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A B S T R A C T   

Piper betle leaves, which contains a high level of eugenol, is abundantly grown and distributed in many Asian 
countries. Eugenol is an important principal phytochemical found in betel leaves. This study proposed to 
determine the solubilization studies of eugenol in supercritical carbon dioxide from piper bettle leaves. The 
variables were pressure of 10 MPa–30 MPa, temperature of 40 ◦C–70 ◦C and flow rate of 4 mL/min to 8 mL/min. 
In solubility study, the Chrastil model offered the best fitting to correlate the solubility data of Piper betle leaves 
extract with the lowest average absolute relative deviation (AARD) of 6.20%. The coefficient values of k for 
solubility of extract at flow rate of 4, 6 and 8 mL/min were − 0.27, 0.17 and 0.16, respectively. Furthermore, the 
coefficient values of k for solubility of eugenol at flow rate of 4, 6 and 8 mL/min were − 0.25, − 0.15 and − 0.05, 
respectively. It is hence believed that the solvation power of SC-CO2 was higher at high flow rate to increase the 
solubility of Piper betle leaves extract and eugenol.   

1. Introduction 

Medicinal plants play a golden role by providing for use as cosmetic 
substances, source of food, and ancient medicines. Undoubtedly, these 
plants should be employed in the discovery of a more natural, sustain-
able, and affordable source of medication in the primary health care 
system due to the wide diversity of bioactive compounds [1]. The leaves 
are recognized as “Green Gold” due to its colour and it is widely used in 
Malaysia, Thailand, India, Sri Lanka, Taiwan and others southeast Asian 
countries especially in the improvement of oral health [2,3]. Given that 
it is a cheap and readily accessible plant, various parts of the Piper betle 
plant are used in traditional medicine for treatment of several conditions 
such as constipation, conjunctivitis, itches, rheumatism and abrasions 
[4]. It has been suggested that the main compound that contributed to 
its medicinal properties was Eugenol [5]. 

Eugenol is a phenylpropene, an allyl chain-substituted guaiacol and a 
member of the phenylpropanoids class of chemical compounds with 
colourless to pale yellow oily liquid [6]. This fairly soluble in water and 
organic solvents which can categorized as a slightly polar compound. 

Eugenol is considered as versatile molecule used as an ingredient in 
various products including pharmaceutical, food industry, fragrance, 
flavour, cosmetics [7,8]. To date, the food industry is moving towards 
the application of eugenol in food preservation owing to its antimicro-
bial properties. The rise in foodborne diseases worldwide also have been 
driving the demand for eugenol to be used as ingredients effective 
preservation strategy [9]. Thus, an effective extraction process for 
eugenol production is important in ensuring that this compound is 
feasible to its clinical or pharmaceutical application. 

Separation procedures are critical in the processing of biomaterials. 
Because the density of supercritical fluid is closer to that of liquids and 
its viscosity is low, equivalent to that of gases, it exhibits ideal transport 
qualities that boosted its adaptability as a solvent for liquid extraction 
procedures [10,11]. As a result, supercritical fluid extraction (SFE) 
technology has been used to improve high-quality products and reduce 
the amount of solvent required, where the supercritical fluid’s high 
density contributes to a high diffusivity equivalent to that of liquids, 
resulting in faster solute particle dissolution in solvent [12,13]. Ther-
mally labile, lipophilic, non-volatile biological products are frequently 
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required to be maintained and processed at room temperature. Thus, 
this study focuses on supercritical carbon dioxide (SC–CO2) as the 
extracting solvent because it has a near ambient critical temperature 
(31.1 ◦C), making it a particularly appealing medium for the extraction 
of biological materials [14]. The key features of SC-CO2 extraction are its 
ability in manipulating the dissolving power of CO2 towards targeted 
compounds by using appropriate parameters condition. SC-CO2 extrac-
tion also offers the major advantage in term of producing high purity 
and high selectivity extracts. These have made supercritical fluid tech-
nology a primary alternative for the extraction and fractionation of 
active ingredients compared to traditional solvent extraction such as 
steam distillation, water extraction, evaporation and spray drying 
methods that was not sufficient to achieve the exact separation between 
the desired and the undesired compounds [15]. 

