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ABSTRACT: This work aimed to study the deoxygenation of two
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different waste cooking oils (WCOs; palm oil and soybean oil) ozxosyano, ] i ‘S::::t“
using alumina (y-Al,O;)-supported and unsupported NiMoS, g

catalysts prepared by the hydrothermal method. The variables 0.2-NiMos, . e |

evaluated in this study were the reactant concentration, reaction :

time, and nickel (Ni)/[Ni + molybdenum (Mo)] atomic ratio (0.2  saniesyato, ] s

and 0.3) affecting the yield and selectivity of alkane products. The g g
supported NiMo sulfide (NiMoS,)/y-AL,O; catalyst prepared by 02-NiMo, . I A )
impregnation had the drawback of a lack of layers and stacks, so —_— :g:v::z
combining the y-Al,O; with unsupported NiMoS, catalysts using a T vieos)

hydrothermal method was evaluated. The main products obtained

from the deoxygenation of the two WCOs were normal (n-)alkane compounds (Cs, Cy4 C;7, and C;g). The catalyst efficiency was
ranked as 0.2-NiMoS,/y-AL,O; ~ 0.2-NiMoS, > 0.3-NiMoS,/y-Al,O; ~ 0.3-NiMoS,. The catalyst that gave the high n-C;—C,
yield was 0.2-NiMoS,/y-Al,O; under a reaction condition of 300 °C, 40 bar initial H, pressure, and oil concentration of 5 wt %. For
the hydrodeoxygenation (HDO) of waste palm oil, the n-C,,—C yield was 56.4% (C,,, C5, Ci6, Cy7, and Cyg at 1.3, 6.7, 14.5, 11.8,
and 22.1%, respectively), while that for the waste soybean oil was 58% (C,,, C;s, Ci, C,7, and Cyg at 1.1, 3.8, 6.7, 17.2, and 29.2%,
respectively). The n-C;3/n-C;; and n-C,4/n-C,5 ratios were both greater than 1 for both types of WCO, revealing that the
deoxygenation mainly proceeded via HDO rather than decarbonylation and decarboxylation. The 5—10% lower n-C ,—C g yield
from the waste oil compared with the fresh oil was acceptable, implying the effective oil treatment and some impurity removal.

1. INTRODUCTION

The use of transport fuel that is derived from renewable natural
resources is highly needed in order to lower greenhouse gas
emissions. The most widely used renewable resource is

forming the waste vegetable oils into hydrocarbons (HCs), or
“second-generation biodiesel”, that are comparable to the
elements in petroleum fuel. Various crop oils, like PO,
SBO,° rapeseed 0il,”® and sunflower oil,” have been reported

vegetable oil, which is used to produce biodiesel, which is a
type of vehicle fuel. Most of the time, edible oils, such as palm
oil (PO), soybean oil (SBO), and rapeseed oil, have been used
as feedstocks for biodiesel production. However, using biomass
resources other than for food is not advised in terms of food
security. Vegetable oils are primarily consumed in metropolitan
areas, particularly in sectors like households, restaurants, food,
and beverage businesses, leading to the production of large
quantities of waste oils."” Although these vegetable oils are
edible when fresh, they become toxic and bad for human
health after heating above certain temperatures, such as in
cooking, and hence become waste oils.

The used (waste) vegetable oil can be a valuable nonfood
biomass. At present, waste vegetable oil from the domestic
sector and grease from the industrial sector are thrown away in
many countries. These low-grade waste oils occasionally
contain a large content of free fatty acids (FFAs) and so
cannot be readily utilized as feeds in biodiesel production.
Thus, hydrodeoxygenation (HDO) is appropriate for trans-
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to undergo HDO using supported nickel (Ni) and Ni-
molybdenum (Mo) catalysts. The deoxygenation process can
produce second-generation biodiesel from various types of
vegetable oils and waste oils.

In the deoxygenation process, the vegetable oils lose oxygen
atoms from the fatty acids via three types of reactions: HDO,
decarbonylation (DCO), and decarboxylation (DCO,).”*"’
The products are normal alkane compounds with carbon
atoms between C,s—C,g, and this type of biodiesel, known as
synthetic biohydrogenated diesel (BHD), has the same

properties as diesel produced from petroleum.'"'?
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Accordingly, the metal catalysts with active phases, such as
ruthenium (Ru),"” rhodium,"* platinum (Pt)," palladium
(Pd),"° and Ni,'” were used in oil hydrotreating. However, the
HDO reaction is catalyzed less efficiently over time than the
DCO and DCO, reactions. Moreover, several metals, including
Pt, Pd, and Nij, that have the capacity to accelerate the
methanation reaction require a significant amount of hydrogen
(H,) gas, which is inappropriate for this process. Con-
sequently, bimetallic catalysts with multiple active phases,
like NiMo disulfide (NiMoS,)"®"” and cobalt (Co)MoS,,""*°
can speed up the HDO reaction and make it more effective
than the DCO and DCO, reactions. The Ni and Co promoters
catalyze the hydrogenation of alkenes to alkanes.

Heterogenous catalysts generally require a good support as
an inert substance that acts to disperse the activated metal to
increase its stability by reducing sintering when used at high
temperatures and to increase the active surface area in catalysis.
There are many types of suitable supports, such as the metal
oxides [alumina (y-ALO;), titania (TiO,), and magnesium
oxide], silica (SiO,), zeolite, and activated carbon (AC),*'™**
that have a high surface area and porosity, and their selection
depends on the application and inertness to unwanted
reactions. A good support needs to be stable under active
and reusable conditions of the catalyst, while the high surface
area results from the small pores but clogging can occur within
very small pores.

For the addition of a promoter to raise the catalyst activity in
the deoxygenation process, Co or Ni are frequently added to
the catalyst to improve the catalytic HDO reaction.'”**
Previous research has shown that unsupported bimetallic
Ni—Mo and Co—Mo catalysts were efficient for the oleic and
palmitic acid HDO, where the bimetallic Ni—Mo catalyst gave
a mainly alkane product (mostly containing n-Cy5—Cys)."” For
the creation of PO-derived BHD, NiMoS,/y-Al,O; was an
efficient catalyst for four cycles of the HDO of PO allowing the
catalyst to be recycled."® A comparison of different metal
catalysts in the deoxygenation of SBO revealed a ranked SBO
conversion (highest to lowest) of: NiMo > Pd > CoMo > Ni >
Pt > Ru.’

