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The aviation sector has become a considerable market for biofuels since they come from renewable sources and have
characteristics that help to reduce pollution. Hydrocarbons production from vegetable oils and their derivates for use in diesel
and aviation kerosene are a possible alternative route to reduce fossil fuels. With that in mind, this article aimed to develop
nickel catalysts supported on y-Al,O3;, Nb,Os, and zeolites to submit them to the hydroprocessing of vegetable oils and
derivatives in the production of hydrocarbons. With soy ester, reactions with the Ni/Al,O5 and Ni/Nb,Os catalyst showed selectivity
of 41.2 and 16.5%, respectively, at a temperature of 300°C and a reaction time of 7h. Under the same conditions, hydroprocessing
reactions for the soybean ester using Ni/Beta and Ni/HY zeolites promoted more excellent conversion (between 80 and 99%) than
oxide catalysts and selectivity between 30 and 70% for Ni/Beta and Ni/HY, correspondently. Besides, zeolite catalysts showed high
conversion at the higher temperature (340°C) and time (9 h), reaching 100% conversion and hydrocarbons selectivity of 76.8 and 61.9%
for zeolite Beta and HY, respectively. Changing the raw material to fatty acids made it possible to notice that zeolite catalysts showed
high selectivity reaching 100%. Given the excellent performance of catalysts in hydroprocessing reactions, it is possible to consider them
a promising alternative route since they can reduce the production by applying transition metal as a catalyst instead of noble metals
used in the industry.

1. Introduction

There are several reasons for the growing use of renewable
hydrocarbons, including the need to reduce greenhouse gas
emissions (GHG). According to IPCC (Intergovernmental
Panel on Climate Change), air traffic reaches global emis-
sions between 2 and 3% per year. National Civil Aviation
Agency (ANAC) predicts that, in the coming years, air traffic

will double, consequently reaching 5-6% of the global GHG
by 2050 [1]. The IATA (International Air Transport Asso-
ciation) has set ambitious targets for its associates, including
the absolute reduction of 50% in the sector emissions by
2050, compared to 2005 [2].

Sustainability is an essential element in the face of public
acceptance of any alternative fuel. Therefore, the best option
is advanced biofuels obtained from innovative technologies
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and sustainable crops or agricultural coproducts [3]. Thus,
the use of aviation biokerosene (biojet fuel) has been studied
and applied in adequate mixtures with fossil kerosene [4].

Due to the growing demand for fuels and the consequent
concern with the problems related to the burning of these
products, there is an interest in developing new technologies
linked to natural resources to generate renewable energy,
replacing conventional sources. Biomass is an excellent al-
ternative for biofuels production [5].

Diesel and biokerosene alkanes have received greater
attention in the last decade ranging from the catalytic
hydroprocessing of fatty acids or esters derived from bio-
mass oils (vegetable oils, animal fats, and residual oils).
Commonly, these oils contain fatty acids between C14 and
C24, with a predominance of C18, presenting fuel properties
similar to petroleum derivatives, suitable for producing
hydrocarbons [6].

The palm is one of the most productive oil seeds. Some
varieties even produce 10 tons of oil per hectare per year (20
times more than soybeans). From this oilseed, nonlauric oil
can be extracted, found in the fibrous pulp surrounding the
fruit seed, rich in carotenoids (Beta-carotene), and has
significant antioxidants and lauric oil present in almonds.
Compared to other vegetable oils, palm oil consumes less
hydrogen during hydroprocessing, as it contains a smaller
fraction of unsaturated fatty acids in the composition [7].
Studies show that the hydroprocessing of fatty acids to
produce hydrocarbons in the diesel range is more efficient
than triglycerides. The fatty acid compositions are mainly
free fatty acids (palmitic, oleic, and linoleic), more easily
converted to aliphatic alkanes than triglycerides [8]. There is
a need for an in-depth and detailed study of vegetable oils,
particularly to identify how they can be hydroprocessed,
assuming that there is already an infrastructure refinery for
raw materials derived from petroleum, such as diesel. To
maximize the reagent conversion, some authors use tech-
nologies to convert lipid raw materials into distilled fuels [9].

It is possible to convert vegetable oils into liquid alkanes
through hydroprocessing. The reaction involves hydroge-
nating the vegetable oil’s double bonds transformed into
monoglycerides, diglycerides, and carboxylic acids [10].
These intermediate products are converted to alkanes by
three different routes: decarboxylation, decarbonylation,
and hydrogenation/dehydration [11]. Straight chain alkanes
(C15-C18) can undergo isomerization and cracking to
produce more light and isomerized alkanes. In comparison,
the fatty acids obtained in the hydrotreating process can
catalyze isomerization and cracking reactions. Besides, wax
esters can convert to hydrocarbons (Figure 1).

By analyzing the reaction scheme of the transformation
of fatty acid methyl esters (FAME) into hydrocarbons, it is
possible to verify that the hydrogenation occurs first and
then the hydrodeoxygenation [6]. High operating conditions
are required to achieve more excellent conversion of reac-
tants to hydrocarbons from triglycerides. More C17 hy-
drocarbons are obtainable due to the decarbonylation/
decarboxylation reaction [12].

Based on the reaction scheme shown in Figure 2, it is also
possible to convert esters to hydrocarbons through
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hydroprocessing. The process begins with the ester’s hy-
drogenation, the products of this reaction being fatty alcohol
and methanol. The fatty alcohol (an intermediate product)
reacts with the ester to form a hydrogenated wax and can
produce two fatty alcohols undergoing dehydration and
hydrogenation to form hydrocarbons.

