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Abstract : Since the enforcement of strict regulations on marine fuel oil sulfur content, demand for Low Sulfur Fuel Oil (LSFO) has been increasing.
However, as LSFO properties vary greatly depending on the supply timing, region, and supplier, LSFOs can experience problems with sludge formation,
blending compatibility, and stability once mixed into storage tanks. This study investigates using ultrasound cavitation effects to improve the quality of
LSFOs in storage tanks. For marine gas oil (MGO), the results showed that the relative ratio of high molecular weight compounds to those of low
molecular weight decreased after ultrasonic irradiation, due to cavitation-induced cracking of chemical bonds. For marine diesel oil (MDO) and blended
oil, a small increase in the relative abundance of low weight molecular compounds was observed after treatment. However, no correlation between time

and relative abundance was observed.

Key Words : Low Sulfur Fuel Oil (LSFO), Blended fuel, Ultrasonic energy, Cavitation, Gas Chromatography/Mass Spectrometry (GC/MS)
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1. Introduction as the use of low sulfur fuel oil (LSFO), installation of
desulfurization facilities such as scrubbers in ships, and the

According to international regulations, all ships on international ~ introduction of liquefied natural gas (LNG) fueled ship in order to

voyages must use only fuel with a sulfur content of 0.5 % or less, respond to international regulations. The shipping companies prefer

and only use fuel oil with a sulfur content of less than 0.1 % to use low sulfur fuel oil because desulfurization facilities such as

which is a stricter standard, in emission control areas (ECA) (IMO, scrubbers incur additional cost and it is not easy to be applied to

2016). Shipping companies in each country are using methods such other ships except target ship in the case of LNG fueled ship (Lee

and Ryu, 2019). As the consumption of LSFO is expected to

+ jungsikchoi@mmu.ac kr increase rapidly, large refineries and crude oil suppliers around the
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world are continuously expanding their LSFO production facilities.

Hydro-desulfurization (HDS) technology, which is the most
widely used technology for low sulfur oil production, can
effectively remove low molecular weight sulfur compounds.
However, the deep-desulfurization process, which removes high
molecular sulfur compounds, requires a higher temperature and
pressure than conventional processes and has been a problem
because of continuous hydrogen consumption (Javadli and Klerk,
2012). Recently, oxidative desulfurization (ODS) technology, which
is a method of extracting sulfur by oxidation with sulfur dioxide
(SO,), has been used instead of the deep-sulfurization process
(Filippis and Scarsella, 2003). Although these methods can
effectively remove sulfur in fuel oil, they can be applied only to
some large refineries due to facility cost. Most other fuel suppliers
are supplying blended LSFO by mixing low-sulfur oil and
high-sulfur oil.

Physically mixed LSFO has caused quality problems and it
has been reported that more than 55 % of shipping companies
experienced fuel quality problem (BIMCO et al., 2020). Inadequate
mixing of different fuel oils generates excessive sludge and reduces
mixing and storage stability (Lee and Kim, 2019). Due to the
characteristics of the ship operation where the bunkering location is
not constant, low sulfur oil of different quality can be mixed with
the oil remaining in the onboard storage tank. Blending is regarded
as simple process in a physical point of view, but the properties of
fuel oil vary greatly depending on the production time of fuel oil
and the method of refining, so several factors must be considered
when oil mixing.

Polymer compounds such as sludge produced by improper
mixing cause blockage of pumps and filters in the fuel system, and
increase air pollution due to incomplete combustion and
inappropriate fuel oil supply to the fuel injection system. As a
physical treatment to remove polymer compounds from fuel oil,
adoption of purifier brings a solution. Due to problems such as the
use of low sulfur oil manufactured by a heterogeneous fuel oil
mixing and the generation of sludge induced by the irregular
mixing of residual oil in the ship, the ship might be asked to
install.

Cavitation is a phenomena formed as a pressure change in fluids
due to velocity change. When a liquid moves at a high speed, the

pressure of the liquid is lowered below the vapor pressure and

vapor bubbles are generated in the liquid (Brennen, 1995). At the
point where the cavity collapses, high temperature (5000 °C) and
high pressure (1000 atm) is instantaneously formed (Jafari et al.,
2018). This promotes chemical reaction by breaking or bonding the
chemical bonds of molecules and generating free radicals in the
process (Bolla et al., 2012). In addition, it is known that a micro
emulsion is generated between the interfaces of heterogeneous
fluids. Recently, researches using ultrasonic energy for fuel oil
have been continuously published such as UAOD (ultrasonic
assisted oxidative desulfurization) research that increases the
efficiency of desulfurization by accelerating the oxidation reaction
of a fluid by using the ultrasonic cavitation effects (Margeta et al.,
2016; Zhou et al., 2020).

