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Liquid Phase Exfoliation (LPE) is a common route to produce two-dimensional MoS2 nanosheets. In
this research, MoS2 powder is exfoliated by an ultrasonic probe (sonicator) in a water-ethanol solution.
It is reported that MoS2 as a prototype 2D Transition Metal Dichalcogenide, has a band gap that increases
with a decreasing number of layers. There are some factors that affect the average band gap energy value
and the thickness of the exfoliated flakes. We varied different parameters of the ultrasonic probe like
power, pulse percentage and time duration of sonication to investigate the effects on the number of
MoS2 layers. Our findings from the UV-Visible spectra, SEM, FESEM and TEM images indicate that
the minimum thickness for these samples was acquired at 50% of the input power of the sonicator we
used (∼65 W) and the optimum pulse percentage is 50%. The current study also found that the average
amount of band gap increased with an increase in sonication time, and then remained unchanged after
60 minutes.
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1. Introduction

Molybdenum Disulfide (MoS2) is a Transition Me-
tal Dichalcogenide (TMD). TMDs are one of the most
studied classes of layered materials (Mas-Ballesté
et al., 2011; Butler et al., 2013; Miró et al., 2014).
TMDs have received indicative interest because they
show unique mechanical, electrical, and optical prop-
erties (Wang et al., 2014; Zhang et al., 2016; Wang
et al., 2015). MoS2 nanosheets have been widely stud-
ied for a broad range of applications in electronics,
optoelectronics, sensors, catalysis, and energy storage
(Han et al., 2015; Wang et al., 2012). MoS2, like
graphene, is a two-dimensional (2D) layered material,
with a covalently bonded hexagonal lattice in layers
stacked by weak van der Waals interactions between
sheets (Butler et al., 2013; Wang et al., 2015; Han
et al., 2015). But unlike graphene, the monolayer of
MoS2 as a semiconductor shows a transition from the
bulk indirect band gap of ∼1.2–1.3 eV, to a direct band
gap of ∼1.8–1.9 eV (Wang et al., 2012; Samadi et al.,
2018; Mak et al., 2010). One of the most intriguing
features of MoS2, as a 2D crystal, is that its band gap

depends on the number of layers (Samadi et al., 2018;
Mak et al., 2010; Niu et al., 2018).

Having strong in-plane bonds and weak out-of-
plane interactions, enables this class of layered materi-
als to be exfoliated into 2D sheets (Mas-Ballesté
et al., 2011; Wang et al., 2012). There are several
various routes for exfoliation of TMDs (Choi et al.,
2017; Yang et al., 2018; Brent et al., 2017). These
approaches can be divided into two classes:

1) the methods that result in high quality and large
area sheets on substrates, such as Chemical Vapor
Deposition (CVD) method (Zhang et al., 2016;
Wang et al., 2015; Choi et al., 2017);

2) the methods which produce a large number of
small nanoflakes, such as Liquid Phase Exfolia-
tion (LPE) technique (Yang et al., 2018; Brent
et al., 2017; Babu Arumugam et al., 2019;
Song et al., 2013). LPE, like other solution-based
methods, is an easy to implement, versatile and
simple yet powerful method (Zhang et al., 2016;
Backes et al., 2017; Huo et al., 2015; Coleman
et al., 2011; Nicolosi et al., 2013).
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The irradiation of a liquid medium with the ul-
trasound of sufficient pressure causes the formation,
growth, oscillation and implosive collapse of bub-
bles. This high energetic transient process and its
physical effects (like shock waves), known as acous-
tic cavitation, is the root cause of sonochemical
experiments such as ultrasound-assisted exfoliation
(Pokhrel et al., 2016; Bang et al., 2010; Xu et al.,
2013). MoS2 can be delaminated in liquid phase uti-
lizing ultrasonic probe to extract individual layers
(Backes et al., 2017; 2020; Jawaid et al., 2016). The
LPE process, which is a top-down approach, gener-
ally consists of 3 main steps: I) dispersion of precur-
sors in a proper solvent, II) exfoliation in solution by
a sonicator (for brevity called “sonoexfoliation”), and
III) purification or separation of exfoliated from non-
exfoliated flakes through centrifugation (Song et al.,
2013; Backes et al., 2017).

