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Ultrasonic extraction efficiency or yield varies with the change of ultrasonic frequency, because each kind of plant material
possesses a unique natural resonant frequency. Only when the ultrasonic frequency is equal to the natural resonant frequency of
plant material, extraction efficiency or yield will be up to the highest value. Existing ultrasonic extraction technologies or devices
may be difficult to determine the optimal ultrasonic frequency for different plant material because of selecting only one or a few
frequency points. To determine the optimal ultrasonic frequency, this paper presented a novel ultrasonic extraction technology
in our laboratory, an on-line extraction system for determination of optimal ultrasonic frequency well suited for various plant
materials. This system was composed of eight similar working groups which the ultrasonic frequency band was set in a range of
18-82 kHz. A determination method for optimal ultrasonic frequency was carried out by two steps including determining optimal
frequency band and frequency point, respectively. In order to evaluate performances of this extraction system, a comparative
experiment of hesperidin from tangerine peels was also performed under the same extraction conditions. Results showed that the
highest extraction efficiency of extracting hesperidin from tangerine peels appeared at 47.5 kHz, which gave a higher extraction

yield compared with the existing ultrasonic extraction technology, and also significantly shortened the extraction time.

1 Introduction

In resent years, there has been tremendous increase in the use
of ultrasound for the extraction of plant materials, because
the application of ultrasound-assisted extraction offers many
advantages including higher extraction yields, lower tempera-
ture, short time and the reduction of solvents when compared
to other extraction techniques. '~

Many studies of a variety of substances extraction pro-
cess using ultrasound have been reported.*~” It could be find
that those studies on ultrasound-assisted extraction technolo-
gy mainly focused on optimum conditions including extrac-
tion time, temperature, the type of solvent, solid/solvent ratio,
electrical acoustic intensity, etc. However, the effect of opti-
mal ultrasonic frequency on extraction efficiency has not been
systematically investigated so far. Moreover, little work has
been done to find the best method for ultrasonic frequency
used in biological extraction.

In fact, the ultrasonic frequency will have a strong effect
on extraction efficient. During the extracting process, not all
bubbles are capable of producing significant cavitation effect-
s. The greatest coupling of the ultrasonic energy will occur
when the natural resonance frequency of the bubbles is equal
to the ultrasonic frequency .%° The extraction bubble natural
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resonance frequency equation was deduced. '° It indicates that
if ultrasonic frequency is less than the natural resonant fre-
quency of the bubbles, extraction yield will increase as the ul-
trasonic frequency increase. On the contrary, extraction yield
decreases with increasing ultrasonic frequency. The research
suggested that under the conditions described to study ultra-
sonic extraction, the yield of extraction in liquids could reach
a maximum value at an optimal ultrasonic frequency because
the ultrasonic frequency helped to promote bubbles collapse
by driving the bubbles into resonance. Therefore, determin-
ing optimal ultrasonic frequency for various plant materials,
which can obtained a maximum yield of extraction, is a very
important research subject.

Some researchers have studied the ultrasonic extraction pro-
cesses for various plant materials,''~!” which could be de-
scribed as follow: Firstly, ultrasonic frequencies were empiri-
cally selected from ultrasonic apparatus, then, plant materials
were irradiated by selected ultrasonic frequencies. As a result,
a large number of experimental data were produced. Finally,
by comparing and analyzing those obtained data, the optimal
ultrasonic frequencies were finally determined. However, the
extraction process might result in blindness for determining
optimal ultrasonic frequency because no one knows what is
the ultrasonic frequency in advance. Moreover, the optimal
frequency was probably not the best suitable ultrasonic fre-
quency due to taking roughly only a few frequency points. In
addition, those extraction technologies not only waste a lot of
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manpower, financial and material resources, but also can not
form a stable large scale processes. Hence, research higher
efficient extraction technology for determining optimal ultra-
sonic frequency is extremely urgent.

