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Abstract

A subclass of Metal-Organic Frameworks, Zeolitic Imidazole Frameworks-8 (ZIF-8) is known as an emerging material
that has the characteristic of a large surface area, good thermal stability as well as a high porosity. Instead of having
extraordinary properties, ZIF-8 consists of Lewis acid and Lewis base site on its Zn metals and 2-methylimidazole
which are the important components for the catalyst. In this study, Pd-Poly(N-vinyl-2-pyrrolidone) coated on ZIF-8
(Pd-PVP@ZIF-8) was synthesized by mixed Pd-PVP solution and ZIF-8 precursors at room temperature. The Pd-PVP
solution was varied from 10 to 50 ml to differentiate the Pd concentration in ZIF-8. As-synthesized 50 ml of Pd-PVP on
ZIF-8 (50Pd-PVP@ZIF-8) showed catalytic activity in the conversion of 98.6% lauric acid to produce 78.2% of 1-
dodecanol at optimum condition 320 °C for 6 h. The synergy between Pd-PVP as metal and ZIF-8 as metal support as
well as high dispersion of Pd particles could enhance performance in the conversion of lauric acid.
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1. Introduction

Biomass as a renewable material has
attracted lots of interest worldwide because of its
abundance, renewability, and potential to reduce
greenhouse gas (GHG) emissions [1]. Biomass,
including fatty acid, stands out for its ability to
replace fossil fuels that have caused many serious
environmental problems, such as climate change
and global warming. The production of chemicals
and fuels has gained interest in the context of the
up-grading of bio-based feedstock to valuable
materials.

Fatty acids can be converted to fatty alcohols,
which are basic building blocks in industries such
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as cosmetics, lubricants, surfactants, plasticizers,
and fuel [2]. The hydrogenation reaction can be
proceeded to produce fatty alcohols. However, the
side reactions including decarboxylation and
decarbonylation to less carbon alkene,
hydrogenolysis of the produced alcohol to alkanes,
and the esterification of the produced alcohol
decreased the selectivity of the product [3,4].

The catalyst plays an important role in the
reaction. Designing metal-based and support
catalysts with good physicochemical properties
can affect the selectivity toward desired products
and prevent side reactions [5]. It was reported a
precious catalyst, such as Pt [6], Rh [7], Ru [8], or
Re [9], to be active to convert fatty acid to fatty
alcohol. Moreover, the noble metal Pd-nps
supported on CuZnAl:03 showed activity to
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convert 80.5% of methyl decanoate to decanol at
80.3% yield [10]. Re—Pd bimetallic catalysts
supported on silica also was found to be effective
for selective hydrogenation of stearic acid to
stearyl alcohol due to the Pd plays a role in
promoting the reduction and dispersion of Re ion
[9]. In addition, the catalyst support also
contributes to enhancing the catalytic activity of
the reaction. As reported recently, Ni-Fe/Si02-
ZrO2 was a selective catalyst due to the synergy of
Si102-ZrO2 which provides a scarce oxygen vacancy
supporting lewis acid Ni-Fe to produce oleic acid
to fatty alcohol [11]. In other silica-based
catalysts, ReOx—Pd/SiO2 was reported as a
selective hydrogenation catalyst over fatty
alcohols in which cooperation of ReOx species, Pd
metal particles, and catalyst support silica
enhanced the activity and suppressed side
reaction [9].

Metal-organic framework (MOF) is a new
type of support material with high surface area,
narrow pore distribution, and porosity. A high
surface area with narrow pore distribution
enables the uniform distribution of active metal
nanoparticles, resulting in better catalytic activity
and selectivity control [12]. ZIF-8, as a member of
MOF material that is composed of Zn2+ ions
coordinating with the N atom of the imidazolate
(IM) ligand, has the characteristics of large
surface area, good thermal stability, and high
porosity, which has shown great potential for
deoxygenation reaction [13]. Noble metals such as
Pd have been extensively applied as a catalyst for
deoxygenation as a consequence of high activity to
dissociate Hz, decreasing the energy barriers in
C—0/C—C bond cleavages [14]. The synthesis of
ZIF-8 as a support catalyst for monometallic or
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bimetallic nanoparticles has been widely
investigated because it can improve the catalytic
activity and selectivity. Jing et al. [15] reported
NiO-PTA/ZIF-8 catalyst increased the selectivity
of Ci5 — Cis by over 36% compared with NiO-
PTA/Al203 and the catalytic efficiency resulted in
better 10 times by using NiO-PTA/ZIF-8 rather
than NiO-PTA/Al20s, due to its large surface area
supported with ZIF micropore structure.

