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ABSTRACT 

The juice processing waste of citrus fruit has high potential because it contains valuable hydrocarbons such as 

essential oils and triglyceride derived from peel and seed, respectively? In this work, the separation of limonene and 

triglycerides from the oil mixture as a model waste of citrus fruit by using supercritical carbon dioxide (SC–CO2) was 

performed at temperatures of 30 – 65
o
C and pressures of 7 – 30 MPa. Two modes of separation apparatus were applied. At 

first, the mixed flow separation apparatus was used to investigate the tendency of separation behavior. The result showed 

that the yield of extract increased with increasing operating pressure. However, the triglyceride and limonene components 

could not be properly separated at each operating temperature. Next, the continuous experiment was carried out using a 

countercurrent separation method. It was observed that the extract and raffinate have been fractionated in a stable amount 

at 180 min. The result showed that the limonene content and its recovery rate were 95.04 % and 90 % at 30 
o
C and 10 

MPa, respectively. Furthermore by applying the temperature gradient in the fractionation column, the limonene 

component was concentrated more effectively. 

 

Keywords: separation, extraction, limonene, citrus, SC-CO2.  

 

INTRODUCTION 

Many kinds of citrus fruit are cultivated in Japan. 

These citruses are divided into flesh eaten type like an 

orange and seasoning type like a lemon [1]. Particularly, 

the kind of the sour citrus type to use as seasoning is 

abundant in Japan. The Japanese sour citrus fruit has 

many kinds with a characteristic aroma, and the most of 

them are applied as raw materials of fruit juice for 

seasoning. Among them, Citrus junos, called yuzu, has 

most quantity of production, and its demand has been 

increasing. Therefore, it has become important to deal 

with the increasing juice processing residue. The yuzu 

peel accounts for approximately 50% of the whole fruit. 

The yuzu seed also accounts for 10% of that. The peel 

part contains valuable hydrocarbons such as essential oils 

[2–5]. Yuzu essential oil is very expensive due to its 

characteristic odor. On the other hand, the yuzu seed is 

also rich in triglycerides. In the case of recovery of these 

components, there is a pressing method as the simplest 

recovery method [3]. Although this method does not need 

to be sorted for each part of the citrus fruit, the extract 

would be recovered as a mixture. It is difficult to use as a 

perfume in a state of mixture. In order to be widely used 

as a raw material of foods and cosmetics, new separation 

process which does not use organic solvents and chemical 

reagents have been desired from the viewpoint of safety. 

Carbon dioxide is mostly used as supercritical fluid in the 

extraction from natural materials because it is non–toxic 

and is generally accepted as a harmless ingredient of 

foods and beverages, and easily available. It has also low 

critical temperature (31
o
C) that prevents the thermal 

degradation of components, oxidation of monoterpens and 

no residual problem. Using these properties, supercritical 

carbon dioxide (SC–CO2) has been applied to an 

extraction of natural hydrocarbons such as essential oil, 

seed oil, pigment, and bioactive compounds. Each of 

these substances has different dissolution characteristics 

for SC–CO2 [6–10]. More advanced separation of these 

hydrocarbons using a counter current separation method 

has been applied [11-13]. In this process, SC–CO2 

fractionation of complex liquid mixtures can be applied 

continuously because the feed solution can be easily 

pumped into and out of a column. This is also represents a 

big advantage over fractionation of complex liquid 

mixtures by using SC–CO2. 

In this work, the separation of the monoterpene 

was carried out by using SC–CO2 from model mixture 

(limonene/rapeseed oil = 65/35, v/v). Two separation 

methods were employed. At first, we tried to experiment 

using mixed flow separation apparatus to investigate the 

tendency of separation behavior. And then, we tried to 

continuous separation by countercurrent separation 

apparatus. 

 

EXPERIMENTAL SECTION 

 

Materials 
 Ethanol (C2H5OH; 99.5%) was obtained from 

Wako Pure Chemicals Industries Ltd., Osaka, Japan. A 

commercial rapeseed oil for cooking and D(+)–limonene 

which purchased from Wako Pure Chemical Industries 

Ltd., Osaka, Japan were used as starting materials. They 
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were mixed and directly used without any treatments. The 

ratio of limonene and rapeseed oil was 65:35 in volume. 

This feed solution was stored in the dark at 0 
o
C until use. 

