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Abstract

This study investigates the effect of chemically doped Co and Ni metals on ZSM-5 catalyst with respect to the cata-
lysts’ characteristics and performance for palm oil cracking. Some characterization methods have been conducted
to identify the physicochemical properties of the synthesized catalysts, including X-ray diffraction (XRD), Scan-
ning Electron Microscopy (SEM), Na-physisorption, NHs- and COz-probed Temperature Programmed Desorption
(NH3-TPD and CO2-TPD) methods. The deposited carbon-coke on the spent catalysts is analysed using simultane-
ous thermal gravimetric—differential scanning calorimetry (TG-DTG-DSC) analysis. The performance of catalysts
was evaluated on palm oil cracking process in a continuous fixed-bed catalytic reactor at 450 °C. To determine the
liquid product composition functional group and components, we used Attenuated Total Reflectance Fourier-
transform Infrared Spectroscopy (ATR-FTIR) and batch distillation methods, respectively. We found that the Co
metal chemically-doped on Ni/SM-5 catalyst, resulting the increase in the catalysts acidity and the decrease in cat-
alysts basicity. The conversion of palm oil increases as the increase of the ratio of catalysts’ acidity to basicity. The
highest triglyceride conversion (76.5%) was obtained on the 3Co-Ni/ZSM-5 with the yield of gasoline, kerosene,
and diesel of 2.61%, 4.38%, and 61.75%, respectively. It was also found that the chemically doping Co metal on
Ni/ZSM-5 catalyst decreased carbon-coke formation due to the low catalysts’ basicity. Overall, it is proven that the
combination of Co and Ni, which chemically doped, on ZSM-5 catalyst has a good activity in palm oil conversion
with low carbon-coke formation affinity and high acidity of catalyst.
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1. Introduction etable oils through a transesterification reac-
tion. However, this reaction only produces one
type of biofuels, which is biodiesel from fatty ac-
id methyl ester (FAME). The properties of
FAME highly depend on the feedstock proper-

In Indonesia, biofuels production develop-
ment has been conducted and implemented by
producing biodiesel from palm oil and other veg-
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causing biodiesel to have a low heating value as
well as low oxidation stability [3]. The utiliza-
tion of FAME in modern diesel engines can
cause some technical problems, such as filter
blockage and engine corrosion in long-term op-
eration, due to its high oxygen content [4,5].
Therefore, it is necessary to convert vegetable
oil into more diverse biofuels as alternative
sources of diesel, kerosene, and gasoline.

One of the efforts to produce diverse biofuels
as alternative source of diesel, kerosene, and
gasoline is conducted through the catalytic
cracking process of palm oil or other vegetable
oils [6]. Therefore, the catalytic cracking pro-
cess has more potential to be developed because
it produces a diverse biofuels product and re-
newable. Several researchers have conducted
the catalytic cracking of palm oil to biofuels us-
ing acid catalysts because they have better ac-
tivity than base catalysts. Zeolite-based cata-
lysts, such as HY, ZSM-5, and MCM-41, are the
most-developed acid catalysts [7—11]. Gurdeep
Singh et al. [9] used ZSM-5 catalyst to convert
linoleic acid, as a model compound, into biogas-
oline through the cracking process. The ZSM-5
can increase the aromatic compounds, which
can increase the octane number of biogasoline,
although a high aromatic content may be re-
leased as benzene compounds which is proven
as toxic compounds [9]. ZSM-5 catalyst has
been utilized as catalyst for cracking process
due to its good porosity nature and supporting
aromatization [12]. In addition, the modifica-
tion of the zeolite catalysts using transition
metals can improve the performance of cata-
lysts to produce biofuels because of changes in
their acidity or generated acid sites. Riyanto et
al. [12] improved the ZSM-5 catalyst using
some metal oxides, where the Lewis acid site of
the catalyst was increased after Co impregna-
tion, resulting in the increase of biofuels prod-
uct. Istadi et al. [11] utilized Ni and Co to modi-
fy HY catalyst for palm oil cracking, although it
did not significantly change the yield of liquid
fuels; however, the hydrocarbons selectivity
was massively increased. Nevertheless, the im-
pregnation of Ni on HY led to increasing car-
bon-coke formation. Some studies also reported
that Ni has a high affinity leading to carbon-
coke formation [9,11,13]. Botas et al. [13] re-
ported that the Mo-modified nanocrystalline
ZSM-5 zeolite could increase the aromatic com-
pounds on the catalytic conversion of rapeseed
oil. Haji Morni et al. [14] modified the ZSM-5
using Ni and Mo for the co-pyrolysis of sewage
sludge-sawdust. It was reported that MoOs
could reduce the aromatic compounds. Howev-
er, incorporating NiO with MoOs could mas-

sively increase the aromatic compounds selec-
tivity as well as the oxygenated compounds
[14].

