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Converting waste lubricating oil into diesel-like liquid fuels using pyrolysis presents a dual solution,
addressing environmental pollution while offering a viable response to the fossil energy crisis. However,
achieving high-quality fuel with a substantial yield necessitates the utilization of highly active and cost-
effective catalysts. We report the development of Fe—Ni nanocatalysts, synthesized using a green
approach and supported on TiO,, as a promising strategy for converting waste lubricating oil into
premium-grade diesel-like fuel. To ensure efficient and effective pyrolysis processes, tailoring the syn-
thesis parameters of these nanocatalysts is indispensable. In this study, we investigate the effect of design
parameters on nanocatalyst synthesis, such as the concentrations of pre-catalysts and reducing agents,
reducing time, and the amount of support material, and evaluate their impact on the quality and quantity
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of pyrolysis products. Through optimization of the synthesis process, a high quality diesel-like fuel with a
product yield of about 54% at a mild reaction temperature of 400 °C was obtained. This study highlights
the critical role of nanocatalysis in addressing persistent environmental and energy challenges while
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1. Introduction

In recent years, the interest in sustainable energy sources has
intensified due to escalating environmental concerns and the
need to reduce reliance on finite fossil fuels.'™ As a result,
researchers have turned their attention towards exploring
innovative approaches for converting waste materials into valu-
able energy resources. One such waste stream with significant
potential for energy recovery is waste lubricating oil, generated
from various automotive operations.”® Improper disposal of
this waste poses serious environmental risks, including soil
and water contamination, air pollution, and adverse health
effects.”® Addressing these challenges requires the develop-
ment of an effective process for converting waste lubricating
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showcasing the potential of green nanocatalysts in sustainable waste-to-energy conversion processes.

oil into useful energy products. Among various methods,
thermal and catalytic processes are the most promising ones
for producing fuel 0il.’® One particularly effective method is
catalytic pyrolysis, which operates at elevated temperatures,
typically between 400 °C and 800 °C, in the absence of oxygen.
The addition of a catalyst lowers the activation energy required
for the pyrolysis reactions, thereby enhancing conversion
efficiency and selectivity towards desired products. This
approach is especially effective at converting biomass, plastic
waste, and other organic materials into valuable renewable
energy sources and chemicals."’™* It can mitigate environ-
mental pollution by reducing the volume of waste and provid-
ing an alternative pathway to conventional fossil fuels."*™”
However, the efficiency and yield of pyrolysis processes depend
heavily on the choice and performance of catalysts.

Zeolites, alumina and silica-alumina are commonly used
as catalysts in pyrolysis. The microporous structure of zeolites
provides a high surface area and acid sites that facilitate crack-
ing reactions, although they may have lower activity. Alumina
and silica-alumina are cost-effective options but can have
lower activity and selectivity compared to other catalysts.'®
Among the various nanocatalysts explored for pyrolysis appli-
cations, bimetallic Fe-Ni nanocatalysts can be a promising
option as they may offer high activity and selectivity for

This journal is © The Royal Society of Chemistry 2024
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targeted products in pyrolysis.'® This is due to their very small
particle size, which provides a very large surface area, and the
bimetallic properties that enhance reaction synergy and cata-
Iytic activity.>® Fe active sites play a crucial role in forming low-
chain olefins and transform them into aromatic hydrocarbons.
Fe also adsorbs carbonaceous intermediates and catalyzes
hydrogen transfer reactions.”’ Ni catalysts are effective at
hydrogenating and removing oxygen-containing functional
groups such as carbonyl, carboxyl, and hydroxyl (deoxygenat-
ing) from feedstocks, resulting in a cleaner and more stable
product.”> With their ability to facilitate hydrocarbon cracking
and reforming, these catalysts are well-suited for promoting
the conversion of complex hydrocarbons found in waste
lubricants.?*?** Therefore, the synergistic effects arising from
the combination of Fe and Ni can further enhance catalytic
performance, leading to improved product selectivity and
yield. Supported Fe-Ni nanocatalysts combine metal activity
with the stability and good dispersion of the support, which
can improve pyrolysis performance. However, they require
careful control of synthesis and operation to avoid de-
activation. Ongoing research and optimization are necessary to
fully harness their potential and address any remaining chal-
lenges in their application. In terms of oil yield, supported Fe-
Ni nanocatalysts produce higher yields compared to other
types of catalysts.

Nanocatalysts, particularly those synthesized using environ-
mentally friendly methods, hold immense potential in enhan-
cing the efficiency and selectivity of pyrolysis reactions. The
efficient conversion of waste lubricants into high-quality
diesel-like fuels via pyrolysis hinges on the meticulous design
and selection of nanocatalysts.>>*® Nanocatalysts play a pivotal
role in enhancing the kinetics and selectivity of pyrolysis reac-
tions, thereby influencing the yield and quality of the resulting
fuels. In this context, the choice of catalyst composition and
support material is of significant importance.”” Using nanoca-
talysts in the pyrolysis of waste lubricating oil offers several
environmental benefits compared to traditional methods.
Nanocatalysts enhance process efficiency, significantly redu-
cing the amount of residual waste, which minimizes overall
waste generation. Additionally, they can produce higher
quality products such as fuels with better combustion pro-
perties, leading to lower emissions. Nanocatalysts also operate
effectively at lower temperatures, resulting in lower energy con-
sumption and a reduced carbon footprint. Furthermore, nano-
catalysts can be engineered to target and neutralize specific
contaminants in waste lubricating oil, leading to cleaner pro-
ducts and minimizing the release of toxic substances into the
environment. These advantages make nanocatalysts a promis-
ing alternative to traditional methods, contributing to more
sustainable and environmentally friendly waste management
practices.

