/fv e a =Lk
(/ NSTDA
NANOTeC)

2.
Ao
o

amember of NSTDA

o UG’]%%%WEIQUWUBTEJHﬁLi

@ & o e a Y
1A39N1T NIRRT LR 0N e LazTa M aNTlaTIaIN
wiludnivdudnsljisendeandiiutuluaywus

PANINLNBDNIINRALDDLANITININ

loy av.27us anluganed

= | =Y
LAaw Jnuwo 1 2560



a7 TRG5880192

TN WILRUL mJ‘Hiﬂi

) & V) e a o
1A39MT NI Lanzaan ks lLazTa e N laTIaIN
wluiwiududisidisedeandaiutuluaunus

FANIRLNANITNRALTALNRITIN N

A9 AT.2TUT BNTIINGA
o @ 6 = 1 a
RING gmﬂmiumﬂiuiammamm

FIBNITBNNUIINGF ﬂ@lﬁLﬂZ kN ﬂI%Iﬂ FLAIT@A

U agﬂmﬁﬂffmmﬂ aanuaffn akl,umﬁa)”ﬂ LR
ﬂuﬁuﬂumﬂiﬂaﬁ LAITIR SN BN BIAINL S

Laznalnladure @

(nuAnluMsukidureiidn
6 = 1 A 1 o [~ Y] (=4
am.LLazﬂuﬂqumﬂIﬂammdfmm laig1idwengtin

MeLaNe b)



Abstract (Un ﬁ'mia)

Project Code : TRG5880192
(swalas9n13) TRG5880192

Project Title : Development of nanostructured metal oxide and metal sulfide
catalysts for deoxygenation of biomass derivatives to biofuels
(@alasins) nsnmwlanzaanloduartalnanataseasrouilwdrnsudnaqnss

Upnsenfesnddmsuluaninsziaraiian1snaazamaginan

Investigator : Vorranutch Itthibenchapong, Ph.D. National Nanotechnology Center

Y v A o a A 6 [ a
(BaknI9) A3. 19wy andwpaned audwilwmaluladuienis
E-mail Address : vorranutch@nanotec.or.th

Project Period : 2 years

(szazailasens) 21

Abstract The triglyceride-based feedstocks and biomass derivatives have been
considered important resources for production of advanced biofuels, especially green
renewable diesel and biojet fuels. Among the series of deoxygenation reactions,
hydrodeoxygenation is a majority in the green diesel production when utilizing the group
of metal sulfides catalysts, e.g. MoS, with various doping elements. Moreover,
decarbonylation and decarboxylation are predominant over sulfur-free catalysts including
noble metals, e.g., Pd and Pt, and non-precious transition metal, e.g., Ni. The research,
development, and engineering of novel heterogeneous catalysts could be a key factor
for commercialization and strong establishment of the biorefinery and biofuel industries.
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Objectives
1. To develop the nanostructured catalysts based on transition metal sulfide and
metal oxide on supporting materials by simple and low cost synthesis
techniques.
2. To utilize the developed catalysts for the efficient production of the synthetic

diesel and jet fuel-liked hydrocarbons.

In this project, the 3 catalyst systems will be discussed separately as listed below.

a) Deoxygenation of palm kernel oil to jet fuel-like hydrocarbons using Ni-MoS,/y-
Al,O5 catalysts

b) Deoxygenation of oleic acid under an inert atmosphere using molybdenum
oxide-based catalysts

c) Deoxygenation of Stearic acid into to diesel-range hydrocarbon using NiSn

catalysts

Deoxygenation of palm kernel oil to jet fuel-like hydrocarbons using Ni-MoS,/y-

Al O, catalysts

1. Introduction

Biofuels, such as biodiesel, bioethanol, biogas, and bio-oil, have played an
important role as renewable energy for transportation and power generation due to the
depletion of fossil fuel [1-5]. Deoxygenation, which removes oxygenated components
from the reactants in the presence of hydrogen gas through hydrodeoxygenation (HDO)
and decarbonylation (DCO) and without hydrogen consumption via decarboxylation
(DCO2), has been used in various applications including bio-hydrogenated diesel (BHD)

or green diesel production [6-8] and biomass upgrading into valuable chemicals [9]. The



HDO applied in the BHD technology has been proposed as a cleaner and more efficient
pathway compared to DCO and DCO2 due to the lack of carbon loss from reactant
conversion to hydrocarbons with the released of water as a by-product. However, DCO
and DCO, lose one carbon atom to CO and CO, gas by-products, respectively, resulting
in a liquid product with fewer carbons. The feedstock choices for renewable diesel
production have been studied using various plant oils containing C16-C18 fatty acids as
the main component including palm oil, rapeseed oil, jatropha oil, canola oil, and oil-
extract from coffee ground [6, 8, 10-12]. Furthermore, waste-cooking oil, animal fat, and
bio-oil have become potential feedstock candidates [13-16].

The deoxygenation catalysts employ various transition metals, metal sulfides,
and metal phosphides on supports [9, 11, 17-24] (e.g., AlLO;, SiO,, zeolite, and
graphite). Co or Ni doped MoS, has been known as the state-of-the-art catalysts for
HDO and hydrodesulfurization (HDS) because of their excellent catalytic performance
and cost-effective application for large-scale production. The additional Ni in MoS,
modifies the surface of MoS, to form a Ni-Mo-S phase which is known as the active site
of NiMoS, catalyst [25]. The Ni or Co has proposed as a promoter to enhance catalytic
activity of MoS, on a support [26, 27]. In addition, metal catalysts on oxide supports
(e.g., Ni and Co on SiO, or Al,O3) are not only selective catalysts for DCO and DCO,
over HDO [28-30], but also proposed to use for other applications such as Ni-based
catalysts in methane reforming [31-33], de-NOx [34], and oxygen reduction reaction
(ORR). [35, 36] The catalytic mechanism of Ni-MoS, has been studied computationally
and experimentally in the unsupported catalyst systems [25, 37, 38]. The sulfur
vacancies in MoS, have been proposed as the active sites for deoxygenation. The Ni
atoms (dopants) favored the substitution into S-edges of MoS, structure, creating more
sulfur vacancies and leading to enhancement of deoxygenation activity in Ni-MoS, with
respect to MoS,. In the system with a carboxylic acid reactant, the Ni promoter at the
edge of the MoS, demonstrated the synergistic effect as the Ni-Mo-S phase which
induced smaller activation energies in comparison to those of non-promoted MoS, for
both the C=0 hydrogenation and C-OH bond breaking steps [25]. The catalyst support
in Ni-MoS, has been shown as the main source of catalyst acidity, i.e. Brgnsted acid
and/or Lewis acid, leading to isomerization and cracking reactions. The Al,O; support is
considered as a weakly-acidic support due to the majority of Al-octahedra in the
structure compared with zeolites. Thus, Ni-MoS, on alumina support generally showed
relatively low tendency of isomerization and cracking activities. Interestingly, the acidity

modification of AlL,O; support (via Brgnsted sites) has been reported as the positive



influence on the hydrogenation activity of the MoS, and Co-MoS, catalysts because of
the direct change in their electronic properties [27].