Herein, some selected works on the catalytic HDO of oils
using catalysts with different supports are briefly reviewed. For
the deoxygenation of palmitic acid using Ni catalysts with
different supports [zirconia (ZrO,), H-ZSM-S, and AC]
prepared by wet impregnation, the Ni/H-ZSM-S and Ni/
ZrO, catalysts gave 86 and 93% conversions, respectively.”®
The deoxygenation of PO using a Ni—MoS,/Al,O; catalyst
resulted in the HDO reaction being mainly responsible for the
92 wt % product yield.** In contrast, deoxygenation of PFAD
using a Pd/C catalyst proceeded via the DCO pathway as the
main reaction route and the reusability of the regenerated and
unremediated Pd/C catalysts gave a much lower conversion
and HC product yield in the second use compared to in the
first use.”” For deoxygenation of PO using a Ni/SAPO-11
catalyst, the addition of Ni metal in different proportions
yielded different percentages of n-alkanes.’

With respect to supports, the Ni—Mo—W(5—5—15)/y-
ALO;-ZSM-5 (85—15) catalyst prepared by extrusion was
found to be efficient for PO deoxygenation,” while
unsupported NiMoS, and supported NiMoS,/y-Al,O; cata-
lysts gave a sufficiently high yield of alkanes (n-C;,—Cy;).”*
Interestingly, the hydrothermal catalytic deoxygenation using a
simple Ni/ZrO, catalyst was found to be a successful method
for eliminating oxygen from palmitic acid.”” Thus, the catalyst

should be designed with the appropriate metals, promoters,
supports, and compositions depending on the type of vegetable
oil feedstock.

In this work, two types of waste cooking oil (WCO) as a
renewable feedstock were used in comparison to the equivalent
fresh oil. These were fresh (F) and waste (W)PO and FSBO
and WSBO. The WPO consisted of 40.8 wt % palmitic acid
and 45.2 wt % oleic acid while the WSBO consisted of 53.0 wt
% linoleic acid, 24.5 wt % oleic acid, and 11.5 wt % palmitic
acid as the main components.*”*" Previous research
established the efficiency of Ni, rather than Pt, Pd, and Co
as the metal promoter and of y-Al,O; as the support rather
than ZrO,, SiO,, ZSM-S, and SAPO-11. Thus, they were
chosen due to their low cost and straightforward catalyst
synthesis (without sulfidation), which are important traits for
scale-up and potential production. The deoxygenation of the
fresh and waste vegetable oils (FSBO, WSBO, FPO, and
WPO) was evaluated using supported NiMoS,/y-Al,O; and
unsupported NiMoS, catalysts prepared by hydrothermal
synthesis, and the effect of Ni/(Ni + Mo) ratio, waste oil
type, and conditions (reaction time and oil concentration) on
Cisy Cis, Cis Cyy and Cyg n-alkane yield was reported. The
physical characterization of the catalysts was performed to
understand their activity affecting the C,—C,g product yield.

2. EXPERIMENTAL SECTION

2.1. Materials. Ammonium tetra thiomolybdate [ATTM,;
(NH,),MoS,, Sigma-Aldrich], nickel nitrate hexahydrate
[Ni(NO;),-6H,0; Sigma-Aldrich], decahydronaphthalene
(decalin, Fluka), n-decane (Sigma-Aldrich), and y-Al,O,
(0.06—0.2 mm diameter, Merck) were used as received. The
FPO and FSBO were from a supermarket, while the crude (c)
WPO was from a local restaurant and the c(WSBO was from a
house.

2.2. Catalyst Synthesis.

1 For the synthesis of unsupported NiMoS§, catalyst by the
hydrothermal method,**** 0.3 g of ATTM was dissolved
in 50 g of deionized water, mixed with Ni(NO,),-6H,0
(dissolved in a small amount of water), and then S g of
decalin was added. A 250 mL Parr reactor was charged
with the mixed solution, pressurized to a 28 bar initial
H, pressure (Py,), and heated to 360 °C for 60 min. The

catalysts were designated as 0.2-NiMoS, and 0.3-
NiMoS, for Ni/(Ni + Mo) atomic ratios of 0.2 and
0.3, respectively.

2 For the synthesis of supported NiMoS, catalyst using the
hydrothermal method, ATTM and Ni(NO;),-6H,0
were dissolved in deionized water.”® The solution with
decalin added was heated at 80 °C for 30 min and then,
7-ALO; (20 wt % loading based on the catalyst weight)
was added. The catalyst was synthesized in a Parr reactor
at 350 °C and 28 bar initial Py. The catalysts were

designated as 0.2-NiMoS,/y-Al,O; and 0.3-NiMoS,/y-
Al O, for Ni/(Ni + Mo) atomic ratios of 0.2 and 0.3,
respectively.

2.3. Catalyst Characterization. The nitrogen (N,)
adsorption—desorption profiles of catalyst were measured
using a Micromeritics ASAP-2020 surface area and porosity
analyzer to derive the Brunauer—Emmett—Teller (BET)
surface area (Spgr), while the total pore volume (V) and
average pore diameter were evaluated using the Barrett—
Joyner—Halenda method. The X-ray diffraction (XRD)

https://doi.org/10.1021/acsomega.3c06188
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Figure 1. Representative images of fresh, crude waste, and pretreated waste PO and SBO. (Photograph courtesy of “Dechpol Prangklang”.

Copyright 2022).
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Figure 2. Deoxygenation of fresh and waste oils (FPO, WPO, FSBO, and WSBO) over the unsupported 0.2-NiMoS, catalyst at various times.