Several research groups have studied the role of ef-
fective parameters on LPE procedure results. Coleman
group investigated the different conditions for sonoex-
foliation of graphene and TMD nanosheets (Coleman
et al., 2011). They also presented a novel centrifuga-
tion process for separating the 2D flakes depend on dif-
ferences in the size and the thickness of them (Brent
et al., 2017). Qiao et al. (2014) examined the influence
of ultrasonic cavitation intensity on the concentra-
tion and morphology of MoS2 nanoflakes in N-methyl-
2-pyrrolidone (NMP) solvent. The effect of applied
acoustic power and the ultrasound frequency on the
mean bubble size in water were studied by Brotchie
et al. (2009). Merouani and colleagues performed a the-
oretical study on the influence of ultrasound frequency
and acoustic amplitude on the ambient bubble radius
in sonochemical reactions (Merouani et al., 2013).
Han et al. (2015) examined the effect of some ultra-
sound parameters such as amplitude and probe immer-
sion depth on the power and the acoustic flow rate in
the sonication treatment. Shen et al. (2015) obtained
the accurate surface tension components of about 40
solvents and their compounds. Also, they studied the
matching of surface tension components between sol-
vents and the precursors. Peng et al. (2015) examined
the impact of pH value on sonoexfoliation of MoS2 in
Graphene oxide (GO) suspension. GO plays the role
of surfactant in their approach. Using a cascaded cen-
trifugation procedure, Kajbafvala et al. (2018) pre-
sented a new technique for selecting the MoS2 flakes
with different lateral sizes and thicknesses. The ef-
fect of concentration of the starting material on the
final concentration of dispersions was investigated by
Green group. Their study indicates that spray drying
can lead to crumpled morphology for boron nitride,
MoS2, and WS2 nanoflakes (Bari et al., 2015). A num-
ber of researchers explored the impact of selected sol-
vents (with or without additives) on the achievement
in the exfoliation process as well (Babu Arumugam

et al., 2019; Jawaid et al., 2016; Nguyen et al., 2015;
Kiełczyński et al., 2019).

The obtained flakes can be readily separated and
scalable. An essential step during the fabrication pro-
cedure and before using the generated nanoflakes in
any application is the characterization. Many various
characterization methods (like UV-Visible, photolu-
minescence, and Raman spectroscopy, X-Ray diffrac-
tometry, Field Emission Scanning Electron Microscopy
(FESEM), and Transmission Electron Microscopy
(TEM)) can be used in order to study the properties
of products (Wang et al., 2012; Backes et al., 2017).

In this research study, MoS2 flakes are prepared
via LPE method utilizing an ultrasonic probe. We in-
vestigated the variation effects of the power, the pulse
duration and the time duration of the sonicating pro-
cess.

2. Experimental

2.1. Materials and methods

All the chemicals used in this study were research
grade and deionized water was used throughout the
experiments. The sonication was carried out using ul-
trasonic processor with titanium probe of 14 mm in di-
ameter (FAPAN-400R model made in Iran by FAPAN
Co. Ltd.) with operation frequency of about 24 kHz,
and nominal power of 400 W. The ultrasound proces-
sor is capable of variation in power in 10 equal steps,
also pulse duration in 10 steps to choose irradiation
on-off in percentage.

