Jurnal Kimia Sains dan Aplikasi 26 (10) (2023): 391403 301

Jurnal Kimia Sains dan Aplikasi 26 (10) (2023): 391-403
ISSN: 1410-8917

(Jurnal Kimia Jurnal Kimia Sains dan Aplikasi
Aplikasi Journal of Scientific and Applied Chemistry
e-ISSN: 2597-9914

Journal homepage: http://ejournal.undip.ac.id/index.php/ksa

Optimized Synthesis of FeNi/TiO, Green Nanocatalyst for High-
Quality Liquid Fuel Production via Mild Pyrolysis

Riny Yolandha Parapat ***, Muhamad Firmansyah Rizkiawan Putra !, Zamaludin *, )
Didin Agustian Permadi ?, Imam Aschuri 3, Yuono !, Alfian Noviyanto 4, el
Michael Schwarze °, Reinhard Schomacker > Updates

! Chemical Engineering Department, Institut Teknologi Nasional Bandung, PHH. Mustopha 23, 40124 Bandung, Indonesia

2 Environmental Engineering Department, Institut Teknologi Nasional Bandung, PHH. Mustopha 23, 40124 Bandung, Indonesia
3 Civil Engineering Department, Institut Teknologi Nasional Bandung, PHH. Mustopha 23, 40124 Bandung, Indonesia

4 Nano Center Indonesia, Kawasan Puspitek, Gedung 410 — Ruang Bo7, Serpong, Indonesia

5 Chemistry Department, Technische Universitdt Berlin, Strafle des 17. Juni 124, 10623 Berlin, Germany

* Corresponding author: rinyyolandha@itenas.ac.id

https://doi.org/10.14710/jksa.26.10.391-403

Article Info Abstract

Article history: In sustainable energy improvement, the strategic design of economical
nanocatalysts has emerged as a pivotal pathway, notably within intricate
processes such as asphalt pyrolysis. This study presents a new endeavor,
conceptualizing a non-precious metal nanocatalyst FeNi deposited on TiO-,
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Online: 23" December 2023 synthesized through an environmentally conscious green synthesis methodology
Keywords: employing mangosteen peel extract as a sustainable reductant. Asphalt, the most
FeNi/TiO,; mild pyrolysis; complex compound, is used as the pyrolyzed material to measure the activity of
nanocatalyst; asphalt; Asbuton; nanocatalysts in mild pyrolysis. In this study, the synthesis of the nanocatalyst
diesel-like oil and pyrolisis are optimized. The research outcomes reflect a notable work

towards efficiency enhancement. Initial investigations showcased the highest
values before optimization for nanocatalyst synthesis, oil yield, and calorific
value, which are 63.23%, 50.78%, and 10684 cal/g, respectively. However, these
values increase significantly after optimization to 68.44%, 53.72%, and 10775
cal/g, respectively. Careful validation endeavors have underscored the closeness,
manifesting slight errors of 2.52%, 1.86%, and 0.36% for catalyst yield, oil yield,
and calorific value, respectively. This validation features the reliability of the
research findings. Intriguingly, the GC-MS analysis establishes compelling
parallels in composition between the derived product and conventional diesel
fuel. The minimal errors and the analogous composition to diesel fuel present a
promising trajectory. The results obtained from this study contribute to the
development of greener and more efficient energy production technologies,
paving the way for a sustainable and eco-friendly approach to utilizing energy
resources.

1. Introduction process of asphalt pyrolysis often suffers from
limitations, which are typically carried out at high
temperatures, more than 500°C [3, 4]. Although asphalt
pyrolysis is a long-standing and widely implemented
conversion process, there are still areas where
improvements can be made. This study explored greener
methods for preparing a nanocatalyst, aiming to enhance
pyrolysis oil production with high yield and quality.

Developing sustainable and environmentally
friendly technologies for converting heavy organic
materials into valuable products has gained significant
attention in recent vyears [1, 2]. Pyrolysis, a
thermochemical process involving the thermal
decomposition of organic materials without oxygen,
offers a promising pathway for producing liquid fuels,
char, and valuable chemicals. However, the conventional
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Nanocatalysts have emerged as a potential strategy
to address these challenges and enhance the efficiency
and selectivity of asphalt pyrolysis. Among the various
catalysts investigated, transition metal-based catalysts,
such as FeNi alloy nanoparticles supported on titanium
dioxide (FeNi/Ti0.), have shown great promise due to
their remarkable catalytic properties and high thermal
stability [5, 6]. Using nanocatalysts, such as FeNi, in the
pyrolysis process offers several advantages over
conventional catalysts like zeolite [7, 8]. Nanocatalysts
typically exhibit higher surface area and increased
surface-to-volume ratio than conventional catalysts.
This unique characteristic provides more active sites for
catalytic reactions, resulting in enhanced -catalytic
activity. FeNi nanoparticles, when supported on a suitable
material like TiO,, can promote the cracking and
reforming reactions during pyrolysis, leading to
improved conversion rates and higher yields of desired
products. Also, nanocatalysts offer the opportunity to
control and tailor the selectivity of the pyrolysis process.
The small particle size and high dispersion of FeNi
nanoparticles on the TiO. support can influence the
reaction pathways and favor specific reaction products.
This selectivity control is particularly crucial in pyrolysis,
where the desired product distribution must be optimized
for producing biofuels, valuable chemicals, or specific
intermediates.