Sulfidation by H,S, CS,, and dimethyldisulfide (C,H¢S,) are common in the
synthesis of MoS,-based catalysts. Nevertheless, the H,S is a highly toxic gas that is
expensive compared to other industrial gases, and therefore, special material-handling
equipments are required. In addition, to allow the solid-gas phase reaction to produce a
desirable phase, the formation of metal sulfide on the support may require a long
preparation period. However, this long period may lead the aggregation of catalyst
particles and ultimately a low surface area. Therefore, water-soluble sulfiding agents
may promote sulfurization, which is applicable for preparation of supported catalysts and
compatible with an impregnation method. Recently, thiourea (CS(NH,),) was proposed
for synthesis of unsupported MoS, catalysts [39-41]. However, MoS, on a support
material prepared using this method has not been previously reported for the
deoxygenation of biofuel. In our study, Ni-MoS, on a Y-Al,O3; support was prepared
using thiourea sulfurization at low temperatures. The cooperation of Ni in the MoS,
structure and interaction with Al,O; were investigated using the X-ray absorption
technique. The deoxygenation activities of the as-synthesized catalysts were studied
using palm kernel oil, which is an abundant source of lauric acid (C12), to produce
renewable jet fuel-like hydrocarbons. To provide a simple approach for large-scale
preparation, sulfidation by thiourea in a liquid-phase processing will be compatible with
a general synthesis method of unsupported and supported metal sulfide catalysts. The
exploration of a new potential biojet fuel resource via triglyceride-feedstock conversion
could provide a straightforward process for obtaining a high yield and tunable biojet fuel

via deoxygenation and further isomerization.

2. Experimental
2.1 Catalyst preparation and characterization

The Ni-MoS,/Y-Al,O; catalyst was prepared by wetness impregnation with a
precursor solution based on modification of our previously reported protocol [39] using
thiourea as a sulfur agent. A mixture of nickel nitrate hexahydrate (Ni(NO3),-6H,0,
Sigma-Aldrich, 98.8%), (NH4)sMo0;0,,4H,0 (Carlo Erba, 99.0%), and thiourea
(CS(NH,),, Sigma-Aldrich, 99.0%) was dissolved in water with 1:20 molar ratio of
molybdenum salt: thiourea. The solution containing a Ni /Ni+Mo ratio of 0.33 was stirred
for 0.5-1 h prior to adding spherical Y-Al,O; (1.8 mm of O.D., Sasol Company) at 85
wt.% of the catalyst followed by stirring at 60 °C for an additional 1-2 h. After



impregnation, the sample was dried in an oven for 10-12 h and calcined in an Ar
atmosphere for 4 h at 400 °C with a heating rate of 10 °C min™". The final active phase
Ni-MoS, was approximately 15 wt.% in the obtained catalyst. The actual molar ratio of
Ni/(Ni+Mo) in the calcined catalyst was determined to be approximately 0.32 using
inductively coupled plasma-optical emission spectrometry (ICP-OES). Phase identity of
the catalyst was analyzed by X-ray diffraction (XRD) using a Bruker D8 Advance with

Cu KA radiation. The measurement was carried out at 40 kV and 40 mA and over a

range of 10°</20<80° (0.02 deg.s” with a step time of 1 s. The Brunauer-Emmett—
Teller (BET) surface area and Barrett-Joyner-Halenda (BJH) pore size of the catalysts
were investigated by a N, sorption analyzer (Quanta Chrome NOVA2000e). The catalyst
morphology was measured using transmission electron microscopy at 200 kV (TEM,
TECNAI G2 20 S-Twin). The sample was ground into a fine powder and dispersed in
methanol before mounted on a Cu grid coated with a thin film carbon for TEM analysis.
The chemical state at the surface of the catalyst was analyzed by X-ray photoelectron
spectroscopy (XPS, Kratos AXIS Ultra DLD). In our study, synchrotron-based X-ray
absorption spectroscopy (XAS), which is a powerful structure-based technique, has
been employed to study the electronic and local structural information of the materials
[42]. The XAS spectra including X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spectra were acquired at the SUT-
NANOTEC-SLRI XAS Beamline (BL 5.2) (bending magnet; electron energy of 1.2 GeV,
beam current of 80-150 mA; 1.1 to 1.7x1011 photon s™') at the Synchrotron Light
Research Institute (SLRI), Nakhon Ratchasima, Thailand. The Mo L3-edge and Ni K-
edge spectra were collected in transmission mode using InSb(111) and Ge (220) double
crystal monochromators with an energy resolution (AE/E) of 2x10™. The background
correction and data fitting of the XANES and EXAFS data were done using the
ATHENA and ARTEMIS programs in the IFEFFIT package [43, 44].

2.2 Catalytic reaction testing

Refined palm kernel oil and palm olein oil were commercially obtained from a
local market in Thailand. As shown in Table 1, the fatty acid contents in the commercial
oil were determined through fatty acid methyl esters (FAMEs) obtained by total
transesterification of triglycerides at 65 °C for 4 h with methanol (9:1 mol ratio of
methanol to oil) using a sodium methoxide (NaOCHj5) catalyst (1 wt% of oil). Acid value

of the palm kernel oil was estimated by the titration method with KOH (0.1 M).



Table 1 Fatty acid content of commercial refined palm kernel oil compared to that of

palm olein oil.
Fatty acid Composition (wt.%)
palm olein oil palm kernel oil
C8:0 - 1.2
C10:0 - 2.6
C12:0 0.4 48.8
C14:0 0.8 17.3
C16:0 37.4 -
C16:1 0.2 9.1
C18:0 3.6 2.1
C18:1 45.8 16.1
C18:2 11.1 2.3
C18:3 0.3 0.1
C20:0 0.3 -
C20:1 0.1 0.1

The palm olein oil consisted of C12—C20 fatty acids with oleic acid (C18:1) as
the major component [45], which is preferred in synthetic diesel fuel production. The
refined palm kernel oil (acid value of 0.26 mg KOH/g of oil) contained a high component
of lauric acid (C12:0), which is suitable for biojet fuel application. The catalytic
deoxygenation reactions were performed in a custom-made trickle-bed reactor with an
internal diameter of 0.7 cm, length of 21 cm, and volume of 8.1 cm?®. After NiMoS,/Al,O4
loading in the reactor, the system was pressurized with H, to the desired pressure and
heated to the desired reaction temperature. The oil feeds were introduced to the reactor
by a HPLC pump, and H, feed was controlled by mass flow controllers. The
deoxygenation reactions were tested using the following conditions: reaction
temperature of 270-330 °C, H, pressure of 30-50 bars, liquid hourly space velocity
(LHSV) of 1-5 h™', and H,/oil ratio of 1000 N(cm®cm™). Each reaction parameter was
evaluated using fresh catalyst to eliminate the effect of catalyst deactivation during the
experiments. The three experiments using the same catalyst were performed and the

liquid product was collected every 3 h interval for analysis. Thus, typically the total time



on stream on each reaction condition was 9 h while the catalytic activity remained
stable.

