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and Amanda Duarte Gondim a

Catalytic pyrolysis of vegetable oil is one of the potential routes to convert oil to drop-in biofuels, known as

renewable hydrocarbons. In this paper, we explored catalytic pyrolysis of coconut oil using SBA-15

impregnated with Ni in proportions of 1% to 5% to produce sustainable aviation fuel. The catalysts were

synthesized, calcined and then characterized by XRD, FTIR, SEM, and EDS. In order to better understand

the behavior of this process, thermal and kinetic studies were carried out by thermogravimetry. The TG

curves of vegetable oil with (10%) and without catalysts were obtained at heating rates of 5, 15 and

20 �C min�1, in the temperature range between 30 and 600 �C. The kinetic parameters were calculated

by the Ozawa–Flynn–Wall (OFW) and Kissinger–Akahira–Sunose (KAS) methods. In the kinetic study,

lower heat rates promoted higher conversions and the KAS model suits the process. The results

calculated for the OC sample using the two kinetic models showed an increase in the Ea energy as the

conversion progressed to a certain point. Catalytic pyrolysis experiments were performed in a one-stage

tubular reactor at 500 �C with a catalyst loading of 10 wt% on the basis of mass of oil. The catalyst with

5% Ni showed greater presence of hydrocarbons and greater formation of water, indicating that the

deoxygenation process occurred through decarbonylation. With this, the present study was successful in

the development of methodologies for obtaining hydrocarbons with a composition close to that of

drop-in fuels, compared to the process carried out with vegetable oil in the absence of catalysts.
Introduction

In recent years, air transport has evolved at an accelerated pace,
given its advantages such as reduced travel time, safety and ease
of commercial transactions.1 Given this evolution, this sector,
according to D́ıaz-Pérez and Serrano-Ruiz,2 currently consumes
about 2000 million barrels of oil per year, being classied as
responsible for approximately 2% of global greenhouse gas
emissions.3 Faced with the expansion of air transport, these
emissions could grow 5% each year.4 These low emission values
seem to make a negligible contribution compared to other
transport sectors; however, aircra emissions have a large
global impact owing to the emission altitude.5

Among the greenhouse gases are carbon dioxide, methane
and nitrous oxide. These gases absorb infrared radiation, which
traps heat in the atmosphere, raising the greenhouse effect and
resulting in global warming. This effect will result in alarming
climate change, such as rising sea levels and catastrophic
weather events.6
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As a way to mitigate emissions from this sector and
contribute to reducing climate change caused by this scenario,
the International Civil Aviation Organization (ICAO) has set
targets to limit emissions through carbon-neutral growth from
2020 and to cut the emissions in half by 2050 compared to
2005.3,7 In this context, jet fuel from renewable sources is
becoming a promising alternative to replacing this fossil fuel.8

The positivity in the use of renewable sources is related to their
high abundance on Earth, the possibility of recycling CO2

reducing the concentration of this gas in the atmosphere, and
decreasing dependence on crude oil.9,10

Given this scenario, several researchers have reported
obtaining aviation biofuel using vegetable oils, among other
biomasses, such as conducted by Lin and colleagues11 investi-
gating palm oil and Wagutu and collaborators12 investigating
croton, jatropha and coconut oils. Oil from coconut (Coco
nucifera) stands out for having great potential for the produc-
tion of aviation biofuel since its seed contains a high oil yield
(63 to 65%) and its composition has a high proportion of fatty
acids with chains in the range of C8 to C12, such as lauric acid
and myristic acid, which are within the hydrocarbon range of
aviation biofuels.8,13

To obtain biokerosene, ve methods are certied by the
American Society for Testing Materials (ASTM) according to the
RSC Adv., 2022, 12, 10163–10176 | 10163
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Fig. 1 Low- and high-angle diffractograms of uncalcined SBA-15
(SBA-15 NC), calcined SBA-15 (SBA-15 C), 1% Ni/SBA-15 and Ni/SBA-
15. * Peaks corresponding to nickel metal.
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ASTM D7655 standard: iso-paraffinic synthesized kerosene
(SIP), paraffinic and aromatic kerosene synthesized by the
Fischer–Tropsch process (FT-SPKA), jet alcohol (ATJ), paraffinic
kerosene synthesized by the Fischer–Tropsch process (FT-SPK)
and paraffinic kerosene from the hydro-processing of esters
and fatty acids (HEFA).14–16 Another method that has been
receiving attention is the pyrolysis process, which is a prom-
ising route for obtaining hydrocarbons from renewable raw
materials, as demonstrated by Shah and collaborators.17

However, in this technique, the bio-oil, initially, cannot be
mixed directly with fossil kerosene since the high oxygen
content in the raw material imparts undesirable properties to
this product, such as high corrosivity and low energy density.18

Therefore, the proposal of inserting catalysts to this process
(catalytic pyrolysis) becomes viable as it aims to help remove
oxygen from the bio-oil.

Soongprasit and collaborators19 used SBA-15 for the thermo-
catalytic pyrolysis of Sacha Inchi (Plukenetia volubilis L.) and
veried high catalyst selectivity for hydrocarbons in the gasoline
and diesel range. Using the catalysts SBA-15 and ZSM-5, Vu and
Arbruster20 evaluated the pyrolysis of residual vegetable oil and
observed yields greater than 50% in gasoline production.

SBA-15 is a mesoporous material interconnected with silica-
based micropores, with a highly ordered hexagonal struc-
ture.21,22 Its characteristics are high surface area (<1000 m2 g�1),
pores with a diameter ranging between 5 and 30 nm and thick
structural walls.23 In addition, this material also has properties
such as thermal, mechanical and chemical resistance.24 Given
these attributes, SBA-15 has wide application as a biosensor,
heavy metals adsorbent, drug distributor and catalyst.25

