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Solid Acid Catalyst WOs3-ZrO; for the Catalytic
Deoxygenation of Jatropha Oil for the Preparation of
Aviation Paraffin

Jiayu Lin,2 Jin Li,®* Shiyun Zhou,? Yang Cao,” Shurong Wang,? and Jiao Jiang?

WOs-ZrO2 solid acid catalysts were prepared by the impregnation method
and characterized by X-ray diffraction (XRD), transmission electron
microscope (TEM), Brunauer-Emmett-Teller (BET), and pyridine adsorbed
IR spectroscopy (Py-IR). The -catalysts were used for catalytic
deoxygenation of Jatropha curcas oil. The optimal conditions for the
deoxygenation of the generated oil were obtained by response surface
methodology based on Box-Behnken four-factor experiments. Response
surface methodology (RSM) was applied while determining the optimal
conditions for the Jatropha oil deoxygenation percentage. The rate was
calculated based on Box-Behnken four-factor experiments, with reaction
temperature, catalyst amount, reaction time, and reaction pressure as
independent variables and the deoxygenation of Jatropha curcas oil as
response values. The optimal reaction conditions obtained were a
temperature of 370 °C, pressure of 2 MPa, time of 7 h, and catalyst amount
of 0.22 g. The deoxygenation percentage of the generated oil under the
optimal conditions was 95.1%, which was close to the theoretical value,
indicating that the model was reliable. The generated oil contained more
jet fuel components, with 68.1% C8-C16, 12.0% isoalkanes, 14.2%
cycloalkanes, and 8.9% aromatic compounds under the optimum
conditions. This study provides an effective and simple method for
preparation of bio-aviation fuel.
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INTRODUCTION

Global energy consumption is projected to rise to 50% by 2050 (Kim et al. 2021).
The increasing use of fossil energy sources leads to gigantic amounts of greenhouse gas
emissions and a series of environmental problems (Xu et al. 2018; Wang 2019). Research
in exploring the application of biomass energy has continuously gained importance due to
the shortage of fossil energy and the rise of crude oil prices (Yang and Dian 2022).
Meanwhile, as one of the major fossil energy source consumers, the air transport industry
urgently requires a more efficient and economical alternative source of energy to achieve
a sustained and rapid development, which creates a promising prospect for biofuels usage
(Nygren et al. 2009). Non-edible fats and oils for bio-airline kerosene development can
reduce the dependence on petrochemical energy, and they have significance for improving
the environment and increasing farmers’ income (Islam et al. 2018; Doliente et al. 2020).
Jatropha oil is widely distributed in most parts of the world, such as Africa, Australia, the
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United States, China, India, and so on (Kumar et al. 2010; Verma et al. 2015). To partially
replace the traditional fuel consumption and reduce the pressure of fossil energy, biofuels
development is in urgent demand. Jatropha oil is considered as a promising alternative for
sustainable energy. For meeting the requirements of aviation fuel, our team converted
Jatropha oil into hydrocarbons through catalytic deoxygenation.

