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Abstract: This study investigated the impact of sonication parameters on the efficiency of the
extraction of bioactive substances from hawthorn berries. The ultrasonic treatment was performed in
two modes: continuous and pulse. In the pulse mode, the samples were sonicated with the following
processor settings: 1 s on-2 s off. The effective ultrasonic processor times were 5, 10, and 15 min, and
the total extraction times were 15 min, 30 min, and 45 min. The content of total polyphenols and
total anthocyanins was determined by a spectrophotometric method. We show that the operating
mode of the processor affects extraction efficiency, energy consumption and unit energy inputs.
Extraction supported by a pulsating ultrasonic field allowed saving from 20% to 51% of energy
with a simultaneous higher efficiency of the process. In addition, we show that the unit energy
consumption in the pulsed mode was about 40% to 68% lower than the energy consumption in the
case of continuous operation.

Keywords: yield of extraction; energy consumption; pulsed ultrasound; polyphenols; anthocyanins;
energy conversion

1. Introduction

In recent years, there has been a growing interest in the extraction and research
of bioactive substances from lesser known biological materials due to their potential
health benefits in the prevention of chronic diseases. One of the most valuable medicinal
plants is hawthorn. This plant belongs to the genus Crataegus that occurs in Europe,
Asia and North America [1]. Hawthorn berries are a source of polyphenolic compounds
(procyanidins, flavanols, flavonols, C-glycosyl flavones, phenolic acids, anthocyanins
and lignans) [2,3] showing high antioxidant, anti-thrombotic, anti-inflammatory, anti-
carcinogenic and hypolipemic potential [4–14].

The key issue in obtaining biologically active compounds from plant materials is the
choice of the extraction method. Various techniques are currently in use, such as: macer-
ation, Soxhlet extraction, supercritical extraction, microwave-assisted extraction, pulsed
electric field assisted extraction, and high pressure solvent extraction [15–18]. Ultrasound
assisted extraction (UAE) has also been commonly applied [19–22].

UAE, next to the microwave of supercritical fluid extraction and pulsed electric
field extraction, belongs to the so-called “green technologies” [23]. In accordance with the
principles of green chemistry established by the U.S. Environmental Protection Agency [24],
these technologies have a reduced environmental impact in terms of time and energy [24,25].
Compared to other methods, UAE has numerous advantages: a relatively short process
duration, a small volume of consumed solvents, and a low cost of the equipment [26–28].
The inconvenience of using this method is the necessity to separate the extract from
post-extraction residues [26]. The mechanism of extraction by ultrasound consists in
disintegrating plant cells and releasing their contents into the extraction solvent [29]. The
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most important parameters of ultrasound-assisted extraction include: time and temperature
of process, liquid-to-solid ratio, type, concentration and pH of the organic solvent, and
elements related to the operation of the ultrasound system itself, such as: ultrasound
intensity and frequency, system type (ultrasonic bath or ultrasonic probe) and ultrasound
mode (continuous or pulsed) [30–33].

The impact of the majority of the parameters on extraction efficiency is well known. Ex-
tensive work has been devoted to the influence of the intensity and frequency of ultrasound
on the yield of extraction of bioactive substances from the matrix of a solid.

An innovative solution when conducting ultrasound-assisted extraction is the use of
the pulsed mode. A less known issue is how the operating mode of the ultrasound system
affects the efficiency of the extraction. Most of the research works have focused on the
use of a continuous ultrasonic field. So far, few authors have dealt with the process of
assisting extraction with a pulsating acoustic field. Direct comparisons of the effects of the
continuous and the pulsed modes of the ultrasonic processor on the extraction efficiency are
also very limited. Pan et al. [34] found that there are no statically significant differences in
time and efficiency of extraction between the modes of an ultrasonic processor, but pulsed
ultrasound assisted extraction saved about 50% of electricity compared to continuous
ultrasound. Similar results were obtained by Patience et al. [35] during the extraction of
pectin from navel orange peels. There was no significant difference between continuous and
pulsing irradiation despite the great difference in energy consumption (190 kJ vs. 80 kJ). On
the other hand, Christou et al. [36] during polyphenol recovery from mature and immature
carobs, achieved a slightly higher efficiency when UAE was performed in the pulsed mode.
The ultrasonic processor runs intermittently during pulse ultrasound assisted extraction
(PUAE). The use of this mode reduces the effect of temperature, allowing the extraction of
thermolabile compounds and reducing the degradation of bioactive compounds [37].