Various nanocatalysts have been investigated for pyrolysis
applications; however, the development and design of Fe-Ni
bimetallic nanocatalysts have yet to be explored. As mentioned
above, this combination holds significant promise due to the
synergistic effects between iron (Fe) and nickel (Ni), potentially
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leading to a catalyst with enhanced activity and selectivity
towards desired products.’® Supported Fe-Ni nanocatalysts
combine metal activity with the stability and good dispersion
of the support, which can improve pyrolysis performance.
Ongoing research and optimization are necessary to fully
harness their potential and address any remaining challenges
in their application. In terms of oil yield, supported Fe-Ni
nanocatalysts produce higher yields compared to other types
of catalysts. Selecting titanium dioxide (TiO,) as a support
material for Fe-Ni nanocatalysts can be advantageous due to
its distinctive physicochemical properties. TiO, offers high
thermal stability, excellent dispersion characteristics, and com-
patibility with metal nanoparticles,”® thereby providing a
robust support for anchoring and stabilizing Fe-Ni particles.

In the pyrolysis process, irrespective of the chosen method-
ology, it is vital to fine-tune the factors that have a significant
influence on attaining the targeted yield and product quality.
In a recent study employing microwave-assisted pyrolysis for
converting plastic waste into energy, alterations in feedstock
type, particle size, and reactor temperatures were found to
elevate yield rates, while optimizing reactor temperature con-
currently mitigated the emission of harmful gaseous by-
products.”

In this study, we developed highly efficient Fe-Ni/TiO,
nanocatalysts by tuning the synthesis parameters to enhance
the transformation of waste lubricants into diesel-like fuels
through mild pyrolysis. Specifically, the Fe-Ni nanocatalysts
were synthesized using environmentally friendly (green syn-
thesis) methods, with the goal of maximizing their effective-
ness and efficiency in the pyrolysis process. Green synthesis
methods contribute significantly to the sustainability of nano-
catalyst production by using renewable, non-toxic materials,
improving energy efficiency, minimizing waste and emissions,
ensuring safer working conditions, and enhancing overall
resource efficiency. These methods align with the principles of
green chemistry and sustainable development, promoting
environmentally friendly practices and reducing the ecological
footprint of nanocatalyst production. This sustainable
approach is not only beneficial for the environment but also
supports the long-term viability and acceptance of nanocata-
lysts in various industrial applications, including waste lubri-
cating oil pyrolysis.

By elucidating the effect and intricate interplay between the
significant factors, this study aims to advance our understand-
ing of nanocatalysis in the pyrolysis process and provide
insights into the development of tailored catalyst systems for
sustainable waste-to-energy conversion. Through systematic
experimentation, characterization, and evaluation, the per-
formance of Fe-Ni/TiO, nanocatalysts can be maximized. We
demonstrate the feasibility of producing premium diesel-like
fuels with high yields using tailored nanocatalysts and pave
the way for their practical implementation in industrial-scale
pyrolysis reactors.

Driven by the rapidly growing need to address environ-
mental problems, energy security, and waste management,”
we developed green nanocatalysts to increase efficiency and
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convert waste into fuel. The novelty of this research is the
design of a Fe-Ni nanocatalyst supported on TiO, with an
environmentally friendly synthesis process for producing a
high quality fuel from waste lubricating oil. This research pre-
sents a new approach for the high-yield conversion of waste
lubricating oil into diesel-like fuel with superior quality,
offering a sustainable and efficient route for waste valoriza-
tion. This nanocatalyst aims to achieve efficient catalytic pyrol-
ysis for converting waste lubricating oil into high-quality
diesel-like fuel at moderate temperatures (400 °C). Utilizing
these green nanocatalysts in pyrolysis reactors can significantly
improve the catalytic process. This study contributes to the
field of nanocatalysis for waste-to-energy conversion and
addresses the goals of the circular economy.

2. Materials and methods
2.1 Materials

The synthesis of Fe-Ni/TiO, nanocatalysts was achieved using
a direct method, the precipitation synthesis approach. Nickel
chloride hexahydrate (NiCl,-6H,0, 99.9%, Sigma-Aldrich) and
iron chloride hexahydrate (FeCl,-6H,0, 99.9%, Sigma-Aldrich)
were used as metal precursors, dissolved in deionized water.
The reducing solution was prepared by dissolving mangosteen
peel (Mastin®, Indonesia) in 100 ml of deionized water, fol-
lowed by an extraction process involving stirring the mixture at
700 rpm and 70 °C for an hour. Subsequently, solid com-
ponents were efficiently removed through -centrifugation.
CristalActiv-TiO, (PC-105, Tronox) served as the support
material for the nanocatalyst. Cleaning of the attached Fe-Ni
nanocatalyst on the TiO, surface was carried out using acetone
(99.9%, Carl-Roth).

2.2 Designing the highly active Fe-Ni/TiO, nanocatalyst for
an efficient pyrolysis process

As mentioned above, our goal is to design a catalyst that can
produce high oil yield with premium quality. The general step
in designing the nanocatalyst in this work is presented in
Fig. 1. We designed the process to operate at room tempera-
ture, utilizing affordable and safe materials, thereby making it
environmentally friendly and economically viable.

The screening of the significant factors in the nanocatalyst
synthesis that can affect the activity of the catalyst synthesis
has been done in our previous work. We found that the con-
centrations of the metal precursors and the reducing agent,
the synthesis time, and the amount of the -catalyst
support’®*'™3® are the four most significant factors. The
concept of designing green nanocatalyst Fe-Ni/TiO, in this
work is shown in Fig. 2.

