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KEYWORDS Abstract Bio-oil from biomass pyrolysis is promising to be used as a sustainable biofuel and high-
Hydrodeoxygenation; value-added chemical. However, the presence of high acid, water, and oxygenate causes corrosive
Upgraded bio-oil; properties, low higher heating value (HHV), and instability of the bio-oil component. Therefore,
Metal oxide catalyst; refining the bio-oil is essential to improve its quality. In this study, we introduced natural zeolite
Zeolite support (HZ) impregnated with transition metal oxide (TMO) to refine the bio-oil using the hydrodeoxy-

genation method (HDO) at various catalyst ratios and temperatures. We find that ZnO/HZ 5%
wt. shows the best catalytic performance, with the conversion of organic phase reaching ~ 50%.
The refined bio-oil from Fe,O3, ZnO, and CuO has high-quality physicochemical properties with
carbon, oxygen, water level, and HHV values are 37-52%, 40-53%, 8-27%, and 17-21 MJ/kg,
respectively. This result represents a high catalytic performance for the hydrodeoxygenation process
of bio-oil using natural zeolite-based transition metal oxide for better and low-cost biofuel produc-
tion.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

High dependencies on fossil fuels have a significant impact on climate

change which triggers an interest in finding alternative energy that is

* Corresponding author. cleaner and more sustainable. Biofuels are one of the sustainable ener-
E-mail address: junifalaylasihombing@unimed.ac.id (J.L. Sihomb- gies that have the potential to reduce CO, emissions. It
ing). contributes ~ 6% of the world’s energy mix (IEA, 2021). Biofuel
can be produced from biomass pyrolysis as a form of bio-oil. However,
bio-oil has poor physiochemical properties (e.g., high acid, oxygenate,
and water level), leading to low quality and performance. Hydrodeoxy-
genation (HDO) and catalytic cracking are the most common tech-
niques to improve bio-oil quality (Elkasabi et al., 2014; Ahmadi
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et al., 2016; Hita et al., 2020; Ly et al., 2019; Kar, 2018; Chen et al.,
2018). Removing oxygen from bio-oil through catalytic cracking can
be carried out at atmospheric pressure without hydrogen. However,
this process has not been effectively used on a larger scale due to high
coke formation and catalyst deactivation (Li et al., 2015; Zhang et al.,
2022). HDO is more developed because it includes various reaction
pathways such as decarboxylation, hydrogenation, demethylation,
demethoxylation, and direct deoxygenation. HDO-assisted hydrogen
and heterogeneous catalyst are efeffectively reduce double bonds
and/or eliminating oxygen atoms from a compound. The oxygen is
released mainly in the form of H,O, CO,, and CO. Moreover, the
HDO process is reported to have several advantages over catalytic
cracking due to higher organic phase and lower coke product.
(Mortensen et al., 2013; Benés et al., 2019).

Bio-oil refining through the HDO process by using a noble metal
(Roldugina et al., 2018), transition metal (Cordero-Lanzac et al.,
2021; Alvarez-Galvan et al., 2019), carbon, and zeolite (Gea et al.,
2022) — catalysts, are widely researched. Transition metal catalysts
have a high catalytic performance and low cost. It exhibits a specific
reaction pathway and selectivity for a particular compound. An active
metal group such as Ruthenium (Ru), palladium (Pd), platinum (Pt),
and nickel (Ni) tends to form a hydrogenation process. In contrast,
exophilic groups such as iron (Fe), tungsten (W), rhenium (Re), and
molybdenum (Mo) have a higher affinity for oxygen atoms and advan-
tageous in the deoxygenation pathway (Wang et al., 2020). However,
these metals have a relatively small surface area and are easy to sinter
forming aggregations that reduce catalytic performance. On the other
hand, zeolite has a large surface area, good thermal stability at high
temperatures, and contains Bronsted and Lewis active sites that can
be modified by acidity. Further, zeolite can act as a support material
by trapped the metals into their frameworks. A support material with
suitable acidity can significantly increase the production of liquid
hydrocarbons by increasing the dehydration/hydrogenation of the
intermediate product. The relatively large pore size of the modified
zeolite allows the reactants and intermediates to overcome the limita-
tions of diffusion and adsorptioan at metal active site (Li et al., 2016;
Wang et al., 2013). Therefore, combining metal and zeolite as catalysts
results in a synergistic role between metal functions and acid sites in
facilitating various reaction pathways, both hydrogenation, and
deoxygenation.