The depletion of energy resources has prompted the search for more economical meth-
ods of food processing and plant extracts preparation. The use of the pulsed mode can help
to shorten the time of the ultrasonic treatment and increase the extraction efficiency. Due to
their high medical importance, hawthorn fruits require proper processing and it seems that
the extraction supported by a pulsating acoustic field can improve the quality of the final
extracts as it involves gentler way of treating the raw material compared to the continuous
mode. The confirmation of the positive effect of pulsed-assisted extraction could allow the
practical application of this technique in both food and pharmaceutical industries.

Based on the current state of knowledge, it is not possible to unequivocally estimate
the impact of the operating mode of ultrasonic generators on the extraction efficiency of
bioactive substances. Hence, the aim of this study was to compare the effect of ultrasound-
assisted extraction in pulsed and continuous mode on energy consumption, unit energy
inputs and the content of selected bioactive substances in extracts from hawthorn berries.

2. Materials and Methods
2.1. Raw Material

The berries of the double-necked hawthorn (Crataegus laevigata) were selected as the
raw material. Hawthorn fruits were harvested in the Lublin Upland. Immediately after
harvesting, the raw material was dried in a freeze dryer. Then the material was crushed
and divided into 5 fractions. Three fractions were selected for further research; they were
obtained from the following sieves: fraction 1 sieve size 0.25–0.5 mm, fraction 2 sieve size
0.5–1.0 mm, fraction 3 sieve size 1.0–2.0 mm.

2.2. Ultrasonic Treatment

Four grams of ground hawthorn was put into the extraction cell and covered with
an aqueous solution of ethyl alcohol at a concentration of 60%. The solid/liquid ratio
used in the extraction process by ultrasound was 1:12.5. Then, the extraction cell was
placed in a cooling jacket connected to a water bath to stabilize the temperature. From
the top, the extraction cell was closed with an ultrasonic probe with a diameter of 19 mm.
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The experimental samples were sonicated with a VC750 ultrasound processor (Sonics and
Materials Inc., USA) operating at a frequency of 20 kHz. The sonication was performed at
three amplitudes: 12 µm, 24 µm and 36 µm.

These amplitudes correspond to 2.5, 9.5, and 19 W/cm2 in the continuous mode and
to 1.3, 7.5, and 14 W/cm2 in the pulsed mode. In pulse mode, the samples were sonicated
with the following processor setting: 1 s on–2 s off. The times of ultrasonic treatment
were 5, 10, and 15 min, and the total extraction times were 15 min, 30 min, and 45 min,
respectively. In continuous mode, the samples were sonicated for 5, 10, and 15 min, and
then held for 10, 20, and 30 min in the extraction cells to achieve the same extraction times
as for the pulsed treatment. The obtained extracts were stored under refrigeration (2 ◦C)
and then collected for further chemical analyses.

2.3. Determination of Total Phenolic Content (TPC)

The content of polyphenols was determined by the spectrophotometric method using
gallic acid as the reference standard. First, the sample extract (0.2 mL) was mixed with
2 mL Folin–Ciocalteu reagent and allowed to react for 3 min. Next, 2 mL of Na2CO3
solution was added, and the mixture was made up to 25 mL with distilled water. After
leaving the mixture for 30 min at room temperature in the dark, the absorbance at 760 nm
was measured using a spectrophotometer (UV–1800; Shimadzu, Japan). The results are
expressed as mg gallic acid equivalent per 1 g of dry matter (mg GAE g−1 dry matter). The
measurement was performed in three replicates for each sample [38].