Condition: 300 °C, 40 bar Py, and § wt % oil concentration.

patterns were recorded on a Bruker AXS-D8 Discover X-ray
diffractometer with Cu Ka emission (4 = 1.5406 A) operating
at 40 kV and 40 mA.

The surface morphology of catalysts was examined by
transmission electron microscopy/energy-dispersive X-ray
spectroscopy (TEM/EDX) using a JEM 2100 Plus JEOL
transmission electron microscope. A sample suspension drop
was placed on a carbon film supported by a copper grid. For
determining the acid properties of catalyst, temperature-
programmed desorption of ammonia (NH;-TPD) was
recorded on a BELCAT-B instrument. The sample was heated
to 500 °C, then cooled to room temperature, and reheated to
500 °C with introducing 10 vol % NH;/He. Thermal
conductivity detector was used for effluent gas analysis.

2.4. Pretreatment of the c(WCOs. For the pretreatment
of the obtained c(WCOs, they were filtered to remove waste
residue, centrifuged to bring the oil layer to bubble by the
washing technique (hot water extraction method), and then
blown by air to bubble in the separation funnel so that the
FFAs came out of the oil layer.>* The water/oil mixture was set
aside to allow phase separation, resulting in three phases
(water, FFAs, and oils). Finally, the oil layer was removed and
evaporated to obtain the oil without FFAs and used as the

40923

pretreated WCO (hereafter termed simply WCO, WPO, and
WSBO) in the subsequent deoxygenation. The appearances of
the fresh, crude waste, and pretreated-waste palm and soybean
oils are shown in Figure 1.

2.5. Deoxygenation of the FCOs and WCOs: HDO
Reaction. For deoxygenation of the FCOs and WCOs, the
Parr reactor was charged with 1.0—2.0 g of the respective fresh
oil (FPO or FSBO) or pretreated WCO (WPO or WSBO), 18
g of n-decane, and 0.22—0.33 g of catalyst, pressurized to 40
bar initial Py, (H, purity >99.995%), and heated to 300 °C (oil

concentrations of 5 and 10 wt % and catalyst/oil ratios of 0.15
and 0.1 for the supported and unsupported NiMoS, catalysts,
respectively). After the reaction, the gas was released from the
cooled reactor, and the liquid products and the catalyst powder
were separated.

2.6. Analysis of the Alkane Products and Byproducts.
The fresh and waste oils (FPO, WPO, FSBO, and WSBO)
before and after the deoxygenation reaction were examined by
attenuated total reflectance Fourier-transform infrared spec-
troscopy (ATR-FTIR; Thermo Fisher model: Nicolet ISS).

The liquid product was analyzed using gas chromatography
(GC) with a flame ionization detector (FID; Shimadzu
GC2010) and an HP-88 column (L = 100 m, @ = 0.25 mm,

https://doi.org/10.1021/acsomega.3c06188
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Figure 3. Deoxygenation of (A) FPO and WPO and (B) FSBO and WSBO over the unsupported 0.2-NiMoS, catalyst at different oil
concentrations. Condition: 300 °C, 40 bar of Py, and a catalyst/oil ratio of 0.1.

and film thickness = 0.2 um). The carrier gas was helium (He)
at a flow rate of 1.24 mL/min. The sample solution was
injected at a split ratio of 100:1. Representative chromatograms
presenting the C,,, C;5, Ci5, Cyy and Cyg peaks from the
deoxygenation of the WPO and WSBO are shown in Figure
S1, with the retention times, as shown in Table S1. The liquid
product was also analyzed by GC/mass spectroscopy (GC/
MS; Shimadzu GCMS-QP2010) equipped with a DB-1
column (L = 60 m, @ = 0.25 mm, film thickness = 0.2 ym).
The He flow rate was 1.24 mL/min. The sample solution was
injected at a split ratio of 100:1 and the m/z was 35—600.

3. RESULTS AND DISCUSSION

3.1. Deoxygenation of the Oils Using an Unsup-
ported Ni—Mo Catalyst. In this work, the reaction time and
oil concentration were the studied variables that affect the
deoxygenation of the oils via the HDO, DCO, DCO,,
isomerization, and hydrocracking reactions. The n—Cl4—
C18 yield and selectivity at various times (1—3 h) are
presented in Figure 2 and Table S2. The reaction was
performed at 300 °C, 40 bar initial Py, and 5 wt % oil
concentration as this was reported to be the optimum
condition.'**%3

3.1.1. Influence of the Oil Concentration and Time. For
the deoxygenation of the WPO (Figure 2), after a 1 h reaction
time, the n—C14—C18 yield was high at 48.7%, indicating that
the unsupported 0.2-NiMoS, catalyst prepared via the
hydrothermal synthesis from ATTM was effective. Increasing
the reaction time from 1 to 2 h increased the n-C;,—C,4 yield
to a maximum of 54.7% (C,,, C,s, C¢ C,5, and Cjg at 1.1, 6.7,
13.5, 11.7, and 21.7%, respectively) and then decreased at 3 h
to 50.1%. Thus, the initial reaction rate (1 h) was high and
thereafter decreased, approaching equilibrium. The optimum
reaction time for the deoxygenation of WPO was 2 h, based
upon the highest n-C,,—C; yield and selectivity (Figure 2 and
Table S2). In Table S2, the n-C;3/n-C;, and n-C,4/n-C; ratios
were in the range of 1.5—-2.2 at 1-3 h, implying that HDO was
the main reaction pathway rather than DCO and DCO,.

For the deoxygenation of WSBO (Figure 2), the n-C;,—Cs
yield after 1 h was also high at 45.4%, similar to the
deoxygenation of WPO, but the n-C;,—C,; yield further
increased to a maximum yield of 57.1% after 3 h (C,4, Cy5, Cyq,
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Cy,, and Ci3 = 0.6, 3.5, 6.3, 17.7, and 29.0%, respectively).
Thus, the 0.2-NiMoS, catalyst gave a high reaction rate in the
first hour, and the reaction rate decreased in the period of 1-3
h and began to reach equilibrium. The optimum time for HDO
of WSBO was 3 h, at which the highest n-C,—Cg yield and
selectivity were achieved (Figure 2 and Table S2). In the same
manner as for the deoxygenation of WPO, the n-C,4/n-C,, and
n-C/n-Cys ratios were in the range of 1.2—1.8 at 1-3 h
(Table S2), indicating that the HDO reaction occurred rather
than the DCO, and DCO pathways.