Gas chromatograph instruments were used to identify the obtained products. A
GC-2014 Shimadzu and a GC-MS Agilent 7890A equipped with DB-1HT (30 m x 0.32
mm x 0.1 [dm) capillary columns were used for liquid product analysis. The calibration
curve of standards was used to quantify a composition of n-alkanes in liquid products.
In details, a diluted sample was injected into the GC with the split ratio of 100. An
injection temperature of 340 °C, a detector temperature of 370 °C and a column
temperature ramping from 40 to 270 °C) were used for the analysis. An online
Shimadzu GC-14B equipped with molecular sieve 5A and Porapak Q packed columns
was used for gas product analysis. The deoxygenation activities were calculated as

shown in the following equations.

triglycerides conversion (%) =
mole of triglycerides in feed—mole of triglycerides in product (mole)

x 100%

mole of triglycerides in feed (mole)

1)

: ; ; — totoal 1 —alk i liquid duct
quuld pi"Od!LCt ywid (%) — totoal mole of n—alkanes I]’-t Iq-m produc x 100% (2)
total mole of fatty acidsin feed

HDO selectivity (%) =

total mole of n—alkanes (C8.C10.612,C14.€16,C18) in ligquid product

—— x 100% (3)
total mole of fatty acids in feed
DCO + DCO2 selectivity (%) =
total mole of n—alkanes {C?.C‘B.C11.Cl§.ClF.Cl?}in liquid product x 100% (4)
total mole of fatty acids in feed
€10 to C12 selectivity (%) =
total mole of n—alkanes (€10.C11.012) in liquid product
! ¢ ) inliquid p x 100% )

total mole of fatty acids in feed

The heating values of the liquid products were also via a bomb calorimeter (LECO
AC350), and the flow property was determined using automated cloud point and pour

point analyzers (ISL CPP 5GS).

3. Results and Discussion



As shown in Fig. 1, the XRD pattern of a calcined Ni-MoS,/}-Al,0; sample that
was prepared using our new method with thiourea as a sulfiding agent indicated that the
bulk phases of the catalysts on the Y-Al,O3 support included NiS, (PDF 03-065-3325),
and MoS, corresponding to PDF 03-065-0160 as well as commercial MoS, (Sigma-
Aldrich). The peak broadening shown in the XRD pattern of the catalyst was due to the
semi-amorphous nature and small crystallite size (i.e., 5-10 nm determined by
Scherrer’'s equation). Additionally, the broad MoS, peaks may indicate the low stacking
and disorder of the MoS, layers. [46]

In addition, the Mo and Ni oxidation state and crystallinity of the bulk Ni-MoS,/y-
Al,O5; material were confirmed by the XANES spectra [47] at Mo Ls-edges and Ni K-
edges (Fig. 2). As shown in Fig. 2(a), the Mo Ls-edge positions of Mo(0) (standard Mo

metal foil, 2520.0 eV), Mo(IV) (MoS,, 2522.3 eV) and Mo(VI) (MoO3;, O-NiMoOQO,, 2524.1
eV) increased with the ionicity of the Mo bonding and electronegativity of the anions.
The near-edge and post-edge features of the MoS,-based compounds exhibited less
intense amplitudes (low-k scattering), indicating poor crystallinity in the amorphous
phase. Moreover, as seen in Fig. 2(a), the white line intensity of Ni-MoS, became
smaller and that of Ni-MoS,/Al,O; turned into higher when compared with that of MoS,
standard, suggesting an existence of Ni-substitution in both samples. Besides, the Ni K-
edge XANES spectra of Ni-MoS,/ J-Al,0; compared to those of some Ni compounds
indicated that the edge energy (at 8345.6 eV) was between those of the NiAl,O,
(8346.1eV), NiO (8345.9 eV), and NiS, (8339.4 eV) standards, as shown in Fig. 2(b).
These results confirmed the presence of both Ni-S and Ni-O bonds, which may arise at
the metal-support interface between Ni and MoS, and alumina, respectively. Based on
the different post-edge features, unlike those in NiO and NiS, standards, this result also
suggested the substitution of Ni into the MoS, and MoS,/Al,O; structures which is
consistent with the observed Mo L3-edge XANES results. In order to clarify the Ni-
substitution in samples, the EXAFS data at Ni K-edge is necessarily employed. The
measured EXAFS spectra (black line) and the best fitting (red line) at Ni K-edge for the
Ni-MoS, and Ni-MoS,/Al,O; samples are shown in Fig. 3 (in real space), and the fitting
parameters are listed in Table 2. The mean Ni-S and Ni-S/Ni-O coordination numbers
and bonding distances around the Ni atoms in the MoS, and MoS,/Al,O; samples were
4.78(2) and 1.68(1)/3.40(2) and 2.223(4) A and 2.204(1)/2.025(3) A, respectively. These
EXAFS results confirmed Ni substitution into the MoS, and MoS,/Al,O5 structures, which

is consistent with the reported XANES results. The metal doping in the based catalysts,



i.e. Ni or Co doping in MoS, [39, 48], Co doping in lattices of MoO,[22], has been
confirmed as the promoting effect to improve catalytic deoxygenation performance by
modification of the electronic and geometric surface structure of the catalytic active sites
via defects [48] e.g. S-vacancies in MoS,.

However, the chemical state of the catalyst surface measured using the XPS
technique (Fig. 4a) indicate the presence of at least two Mo species on the surface of
the catalyst that exist as a mixture of Mo(IV) from MoS, and Mo(VI), which may arise
from MoO; due to the formation of an oxide layer at the surface in contact with Al,O,.
The peaks for Mo 3d5/2 at 229.0 eV and Mo3d3/2 at 232.1 eV were assigned to Mo(lV)
in MoS,, and the peaks for Mo3d3/2 at 232.9 eV and Mo 3d3/2 at 236.0 eV were
assigned to Mo(VI) in MoO; [49, 50]. The presence of Ni (Il) based on the XPS
spectrum of Ni 2p was confirmed, as shown in Fig. 4b. The Ni 2p bands, the doublet
2p3/2 and 2p1/2 due to spin-orbit splitting, were fitted to the 3 species of Ni(ll). The
binding energy of Ni 2p3/2 around 854.6 eV could be related to the nickel sulfide
compound (854-855 eV); this would be assigned for the NiS, in this case. The binding
energy around 855.9 eV corresponded to Ni in NiMoS,/Al,O3 [51] and the BE around
857.3 eV was close to either the Ni species in the interaction with the alumina support
at the metal-support interface [52]. The broad bands around 860-865 eV and 878-885

eV were ascribable to the shake-up satellites structure of Ni(ll) [51].

x=MoS, O=pAlL0O, O=Ni§,

Ni-MoS,/Al,0,
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Fig. 1 XRD patterns of Ni-doped MoS,/Al,0; compared to those of commercial Y-Al,O,

and commercial MoS,.



Table 2 Ni K-edge EXAFS fitting parameter of Ni-MoS./)-Al,O; prepared by thiourea

sulfurization.