Gea et al. (Gea et al., 2022) perform HDO bio-oil using a natural
zeolite catalyst impregnated with nickel metal at a reaction tempera-
ture of 250 °C for 2 h. This catalyst shows good performance in stabi-
lizing raw bio-oil by increasing HHV (up to 21 MJ/kg), decreasing
water content (13%), and improving deoxygenation (88%). Moreover,
Xu et al. (Xu et al., 2017) suggest that Zn to HZSM-5 and HY could
inhibit biochar production and increase the production of organic bio-
oils and aromatic amines. When using a ZnO/HZSM-5 catalyst, the
carbon yields of organic bio-oils and aromatic amines reach 9.8%
and 5.6%, which is much higher than that of HZSM-5 and ZnO/HY
catalyst showing the carbon yield of organic bio-oil and aromatic ami-
nes reach 5.2% and 4.5%, respectively. Further, Choo et al. (Choo
et al., 2020) present that the presence of transition metal oxides such
as NiO, ZnO, CuO, CoO, and MnO on zeolite Y change the strength
and distribution between Bronsted and Lewis acidity, thus increasing
triolein conversion and reducing the intermediate reaction product.
Despite the use of transition metal oxide on synthetic zeolite, the study
on natural zeolite as a supported catalyst is limited.

In this research, we employ natural zeolite (HZ) as a supported cat-
alyst for the hydrodeoxygenation process of bio-oil refining. First, we
introduce transition metal oxide (Fe,O3;, CuO, and ZnO) embedded
into active sites of natural zeolite to produce Fe,O3;/HZ, CuO/HZ,
and ZnO/HZ catalysts. The catalyst characteristic is measured by X-
ray diffraction (XRD), scanning electron microscope (SEM) equipped
with the ability of energy dispersive spectroscopy (EDX), and gas
adsorption analyzer. Next, we test their catalytic performance in the
bio-oil hydrodeoxygenation process in a fixed-bed reactor at various
temperatures and ratios of the catalyst to obtain optimal results. Then,

the upgraded bio-oil product’s physicochemical (viscosity, elemental,
compound, density, HHV, and acidity) is analyzed and compared with
the untreated bio-oil. The exploration of novel natural zeolite impreg-
nated with transition metal oxide (TMO/HZ) could contribute to the
biofuel and catalyst community finding high-performance and low-
cost catalysts.

2. Material and methods

The materials used in this research are bio-oil from coconut
shell pyrolysis, distilled water (DI), and natural zeolite from
CV. Bratachem, Indonesia, Zn(NOj3),-4H,0 (p.a), FeCl;-6H,-
O (p.a), CuSO45H,0 (p.a), HCI (p.a) from Merck (Darm-
stadt, Germany), hydrogen, oxygen and nitrogen gases from
PT. Aneka Gas (Medan, Indonesia).

2.1. Preparation of ZnO/H-Z, Fe;03/H-Z, and CuO/H-Z
catalysts

Zeolite is activated using 5 M HCI following the procedure
reported by Gea et al. (Gea et al., 2022). The acid-activated
zeolites are labeled H-Z. The wet impregnation method carries
metal loading on the active zeolite (Sihombing et al., 2020).
100 g of zeolite is mixed with a precursor salt containing 1%
(wt.) metal dissolved in 100 mL of distilled water. This mixture
is refluxed, stirred at 80 °C for 5 h, and dried. Next, the dried
mix is calcinated at 500 °C for 2 h with N, gas flow and oxi-
dized under the same conditions using O, gas. The final pro-
duct is Fe,O3/H-Z, ZnO/H-Z, and CuO/H-Z catalysts.

2.2. Catalyst characterization

The crystallinity properties of the catalyst are analyzed by X-
Ray Diffractometer (XRD Shimadzu 6100) Cu Ko (A = 1.5
4184) radiation at 40 kV and 30 mA in the area 20 = 7.00 —
70.00°. The catalyst’s surface morphology, elemental analysis,
and mapping are analyzed using a Zeiss EPOMH 10Zss SEM
equipped with Energy Dispersion X-Ray Spectroscopy (EDX).
The nitrogen gas adsorption—desorption isotherm analysis is
carried out with the Gas Sorption Analyzer (NOVA 1200¢)
Quantachrome instrument at 77 K. The specific surface area
is analyzed by the Brunauer-Emmett-Teller (BET) method.
Meanwhile, the volume and pore diameter is based on the
Barret-Joyner-Halenda (BJH) model.