According to the literature, the hydroprocessing reaction
of esters and fatty acids (HEFA) presents several advantages
over other techniques, such as the method’s similarity with
traditional refineries and lower cost [13, 14]. The hydro-
processing route is one of the most promising routes for
hydrocarbon production, since it can be used in existing
refineries, producing hydrocarbons similar to those of fossil
origin, which can be used in internal combustion engines
and turbine engines without the need for changes [15, 16].
This type of fuel is called drop-in fuel [17].

However, the available technologies still need to be
improved to obtain hydrocarbons at commercially com-
petitive costs. Therefore, the development of catalysts is
necessary to improve conversion and selectivity. The cata-
lysts allow the reaction to be carried out under lower
temperature and pressure conditions, which will help reduce
operating costs [18].

Many heterogeneous catalysts have been reported in the
literature, being used in numerous reactions, including
oxides, mixed oxides, zeolites, clays, resins, and mesoporous
solids. According to Chen et al. [6], producing hydrocarbons
from hydroprocessing requires the application of hetero-
geneous catalysts, which must present simultaneous hy-
drogenation and cracking characteristics. The first main
catalysts presented in the literature with excellent yield are
catalysts based on noble metals (platinum, palladium, and
rhenium), generally supported by zeolites or oxides. Al-
though noble metal catalysts are more stable resisting rapid
deactivation and have more excellent catalytic activity. They
are not viable for application in a large-scale process due to
the high acquisition cost [19].

Catalysts based on transition metals such as nickel,
copper, molybdenum, cobalt, tungsten, and iron or their
bimetallic composites supported, in most cases, by alumina
(Al,05) or niobium (Nb,Os), generally present high con-
version in hydroprocessing; however, the sulfur leaching
contained in some raw materials can contaminate the
products [20, 21]. Due to the high cost of noble metal
catalysts and the possible contamination by sulfur (S) of the
final product when using sulfide catalysts, there has been
increased research in recent years to develop low-cost cat-
alysts. Selecting the most suitable catalysts in terms of
conversion, selectivity, stability, and valuable life increases
the process’s economic viability and sustainability as a whole
[22]. Catalysts supported on niobium, alumina, and zeolites
have been widely reported in the literature in hydrolysis,
hydroesterification, and hydroprocessing reactions, pre-
senting satisfactory results [18].

Considering the relevance of increasing the use of re-
newable fuels, the objective of this study was to develop a
new catalytic system that can guarantee the efficient pro-
duction of hydrocarbons allowing a new way of processing
less polluting fuels, which until now have not been addressed
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FIGURE 2: Reaction scheme for the conversion of esters to hydrocarbons.

in the literature, from renewable raw materials (derived from
vegetable oils, methyl esters, and fatty acids), by catalytic
hydroprocessing using nickel catalysts supported on oxides
(AL,O5; and Nb,Os) and zeolites (Beta and HY), evaluating
the temperature influence, time, and types of catalysts in
producing hydrocarbons (conversion and selectivity).

2. Materials and Methods

The experiments were conducted in a bench scale at Lab-
oratério de Tecnologias Verdes (GREENTEC), at Escola de
Quimica-UFR].

2.1. Materials. The tests were conducted with commercial
palm oil (provided by Agropalma) because it contains a
more significant amount of saturated C16 and C18 (palmitic
and stearic) in its composition, which influences the carbon
chain in hydrogenation, soybean methyl ester for having
more C18 unsaturated fatty acids (oleic and linoleic) to
evaluate the formation of isomers, and soybean fatty acid
(provided by Granol) as feedstocks for hydroprocessing,
using monometallic alumina-based nickel catalysts
(y-ALO3) supplied by SASOL and Niobia (Nb,Os), provided
by CBMM, Brazilian Company of Metallurgy and Mining
and, subsequently, hydrogen 99.99% (Line Gases), nickel



nitrate 99.99% [Ni(NiOs),] (Sigma-Aldrich), catalysts based
on Beta, and HY zeolites provided by Unidade Protétipo de
Catalisadores, PROCAT/UFR].

2.2. Catalyst Synthesis. Synthesis of the alumina- and Nio-
bia-supported incipient wetness impregnation catalysts
following previous methods is described in the literature
[12, 23, 24]. The supports were dried at 100°C overnight.
Then nickel nitrate [Ni(NiO3),] was dissolved in distilled
H,O and after this solution was added dropwise to 10 g of
the support. The reaction mixture was oven-dried at 100°C
for 12 hours. Subsequently, the catalysts were calcined in a
muffle furnace at 600 (Ni/Al,O3) and 400°C (Ni/Nb,Os) for
4 hours. It is essential to mention that the calcination
temperature was 400°C for the Ni/Nb,Os catalyst to evaluate
the results while maintaining the amorphous structure of
Niobia. The impregnated metal (Ni) proportion at the
supports was 15% (wt/wt). Nickel catalysts based on Beta
and HY zeolites were synthesized by the incipient wetness
impregnation method in Unidade Protétipo de Cata-
lisadores, PROCAT/UFR]. The goal was to obtain 15% nickel
(wt/wt) in all catalysts.