2.4. Determination of Total Anthocyanin Content (TAC)

TAC was determined by the spectrophotometric method on the basis of absorbance
measurements at various pH values [39]. First, the sample extract (1.0 mL) was mixed with
4 mL potassium chloride and sodium acetate buffers at pH 1.0 and 4.5. After leaving the
mixture for 15 min at room temperature the absorbance was measured at 520 and 700 nm.
The correct absorbance was determined from the formula:

A = (A520 − A700)pH1.0 − (A520 − A700)pH4.5

The content of anthocyanins was expressed as a cyanidin 3-glucoside equivalent
(Cy3-GE) in mg per g of dry matter on the basis of the following formula:

TAC =
A
Lε

Mw·N

where:

A–correct absorbance,
L–cuvette thickness,
N–dilution factor,
Mw–molar mass of cyanidin 3-glucoside = 26,900,
ε–molecular absorbance of cyanidin 3-glucoside = 449.2.

2.5. Power Output and Unit Energy Consumption

The power output (energy consumption) was measured by a wattmeter built-in
the generator. The analysis of energy consumption of ultrasonic-assisted extraction was
performed with respect to the polyphenol and anthocyanin contents obtained in the extract.
The unit energy consumption was determined by the following formula:

N =
E
m

where:

E—energy consumption (kJ),
m—mass of polyphenols or anthocyanins (g).
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2.6. Statistical Analyses

The obtained results were statistically analyzed with Statistica software via analysis of
variance (ANOVA). The significance of the differences between the evaluated mean values
(in figures) was analyzed with the Tukey test at a significance level of p < 0.05.

3. Results
3.1. Total Phenolic Content

Hawthorn berries are an important source of many substances with high biological
activity, including polyphenols. The effect of ultrasonic treatment parameters on the
content of polyphenols in hawthorn extracts is shown in Figure 1. A large variation of the
results was observed depending on the operating mode of the processor, the amplitude of
the ultrasonic vibrations and the treatment time. The lowest content of polyphenols was
obtained for continuous mode, amplitude of 12 µm and time of 5 min., and the highest
for pulsed mode, amplitude of 36 µm and time of 15 min. The difference between the
lowest and the highest content of polyphenols was almost 200%. A statistically significant
influence of all analyzed processing parameters on the content of TPC was found. Among
the examined factors, the greatest influence was observed in the case of the amplitude of
ultrasonic vibrations. The increase in the amplitude from 12 µm to 36 µm resulted in an
increase in the content of polyphenols from 101% to 150%. The second important factor
was the time of the ultrasonic treatment. The increase in the treatment time from 5 min
to 15 min resulted in an increase in the content of polyphenols in the range from 2.3% to
37%. The third parameter was the mode of the ultrasonic processor. The difference in
polyphenol content between the pulsed mode and the continuous mode ranged from 1.14%
to 23%.

3.2. Total Anthocyanin Content

Anthocyanins are natural plant pigments that, as biologically active ingredients,
exhibit a wide range of activities. Figure 2 shows the effect of the type of treatment (contin-
uous, pulsating) on the anthocyanin content of alcoholic extracts obtained from hawthorn.