Samples Paths  Coordination G AE (eV) R (A)
number (N)
Ni-MoS, Ni-S 4.78(2) 0.002 -6.916 2.223(4)
Ni-MoS,/AlL,O, Ni-S 1.68(1) 0.005 -4.515 2.204(1)
Ni-O 3.40(2) 0.007 -4.095 2.025(3)
9
g] (a)
7- Ni-MoS,/~Al,0,
o ©7 Ni-MoS,
‘_S.- 5-
> Mos,
N 41
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5 | a-NiMoO,
=z 24
| MoO,
14
04
2500 2510 2520 2530 2540 2550 2560 2570 2580

Energy (eV)

Ni-MoS,/-Al,0,

Normalized y(E)
w b
" i 1 i [ i
z
>
| "o

Ni foil
1-/’\/L
04

8320 8330 8340 8350 8360 8370 8380 8390 8400 8410
Energy (eV)

Fig. 2 (a) XANES spectra at Mo L;-edges of Ni-MoS,/Y-Al,O; compared to those of Mo
compounds and (b) XANES spectra at Ni K-edges of Ni-MoS,/Al,O; compared to those

of Ni compounds.
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Fig. 3 Measured EXAFS data with the best fitting at the Ni K-edge for the Ni-MoS, and

Ni-MoS,/Y-Al,O3 samples.
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The layered structure of MoS, was observed in the TEM images (Fig. 5) as the
dark line stacking, which represents a d(002) distance of 0.65 nm for crystalline MoS,.
This result is similar to the theoretical distance (0.62 nm), as shown in Fig. 5(b). The
number of layers was random and ranged from 1 to 4 layers (average of 1.8 layers),
which is considered to be low stacking due to the low temperature synthesis [53]. The
size of the MoS, sheets, which is the length of the dark lines, ranged from 2 to 9 nm
(average of 4.1 nm), and the crystals of }-Al,O; support were approximately 5-20 nm in
size. It should be noted that the particle size of the supported catalyst observed via an
SEM technique was in a range of 0.5 to 5 [ Im, suggesting the agglomeration forms of

the catalyst particles (results not shown). As shown in Table 3, the specific surface area
of Ni-MoS,/Y-Al,O; synthesized using our method exhibited a slightly lower surface

area, pore volume, and average pore size compared to that of Y-Al,O; due to the

deposition of Ni-MoS, on the surface and possibly inside the pores of the alumina.



Fig. 5 TEM images of Ni-MoS,/)-Al,O3: (a) low magnification and (b) high magnification.

Table 3 Surface area and porous parameters of prepared catalysts.

Catalysts SgeT Average BJH pore volume Average BJH pore
(m*g™) (cmg™) diameter (nm)
Y-AlL,O, 181 0.510 7.5
Ni-MoS,/ Y-Al,05 156 0.306 7.0

The deoxygenation of palm kernel oil using Ni-MoS,/)-Al,0; under an excess H,
atmosphere was performed with a custom-made trickle-based reactor. The proposed
reaction pathways, represented in Scheme 1, were similar to those reported in different
triglyceride feedstock [54, 55]. The triglycerides in palm kernel oil were degraded to
propane gas and fatty acid molecules that consisted of primarily C12 with some C14
and C18, as shown in the Table 1. The deoxygenation of these fatty acids to obtain a
biofuel product was proposed to occur via three main reactions. Hydrodeoxygenation
(HDO), which is the primary H, consumption pathway, produced alkanes with the same
number of carbon atoms as well as water as a by-product via C-O bond cleavage.
Decarbonylation (DCO), which used the least H,, and decarboxylation (DCO,), which
does not use H,, produced alkanes via C-C bond cleavage leading to the loss of one

carbon atom to CO gas and water (DCO) and CO, gas (DCO,), respectively.
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Scheme 1 Proposed catalytic palm kernel oil conversion via deoxygenation into jet

diesel-like hydrocarbons.

As shown in Fig. 6a, an increase in the reaction temperature under a H,
pressure of 50 bar and LHSV of 1 h™ enhanced the yield due to improvement in the
product yield via DCO, and DCO reactions. However, the selectivity to the HDO product
was slightly higher when comparing those at 270 °C and 300 °C and slightly lower at
330 °C, and the selectivity of the competitive DCO, + DCO reactions increased based
on gas product distribution (Fig. 6b). These results are in good agreement with the
exothermic nature of HDO [56], which is unfavorable at higher temperature.
Nevertheless, the HDO pathway still dominated the total reactions at 270-330 °C.
Cracking as a side reaction tended to occur at high temperatures, especially propane
cracking at 330 °C based on an increase in the ethane composition in the gas product.
Moreover, methanation (i.e., CO conversion to CH,) may occur starting at 300 °C due to
a decrease in CO, which was inversely proportional to CO, accumulation. It should be
noted that the C10-C12 selectivity in the liquid product remained almost constant at all

reaction temperatures. In the study of the LHSV parameter, a shorter contact time



between the reactant and the catalyst (high LHSV) led to a significant decrease in the
HDO product contribution and a small increase in the DCO,+DCO product contribution,
which resulted in a decrease in the total yield (Fig. 7a). Moreover, the CO distribution in
the gas product increased at a high LHSV, indicating that the DCO pathway is favored
at a short resident time (Fig. 7b). As the H, pressure increased (Fig. 8a), the liquid yield
increased as a result of the domination of the HDO activity under the H, rich conditions
at the catalyst surface over those from the DCO, + DCO pathways due to the large H,
consumption required in the HDO pathway [10, 54]. The CO amount in the gas product
was suppressed at H, pressure of 50 bar, and the CO, level remained similar to that at
lower H, pressures (Fig. 8b). It is important to note that methanation, which is favorable
under high H, pressure conditions [57], may have occurred at a H, pressure of 50 bar
based on the slight increase in the methane amount compared to that of ethane. The
turnover frequency (TOF), the generation rate of liquid product per the active site
determined by CO uptake, was 0.0260 s™' for the condition of 330 °C, H, pressure of 5
MPa, and LHSV of 1 h™.
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Fig. 6 Effect of reaction temperature on deoxygenation of palm kernel oil under a H,
pressure of 50 bar and LHSV of 1 h™': (a) catalytic performance based on liquid product

and (b) gas product distribution (%mol).



conversion HDO selectivity
yield DCO, + DCO selectivity

I 10 to C12 selectivity

100 (a)
80
£ ol
=
8 40
()
a
20
3
LHSV (h)
[JcH, BRECcH, ICH,
E=co, [lllco
S
vy
c
@
o
@
o

LHSV (h")
Fig. 7 Effect of LHSV on deoxygenation of palm kernel oil at 300 °C and a H, pressure

of 50 bar: (a) catalytic performance based on liquid product and (b) gas product

distribution (%mol).

i HDO ivi
yield DCO, + DCO selectivity

I C10 to C12 selectivity

(a)

Percent (%)

Pressure (bar)

[JoH, EBgc,, mmcH,
E=co, [lMco

Percent (%)

Pressure (bar)

Fig. 8 Effect of H, pressure on deoxygenation of palm kernel oil at 300 °C and a LHSV

of 1 h™: (a) catalytic performance based on liquid product and (b) gas product

distribution (%mol).