Based on the previous studies, the main
concern in the proposed catalyst modification is
to improve the catalytic activity of catalysts to-
wards biofuels production, particularly due to
improved high acidity of catalyst, without re-
ducing the catalyst porosity significantly. How-
ever, the side reaction, especially carbon-coke
formation, should be considered to be avoided
or decreased. However, carbon-coke formation
cannot be avoided in the cracking process,
therefore, it can be minimized through catalyst
modification. With respect to the requirement,
the present research is driven to design a cata-
lyst that not only can actively support the
cracking process of palm oil to biofuel due to in-
creasing the catalyst acidity without reducing
porosity significantly, but also has low carbon-
coke formation affinity. In addition, the deoxy-
genation process is less discussed in the crack-
ing process of vegetable oils in some litera-
tures. Therefore, this study investigates the ef-
fect of chemically doped Co and Ni metals on
the NiI/ZSM-5 catalyst with respect to
improving the liquid fuels formation due to im-
proved catalyst acidity without reduced cata-
lyst porosity and lowering carbon-coke for-
mation affinity during the cracking-
deoxygenation process palm oil to biofuels.

2. Materials and Methods
2.1 Materials

Commercial ZSM-5 (CBV 8014) catalyst was
obtained from Zeolyst International. Nickel(II)
nitrate hexahydrate (Ni(NOs3)2.6H20) and Co-
balt(Il) nitrate hexahydrate (Co(NO3)2.6H20)
were used as the precursors for catalysts syn-
thesis. Both precursors were obtained from
Merk. In order to test the performance of cata-
lysts in the catalytic cracking process, palm oil
from was used as the feedstock. Nitrogen (N3)
gas (UHP) was used as the flushing agent be-
fore cracking process.

2.2 Catalysts Synthesis

The catalysts (Co-Ni/ZSM-5) were synthe-
sized using wet impregnation with considering
only chemically doped of Co and Ni metals on
ZSM-5. Firstly, Ni/ZSM-5 was synthesized by
immersing approximately 20 g of ZSM-5 in the
Ni solution (200 mL). The Ni metal was adjust-
ed so that the impregnated Ni was 15 wt% on
the catalyst. The slurry was then stirred (300
rpm) for 12 h and then filtered in order to only
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consider chemically doping. The obtained solid
was dried at 110 °C overnight and calcined at
550 °C for 4 h. The obtained catalyst was de-
noted as N1/ZSM-5 catalyst. In order to synthe-
sized Co-Ni/ZSM-5 catalysts, the synthesized
Ni/ZSM-5 catalyst was immersed in the Co so-
lution (200 mL) and stirred (300 rpm) for 12 h
and then filtered to only consider chemically
doping. Thus, the targeted Ni and Co contents
was only chemically adsorbed on the ZSM-5
catalyst, excluding the bulk phase of NiO
and/or CoO on the surface ZSM-5. The amount
of Co on the catalyst was varied at 3, 6, and
10%wt. The obtained slurry was dried at 110
°C overnight and calcined at 550 °C for 4 h. The
catalysts were denoted as 3Co-Ni/ZSM-5, 6Co-
ZSM-5, and 10Co-ZSM-5 with respect to Co
amount of 3, 6, and 10%, respectively. The cata-
lysts powder was palleted and crushed so that
the catalysts size is 1-1.8 mm.

2.4 Catalysts Characterizations Methods

The synthesized catalysts were character-
ized using several analytical methods. The
crystal structure of catalysts was investigated
using X-ray diffraction analysis (XRD). The dif-
fraction pattern of Cu-Ka radiation (A = 1.54 A)

[+

14

Figure 1. Schematic diagram of experimental
set up of the continuous catalytic cracking pro-
cess: (1) Palm oil feedstock tank, (2) Gate valve,
(3) Peristaltic pump, (4) Preheater, (5) Reactor
tube, (6) Catalysts packing, (7) Glass wool, (8)
Electric heating furnace as reactor heater, (9)
Condenser, (10) Gas-liquid separator, (11) Gas
by product, (12) Liquid fuels product, (13) Gas
flowmeter, and (14) Nitrogen gas tank.

was collected at 20 of 5-90° with a scanning
speed of 5° min~! using Shimadzu 7000. The
surface morphology of the synthesized cata-
lysts was investigated using Scanning Electron
Microscopy (SEM) method. Further evaluation
of SEM analysis was performed using Imaged
to estimate the average particle size. The Na-
physisorption was performed using ChemBET
PULSAR (Quantachrome) to estimate the sur-
face area and the pore size distributions of the
synthesized catalysts. Prior to the No-
adsorption, the catalysts were degassed at 300
°C for 3 h. The acidity and basicity strengths of
catalysts were evaluated using Temperature
Programmed Desorption (TPD). NHs was used
as the probe molecule in the acidity test, while
CO2 was used as the probe molecule in the ba-
sicity test. The adsorption of NHs was conduct-
ed at 100 °C and the desorption was conducted
from 100 °C to 900 °C with a heating rate of 10
°C/min and then the heating was hold for 5
min. In the basicity analysis, the adsorption of
COs was conducted at room temperature and
the desorption was conducted from room tem-
perature to 900 °C with a heating rate of 10
°C/min and then the heating was hold for 5
min. Both acidity and basicity analyses were
conducted using Autochem II Micromeritics. In
order to investigate the coke formation, the
spent catalysts were analysed using thermal
analysis using Simultaneous Thermal Analyser
(STA200RV Hitachi) using Thermo-Gravimetry
(TG), Derivative Thermo Gravimetry (DTG),
and Differential Scanning Calorimetry (DSC).
During the thermal analysis process, the heat-
ing rate was 10 °C/min in air atmosphere (flow
= 100 mL/min). Prior to the TG analysis, the
spent catalysts were washed using n-hexane
through Soxhlet extraction method.

