. The oven program was initiated at
60°C (1 min), elevated to 200 °C at 12°C min™' rate
of heating, and then the temperature was raised to
280 °C at a heating rate of 5 °C min-1 where it was
preserved for 4 min (Fadhil and Kareem, 2021). The
liquid fuel samples from the were identified by 'H
NMR spectroscopy utilizing a 400-MHz spectrome-
ter from Bruker Biospin GmbH. As a solvent, CDCI,
was used, while Tetra Methyl Silane (TMS) served
as the internal standard. Finally, the density (ASTM
D1217-209), kinematic viscosity (ASTM D445),
flash point (ASTM D93), pour point (D2500), and
acidity of the obtained liquid fuel were all measured.
All measurements were completed using standard-
ized protocols established by the ASTM.

RESULTS AND DISCUSSION

Characterization of the AKC

The AKC was utilized as a low-cost catalyst
in the pyrolysis of DS. Thus, it was first identi-
fied by numerous techniques to assess its textural
and morphological features. Fig. la shows the
N,-adsorption-desorption isotherm of the AKC
besides the pore volume distribution. The N, ad-
sorption isotherm was type III as per the [UPAC
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classification. Also, Fig. 1a showed that adsorp-
tion of the N, increased at the relative pressure re-
gion (P/P,<0.1), specifying that few micropores
are found in the AKC (Hou et al., 2023). Besides,
the relative pressure region (P/P, = 0.2-0.9) dis-
closed the creation of abundant micropores and
mesopores in the AKC. Moreover, the presence
of the H3 hysteresis loop at the relative pressure
regions (P/P, = 0.4-1.0) confirmed the presence
of mesopores in the AKC (Panda et al., 2010).
Additionally, a sharp uptake at (P/P, > 0.9) was
seen in the N,-adsorption-desorption curves, sug-
gesting the existence of large mesopores or even
macropores in the structure of the AKC. The pres-
ence of such pores is essential for mass transfer
during catalytic reactions (Hou et al., 2023). The
BET surface area of the AKC amounted to 119.49
m?*/g, while the mean pore volume of the AKC
was 7.13 nm, implying its mesoporous.

The BJH surface area, which measures the
mesopores surface area, amounted to 90.58 m?/g.
As such, the mesopores surface area participa-
tion in the as-synthesized catalyst was 75.53%,
confirming that mesopores are the superior pores
in the porous structure of the AKC. The morpho-
logical features of the AKC surface were exam-
ined by FESEM, and its image is demonstrated in
Fig. 1b. It is evident from the FESEM image of
the AKC that its surface was asymmetrical, dis-
similar, and contained multiple pores and cavities
with various shapes and sizes. The presence of
such pores is helpful for the mass transfer dur-
ing catalytic reactions of the DS structure, which
coincides with the N, -adsorption isotherm. The
EDX technique explored the elemental analysis
of the AKC. As shown in Fig. 1b, the EDX map
results exhibited that Si, O, Fe, Al, Mg, and K
were the main elements forming the AKC. The
reddish color of the AKC is attributed to its con-
tent of Fe. The crystalline structure of the AKC
was inspected by XRD analysis, which is de-
picted in Fig. 1c. The XRD pattern of the AKC
showed numerous diffraction peaks. Also, as per
these peaks, kaolinite (A1,Si,O,(OH),) and quartz
were the main phases of the AKC. The diffraction
peaks relating to quartz were those observed at
26 = 20.80°, 26.59°, 50.03°, 59.91°, and 68.27°.
The XRD phases relating to kaolinite were those
located at 20 =12.1°, 14.15°, 17.25°,24.0, 27.89°,
30.35°, 33.29°, 35.61°, 39.53°, 42.44°, 45.381°,
54.31°, 64.01°, and 75.46°. The XRD phases ob-
served in the AKC were compatible with those
established elsewhere (Hou et al., 2023).
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Figure 1. (a) N, adsorption-desorption isotherms, (b) XRD pattern, and (c) FESEM image and EDX map of the AKC

Table 1. The ultimate and proximate analyses of DS compared to other seeds

Element (%) DS T panotal. 020y | Wangetal, 2020
C 48.50 43.80 46.08
H 7.42 6.40 7.20
N 0.65 3.90 6.43
O (by difference) 43.43 41.50 40.29
HHV (MJ/kg) 17.65 19.25
Moisture 1.55 7.0 5.10
Fixed carbon 14.20 10.30 16.82
Volatiles 82.0 78.10 73.81
Ash 2.25 4.60 4.20
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Analysis of the raw DS

The proximate and ultimate analyses afford
the feasibility of BM as a pyrolysis precursor.
The detailed proximate and ultimate analyses out-
comes of the DS are offered in Table 1 on a dry
basis, along with ultimate and proximate analyses
results of other non-edible seeds.