The conversion of palm kernel oil was >99% under various operational
conditions in the current study (i.e., reaction temperature, LHSV, and H, pressure).
Therefore, the selectivity to C10-C12 alkanes in the liquid product remained at
approximately 58%, corresponding to the amount of lauric acid in the palm kernel oil
feedstock. In addition, the catalytic activities of the different oil feedstocks (i.e., palm
kernel oil and palm olein oil) based on the yield contributed by the high HDO product
selectivity were similar (result not shown). Therefore, the fatty acid chain did not
significantly affect the deoxygenation performance over the Ni-MoS,/y-Al,O; catalyst
under the studied conditions. Depending on the product composition, the liquid biofuel
from palm kernel oil consisted of jet fuel-like hydrocarbons, and product from palm olein
oil consisted of diesel-like hydrocarbons. The differences in heating value and cold flow
property of biofuel products from the two feedstocks were in association with the
composition of the alkanes based on their fatty acid origins. The medium chain alkanes
(i.e., C10-C12) in the product obtained from palm kernel oil improved the cloud point
(6.2 °C) and pour point (-3.0 °C) while maintaining an excellent high heating value of
46.6 MJ kg'1 comparable to the green diesel from palm olein. Typically, the commercial
jet fuels contain additives to keep low freezing point, cloud point and pour point, leading
to excellent cold flow properties at actual working conditions. The fuel property and
chemical composition of the additive-free jet fuel-like hydrocarbons in this work could be

suitable for blending with fossil jet or diesel range fuel.

4. Conclusions
A novel method for metal sulfide preparation using thiourea sulfurization under

an inert atmosphere was successfully applied for the synthesis of the Ni-MoS,/}~Al,0;
catalyst. The catalytic performance for the deoxygenation of palm kernel oil was studied
as an alternative approach for the production of jet fuel-like hydrocarbons. A high HDO
activity, which was the major pathway for deoxygenation, was observed a high H,
pressure was applied at 300 °C with a long contact time (low LHSV) between the
reactants and the catalyst. The promotion of DCO, and DCO occurred as the reaction
temperature increased and with a short resident time (fast LHSV). The side reactions,
such as cracking and methanation, occurred at high temperatures, such as 330 °C. The
optimum product yield was approximately 92%, which was primarily from the HDO

product (~60%) with 58% selectivity to C10-C12 for the jet fuel-like hydrocarbons under



the following conditions: 330 °C, H, pressure of 50 bar, LHSV of 1 h™', and H./oil ratio of
1000 N(cm® cm™).
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Deoxygenation of oleic acid under an inert atmosphere using molybdenum oxide-
based catalysts
1. Experimental
1.1 Catalyst preparation

Bimetal NiMo oxide catalysts were prepared by impregnating a commercial Y-
AlLO; (Sasol company, Germany) with (NH4)¢Mo;0,4,-4H,O (Carlo Erba) and
Ni(NO3),-6H,O (Ajax Finechem) solution containing 0.3 atomic ratio of Ni/(Ni + Mo).
Next, the samples were dried at 65°C for 12 h and then calcined at 500°C for 5 h in air.
The catalysts with metal loading on alumina (wt.%) of 19%, 27%, and 34% were
denoted as 19NiMo-Al, 27NiMo-Al, and 34NiMo-Al, respectively. Furthermore, the
19NiMo-Al was reduced at 500°C for 3 h in H, flow and collected in N, atmosphere,
which denoted as 19NiMo-Al (Red.) to compare active phase and catalytic activity with
the non-reduced catalysts. Also, the monometal Mo oxide and other bimetal CuMo and
CoMo oxides on alumina were prepared similarly to that of 19NiMo-Al and denoted as
19Mo-Al, 19CuMo-Al, and 19CoMo-Al, respectively using Cu(NO;),"4H,O (Carlo Erba)
and Co(NO,),-6H,0 (Carlo Erba) as Cu and Co precursors.

1.2 Catalyst characterization

The phase identity of as-synthesized catalysts was investigated via a Bruker D8
Advance X-ray diffraction (XRD) using Cu KOl source at 40 kV and 40 mA and
collecting 2theta scan ranges from 10° to 80° with a step of 0.02°s™". Surface area and
porosity were determined by N,-adsorption-desorption technique at -196 °C on a
Quantachrome Instruments Nova 2000e surface area analyzer. The specific surface
area was estimated by the Brunauer-Emmett-Teller (BET) equation and pore size and
pore diameter were calculated by the Barrett—-Joyner-Hallenda (BJH) method.
Morphology, elemental distribution, and crystallization of the catalysts were examined by
field emission scanning electron microscope/energy dispersive X-ray spectroscopy (FE-
SEM/EDX, Hitachi SU8030) and transmission electron microscopy (TEM, JEOL 2100).
The reducibility of as-synthesized catalyst was investigated by temperature-programmed
reduction (TPR) using a Quantachrome ChemBET pulsar TPR/TPD instrument. The
sample was pretreated at 120°C for 3 h under Helium atmosphere prior to the
measurement. The reduction was carried out from 40 to 950 °C under 5 vol.% H, in
argon gas with a similar flow rate at 30 mL/min. The surface species of as-synthesized

catalyst was determined by X-ray photoelectron spectroscopy (XPS) using a PHI 5000



Versa Probe Il XPS system (ULVAC-PHI, Japan). Binding energies were calibrated by
C 1s species at 284.9 eV.

1.3 Catalytic deoxygenation testing and product analysis

Deoxygenation reactions were carried out in a 300 mL of Parr 4568 batch
reactor. An oleic acid (Aldrich, technical grade, 90% purity) was used as a model
compound of palm oil without further purification with catalyst loading of 20% w/w of
reactant, i.e. 6 g of catalyst and 30 g of oleic acid. The reaction testing was performed
under these conditions: N, pressurizing at room temperature (10 to 40 bar), stirring rate
of 450 rpm, reaction temperature of 300 to 350 °C, and reaction time of 3 to 9 h. Liquid
products, which mainly consisted of n-paraffin, stearic acid, and oleic acid, were
analyzed by a GC-MS (Agilent Technologies, 7890A) and a GC-FID (GC-2014,
Shimadzu) equipped with DB-1HT columns (30m x 0.32mm x 0.1um). The gas products
were analyzed by a GC-TCD (Shimadzu GC-14B) equipped with molecular sieve 5A
and Porapak Q columns. The oleic acid conversion and liquid product distribution were

calculated by using the following equations:

) oleic acid in feed (g) — oleic acid in products (g)
%conversion = oleic acid in feed (9) x100% Eq.(1)

% product A distribution — — SIS productA___ 0, Eq. (2
o procuc istribution = weight of total liquid products ° a(2)

2. Results and discussion
2.1 Catalyst characterization

lllustrated in Fig. 1, the XRD patterns of as-synthesized catalysts revealed
apparently broaden peaks of J-alumina (ICDD PDF 00-001-1303) as the catalyst
support with an average crystallite size of 5.4 nm determined by the Scherrer equation,
while the small peaks indicated mixed phases of metal oxides. In Fig. 1a, the 19Mo-Al
peak patterns demonstrated crystalline &X-MoO5; phase (ICDD PDF 01-074-7383). The
various Ni-doping concentrations in NiMo-Al catalysts (Fig. 1b, 1¢, and 1d) yielded the
mixed phases of O-MoO; and Q-NiMoO, (ICDD PDF 00-033-0948) with the
enhancement of peak intensities corresponding to the increase of %metal oxides
loading in catalysts. Moreover, XRD patterns of the samples with the Co and Cu doping

in Mo-Al (Fig. 1e and 1f) showed the formation of CoMoQO, (ICDD PDF 00-021-0868)
and CuMoQO, (ICDD PDF 01-077-0699) phases, respectively, along with &X-MoO; phase