The amplitude of ultrasonic vibrations had a statistically significant impact on the
anthocyanin content. For both treatments (continuous, pulsating), a significant growth in
the content of anthocyanins was observed with the increase in the value of the ultrasound
amplitude. The rise in the vibration amplitude from 12 µm to 36 µm resulted in an increase
in the content of polyphenols from 213% to even 500%. The operating time was also
an important parameter influencing the anthocyanin content. In general, an increase in
the extraction time resulted in an elevation in the anthocyanin content. In the case of
pulsed treatment, the differences ranged from 9.59% to 50% depending on the ultrasound
amplitude. In the case of continuous mode for the amplitude of 12 µm, a rise in the content
of anthocyanins by 108% was noticed, and for the amplitude of 24 µm, a rise by 44%. In
the case of the amplitude of 36 µm, a decrease in the content of anthocyanins was observed
from the value of 0.144 mg Cy3-GE/g d.m. for the time of 5 min to the value of 0.118 mg
Cy3-GE/g d.m. for the time of 15 min. The observed phenomenon may indicate the
decomposition of anthocyanins extracted with the use of higher amplitudes of ultrasonic
vibrations. An important factor changing the anthocyanin extraction efficiency was also the
operating mode of the ultrasonic processor. In this case, a strong interaction effect between
the operating mode and the ultrasonic vibration amplitude value was observed. For the
12 µm amplitude, no statistically significant influence of the operating mode was found,
but for the amplitudes of 24 µm and 36 µm, there were statistically significant differences
between the continuous and the pulsed mode.
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Figure 1. Effect of ultrasonic treatment parameters on the content of polyphenols (mg GAE/g d.m.)
in hawthorn berries extracts: (a) amplitude 12 µm, (b) amplitude 24 µm, (c) amplitude 36 µm. The
bars marked with the same letter are not statistically significantly different (p < 0.05).
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Figure 2. Effect of ultrasonic treatment parameters on the content anthocyanin [mg Cy3-GE/g d.m.]
in hawthorn berries extracts: (a) amplitude 12 µm, (b) amplitude 24 µm, (c) amplitude 36 µm. The
bars marked with the same letter are not statistically significantly different (p < 0.05).
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3.3. Energy Consumption

Figure 3 shows the effect of ultrasonic treatment on energy consumption during the
extraction of bioactive substances from hawthorn berries. Significantly higher energy
consumption was observed for the continuous mode. The effect of the processor mode
on the extraction efficiency depended on the amplitude of the ultrasonic vibrations. The
greatest difference was recorded for the amplitude of 12 µm and amounted to approx. 51%.
As the ultrasound intensity increased, the differences in energy consumption decreased
and amounted to 20% and 26% for the amplitudes of 24 µm and 36 µm, respectively. It is
worth noticing that there was a non-linear relationship between the amplitude of ultrasonic
vibrations and energy consumption. A double increase in the amplitude of the ultrasonic
vibrations resulted in an energy consumption that was about 4 times higher in the case of
the continuous mode and about 6 times higher in the case of the pulsed mode. A further
increase in the vibration amplitude had an even greater impact on the increase in energy
consumption by the ultrasonic processor. The amount of energy consumed by the sonicator
has a significant impact on the amount of acoustic energy emitted, which in turn translates
into the efficiency of extracting bioactive substances from plant tissue.

Figure 3. Cont.
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Figure 3. Impact of ultrasonic treatment parameters on energy consumption during the extraction of
bioactive substances from hawthorn berries: (a) amplitude 12 µm, (b) amplitude 24 µm, (c) amplitude
36 µm. The bars marked with the same letter are not statistically significantly different (p < 0.05).

3.4. Unit Energy Consumption during Polyphenol Extraction

Figure 4 shows the effect of ultrasonic treatment on the unit energy consumption
during the extraction of polyphenols from hawthorn berries. Due to the fact that the pulsed
processing enabled achieving a higher extraction efficiency, with a simultaneous lower
energy consumption, the differences between the tested processor modes, expressed in the
form of unit energy inputs, increased significantly. This effect was strictly dependent on
the amplitude of ultrasonic vibrations. For the amplitude of 12 µm the unit energy inputs
in the pulsed mode accounted for about 40–54% of the unit inputs in the continuous mode.
In the case of the 24 µm amplitude, the ratio ranged from 62% to 68%, and in the case of
the 36 µm amplitude, it ranged between 58 and 67%. The increase in vibration amplitude
resulted in a significant increase in energy inputs per unit of extracted polyphenols. In the
case of the amplitude of 36 µm the unit energy consumption was higher by approx. 416%
to 983% compared to the unit energy determined with an amplitude of 12 µm. A similar
tendency was observed for the time of extraction. Extending the extraction time from 5 to
15 min resulted in an increase in unit energy consumption up to 259%.
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Figure 4. Impact of ultrasonic treatment parameters on the unit energy inputs during the extraction
of polyphenols from hawthorn berries: (a) amplitude 12 µm, (b) amplitude 24 µm, (c) amplitude
36 µm. The bars marked with the same letter are not statistically significantly different (p < 0.05).



