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ARTICLE INFO ABSTRACT

Keywords: Asphalt or oil spills containing asphaltene can contaminate soil, water bodies, and ecosystems. Natural balances
Piezo catglyst are disrupted by this contamination. Asphaltene contaminates water sources such as rivers, lakes, and aquifers,
Degradation making them unfit for human consumption. Aquatic habitats are damaged, and aquatic organisms cannot
xf;:;eialtene reproduce, grow, or maintain health. Air pollutants, including sulfur dioxide, nitrogen oxides, volatile organic
Mechanism compounds, and particulate matter, are released when asphaltene-containing materials are burned. Here, we

have developed a new method for the degradation of asphaltene that is fast, clean, and cost-effective. The
asphaltene was degraded using NiyMnyO piezo catalyst in this study. By using NiyMnyO under mechanical force,
the result showed that asphaltene was degraded to the extent of 94.7 %. Piezo based on NixMnyO has shown
promising reusability when compared to conventional catalysts. Despite being used for 11 runs, it maintained
94% of its activity for 11 consecutive cycles. As well as analyzing the kinetics and thermodynamics of piezo
asphaltene degradation, a mechanism pathway was developed for piezo degradation of asphaltene. Radical
scavenger experiments showed that superoxide radicals, holes, and hydroxyl radicals are involved in the
degradation of asphaltene by NiyMnyO piezo catalysts. However, hydroxyl radicals and holes are responsible for
the majority of asphaltene degradation.

1. Introduction

In the course of oil production, asphaltene can precipitate and de-
posit. This may result in various problems, including pore plugging,
reduced productivity, pipeline obstruction, and malfunctions of surface
equipment [1-3]. Thus, it is essential that asphaltene be removed from
the oil production process in order to maintain efficiency and safety. To
address asphaltene deposition, two main approaches can be taken:
removal and prevention [4-6]. There are several methods available for
removing deposits, including mechanical, thermal, chemical, and ul-
trasonic methods that are designed to dissolve or dislodge the deposits
from the affected areas. A chemical inhibitor or dispersant can prevent
or delay the precipitation or aggregation of asphaltene molecules in the
oil phase by preventing or delaying the precipitation of asphaltene
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molecules [7-10]. Also, asphaltene inhibition helps to control Asphal-
tene deposits that eventually stop oil flow [11,12].

There are, however, some limitations and challenges associated with
both removal and prevention methods, including high costs, environ-
mental impact, damage to the formation, compatibility issues, and
varying efficiency levels [13-17]. As a result, researchers are investi-
gating new methods of improving the performance of these methods and
reducing their shortcomings, such as using nanomaterials that are
capable of enhancing the solubility, stability, and dispersibility of
asphaltene in oil.

Hydrocarbons, such as asphaltene, are also among the substances
that contribute to water and soil pollution [18-20]. Due to this, it is
necessary to remediate spills that are related to petroleum to minimize
their harmful effects on the environment. Various methods of
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remediation are available, including physical, chemical, biological, and
combinations of these methods [21-23]. A physical method involves the
use of adsorbent materials to contain the spill or to physically remove
the oil, while a chemical method involves the use of chemicals for
coagulation and solubilization. The chemical remediation of hydrocar-
bons is commonly carried out by the use of ionic/anionic surfactants,
such as Span 80, Tween 80, Tween 85, and dioctyl sodium sulfosuccinate
[24,25]. Hydrocarbon-contaminated sites are also treated with surfac-
tants to improve the solubility and flow properties of oils, which can
result in their physical removal or natural degradation. It is, however,
extremely labor intensive and therefore considered inefficient to phys-
ically remove hydrocarbons from contaminated sites. There are also
disadvantages associated with chemical methods, such as the need for
expensive and toxic chemicals that can accumulate and remain in the
environment for a long period of time [26,27]. A new method was
developed here that did not require expensive materials in order to
degrade and remove asphaltene. Additionally, it is an environmentally
friendly and clean method. Here, Ni,MnyO Piezo-catalysts were used to
degrade asphaltene, which is a green process.

The piezocatalysts are a type of catalyst capable of being activated or
enhanced by mechanical forces, such as pressure or vibration [28-31].
Piezo refers to the piezoelectric effect, which occurs when certain ma-
terials generate an electric charge when mechanical stress is applied.

The piezoelectric effect is used by piezo catalysts to enhance their
catalytic activity [32,33]. The application of mechanical force to the
catalyst causes changes in its crystal structure or electronic properties,
resulting in improved catalytic performance. Compression, ZrO, balls,
ultrasonic vibration, or mechanical agitation can all be used to apply this
mechanical force [34-37].