SC-CO2 extraction is favoured due to its high selectivity, high effi-
ciency, and short extraction time. Thus, factors influencing the SC-CO2 
extraction process can be adjusted for a dual purpose to improve the 
extraction efficiency and/or selectivity. Pressure and temperature are 
predominant during the SC-CO2 extraction process design and make 
them influential on both equilibrium and kinetics as well as to control 
the density and solvating power of CO2 [16]. The mathematical 
modelling for SC-CO2 can be formulated by application of differential 
equation principle and dimensionless analysis. The process developing 
mathematical modelling equation is very complex because according to 
Ref. [17]; in spite of complexity of differential equation, some 
assumption must be made because most of the equation attempt to 
analyse data only during steady state conditions. Consequently, since 
SC-CO2 extraction phenomena is in unsteady state, the result obtained 
will affect the simulation of conditions since the solution are approxi-
mated in the steady state. For this reason, there will be limitation to the 
quantitative analysis of SC-CO2 fluid flow phenomenon. Therefore, the 
mathematical modelling correlated to the fluid flow phenomena is 
needed so that better understanding on the parameters that may affect 
solubility of compounds in SC-CO2 can be anticipated. 

The objective of this study is to determine the solubilization of 
extract and eugenol in SC-CO2 from piper bettle leaves. This study also 
provides the coefficient value of Chrastil and Del Valle Aguilera model 
fitted the solubility data. The process of solubilization between extract 
and raw material using SC-CO2 is determined using the coefficient value 
of modelling data. 

2. Materials and methods 

2.1. Pipper Betle leaves preparation 

To guarantee that the leaf profiling was equivalent, fresh green Piper 
Betle leaves were procured in bulk from Dedaun Sirih Farm in Selangor, 
Malaysia. The leaves were washed thoroughly with tap water to remove 
any dirt and dust present. Then, the leaves were cut using edge tool into 
small pieces and were oven dried at 40 ◦C ± 2 ◦C until no weight change 
observed. Next, the dried leaves were ground using POLYMIX® PX-MFC 
90D, Switzerland (blade grinding assembly) to reduce the particle size 
for further investigation. To preserve the volatile compound and to 
maintain the sample freshness, the ground sample were stored in airtight 
container and kept in freezer (Model Liebherr) at temperature about 
− 30 ◦C. 

2.2. Chemical 

The liquid carbon dioxide (99.99% purity) was purchased from Kras 
Instrument, Johor Bahru, Malaysia. Eugenol standard and methanol 
HPLC grade was purchased from Sigma-Aldrich (St. Louis, USA). 

2.3. Supercritical carbon dioxide (SC–CO2) extraction 

Supercritical fluid extraction was performed using SC-CO2 extraction 

system consisting of high-pressure CO2 piston pump (NS- Tokyo, Japan), 
10 mL stainless steel extraction vessel, oven (Venticell, Germany), 
pressure gauge (Swagelok, USA), chiller (WiseCircu, Korea), heater 
(WiseCircu, Korea), manual back pressure regulator (Tescom, US), three 
restrictor valve which are for inlet, outlet and venting operation and CO2 
with 99.99% purity was used as a solvent throughout the process. Su-
percritical carbon dioxide extraction was performed to extract Piper Betle 
leaves as shown in Fig. 1. The system of SC-CO2 extraction was dynamic 
system. The flowrate of CO2 was measured based on the flowrate of CO2 
pump. The three independent variables involved in this study were 
pressure (10–30 MPa), temperature (40–80 ◦C) and flow rate of CO2 
(4–8 mL/min). The constant variables were mean particle size (302.5 
μm) and sample moisture content at 8.35% approximately throughout 
210 min of extraction time. The system of SC-CO2 extraction was dy-
namic system. 