This paper aims to explore a highly efficient extraction sys-
tem for plant materials by determining optimal ultrasonic fre-
quency method. To achieve a on-line displaying function on
a computer, and so establish a simple method for the deter-
mination, An UV transceiver with a pair of ultraviolet emitter
and receiver was designed to real-time detect the extraction
efficiency. In addition, in order to evaluate the performance of
our novel ultrasonic extraction system, a comparison of the ex-
traction yield of hesperidin from tangerine peels between our
extraction system and an existing ultrasonic extraction tech-
nology was also carried out under the same extraction condi-
tions. The findings of the present study may suggest a new
strategy to enhance the extraction efficiency for plant materi-
als.

2 Extraction system

The ultrasonic extraction system is composed of a computer
and eight similar working groups that are constituted by vari-
ous parts including a treatment tank, a signal converter, an ul-
trasonic generator and controller, a transducer actuator, an U-
V transceiver, a peristaltic pump and a temperature controller.
The schematic diagram and photograph of the extraction sys-
tem are shown in Fig. 1.

Taking into account the fact that ultrasonic frequencies used
for extracting plant materials are mainly concentrated close to
the low frequency (20 kHz-100 kHz), in our investigation, the
ultrasonic frequency band of this extraction system was set in
a range of 18-82 kHz. Namely, the frequency bandwidth in
the first working group was 18-26 kHz, the second one was
work at 26-34 kHz, and the eighth one was set at 74-82 kHz.
Of course, the frequency bandwidth of each working group
could be adjusted by replacing transceivers according to dif-
ferent extraction results or plant materials.

An UV transceiver with a pair of ultraviolet emitter and re-
ceiver is one of key working units, which was equipped to real-
time detect the extraction efficiency of product concentration
because different ultraviolet wavelengths can be absorbed by
some analytes concentrations. Fig. 2 shows a photograph of
UV transceiver. To ensure the ultraviolet light emitted by UV
emitter can be fully absorbed by UV receiver, The UV emitter
and receiver were disposed at the same height degree and kept
a distance of 6 cm. Moreover, the signal converter was used to
achieve the functions of signal detection and conversion from
the UV transceiver. The converted electrical signals were sent
to the computer on which these signals were processed, mon-
itored, controlled and displayed.

Signal detector and converter

.

Fig. 2 Photograph of the UV transceiver and signal converter.

In this system, a temperature sensor of type AD590 has
been attached to the treatment tank to give the feedback signal
for the temperature controller and to monitor the tank temper-
ature. The temperature can be controlled by the temperature
controller through presetting a certain temperature value such
as 20°C, 28°C or 40°C, etc.

In addition, to obtain the most suitable ultrasonic irradia-
tion, twelve transducers with different resonant frequencies
in each working group were evenly distributed on a panel
(350%x300x2 mm). For improving the precision of optimal
frequency as much as possible, the resonance frequency of
each transducer was maintained at approximately interval er-
ror of 0.67 kHz. Therefore, in the course of determining op-
timal ultrasonic frequency, even if there is a frequency drift, a
certain transducer can work under the best resonant condition.

3 Experimental

3.1 Materials and reagents

Dried tangerine peels were collected from a local market in
Bing Hu district, Wuxi, Jiangshu province, China. In our lab-
oratory, the dried tangerine peels were grounded with a blade
mixer to obtain 0.45-1 um particle size. The ground samples
were kept in plastic inside desiccators before use. All chemi-
cal reagents used in experiments were of analytical grade and
purchased from Tianjin Chemical Factory, Tianjin, China.

3.2 Extraction method and analysis

The grounded powders of 5 g were first put into a 3000 m-
1 beaker sealed by plastic film to avoid loss of solvent and
then extraction solvent was added with a solid-liquid ratio of
1:40.The sample beakers were immersed into the ultrasonic
bath for irradiation. Finally, extracts were filtered off through
0.45 um microporous membrane and the filtrate was collected
for High performance liquid chromatographic (HPLC) analy-
ses. ' All experiments were performed in duplicates.
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Fig. 1 Experimental setup for the extraction system: (a). Schematic diagram; (b). Photograph.