Herein, we synthesized ZIF-8 coated with
poly(N-vinyl-2-pyrrolidone) (PVP), (denoted as
Pd-PVP@ZIF-8) and used it as a catalyst for
hydroconversion of lauric acid to lauryl alcohol (1-
dodecanol). To the best of our knowledge, the
report of using ZIF-8 as a support of the Pd-
nanoparticles for hydroconversion of fatty acid to
fatty alcohol has not been reported. The catalytic
activity of Pd-PVP@ZIF-8 was investigated in a
high-pressure  reactor under a  certain
temperature and time. The synthesized catalysts
were characterized by X-ray Diffraction (XRD),
Fourier Transform-Infrared Spectra (FT-IR),
Brunauer-Emmett-Teller (BET), Scanning
Electron Microscopy (SEM), and Transmission
Electron Microscopy (TEM).

2. Materials and Method
2.1 Chemicals

All chemicals used in this study were of
analytical grade, commercially available, and
were used without further purification. Zinc
nitrate hexahydrate, 2-methylimidazole,
Pd(OAc)2, diethylamine, polyvinylpyrrolidone
(PVP), lauric acid, and methanol were purchased
from Sigma-Aldrich.

Thermocouple

Liquid Product

Figure 1. Experimental setup for testing the catalyst performance.
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2.2 Synthesis of Pd-PVP@ZIF-8

The Pd-PVP@ZIF-8 was prepared by the
methanolic reduction method as reported
previously with a slight modification [16]. Firstly,
the Pd-PVP solution was prepared by mixing
0.1132 g of Pd(OAc)2 and 10 g of PVP in 100 mL of
methanol, and the solution was stirred at 60 °C
under reflux conditions. After 3 h, the solution
was cooling down to room temperature. The Pd-
PVP@ZIF-8 was synthesized by mixing 2 g (6.7
mmol) Zn(NOs3)2.6H20, 1.10 g (13.4 mmol) of 2-
Methylimidazole, 10 ml of diethylamine, 200 mL
of methanol, and PVP-Pd solution for each of 10,
20, 30, and 50 mL. The mixture was stirred at
room temperature for 48 h. The precipitated solid
was then separated by centrifuge and washed
several times with methanol. After dried at 150
°C, Pd-PVP@ZIF-8 was collected and denoted as
10Pd-PVP@ZIF-8,  20Pd-PVP@ZIF-8§, 30Pd-
PVP@ZIF-8, 50Pd-PVP@ZIF-8, respectively for
the addition of 10 ml, 20 ml, 30 ml, and 50 ml of
Pd-PVP solution.

Pure ZIF-8 was synthesized to confirm the
formation of ZIF-8 in the synthesized materials.
Around 4 g (13.4 mmol) of Zn(NOs3)2.6H20 and 2.2
g (26.8 mmol) 2-Methylimidazole were mixed in
the 200 ml of methanol with the addition of 20 g
of diethylamine. The mixture was stirred at room
temperature. After 48 h, the precipitate was
isolated from the solution using a centrifuge. The
formed solid ZIF-8 was dried at 130 °C for 3 h
under oven vacuum.

2.3 Catalytic Performance

The catalytic reaction was conducted in a
high-pressure reactor equipped with a heater and
magnetic stirrer. Around 5 g of lauric acid and 0.5

ZIF-8

50Pd-PVP@ZIF-8
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Figure 2. XRD spectra of synthesized material Pd-
PVP@ZIF-8.

g of Pd-PVP@ZIF-8 were added to the reactor. The
hydrogen gas was purged three times and added
to 20 bar. The reaction was carried out at a certain
temperature and time. After the reaction finished,
the reactor was cooled to room temperature. The
gas product was released from the reactor while
the liquid product was collected and weighed.

The liquid product was analyzed quantitively
by Gas Chromatography-Mass Spectrometry (GC-
MS). Before the GC-MS analysis, the 5 mL of the
sample was dissolved in dichloromethane and
then derivated with 50 mL N,O-
Bistrifluoroacetamide. The mixture was heated at
60 °C for 10 min and injected into GC-MS. The
detailed catalytic performance test is shown in
Figure 1.