The equipment system was purged with cotton wool soaked with 
3–5 mL of methanol at operating pressure 10 MPa, temperature 40 ◦C 
and 4 mL/min of CO2 flowrate for 10 min (blank extraction) to remove 
contaminants such as residual oil if any in the system from the extraction 
process left previously. The limitation of this equipment was pressure 
cannot above 30 MPa pressureNext, a 5.0 ± 0.005 g of ground dried 
Piper betle leaves that have reached room temperature were loaded into 
the extraction vessel and before tightly sealed, the vessel was capped 
with cotton wool to prevent the sample from leaving the extraction 
vessel. Tubing was connected to the extraction vessel and placed in the 
oven. Following, oven temperature and CO2 flowrate were set to the 
desired operating condition. Liquid CO2 then were compressed to the 
desired pressure by controlling the back-pressure regulator. Volume of 
CO2 used and extracted oil was recorded every 30 min of the extraction 
process. Extracts are finally separated from the CO2 phase and collected 
in collector at ambient temperature and atmospheric pressure. The CO2 
gas was depressurized to remove from the separator. The extract ob-
tained was sealed and stored at − 10 ◦C to prevent any possible 
degradation. 

2.4. Identification and determination of eugenol using HPLC 

The method was developed by Ref. [18] to identify eugenol by 
High-performance liquid chromatogram (HPLC). The HPLC analysis of 
extract samples was performed using PerkinElmer Series 200 equip with 
auto sampler, binary pump, column oven, vacuum degasser and diode 
array detector. The column used was C18 column (5 μm, 4.6 mm ID x 
250 mm) with C18 guard column. In this study, a 70:30 v/v mixture of 
methanol and water was chosen as the mobile phase. The elution was 
performed under isocratic conditions at a flow rate of 0.7 mL/min. 
Chromatograms were recorded at 280 nm. The oven temperature used 
was 40 ◦C. 

First, the extract was taken in a 10 mL volumetric flask and were 
diluted using 7 mL of methanol and 3 mL of distilled water. The solution 
was vortex for about 30 s, centrifuged for 5 min at 4000 rpm and then 
sonicated for 10 min. After that, the sample was filtered using nylon 
membrane filter (0.45 μm) to filter suspended solid and stored in a 
sample vial for HPLC use. The result was used to study effect of 
extraction parameters towards eugenol concentration as express in mg 
of eugenol per grams of extracted Piper betle leaves extract at each SC- 
CO2 extraction condition and was expressed as follows: 

Concentration of Eugenol=
C × V
Woil

(1)  

where, C is concentration of eugenol from analysis (mg/mL), V is vol-
ume of the injected solvent in sample (mL) and Woil is weight of 
extracted Piper betle leaves extract in 3.5 h at each extraction condition 
(mg). 
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2.5. Determination of extracted oil yield, g 

Extracted oil can be defined as the accumulation weight of each 
fraction at given temperature, pressure and flow rate at 210 min of time 
extraction. The yield was determined by direct weight measurement. 
The expression of extracted oil as follows: 

Woil =
∑

(Wt − Wb) (2)  

Where Woil is weight of extracted oil (mg), Wt is weight of oil inside of 
sample bottle (mg) and Wt,f is weight of sample bottle sample (mg). 

2.6. Calculation of solubility of Piper Betle leaves extract in sc-co2 

Solubility was defined as the amount of extracts obtained per mass of 
fluid used to extract it. In experimental, the solubility was measured by 
plotting experimental data of mass of oil extracted against the mass of 
CO2 used. 

S
(g

L

)
=

Δy(g)
ΔvCO2(L)

(3)  

Where Δy(g) is the total yield (g); ΔVCO2 (L) is the total CO2 consumption 
(L). 

2.7. Empirical mathematical modelling 

Different equations have been presented for mathematical modelling 
of solubility data of Piper Betle leaves extract in SC-CO2. The solubility 
data obtained experimentally were fitted into two density-based semi- 
empirical models which were Chrastil model [19] and Del Valle and 
Aguilera model [20]. Multi-linear regression was performed using Excel 
Solver 2010 to determine the model constants and the best correlation; 
thus, it was used to present the solubility behaviour of the solid in the 
SC-CO2 extraction process. The reliability and accuracy of the models 
were evaluated using Equation (5). The Chrastil equation can be formed 
as below: 

ln S= k ln ρCO2 +
a

T + 273
+ b (4)  

Where S is solubility (g/L), ρCO2 is density of water (g/L) and T is tem-
perature (◦C). The value of k depends on average number of solvent 
molecules in the solvato complex. The value of b depends on the mo-
lecular weights of the solute and solvent. 

