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Abstract: Peanut skin as an agriculture waste has poor economic value. Utilizing subcritical methanol
extraction (SME) to recover catechin and epicatechin as interest compounds from peanut skin is one
of the solutions to valorize the agriculture waste into more valuable products. Therefore, the objective
of this research is to examine the parameter impacts on peanut skin extract recovery by subcritical
methanol. Extraction was conducted under three independent variables—pressure (6 to 10 MPa),
flow rate (2.5 to 7.5 mL/min) and temperature (70 to 100 ◦C)—with the responses of catechin and
epicatechin recovery. The optimum conditions were 8 MPa, 4.39 mL/min and 79.6 ◦C, with catechin
responses of 178.66 µg/g and epicatechin responses of 336.41 µg/g. Conditions of high pressure
and temperature are optimal for epicatechin and catechin enhancement. The Chrastil model fits
the solubility of catechin and epicatechin in SM effectively since it has the lowest average absolute
relative deviation (AARD), which is 4.97% and 5.97%, respectively. Consequently, this method (SME)
may substitute for the standard technique in extracting catechin and epicatechin.

Keywords: peanut skin; catechin; epicatechin; subcritical methanol extraction

1. Introduction

Peanuts are essential crops for the world’s largest food industry. Peanuts are commonly
grown in tropical and subtropical regions, and the crop has the potential to benefit both
small-scale farmers and large-scale industrial producers economically. According to reports,
the average annual global peanut production is 46 million tons. Asia, the Americas and
Africa are the three regions with the largest harvesting areas and yields. Most peanuts
grown are utilized to produce peanut oil, peanut butter, confections, roasted peanuts, snack
foods and desserts. Significant quantities of potentially polluting by-products are produced
during peanut harvesting and oil extraction. However, only a fraction of these by-products
are utilized as animal feed and fertilizer. A substantial amount of skin and a substantial
number of peanut shells and vines are also considered agricultural waste. Since the vast
majority of researchers focus on oil and kernel production, peanut by-products such as
peanut skin receive little consideration [1]. Peanut skin is a waste of the peanut industry
that has poor economic value. Numerous studies have shown that peanut skin is rich in
bioactive compounds, particularly catechin and epicatechin, which are known for their
health-promoting properties and whose application could be a new trend in health and
wellness products [2,3].

Many recent studies have confirmed that peanut skin contains a wide diversity of
bioactive compounds such as phenolic acids, tocopherols and flavonols [4]. The bioactive
compounds present in peanut skin are epicatechin and catechin. Both of the bioactive
compounds are a type of flavanol. Catechin and epicatechin are polar in nature and are
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plentiful in onion, grape peel, chocolate and tea [5,6]. Catechin and epicatechin have anti-
HIV, anti-inflammatory, antidepressant and antihypertensive effects. Catechin ranks second
in antioxidant activity compared to other naturally occurring antioxidant compounds. [7].

Numerous extraction techniques have been employed to extract biochemical and biomass
products from agricultural waste; however, the most prevalent procedures are the oil press,
supercritical carbon dioxide extraction, solvent extraction and ultrasound [1,3,8–14]. Various
extraction processes for commercial applications may be too costly and take too much extrac-
tion time. In view of environmental, efficiency and economic issues, it is essential to conduct
fundamental research on the use of new extraction methods in extracting the peanut skin.

Subcritical methanol extraction (SME) is capable of achieving high extraction rates in
a short amount of time. SME may have various effects (pressure, temperature and flow
rate) on yield. In addition, subcritical methanol is heated and kept in liquid form at a
pressure that is adequate to keep it between 64.7 ◦C and 240 ◦C and 1–8.22 MPa [15]. The
viscosity, dielectric constant and surface tension all drop as the temperature increases, while
diffusivity improves. An ideal pressure might be applied to maintain the methanol liquid
at a certain temperature [16]. Because methanol has a high affinity for polar compounds at
room temperature, its use in the extraction of less polar compounds is limited. However,
thermal energy weakens the hydrogen bonds between methanol molecules in the subcritical
region, and the dielectric constant and polarity change over a wide range with changing
temperatures and pressures [17,18]. SME’s high diffusivity enables it to quickly and
efficiently permeate the substrate matrix and facilitates the extraction of target compounds
into the fluid phase. The solute is desorbed from the initial binding site of the sample
matrix (internal diffusion) and then eluted to the extraction solvent (external delusion) [19].
The initial desorption step or subsequent elution step may control the rate of extraction
depending on the sample matrix and the conditions.

Semi-empirical models, such as those of Chrastil and Del Valle Aguilera, are pre-
ferred in determining the solubility of catechin and epicatechin. This is because those
models have a good agreement between the experimental and modeling data. Hence,
the parameter effect regarding the solubility of catechin and epicatechin can be evaluated
and determined [20]. These models also have less adjustable parameters compared to
semi-empirical and kinetic models; thus, the models easily correlated and fitted to the
experimental data [21–24].

