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Highlight

Hydroconversion of Jatropha oil into iSo-paraffin was achieved in one catalytic step.
The medium acid sites in SAPO-11 increased with the increase of Si/Al ratio.
Hydrotreatment of Jatropha oil were performed at various LHSV and Si/Al.

The mechanism of hydroconversion of methyl oleate was investigated.

A reaction network for hydroconversion of Jatropha oil was suggested.

Abstract

A series of Pt/SAPO-11 catalysts were prepared with various Si/Al ratios and Pt loadings and
characterized by using BET, XRD, XRF, and CO pulse adsorption, as well as 29Si NMR and NH3-TPD
techniques. Their catalytic performances in hydroconversion of Jatropha oil were tested with a fixed-bed
flow reactor system. The isomerization activity increased with the Si/Al ratio because there were more
medium acidic sites on the SAPO-11 supports. Pt/SAPO-11 catalysts with a Si/Al ratio of 0.4
demonstrated high activity for both deoxygenation and isomerization among catalysts with the same Pt
loading. The deoxygenation, isomerization and cracking activities strongly depended the on Pt loading.
The best activity was observed for the sample with a 3 wt% Pt loading, which generated an 83 % yield
of is0-C15-18 hydrocarbons under the LHSV of 0.5 h"'. Based on the mechanistic study of
hydroconversion of methyl oleate, a reaction network for the hydroconversion of Jatropha oil was

suggested.
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1. Introduction

Because of the declining availability of petroleum resources, environmental pollution, and
increased demand for fuels, the development of renewable bio-fuels has become increasingly important.
Biodiesel is a liquid fuel with combustion properties similar to petroleum diesel, but it is essentially free
of sulfur, making it a cleaner burning fuel than petroleum diesel [1]. Among the transformation
technologies utilized to produce biodiesel, transesterification, catalytic cracking and hydroprocessing
remain the most heavily researched. Currently, FAMEs (Fatty Acid Methyl Esters), which are produced
by transesterification, are frequently used as a component in diesel blends [2]. However, because
FAMEs have unsaturated bonds and approximately 10 wt% oxygen content, their blending volume is
limited. Catalytic cracking, could achieve complete deoxygenation, yield low diesel fraction
hydrocarbons and the formation of products with high olefin and aromatic compound content [3].
Consequently, hydroprocessing is importance for the development of technologies that facilitate for the
utilization during the production of renewable bio-fuels [4,5].

The Hydrotreatment of vegetable oils content two principal reactions: hydrodeoxygenation and
isomerization. Many researchers have investigated the hydrodeoxygenation of vegetable oils, such as
palm oil [6], rapeseed oil [7-10], sunflower oil [11,12], and Jatropha oil [13,14], over conventional
hydrotreatment catalysts, such as sulfided NiMo/Al,O3;, CoMo/Al,03, and NiW/Al,Os3. Additionally,
PtPd/Al,O3 [15], CoMo/Carbon [16,17], and Pd/Carbon [18-20] have exhibited desirable deoxygenation
activity to yield high amounts of hydrocarbons. However, these liquid hydrocarbon products consisted
primarily of Cs - C;s n-alkanes. This group of alkanes demonstrates unfavorable cold flow properties
(cloud point: 15-21 °C), which strictly limit their application.

The isomerization of n-paraffins is a feasible and promising method to improve cold flow
properties in the petroleum industry [21,22]. The hydroisomerization of deoxygenated vegetable oils

over Pt/Zeolite catalysts has been reported [23]. Although high-quality products (CFPP: -20 ~ -15 °C;
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cetane number > 80) were obtained, cost of using a two-step process is quite high. Therefore, it is
necessary to enact the conversion of vegetable oil into iSo-paraffin in a single catalytic step.

The deoxygenation of vegetable oil to form n-alkanes and the subsequent isomerization of n-
alkanes to form iso-alkanes are the two reactions necessary to hydroconvert vegetable oils into high-
quality bio-fuels. Previous reports described bifunctional catalysts that loaded a noble metal (Pd or Pt)
onto a 10-ring one-dimensional molecular sieve, such as SAPO-11 [24], ZSM-22 [25,26] or Theta-1
[27], performed the isomerization reaction competently. In particular, the Pt/SAPO-11 catalyst
demonstrated a high isomerization/cracking ratio [28,29].

Although many reports describing the hydrotreatment of vegetable oil and model compounds have
been disclosed, few of them described catalytic one-step process. We have previously reported a one-
step process that utilized NiMo/Si0,-Al>03 and NiMo/Si0,-ZSM-5 catalysts [30], but the selectivity of
the isomerization was insufficient to overcome the problematic cold flow properties. Additionally, 0.6
wt% Pt loaded on an acidic support might provide sufficient hydrogenation-dehydrogenation activity to
match the acid sites [31]. However, some reports indicated that olefin hydrotreatment and
deoxygenation reactions as well as some stepwise isomerization of n-paraffins, occur at the same active
sites (metallic sites) [32]. Therefore, the competition of reactants might decrease the isomerization
activity and cause the 0.6 wt% Pt loading to become insufficient.