2.4 Catalyst Characterization

X-ray Diffraction (XRD) patterns were
obtained by a Rigaku Smart Lab with the 26 angle
from 5 to 90° with a scanning rate of 5 °/min. The
Brunauer-Emmett-Teller (BET) surface area,
pore volume, and pore size were measured by
analyzing nitrogen adsorption and desorption
1sotherms with Micromeritics TriStar II 3020. The
Fourier Transform-Infrared Spectra (FT-IR) was
collected by Bruker-Tensor II with ATR in the
frequency range 4000-500 cm~1. The morphology
of the catalyst was observed by Scanning Electron
Microscopy (SEM) on Hitachi SU-3500 equipped
with Energy Dispersive X-ray Spectroscopy
(EDS). Transmission electron microscopy (TEM)
of the catalyst was observed using the Tecnai G2
20S-Twin Function.

3. Result and Discussion
3.1 Characterization of Pd-PVP@ZIF-8

A series of Pd-PVP@ZIF-8 was synthesized by
varying the concentration of Pd-PVP solution in
the synthesized solution. Figure 2 shows the XRD
pattern of synthesized Pd-PVP@ZIF-8 which has
a high crystallinity. The sharp and vigorous XRD
peaks of all the synthesized materials are
identical with ZIF-8, confirming that the
introduction of Pd-PVP did not affect ZIF-8
formation. In addition, there are no obvious
diffraction peaks of Pd NPs at 40° are detected in
the Pd-PVP@ZIF-8, even after the addition of the
highest concentration of Pd-PVP solution. It
might be due to the low concentration of Pd NPs
in ZIF-8.

FT-IR spectrum in Figure 3 confirms the
addition of Pd-PVP solution did not change the
chemical structure of ZIF-8. The synthesized
50Pd-PVP@ZIF-8 shows specific peaks of the ZIF-
8 chemical structure. In ZIF-8, the stretching
frequencies from 1100-1300 cm™! are assigned to
C—H vibration, while the vibration peaks at 1424
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and 1454 cm™! are assigned to C=N stretching
vibration [17]. Besides having a specific peak of
Z1F-8, 50Pd-PVP@ZIF-8 shows a strong vibration
peak around 1661 cm~! which corresponds to C=0
of PVP compound.

The physical properties of synthesized
materials obtained by N2 physisorption analysis
are shown in Table 1. The ZIF-8 exhibited a large
surface area of around 892.07 m?2/g. The
synthesized Pd-PVP@ZIF-8 was found to have a
lower surface area than pure ZIF-8. The lowest
surface area 636.27 m?/g was found in 50Pd-
PVP@ZIF-8 where Pd-PVP solution was added at
a high concentration. The decrease in surface area
was probably due to the blockage of small pores by
Pd-nps [18]. The pore volume and pore size of
synthesized Pd-PVP@ZIF-8 were also reduced as
a consequence of the addition of Pd-PVP solution
during synthesis.

Figure 4 shows the nitrogen adsorption and
desorption isotherms of Pd-PVP series materials.
The ZIF-8 exhibits a type IV isotherms with
hysteresis suggesting a microporous-mesoporous
of ZIF-8. The addition of Pd-PVP in various
concentrations didn’t change the type of isotherm.
However, the hysteresis area was observed to
decrease with an increasing amount of Pd-PVP
solution.

ZIF-8 1582
1454, ,, 1309 094
758
1145
50Pd-PVP@ZIF-8 \/
1661
1424 994
758
1145
PVP
1421 1283
1650
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Figure 3. FT-IR spectra of synthesized material
Pd-PVP@ZIF-8.

Figure 5(a) shows the TEM image of 50Pd-
PVP@ZIF-8 has a dark spot that disperses
thoroughly on the surface. The dark spots
appeared gathered in some areas, which means
the Pd agglomerated on the surface of ZIF-8.
However, it confirms that Pd-nps distributes
widely on the surface of ZIF-8. The SEM-EDX was
used to confirm the composition of each element
on synthesized materials (Figure 5(b)). The EDX
spectrums of 50Pd-PVP@ZIF-8 confirm the
presence of Zn, N, C, and O which is a constituent
component of ZIF-67, and Pd-nps. The Pd-nps was
detected around 1 wt% with other compositions
coming from chemical constituents of ZIF-8. The
SEM images in Figure 5(c-d) show that the
morphology of 50Pd-PVP@ZIF-8 is shaped like
irregular pebbles with an uneven surface. SEM-
EDX mapping elements confirm that each
constituent element is well distributed (Figure

5(e-))).