The first approach is conducting the experiments based on
Full Factorial Design (FFD) according to a number of factors.
The choice of the high and low levels is based on the predic-
tion. Afterward, we expand the number of experiments using
Central Composite Design (CCD). We calculate the outputs
based on the regression equation from FFD and use those
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Fig. 1 The general step to design the Fe—Ni/TiO, nanocatalyst in this
work.

values for simultaneous optimization using Response Surface
Methodology (RSM). The results were validated in the lab
experiments using the optimized factors. The quality of the
product from the experiment was analysed to determine the
hydrocarbon composition, calorific value, cetane number, vis-
cosity and density of the liquid fuel. The final step is to charac-
terize the nanocatalyst and elucidate the nanocatalysis in the
pyrolysis process.

2.2.1 Synthesis of the Fe-Ni/TiO, nanocatalyst. The sche-
matic of the nanocatalyst synthesis is shown in Fig. 3. The first
step involved introducing 25 ml of a solution containing Fe
and Ni precursors (with an Fe and Ni ratio of 1:3) into the
reactor. Next, a micro pump added 25 ml of the reducing solu-
tion, which included mangosteen peel extract (MPE), to the
reactor at a controlled flow rate of 0.2 ml s™*. The temperature
was then set to 25 °C after activating the thermostat. With a
stirrer operating at 700 rpm, the synthesis process was
initiated. The growth of Fe-Ni nanoparticles takes place
during the synthesis time. After the specified duration, a TiO,
support was introduced into the reactor, initiating a 2-hour
deposition process. Subsequently, the resulting Fe-Ni nano-
particles, now deposited onto the TiO, support, were meticu-
lously separated using a centrifuge, followed by thorough
washing with pure acetone. The catalyst then underwent calci-
nation at 300 °C for 2 hours.

2.2.2 Catalytic pyrolysis of waste lubricating oil. The pyrol-
ysis process is illustrated in Fig. 4. First, 0.5 g of the catalyst
and 30 g of waste lubricating oil were introduced into the elec-
trically heated jacketed steel reactor (750 ml). A vacuum pump
was activated to eliminate any remaining air within the
reactor. Following this step, nitrogen was introduced to adjust
the reactor pressure to 1 atm, displacing the air. The tempera-
ture was elevated to 400 °C. During pyrolysis, gaseous com-
pounds left the reactor and condensed using two condensers,
ultimately resulting in the production of valuable pyrolysis oil
with desirable properties.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The concept of designing the Fe—Ni/TiO, nanocatalyst in this work.
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Fig. 3 Schematic of nanocatalyst synthesis.

3. Results and discussion
3.1 Full Factorial Design (FFD) with four responses

Initial experiments were conducted based on FFD. Four factors
(parameters) were varied in order to get high fuel yield by eval-
uating three responses as shown in Table 1. Fig. 5 illustrates
the visual characteristics of the obtained pyrolysis oil based on
FFD, which appears transparent and brownish. This suggests
that a significant portion of the long-chain hydrocarbons, typi-

This journal is © The Royal Society of Chemistry 2024

cally black or dark in color, have undergone cracking into
shorter-chain hydrocarbons.**

In this study, we elaborate the findings to provide a deeper
understanding of the underlying mechanisms governing the pyrol-
ysis process and underscore the significance of the catalyst’s com-
position and design in achieving sustainable and efficient conver-
sion of waste lubricants into high-quality liquid fuel. The simu-
lation process was carried out using the Central Composite Design
(CCD) method, and 31 data points were used in this process.
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Fig. 4 Schematic of the pyrolysis process.
Table 1 Experiment results based on simulation with CCD
Factor Response
Run (A) (B) (© (D) Calorific value (cal g™*) 0Oil yield (%) Density (kg m™?) Catalyst yield (%)
1 7.694 390 3.9 1 10 844 48.50 793 65.14
2 7.694 250 3.9 1 10915 38.91 798 63.92
3 7.694 250 1.45 2 10956 45.31 781 69.89
4 5.129 320 2.675 1.5 10883 43.34 791 63.67
5 7.694 390 1.45 1 10739 45.30 784 62.61
6 2.564 390 1.45 2 11 045 42.90 797 59.09
7 5.129 453 2.675 1.5 10796 45.06 792 65.03
8 7.694 390 3.9 2 10939 44.80 793 68.92
9 7.694 250 3.9 2 10991 42.92 791 68.69
10 5.129 320 2.675 2.45 11 029 41.96 790 62.59
11 5.129 320 2.675 0.55 10736 44.72 793 64.76
12 5.129 320 2.675 1.5 10883 43.34 791 63.67
13 2.564 390 3.9 2 10974 39.48 790 59.47
14 2.564 390 1.45 1 10280 41.21 790 80.61
15 2.564 390 3.9 1 10954 46.99 796 56.31
16 5.129 320 2.675 1.5 10883 43.34 791 63.67
17 5.129 320 2.675 1.5 10883 43.34 791 63.67
18 5.129 187 2.675 1.5 10970 41.62 790 62.32
19 2.564 250 1.45 2 10899 41.83 791 62.07
20 5.129 320 0.347 1.5 10773 42.90 789 63.66
21 7.694 250 1.45 1 10872 39.44 792 49.87
22 2.564 250 3.9 1 10952 48.03 785 73.26
23 5.129 320 2.675 1.5 10883 43.34 791 63.67
24 5.129 320 2.675 1.5 10883 43.34 791 63.67
25 7.694 390 1.45 2 10920 44.76 789 62.95
26 2.564 250 1.45 1 10 889 44.12 797 62.23
27 2.564 250 3.9 2 10953 38.90 790 53.75
28 5.129 320 5.002 1.5 10992 43.77 793 63.69
29 5.129 320 2.675 1.5 10883 43.34 791 63.67
30 0.255 320 2.675 1.5 10855 42.57 793 63.06
31 10.002 320 2.675 1.5 1090 4411 789 64.29