The dried samples were extracted employing our designed
equipment using only methanol as the extracting solvent at
room temperature (28°C). Extraction time was performed
from O to 60 min under ultrasonic power level of 30 W. The
curves of extraction efficiency in experiments can be real-time
on-line displayed on the computer by laboratory virtual instru-
ment engineering workbench (labVIEW) software. The sam-
ples extracted were collected from the optimal working group
and analyzed by HPLC, which are finally used for comparison
with the results of extraction.

3.3 Determination procedure of optimal ultrasonic fre-
quency

To obtain accurately the optimal frequency of the ultrason-
ic extraction from the broad frequency band range, the broad
band was evenly divided into eight equal narrow bands with
8 kHz. The flow chart of determination procedure of optimal
ultrasonic frequency was shown in the Fig. 3. In this design,
the frequency determination procedure involved two steps.

Step 1: All working groups began to determine the opti-
mal ultrasonic frequency band after configured the operating
parameters including frequency bands (18-82 kHz), ultrasonic
power level (30W), etc. As a certain working group detected
the highest efficiency band by UV transceiver, the computer
would check automatically to decide if the optimal frequency
band is exactly equal to the upper band (74-82 kHz). If not,
then started the second step. Otherwise, reset the frequency
bands outside the upper band (>82 kHz) and Corresponding
transducers, and repeated the above step.

Step 2: In this step, the frequency bandwidth of each work-
ing group was decreased from 8 kHz to 1 kHz by reconfig-
uring relevant transducers. If the optimal frequency band ap-
peared at 42-50 kHz, the frequency bandwidth of each work-
ing group will be reset at 42-43 kHz, 43-44 kHz, 44-45 kHz,

( a) The optimal frequency band Upper band
$ kHz /
L 1 1 1 ]

18 26 34 I—% 58 66 74 82kHz

1 kHz
L I4_>| I I LN | I

42 43 44 45 46 47 48 49 50 kHz
The optimal frequency point

Step 2

(b) Starting
|
Step 1 : Frequency bands and transducers Configuration
Determine the optimal v
frequency band

Each group running

Step 2 : Reconfiguring frequency bands and
Determine the optimal transducers
frequency point

Each group running

Obtaining optimal frequency

\/

End

Fig. 3 Determination procedure of optimal ultrasonic frequency:

(a). Schematic diagram; (b). Flow chart.
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etc. Meanwhile, the transducers of each working groups were
replaced, which the center frequency of each frequency band
was the same as the corresponding natural frequency of trans-
ducer. The extraction experiment was restarted by substituting
treatment liquid in every working group. This procedure was
carried out similar with the first step. When the highest ex-
traction efficiency appeared in a certain working group, the
optimal ultrasonic frequency was just the center frequency of
the corresponding band.

4 Results and discussion

4.1 The extraction efficiency of hesperidin from tan-
gerine peels using our system at room temperature
(28°C) and 30W

4.1.1 The graphs of extraction efficiency for determi-
nation of optimal frequency band using labVIEW.The s-
tudy for the extraction efficiency of hesperidin from tangerine
peels was performed under different frequency bands (18-26
kHz, 26-34 kHz, 34-42 kHz, 42-50 kHz, 50-58 kHz, 58-66
kHz, 66-74 kHz, 74-82 kHz) by maintaining conditions of
other factors, including ultrasonic power of 30W, 60% aque-
ous methanol, temperature of 28°C and the ratio of solvent
volume to material weight (5:1). The graphs of experimental
result are shown in Fig.4. It can be found that the extraction
efficiency increased with the rise of extraction time durations
for all working groups. The extraction results increased within
the initial 0-40 min, then reached the maximum of extraction
efficiency. Finally, the rate of change increased slowly until
up to zero. It was noted that the 4th working group (42-50
kHz) took only 25 min to reach the maximum value of extrac-
tion efficiency, which is less than that of others. In addition,
the extraction efficiency of hesperidin from tangerine peels de-
creased with the deviation degree of different frequency band.
In the 8th working group (74-82 kHz), the extraction efficien-
cy reduced to a minimum value. The results might be due to
the reasons as following:

In the process of extraction, not all bubbles are capable of
producing significant cavitation effects. The greatest coupling
of the ultrasonic energy will occur when the natural resonance
frequency of the bubble is equivalent to the ultrasonic frequen-
cy. 1920 Considering the surface tension of the viscous medium
energy loss and the viscosity of the medium, the natural res-
onance frequency equation of extraction bubble was deduced
by Huang. JL et al.?!

