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ABSTRACT 
The use of power ultrasound together with supercritical CO2 is a non-conventional promising 
technique for extraction processes in food industries. Extraction of almond oil, adlay seed oil, 
pungent from ginger are good examples of the potential use of this novel technology. In fact, 
power ultrasound represents an efficient manner of producing agitation in the media enhancing 
mass transfer on supercritical fluids extraction processes. A prototype for the use of ultrasound 
in supercritical media is presented in this paper. Special attention has been given to the 
transducer and its behaviour as a function of power and time during operation. Specific software 
to control and monitoring the parameters involved in the process has been developed. This tool 
will allow the best conditions for the operation process to be selected. 
 
 
INTRODUCTION 
Among the new opportunities for food and pharmaceutical industries through new processing 
technologies, power ultrasound can be considered as a promising and innovative method to 
assist the extraction of valuable compounds from vegetables and food products [1]. In 
particular, supercritical fluid extraction (SFE) with CO2 is a technique that offers very good 
yields. SFE using CO2 has gained wide acceptance in recent years as an alternative to 
conventional solvent extraction in many analytical and industrial processes. It offers relevant 
advantages (non-toxic, recyclable, cheap, relatively inert and non-flammable) over traditional 
techniques [2]. Nevertheless, one of the main difficulties when applying a supercritical fluid as a 
solvent for extraction is the slow kinetics of the process. The solubility of many substances in 
supercritical fluids are usually less than in fluids used for conventional extraction processes; 
therefore the mass transfer rate is smaller [3,4,5]. 
 
The application of power ultrasound represents an efficient way for enhancing mass transfer 
processes and has been proposed for both kinetics acceleration and yield improvement. For 
example, Jun at al. [6] obtained an increase of about 10% in the yield of wheat germ oil 
extracted with ultrasound at 26.5 kHz and 35 kHz. Nevertheless, in this process the power 
applied to the transducers used to obtain the results was not mentioned.The extraction pressure 
and temperature was 35 ºC and 200-250 bar. They reported that ultrasound could penetrate into 
the solid material, causes micro-local turbulences within its interior and decreases interparticle 
mass resistance. In addition, no decomposition of the oil was caused by power ultrasound 
because cavitation does not exist in supercritical fluids. Better results were obtained by Riera et 
al. [7,8] on almond oil extraction using supercritical CO2 and 20 kHz power ultrasound. They 
proposed that the main mechanism involved in the improvement may be related with the 
turbulence (intense agitation) caused by acoustic streaming. The results obtained at 280 bar 
and 55 ºC with 50 W show that the kinetics and the extraction yield were enhanced by 30% and 
20% respectively. Moreover, they showed that almond particulate size influences the extraction 
rate, small particles favoring the ultrasonic action. Balachandran et al. [9] studied the effect at 
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20 kHz of power ultrasound during the extraction of pungent compounds from ginger. They 
found that both the extraction rate and the yield increased up to 30% at 160 bar and 40 ºC with 
about 300 W. In the experiments the extraction vessel was packed with glass beads. The 
ultrasonic energy induces vibration that may produce abrasive effects on the ginger particles 
when they rub against both the glass beads and the solid vessel walls, releasing more extract. 
The benefit of using ultrasound was also clearly observed in new tests carried out after 
removing the glass beads from the vessel. Therefore it is not easy to explain if the mass 
transfer enhancement is caused by abrasive effects or by the turbulence created by ultrasonic 
vibration as previously reported by other researches. Images obtained by SEM show evidence 
of damage on the surface of the particles probably associated with the pressure fluctuations 
induced by ultrasound. Recently Hu et al. [10] have investigated the solvent extraction of oil and 
coixenolide from adlay seeds using an experimental system similar to that used by Riera et al. 
They obtained with ultrasound a 14% increase in the yield for extracting oil from grounded adlay 
seed of 0.3-0.45 mm in diameter placed into the extractor. They reported the existence of an 
optimum temperature and pressure values which gives the maximum extraction yield. The 
extraction time and the CO2 flow rate also influenced the process. Ultrasound power from 50 W 
up to 110 W helps to increase the extraction yield up to 96.4 %. 
 