Consequently, the aim of present work is to elucidate the details of the direct hydroconversion of
vegetable oil during the generation of iso-paraffins over a Pt/SAPO-11 catalyst. Pt/SAPO-11 catalysts
with different Pt contents and Si/Al ratios were prepared, and their catalytic performances in the
hydroconversion of Jatropha oil were investigated. Furthermore, the hydroconversion of a model

compound, methyl oleate, was also conducted to investigate the reaction mechanism.
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2. Experimental
2.1. Materials

Crude Jatropha oil, which was produced in Bogor, Indonesia and supplied by CREATA-IPB, was
used as the feedstock during the evaluation of catalytic activity. The composition of the feedstock
directly affects the distribution of the hydrocarbon products, as well as catalytic activity. In addition to
some physical properties, the chemical composition of the crude Jatropha oil was determined, and the
results are presented in Table 1. The density and dynamic viscosity were determined with a hydrometer
(JIS-IT) and a dynamic viscometer (SV-10A; Vibro), respectively. The acid value, cloud point, and
cetane index were determined according to ASTM-D974, ASTM-D5773, and ASTM-D4737,
respectively. The fatty acid composition of the feedstock was determined by gas chromatography after
transesterification and esterification with methanol. A CHNS/O elemental analyzer (2400II,
PerkinElmer Japan) was used to determine the elemental composition of Jatropha oil. Additionally, a
decalin (GR grade; Kishida Chemical Co. Ltd.) solution containing 1 wt% methyl oleate (>99 %;

Aldrich Chemical Co. Inc.) was used to feed the model chemical experiments.

2.2. Catalyst preparation

The SAPO-11 samples were synthesized hydrothermally according to a previously reported
procedure [33]. Aluminum isopropoxide, phosphoric acid and silica gel were used as Al, P, and Si
sources, respectively. A mixture of di-n-propylamine and di-isSo-propylamine with a mole ratio of 2:1
was used as the structure-directing agent. The molar compositions of the synthesis gels were 1.0 P: 1.0
Al: x Si: 0.75 R: 30 H,O (x = 0.1, 0.2, 0.4 and 0.8), where R represents the template mixture. The
SAPO-11 samples were washed, filtered, and calcined at 550 °C for 4 h in air to remove the template.
These SAPO-11 samples were designated as SAPO-11(0.1), SAPO-11(0.2), SAPO-11(0.4), and SAPO-

11(0.8).
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The SAPO-11 supports were prepared according to the following procedure: first, 90 wt%SAPO-
11, 10 wt% alumina sol, and a small amount of deionized water were stirred to produce a mud-like solid.
Subsequently, the mud-like solid was pressed and shaped into small cylinders with an experimental
scale model. Finally, the small cylinders were dried at room temperature for 12 h before being calcined
in a muffle furnace at 550 °C for 3 h.

The above SAPO-11 samples were crushed and sieved to procure a 20—-80 mesh particle size. Next,
these SAPO-11 particles were impregnated with aqueous solutions of H,PtClg to prepare the Pt/SAPO-
11 catalysts in accordance with the conventional impregnation method procedures [34]. Catalysts A, B,
and D were prepared, respectively with the SAPO-11(0.1), SAPO-11(0.2), and SAPO-11(0.8) supports
to achieve a Pt loading of 0.6 wt%. Catalysts C, E, and F were prepared with the SAPO-11(0.4) support
to achieve Pt loading amounts of 0.6 wt%, 1.5 wt%, and 3.0 wt%, respectively. After impregnation, the

catalysts were dried at 105 °C for 2 h before being calcined at 450 °C for 4 h in air.

2.3 Characterization of catalysts

The XRD patterns were recorded with an X-ray diffractometer (RAD-IIC; Rigaku Corp.) with Cu-
Ka radiation. The elemental analysis was conducted with an X-ray fluorescence instrument (EDX-800;
Shimadzu Corp.). The samples were pressed into disks before analysis. The specific surface areas and
pore sizes were determined from nitrogen adsorption and desorption isotherms recorded at —196 °C
(Belsorp-mini II; Bel Japan Inc.). Prior to be measured, the samples were degassed under vacuum at 400
°C for 1 h. The specific surface areas and pore volumes were calculated by using the Brunauer—
Emmett-Teller (BET) method. The NH;-TPD experiments were conducted with a chemisorption—
physisorption analyzer (ChemBET PULSAR TPR/TPD; Quantachrome Instruments) according to the
following procedure: first, approximately 200 mg of sample was loaded into the sample cell and
pretreated under a 15 mL/min flow of hydrogen at 400 °C for 3 h. Subsequently, the sample was
pretreated at 500 °C under a 15 mL/min flow of helium for 3 h. Furthermore, after cooling to 100 °C,

6
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the ammonia adsorption was conducted for 40 min under ammonia flowing at 15 mL/min. The
physically adsorbed ammonia was removed with a stream of helium at 100 °C for 2 h. Finally, the NH3-
TPD of the samples was conducted by linearly increasing the cell temperature from 100 °C to 650 °C
with a heating rate of 10 °C/min and a helium flow rate of 15 mL/min. The chemisorption of carbon
monoxide was performed with the same equipment as the NH;-TPD at 30 °C to determine the
dispersion of active metals. The chemisorption stoichiometry considered to calculate the number of
active sites was 1:1. Solid-state ’Si NMR experiments were conducted on a JEOL JNM-ECX 400
spectrometer with a resonance frequency of 78.65 MHz. The ¥Si MAS spectra were recorded at a pulse
width of 4 ps, a recycle delay of 60 s, and a rotor-spinning rate of 7 KHz. Tetramethyl silane (TMS) was

used as an external standard.

2.4 Test of catalyst activity

The details of our experimental apparatus were presented in an earlier report [35]. Briefly, the
reactions were conducted in a fixed-bed flow microreactor (8§ mm i.d.). Approximately 3 mL of catalyst
was diluted with SiC and loaded in the reactor. The feedstock was injected into the hydrogen stream
with a high-pressure pump. The reaction of Jatropha oil was conducted at 350 °C, 3 MPa total pressure,
with liquid hourly space velocity (LHSV) of 0.25-2 h™!, and a Hy/feed ratio of 1200 (v/v). The reaction
of methyl oleate was conducted at 200-325 °C, 3 MPa of total pressure, with a liquid hourly space
velocity (LHSV) of 40 h™', and a H,/feed ratio of 1200 (v/v). Before reaction, all catalysts were reduced
in situ at 400 °C for 3 h under an atmosphere of a H, flow at a rate of 50 mL/min. The catalytic activity
was measured after stabilization (total time on stream was approximate 10 h).