2.2. Sample preparation

All samples were prepared via immersing 100 mg
MoS2 bulk powder in ∼60 ml of water-ethanol solu-
tions (a mixture of 77% DI water and 23% ethanol
by volume) in a 100 ml glass beaker. We aim to uti-
lize a “green solvent” in order to minimize the envi-
ronmental impacts. As expected, water is the greenest
solvent (Marcus, 2018). But, water has surface ten-
sion of about 72 mN/m at 25○C, while it is frequently
reported that the proper value of surface tension for
sonication treatment of MoS2 in liquid phase is about
40 mN/m (Coleman et al., 2011; Nguyen et al., 2015;
Ghasemi et al., 2016). So, it was necessary to add an-
other green solvent to water to reduce surface tension.
We choose ethanol because it is proved that ethanol,
as simple alcohol, is also an environmentally preferable
solvent (Capello et al., 2007). The (77/23) volume
ratio for (DI water/ ethanol) was calculated using the
Connors-Wright equation for making binary aqueous-
organic solutions (Connors et al., 1989).

The mixture was sonicated applying a 14 mm di-
ameter ultrasonic probe (FAPAN-400R). The beaker
was put in an ice-water bath to avoid evaporation of
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ethanol due to increasing the temperature of the solu-
tion during the sonoexfoliation process. Furthermore,
the sonicator was adjusted to pulse mode for X frac-
tion of a second “on” and (1-X) fraction of second “off”
to prevent overheating the solution and impairing the
sonicator processor. So, the total sonication time for
preparing the samples is: (60/X) minutes in “on” state.

The last step which is necessary to separate exfo-
liated from un-exfoliated flakes is centrifugation. We
eliminated thick flakes by 2 steps centrifugation using
a benchtop centrifuge: the first step was done for
45 minutes at 3000 rpm (rotations/minute) and then
the top 2/3 (th) of the dispersion was retained for the
next step and the rest of the liquid was discarded. Af-
terwards, the second step was carried out again for
30 minutes at 3600 rpm, and finally, the top 75% of
the supernatant was collected for the following analy-
ses (Qiao et al., 2014).

3. Results and discussion

In this section, the effects of different varied pa-
rameters like power, pulse duration and the total son-
ication time on the exfoliation process of MoS2 is pre-
sented and discussed.

3.1. Effect of sonicator power on the exfoliation

The MoS2 dispersions were prepared by utilizing
an ultrasonic probe in water-ethanol solution at va-
rious power percentage of the sonicator in 20%, 40%,
50%, 70%, and 90% equivalent to 38.5, 47, 65.5, 84,
and 96.8 watts in one-hour duration (see the Supple-
mentary Information). The probe was pulsed for half
a second “on” and half a second “off” to avoid excessive
heating. We studied the effect of changing the power
of sonicator in detail by measuring their UV-Vis. ab-
sorption spectra and Scanning Electron Microscopy.

The optical characterization of the MoS2 sheets was
performed with a Perkin-Elmer Lambda 25 spectrom-
eter. Using the absorption spectrum (precisely the po-
sition of peak A) obtained from UV-Vis spectrometer
one can calculate the band gap energy of 2D mate-
rials and estimate the approximate thickness of the
layers, or equally the approximate number of layers.
The UV-Vis. absorption spectra of MoS2 samples for
20%, 40%, 50%, 70%, and 90% of the maximum power
of the sonicator are shown in Fig. 1. In each spec-
trum, as a characteristic spectrum for MoS2, the exci-
tonic peaks around 669 nm (ascribed to A peak) and
∼609 nm (ascribed to B peak) are emerging due to a di-
rect gap transition at the K-point of the Brillouin zone
in 2D MoS2. The A-B splitting arises from the com-
bined effect of interlayer coupling and the splitting of
the valence band due to spin–orbit coupling (Vella
et al., 2016; Frisenda et al., 2016; Song et al., 2013).
The other peaks, i.e. C and D, could be attributed to

Fig. 1. The UV-Visible absorption spectrum for MoS2 flakes
prepared with different sonicator powers. The inset shows
the Tauc plots for the different powers which were utilized

to calculate the band gap energy of each dispersion.

the direct transition from the deep valence band to the
conduction band (Vella et al., 2016).

Tauc plot was utilized to determine the optical
band gap of MoS2 flakes. A Tauc plot essentially shows
the amount of (αhν)1/r versus the energy of the light
(hν) in eV, where α is the absorption coefficient of the
material and r = 2 for our MoS2 samples, because of in-
direct allowed transitions (Voshell et al., 2018; Zhu
et al., 2016).