There are several advantages to using piezo catalysts compare to the
photocatalysts [38-40]. As a first benefit, it facilitates the activation of
catalytic reactions without the use of high temperatures or harsh
chemical conditions. As a result, energy consumption can be reduced
and reaction conditions can be milder. Second, piezo catalysts can
exhibit higher catalytic activity and selectivity than traditional catalysts,
thereby improving the efficiency of reactions. Furthermore, it is a clean
and environmentally friendly process. Last but not least, piezo catalysts
can be easily incorporated into systems in which mechanical force is
readily available, such as flow systems or mechanical devices [41-45].

In this study, we prepared Ni,MnyO piezo catalysts by a simple mi-
crowave method and applied them to the degradation of asphaltene. It
has been demonstrated that parameters such as the cycling time, the
concentration of precursors, and microwave power have an impact on
the morphology and chemical composition of Ni,MnyO piezo catalysts.
By adjusting the morphology and chemical composition of the catalyst,
it was found that a high asphaltene degradation yield of 94.7% could be
achieved. In terms of kinetics, piezo asphaltene degradation is governed
by a second-order kinetic law, and the reaction has nearly completed
after the first 40 min.

2. Experimental
2.1. Materials

There was no further purification of the chemicals used in this study
because all of them were analytical grade. nickel precursor (Nickel(II)
Chloride Hexahydrate) was obtained from BDH Chemicals (England), as
was a hexahydrate of Potassium Permanganate (KMnOj4), and a diso-
dium salt of ethylenediaminetetraacetic acid (EDTA-2Na). 1, 4-benzo-
quinone (BQ), and isopropanol (IPA). Alpha (India) provided an
NH40H ammonium hydroxide solution.

2.2. Synthesis of Ni,MnyO piezo catalysts

1 mmol of Ni precursor (as per Table 1) was dissolved in 30 mL of
distilled water to create Solution A. In a separate beaker, 1 mmol Mn

Results in Engineering 21 (2024) 101938

Table 1
Experimental details for synthesis of Ni,Mn,O by microwave method.
Sample Microwave Microwave [Ni] and Ammonia Solvent
cycling time power (W) [Mn] (mmol)
(on: off/sec) (mmol)
N1 120: 30 700 1 4 Water
N2 120: 60
N3 120: 120
N4 120: 30 700 2 4 Water
N5 4
N6 120: 30 700 1 6 Water
N7 8
N8 120: 30 540 1 4 Water
N9 385
N10 120: 30 700 1 4 Ethanol/
Water

precursor (as per Table 1) was dissolved in 30 mL of distilled water to
create Solution B. Then, mixed Solutions A and B were mixed and stirred
for 10 min. Next, the appropriate amount of aqueous ammonia solution
was added (as per Table 1) and stirred for 5 min. Then, the mixture was
microwaved for 30 min before washing and drying it. Lastly, products
were calcinated at 450 °C for 3 h. We studied the effect of different
parameters including cycling time, precursor concentration, microwave
power, and time on the morphology and compound of final products.

2.3. Piezocatalytically degradation of asphaltene

An ultrasonic device was used in a Pyrex cell to degrade asphaltene
(30 ppm) in 25 mL of model fuel (asphaltene)/toluene solution con-
taining 100 mg of piezocatalyst. Prior to ultrasonication, the samples
were stirred for 30 min in the dark. The purpose of this step is to
establish an equilibrium between adsorption and desorption. After a
certain period of time, degraded samples were withdrawn from the
catalyst and centrifuged in a volume of 10 mL to determine their
degradation state.ACL-2, Tanaka (Japan) colorimeter model was used to
analyze the model asphaltene after degradation. Furthermore, radical
trapping experiments were conducted during piezo degradation of
aphaltene in order to identify the primary active species. Scavengers
such as NayEDTA, IPA, and BQ were added to the fuel system in order to
quench h+, OH radicals, and oxygen radicals.

2.4. Characterization of Ni,Mn,O piezo catalysts

An X-ray diffractometer (Philips X’pert Pro MPD, The Netherlands)
was used to analyze the crystal structure of the samples. The radiation
used was Ni-filtered Cu Ko radiation (A = 1.54 /1’\). An ultrasonic bath of a
20 kHz ultrasonic device rated at 250 W was used to perform the
sonochemical reaction. X-Max Oxford, England, was used to perform the
EDS analysis (energy dispersion spectroscopy).FESEM images were
recorded using the IGMA/VP system from ZEISS, Germany. A trans-
mission electron microscope (TEM, Zeiss) was used to obtain TEM
images.