This study was conducted to improve the storage and mixing
stability of LSFO on ships by decomposing high molecular weight
compounds into low molecular weight compounds using the
cavitation effects of ultrasonic energy. For this purpose, the change
of chemical species for MGO (marine gas oil), MDO (marine
diesel oil), and the mixed oil was observed according to the
ultrasonic irradiation time. MGO is a pure distillate oil with low
turbidity and is commonly referred to as marine diesel. MDO is
manufactured by mixing light oil (MGO) and heavy oil (Bunker C
oil), and the mixing ratio of MGO and heavy oil is about 90:10.
Various of fuels applicable to ships are bunker C, MDO, MGO,
etc., but bunker C is not a low sulfur oil so it was excluded from
this experiment. Fuels were pretreated and analyzed using gas

chromatography mass spectrometry (GC/MS).

pPOOOY
—— Transducer
00000 £
Generator Ultrasonic
V horn
Beaker

Cooling chamber

Fig. 1. The schematic of ultrasonic experiment

equipment.
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2. Method and experiment

2.1 Ultrasonic equipment

A schematic diagram of the ultrasonic device is presented in
Fig. 1. The device is composed of an oscillator, a transducer, and
a horn type vibrator. The vibrator is directly exposed to sample oil
to effectively irradiate the ultrasonic. The maximum power of the
ultrasonic equipment is 600 W and the frequency is 19.8 kHz. The
beaker was inside of the cooling chamber to keep sample fuel

temperature constantly (around 4 °C).

2.2 Experiments

MGO, MDO and a blend of two fuels were used. Two types of
low-sulfur oil were mixed and used as sample to simulate the
mixing of different fuel oils in the onboard storage tank. The
blended oil was prepared by mixing MGO and MDO at a mixing
ratio of 50 wt.%. For homogeneous mixing of the sample oil, it
was stirred for about 30 min at 1000 rpm using a magnetic stirrer.
The ultrasonic horn was directly exposed in 500 ml of sample oil,
and the temperature of the sample oil was kept constant at a level
of 50 to 60 °C. The experiment was carried out continuously for
120 min, and samples were taken every 40 min for analysis. The
amount of each sample was 2 ml, and the effect of reducing the

total amount of sample oil due to sampling was neglected.

2.3 Analytical methods using GC/MS

Analysis was performed at the analysis center in the Korea
Advanced Institute of Science and Technology (KAIST) to
compare the chemical species of the sample oil. The fuel oil was
extracted with dichloromethane (DCM, above 99.8 %), and the
dilution ratio was adjusted to obtain a significant measured value.
ISQ-QD300 as GC/MS by Thermo fisher was used, and it consist
of an automatic injection device, a split/non-split injector, an oven,
and a single quadrupole mass spectrometer.

Table 1 shows the GC/MS analysis conditions. TG-5MS column
(Thermo scientific) which is non-polar and stable for heating
was used and it is composed of 5 % phenylmethyl polysiloxane.
Helium (He) gas was used as the mobile phase gas, and the flow
rate was 1 ml/min. After maintaing the initial temperature of the
column at 40 °C for 5 min, the temperature was raised to 300 °C
at a rate of 10 °C per min, and the final temperature was allowed

to stay for 10 min. Electron ionization (EI) was used as the

ionization method in the mass spectrometer, and the temperature of

the ion source was 280 °C.

3. Results and discussion

3.1 Characteristic of fuel oil before ultrasonic irradiation

The GC/MS analysis result of MGO, MDO, and mixed oil
before ultrasonic irradiation were presented in Fig. 2. The x-axis is
time (run time), and the y-axis is the signal of each peak

converted to an area fraction (Kim et al., 2019).

Table 1. GC/MS operating conditions

GC Conditions

Column TraceGoldTG-5MS
(10m x 0.1 mm % 0.1 um)
Inlet Temperature 300 °C
Inlet Mode Split
Column flow 1 mL/min (constant flow)
Oven Initial Temperature 40 °C for 5 min
Ramp #1 rate 10 °C/min
Ramp #1 final temperature 300 °C
Ramp #1 hold time 15 min
Run time 43 min
MS Conditions
Ion Source temperature 280 °C
Data acquisition delay 3 min
Mass range 5 — 1050 m/z

The relative ratio was to compare the composition ratio of
chemical species for each oil type, and was calculated by
calculating the ratio of the area sum of all chemical species to the
area of the target chemical species.