FeNi nanocatalysts can exhibit superior thermal
stability than conventional catalysts [9, 10]. The high
surface area and well-dispersed nature of nanocatalysts
contribute to improved resistance against sintering and
agglomeration at high temperatures, ensuring long-term
catalytic performance and stability during pyrolysis [11,
12]. Nanoscale dimensions of FeNi nanoparticles allow
faster diffusion of reactants and products and efficient
heat transfer. This feature facilitates the contact between
the catalytic sites and the feedstock, enhancing mass
transfer kinetics and improving the overall efficiency of
the pyrolysis process. The improved mass and heat
transfer characteristics improve conversion rates and
reduce energy consumption [13, 14]. The combination of
FeNi nanoparticles with a suitable support material, such
as TiO;, can lead to synergistic effects that further
enhance the catalytic performance [15, 16].

The presence of FeNi nanoparticles can facilitate the
activation of reactant molecules, promote electron
transfer, and enhance the adsorption and desorption of
intermediates, resulting in improved catalytic efficiency
and reaction selectivity [17, 18]. Nanocatalysts offer
precise control over their size, shape, and composition
during synthesis. This allows researchers to optimize the
catalyst’s properties for specific pyrolysis applications,
tailoring them to the desired reaction conditions,
feedstock characteristics, and targeted product
distribution [19, 20]. Such flexibility in catalyst design
enables the development of efficient and customized
catalytic systems for the pyrolysis process. Researchers
are still actively focusing on developing green and
sustainable synthesis methods for catalyst preparation
[21, 22, 23, 24, 25]. Utilizing natural and renewable
resources as reducing agents can provide an eco-friendly

alternative to conventional chemical reductants. In this
regard, mangosteen peel, a waste product generated by
the food industry, has gained attention as a potential
green and cost-effective source of reducing agents.
Mangosteen peel is known to contain abundant bioactive
compounds, including phenolics and antioxidants, which
can serve as reducing agents and stabilizers during
catalyst synthesis [22, 23].

In this study, we aim to develop a green nanomaterial
catalyst, FeNi/TiO., to promote the asphaltite pyrolysis
processes. Pyrolysis is a thermal method that involves
decomposing organic materials into gas, liquid, and solid
products without oxygen [26, 27]. FeNi/TiO.
nanomaterial catalysts in asphaltite pyrolysis aim to
enhance reaction efficiency, reduce pyrolysis
temperatures, and generate products with improved
properties [28, 29]. Here, we also investigated the
influence of synthesis parameters of nanocatalyst
preparation on the Yield of pyrolysis and the calorific
value of pyrolysis products. The results of this research
are expected to provide a better understanding of the
preparation of nanomaterial catalysts (in this case,
FeNi/TiO.) in asphaltite pyrolysis. With a deeper
understanding of the interactions between the catalyst
and asphaltite during the pyrolysis process, we can
optimize reaction conditions to enhance the desired
product yield, reduce the formation of unwanted by-
products, and extend the lifespan of asphaltite.

The use of green nanocatalysts in the pyrolysis
process holds significant environmental benefits [30, 31].
FeNi/TiO. nanomaterial catalysts can reduce the use of
hazardous chemicals and mitigate greenhouse gas
emissions during asphaltite production [32, 33]. This
aligns with global efforts to reduce negative
environmental impacts and contribute to sustainable
development. This study aims to develop a green
nanomaterial catalyst based on FeNi/TiO. for use in
asphaltite pyrolysis processes. This research is expected
to provide new insights into using nanomaterial catalysts
in asphaltite pyrolysis and drive the development of more
efficient and sustainable technologies in the pyrolysis
process. Furthermore, using mangosteen peel as a green
reducing agent demonstrates the potential for waste
biomaterials for catalyst synthesis, promoting the
concept of circular economy and reducing waste
generation.

2. Experimental
2.1. Materials

To synthesize FeNi/TiO. nanocatalysts, a
straightforward method known as the precipitated
synthesis approach was employed. Nickel chloride
hexahydrate (NiCl..6H.0, 99.9%, Sigma-Aldrich) and
iron chloride hexahydrate (FeCl..6H.0O, 99.9%, Sigma-
Aldrich) served as the metal precursors and were
dissolved in deionized water. The reducing solution was
prepared by dissolving mangosteen peel (Mastin®,
Indonesia), as specified in Table 1, in 100 mL of deionized
water. Subsequently, an extraction process was
conducted by stirring the mixture at 700 rpm and 70°C for
one hour. The extracted solution was then centrifuged to
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eliminate solid components efficiently. CristalActiv-TiO.
(PC-105, Tronox) was utilized as the supporting material
for the nanocatalyst. The attached FeNi nanocatalyst on
the TiO. surface was cleansed using acetone (99.9%,
Carl-Roth). As for the pyrolysis process, the asphalt
source originated from Asbuton grains supplied by PT.
Putindo Bintech, Indonesia.