3. Results and discussions
3.1. Characterization of Ni,MnyO piezo-catalyst

As far as we know, this is the first report on the degradation of
asphaltenes by a piezo catalyst. In order to accomplish this, NixMn;O
Piezo catalysts were prepared by fast, simple, and energy-saving mi-
crowave techniques. In the first step of the investigation, we examined
the effect of the following parameters on the morphology and chemical
composition of final Piezo catalysts: 1. microwave cycling time effect, 2.
the concentration of precursors, 3. the ammonia concentration effect,
and 4. the power of the microwave. According to XRD results (Fig. 1),
changing synthesis parameters may affect x and y in Ni,Mn,O structures;
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Fig. 1. XRD patterns of prepared catalysts a) N1- N5, b) N6-N10, and c) x and y value for N1-N10.

however, the phase of catalysts does not change. The crystal size of
NiyMnyO piezocatalysts was also affected by synthesis parameters.
Detailed information about the chemical composition, phase, and crystal
size of all catalysts was presented in Table 2. X and y in NiyMnyO pie-
zocatalysts was calculated based on XRD data. As part of the synthesis of
NixMnyO piezocatalysts, three different cycling times were examined on
the chemical composition and crystal size of the piezo catalyst, including
2 min on followed by 30 s off, 2 min on followed by 1 min off, and 2 min
on followed by 2 min off. Increasing the off time between each cycle
resulted in a decrease in x and an increase in y values. Furthermore, by
increasing the off time, crystal sizes were reduced. In addition, Fig. S1
indicates that the catalysts were almost amorphous prior to being
calcined at 450 °C for 3 h.

Increasing the concentration of Ni and Mn precursors first resulted in
a decrease in the x value and an increase in the y value, and then an

Table 2
Detailed information about the chemical composition, phase, and crystal size of
all catalysts.

Sample  Chemical Phase  JCPDS Group Crystal Size
Formula Space (nm)

N1 Nig gsMng o750 Cubic  96-901- Fm-3m 5.3
3978

N2 Nig.g5Mng.0750 Cubic  96-901- Fm-3m 46
3978

N3 Nig.7sMng 1250 Cubic  96-901- Fm-3m 4.6
3976

N4 Nig75Mng 1250 Cubic  96-901- Fm-3m 5.1
3976

N5 Nig.oMng o050 Cubic 96-901- Fm-3m 4.7
3979

N6 Nig gMng ;0 Cubic 96-901- Fm-3m 3.7
3977

N7 Nig.75Mng 1250 Cubic 96-901- Fm-3m 3.9
3976

N8 Nig.7sMng 1250 Cubic  96-901- Fm-3m 3.8
3976

N9 Nig.gMng 10 Cubic  96-901- Fm-3m 42
3977

N10 Nig.gMng 10 Cubic  96-901- Fm-3m 17.8
3977

increase in the x value and a decrease in the y value. In addition,
increasing the ammonia amount by 50% and 100% resulted in a
decrease in the x value from 0.85 to 0.75 and an increase in the y value
from 0.075 to 0.125. As far as crystal size is concerned, increasing the
ammonia value first decreased and then increased the size of the crystal.
When the volume of ammonia was increased by 50% and 100%, how-
ever, the size remained almost constant.

In the case of a decrease in microwave power from 700 W to 540 W,
the x and y values were changed from 0.85 to 0.075 to 0.75 and 0.125,
while the crystal size decreased from 5.3 nm to 3.8 nm. It was achieved
by applying microwave power of 385 W that the x and y values of the
crystal were 0.8 and 0.1, respectively, while the crystal size was 4.2 nm.
Use mixing solvent also changed the values of x and y from 0.85 to 0.8
and 0.075 to 0.1, respectively.

An SEM analysis of N1-N10 was conducted to examine the effect of
microwave cycling time, precursor ratio, ammonia concentration, and
microwave power on piezo catalyst morphology. Fig. 2 a-i and Fig. 3 a-c
present the results.