As a way to improve the aforementioned qualities of SBA-15,
assist in the effective removal of oxygen from the bio-oil and
improve the selectivity of obtaining certain products, the prac-
tice of inserting transitionmetals is viable.26 Metals that present
excellent deoxygenating activities are noble metals such as Pd,
Ru and Pt,27 however, their high costs have encouraged the use
of non-noble metals such as Zn, Cu,28 Co, Mo29 and Ni.30 Among
these non-noble metals, nickel receives attention due to its low
cost and several studies that proved its efficiency as a deoxyge-
nating agent.31 Wang and collaborators,32 evaluating the pyrol-
ysis of oleic acid in the presence of the Ni/MCM-41 catalyst,
veried, through CHNO analysis, a decrease in the oxygen
content from 10.66% to 5.02%. Veses and contributors33 eval-
uated the deoxygenation of lignocellulosic biomass bio-oils in
the presence of NiZSM-5 and found a decrease in oxygen
content from 32.3% to 18.2% compared to thermal bio-oil. Oh
and collaborators34 investigated the deoxygenation activity of
a certain bio-oil, and it was veried that the catalyst containing
the metal reduced the oxygen content from 46.2% to 32.2%,
with a degree of deoxygenation of 54.9%. To increase the
knowledge of the thermal and thermo-catalytic reaction of
coconut oil and to assess the applicability of catalysts to the
reduction of activation energy (Ea), understanding the kinetics
of this process is a crucial factor.35,36 For this, the use of non-
isothermal thermogravimetric analysis (TGA) is the most
common method for determining pyrolysis characteristics and
determining kinetic parameters, owing to fast and repeatable
10164 | RSC Adv., 2022, 12, 10163–10176
data collection.37,38 With the TGA data, several mathematical
models have been developed to describe this mechanism, such
as the Kissinger–Akahira–Sunose (KAS) isoconversion model
studied by Rasool and Kumar38 in the pyrolysis of banyan (Ficus
benghalensis) and the Ozawa–Flynn–Wall model studied by
Reinehr and contributors39 in the pyrolysis of green corn
plant.36

In this context, the objective of this work is to apply thermal
and kinetic studies to evaluate the catalytic pyrolysis of coconut
oil in the presence of the catalysts Ni/SBA-15 and Ni/H-beta.
Results and discussion
Catalysts

The supports and catalysts were characterized by X-ray diffrac-
tion (XRD), Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS).

The low- and high-angle diffractograms of the SBA-15
samples before and aer the calcination process are shown in
Fig. 1, as well as this support impregnated with 1% and 5% by
mass of themetal Ni. In the low-angle diffractograms, it is noted
that the samples presented three well-dened peaks referring to
reections in the (100), (110) and (200) planes. The presence of
these peaks suggests that SBA-15 was synthesized with an
ordered meso-structure and exhibits P6mm two-dimensional
hexagonal symmetry typical of high-quality SBA-15-type mate-
rial.40,41 Comparing the non-calcined and calcined SBA-15
samples, it was noted that the peak intensities for the
calcined sample were greater than those for the non-calcined
sample. This is related to condensation of siloxane groups
that occurs during the calcination process, which improves the
structural order of the material.42

Regarding the calcined SBA-15 samples impregnated with
different nickel percentages, it was observed that the 2q values
of the peaks referring to the reection in the plane (100)
underwent modication to lower values compared to the 2q
value (100) of the SBA-15. This behavior indicates that the
interplanar distance and unit cell parameter (a0) increased aer
nickel impregnation (Table 1).42,43 According to Ghimere and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Peak values referring to plane reflection (100), interplanar
distance (d100) and unit cell parameter (a0) of the SBA-15 C, 1% Ni/SBA-
15 and 5% Ni/SBA-15 samples

Sample 2q d100 a0

SBA-15 C 0.9661 9.13 10.54
SBA-15 1% Ni 0.9366 9.42 10.83
SBA-15 5% Ni 0.9567 9.22 10.60
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collaborators,44 the increase in these values for nickel-
impregnated samples indicates the presence of this metal in
the SBA-15 since the Si–O–Ni bond length is greater than the Si–
O–Si bond length, resulting in an increase in the pore size of the
catalytic support. Furthermore, it is noted that these samples
had the most intense d100 peak, with this being another point
indicative of the presence of nickel, as this peak may be related
to the transformation of nickel into its respective oxide aer the
calcination step.45 Another point observed is the continuation of
the characteristic peaks of SBA-15 even aer impregnation of
the metal and new calcination, suggesting that this support,
aer these operations, maintained the degree of ordering of its
structure.41

With respect to high-angle diffractograms, for all samples,
a large peak is observed in the region between 15� and 35�,
attributed to silicon oxide, indicating the amorphous charac-
teristic of SBA-15.40,46 In SBA-15 samples containing 1% and 5%
nickel, four peaks are observed at 2q ¼ 37�, 43.1�, 62.4� and
75.1�. These peaks are related to the NiO (111), (200), (220) and
(311) planes, in accordance with JCPDS le no. 04-0835.47 It is
also noted that the intensities of these peaks are directly
proportional to the concentration of nickel loading, thus, these
intensities are higher in the 5% Ni/SBA-15 sample compared to
the 1% Ni/SBA-15 sample. This same behavior was reported by
Kaydouth and collaborators.48 Thus, the presence of these peaks
corresponding to the metal suggests its presence in the SBA-15.

The infrared spectra for the SBA-15 samples before and aer
the calcination process in the presence and absence of nickel
metal are shown in Fig. 2. For all samples, the presence of
Fig. 2 FTIR spectra of uncalcined SBA-15, calcined SBA-15, 1% Ni/
SBA-15 and 5% Ni/SBA-15.

© 2022 The Author(s). Published by the Royal Society of Chemistry
a wide band is observed in the region between 3700 cm�1 to
3000 cm�1, which comprises the Si–OH–OH stretching vibra-
tion involved in the interaction of hydrogen with water mole-
cules adsorbed on the surface of the material.49 A band is also
present at 1623 cm�1, corresponding to the bending vibration of
the O–H bond of the surface hydroxyl groups and water mole-
cules adsorbed on the silicate surface.50 Other bands also found
in all samples located at 1082 cm�1, 963 cm�1, 809 cm�1 and
458 cm�1 are attributed to the asymmetric vibrational elonga-
tion of the Si–O bonds of the silica network, vibration of the
uncondensed silanol groups (Si–OH), the symmetric elongation
vibration of the Si–O–Si bond and bending vibration of the Si–O
bond of the silica lattice, respectively.51

However, a change in the spectra of the non-calcined and
calcined SBA-15 samples was observed. In the non-calcined
sample, the presence of bands at 2930 cm�1 and 2849 cm�1

was veried, which were related to the strong vibrations of the
C–H bonds of the P123 organic driver.52 The absence of these
bands in the calcined sample indicated that the calcination
process was efficient in its removal. Other changes were also
observed in the 1082 cm�1 band, which was more intense in the
calcined sample. The 799 cm�1 band in the uncalcined sample
changed to 809 cm�1 aer the calcination process due to
structural contraction, as during this process the condensation
of excess silanol groups occurs, reducing the concentration of
these groups and, thus, resulting in vibrational band shi to
a longer wavelength. Furthermore, the weakening of the
intensity of the band in the region of 3700 cm�1 to 3000 cm�1

was veried; this behavior is attributed to the decrease in the
concentration of silanol groups aer the calcination process.53