2.2. Synthesis of FeNi/Ti0. Nanoparticles

In the first step of synthesizing the nanocatalyst,
25 mg of the mixture solution of Fe and Ni precursors was
introduced into the reactor. Subsequently, 25 mg of the
reducing solution containing the mangosteen peel extract
was added to the reactor using a micro pump with a flow
rate of 0.2 mL/s. The thermostat was started, and the
temperature was adjusted to 25°C. The stirrer was then set
at 700 rpm, initiating the synthesis process. The duration
corresponds to the time in Table 1.

Afterward, TiO, support was added to the reactor. The
mixture was then subjected to a deposition process for 2
hours. The FeNi nanoparticles deposited onto the TiO,
support were separated using a centrifuge, followed by a
thorough wash with pure acetone, and then subjected to a
calcination process at 300°C for 2 hours. This procedure
was used to prepare the FeNi/TiO, nanocatalysts
according to Table 1.For the Central Composite Design
(CCD) experimental data, the specific design used is
presented in Table 2, whereas the factors and levels are
shown in Table 3.

Table 1. Factor and level in the synthesis of FeNi/TiO.
according to 24 FFD

Level
Factor Description
Low High
(-1) (+1)
The Fe: Niratio in
the mixture of the
precursors
FeCl,.4H,0 and
FeNiin NiCL.4H,0 is set at
A  precursors 2,564 7.694 1:3.8. These
(mg) precursors are
combined with
water until the total
weight reaches 25
mg.
Amount of
Natural mangosteen peel to
B  reductant 250 390 be extracted (see
(mg) the procedure in
Section 2.1).
Support Amount of TiO-
C 1450 3900 powder to support
(mg) FeNinanoparticles
Synthesis time is
the time for FeNi
D Time ) 5 nanopar'ticle
(hr) formation,

excluding the time
for deposition.

Table 2. Design summary and point types for the CCD

Design Summary Point Types
Factors 4 Cube points 16
Center points
Base runs 31 in the cube 7
Base blocks 1 Axial points 8
Replicates 1 Cer}ter points 0
in axial
Total runs 31 Alpha 1.9
Total blocks 1

Table 3. Factor and level in the synthesis of FeNi/TiO.

according to CCD
Level
Factor
-1.9 -1 0 1 1.9
FeNi in
A precursors 0.255 2.564 5.129 7.694 10.002
(mg)
Natural
B reductant 191.95 250 314.50 390 437.05
(mg)
Support
. 1450 26 00 5002
(mg) 347.5 45 75 39 5
D Time 0 1 1 2 2
(hr) 55 -5 45

2.3. Pyrolysis of Asphalt

The pyrolysis setup is depicted in Figure 1. Before
starting the pyrolysis process, a preliminary step involved
reducing the size of 50 g of Asbuton through ultrasonic
treatment in the presence of an acetone solvent for
35 minutes. Subsequently, the Asbuton, now finely
dispersed within the acetone, is introduced into the
reactor alongside the catalyst. Following this initial setup,
the reactor heater is configured to maintain a
temperature of 70°C, effectively separating the acetone
from the feed material.

Condenser 1 Condenser 2

Ice Supply

Semibatch é

Reactor

pump

Figure 1. Schematic of the pyrolysis process

The evaporated acetone is then channeled through a
condenser, which undergoes condensation and is
collected in an Erlenmeyer flask. The condensed acetone
is subsequently transferred to a separate container. The
Erlenmeyer flask is then reconnected to the condenser,
and a vacuum pump is activated to evacuate any residual
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air within the reactor. This step introduces nitrogen to
manage a reactor pressure of 1 atm, replacing the air.
Subsequently, the temperature is elevated to 400°C,
initiating the pyrolysis process, which continues for
3 hours, yielding valuable pyrolysis oil products.

3. Results and Discussion

3.1. Full Factorial Design with Three Responses

The first attempt of experiments was using 24 Full
Factorial Design with three responses, as shown in
Table 2. The appearances of collected pyrolysis oil are
presented in Figure 2 correspondingly, showing yellow-
transparent in color. In our work, we avoid the presence
of 0, in the system.

Pyrolysis carried out in the presence of O, in the
system will produce products with a color that tends to be
dark or black [34, 35]. The dark color indicates that the
resulting oil still has long carbon chains and indirectly
suggests that the hydrocarbon chain cracking process is
incomplete. The O, gas can interfere with the process of
cracking the hydrocarbon chain and produce CO.. To
ensure that there is no O gas in the system, inert gas in
N is introduced into the system. We conducted the study
on mild pyrolysis of bitumen at 400°C to inhibit coke
formation, as reported by Zachariah et al. [36]. The

addition of light material as a solvent in our work can also
suppress coke formation, as they also confirmed.