In SEM images, it was found that increasing the off time in each cycle
did not significantly affect the morphology of the products. Almost
spherical nanoparticles are the characteristic morphology of N1-N3
piezo catalysts. Increasing the off time in each microwave cycle, how-
ever, led to an increase in the size of prepared NjxMn;O nanostructures.
XRD and SEM results indicated that changing the concentration of
precursors has a significant impact not only on the chemical composition
of products but also on their morphology. Upon doubled concentrations
of nickel and manganese precursors, nanoparticles begin to assemble
and form larger particles. Nanoparticles formed Nano-flower-like
NixMnyO nanostructures when nickel and manganese precursor con-
centrations were increased four-fold. The results of an investigation into
the effect of ammonia concentration indicate that increasing ammonia
concentration affects the chemical composition of the products rather
than their morphology. We examined the effect of microwave power on
the morphology of NiyMnyO nanostructures at three different micro-
wave powers, including 700 W (N1), 540 W (N8), and 385 W (N9).
According to Fig. 3 a and b, higher microwave power resulted in smaller
nanoparticles, but it did not affect their morphology, and for all three
microwave powers, spherical nanoparticles were obtained. Last but not
least, the effect of solvent on the morphology of NiyMnyO nanostructures
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Fig. 2. SEM images for piezo catalysts N1-N10: a) N1, b) N2, c¢) N3, d) N4, e, f, g) N5, h) N6, and i) N7.

was investigated. To accomplish this, distilled water (N1) and a mixture
of distilled water and ethanol (N10) were used to prepare NiyMnyO
nanostructures. It was found that particles were larger when mixed
solvents were used (Fig. 3 c). It can be seen in Fig. 3 d that the champion
NixMnyO piezo catalyst exhibited nanoparticles of 10-40 nm in diam-
eter. Fig. 3 e-g illustrates the EDX results for N7, N3, and N5 which
exhibited the highest piezo-catalytic activity regarding asphaltene
degradation. In Fig. 3 h and i, the EDX results of N9 and N8 were shown,
which showed the lowest level of piezo-catalytic activity regarding
asphaltene degradation. A supporting document (Fig. S2) contains the
EDX results of other samples.

3.2. Effect of synthesis parameters on the piezo degradation of asphaltene

In order to investigate the effect of cycling time, precursor concen-
tration, microwave time, and solvent on asphaltene degradation effi-
ciency (ADE), N1-N10 piezo catalysts were used to remove asphaltene
from toluene. It should be notice that we examined the possibility of
absorption of asphaltene over the catalyst by stirring the solution in the
dark in the presence of prepared piezo catalysts. Results showed that up
to 4% of asphaltene has been absorbed over a piezo catalyst that is
nugatory. In addition, bare ultrasonic (without piezo catalysts) only
degrades 1-2 % of asphaltene.

3.2.1. Effect of off time in microwave cycle on degradation of asphaltene

To study the effect of off time in the microwave cycle on the
degradation of asphaltene, N1, N2, and N3 samples were used for the
degradation of asphaltene in toluene. The calibration curve of asphal-
tene in toluene was conducted prior to the degradation test of asphaltene
by the prepared catalysts (Fig. S3). When the off time in each cycle was
30 s, asphaltene degradation efficiency was determined to be 87.1%. By

increasing the off time during catalyst synthesis to 1 min and 2 min, ADE
was increased to 89.7% and 92.4 %, respectively (Fig. 4a). By comparing
XRD, EDX, and SEM results of N1, N2, and N3, we can figure out that
catalyst with bigger particle size and less Ni content showed higher ADE.
NixMnyO appears to act as a dopant, and increasing the Mn content in-
creases the asymmetry of the catalyst and increases its piezocatalytic
activity.

3.2.2. Effect of initial concentration of Ni and Mn on degradation of
asphaltene

By doubling and quadrupling the initial concentration of Ni and Mn,
we examined the effect of precursor concentration on the piezo catalytic
activity of NixMnyO nanostructures. In this study, the results indicated
that the piezo degradation rate of asphaltene was increased when Ni and
Mn concentrations were increased (Fig. 4 b). By doubling the initial
concentration of Ni and Mn, asphaltene degradation rate increased from
87.1% to 89.5 %. XRD and SEM results showed that doubling Ni and Mn
concentration led to decrease the Ni amount in piezo catalyst and in-
crease crystal size. More increasing the Ni and Mn concentrations led to
change the morphology of products and flower like structures were
formed. This could explain the higher asphatene degradation rate
despite increasing the Ni amount in N5. As a result of the intricate
morphology of flower-like structures, several factors can affect their
piezoelectric behavior, such as surface area, crystal orientation, Strain
distribution, flexibility, polarization alignment. Due to their intricate
morphology, flower-like structures often have a large surface area.
Increasing the surface area of a material can enhance its interaction with
external mechanical forces, resulting in improved piezoelectric perfor-
mance. It is important to note that the piezoelectric properties of a
material are strongly influenced by its crystal structure and orientation.
The arrangement of petals or branches in flower-like structures may
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W.M. Ibrahim et al.

