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Bimetallic NiCe/Lay catalysts facilitated
co-pyrolysis of oleic acid and methanol for
efficiently preparing anaerobic hydrocarbon fuels
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Bimetallic NiCe/Lay catalysts were prepared using an impregnation method with a Lay molecular sieve
as a carrier, and oleic acid (OA) as a model compound of unsaturated fatty acid for catalytic pyrolysis to
prepare bio-airline fuel. Based on the reaction products, the reaction pathways of the products under
the bimetallic NiCe/Lay catalyst were deduced. The bimetals were dispersed uniformly on the support
Lay, and the catalyst retained the structure of the molecular sieve after loading and had good physical
properties such as specific surface area and pore space. Under optimal conditions (pyrolysis/catalytic
temperature = 500/500 °C, catalyst loading = 1.0 g, feedstock injection volume =0.5 mL min~?, and
OA to methanol ratio = 1:5), 100% conversion, 92.77% hydrocarbon yield, and 75.06% hydrocarbon yield

in the range of 8-17 carbon atoms were obtained over the Ni-3Ce/lLay catalyst. This study provides
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1. Introduction

The aviation industry™? is making a significant contribution
to the economy, tourism, and ease of travel.*® Demand for
aviation fuel is also increasing, with a projected increase of 5%
per year until 2030.°® Therefore, it is crucial to develop an
environmentally friendly fuel that does not pollute the
environment’ and meets the needs of aviation. The emergence
and development of biofuels'® are critical to resolving the energy
crisis and environmental pollution issues, as well as attaining
long-term economic and environmental development.''*>

The development of biofuels has gone through three gen-
erations. The first generation of biofuels is based on the
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highly efficient catalysts for upcycling oleic acid and methanol for producing fuel.

fermentation or transesterification of raw materials to produce
bioethanol and biodiesel as end products. However, the first-
generation biofuel production process is inapplicable to biofuel
production since the products created do not fulfill conven-
tional aviation fuel standards. The second-generation biofuel is
primarily made from biomass, and the resulting product meets
the fuel properties of conventional A1 fuel certification; however,
the prepared biofuel typically has a high viscosity and acidity,
which can cause nozzle clogging, poor atomization, and combus-
tion, reducing jet engine life. Therefore, the preparation of biofuels
needs to be further upgraded to improve the compatibility of the
product with A1 fuel. To meet the quality requirements of aviation
fuel, good aviation fuel is generally composed of 20% aromatics,
20% cycloalkanes and 60% alkanes with carbon chain lengths
generally in the range of 8-17. Except for other applications like
making films and drugs,"*™® vegetable fats and oils have been
widely studied for their structural composition suitable for the
production of biofuel.’”™*° Currently, the main methods to prepare
biofuel from fats and oils are catalytic hydrogenation, catalytic
cracking, and thermal cracking. Compared with catalytic hydro-
genation and thermal cracking, catalytic cracking of triglycerides
has higher carbon source utilization, low oxygen content, and
high cold flow characteristics, and does not require the addition of
hydrogen and a high-pressure process, which is a green
process.>%?!

However, the catalytic pyrolysis reaction of vegetable oil still
has some drawbacks, such as a low yield of liquid fuel, difficulty
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in controlling the product distribution, and ease in producing
solid residues, CO, and CO gas.>> However, the pyrolysis
procedure is rather straightforward®*** and comparable to
the traditional petroleum cracking procedure,>>>2° and the
pyrolysis products are primarily hydrocarbon mixtures.>®
Therefore, it is worthwhile to conduct additional research to
enhance the yield and selectivity of vegetable oil pyrolysis for
the generation of liquid fuel through catalyst modification and
reaction parameter adjustment. For example, Wildschut et al.*”
tested the effectiveness of various non-homogeneous noble
metal catalysts (Ru/C, Ru/TiO,, Ru/Al,O3, Pt/C, and Pd/C) in
catalytic hydrotreating of fast pyrolysis oils. In terms of oil yield
(up to 60%) and deoxygenation level (up to 90%), the study
discovered that the Ru/C catalysts beat the traditional hydro-
treating catalysts. The improved product was also less acidic
and watery. Oh et al*® investigated the use of noble metal
catalysts (Pd/C, Ru/C, and Pt/C) for hydrodeoxygenation (HDO)
to improve the stability of bio-oil. It was shown that the stability
of bio-oil was effectively improved after hydrodeoxygenation.