After reaction, the gaseous and liquid products were separated. Two gas chromatographs (GC-2025
and GC-14B; Shimadzu Corp.), which were each equipped with a flame ionization detector (FID) and a
commercially available column (DB-1, 0.25 mm X 60 m), were used to analyze the hydrocarbons in the
gaseous and liquid products. A CP-TAP CB for triglycerides column (0.25 mm x 25 m) was used to

7
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analyze the heavy products, such as monoglycerides, diglycerides, and triglycerides. Additionally, a gas
chromatograph mass spectrometer (GCMS-QP5050A; Shimadzu Corp.) equipped with the same
capillary column as above (DB-1, 0.25 mm X 60 m) was used to analyze the hydrocarbon products.
Another gas chromatograph (GC-8A; Shimadzu Corp.), which had a thermal conductivity detector
(TCD) and a commercial column (Unibeads C, 3 mm x 3 m), was used to determine other components,
such as CO and CO,, in the gaseous products.

The product mixtures obtained from hydroconversion of Jatropha oil were separated into gaseous,
water and oil phases. The gaseous products consisted of a large amount of propane from hydrogenation
of glycerin and small amounts of other light hydrocarbons (C;4) that resulted from cracking and
methanation reactions. Carbon dioxide and carbon monoxide, which were generated from
decarbonylation/decarboxylation pathways, were also detected. The oil phase consisted of hydrocarbons
(Cs.13+), as well as trace amounts of free fatty acid (stearic acid and palmitic acid), fatty alcohol
(octadecanol, heptadecanol, hexadecanol, pentadecanol) and esters (stearyl stearate). In addition
monoglycerides, diglycerides and unreacted triglycerides were also detected in the oil phase.

The individual products were identified through GC standards. The conversion of triglycerides in
Jatropha oil was calculated as:

C (%) =100% - Crg
where Crg is the concentration of triglyceride in the product oil. The deoxygenation rate was calculated

as follows:

HDO (%) = (Zfeedstock - Zproduct) / Zfeedstock =100

where ) feedstock and D product Indicate the molar amount of total oxygen in the feedstock and products,

respectively.

3. Results and discussion

3.1. Characterization of supports and catalysts.
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Fig. 1 shows the powder XRD patterns of four SAPO-11 samples. An AEL structure (i.e., 20 = 8.1°,
9.4°,13.1°, 15.6°, 20.3°, 21.0°, 22.1°-23.2°) was obtained for all samples [36]. However, when the Si/Al
ratio increased, the crystallinity decreased gradually (Table 2). In particular, SAPO-11(0.8) suffered a
42% decrease in crystallinity, in which a certain amount of amorphous alumina-phosphorous phase was
formed. The BET surface area and microporous volume of the samples are presented in Table 2. The
BET surface area and microporous volume of samples also decreased with the increased Si/Al ratio.
SAPO-11(0.8) had a surface area of 129 mz/g, which was much smaller than observed for other samples
because the excessive silicon caused the decrease in crystallinity. These results demonstrate that an
exorbitant increase in the Si/Al ratio in the synthesis system will destroy the crystal structure of SAPO-
11.

The surface acid properties of the SAPO-11 samples were investigated via NH3;-TPD and the
results are displayed in Fig. 2. All SAPO-11 samples exhibited a similar distribution of acidic sites. The
profiles contained two NH3 desorption peaks: a sharp peak at ca. 250 °C and a shoulder peak at ca. 345
°C, corresponding the weak and medium acid sites, respectively. To compare the distribution of acidity
between these samples, the NH3-TPD profiles were separated into two peaks by fitting the curves with a
Gaussian function [29,30]; the amount of each type of acid site was calculated and presented in Table 3.
It could be observed that the amount of medium acidic sites increased with an increase in the Si content;
however, the number of weak and total acidic sites did not display this relationship. SAPO-11(0.2) had
largest number of weak acidic sites, whereas SAPO-11(0.4) had the most total acidic sites. These results
indicated that the acidity of SAPO-11 samples did not have a positive linear relationship with the silicon
content, which was most likely because the Si incorporation mechanism in the framework was different
across SAPO-11 samples with varying Si contents.

Aluminophosphate molecular sieves (AIPO4-n) are composed strictly alternating AlO4 and POy
tetrahedral structures and have a neutral framework without extra framework cations. The incorporation
of Si produces silicoaluminophosphate molecular sieves (SAPO-n), which develop negative charges on

9
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the aluminophosphate framework. Consequently, Brensted acidity or ion-exchange capacity results [37].
However, unlike aluminosilicate zeolites, the number of Brensted acid sites in SAPO-n depends not
only on the chemical composition of the SAPO materials, but also on the mode of Si incorporation into
the framework [38]. The incorporation of Si atoms into aluminophosphate frameworks occurs through
two mechanisms (SM2 and SM3) [39]. One mechanism is the substitution of a Si atom for a P atom
(SM2), which will generate a Si atom with four neighboring Al atoms and give rise to weak acid sites.
The second mechanism is the substitution of two Si atoms for a pair of Al and P atoms (SM3).
Concurrently, the substitution of three Si atoms for three P atoms adjacent to a substituted Al atom
occurs to avoid the formation of Si—O-P linkages. This substitution engenders the formation of silica
islands composed of at least five Si atoms. In this case, in the edge of these silica islands, Si—O—Al
linkages will generate acid sites similar to aluminosilicate zeolites. The acid sites that originated from
these Al atoms are more acidic than the sites formed by SM2.