affect the crystallographic orientations, which may affect piezoelectric
properties. Compared to single-crystal counterparts, piezoelectric
properties can be enhanced by multiple orientations. There can be
variations in strain distribution throughout the material due to the
complex morphology of flower-like structures. As a result of the non-
uniform strain distribution, localized electric fields may be generated,
resulting in an enhanced piezoelectric effect. Because of their unique
architecture, flower-like structures are often flexible. In response to
mechanical stress, flexibility allows for a greater degree of deformation,
resulting in increased piezoelectric response. An alignment of the po-
larization of the piezoelectric material is essential to ensure the material
exhibits significant piezoelectric properties. A flower-like morphology
can facilitate the alignment of polarized domains, resulting in improved
piezoelectric performance.

3.2.3. Effect of initial concentration of ammonia on degradation of
asphaltene

By applying three different concentrations of ammonia during the
synthesis of NiyMnyO nanostructures, we investigated the effect of
ammonia concentration on the piezo degradation of asphaltene. In
accordance with the results presented in Fig. 4 c, increasing ammonia
concentration led to an improvement in asphaltene degradation. 87.1%
of asphaltene degradation was observed when the amount of ammonia
was 4 mmol. The degradation rate was boosted to 90.9 % by increasing
the amount of ammonia by 50 percent. Increasing the ammonia amount
by 100 percent was eventually able to achieve a 94.7 % efficiency rate.
XRD results indicate that N7, which shows the highest degradation ef-
ficiency when it comes to asphaltene, has the lowest Ni content, while
N1, which shows the highest Ni content, has the lowest asphaltene
degradation efficiency.

3.2.4. Effect of microwave power on degradation of asphaltene
Microwave power was considered as another parameter that could
affect the piezo catalytic activity of Ni,MnyO nanostructures. We studied
the effect of microwave power by applying N1, N8, and N9 as piezo
catalyst to degrade asphaltene. Related results are illustrated in Fig. 4 d.
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Based on the results, asphaltene degradation was decreased by
decreasing microwave power. Asphaltene degradation efficiency was
87.1%, 78.6, and 65.3 % when microwave power was 700 W, 540 W,
and 385 W, respectively. Various studies have demonstrated that higher
microwave power can result in greater crystallinity because more energy
can be provided for crystal nucleation and growth [46-48]. Further, it
has been demonstrated that higher microwave power enhances the op-
tical and catalytic properties of nanomaterials, as it improves the rate of
charge transfer and separation [46-48]. Thus, N1 may display better
piezo activity due to its higher crystallinity and higher charge transfer.

3.3. Effect of operation conditions on the degradation efficiency of
asphaltene

There are several parameters that could affect the asphaltene
degradation rate during piezo catalytic teste including catalyst dosage,
asphaltene concentration, ultrasonic power, and ultrasonic time. Uti-
lizing N3 as the piezo catalyst and 300 W of ultrasonic power, we sys-
tematically examined the effect of these parameters on the degradation
efficiency of 30 ppm asphaltene.

3.3.1. Effect of Ni,Mn, O dosage on the degradation efficiency of asphaltene

There is a significant effect that can be made on the kinetics of a
reaction and the overall efficiency of the process depending on the
amount and dosage of catalyst used. In order to assess the effect of
NixMnyO dosage on asphaltene degradation efficiency, four catalyst
dosages of 0.4 g/L, 1 g/L, 2 g/L, and 4 g/L were used in piezo degra-
dation of asphaltene while maintaining the following parameters:
asphaltene concentration was 30 ppm, ultrasonic power, and duration
were 300 W and 2 h, respectively. Increasing NixMnyO dosage increased
ADE rates, as shown in Fig. 5 a. When no piezo catalyst was used, bare
ultrasonic treatment only degrades around 1% of asphaltene. By using
0.4 g/L of NiyMn,O for the piezo degradation batch, an ADE% of 43.7 %
was obtained. As a result of the low dosage of 0.4 g/L, the reaction
appears to proceed slowly. Due to the lack of catalysts present, the re-
action may not be able to take place effectively. As a result of the piezo
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Fig. 5. Effect of operation parameters during piezo degradation of asphaltene on ADE%: a) catalyst dosage, b) asphaltene concentration, c) ultrasonic power, and d)

ultrasonic irradiation time.
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degradation test conducted with 1 g/L of NixMnyO, ADE% increased by
37.5% and reached 60.1%. The ADE% increased further to 76.5 % and
92.4 % when the Ni,Mny;O dosage was increased to 2 g/L and 4 g/L. In
general, the rate of the reaction increases with an increase in the catalyst
dosage. The higher catalyst dosage allows a greater number of reactants
to participate in a reaction by providing an alternative reaction pathway
with lower activation energy. As a result, the reaction rate is accelerated.