The n-C,—C,g product yield and selectivity from the
deoxygenation at different oil concentrations (S—10 wt %) are
presented in Figure 3 and Table S2. For WPO, the n-C,—Cyg
yield and selectivity decreased with increasing oil concen-
trations. The #n-C,—C,4 yield after 2 h was decreased from
54.7% at S wt % oil to 47.6% (C;s, Ci C,7, and Cg = 9.2, 10,
13.9, and 13.1%, respectively) at 10 wt % oil, although at this
higher oil concentration it was maximal after 3 h at 50.6%.

For the deoxygenation of WSBO, at the optimal time (3 h),
the n-C,—C; yield was also decreased from 57.0% at 5 wt %
oil to 50.4% (C,s, Ci6 Cy7y and Cyg = 5.1, 5.0, 21.9, and 17.7%,
respectively) at 10 wt % oil The n-C;,—C,g yield and
selectivity decreased at a high oil concentration due to the
lower rate of H, and oil diffusion to the surface of catalyst
resulting in a decreased catalyst efficiency and HDO rate
(Figure 3). Thus, the optimum concentration (low) promoted
the deoxygenation of the oil via the HDO reaction rather than
the DCO, and DCO pathways, and so the n-C3/n-C,, and n-
C,¢/n-Cy; ratios were above 1 (1.3—2.2) (Table S2). Whereas,
at a higher oil concentration (10 wt %), the n-C,3/n-C,, and n-
Ci6/n-Cys ratios were in the range of 0.9—1.1 (Table S2)
implying that the DCO, and DCO reactions occurred equally
with HDO.

A possible explanation for the effect of the oil concentration
on the n-C,—C,g product yield and selectivity in the
deoxygenation process is as follows. When the oil concen-
tration was increased from S to 10 wt %, the n-C,—C; yield
and the selectivity of the C,4 and Cg3 products tended to
decrease because a high oil concentration caused (i) an
increased viscosity, (ii) low free volume, and (iii) decreased
diffusion rate of the H, and oil at the catalyst surface. Thus, the
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Condition: 300 °C, 40 bar Py, reaction time of 3 h, and oil concentration of 5 wt %.

catalyst efficiency was decreased, resulting in the decreased
HDO rate.”®

3.1.2. Comparison of the Deoxygenation of WPO and
WSBO. Generally, the oil source is also a variable in the
deoxygenation of oils that affects the n-alkane yield and
selectivity. The deoxygenation of the WPO and WSBP were
compared at their optimum reaction conditions, revealing that
the n-C;,—C,q yield from WSBO (46.7%) was much higher
than that from WPO (33.4%), while the n-C,;—C,¢ yield from
WSBO (9.8%) was much lower that from WPO (20.2%). This
was related to the composition of the WPO, which contained
palmitic acid and oleic acid at 40.8 and 45.2%, respectively,
whereas the WSBO contained palmitic acid, oleic acid, and
linoleic acid at 11.5, 24.5, and 53.0%, respectively.so’31 In

summary, deoxygenation of WSBO gave a higher n-C;,—Cg
yield (39.6—46.7%) than WPO (30.4—33.4%) but a lower n-
C1s—Cys yield (8.2—9.8%) than WPO (18.5-20.2%) (Table
S2). It is worth nothing that WPO gave higher n-C,5/n-Cy;
and n-C4/n-C,4 ratios than WSBO relating fatty acid structure
(saturated vs unsaturated ones).

Comparison of the n-C,—C; yield from the deoxygenation
of the waste and fresh oils at their respective optimum reaction
revealed that the n-C,—C 4 yield from WPO and WSBO
(54.7 and 57.1%, respectively) was slightly lower than that
from FPO and FSBO (60.9 and 61.4%, respectively) (Figure 2,
Table S2). This S—10% lower n-C,,—C,q yield from the waste
oil compared with the fresh oil was acceptable, implying that
the effective oil treatment could improve the waste oil
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Table 1. Comparison of the Effectiveness of the Supported and Unsupported NiMoS, Catalysts in the Deoxygenation of WPO
and WSBO“
oil WPO WSBO

catalyst 0.2-NiMoS, 0.2-NiMoS, /ALO; 0.3-NiMoS, 0.3-NiMoS, /ALO; 0.2-NiMoS, 0.2-NiMoS,/AL,O; 0.3-NiMoS, 0.3-NiMoS, /AL O,

time (h) 2 3 3 3 3 3 3 3
n-alkane content 54.7 56.4 46.4 46.8 57.1 58 50.2 SLS

(wt %)
yield (wt %) yield (wt %)
Cy L1 13 L1 L1 0.6 L1 1.1 12
Cis 6.7 6.7 3.6 4.2 3.5 3.8 6.1 7.8
Ci 13.5 14.5 4.9 4.8 6.3 6.7 9.7 11.3
Cyy 11.7 11.8 159 172 17.7 17.2 14.6 13.7
Cis 21.7 22.1 20.9 19.5 29 29.2 18.7 17.5
selectivity (%) selectivity (%)

(O 2.1 2.3 2.3 2.4 1.1 1.9 2.2 2.2
Cys 122 11.8 7.8 8.9 6.1 6.5 122 152
Cis 24.6 25.7 10.6 10.3 11 11.5 194 21.9
Cyy 214 21 34.2 36.8 31 29.7 29 26.7
Cis 39.7 39.2 45.1 41.6 50.8 50.4 37.2 34
C6/Crs 2.0 22 14 12 1.8 1.8 1.6 14
Ci5/Cyy 1.9 1.9 1.3 1.1 1.6 1.7 1.3 1.3
“Conditions: 300 °C, 40 bar Py, and 5 wt % oil concentration.
properties and some impurities could be removed or not affecting the n-C,—C,; yield and selectivity are presented in
poison the unsupported 0.2-NiMoS, catalyst. Figure S and Table 1.