The DVA model was developed using the Chrastil model and the 
hypothesis that temperature affects the extraction process significantly 
[21]. The addition of one customizable parameter causes the model’s 
temperature to be more dependent on temperature than density. Eq. (4) 
shows the Del Valle–Aguilera equation: 

ln S= k ln ρH20 +
a

T + 273
+

b
\(T + 273)2 + c (5)  

Where S is solubility (g/L), ρH20 is density of water (g/L) and T is tem-
perature (◦C). The value of k depends on average number of solvent 
molecules in the solvato complex and the value of a and b defined as 
adjustable parameters related to temperature. 

2.8. Average absolute relative deviation (AARD) 

A multilinear regression was performed by using Solver in Excel 
2008 program to determine the model constants. The accuracy of 
Chrastil models and del Valle and Aguilera model were quantified by 
analysis of average absolute relative deviation (AARD). 

AARD (%)=
1
n

∑n

i− 1

⃒
⃒
⃒
⃒
⃒

Yexp − ycaic

yexp

⃒
⃒
⃒
⃒
⃒

(6)  

where n is number of data points, Yexp is solubility data obtained from 
experimental respectively at ith condition and Ycalc is solubility data 
obtained from Chrastil model respectively at ith condition. 

3. Results and discussion 

Solubility depicts the equilibrium between a solute and a solvent and 
is a key aspect of separations relating supercritical fluids. Solubility data 
are valuable process parameters for design and scale up purposes. The 
solubility value represents the maximum amount of a solute that can be 
solubilized in a solvent at a given condition. This study conducted 
mainly to measure the solubility of Piper Betle leaves extract in SC-CO2 
and its behaviour at different pressure, temperature and CO2 flowrate. 

The solubility of Piper Betle leaves extract in SC-CO2 was evaluated at 
temperatures ranging from 40 ◦C to 80 ◦C, pressures ranging from 10 
MPa to 30 MPa and CO2 flow rate ranging from 4 mL/min to 8 mL/min. 
The solubility data for each condition were obtained from extract 
divided the volume of carbon dioxide consumption during extraction 
process curve as shown in equation (2). The experimental solubility data 
of Piper Betle leaves extract in SC-CO2 and CO2 density at various 

Fig. 1. Schematic diagram for the SC-CO2 process.  
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operating conditions are presented in Table 1. 

3.1. Effect of SC-CO2 condition on the solubility of Piper Betle leaves 
extract 

Figs. 2 and 3 show the solubility of Piper Betle leaves extract and 
eugenol in SC-CO2 behaviour at constant flow rate of 4 mL/min, 6 mL/ 
min and 8 mL/min at each constant temperature corresponding to 
various pressure. As shown in Table 1, it can be observed that the highest 
solubility of was 0.29 mg/L at the flowrate of 4 mL/min, temperature of 
60 ◦C and pressure of 20 MPa. The highest solubility of eugenol was 
9.74E-05 g/L at the highest temperature of 80 ◦C and lowest pressure of 
10 MPa at CO2 flow rate of 4 mL/min. Meanwhile the lowest solubility of 
extract was 0.08 g/L at the flowrate of 8 mL/min, temperature of 40 ◦C 
and pressure of 10 MPa. The lowest solubility of eugenol in SC-CO2 was 
2.21E-05 at flowrate of 8 mL/min, temperature of 80 ◦C and pressure of 
30 MPa. 