3.2 Catalytic Performance

The hydroconversion reaction of lauric acid
was examined under several synthesized
catalysts. The lauric acid was reacted without any
solvent in a high-pressure and temperature
reactor in hydrogen condition with the addition of

600

——ZIF-8

—&— 10Pd-PVP@ZIF-8
20Pd-PVP@ZIF-8

—¢— 30Pd-PVP@ZIF-8

—¢ 50Pd-PVP@ZIF-8

550

w

o

(=]
1

w w S ~

o a o a

o o o o
1 1 1 1

Quantity Absorbed (cm®/g)

250 /
L
200
7
150 + T T T T
0.0 02 04 0.6 0.8 1.0

Relative Pressure (P/Po)

Figure 4. N2 adsorption-desorption isotherm of
synthesized ZIF materials.

Table 1. Physical properties of synthesized materials.

Pore Volume (cm?/g)

Average Pore size (nm)

Catalyst Surface Area (m?/g)
ZIF-8 892.07
10Pd-PVP@ZIF-8 817.64
20Pd-PVP@ZIF-8 868.15
30Pd-PVP@ZIF-8 736.47
50Pd-PVP@ZIF-8 636.27

0.323 11.32
0.497 16.96
0.388 14.99
0.293 12.71
0.120 7.74
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10 wt% of catalyst. Table 2 shows the catalytic
activity of MOF-based catalysts in lauric acid
conversion. It was shown that ZIF-8 exhibited a
catalytic activity in lauric acid conversion to 30.6
% to produce 1-dodecanol and dodecane with
selectivity of 12.9% and 2.8%, respectively. ZIF-8
consists of a Lewis acid site on Zn as well as a
Lewis base on the organic linker, 2-
Methylimidazole, which can support the catalytic
performance of hydroconversion of lauric acid. As
seen in Scheme 1, lauric acid can transform into
dodecanol, which is then dehydrated to dodecene

o

Aot
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Dodecyl dodecanoate

o
+
o Ha H.0 Hp
S o o g e
5 5 5 5
Lauric acid @ Dodecanol Dodecene Dodecane

CO or CO; M
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Scheme 1. Reaction pathway of lauric acid
conversion to produce alcohol, ester, and alkane
compound.
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and yields dodecane. 1-Dodecanol can also react
with lauric acid by esterification reaction to give
dodecyl dodecanoate. Furthermore, the
carboxylation or carbonylation reaction also
proceeded to produce undecane during the
process, which has a lower carbon content than
lauric acid.

Loading of Pd NPs into ZIF-8 has
significantly increased the conversion of lauric
acid. It was found the selectivity of 1-dodecanol
and dodecane was 12.9% and 2.8%, respectively
(Table 2). Pd NPs exhibited to effect in improving
the catalytic process. It was also reported by
Takeda et al. [3] that the addition of Pd enhanced
the catalytic activity of hydrogenation of stearic
acid and improved the selectivity of 1-octadecanol
compared to the addition of other noble metals
including Ru, Rh, and Pt. Moreover, interestingly,
when the reaction used 50Pd-PVP@ZIF-8 as a
catalyst, lauric acid was converted at 87.5% with
increased selectivity of 1-Dodecanol and dodecane
to 77.4 % and 8.5%, respectively. The presence of
Pd NPs on ZIF-8 was supported by SEM-EDX
spectrum and mapping, which was well
distributed on the catalyst.

Zhao et al. [19] reported the hybridization of
metal  nanoparticles  with  Metal-Organic
Frameworks could enhance the catalytic activity
through the synergy of the MOF shell and the
metals. Figure 6 shows that lauric acid was

Figure 5. TEM and SEM-EDX of 50Pd-PVP@ZIF-8.

Table 2. Metal-Organic Frameworks-based catalyst for hydroconversion of lauric acid at 320 °C, 4 h, 20

bar Ho.
. % Selectivity
Catalyst Conversion 1-Dodecanol Dodecane
ZIF-8 30.6 12.9 2.8
50Pd-PVP@ZIF-8 87.5 77.4 8.5
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converted significantly with the increase of Pd-
PVP solution. The selectivity of 1-dodecanol was
enhanced by the loading of 10 to 50 mL Pd-PVP
solution. It was observed that 50Pd-PVP@ZIF-8
could convert lauric acid to 87.5% and exhibited
the highest selectivity among others, reaching
around 77.4%. Other products, including
undecane, dodecene, and dodecane remained
stable at low concentrations with increasing Pd-
PVP solution. The ester product, dodecyl
dodecanoate was noticed to decrease along with
decreasing concentration with the Pd-PVP
solution. It might be due to the higher
concentration of Pd-PVP can accelerate the
conversion of lauric acid to dodecanol. A low
concentration of lauric acid in the solution would
limit the formation of dodecyl dodecanoate.