The deoxygenation pathways of biomass oil are mainly decarbonylation (DCO),
decarboxylation (DCO2), and hydrodeoxygenation (HDO) (Gosselink et al. 2013;
Stepachevaet al. 2021). These HDO reactions of bio-oil are enhanced by noble metals such
as Pd, Pt, Rh, and Ru, which are mainly supported on carbon, in addition to ZrO2, CeO2
and TiOz, which also show high HDO activity (Mortensen et al. 2011; Wang et al. 2013;
Zacher et al. 2014; Patel and Kumar 2016), but its high cost limits its industrial application.
Researchers have focused their efforts on transition metal catalysts in order to find catalysts
that can replace sulfide catalysts and reduce the use of precious metal catalysts. Zhu et al.
(2021) prepared CNi/bentonite catalysts and used them for partial hydrogenation of
jatropha oil, which significantly improved the oxidative stability of biodiesel with a mass
conversion ratio of C18:2 up to 75%. Yang et al. (2021) synthesized a series of Pt/SAPO-
11-y-Al203 catalysts with excellent coke resistance for the deoxygenation reaction of
jatropha oil. These approaches provided an effective strategy for refining bio-airline fuel.
Tang et al. (2022) prepared a series of NiMoP catalysts with different carriers to investigate
the hydrodeoxygenation (HDO) reaction of jatropha oil reaction pathway and catalytic
mechanism. WOs-ZrO2 is an emerging solid acid catalyst that does not lose acidic
components during use because it does not contain elements such as chlorine (Cl) and
sulfur (S). It has good thermal stability. Wang et al. (2020b) prepared a series of Ni-Cu
catalysts loaded on WQOs-ZrO2 for the hydroisomerization of isobutane to n-butane. The
loading of Ni-Cu alloy increased the number of acidic sites and improved the stability and
selectivity of the catalyst for n-butane. Zerva et al. (2021) investigated the use of 10%
Ni/ZrO2 for HDO experiments of phenol, while adding WOs to ZrO2 to enhance the acidity
and successfully achieved complete hydrodeoxygenation of phenol and was able to
generate cyclohexane at low temperature (150 °C). Most of the current research on solid
acid catalysts has been mainly applied to reactions such as esterification reactions,
isomerization of alkanes, and photocatalytic reactions (Lee et al. 2017; Samy et al. 2020;
Shkurenok et al. 2021), with less application in actual bio-oils.

In this paper, WOz3-ZrO2 solid acid catalysts were prepared by the impregnation
method. The prepared catalyst was thereafter characterized by X-ray diffraction (XRD),
transmission electron microscope (TEM), Brunauer-Emmett-Teller (BET), and pyridine
adsorbed IR spectroscopy (Py-IR) and used for the catalytic deoxygenation of Jatropha
curcas oil. By response surface methodology, four conditions of reaction temperature,
reaction pressure, reaction time, and catalyst amount were optimized, and the possible
causes of component content and formation in the resulting oil were evaluated.

EXPERIMENTAL

Reagents and Instruments

Jatropha curcas oil was provided by the Hainan Danzhou Jatropha Oil Processing
Plant. Ammonium metatungstate hydrate and zirconium hydroxide (V) were purchased
from Shanghai Maclean Biochemical Technology Co., Ltd. (Shanghai, China). Nitrogen
(N2, 99.999% v/v) and hydrogen (Hz, 99.999% v/v) were supplied by Haikou Jiateng
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Chemical Gas Co. (Haikou, China). The YZMR-2-100-D(M) Parallel Autoclave was
supplied by Shanghai Yanzheng Instruments Co., Ltd. (Shanghai, China).

Catalyst Preparation

First, 0.43 g of ammonium metatungstate hydrate was added to 10.00 g of ultrapure
water and stirred to dissolve. Next, 3.00 g of zirconium hydroxide (IV) was added to the
aqueous ammonium metatungstate solution, macerated, stirred at room temperature for 12
h. Finally, the material was dried in an oven at 110 °C for 12 h, ground, and calcined in a
muffle furnace at 800 °C for 3 h to obtain the catalyst WOs-ZrOx.

Catalytic Deoxygenation Reaction Experiment

All experiments were carried out in a stainless steel high-pressure parallel reactor
equipped with a mechanical stirrer and an automatic temperature control system. The
jatropha oil and the catalyst were mixed evenly in the autoclave at a ratio of 50:1, and the
air in the reactor was replaced by nitrogen. This was repeated three times, and the nitrogen
in the reactor was replaced by hydrogen, which also was repeated three times. After the
replacement gas was exhausted, the air-tightness of the autoclave was checked by feeding
H2 again for 20 min. Finally, the pressure required for the reaction was fed, and the reaction
temperature and time required for the experiment were set, and the rotation speed was set
at 500 rpm. After the reaction was completed, the autoclave was rapidly cooled to room
temperature, and the resulting oil was centrifuged. The resulting oil was filtered through a
0.45 um filter membrane and analyzed by GC-MS.