The outcomes derived from the elemental
analysis of DS disclosed that the results were
comparable to that of other seeds (Doshi et al.,
2014; Sut et al., 2016). The C and H contents in
the DS were above those established for Pon-
gamia pinnata seeds (Doshi et al., 2014) and
Cascabela Thevetia seeds (Sut et al., 2016).
Also, the DS possessed a lower N- content than
other seeds (Table 1), suggesting that its emis-
sion of NO_ will be less upon pyrolysis (Mishra
and Mohanty, 2019). The proximate analysis re-
sults disclosed that the moisture content of the
DS was below 10.0 %. According to (Ahmad et
al., 2017), BM feed with lower moisture content
is recommended as a feedstock for combustion
and pyrolysis. The higher volatile and lower ash
contents in the DS than other seeds confirmed its
high ignition efficiency as fuel. Besides, it was
reported that the heating value of the feed is in-
versely proportional to its ash content (Mishra
and Mohanty, 2018). The fixed carbon content
(14.20 %) was also comparable to other seeds in
the literature. The contents of the volatile com-
bustible matter s, besides the fixed carbon of the
feed, directly participate in the heating value of
any fuel (Mishra and Mohanty, 2018). The TGA
curve for the DS is demonstrated in Figure 2,

which shows that as the temperature increases,
the weight loss increases as well. The first stage
of thermal decomposition occurs between 60
°C and 200 °C, indicating the loss of moisture
and physically adsorbed H,O molecules (Mo-
han et al., 2023). At a temperature range of 200
°C — 450 °C, the maximum thermal decompo-
sition occurred, signifying the evolution of the
volatile compounds. The volatiles produced at
this stage of thermal decomposition are the main
sources for producing the pyrolytic liquid, which
could be employed as a liquid fuel or a source
for chemicals. Also, this stage is considered the
active pyrolysis zone where the breaking of the
weaker chemical bonds, intermolecular associa-
tion, and side aliphatic chains occurs (Mohan et
al., 2023). The third stage of thermal cracking
occurred between 450 °C and 600 °C. This stage
is usually slow and nearly steady, leaving behind
a solid residue (biochar) (Mohan et al., 2023).

Catalytic pyrolysis experiments

The catalytic thermal cracking of DS was ac-
complished by optimizing conditions affecting
the products yield, particularly the liquid yield,
to find out the ideal conditions that will produce
the maximum amount of the liquid fuel. The cat-
alytic thermal pyrolysis of the DS was performed
at multiple temperatures ranged from 400 °C
to500°Cwithanincrementof25 °Cperexperiment.
At the same time, the catalyst loading, time,
particle size, and heating rate were fixed, as
presented in the legend of Fig. 3a. It is clear from
this figure that the liquid yield increased when
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Figure 2. TGA-DTG curves of the DS
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the pyrolysis temperature raised from 400 °C to
425 °C, and then a decline in the liquid yield was
observed. The maximum yield of the pyrolytic
liquid was produced at 425 °C. At 400 °C, the
thermal cracking of the DS was incomplete,
resulting in a lower yield of the liquid fraction
(Fadhil and Kareem, 2021). At the typical tem-
perature of pyrolysis (425 °C), the heat and mass
transfer between the DS particles happened exten-
sively, leading to the formation of maximum hot
volatiles (Mishra and Mohanty, 2020). Pyrolysis
temperatures above 425 °C lessened the liquid
yield because of the quick endothermic decom-
position of the DS, which converts condensable
volatiles into non-condensable vapors, resulting
in diminish in the pyrolytic oil yield. A pyrolysis
temperature of 425 °C was below that observed
upon thermal decomposition of the DS, which was
500 °C (Fadhil et al., 2017). It was evident from
Fig. 3a that the BC decreased while the yield of
the gaseous products increased with the rising

60

pyrolysis temperature. These consequences be-
long to the secondary thermal cracking reactions
of the feed in addition to the produced BC into
non-condensable vapors (Fadhil, 2021). The ob-
tained findings were compatible with those es-
tablished for the catalytic pyrolysis of Manilkara
zapota seeds using ZSM-5 as a catalyst (Mishra
and Mohanty, 2020).