Fig. 2 shows the solubility of Piper Betle leaves extract in SC-CO2 at 
constant flowrate of 4 mL/min, 6 mL/min and 8 mL/min at pressure of 
10–30 MPa and temperature of 40–80 ◦C. Fig. 2(a) shows that pressure 
of 20 MPa gives the higher solubility of extract compared to 10 and 30 
MPa at constant flowrate 4 mL/min. Fig. 2 (a) also illustrates that there 
is much different in enhancement of temperature from 40 ◦C to 80 ◦C . 
As similar as to Fig. 2(b), the temperature 40 and 80 ◦C gives the similar 
solubility of extract. However, Fig. 2(b) and (c) show that the pressure of 
30 MPa gives the higher solubility of extract in SC-CO2 at flow rate of 6 
mL/min and 8 mL/min. High pressure will increase the density of CO2, 
thus the solvation power of CO2 also increase [11,22]. The solvation 
power increase the mass-transfer process between the solute and solvent 
[23]. 

Fig. 2(b) and (c) also found that increasing of temperature from 40 ◦C 
to 80 ◦C increase the solubility of extract in SC-CO2. Increasing of 
temperature increase the vapor pressure of solute to soluble in the SC- 
CO2 [11,23–25]; Jumakir et al., 2022). Therefore, the extract is easily 
diluted to the solvent. Decreasing of flowrate from 8 mL/min increase 
the solubility of Piper Betle leaves extract in SC-CO2 as shown in Fig. 2. 
The higher flowrate will decrease the residence time of solvent/SC-CO2, 

thus there is not enough contact time of solvent to penetrate and extract 
the solute [11,14,23,25]; Veza et al., 2022). Furthermore, the higher 
flow rate will increase the production cost, where high flow rate will 
consumed higher quantity of CO2 [26]. Therefore, the flowrate of 4 
mL/min is suitable to recover of Piper Betle leaves extract. 

Fig. 2(c) shows that there is cross over pressure occur between 
temperature of 40 ◦C and 60 ◦C. The cross over point is the consequence 
of competition of two temperature dependent factors which are vapor 
pressure of the solute and supercritical fluid solvent density [23]. Result 
obtained from this study shows that at pressure lower the cross over 

Table 1 
Experimental solubility data of Piper Betle leaves extract and eugenol in SC-CO2.  

Flowrate 
(mL/min) 

Temperature 
(◦C) 

Pressure 
(MPa) 

CO2 

Density, 
(kg/m3) 

Solubility 
of extract 
(g/L) 

Solubility 
of eugenol 
(g/L) 

4 40 10 628.62 0.23 7.53E-05 
20 839.82 0.28 7.64E-05 
30 909.89 0.15 6.4E-05 

60 10 289.96 0.28 7.07E-05 
20 723.69 0.29 6.67E-05 
30 829.72 0.10 7.43E-05 

80 10 221.61 0.20 9.74E-05 
20 593.9 0.27 7.77E-05 
30 745.61 0.11 7.4E-05 

6 40 10 628.62 0.16 6.01E-05 
20 839.82 0.20 4.83E-05 
30 909.89 0.24 4.1E-05 

60 10 289.96 0.14 6.91E-05 
20 723.69 0.15 5.77E-05 
30 829.72 0.19 5.08E-05 

80 10 221.61 0.16 6.14E-05 
20 593.9 0.19 5.23E-05 
30 745.61 0.22 4.96E-05 

8 40 10 628.62 0.08 6.09E-05 
20 839.82 0.11 5.46E-05 
30 909.89 0.11 5.09E-05 

60 10 289.96 0.10 5.5E-05 
20 723.69 0.11 4.93E-05 
30 829.72 0.15 3.61E-05 

80 10 221.61 0.10 5.23E-05 
20 593.9 0.15 3.97E-05 
30 745.61 0.21 2.12E-05  

Fig. 2. Solubility of Piper Betle leaves extract in SC-CO2 at constant flow rate of 
4 mL/min (a), 6 mL/min (b) and 8 mL/min (c). 
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pressure, the density of the solvent become less sensitive to the pressure. 
This behaviour leads to the increased of solubility as the temperature 
increases. Commonly, an isobaric increase in temperature results to a 
decrease in solubility. This phenomenon usually observed in the high 
compressibility area of the supercritical fluid solvent and it is known as 
the “retrograde solubility behaviour”. However, density alone does not 
give the complete explanation of solubility enhancement. Some other 
factor that responsible for contributing to the solubility behaviour is the 
volatility of the solid solute [27]. 