The calorific values of the samples were tested using
the ASTM D4809. The results show that the average
calorific value of the samples is 9973 cal/g, with the
highest value being 10185 cal/g. These values closely
approximate the calorific value of diesel fuel, which falls
within the range of 10546 to 10723 cal/g [37]. This value
may vary slightly depending on the quality and specific
composition of the oil. Therefore, we assume that our
transparent product is diesel-like oil because its calorific
value closely approaching that of diesel fuel.

293?8989

Pt e ok

o — |

Figure 2. Product of asphalt pyrolysis

Table 4. The results based on 2% full factorial design

Factor Response
A A B C D Nanocatalyst Yield (%) Oil Yield (%) Calo(rci:gilc/;/)alue
1 -1 -1 -1 -1 62.21 30.70 10070
2 1 -1 -1 -1 49.86 39.15 10185
3 -1 1 -1 -1 79.15 48.60 10006
4 1 1 -1 -1 61.61 31.83 10062
5 -1 -1 1 -1 73.23 46.10 10162
6 1 -1 1 -1 63.91 28.32 9486
7 -1 1 1 -1 57.61 38.75 10095
8 1 1 1 -1 65.04 49.96 10027
9 -1 -1 -1 1 62.03 30.54 9992
10 1 -1 -1 1 69.86 37.20 10684
1 -1 1 -1 1 59.28 L4777 9763
12 1 1 -1 1 63.47 38.47 9972
13 -1 -1 1 1 53.67 50.78 10015
14 1 -1 1 1 68.62 28.16 9685
15 -1 1 1 1 58.92 49.43 9576
16 1 1 1 1 68.82 22.57 9789
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In this study, we focus more on the yield and calorific
value of pyrolysis oil; however, we later optimize the
synthesis yield of FeNi/TiO.. Figure 3 presents a distinct
interaction (generated using Minitab®) among the
variations in the composition of FeNi metal, reduction
amount, TiO. support, and reaction time. It can be
inferred from Figure 3 that specific compositions of each
factor significantly influence the enhancement of both
yield and calorific value of pyrolysis oil. It can be seen that
the amount of FeNi has stronger interactions either with
TiO, support or with synthesis time, in influencing both
the Yield and calorific value of oil. This indicates that the
impact of the amount of FeNi precursor on the yield and
calorific value of pyrolysis oil depends on how much TiO,
support and synthesis time are used.

To evaluate the level of influence of the factors
involved in the pyrolysis process, we use the normal plots
of standardized effect, as depicted in Figure 4. It can be
seen that the factor that has the most significant effect on
the yield of oil is the amount of FeNi in the precursor (A).
The quantity of metal catalysts in a nanoscale can
significantly influence its catalytic activity [38]. An
increased amount of FeNi within the catalyst translates to
more active sites available to facilitate the pyrolysis
reaction. Consequently, this increased availability of
active sites can improve the reaction rate, ultimately
leading to an enhanced oil production yield. The quantity
of FeNi incorporated into the catalyst can also play a
pivotal role in determining its thermal stability [39].

Interaction Plot for Yield Oil
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A B 4
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Figure 3. Factor interaction plots for the response of
yield (top) and calorific value (bottom) of pyrolysis oil

Catalysts containing higher levels of FeNi may
possess greater thermal stability, signifying their ability
to maintain catalytic activity even under the elevated
temperatures requisite for the asphalt pyrolysis process.
In other words, by increasing the concentration of FeNiin
the nanocatalyst synthesis, the available surface area for
interaction with asphalt is correspondingly expanded.
This increase enhances the probability of pyrolysis
reactions taking place on the catalyst's active sites,
thereby contributing to an increased oil yield.

Conversely, catalysts with lower FeNi concentrations
may exhibit reduced stability and could undergo
deactivation when subjected to high temperatures. In
addition to the FeNi content, the particle size of the
nanocatalyst can have a bearing on the outcomes of the
pyrolysis reaction. Smaller nanoscale particles offer a
larger surface area than their larger counterparts.
Consequently, nanocatalyst particles with higher FeNi
concentrations may exhibit smaller particle sizes,
resulting in an enhanced efficiency of the pyrolysis
reaction.
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Figure 4 Normal plots of standardized effect for yield
(top) and calorific value (bottom) of pyrolysis oil



Jurnal Kimia Sains dan Aplikasi 26 (10) (2023): 391403 396

Figure 4 (bottom) shows that the amount of both
TiO, support (C) and the natural reductant (B) in the
preparation of nanocatalyst affects the calorific value of
pyrolysis oil. As a support catalyst, TiO. promotes the
nanoparticle distribution on its surface, thus impacting
the rate of the asphaltene pyrolysis reaction.
Subsequently, it is altering the composition of the
resulting pyrolysis products. This, in turn, can lead to
variations in the calorific value of the pyrolysis oil due to
differences in product composition. The influence of
natural reducing agents present in mangosteen peel
extract during the synthesis of FeNi/TiO. nanocatalysts
can affect the catalytic properties of the nanocatalyst.
Fluctuations in the quantity of these natural reducing

agents can change the physical and chemical
characteristics of the nanocatalyst [23, 40], consequently
impacting its activity in asphalt pyrolysis. This, in turn,
can also influence the composition of the pyrolysis
products and, therefore, the calorific value of the
resulting oil.