The catalysts-to-feed ratio (C/F) is the critical
process variable, which can considerably change
the pyrolytic products yield and properties of the
produced pyrolytic oil. Thus, multiple ratios of
the AKC (2.5-10.0 wt.%) were tried upon cata-
lytic pyrolysis of the DS. These experiments were
accomplished using the conditions presented in
the legend of Fig. 3b. It was observed that the py-
rolytic oil yield diminished as the (C/F) ratio in-
creased. The highest yield of the pyrolytic oil was
produced at 2.5 wt.% of the catalyst. From the
chemistry point of view, the presence of the cata-
lyst will provide more active sites for the process.
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Figure 3. (a) Effect of temperature, (b) catalyst loading, (c) time, and
(d) particle size on the pyrolysis products yields
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These will accelerate the decarboxylation and
decarbonylation reactions of the BM feed into
volatile materials, forming more pyrolytic liquid
(Mishra and Mohanty, 2020; Fadhil, 2021). Nev-
ertheless, the excessive amounts of the catalyst
diminished yields of both the pyrolytic liquid and
the BC. At the same time, it increased the yield
of the gaseous products. This consequence could
be ascribed to the fact that using higher quanti-
ties of the AKC is associated with the availability
of a large number of catalytic active sites, which
will boost the secondary cracking of feed, BC,
and volatiles into non-condensable gases (Fadhil,
2021). Also, when the amount of the catalyst ex-
ceeds the optimal, the decarboxylation and ther-
mal cracking reactions of the pyrolytic oil and
heavy matter will be more severe, causing a de-
cline in the BO and BC yield and a rise in the gas-
eous product yield (Aljeradat et al., 2022). Our
findings aligned with the announcement for the
catalytic thermal cracking of Manilkara zapota
seeds and the DS using various catalysts (Mishra
and Mohanty, 2020; Aljeradat et al., 2022).

Another essential variable that must be opti-
mized upon the thermal destruction process is the
time the feed spends inside the reactor as a conse-
quence of its impact on the product’s yields. This
variable controls the contact period between the
feed particles and the heating area. As such, the
best time for the process should be chosen (Fadhil
etal.,2017). On this account, the catalytic pyrolysis
of the DS achieved various durations in the range
of 30—150 minutes while keeping other variables
fixed, as given in the legend of Fig. 3c. The result
presented in this figure demonstrated that short
periods of pyrolysis resulted in a low liquid yield
as a result of imperfect decomposition of the feed
into the desired products due to insufficient heat
transfer from the pyrolysis zone to the feed par-
ticles via conduction (Fadhil and Kareem, 2021).
The liquid yield increased when the pyrolysis time
was extended from 30 to 60 min, while durations
beyond 60 min declined the liquid yield. In addi-
tion, when the pyrolysis duration exceeds the opti-
mal period, the endothermic nature of the pyrolysis
process increases the likelihood of the conversion
of condensable gases into non-condensable gases,
which reduces the BO yield (Fadhil and Kareem,
2021; Fadhil et al., 2017). In contrast, the BC yield
decreased while the gaseous product output in-
creased with extending the pyrolysis period. This
phenomenon results from the secondary thermal
decomposition reactions that cause the additional
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gasification of acquired condensable vapors and
char into non-condensable vapors. Consequently,
BO and BC yields decreased, whereas the gaseous
products yield increased (Altamer et al., 2021).
Similar results were obtained from the pyrolysis
of mixed date kernels and olive stones (Fadhil and
Kareem, 2021), Mandarin (Citrus reticulata) seeds
(Fadhil etal., 2017), wild mustard seeds (Altamer et
al., 2021), and milk thistle (Silybum marianum L.)
seeds (Uzun et al., 2007).

The particle size of the BM feed is another
crucial variable that affects the distribution and
output of pyrolysis products. The particle size of
the feed employed for thermal cracking is substan-
tially related to the heat and mass transfer rates.
Moreover, changing the particle size of the feed af-
fects the heating rate of the BM feedstock, thereby
altering the pyrolysis action of the BM feedstock
(Uzun et al., 2007). Consequently, the effect of DS
particle size on the pyrolysis product yield was in-
vestigated. Pyrolysis of the DS was accomplished
using particles of multiple sizes (0.25, 0.297, 0.40,
0.595, and 0.841 mm) with keeping other param-
eters constant, as presented in the legend of Fig.
3(d), their typical values. The BO yield decreased
as the DS particle size increased, as shown in Fig.
3d. The results suggested that neither the heat and
mass transmission accompanying the decomposi-
tion mechanism nor the uniform heating of BM
particles improved when employing larger particle
sizes (Mishra and Mohanty, 2018). As depicted in
Fig. 3d, the BC yield decreased as the DS particle
size decreased. At the same time, the gaseous prod-
ucts increased due to the smaller particle size’s
ability to gasify the raw BM quicker under con-
trolled pyrolysis conditions due to the rapid mass
and heat transfer (Mishra and Mohanty, 2018). This
is generally consistent with the pyrolysis treatment
outcomes for wild mustard seeds (Altamer et al.,
2021), milk thistle seeds (Al-Layla et al., 2021),
and blue-green algae colonies (Hu et al., 2013).