Representative FTIR spectra of fresh and waste oils before The removal of oxygen from the fatty acids in the WCOs
and after the deoxygenation reaction are shown in Figure 4. was followed by means of the n-C,,—C,g product yield in the
For the fresh and waste oils before the reaction, the absorbance deoxygenation of WPO and WSBO under the same conditions.
at 2920 and 2852 cm™' was assigned to C—H stretching of It has previously been shown that catalysts supported with y-
hydrocarbon. The absorption bands at 1743 and 1464 cm™! Al,O; have a high surface area and an increased dispersion of
were attributed to C=O stretching and C—H aliphatic active metal, while the addition of Ni as a promoter gives a
bending, respectively. The band at 1156 cm™" corresponded higher ability to remove oxygen from fatty acid molecules than
to the C—O stretching vibration of the ester group. without the promoter.'””” Therefore, the addition of
Furthermore, the spectra of FPO, WPO, FSBO, and WSBO appropriate amounts of nickel [as the Ni/(Ni + Mo) ratio]
exhibited similar patterns. For the fresh and waste oils after the would increase the rate of HDO of fatty acids."”
reaction, the absorption bands of C=O0 stretching and C—O For the deoxygenation of the WPO and WSBO at 5 wt %,
ester groups disappeared due to deoxygenation reaction and the 0.2-NiMoS,/y-Al,O; catalyst gave the highest n-C,—Cg
their peaks also appeared in a similar pattern. The comparison yield at 56.4% (Figure S and Table S3) and 58.0% (Figure 5
of the n-C,—Cy; yield from the deoxygenation of the waste and Table S4), respectively. In accordance, the addition of y-
and fresh oils revealed that the n-C;,—C,4 yield from WPO ALO; at an appropriate amount (20 wt %) was seen to
and WSBO was slightly lower than that from FPO and FSBO. increase the HDO of WPO.”® Thus, the y-AlL,O;-supported
This 5—10% lower n-C;4,—C,g yield from the waste oil NiMo$, with an optimum Ni/(Ni + Mo) ratio enhanced the
compared with the fresh oil was due to the degradation and HDO of WSBO and WPO.
cracking during cooking, loss of FFA, and some impurity. For the unsupported and y-Al,O;-supported NiMoS,
However, from FTIR spectra, the FPO and FSBO had a similar catalysts with Ni/(Ni + Mo) atom ratios of 0.2 compared
triglyceride structure to WPO and WSBO. The alkane with 0.3, the 0.2-NiMoS, catalyst increased the HDO rate of
products from deoxygenation of FPO, FSBO, WPO, and oleic, palmitic, and linoleic acids, whereas at a higher Ni/(Ni +
WSBO had a similar alkane structure via elimination of oxygen Mo) ratio of 0.3, there was a clear trend of decreasing the n-
from FCO and WCO. Cy4—Cyg yield (about 8 and 7% for the WPO and WSBO,

3.2. Deoxygenation of the Oils over a Supported respectively) and selectivity. The excess Ni atom which might
NiMoS, Catalyst. The supported NiMoS,/y-Al,O; catalyst be in the separate phases of the Ni sulfide atoms has the
prepared by impregnation has the drawback of being without potential to agglomerate and partly block the more active
layers and stacks, but this could be solved by combining the y- phase of NiMoS, leading to a decrease in the catalyst
Al,O; with the unsupported NiMoS, catalysts in a hydro- efficiency. The catalyst efficiency was ranked (highest to
thermal method.”® The y-Al,O;-supported and unsupported lowest) as 0.2-NiMoS,/y-Al,O; =~ 0.2-NiMoS, > 0.3-NiMoS,/
NiMoS, catalysts (using the hydrothermal synthesis) with Ni/ 7-ALO; =~ 0.3-NiMoS,. In the same manner, for fresh oil
(Ni + Mo) ratios of 0.2 and 0.3 (0.2-NiMoS,, 0.3-NiMoS,, 0.2- deoxygenation, the catalyst with the activity ranked as 0.2-
NiMoS,/y-AL, O3, and 0.3-NiMoS,/y-Al,O;) were evaluated in NiMoS,/y-Al,O; (63.3%) ~ 0.2-NiMoS, (61.4%) > 0.3-
the deoxygenation of WPO and WSBO. The supported NiMoS,/y-Al,O; (57.2%) =~ 0.3-NiMoS$, (56.4%) (the value in
NiMoS,/y-Al,O;/WCO ratio and unsupported NiMoS,/ parentheses is n-C,—C 5 yielded from FSBO deoxygenation,
WCO was 0.15 and 0.1, respectively. The catalyst types as presented in Table S4).
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Figure 7. Representative GC/MS chromatograms of the alkane products and byproducts for the deoxygenation of (A,B) WPO and (C,D) WSBO
over the (A,C) 0.2-NiMo$, and (B,D) 0.2-NiMoS,/y-AL,O; catalysts. Condition: 300 °C, 40 bar Py, and a catalyst/WCO ratio of 0.1-0.15.

3.3. Analysis of the Alkane Products and Byproducts.
The mechanism of the deoxygenation of WCOs is shown in
Figure 6. Initially, unsaturated triglycerides are hydrogenated
to saturated triglycerides and then cracked to form fatty acids
and propane. For the HDO of FFAs, the main products are
normal alkanes, hexadecane (n-C;4) and octadecane (n-Ciy),
from both WPO (palmitic and oleic acids) and WSBO
(linoleic, oleic, and palmitic acids). For the DCO and DCO, of
palmitic, oleic, and linoleic acids, pentadecane (n-C,5) and
heptadecane (n-C,;) are formed where the oxygen atoms are
removed via the formation of water, carbon monoxide, and
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carbon dioxide, corresponding to the deduction of one carbon
atom. The deoxygenation involves both series and parallel
reactions that give the byproducts and intermediates. The main
products found were n-C;s—Cyg with minor products of: (i)
alcohols, formed from the hydrogenation reaction of aldehydes
and esters (formed by the reaction between fatty acids and
long-chain alcohols) and (ii) low-molecular-weight normal
alkanes (n-C;—C,3), formed from the cracking of high-
molecular mass alkanes.