3.2. Optimization of Pyrolysis Process

The comprehensive data for optimizing the pyrolysis
process using the central composite design method is
presented in Table 3. We use the procedure published by
Parapat et al. [22] for the optimization. We note here that
there were no replications for the variations.

Table 5. Experiment results based on central composite design

Factor Response
Run (A) (B) © D) Calorific Value Yield of Oil Yield of Catalyst
(Cal/g) (%) (%)

1 5.129 314.50 5.003 1.50 9747 40.03 63.92
2 2.564 250.00 3.900 1.00 10162 46.11 73.25
3 0.256 314.50 2.675 1.50 9948 46.08 63.03
4 5.129 314.50 2.675 1.50 9973 38.46 63.61
5 5.129 314.50 2.675 1.50 9973 38.46 63.61
6 2.564 379.00 3.900 1.00 10095 38.78 57.64
7 7.694 379.00 1.450 1.00 10062 31.81 61.61
8 2.564 250.00 3.900 2.00 10015 50.82 53.75
9 7.694 250.00 3.900 2.00 9685 28.17 68.68
10 2.564 379.00 1.450 2.00 9763 4476 59.32
1 2.564 379.00 3.900 2.00 9575 £49.51 59.02
12 5.129 314.50 2.675 1.50 9973 38.46 63.61
13 2.564 250.00 1.450 1.00 10070 30.69 62.23
14 7.694 379.00 3.900 1.00 10027 49.97 65.04
15 5.129 314.50 2.675 1.50 9973 38.46 63.61
16 5.129 314.50 2.675 1.50 9973 38.46 63.61
17 5.129 437.05 2.675 1.50 9855 42.45 64.86
18 2.564 379.00 1.450 1.00 10006 48.59 79.16
19 5.129 314.50 2.675 1.50 9973 38.46 63.61
20 5.129 191.95 2.675 1.50 10090 34.48 62.36
21 5.129 314.50 0.348 1.50 10199 36.90 63.31
22 7.694 379.00 3.900 2.00 9789 22.62 68.90
23 2.564 250.00 1.450 2.00 9992 30.53 62.07
24 7.694 250.00 3.900 1.00 9486 28.31 63.91
25 5.129 314.50 2.675 1.50 9973 38.46 63.61
26 5.129 314.50 2.675 2.45 9900 37.11 62.71
27 7.694 379.00 1.450 2.00 9972 38.45 63.49
28 7.694 250.00 1.450 2.00 10684 3717 69.89
29 7.694 250.00 1.450 1.00 10185 39.12 49.86
30 10.003 314.50 2.675 1.50 9998 30.84 64.20
31 5.129 314.50 2.675 0.55 10046 39.81 64.51
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Figure 5. Contour plot of oil yield in the pyrolysis process
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Figure 6. Contour plot of calorific value in the pyrolysis
process

In this study, we elaborate on the findings to provide
a deeper understanding of the underlying mechanisms
governing the pyrolysis process and underscore the
significance of catalyst composition and design in
achieving sustainable and efficient conversion of asphalt
into high-quality liquid fuel. Figures 5 and 6 are the
contour plots of yield and calorific value of the pyrolysis
oil, illustrating the intricate interaction between the
amount of FeNi precursor (A), reducing agent (B), TiO-
support (C), and the synthesis time, which influences the
pyrolysis results. The contour plots depict the connection
between each factor that can help with the optimization
process. For example, a shorter synthesis time of
nanocatalyst (D) leads to a higher yield and calorific value
of oil.

Meanwhile, when the amount of mangosteen (B) is
around 400 mg or more, the resulting yield and calorific
value also attain high levels. It can also be indicated from
the contour plot diagram that the calorific values
surpassing 10500 can be reached when we prepared the
nanocatalyst with the values of FeNi metal, mangosteen
peel, TiO. support, and reaction time as < 5, > 400, > 5,
and < 0.8, respectively. Thus, it can be reasonably
concluded that these specific variations possess
exceptional prospects for further validation and
evaluation. The finding of the maximum response area
substantiates their pivotal role in achieving optimal
outcomes.
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Figure 7. Results of multiple optimizations that
simultaneously optimize the oil yield, calorific value,
and nanocatalyst yield
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Figure 8. Overlapping contour plots of oil yield, calorific
value, and nanocatalyst yield, which results in the
optimization point

Figure 7 shows the result of the optimization of the
nanocatalyst for a good pyrolysis process. Theoretically,
when using FeNi metal salt of 3.0 mg, reducing the
amount of 437.05 mg, TiO, support of 5.00 g, and reaction
time of 0.55 hr, we can maximize the nanocatalyst yield to
68.44% and also can increase the yield and calorific value
of pyrolysis oil to 53.72% and 1077 cal/g, respectively. The
optimization results are confirmed by Figure 8, which
shows the graphical representation that indicates
overlapping intersections among these compositions.
The validation aligns precisely with the optimization
values found in Figure 7. We conduct an experiment using
the corresponding values to validate the theoretical
optimization results. Careful validation endeavors have
underscored the closeness, manifesting slight errors of
2.52%, 1.86%, and 0.36% for catalyst yield, oil yield, and
calorific value, respectively.
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3.3. Role of Mangosteen Peel in the Green Synthesis
Process of Nanoparticles in Producing Highly
Active FeNi Nanocatalysts for Pyrolysis Process