2.3. Hydrodeoxygenation of Bio-oil

The upgrading process of bio-oil using the Hydrodeoxygena-
tion method is carried out in a fixed-bed reactor with the metal
oxide catalyst impregnated on an active natural zeolite. The
reactor where the reaction takes place has a diameter of
5.5 cm with a height of 25 cm, a catalyst vessel with a diameter
of 4.8 cm and a height of 3.5 cm, while the furnace has a diam-
eter of 40 cm and a height of 39 cm. The reactor scheme used is
shown in Fig. 1. In mild HDO, the reaction occurs at a temper-
ature of 250 °C and a pressure of 1 atm for 2 h. The catalyst
that shows the best catalytic activity is optimized at tempera-
tures 250, 275, and 300 °C, and the catalyst ratio at 2.5, 5.0,
7.5, and 10 % (wt.). The steam resulting from the reaction is
passed through a silicone hose and passes through a con-
denser, where the liquid product consisting of aqueous and
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organic phases is collected. The aqueous phase and the organic
phase were separated and then the mass proportion was calcu-
lated from the initial sample mass. During the reaction pro-
cess, non-condensable gas is also generated and coke is
formed on the surface of the catalyst.The product of the reac-
tion is calculated as follows (Oh et al., 2015):

]‘Jpradm‘t (g )

Yproducl (%) = M (g)
rawbio—oil

x100 (1)

Ygas(%) =100 — [Ym]uenu.vphme + Yorgﬂni(’pha.ve + Ymke] (2)

Where Yproduet and Mprodquer are the yield (liquid phase,
organic phase, and coke) and mass of the products,
respectively.

2.4. HDO product analysis

Physicochemical properties and components of untreated and
treated (HDO) bio-oil products are characterized by using Ost-
wald Viscometer for viscosity, CHN Analyzer LECO-CHN
628 for elemental analysis, pycnometer for density, titration
method for acid number. Analysis of compound composition
using GC-MS Model QP2010 (Shimadzu) with RTx-5MS cap-
illary column (5% diphenyl- 95% dimethylpolysiloxane cross-
links) with a film thickness of 30 m x 0.25 mm x 0.25 um
under the following conditions: split less inject mode at
300 °C using He as carrier gas and column flow in 0.54 mL/
min. HHV is calculated by using the formula reported by
(Sheng and Azevedo, 2005). The degree of deoxygenation
(DOD) was estimated based on the molar ratio (MO) of raw
bio-oil and upgraded products. MO is the atomic ratio of O/
C obtained from the molar ratio of O and C based on elemen-
tal analysis.
M Orawbiofoil -M Oupgmdedproduct

DOD(%) = T x100 (3)

3. Results and discussion

3.1. Crystallinity properties

The crystallinity properties of the material are analyzed using
X-ray diffraction. The obtained diffractogram is compared

Gas inlet valve
= -
I ]|
P J

Temperature
Controller

Schematic of hydrodeoxygenation process with fixed-bed reactor system.

with the pattern between the active natural zeolite and the
metal oxide-impregnated zeolite, as shown in Fig. 2. The
resulting diffractogram pattern consists of several characteris-
tic peaks with a certain intensity. High and sharp peaks indi-
cate higher crystallinity (Khawas and Deka, 2016). Peak
characteristics for natural zeolite are observed in the range
of 20 = 9-30° for mordenite and clinoptilolite. The mordenite
mineral type is shown in 20 = 9.61°, 19.48°, 25.53°, 27.57°,
and 30.76° in line with JCPDS no. 11-0155. The clinoptilolite
mineral type can be seen in 20 = 13.35°, 21.93°, 23.31°, 26.42°,
and 29.84°, similar to JCPDS no 25-1349. The presence of
these peaks with the same pattern in each zeolite indicates that
the treatment that has been given during the impregnation and
calcination processes does not damage the mineral structure in
general.

The magnitude of the intensity of the peaks possessed by
the zeolite can indicate the degree of relative crystallinity of
the zeolite (Table 1). The degree of crystallinity of the active
zeolite decreases after the immobilization of the metal oxide
(Sriningsih et al., 2014). The decrease in peak intensity after
the impregnation process suggests that the embedded metal
oxides in the zeolite have partially covered the crystal side of
the zeolite. However, the typical peaks of metal oxides Fe,O5
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A *
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Fig. 2 X-ray diffraction of natural zeolite impregnated with
transition metal oxide.
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Table 1 Comparison of the degree of crystallinity of the
catalyst.

Catalis Degree of crystallinity (%)
H-Z 84.9
Fe,0;/H-Z 79.1
ZnO/H-Z 74.4
CuO/H-Z 69.9

pada 33.1°, 35.6°, and 54.0° (JCPDS 01-072-0469), ZnO pada
35.45°, 39.84°, and 43.36° (JCPDS 01-1316), and CuO pada
39.97°, 42.12°, and 57.01° (JCPDS 45-0937) do not appear
on the diffractogram because only 1% (wt.) of metal mass is
carried in the impregnation process. Moreover, the metals
are successfully dispersed into the zeolite pores (Hao et al.,
2021; Miao et al., 2020; Pulungan et al., 2021), or well dis-
tributed as non-crystalline phases (Shwan et al., 2014). The
metal’s presence in zeolites can be seen in Fig. 4.