2.3. Catalyst Characterization. The materials were charac-
terized by nitrogen physisorption techniques, which de-
termined textural properties (surface area, volume, and pore
diameter). Analyses were performed on the Micromeritics
A.S.AP. 2020. Before analysis, the samples were pretreated
at 300°C overnight under vacuum. The X-ray diffraction
(XRD) technique was used to identify the crystalline
structures that make up the catalysts and possible modifi-
cations after impregnation, using a Rigaku diffractometer,
model Miniflex II, with a monochromator and Cu radiation
under angular scanning from 5 to 90° with an increment of
0.05° and counting time of 1 s/step. X-ray fluorescence (XRF)
was applied to identify and quantify the chemical compo-
sition of the catalysts and used Rigaku equipment of model
Primini. A tablet containing 5g of sample was prepared
using the quantitative and qualitative oxide method to
analyze. Temperature Programmed Reduction (TPR) was
performed to determine the catalyst’s reduction tempera-
ture, using a Micromeritics Autochem TPR-2920 Crycooler
II model. Before the experiments, the catalysts were pre-
treated at 150°C at an argon (Ar) flow rate of 30 ml/min. The
reduction was conducted in an H,/Ar flow rate of 30 ml/min
until 1000°C. Temperature program desorption of ammonia
(NH;-TPD) was used to determine the strength of the acid.
NH;-TPD experiments were carried out in an instrument
equipped with a thermal conductivity detector (TCD). For
each run, 150 mg catalyst under 5 vol% H,/N, flow was
packed into the U-type quartz tube reactor and pretreated in
a flow of nitrogen (30 mL/min) at 150°C for 30 min. Then,
the sample was cooled to 70°C for adsorbed ammonia until
the saturated state and the physically adsorbed ammonia
were removed by purging helium at the same temperature.
The NH;-TPD profile was recorded by programming the
temperature from 30 to 800°C, with a heating rate of 20°C/
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min. The infrared spectroscopy with Fourier transformation
(FTIR) of adsorbed pyridine was performed to determine the
acidic sites’ nature (Lewis and BrOnsted). FTIR was carried
out in a Shimadzu IRPrestige-21 equipment. For pyridine
adsorption, 0.1 g of each calcined sample was deposited in a
container containing 1 mL of pyridine in the liquid phase.
The recipient was closed and manually shaken. After 24 h,
excess of pyridine was evaporated at 100°C for 3h; dried
samples were analyzed with FTIR in the range of
1400-1580 cm ™", resolution of 2cm™, and 16 scans. The
background was done with the calcined samples without
pyridine adsorption [25].

2.4. Catalytic Tests. The catalysts were reduced in a reactor
with hydrogen at a reduction temperature of 450, 400, 425,
and 550°C for Ni/Al,Os, Ni/Nb,Os, Ni/HY, and Ni/Beta,
respectively, for 4 hours and heating ramp of 5°C/min.
Catalytic hydrogenation was conducted in a Parr reactor
model 4848 with a maximum capacity of 300 mL, maximum
pressure of 3000 psi, temperature control system pressure,
and automatic agitation of 1200 rpm; solvent was not used to
perform the reactions.

The parameters studied to evaluate the conversion and
selectivity of Ni/Al,O3 and Ni/Nb,Os catalysts were reaction
time (5 and 7 hours), temperature (270, 290, and 300°C),
constant pressure of 70 bar, flow H, during hydrotreating as
semibatch operation, and 3% (w/w) of catalyst. From the
results obtained, zeolites (Beta and HY) were applied to
compare and analyze the increased conversion and selec-
tivity, in addition to observing isomerization along with
hydrogenation, starting the tests in the best temperature
condition (300°C) and then rising to 340°C. Additionally, the
reaction time was increased to 9 hours to increase con-
version and selectivity.

2.5. Gas Chromatographic (GC) Analysis. 'The identification
and quantification of hydrocarbons were carried out using
the ASTM D6584 international standard methodology.
Chromatographic analysis was performed on the gas
chromatograph (Shimadzu, model GC-2010), with split/
splitless injector, flame ionization detector FID, and DB23
column (0.32 mm ID).

3. Results and Discussion
3.1. Catalyst Characterization

3.1.1. Textural Properties (BET). Textural analysis of the
catalysts was performed to determine the surface area, the
specific pore diameter, and pore volume, as shown in Table 1.

Table 1 shows that the zeolite catalysts have mesopores
and micropores. Already the oxide-based catalysts (alumina
and Niobia) have only mesopores in their structures. It was
seen that, after the impregnation of metal, there was a re-
duction in the surface area accompanied by a decrease in
pore volume. The increased catalyst density can explain this
decrease due to the incorporation of metals in pores or the
blocking of the pores caused by NiO agglomerates, which
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TaBLE 1: Textural properties of the catalysts and supports.

Catalyst Surface area (BET) (mz/g) Pore volume (cm®/g) Pore size (A)
AlLO; 222 0.45 (mesopores) 78
Ni/AlL,O; 152 0.37 (mesopores) 91
Nb,Os5 207 0.30 (mesopores) 59
Ni/Nb,Os5 105 0.14 (mesopores) 52
0.71 (mesopores)
Beta o1 0.16 (micropores) 152
Ni/Beta 373 0.33 (mesopores) 42
0.12 (micropores)
0.08 (mesopores)
HY 708 0.27 (micropores) 35
NIVHY 534 0.11 (mesopores) 25

0.21 (micropores)

reduces the adsorption capacity of the supports [12]. The
increase in pore diameter of the Ni/Al,Oj; catalyst compared
to the support can be explained by adsorption of the metal in
internal pores and the surface of the alumina, thus increasing
the particle size. Consequently, there was a decrease in
surface tension due to the reduction in the contact area
between the particles, increasing the pore diameter.