In this work we present a prototype for the use of power ultrasound in supercritical fluid media to 
enhance mass transfer processes at pilot-scale. Special attention in the development has been 
given to the transducer and its behaviour as a function of power and time during the extraction 
operation. Specific software has been developed to control and monitoring the parameters 
involved in the process (transducer and extractor unit). Such software allows finding the best 
operational conditions to be used during the trials as well as the characterization of the process. 
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Figure 1 Scheme of the experimental set-up for ultrasound assisted supercritical fluid extraction 
(USFE). Units: (E) extractors, (S) separators, (C) cooler, (P) high pressure pump, (H) heater, 
(PT) pressure meter, (FT) flow meter, (UST) ultrasonic transducer. Electrical Parameters: (V) 
voltage, (I) current. Extraction Parameters: (T) temperature, (P) pressure, (F) CO2 flow rate, (D) 
density. 
 
 
DEVELOPMENT OF AN ULTRASONIC DEVICE TO ASSIST SUPERCRITICAL FLUID 
EXTRACTION PROCESSES AT PILOT-SCALE 
To optimize supercritical extraction processes assisted by power ultrasound the influence of the 
main parameters involved in the operation has to be investigated. For that purpose a special 
prototype of ultrasonic device has been designed and constructed. The prototype is trustworthy, 
robust and low cost. 
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As showed in Figure 1, the prototype is constituted by two parts: ultrasonic system (including 
both power transducer and ultrasonic signal generator) and the supercritical fluid extraction 
installation (SFE-AINIA, Valencia).  
 
 
Ultrasonic system 
Two ultrasonic transducer units were designed and constructed to work at resonance 
frequencies from 18 kHz up to 46 kHz and power capacities from 20W to 100W. Fig. 2 show 
pictures of: (a) the transducer assembly placed out of the extractor for electrical 
characterization, and (b) the lateral view of the SFE installation. The transducers are 
piezoelectric sandwich transducers designed by finite element methods (FEM-ANSYS®). A 
transducer to operate at 46 kHz is shown in Fig. 3a and 3b. To characterize the ultrasonic 
transducer under similar operational conditions to that of the extraction vessel, it was electrically 
studied in water and in air. The transducer assembly on the extractor cover was placed on a 
cylindrical basket filled with water. The basket is made in stainless steel and is used as the 
sample container inside the supercritical extractor. This experimental set-up allows the 
identification of the resonance modes within the basket. Such modes detected in water in the 
laboratory, were identified in the supercritical extraction vessel afterwards.  
 
It is important to avoid mode interaction between the resonance mode of the transducer and 
those produced by the basket. In fact, the basket modes may be excited inside the extractor by 
the transducer. If the basket modes are not excited, the efficiency of the ultrasonic device will 
improve.  
 
 

 

 

Fig. 2. (a) Electrical characterization of the ultrasonic transducer at 18-20 kHz. (b) 
Supercritical fluid installation (AINIA) 

 
 
The ultrasonic signal generator consists of: (i) a dynamic resonance frequency control unit 
(controller) to give adjustable continuous power outputs at the resonance frequency of the 
transducer by keeping in phase the voltage (V) and the current (I) signals.; (ii) a broad-band 
power amplifier, and (iii) an impedance matching unit to allow maximum energy transfer 
between the electronics and the transducer. Voltage (V) and current (I) are sampled on the 
output of the unit for transducer control and monitoring. The controller transfers the parameters 
of the driving signal (voltage V, current I, phase φ, impedance Z, power P and frequency f) to 
the computer. 
 
A data acquisition receives the electrical signals from the operational parameters during the 
extraction process, including extraction temperature (T), pressure (P), CO2 flow rate (F) and 
CO2 density (D).  
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Fig. 3. (a) Transducer designed by FEM to work at a resonance frequency of 46 kHz: (b) 
Transducer assembly for supercritical fluid extraction vessel 

 
 
Specific software based on LabView ® code was developed and installed in the computer to 
select the parameters of the ultrasonic signal generator to analyze the effects of the operational 
conditions during the extraction trials. That means, controlling the ultrasonic device, data 
acquisition, signal processing, signal analysis, data display and storage.  
 