¥Si MAS NMR experiments were performed to investigate the local environments of the Si atoms
in SAPO-11 samples with varying Si incorporation, and the results are presented in Fig. 3. There are
marked differences in the Si distribution between these samples. To illustrate the presence of different Si
environments, the NMR spectra were converted into five simulated peaks by fitting the curves with a
Gaussian function. The five peaks centered at ca. —112, 107, =102, —97, and —90 ppm can be attributed
to Si(4Si), Si(1Al, 3Si), Si(2Al, 2Si), Si(3Al, Si) and Si(4Al) environments, respectively. The ratios of
the various types of Si are listed in Table 4. According to the previously described Si incorporation
mechanism [37], the SM2 mechanism only generates a Si(4Al) environment, but the SM3 mechanism
forms Si(4Si), Si(1Al, 3Si), Si(2Al, 2Si), and Si(3Al, Si) environment. In addition, the proportion of
Si(4Al) sites decreased but the ratio of the total Si(nAl, 4-nSi) sites with 4 > n > 0 increased when the Si
content increased. These results indicated that the SM3 substitution mechanism increased with the Si

content of the SAPO-11 samples, but the SM2 substitution mechanism decreased under the same

10

Page 10 of 37



condition. The results also demonstrate that the amount of Si(4Si) environment increased continuously
with the Si content, which might be ascribed to the formation of large silica islands.

The physicochemical properties of the calcined catalysts are presented in Table 5. When loaded
with an active metal, all of the catalysts undergo a decrease in specific surface area. Catalyst D exhibited
a much lower specific surface area than other catalysts because the SAPO-11(0.8) sample has a low
specific surface area. Catalysts A, B, C, and D had a similar Pt loading, which varied from 0.55 to 0.58
wt%, whereas catalyst E and F had Pt loadings of 1.41 wt% and 2.78 wt%, respectively. Furthermore,
the carbon monoxide chemisorption experiments demonstrated that the dispersion of Pt in the catalysts
varied from 36 to 61%. Compared to catalysts A, B and C, catalyst D exhibited a marked reduction in Pt
dispersion, even though all of this catalysts had a similar Pt loading. These results indicated that the
amorphous alumina-phosphorous phase that appeared in SAPO-11(0.8) strongly affected the metal
dispersion. In addition, the Pt dispersion decreased with the Pt loading, which is partly caused by the

aggregation of the metal atoms.

3.2. Effects of the Si/Al Ratio on Hydroconversion of Jatropha Oil.

It has been reported that 0.6 wt% Pt loaded onto an acidic support could provide sufficient
hydrogenation-dehydrogenation function to match the acid sites [31]. Therefore, 0.6 wt% Pt was loaded
onto the above SAPO-11 samples; the hydroconversion of Jatropha oil over various Pt/SAPO-11
catalysts (Catalysts A, B, C, and D) was conducted under the following conditions to investigated the
Si/Al ratio: 350 °C, 3 MPa, volumetric H,/Oil ratio of 1200 and a liquid hourly space velocity (LHSV)
of 1 h™'. The conversion of triglycerides in Jatropha oil and yield of various products over Catalysts A, B,
C, and D are listed in Table 6. The triglycerides were almost completely converted by all of the catalysts
(>98.3 %). In addition, a high yield (82.8-84.9 wt%) of liquid hydrocarbon products was achieved for
all catalysts, whereas the yield of gaseous hydrocarbon and water varied from 5.6 wt% to 5.9 wt% and

7.5 wt% to 8.3 wt%, respectively. Catalyst D demonstrated a lower triglyceride conversion and water
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yield than the other catalysts because its low specific surface area and Pt dispersion resulted in low
hydrodeoxygenation activity.

The liquid hydrocarbon products were further divided into three groups: deoxygenated products
(Cis-18), cracking products (Cs_14), and heavy products (C;s+). As observed in Fig. 4, the C;5_;3 fraction
was the major product of the deoxygenation of the free fatty acid groups in Jatropha oil, while the
fraction Cs_j4 was produced by the cracking of the C;s ;g5 products. Furthermore, the fraction C;g+
contained mainly heavy alkanes derived from the polymerization, which occurred simultaneously with
the cracking reaction, and a small amount of oxygenated products, such as fatty acids and fatty alcohols,
from the incomplete deoxygenation of triglycerides. Compared to Catalyst A, B and C, the highest level
of oxygenated compounds were found in fraction C;s+ over Catalyst D because Catalyst D had a low Pt
dispersion, which led to a low number of active Pt sites on SAPO-11. As well known that
deoxygenation depends on metallic sites, and catalysts with a low number of active Pt sites will exhibit
a lower conversion of triglycerides. In addition, the C;s_;3 fraction had a yield above 60 % over all of the
catalysts. The yield of Cs_14 fraction increased slightly with an increased Si/Al ratio, indicating that the
present of more medium acidic sites (Table 3) enhanced the cracking activity.

Fig. 5 displays the yield of iS0-Cis ;s hydrocarbon products versus the Si/Al ratio. The yield
increased when the Si/Al ratio increased. In addition, the yield improved almost twofold when the Si/Al
ratio rose from 0.1 to 0.2 or 0.2 to 0.4, although there was not as large of difference in isomerization
between the ratios of 0.4 and 0.8. Taking account the NH3-TPD result, it is suggested that the
isomerization activity largely depended on the acidity of the supports. This result indicated that in
Pt/SAPO-11 catalyst, Pt provided a strong metallic function whereas SAPO-11 had not enough acidity;
the corresponding catalysts exhibited relatively weak acid function. For this reason, the skeletal
isomerization was regarded as the rate-limiting step in isomerization. Therefore, it could be reasonably
inferred that increasing the acidity of SAPO-11, which might be achieved by compositing it with more
acidic support (e.g., ZSM-5 [40] or HP [41]), might enhance the isomerization activity.

12
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3.3. Effects of Pt Loading and LHSV on Hydroconversion of Jatropha Oil.