Fig. 3 shows the solubility of eugenol from Piper Betle leaves extract 
to SC-CO2 at constant flowrate of 4 mL/min (a), 6 mL/min (b) and 8 mL/ 
min (c) at pressure of 10–30 MPa and temperature of 40–80 ◦C. Fig. 2(a) 
shows that pressure of 10 MPa gives the higher solubility of extract 
compared to 10 and 20 MPa at constant flowrate 4 mL/min. Fig. 2 (a) 
also illustrates that there is much different in enhancement of pressure 

from 10 to 30 MPa at constant temperature 60 ◦C. Fig. 2(b) and (c) also 
show that the pressure of 30 MPa gives the lower solubility of eugenol in 
SC-CO2 at flow rate of 6 mL/min and 8 mL/min. High pressure will in-
crease the compactness of Piper Betle leaves in the extraction vessel, 
where the SC-CO2 cannot penetrate the leaves in the extraction vessel for 
recovering the eugenol [28,29]. Therefore, the diffusivity of CO2 was 
decrease with less contact area between the solute and solvent [30] (see 
Fig. 4). 

Fig. 2(a) also found that increasing of temperature from 40 ◦C to 
80 ◦C increase the solubility of eugenol in SC-CO2. Increasing of tem-
perature increase the vapor pressure of eugenol to soluble in the SC-CO2 
[31]. However, temperature of 40 ◦C gives the higher solubility of 
eugenol in SC-CO2 as shown in Fig. 3(c). Lower temperature condition 
will increase the density of CO2, where higher density will increase the 
diffusivity and solvation power of solvent [32]. Therefore, the extract is 
easily diluted to the solvent due to high mass-transfer process between 
solute and solvent. The flowrate from 6 mL/min gives higher the solu-
bility of eugenol from Piper Betle leaves in SC-CO2 as shown in Fig. 3. The 
higher flowrate will decrease the residence time of solvent/SC-CO2, thus Fig. 3. Solubility of eugenol from Piper Betle leaves to SC-CO2 at constant flow 

rate of 4 mL/min (a), 6 mL/min (b) and 8 mL/min (c). 

Fig. 4. Solubility of Piper Betle leaves extract to SC-CO2 fitted by Chrastil model 
at constant flowrate 4 mL/min (a), 6 mL/min (b) and 8 mL/min (c). 
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there is not enough contact time of solvent to penetrate and extract the 
solute. Furthermore, the higher flow rate will increase the production 
cost, where high flow rate will consumed higher quantity of CO2 [33]. 
Therefore, the flowrate of 6 mL/min is suitable to recover of eugenol 
from Piper Betle leaves. 

Fig. 2(c) shows that there is cross over pressure occur between 
temperature of 40 ◦C and 60 ◦C. The cross over point is the consequence 
of competition of two temperature dependent factors which are vapor 
pressure of the solute and supercritical fluid solvent density [23]. Result 
obtained from this study shows that at pressure lower the cross over 
pressure, the density of the solvent become less sensitive to the pressure. 
This behaviour leads to the increased of solubility as the temperature 
increases. Commonly, an isobaric increase in temperature results to a 
decrease in solubility. This phenomenon usually observed in the high 
compressibility area of the supercritical fluid solvent and it is known as 
the “retrograde solubility behaviour”. However, density alone does not 
give the complete explanation of solubility enhancement. Some other 
factor that responsible for contributing to the solubility behaviour is the 
volatility of the solid solute [27]. 

From the observation, at constant flow rate of 4 mL/min as shown in 
Fig. 3(a), there was a convergence of the solubility isotherm curve. The 
interaction points of the solubility isotherms termed as cross over 
pressure. At the lowest flow rate, the crossover was in between 20 MPa 
and 30 MPa. Meanwhile, at flow rate of 6 mL/min, it was observed that 
the crossover was at 30 MPa on 60 ◦Cand 80 ◦C. However, at constant 
flow rate of 6 and 8 mL/min (Fig. 3(b)), there is no cross over pressure 
occur. The cross over point is the consequence of competition of two 
temperature dependent factors which are vapor pressure of the solute 
and supercritical fluid solvent density [25]. 