Characterization Methods

XRD was performed for the physical phase identification of the catalyst, operating
at 40 kV, 100 mA, and a large angle test rate of 10°/min (D8 Advance x-ray diffractometer,
Bruker, Karlsruhe, Germany). TEM was used to characterize the morphology of the
catalyst, operating at 200 kV (FEI Tecnai G2 F20 S-Twin 200kV transmission electron
microscope, Hillsboro, OR, USA). The surface area and pore size distribution of the
catalyst were determined by Brunauer-Emmett-Teller method (Li et al. 2020). Py-IR test
conditions were vacuum treatment at 350 °C for 2 h, adsorption of pyridine saturated vapor
at room temperature for 30 min, then programmed to 200 °C to desorb pyridine, followed
by programmed heating to 350 °C to desorb pyridine (PE FT-IR frontier pyridine infrared
absorption test, PerkinElmer, Waltham, USA). GC-MS analysis of the resulting oil was
performed using an HP-5MS column with test conditions of holding at 50 °C for 5 min, a
splitting ratio of 20:1 and a carrier gas flow rate of 1 mL/ min, ramped up to 300 °C at
60 °C/min and held for 5 min (7890A-7000B gas chromatograph mass spectrometer,
Agilent Technologies, Santa Clara, USA).

The selectivity of deoxygenation products (So) and Cxi-Cxn in Jatropha curcas oil
was determined by using Egs. (1) and (2).

So (%) = (W2/W1) x 100 % 1)
Scxi-cxn (%) = (WCxl-an/Wl) x 100 % (2)

where W1 is the total peak area of all compounds in the generated oil, Wz is the sum of peak
areas of the non-oxygenated compounds in the generated oil, and Wcxi-cxn is the sum of
peak areas of compounds with carbon chain lengths xi1 though xn.
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RESULTS AND DISCUSSION

Catalyst Characterization
XRD analysis

Figure 1 shows the XRD pattern of the prepared WOs-ZrO: catalyst. The WOs-
ZrO: catalyst was synthesized after calcination at 800 °C. Comparison of the sample
spectra with PDF standard cards (80-0784 and 72-1465) showed characteristic diffraction
peaks for the tetragonal phase ZrO: at 26=30.24°, 35.27°, 50.26°, and 60.20°. The
characteristic diffraction peaks for the WOs crystals were 260=23.15°, 23.61°, and 24.37°.
When the WOs loading was 15%, the ZrO: crystals were in tetragonal crystalline phase,
and the presence of WOs inhibited the transformation of Zr(OH)4 to monoclinic crystalline
phase ZrO: due to water loss during calcination. Thus, the formed ZrOz was all in
tetragonal crystalline phase (Tong et al. 2016).
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Fig. 1. XRD pattern of WOz-ZrO: catalyst

TEM analysis
Figure 2 shows the TEM image of 15% WOs-ZrO2 obtained by roasting at 800 °C.
Zr(OH)4 was in a granular crystalline state after roasting at 800 °C.

Fig. 2. TEM and HRTEM image of WO3-ZrO>
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The prepared tungsten-zirconium oxides were all nanoscale, with less
agglomeration of particles and more sparsely dispersed. Clearly ordered lattice intervals
were observed under the high-resolution images, with a uniformly ordered surface
topology and lattice gap widths of 0.2718 to 0.3037 nm.

BET analysis

Figure 3 shows the N2 isothermal adsorption-desorption curve of 15% WOs3-ZrOz.
The results showed a type IV adsorption isotherm with an H3 hysteresis loop, which was
classified as a mesoporous material according to IUPAC. No adsorption saturation was
observed at higher pressures (Jing et al. 2009), which was probably due to the buildup of
nanomaterials, corresponding to Fig. 3. The specific surface area, pore capacity and pore
size of the samples were calculated from the BET and BJH equations to obtain Table 1.
The 15% WOs3-ZrO:2 prepared in this paper had a better specific surface area, larger pore
capacity, and moderate pore size compared to WO3-ZrO: prepared in other literature.
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Fig. 3. (a) N2 isotherm adsorption-desorption curve and (b) pore size distribution of WOz-ZrO>