Based on the results, the highest liquid yield
was produced at 425 °C for 60 min using 2.5
wt.% of AKC and 0.40 mm particle size. To rec-
ognize the potential of the as-prepared catalyst,
thermal pyrolysis of the DS applying the condi-
tions above were employed, and the outcomes
are presented in Figure 4, which showed that the
liquid yield produced via the catalytic pyrolysis
was considerably above that produced without
catalyst. This finding could be attributed to the
fact that the presence of a catalyst will accelerate
the thermal destruction of high molecular weight
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components of the DS at a lower temperature
compared to the thermal pyrolysis process, which
needs a higher temperature to reach maximum
conversion of the DS into liquid oil. On the other
hand, the BC yield was higher in the thermal py-
rolysis process than that of the catalytic pyrolysis
due to the presence of a catalyst, which enhances
the thermal decomposition of the formed BC into
volatile components.

Analysis of BO produced by thermal
and catalytic pyrolysis of DS

The pyrolytic liquid produced by the catalytic
thermal pyrolysis of DS at the optimal pyrolysis
conditions was separated into two fractions by a
separating funnel. The upper fraction was the oil
(BO), while the lower fraction was the aqueous
phase. This is due to that using pyrolytic liquid
directly aa a fuel is not recommended because
of its high content of water, which causes many
problems, including corrosion of engines or burn-
ers, besides lessening its heating value. Also, the
presence of water in the pyrolytic liquid affects its
authentic properties, like density, viscosity, pour
point, flash point, and acidity. So, it is recommend-
ed to separate and identify the bio-oil fraction,
which content of O is lower than that of the pyro-
lytic liquid besides its features, which qualify it as
an alternative to diesel fuel or fuel for boilers with-
out problems. For comparison, the oil phase from
the thermal decomposition of DS was separated in
the same manner. Various Techniques were em-
ployed in analyzing both BO samples, as follows:

GC-MS spectrometry

The BO samples originating from the cata-
lytic and thermal pyrolysis of DS were analyzed
by Gas Chromatography-Mass Spectrometry to
recognize the unknown constituents present in the
pyrolytic oil. The mass spectra originating from
both samples were matched with the National
Institute of Standards and Technology (NIST) li-
brary. Compounds derived from the GC-MS for
both BO samples are tabulated in Tables 2 and 3.

Following the results presented in these ta-
bles, it was found that the BO is a multi-blend of
highly oxygenated compounds with large-sized
molecules, including almost oxygenated organ-
ics, such as carboxylic acids, esters, phenols,
alcohol, ethers, aldehydes, ketones and amide
compound. Also, it was conveyed that over 300
diverse types of organic compounds were identi-
fied in the pyrolytic oil as a consequence of its
assorted complex composition (Mishra and Mo-
hanty, 2019), and these different groups separated
into six main classes, like mono-aromatics, het-
erocyclic, aliphatic, oxygenates, polyaromatics,
and nitrogenates. Analysis of the BO produced by
the catalytic thermal cracking of DS by GC-MS
analysis demonstrated that it was mainly com-
posed of hydrocarbons (48.28%), oxygenates
(41.28%), aromatics (10.44%), and nitrogenates
(2.13%). The hydrocarbon part included 31.21%
alkenes 14.64% n-alkanes, and 2.4% iso-alkanes.
On the other hand, the oxygenates fraction was
chiefly composed of acids (37.79%), and esters
(3.38%). The same compounds were also found
in the BO produced by thermal pyrolysis of DS,
but with different percentages. Table 4 compares
the percentage of compounds present in the BO
produced via catalytic and thermal pyrolysis of
DS. It can be seen from Table 4 that there is a
difference in the amount of compounds present
in each BO, for example, acids content in the BO
produced by the catalytic thermal pyrolysis of
DS was below that found in the BO originated by
thermal pyrolysis. The opposite was seen with the
content of esters. The decrement of the acids con-
tent in the BO produced by the catalytic process
compared to that produced by thermal pyrolysis
process belongs to the decarboxylation reactions
of the acids. Compared to the other sample, this
reaction increased the alkane content in the BO
produced by the catalytic thermal pyrolysis pro-
cess. The increment of the esters content of the
BO originated via the catalytic process may be
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Table 2. Compounds identified by GC-MS for BO produced by thermal pyrolysis of DS