Regarding the spectra of the SBA-15 samples impregnated
with 1% and 5% nickel, there are subtle, but possibly signi-
cant, differences compared to the spectrum of the SBA-15
sample without metal. In the spectrum of the 1% Ni SBA-15
sample, a decrease in the intensity of the band in the region
from 3700 cm�1 to 3000 cm�1 was veried, indicating the
replacement of O–H bonds by O–Ni.54 However, in the 5% Ni/
SBA-15 sample, this same behavior was not observed, which
may be associated with water physiosorbed on the surface of the
material due to exposure to air in the sample during prepara-
tion for performing the FTIR analysis.55 Another modication
was observed in the 963 cm�1 band of the SBA-15 without metal.
In the presence of nickel, the location of the band in the 1% Ni/
SBA-15 sample was at 969 cm�1, while for the 5% Ni/SBA-15
sample the band was located at 965 cm�1. This event is char-
acteristic of the metallic ion interacting with the mesoporous
support structure, as reported by Bukhari and collaborators.49

The band located at 458 cm�1 in the spectrum of the SBA-15
sample was shied to 463 cm�1 in the spectrum of the 1% Ni/
SBA-15 sample, while for the 1% Ni/SBA-15 sample the band
was shied to 466 cm-1; this behavior indicates the presence of
the metal in the SBA-15.56

SEM analysis was performed in order to examine the
morphology of the materials, as well as to verify whether the
insertion of nickel metal, in the mesoporous and microporous
supports, caused signicant changes in the morphology of
these supports. Thus, the micrographs of samples SBA-15, 1%
RSC Adv., 2022, 12, 10163–10176 | 10165
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Fig. 3 Micrographs of: SBA-15 with magnifications of 100 00� (a) and
300 00� (b); 1% Ni/SBA-15 with magnifications of 100 00� (c) and
300 00� (d); and 5% Ni/SBA-15 with magnifications of 100 00� (e)
and 300 00� (f).

Table 2 Percentage of elements present in samples SBA-15, 1% Ni/
SBA-15, 5% Ni/SBA-15 determined by EDS

Sample

Elements (% de weight)

Si O Al Ni

SBA-15 53.08 46.92 0 0
1% Ni/SBA-15 52.26 46.79 0 0.96
5% Ni/SBA-15 50.79 43.95 0 5.26

Fig. 4 TGA/DTG curves for samples (a) OC, (b) OC1NS, and (c)
OC5NS, at heating rates of 5, 15, and 20 �C min�1, in the temperature
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Ni/SBA-15 and 5% Ni/SBA-15 with magnications of 100 00�
and 300 00� are presented in Fig. 3.

In the micrograph of the SBA-15 sample (Fig. 3) it is possible
to observe, in general, the typical morphology of this meso-
porous material: particles shaped like uniform rods, small and
stacked on each other, resulting in the formation of an aggre-
gated macrostructure.57,58 In the high-magnication micro-
graph (Fig. 3(b)), it is also veried that thematerial has a slightly
roughened surface with grooves due to the characteristic open
channels of the SBA-15.59 All of these descriptions are in line
with the study by Bukhari and collaborators.49 Looking at the
micrographs with high amplication for samples 1%Ni/SBA-15
and 5% Ni/SBA-15 (Fig. 5(c–f)) the appearance of glittering
particles on the support is noted, which are considered to
belong to nickel metal.60 This behavior was also reported by
Erdogan and collaborators.61 On the other hand, it is clear that
there were no signicant morphological changes in the catalytic
support aer the insertion of different percentages of nickel
metal and subsequent heat treatment. This reects the struc-
tural and thermal stability of the material.57

EDS analysis was used to determine the elemental compo-
sition of a certain area of the catalysts. The spectra of each
sample show signals corresponding to the elements present in
its composition.62 The percentage values of the elements in the
samples are listed in Table 2. Thus, for the sample 1% Ni/SBA-
15, the metal was present at 1.0%, while the sample 5% Ni/SBA-
15 showed the presence of the metal at 5.2%. These values are
10166 | RSC Adv., 2022, 12, 10163–10176
close to the target percentages to be inserted in the catalytic
supports.
Thermal and kinetic study

The tests for the thermal study were performed at three
different heating rates (b) (5, 15 and 20 �C min�1) in the
temperature range from 30 �C to 600 �C. The graphs of the TGA
and DTG curves of the OC, OC1NS, and OC5NS, samples are
shown in Fig. 4. Table 3 lists the data extracted from the graphs
for all samples, such as temperature range from the start to the
end of the loss of sample mass, percentage of mass lost in the
respective range, the maximum temperature reached, and
residue at 600 �C.

Through the observations of the TGA/DTG curves of the OC
sample, a single stage of mass loss can be noted, and this
observation is corroborated by the presence of a single peak in
the DTG, which corresponds to the predominant decomposi-
tion of the medium-chain saturated fatty acids present in the
coconut oil.63 For this sample, in the test with a heating rate of
5 �C min�1, decomposition occurred between 279.9 �C and
382.8 �C, with a mass loss of 91.3%, a maximum temperature of
355.7 �C and, at the end of the process, a residue of 0.6%. For
the rate of 15 �C min�1, it is noted that there was an increase in
the decomposition temperature range to 301.6–412.7 �C,
a decrease in mass loss (91.0%), an increase in temperature
range from 30 �C to 600 �C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Loss of mass during the decomposition of coconut oil by thermal and catalytic pyrolysis

Sample Rate (�C min�1) Temp. range (�C)
Weight loss
(%) Max temp.(�C) Residue (%)

OC 5 279.9–382.8 91.3 355.7 0.6
15 301.6–412.8 91.0 380.5 0.7
20 301.8–421.7 90.7 386.8 0.6

OC1NS 5 301.76–427.74 82.1 351.8 7.5
15 329.9–455.8 81.2 375.2 8.6
20 320.2–466.9 81.0 367.5 8.8

OC5NS 5 289.8–402.3 82.2 346.3 7.6
15 285.8–447.7 78.0 365.5 9.2
20 289.6–437.3 80.8 376.3 8.4
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maximum (380.5 �C), and increased residue content (0.67%). At
the heating rate of 20 �Cmin�1, there is again an increase in the
decomposition temperature range (301.8–421.7 �C), an increase
in the maximum temperature (386.8 �C), a decrease in loss of
mass (90.8%) and a decrease in the residue content (0.64%).

The presence of catalysts provided different decomposition
behaviors than the sample only with vegetable oil. For example,
with regard to the initial decomposition temperature, there was
only a decrease in these in the OC5NS sample at the rates of 15
and 20 �C min�1. Observing the nal temperatures of the
samples containing the catalysts, it was veried that the
increase in these temperatures occurred in samples OC1NS and
OC5NS for the three heating rates. This occurrence is expected
when the catalyst is present, since its presence tends to slightly
increase the temperature of the decomposition process, and
this episode was affirmed in a study reported by Bu and
collaborators.64

Contrary to the OC sample, not all samples containing
catalyst showed an increase in the initial and nal temperatures
as the heating rate increased. Thus, only OC1NS exhibited such
behavior at the nal temperature.