As a matter of fact, the retrograde solubility behaviour is explained 
by the relative influence of the density effect and the volatility effect. An 
isobaric increase in temperature decreases density of the supercritical 
fluid solvent and hence decreases the solubility by the density effect 
[34]. On the other hand, the same increase in temperature increases the 
volatility of the solute and hence increases the solubility by the volatility 
effect. At a pressure less than the crossover pressure, the volatility effect 
is more pronounced than the density effect, facilitating an increase in 
solubility with an increase in temperature [35]. 

3.2. Empirical modelling 

The solubility data in SFE technology can be conveniently correlated 
in terms of density rather than pressure or temperature. In fact, the 
density of the solvent is closely related to those two operating condi-
tions. Therefore, two semiempirical density-based equations (Chrastil 
and del Valle and Aguilera) were attempted to correlate the solubility of 
Piper Betle leaves extract and eugenol, respectively in SC-CO2 system. 

3.2.1. Chrastil model 
To study the solubility of extract in supercritical fluid, Chrastil model 

is used to fit the model with the experimental data by plotting the graph 
of solubility versus density of fluid. Figs. 5 and 6 show the graphical 
correlation between experimental data and Chrastil equation at constant 
flow rate of 4, 6 and 8 mL/min. In addition, Table 2 shows the of esti-
mated parameters and AARD % for the supercritical fluid extraction 
system obtained by Chrastil. 

In Chrastil’s equation, the parameters obtained represent important 
term. For parameter a, it represents the heat of solvation and vapor-
ization of the solute, meanwhile parameter b represents the molecular 
weight and melting point of solute involved and k represents the average 
number of molecules that form the solvate-complex. From the analysis 
of the results, the average AARD% of correlation between the solubility 
experimental data with the Chrastil’s equation obtained was 6.71%. The 
lowest AARD% of correlation between the solubility of Piper Betle leaves 
extract in SC-CO2 with the Chrastil’s equation obtained was 8.03% at 
constant flowrate 6 mL/min. The lowest AARD% of correlation between 

the solubility of eugenol in SC-CO2 with the Chrastil’s equation obtained 
was 0.79% at constant flowrate 6 mL/min. Additionally, according to 
Khimeche et al. (2007) the coefficient value of a is related to tempera-
ture effects where it shows whether the extraction is exothermic or 
endothermic reaction to increase or decrease the solubility extract. 
Negative value of coefficient represents the endothermic reaction and 
positive value of a represents exothermic reaction. Meanwhile, the co-
efficient value of b depends on the molecular weights of the solute and 
solvent. 

By referring Table 2, it shows that as the flow rate increase the value 
of a change from exothermic reaction to endothermic reaction. This 
indicate that the increasing in the solvent flow rate will increase the 
convection effects on the extraction process, lowering the mass transfer 
resistance and increase the intermolecular interaction between the sol-
vent and solute at the same time [36,37]. This occurrence was corre-
sponding with the value of k which represent the average number of 
molecules that form the solvate-complex where the result show that the 
k value decreased as the CO2 flow rate increased. This result obtained as 

Fig. 5. Solubility of eugenol from Piper Betle leaves in SC-CO2 fitted by Chrastil 
model at constant flowrate 4 mL/min (a), 6 mL/min (b) and 8 mL/min (c). 
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parallel with the effect of solubility of Piper Betle leaves extract in 
SC-CO2 discussed in section 3.1 where the solubility of extracted oil 
decreased as the CO2 flow rate increased. According to Mohd, (2016), 
the increasing value of k indicates the number of solvents interact with 

the solute increases. 

3.2.2. Del Valle and Aguilera model 
Del Valle and Aguilera (DVA) model were an extension of Chrastil 

equation with additional temperature dependant parameter added to 
the model [20]. Likewise, to Chrastil equation, logarithmic function of 
solubility was plotted against logarithmic function of density of fluid. 
The adjustable parameter was independent to the influence of solvent 
flow rate. Due to this reason, the values of adjustable parameters were 
not the same for all flow rates. Figs. 7 and 8 show the graphical corre-
lation between DVA model and the solubility of Piper Betle leaves extract 
in SC-CO2 at constant flow rate of 4, 6 and 8 mL/min. Table 3 also shows 
the adjustable parameters value as a function to the DVA model. 