Table 1. N2 Adsorption and Desorption Data of 15% WO3-ZrO:2

Samples Sset (M2/Q) Vean (CMa/Q) DgJn (nm)
ZrO2 (Pattnaik et al. 2021) 93.50 - 6.50
WOQO3-ZrO2 (Pattnaik et al. 2021) 56.60 - 11.60
m-ZrO2 (Salgado et al. 2021) 56.00 0.28 19.00
10% WOs-ZrO2 (Salgado et al. 2021) 82.00 0.21 9.90
WO3-ZrO2 (Wang et al. 2020a) 67.69 0.12 7.60
WO3-ZrO2 (Dedsuksophon et al. 2011) 92.00 0.19 3.40
15 % WOs3-ZrO2 (Present study) 84.42 0.35 10.60
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Py-IR analysis

Figure 4 shows the pyridine-adsorbed region of the infrared spectrum of WOs-
ZrOz2. The IR peaks were assigned to pyridine molecules containing Bronsted and Lewis
acid sites: 1541 cm™ (BAS), 1488 cm™ (BAS or LES), and 1446 cm™ (LES) (Lercher et
al. 1996; Halim et al. 2009). Similar to what was reported in literature (Jing et al. 2009),
the pyridine infrared adsorption of ZrO2 was only composed of the band at about 1450
cm?, indicating that the introduction of WOs introduced the Bronsted acid sites to ZrOa.
The number of Bronsted acid sites depends directly on the WOs content (Piva et al. 2020).
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Fig. 4. WOs-ZrO2 weight normalized IR spectrum (pyridine IR region)

Table 2 shows the detailed characterization data for the quantification. Bronsted
and Lewis acids were present simultaneously at 200 °C, and the peak intensity showed
more Lewis acid sites than Bronsted sites. At 350 °C the Lewis acid peak decreased sharply
to none, while the Bronsted acid peak decreased slightly. The results indicate a moderate
acid intensity at the Lewis site on WOs-ZrO2 and a strong acid intensity at the Bronsted
site, which suggests a synergistic effect between the Bronsted and Lewis acid sites in WOs-
ZrO2. The intensity of each peak is proportional to the concentration of the particular type
of surface acid site.

Table 2. Acidity Properties of WO3-ZrO2

200 °C/(mmol/g) 350 °C/(mmol/g)
Bronsted Lewis Bronsted Lewis
0.0078 0.0173 0.0056 0.0000

Experimental Analysis of the Box-Behnken Design
Experimental design and results

According to the Box-Behnken design principle, the four factors of reaction
temperature (A), reaction pressure (B), reaction time (C), and catalyst amount (D) were
selected as independent variables to design response surface orthogonal experiments with
the deoxygenation percentage of Jatropha curcas oil as the test index. The experimental
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components were 24 factor analysis test groups and 5 error estimation test groups. The
experimental factors and levels were designed as shown in Table 3, and the experimental
sequence was randomized to reduce the influence of uncontrollable factors (Abdulgader et
al. 2019). The experimental design and results are shown in Table 4.