similarly to those in NiMo-Al catalysts. In case of the 19NiMo-Al (Red.) catalyst, which
was reduced under the H, gas (Fig.1g) the ({-MoO; and (X-NiMoO, were transformed
to MoO, (ICDD PDF 01-074-4517) and Ni metal (ICDD PDF00-004-0850) indicating the
reduction of Mo®* to Mo** and Ni** to Ni® which would act as active sites in a typical
hydrodeoxygenation reaction under H, atmosphere. [27] In addition, confirmed by the
H,-TPR profile of 19NiMo-Al catalyst (Fig. 2), the four principle peaks for H,
consumption corresponded to the reduction processes of Mo®" to Mo** (around 520°C),
Ni?* to Ni° with strong interaction with molybdenum oxide (620 to 700 °C), and Mo** to
Mo® (890 °C). [30-33] All peaks were slightly shifted from other reports because the
reduction peak of catalysts depended on several factors such as preparation method
and nickel doping effect. [33] However, the reduction band of Ni** to Ni° on H,-TPR
profile was not found at the low temperature range, i.e. 200-300 °C due to the weaker
interaction between Ni** and Al,O, around 200 °C. [33] Also, the small amount of Ni
species in 19NiMo-Al catalyst led to the less H, consumption in good agreement with
the smaller Ni*? reduction band at high temperature compared with those of Mo
reduction bands. The chemical species at the surface of the 19NiMo-Al catalyst were
characterized by XPS technique. The Mo 3ds, peak was found at the binding energy
around 233.2 eV (Fig. 3), in the range of the oxidation state of Mo in MoO; on the
catalyst support (232.7 to 233.3 eV). [34, 35] The Ni 2p;, binding energy was shown

~855.2 eV which was close to Ni*?in NiMoO, phases (855.2—-857.2 eV). [34, 36]
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Fig. 1. Normalized XRD patterns of (a) 19Mo-Al, (b) 19NiMo-Al, (c) 27NiMo-Al, (d)
34NiMo-Al, (e) 19CoMo-Al, (f) 19CuMo-Al and (g) 19NiMo-Al (Red.).
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Fig. 3. XPS spectra of the 19NiMo-Al catalyst: (a) Mo 3d region (a) and (b) Ni 2p

region.

The 19NiMo-Al catalyst was also analyzed by TEM technique to investigate the
metal oxide morphology and dispersion. As shown in Fig. 7, the dark nanocrystals with
a size in range of 5-10 nm represented metal oxides deposition which were well
dispersed on the Y-Al,O; support (gray elliptical nanocrystals). The BET specific surface
area, total average pore volume and average pore diameter of all catalysts were listed
in Table 1. The surface area of }-Al,0; was 255 m2/g with total pore volume of 0.43

cc/g. The surface area of as-synthesized catalysts decreased by 12% after impregnation

due to metal oxides coverage on }-Al,O;. However, the blockage pores of catalysts



were not found apparently confirmed by the insignificant change in their pore volumes

and pore size.

Fig. 7. TEM images of the 19NiMo-Al catalyst.

Table 1 Specific surface area and porous parameters of as-synthesized catalysts.

Catalyst Seer Vi d°

p

m’g cclg  (nm)

J-Alumina 209 0.577 7.8
19NiMo-Al 164 0.293 6.9
27NiMo-Al 137 0.311 6.9
34NiMo-Al 130 0.293 6.9
19Mo-Al 178 0.439 6.9
19CoMo-Al 167 0.403 7.7
19CuMo-Al 171 0.412 6.9

@ Specific surface area calculated using the BET method

2.2. Deoxygenation of oleic acid

An oleic acid was used as a model compound to investigate deoxygenation
behavior on MoOs;-based catalysts under various reaction conditions; gas atmosphere,
pressure, temperature, and time. Shown in Table 2, all represented reactions using

NiMo oxides/Al,O5 (19NiMo-Al) under N, atmosphere exhibited high %conversion in a



range of 70-90% with the highest at ~94% (condition 40N-350-6). For comparison, the
reduced NiMo oxides/Al,O3, 19NiMo-Al (Red.) yielded lower %conversion (73.1%) than
19NiMo-Al (80.9%) did under the similar condition (40N-330-3). Thus, the NiMo oxides
catalyst without the catalyst reduction pretreatment is highly active in the deoxygenation
under N, pressure, suggesting that the oxide phases would play a crucial role in the
deoxygenating reactions. This intensified process provided advantages over traditional
deoxygenation under H, pressure. Additionally, the cooperation of Ni, Co, and Cu in
MoO; showed the improvement of deoxygenation conversion in N, pressurization with
the highest in the NiMo oxides catalyst. In case of the condition with H, atmosphere
(condition 40H-330-3), the NiMo oxides catalyst showed 100% conversion; however, the
product was yielded mostly in form of stearic acid without any desirable diesel-ranged
hydrocarbon. Nevertheless, the stearic acid and saturated hydrocarbon were observed
during deoxygenation of oleic acid under N, atmosphere as shown in Fig. 8. The results
suggested that dehydrogenation and in-situ hydrogenation occurred as competitive
reactions when using metal oxide catalysts. [37] Therefore, with these interesting
results, we further studied in details of deoxygenation under inert atmosphere to

optimize the hydrocarbon product yield.

Table 2 The catalytic performance of deoxygenation of oleic acid under various reaction

conditions and catalysts.

Catalyst Condition Atmosphere Pressure Temperature Time %conversion
(bar) (°c) (hour)

19NiMo-Al 40H-330-3 H, 40 330 3 100.0
19NiMo-Al 10N-330-3 N, 10 330 3 771
19NiMo-Al 40N-330-3 N, 40 330 3 80.9
27NiMo-Al 40N-330-3 N, 40 330 3 74.0
34NiMo-Al 40N-330-3 N, 40 330 3 67.3
19NiMo-Al 40N-300-3 N, 40 300 3 435
19NiMo-Al 40N-350-3 N, 40 350 3 84.7
19NiMo-Al 40N-330-6 N, 40 330 6 86.2
19NiMo-Al 40N-330-9 N, 40 330 9 89.6
19NiMo-Al 40N-350-6 N, 40 350 6 94.1
19Mo-Al 40N-330-3 N, 40 330 3 67.5
19CoMo-Al 40N-330-3 N, 40 330 3 74.6
19CuMo-Al 40N-330-3 N, 40 330 3 72.3
19NiMo-Al (red) 40N-330-3 N, 40 330 3 73.3
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Fig. 8. Liquid product distribution obtained by deoxygenation of oleic acid using MoO;-
based catalysts under the reaction condition of 330°C, 3 h, and N, pressure of 40 bar.
The liquid product distributions in Fig.8 showed that the monometal oxide
catalyst, 19Mo-Al, exhibited lower C17 hydrocarbons yield (the target products) than
bimetal oxide catalysts on alumina. The NiMo oxides catalyst achieved the highest C17
hydrocarbons yield compared with the reduced NiMo, CoMo oxides, and CuMo oxides.
Furthermore, the intermediates found in all cases were notable stearic acid and other
oxygenated compounds such as long-chain alcohols. Demonstrated in Fig. 8, the
19NiMo-Al yielded the more amount of stearic acid and lower oxygenated products
suggesting that the Ni-doped molybdenum oxide catalysts with the MoO5; and NiMoO,
as active phases could promote dehydrogenation in N, atmosphere and obtained readily
hydrogen species which was subsequently hydrogenated the nearby oleic acid
molecules (unsaturated fatty acid) to generate stearic acid (saturated fatty acid).
Besides, the reduced NiMo oxides (19NiMo-Al (Red.)) did not show a good catalytic
activity in the inert atmosphere. Perhaps, the MoO, and Ni metal (Ni°) as active phases
in this catalyst could be working in the high concentration of H, gas and also being an
ineffective dehydrogenation catalyst. [37] The CO, and CO gas products in the reaction
were found notably without any trace of H, suggesting the DCO, and DCO of oleic acid
as the main pathways of deoxygenation under N, pressure to produce C17
hydrocarbons. The influence of the metal loading (19, 27, and 34 wt%.) on
deoxygenation performance was studied at 330°C for 3 h under N, pressure of 40 bar
(condition 40N-330-3). As demonstrated in Table 1 and Fig.9, the conversion and liquid