Energies 2021, 14, 7638 10 of 16

3.5. Unit Energy Consumption during the Extraction of Anthocyanins

Figure 5 shows the effect of the ultrasonic treatment parameters on the unit energy
inputs during the extraction of anthocyanins from hawthorn berries.

Figure 5. Impact of ultrasonic treatment parameters on the unit energy inputs during the extraction
of anthocyanins from hawthorn berries: (a) amplitude 12 µm, (b) amplitude 24 µm, (c) amplitude
36 µm. The bars marked with the same letter are not statistically significantly different (p < 0.05).
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The unit energy consumption during the extraction of anthocyanins was about 100
higher than in the case of the extraction of polyphenols. This was mainly due to the lower
content of these substances in hawthorn berries compared to polyphenols. The nature of
the impact of the extraction parameters on the unit energy consumption for anthocyanins
was similar to that during the extraction of polyphenols and depended on the amplitude
of the ultrasonic vibrations.

In the case of an amplitude of 12 µm, the unit energy inputs in the pulsating mode
accounted for about 38–55% of the energy inputs in the continuous mode. For the 24 µm
amplitude, the ratio ranged from 56 to 69%, and for the 36 µm amplitude, between 53
and 75%.

The amplitude of the ultrasonic vibrations had a significant impact on the amount of
energy inputs, but much smaller than that observed for the extraction of polyphenols. In
the case of the amplitude of 36 µm, the unit energy consumption was higher by approx.
184% to 350% compared to the unit energy determined with the amplitude of 12 µm. A
similar tendency was observed for the time of treatment. Extending the extraction time
from 5 to 15 min resulted in an increase in energy consumption up to 216%.

4. Discussion

In none of the available reports, the analysis of the content of TPC and TAC, with the
use of C. laevigata fruits was undertaken, therefore, the discussion referred to other varieties
of hawthorn. Based on the literature review, it can be concluded that the TPC values may
range from 2.9 mg GAE/g d.w. [40] to 96.9 mg GAE/g d.w. depending on the species [41].
Abbaspour-Gilandeh et al. [42] showed that the TPC value was 79.82 ± 2.42 mg GAE/g d.w.
in fresh hawthorn fruits. Żurek et al. [16] extracted shredded and previously freeze-dried
berries from hawthorn with ethanol in two concentrations (50 and 70% v/v). The extraction was
carried out at the temperature of 20 ± 2 ◦C, for 2 and 24 h. The value of TPC after 2 h in 50%
and 70% solvent was respectively, 47.9 ± 0.2 and 54.7 ± 0.0 mg GAE/g d.m., and after 24 h,
it was, respectively, 46.5 ± 0.0 and 54.8 ± 0.0 mg GAE/g d.m. Ebrahimzadeh et al. [43] found
that the TPC value of alcoholic extracts of hawthorn C. pentaegin fruit was 85.15 mg GAE/g
of extracted powder. A similar value (96.9 ± 4.3 mg GAE/g of dry weight) was obtained by
Liu et al. [41]. Tadic et al. [44] in the hawthorn extract extracted with 70% ethanol obtained
35.40 mg GAE/g d.m. Comparable values were obtained by Li et al. [45] (31.58 mg GAE/g d.w.).
The values found in our own research ranged from 3.32 to 11.19 mg GAE/g d.m. and are
closest to the results of Froehlicher et al. [46] (12.26 mg GAE/g d.w.) who used fruits of C.
pinnatifida Bge in their experiments.

Literature data on the content of anthocyanins in hawthorn berries are limited. Only
Froehlicher et al. [46] indicated that the content of anthocyanins in fresh C. monogyna
berries is 0.58 eq. cyanidin-3-O-glucoside/g d.w., and that in dried is berries 0.15 eq.
cyanidin-3-O-glucoside/g d.w. The results of our experiments showed that these values
ranged from 0.024 to 0.164 mg eq. cyanidin-3-O-glucoside/g d.m.