To maximize the oil yield, it is important to thoroughly
analyse the intricate interactions among the factors. As illus-
trated in Fig. 6A, the interaction between factor A (the amount
of metals in the precursors) and factor B (the amount of reduc-
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tant) is particularly noteworthy. This interaction reveals that
the impact of factor A on oil yield greatly depends on the value
of factor B. Specifically, at higher values of B, an increase in A
leads to a notable enhancement in the oil yield. However, at

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 The product of mild pyrolysis of waste lubricating oil based on FFD.

lower values of B, the correlation is reversed. This phenom-
enon underlines the critical role of ensuring sufficient green
reductant to effectively reduce metal ions, thereby facilitating
the full production of nanoparticles, which serve as
catalysts.>**® Neglecting this issue could lead to a less than
optimal oil yield. Due to the comparatively lower reductive
capabilities of natural reducing agents, it is essential to ensure
their sufficient quantity to enable the formation of stable an-
isotropic structures,*"** thereby maximizing the availability of
active sites.

The polyphenols, including lignin compounds, in MPE
serve both as reducing agents and stabilizing agents, prevent-
ing aggregation and ensuring the stability of the nanoparticles
prior to their attachment to the TiO, support. Polyphenols
possess many hydroxyl groups (-OH) that can donate elec-
trons. During the reduction process, these hydroxyl groups are
oxidized to carbonyl groups (C=O0), effectively losing electrons.
The electrons released from the oxidation of polyphenols are
transferred to the metal ions (Mn'), reducing them to their
metallic state (M°). This reduction transforms metal ions into
metal atoms. The metal atoms start to aggregate, forming
small clusters or nuclei. The nuclei grow by further reduction
of metal ions and deposition of metal atoms onto the existing
nuclei. This process continues until the nanoparticles reach a
stable size. Polyphenols stabilize nanoparticles and prevent
them from aggregating excessively by adsorbing onto the
surface of the nanoparticles, providing steric stabilization.’”
The protective layer also passivates the nanoparticle surface,
preventing oxidation or further reaction with the environment.

This journal is © The Royal Society of Chemistry 2024

The influence of MPE on oil yield does not seem to be very
significant as can be seen in Fig. 6D and E. Because MPE
acts as a weak reductant, increasing its amount in the syn-
thesis of nanocatalysts does not significantly influence the
shape and size of the resulting nanocatalysts. In terms of
surface chemistry, specifically the interactions occurring on
the catalyst’s surface that influence the rate and course of
the chemical reactions, MPE does not appear to significantly
affect the conversion and oil yield. In the synthesis process,
MPE absorbed on the catalyst surface was removed through
cleaning with pure acetone and a subsequent calcination
process. During pyrolysis, any remaining MPE compounds
on the catalyst’s surface will be completely burned; therefore,
the catalyst’'s surface can still provide active sites, where
hydrocarbon molecules in the feedstock can be more easily
absorbed and react.

The correlation between factor A (the quantity of Fe and Ni
in the precursor) and factor C (the support amount) appears
consistently proportional, as evidenced in Fig. 6B. This obser-
vation suggests that achieving a high oil yield necessitates an
increase in the metal content within the precursor, alongside
ensuring adequate support to facilitate nanoparticle attach-
ment without agglomeration. Similarly, a comparable trend is
observed between factors A and D, as illustrated in Fig. 6C.
Irrespective of the synthesis time variation, enhanced metal
content in the precursor invariably results in an elevated oil
yield. However, it is noteworthy that enhancing the metal
quantity in the precursor extends the duration required for the
production of stable nanoparticles.*®
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The interactions between the quantity of MPE (factor B)
and either the amount of support (factor C) or synthesis time
(factor D) exhibit similar trends, as shown in Fig. 6D and E.
The influence of the MPE reductant on the oil yield appears to
be relatively modest across various support amounts and syn-
thesis times. In the scenario illustrated in Fig. 6D, where a low
quantity of metal precursor was utilized at a short synthesis

15574 | Nanoscale, 2024, 16, 15568-15584

time, resulting in the production of a limited number of nano-
particles, increasing the support amount only slightly impacts
oil yield, possibly due to improved dispersions. Conversely, in
the scenario presented in Fig. 6E, it is evident that extending
the synthesis time after the stable nanoparticle formation
stage does not significantly affect the oil yield. This suggests
that in both instances portrayed in Fig. 6D and E, all metal

This journal is © The Royal Society of Chemistry 2024
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ions were likely fully reduced by the MPE within the given
timeframe, resulting in the production of stable nanoparticles.

An intriguing scenario unfolds in Fig. 6F, where an increase
in the support amount is observed to enhance the oil yield.
However, a shifted trend emerges as the synthesis time
lengthens, whereby the oil yield exhibits a slight decline.
Elevating the support quantity promotes optimal nanoparticle
dispersion, thereby enhancing the catalytic activity. Yet, pro-
longed synthesis durations may trigger nanoparticle agglom-
eration on lignin particles, which undergo movement during
mixing. Consequently, this aggregation reduces nanocatalyst
efficacy, subsequently decreasing the oil yield.

In this study we also elucidate the factors affecting the
calorific value and density of the pyrolysis oil from waste used
lubricating oil. The significant factors affecting the calorific
value (Fig. S1 in the ESI{) of the pyrolysis products were found
to be the amount of reductant, TiO,, the synthesis time, and
the interaction between the amount of reductant and the syn-
thesis time, as well as the interaction between TiO, and the
synthesis time. The significant factors affecting the oil density
(Fig. S2t) were found to be the interaction between the
amount of reductant and the synthesis time, and the inter-
action between TiO, and the amount of metal. Therefore, to
get the desired oil density and calorific value, the combination
of all those interactions needs to be considered.