 

a) b)

c)

 

 
d) 

Fig. 4. Tool pages for: a) data acquisition and control of US; b) experimental data processing, 
analysis and modeling; c) simulation of experimental data; d) acoustic signal analysis and 
processing 
 
 
Tool-kits to get information from the transducer working as an actuator and as a 
pressure sensor 
At it is shown in Fig. 4a, 4b, 4c and 4d a series of software tool-kits were developed to get 
information about the changes in the impedance of the transducer during excitation. Such 
algorithms also keep stable the response of the ultrasonic system by following these changes. It 
is obtained by detecting pressure and density fluctuations during the supercritical extraction 
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process. As an example, Fig. 4a displays first page of a tool developed for data acquisition 
(ultrasonic device and supercritical extraction unit), and control of ultrasound. Fig. 4b shows the 
experimental data processing, analysis and modeling page from the characteristic impedance of 
supercritical fluid as a function of both pressure and temperature in the vessel. Experimental 
results can be simulated to generate files of data similar to those that could be obtained in this 
kind of trials (see Fig. 4c) with the aim to develop filter algorithms for data processing. These 
data come from the ultrasonic device, flow meters, thermocouples and other sensors. Fig. 4d 
displays another tool page for acoustic signal analysis and processing. Noise and vibration 
signals will be analyzed directly from the extraction vessel by means of a 1/8” GRAS 
microphone and a B&K accelerometer. Time domain signal analysis, FFT and joint-time 
frequency analysis (SFT-Gabor) will be used to obtain the spectral trace of the ultrasonic 
transducer. In this way, the SFE process assisted by power ultrasound may be fully 
characterized, 
 
 
Pilot-plant of supercritical fluid extraction 
The major components of the supercritical extraction plant were designed to withstand 
pressures up to 350 bar, densities ≤ 784 kg/m3 and temperatures up to 80ºC and are shown in 
Fig. 1. The plant consists of four stainless steel high-pressure extraction vessels with 5L 
capacity, two separation vessels (a cyclone and a decanter), a diaphragm pump and different 
sensors for monitoring and control the extraction temperature, pressure and fluid flow rate. The 
fluid used as a solvent in the extractor was supercritical CO2 (PC =73.8 bar; TC = 31.1ºC; DC = 
0,468 g/mL) [11-12]. The temperatures in the extractor are controlled within ± 0.1 ºC and the 
pressures within ± 1 bar. The ultrasonic transducer is installed in the upper part of the extractor 
vessel. 
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Fig. 5. Characteristic impedance of the CO2 versus extractor pressure and temperature 

 
 
The behaviour of the ultrasonic transducer is followed during all the process. That means, from 
the initial instant in which the gas CO2 is introduced into the extraction vessel at 1 bar and 20 ºC 
until reaching the operational conditions of the extraction trials. High-pressure values in the 
extractor affect both the working frequency and the electrical impedance of the transducer 
because of the changes of the supercritical CO2 characteristic impedance (see Fig. 5). In a 
previous work [13] it was reported the evolution of this parameter from 500 Rayls (at 20 ºC and 
1 atm) up to 5x105 Rayls (at 55 ºC and 280 bar). Fig. 3 shows the evolution of the characteristic 
impedance of the gas CO2 in function of both extraction pressure (from 1 bar up to 500 bar) and 
temperature (from 10 ºC to 80ºC). In addition, the evolution of the transducer impedance as a 
function of pressure and CO2 density within the extraction vessel was analyzed. A good 
correlation was found between the pressure in the extractor and the CO2 density. The variations 
detected in the electrical impedance of the transducer also indicate the link that exists with the 
characteristic impedance of the supercritical CO2. Therefore, it can be said that the transducer 
can work, simultaneously as a probe and as a powerful agitator. 
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CONCLUSIONS 
A prototype for use of power ultrasound assisted supercritical CO2 extraction (USFE) has been 
presented in this paper to enhance mass transfer process and to improve extraction yield at 
semi-industrial scale. Great attention in development has been put on the transducer response 
and behaviour as a function of power applied, extraction pressure and time during the extraction 
trials. Specific software-tools have been developed to control and monitoring the parameters on 
the ultrasonic device and on the supercritical extractor. In this way, the stability of the ultrasonic 
device will be improved and the supercritical extraction process may be characterized. 
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