The intensity of ultrasound used to extract bioactive substances from plants depends
on the type of compound to be extracted and the kind of solid matrix. In general, the
efficiency of ultrasound-assisted extraction increases with the growth of ultrasound inten-
sity and decreases when a certain intensity level is exceeded. This phenomenon can be
explained by the more intense formation and collapse of cavitation bubbles with increasing
ultrasound intensity. The size of cavitation bubbles is proportional to the intensity of the
ultrasonic wave [47,48]. Larger cavitation bubbles generate a stronger shock wave during
the collapse, which is responsible for a greater fragmentation of the plant tissue. Another
phenomenon responsible for the increase in the extraction efficiency with the increase
in the intensity of ultrasound is the rise in the intensity of mechanical vibrations in the
solvent, which results in better penetration of the plant tissue by the solvent and higher
diffusion coefficients.

A rise in the intensity of ultrasound also leads to an increase of the number of cavitation
bubbles. When a certain limit is exceeded, this phenomenon becomes disadvantageous as
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it leads to inter-bubble collision and reduces the damaging effect of cavitation bubbles [49].
A large number of cavitation bubbles at the surface of the ultrasonic probe hinders energy
transmission to the solvent and lowers the extraction efficiency [50]. In addition, high-
intensity ultrasound can degrade bioactive substances, which results in lower extraction
efficiency. Gonzalez observed a linear relationship between the intensity of ultrasound and
the efficiency of extraction of polyphenols and flavonoids from grape pomace [51]. In turn,
Al-Dhabi et al. observed an increase in the extraction efficiency of phenolic compounds
from waste spent coffee grounds when the ultrasound power increased from 100 W to
244 W and a decrease in efficiency when the ultrasound power exceeded the level of
250 W [52].

In our experiment, a positive and statistically significant effect of ultrasound intensity
on the extraction efficiency was observed for both TPC and TAC. These increases were
significant and ranged from 101 to 500% depending on the type of the extracted component.
It should also be noted that the amplitude of ultrasonic vibrations was the most important
parameter among all variables in the experiment influencing the extraction efficiency.

Another important factor influencing the yield of bioactive substances is the extraction
time. The impact of this variable has been widely researched and described in the literature.
Initially, extending the extraction time increases the efficiency of the process, but after
exceeding a certain limit value, further processing does not result in a rise in efficiency
or even causes its decrease. In the initial stage of extraction, the effect of ultrasound
causes swelling, fragmentation and the formation of pores in the plant tissue. All of these
factors increase solute transfer to the surrounding solvent. However, further exposure to
ultrasound, with a simultaneous decrease in the concentration of the soluble substance in
the plant tissue, causes structural damage to the extracted substance. The described trend
was reported for antioxidant polysaccharide extraction from T. quadrispinosa (sijiaoling
stem) [53] and grapefruit peel [54].

A positive effect of treatment time was noted during the extraction of pectin from
grape pomace [55] and phenolic compounds and anthocyanins from jabuticaba peel [56],
while a negative linear effect of time on the yield was reported for sour orange peel
pectin [57] and phenolic compounds from powdered shell coconut (Cocos nucifera) [58].

Our research confirmed the positive effect of ultrasonic treatment time on the yield of
bioactive substances. The increase in efficiency varied within wide ranges and amounted
from 2.3 to 50% depending on the type of the extracted component, the applied oper-
ating mode of the ultrasonic processor and the amplitude of ultrasonic vibrations. In
the case of anthocyanins, a slight but statistically insignificant decrease in extraction
efficiency was observed.

The next analyzed parameter of ultrasound-assisted extraction was the duty cycle
of the ultrasonic processor. The number of reports on this topic is significantly limited.
A direct comparison of the influence of continuous and pulsed modes on the extraction
efficiency was found only in the work of Pan et al. [34] who extracted polyphenols from
pomegranate peel. The authors found that there was no significant difference in extraction
efficiency between the tested modes. However, they showed that the pulsed ultrasonic
field saved about 50% of energy compared to the continuous one.