Regarding the behavior of the TGA/DTG curves, it was noted
that with the increase in the heating rate there were no changes
in the behavior of these curves; however, there was a shi to
higher maximum temperature. This behavior has been
frequently observed in several works reported in the literature,
such as Wako and collaborators65 in their research on the
kinetic study of the thermal degradation of rubber seed oil.
According to Bouamoud and collaborators,66 this shi is due to
the temperature gradient during the reaction process, which is
smaller at low heating rates and larger at a high heating rates,
that is, the increase in the heating rate causes a delay in
material degradation.67 However, this behavior was not
observed in the OC1NS sample, since there was a decrease in
the maximum temperatures between the heating rates of 15 and
20 �C min�1. The action of the catalysts in decreasing the
maximum temperature, when compared to the maximum
temperatures of coconut oil alone, was observed in samples
OC1NS and OC5NS at all three heating rates.

With regard to the percentages of loss of mass and residues,
the samples that showed a decrease and increase, respectively,
of these contents as the heating rate increased were OC at the
rate of 15 �C min�1, OC1NS at rates of 15 and 20 �C min�1, and
© 2022 The Author(s). Published by the Royal Society of Chemistry
OC5NS at the rate of 15 �Cmin�1. This behavior is related to the
partial degradation of the sample due to the thermal delay
between the molecules of the material, resulting in the lower
mass loss and higher residue content.68,69

Furthermore, in relation to the amount of mass lost and
residue content, it was found that the decomposition mass of
oil in the presence of catalysts was lower when compared to oil
in the absence of the catalyst, following the same reasoning for
the number of residues formed in the sample analyzed in the
presence of catalysts, in which the amount of residue was
greater. This can be related to the presence of the catalyst that is
not consumed during the reaction process, its mass being
constant from the beginning to the end of the reaction. Thus,
decreasing the proportion of lost oil mass percentage and
increasing the residue content. This episode was also observed
in the catalytic cracking of sunower oil in the presence of
catalysts supported with zirconium.70 However, the catalysts
should account for at least 10% of the residual mass of the
samples containing catalysts since this is the proportion of
catalysts mixed with oil to perform the thermogravimetric
analysis (TGA). It can be assumed that these low values may be
related to the unsuccessful practice of homogenizing the
mixture of oil with the catalyst at the time of carrying out the
analysis.

The relationship between temperature and conversion
during the degradation of coconut oil in the presence and
absence of the catalysts 1% Ni/SBA-1 and 5% Ni/SBA-15 for the
three heating rates (5, 15, and 20 �C min�1) is shown in the
graphs in Fig. 5. The conversion is counted from 0.05 to 0.9,
with an increment of 0.1 where 0.05 corresponds to the begin-
ning of the conversion (5%) and 0.9 corresponds to the end of
the conversion (90%).

While observing the graphs, it can be noted that all, with the
exception of the graphs corresponding to the OC1NS and
OC5NS samples, they present characteristic curves relating
conversion with temperature. It was noted that at the low
heating rate (5 �C min�1) the highest percentage conversion
occurs at lower temperatures compared to the conversion
temperatures for heating rates of 15 and 20 �Cmin�1. According
to Batista,71 this occurs because at low heating rates the sample
is heated longer and more uniformly than at high heating rates,
thus, the conversion occurs completely and in a shorter period
of time.
RSC Adv., 2022, 12, 10163–10176 | 10167
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Fig. 5 Graphs of the relationship between temperature (K) and sample
conversion for (a) OC, (b) OC1NS, and (c) OC5NS. Fig. 7 Linear regression curves obtained using the Kissinger–Akahira–

Sunose (KAS) model for the samples (a) OC, (b) OC1NS and (c) OC5NS.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 3
/3

0/
20

26
 3

:2
8:

00
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The kinetic study was based on the marked loss of mass
veried in the graphs obtained from the TGA, thus, the range
selected for this study was, approximately, from 230 �C to
440 �C. Fig. 6 and 7 present the graphs containing the linear
regression curves of the Ozawa–Flynn–Wall (OFW) and Kis-
singer–Akahira–Sunose (KAS) kinetic models at the three heat-
ing rates (5, 15 and 20 �C min�1) at the 10 thermal and catalytic
conversion points of the samples OC, OC1NS, OC5NS. The
graphs containing the linear regression curves of the kinetic
OFW model are plotted using the relationship between the log
of the heating rate (b) and the inverse of the temperature (K),
while the graphs containing the linear regression curves of the
kinetic KAS model are plotted using the relationship between
the natural logarithm (ln) of the heating rate as a function of the
inverse squared temperature (b)/T2 and the inverse of the
temperature (K).

It is noted that the curves of all samples for the two kinetic
models present, in general, the same behavior, being arranged
Fig. 6 Linear regression curves obtained using the Ozawa–Flynn–
Wall (OFW) model for the samples (a) OC, (b) OC1NS and (c) OC5NS.

10168 | RSC Adv., 2022, 12, 10163–10176
in a parallel way and slightly distant from each other, especially
for the OC sample. According to Li, Niu and Lu72 this behavior
indicates that the activation energy (Ea) in the different
conversions of thermal and catalytic degradation of coconut oil
follows a single mechanism. The curves of samples containing
catalysts showed slight deviations, which may be related to
secondary reactions caused by the presence of the catalysts.73

The correlation coefficients (R2) for each conversion point,
referring to the linear regression curves obtained from the OFW
and KAS models of the OC, OC1NS, OC5NS samples, are shown
in the graphs in Fig. 8. The correlation coefficient makes it
possible to determine which of the studied kinetic models is
best suited to the thermal and catalytic degradation of coconut
oil. Its measurement ranges from 0 to 1, where the closer to 1,
the greater the adequacy of the kinetic model in the studied
process.74
Fig. 8 Graphs of the correlation coefficient (R2) and conversion for the
Ozawa–Flynn–Wall (OFW) (red) and Kissinger–Akahira–Sunose (KAS)
(black) models for the samples (a) OC, (b) OC1NS, (c) OC5NS.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Yields of products obtained from thermal and catalytic
pyrolysis of coconut oil.
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It was veried that the R2 curves for all samples presented the
same behavior for both kinetic models. For the OC sample,
considerable values of R2 were found, as these values were
higher than 0.9. On the other hand, OC1NS presented consid-
erable values of R2 above 0.9 only in the conversions from 0.05
and 0.7 to 0.9, while the OC5NS sample presented R2 values
above 0.9 only in the conversion from 0.1 to 0.7. However, it was
possible to notice that for all samples the R2 values for the KAS
model were higher, indicating that this model was more suit-
able for the studied process. The oscillation behavior in the R2

values for each sample, as well as the prevalence of these values
for a single kinetic model, was also veried by Souza.75