Precious metal catalysts are normally used showing excellent
catalytic activity but are limited by the high price of precious
metals for industrialization.”®*° A popular area of study is the
development of non-precious metal catalysts with high catalytic
effects.’*™** A popular area of study is the development of low-
loading non-precious metal catalysts with significant catalytic
activity.”* The most studied non-precious metal multiphase
catalysts include zeolites, metal oxides, aluminosilicates,
metal-loaded zeolites, metal-organic skeletons, metal-organic
skeletons, etc.*>*® Jahromi et al.*’ prepared and studied Ni/
Si0,-Al,0; catalysts for the hydrodeoxygenation of pyrolysis oil.
The H/C and O/C atomic ratios of bio-oil changed from 1.29
and 0.29 to 2.36 and 0, respectively, after hydrogenation and
upgrading, and the higher calorific value increased from 27.64
to 45.58 MJ kg . This greatly improved the physicochemical
properties of bio-oil. Wang et al.*® investigated the process of
Al-MCM-41 loaded with five elements (La, Ni, P, Ce, and Zr) on
a fixed-bed reactor under an N, atmosphere to explore the
performance of oleic acid catalytic pyrolysis conversion. It was
shown that the loaded elements mainly existed in the form of
active oxides, among which La/AI-MCM-41 showed good anti-
coking performance and P/AI-MCM-41 promoted the deoxygena-
tion process due to its high B-acid. The products were mainly
hydrocarbons such as alkanes and aromatics, and the carbon
number was mainly distributed in the green diesel range of
C10-C18, which showed the best deoxygenation performance.

Ni and Ce metals have been receiving more attention in the
field of catalysis because of their better catalytic and physical
properties.”**™" Ni metals are transition metals with good
activity and selectivity.”>>* Ce metals have excellent redox
ability and are widely used as active agents or active compo-
nents of catalysts.® The Ni-Ce/ZrO, catalysts were prepared®’
using co-precipitation, and the deoxidation experiments were
carried out in oleic acid under solvent-free conditions. The
results showed that when the Ni loading was 20%, the conver-
sion of oleic acid was 98.3% and the deoxygenation rate
reached 95.7% with the best deoxygenation effect and the
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C9-C17 selectivity was 33.9%. In the absence of a hydrogen
source, Zhang et al.>® developed Ni/AC catalysts with varying
loadings and examined the decarboxylation and aromatization
of oleic acid. The method was demonstrated to be more
affordable and safer in the absence of an extra hydrogen
source, although it only generated 13.8% of aromatics compli-
ant with aviation fuel.

Y-type molecular sieves are widely used as catalysts in
catalytic cracking processes due to their high catalytic activity
and good thermal and hydrothermal stability. The hydro-
thermal stability of molecular sieves can be improved by
introducing rare earth ions to make the cell parameters of
molecular sieves increase, which can inhibit structural collapse
and dealumination at high temperatures. For example, Liu
et al.”” studied Y-type molecular sieves modified with rare earth
La ions and catalytic cracking performance, which showed that
LaY molecular sieves had a large number of B acid centers and
a certain amount of strong L acid centers, and the catalytic
cracking performance of LaY was significantly improved after
modification. However, there are fewer studies on the use of
Lay for catalytic preparation of bio aviation oil, and it is
important to develop Lay-loaded metal-based catalysts for
grease vapor upgrading to prepare valuable hydrocarbon fuels.

In this study, the bioaviation fuel components were pre-
pared by the co-pyrolysis of oleic acid and methanol catalyzed
by the homemade bifunctional catalyst NiCe/Lay under the
conditions of no exogenous H, hydrogen. The bimetallic
NiCe/Lay catalysts were prepared using a straightforward leach-
ing method with Lay as the carrier. The effects of Ni: Ce ratio
(Ni:Ce = 0:1, 1:1, 1:2, 1:3, 1:5, 5:1, 3:1, 2:1, 1:0) and
process parameters (i.e., pyrolysis temperature, catalytic tem-
perature, methanol to oleic acid ratio, and catalyst dosage) on
oleic acid conversion and product distribution were investi-
gated. Furthermore, the reaction pathway and deoxygenation
mechanism of catalytic cracking of oleic acid were proposed.
The oleic acid catalytic cracking reaction route and deoxygena-
tion mechanism were proposed, and the catalyst deactivation
and coke formation causes were also explored. The synthesis of
bio-aviation oil from fats and oils was supported theoretically
and practically in this study.

2. Materials and methods
2.1.

Ni(NO;),-6H,0 (GR, 99%) and CeH;,N30;5 (>99.99% metals
basis) were purchased from Aladdin Company. Commercial
molecular sieves Lay (Si/Al ratio >5) was purchased from
Nankai University Catalysts Co, Ltd, Tianjin, China. Methanol
(AR) was supplied by Chengdu Kolon Chemical Co. Oleic acid
(AR) was provided by Guangdong Guanghua Technology Co.
High purity nitrogen was supplied by Messer, Kunming, China.