product distribution of C17 hydrocarbons trended to decrease when increasing the metal



loading from 19% to 34% because the large amount of metal oxides coverage on
alumina leaded to significant decrease in surface area and pore volume of catalysts.
Additionally, over NiMo oxides catalyst, changing N, pressure from 10 to 40 bar did not
significantly affect the deoxygenation performance due to only a slight change (in

several percentage) of conversion) and product yield (Fig. 10).
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Fig. 9. Liquid product distribution obtained by deoxygenation of oleic acid using different

metal loading on NiMo oxides/}-Al,O; catalysts under the reaction condition of 330°C, 3

h, and N, pressure of 40 bar.

[ C17 alkenes (1,8- heptadecadiene and other polyunsaturated heptadecenes)
B C17 alkene (8-heptadecene) [l C17 alkane (n-heptadecane)
[ stearic acid [l oxygenated intermediates

100 - -100
90 - L 90
S 80 L 80
= 70 70
z I
Z 601 60
£ 50 L 50
> L
g 40- L 40
(v
o 30 L 30
= I
® 20- 20
Q
® 104 10
0- Lo

Pressure (bar)

Fig. 10. Liquid product distribution obtained by deoxygenation of oleic acid using

19NiMo-Al catalyst under the reaction condition of 330°C, 3 h, and N, pressure of 10-40

bar.



The raising of reaction time during deoxygenation under N, atmosphere from 3
to 9 h showed the improvement of oleic acid conversion from 80.9% to 89.6% as well
as their C17 hydrocarbons and intermediates (Fig. 11). Furthermore, the increase of
reaction time from 3 to 6 h resulted in lower amount of stearic acid because the DCO,
and/or DCO of stearic acid could subsequently occur. The amount of stearic acid did
not change significantly at time interval of 6 to 9 h, showing that is the hydrogenation
rate of oleic acid and deoxygenation rate of stearic acid would be comparable under this
condition. The variation of reaction temperature showed high impact on deoxygenation
of oleic acid under N, pressure resulting in the enhancement of conversion, from 43.5%
at 300°C to 84.7% at 350°C, and C17 hydrocarbons yield which raised over 25% (Fig.
12). On the other hand, the stearic acid was still detected at the reaction temperature
range of 300-350 °C under N, gas indicating the presences of dehydrogenation with
subsequently hydrogenation as side reactions as previously discussed. Moreover, the
C8-C16 hydrocarbons and hydrocarbon gases (C1-C3) were observed at high
deoxygenation temperature since 330 °C due to thermal cracking reaction and those
product amounts increased at 350 °C with prolonged reaction time from 3 to 6 h as

shown in Fig. 13.
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Fig. 11. Liquid product distribution obtained by deoxygenation of oleic acid using

19NiMo-Al catalyst under the reaction condition of 330°C, 3-9 h, and N, pressure of 40

bar.
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Fig. 12. Liquid product distribution obtained by deoxygenation of oleic acid using
19NiMo-Al catalyst under the reaction condition of 300-350°C, 3 h, and N, pressure of
40 bar.
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Fig. 13. Liquid product distribution obtained by deoxygenation of oleic acid using

19NiMo-Al catalyst under the reaction condition of 350°C, 3-6 h, and N, pressure of 40

bar.



3. Conclusion

The deoxygenation of oleic acid for producing diesel-ranged hydrocarbon was
investigated over MoOs-based catalysts with Ni, Co, and Cu cooperation prepared by
wetness impregnation. The as-synthesized catalysts exhibited the well-dispersion of
metal oxide phases, MoO; and XMoO, (X = Ni, Co, Cu), on alumina evaluated by SEM-
EDX mapping and electron back-scattering imaging. The NiMo oxides/Y-Al,0O;
(containing MoO; and NiMoO, phases) exhibited the highest deoxygenation
performance, compared with those of supported MoO;, CoMo oxides, and CuMo oxides,
with the conversion over 80% under N, atmosphere and good selectivity of C17 alkenes
in liquid product. On the other hand, the reduced NiMo oxides/Y-Al,O; catalyst
containing MoO, and Ni (0) phases showed the lower catalytic activity under inert
atmosphere in comparison to the non-reduced ones. The rising of reaction time and
temperature enhance the conversion and selectivity of desired C17 hydrocarbon
products; nevertheless, the thermal cracking at too high temperature i.e. 350 °C
occurred as well and decreased the C17 hydrocarbons yield. The highest conversion
was obtained over 94% with 36% C17 hydrocarbons at 350 °C, 6 h under N, pressure
of 40 bar using 19%NiMo oxides/)-Al,O; catalyst. The deoxygenation pathway under N,
pressure was proposed via decarbonylation and decarboxylation. However, the
noticeable amount of stearic acid (saturated fatty acid) was also detected as well as n-
heptadecane (saturated C17 hydrocarbons) indicating the in-situ active hydrogen
sources possibly generated from dehydrogenation as a side reaction which was

evidenced by the production of polyunsaturated heptadecene.
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Deoxygenation of Stearic acid into to diesel-range hydrocarbon using NiSn
catalysts
1. Experimental

The Ni/Y-Al,0; and NiSn/Y-Al,O; catalysts were prepared by wetness impregnation
with metal precursor solution using nickel nitrate hexahydrate (Ni(NOj),"6H,0, Sigma-
Aldrich, 98.8%), SnCl,-2H,0O (Carlo Erba, 99.0%), and spherical Y-Al,O; (1.8 mm of
0.D., Sasol Company) as the support. The Ni loading was constantly 18 wt.%, while
Sn loading was varied between 0.5-7 wt.%. The impregnated catalysts were dried
overnight at 100 °C in an oven before calcination at 500°C for 5 h in static air. Prior
catalytic testing, the catalysts were reduced at 500 °C for 4 h in H, gas flow (50
mL/min). Phase identity of the catalyst was analyzed by X-ray diffraction (XRD) using a
Bruker D8 Advance with Cu KOl radiation. The measurement was carried out at 40 kV
and 40 mA and over a range of 10°<2theta<80°, 0.02 deg s” increment with a step
time of 1 s). The chemical state at the surface of the catalyst was analyzed by X-ray
photoelectron spectroscopy (XPS) using PHI 5000 Versa Probe Il XPS (ULVAC-PHI).
The Brunauer-Emmett-Teller (BET) surface area and Barrett-Joyner-Halenda (BJH)
pore size of the catalysts were investigated by a N, sorption analyzer (Quanta Chrome
NOVA2000e).