3.2. Surface morphology

Fig. 3 shows the observed surface morphology of the catalyst
at a magnification of 1000 times. The activated natural zeolite
exhibits a denser surface and aggregated particles with various
particle sizes. Meanwhile, the zeolite modified with metal oxi-
des shows a looser surface morphology, but there are also lar-

10pen’ Mag= 1.00KX

Fle Hama = Erwacham 401 01

EHTI1000WS&9\.IA-SE| Date 5 Jul 2020 ZEISS )
WD=135mm Photo No. = 6445 Time :13:21:13 |8

ger particle clumps, especially in the Fe,O3/H-Z and CuO/H-Z
catalysts with large particle sizes. This can occur due to metal
sintering embedded on the surface of the zeolite so that the
particles form larger aggregates. However, the surface mor-
phology of the ZnO/H-Z catalyst looks more homogeneous
particle sizes.

The components contained in the catalyst are summarized
in Table 2. Zeolite modified with metal oxides decreased Si
and Al levels and increased O levels compared to activated nat-
ural zeolites. A reduction in Si and Al levels, along with a
decrease in the Si/Al ratio, indicates a change that occurred
during the impregnation, calcination, as well as oxidation pro-
cess. Calcination at high temperatures can cause part of the
skeleton to collapse, releasing Si and Al from the zeolite frame-
work (Pulungan et al., 2021). The high value of the Si/Al ratio
is also linear to the high degree of crystallinity. Meanwhile, the
O content increases significantly, almost threefold, due to the
presence of metal oxides. Metals Fe, Zn, Cu attached to the
zeolite are detected at 1.27, 1.30, and 2.32 wt%, respectively.

The distribution of the elements on the zeolite can be iden-
tified by SEM-Mapping, as shown in Fig. 4. A specific color
represents each element. The brighter the color, the more these
elements are distributed on the surface of the zeolite. All the
catalysts show a color dominated by red, green, and yellow
with a slight blue tint (Fig. 4). This is in line with the data
on catalyst composition by EDX analysis, where the most sig-
nificant compositions are O (green) 42-50 wt%, Si (red) 28—

3 8 i
Sﬁl‘ 10kV WD10mm SS2§ x1,000 10pm
PPTUGM .

SEI 10kV
LPPT.UGM

Fig. 3  Surface morphology of H-Z, Fe,O3/H-Z, ZnO/H-Z, and CuO/H-Z catalysts at 1000x magnification.
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Fig. 4 SEM-EDX elemental mapping of the catalyst (a-e) Fe,O3/H-Z, (f-j) ZnO/H-Z; and (k-0) CuO/H-Z. The distribution of elements
shows different color for aluminum with orange color, oxygen with green color, silicon with red color, and iron, zinc, and copper with blue
color.

32 wt%, and Al (yellow) 4-5 wt%. Meanwhile, Fe, Zn, and Cu 3.3. N, Gas Sorption analysis
metals are shown in blue and are not too dominant because
they only have a small percentage. A scattered blue color indi-
cates that the metal distribution occurs evenly on the zeolite
surface.

The graph of the adsorption—desorption isotherm of each cat-
alyst is shown in Fig. 5. The catalyst exhibits a type IV N,
adsorption—desorption isotherm based on the IUPAC classifi-



J.L. Sihombing et al.

Table 2 Composition and ratio of Si/Al on H-Z, Fe,O3;/H-Z, ZnO/H-Z, andCuO/H-Z catalysts.

Composition (Mass%) H-Z Fe,O5/H-Z ZnO/H-Z CuO/H-Z
Si 57.7 28.9 32.5 30.4

Al 7.41 4.17 4.90 5.35

(0] 19.5 50.8 48.4 423

Fe - 1.27 - -

Zn - - 1.30 -

Cu - - - 2.32
Impurities 15.4 14.8 12.9 19.6
Si/Al 7.79 6.94 6.63 5.69
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Fig. 5 Graph of N, gas adsorption—desorption isotherm on H-Z, Fe,O3/H-Z, ZnO/H-Z, and CuO/H-Z catalysts.

cation with low adsorption at relatively low pressures associ-
ated with micropores (Chu et al., 2019). Meanwhile, the pres-
ence of an H3-type hysteresis loop at relatively high pressure is
the result of the adsorption and desorption of N, in the meso-
pores (Han and Liu, 2015; Sihombing et al., 2020).

Further analysis is carried out to determine the effect of the
metal oxide loading process on the catalyst characteristics,
including surface area, total volume, and pore diameter. The

BET method calculates the surface area, while the pore volume
and pore size are analyzed from the adsorption band using the
BJH method. The results of the measurement of the surface
area, pore volume, and pore diameter of each catalyst are sum-
marized in Table 3.