The activation energy of the thermal and catalytic degrada-
tion of coconut oil calculated by means of the two free kinetic
models is shown in Fig. 9. The Ea values calculated for the OC
sample using the two kinetic models showed an increase as the
conversion progressed to a certain point.76 In the beginning, in
the 0.05 conversion, the Ea corresponded to 150.78 kJ mol�1 for
the OFW model and 370.59 kJ mol�1 for the KAS model,
suffering a slight increase in the 0.1 conversion point and
a decrease from the 0.2 point, showing an average Ea of
151.19 kJ mol�1 for the OFW model and an average Ea of
372.91 kJ mol�1 for the KASmodel. This variation in energy may
be related to the fact that the coconut oil decomposition reac-
tion occurs through a chain reaction mechanism of free radi-
cals, in which it is divided into stages of initiation, propagation,
and chain termination. The initiation step requires high values
of Ea, while propagation requires lower energy.80

The OC1NS sample showed an increase in energy in the
conversion range from 0.05 to 0.5, with an Ea variation of
127.95 kJ mol�1 to 153.11 kJ mol�1 for the OFW model and
a variation of 318.40 kJ mol�1 to 378.09 kJ mol�1 for the KAS
model at these points, when compared with the same points in
the OC samples, followed by an increase ranging from
153.36 kJ mol�1 to 168.42 kJ mol�1 for the OFWmodel and from
378.94 kJ mol�1 to 414.63 kJ mol�1 for the KAS model. The
gradual increase in activation energy during the course of the
reaction could be explained by the catalyst probably favoring the
secondary cracking reaction of intermediate compounds,
producing small molecules, resulting in a higher Ea in the nal
stage of the process.34

The OC5NS sample throughout the process showed Ea values
higher than the energies of the sample containing only oil,
showing a variation of 414.40 kJ mol�1 to 179.99 kJ mol�1 with
Fig. 9 Graphs of the relationship between Ea and conversion for the
Ozawa–Flynn–Wall (OFW) (left) and Kissinger–Akahira–Sunose (KAS)
(right) models for the OC, OC1NS, and OC5NS samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry
an average of 273.56 kJ mol�1 for the OFW model and variation
from 982.33 kJ mol�1 to 440.82 kJ mol�1 with an average of
656.82 kJ mol�1 for the KAS model. This event was also veried
in the comparative study of the catalytic degradation of frying
residues and the oil of Pachira aquática aubl.,77 in which the
author considered that the increase in activation energy, in the
presence of the catalyst, indicates that this catalyst favors
polymerization reactions, resulting in an increase in Ea.

The presence of catalysts reduced the yield of the oil fraction
and increased the yield of the gaseous fraction, which may be
related to favoring cracking reactions with a mechanism for the
formation of radicals induced by the presence of the catalyst
combined with temperature.78 Bio-oil, water and gas yields are
illustrated in Fig. 10. It is interesting to point out that the
procedure carried out for the production of bio-oil did not allow
the collection of the gaseous fraction, its yield being obtained by
the difference between the load of initial reagents and products
collected (bio-oil, solid residue and water) at the end of the
process.
Fig. 11 Infrared spectra of coconut oil samples and bio-oils produced
by thermal and catalytic processes in the presence of 1% Ni/SBA-1 and
5% Ni/SBA-15.
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Fig. 12 Percentage of functional groups of substances present in bio-
oils obtained by thermal and catalytic pyrolysis.
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The catalyst with the highest Ni content, 5% Ni/SBA-15,
showed a greater formation of H2O, which indicates that there
was a greater deoxygenation process when compared to thermal
pyrolysis and catalytic pyrolysis with 1% Ni/SBA-15. The pres-
ence of the water indicates that the deoxygenation mechanism
is primarily decarbonylation.32,79 According to Sousa and
collaborators,80 metal has the main deoxygenation function. As
already mentioned, XRD, FTIR, FTIR and SEM analyses indi-
cated the presence of nickel metal in the microporous support
for the prepared samples (1% Ni/SBA-15 and 5% Ni/SBA15),
while the EDS analysis quantied it the different concentra-
tions, corroborating the narrative of Sousa and collaborators80

regarding the deoxygenating functionality of the metal. Thus,
based on the results shown in Fig. 11 and Table 4, it can be
expected that the high metal content helped in the deoxygen-
ation of the bio-oil. The presence of metal in supports provides
active sites that modify their acidic properties, leading to the
improvement of these materials.81

The coconut oil spectrum reveals the characteristic absorp-
tion bands of vegetable oil at 2920 cm�1 and 2852 cm�1, which
correspond to the C–H stretching bands of the alkyl chain, as
well as at 1744 cm�1 and 1464 cm�1, which correspond to the
stretching bands of the carbonyl functional group (C]O) of the
ester bonds and exion of the C–H bonds, respectively.82 Other
bands at 1373 cm�1 are related to the symmetric vibrations of
the CH3 group.83 The bands at 1157 cm�1 and 1110 cm�1

comprise the vibrations of the C]O bond of the ester group.84

Paying attention to the spectra of the bio-oils samples, it is
observed that there was a decrease in the intensity of the bands
at 1744 cm�1, 1157 cm�1, and 1110 cm�1 both in the thermal
and catalytic processes and the appearance of a band at
1710 cm�1. This behavior suggests a decrease in the amount of
carboxylic acid and the presence of ketones or aldehydes.85,86

It is noted that in the spectrum of the BOC5NS sample, all
these bands have the lowest intensity when compared to the
spectra of the BOC1NS and BOC sample, suggesting that the 5%
H-beta catalyst favored the deoxygenation.85

Other bands that were present only in the bio-oil samples
were 1413 cm�1, 1285 cm�1, 934 cm�1, and 2360 cm�1, which
correspond to the C–H strain vibrations, stretching of C–O
bonds of carboxylic acids, alcohols, aldehydes or esters, and
CO2 present in the environment, respectively.73,86–88 The infrared
Table 4 The wavenumbers and their attributions present in the infrared s
and catalytic pyrolytic process

Sample Wavenumber (cm�1) Assignmen

Coconut oil 2920–2852 Stretching
1744 C]O stret
1464 C–H bend
1373 Symmetric
1157–1110 Vibrations
722 Vibration

Bio-oils 1710 C–O stretc
1413 C–H strain
934–1285 O–H stretc
2360 C]O stret

10170 | RSC Adv., 2022, 12, 10163–10176
spectra of bio-oil samples obtained both by thermal and cata-
lytic processes suggest the complexity of the pyrolytic oil
composition, indicating the presence of oxygenated and
aliphatic organic functions. Fig. 12 presents coconut oil and
bio-oils obtained through the thermal and catalytic pyrolysis
process.