2.5 Catalysts Performance Test

The continuous cracking reaction process
for palm oil served as a test and evaluation
ground for the catalysts' performance. The
schematic diagram of the experimental setup
for the palm oil cracking process is shown in
Figure 1. The reactor was a stainless-steel pipe
with an internal diameter of 2.54 cm. Approxi-
mately, 5 g of catalyst was put in the reactor,
which was supported by glass wool. Prior to the
reaction, oxygen that had become trapped in
the experimental setup was flushed out by ni-
trogen flow at a rate of 100 mL/min for 30 min.
A peristaltic pump was used to feed the reactor
with palm oil from the tank. The flow rate of
palm oil was adjusted to achieve a weight hour-
ly space velocity (WHSV) of 0.365 min-1. The
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cracking process was carried out at 450 °C. In
the condenser, the cracking products were con-
densed. The liquid products (condensed chemi-
cals) and volatile compounds were divided. Af-
ter the process achieved a steady state, the lig-
uid products were collected for 2 h. The yield of
OLP and gas and coke were calculated using
Equation (1) and were utilized to assess the ef-
fectiveness of catalysts for cracking palm oil in-
to biofuels.

Y, (%)=

x100
1
m feed ( )

In this equation, Y; represents the yield of com-
ponent (liquid product or gas and coke), m;
stands for the mass of liquid product or gas and
coke, and myf.s represents the total mass of
palm oil that was fed.

2.6 Composition Analysis of Liquid Product

In order to investigate the functional group
in the liquid products, the liquid products were
analysed using ATR-FTIR Spectroscopy
(Attenuated Total Reflectance Fourier-
transform Infrared Spectroscopy). The FT-IR
spectra were collected at wave number of 400—
4000 cm™! using Perkin-Elmer UATR Spectrum
Two. The conversion of palm oil (triglyceride)
was calculated by applying the area of absorp-
tion band of the carbonyl group (1745 cm™1)
using Equation (2), where Ai1745paimoi Tepresents
the area of absorption band at 1745 cm-! of
palm oil and Ai74siiquid fuets Tepresents the area of
absorption band at 1745 cm™! of liqud
products.

A1745 palmoil — A1745 liquid fuels

A

1745 palm oil

Conversion (%) =

6Co-Ni/ZSM-5

Intensity (a.u.)

3Co-Ni/ZSM-5

0 20 30 40 50 6 70 8 9
26 (°)

Figure 2. XRD patterns of Ni/ZSM-5, 3Co-
Ni/ZSM-5, 6Co-N1/ZSM-5, and 10Co-Ni/ZSM-5.

In order to investigate the composition in
the liquid products, a batch distillation was
performed. The liquid products were distilled
from room temperature to 370 °C. The distil-
late at room temperature to 205 °C was as-
signed to the gasoline fraction, the distillate at
205-310 °C was collected as kerosene fraction,
and the distillate at 310-370 °C was collected
was diesel fraction. The yield of gasoline, kero-
sene, and diesel was calculated using Equation

(3).

m.
Y, (%)= m—’xY x100 3)

liquid product
f
In this equation, Y; represents the yield of com-
ponent j (gasoline, kerosene, or diesel), m; rep-
resents the mass of component j, ms represents
the mass of liquid product that was fed to the
distillation set, and Yiiquid product Tepresents the
yield of liquid product.

3. Results and Discussions
3.1 Catalysts Characterizations
3.1.1 Crystal structure of catalysts

The crystal structure of the synthesized
catalysts was investigated using XRD analysis.
The diffraction patterns of the catalysts were
collected at 20 of 5-90°. Figure 2 depicts the
diffraction patterns of Ni/ZSM-5, 3Co-Ni/ZSM-
5, 6Co-Ni/ZSM-5, and 10Co-Ni/ZSM-5. As
shown in Figure 2, the all catalysts exhibit
orthorhombic MFI structure due to the appear-
ance of the intense peaks at 20 = 7.95°, 8.89°,
23.49°, 23.71°, 24.13°, 24.35°, and 24.83°, corre-
sponding to the (101), (020), (501), (051), (151),
(303) and (133) planes (COD reference code:
96-154-0268), respectively. It is found that the
characteristic quintet of MFI structure appears
at 20 = 23-25.5° (inset figure in Figure 2).
Therefore, it is suggested that all catalysts
have MFI structure as the main crystal struc-
ture.