Compound Chemical formula M. Wt. Area (%)
Benzene CH; 78 % 0.20
Furan, 2-ethyl- C,H,O 88 % 0.73
Furan, 2,5-dimethyl- CH;0 88 % 1.95
Benzene, methyl- (CAS) C,H, 92 % 2.08
2-Octene CH,o 112 % 0.33
2-Ethyl-5-methylfuran C,H,,0 102 % 1.18
1H-Pyrazole, 1,3,5-trimethyl- C,H, N 89 % 0.22
2-Vinyl-5-methylfuran C,H,O 100 % 0.21
2-furan-carboxaldehyde CH,0, 80 % 1.64
2-Furanmethanol CH.0, 82 % 1.10
Ethylbenzene CH,, 106 % 0.86
p-Xylene CH,, 106 % 0.79
(Bicyclo[2.2.1]hept-1’-yl)-carbaldehyde CH,,0 118 % 0.34
1-Nonene C,H,q 126 % 0.37
o-Xylene C,H,, 106 % 0.92
Nonane C,H,, 128 % 0.73
2-Cyclopenten-1-one, 2-methyl- CH;0 88 % 0.56
Ethanone, 1-(2-furanyl)- CHO, 94 % 0.65
Benzene, propyl- CH,, 120 % 0.49
3-Hexanone CH,,0 92 % 0.65
2-Furancarboxaldehyde, 5-methyl- C,H:O, 94 % 2.39
5 METHYL FURFURAL C,H,0, 94 % 0.55
Benzene, 1-ethyl-2-methyl- CH,, 120 % 0.23
1-Decene C.oHyo 140 % 0.66
Decane C,.H,, 142 % 2.14
4-Decene C.oHyo 140 % 0.24
2-Cyclopenten-1-one, 2-hydroxy-3-methyl CH;.0 88 % 0.67
2-Cyclopenten-1-one, 2,3-dimethyl- C,H,,0 102 % 0.80
Benzene, n-butyl- C,Hy. 134 % 0.77
Phenol, 2-methyl- C,H,0 100 % 0.73
1-Undecene C,H,, 154 % 1.94
Undecane C,H,, 156 % 2.94
5-Undecene C,H,, 154 % 0.45
Benzofuran, 2-methyl- C,H,0 124 % 0.60
Benzene, pentyl- C,Hy 148 % 1.39
Benzene, 1-methyl-4-butyl C,Hy 148 % 0.43
Furan, 2-(2-furanylmethyl)-5-methyl C,oH,00, 146 % 0.43
Phenol, 2,3-dimethyl- CH,,0 114 % 1.04
1-Dodecene C,,H,, 168 % 1.46
Dodecane C,,Hye 170 % 0.69
Benzofuran, 4,7-dimethyl- C,.H,,.0 138 % 0.40
Benzene, hexyl- C,Hy, 162 % 0.60
Benzene, (1,3-dimethylbutyl)- C,Hy, 162 % 0.38
Furan, 2,2’-methylenebis[5-methyl- C,oH.0, 146 % 0.56
1-Tridecene C,.Hye 182 % 0.48
Tridecane C,.Hy 184 % 2.05
Benzene, heptyl- C..H, 176 % 0.29
1-Tetradecene C,.Hy 196 % 0.38
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Table 2. Cont. Compounds identified by GC-MS for BO produced by thermal pyrolysis of DS

Tetradecane C,H,, 198 % 0.55
Benzene, octyl- C,.H,, 190 % 0.31
1-Pentadecene C,Hy, 210 % 0.53
2-Tridecanone C,,H,;0 190 % 0.28
pentadecane C.H,, 212 % 1.88
Dodecanoic acid C12H240, 184 % 12.78
7-Hexadecene, (Z)- C,H,, 224 % 0.91
1-Hexadecene C,eH., 224 % 0.46
Hexadecane C.Has 226 % 0.79
8-Heptadecene C,H.,, 238 % 3.71
8-Heptadecene C,H,, 238 % 2.51
Heptadecane C,Hy 240 % 1.57
Tetradecanoic acid C14H250, 212 % 6.31
(4-Methylphenyl) methanol, 3-methylbutyl ether C,,H,,0 184 % 0.62
4-Dibenzofuranamine C,,H,;NO 168 % 0.50
7-Tridecanone C,,H,;O 190 % 0.94
Glycidyl palmitate C,.H.,.0, 288 % 1.29
Hexadecanenitrile C,eHyN 230 % 0.59
Hexadecanoic acid, methyl ester CH,0 246 % 0.30
n-Hexadecanoic acid C,H.,0 232 % 6.98
Myristic acid, 3,4-dichlorophenyl ester C,H,,C,0 312 % 0.36
Allyl Cyclohexyl carbonate C,H,s0, 160 % 1.21
Cyclopentadecanone, 2-hydroxy- C,H,.0 216 % 0.39
2-(Methyl-D3)-Cyclohexanone C,.H,,0 188 % 0.85
9-Octadecenoic acid, methyl ester, (E)- C,oH:0, 280 % 0.68
14- BETA.-H-PREGNA C,H,, 288 % 0.71
9-Octadecenoic acid, (E)- C,eH.,0, 266 % 5.72
Oleic Acid C,H.,0, 266 % 3.81
Octadecanoic acid C,sH30, 268 % 0.80
Table 3. Compounds identified by GC-MS for BO produced by catalytic pyrolysis of DS
Compound Chemical formula M. Wt. Area (%)
Heptane C,Hy 100 % 1.41
Furan, 2,5-dimethyl- CH,0 88 % 3.56
Benzene, methyl- (CAS) C,H, 92 % 3.59
2-Octene CH,, 112 % 0.89
(3E,5E)-Hepta-3,5-dien-2-one CH,0 100 % 2.10
1H-Pyrazole, 3,5-dimethyl- C.,H,N, 82 % 2.13
Benzene, ethyl- C,H,, 106 % 1.42
o-Xylene C,H,, 106 % 1.17
p-Xylene CH,, 106 % 1.52
Nonane C,H,, 128 % 1.33
2-Furancarboxaldehyde, 5-methyl- CHO, 84 % 2.37
1-Decene C.oHy 140 % 1.02
Decane C,oH,, 142 % 3.29
1-Undecene C,H,, 154 % 3.56
Undecane C,H,, 156 % 4.22
Benzofuran, 2-methyl- C,H,0 114 % 0.76
Benzene, pentyl- C.H 148 % 1.98
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Table 3. Cont. Compounds identified by GC-MS for BO produced by catalytic pyrolysis of DS