Table 5 lists the main substances present in the bio-oils
obtained from thermal and catalytic pyrolysis, as well as the
retention time (RT) and area percentage of each substance
according to data from the GC-MS analysis.

According to the data presented in Tables 4 and 5, it is noted
that the composition of the bio-oil obtained from the thermal
process has a wide variety of substances, most of which are
oxygenated compounds (96.96%), and a low amount of hydro-
carbons (3.04%). The oxygenated compounds included carbox-
ylic acids (42.17%), ketones (19.12%), esters (6.31%) and
alcohols (29.36%), while the hydrocarbons were alkanes (1%)
and alkenes (2.04%). The substances present in greater
proportions were dodecanoic acid (35.40%) and beta-sitosterol
(29.36%). Beta-sitosterol is a sterol present in vegetable oils
and its presence in bio-oil indicates that there was not complete
conversion to hydrocarbons. Dodecanoic acid or lauric acid is
the main saturated fatty acid present in coconut oil; its presence
in the bio-oil indicates that its source triglycerides were
decomposed into its fatty acids and also suggests that there was
not complete conversion to hydrocarbons under the reaction
conditions used.7,89
pectra of coconut oil and bio-oil samples obtained through the thermal

t

bond C–H
ching
ing
vibrations of the CH3 group
of the C]O bond
of the long saturated carbon chain compounds
hing carboxylic acids, ketones
vibrations
hing C–O(H) stretching (carboxylic acids, alcohols, aldehydes or esters)
ching (CO2)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Main substances present in bio-oils obtained by thermal and catalytic pyrolysis

Sample RT (min) Compounds Area (%)

BOC 23.860 Decanoic acid 5.36
31.600 Pentadecane 1.00
36.180 Dodecanoic acid 35.40
44.340 Tetradecanoic acid 1.41
47.195 Decanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester 4.44
52.125 Nonadecene 2.04
55.725 Tetradecanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester 1.87
56.735 8-Pentadecanone 1.95
63.035 7-Octadecanone 2.70
67.840 12-Tricosanone 8.36
71.935 7-Octadecanone 6.11
75.930 Beta-sitosterol 29.36

BOC1NS 12.695 Octanoic acid 12.76
18.590 Tridecene 2.55
19.075 Tridecane 11.64
23.760 Decanoic acid 6.57
31.590 Tetradecane 7.75
36.025 Dodecanoic acid 42.27
40.990 Dodecanoic acid, ethinyl ester 5.36
41.445 Heptadecane 4.08
41.940 Dodecanoic acid, ethinyl ester 1.98
48.635 Myristic acid, vinyl ester 2.18
67.845 12-Tricosanone 1.87
71.920 10-Octadecenal 0.98

BOC5NS 12.660 Octanoic acid 12.93
19.080 Tridecane 11.61
23.735 Decanoic acid 5.49
31.590 Tetradecane 7.59
36.005 Dodecanoic acid 42.43
40.990 Dodecanoic acid, ethinyl ester 5.00
41.445 Heptadecane 4.02
41.935 Dodecanoic acid, ethinyl ester 1.98
47.175 Dodecanoic acid, 2,3-dihydroxypropyl ester 1.78
48.625 Myristic acid, vinyl ester 2.08
49.470 Myristic acid, vinyl ester 0.73
67.830 12-Tricosanone 2.57
71.915 7-Octadecanone 1.79
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In the bio-oil obtained by the thermal process, the functional
groups of the substances were varied, but with a low content of
hydrocarbons (1%). The bio-oil obtained in the presence of the
1% Ni/SBA-15 catalyst also had a varied composition, however,
with a higher content of hydrocarbons (23.47%) and carboxylic
acids (61.60%). From the coconut oil pyrolysis test in the pres-
ence of the 5% Ni/SBA-15 catalyst, the bio-oil composition
became less diverse. The bio-oil obtained from this test showed
a higher concentration of carboxylic acids (60.85%) and
a slightly lower concentration of hydrocarbons (23.22%) with
relevant concentrations of esters (11.57%) and ketones (4.36%).
Regarding the concentrations of hydrocarbons present in the
bio-oils, it was found that 1% Ni/SBA-15 and 5% Ni/SBA-15 were
selective for obtaining fractions in the range of kerosene C11–
C16, obtaining 73.73%, 73.17% and 78.08%, respectively.
Experimental
Synthesis of catalytic support SBA-15

The mesoporous support SBA-15 was synthesized by the
hydrothermal method described by Zhao and collaborators.90
© 2022 The Author(s). Published by the Royal Society of Chemistry
To obtain it, tetraethyl orthosilicate (TEOS) (Sigma Aldrich
Chemistry) was used as a source of silica, Pluronic triblock
copolymer (poly(ethylene oxide)–poly(propylene oxide)–poly(-
ethylene oxide), (PEO20PPO70PEO20)) (P123) (Sigma Aldrich
Chemistry) as the organic driver, 37% hydrochloric acid (HCl)
(Synth) as the pH controller, and ethanol (EtOH) (Dynamics)
and distilled water as solvents. The proportion of the molecular
composition of the gel and the experimental conditions were
based on the methodology described by Coutinho and collab-
orators.91 Therefore, the SBA-15 gel has the following molecular
composition: 1 : 0.017 : 5.7 : 193 TEOS : P123 : HCl : H2O.

Initially, HCl was added to distilled water and then the P123
organic driver was inserted into this solution, which was kept
under stirring for 2 h at 35 �C. Aer complete dissolution of the
organic driver, TEOS was added. The reactionmixture with pH 1
was then kept under stirring for another 24 h at 35 �C. Aer that
time, the mixture, now with the appearance of a homogeneous
gel, was transferred to a Teon autoclave and placed in an oven
for 48 h at 100 �C, a step called hydrothermal treatment.
Subsequently, the obtained gel was washed with a solution of
2% hydrochloric acid (HCl) in ethanol (EtOH), in order to
RSC Adv., 2022, 12, 10163–10176 | 10171
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remove the excess of organic driver present in the pores of the
SBA-15, and then ltered and dried at room temperature for
24 h; this sample was called SBA-15 NC. Aer the drying time,
the solid was calcined at 550 �C with a heating rate of
2 �C min�1 for 6 h in order to eliminate the P123 organic driver;
this sample was named SBA-15C.
Nickel metal impregnation on SBA-15 mesoporous support
and H-beta zeolite

Nickel metal was impregnated in SBA-15 and H-beta in
proportions of 1% and 5% of metal mass in relation to the
support mass, using nickel nitrate hexahydrate salt [Ni(NO3)2-
$6H2O] as the metal source (Sigma Aldrich Chemistry). For the
impregnation process, the incipient moisture technique was
used, with the experimental conditions of this technique based
on the studies by Mendonça Júnior and collaborators.77 Hence,
the salt was weighed and dissolved in a quantity of distilled
water sufficient for its total dissolution (�1 mL) and later the
solution was dripped onto the supports. At the end of the
process, the SBA-15 and H-beta dripped with the solution were
dried for 2 h at 120 �C to remove excess moisture.