Based on the XRD patterns, the diffraction
patterns of the catalysts are not changed after
metals impregnation. It indicates that the crys-
tal structures of the catalysts are not changed
significantly. As mentioned before, the main
crystal structure of the catalysts is MFI struc-
ture. Therefore, it is suggested that the MFI
structure is not changed significantly by the
chemically doped impregnation method of NiO
and CoO, owing to only small amount of NiO
and CoO doped on the catalyst surface due to
only chemically doped of metals was consid-
ered. Therefore, diffraction patterns of the
catalysts are not significantly appeared.
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3.1.2 Textural properties of catalysts

The textural characteristics of supports
have a significant impact on the catalytic per-
formance. In this study, the textural properties
of the catalysts were characterized using Na-
physisorption method. The Na-sorption iso-
therms of the catalysts are presented in Figure
3. It is shown in Figure 3 that the sorption iso-
therms of all catalysts are similar which shows
a rapid increase of N2 adsorption at a low rela-
tive pressure (p/p°® < 0.01). This intense adsorp-
tion is attributed to the micropore filling, indi-
cating that all catalysts have micropores. It can
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also be seen that the sorption isotherm curves
of the catalysts, based on IUPAC classification,
are classified as sorption isotherm Type IV
which 1s accompanied with hysteresis loop.
Sorption isotherm Type IV is generally pro-
duced from mesoporous materials [15]. In addi-
tion, this hysteresis loop is classified as Type
H4 loop. Thommes et al. [15] stated that a
more pronounced uptake at low p/p° being as-
sociated with the micropores filling. Therefore,
it can be concluded that the catalysts have
both micropores and mesopores.
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Figure 3. Nz-sorption isotherm and pore size distribution of catalysts.

Table 1. Textural properties of catalysts.

Catalysts ST (M2/g)  Sext® (m2/g)  Smicro* (M2/g) Vo (celg) Vmicro* (cc/g)  dpt (nm)
NV/ZSM-5 374 180 194 0.255 0.108 3.64
3Co-N1/ZSM-5 359 153 206 0.242 0.111 3.60
6Co-N1/ZSM-5 360 154 206 0.248 0.112 3.62
10Co-NV/ZSM-5 363 156 207 0.249 0.113 3.60

“Based on BET method; ¥Based on ¢-plot; #Total pore volume at p/p° = 0.99; fAverage pore size using BJH method based on Na-

desorption.
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Based on the sorption isotherm curves, the
addition of Co metal on Ni/ZSM-5 catalyst does
not significantly change the textural properties
of the catalysts. Therefore, some parameters,
such as surface area, pore size and pore vol-
ume, need to be evaluated further. As can be
seen in Table 1, the surface area of the catalyst
decreased slightly after the addition of Co
metal which is caused by the pore blocking by
the chemically doped metal and is also proven
by the decrease slightly in the pore volume and
average pore size of the catalyst (Table 1).
However, the micropore volume of the catalyst
increases as the increase in Co metal addition.
Therefore, it can be concluded that the slight
decrease in surface area, pore volume, and pore
size of catalysts is caused by the partial block-
ing of mesopores by metal. The mesopores of
catalysts are partially blocked by metal so that
the pores become narrower leading to increased
micropore volume and micropore surface area.
This fact confirms that the chemically doped Co
metal has been impregnated on the surface of
catalyst even though it was not detected in
XRD analysis.

Ni/ZSM-5

Average size =984 nm
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The surface morphology of the catalysts was
observed using SEM analysis. The surface mor-
phology of the catalysts is depicted in Figure 4.
It is presented that the surface morphology of
the catalyst does not change significantly after
the addition of Co metal on the catalyst, be-
cause of only small Ni and Co is chemically
doped on the catalyst surface. Moreover, the
catalysts’ particles size also looks as if not
changed significantly. By utilizing normal dis-
tribution, the average particles sizes of
Ni/ZSM-5, 3Co-Ni1/ZSM-5, 6Co-Ni/ZSM-5, and
10Co-NV/ZSM-5 are 984, 904, 985, and 845 nm,
respectively. These facts confirm that the sur-
face morphology of the catalysts is not changed
significantly after the impregnation of chemi-
cally doped Co metal.

3.1.3 Acidity strength of catalysts

The acid site property of catalysts was eval-
uated by TPD analysis using ammonia (NHs)
as the basic probe molecule. The adsorption of
ammonia onto catalysts was conducted at 100
°C; therefore, it is reasonable to conclude that

3Co-Ni/ZSM-5

SEl  20kV WD10mm SS30
LAB.TERPADU UNDIP

SEl  20kV WD10mm SS30
LAB.TERPADU UNDIP

Figure 4. SEM analysis of catalysts and the particle size distribution.
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the adsorbed-ammonia on catalysts were chem-
ically adsorbed on acid sites of catalysts and
the total desorbed-ammonia corresponds to the
total acidity of catalysts. It is well known that
the NHs-TPD analysis allows us to identify not
only the acid site amount on surface of cata-
lysts, but also to examine the distribution of ac-
1d strength [16]. Figure 5 depicts the NHs-TPD
signals for Ni/ZSM-5, 3Co-Ni/ZSM-5,
6Co-Ni1/ZSM-5, and 10Co-Ni/ZSM-5 catalysts
and Table 2 shows the summary of the acid
strength of catalysts. The desorption tempera-
ture of ammonia represents the acid strength of
catalysts. The acid strengths from NHs-TPD
profiles are classified as weak, moderate, and
strong acid sites, corresponding to the tempera-

ture desorption of NH3 at 120-300 °C, 300-500
°C, and >500 °C, respectively [17].