Table 3. Coding Levels of the Factors in the Experimental Design

. Level

Factors Variables 1 0 1

Reaction temperature (°C) A 350 360 370

Reaction pressure (MPa) B 2 3 4

Reaction time (h) C 4 6 8

Amount of catalyst (g) D 0.1 0.2 0.3

Table 4. Response Surface Experimental Design and Results
Level
Serial Reaction Reaction . Deoxygenation
Number | Temperature Pressure ?_eactu;]n Catalyst Amount (%)
-0) (MPa) ime (h) )
1 350 2 6 0.2 84.68
2 370 2 6 0.2 94.97
3 350 3 6 0.3 85.73
4 360 3 6 0.2 92.28
5 360 2 6 0.3 92.28
6 350 4 6 0.2 86.67
7 360 3 6 0.2 92.33
8 360 4 4 0.2 92.15
9 360 2 4 0.2 91.55
10 370 3 6 0.1 93.76
11 360 3 4 0.1 91.02
12 360 4 8 0.2 92.57
13 360 4 6 0.1 92.14
14 370 3 4 0.2 93.87
15 360 4 6 0.3 93.35
16 350 3 4 0.2 85.25
17 370 3 6 0.3 94.72
18 360 3 8 0.1 91.97
19 350 3 8 0.2 86.48
20 360 3 8 0.3 92.53
21 360 2 8 0.2 92.91
22 360 3 6 0.2 92.85
23 370 3 8 0.2 94.17
24 370 4 6 0.2 93.85
25 360 2 6 0.1 92.13
26 360 3 6 0.2 93.60
27 360 3 6 0.2 92.99
28 360 3 4 0.3 92.21
29 350 3 6 0.1 85.06
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Regression equation and parameter analysis

Based on the Box-Behnken design principle, the deoxygenation percentage of the
resulting generated oil was made to fit the generated oil deoxygenation percentage (Y)
and the variables to each other through multiple regressions by Design-Expert 8.0.6.1
software (Xiao et al. 2021). Design-Expert 8.0.6.1 software determined and evaluated the
coefficients and statistical significance of the complete regression model equation to
establish the effect of Y on quadratic mathematical models for reaction temperature (A),
reaction pressure (B), reaction time (C), and catalyst amount (D), with positive signs
before each coefficient indicating synergistic effects and negative signs indicating
antagonistic effects. The quadratic mathematical regression equation is as follows.

Y=92.81+4.29 A+0.18 B+0.38 C+0.39 D-0.78 AB-0.23 AC+0.072 AD-0.24 BC+0.26
BD-0.16 CD-2.59 A%-0.083 B2-0.40 C2-0.38 D?

As shown in Table 5, the reliability of the model can be obtained from the
coefficient of variation, which is negatively correlated with the reliability, with an upper
limit of 10%.

Table 5. Mathematical Model R? Regression Analysis

Coefficient of R? R? Calibration R? Predicted Signal to
Variation (%) Values Values Noise Ratio
0.39 0.9935 0.9869 0.9803 39.376
Table 6. Mathematical Model Analysis of Variance
Sou_rce of Sumof | Freedom Mean F-value P-value |Significance
Variance squares Square
Model 272.62 14 19.47 152.08 < 0.0001 Significant
A 220.76 1 220.76 1724.13 < 0.0001
B 0.41 1 0.41 3.18 0.0963
C 1.75 1 1.75 13.65 0.0024
D 1.87 1 1.87 14.62 0.0019
AB 2.42 1 2.42 18.88 0.0007
AC 0.22 1 0.22 1.69 0.2148
AD 0.02 1 0.02 0.16 0.6914
BC 0.22 1 0.22 1.73 0.2101
BD 0.28 1 0.28 2.19 0.1607
CD 0.10 1 0.10 0.77 0.3936
A2 43.44 1 43.44 339.28 < 0.0001
B? 0.04 1 0.04 0.35 0.5645
C? 1.06 1 1.06 8.28 0.0122
D? 0.92 1 0.92 7.19 0.0179
Residuals 1.79 14 0.13
tf;;ozfe ditems | 062 10 0.06 0.21 0.9784 Sigr']\i'f‘i’éam
Error term 1.17 4 0.29
Total error 274.41 28
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The coefficient of variation of the generated oil deoxygenation percentage in this
experiment was 0.39%, which indicates a high reliability. R? is the fit of the quadratic
mathematical model of the reaction, and the closer the R? value is to 1, the better the fit
is. The average prediction error of the model can be seen from the signal-to-noise ratio
data, and the lower limit is 4. The signal-to-noise ratio of this experiment was 39.376, and
the model fits well within the designed range.

The variance data for the response surface quadratic mathematical model are shown
in Table 6, and the significance of the model and factors were examined using P values,
with P<0.05 being a significant effect and P<0.01 being very high significance (Qian et al.
2014). The model p-value < 0.0001, the model regression term was significant, and the
out-of-fit to P=0.9784>0.05 was not significant, indicating that the experimental results fit
well with the mathematical model.