In del Valle and Aguilera equation, the parameters used were the 
same as Chrastil’s equation and c was the additional constant for the 
model and the additional temperature term that has been modified by 
taking into consideration the variation of heat of vaporization of the 
solute [20]. From the analysis of the results, the average AARD (%) of 
correlation between the solubility experimental data with the DVA’s 

Fig. 6. Solubility of Piper Betle leaves extract to SC-CO2 fitted by Del Valle and 
Aguilera (DVA) model at constant flowrate 4 mL/min (a), 6 mL/min (b) and 8 
mL/min (c). 

Table 2 
Correlation data of Piper Betle leaves extract and eugenol solubility in SC-CO2 
fitted by Chrastil model at constant flowrate 4 mL/min, 6 mL/min and 8 mL/ 
min.  

Compound Flow rate (mL/ 
min) 

k a b AARD 
(%) 

Piper Betle leaves 
extract 

4 0.2 7.48 − 2.62 17.5 
6 0.17 7.47 2.72 5.77 
8 0.13 7.47 − 3.04 9.64 

Eugenol 4 − 1.90 13.21 3.46 9.64 
6 − 0.24 12.90 − 8.38 0.79 
8 − 0.06 13.16 − 9.54 1.92 

Average 6.71  

Fig. 7. Solubility of eugenol to SC-CO2 fitted by Del Valle and Aguilera (DVA) 
model at constant flowrate 4 mL/min (a), 6 mL/min (b) and 8 mL/min (c). 
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equation obtained was 6.2%. The lowest AARD% of correlation between 
the solubility of Piper Betle leaves extract in SC-CO2 with the DVA’s 
equation obtained was 8.03% at constant flowrate 6 mL/min. The lowest 
AARD% of correlation between the solubility of eugenol in SC-CO2 with 
the DVA’s equation obtained was 1.17% at constant flowrate 6 mL/min. 
By referring Table 3, it shows that the value of k which represent the 
average number of molecules that form the solvate-complex increased as 
the CO2 flow rate increased. This shows a good agreement of DVA 
equation to the solubility of Piper Betle leaves extract in SC-CO2 as a 
function of density to the extraction process whereas the CO2 flow rate 
increased the solubility increased. From the result of constants value 
obtained from Charstil and Del Valle and Aguilera equation, it can be 
concluded that flow rate also play an important role along with pressure 
and temperature to maximum the amount of a solute that can be solu-
bilized in a solvent. 

4. Conclusion 

Piper Betle leaves, which contain a high concentration of eugenol, are 
widely cultivated and transported across several Asian nations. Eugenol 
is an essential primary phytochemical present in betel leaves. The var-
iables were 10 MPa–30 MPa of pressure, 40 ◦C–60 ◦C of temperature, 
and 4 mL/min to 8 mL/min of flow rate. In the solubility investigation, 
the Chrastil model correlated the solubility data of Piper Betle leaves 
extract with the lowest average absolute relative deviation (AARD), 
which was 6.20%. At flow rates of 4, 6, and 8 mL/min, the coefficient 
values of k for extract solubility were − 0.27, 0.17, and 0.16, respec-
tively. In addition, the values of k for eugenol solubility at flow rates of 
4, 6, and 8 mL/min were − 0.25, − 0.15, and − 0.05, respectively. To 
boost the solubility of Piper beetle extract and eugenol, it is hypothe-
sized that the solvation power of SC-CO2 was stronger at slow flow rates. 
From its application point of view, governing by the needs to enhance 
the extraction efficiency, the comprehensive design of Supercritical CO2 
extraction process and its fundamental of mechanism in the process to 
access high quality and quantity of valuable compounds in Piper Betle 
leaves. This will be useful in scaling up of industrial SFE processes. 
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[33] C. Espinosa Álvarez, R. Vardanega, F. Salinas-Fuentes, J. Palma Ramírez, 
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