The ratio of n-alkane (C,Ha+2), a chain saturated hydrocarbon,
was calculated for each fuel oil and shown in Fig.3. Normal
alkanes are observed in the range of C; (heptane) to Cp;
(heptacosane), and it can be seen that the ratio of high molecular
compounds exceeding Cyo is little bit high in MDO. It is due to
residual oil (Bunker C) about 10 % in MDO. Bunker C is a dark
brown viscous oil obtained after distilling gasoline, kerosene, light
oil, etc. from crude oil. In MGO, relatively low molecular weight
alkanes (C;;~Ci9) were analyzed more than MDO, and about 16 %
more higher peak area than the MDO analyzed (Fig. 3).
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Fig. 2. GCMS result for MGO, MDO and blending oil before

ultrasonic irradiation.
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Fig. 3. The relative ratio of alkane in MGO, MDO and blending

oil before ultrasonic irradiation.

3.2 Characteristic of fuel oil after ultrasonic irradiation
3.2.1 MGO (marine gas oil)

Fig. 4 and Table 2 shows results of GC/MS analysis for MGO
oil according to the ultrasonic irradiation time, and it is expressed
as a bar graph by dividing into one group including each alkane
and all chemical species included between the alkanes. For
example, ~C, is the sum of all hydrocarbons observed after C;;
and the peak area of C;;Hys divided by the total area of the peak.
(For description, ~C, is expressed as Cp-sum)

As shown in the figure, as the ultrasonic irradiation time
increased, high molecular weight compounds exceeding Cigsum
decreased, and low molecular weight compounds less than Cig.gum

increased. The relative proportion of Cioqam before ultrasonic

irradiation was 0.68 %, but after ultrasonic irradiation, it increased
to 0.71, 0.80, and 2.03 % (time: 40 min, 80 min, and 120 min). In
the case of Ci7.sum, the largest decrease was observed, and 12.16 %
for Ci7.um before ultrasonic irradiation was observed to be
decreased to 12.00 %, 11.08 %, and 10.85 % (time: 40 minutes,
80 minutes and 120 min). The relative abundance of C7.qm ~ Cis-um
increased within the range of 0.34 % ~ 1.34 %, and the relative
abundance of Cis.sum ~ Co7.um decreased within the range of 0.29 %
~ 1.31 %. The total chemical species below Ci4.qum increased from
22.59 % to 23.34 %, 25.0 %, and 27.11 %, and those above

Cissum decreased from 74.46 % to 73.70 %, 71.61 %, and 69.40 %.
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Fig. 4. The relative ratio of the hydrocarbon(C, wm) in MGO with

ultrasonic irradiation.

High molecular compounds decomposed by ultrasonic energy
generate to low molecular species (ex: Cosum — Coium T Cojosum T
etc., here 1,j>0), at the same time, target chemical species (ex:
Chisum) are simultaneously decomposed (Cpisum — Chiksum +
Chitsum T etc., here k1 >0) by ultrasonic energy. Although it was
not possible to confirm a certain ratio relationship between the
increase and decrease of the relative abundance of chemical
species, it was found that the decomposition rate of the high
molecular compound was slightly higher than that of the low
molecular compound.

Due to the cavitation effects by ultrasonic, the high molecular
compound was cracked into small molecules so decrease in the
relative abundance of the high molecular compound was observed.
When aliphatic hydrocarbons are sonicated, decomposition of
chemical species occurs and decomposed into hydrocarbons with a

smaller structure.
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It has been reported that decane (CioHx) is decomposed to
hydrogen, methane (CH4), acetylene (C,H,), ethylene (C:Hi) and
propylene (CsHg) during ultrasonic irradiation (Suslick et al., 1983).
Aromatic and naphthenic hydrocarbons with large binding energy
are also decomposed through ultrasonic, and benzene (C¢Hs) and
toluene (C;Hg) aromatic hydrocarbons are decomposed into
hydrocarbons such as acetylene (C;H,) (Cataldo, 2000). At a
frequency of 40 kHz, part of asphaltene was decomposed, which is
known to be caused by radicals (-OH,-H) generated during
irradiation (Sadeghi et al., 1990). At this
hydrophobic and volatile compounds are mainly decomposed by

ultrasonic time,
radical and thermal decomposition reactions occurring in the
gas-liquid interface region and inside the bubble, and hydrophilic
and non-volatile compounds are decomposed by the tendency to
accumulate in the liquid phase (Psilakis et al., 2004).