The F-value indicates that the response surface data can be illustrated by the data
of the regression equation. The larger the F-value indicates more significant results, and
when the F-value increases to a certain value (P<0.0001), the stronger the linear correlation
is demonstrated. By analysis, the order of influence of the four factors on the
deoxygenation percentage of the generated oil was reaction temperature > catalyst amount
> reaction time > reaction pressure.

Response surface analysis

The three-dimensional response surface diagram can visually display the trend of
the influence of the interaction of different influencing factors on the response value and
the change range of the response value. As shown in Fig. 5, the effect of temperature on
the response value was the greatest. With the temperature increasing, the generated oil
deoxygenation was the first to increase and then stabilize. At the same temperature, the
deoxygenation increased with increasing pressure, but it decreased with increasing
pressure at higher temperatures. The deoxygenation increased first and then tended to be
constant with increasing reaction time, but it was found that the yield of produced oil
decreased and coke increased with increasing reaction time during the experiment.

The data of 29 experiments were statistically analyzed by Design-Expert 8.0.6.1
software to obtain the optimum conditions for four factors. The optimum reaction
conditions were a temperature of 369.6 °C, pressure of 2 MPa, time of 6.9 h, and catalyst
amount of 0.22 g. In these conditions, the deoxygenation percentage of Jatropha oil was
95.1%.

Due to experimental constraints, the optimum parameters were modified to a
temperature of 370 °C, pressure of 2 MPa, time of 7 h, and catalyst amount of 0.22 g. Three
parallel experiments were conducted, and the deoxygenation percentages of Jatropha oil
were 94.9%, 95.3%, and 95.0%, with an average value of 95.1 %. Because this result was
similar to the predicted value, the model was reliable.

Generating Oil Composition Analysis

Jatropha oil contains 78.9% unsaturated acids (Sarin et al. 2007) with a high
oxygen content, and the resulting oil obtained by catalytic deoxygenation has a
significantly lower oxygen content. It consists mainly of C7-C20 hydrocarbons (>80%)
and a small amount of oxygenated compounds (<16%).
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Fig. 5. Response surface curves for different variables

Figure 6 shows the content of oxygenated compounds decreased with increasing
hydrogen pressure at the same temperature. As the content of isoparaffins increased, the
content of straight chain alkanes increased, and the content of cycloalkanes and olefins
decreased. The content of C8-C16 at different hydrogen pressures was above 60%. The
generated oil contained a large amount of aviation kerosene components. The Py-IR
analysis shows that WOs-ZrO2 was a solid acid catalyst containing Bronsted and Lewis
acid sites. The interaction of the triglyceride molecule with the surface Lewis acid can
largely promote the activation of the C-O bond and inhibit the cleavage of the C-C bond.
The data in Fig. 7 show that no isoalkanes were produced at hydrogen pressure of 1 MPa,
and the isoalkanes increased and then decreased with increasing hydrogen pressure. Pérez
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et al. (2017) suggested that saturated isomeric alkanes may be formed by
hydroisomerization of olefins, and the isomerization process depends on Lewis acid sites
(Juan et al. 2018). Han et al. (2011) suggested that weak and medium acid sites are
favorable for isomerization reactions, and the key step is the formation of branched
alkylcarbonium ions. The increase of isomeric alkanes was beneficial to increase the
fluidity of the generated oil at low temperature and to reduce the viscosity of the generated
oil, which has an important role in improving the quality of aviation kerosene.

I cs-c16 [l Straight chain alkanes [l isomeric Alkanes [ll] Cycloalkanes [l Olefins [l ics [l Oxyg:

o = o o o o
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Fig. 6. Distribution of product components of oil generated at different pressures at 360 °C