100 A
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Figure 6. Effect of different loading of Pd-PVP on
ZIF-8 of hydroconversion of lauric acid. Reaction
condition: lauric acid 5 g, catalyst 0.5 g, 320 °C, 4
h, 20 bar Ho.
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Figure 7. Effect of time reaction of
hydroconversion of lauric acid using 50Pd-
PVP@ZIF-8. Reaction condition: lauric acid 5 g,
catalyst 0.5 g, 320 °C, 20 bar Hos.

Figure 7 shows the time reaction effect using
50Pd-PVP@ZIF-8 as a catalyst for the
hydroconversion of lauric acid. The conversion of
lauric acid was increased with the prolongation of
reaction time. At 4 h of reaction, the lauric acid
was converted around 87.5%, then increased to
98.6 % and 98.9 % when reaction was exceeded to
6 h and 10 h reaction time, respectively. In
addition, the selectivity of 1-dodecanol and
dodecane increased to 78.2% for 6 h and 79.3% for
10 h extending reaction time, explaining that the
lauric acid converted to 1-dodecanol then yields
dodecane. The selectivity of dodecyl dedecanoate
was known to decrease with reaction time, which
means that dodecyl dodecanoate decomposes to
produce 1-dodecanol as described in Scheme 1.
Here, we concluded that the reaction time of 6 h
was the optimum time to convert lauric acid.

The effect of lauric acid conversion with the
selectivity product when the temperature was
increased from 320 °C to 350 °C is shown in Figure
8. It was found the lauric acid was converted
around 99% at 350 °C for hours reaction. The
selectivity of 1-dodecanol decreased dramatically
in contrast to the increased selectivity of
dodecane. It is clear that at a higher temperature,
the reaction effectively produced dodecane, in
which 1-dodecanol was transformed into dodecene
and then dodecane. In addition, the dodecyl
dodecanoate was minimized to produce at higher
temperatures. We confirmed that the temperature
320 °C was optimum to produce 1-dodecanol.

The BET analysis confirmed that 50Pd-
PVP@ZIF-8 had the lowest surface area among
other catalysts. However, it shows better catalytic
activity to produce 1-dodecanol. This confirms
that surface area had an insignificant effect on the
reaction. The high activity of the catalyst was
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S 1 Lauric acid Conv.
L 304 |—@—Undecane
$ 1 |[~@—Dodecene
= 409 |—@—Dodecane
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o] §F———
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Figure 8. Effect of reaction temperature of
hydroconversion of lauric acid using 50Pd-

PVP@ZIF-8. Reaction condition: lauric acid 5 g,
catalyst 0.5 g, 4 h, 20 bar Ha.
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obtained might due to the high dispersion of Pd
particles as shown in TEM images. In addition,
the synergy between noble metals and the support
could enhance the performance of the catalyst to
convert lauric acid to 1-dodecanol. The catalytic
activity of the catalyst for hydroconversion of fatty
acid to fatty alcohol has been reported to have
excellent performance due to the existence of
oxygen vacancies on the metal-support surface
that could adsorb the carbonyl oxygen and
activate the C=0 bond [20]. In addition, the noble
metal plays a role in the dissociation of Hs to give
hydrogen atoms [21]. As well as reported
reference, the Pd-PVP@ZIF-8 has metal support
which facilitates activating the C=0 bond of lauric
acid and Pd-PVP contributes to the dissociation of
hydrogen.

4. Conclusion

In summary, a Pd-PVP@ZIF-8 has been
synthesized by the assembling method of Pd-PVP
and ZIF-8. XRD analysis of Pd-PVP@ZIF-8
confirmed the crystalline peaks were identical
with ZIF-8. The addition of Pd-PVP on the ZIF-8
didn’t change the chemical structure of ZIF-8,
however, it was found the surface area, pore
volume, and pore size decreased due to the
blockage of small pores by Pd-nps. A Pd-
PVP@ZIF-8 showed catalytic activity towards
hydroconversion of lauric acid to 1-dodecanol.
Loading of Pd-PVP into ZIF-8 led to a large
increase in catalytic activity. Among a
synthesized catalyzed, a 50Pd-PVP@ZIF-8
catalyst exhibited high catalytic activity
converting 98.6% lauric acid yields 78.2% of 1-
dodecanol under optimum condition at 320 °C for
6 h of 20 bar hydrogen. The synergy between Pd-
PVP-nps as noble metals and ZIF-8 as metal and
support as well as the high dispersion of Pd
particles could enhance performance in the
conversion of lauric acid.
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