In our research, a positive and statistically significant effect of the mode of the ul-
trasonic processor on the extraction efficiency was observed for both groups of bioactive
substances. The elevation in extraction efficiency with the use of a pulsating acoustic field
ranged from 1.14 to 34% and depended on the applied amplitude and the processing time.

The acoustic energy emitted by the ultrasonic processor is an important parameter
during the extraction of bioactive substances. It should be noted that immediately after
starting, the processor does not work with all its power and achieves its maximum power
after a certain time lasting from a few to a dozen of hundredths of a second. This means that,
in the case of a pulsed mode, the total energy emitted by the ultrasonic processor is much
lower than in the case of a continuous mode. This was very evident in our experiment,
where we observed a lower energy consumption from 20% to 51% for pulsed operation,
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despite the application of the same ultrasonic vibration amplitude. This phenomenon may
also explain why the effect of the pulsed treatment in some cases is comparable to the effect
of the continuous mode.

The increase in energy consumption with extraction time is characterized by a linear
relationship. This means that no changes occurred during sonication that would affect the
properties of the extraction solvent, including viscosity and acoustic impedance. Due to
this, the amplitude of the ultrasonic vibration had a much greater effect on the extraction
efficiency compared to the time of treatment. The same percentage elevation in the ultra-
sonic vibration amplitude as that in the extraction time resulted in a much greater amount
of energy transferred to the extraction system.

The influence of the ultrasonic treatment parameters on unit energy consumption
during the extraction of bioactive substances is relatively poorly described in the literature.
Kobus et al. [59] showed that an important factor determining the energy consumption
during ultrasonic extraction is the appropriate selection of the solvent. Energy efficiency
analysis has shown that using 60% ethanol allows obtaining the lowest unit energy input.
The ultrasonic processor consumes more energy in liquids with higher acoustic impedance.
Hence, the energy generated by the sonicator during water extraction is higher than during
the extraction with ethanol as a solvent [60].

The increase in unit energy consumption with the processing time is caused by the
specificity of the extraction process. In the initial phase of the extraction process, the
soluble substances leach quickly, which results in high extraction efficiency with low energy
expenditure. With time, the amount of soluble substance in the solid matrix decreases
and it is transported to the main mass of the solvent mainly by diffusion. This means
that with the same energy inputs, the amount of the extracted substance is much smaller
than in the initial phase of the process. In the final phase of the process, the amount of
soluble substance is small and its extraction is more difficult, which results in a significant
increase in unit energy inputs. The use of sonication significantly accelerates the extraction
process, which contributes to the reduction of unit energy inputs in the initial stage of
the process. However, too long an ultrasonic treatment adversely affects the value of this
indicator, because the benefits of extracting an additional portion of a bioactive substance
are disproportionate compared to the additional energy consumption involved.

5. Conclusions

The conducted research has shown that the efficiency of the ultrasonic extraction
process of bioactive substances from hawthorn berries depends on the operating parameters
of the ultrasonic processor. Among the examined factors, the greatest effect was observed
for the amplitude of ultrasonic vibrations (101% to 500%), then for the extraction time (2.3%
to 50%), and finally for the ultrasonic processor mode (1.14% to 34%).

This study also showed the impact of the ultrasound mode on energy consumption
and unit energy inputs. Extraction assisted with a pulsating ultrasonic field saved from
20% to 51% of energy with a simultaneous higher efficiency of the process.

Unit energy consumption in the case of the pulsed mode constituted about 40% to
68% of unit energy consumption for the continuous mode. This means that for extracting
bioactive substances from hawthorn berries, the pulsed treatment is a much more effective
method than the continuous one. The practical application of the results of this study
can be performed by manufacturers of dietary supplements and drugs from hawthorn in
order to optimize the extraction parameters. The fact that the processor operating mode
has various effects on the efficiency of extraction of individual bioactive substances of
hawthorn requires further research.
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