Table 2. Relative abundance of C,gm in MGO with ultrasonic

irradiation

Hydrocarbon relative abundance (%)

Time (min) 0 40 80 120
Crsum 0.19 0.23 0 0
Cssum 0.68 0.71 0.80 2.03
Co.sum 135 1.52 1.57 1.69
Cizsum 3.87 4.16 4.60 4.90
Cisum 6.37 6.50 7.14 7.41
Crasum 10.13 10.22 10.90 11.08
Cissum 11.81 11.48 11.57 11.52
Crosum 12.14 12.47 12.15 11.88
Chrsum 12.16 12.00 11.08 10.85
Crgsum 1031 10.55 9.61 9.42
Ciosum 9.14 8.92 8.19 7.94
Corsum 6.57 6.56 6.30 6.19
Corsum 12.33 11.72 12.71 11.6

Fig. 5 and Table 3 shows only the proportion of alkanes in
MGO, and all of the chemical species above C4 except for Cy
shows decreasing relative abundance according to the ultrasonic
irradiation time. After 40 min, C;5, Ci5, Ci7, Cis, Cio, and Cy,
alkanes decreased by 0.22 %, 0.23 %, 0.29 %, 0.11 %, 0.17 %,
0.07 %, respectively, compared to previous ultrasonic. After
irradiation, it decreased by the proportions of 0.39 %, 0.82 %,
1.14 %, 1.11 %, 0.87 %, 0.80 %, 0.57 % (Cis, Cis, Cis, Ci7, Cis,
Cyo and Cy,), respectively. In contrast, it can be seen that alkanes

below Ci; increased from 0.06 % to 0.3 %. The reduction of the
high molecular compound becomes bigger as the ultrasonic
irradiation time increases, and it is estimated that the chemical
bond cracking occurs due to the cavitation effects by the
ultrasonic.

Although the rate of decomposition is different depending on
the compound, it can be seen that the reduction rate of Cis to Cig
is the greatest between 40 and 80 min based on the ultrasonic
irradiation time. When the ultrasonic irradiation time kept more
than 80 min, low molecular compounds less than C;o were not
detected, and high molecular weight compounds exceeding Cy;
were rather increased. Because free radicals are generated when a
high molecular compound is decomposed into a low molecular
compound. If the cavitation effects continues for a certain period
of time or more, the rate at which the already generated radicals
are recombined to the compound increases rather than the rate at
which the compound is decomposed to form other compounds
(Najafi and Amani, 2011).

[J0min

V221 40 min
B3 80 min
120 min

Peak area (%)

NN

Cc18 C19 C22 cC27

Alkane(C H, )

n' 2n+2

Fig. 5. The relative ratio of alkane in MGO with ultrasonic

irradiation.

Changes in the species ratio of alkanes are clearly observed

compared to changes in various compounds, which are

cycloalkanes, multiple-bonded  hydrocarbons, and aromatic
hydrocarbons in fuel oils. The alkane species having less binding
makes

decomposition than others by ultrasonic energy. About 75 % of

energy than other hydrocarbon and it more easy
aliphatic hydrocarbons and 25 % of aromatic hydrocarbons exist in
oil, and the alkane compound has the largest proportion(Handbook
of air pollution from internal combustion engines, 1998; Huth and

Helios, 2013).
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Comparing the bonding energy between carbons, the C-C bond is
331 klJ/mol, C=C is 614 kJ/mol, the hybrid structure is 518 klJ/mol,
and the bonding energy between C=C is 839 kJ/mol. Since the
binding energy of an alkane is smaller than that of multiple bonds
and aromatic hydrocarbons, it is more easily decomposed even

with a small energy.

3.2.2 MDO & Blending oll

Fig. 6 shows results of GC/MS analysis for MDO according to
the ultrasonic irradiation time, and it is expressed as a bar graph
by dividing into one group including each alkane and all chemical
species included between the alkanes. In contrast to MGO, no
significant change in the composition of the compounds present in
MDO was observed. A partial increase (0.07 to 0.33 %) of the
relative abundance for low molecular compounds was observed
after ultrasonic irradiation, but no correlation between time and

relative abundance was observed.