3.3.2. Effect of asphaltene concentration on the piezo degradation
efficiency

The degradation efficiency of catalysts can be affected significantly
by the concentration of pollutants. The performance of catalysts is
generally governed by the concentration of pollutants within a specific
range. The effect of asphaltene concentrations on ADE% was studied
using different asphaltene concentrations including 10, 20, 30, and 50
ppm (Fig. 5 b). ADE reaches 99.5% when a low amount of asphaltene
(10 ppm) is present in toluene. As asphaltene content was increased to
20 ppm and 30 ppm, the ADE% decreased to 96.6% and 92.4%,
respectively. As a final step, piezo degradation testing was conducted for
asphaltene content of 50 ppm, which resulted in a decrease in ADE% to
71.5%. In this study, the ADE% was decreased by increasing asphaltene
content since higher pollutant concentrations can saturate the active
sites on the catalyst’s surface [49,50], which results in a decrease in
degradation efficiency. When the active sites are occupied by a high
concentration of pollutants, the catalyst’s ability to adsorb additional
reactants and promote their degradation may be hindered. Due to
overcrowding, high concentrations of pollutants can cause mass trans-
port limitations, preventing the reactants from reaching the active sites
efficiently [51,52]. The result may be a reduction in the amount of
pollutants that are in contact with the catalyst surface, thereby limiting
degradation efficiency.

3.3.3. Effect of ultrasonic power on the piezo degradation efficiency

It is well known that ultrasonic power has a significant impact on the
catalytic activity of piezo catalysts. Ultrasonic waves generate me-
chanical vibrations which result in acoustic cavitation when applied to
the catalyst [53,54]. In the catalyst solution, cavitation causes tiny
bubbles to form and collapse. A microjet is created when bubbles
collapse, generating localized high temperatures and pressures. By
generating intense shear forces and turbulence within the solution, these
microjets promote enhanced mass transfer and improve access to the
catalyst’s active sites for reactants. Cavitation and microjet formation
are generally more vigorous at higher ultrasonic power levels. This
increased mechanical energy can improve the catalytic activity by
accelerating reaction rates and enhancing the efficiency of the catalytic
process. Fig. 5 c illustrates the effects of ultrasonic power on the ADE%.
According to the results, ADE% was 68.9 % when ultrasonic power was
100 W. When ultrasonic power was increased to 200 W, degradation
efficiency improved to 84.7%. The degradation efficiency improved
further to 92.4% when ultrasonic power was increased to 300 W. As
ultrasonic power is increased, the diffusion and mass transfer of re-
actants to the catalytic sites is increased, resulting in an increase in ADE
%. The catalytic activity can be enhanced by improving mass transfer. As
well, an increase in ultrasonic power may result in fragmentation or
dispersion of the piezo-catalyst particles, resulting in more surface area
available for catalytic reactions. By reducing particle size or increasing
dispersion, more active sites are available for reactant adsorption and
reaction, thus improving the overall catalytic activity. A higher me-
chanical force resulted in greater deformation of the piezo catalyst as
well as a higher level of free radical production.

3.3.4. Effect of ultrasonic time on the piezo degradation efficiency

Fig. 5 d illustrates how ultrasonic time influences asphaltene
degradation. The ultrasonic time can have a significant impact on the
degradation efficiency of asphaltene by piezo catalysts. Degradation
efficiency can generally be enhanced by prolonged ultrasonic exposure
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times. According to the results, 71.6 % of asphaltene was degraded
during 15 min of ultrasonic vibration. ADE% was increased to 79.4% by
extending the ultrasonic time to 30 min. Following a 60 min and 120
min piezo degradation test, the ADE% reached 90.2 % and 92.4 %,
respectively. After 60 min, the ADE% was almost constant. Increased
ultrasonic time resulted in higher degradation rates because more
cavitation bubbles are formed when ultrasonic waves are applied for a
longer duration, resulting in more reactive species. It should be noted,
however, that there is a threshold beyond which further increases in
ultrasonic time may not significantly enhance degradation efficiency.
The reason for this is that, after a certain point, the concentration of
reactive species reaches a saturation point, which limits the amount of
further degradation that can occur.