Hydroconversion of Jatropha oil over SAPO-11 catalysts with different Pt loadings (Catalysts C, E,
and F) was conducted under the following conditions: 350 °C, 3 MPa, a volumetric H,/Oil ratio of 1200
and varied liquid hourly space velocities (LHSV) of 0.25-2 h™'. Table 7 lists the conversions of
triglycerides and the yields of various products. GC analysis proved that the C;s.;g hydrocarbons were
the predominant reaction products of hydroconversion of Jatropha oil. No triglycerides were detected in
the liquid products of any of the catalysts, indicating that all three catalysts had a good HDO
performance. The yields of liquid hydrocarbons, gaseous hydrocarbons and water products were 65.3—
83.2 wt%, 5.6-13.3 wt%, and 9.5-10.4 wt%, respectively. Additionally, with the increase in LHSV, the
yield of liquid hydrocarbons increased, whereas the yield of gaseous hydrocarbons decreased. This is
because increasing the LHSV would decrease the contact time, and the cracking reaction was
suppressed. However, higher Pt loading generated decreased yields of liquid hydrocarbons and
increased yields of gaseous hydrocarbons. These results indicate that the cracking activity of Pt/SAPO-
11 catalyst increased concomitantly with higher Pt loading. For CO and CO,, the yield decreased
markedly when the LHSV increased, whereas the yield of water changed only slightly. Thess results
indicated that the LHSV did not strongly affect the deoxygenation pathway (hydrodeoxygenation,
decarboxylation/decarbonylation), but instead influenced the methanation reaction.

The yields of various fractions are portrayed in Fig.6. When the LHSV increased, the yield of the
Cis.isand Cig+ fraction increased, whereas the yield of the Cs_14 fraction and the ratio of iS0-Cs_18/N-Cys_
13 decreased. These results also indicated that the increase in LHSV decreased the contact time, which
suppressed deoxygenation, isomerization, and cracking reactions. Fig. 7 presents the ratio of iS0-C;s_
18/N-Cys_13 versus LHSV over Pt/SAPO-11 catalysts with varied Pt loading. When comparing various Pt
loading, it was observed that with higher Pt loading, the yield of the C;s.;3 and the C;s: fraction

13
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decreased, whereas the yield of Cs.j4 fraction and ratio of i150-C;s_13/n-C)s_15 increased. The cracking,
isomerization, and deoxygenation reactions in hydroconversion of Jatropha oil over Pt/SAPO-11
catalysts increased with the Pt loading. Corma et al. [42] investigated different metal loadings for
Pt/MSA catalysts for hydroconversion of n-decane. Their results indicated that 0.6 wt% Pt loading on
MSA with created the optimal balance between the acidic and metallic sites. In addition, when the Pt
loading was lower or higher than 0.6 wt%, the isomerizaition was decreased due to the insufficient
metallic activity or cracking, respectively. For the hydroconversion of Jatropha oil, however, the
isomerization increased with Pt loadings from 0.6 to 3 wt%. It is suggested that the deoxygenation
reaction and some step isomerization of n-paraffins might occur at the same active sites (Pt atoms).
Therefore, the competition of the reactants for active sites had occurred and 0.6 wt% Pt loading was not
sufficient to enact deoxygenation and isomerization simultaneously.

In addition, although Pt dispersion decreased with higher Pt loading (Table 5), the total number of
Pt sites still increased. Therefore, the heightened deoxygenation was attributed to the larger number of
Pt sites. Interestingly, the ratio of iS0-C;s_13/n-C;5_15 was extremely low with Catalyst C, but it increased
considerably along with the Pt loading. Reportedly, the Pt/SAPO-11 catalyst, which has a Pt loading
lower than 0.6 wt%, demonstrated relatively high activity in the isomerization of n-alkanes [43]. As
mentioned above, the competition between the reactants might hinder the isomerization reactions. To
verify the competition effect of the feedstock, the hydroisomerization of deoxygenated Jatropha oil,
which was mostly comprised of n-paraffins (i.e., N-Cs.14, 1.19 %; N-Cis.15,95.21 %; iS0-Ca.13, 2.54 %;
Cis+, 1.06 %) was also studied over Catalyst C under the following conditions: 350 °C, 3 MPa and a
LHSV of 2 h'! [29]. A much higher ratio of i50-C;5_13/n-Cs_15 (15.1) in the liquid hydrocarbon products
was obtained from the isomerization of the HDO-Oil than from the hydroconversion of Jatropha oil.
Therefore, the feed had a dramatic effect on the isomerization activity of the Pt/SAPO-11 catalyst. The
significant difference was most likely attributed to the limit diffusion of the reactant over the catalysts.
The critical diameter of the triglyceride molecule was approximate 2 nm [44,45], whereas the SAPO-11
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had only medium pores that were approximate 0.65 nm x 0.4 nm [46], which were much smaller than
the triglyceride molecule. Therefore, the triglyceride molecules could not diffuse through the ordered
micropores of the SAPO-11 catalysts, precluding efficient contact between the triglyceride molecules
and the active sites; reactions could only occur on the external surface of the SAPO-11 catalysts. The
critical diameters of n-alkanes nearly equaled 0.43—0.49 nm [21], which was smaller than the SAPO-11
micropores. Therefore, the n-alkanes could readily diffuse into the micropores of SAPO-11, and
isomerization of n-alkanes proceeded on both the internal and external surfaces of the SAPO-11
catalysts. Because of the diffusion-limiting, the triglyceride molecules in Jatropha oil or oxygenated
intermediates generated from hydrogenation of Jatropha oil were too large to diffuse into the ordered
micropores of Pt/SAPO-11 catalyst. These oxygenated species must be deoxygenated into n-alkanes
before entering the ordered micropores of Pt/SAPO-11 catalyst to generate iSo-alkanes. Therefore, the
deoxygenation activity of Pt/SAPO-11 catalyst was enhanced significantly by raising the Pt loading,
which also facilitated the isomerization reactions. In addition, cracking and isomerization occurred
simultaneously, but selectivity for the cracking product Cs.j4 increased with Pt loading. However, the
excessively high Pt loading is not compatible with industrial applications. Using some non-noble metals
in place of a portion of Pt might promote the deoxygenation and isomerization of vegetable oils at a

reduced cost.