Table 3. Relative abundance of C, in MGO with ultrasonic

irradiation

Hydrocarbon relative abundance (%)

Time(min) 0 40 80 120
G 0.19 0.23 0.00 0.00
Co 0.68 0.71 0.80 0.87
Cu 1.07 1.09 1.23 132
Ci 1.94 1.98 2.15 225
Ci 2.98 3.03 3.05 3.04
Cu 426 426 3.96 3.87
Cis 5.15 4.93 451 433
Cis 521 4.98 430 4.07
Cy 479 450 3.91 3.68
Cis 4.06 3.95 331 3.19
Cuo 3.52 335 2.82 2.72
Cx 3.20 3.13 2.74 2.63
Cy 1.32 1.29 139 139

The correlation between the irradiation time and the relative
abundance of the compound was not clearly observed as the
decomposition and binding of the compound were repeated as the

ultrasonic irradiation continued.
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Fig. 6. The relative ratio of the hydrocarbon(C,.am) in MDO on

ultrasonic irradiation.

Fig. 7 shows results of GC/MS analysis for Blending oil
according to the ultrasonic irradiation time. Similar to MDO, a
change was not clearly observed according to the ultrasonic
irradiation time.

Decomposition of high molecular compositions are governed by
the frequency and the power of ultrasonic. It is known that the
higher frequency and power of ultrasonic brings the better
dispersion and decomposition molecular characteristics. PAH
(polycyclic aromatic  hydrocarbons) compounds are almost
decomposed in about 60 to 120 min under irradiation conditions of
80 kHz, 150 W ultrasonic waves (Psilakis et al., 2004), and some
asphaltenes in heavy oil were decomposed under irradiation
conditions of 40 kHz (Sadeghi et al., 1990). The frequency of the
ultrasonic equipment used in this experiment was 19.8 kHz, which
may not be sufficient to completely decompose various polymeric
compounds. Since it is effective for chemical species with small
binding energy, it has a limited effect to the compounds which
have high binding energy. In addition, since radicals generated by
cavitation makes compound recombination (Najafi and Amani,
2011) and induce decomposition of the material in other parts at
the same time, the ratio change of chemical species may not be
observed to a noticeable degree.

Since the optimal irradiation time for compound decomposition
depends on the characteristics of the sample oil (viscosity, surface
tension, etc.), it was difficult to clearly define the effect of
ultrasonic irradiation time on MDO and blending oil in the

sampling cycle of this experiment.
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on ultrasonic irradiation.

4. Conclusion

In this study, GC/MS analysis was performed on the relative
abundance changes of compounds in MGO, MDO, and blending oil
(MGO 50 wt.%: MDO 50 wt.%) according to the ultrasonic
irradiation time, and the following results were obtained.

As the ultrasonic irradiation time increased, high molecular
weight compounds exceeding Cig.sum decreased, and low molecular
weight compounds less than Cisqm increased. Changes in the
species ratio of alkanes are clearly observed compared to changes
in various compounds, which are cycloalkanes, multiple-bonded
hydrocarbons, and aromatic hydrocarbons in fuel oils. The alkane
species having a small binding energy is more easily decomposed
by ultrasonic energy compared to other hydrocarbons.

In contrast to MGO, no significant change in the composition of
the compounds present in MDO and blended oil was observed. A
partial increase of the relative abundance for low molecular
The

correlation between the irradiation time and the relative abundance

compounds was observed after wultrasonic irradiation.
of the compound could not be clearly defined because the
decomposition and new binding of compound repeatedly occurs
during the ultrasonic irradiation.

It is known that the physicochemical change of a compound by
ultrasonic irradiation is affected by ultrasonic power, reaction time,
and temperature. It is reported that the the most influencing
parameter is the power of ultrasonic energy, followed by reaction
time and temperature (Shi et al, 2017). The frequency of the
ultrasonic equipment used in this experiment is 19.8 kHz, which

may not be sufficient to completely decompose various polymeric

compounds including polyaromatic hydrocarbons. Since radicals
generated by cavitation recombine with the compound (Najafi and
Amani, 2011) and at the same time induce decomposition of the
material in other parts, the portion of chemical species changes

may not be observed to a noticeable degree.

Acknowledgements

This work was supported by the National Research Foundation
of Korea (NRF) grant funded by the Korea government (MSIT)
(No.2018R1C1B5086047) and Mokpo National Maritime University
Research Grant in 2020.