Dodecane C,Hye 170 % 1.13
Tridecane C,.Hye 184 % 3.10
Tetradecane C,.Hy 198 % 0.94
Pentadecane C,sHy, 212 % 2.88
Dodecanoic acid C,,H,,0, 184 % 16.62
8-Heptadecene C,Hy, 238 % 4.81

8-Heptadecene C,Hy, 238 % 3.38
Heptadecane C,Hy 240 % 2.21

Tetradecanoic acid C,,H,0, 212 % 6.87
Tetrapentacontane, 1,54-dibromo- C,,H,Br, 826 % 1.13
Glycidyl palmitate C,oH:0,4 288 % 1.55
n-Hexadecanoic acid C,:H.,0, 240 % 4.68
Eicosane, 2-methyl- C,H, 296 % 1.27
9-Octadecenoic acid, methyl ester, (E)- C,oH:0, 280 % 1.27
9-Octadecenoic acid, methyl ester, (E)- C,oH:0, 280 % 2.11

9-Octadecenoic acid, (E)- C,eH.,0, 266 % 4.88
Oleic Acid C,H.,0, 266 % 4.85

Table 4. Percentage of type of compounds for BO produced via two types of pyrolysis processes

Compound type BO produced by catalytic pyrolysis BO produced by thermal pyrolysis

Acids 37.90 38.79
Alkenes 25.37 31.12
n-paraffines 20.51 14.64
Aromatics 10.44 10.62
Phenols 0.0 1.77
Esters 3.38 1.34
Alcohols 0.0 1.10
Ethers 0.0 0.62
Iso-paraffines 2.4 0.0

due to the esterification reactions of the acids. On
the other hand, the content of alkenes in the BO
produced by the catalytic process was below that
produced by the thermal pyrolysis process, and
the cause could be the hydrogenation reaction of
the produced alkenes by the H, gas produced as a
non-condensable gas during the process. The iso-
paraffines present in the BO originating through
the catalytic process were greater than that pro-
duced via the thermal pyrolysis process, and the
cause could be attributed to the presence of a
catalyst, which may accelerate the isomerization
reactions. The BO originating from the thermal
pyrolysis process contained phenols, alcohols,
and ethers. On the other side, these compounds
were not present in the BO sample produced by
catalytic process may be due to the dehydroge-
nation and dehydration reaction occurred during
the catalytic pyrolysis of the feed. Types of the
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organic compounds present in the attained BO
samples were similar to those established for
other BO samples in the literature (Mishra and
Mohanty, 2020; Aljeradat et al., 2022).

'"H NMR studies

The BO samples originated by thermal cata-
lytic and thermal pyrolysis of DS were also ana-
lyzed by 'H spectroscopy, and their spectra are
presented in Figures 5 and 6.