As shown in Fig. 7, the deoxygenation percentage of jatropha oil increased with the
increase of temperature, while the effect of pressure on the deoxygenation of jatropha oil
was not obvious. With the increase of temperature, the content of oxygenated compounds
decreased, and the content of straight-chain alkanes and cycloalkanes increased. C8-C16
was mainly obtained from C15-C18 by C-C bond cleavage during the reaction process.
The increase of temperature was favorable to the C-C bond cleavage, and some long-chain
alkanes were broken into short-chain alkanes, making the content of C8-C16 increase. The
content of C7-C18 alkanes in the generated oil was 90.34%, 90.74%, and 90.30% with the
increase of temperature, respectively. Among the alkanes, C7-C14/C15-C18 were 0.87,
0.95, and 1.45, respectively, and the ratio increased with the increase of temperature. This
data suggests that there was a cleavage of long-chain alkanes into short-chain alkanes,
which showed a positive correlation with the strong acid site of the catalyst, indicating that
the strong acid site favors the cleavage reaction (Peng et al. 2012; Shim et al. 2015). The
isoparaffin content increased significantly at increasing temperature, reaching 12.0% at
370 °C and 14.2% at cyclic alkanes, with better mobility of the resulting oil. A certain
amount of naphthenic hydrocarbons is beneficial to lower the freezing point of the
generated oil, so that the generated oil still has good fluidity at lower temperatures and
improves the quality of aviation kerosene.
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Table 7. Analysis of the Main Components of the Generated Oil

] Area (%)
Grouping
350 °C 360 °C 370 °C

2,4-Dimethylheptane - - 6.49

Octane 4.01 4.04 -
Nonane 4.63 3.77 4.97

Decane 3.03 - -
3,5-Dimethyloctane - 3.42 4.51
Undecane 3.34 3.89 4.72
Dodecane 3.39 4.35 4.02
Tridecane 2.89 3.63 3.14
Tetradecane 2.72 3.74 2.94
Pentadecane 10.91 13.59 7.74
Heptadecane 3.01 4.11 2.73
Heptadecane 14.31 5.96 12.72
8-Heptadecene 3.48 0.54 1.31
n-Heptadecanol - 0.29 1.36
Undecylcyclohexane 5.84 5.17 5.91
Octadecane 1.38 2.03 0.69
Dodecylbenzene 2.33 1.43 0.58
4-Dodecylphenol 4.57 1.94 1.08

As shown in Table 7, based on the product distribution obtained by GC-MS mass
spectrometry, the main products obtained during the conversion of jatropha oil were
straight chain alkanes from C8 to C17 (octane, nonane, undecane, dodecane, tridecane,

tetradecane, pentadecane,

hexadecane,

heptadecane), 3,5-dimethyloctane, and
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undecylcyclohexane. The predominantly saturated alkanes in the resulting oils indicate that
the unsaturated C=C bonds in jatropha oils (e.g., oleic and linoleic acids) were fully
hydrogenated. The hydrocarbon content of the generated oil was mainly pentadecane and
heptadecane, indicating a predominantly DCO/DCO: reaction (Maki-Arvela et al. 2008;
Hollak et al. 2012), with heptadecane as the major component, indicating a predominantly
decarbonylated route of deoxygenation.

CONCLUSIONS

1. The prepared WOs-ZrO2 was characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM), adsorption of cold nitrogen gas (BET), and pyridine
adsorbed IR spectroscopy (Py-IR). The results showed that 15% WOs-ZrO2 solid acid
catalyst was well prepared, and the introduction of WO3 provided a Bronsted acid site
for ZrOo.

2. The order of the effect of WO3-ZrO2 on the deoxygenation of the generated oil was
obtained by response surface methodology: reaction temperature > catalyst amount >
reaction time > reaction pressure. The optimum reaction conditions were a temperature
of 370 °C, pressure of 2 MPa, time of 7 h, and catalyst amount of 0.22 g. Under the
optimal conditions, the deoxygenation percentage of the generated oil was 95.1%,
which was close to the theoretical value, showing that the model is reliable.

3. The catalytic deoxygenation effect of WO3-ZrOz on Jatropha oil was mainly affected
by temperature. The C8-C16 content of the resulting oil obtained by the GC-MS area
normalization method under the optimal conditions was 68.1%, and the isoparaffin
content was 12.0%. The naphthenic content was 14.2%, the aromatic compound is
8.91%, and it contained a large amount of aviation kerosene components.
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