Based on Figure 5 and Table 2, the acidity
of catalysts is affected by the impregnation of
chemically doped Co metal. As can be seen,
Ni/ZSM-5 catalyst has total acidity of 449
mmol/g. The total acidity has been increased
by the impregnation of chemically doped Co
metal. It shows that the highest total acidity
after Co impregnation was found in
10Co-N1/ZSM-5 catalyst, which is 483 mmol/g.
On the other hand, the lowest total acidity
after Co impregnation was found in
10Co-N1V/ZSM-5 catalyst, which is 456 mmol/g.
The chemically doping Co metal on Ni/ZSM-5
catalyst increases the total acidity of catalysts
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Figure 5. NH3-TPD profile of catalysts.
Table 2. Catalysts acidity distribution.
Acidi 1/ . .
cidity (mmol/g) Acid density
Catalysts Weak Moderate Strong 9
Total (mmol/m?)
(120-300 °C) (300-500 °C) (>500 °C)
Ni/ZSM-5 135 197 117 449 1.200
3Co-N1/ZSM-5 152 178 142 472 1.315
6Co-Ni/ZSM-5 143 172 141 456 1.266
10Co-NV/ZSM-5 148 185 150 483 1.329
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(from 449 to 483 mmol/g). The increase in the
total acidity after Co impregnation is caused by
the presence of the unfilled d orbitals from the
metal. These unfilled d orbitals act as the acid
(Lewis) site of the catalyst [18]. This acidity in-
crease is possibly caused by the presence of the
unfilled d orbitals from Co metal since it is a
transition metal that provides d orbitals which
are not completely filled by electrons.

As can be seen in Figure 5, the chemically
doping of Co metal on the Ni/ZSM-5 catalyst af-
fects the profile of NH3s desorption. It is clearly
shown that the desorption peak at ~560 °C de-
creases gradually as the increase in the amount
of Co metal doped. Moreover, the acidity
strength is shifted, in which the amount of
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weak acidity increases, the moderate acidity
decreases, and the strong acidity increases. It
means that the acidity strength has been shift-
ed from moderate acidity to weak and strong
acidities because of chemically doping Ni/ZSM-
5 by Co metal. This is in accordance with the
previous study by Subramanian et al. [19] that
the presence of Co metal on HZSM-5 catalyst
shifts the acidity strength to weak and strong
acidity. Khan et al. [20] also reported that this
acidity peak shifting is caused by the presence
of Co2* which forms strong acid sites and CoO
which forms weak acid sites. It was reported
that the strong acidity or strong acid sites cor-
responds to the interaction of NHs with Lewis
acid sites [21,22]. In the Co-based catalysts, it
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Figure 6. CO2-TPD profile of Ni/ZSM-5, 3Co-Ni/ZSM-5, 6Co-Ni/ZSM-5, and 10Co-Ni/ZSM-5 catalysts.

Table 3. Catalysts basicity distribution.

Basicity (mmol/g)

Catalysts Weak

Moderate

Basic densit
Strong Y

(100-160°C)  (300—550 °C) (>600 °C) Total (mmol/m?)
Ni/ZSM-5 9298 411 71 710 1.899
3Co-Ni/ZSM-5 974 274 145 693 1.929
6Co-Ni/ZSM-5 214 9220 163 597 1.659
10Co-Ni/ZSM-5 281 292 166 739 2.033
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was believed that this strong acid site is at- proved by the addition of metal oxide particles.
tributed to Co—O species [23,24]. Indeed, the As an example, Wei et al. [28] reported that the
chemically doping Co metal on Ni/ZSM-5 cata- basicity of Zeolite 13X can be modified through
lyst increases the total acidity of catalysts the impregnation of Ni and Ce metals. There-
which caused by the presence of Co2* which fore, it is also necessary to investigate the ef-
forms strong acid sites and CoO which forms fects of metal impregnation to the catalyst ba-
weak acid sites which may be due to the pres- sicity in this study.
ence of the unfilled d orbitals from Co metal Based on the results of basicity characteri-
(not completely filled by electrons) correspond- zation using CO2-TPD method, it was found
ing to the interaction of NHs with Lewis acid that the addition of Co metal affects slightly
sites. the Dbasicity of the catalysts, as shown in
Figure 6 and Table 3. It is shown that the ba-
3.1.4 Basicity strength of catalysts sicity of the N1/ZSM-5 catalyst is 710 mmol/g.