Similar results were reported by Gousi et al. [26] in
which nickel supported on alumina, with different pro-
portions of metal (10, 20, 30, 40, 60, 80, and 100%), was
used as the catalyst. The metal’s addition caused a slight
reduction in the catalyst surface area, keeping this area
relatively high even for higher nickel loads (up to 60% wt).
Studies have shown that Niobia catalysts prepared with a low
content of metals, such as platinum and gold, do not show
relevant changes in the surface area and pore volume com-
pared to pure support, presenting only a small reduction in
the surface area and a slight increase in the pore diameter
[27, 28].

Catalysts supported on zeolites showed a higher surface
area than catalysts supported on metal oxides (alumina and
Niobia). Similar results have been reported in the literature
on the textural properties of catalysts supported by zeolites
[29, 30]. For example, the HY support has a large surface area
(708 m?/g), and, after nickel impregnation, there is a reduction
in this area (534 m*/g), justified by a possible pore blockage [9].
Similar results were also obtained about the Ni/Beta catalyst
and it was found that the support’s surface area was 554 m”/g,
and, after metal impregnation (5% Ni), there was a reduction
to 511 m?/g. It was also found that as the metal content in the
support increases, the area gradually decreases [20].

3.1.2. X-Ray Diffractograms (XRDs). Figure 3 illustrates the
X-ray diffractograms (XRDs) of the Al,O; and Nb,Os (fresh
material), Ni/AL,Os, and Ni/Nb,Os catalysts (after calcination)
resulting from metal impregnation in the support by the wet
spot impregnation method using nickel nitrate as a precursor.

XRD results of catalysts supported by oxides (Niobia and
alumina) showed a structure similar to the structure of their
supports, Al,O3 20 =37.3° (311), 46.0° (400), and 66.9° (440),
as well as Nb,Os 20=26.3" and 53.0°, as shown in Figure 3.
As for the Ni/AL,O; catalyst (Figure 3(a)), besides the
amorphous structure of the support, bands corresponding to
nickel appeared at 37.4° (111), 43.5° (200), 62.9° (220), 75.6°

(311), and 79.8° (222). Studies on the impregnation of metals
in alumina reported the presence of the same structure [27].
The XRD performed for the Ni/Nb,Os catalyst (Figure 3(b))
showed that the support (Nb,Os) presented an amorphous
structure, with no changes in the support structure after
impregnation, indicating that the addition of nickel and
subsequent heat treatment did not substantially alter the
amorphous form of Niobia [31].

Figure 4 shows the diffractograms of the catalysts based
on Beta and HY zeolites. The two catalysts have crystalline
structures. Was observed the presence of peaks corre-
sponding to nickel, identified with planes in the diffracto-
grams, which appear at 36.7° (111), 42.8° (200), 62.3° (220),
74.7° (311), and 78.9° (222) for Ni/Beta (Figure 4(a)) and at
37.8° (111), 44.0° (200), 63.6" (220), 70.6° (311), and 75.9
(222) for Ni/HY (Figure 4(b)). The diffractograms of nickel
oxide (NiO) and the referred supports presented in this work
are similar to those reported in the literature [32]. According
to the literature, although the diffraction intensity decreases
with the Ni content, the catalyst structure does not signif-
icantly change. Chen et al. [20] identified some new dif-
fraction peaks at 20 of 37.2° (111), 43.2° (200), and 62.8" (220)
due to the uniform dispersion of NiO particles on the
support surface and as the Ni content was increased (5 to
15%), the characteristic peaks of NiO and Ni diffraction
became increasingly accentuated in the diffractograms of the
referred study.

3.1.3. X-Ray Fluorescence (XRF). From the results obtained
through the XRF analysis, the oxide mass percentages of
each sample are presented in Table 2.

The XRF results analysis indicates that the components
already predicted in the composition of the catalysts (Ni/
Al, O3, Ni/Nb,Os, Ni/Beta, and Ni/HY) result from their
respective precursors during their impregnation. Although
the predicted compositions were obtained, there is a dif-
ference between the theoretical value of 15% and the ob-
tained values. It is possible to verify a slight reduction in the
value obtained for the catalyst Ni/Nb,Os (12.5%) and the
catalyst Ni/Al,O5 (22.1%). According to the results provided
by Priecel et al. [33] and Horacék et al. [34], some surface
concentrations may exceed the global values determined by
XRF. Probably the metal became more dispersed in the
surface layer, which may have caused this increase.
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Moreover, the differences between the theoretically pre-
dicted quantities and the obtained quantities can be at-
tributed to experimental error.

3.1.4. Temperature Programmed Reduction (TPR). TPR
analyses were performed to identify the appropriate tem-
peratures for catalyst reduction. The results of the analysis of
the catalysts are illustrated in Figure 5.

According to Figure 5, all catalysts have nickel re-
duction peaks. TPR profile of Ni/Al,O; catalyst (Figure 5
(a)) showed three peaks at 460, 600, and 900°C. The peak at
460°C was attributed to NiO weakly interacting with
support. At 600 and 900°C, there were reductions in
compounds with distinct NiO-AlL,O; interactions. The
second peak at 600°C was attributed to NiO species
interacting strongly with the support. Additionally, the
peak reduction at high temperatures (at about 900°C) can
be attributed to the nickel aluminate (NiAl,O,) phase with
spinel structure [23, 35]. TPR profile of Ni/Nb,Os catalyst
(Figure 5 (b)) showed two peaks at 476 and 922°C. The peak
at 476°C suggests a more significant interaction of Ni with
the Nb,Os support occurrence (SMSI) and can be attrib-
uted to the reduction of Ni** to Ni® [23, 36]. However, the
second peak (at 922°C) related to the partial reduction of
Nb,O5 to NbO, indicates interaction between Ni and NbOs;
phases [36].