3.4. Stability and reusability of NiMn,O piezo catalysts

In environmental remediation and industrial processes, catalyst
reusability is of great importance. The reusability of catalysts is highly
valued for a number of reasons, including cost-effectiveness, process
efficiency, sustainability, scalability, and waste reduction. The cost of
producing or acquiring catalysts may be high, particularly if they
contain rare or precious metals. It is possible to extend the lifespan of
catalysts by reusing them, thereby reducing the need for frequent
replacement or replenishment which leads to cost savings. Catalysts that
are reusable contribute to sustainable practices by reducing resource
consumption and waste production. The use of catalysts repeatedly re-
duces the demand for raw materials and energy-intensive production
processes. Catalytic performance is maintained over time, allowing
continuous operation and improved productivity. Consequently, pro-
duction costs, reaction times, and energy requirements can be mini-
mized. Using reusable catalysts reduces the amount of waste generated
by reducing the amount of catalyst material that needs to be discarded
after each use. As a result, this is especially beneficial when dealing with
hazardous or environmentally harmful catalysts, since it reduces the risk
associated with their disposal.

Based on the results shown in Fig. 6, N3 exhibits a high degree of
reusability. N3 degraded 92.4 percent of asphaltene in the first run. As a
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Fig. 6. Reusability of NixMn,O as piezo catalyst in degradation of asphaltene.



W.M. Ibrahim et al.

result of reusing it in the degradation of asphaltene, the ADE% slightly
decreased to 92.3%. Therefore, the ADE% remains constant and this
difference may be due to human error. As a result of reusing N3 in the
third run, an ADE% of 92.7% was achieved. As a result of the fourth run,
an ADE% of 92.6% was achieved. The results indicate that ADE% was
almost constant for the first six runs, but slightly decreased for the first
eleven runs. In the 12th cycle of reusing N3, the ADE% had dropped to
34.5%.

3.5. Kinetic and thermodynamic of asphaltene degradation by piezo
catalyst

The degradation of asphaltene using piezoelectric materials involves
both kinetic and thermodynamic factors. Surface area and the number of
reactive species are two factors that may influence the kinetics of piezo
asphaltene degradation. The degradation of asphaltene follows the
second-order model after fitting the reaction rate with zero, first, and
second-order models. According to the results shown in Fig. 7a, b and
Table 3, the R? for the second-order kinetic model was closer to 1 at all
three temperatures (293 K, 303K, and 313 K). This indicated that the
asphaltene degradation pathway significantly depends on asphaltene
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Fig. 7. a) ADE% over time at 293 K, 303 K, and 313 K, b) Second order fitting
for asphaltene degradation at 293 K, 303 K, and 313 K, c¢) LNK Vs 1/T Plot for
the experimental data for the evaluation of thermodynamic Parameters of the
degradation of asphaltene.
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Table 3
R2 for zero, first, and second order kinetic of degradation of asphaltene by
NiyMn,O piezo catalysts.

Reaction R? zero R? First R? second Ko ML
temperature, °C order order order min )
20 0.76 0.94 0.99 0.0063
30 0.75 0.87 0.95 0.0028
40 0.75 0.86 0.94 0.0019

concentration. It was found that by increasing the temperature of the
reaction, the rate constant (K) decreased. K was 0.0063 M~ min~! when
the piezo degradation reaction was conducted at 293 K. This value was
decreased to 0.0028 M ™! min™! when the piezo degradation reaction
was conducted at 303 K, and to 0.0019 M~! min~! when it was con-
ducted at 313 K.

Egs (1)—(3) were used to study the thermodynamics of piezo degra-
dation of asphaltene, including the changes in enthalpy (AH®), entropy
(AS°), and Gibbs free energy (AG®).

qe

Ke= (€9)]
ce
AH® (1 AS°
Loty 24 (1)1 (85) @
AG= — RTLnK 3

A thermodynamic study for asphaltene degradation by NjMnyO
piezo catalysts indicated that the reaction is exothermic. AH value for
piezo degradation of asphaltene was —45.85 kJ mol~!. Here, R (8.314
Jmol~! K1) is the universal gas constant, T (K) is the temperature, and
Kc is the equilibrium constant according to Eq. (2). With the slope and
intercept of the van Hoff diagram calculated using the In Kc as a function
of 1/T, we can find the AH° and AS° values using the slope and intercept
from the diagram (Fig. 7 c). By using Eq. (3), it is possible to calculate
AG°® at the desired temperature. In Supplementary Table S1, the results
of the calculation of thermodynamic variables at different temperatures
are presented. In standard conditions, a positive AG ° indicates that a
chemical reaction is not spontaneous. In a chemical reaction under
standard conditions, a negative AS° (Delta S standard) indicates a
decrease in entropy during piezo degradation of asphaltene.