The basicity of the catalysts then decreases
slightly as the increase in the amount of Co
metal addition and increased slightly to 739
mmol/g at doping 10 wt% Co. It indicates that
the addition of Co metal influences only slight-
ly the basicity of the catalysts. The addition of
Co metal on the Ni/ZSM-5 catalyst may create
strong basic sites due to the presence of low-
coordinated unsaturated oxygens (0O%7) in the
catalysts [25,29,30]. Indeed, the chemically
doping Co metal on N1/ZSM-5 catalyst increas-
es slightly or not significantly changes the total
basicity of catalysts.

The CO2-TPD analysis was conducted to es-
timate the surface basicity strength of the cata-
lysts. Like the acidity, the basicity strengths of
catalysts are classified as weak, moderate, and
strong basic strengths. These classifications
correspond to the temperature peaks ranging
from 100 to 160 °C, 300 to 550 °C, and >600 °C,
respectively [25]. In this study, the basicity
strengths of catalysts were classified based on
the deconvolution peaks. The CO2-TPD profiles
and the data are presented in Figure 6 and Ta-
ble 3. In general, weak basic sites are assigned
to surface hydroxyl groups (—OH), moderate
basic sites are associated with metal-oxygen

pairs, and strong basic sites are associated with 3.2 Catalysts Performance Towards Palm Oil

low-coordinated unsaturated oxygens (02-) and Cracking
electronegative anions [25]. The performance of the synthesized cata-
Generally, the adjustment of zeolite-based lysts was evaluated through cracking process
catalysts’ basicity is conducted through the ion of palm oil to liquid fuels. The fixed bed contin-
exchanged process using alkali metals, generat- uous reactor was at 450 °C with a WHSV of
ing the framework basicity [26]. The alkali cati- 0.365 min~1. The liquid fuel product was col-
ons, such as Li, Na, K, Rb, or Cs [27], were ex- lected, and the coke analysis is then deeply in-
changed to the proton on the zeolite framework vestigated using TGA method and discussed in
and play as the centre of basic site. However, the next section. The yield of liquid product is
the basicity of zeolite-based catalyst can be im- presented in Figure 7. As can be seen, the yield
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Figure 7. Catalysts performance of palm oil conversion and the effect of the ratio of catalysts acidity to
basicity on palm oil conversion.
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of liquid product of NV/ZSM-5, 3Co-Ni/ZSM-5,
6Co-Ni/ZSM-5, and 10Co-Ni/ZSM-5 are 75.9,
68.5, 78.8, and 82.7%, respectively.

In order to investigate the triglyceride con-
version and the functional groups in the liquid
product, the liquid product was analyzed using
FT-IR analysis. The FT-IR spectra of the palm
oil and the liquid fuels are presented in Figure
8. It can be seen that the main functional
groups in the liquid fuels product are ester, car-
boxylic acid, and hydrocarbon. In addition, it is
shown that some peaks decrease, and some
new peaks also appear. Based on Figure 8, the
FT-IR spectra of palm oil and liquid products
show absorption bands at 2922 cm~! and 2853
cm~! which are attributed to the asymmetric
and symmetric stretching C—H from methylene
group [31,32]. These peaks are associated to
the absorption band at 720 cm~!, which is at-
tributed to the rocking vibration of C—H from
methylene group [32]. Furthermore, the ab-
sorption bands at 1460 cm~! and 1377 cm™! are
attributed to the asymmetric bend and sym-
metric bend (umbrella bending mode) of C—H
form methyl. The appearance of these absorp-
tion peaks indicates that the palm oil and lig-
uid fuels have hydrocarbon chain. In the palm
oil, it is found that there is hydrocarbon chain
of the fatty acid structure, and also the carbon-
yl (C=0) structure at 1745 cm~1. This peak is
attributed to the stretching vibration of the car-
bonyl group from ester structure. It can be indi-
cated the appearance of the associated peak at
1161 cm™!, which attributed to the vibration of
C—0-C bond.

It can be seen that the liquid products have
some new absorption bands at wavenumber of
1710 and 942 cm™!, which are assigned to the
stretching vibration of C=0 from carboxylic

acid and the vibration of O—H, respectively. It
is noted that the stretching vibration of carbon-
yl structure (C=0) has been shifted from 1745
cm™! in palm oil to 1710 cm™! in the liquid
products. It means that the carbonyl structure
from ester structure has been converted to car-
boxylic acid. It is proven by the decrease in the
absorption band at 1161 cm™! (vibration of
C-0-C). It means that the triglyceride struc-
ture is broken, producing carboxylic acid as the
intermediate product. Using the area of the ab-
sorption peak at 1745 cm™!, the conversion of
ester bond, which can be assigned to the con-
version of triglyceride, can be calculated. The
conversion of triglyceride as the function of
catalysts acidity, represented as ratio of cata-
lysts acidity and basicity, is presented in Fig-
ure 7. It can be seen that the conversion of tri-
glyceride on the modified NV/ZSM-5 catalysts is
higher than pristine Ni/ZSM-5 catalyst. In ad-
dition, the triglyceride conversion increases as
the increase in the ratio of catalysts acidity
and basicity which means that the conversion
is related to the catalysts’ acidity. The increase
in the catalysts’ acidity in bimetallic catalysts
(Co-NV/ZSM-5) increase the active sites that
can be effectively reached by the reactant mole-
cules (triglyceride) than the unimetal catalyst
(N1/ZSM-5). Therefore, it can be concluded that
the only chemically addition of Co metal on the
Ni/ZSM-5 catalyst increases the conversion of
palm oil because of increasing the catalysts’
acidity, which is confirmed by NHs-TPD char-
acterization results.