Next, this feed solution was allowed to reach room 

temperature prior to introduce in separation process. CO2 

as an extraction and a fractionation media was bought 

from Uchimura Co., Kumamoto, Japan. 

 

Methods 

 

 
 

Figure-1. Schematic diagram of SC–CO2 mixed flow 

separation apparatus. 

 

 Figure-1 described the mixed flow separation 

apparatus under SC–CO2 conditions. The main apparatus 

consisted of high pressures pump for CO2 and feed 

solution (PU–2086, Jasco, Japan; LC–6AD, Shimadzu, 

Japan), a heating chamber (WFO–400; EYELA, Tokyo, 

Japan), a high pressure vessel (Jasco, Japan) and back- 

pressure regulator (BPR; AKICO, Tokyo, Japan). The coil 

preheater made of 1/8 inch stainless–steel tubing 

(SUS316) with 300 cm length was located in the heating 

chamber to introduce the CO2 before entering to the high 

pressure vessel device. K–type thermocouple was also 

inserted in the high pressure vessel device to monitor the 

temperature during experiment. To monitor the separation 

pressures, the pressure gauge was attached on the 1/16 

inch stainless–steel tubing (SUS316) and placed between 

the high pressure vessel device and BPR. In this work, the 

separation process under SC–CO2 conditions were 

performed at temperatures of 30 – 65 
o
C and pressures of 7 

- 30 MPa. Initially, 6 mL of feed solution was placed in 

the extraction vessel (40 mL volume) via feed solution 

pump. Liquid CO2 from a cylinder with siphon attachment 

was passed through a chiller kept at 0 
o
C and compressed 

CO2 was flowed into the high pressure vessel placed in an 

oven that was maintained at the operating temperature. 

During separation process, the pressure in the high 

pressure vessel was controlled by BPR. The CO2 flow rate 

was controlled at 3.0 mL/min by using HPLC pump and 

the amount of CO2 consumption was measured by using a 

dried gas meter device. At every 30 min for 180 min, the 

extract was weighted immediately after collection. The 

extracts were directly stored in a refrigerator until further 

analysis. 

 Figure-2 shows the schematic diagram of 

countercurrent SC-CO2 separation apparatus. Similar to 

the mixed flow separation apparatus system under SC-CO2 

conditions, the apparatus system also consisted of high 

pressures pump for CO2 and feed solution and back 

pressure regulator as main parts. Initially, the CO2 was 

charged into the high pressure column from the bottom, 

and the pressures of column and separator were adjusted 

by back-pressure regulators (BPR). The temperature of the 

column was concurrently adjusted by eight proportional 

integral differential (PID) controllers. Separation 

experiments were carried out at temperatures of 30 - 60 
o
C, pressures of 8 - 15 MPa. The feed solution was 

charged into the middle of high pressure column via feed 

solution pump after the high pressure column has reached 

the desired condition (temperature and pressure). The 

products were collected as extract and raffinate, 

respectively. Each sample was fractionated every 60 min 

and then was weighted immediately after collection. The 

products were also stored in a refrigerator until further 

analysis. 
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Analytical methods 

One milliliter of the extract was diluted with 2 ml 

of ethanol and the solution was analyzed by using GC-FID 

(Shimadzu GC-14A). The peak areas were integrated with 

a Shimadzu C–R6A Chromatopack integrator. The column 

used was a DB-5 capillary (15 m × 0.25 mm×0.25 m). 

The conditions of GC-FID for limonene analysis were as 

follows: oven temperature was 50 
o
C for 2 min, and then 

programmed from 50 to 320 
o
C at 5 

o
C min

−1
; injection 

volume was 1.0 l; injector and detector temperatures 

were 280 and 320 
o
C, respectively. The weight of extract 

composition was calculated from the GC peak area and 

dilution factors. Each sample was analyzed in duplicates 

and cited as the mean ± SD. 

 

RESULTS AND DISCUSSIONS 

 

Mixed flow separation method 
 

 
 

Figure-3. Effect of temperature and pressure on the 

yield of extract. 