The data in Table 3 shows that the modification of zeolite
with metal oxide loading causes an increase in the surface area,
pore size, and pore volume. The ZnO/H-Z catalyst has the lar-
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pore volume and average pore radius. This change occurs 0.0001 + %
due to the activation process, both acid activation and calcina-
T T T T

tion and metal impregnation processes that impact the surface
morphology of the zeolite. These changes are caused by the
opening of the active zeolite pores, which are initially still cov-
ered by impurities. During the calcination process, impurity
molecules such as water and gas, which are chemically bonded
to the surface of the zeolite, evaporate to form an empty space
(see schematics in Fig. 6). The results of the analysis also show
that the specific surface area increases after metal impregna-
tion is carried out. The entry of metal resulted in the expansion
of the space between the zeolite layers so that a good pore sys-
tem is formed, and the surface area is larger. With the increase
in surface area, the absorption process will be even greater
(Kurnia et al., 2017). According to Widayatno et al. small
Cu species may enter the zeolite channel and generate new sur-
face area within the channel by increasing the surface rough-
ness. Meanwhile, Cu species loaded on the outer surface of
the zeolite can generate new mesoporous surface areas
(Widayatno et al., 2016). The comparison of the pore size dis-
tribution for each catalyst is shown in Fig. 7. The pore size dis-
tribution for the metal oxide impregnated catalyst shows
dominance in the relatively equal radius size range from 15
to 100 A (1.5-10 nm).

e

Dealumination
Calcination

@e Organic impuritics,
o@ waicr, cation

T T T
0 20 40 60 80 100 120 140
Pore radius (A)

Fig. 7 Comparison of the pore size distribution of H-Z, Fe,O;/
H-Z, ZnO/H-Z, and CuO/H-Z catalysts.

3.4. Bio-oil hydrodeoxygenation

The distribution of the products resulting from the
hydrodeoxygenation of bio-oil with Fe,Os;/H-Z, CuO/H-Z,
and ZnO/H-Z catalysts is shown in Fig. 8. Based on the data
in the table, the bio-oil catalyzed by Fe,O;/H-Z produces more
organic, gas, and coke phases than other catalysts. Meanwhile,
the bio-oil catalyzed by ZnO/H-Z and CuO/H-Z has the most
aqueous phase but less coke, gas, and organic. A lower organic
phase yield is associated with more efficient deoxygenation
results (Elkasabi et al., 2014). Deoxygenation reaction pro-
duces water as a by-product so that large amounts of water
are released along with the decrease in the mass of the organic
phase. Huang et al. state that Fe,O5 contributes to increased

Metal Impregnation
Oxidation

Mesoporous
formation

® ® Transition metal
oxide (TMO)

Fig. 6 Schematics of impregnated TMO in natural zeolite.
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Fig. 8 Product distribution of upgraded bio-oil catalyzed by
Fe,03/H-Z, ZnO/H-Z, and CuO/H-Z (catalyst loading of 2.5 wt
%, temperature 250 °C for 2 h).

gas yield but decreases liquid bio-oil and bio-char product
yield. Fe,O3 can encourage the formation of CO and H, but
inhibit the formation of CH,. (Huang et al., 2019) Meanwhile,
Konadu et al. (Konadu et al., 2021) performed hydrodeoxy-
genation of guaiacol using Cu catalyst and reported that Cu
(111) plays a selective role in the transformation of guaiacol
into catechol through the direct demethylation pathway.

Each catalyst’s difference in product distribution is due to
the characteristics of each catalyst, such as surface area and
pore volume. Fe,O3/H-Z has a smaller surface area and pore
volume than ZnO/H-Z and CuO/H-Z. This difference provides
a significant gap in the selectivity of the liquid product, where
the larger surface area and pores can support better diffusion
and adsorption of reactants, which causes more reactant mole-
cules to bind to the active site of the zeolite to undergo a cat-
alytic process.

3.5. Physicochemical properties

The product analyzed in this study is the organic phase
because it contains rich organic compounds such as phenols
and their derivatives, as well as aromatic compounds which
have the potential for fuel applications. While the aqueous
phase contains more water and acids which reduce its quality
as fuel. Analysis of physicochemical properties of bio-oil prod-
ucts is carried out including elementary content, HHV, viscos-
ity, acid number, and analysis of compound content using
GC-MS. The physicochemical properties are summarized in
Table 4.

Bio-oil catalyzed by ZnO/H-Z and CuO/H-Z catalysts has
less oxygen and higher carbon content than bio-oil catalyzed
by Fe,O3/H-Z. A smaller molar O/C and an increased H/C
ratio of HDO bio-oil indicates a direct deoxygenation and
hydrogenation reaction pathway (Leal et al., October 2018).
In this study, the molar ratios of O/C and H/C both decreased.
It suggests the deoxygenation pathway releasing water and
acid is the dominant pathway in the HDO bio-oil reaction with
a metal oxide-embedded activated zeolite catalyst (Elkasabi
et al., 2014; Kim et al., 2014). ZnO/H-Z and CuO/H-Z cata-
lysts have DOD ranging ~ 85%. Product viscosity and HHV
also increase as a result of reduced water content in bio-oil
(Baloch et al., 2021). However, the acid number is still high
(118-166 mg NaOH/g oil) due to the high acid content in
bio-oil. This high acidity level is mainly determined by pheno-
lic compounds, which are measured as weak acids by the TAN
method (Oh et al., 2020).