Deoxygenation reactions were carried out in a 300 mL of Parr 4568 batch reactor.
A steric acid (Aldrich, technical grade, 90% purity) was used as a model compound of
palm oil without further purification. Typically, a 5 g of stearic acid was dissolved in 40
mL of dodecane, then the solution was transferred to the reactor. The spherical
Ni/AlL,O5; or NiSn/ Al,O5 catalyst loading of 20% w/w of reactant, i.e. 1 g of catalyst and
5 g of stearic acid, was introduced in the reactor. The reaction testing was performed
under these conditions: 40 bar of H, pressurizing at room temperature, stirring rate of
500 rpm, reaction temperature of 300 to 340 °C, and reaction time of 1 to 9 h. Liquid
products were analyzed by a GC-MS (Agilent Technologies, 7890A) and a GC-FID
(GC-2014, Shimadzu) equipped with DB-1HT columns (30m x 0.32mm x 0.1uym). The
gas products were analyzed by a GC-TCD (Shimadzu GC2010plus) equipped with
MS13X and Porapak Q columns.



2. Results and discussion
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Fig. 1 The XRD patterns of NiSn catalysts.

The NiSn catalysts were prepared with constant 18 wt.%Ni and vary Sn doping
in a range of 0.5-7 wt.%. Demonstrated in Fig. 1, the Ni metal phase (open circle) was
detected in every samples, while the Sn peaks were not clearly found in the patterns.
However, the XPS techniques (Table 1) revealed the surface species of catalyst
containing Ni and Sn in both metal and oxide phases; therefore, the Sn doping in Ni
catalysts was confirmed. The SnO, (Sn**) phase was not completely reduced to Sn
metal phase at 500 °C in H, flow as found partial reduction to SnO (Sn**) referring the
strong Sn-O bonding nature compared with Ni-O bonding.

The BET specific surface area, total average pore volume and average pore
diameter of all catalysts were listed in Table 2. The surface area of )-Al,O; was 211

m?/g with total pore volume of 0.573 cc/g. The surface area of NiSn catalysts slightly

decreased after impregnation, calcination, and H,-reduction due to metal coverage on }-
Al,Os5. However, the blockage pores of catalysts were not found apparently confirmed by

the insignificant change in their pore volumes and pore size.



Table 1 Surface species of NiSn catalysts analyzed by XPS.

Catalyst Ni species Sn species
18wt%Ni-0.5wt%Sn/AlL0, 2p3;Ni(OH), 3ds, SnO,
2p3/2, satellite 3d3/2 Sn02

18wt%Ni-7wt%Sn/Al,O, 21, Ni(OH)
112 2

2p,p, satellite

18wt%Ni-0.5wt%Sn/Al,O, 2p3,NiO 3ds;, SNO
(reduced) 2psp, satellite 3ds, SnO
2p4;2 NIO

2pyp, satellite

18wt%Ni-3wt%Sn/AlLO, 2p3p, Ni 3ds> Sn
(reduced) 2py;; Ni 3d3p

2p3pNiO 3ds,, SnO
18wt%Ni-7wt%Sn/Al,O, 2045, satellite 3dy, SNO
(reduced) 2., NiO

2p,p, satellite

A stearic acid was used as a model compound to investigate deoxygenation
behavior on NiSn catalysts under hydrogen pressure (40 bar) with reaction temperature
of 300 °C for 1 h. Shown in Fig. 2 and Fig. 3, the conversion of stearic acid and
alkanes selectivity apparently deceased when using high concentration of Sn (1-7%).
The decarboxylation and decarbonylation remained the main pathway of deoxygenation
when using Ni and NiSn catalysts indicated by the high selectivity of C17 alkane
(heptadecane) over C18 alkane (octadecane). In addition, a C36 product as a side
product identified as C36 via GC-MS was detected with high selectivity in case of high
Sn doping in Ni catalysts, thus the Sn doping could change the reaction from

deoxygenation to others e.g. esterification or polymerization.



Table 2 Specific surface area and porous parameters of Ni and NiSn catalysts.

Surface Area Pore Volume Pore Diameter
Sample (m?g) (cclg) (nm)
J-Al,04 211 0.573 7.8
18wt%Ni/Al,O4 182 0.532 7.8
18wt%Ni-0.5wt%Sn 193 0.556 7.8
18wt%Ni-1wt%Sn 184 0.507 7.8
18wt%Ni-3wt%Sn 187 0.546 7.8
18wt%Ni-5wt%Sn 190 0.541 7.8
18wt%Ni-7wt%Sn 191 0.524 7.8
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Fig. 2 stearic acid conversion comparison when using NiSn catalysts. The reaction

testing was performed under 40-bar H, pressure, reaction temperature of 300 °C for 1h.
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Fig 3 product selectivity comparison when using of NiSn catalysts. The reaction testing

was performed under 40-bar H, pressure, reaction temperature of 300 °C for 1 h.

When increasing both reaction temperature (300 to 340 °C; the result was not
shown) and reaction time (1 to 6 h), the NiSn (0.5 wt.%Sn) catalyst showed catalytic
performance similarly to the Ni catalyst in the first-time usage and become higher in the
several using indicating the higher stability as shown in Fig. 4, while the Ni catalyst
deactivation occurred much faster and clearly seen at the fourth cycle as the significant

decrease in both conversion and selectivity in comparison to those of NiSn catalyst.
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Fig. 4 stearic acid conversion and hetadecane selectivity comparison when using 18
wt.% Ni/Al,O; and 18 wt.%Ni0.5 wt.%Sn /Al,O5 catalysts. Each cycle was performed

under 40-bar H, pressure, reaction temperature of 300 °C for 6 h.



3. Conclusion

Deoxygenation of fatty acid molecules has been employed as one of promising
processes for highly efficient production of renewable diesel. In addition, non-noble
metal catalysts e.g. Ni, Co, Cu have become attractive as an alternative low cost
material group and to avoid sulfur contamination in fuel product compared with the
conventional NiMoS, and CoMoS, catalysts. In this work, the Ni/Y-Al,O; and NiSn/)-
AlL,O5 catalysts were prepared by wetness impregnation method and characterized by
various techniques. The decarboxylation and decarbonylation of stearic acid to produce
heptadecane (C;;Hss) were proposed as the main pathways over the use of NiSn
catalysts, whereas the hydrodeoxygenation (HDO) became a minor reaction confirmed
by the high selectivity of C17 over C18 alkanes. The concentration of Sn doped in Ni
catalyst apparently affected the stearic acid conversion and selectivity of hydrocarbon
products. Moreover, Sn doping apparently improved Ni catalyst stability and extend

catalyst life time and reusability; perhaps by reducing coke formation on the Ni surface.

Suggestion for future research

- Exploration of novel catalysts with high deoxygenation performance under low
hydrogen pressure condition can reduce cost effective in biofuel production from
biomass feedstock and expand vastly utilization of this technology in the industry
segment.

- Kinetic reaction study could provide the useful information for both fundamental
and applied research and encourage the outstanding publication in high impact
journals.

- Computational simulation combined with experimental results will be useful to

explain chemical reaction mechanism in certain catalyst surface structure.
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