3.4. Hydroconversion of Methyl Oleate.

To elucidate the reaction mechanism of hydroconversion of Jatropha oil, a model study with
methyl oleate over Catalyst C was conducted under the following conditions: 200-325 °C, LHSV=40 h’
', 3 MPa, and H,/Oil=1200 ml/ml. The detailed product distributions of methyl oleate hydroconversion
are presented in Table 8.

Methyl oleate was almost completely converted, even at the relatively low temperature of 200 °C.
Oxygenated compounds were the main products at temperatures below 275 °C, while the deoxygenation
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rate was higher than 90 % at temperatures above 275 °C. Hydrocarbons with carbon number of 17 and
18 (Ci7.13) were the main products, and were regarded as products of hydrodeoxygenation, as well as
decarbonylation or decarboxylation, respectively. The C;7/C;g ratios at various reaction temperatures
were similarly close to 1.15, which indicated that the reaction temperature did not strongly affect the
reaction pathway. The ratio of iS0-C;7113/N-C,7415 increased along with the reaction temperature because
high temperatures might activate the acidic function of Pt/SAPO-11 catalyst to enhance the
isomerization activity. All of the oxygenated compounds had straight chains, indicating that they were
deoxygenated to form n-alkanes before isomerization.

The yields of various oxygenated compounds generated over catalyst C were plotted against the
reaction temperature in Fig. 8. A high concentration of methyl stearate and small amount of other
oxygenate intermediate products (i.e., octadecanol, stearic acid, heptadecanol, and octadecyl stearate)
was generated at 200 °C. At higher temperatures, the concentration of methyl stearate decreased
continuously, whereas the concentration of the other oxygenated intermediate products first increased
and then decreased. Based on these results, we propose a reaction network for hydroconversion of
methyl oleate over Pt/SAPO-11 catalyst. As shown in Scheme 1, in the first step, the unsaturated methyl
oleate is hydrogenated quickly to form a saturated methyl stearate. In the second step, hydrogenolysis of
methyl stearate occurs at the Pt active sites to generate stearic acid. Subsequently, stearic acid undergoes
deoxygenated via three pathways: hydrodeoxygenation, decarbonylation and decarboxylation. In the
hydrodeoxygenation route, octadecanol is formed by hydrogenolysis of stearic acid before being
hydrogenated to produce octadecane. In the decarbonylation route, heptadecanol is formed through the
decarbonylation of stearic acid before being hydrogenated to furnish heptadecane. Even with no direct
evidence, previous studies agree that stearic acid can be transformed directly into heptadecane, which is
formed via the decarboxylation route. Finally, octadecane and heptadecane isomerize to yield their

branched isomers.
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Water gas shift and methanation reactions were regarded as side-reactions during the
hydrotreatment process and were the reason that the hydrogen consumption increased. Fig. 9 showed the
experimental and theoretical yields of the gaseous products. Obviously, CO and CO, were almost
entirely converted to CHy. These results indicated that the water gas shift and methanation reactions (as

shown in Equations (1)-(3)) occurred with CO and CO; to generate methane.

CO;, +4H, < CH4 + 2H,O (1)
CO + 3H, <« CH4 + H,O (2)
CO, + Hy « CO + H,O (3)

Both methyl oleate and triglycerides in Jatropha oil are fatty acid esters. The reaction network for
hydroconversion of Jatropha oil is similar to that of methyl oleate. According to the previous results, a
reaction pathway has been proposed for hydroconversion of Jatropha oil over Pt/SAPO-11 catalyst
(Scheme 2). In the first step of this reaction pathway, the triglyceride is hydrogenated to form a
saturated triglyceride. Next, the saturated triglyceride is most likely broken down into diglyceride,
monoglyceride, and other fatty acids through continuous hydrogenation. At the same time, the glycerol
generates propane. Subsequently, the fatty acids are converted into n-alkanes via three different
pathways: decarboxylation, decarbonylation and hydrodeoxygenation. Finally, the straight chain alkanes

are transformed into their branched isomers.

4. Conclusions

Four SAPO-11 samples were synthesized with different Si/Al ratios. The results indecated that the
AEL structure was obtained in all SAPO-11 samples, but the crystallinity decreased when the Si/Al ratio
increased. With greater incorporation of Si, the number of medium acidic sites increased, resulting in an

enhanced isomerization activity. The »Si NMR results indicated that the SM3 substitution mechanism
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increased, whereas the SM2 substitution mechanism decreased concomitantly with a larger Si/Al ratio;
additionally, large silica islands were formed in SAPO-11 samples with high Si content.

The hydroconversion of Jatropha oil demonstrated that Pt/SAPO-11 catalyst could be a competent
catalytic system for the single step hydroconversion of vegetable oil to biodiesel with a high content of
iso-paraffins. The complete conversion of triglycerides was achieved over SAPO-11 (0.4) with different
Pt loadings, and the highest ratio of is0-Cs.13/n-Cjs.13 was approached 22 with 3 wt% Pt/SAPO-11
under the condition of 350 °C and a LHSV of 0.5 h"'. Deoxygenation, isomerization and cracking
reactions were strongly dependent on Pt loading due to its hydrogenation-dehydrogenation function. A
mechanistic study of a model compound, methyl oleate, was carried out over catalyst C at varied
temperatures. Methyl stearate, octadecanol, stearic acid, heptadecanol, and octadecyl stearate were
determined to be components of the product mixture and regarded as intermediates of the
hydrodeoxygenation of methyl oleate. Based on these results, a reaction network for hydroconversion of
Jatropha oil was suggested. Triglycerides were first transformed into oxygenated intermediate molecules,
and these oxygenates were then deoxygenated to form n-alkanes. Subsequently, the n-alkanes diffused
into the ordered micropores of SAPO-11 for isomerization or cracking. Additionally, the deoxygenation
of oxygenates to form n-alkanes was the rate-determining step in hydroconversion of triglycerides to
iso-alkanes. Therefore, when the Pt loading was increased, the isomerization and cracking activities of

Pt/SAPO-11 catalyst were enhanced significantly.
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Figure captions

Table 1 Physical properties and chemical composition of Jatropha oil.