ZnO/H-Z catalyst has a larger surface area, pore volume,
and pore diameter and shows better selectivity for the water
fraction. This is related to the character of the catalyst with
a larger surface area and pores, facilitating more reaction path-
ways. The deoxygenation pathway can occur more by produc-
ing water as a by-product (Kurnia et al., 2017). Zn can
selectively break C—O bonds in various lignin molecules under
relatively mild reaction conditions (Parsell et al., 2013;
Spanjers et al., 2015; Oh et al., 2020). With more oxygen com-
ing out as water molecules, the bio-oil product catalyzed by the

Table 4 Physicochemical properties of pyrolysis and upgraded bio-oil.

Properties Raw bio-oil Fe,O3/H-Z ZnO/H-Z CuO/H-Z
Elemental analysis (wt%)

C 14.3 37.9 51.7 51.8
H 9.88 7.77 6.84 6.86
N 0.55 0.01 1.02 1.11
(O 75.8 53.8 40.5 40.2
Water content (%) 68.6 27.0 10.1 8.30
Density (g/cm?) 1.02 1.11 1.18 1.23
HHV (MJ/kg)° 12.5 17.7 20.9 20.9
Viscosity (cP) 0.98 2.31 2.52 3.13
Acid number (mg NaOH/g oil) 171 139 166 118
H/C 8.29 2.46 1.59 1.59
o/C 3.98 1.06 0.59 0.58
DOD (%) - 73.4 85.2 85.4

a

calculated by the difference.

® High heating value is calculated by using the following formula reported in Sheng and Azevedo (Sheng and Azevedo, 2005): HHV (MJ/

kg) = -1.3675 + (0.3137C) + (0.7009H) + (0.03180).
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ZnO/H-Z catalyst has a higher viscosity and HHV value of
2.52 cP and 20.9 MJ/Kg, respectively. Meanwhile, the bio-oil
catalyzed by the Fe,O3/H-Z catalyst tends to have a high oxy-
gen content, and the HHV value only increases slightly com-
pared to the pyrolysis bio-oil.

3.6. Compounds in Bio-oil

GC-MS are carried out to examine molecule content in the
bio-oil and HDO products, which is summarized in Fig. 9.

GC-MS diffractogram of bio-oil reveals the composition of
ketones, phenols, methyl phenols, methoxyphenyl, and furans.
Compounds in bio-oil are dominated by lignin derivatives such
as phenol, guaiacol, syringol, and pyrocatechol compounds, as
well as cellulose derivatives such as aldehydes, ketones, furan
derivatives, and phenols (Grioui et al., 2014). Furfural com-
pounds during the HDO process can undergo hydrogenation
to produce furfuryl alcohol compounds which are further con-
verted to tetrahydrofurfuryl alcohol, ketones, and other open
ring products (Dwiatmoko et al., 2015). This can be proven
by the decrease in the percent area of furan compounds and
the increase in the percent area of ketone compounds in the
HDO bio-oil product of each catalyst.

The phenol content generally increased after the HDO pro-
cess with all catalysts, especially with Fe,O3/H-Z and ZnO/H-
Z catalysts. Meanwhile, the methoxy phenol group of com-
pounds decreased, including syringol and guaiacol (Leal
et al., October 2018). However, intermediate compounds such
as catechol and pyrocatechol compounds have increased. Cat-
echol is formed as an intermediate in the conversion of Phenol-
2 methoxy to cyclohexanone, produced by the cleavage of the
methyl and methoxy groups from guaiacol and syringol,
respectively (Oh et al., 2020). In this case, the increase in cer-
tain compounds related to the conversion of other compounds,
such as reduced syringol may undergo a demethoxylation reac-
tion to guaiacol, which then undergoes demethoxylation again
to produce more stable phenolic compounds (Oh et al., 2015;
Gea et al., 2020). Meanwhile, another methoxyphenol group,

01 B I Raw Bio-oil
‘ _ F6203/H-Z
40 B 7nO/H-7
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Fig. 9 Composition of compounds in raw bio-oil and organic
phase products catalyzed by Fe,O3/H-Z, ZnO/H-Z, and CuO/H-Z
(catalyst loading of 2.5 wt%, temperature 250 °C for 2 h).