3.6. Mechanism of asphaltene degradation by piezo catalyst

In order to design effective pollution remediation, process optimi-
zation, and predict degradation pathways, it is essential to understand
the reaction mechanism of asphaltene degradation. For this purpose, we
performed a free radical scavenger experiment using benzoquinone (BQ)
to scavenge superoxide radicals, Nay-EDTA to catch holes, and iso-
propanol (IPA) to capture hydroxyl radicals [55,56]. Additionally, we
used N3 as a piezo catalyst in a solution containing 30 ppm asphaltene.
Based on the results presented in Fig. 8 a, when BQ was used in
asphaltene degradation, ADE% decreased from 92.4% to 75%. As a
result of adding Nay-EDTA to the piezo-catalyst system, the ADE%
decreased to 37%. In addition, when IPA was added to the system, an
ADE% of 35% was obtained. Results show that superoxide radicals,
holes, and hydroxyl radicals are involved in the degradation of asphal-
tene by NixMnyO piezo catalysts. However, hydroxyl radicals and holes
are responsible for the majority of asphaltene degradation. In light of
these results, we have proposed a mechanism for the piezo-degradation
of asphaltene in toluene using NiyMnyO piezo catalysts (Fig. 8 b). In
accordance with the catalyst mechanism, electrons, and holes are
generated as a result of ultrasonic vibration stimulating NixMnyO piezo
catalyst. A portion of the holes are capable of reacting directly with
asphaltene and degrading it. Furthermore, the hole produced hydroxyl
radicals, which could attach to asphaltene and cause degradation. There
are two possible sources for OH to produce OH radicals. It’s worth
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Fig. 8. a) The degradation of asphaltene by Ni,Mn,O was investigated in the presence of BQ, EDTA, and IPA as scavengers. b) The proposed mechanism for the
degradation of asphaltene by Ni,Mn,O under the influence of ultrasonic radiation.

noting that asphaltenes contain an OH functional group that has the oxygen to produce superoxide free radicals, which could contribute to
potential to react with holes and generate OH radicals. In addition, they the degradation of asphaltene.

can act as a surfactant with a nonpolar part that is attracted to oil and a

polar part that can bind with water or polar compounds. Consequently, 4. Conclusion

they may capture some water molecules, which could then react with

holes and produce OH radicals. In addition, an electron may react with In this study we developed a new method for degradation of
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asphaltene that is fast, clean, and cost-effective. Here NiyMnyO piezo
catalyst was used to degradation of asphaltene under ultrasonic irradi-
ation. PFM results showed that the NixMnyO piezo catalyst has d33 of
about 350 pC/N indicated a high piezo response in the champion cata-
lyst. Results showed that up to 94.7 % of asphaltene could be degraded
by adjusting conditions in the present of a piezo catalyst, while bare
ultrasonic treatment only degrades around 1% of asphaltene. Results
showed that synthesis parameter including off time in each microwave
cycling, precursor concentration, ammonia concentration, microwave
power and time have significant effect on ADE%. Results showed that
asphaltene degradation was increased by increasing off time, precursor
concentration, and microwave power. Furthermore, operation parame-
ters including dosage of NiyMnyO piezo catalyst, asphaltene concentra-
tion, ultrasonic power and time influence the asphaltene degradation
yield. Based on the results, ADE% was increased by increasing dosage of
NixMnyO piezo catalyst, increasing ultrasonic power and time, and
decreasing asphaltene concentration.

The results of the kinetic studies indicated that NixMnyO is able to
degrade asphaltene following second-order laws. Furthermore, the
study demonstrated that the degradation pathway is significantly
affected by asphaltene concentration. It was found that by increasing the
temperature of the reaction, the rate constant (K) decreased. K was
0.0063 M~ ! min~! when the piezo degradation reaction was conducted
at 293 K. A thermodynamic study for asphaltene degradation by NjM-
nyO piezo catalysts indicated that the reaction is exothermic. AH value
for piezo degradation of asphaltene was —45.85 kJ mol L.

Based on the scavenger experimental results, when BQ was used in
asphaltene degradation, ADE% decreased from 92.4% to 75%. As a
result of adding Nap-EDTA to the piezo-catalyst system, the ADE%
decreased to 37%. In addition, when IPA was added to the system, an
ADE% of 35% was obtained. Results show that superoxide radicals,
holes, and hydroxyl radicals are involved in the degradation of asphal-
tene by NiyMnyO piezo catalysts. However, hydroxyl radicals and holes
are responsible for the majority of asphaltene degradation.
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