Materials

2.2. Preparation of catalysts

Monometallic catalysts (12% Ce/Lay and 12% Ni/Lay) and a
series of bimetallic catalysts with different ratios (xNi-yCe/Lay)
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were prepared using the impregnation method. Briefly, solution A
was formed by dissolving predicted amounts of Ni(NO;),-6H,0,
CeH;,N3;0,5 and citric acid in anhydrous ethanol and deionized
water, respectively. To make emulsion B, 3.0 g of Lay molecular
sieve was weighed and added to solution A. Emulsion B was added
to an oil bath and heated to 80 °C with thorough mixing and
heating. After the evaporation of the solvent, the solid was dried in
an oven for 12 h. The dried precipitate was crushed and placed in a
crucible, which was then heated to 550 °C at 5 °C min~" and held
for 4 h.

2.3. Characterizations of the catalysts

Fourier transform infrared spectroscopy (FT-IR), X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM), scanning
electron microscopy (SEM), NH;-TPD, thermal gravimetric ana-
lysis (TG) and N, adsorption-desorption analysis were used to
evaluate the catalysts. FT-IR analysis was done using a Germany
Brooke TENSOR27 Fourier transform infrared spectrometer.
The KBr pellets for the FTIR samples were prepared as follows:
1-2 mg catalyst sample and about 200 mg KBr powder were
put into the agate mortar and ground. The powders were
pressed into thin pellets for testing. The test was between
4000-400 cm™* and 64 scans were performed. X-ray diffraction
was performed with a Bruker D8 Advance X-ray diffractometer
under the following conditions: copper K-ray source, 40 mA tube
current; 20 range 5°-80°, step size 0.02°, scan rate 2° min~ .

NH,-TPD was studied using chemisorption temperature rise
software (AutoChem1 II 2920). 100 mg of sample was weighed
and pretreated by heating from room temperature to 300 °C at
10 °C min~'. The gas (30 mL min ') was purged for 1 h and
then cooled to 50 °C. Within 1 h, a 10% NH;/He (40 mL min ")
combination was provided until saturation, and then the He
gas stream (30 mL min~") was switched to remove the weakly
physisorbed NH; from the surface. Finally, TCD revealed that
NH; was desorbed to 700 °C under a He atmosphere at a ramp
rate of 10 °C min~".

The ASAP2020 specific surface area and pore size analyzer
(Micromeritics, USA) were used to compute the specific surface
area, the t-plot technique was used to calculate the micro-
porous pore volume, and the BJH method was used to estimate
the pore size distribution. The Brunauer-Emmett-Teller (BET)
equation was then used to linearly regress the specific
surface area.

TGA was carried out in a TG209F3 thermal analyzer to perform
a thermogravimetric examination on the catalyst (NETZSCH,
Germany). With a protective gas flow rate of 30 mL min ™", the
heating rate was raised to 800 °C at 10 °C min~".

The apparent morphology was examined using a JSM-
5600LV type scanning electron microscope (JEOL, Japan), and
the microstructure was examined using a ZEISS GeminiSEM
300 type transmission electron microscope.

2.4. Catalytic co-cracking reaction of oleic acid and methanol

Oleic acid and methanol were co-cracked and catalytically
upgraded in a separate fixed bed reactive reactor. The pyrolysis
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reaction section, the catalytic reaction section, and the collecting
section are the three main components of the experimental setup.
The RTD heats the chamber in the fixed-bed arrangement, and the
temperature in the chamber is sensed by the thermocouple and
displayed on the left display. Both the pyrolysis and catalytic
upgrading reactions take place in the fixed bed chamber, via a
stainless-steel tube that runs through the chamber’s pyrolysis and
catalytic pyrolysis sections. Nitrogen, oleic acid, and methanol are
introduced by a tee tube from the top of the reactor, and the
bottom is linked to a cooling unit (connected to the circulating
condensate) and lastly to a collecting unit.

First, the catalyst is secured by quartz wool in a stainless-
steel tube. The gas valve is then adjusted to remove the oxygen
from the device and replace it with high-purity nitrogen as a
protective gas, and the heating operation is modified to
bring the pyrolysis and catalytic parts of the fixed bed to the
desired temperature. After reaching the desired temperature,
the oleic acid is poured into the reactor, the catalytic pyrolysis
process begins, and the product is recovered by cooling and
evaluated by GC/MS. The fixed bed is schematically displayed
in Fig. 1.

2.5. Gas chromatography-mass spectrometry (GC-MS)
analysis

Gas chromatography-mass spectrometry (GC-MS) was used to
evaluate the cleavage products using a capillary column HP-
5MS (30 m x 0.25 mm X 0.25 mm) with an injector temperature
of 280 °C and a splitting ratio of 1:10 for high-purity helium.
The ramp-up process for the column chamber was as follows:
beginning temperature 50 °C and maintained for 5 minutes;
ramped up to 280 °C at 5 °C min ™" and sustained for 5 minutes.
The ionization method employed was EI with an ionization
energy of 70 eV, the scan range electrons per second (m/z) was
between 30 and 500 amu, and the ion source temperature was
230 °C. For quantitative analysis, the area normalization
approach was applied. The conversion of oleic acid was calcu-
lated using eqn (1). The chromatogram area of an individual
compound is considered to be proportional to its concen-
tration. The relative selectivity of AHs was calculated according
to eqn (2) and (3).