The results of this study on the deoxygenation of WPO and
WSBO are consistent with the reaction pathway for triglyceride
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Table 2. Components of Observed Biodiesel from the Deoxygenation of WPO and WSBO Over the Supported and

Unsupported NiMo$S, Catalysts”

oil WPO WSBO
catalyst 0.2-NiMoS,  0.2-NiMoS, /AL,O; 0.3 NiMoS,  0.3-NiMoS, /Al,O;  0.2-NiMoS,  0.2-NiMoS, /ALO;  0.3-NiMoS,  0.3-NiMoS, /AL, O,
time (h) 2 3 3 3 3 3 3 3
area (%) area (%)
Alkane
pentane 0.2 0.2 0.4 0.2 0.2 0.1 0.2 0.2
hexane 3.6 42 S.1 5.0 2.7 2.0 3.7 5.3
heptane 5.3 6.1 6.8 6.9 4.6 32 5.3 7.3
octane 4.7 5.5 5.9 6.0 5.0 32 0.9 0.6
nonane 5.0 5.6 52 5.6 4.3 1.4 4.1 2.8
undecane 2.0 1.5 4.8 4.2 8.0 8.1 1.3 1.6
dodecane 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.1
tridecane 0.7 0.9 0.9 0.9 1.3 1.0 0.9 1.1
tetradecane 0.8 1.0 0.8 0.9 1.0 0.8 0.7 0.8
pentadecane 5S4 6.1 5.2 6.6 2.4 3.1 2.7 3.5
hexadecane 10.9 12.5 8.1 9.4 4.7 5.6 3.9 4.2
heptadecane 10.3 11.8 9.3 12.3 8.2 15.1 12.1 14.9
octadecane 19.3 232 13.3 16.1 17.4 26.0 16.7 17.1
Alcohol
hexadecanol 0.2 0.3 0.6 0.1 0.2 0.6 0.7 12
octadecanol 0.1 0.2 0.2 0.3 0.5 0.6 0.4 0.4
Ester
hexadecyl
hexadecanoate 0.1 0.1 0.1 0.2 0.2 0.4 0.2 0.1
Aldehyde

hexadecanal 0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.4

“Conditions: 300 °C, 40 bar Py, and S wt % oil concentration.

deoxygenation shown in Figure 6. The amount of the main
products and byproducts formed, in terms of the percentage
area under the GC curve, is shown in Figure 7 and Table 2.
The deoxygenation of WCO was terminated with the removal
of oxygen from fatty acids through three reactions: HDO,
DCO, and DCO,. However, the products included not only n-
C,s—Cg but also low-molecular-weight n-Cs—C,;, indicating
the cracking of some #-C;5—C,s which converted large
molecule normal alkanes into smaller molecule normal alkanes.
For the deoxygenation catalyzed by the y-Al,O;-supported
NiMoS,, the y-Al,O; carrier was acidic which facilitated the
dissociation resulting in a higher small n-C;—C,; yield
compared with the unsupported NiMoS, catalyst.

With respect to the amount of Ni, for both the y-AlLO;-
supported and unsupported NiMoS, catalysts, the most
efficient HDO was obtained with a Ni/(Ni + Mo) ratio of
0.2. The higher Ni content [Ni/(Ni + Mo) ratio of 0.3] led to
a higher low-molecular-weight n-C;—C,; content (Table 2)
because the excessive Ni caused the catalyst to absorb so much
H, that (i) hydrocracking took place converting macro-
molecules of normal alkanes to small molecules (1n-Cs—C,3)
and (ii) Ni had a greater chance to cover the pores of the
catalyst, causing a decreased active site/substrate ratio in the
catalyst. The latter effect also leads to the formation of alcohol
and aldehyde byproducts due to the insufficient amount of
active catalyst sites compared to the catalysts with a Ni/(Ni +
Mo) ratio of 0.2.

With increasing the oil concentration to 10 wt %, the
formation of byproducts, such as alcohols and aldehydes
increased. The excess reactants (low catalytic site/substrate
ratio) reduced the catalytic efficiency to form n-C;—Ci,
resulting in the decreased HDO rate. Therefore, optimum
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conditions need to be adjusted to further transform the
intermediates (alcohols) into the desired HCs in order to
decrease the content of low-molecular-weight normal n-Cs—
Cy; in the fuel. In the oil refining process, n-C4—C,; with a
boiling point range of 65—170 °C (gasoline) can be separated
by distillation and then used as motor fuel mixed with
petroleum gasoline. The C,,—C,, fraction with a boiling point
range of 170—250 °C (kerosene) can also be separated and
mixed with petroleum kerosene for jet fuel.

3.4. Catalyst Characterization. The XRD patterns of the
7-ALO;-supported and unsupported NiMoS, catalysts (0.2-
NiMoS,/y-Al,O;, 0.3-NiMoS,/y-Al,0;, 0.2-NiMoS,, and 0.3-
NiMoS$,) are shown in Figure 8. The peak at 26 of 14.4° is the
basal plane (0 0 2) of MoS, and was decreased in the 0.2-
NiMoS, and 0.3-NiMoS§, catalysts. The wide dispersion peaks
of the 0.2-NiMoS, catalyst implied a highly amorphous state
(reduced crystallinity). For all catalysts, there is no separated
Ni sulfide peak implying that most Ni were highly dispersed
and incorporated in the form of Ni—Mo—S phases, which were
hardly detected by the XRD technique. Additionally, separated
Ni sulfides were observed for the Ni/(Ni + Mo) ratio above
0.43. This is probably due to the high loading amount of these
metals and the NiS and Ni,S, were formed.* This structure
observed by XRD analysis would also be supported by TEM
analysis. Representative TEM photographs of the supported
and unsupported NiMoS, catalysts are shown in Figure 9, and
their morphological properties are presented in Table 3. The
0.2-NiMoS§, catalyst had a slab length of 10 nm and 5 layers
(Figure 9a) of very small MoS, as a parallel dark line that was
the (0 0 2) basal planes of crystalline MoS,. Thus, the
hydrothermal process with the Ni incorporation yielded the
MoS, long slabs with curvature, implying the nanoparticle
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Figure 8. Representative XRD patterns of supported and unsupported
NiMoS, catalysts.