TaBLE 2: Chemical composition of the prepared catalysts (wt%)
after impregnation.

Composition Nl/(‘;“/g% N‘/?f/}:)zos Ni/Beta (%) Ni/HY (%)
Ni 2.1 12,5 15.7 14.9
ALO; 77.9 — 8.1 13.7
Nb,Os — 87.5 — —
SiO, — — 76.2 71.4

Two temperatures, 433 and 630°C, were observed in the
Ni/Beta catalyst (Figure 5 (c)). The TPR plots showed greater
intensity at lower temperatures. However, at higher re-
duction temperatures, they obtained the best results. Ni/HY
catalyst (Figure 5 (d)) showed two or more reduction peaks
with a higher incidence at 422°C and a peak at 589°C,
commonly called shoulders in a work of catalytic deoxy-
genation of methyl laureate [37]; among the catalysts tested,
the HY had a strong nickel in zeolites interaction. The
highest reduction peak at 588°C was identified with NiO, and
a peak at 355°C referred to free NiO.

3.1.5. Temperature Programmed Desorption (TPD). The
deconvolution areas values and the temperature ranges in
which the ammonia desorption occurred are shown in
Table 3. According to the literature, catalysts can have three
types of surface acidity classified as weak (<270°C), medium
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(270-350°C), and strong (>350°C) based on ammonia de-
sorption temperature [25, 38].

The NH;-TPD profiles of Ni/Al,O3, Ni/N,Os, Ni/Beta,
and Ni/HY catalysts are shown in Figure 6. The Ni/Al,O3
catalyst (Figure 6(a)) presented the profile displaced to
higher temperatures, compared to the other catalysts (Ni/
Nb,0Os, Ni/Beta, and Ni/HY), with two different peaks at 315
and 515°C, respectively, with the first peak being attributed
to weak acidic sites and the second to strong acidic sites
[24, 26]. The other Ni/N,Os, Ni/Beta, and Ni/HY catalysts
(Figures 6(b)-(d)) exhibited only a broad desorption peak at
260, 243, and 219°C, indicating that these catalysts have
predominantly weak acidic sites.

Zuo et al. [30] found that, for 7% by weight of Ni/
y-Al, O3, two broad peaks of NH; desorption at approxi-
mately 242 and 334°C were attributed to the weak and
medium acid sites, respectively. For the HY zeolite-based
catalyst, the NH; desorption peak was observed at ap-
proximately 229°C with a small additional protrusion at
522°C, showing that both weak and strong acidic sites
appeared with soft acidity. Menezes et al. [25] found for the
CoAl and CoNDbAI catalysts that ammonia is desorbed in the
range of 100°C to 550°C, and the maximum peaks are located
at approximately 280 and 240°C, respectively, indicating that
the weak acid sites are predominant in these catalysts. CoNb
catalyst showed a sharp peak at 510°C, indicating that this
catalyst has predominantly strong acid sites.

3.1.6. Fourier-Transform Infrared (FTIR) Spectroscopy.
Figure 7 shows the pyridine-FTIR of all catalysts to perform
a qualitative comparison of acid site nature. For the Ni/
Al,O5 catalyst, only two bands were observed at 1447 and
1591 cm ™" which can be attributed to the Lewis acid sites, not
the improvised sites found by BrOnsted, since no band was
noticed between the dates equivalent to these suitable sites.

TaBLE 3: Amount of NH; desorbed.
Ratio acid site (%)

Catalyst NH; (pmolis/gea) Weak Medium  Strong
Ni/ALO; 11.7 19.2 76.5 4.4
Ni/Nb,Os 10.3 78.3 13.4 82
Ni/Beta 42.0 87.3 0.0 12.7
Ni/HY 53.8 48.2 51.8 0.0

Three bands were observed for the Ni/Nb,Os catalyst at
1447, 1489, and 1606 cm™". The first band (1447 cm™) can be
attributed to the Lewis acid sites, the second band (1489
cm™') can be attributed to Lewis and Bronsted acid sites, and
the third band (1606 cm™) can be attributed to the Bronsted
acid sites [20, 25].

Niobia catalysts have acidic sites for both Bronsted and
Lewis. The catalysts containing alumina have only Lewis
acidic sites [25]. From the analysis of these data, it was
possible to observe that the Nb,Os catalysts have Lewis and
Bronsted acid sites [36, 39]. However, according to Leal et al.
[36], from the relative intensities of pyridine adsorbed on the
Lewis and BrOnsted acid sites, it is possible to conclude that
the BrOnsted acidity decreases as the Ni loading increases.
This characteristic was explained through the ionic exchange
of BrOnsted acid sites by positively charged Ni species. Still,
the authors showed that, for the catalyst containing 25%Ni/
Nb,Os, the support had residual Bronsted acidity and that
Lewis acidity was preserved even with the increase of Ni in

Meanwhile, for the other catalysts (Ni/Beta and Ni/HY),
the bands equivalent to Lewis acid sites appear at 1447 and
1596 cm™" (Ni/Beta) and 1447 and 1595 cm ™" (Ni/HY). Only
one band attributed to pyridine adsorbed on Bronsted acid
sites appears at 1543 cm ™ to Ni/Beta, as well as two bands to
Ni/HY at 1542 and 1607 cm™". Moreover, the bands at 1491
and 1490 cm™' may be due to the pyridine adsorbed at the
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FIGURE 7: Pyridine-FTIR of the Al,Os3, Ni/Nb,Os, Ni/Beta, and Ni/HY catalysts.