Drying/calcining the SBA-15 with the nickel salt was carried
out for 3 h at 450 �C with a heating rate of 5 �C min�1 in
synthetic air, according to the procedures of Shahed and
collaborators.92 The SBA-15 catalytic supports impregnated with
1% nickel and with 5% nickel were named 1% Ni/SBA-15 and
5% Ni/SBA-15, respectively.
Catalyst characterization

The prepared catalytic supports and catalysts were character-
ized by XRD, FTIR, SEM, and EDS.

XRD analyses were performed using a Bruker D2Phaser
diffractometer equipped with a Lynxeye detector, copper radi-
ation (CuKa, l ¼ 1.54 Å) with a Ni lter, current of 10 mA and
voltage of 30 kV. The SBA-15 catalytic support and its respective
catalysts were analyzed with low- and high-angle scans in which
the latter has the objective of evaluating the presence of the
metal in the support. For the uncalcined catalytic support, only
low-angle scanning was performed. Thus, low-angle scanning
was performed from 0.5� to 4� with a 0.01� pitch and an
acquisition time of 0.3 s. High-angle scanning was performed
from 10� to 80�, with a 0.02� pitch and a 0.1 s acquisition time.

FTIR analysis was carried out using a Shimadzu IRAffinity-1
spectrometer. The samples were mixed with KBr and pressed to
form a pellet. Then, the pellets corresponding to each sample
were analyzed in order to obtain the spectra in the region of 400
to 4000 cm�1 with a resolution of 4 cm�1.

SEM images were obtained using Carl Zeiss equipment,
model Auriga. Before analysis, the samples were metalized with
a gold monolayer for 60 s, with a current of 30 mA in a Bal-Tec
metallizer, model SCD 005. Aerwards, the samples were placed
on a carbon strip, and micrographs were taken with magni-
cations of 100 00� and 300 00�. Coupled with a scanning
electron microscope, EDS was performed using a Shimadzu
model Xash Detector 410M.
10172 | RSC Adv., 2022, 12, 10163–10176
Coconut oil

The renewable raw material source used to obtain the pyrolytic
bio-oil was extra virgin coconut oil obtained from Empório Nuts
LTDA.

Thermal and kinetic study

The thermal study was performed using data obtained from the
TGA using a TA Instruments SDT Q600 V20.9 Build 20, in which
the tests were performed at three heating rates (5, 15 and
20 �C min�1), in the temperature range from 30 �C to 600 �C, in
a nitrogen atmosphere with a ow of 50 mL min�1 and the
samples were accommodated in an alumina crucible. In each test,
an average of 15 mg of sample was used, with the catalyst at
a proportion of 10% in relation to the oil mass. The tests were
carried out in the oil in the presence and absence of the catalysts
1% Ni/SBA-15 and 5% Ni/SBA-15. The coconut oil sample was
coded as OC, the coconut oil sample with 1%Ni/SBA-15 was coded
as OC1NS and the coconut oil sample with 5% Ni/SBA-15 was
coded as OC5NS. The kinetic study was carried out using the data
obtained from the TGA under the same conditions used to carry
out the thermal study. Activation energy (Ea) values were obtained
by inserting thermogravimetric data into the Kissinger–Akahira–
Sunose (KAS) and Ozawa–Flyn–Wall (OFW) kinetic models.

One of the methods used to measure the rate of thermal/
thermo-catalytic decomposition or the degree of conversion of
a given sample is through the loss of mass of that sample, using
eqn (1):

a ¼ mimt

mimf

(1)

where mi is the mass of the sample at the beginning of the
reaction, mt is the mass of the sample at a given temperature
andmf is the mass of the sample at the end of the reaction, with
the extent of conversion symbolized by a.93

According to Almeida94 and Ramani and collaborators,95 the
speed of a reaction depends on the extent of conversion (a),
temperature (T), and time (t), and this relationship is expressed
according to eqn (2):

da

dt
¼ kðTÞf ðaÞ (2)

where f(a) is the reaction function and k(T) is the conversion
constant. This constant depends on the temperature of the
mass-loss rate and is oen modeled using the Arrhenius
eqn (3):

kðTÞ ¼ A exp

�
� Ea

RT

�
(3)

where A is the pre-exponential factor, R is the gas constant and E
is the activation energy.96 Combining eqn (2) and (3) and
considering the TGA being carried out in a non-isothermal way,
the temperature becomes a function of time (t), which increases
with a constant heating ratio (b). Thus, the reaction rate, in its
integrated form, can be described by eqn (4):97

gðaÞ ¼
ðT
0

A

b
exp

�
� Ea

RT

�
dT (4)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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According to Sokoto and collaborators93 and Yaman,98 the
right side of the equation does not have an exact analytical
solution. Therefore, several approximation methods can be
used for this solution, thus forming the basis on which several
equations of the integral model were derived.

One of the methods is the free or iso-conversion method,
whereby this method claims that the reaction rate is just
a function of temperature.99 The term “free methods” is related
to the fact that these methods provide kinetic parameters, such
as activation energy (Ea), without knowledge of the reaction
mechanism.100

Two models that are widely used in studies of pyrolysis
kinetic parameters of vegetable oils are Kissinger–Akahira–
Sunose (KAS) and Ozawa–Flyn–Wall (OFW). The KAS model is
based on the Coats–Redfern approximations and is expressed
by eqn (5):101

ln

�
b

T2

�
¼ ln

�
AR

EaGðaÞ
�
� Ea

RT
(5)

Activation energy values are obtained through the graph of
ln(b/T2) vs. 1/T. The OFW model is based on Doyle approxima-
tions, being expressed by eqn (6):

logðbÞ ¼ log

�
AEa

RGðaÞ
�
� 2:315� 0:4567

�
Ea

RT

�
(6)

Activation energy values are obtained through the graph of
ln(b) vs. 1/T (Wako et al. 2017).65
Pyrolysis reaction

The pyrolysis procedure was performed based on the studies by
Araujo and collaborators102 using the same reactor as used in
the work. To perform the thermal and catalytic pyrolysis of
coconut oil, a Flyover FT-1200 xed bed reactor was.