This study aims not only to achieve a high yield and
quality of pyrolysis oil at a mild temperature (450°C) but
also to highlight a more environmentally friendly
(greener) process in terms of catalyst preparation. This
involves the utilization of mangosteen peel extract in the
nanocatalyst synthesis at room temperature. It has been
reported by Parapat et al. [22] that mangosteen peel
contains a phenolic compound, namely a-mangosteen,
serving as the reducing agent in the mangosteen peel
extract. This antioxidant plays a crucial role in the
formation of nanoparticles. The characterization of
mangosteen peel with Infrared (IR) analysis reveals the
presence of expected bioactive agents of phenolic
compounds through IR spectra, as depicted in Figure 9.

Phenolic compounds consist of one or more aromatic
rings, and hydroxyl functions are directly linked to the
rings. In the broad O-H stretching vibration bands at
wave numbers 3550 to 3230 cm™, the breadth is caused by
interference of hydrogen bonding interactions. The C-H
stretching vibration bands are also shown at 2950 — 2850
cm™. The IR spectra show the bands typical for aromatic
compounds in the region of 1500-1600 cm™ The
stretching of the C—H and C=C—-C aromatic bond appears
in the region of 1615-1580 cm™. In addition, the phenolic
C-0 stretching was observed at about 1200 cm™. The
region ranging from 1400 to 900 cm™ is commonly called
the fingerprint region because of the large amount of
characteristic single bands of low intensities attributed to
specific functional groups. The NMR analysis also shows
the peaks of hydroxyl functions at 13 ppm and 4.7 ppm,
which can be seen in Figure 10.

Before synthesizing, we extracted the mangosteen
peel using water as the solvent at 70°C for 30 minutes.
With this mild extraction, the major bioactive substance
(a-mangosteen) would be extracted [22]. Based on the
reduction mechanisms of metal using antioxidants [41],
the scheme of Fe?* and Ni?* reduction mechanism by a-
mangosteen is displayed in Figure 11. In synthesizing
metal nanoparticles, controlling the size and shape of
metal particles is crucial. Despite successful attempts by
many scientists in synthesizing metal nanoparticles, the
resulting shapes predominantly exhibit low-index
structures such as (111) and (100). These low-index planes
consist of densely packed atoms with fewer edges, kinks,
steps, and corners, resulting in low surface energy.
Preferably, shapes with high-index planes are desired
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Figure 10. NMR analysis of the mangosteen peel

In general, metal ions reduced by a strong reductant
produce nanoparticles with fewer active sites than those
reduced by a weak reductant [23, 40]. This is attributed to
the slow growth of nanoparticles induced by weak
reductants, resulting in the formation of anisotropic
nanoparticles. This can be observed in the SEM images in
Figure 12 A (inset), which shows the anisotropic (non-
symmetrical) shape of the FeNi nanoparticle. Phenolic
compounds found in mangosteen peel are categorized as
weak reductants, effectively restraining the nucleation
and growth processes. Based on our previous work,
parameters such as the quantity of metal, reducing agent,
support, and synthesis time influence the size and shape
of the produced nanoparticles. These parameters dictate
the number of atoms located at bends and edges,
consequently shaping the surface chemistry. Therefore,
optimizing these parameters is essential as they
determine the catalytic performance of the nanoparticles.
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Figure 11. Scheme of Fe** and Ni** reduction mechanism by a-mangosteen
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Figure 12. SEM images of (A) FeNi nanoparticles, (B, C)
FeNi/TiO. nanocatalyst with different magnifications,
and (D) the EDS analysis

3.4. Comparison Between the Produced FeNi/TiO-
Nanocatalysts and Other Catalysts in Asphalt

Pyrolysis

This study also tested some other catalysts in
Asbuton pyrolysis using our reactor and compare their
performances with our FeNi/TiO. nanocatalysts. As
shown in Figure 14, the optimized FeNi/TiO. produced in
this work has the largest oil yield compared to SiO., AlSi,
AlO;, synthetic Zeolite, and natural Zeolite. These
findings indicate that FeNi/TiO. nanocatalysts exhibit a
higher catalytic activity level in the asphalt pyrolysis
process than other catalysts.

As previously mentioned, the FeNi nanocatalyst
produced in this work exhibits an anisotropic (non-
symmetrical) shape. This distinctive characteristic
significantly contributes to the enhanced activity of the
resulting FeNi nanocatalyst, leading to a superior product
compared to other catalysts. This is attributed to the
absence of nanoparticles in those reduced catalysts using
bioactive substances as the reducing agents. In addition,
the high yield of the produced pyrolysis oil is also due to
the nanoscale of FeNi nanoparticles that are well
distributed on TiO. support, as seen in SEM images of
FeNi/TiO. (Figure 12 B and C). The presence of Fe and Ni
on TiO: is confirmed through EDS analysis (Figure 12 D).
The average size of FeNi nanoparticles is determined
using the Scherrer equation based on XRD data
measurements, as illustrated in Figure 13, yielding a
diameter of 13 nm.