guaiacol, can go through several reaction pathways, (i)
through demethoxylation where the methoxy group is cleaved
to produce phenol; (i) through the demethylation pathway,
where the C-O bond cleaves from methoxy and releases it as
CHy4 to produce catechol intermediates. Catechol can be
deoxygenated to produce phenol, (iii) deoxygenated to cresol
which can then be demethylated to produce phenol (Liu
et al., 2017; Venkatesan et al., 2021; Oh et al., 2015). The var-
ious reaction pathways that lead to the formation of phenol
compounds cause by the high percentage of the area owned
by phenol. Furthermore, through the direct deoxygenation
pathway, phenol breaks the C,.omaiic “OH bond to form ben-
zene as an aromatic hydrocarbon product (Shafaghat et al.,
2015; Teixeira Cardoso et al., 2019). Some schematics of the
possible reaction pathways during the HDO bio-oil process
are shown in Fig. 10.

The acidic sites in the catalyst promote C-O cleavage, while
metal sites influence the hydrogenation of the benzene ring.
Metals activate H, while oxygenating Brensted acid sites acti-
vate compounds. The Brensted acid site interacts with the oxy-
gen atom of the oxy compound, whereas H, is started by
metals and causes C-O bond cleavage instead of C—C bond
cleavage (He and Wang, 2013). Furthermore, the redox-
active components of metals play an important role in HDO
reactions because these metal sites can facilitate both hydro-
genation and dehydrogenation reactions (Botas et al., 2014).

The active site of Fe is reported to have good ability in the
direct deoxygenation pathway (Olcese et al., 2012; Shafaghat
et al., 2016), but in this study, the characteristics of the
Fe,O3/H-Z catalyst were not superior to the material aspects
of the ZnO/H-Z catalyst. Meanwhile, the presence of copper
in the catalyst is essential for the hydrogenation reaction,
which can increase the conversion yield of bio-oil products
(Awan et al., 2021). Moreover, Cu catalysts can facilitate dehy-
dration reactions by forming Cu-alkoxide species (Gabrysch
et al., 2018). In addition, ZnO provided suitable acidity to
reduce the C-O hydrogenolysis reactivity (Wang et al., 2020).
In the metal oxide catalytic mechanism, lattice oxygen reacts
with H, and an oxygen vacancy is created, which is further
filled by oxygen from the oxy compound. Then the intermedi-
ate compound undergoes C-O cleavage and forms the final
product. He and Wang (He and Wang, 2013) reported that
the order of metal-oxygen bonds from the stronger is
Zn > Fe > Cu. This metal-oxygen bond will affect the course
of the reaction during HDO. When the metal-oxygen bond is
too weak, it will be difficult for the catalyst to abstract oxygen
from the oxy compound. Still, when the metal-oxygen bond is
too strong, it is challenging to create a surface vacancy to
adsorb the oxy-compound (Moberg et al., 2010).

3.7. Effect of temperature

The ZnO/H-Z catalyst is further tested for its activity to cat-
alyze bio-oil at higher temperatures, 275 and 300 °C. The dis-
tribution of the resulting product is shown in Fig. 11. Organic
phase and gas increase when the temperature is increased to
275 °C and then decrease when the temperature reaches
300 °C. On the other hand, the aqueous phase and coke drop
at 275 °C and then increase at 300 °C. This difference in pro-
duct distribution trends at each temperature indicates that
temperature affects the yield (Pourzolfaghar et al., 2018).
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(a) Product distribution of upgraded bio-oil and (b) selectivity of organic phase bio-oil components with ZnO/H-Z catalyst at

temperatures of 250, 275, and 300 °C (catalyst loadig of 2.5 wt%, reaction time of 2 h).

Meanwhile, more gas content occurs at a temperature of
275 °C, suggesting that increasing temperature promotes gasi-
fication reactions or hydrocracking of bio-oil to convert
organic compounds into gaseous products (Ahmadi et al.,
2017). In a previous study, Cheng et al. (Cheng et al., 2017)
tested out HDO bio-oil at temperatures of 250, 300, 350, and
400 °C and reported that the main compositions of gaseous
products formed during HDO were CO,, H,, CO, N,, CHy,
and C,Hg¢. Meanwhile, at the highest temperature at 300 °C,
the organic phase was reduced significantly and tended to pro-
mote coke formation on the catalyst surface, reducing the cat-
alytic activity. The increase in coke at high temperatures can
be caused by polymerization reactions and condensation of
bio-oil components (Kim et al., 2014). The organic phase is
then analyzed for its components using GC-MS, and the
resulting compounds are summarized in Fig. 11a.