As can be seen in Fig. 2, the graph shows that there
is an almost sharp increase in the average band gap
energy of dispersions in the first half of the graph, and
a gentle decrease in the second half. So, the best re-
sult is referred to the power output of 65.5 W (50% of
the maximum power) in the middle of the graph. The
observed increase in the first half of the graph could
be attributed to the fact that the required energy
for overcoming the van der Waals forces between la-
yers is provided easier by raising the power and hence
the quantity of monolayers grows. And in the second
half of the graph (or right-hand side of the graph), it
seems that this decrease is due to the agglomeration of
nanosheets.

Fig. 2. Variation of the band gap energy of MoS2 samples
as a function of power of the sonicator.
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This result were also confirmed by SEM images as
shown in Fig. 3.

a)

b)

c)

Fig. 3. SEM micrographs of MoS2 flakes produced at:
a) 47 W, b) 65.5 W, and c) 84 W (scale bars: 2 µm).

Additionally, it can be seen from Fig. 3 that at
the power of 65.5 W, the lateral sizes (or the area)

Fig. 4. A schematic representation of the effect of ultrasonic cavitation on the dispersed nanosheets in the liquid phase.

of flakes and the quality of them increased compared
to the previous and the next samples. At 47 W, the
flakes are smaller and relatively thicker. At 65.5 W,
the dimensions of flakes are about twice the size of
samples exfoliated at 47 W. But at 84 W, it seems
that the flakes completely lost their quality because of
the agglomeration phenomenon. This agglomeration at
higher power is due to the high energetic bubble col-
lapse (Kudryashova et al., 2019). Exfoliated sheets
surrounding a high energetic bubble, after the collapse
of the bubbles, collide with each other and reverse-
exfoliation (agglomeration) occurs (Fig. 4).

Another important point is the ultrasonic power
applied for exfoliation. Higher power will cause an in-
crease in the size and number of bubbles. Larger bub-
bles consist of more air and/or gases. So, the medium,
in which the ultrasonic probe operates, changes from
liquid to gaseous phase in some zones. Therefore, ultra-
sound travels (about 4.5 times) slower in these zones
than in the liquid. In such a situation, the effects of
shock waves, which are the most important physical
effects of sonication, are reduced while the force of
bubble implosion increases. These implosive collapses
will damage the nanosheets and reduce the size of the
flakes. This leads to the lower efficiency for sonication
power more than 65.5 W in the present research set up.

3.2. Effect of sonicator pulse duration
on the exfoliation

In order to investigate the effects of pulse percent-
age, the MoS2 dispersions were produced in water-
ethanol mixtures at the power of 65.5 W for one hour
in “on” state (60 min is the effective time and the total
sonication times are shown in Table 1). It is because
the total sonication time multiplied by pulse percent-
age presents an effective time. The effect of changing
the pulse duration, i.e. on/off ratio of the ultrasonic

Table 1. The total applied sonication time and the band
gap energy of MoS2 samples obtained as a function of the
probe pulse duration. Effective time is 60 min for all cases.

Pulse percentage of probe [%] 30 50 60 70 90
Total sonication time [min] 200 120 100 86 67

Band gap energy [eV] 1.72 1.73 1.72 1.71 1.71
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probe for 30%, 50%, 60%, 70%, and 90%, was studied
in detail by measuring the UV-Vis absorption spec-
tra of the solutions (Fig. 5). The applied percentages
of “on” state of the probe and their measured band
gap energy amounts are shown in Table 1. As can be
seen, the band gap energy and thus the probability of
making monolayer increase as the pulse percentage in-
creases up to 50% due to increasing the opportunity
to delaminate MoS2 flakes. Above 50% of the observed
results show a decrease in band gap energy. It could
be attributed to more turbulent and quick flows which
provide more contacts between MoS2 sheets. These en-
counters enhance the possibility of agglomeration. Af-
ter decreasing the band gap energy, the foregoing ef-
fective factors balance each other out, therefore the
average amount of band gap energy remains relatively
constant. Tauc plots for the different pulse percentage
(shown in the inset of Fig. 5) are traced for calculation
of band gap energy of each dispersion.