Oleic acid conversion — Noleic acid, in feed — Holeic acid, in product % 100%

Holeic acid, in feed
1)
where 7geic acia 1S the number of moles of oleic acid.

Peak area of each group product

Relative content of product =
p Total peak area

x 100%
(2)

Peak area of each hydrocarbon group
Total hydrocarbon peak area

Hydrocarbon selectivity =

x 100%
3)
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Fig. 2 XRD patterns of catalysts.

3. Results and discussion

3.1. Catalyst properties

Fig. 2 shows the XRD patterns of Lay and NiCe/Lay catalysts.
The FTIR spectra of the Lay carrier and the metal-loaded NiCe/
Lay catalysts are depicted in Fig. 3. The N, adsorption-
desorption isotherms and pore size distribution of NiCe/Lay
catalysts with different ratios are shown in Fig. 4. The TPD-NH;
profiles of the Lay carrier and the catalyst following metal
loading are presented in Fig. 5. The scanning electron microscopy
(SEM) images and the transmission electron microscopy (TEM) of
the carrier Lay and the catalyst Ni-3Ce/Lay after loading the
bimetal are presented in Fig. 6 and Fig. 7, respectively.

(1) XRD analysis. The XRD patterns of the prepared sam-
ples (Lay and NiCe/Lay catalysts) are depicted in Fig. 2.
The diffraction peaks at 37.25°, 43.28°, and 62.85° correspond
to the (111), (200), and (220) crystallographic planes of NiO,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

Wavenumber (cm™')

Fig. 3 FTIR spectra of the catalysts.

respectively. This indicates that the Ni metal in the catalyst is
present as NiO.>® The diffraction peaks of 20 at 28.55°, 33.08°,
and 47.47° are the characteristic diffraction peaks of CeO,,
which indicates the presence of Ce metal in the catalyst as
Ce0,.>® The distinctive peaks of loaded Ni and Ce are not
visible, indicating that the loaded metal resides in an amor-
phous state on the carrier’s surface and is well diffused. When
the loading metal Ce content in the catalyst is high and the Ni
content is low (Ce/Lay, Ni-3Ce/Lay), the diffraction peaks of the
carrier Lay do not change, indicating that the crystal structure
of Lay is not destroyed, and the original mesoporous structure
of Lay is retained. When the loading metal Ni loading is high
(Ni/Lay, 3Ni-Ce/Lay), the diffraction peaks of the carrier
Lay peak value decreases and the crystallinity decreases.®®
When the loading metal Ni is higher (Ni/Lay, 3Ni/Ce/Lay), the
diffraction peak of the carrier Lay decreases, the crystallinity
decreases, and part of the structure may be destroyed.

New J. Chem., 2023, 47,18272-18284 | 18275
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Fig. 6 SEM images of Lay and Ni-3Ce/Lay.
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Fig. 7 TEM microstructures of Lay and Ni-3Ce/lLay (a) and (b) Lay
molecular sieve; (c) and (d) Ni—-3Ce/Lay.

(2) FT-IR analysis. In most cases, FTIR spectra may be
utilized to characterize the chemical structure of the produced
materials. Fig. 3 depicts the FTIR spectra of the Lay carrier and
the metal-loaded NiCe/Lay catalysts. As seen in the image, the
stretching vibration of adsorbed water causes a large absorp-
tion band of about 3500 cm ™', whereas the bending vibration
of water molecules causes a modest absorption near
1650 cm '.°* The absorption peaks around 450-1200 cm '
are reported to be an important indicator to distinguish differ-
ent types of zeolites.®® Typical characteristic vibrations of Y-type
zeolites are found at 450 cm™*, 590 cm ™', 730 cm ™!, 790 cm ™,
1050 cm™Y, and 1100 cm™*.°*®* This indicates that the loaded
Lay molecular sieve retains its original structure.