NiMoS,/y-Al,O4
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Figure 9. Representative TEM images (X600,000) of the (a) 0.2-
NiMoS,, (b) 0.3-NiMoS,, (c) 0.2-NiMoS,/y-Al,O;, and (d) 0.3-
NiMoS,/y-Al,O; catalysts.

formation.'” Hence, the NiMoS, catalyst also exhibited a
multilayer fold structure with bending. The 0.2-NiMoS, and
0.3-NiMoS, catalysts had the same slab length (10 nm) and
the number of stacks of 10 and 12, respectively (Table 3),
indicating that the rim and edge sites with the addition of Ni
promoter were the active sites for the deoxygenation reaction.
The combination of XRD and TEM results confirmed that the
0.2-NiMoS, and 0.3-NiMoS, catalysts had similar structural
and morphological properties. The morphology of the 0.2-

NiMoS, was consistent with the observed high percentage
yield of normal alkanes due to the hydrothermal process that
the very small NiMoS, crystal as active sites would locate at the
rim and edge of the stack for hydrogenation.

For the XRD patterns of the y-Al,O;-supported catalyst, the
0.2-NiMoS,/y-Al,O; and 0.3-NiMoS,/y-Al,O; catalysts had a
boehmite alumina structure [y-AlIO(OH)] as the y-AL, O can
react with water to form boehmite during the catalyst
preparation step in the ATTM hydrothermal method. In
addition, the peaks at a 20 of 14.4 and 38°, an overlap between
the AIO(OH) peak and the MoS, peak, were expected and the
peaks of y-Al,O; and AIO(OH) at the (1 0 0) and (1 1 0)
planes represented their agglomeration at a high density. From
TEM photographs of the supported NiMoS, (Figure 9) and
their morphological properties (Table 3), when y-Al,O; was
added to form the 0.2-NiMoS,/y-AL,O; catalyst, the slab
length (12.3 nm) and the number of layers (seven layers) both
increased slightly but the number of stacks increased markedly
from 10 to 22 (Figure 9¢c). The 0.3-NiMoS, (Figure 9b) and
0.3-NiMoS,/y-ALO; (Figure 9d) catalysts had the same
number of layers (five), but the latter had a slightly longer
slab length and more stacks (18), although they were both
broadly similar to the respective catalysts with Ni/(Ni + Mo)
ratios of 0.2 and 0.3. Fortunately, the 0.2-NiMoS,/y-Al,O; had
the highest number of stacks and number of layers, resulting in
an increase in the edge and rim positions as active sites for
deoxygenation, where the substrate would undergo HDO
producing a higher amount of C3—C,; alkane products. The
morphology of the 0.2-NiMoS,/y-Al,O; catalyst was consistent
with the observed high percentage yield of normal alkanes due
to the hydrothermal process that the NiMoS, crystal would be
recrystallized and dispersed on the surface of AL, O;.

The physical properties of the y-Al,Oj;-supported and
unsupported NiMoS, catalysts, the Sggr, V,, and pore

P
diameter, are presented in Table 4. From the N,

Table 4. Physicochemical Properties of the Supported and
Unsupported NiMoS, Catalysts

S%ET Vg’ difrireeter total acidity
catalyst (m®/g) (em’/g) (nm) (mmol/g)
0.2-NiMoS, 214.7 0.39 5.84 0.065
0.3-NiMoS, 188.5 0.29 5.31 0.153
02-NiMoS,/7-ALO, 1045 023 699 0.120
03-NiMoS,/7-ALO, 811  0.17 9.35 0328
7-AL, 0,4 131.2 0.24 5.28 0.396

adsorption—desorption isotherms (Figure 10), the supported
and unsupported NiMoS, catalysts both exhibited a type-IV
isotherm, implying a mesopore structure. The pore diameter
and surface area of unsupported 0.2-NiMoS, and 0.3-NiMoS,
catalysts were 5.84 and 5.31 nm and 214.7 and 188.5 m?*/g,
respectively, supported by similar N, adsorption—desorption

Table 3. Morphological Character of the Supported and Unsupported NiMoS, Catalysts

element (wt %)

catalyst slab length (nm) number of stacks number of layers Mo Ni S Al Ni/(Ni + Mo)
0.2-NiMoS, 10 10 S 49.6 3.5 46.9 n.a. 0.10
0.3-NiMoS, 10 12 S 54.4 4.6 41.0 n.a. 0.12
0.2-NiMoS,/7-AL O, 123 2 7 432 33 39.4 14.1 0.11
0.3-NiMoS,/7-AL O, 12 18 s 39.5 37 38.1 187 0.13
40929 https://doi.org/10.1021/acsomega.3c06188

ACS Omega 2023, 8, 40921-40933


https://pubs.acs.org/doi/10.1021/acsomega.3c06188?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06188?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06188?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06188?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06188?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06188?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06188?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06188?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06188?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

600

500
ALO,
400
0.3NiMoS,/AL,O,
300
0.2NiMoS /ALO,

200

Quantity Adsorbed (cm>/g STP)

100

0.6 0.8 1

Relative pressure (P/P,)

Figure 10. Representative N, adsorption and desorption isotherms of the supported and unsupported NiMoS, catalysts.
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Figure 11. Representative NH;-TPD profiles of the supported and unsupported NiMoS, catalysts.