The procedure consisted of adding 15 g of coconut oil –when
performing thermal pyrolysis – and coconut oil with 10% by
weight of catalyst – when performing catalytic pyrolysis – into
a boat. Then, this boat, containing the respective samples, was
inserted into a reactor, and later this set was inserted into the
tubular furnace in which it is equipped with a Type S thermo-
couple, a digital control unit, and a temperature program. At
one end of the reactor, a connecting tube with a glass tap for gas
connection was attached, and at the other end a condenser was
attached, followed by the attachment of balloons to collect the
condensed products.

Preliminary tests were carried out in order to evaluate the
heating behavior of vegetable oil. Thus, the tests were per-
formed with different ramps ranging from ambient tempera-
ture to 510 �C, with heating rates of 8 and 30 �C min�1, and
times of 5, 6, 8, and 10 min. Thus, based on the observations
from the tests carried out and with the help of the results of the
TGA, the thermal and catalytic pyrolysis of coconut oil were
both carried out under an atmosphere of N2, with a ow of
approximately 100 mL min�1 with four heating ramp congu-
rations. Therefore, the reaction condition of the rst ramp was
© 2022 The Author(s). Published by the Royal Society of Chemistry
set to heat from ambient temperature up to 360 �C with
a heating rate of 30 �C min�1 for 5 min. The second ramp was
congured to heat from ambient temperature up to 410 �C with
a heating rate of 8 �C min�1 for 10 min, the third ramp was
congured to heat from ambient temperature up to 460 �C with
a heating rate of 8 �Cmin�1 for 10 min and the fourth ramp was
congured to heat from ambient temperature up to 510 �C at
a heating rate 8 �C min�1 for 10 min. The duration of the entire
process, from the beginning to the cooling of the reactor and
the removal of the residue present in the boat, was approxi-
mately 4 h.

The bio-oil sample obtained from the pyrolysis process with
coconut oil alone was coded as BOC, the bio-oil sample ob-
tained from the reaction of coconut oil with the catalyst 1% Ni/
SBA-15 was coded as BOC1NS, and the bio-oil sample obtained
from the reaction of coconut oil with 5% Ni/SBA-15 catalyst was
coded as BOC5NS.
Characterization of coconut oil and bio-oils

The functional groups of the catalytic pyrolysis products were
evaluated using FTIR in the range of 400 to 4000 cm�1 using
a Shimadzu IRAffinity-1 with an attenuated total reectance
(ATR) sensor employing a zinc selenide (ZnSe) crystal.

The identication of bio-oil compounds was carried out
through GC-MS using a Shimadzu QP2010 (Kyoto, Japan). This
analysis was carried out using 1 mL of the sample, under an
atmosphere of helium gas with a ow rate of 1.0 mL min�1, an
analysis time of 82 min, a separation ratio of 100 : 1 and GC-MS
interface temperature of 250 �C (injector temperature). The bio-
oil was separated on a 30 cm long, 0.25 mm diameter SH-Rtx-
5MS capillary column with 0.25 mm stationary phase thick-
ness. The column pressure wasmaintained at 0.63 kgf cm2, with
a ow rate of 0.96 mLmin�1 and a linear velocity of 36.1 cm s�1.
The chromatography oven was programmed as follows:
temperature 80 �C for 5 min, followed by heating to 180 �C at
a heating rate of 3 �C min�1. The scheduled time was 5 min.
Heating then continued until 260 �C at a heating rate of
4 �C min�1. The scheduled time was 10 min. The GC-MS
interface temperature was maintained at 260 �C. The detec-
tion range of the mass spectrometer was maintained between
50 and 500 m/z, the scanning interval was 0.50 s and the scan-
ning speed was 1666 uma s�1.

The pyrolysis products of the coconut oil were identied
using NIST (National Institute of Technology Standards) library
database soware coupled to the GC-MS analysis system. The
products were quantied by the standardization method (%
area). With the data obtained from the library database, frac-
tionation of the range of interest was carried out based on the %
area of the peaks found.
Conclusions

The present work intensied the study of the catalytic pyrolysis
of coconut oil in the production of aviation biokerosene. The
characterization of the SBA-15 samples suggested an ordered
mesostructured two-dimensional hexagonal symmetry of high
RSC Adv., 2022, 12, 10163–10176 | 10173
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quality and showed that this support maintained the degree of
ordering of its structure even aer nickel impregnation. The
thermal study showed that the increase in heating rate provided
variable behaviors. However, this increase also provided an
increase in the temperature range, as well as in the maximum
temperature, and a decrease in mass loss. An exception was the
OC1NS sample, as there was a decrease in maximum tempera-
ture between heating rates of 15 and 20 �C min�1. In general, it
was veried through the kinetic study that the lower heating
rates provided a higher percentage conversion. This was to be
expected, as in this way the reactions occur more uniformly. It
was also noted that the KAS model presented higher R2 values
than the OFWmodel, showing that the former was better suited
to the thermo-catalytic pyrolysis of coconut oil. The catalyst 5%
Ni SBA-15 Ni proved to be the most efficient in reducing the
activation energy (Ea) of the reaction. The pyrolysis in the
presence of the catalysts under study presents a more than 20%
increase in the percentage of hydrocarbons in the bio-oil and
consequently a reduction of the percentage of oxygenate. For
the hydrocarbons present in the bio-oils, it was found that 1%
Ni/SBA-15 and 5%Ni/SBA-5 were selective in obtaining fractions
in the range of kerosene (C11–C16).
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analysis, Macêdo MLG: methodology, formal analysis, Araujo
AMM: writing – review & editing, data curation, validation, Silva
DR: conceptualization, supervision, Gondim AD: conceptuali-
zation, data curation, validation, review & editing, supervision.
Conflicts of interest

The authors declare that they have no known competing
nancial interests or personal relationships that could have
appeared to inuence the work reported in this paper.
Acknowledgements

The authors thank the Federal University of Rio Grande do
Norte (UFRN), Institute of Chemistry (IQ-UFRN), Center of
Primary Processing and Reuse of Produced Water and Waste
(NUPPRAR-UFRN), Programa de Recursos Humanos da ANP –

PRH-37/ANP and Brazilian aviation biokerosene network
(RBQAV).
Notes and references

1 I. N. Santos, E. G. P. Almeida, A. L. B. Xavier, A. C. S. Barreto
and J. W. Barreto, Anais do IX, Simpósio de Engenharia de
Produção de Sergipe, 2017.
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M. A. López-Quevedo, B. R. Galindo and D. Bueno-Báques,
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