Additionally, not only the pyrolysis product was evaluated;
it was also noteworthy to evaluate the effectiveness of the
nanocatalyst synthesis. The significant factors affecting the
catalyst yield (the quantity of Fe-Ni that successfully attaches
to the support, as analyzed using ICP-MS) were AC and AD
(Fig. S31). The interaction between the metal amount (A) and
the synthesis time (C) and the interaction between the metal

Reductant (B)
Support (C)

View Article Online

Paper

amount (A) and the support amount (D) have significant posi-
tive effects on the catalyst yield. This suggests that the quantity
of Fe-Ni and TiO, enhances the formation of the nanocatalyst,
resulting in a higher catalyst yield. Increasing the reaction
time also had a positive effect on the catalyst yield, as it allows
complete formation of the catalyst.

These findings have important implications for the develop-
ment of more efficient catalysts for pyrolysis processes. To get
the optimum results, i.e. the maximum oil yield with premium
quality, the factors in nanocatalyst synthesis need to be opti-
mized. In this study, we use the Response Surface
Methodology (RSM) to optimize the results by means of
Minitab® software. For data evaluation, we manually set the
factors according to the interaction analysis between the
factors as mentioned above and finding the location in the
contour plots.

Fig. 7 shows contour plots of the oil yield, which illustrate
the complex interaction between the metal amount (A), the
reductant amount (B), the support amount (C), and the syn-
thesis time (D) on the pyrolysis outcomes. The contour plots of
calorific value are available in the ESI (Fig. S47), along with the
density (Fig. S51) and the catalyst yield (Fig. S61). The contour
plots visualize the relationships between these factors and can
be instrumental in the optimization process. The analysis
revealed the optimal conditions for achieving a high oil yield
(>50%), i.e. the metal amount (A) should not exceed 3.5 mg
and the reductant amount (B) should exceed 400 mg, TiO,
support (C) should be at least 5 g, and the synthesis time (D)
should remain below 0.55 h. This condition is also seen in the
surface plot presented in Fig. 8.

To attain the target calorific value of the pyrolysis oil
(10770 cal g7%), specific conditions must be met: the Fe-Ni
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Fig. 7 Contour plot of the oil yield in the pyrolysis process.
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metal composition (A) should not exceed 3 mg, the quantity of
the reducing agent (B) should surpass 400 mg, the supporting
TiO, (C) should exceed 4 g, and the synthesis time (D) should
not exceed 1 h. Similarly, to achieve the desired density
(870 kg m™), the optimal parameters include a metal precur-
sor (A) below 3 mg, a reductant (B) above 400 mg, a TiO,
support (C) of over 4.5 g, and a synthesis time (D) not exceed-
ing 1 h. Furthermore, to obtain a catalyst yield exceeding 60%,
it is necessary to maintain a metal precursor amount (A) below
3 mg, a reductant quantity (B) exceeding 400 mg, a TiO,
support (C) exceeding 4.5 g, and a synthesis time (D) not
exceeding 1 h. Consequently, these identified optimal con-
ditions require further investigation and comprehensive evalu-
ation to ascertain their efficacy in optimizing the pyrolysis
process.

The results of nanocatalyst optimization using Minitab®
software for a high-performing pyrolysis process are presented
in Fig. S9.1 Theoretically, employing 2.564 mg of Fe-Ni metal
salt, 453 mg of reducing agent, 5.0 g of TiO, support, and a
reaction time of 0.55 hours can maximize the nanocatalyst
yield to 67.12%. This condition is also seen in the overlapping
contour plots in Fig. 9. Consequently, this optimized catalyst
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Fig. 9 Overlapping contour plots of oil yield. Calorific value and nano-
catalyst yield, which result in the optimization point.
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is predicted to increase the pyrolysis oil yield, calorific value,
and density to 55.66%, 1086 cal g~*, and 788 kg m™>, respect-
ively. To experimentally verify these theoretical findings, we
conducted trials using the identified optimal values. These
validation efforts demonstrate close agreement with the pre-
dicted values, with slight errors of 2.77%, 3.62%, and 0.16%
observed for oil yield, calorific value, and density, respectively
(Table 2). The oil quality produced by the optimized results
was further examined using GC/MS analysis. We reviewed rele-
vant references and subsequently tested our product, as pre-
sented in Fig. 10 and Table 3.

GC-MS analysis of the liquid product obtained from pyrol-
ysis of used lubricating oil using the Fe-Ni/TiO, catalyst
revealed the presence of various hydrocarbon constituents.
These include alkanes (paraffin), alkenes (olefins), aromatics,
and aliphatics. Among the 49 detected elements, alkanes con-
stituted the most significant fraction at 55.10%, followed by
alkenes (32.65%), aromatics (6.12%), and aliphatics (6.12%).
The estimated cetane number of the pyrolysis oil is 56.13,
based on the data in Table 3. This value signifies excellent
ignition capability, as a higher cetane number indicates a pro-
pensity for rapid and efficient fuel ignition in diesel engines.
Consequently, the liquid fuel derived from the pyrolysis
process demonstrates the potential for facilitating stable and
efficient combustion in diesel engines, a crucial factor for
optimal engine performance. The cetane number of the pyrol-
ysis oil obtained from this research shows a higher value than
ordinary diesel. Furthermore, the analysis indicated a predo-
minance of hydrocarbons with shorter carbon chains (C5-
C11); about 73% of the identified hydrocarbons fall within
this range, while those with longer chains (C12-C25) represent
about 27%. Notably, no hydrocarbons with carbon chain
lengths exceeding C25 were detected in the liquid product.