isotherms (Figure 10). Whereas the pore diameter and surface
area of supported 0.2-NiMoS,/y-Al,O; and 0.3-NiMoS,/y-
AL O; catalysts were increased to 6.99 and 9.35 nm and
decreased to 104.5 and 81.3 m?/g, respectively. Thus, binding
of NiMoS§, to y-Al,O; had an influence on the increased pore
size and decreased surface area of the catalyst. Apparently, the
small pore diameter and high Sggr of 0.2-NiMoS, and 0.3-
NiMoS, catalysts and the large pore diameter and low Sgpr of
supported 0.2-NiMoS,/y-Al,O; and 0.3-NiMoS,/y-Al,O;

catalysts corresponded to the difference in N, adsorption—
desorption isotherms of unsupported and supported catalysts
(Figure 10). For the supported and unsupported catalysts, the
Sger decreased as follows (highest to lowest): 0.2-NiMoS, >
0.3-NiMoS, > 0.2-NiMoS,/7-ALO; > 0.3-NiMoS,/y-ALOs.
The supported NiMoS,/y-Al,O; catalyst had a higher pore size
(than that of the unsupported NiMoS,). The 0.3-NiMoS,/y-
Al O; catalyst had a lower Sper (81.1 m*/g) and V,, (0.17 em®/
g) than did the 0.2-NiMoS,/y-Al,O;, implying that the lower
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surface area resulted in the low reactivity of the catalyst in
accordance with the lower C;3—C; yield obtained in HDO
(Table 1). This low activity of the 0.3-NiMoS,/y-ALO,
catalyst can be explained by the low surface area and the Ni
agglomerate, resulting in decreasing Ni dispersity that
interfered with the HDO reaction.

From the NH;-TPD profiles of the supported and
unsupported NiMoS, catalysts, as shown in Figure 11, the
acid sites in the catalyst were divided into weak, medium, and
strong acid sites based upon the NH;-TPD profiles as 50—150,
150—300, and above 300 °C, respectively. In Table 4, the
unsupported 0.2-NiMoS§, catalyst exhibited a desorption peak
at around 100—400 °C and had the lowest total acidity (0.065
mmol/g), while the supported 0.2-NiMoS,/y-ALO; catalyst
had a higher total acid content of 0.120 mmol/g catalyst.
Similarly, the 0.3-NiMoS, and 0.3-NiMoS,/y-Al,O; catalysts
exhibited a large desorption peak and had an increased total
acidity (0.153 and 0.328 mmol/g, respectively). Because y-
Al,O; has a Lewis acidic character and a total acidity of 0.396
mmol/g, the supported NiMoS,/y-AL,O; catalysts possessed
higher weak and medium acid sites. The total acidity sequence
of the supported and unsupported NiMoS, catalysts is as
follows (highest to lowest): 0.3-NiMoS,/y-ALO; > 0.3
NiMoS, > 0.2-NiMoS,/y-ALO; > 0.2-NiMoS,.

In addition, the acidity of the catalyst was higher due to the
Lewis acidity of Ni, causing the peaks for the weak and
medium acid positions to increase. The acidity of the 0.3-
NiMoS, catalyst was higher than that of 0.2-NiMoS,.
Therefore, the Ni promoter added to the NiMoS, catalyst
for the HDO reaction must be in the appropriate ratio. A Ni/
(Ni + Mo) ratio higher than 0.2 made the catalyst more acidic
and enhanced the hydrocracking with a decrease in the n-C,5—
C,g yield.

The y-Al,O; support was also used to increase the number
of slab stacks in the catalyst on which the substrate to react on.
A good reactivity requires a proper dosage to prevent the
catalyst from being too acidic and degrading the main products
(n-C;s—C,g alkanes). The efficient catalyst should have the
appropriate amount of Ni, y-ALO; (20 wt %) and be prepared
via the hydrothermal method to give a suitable catalyst
morphology with a good dispersion of Ni atoms at the rim and
edge active sites.

In summary of the activity-selectivity and characterization
results, the C;,—C,q yield (47—58%) from WCO deoxygena-
tion using four NiMoS, catalysts was controlled by the XRD
peak pattern that showed the similarity of 0.2-NiMoS§, and 0.3-
NiMoS;, and the similarity of 0.2-NiMoS,/y-Al,O; and 0.3-
NiMoS,/y-Al, O catalyst. Meanwhile, the C;,—C; yield from
deoxygenation using four NiMoS, catalysts was also controlled
by TEM images that all showed very small MoS, layers and
stacks only different stack numbers (0.2-NiMoS, and 0.3-
NiMoS; had 10 and 12 stacks, 0.2-NiMoS,/y-Al,O5 and 0.3-
NiMoS,/7-Al,O; had 22 and 18 stacks, respectively). The
supported NiMoS, prepared by the hydrothermal method
could give the active rim and edge sites for hydrogenation
while the supported NiMo and NiMoS, catalysts prepared by
impregnation did not show the MoS, layer.”® In addition, the
N, adsorption—desorption and acidity of catalysts had a more
pronounced effect (balance of surface area and acidity) on
C14—C,; yield that two efficient catalysts, 0.2-NiMoS, with a
high surface area and low acidity and 0.2-NiMoS,/y-Al,O;
catalyst with a lower surface area and higher acidity, gave a
C14—C,5 yield of 55—58%.

4. CONCLUSIONS

The supported 0.2-NiMoS,/y-Al,O; catalysts prepared via the
hydrothermal method had a sufficiently good HDO activity
owing to a high MoS, layer and a high number of exposed edge
and rim sites. The optimum conditions for the HDO were 300
°C and 40 bar of initial Py under which the highest yield of n-

alkane was obtained. For the deoxygenation of WPO over the
0.2-NiMoS,/y-Al,O; catalyst, a total C,,—C,g alkane yield of
56.4% (in the diesel range) and n-C,4/C;, and n-C,¢/C; ratios
of 1.9 and 2.2, respectively, were achieved. The deoxygenation
of WSBO over the 0.2-NiMoS,/y-Al,O; catalyst gave a total
C,4—C,g alkane yield of 58.0% and n-C,4/n-C,; and n-C,¢/n-
C,s ratios of 1.7 and 1.8, respectively. This implies that the
deoxygenation of both WCOs- favored HDO over DCO and
DCO,.
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