3.3 Liquid Fuels Distribution

Batch distillation was applied to determine
the yield of gasoline (<205 °C), kerosene (205-
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Figure 8. FT-IR spectra of palm oil and liquid fuels.
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310 °C), and diesel (310-370 °C) fraction in the
liquid products. The liquid products distribu-
tion is presented in Figure 9. As can be seen,
Ni/ZSM-5, 3Co-Ni/ZSM-5, 6Co-Ni/ZSM-5, and
10Co-Ni/HSM-5 gives the yield of gasoline of
0.15%, 2.61%, 0.43% and 0.75%, respectively.
The higher fraction (kerosene) is obtained in a
higher number than gasoline fraction which is
0.27%, 4.38%, 1.19% and 3.37% for Ni/ZSM-5,
3Co0-Ni/ZSM-5, 6Co-Ni/ZSM-5, and
10Co-Ni/HSM-5, respectively. The highest com-
ponent is diesel fraction which is produced at
52.02%, 61.72%, 77.36%, and 71.31% by
Ni/ZSM-5, 3Co-Ni/ZSM-5, 6Co-Ni/ZSM-5, and
10Co-Ni/HSM-5, respectively. From Figure 9,
the amount of gasoline in the liquid product
markedly increases as the increase in conver-
sion. In addition, the yield of kerosene increas-
es in a sigmoidal manner as the increase in
conversion. On the other hand, the yield of die-

sel increases as the increase in conversion up
to ~45% and then decreases at further increase
in conversion.

The yield of diesel decreases at a high con-
version, means that the component of liquid
products is shifted from heavy fraction to light
fraction at high conversion of palm oil. At high
conversion, the liquid product is shifted from
diesel to kerosene and gasoline, because of the
shifting of acidity strength of catalysts. The on-
ly chemically addition of Co metal on the
Ni/HZSM-5 catalyst resulted in a shift in the
acid sites which was previously dominant on
the moderate acid sites to strong and weak
acid sites. Subramanian et al. [19] reported
that the presence of strong acid sites on the
Co/HZSM-5 catalyst tends to direct the
cracking selectivity of Cs—Ci2 hydrocarbon
chains, while the presence of weak acid sites on
the Co/HZSM-5 catalyst increases the selectivi-

80 3.0
-Gasoline o
70 1 I:ll(erosene 3Co-NIZSM-5
Bl piesel 2.5
607 9
<
50 - = 2.04
= =
S T )
= = 1.5+
z 5 g
" 4 S
i = 1.0
* :
2. | 6Co NIZSM-5
0.5 Py
1+ NIZSM-5
0 - 0.0 T T T T T T T
NZSM-5 3Co-NIVZSM-5 6Co-Ni/ZSM-5 10Co-N/ZSM-5 20 30 40 50 60 70 80
Catalysts Conversion (%)
5
I NIZDME 80 -
=4
s 10Co-NVZSM 5 @ i
= S 704 10Co-NYZSM
= —
g 31 2
& =
z =
= = 60 -
-k
Ehad =
= 3
] 6Co-NilZSM-5 = .
SHASTE
> 14 50 4
NIZSM -5
©
0 L] L] L] L] L] L] L] 40 L] L] L] L] L] L] L]

20 30 40 50 60 70 80

Conversion (%)

20 30 40 50 60 70 80

Conversion (%)

Figure 9. Liquid product distribution as affected by catalyst and triglyceride conversion.
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of C5—Cs hydrocarbon chain cracking. This is

consistent with this results research where the
3Co-Ni/HZSM-5 catalyst with the highest num-
ber of weak acid sites produced the highest gas-
oline compared to other Co-Ni/HZSM-5 cata-
lysts (see Table 2).