Fig. 5. The UV-Visible absorption spectrum for MoS2 flakes
prepared at power of 65.5 W for different pulse percentage.
The inset shows the Tauc plots for the different pulse per-
centage which are utilized to calculate band gap energy of

each dispersion.

3.3. Effect of sonication time on the exfoliation

To study the influence of the effective time of soni-
cation, the dispersions were prepared in water-ethanol
solutions at 65.5 W in different sonication time dura-
tions of 15, 30, 60, 120, and 180 min (Fig. 6). The
probe was pulsed for half a second “on” and half a se-
cond “off”. From Fig. 7, we can see that the average
amount of band gap energy increases gradually with an
increase in effective sonication durations up to 60 min
and then remains constant. An explanation for the ob-
served raising might be that long exposure time pro-
vides more occasions for delamination of more flakes.
Above 60 minutes there would again be a competi-
tion between increasing factors and the tendency for
nanosheets to aggregation with each other. Therefore,
one could see that after 1 h, the average amount of
band gap energy finally stops increasing.

Fig. 6. The UV-Visible absorption spectrum for MoS2 flakes
prepared at the power of 65.5 W for different sonication
time durations. The inset shows the Tauc plots for the dif-
ferent sonication durations which are utilized to calculate

the band gap energy of each dispersion.

Fig. 7. The measured energy band gap of the MoS2 samples
as a function of effective sonication time.

The SEM micrographs shown in Fig. 8, confirm the
results mentioned above. As can be seen, the flakes in
Fig. 8b are larger and thinner than the flakes in Fig. 8a.
It seems that by increasing the effective sonication time
from 15 to 60 min, the exfoliation occurred better. But,
above 60 min, the quality of flakes decreases because
of the agglomeration process. Figure 8c shows agglom-
eration and crushing the flakes simultaneously.

All findings in this research result in the fact that
our finest MoS2 samples were acquired at 65.5 W, the
pulse of 50% “on”, and 60 min irradiation duration. So,
we call this situation “the optimum situation” and the
fabricated samples in such a situation (power, pulse,
and duration) are called “the optimum samples” hence-
forward.

As a quantitative assessment, we can use the fol-
lowing beneficial semi-empirical equation:

N = 2.3 × 1036e−54888/λA , (1)

where N is the mean number of monolayers per nano-
sheet and λA (in nanometer) is the measured A-exciton
wavelength (Kajbafvala et al., 2018; Backes et al.,
2014).
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a)

b)

c)

Fig. 8. SEM micrographs of MoS2 flakes refer to:
a) 30 min, b) 60 min, and c) 120 min sonication time

(scale bars: 2 µm).

For our optimum sample, with λA = 666.5 nm
(see the black point in Fig. 1), the average number
of layers will be N ∼ 4 layers. So, it seems that it is
a fairly acceptable result with a green, non-expensive
and additive-free solution.

To further characterize the microstructure of MoS2,
the crystallographic pattern of the standard sample
was achieved using XRD method, as shown in Fig. 9.
The phase of MoS2 nanosheets is confirmed to be
a hexagonal structure belonging to the space group
P63/mmc (point group D6h) with 2 MoS2 molecules
inside the unit cell as indexed by standard card num-
ber 01-087-2416. The XRD analyses were performed
utilizing an X’Pert PRO MPD PANalytical Company
diffractometer.

Fig. 9. XRD pattern of the optimum sample of the MoS2

exfoliated.