Bronsted and Lewis acid sites for the Ni/Beta and Ni/HY
catalysts, respectively [37]. Pan et al. [37] found that catalysts
containing HY zeolite predominantly present a more sig-
nificant amount of Bronsted acid sites than Lewis.
Making a comparative analysis, the catalysts containing
zeolites clearly showed peaks that are more intense com-
pared to the catalysts comprising oxides. Based on the re-
sults, Lewis acidic sites were predominant in all catalysts.
When comparing the Lewis peak intensities, it was observed
that the Ni/Beta and Ni/HY catalysts showed broader peaks
than Ni/AL,O; and Ni/Nb,Os catalysts. In summary, in the

Ni/Beta and Ni/HY catalysts, there was a more excellent
dispersion of metallic Ni favoring contact with highly dis-
persed acidic sites in zeolites [40].

3.2. Catalyst Activity. The samples were quantified using
commercial standards (C10 to C18 hydrocarbons, fatty
acids, wax esters, and esters); a standard calibration curve
was constructed to identify the reactions’ compounds. As
predicted, the raw materials were converted into fatty al-
cohols, fatty acids, wax esters, and hydrocarbons. In the
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chromatograms, it was possible to notice some peaks re-
ferring to the unconverted esters due to unreacted raw
material. The raw materials used in this study are mainly
composed of C16 and C18. Consequently, the resulting
products are within the range between C9 and C18 due to
hydrocracking. Odd carbon chains’ predominance was
evaluated, with a more significant amount of C15 and C17
hydrocarbons in the samples where Ni/Al,O3 and Ni/Nb,O5
catalysts were used. In contrast, in the samples using Ni/Beta
and Ni/HY catalysts, there was a predominance of even
carbon chains C16 and C18. This behavior is attributed to
hydrodeoxygenation reactions, or decarboxylation/decar-
bonylation is strongly dependent on the nature of the cat-
alyst, raw material, temperature, and reaction pressure
[7, 41].

When analyzing the production of renewable liquid
alkanes under standard hydrotreatment conditions
(300-450°C), Huber et al. [10] explained that n-C17 hy-
drocarbons were products of decarbonylation and decar-
boxylation, while n-C18 was a hydrodeoxygenation product
and that the selectivity for decarbonylation and decarbox-
ylation products increases when compared to the hydro-
deoxygenation pathway, with the increase in temperature.
These results are corroborated by Kiatkittipong et al. [8],
who produced a more significant amount of C17 hydro-
carbons, justifying that the decarbonylation/decarboxylation
reactions were superior to hydrodeoxygenation [42, 43].
These catalysts’ metallic and acidic functionalities are re-
sponsible for the synergistic effect on hydrodeoxygenation,
achieving high FAME conversion and C16 and C18 liquid
alkane yields.

In another work [7] on hydroprocessing of crude palm
oil, this process’s products consisted mainly of n-paraffin
(C15-C18). On the other hand, at lower pressures, the
hydrodeoxygenation reaction could not be fully achieved,
with the appearance of intermediate products, such as fatty
alcohols (C16-C18) and esters (C16-C18). Kantama et al.
[44] produced naphtha (C5-C8), kerosene (C9-C14), and
diesel (C15-C18) and reported the presence of unreacted raw
material through the hydroprocessing of fatty acids.

3.2.1. Total Reagent Conversion and Selectivities. When
analyzing the results, the temperature and reaction time
variables, regardless of raw material, were significant
for the more excellent conversion of hydrocarbons [26].
The synthesized catalysts promoted the production of
hydrocarbons in the lowest reaction conditions but
lower proportions.

Table 4 presents the percentage areas of hydrocarbons
produced in all reaction conditions for the different catalysts
based on oxides.

Table 4 shows that the catalysts showed good conversion
for the two raw materials used. Niobia has lesser acidity than
alumina, according to the TPD analysis, which may explain
the reason for the minimized hydrocarbon and cracking
reactions [27, 45, 46].

According to Peng et al. [47], the data obtained
through NH;-TPD for nickel catalysts, including for those

supported on y-Al,0;, showed that the effect of the
support is related to the acidic sites developed on the
surface which can catalyze dehydration reactions and thus
facilitate the formation of alkanes through hydrogenation
by the nickel-metal sites. Also, according to these authors,
some complete conversions to n-alkanes observed for
catalysts such as Ni/Beta were attributed to the BrOnsted
acid sites developed on the surface, favoring hydro-
isomerization and hydrocracking, in contrast to those
supported on oxides that present mainly Lewis and
Bronsted acid sites [47].

The best selectivities of hydrocarbons were obtained at
temperature and time’s most significant reaction conditions.
The low selectivity presented by the Niobia catalyst with
palm oil may be related to the instability of this catalyst in the
presence of by-products such as water and COx, resulting
from the decarboxylation/decarbonylation reactions that
occur during the conversion of triglycerides [48].