References

[1] BIMCO, ICS, Intercargo and Intertanko(2020), 2020 Fuel oil
quality and safety survey, https://www.bimco.org/-/media/
bimco/news-and-trends/news/priority-news/2020/2020-fuel-oil-
quality-and-safety-survey---report.ashx.

[2] Bolla, M. K., H. A. Choudhury, and V. S. Moholkar(2012),
Mechanistic ~ features of  ultrasound-assisted  oxidative

desulfurization of liquid fuels, Industrial & Engineering

Chemistry Research, Vol. 51, pp. 9705-9712.

E.(199)5),

California-New York: California Institute of

[3] Brennen, Cavitation and Bubble Dynamics
Christopher,
Technology Pasadena.

[4] Cataldo, F.(2000), Ultrasound-induced cracking and pyrolysis
of some aromatic and naphthenic hydrocarbons. Ultrasonics
Sonochemistry, Vol. 7, No. 1, pp. 35-43.

[5] Filippis, P. D. and M. Scarsella(2003), Oxidative desulfurization:
Oxidation reactivity of sulfur compounds in different organic
matrix, Energy & Fuels, Vol. 17, No. 6, pp. 1452-1455.

[6] Handbook of air pollution from internal combustion engines
(1998).

[7] Huth, M. and A. Heilos(2013), Fuel flexibility in gas turbine

systems: impact on burner design and performance. In Modern

Gas Turbine Systems, Woodhead Publishing, pp. 635-684.

IMO(2016), Effective date of implementation of the fuel oil

standard in regulation 14.1.3 of MARPOL Annex VI,

Regulation MEPC.280(70).

[9] Jafari, M., S. L. Ebrahimi, and M. R. Khosravi-Nikou(2018),
Ultrasound-assisted oxidative desulfurization and denitrogenation

[8

—_

of liquid hydrocarbon fuels: A critical review, Ultrasonics-
Sonochemistry, Vol. 40, pp. 955-968.

- 896 -



The Effect of Ultrasonic Irradiation to the On-board Fuel Analyzed by GC/MS

[10] Javadli, R. and A. Klerk(2012), Desulfurization of heavy oil,
Applied Petrochemical Research, Vol. 1, pp. 3-19.

[11] Kim, M. C,, Y. J. Kim, and J. S. Kim(2019), Effects of
temperature on the coking characteristics of kerosene, Journal
of the Korean Society of Propulsion Engineers, Vol. 23, No.
2, pp. 46-52.

[12] Lee, B. R. and M. Kim(2019), Identify the quality
characteristic of low sulphur fuel oil to implement IMO
regulation on SOx, KIC News, pp. 41-50.

[13] Lee, H. and H. Ryu(2019), KIM Trend analysis, Korea
Maritime Institute.

[14] Margeta, D., K. Sertic-Bionda, and L. Foglar(2016), Ultrasound
assisted oxidative desulfurization of model diesel fuel. Applied
Acoustics, Vol. 103, pp. 202-206.

[15] Najafi I. and M. Amani(2011), Asphaltene flocculation
inhibition with ultrasonic wave radiation: A detailed
experimental study of the governing mechanisms, Advances in
petroleum exploration and development, Vol. 2, No. 2, pp.
32-36.

[16] Sadeghi, K. M., M. A. Sadeghi, and T. F. Yen(1990), Novel
extraction of tar sands by sonication with the aid of in-situ
surfactants. Energy & Fuels, Vol. 4, No. 5, pp. 604-608.

[17] Shi, C., W. Yang, J. Chen, X. Sun, W. Chen, H. An, and M.
Pei(2017), Application and mechanism of ultrasonic static mixer
in heavy oil viscosity reduction. Ultrasonics sonochemistry,
Vol. 37, pp. 648-653.

[18] Suslick, K. S., J. J. Gawienowski, P. F. Schubert, and H. H.
Wang(1983), Alkane sonochemistry, The Journal of Physical
Chemistry, Vol. 87, No. 13, pp. 2299-2301.

[19] Zhou, C., Y. Wang, X. Huang, Y. Wu, and J. Chen(2020),
Optimization of ultrasonic-assisted oxidative desulfurization of
gasoline and crude oil, Chemical Engineering & Processing:
Process Intensification, Vol. 147, Article 107789 (https:/
doi.org/10.1016/j.cep.2019.107789).

Received : 2021. 08. 30.
Revised : 2021. 09. 14.
Accepted : 2021. 10. 28.

- 897 -