(3) BET analysis. Fig. 4 and Table 1 show the N, adsorp-
tion-desorption isotherms and structural characteristics of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Table 1 Texture properties of catalysts
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Sample SBETa (m2 gil) SMicrob (mz gil) Sextb (mz gil) Vtotalc (mL gil) Vmesod (mL gil) Vmicrob (mL gil) Dpore sizee (nm)
Lay 687.02 620.03 67.10 0.381 0.140 0.240 2.30
Ce/Lay 460.50 423.99 36.51 0.269 0.049 0.219 2.34
Ni/Lay 414.25 318.23 96.02 0.279 0.114 0.164 2.69
Ni-3Ce/Lay 452.15 378.72 73.42 0.279 0.082 0.196 2.43
Ni-2Ce/Lay 418.85 393.87 24.98 0.256 0.051 0.204 2.44
Ni-Ce/Lay 372.15 258.79 113.35 0.244 0.109 0.134 2.63
2Ni-Ce/Lay 263.30 179.10 84.19 0.192 0.099 0.093 2.92
3Ni-Ce/Lay 233.99 154.21 79.78 0.177 0.097 0.080 3.03

“ From N, absorption measurement (BET method). ” P/P, = 0.95, from BJH analysis. ¢ From N, absorption measurement (t-plot method). ¢ By

difference method. ¢ From N, absorption measurement (BET method).

NiCe/Lay catalysts with different ratios. As can be seen from
Fig. 4, both the carrier and the loaded catalysts exhibit the
adsorption-resolution isotherm curves of type I and type IV,
which indicates that the catalyst system retains the special pore
structure of the Lay carrier with the presence of smaller
mesopores.®® Lay and the modified Ni-3Ce/Lay exhibit a clear
hysteresis loop around a relative pressure (P/P,) of 0.4, showing
that they have both microporous and mesoporous structures.

As indicated in Table 1, the catalyst’s specific surface area
after metal loading decreased while the pore size rose as
compared to the Lay carrier. This is due to the inclusion of
metals, some of which penetrate into the carrier or collect on its
surface, generating a degree of obstruction and a decrease in its
specific surface area. Furthermore, because the majority of the
obstructed pores are micropores, the total average pore size is
increased.®® In general, mesoporous catalysts with appropriate
pore size, volume, and specific surface area can offer conditions
for catalytic pyrolysis of bio-based macromolecules.®” The data
clearly shows that Ni-3Ce/Lay has a large specific surface area
and appropriate pore size to offer adequate conditions for the
catalytic cracking of oleic acid.

(4) NH;-TPD analysis. The acidity of the samples was
evaluated using ammonia thermal desorption (NH;-TPD).
Fig. 5 depicts the NH;-TPD curves of the Lay carrier and the
catalyst following metal loading. The solid surface acid strength
can be classed as strong (>450 °C), medium to strong
(250-350 °C), or weak (150-250 °C) based on the desorption
peak temperature. From Fig. 5, it can be seen that the catalyst
has a very wide desorption peak at 150-600 °C, indicating that
the catalyst has three different strengths of acid. According to
the related research, the acid amount of the catalyst can be
reflected by the peak area, the larger the peak area, the higher
the acid amount. The peak area was integrated and shown in
Table 2. From the table, it can be seen that the total acid
amount of the loaded bimetallic catalyst (Ni-3Ce/Lay) is larger
than the total acid amount of the loaded monometallic (Ni/Lay
and Ce/Lay). However, the peak area of the catalyst decreased
after loading compared with the carrier Lay. This indicates that
the decrease in Lewis acid content may be due to the decreases
in both pore size and specific surface area of the catalyst after
loading and the coverage of active sites.

(5) SEM analysis. Fig. 6 shows the scanning electron
microscopy (SEM) images of the carrier Lay and the catalyst

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

Table 2 Amount of catalyst acid (mg KOH per g)

Catalyst Lay Ni/Lay Ce/Lay Ni-3Ce/Lay

Total acid quantity 125.38 87.56 84.11 105.98

Ni-3Ce/Lay after loading the bimetal. The Lay molecular sieve
has a crystalline structure and an octahedral form, as seen in
the image. The crystal structure of Ni-3Ce/Lay after metal
loading is unchanged, and there are small broken particles
on the surface of the crystal, which are the loaded metal
particles, indicating that the metals are successfully loaded
on the Lay molecular sieve.

(6) TEM analysis. The transmission electron microscopy
(TEM) images of the molecular sieve Lay with catalyst Ni-3Ce/
Lay are shown in Fig. 7. The morphology matches with the SEM
observations, the crystal structure is regular in shape and clear
in outline, and the loaded metal is visible in the TEM image.

3.2. Effect of bimetallic catalysts with different loading ratios
on hydrocarbon products from co-pyrolysis of oleic acid and
methanol