Figure-3 shows the extraction yield obtained at 

various operating conditions. Clearly, the figure showed 

that the extraction yield raised at constant temperature 

with increasing extraction pressure. The amount of 

extraction yields were about 23.30 and 40.63 % in weight 

when the extraction process was performed at 7.3 and 10 

MPa with 40 
o
C, respectively. At the same extraction 

conditions (extraction time and extraction temperature), 

the amount of extraction yield may increase significantly 

to 81.20 wt% when the extraction pressure was increased 

to 30 MPa. Similar phenomena were also found in other 

extraction conditions. This tendency is corresponded to a 

direct increasing of CO2 density at supercritical conditions 

and hence the solvating power of supercritical CO2 was 

also improved [14]. Machmudah et al. [14] reported that 

the raising extraction pressure of supercritical CO2 system 

beyond an optimum point may promote in the extraction 

yield. However, they also informed that a further increase 

in extraction pressure may drive to a decrease in the 

extraction yield at the same extraction temperature. This 

figure also showed that the change of extraction 

temperatures in supercritical CO2 system also give an 

influence on the extraction yields. At these conditions, the 

improving extraction temperatures may reduce in density 

of CO2 at a constant pressure, consequently, the reduction 

of CO2 solvent power may occur. At the same time, the 

extraction temperature also affected the solute volatility. 

Hence, the extraction temperature effect was not easy to 

estimate owing to its dependence on the raw material 

nature. However, as shown in Figure-3, increasing 

extraction temperature at a constant pressure with CO2 

flow rate 3 ml min
–1

 may decrease the extraction yields. It 

pointed out that the CO2 density might possess strong 

effect during the extraction process. 
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Figure-4. Effect of temperature and pressure on the 

concentration and recovery rate of the extracted 

limonene using mixed flow separator. 

 

Generally, the rapeseed oil used as a starting 

material comprised of triglycerides as a main component. 

The content of this component in the rapeseed oil might be 

over than 95 %, even 99.1 % [15]. Therefore, in this work, 

the extraction yield of rapeseed oil that extracted after SC-

CO2 treatment was referred to as triglyceride. Figure-4 

shows the effects of operating conditions on the 

concentration and recovery rate of the extracted limonene 

and triglyceride using mixed flow separator. Beside the 

SC-CO2 extraction is green technologies and 

environmental friendly, the polarity of SC-CO2 might be 

similar to liquid pentane, which offers it favor to be 

employed as a green extraction media to extract essential 

oils from matrix [16]. This SC–CO2 solvent strength can 

also be controlled easily by changing operating conditions 

(pressure and temperature). As a result, the changing 

temperature and/or pressure in SC-CO2 extraction system 

may result a significant effect on the components 

extraction yield. As shown in this Figure, the recovery rate 

of extract is varied at various operating conditions and it 

increased with increasing extraction pressure at the same 

extraction temperature. The similar phenomenon was also 

found in the limonene as a component in the extract. The 

recovery rate of limonene is increased with increasing 

temperature against the decrease in the concentration of 

limonene. This result is evident that the change of 

extraction parameters (pressure and or temperature) had 

effect on the solubility of limonene in SC–CO2. It is in 

agreement with similar trends reported by other authors [8, 

17]. 

 

Countercurrent separation method 

It has been known that supercritical fluid 

including supercritical carbon dioxide possess liquid–like 

densities and gas–like viscosities. Due to these properties, 

it had several major advantages over liquid solvents when 

SC–CO2 was employed as media. The dissolving power of 

SC–CO2 is affected by density which can be tuned by 

changing the pressure and temperature. Next, the 

selectivity of SC–CO2 can be further controlled. In 

addition, SC–CO2 has favorable mass transfer due to the 

higher diffusion coefficient and the lower viscosity. 

Hence, the fractionation of extracted components can also 

be carried out by SC–CO2 [13].  

As informed above, the countercurrent 

fractionation mode in SC-CO2 with packed columns is 

used to fractionate feed solution containing limonene and 

rapeseed oil. The extract was recovered from the column 

top along with CO2. On the other hand, component 

undissolved in the SC–CO2 was recovered from the 

column bottom as a raffinate. From fractions of 180 min 

later, it was observed that the extract and the raffinate have 

been fractionated in a stable amount. Figure-5a shows the 

effect of operating temperature on the recovery rate and 

concentration of limonene component through the 

countercurrent method when the SC-CO2 fractionation 

was performed at operating pressure of 10 MPa. The 

higher concentration was observed at each operating 

temperature condition. At the operating temperature of 60 
o
C, limonene component concentration could reach to 