Table 2 Validation results of the optimized Fe—Ni/TiO,

Minitab Error
Parameter Average  optimization Validation (%)
0il yield (%) 43.35 55.65 54.11 2.77
Caloric value (cal g7') 10882 10 860 10957 3.62
Density (kg m™?) 791 788 799 0.16

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 Graphical analysis of pyrolysis oil with GC-MS.
Table 3 Hydrocarbon composition of the optimized pyrolysis oil based on GC-MS results and its cetane number (CN)
Peak Retention Compound name Formula wt% CN CN* (wt%)
1 2.557 2,4-Dimethyl hexane CgHyg 3.59 63 2.26
2 2.663 3-Methyl hexane C,Hi¢ 2.07 56 1.16
3 2.836 2-Methyl-1-hexene C,H,, 2.40 25 0.60
4 2.881 Cycloheptane C,Hq, 3.62 40 1.45
5 3.007 n-Heptane C;Hy4 5.08 56 2.84
6 3.077 2,4-Dimethyl-1,3-pentadiene C,H;, 1.96 16 0.31
7 3.404 Methyl cyclohexane Ce¢H1,CH; 1.49 35 0.52
38 4.152 2-Ethyl-1-butanol C¢H,,0 1.12 42 0.47
9 4.363 2-Methyl heptane CgHyg 5.87 52.6 3.09
10 4.464 Benzeneacetic acid, 1,1-dimethylethyl ester C15H160, 2.25 50 1.13
11 4.565 3-Methylheptane CgHqg 3.00 58 1.74
12 4.970 2-Methyl-1-heptene CgH,g 2.48 52.6 1.30
13 5.105 1-Octene CgHye 3.91 29 1.13
14 5.374 n-Octane CgHg 6.14 64.4 3.96
15 6.112 Hexamethyl cyclotrisiloxane CgH;305Si5 4.22 58 2.45
16 7.442 2,6-Dimethyl heptane CoH,o 2.49 52 1.30
17 7.620 p-Xylene CeH4(CH3), 2.76 30 0.83
18 7.683 3-Methyl octane CoH,o 1.44 53 0.76
19 8.189 2-Methyl-1-octene CoHg 1.29 29 0.37
20 8.394 1-Nonene CoH;g 2.93 33 0.97
21 8.700 n-Nonane CoH,o 5.12 60.9 3.12
22 10.800 2-Ethylhexyl trichloroacetate CgHoC1305 1.59 25 0.40
23 10.885 2-Methylnonane CioHy, 1.20 56 0.67
24 11.632 2-Methyl-1-nonene C1oHso 1.17 34 0.40
25 11.837 1-Decene CyoHao 2.37 35 0.83
26 11.902 Mesitylene CoH1, 1.28 21 0.27
27 12.133 Decane CioHy, 3.11 66 2.06
28 15.084 1-Undecene Cq1Hs, 1.55 37 0.57
29 15.366 Undecane Cy:1Ha,y 2.96 66 1.95
30 18.418 Dodecane C1,Hye 3.51 73 2.56
31 21.259 Tridecane Ci3Hyg 2.67 88 2.35
32 23.917 Tetradecane Cy4H30 2.90 95 2.75
33 26.419 Pentadecane CysHs, 3.13 98 3.07
34 28.779 Hexadecane Ci6Hzy 2.91 100 2.91
35 28.855 Diethyl phthalate C,,H,,0, 1.17 10 0.12
36 31.005 Heptadecane Cy7Hz6 2.01 105 2.11
37 33.124 Nonadecane CyoHyo 1.24 110 1.36
Total 56.13
% Ref. 39

This journal is © The Royal Society of Chemistry 2024
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Table 4 Hydrocarbon composition before and after pyrolysis

Oil in the pyrolysis

process Literature

Before® After Diesel? Premium diesel®
HC (Wt%) (Wt%) (Wt%) (Wt%)
C6 0 4.22 0 0.284
C7 1.796 18.20 0.009 0.852
C8 5.158 28.88 0.017 1.989
C9 9.470 14.54 0.026 3.125
C10 6.801 7.86 0.043 4.261
C11 5.643 4.50 0.077 5.398
C12 2.634 6.93 0.137 6.534
C13 0.783 2.67 0.240 7.670
C14 0.666 2.90 0.411 8.807
C15 0.742 3.13 0.694 9.943
C16 0.402 2.91 1.140 11.080
C17 0 2.01 1.817 12.216
C18 0.797 0 2.819 13.352
C19 0 1.24 4.208 14.489
C20-C40 65.107 0 48.73 88.362

@ Ref. 40. ? Ref. 41. °Ref. 42.

This suggests the effective cracking of the used lubricating oil
into smaller hydrocarbon molecules (Table 4). As can be seen
from Fig. 11, the hydrocarbon composition before and after
pyrolysis shows a drastic reduction in long-chain hydrocarbons
to shorter chain hydrocarbons, which are the most abundant
components in diesel oil (C7-C17).

In the context of pyrolysis, the nanocatalytic aspect of Fe-
Ni/TiO, systems manifests through multiple mechanisms.
First, the presence of Fe and Ni species promotes the acti-
vation and cleavage of carbon-carbon bonds in complex hydro-
carbons, facilitating the conversion of long-chain hydro-
carbons into shorter, more desirable fuel molecules. Secondly,
the interaction between Fe-Ni nanoparticles and the TiO,
support enhances catalytic stability and prevents particle

€20-C40 | .
c19
c18
c17
c16
c15
c14
c13
c12
o1
c10
co

c8
c7 m After
Cé O Before

0 10 20 30 40 50 60 70
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Fig. 11 Hydrocarbon composition before and after pyrolysis.
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agglomeration, thereby prolonging the catalyst’s lifespan and
ensuring sustained activity throughout the pyrolysis process.
Additionally, the inherent redox properties of the Fe-Ni
species enable them to participate in catalytic oxidation and
reduction reactions, further modulating the product distri-
bution and composition.****