Niobia has a strong metal-support interaction (SMSI),
which explains the migration of reduced species from the
support to the surface of metal particles which can be
influenced by high reduction temperatures [48, 49]. How-
ever, this migration of the mobile phase can cause the de-
crease of the available metallic surface and start the
formation of the interface between the metal and the oxide,
which may be the factor responsible for the significant
difference in the catalyst activity [50]. This effect causes the
appearance of new active acidic sites on the surface, which
can influence the activity and selectivity in reactions sensible
to the fresh catalyst structure [51, 52]. Studies show that
Nb,Os as a support is a reducible oxide and interacts with
the active phase, affecting the structure and interface of the
metal. Through characterization techniques such as XRD, it
is possible to observe the effect of this strong metal-support
interaction (SMSI) [31].

The high hydrocarbon yield shown for Ni/Al,O; can be
attributed to pure nickel in contact with the surface of
alumina, which exhibits an increase in total acidity, mainly
increasing the number of medium and strong acidic sites,
consequently providing a high surface area. Similar results
were found by Gousi et al. [26], who demonstrated that the
reagent conversion and the total yield of hydrocarbons
increase over time, while the yield of intermediate products
initially increases and then decreases. Also, others reported
that selectivity could also increase or decrease according to
the nickel content in the catalyst. Depending on the per-
centage (above 60%), there may be a drastic decrease in the
specific surface area, preventing achieving a high active
surface [26].

The best selectivity at optimum conditions was justified
and discussed by Rocha et al. [12], who reported that high
reaction conditions are necessary for the more excellent
conversion of reagents into hydrocarbons from triglycerides.
The most significant amount of these hydrocarbons was C17
due to decarbonylation/decarboxylation reactions.

Through the analysis of Table 4, it was noticeable that oils
have less selectivity about esters. Unsaturated compounds in
the oil can cause the catalyst to be deactivated and, con-
sequently, reduce catalytic activity, presenting a lower
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selectivity for hydrocarbons. The catalytic activity and se-
lectivity of products for hydroprocessing depend strongly on
the acidity of the supports [53]. However, the catalytic
hydroprocessing of triglycerides presents the disadvantage
of low efficiency of liquid fuels and enormous loss of carbon
in gaseous products. The hydrodeoxygenation of fatty acids,
similar to the technology existing in oil refineries, is another
promising technology for producing high-performance
liquid fuels.

Kiatkittipong et al. [8] produced hydrocarbons in the
range of petroleum diesel through catalytic hydroprocessing
to evaluate the effects of operational parameters and catalyst
types to determine each raw’s appropriate conditions ma-
terial, using crude and refined palm oil and palm fatty acids.
The authors found that the hydroprocessing of crude palm
oil (400°C, 40 bar, and a reaction time of 3 hours) showed a
51% hydrocarbon yield. In the analysis carried out for re-
fined palm oil, the yield reached 70%, with a shorter reaction
time (1 hour). In the study performed for the hydro-
processing of fatty acids, a higher hydrocarbon yield was
observed in less severe conditions (375°C and reaction time
of 30 minutes), reaching 81%.

Given these facts, it is evident that the hydroprocessing
of fatty acids to produce hydrocarbons in the diesel range is
more efficient than triglycerides, since the fatty acid com-
positions are mainly free fatty acids (palmitic, oleic, and
linoleic), which can be easily converted to aliphatic alkanes
when compared to triglycerides.

The evaluation of the activity of the zeolite-supported
catalysts in the conversion of the methyl ester of soy and
fatty acids during hydroprocessing and selectivity for hy-
drocarbons can be seen in Table 5.

In these catalysts, temperature and reaction time were
increased to 340°C and 9 hours to evaluate the effect of
temperature and time.

In the reactions using ester as raw material, at the highest
temperature (340°C) and time (9 hours) conditions for the
Ni/Beta catalyst (76.8%) verified significant activity. The
selectivity was lower for the reaction catalyzed with Ni/HY
(61.9%) in the same reaction condition. However, for a lower
temperature (300°C), the reaction performed with the Ni/
HY catalyst obtained more selectivity for 9h, reaching a
percentage of 81.2%.

The results indicate that the reaction favors the for-
mation of fatty acids at high temperatures for the Ni/HY
catalyst. For Ni/Beta, the situation is the opposite; the lower
the temperature, the higher the production of fatty acids.
According to TPD, Beta has more strong acid sites
(Bronsted), so it has higher activity and somehow avoids the
formation of fatty acids, which is the principal intermediate
in this reaction. The decrease in Ni/HY activity with in-
creasing temperature and time may be related to the
blocking of pores by the nickel particles in the support,
resulting from the sintering process that can occur during
the preparation of the catalyst [54].

Both catalysts had maximum selectivity (100%) for the
reaction condition at 340°C and 9 hours in the hydro-
processing of fatty acids. The hydrocarbons increased with
increasing temperature and reaction time for both catalysts.
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In general, the results showed that both catalysts have good
catalytic activity, with very close values. The high selectivity
obtained can be explained due to these catalysts’ metallic and
acid functionalities in the hydrotreating of fatty acids [6].

The influence of the support and its acidic properties can
discuss several concepts. There may be an influence on
activity and selectivity motivated by the acidity of the
support and, consequently, a change in the catalyst structure.
Optionally, acidic sites can be directly involved in the re-
actions [9, 30]. A possible explanation for this high selec-
tivity may be related to the sequential hydrogenation of fatty
acids to aldehydes and fatty alcohols on the nickel-metal
surface, followed by the dehydration of fatty alcohols, at the
BrOnsted acid sites in olefins and in the hydrogenation of the
double bond of the metal [9].