1 37}/ 270720' 7 2n .,
frZERe\/[P(PO+ R, pRe)] (pRZ) (D

e

Where 7 is the adiabatic constant, P is the static sound pres-
sure, o and 1 are the surface tension and the viscosity of

the liquid, respectively, and R, is the bubble radius at equi-
librium. Equation (1) indicated that if ultrasonic frequency
was less than the natural resonant frequency ( f; ) of the bub-
ble, extraction yield would increase as the ultrasonic frequen-
cy increase. On the contrary, extraction yield decreased with
increasing ultrasonic frequency. The resonance size of bub-
bles at given ultrasound frequency was also be estimated by
Phillips et al.?? The ultrasonic frequency of 42-50 kHz in the
4th working group might be closer to the resonance frequen-
cy of bubbles, so that it could reach the maximum value of
extraction efficiency in a short time.

Extraction efficiency (%)

Time (min)

Time (min)

Fig. 4 The graphs of extraction efficiency of hesperidin from
tangerine peels using methanol with different frequency bands
(18-26 kHz, 26-34 kHz, 34-42 kHz, 42-50 kHz, 50-58 kHz, 58-66
kHz, 66-74 kHz, 74-82 kHz) at room temperature (28 °C) and 30 W.

4.1.2 The extraction efficiency for determination of op-
timal frequency point.The extraction results carried out for
hesperidin from tangerine peels using methanol with different
frequency points (42.5 kHz, 43.5 kHz, 44.5 kHz, 45.5 kHz,
46.5 kHz, 47.5 kHz, 48.5 kHz, 49.5 kHz) at room temperature
(28°C) and 30W is represented in Fig.5.

It can be seen that the extraction efficiency of hesperidin
from tangerine peels increased gradually as the ultrasonic fre-
quency increase, the frequency point of the highest extraction
efficiency appeared at 47.5 kHz. After that, the extraction effi-
ciency declined along with the rise of ultrasonic frequency. It
is worth noting that the extraction efficiency between 42 kHz
and 50 kHz in this step were higher than that of the first step.
Moreover, the maximum value of extraction efficiency at 47.5
kHz is significantly higher than that of others. The result may
demonstrate that the cavitation yield drops with increasing in
ultrasonic frequency because the cavitation bubbles tend to be
smaller and less energetic, resulting in falling the extraction
efficiency.?® Previous study has conformed to the similar trend
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Fig. 5 The extraction efficiency of hesperidin from tangerine peels
using methanol with different frequency points (42.5 kHz, 43.5 kHz,
44.5 kHz, 45.5 kHz, 46.5 kHz, 47.5 kHz, 48.5 kHz, 49.5 kHz) at
room temperature (28 °C) and 30 W.

that low frequency was found to be preferable.?*On the other
hand, transducers of the 6th working group (47-48 kHz) may
all work under a resonance condition, in which every trans-
ducer can produce a maximum output power that cause more
disintegration of cells and gives higher mass transfer. Owing
to a decrease in the amount and intensity of cavitation in lig-
uids at high frequency, in which the rarefaction cycles time for
bubbles to grow become shorter. >

4.2 Comparison of extraction yields for hesperidin from
tangerine peels between our extraction system and
existing ultrasonic extraction method

To evaluate the performance of our extraction system, this
system was compared with the ultrasound-assisted extraction
method proposed by previous study '® for hesperidin from tan-
gerine peels.