The Fe-Ni metal acts as the active component, influencing
the catalysis process and selectivity. Higher Fe-Ni content can
lead to increased activity, potentially influencing the compo-
sition and density of the pyrolysis oil. Conversely, a lower Fe-
Ni content may result in reduced activity and altered product
distributions. TiO, support provides a high surface area (90 m?*
g") for Fe-Ni nanoparticle dispersion, preventing aggregation
and enhancing accessibility to reactants. It also influences the
surface chemistry, affecting its interaction with the feedstock
and conversion processes. Variations in the amount of TiO,
support can alter the dispersion and stability of the Fe-Ni
nanoparticles, impacting the overall catalytic performance.*>*®
In many cases, catalytic reactions profit from a high surface
area support material. As we have reported in our previous
work, a higher surface area might lead to smaller and better
dispersed nanoparticles during preparation. We prepared plati-
num supported on TiO, with different surface areas for photo-
catalysis. The high surface area TiO, modification (PC500) led
to the best activity in hydrogen prodution.*” Therefore, the
interaction between these factors is crucial, as the specific
combination of Fe-Ni and TiO, levels can lead to synergistic
effects impacting the overall catalytic behaviour and, conse-
quently, the density of the pyrolysis oil. Understanding and
optimizing this interaction is essential for controlling the oil
density and tailoring its properties to meet specific
requirements.

Synthesis time plays an important role in determining the
catalyst morphology, crystallinity, and surface properties.*®
Sufficient time allows the formation and growth of active sites.
Longer synthesis times may promote well-defined crystalline
structures and enhance active species dispersion, improving
catalytic performance and yield. Conversely, shorter synthesis
times may result in incomplete site formation or impurities,
negatively impacting the yield. The interaction between these
factors suggests that the catalyst yield is influenced not only by
the individual effects of the Fe-Ni content and the synthesis
time but also by their combined effects. Therefore, under-
standing and optimizing this interaction is crucial for control-
ling the catalyst yield and ensuring efficient resource utiliz-
ation in the pyrolysis process.

The excellent performance of the Fe-Ni/TiO, nanocatalyst
in this study can be attributed to its structure. The size, shape,
and dispersion characteristics of the nanocatalyst are displayed
in the HRTEM images presented in Fig. 12. The structure of
the Fe-Ni nanoparticles (NPs) is shown in Fig. 12A and B,
which are more likely to exhibit a 2D structure. Although we
aimed to obtain bimetallic Fe-Ni nanoparticles, the plain
lattice distances indicate an FeNiO, structure. This is a pre-
liminary structural analysis, and further characterization will
be conducted in the future to validate this structure. The sizes

This journal is © The Royal Society of Chemistry 2024
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Fig. 122 HRTEM images of the Fe—Ni NPs with different magnifications (A) and (B); STEM images of FeNi/TiO, using Secondary Electron Imaging
(SEI) for observing the morphology (C), and High-Angle Annular Dark Field (HAADF) (D). The nanocatalysts were analyzed using HRTEM (“TITAN 80-

300 Berlin Holography Special”).

of FeNiO, nanoparticles ranged from 2 to 5 nm. Possibly, the
Fe-Ni nanoparticles were oxidized during TEM preparation;
however, the size of the Fe-Ni nanoparticles would be of the
same order of magnitude or smaller. The irregular shape of
the Fe-Ni NPs provides numerous active sites, as evidenced by
the presence of defects contributing to the high activity of
these nanocatalysts.>**° The structure of the Fe-Ni/TiO, nano-
catalyst can be seen through Secondary Electron Iimaging
(SEI) in Fig. 12C. Because the Fe-Ni NPs are much smaller
than TiO,, they cannot be observed clearly but their dispersion
on the support can be seen through a dark field image
(Fig. 12D).

The composition of the Fe-Ni NPs is shown in Fig. 13.
Utilizing the actual HRTEM image (Fig. 13A), the mapping of
Fe (Fig. 13B), Ni (Fig. 13C), and both Fe and Ni atoms
(Fig. 13D) was conducted. Observation of Fig. 13D reveals that

This journal is © The Royal Society of Chemistry 2024

some Fe and Ni atoms are bound together, while others are
not. Fig. 13E provides evidence of the presence of Fe and Ni
atoms within the particles, with the Ni composition slightly
higher than that of the Fe atoms.

Fig. 14 presents SEM images of the sample surface at mag-
nifications of 3000x and 40 000x. These images reveal that
only the size of the TiO, particles is observable due to the very
small size of the Fe-Ni nanoparticles, which is approximately
3.5 nm. The particle size distribution of TiO,, analyzed using
PSA, indicates an average size of 881 nm (Fig. S10t). EDS ana-
lysis confirms that the surface composition includes Ni and Fe
(Fig. 14Q).

XRD analysis of Fe-Ni/TiO, is shown in Fig. 15. It seems
that the peaks of Fe and Ni crystals are hardly detected
because they are very small and present in only small amounts
in the catalyst. The 20 = 25.381°, 37.92°, 48.129°, 55.13°,
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Fig. 13 EDX mapping of the Fe—Ni NPs. (A) Initial HAADF image; (B) mapping of Fe; (C) mapping of Ni; (D) overlay of Fe and Ni revealing homoge-
neously distributed Fe—Ni nanoparticles; (E) EDS analysis of the entire area and quantification. The composition was analyzed using HRSTEM analysis

on a probe-corrected JEM-RM300F2 at ZELMI of TU-Berlin.

62.88°, 70.28°, and 75.029° correspond to the (101), (004),
(200), (211), (204), (220), and (215) planes of anatase TiO,
(JCPDS card #21-1272), respectively.