99.97%. Conversely, the recovery rate of limonene 

component decreased with increasing operating 

temperature. From the view point of recovery, it is 

desirable to separate under the operating temperature of 30 
o
C. Figure-5b shows the effect of operating pressure on the 

recovery rate and concentration of limonene component at 

constant fractionation temperature. Slightly, the 

concentration of limonene component decreased with 

increasing operating pressure. This indicated that the 

increasing density promoted the dissolution of triglyceride 

at the operating temperature of 30 
o
C. From the view point 

of recovery, it is desirable to separate under the pressure of 

10 MPa. These result indicated that in spite of the poor 

solubility of triglycerides in SC–CO2, the increasing SC-

CO2 density, and thus SC–CO2 solvent power, that 

affected by varying operating conditions makes CO2 

possible to carry triglyceride component together with 

limonene component as a fractionation product [18]. 
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Figure-5. Effect of temperature (a) and pressure (b) on the 

concentration and recovery rate of the extracted limonene 

using countercurrent separator. 

 

As mentioned above, indeed, SC–CO2 has several 

advantages over traditional extraction techniques such as 

solvent-free products, no by-products, low operating 

temperature, and easily combination with other processes 

(micronization and crystallization). However, the most 

important advantage of SC–CO2 as a media is the selective 

extraction of components that can be controlled by 

changing the process parameters. Hence, the SC–CO2 

solvent also can be applied as a media for fractionation of 

complete extracts due to differences in solubility behavior. 

This fractionation condition can be achieved by decreasing 

the operating pressure or by increasing the operating 

temperature or both [13, 19].  

In this work, the effect of temperature gradient in 

the SC-CO2 fractionation system on the extract 

composition was observed (see Figure-6). The temperature 

gradient is applied gradually from 30 to 60 
o
C from the 

bottom to the top of the fractionation column when the 

SC-CO2 fractionation process was carried out at operating 

pressure of 10 MPa. As shown in Figure-6, the limonene 

component in the extract was concentrated more 

effectively. At an isocratic operating temperature (30 
o
C), 

the limonene component in the extract was about 95 %.  

Obviously, it increased to 98.55 % when the temperature 

gradient was applied in SC–CO2 fractionation system. It is 

considered that the internal reflux occurred in the 

fractionation column with the wider the temperature 

gradient [13, 19-21]. At these conditions, the less soluble 

components condensed and dropped back when the SC–
CO2 solvent containing dissolved components at lower 

temperature flow into the higher temperature zone due to 

the solubility decrease of components with the increase in 

temperature. This phenomenon is generally controlled by 

increasing or decreasing the operating temperature at the 

fractionation column head. In the case of triglyceride 

component, the operating pressure of SC-CO2 

fractionation system seemed to give stronger effect than 

operating temperature. As a result, the low amount of 

triglyceride component was found in the extract when the 

temperature gradient was applied in SC–CO2 fractionation 

system. At these conditions, it seemed that the solubility of 

limonene component in SC–CO2 is higher than the 

solubility of triglyceride component [22]. 

 

 
 

Figure-6. Comparison of limonene recovery rate and 

concentration at 10 MPa. 

 

CONCLUSIONS 

The SC-CO2 fractionation of the limonene and 

the triglyceride from the oil mixture as a model waste of 

Citrus junos was investigated. The experiments were 

performed at temperatures of 30 - 65 
o
C and pressures of 7 

- 30 MPa with two modes of separation apparatus. At first, 

the mixed flow separation apparatus was employed. The 

result showed that the yield of extract increased with 

increasing operating pressure. However, the triglyceride 

and limonene components could not be properly separated 

at each operating temperature. When the continuous 

experiment was applied by using a countercurrent 

separation method, it was observed that the extract and 

raffinate have been fractionated in a stable amount at 180 

min. The limonene content and its recovery rate were 

95.04 % and 90 % at 30 
o
C and 10 MPa, respectively. 

Furthermore, by applying the temperature gradient in the 
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fractionation column, the limonene component was 

concentrated more effectively. Based on the result, our 

experiment has revealed that the countercurrent separation 

method under SC–CO2 condition is an appropriate method 

for extracting and fractionating valuable component from 

waste containing hydrocarbons components. 
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