Table 2 Physicochemical properties of calcined SAPO-11 samples.

Table 3 Acidity of calcined SAPO-11 samples.

Table 4 Gaussian simulation results for the *’Si NMR MAS spectra of SAPO-11 samples.
Table 5 Physicochemical properties of Pt/SAPO-11 catalysts.

Table 6 Conversion of triglycerides and the yields of various products over Pt/SAPO-11 catalysts with

varied Si/Al ratios.
Table 7 Yields of various products over Pt/SAPO-11 catalysts with varied Pt loading.

Table 8 Results of methyl oleate hydroconversion over Catalyst C at various temperatures.
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Fig. 1. XRD profiles of calcined SAPO-11 samples.

Fig. 2. NH3-TPD profiles of calcined SAPO-11 samples. Experimental (—) and simulated (—)
spectra using the peak constituents (—). (Peak 1, Low temperature peak; Peak 2, High temperature

peak)

Fig. 3. ”Si MAS NMR spectra of calcined SAPO-11 samples. Experimental (—) and simulated (—)
spectra using the peak constituents (—). [Peak 1, Si(4Si 1); Peak 2, Si(1Al, 3Si); Peak 3, Si(2Al, 2Si);
Peak 4, Si(3Al, Si); Peak 5, Si(4Al)]

Fig. 4. Effect of the Si/Al ratio on the yields of various fractions of the liquid hydrocarbon products: (m)

Cs.14, (®) Cis.18, (A) Cys+.
Fig. 5. Effect of the Si/Al ratio on the yields of i50-C;s ;3 hydrocarbon products.

Fig. 6. Effect of Pt loading and LHSV on the yields of various fractions: (a) Cis.is, (b) Cs.14, (¢) Cis+

over (m) Catalyst C, (e) Catalyst E, (A) Catalyst F.

Fig. 7. Effect of Pt loading and LHSV on the ratios of is0-C;5_13/n-Cjs_15: (m) Catalyst C, (@) Catalyst E,

(A) Catalyst F.

Fig. 8. Yield of methyl stearate (n-C;7H3;sCOOCHS;), octadecanol (n-C;sH3;OH), heptadecanol (n-
C17H350H), stearic acid (n-C;7H3sCOOH), and octadecyl stearate (n-C;7H3sCOO C,gHs7) at different

temperatures.

Fig. 9. Experimental and theoretical yields of the various gaseous products at different temperatures.
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Scheme 1. Proposed mechanisms for hydroconversion of methyl oleate over Pt/SAPO-11 catalyst (R",

Ci7Hs3; R. Cy7Hzs).

Scheme 2. Proposed mechanisms for hydroconversion of Jatropha oil over Pt/SAPO-11 catalyst. (R:

CisHao, Ci7H33, R: Ci5Hz1, Ci7H3s).
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Table 1

Physical properties and chemical composition of Jatropha oil.

Value
Physical properties
density (g/cm’) 0.91
dynamic viscosity (mPa-s/25 °C) 25.32
acid value (mg KOH/g) 7.86
cloud point (°C) -4
cetane index 45
Fatty acid composition, C %
palmitoleic acid (C16:1) 0.93
palmitic acid (C16:0) 13.62
linoleic acid (C18:2) 36.21
oleic acid (C18:1) 43.39
stearic acid (C18:0) 5.85
Element analysis
C (wt %) 78.2
H (wt %) 12.4
O (wt %) 9.5
S (ppm) 4
Table 2

Physicochemical properties of calcined SAPO-11 samples.

SBET" Viotal Jave Chemical Relative
Supports (II?E/Tg) (crtnga/lg) (nri) composi‘[ionb crystallinity (%)
SAPO-11(0.1) 194 0.185 3.6 (Alp.49P0.47S10.04)O2 100
SAPO-11(0.2) 190 0.151 3.2 (Alp.48P0.43S10.00)O2 98.5
SAPO-11(0.4) 172 0.147 3.4 (Alp.4sPo39S10.16)O2 76.3
SAPO-11(0.8) 129 0.133 4.7 (Alp.40P0.33S10.27)O2 57.7

* Specific surface area, pore volume and average pore diameter were calculated using the BET method.
® Chemical composition determined by XRF.

¢ Relative crystallinity determined by XRD.
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Table 3

Acidity of calcined SAPO-11 samples.

Weak Medium Total
Samples o acidity . acidity acidity
7€ umoliey ¢ (umolfe) (umol/g)
SAPO-11(0.1) 249 248 4 334 2232 471.6
SAPO-11(0.2) 255 297.0 352 300.6 597.6
SAPO-11(0.4) 254 268.2 348 389.7 657.9
SAPO-11(0.8) 252 250.2 346 396.9 646.1

Table 4

Gaussian simulation results for the *’Si NMR MAS spectra of SAPO-11 samples.