The 'H NMR spectrum provides comprehen-
sive information regarding aromatic, alkenes, and
aliphatic compounds in the BO (Sut et al., 2016).
Aliphatic resonances have a chemical shift of 0.5—
3.0 ppm, while alkene resonance has a chemical
shift of 4.5-6.3 ppm. The aromatic resonance has
a chemical shift of 6.0-9.0 ppm. BO developed
from the DS via thermal and catalytic pyrolysis
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processes had no aromatic protons. Results from
the "HNMR analysis disclosed that the total hy-
drogens in the BO originated from the DS via
the catalytic thermal cracking was 32.86% com-
pared to 34.59% for that produced via the thermal
pyrolysis process. The initial area between 0.5
and 1.9 ppm is due to the aliphatic hydrocarbon
chains (Bordoloi et al., 2015). This area amount-
ed to 78.27% for the BO originating from the DS
via the catalytic thermal cracking compared to
76.30% for the BO produced by the on-catalyt-
ic pyrolysis process. This result was compatible
with that clarified by the GC-MS analysis. The
area observed at the chemical shift of 1.8-3.0
ppm represents the aliphatic protons connected
to C=C, either alkene or aromatic or two bonds
abroad from heteroatom (Sut et al., 2016). This
area was 27.57% for the BO produced by the cat-
alytic pyrolysis of the DS compared to 24.91%
for that originated from the DS by the thermal
pyrolysis process. The region between 3 and 4.5
ppm relates to protons connected to amines, ali-
phatic alcohol, or a methylene group, which at-
taches two aromatic rings (Bordoloi et al., 2015).
This region was absent in the BO sample pro-
duced by the catalytic pyrolysis of the DS com-
pared to 3.09% for that originated from the DS
by the thermal pyrolysis process, indicating that
protons attached to heteroatoms are present in the
latter. Finally, the area in the 4.5-7.0 ppm range
refers to the protons bound to carbon atoms in the

phenolic (O-H) group or methoxyl, carbohydrate-
type compounds, or alkenes (Sut et al., 2016).
The area of this region was 2.26% for the BO
sample produced by the catalytic pyrolysis of the
DS compared to 2.39% for that originated from
the DS by the thermal pyrolysis process. As per
the above results, the differences in the percent-
ages of the regions belonging to various types of
hydrogen could be ascribed to the presence of the
catalyst, which accelerates the devolatilization
of the DS in the form of non-condensable gases,
like CO, CO,, etc. Results deduced from the 'H
NMR measurements were compatible with those
obtained by the GC-MS analysis.

FTIR Spectroscopy of BO

The FTIR spectrum of the BO originated
by the catalytic thermal decomposition of DS is
demonstrated in Figure 7, which disclosed the
occurrence of diverse compounds in the BO rep-
resented by the multiple absorbance bands at dif-
ferent wavenumbers. The broad absorption peak
at 3,368 cm™' is assigned to the O—H stretching
vibrations in R-O-H, R-C=0-H, H,0, Ph-O-
H, and polymeric hydroxyl compounds. ( Mishra
and Mohanty, 2020) The C-H stretching vibra-
tions in alkanes (CH, and CH,, asymmetric and
symmetric) are designated by the absorbance
peakat2,922 cm ' and 2,853 cm™! (Fadhil and Ka-
reem, 2021). The peak at 2,678 cm™! correspond-
ed to the C—H and =C—H stretching vibrations,

4000 3600 3200 2800 2400 2000 1600 1200 800 400
1 1 1 1 1 1 1 1
100 - 100
o | BRUKER I L o5
o R
(R

90 ~ 90
- |
= 85 g - 85
) -
: H
£ 804 - 80
E
g
g 75+ - 75
'_

70 - 70

© I
65 o g o - 65
N ~
60 - 60
8
&
I I 1 ] 1 T 1 I
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber cm-1

Figure 7. FTIR spectrum of the BO produced via catalytic pyrolysis of DS
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demonstrating the occurrence of alkanes and
alkenes (Altamer et al., 2022). The absorption
peaks observed at 1,615 cm ™' and 1,710 cm ™! be-
long to the C=O stretching vibrations, suggesting
the existence of aldehyde, ketone, and quinone
groups (Mishra and Mohanty, 2018). The absorp-
tion band at 1,377 cm™! refers to alkane groups
(C-H) bending. The peak seen at 1,415 cm ™! and
1,377 em™ is attributed to the C—H and aliphatic
C-H stretching vibrations as a result of the pres-
ence of CH, and phenolic compounds (Al-Layla
et al., 2021). The peak at 1,021 cm—1 relates to
C—O stretching vibration, signifying the occur-
rence of ROR and RC=0-OR (Uzun et al., 2007)
The adsorption bands at 966 cm™ and 696 cm™!
are ascribed with O—H bending vibrations, estab-
lishing the occurrence of mono and polycyclic
substituted aromatics group( Mishra and Mohan-
ty, 2020). The observed absorption bands were
also announced for other BO samples from wild
mustard seed (Altamer et al., 2021), Manilkara
zapota seeds (Mishra and Mohanty, 2020), neem
seed (Mishra and Mohanty, 2018), and milk this-
tle seeds (Al-Layla et al., 2021). Also, the func-
tional groups identified by the FTIR spectroscopy
confirmed that the BO consisted of a mixture of
multiple compounds, namely hydrocarbons and
oxygenated, demonstrating that the FTIR results
were compatible with the results deduced from
the "THNMR spectroscopy and GC-MS analysis.