The effects of Ni/Lay, Ce/Lay, and bimetallic catalysts with
different loading Ni/Ce ratios on the conversion and selectivity
of oleic acid and methanol co-pyrolysis to hydrocarbon pro-
ducts are shown in Fig. 8. The conversion of oleic acid by the
mono/bimetallic catalysts loaded with the Lay molecular sieve
was more than 99.5%, as shown in the figure, indicating that
the manufactured ones had a superior catalytic pyrolysis
impact on oleic acid. The selectivity of the products varied
greatly, which might be connected to the acidity and structure
of the catalyst. When combined with the examination of NH;-
TPD data, it suggests that catalysts with a higher acidity have a
superior catalytic activity and may boost the deoxygenation of
oleic acid more effectively, i.e. catalysts with higher Lewis and
Bronsted concentrations can greatly increase the selectivity
of the hydrocarbons (such as Ni-3Ce/Lay).The monometallic
catalysts (Ni/Lay) showed poor hydrodeoxygenation and low
C8-C17 content in the products, which indicated lower decarb-
oxylation and decarbonylation activities of Ni/Lay.®® When the
Ce metal was added to the catalyst because of the comparatively
large particle size of the Ce metal, the specific surface area and
pore volume increased throughout the modification process,

New J. Chem., 2023, 47,18272-18284 | 18277
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increasing the acid content and catalytic activity of the bime-
tallic loaded catalyst and thereby improving hydrocarbon pro-
duct selectivity. As a result, bimetallic-loaded catalysts have a
greater catalytic and selective impact than monometallic cata-
lysts and carriers.

From the picture, the hydrocarbons in the product are
olefins, alkanes, aromatics, and alkynes. The aromatics content
is relatively high and the olefin content is relatively low. When
no catalyst is added, the oleic acid only undergoes pyrolysis
at high temperatures without catalytic reforming. Thus, the
product contains more oxygenated compounds and less deox-
ygenated hydrocarbons. When a catalyst is introduced into the
reaction system, with the acidic sites participating in the
reaction, the oleic acid not only undergoes pyrolysis but also
promotes deoxygenation. Volatile gases such as CO, CO,, H,0,
CH,, and others keep oxygen out of the reaction system.®®
Doping Ni and Ce bimetals increases the number of strong
acid sites, and the synergistic impact of the two enhances the
hydrocarbon percentage in the oleic acid-cracking products.
The rise in oleic acid conversion and hydrocarbon selectivity in
the product is attributable, on one hand, to an increase of
strong acid sites and total acid quantity in the loaded catalyst
system, and on the other hand, to a change in the specific
surface area of the loaded catalyst. The BET test findings show
that the specific surface area of the loaded catalyst is lowered,
but it remains in the 200-500 m*> g~* range. This allows the
pyrolysis gas to enter the catalyst more easily and to be
catalyzed better with the right pore size.

According to the number of carbon atoms, the hydrocarbons
in cracking products can be categorized as C8, C8-C17, >C17,
where hydrocarbon products with the number of carbon atoms
corresponding to C8-C17 can be utilized as aviation fuel.”* Fig. 8b
shows the distribution of different numbers of carbon atoms. The
figure shows that the number of hydrocarbon products conform-
ing to the aviation fuel is not high without the inclusion of
catalysts, however, the addition of catalysts results in a large rise
in the content of aviation fuel in the products.

18278 | New J. Chem., 2023, 47,18272-18284

In order to provide the hydrocarbon content in the final
product as well as the C8-C17 content in the hydrocarbons, the
carrier was therefore modified using loading metals. The
synergistic effect between the Lay molecular sieve and metal
oxides leads to the formation of short-chain alkanes and olefins
to obtain small molecule hydrocarbons due to the carbon chain
breakage during the cracking process. The hydrocarbon con-
tent in the product conforming to C8-C17 is only 3.36% when
no Ce element is present, while the yield of hydrocarbon
conforming to C8-C17 reaches 75.06% over the Ni-3Ce/Lay
catalyst. The number of carbon atoms C8-C17 hydrocarbon
content increases first and then decreases with the increase of
Ce elements, which is due to the aromatization of short-chain
alkanes and olefins by cyclization of oleic acid under the action
of the active site to form aromatic hydrocarbons.®® In conclu-
sion, the inclusion of Ni metal efficiently improved the oleic
acid conversion, and the addition of Ce metal resulted in the
increased dispersion on the catalyst surface.”®

Aviation oil is composed of hydrocarbons containing differ-
ent fractions of alkanes, aromatics, and olefins, with an aro-
matic hydrocarbon content below 20% and olefin content
below 2-3%, and the number of carbon atoms in the hydro-
carbon components of aviation oil is 8-17.”7> The pyrolysis
product obtained in this study showed that the main product
C8-C17 reached 75.06%, but the aromatics content in the
product was high because a large number of alkanes were
converted into aromatics during aromatization, so the product
could not be directly used as jet fuel. If the cracking product is
to be used as jet fuel, the product can be further hydrogenated
to convert the aromatic hydrocarbons into cyclic hydrocarbons,
reducing the content of aromatic hydrocarbons. It can also be
mixed with commercial jet oil (Jet A-1) to meet the standards of
jet oil.”?