In this study, the existing ultrasound-assisted extraction ex-
periments were carried out in a rectangular ultrasonic bath
(KQ-250DE, Kunshan Ultrasound Co. Ltd., China; inner di-
mension: 300x240x 150 mm) with an ultrasound power of 30
W and ultrasonic frequency of 20 kHz, 60 kHz, 100 kHz. The
extraction temperature was maintained at 30°C. The sample
beakers were immersed into the ultrasonic cleaning bath for ir-
radiation under fixed extraction variables including methanol,
solvent to solid ratio of 5:1, extraction of 60 min. Finally, ex-
tracts were filtered off through 0.45 pm membrane filter and
the filtrate was collected for HPLC analyses. All samples were
prepared and analyzed in triplicate.

ther extraction conditions for our extraction system such as
power of 30W, methanol as a solvent, the same particle size

and solid-liquid ratio in experiments were examined. Quan-
titative HPLC analysis was conducted as the procedures de-
scribed by previous research. Under these conditions, the
comparison of extraction yields for hesperidin from tangerine
peels was listed in the table 1.

For all cases shown, the yields of hesperidin with exist-
ing ultrasonic extraction method under three frequencies al-
1 were lower than those with our extraction system (at 47.5
kHz). Moreover, the latter gave 8.9 mg/g greater yields of h-
esperidin compared with the former at 60 kHz. In addition,
the extraction yields using existing extraction method reached
a peak value for 60 min while those of our extraction system
was only for 25 min, even the former work at a temperature of
40°C, but our extraction system is only at room temperature
(28°C). The results indicated the maximum yield of extraction
appeared at 47.5 kHz rather than 60 kHz, which might be at-
tributed to the fact that the optimal ultrasonic frequency could
cause bubble collapse by driving the bubble into resonance. In
fact, the extraction yield depends on the degree of cavitation
activity. When the ultrasonic frequency is closer to the natural
resonance frequency of bubbles, the bubbles collapse violent-
ly, which may be favorable to enhance extraction yield. As a
result, 47.5 kHz was just the optimal ultrasonic frequency of
hesperidin from tangerine peels, which could gain maximum
yield of hesperidin.

Fig.6 also showed a comparison of extraction yields for h-
esperidin between our extraction system and existing extrac-
tion method under the same extraction conditions except the
ultrasonic frequencies. Here, the ultrasonic frequency of our
extraction system was set at 47.5 kHz. It could be seen that
the extraction yield of our extraction system was more than
those of existing extraction method. Moreover, our extraction
system took only 25 minutes to reach the maximum of extrac-
tion yield while existing extraction method lasted more than
60 minutes.

It suggested that ultrasonic extraction can attract cells
swelling and enlarge the pores of the cell wall. Sound swelling
can improve the rate of mass transfer, and lead to the in-
creased extraction efficiency and reduced extraction time du-
ration.?®28 In addition, shorten extraction time is probably
linked to the fact that the ultrasonic frequency of 47.5 kHz
might be more closer to the resonant frequency of the bub-
bles. Moreover, suitable frequency can cause more disinte-
gration of cells and give higher mass transfer which results in
more extraction yields. Therefore, it might be conclude that
our extraction system could significantly enhance the extrac-
tion yield. Moreover, it could also efficiently lower the work-
ing temperature and shorten the extraction time, comparing
with existing ultrasound extraction method.
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Table 1 Extraction yields for hesperidin from tangerine peels by existing ultrasonic extraction method compared to that of our extraction

system
Methods Power (W) Time (min) Temperature (°C) Frequency (kHz) Extraction yield (mg/g)
Existing extraction method 30 60 40 20 44.6
Existing extraction method 30 60 40 60 56.4
Existing extraction method 30 60 40 100 49.2
Our extraction system 30 25 28 47.5 65.3
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5 Conclusions

This paper proposed an ultrasonic extraction system that could
determine the optimal frequency for various plant materials in
a wide band range. The extraction results could be on-line
displayed on a computer, which could shorten experimental
time and reduce operation cost. A determination method for
optimal ultrasonic frequency was carried out by two steps in-
cluding determining optimal frequency band and frequency
point, respectively. An UV transceiver with a pair of ultra-
violet emitter and receiver on each working group was used to
achieve precision detection for different analytes. A compar-
ative experiment of hesperidin from tangerine peels was also
performed under the same extraction conditions except the ul-
trasonic frequencies. The results from this study showed that
the maximum of extraction yield appeared at 47.5 kHz. It in-
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