Based on the results in Table 5, in the reactions with ester
as raw material, zeolite as support showed conversion in the
highest temperature (340°C) and time (9 h), reaching 99.1%
for Beta zeolite and 100% for HY. Besides, in milder con-
ditions, zeolites also promoted the conversion of reagents
but in a slightly lower percentage, between 82-99% for the
ester. Based on TPD and FTIR, the more excellent con-
version and selectivity shown by the catalyst supported in
Beta can be attributed to the catalyst’s greater surface area
and acidity.

In the reactions with fatty acids, conversions of less than
71.1 and 63.5% were obtained for the Beta and HY zeolites,
correspondingly, in the most extreme reaction conditions.
This characteristic is linked to unsaturated compounds in
the raw material that can cause the catalyst to be deactivated,
reduce catalytic activity, and show less conversion. To
maximize the reagent conversion, some authors even use
technologies to convert lipid raw materials into distillate
fuels [9]. In this context, an optimum acidity value of the
substrate allows relatively high activity and low cracking or
imperfections on the catalyst’s surface. Another factor re-
lated to good performance was that the particle size of the
nickel or nickel oxide detected by the XRD was minimal,
indicating that the species were highly dispersed on the
surface of the supports [30].

Catalysts based on zeolites favored hydrocracking, with
low selectivity for C15 and C16 alkanes [30]. The most
promising catalysts for this work were Ni/y-Al,O; and Ni/
SAPO-11, which showed high activity and selectivity for
these alkanes’ production. This good catalytic performance
was attributed to the acidity of the catalysts. In this context,
an optimum acidity value in the substrates allows obtaining
relatively high activity and low cracking or imperfections on
the catalysts’ surface. Another factor related to good per-
formance was that the particle size of the nickel or nickel
oxide detected by the DRX was minimal, indicating that the
species were highly dispersed on the supports’ surface [30].

Analyzing the conversion of intermediate products
under lower reaction conditions found a higher percentage.
According to Guzman et al. [7], these compounds are most
likely formed by thermal decomposition and can be pro-
duced from a molecule of triglyceride, aldehyde, or long-
chain alcohols. Therefore, it is assumed that the observed
high molecular weight esters (wax esters) result from the
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reaction between a fatty acid and long-chain alcohol, which
are the possible intermediate products of the reactions in-
volved in this process.

According to data that has been reported in the litera-
ture, the highest yields of intermediate products are achieved
under milder temperature and pressure conditions.
Hydroprocessing should be carried out under conditions
that do not favor the formation of these coproducts, using
temperatures above 350°C. Therefore, by increasing the
reaction conditions, it is possible to increase the hydroge-
nation of wax esters and the dehydration/hydrogenation of
fatty alcohols and thus increase the production of hydro-
carbons [10]. Furthermore, most reactions are carried out
with the addition of some organic solvents to ensure more
excellent conversion and selectivity [55-57]. Wax esters are
considered the most stable intermediate product of the
process. These by-products are transformed into fatty al-
cohols through hydrogenation, a slower and determining
step in the reaction [39].

According to the literature, the main intermediate
products resulting from the deoxygenation of vegetable oils
and derivatives are acids, aldehydes, and alcohol. The gen-
eration and consumption rates are the determining factors for
the total deoxygenation capacity and selectivity. Given this
fact, the importance of studying reaction kinetics to determine
the concentrations of each reaction product emerges [58].

Other studies have shown the complexity and variety of
intermediate products resulting from hydroprocessing, in-
cluding alcohols, acids, esters, aldehydes, and ketones,
causing difficulties in analyzing the exact composition and
understanding the reaction pathways. With the proposal of
an efficient method of analysis of four-dimensional gas
chromatography combined with mass spectrometry
(GC x GC-TOFMYS), Kim et al. [59] understood that different
reaction pathways arise when other catalysts appear and
reaction conditions are used. In general, Ni catalysts tend to
activate decarboxylation and decarbonylation reactions.

The results showed that it is possible to hydrogenate
triglycerides and derivatives to transform them into hydro-
carbons. Also, the appropriate choice of operational pa-
rameters and raw materials influences hydrocarbons’
conversion and selectivity. Esters were more easily converted,
and fatty acids were more efficient for selectivity. Oxide-based
catalysts showed good catalytic activity; however, they were
more sensitive to reaction factors. In contrast, zeolites showed
excellent catalytic activity, a factor related to the high acidity
of BrOnsted present in these catalysts.

4. Conclusions

In this scenario, the evidence from this study suggests that
the production of hydrocarbons should be based on the type
of raw material, catalyst pretreatment, and reaction condi-
tions. In general, this work revealed that catalysts with a
more significant number of acidic BrOnsted sites and greater
surface area and pore volume showed better catalytic per-
formance, resulting in milder reaction conditions during
hydroprocessing, allowing a reduction time of 5 hours,
which provide more significant energy savings.
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Furthermore, the conversion of reagents to distillate fuels
can maximize the production of hydrocarbons. The
hydroprocessing reaction of palm oil, soybean methyl ester,
and fatty acids catalyzed on oxides and zeolites supported on
nickel showed satisfactory results under the conditions
studied for the production of hydrocarbons. The greatest
selectivities were observed through the hydroprocessing of
soybean methyl ester when using the Ni/AL,O; catalyst
(41.2%) and the hydroprocessing of fatty acids when using
the zeolites Beta and HY, both 100%. The increase in re-
action time and temperature improved the conversion of
hydrocarbons. Given the excellent performance of catalysts
in the catalytic hydroprocessing reaction compared to
conversions conducted with noble metals commonly used in
the biofuel industry, it is possible to consider them as
promising alternative routes, as the application of transition
metals as a catalyst will reduce the production cost.
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