Based on the final product, this study proposes a reaction
mechanism for oleic acid cracking. Under an N, environment,
oleic acid was first pyrolyzed to short-chain olefins, alkanes,
and oxygenated molecules. Heptene, a saturated hydrocarbon

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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likely formed via the decarboxylation and decarbonylation
routes, was discovered in the products. The saturated alkanes
with C17 and C18 are perhaps due to oleic acid decarboxylation.
Furthermore, a substantial number of saturated hydrocarbons
bearing C-C single bonds were discovered in the products,
which might be attributed to the breakage of C-C bonds at the
B-position and the generation of unsaturated radicals. Oxyge-
nates are decarboxylated and decarbonylated in the presence of
catalysts to form hydrocarbons, with oxygen atoms being
removed as CO, CO,, and H,0. Methanol is dehydrated in the
presence of the catalyst to produce dimethyl ether, which
becomes the ‘“hydrocarbon pool”. Methanol and dimethyl
ether form C-C to produce olefins. Methanol provides a hydro-
gen source for the reaction product phenol hydrogenation for
aromatic hydrocarbons. Olefins are aromatized by NiCe/Lay,
and aromatic hydrocarbons are produced by the addition of
methanol, which provides methyl groups for the reaction.
Simultaneously, oleic acid and methanol were esterified to
generate methyl oleate under the action of a catalyst and at
high temperatures. The proposed mechanism is presented in
Scheme 1 together with the following reactions.

CH,0H — CO + 2H,

CH,;O0H + H,0 — CO, + 3H,

C-C and C=C bond break C-C and C=C bond break

View Article Online

NJC
CO + 3H,0 — CO, + H,
C,,H;3CO0H + CH;0H — C,,H33,COOCH; + H,0
2CH;0H — CH,OCHj; + H,0
C,gH340, + H, —» CygH3g + H,O
C18H340, + Hy = Cy7H36 + CO,

C1gH340, + Hy — Cy7H3e + CO + H,0

3.3.
upgrading of oleic acid and the method

Effect of process parameters on catalytic co-pyrolysis

Using Ni-3Ce/Lay as a catalyst, the impacts of catalytic pyrolysis
process parameters such as pyrolysis temperature, catalytic
temperature, oleic acid to methanol ratio, and catalyst dose
on the co-pyrolysis of oleic acid and methanol were examined.

According to Fig. 9, as the gradual increase of temperature
increases, oleic acid is almost completely transformed, but the
content of hydrocarbon compounds decreases. As shown in
Fig. 9, increasing the pyrolysis temperature from 500 °C to
600 °C reduced the percentage of hydrocarbon components
from 92.77% to 16.05% while increasing the content of
oxygenated compounds from 7.23% to 83.95%. The rise in

S
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Scheme 1 Bimetallic catalyst-catalyzed oleic acid pyrolysis reaction pathway.
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30 min, catalyst dosage = 1 g, feedstock injection volume = 0.5 mL min™%, OA to methanol ratio = 1:5.)

temperature at 450-500 °C promotes the removal and decar-
boxylation process, resulting in the secondary breaking of long-
chain molecules to create CO, CO,, and other gases.”* The
increase in temperature at 500-600 °C suppresses the effect of
hydrodeoxygenation, and reduces the hydrocarbons in the
product. But as the pyrolysis temperature increases, the alkyne
content in the hydrocarbon content rises accordingly. This is
because the isomerization of gases during the pyrolysis process
is a heat-absorbing reaction, yet the reaction will be impeded if
the temperature is too high.

Fig. 10(a and b) depicts the impact of the alcohol-oil ratio on
oleic acid conversion and product selectivity. As seen in the
graph, the alcohol-oil ratio has a minimal influence on
the oleic acid conversion but has a considerable effect on
selectivity. The increase in the alcohol-oil ratio enhanced the
selectivity of oleic acid hydrocarbon conversion, which is
attributable to the hydrogen supply given by methanol for the
oleic acid conversion process. The greater the alcohol-oil ratio,
the more methanol is replenished and the viscosity in the
reaction system is reduced.””> However, excess methanol dilutes
the catalyst and affects its participation in the reaction, while a
large amount of methanol prevents the interaction between the
catalyst and the oleic acid by shielding the active site.”®

18280 | New J. Chem., 2023, 47,18272-18284

Fig. 10(c and d) depicts the influence of catalyst dose on
oleic acid conversion and product selectivity. As seen in the
figure, increasing the catalyst dose from 0.5 to 1 g enhanced the
selectivity of hydrocarbons in the products due to the increase
in catalyst, which increased the number of active sites partici-
pating in the reaction.”” However, the hydrocarbon selectivity
decreased instead with a further increase in the catalyst dosage.
This may be due to the fact that some active sites were shielded
due to carbon accumulation and agglomeration of catalysts at
high temperatures during the catalytic process, which resulted
in fewer catalysts actually participating in the catalysis and thus
affecting the catalytic effect.