Selectivity of various environmental Si (%)

Samples Si(4Si) Si(1Al, 3Si) Si(2Al, 2S1) Si(3Al, Si) Si(4Al)
—112 ppm —107 ppm —102 ppm —97 ppm —90 ppm
SAPO-11(0.1) 8.8 12.9 18.7 29.3 30.3
SAPO-11(0.2) 9.6 22.7 22.8 20.9 24.0
SAPO-11(0.4) 16.6 19.3 27.1 18.2 18.8
SAPO-11(0.8) 17.2 30.4 25.1 12.7 14.6
Table 5
Physicochemical properties of Pt/SAPO-11 catalysts.
Catalysts Support Pt Content (wt.%) Pt dispersion (%) Sger (M?/g)
A SAPO-11(0.1) 0.62 61 159
B SAPO-11(0.2) 0.56 59 152
C SAPO-11(0.4) 0.58 54 146
D SAPO-11(0.8) 0.55 38 95
E SAPO-11(0.4) 1.41 44 136
F SAPO-11(0.4) 2.78 36 125
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Table 6

Conversion of triglycerides and the yields of various products over Pt/SAPO-11 catalysts with varied

Si/Al ratios.
Catalyst Catalyst A Catalyst B Catalyst C  Catalyst D
Conversion of triglycerides (%) 100.0 100.0 100.0 98.3
Yields based on feedstock (wt%)
Liquid hydrocarbon 83.0 82.9 82.8 84.9
Gas hydrocarbon 5.6 5.6 5.7 59
CO +CO, 1.8 0.8 1.0 24
Water 9.8 10.3 10.2 9.5

T =350°C, LHSV = 1 h", P = 3 MPa, H,/Oil = 1200 ml/ml.

Table 7

Yields of the various products over Pt/SAPO-11 catalysts with varied Pt loading.

Yields based on feedstock (wt%)

LHSV Conversion of

Catalyst -1 . . o Liquid Gas
SR triglycerides (%) hydrocarbon hydrocarbon CO+CO,  Water
Catalyst C 0.25 100 75.1 9.3 1.8 9.7
0.5 100 77.2 7.9 1.6 9.9
1 100 82.8 5.7 0.8 10.3
Catalyst E 0.5 100 71.6 10.1 2.0 9.7
1 100 76.6 8.1 1.2 10.1
1.5 100 83.2 5.6 0.9 10.2
Catalyst F 0.5 100 65.3 133 24 9.5
1 100 74.8 9.2 1.6 9.9
1.5 100 78.5 7.1 1.4 10.0
2 100 81.2 5.7 0.5 10.4

T =350 °C, P =3 MPa, H,/Oil = 1200 ml/ml
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Table 8

Results of methyl oleate hydroconversion over Catalyst C at various temperatures.

Temperature/°C 200 225 250 275 300 325
Conversion (%) 98.47 100 100 100 100 100
Deoxygenation rate (%) 6.31 11.99 48.86 90.82 100 100
Yield of gaseous products (C%)
CH4 0.14 1.23 4.12 7.05 7.91 7.92
CO 0.00 0.00 0.00 0.00 0.00 0.01
CO; 0.00 0.00 0.01 0.03 0.04 0.04
Yield of C,7,15 hydrocarbons (C%)
n-Cy7H36 0.18 2.03 17.86 37.51 25.04 19.08
n-C;gHss 0.43 1.85 16.18 35.80 22.91 17.79
i-C17H36 0.02 0.18 1.66 4.02 21.84 26.59
i-CigHsg 0.02 0.13 1.22 3.89 20.22 25.06
Yield of total oxygenates (C%)
n-C,7H3s0H 0.00 1.40 1.26 0.78 0.00 0.00
n-C,sH37,0H 0.29 2.89 241 0.52 0.00 0.00
n-C,7H35COOCH; 95.91 78.73 43.94 6.56 0.00 0.00
n-C,7H3sCOOH 0.46 2.56 2.19 0.32 0.00 0.00
n-C,7H35COOC;sH37 1.35 7.15 6.35 3.31 0.00 0.00
Ratio of C;7/Cy3 - 1.18 1.19 1.11 1.15 1.13
Ratio of is0-C17+18/N-C17+18 - 0.08 0.08 0.11 0.88 1.40
LHSV = 40h™", P = 3 MPa, H,/Oil = 1200 ml/ml.
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Fig. 1. XRD profiles of calcined SAPO-11 samples.
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Fig. 2. NH3-TPD profiles of calcined SAPO-11 samples. Experimental (—) and simulated (—)

spectra using the peak constituents (

peak)

). (Peak 1, Low temperature peak; Peak 2, High temperature
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Fig. 3. *’Si MAS NMR spectra of calcined SAPO-11 samples. Experimental (—) and simulated (—)
spectra using the peak constituents (---). [Peak 1, Si(4Si 1); Peak 2, Si(1Al, 3Si); Peak 3, Si(2Al, 2Si);

Peak 4, Si(3AL Si); Peak 5, Si(4Al)]
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Fig. 6. Effect of Pt loading and LHSV on the yields of various fractions: (a) Cis.is, (b) Cs.14, (¢) Cis+

over (m) Catalyst C, (®) Catalyst E, (A) Catalyst F.
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Fig. 8. Yield of methyl stearate (n-C,7H3sCOOCHSs;), octadecanol (n-C;sH3;OH), heptadecanol (n-
C17H350H), stearic acid (n-C;7H3sCOOH), and octadecyl stearate (n-C;7H3sCOO C;sHs7) at different

temperatures.
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Fig. 9. Experimental and theoretical yields of the various gaseous products at different temperatures.
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Scheme 1. Proposed mechanisms for hydroconversion of methyl oleate over Pt/SAPO-11 catalyst (R

Ci7Hs3, R: Ci7H3s).
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Scheme 2. Proposed mechanisms for hydroconversion of Jatropha oil over Pt/SAPO-11 catalyst. (R

CisHao, Ci7H33, R: Ci5H3i, C17H3s).
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