Fig. 16 shows a significant difference in oil yield based on
catalyst utilization during the pyrolysis of used lubricating oil.
After testing in the same pyrolysis system, the optimized Fe-
Ni/TiO, nanocatalyst produced more oil (54.14%) compared to
zeolite (28.09%) and the catalyst-free process. We note here

15580 | Nanoscale, 2024, 16, 15568-15584

that the catalyst-free process was carried out at a temperature
of 650 °C. This notable enhancement of oil yield can be attrib-
uted to the better properties of Fe-Ni/TiO,.

Blending pyrolysis oil with ordinary diesel oil holds sub-
stantial promise for enhancing the quality of diesel fuel. The
higher energy content of pyrolysis oil can potentially improve
combustion efficiency and engine performance. Additionally,
its superior thermal stability can contribute to a more stable

This journal is © The Royal Society of Chemistry 2024
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Fig. 14 SEM images of the Fe—Ni/TiO, nanocatalyst at magnifications of 3000x (A) and 40 000x (B). The corresponding EDS analysis (C) confirms

the presence of Fe—Ni nanoparticles in the catalyst.

blend with a longer lifespan. Beyond technical benefits, utiliz-
ing pyrolysis oil serves the dual purpose of waste reduction
and resource recovery by adding value to waste materials.

The produced pyrolysis oil typically cannot be used directly and
must be blended with other liquid fuels as an additive to enhance
the quality of the final fuel product.’® The pyrolysis oil obtained
from the catalytic process in this study exhibits higher heating
values, lower density, and lower viscosity compared to ordinary
diesel oil. Notably, incorporating 50% pyrolysis oil into ordinary
diesel oil has the potential to enhance its specifications to
resemble those of premium diesel fuel (DEX), as shown in Table 5.

From the results obtained, it can be said that the high oil
yield and good quality are due to the effective catalysis process
resulting from well-designed nanocatalysts. The anisotropic

This journal is © The Royal Society of Chemistry 2024

structure provides plenty of active sites for crucial catalytic
reactions. Furthermore, the use of TiO, as a support material
offers several advantages. First, the high surface area of TiO,
facilitates the dispersion of the active Fe-Ni nanoparticles,
thereby maximizing their catalytic activity. Secondly, TiO, exhi-
bits exceptional thermal stability,>">* allowing it to withstand
the harsh conditions of the pyrolysis process. It is suggested
that the support structure prevents the agglomeration and sin-
tering of Fe-Ni nanoparticles, ensuring sustained catalytic
activity during extended reaction times. The Fe-Ni/TiO, nano-
catalyst effectively facilitates the breakdown of complex hydro-
carbons present in used lubricating oil, leading to the
increased production of valuable products such as diesel-like
oil.
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Fig. 16 Comparison of oil yields in the pyrolysis of waste lubricating oil
using the optimized Fe—Ni/TiO,, natural zeolite, and the catalyst-free
process (* the catalyst-free process was carried out at 650 °C).

The economic feasibility of implementing these nanocata-
lysts in commercial pyrolysis plants for fuel production
appears promising. Nanocatalysts enhance the efficiency of the
pyrolysis process, leading to higher yields of oil with better
quality. This increased efficiency can result in lower per-unit
production costs. Improved catalytic activity can lower the
energy requirements of the pyrolysis process, translating into
significant energy cost savings. Furthermore, nanocatalysts
often have longer lifespans and higher resistance to de-
activation, reducing the frequency and cost of catalyst
replacement.
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Scaling up the synthesis of nanocatalysts from lab scale to
industrial applications involves several technical, economic,
and logistical challenges. However, with careful planning and
optimization, it is feasible. A thorough economic analysis,
including a cost-benefit assessment and payback period calcu-
lation, is essential to make a well-informed decision. If the
initial investment is justified by the long-term savings and
increased revenue, the implementation can be highly ben-
eficial and profitable.

The results of this research contribute to a broader under-
standing of the catalytic processes in converting waste oil into
valuable fuels. This study reveals how synthesis parameters in
catalyst preparation indirectly influence the catalytic processes
during pyrolysis. Certain synthesis parameters and their inter-
actions are sensitive to product quality and quantity, while
others are not. Additionally, this study highlights the impor-
tance of developing appropriate, environmentally friendly, and
economical strategies for synthesizing active catalysts to
achieve an efficient and effective catalytic pyrolysis process for
converting waste oil into valuable fuel.

4. Conclusion

The Fe-Ni/TiO, nanocatalysts, designed using a green syn-
thesis method, demonstrated remarkable catalytic activity in
converting waste lubricating oil into high-quality diesel-like
fuel. A comprehensive investigation was carried out to eluci-
date the impact of various factors during nanocatalyst prepa-
ration on both the yield and quality of the resulting pyrolysis
oil. Interaction plots revealed that the most significant factors
influencing oil yield were the interaction between metal con-
centration and the reductant concentration. Synthesis time, on
the other hand, primarily affected the calorific value, while the
interaction between metal concentration and the amount of
TiO, support influenced the density of the pyrolysis oil.

By optimization and validation, the oil yield was success-
fully increased to about 54%. The optimized pyrolysis oil also
achieved a calorific value of 10957 cal g”' and a density of
789 kg m~>. Furthermore, GC analysis revealed a composition
remarkably similar to that of diesel fuel, which was further
supported by a high cetane number of about 52. These charac-
teristics suggest the potential of this oil as a valuable additive
to improve the quality of conventional diesel fuel. The results
of this study underline the importance of nanocatalyst design
for recovering energy from waste lubricating oil through the

Table 5 Quality comparison of the produced pyrolysis oil with commercial diesel

Quality Pyrolysis oil (PO) Ord. diesel (OD) Mixture of PO:OD=1:1 Premium diesel-DEX
Caloric value (cal g™*) 10957 10 546 10751 10755

Density (kg m™?) 799 844 821.5 840

Viscosity (cSt) 0.65 3.25 1.95 2

Cetane number 56.13 48 50.23 50
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