3.4. Stability and deactivation analysis of catalysts

The industrial usage of catalysts must include catalyst stability
and recoverability. Hence, the influence of catalyst cycle number
on the catalytic conversion of oleic acid and methanol co-pyrolysis
was explored, and the causes of catalyst deactivation were
investigated. Ni-3Ce/Lay catalysts were reused under the follow-
ing conditions: pyrolysis/catalytic temperature 500/500 °C,
catalyst dose 1 g, alcohol-oil ratio 1:5, feed rate following the
reaction, the spent catalyst was washed with ethanol, vacuum-
dried, and then calcined in a tube furnace at 550 °C for 4 hours

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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to remove residual organic matter, allowing the catalyst to be
regenerated and utilized in the next test under the identical
reaction circumstances. The conversion of oleic acid and hydro-
carbon products (C8-C17) was reduced somewhat after the
catalyst was reused three times, as shown in Fig. 11, but the

Il Conv.[ | cHs [l c8-c17

100

=) ®
=] =]

£y
]

Product peak are (%)

Ist 2st
Fig. 11 Reusability performance of the Ni-3Ce/Lay.

3st
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decline was not significant, and the reuse effect was satisfactory.
The conversion of oleic acid by a fresh catalyst, a single catalyst,
and two catalysts was 100%, 98.5%, and 93.8%, respectively.
After three applications, the catalyst’s selectivity for hydrocar-
bons (C8-C17) and oxygen removal was reduced by 9.24% and
4.74%, respectively. It is likely that coking clogged parts of the
catalyst’s pores and acidic sites.®”

Fig. 12 and 13 show the results of TGA and SEM analysis
done on the catalysts used to determine the cause of the
reduction in activity.

Fig. 12 shows how the TGA/DTG measurement was used to
assess the amount of coking deposition on the catalyst after
usage. The material lost bulk in two distinct locations. The first
mass loss was attributable to the physisorption of water (below
200 °C). The burning of organic waste and the breakdown of the
deposited coke cause the second mass loss, which occurs
between 400 and 600 °C. The mass loss rate of the used catalyst
is higher than that of the fresh catalyst, as seen in the figure
due to the coke deposition after usage.

Fig. 13 depicts the SEM of the Ni-3Ce/Lay catalyst before and
after usage. As seen in the picture, the used catalyst agglo-
merated more than the fresh catalyst, while the produced
coke roughened the surface and damaged part of the crystal

New J. Chem., 2023, 47,18272-18284 | 18281
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structures of the used catalyst, resulting in a modest drop in the
catalytic activity.

The study shows that under the condition of using methanol
as an external hydrogen source, it still has a high conversion
rate and product selectivity, which improves the safety of the
reaction system. Secondly, the catalytic pyrolysis part of the
traditional pyrolysis process is more serious, so adding metha-
nol reduces the carbon deposition, extends the life of the
catalyst, and ensures the continuity of the reaction.”®

4. Conclusion

The impregnation method was utilized to create monometallic
catalysts (i.e., Ni/Lay, Ce/Lay) and bimetallic xNiyCe/Lay cata-
lysts with varying ratios using a Lay molecular sieve as the
carrier. The impacts of various catalysts on oleic acid and
methanol co-pyrolysis conversion were explored, as were the
effects of different process parameters on the oleic acid con-
version rate and product selectivity. A reaction mechanism for
oleic acid and methanol co-pyrolysis was developed. Because of
the synergistic effect of Ni-Ce and the superior performance
of the Lay carrier, the Ni-3Ce/Lay catalyst demonstrated
remarkable catalytic pyrolysis ability and great selectivity for
hydrocarbon products. The addition of Ce improved the Ni
dispersion and stability, as well as the pore size and specific
surface area, leading to an increase in the total acid value and
reactivity. At a pyrolysis temperature of 500 °C, a catalytic

18282 | New J. Chem., 2023, 47,18272-18284
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temperature of 500 °C, a catalyst mass of 1 g, and an alcohol-
to-oil ratio of 5:1, the oleic acid conversion was 100% and
hydrocarbon selectivity was 92.77%, with 75.06% for 8-17
carbon atoms. Aviation fuel is a hydrocarbon composed of
different proportions of alkanes, aromatics and olefins, in
which the aromatics content is less than 20%, the olefin
content is less than 2% ~ 3%, and the number of carbon atoms
is mainly distributed in 8-17. The main product obtained in
this study, C8-C17, is similar to jet fuel. However, because of
the high aromatics content in the product, it cannot be directly
used as jet fuel, so further hydrogenation or mixing with other
jet oil is needed to meet the requirements. This study offers an
alternative for the development and use of alternative biomass
like fats and oils. With high specific surface areas, the pro-
duced NiCe/Lay can serve as adsorbents for environmental
applications’®®! or functional polymer nanocomposites.®*>
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