Evolution of fuel properties of BO

The BO samples originating from the catalytic
and thermal pyrolysis of DS at the typical working
conditions were determined and compared with
diesel fuel, as tabulated in Table 5. First, com-
pared to diesel fuel, the color of BO was a dark
black, while its odor was smoky. Table 5 demon-
strated that the viscosity of the BO produced via
the thermal pyrolysis process was (12.15 ¢St) at
40 °C compared to (3.07 cSt) for BO produced
by the catalytic thermal pyrolysis process. This re-
duction in viscosity for the BO from the catalytic

thermal pyrolysis is ascribed to the presence of the
catalyst, which contributed to the decrease in the
O-compounds upon thermal pyrolysis of the feed.
The oxygen molecules produced during pyrolysis
will react with hydrogen to give considerable wa-
ter. It was reported that the high viscosity of BO af-
fects its stability and fluidity as a fuel (Mishra and
Mohanty, 2020). Also, BO with a lower content
of O will resist polymerization reactions, which
increases the viscosity of BO with time (Mishra
and Mohanty, 2018). The density of the BO from
the catalytic process was below that produced via
thermal pyrolysis because of the higher content
of the O-compounds in the latter than the former.
When the BO is planned to be utilized as a fuel,
its density has to be as low as possible because
this parameter impacts the fuel vaporization, at-
omization, fluidity, quality, and ignition and com-
bustion features (Mishra and Mohanty, 2018).
It is clear from Table 5 that the BO produced via
the catalytic thermal pyrolysis had lower acidity
than that produced via the thermal pyrolysis pro-
cess, and the cause belongs to the reduction of the
O content due to the presence of the catalyst, lead-
ing to produce a BO with a higher calorific value.
It was observed that the humidity content on the
BO originated by catalytic pyrolysis was much
below that detected in the BO produced via the
non-catalytic process may be due to the transfor-
mation of oxygen molecules into water and gases,
like CO and CO, upon the catalytic thermal pyrol-
ysis of DS. The presence of humidity in the BO in
considerable amounts may increase the viscosity
of the BO as a consequence of condensation and
polymerization reactions. The BO produced by
the catalytic pyrolysis had a flash point below that
observed for BO produced via thermal pyrolysis,
confirming that the O content in the latter was
greater than that of the former. The pH of the BO
relates greatly to the amount of the O-compounds
present in it in particular the acidic compounds.
On this account, it is obvious that the pH of the
BO resulting from the catalytic pyrolysis process

Table 5. Fuel properties of BO samples produced from DS via catalytic and thermal pyrolysis

Property BO produced via catalytic pyrolysis BO produced via thermal pyrolysis
Density @ 15.60 °C 0.8687 0.8988
Kinematic viscosity @ 40 °C (cSt) 3.07 12.15
Flash point (°C) 66.0 126.0
pH 6.33 2,97
Pour point (°C) -5.0 2.0
Water content (wt.%) 2.50 5.0
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was above that measured for the BO sample pro-
duced by the thermal pyrolysis process, confirm-
ing that the BO produced via the thermal pyrolysis
had higher content of the acidic compounds than
that of produced by the catalytic process. Also, the
lower acidity (pH) for the BO originated by the
catalytic process suggests that it possesses higher
heating value than the other sample due to its low-
er O/C ratio.

CONCLUSIONS

The catalytic thermal pyrolysis of DS using
the AKC as an effective and cheap catalyst for
producing high-quality BO with properties closer
to diesel fuel was successfully achieved here. The
catalytic activity of the AKC was due to its surface
area and mesoporous, which amounted to 119.49
m?/g and 7.13 nm, respectively. The highest yield
of the pyrolytic liquid from DS via the catalytic
process was 60.64 % at the typical experimental
conditions of 2.5 wt.% of the AKC, 425 °C for
60 min, and 0.40 mm participle size compared to
44.0%. The pyrolytic liquid yield via the thermal
pyrolysis process was 44.0% at these conditions,
signifying the effectiveness of the as-prepared cat-
alyst in the liquefaction of DS. Moreover, GC-MS
analysis showed that the BO samples originating
via the two processes were mainly composed of
hydrocarbons, oxygenates, aromatics, and nitro-
genates. However, the BO produced via the cata-
lytic pyrolysis of DS exhibited a higher ratio of al-
iphatic compounds and lower content of oxygen-
ates. Also, the fuel properties of the BO produced
by the catalytic pyrolysis were superior to those
measured for the BO produced by the thermal py-
rolysis process, indicating the potential of the used
catalyst for producing high-quality bio-oil.
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