3.4 Coke Formation Analysis

In order to estimate the amount of carbon-

coke on the spent catalysts, the spent catalysts
were analyzed using TGA with mixed nitrogen-
oxygen gas method. Figure 10 depicts the re-
sults of TG, DTG, and DSC curves of all spent
catalysts. As can be seen, the TG curves mainly
consist of three different weight loss steps. A
slight of small weight loss before 200 °C is at-
tributed to the evaporation of water molecules
that was physically adsorbed. The second and
third weight loss at 200—470 °C and >470°C are
attributed to the combustion of amorphous car-
bon and graphitic carbon the spent catalysts,
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|
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respectively [33]. The total amount of the de-
posited carbon on Ni/ZSM-5, 3Co-Ni/ZSM-5,
6Co-N1/ZSM-5, and 10Co-Ni/HSM-5 are
36.22%, 35.91%, 24.42%, and 33.15%, respec-
tively. In addition, all catalysts produce amor-
phous and graphitic carbons. Amorphous or
soft carbon-coke is basically produced by po-
rous materials. This kind of deposited carbon is
easier to be decomposed than graphitic or hard
carbon-coke. It can be seen that the soft car-
bon-coke 1s rapidly decomposed, indicated by
the rapid weight loss (Figure 10(A)) or high de-
composition rate (Figure 10(B)). A fast decom-
position or combustion in TGA is indicated by a
high-narrow DTG signal. On the other hand,
the hard carbon-coke is difficult to be decom-
posed. It can be seen that the decomposition
rate or DTG signal of hard carbon-coke is
broad. The DSC signal also shows a broad exo-
thermic peak for hard carbon-coke combustion.
It indicates that the hard carbon-coke is diffi-
cult to be decomposed.
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Figure 10. Coke analysis using (A) thermal gravimetry (TG), (D) DTG, and (C) DSC.
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If the formation of coke is occurred, the cata-
lyst will be deactivated so that the catalysts ac-
tive sites decrease which can slow down the re-
action. In general, partial closing of the cata-
lyst pores by carbon-coke can negatively affect
the performance of the catalyst. In this study,
increasing the concentration of Co promoter on
the chemically doped catalyst resulted in in-
creasing the total acidity of the catalyst (Figure
5, Table 2). At excessive levels of acidity, aro-
matic products will undergo polymerization in-
to larger hydrocarbon molecules resulting in a
faster rate of carbon-coke formation. As a re-
sult, the catalyst pores are covered by carbon-
coke so that the reactants did not undergo a
cracking reaction because they could not enter
the pore surface. These coke molecules block
the diffusion process of the reactant molecules
to the acid sites centre of the catalysts. On the
other hand, the active centre can no longer be
an acid active centre because it has bound car-
bon-coke.

Based on the TGA results, the addition of Co
metal decreases the possibility of carbon-coke
formation, compared to Ni/ZSM-5 catalyst, in
which the Ni/ZSM-5 catalyst has the highest
carbon-coke (36.22%) formation. It is possible,
since Ni metal has high affinity of carbon-coke
formation [12]. The deficiency of Ni metal
which has a high carbon-coke yield can be sup-
pressed by the metal promoter properties of Co
metal which can inhibit carbon-coke formation
[34]. The ability of metal Co to inhibit the rate
of carbon-coke formation is due to the presence
of metal oxides, which can be CoO and Co304
[35]. Furthermore, the 3Co-N1/ZSM-5 and
10Co-Ni/ZSM-5 catalysts have a higher yield of
carbon-coke than the 6Co-Ni/ZSM-5 catalyst.
This phenomenon is related to the acidity value
of the catalyst, where in general a high level of
acidity of the catalyst will be directly propor-
tional to the formation of high carbon-coke as
well [36]. This statement is in accordance with
the results of the study, namely the high acidi-
ty values of the catalysts 3Co-Ni/HZSM-5 and
10Co-Ni/HZSM-5 which resulted in the for-
mation of high carbon-coke yields as well.

The addition of Co on N1/ZSM-5 catalyst de-
creases the coke formation. It was reported by
Charisiou et al. [37] that strong base sites play
a major role in maintaining catalyst activity
and stability. They reported that, when the
number of strong base sites and total basicity is
excessive, the catalyst will be more easily deac-
tivated, conversely, if the sites are strong base
and the total basicity is not too large, it will

maintain its stability and activity longer. Ac-
cordantly, Zhang et al. [38] also reported that,
in excess of the amount of catalysts’ basicity,
the activity of catalysts will decrease due to the
increase in the rate of carbon-coke formation.
This phenomenon is in accordance with the re-
sults of this study which is shown that the low-
est basicity (6Co-N1/ZSM-5) has the lowest de-
posited carbon-coke.

4. Conclusion

The simultaneous cracking-deoxygenation
of palm oil to biofuels was studied using ZSM-5
derived-catalysts (NV/ZSM-5, 3Co-Ni/ZSM-5,
6Co-N1/ZSM-5, 10Co-Ni/ZSM-5). Only chemi-
cally doping Co metal on the NV/ZSM-5 in-
creased the catalysts acidity and decreased
slightly the catalysts basicity which is also in-
creased the performance of cracking-
deoxygenation reaction of palm oil to biofuels.
Moreover, the only chemically addition of Co
metal on the N1I/ZSM-5 catalyst could decrease
the carbon-coke formation, because of lower ba-
sicity of the catalyst. The lowest carbon-coke
formation was found at 6Co-Ni/ZSM-5 catalyst
due to the lowest basicity strength. However,
the most effective catalyst for biofuels produc-
tion from palm oil cracking was 3Co-NV/ZSM-5
with highest conversion and biofuels yield.
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