This improved catalytic activity has the potential to
accelerate pyrolysis reactions, consequently leading to
elevated oil yields. FeNi/TiO. nanocatalysts may boast
superior surface characteristics, including improved
surface area and increased catalytic sites. This increase
can significantly enhance the efficiency of the pyrolysis
reaction by providing an abundance of active sites
available to interact with the Asbuton, thereby yielding a
greater quantity of oil. Also, the thermal stability of
FeNi/TiO. nanocatalyst may surpass that of other
catalysts such as zeolite or Al,Os. This heightened thermal
stability ensures that the catalyst remains active even
under the elevated temperatures necessitated by the
pyrolysis of Asbuton, preventing deactivation.

The utilization of natural reducing agents derived
from mangosteen peel extract during the synthesis of
nanocatalysts can significantly impact the anisotropic
shape of the produced FeNi. Compounds present in
mangosteen peel extract may possess properties
conducive to favoring the pyrolysis reaction or engaging
in positive interactions with the -catalyst, thereby
enhancing its overall performance. The synergy between
FeNi/TiO. and naturally reducing mangosteen peel
extract could result in a distinctive combination of
properties, which synergistically support the Asbuton
pyrolysis reaction, ultimately leading to remarkably high
oil yields.

Another advantage is that utilizing FeNi
nanocatalysts with natural reducing agents embraces an
environmentally friendly approach by utilizing reusable
mangosteen rind as the reducing agent. From an
economic perspective, employing FeNi nanocatalysts
with natural mangosteen reduction offers advantages due
to the wide availability of materials such as FeNi and
mangosteen peel, leading to more affordable pricing. The
accessibility of these economically viable products
promotes the preference for these nanocatalysts in the
pyrolysis process, thus contributing to environmental
benefits. This research opens new possibilities for
developing sustainable pyrolysis processes and
significantly contributes to the prudent management of
natural resources.

9000
Cule, dam:RUN1T0_FeNi nanocatalyst without of u

6000
@
Q
RS 4
=
2 3000 4
o (200)
£

4 ] (1 l
i | l"l y (2200
W
04 e A M A A

40 80
2-theta (deg)
Figure 13. XRD of FeNi/TiO, nanocatalyst

FeNi/TiO2 (After opt.)
FeNiTiO2 (Before opt.)
Natural Zeolite
Synthetic Zeolite
Al203

A203.Si02

Sio2

Nanomineral

Control

T T T T T
10 20 30 40 50

Yield of Pyrolysis oil (%)

Figure 14. Oil yield comparison between FeNi/TiO.
nanocatalysts and various other catalysts in pyrolysis
outcomes