As can be seen from Fig. 9, the strongest peak is the
peak of (002) plane at 2θ = 14.436○. This peak is evi-
dence for the existence of the superlattice. Comparing
the exfoliated with the unexfoliated MoS2 XRD data
showed that the sharpness, strength, and height of this
peak had been reduced due to exfoliation process be-
cause of decreasing the size of flakes (Liu et al., 2013;
Tonndorf et al., 2013; Nguyen et al., 2016).

The morphology of MoS2 nanosheets was studied
by a Field Emission Scanning Electron Microscopy
(FESEM, TESCAN mira3 (15 Kv)). Figure 10 shows

a)

b)

Fig. 10. FESEMmicrographs of MoS2 nanoflakes; scale bar:
a) 2 µm, b) 500 nm.
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the FESEM images of MoS2 flakes, which exhibit the
typical lamellar structure of our standard sample.

The structural characterization of the MoS2
nanosheets was further examined by Transmission
Electron Microscopy (TEM, Zeiss EM900 (80 Kv)).
Figure 11 shows the TEM images of our optimum sam-
ple prepared by the LPE method. The TEM analysis
results confirmed the layered structure of the MoS2
nanosheets. In Fig. 11a, a rectangular nanoflake with
approximate dimension of 800× 500 nm is observed
with very high transparency.

a)

b)

Fig. 11. TEM micrographs of MoS2 flakes, scale bar:
a) 200 nm, b) 100 nm.

4. Conclusion

In this research work, we successfully prepared
MoS2 few-layers via LPE method by means of an ul-
trasonic probe in different conditions. The dispersions
were produced through immersing bulk molybdenum
disulfide (MoS2) powder to water-ethanol solvent as
a green, low-cost, available and non-toxic solution. In
this research, some effective parameters, including son-
icator’s power, pulse percentage, and sonication time,
on the average band gap energy of the obtained MoS2
ultra-thin flakes were studied. Based on our findings
from UV-Vis. Spectroscopy and SEM micrographs, the
optimum operating parameters of our ultrasonic trans-
ducer to achieve ultra-thin flakes were obtained at
65.5 W of power output, 50% of pulse percentage (for
“on” states), and 60 min of sonication time (for probe
14 mm in diameter). Lastly, the structure, morpho-

logy, and the average thickness of the optimal sample
were probed by XRD, FESEM, and TEM imaging. For
our optimum sample, the average number of layers per
flake is expected to be 4.

Appendix. Supporting information

Measuring the power of ultrasonic system

There are several physical or chemical methods
to determine ultrasonic power. Some widely used ap-
proaches are calorimetry (physical methods) and KI
dosimetry (chemical method). We used these 2 meth-
ods to evaluate the power of our sonotrode.

The physical approach: Calorimetry

Calorimetry is the method of measuring the
amount of thermal energy exchanged during a physical
procedure or chemical reaction. This is the process of
calculation of the temperature conversion that happens
during the operation and the masses of the system and
surroundings. Subsequently, one can use these results
as inputs of an equation for computing the amount of
heat released or absorbed in the process.

The chemical approach: KI dosimetry

Iodide dosimetry is also a proposed method of cal-
ibration of ultrasonicpower, which generate reliable
and reproducible results. Assessment of cavitation ef-
ficiency through the Potassium iodide (KI) dosimetry
method, is based on the fact that KI dissociated to
K+ and I− ions, and during ultrasonication, oxidation
occurs and iodide (I−) ions can be transformed into
diatomic iodine molecule (I2). The additional I− ions
existing in solution react with I2 and form I−3 ions.
By measuring the absorbance of I−3 ions via UV-Vis.
Spectrometer at 350 nm, it is possible to estimate the
concentration of I−3 ions liberated after a sufficient son-
ication time. The obtained result is a reliable measure
of ultrasonic power (Tamura, Miyata, 2015; Ebrahi-
minia et al., 2013).

Determining the thermal power of system
(Calorimetry)

Thermal power consumption of our 14 mm diam-
eter ultrasonic probe (FAPAN 400R, 400 W, 24 kHz)
was measured via calorimetry method. For the experi-
ment, 30 cc of deionized water was poured in a 100 ml
beaker. The ultrasonic probe immersion depth was
5 mm.