Based on the selectivity data of the bio-oil components in
Fig. 11b, there are significant differences in several groups of
compounds observed. The increase in temperature causes an

increase in phenol levels, especially when the temperature is
275 °C, with the percentage of phenol area reaching 87%. At
this temperature, it is assumed that the highest conversion rate
is to convert methoxyphenol into phenol and reduce catechol
as an intermediate compound. This is also supported by the
percentage area of methoxyphenol and catechol, which is
much lower than other temperatures. Temperature is reported
to play an active role in the HDO reaction’s selectivity by
affecting the intermediate’s stability. At higher temperatures,
the hydrogenation activity decreases due to the reduction in
hydrogen adsorption, which is an exothermic reaction. There-
fore at high temperatures, more deoxygenation pathways
occur compared to hydrogenation (Shafaghat et al., 2015).

3.8. Effect of catalyst loading

The catalytic activity of a zeolite is closely related to the pres-
ence of an active site in the zeolite. Many acid sites increase the
possibility of converting oxygenate compounds (Lee et al.,
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Fig. 13 GC-MS chromatograms of (a) raw bio-oil and (b) upgraded product catalyzed by 5 wt% ZnO/HZ at 275 °C.

2016). Therefore, this study observes the effect of increasing
the catalyst mass used during the HDO process. The distribu-
tion of the resulting products is summarized in Fig. 12a, while
the selectivity of the upgraded bio-oil content is shown in
Fig. 12b.

Bio-oil catalyzed by a 5.0 wt% catalyst produces more
organic phase, gas, and a less aqueous phase than other cata-
lysts. On the other hand, the 7.5 wt% catalysts produce the
highest aqueous phase yield but the minor organic phase and
gas. This result is in line with that reported by Benés et al.
(Benés et al., 2019), the highest yield of the organic phase is
obtained from HDO with a catalyst loading ratio of 5.0 wt
%. Up to a catalyst loading ratio of 5%, the removal of oxy-
gen in the form of CO, increases significantly. The yield differ-
ence produce in this case is related to the number of catalysts

used to add to the active sites that play a role during the HDO
reaction (Sankaranarayanan et al., 2015; Roldugina et al.,
2018). This can be seen in the 5.0 wt% catalyst, where the
amount of gas produced indicates a decarboxylation reaction
pathway that produces gases such as CO, as one of the by-
products of HDO. The amount of water produced in the aque-
ous phase suggests that the dominant reaction pathway is
deoxygenation. On the other hand, an increase in the amount
of catalyst above 5.0 wt% indicates an increase in the coke
formed. The strong acidity of the support material supports
polymerization and condensation reactions that lead to coke
formation (Nava et al., 2009).

Based on the data on the selectivity of the compounds pro-
duced in the organic phase upgraded bio-oil (Fig. 12), with the
addition of the percentage of the metal as the active site of the
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catalyst, there is a change in the percentage area of the leading
compound group of bio-oil. The comparison between the chro-
matograms of raw bio-oil and the upgraded product is shown
in Fig. 13. Several compounds, such as phenol and furan, show
a significant decrease, while methoxyphenol, catechol, ketone,
and aromatic hydrocarbons project an increase. The decline in
phenol content occurs due to further reactions during the
HDO process. Phenol undergoes a deoxygenation reaction so
that it releases oxygen and becomes an aromatic hydrocarbon
compound. In the conversion of phenol to aromatic hydrocar-
bons, the oxide catalyst, in its application as a catalyst, goes
through approximately three steps, including chemisorption
through the oxygen atom at the unsaturated coordinate metal
site, donation of protons from the hydroxyl group, and des-
orption (Moberg et al., 2010; Mortensen et al., 2013). Further,
furan is no longer detected in bio-oil, which is upgraded with a
catalyst of 5.0, 7.5, and 10 wt%. It is presumably due to fur-
ther conversion of furan to produce ketone compounds, so
the percentage of ketone area is relatively increased. However,
it is different for the 10 wt% catalyst, which shows a decrease
in the percentage of ketone area, but the percentage of 9-
tetradecenal and 9-octadecenal areas increase significantly.
This is presumably due to ring opening in furans, ketones,
and other aromatic compounds to form esters and long chain
aldehydes (Oh et al., 2015).

4. Conclusion

We have presented the performance of natural zeolite (HZ) supported
transition metal oxide (TMO) in the bio-oil hydrodeoxygenation pro-
cess. The Fe,O3/HZ, ZnO/HZ, and CuO/HZ catalysts show suitable
catalyst characteristics with good crystallinity, large surface area and
pore volume, and small pore size that determine catalyst performance
(high conversion and selectivity). The optimum temperature is found
at 275 °C with ZnO/HZ catalyst 5% wt. with high conversion
(~50%) for the hydrodeoxygenation process. All refined bio-oil show
upgraded physicochemical content, which further proves the perfor-
mance of HZ-based TMO catalysts. Therefore, this finding is a step
forward to producing a future affordable catalyst by utilizing natural
zeolite as a supported catalyst in bio-oil refining through
hydrodeoxygenation.
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