Jurnal Kimia Sains dan Aplikasi 26 (10) (2023): 391403 400
Table 6. GCMS analysis results
. . Area . Height
PeakNr  Retention Time Compound Name Compound Formula (%) Height (%)
0 '0
1 12.223 Benzene, 1-ethyl-2-methyl- CoHi2 1.89 8404018 2.21
Benzene, 1,3,5-trimethyl- (CAS)
2 12.260 1,35~ Trimethylbenz CoH,, 0.54 6669935 175
3 12.819 Benzene, 1-ethyl-3-methyl- CoHi» 0.85 5740954 1.51
Benzene, 1,2,3-trimethyl- (CAS)
4 13.338 1,2.3-Trimethylbenz CoHi» 3.38 15294563 £4.02
5 13.498 Decane (CAS) n-Decane CioHaa 0.67 5070812 133
Benzene, 1,2,4-trimethyl- (CAS)
6 14.245 1,24~ Trimethylbenz CoHiz 1.04 7275726 1.91
16.733 Undecane CuHa, 0.94 7114193 1.87
19.780 Dodecane (CAS) n-Dodecane CioHae 1.56 10029786 2.64
9 22.633 Tridecane (CAS) n-Tridecane Ci3Has 2.64 12236534 3.22
Naphthalene, 1-methyl- (CAS) 1-
10 23.041 Methylnaphthalene CuHio 0.59 3153136 0.83
11 24.651 Dodecane, 2,7,10-trimethyl- CisHz, 0.53 4179427 1.10
12 25.310 Tetradecane (CAS) n-Tetradecane CyHso 2.43 13763138 3.62
Naphthalene, 1,7-dimethyl- (CAS)
13 25.535 1,7-Dimethylnaph CHpo 0.72 3169588 0.83
Naphthalene, 1,2-dimethyl- (CAS)
14 25.937 1,2-Dimethyl Naphthalene CiHia 0.97 4122382 1.08
Naphthalene, 2,6 -dimethyl- (CAS)
15 26.020 2,6-Dimethylnaphthalene CHpo 0.46 3135282 0.82
16 26.832 Undecane, 3,8-dimethyl- (CAS) Ci3Has 1.49 6210416 1.63
17 27.816 Pentadecane (CAS) n-Pentadecane CisHso 3.03 16177086 425
18 29.053 Hexadecane, 7,9-dimethyl- CisHss 0.58 2372869 0.62
19 30.176 Hexadecane CisHs, 2.84 16050953 4,22
20 31.238 Pentadecane, 2,6,10-trimethyl- CisHjs 0.74 4490026 1.18
21 32.413 Heptadecane Ci7Hss 2.82 14423930 3.79
Pentadecane,2 ,6,10,14 -
22 32.531 tetramethyl- CiHso 2.56 12976947 3.41
Tetradecanoic acid, methyl ester
23 32.984 (CAS), Methyl myristate CisHso 0.65 4772681 1.25
Iron, tricarbonyl[N-(phenyl-2-
24 34.533 pyridinyl methylene)benzenamine- Ca1Hy, FeN,0; 2.40 13545753 3.56
N,N']-
Hexadecane, 2,6,10,14-tetramethyl -
25 34.690 (CAS) Phytane CaooHyz 0.76 4378505 1.15
26 36.553 Nonadecane (CAS) n-Nonadecane CioHyo 2.24 10563690 2.78
Hexadecanoic acid, methyl ester
27 37.338 (CAS), Methyl palmitate Cy7H3,0, 21.08 33093345 8.70
28 38.494 Eicosane (CAS) n-Eicosane CaoH 2.07 12093656 3.18
9,12-Octadecadienoic acid (Z, Z)-,
29 40.345 methyl ester (CAS) Methyl linoleate CioH3.052 233 9450117 2.48
9-Octadecenoic acid, methyl ester
30 40.647 (CAS) Methyl Octadec-9-Enoate CioHse0, 2443 34035524 8.94
Octadecanoic acid, methyl ester
3t 40.948 (CAS) Methyl stearate CioH30, 330 17380485 457
32 42.069 Docosane (CAS) n-Docosane CxHue 171 11149906 2.93
33 43.488 Nonacosane (CAS) n-Nonacosane Ca9Heo 1.51 11625273 3.05
34 44,683 Heneicosane CxHy, 1.29 10397647 2.73
35 45.726 Pentacosane (CAS) n-Pentacosane CasHas 1.05 9203154 2.42
36 46.660 Hexacosane (CAS) n-Hexacosane Ca6Hs, 0.83 7574826 1.99
37 47.516 Tetratetracontan CyHoo 0.62 5815824 1.53
Cyclopropanecarboxylic acid, 3-
38 £48.804 (2,2-dichloroethenyl)-2,2- C,>H1,CLNO; 0.48 3427933 0.90

dimethyl-, cyano(3-
phenoxyphenyl)methyl ester
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Figure 15. Chromatogram of GCMS analysis results

Based on the research findings, our process
effectively achieved a calorific value closely resembling
diesel fuel, yielding a test result of 10716 cal/g. To ensure
the product quality of the optimized results, we proceeded
with comprehensive testing of our products using GCMS
analysis (Table 6 and Figure 15). The GCMS results
demonstrated the excellent quality of the pyrolysis oil,
closely aligning with the GCMS results from diesel fuel.
The good quality of the produced pyrolysis oil is
attributed again to the small size and anisotropic shape of
FeNi nanoparticles that are well distributed on TiO.
support.

4. Conclusion

The assembly of green FeNi/TiO. using CCD
optimization techniques for mild pyrolysis of asphalt has
been demonstrated. The research results illustrate the
influence of the factors used in nanocatalyst preparation
on the quantity and quality of pyrolysis oil. The designed
nanocatalysts exhibited remarkable catalytic activity,
leading to significantly improved yields in the asphalt
pyrolysis process. Notably, the high catalytic activity of
the FeNi-TiO. nanocatalyst was achieved by utilizing a
natural reducing agent, mangosteen peel extract. This
eco-friendly synthesis approach not only enhances the
effectiveness of the process but also aligns with
environmental sustainability. Furthermore, the resulting
pyrolysis products were found to possess calorific values
closely resembling diesel fuel, further substantiated
through GC-MS analysis. The synthesis parameters
required to achieve the desired optimal results are as
follows: 3 mg FeNi (with a ratio of 1:3.8) in the precursor
solution, 437.05 mg of mangosteen peel to be extracted,
5.00 g of TiO. support to deposit the produced
nanoparticles and a synthesis time of 0.55 hr. The
attained optimal outcomes consist of an oil yield of
53.72%, a heating value of 10775 cal/g (equivalent to the
calorific value of diesel oil), and a catalyst yield of
68.44%. Remarkably, when employing the FeNi/TiO.
nanocatalyst prepared through the green process with
mangosteen peel, the resulting oil yield surpasses
previously employed catalysts. This research offers a
promising solution for enhancing heavy organic pyrolysis
processes and contributes to developing sustainable
energy resources.
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