The applied percentage of maximum power (PMP),
percentage of pulse (“on” state of the probe), and the
sonication durations are shown in Table 2.

The thermometry process was carried out every
15 minutes after irradiation using a temperature con-
troller (Autonics-TZ4ST) and a temperature sensor
(PT100). Afterwards, the time-temperature graphs
were plotted. Utilizing these graphs, the amount of in-
creased and dissipated power was recorded for 12 time



38 Archives of Acoustics – Volume 46, Number 1, 2021

Table 2. The condition of the calorimetry experiments.

Percentage of maximum power [%] 20, 50, 100
Percentage of pulse [%] 30, 40, 50, 60, 80 100

Sonication time [s] 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330, 360

intervals. Averaging those 12 results, we obtained the
rate of increase in temperature (∆θ/∆t). In order to
increase the accuracy, we added (∆θ/t)s to the previ-
ous term, which is the rate of temperature lost due to
heat exchanged with the environment (surroundings).
So, the amount of thermal power can be calculated
using the equation:

Pcalorimetry = (mc +C ′) ((∆θ

∆t
) + (∆θ

∆t
)
s
), (2)

where m is the mass of deionized water; c is the heat
capacity of water; and C ′ is a constant depending on
the mass and the type of the beaker and thermometer,
which contributed to heat exchange. The subscript s
refers to surroundings.

Knowing m and c, and determining the changes
in the recorded temperature amounts, the constant C ′

can be calculated using Eq. (2). These values lead to
C ′ = 33.53 J/K.

It is noticeable that the thermometer should not be
in the solution during sonication treatment. The first
reason is the influence of thermometer on changing the
radiation modes in the beaker, and the second one is
the possibility of damage to the sensor of thermometer
during irradiation (Hajnorouzi et al., 2014).

Calculating the electrical power consumption

The electrical power of ultrasonic probe was mea-
sured with a multimeter (Victor 88C). The probe
was dipped ∼1 cm into the solution and different
PMPs were applied. The multimeters were connected
in series, and the electrical current consumption was
measured. Applying voltage of 220 V, the average
power (RMS) was attained. The amount of power of
sonotrode vs PMP is shown in Fig. 12.

Fig. 12. Thermal power consumption of ultrasonic probe vs
maximum power.

Table 3. The amount of thermal power consumption of ul-
trasonic probe and the electric current vs maximum power.

The maximum
power [%]

The thermal power
consumption [W]

The electric
current [A]

0 15.40 0.070
20 38.50 0.175
30 47.30 0.215
40 56.32 0.256
50 65.56 0.298
60 75.02 0.341
70 84.04 0.382
80 90.42 0.411
90 96.58 0.439
100 101.20 0.460

KI dosimetry

The most important consequent of ultrasonic irra-
diation in solution is the collapse of bubbles formed via
cavitation. This phenomenon is effectively the cause of
generating OH− free radicals that play a key role in
oxidation of I− ions and formation of I−3 ions.

50 cc of potassium iodide 0.1 mol was poured in
a 100 ml beaker. The probe of the probe was placed
1 cm into the KI solution. The exposure duration was
10 minutes (ten 1-minute intervals). The applied per-
centage of maximum power was 20, 40, 60, 80, and
100%. For each PMP, a fresh solution was prepared and
then exposed under the probe irradiation. Finally, the
absorbance of KI solution (equally the concentration of
I−3 ions) measured by a UV-Vis. spectrometer (Perkin-
Elmer Lambda 25) at 350 nm, during each time inter-
val. Then, the concentration-time graph was plotted
and its slope was calculated. The amount of this slope
indicates the concentration of I−3 ions per minute. The
slope of graph versus PMPs is shown in Fig. 13. It is

Fig. 13. The concentration of I−3 ions in solution vs the
percentage of maximum power of ultrasonic probe.
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worth mentioning that during all experiments, to avoid
temperature fluctuations, we used a water-bath.
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