Therefore, the objective of this study is to examine the extraction parameters to obtain
catechin and epicatechin from peanut skin using subcritical methanol.

2. Materials and Methods
2.1. Preparation of Raw Material

Peanut skins were purchased from G-Tach Food Industries Sdn. Bhd., Malaysia. The
skins were dried for 4 h at 60 ◦C to decrease the moisture content below 8%. Therefore,
it was possible to prevent the effects of moisture on the mass transfer and solubility. The
sample was then ground at a particle size of 355 < dp < 425 µm, followed by placing it into
a freezer (Liebherr EFL 3505, Germany).

2.2. Chemicals

Both epicatechin and catechin standards were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Ortho-phosphoric acid and methanol (analysis grade) were purchased from
Fisher Scientific (Atlanta, GA, USA).

2.3. Subcritical Methanol Extraction (SME)

The SME consists of a high-pressure pump, 5 mL extraction vessel, back pressure
regulator, pressure gauge and oven. The schematic diagram of SME is shown in Figure 1.
There are three variables: temperature (70 to 100 ◦C), pressure (6 to 10 MPa) and flow rate
(2.5 to 7.5 mL/min), as shown in Table 1. The responses of this extraction were catechin
and epicatechin recovery. In total, 1 ± 0.005 g of peanut skin was put into an extraction
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vessel. The methanol (95%) was pumped and controlled based on the variable of flow rate.
The extraction time of SME was 5 min. The oven’s temperature was set depending on the
variable. The pressure was regulated using the back pressure regulator’s pressure gauge.
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Figure 1. The subcritical methanol extraction (SME) scheme.

Table 1. The parameters and responses of subcritical methanol extraction.

Run A: Pressure B: Temperature C: Flow Rate Catechin Epicatechin

MPa C mL/min µg/g µg/g

1 7 70 7.5 102.52 159.11

2 6 85 7.5 112.22 106.2

3 8 85 7.5 170.85 91.62

4 7 100 2.5 166.26 49.4

5 8 70 5 166.19 353.83

6 7 85 5 183.26 208.51

7 6 100 5 196.71 35.32

8 6 70 5 122.19 66.06

9 6 85 2.5 172.77 12.06

10 7 70 2.5 115.94 353.26

11 7 100 7.5 140.57 248.9

12 8 100 5 202.72 189.84

13 8 85 2.5 127.77 417.91

2.4. Catechin and Epicatechin Analysis

High-performance liquid chromatography with ultraviolet-visible (HPLC-UV) (Perkin
Elmer Series 200, Waltham, MA, USA) was used to analyze the epicatechin and catechin,
as proposed by Poon [25] and Putra et al. [26]. The extract was injected (10 µL) into a C18
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guard column (RP C18 Merck). The column temperature was set at 30 ◦C, and a wavelength
was set at 210 nm, with a flow rate of 1 mL/min. Additionally, 0.5% ortho-phosphoric acid
was used for the mobile phase.

2.5. Experimental Design for Optimization

A Box–Behnken design was formulated by “Design Expert” software (13.0.4, Min-
neapolis, MN, USA) to analyze the effects of variables. The pressure, temperature and flow
rate were studied, as well as catechin and epicatechin as the responses. The second order
was applied to correlate the data as follows:

Yi = B0 +
k

∑
i=1

BiXi + ∑
i

∑
j

BijXiXj +
k

∑
i=1

BiiX2
i (1)

where:
Yi is an investigated response; B0 is a constant; Bi, Bij and Bii are coefficients of linear,

quadratic and interaction terms, respectively; Xi and Xj are independent variables.

2.6. Semi-Emperical Modeling
2.6.1. Calculation of the Solubility of Catechin and Epicatechin

The determination of the solubility is according to Equation (2)

S
( g

L

)
=

∆Y(g)
∆M(L)

(2)

where ∆Y(g) is the total yield of catechin/epicatechin (g) and ∆M(L) is the total volume of
methanol (L);

2.6.2. Chrastil Model

The Chrastil model describes the equilibrium between a solute and solvent based
on the assumption that temperature and density are the most influential parameters in
obtaining high solubility [23]. The Chrastil equation can be formed:

ln S = k ln ρ +
a
T
+ b (3)

where S is the solubility of solute (g/L), ρ is the density of methanol (g/L) and T is
the temperature (K). The coefficient value of k represents the average number of solvent
molecules in the solvato complex, and the coefficient value of a defined the sum of the
vaporization’s enthalpies and the solvation’s enthalpies of the solute. The coefficient value
of b depends on the molecular weights of the solute and solvent.

2.6.3. Del Valle Aguilera

The DVA model was developed from the Chrastil model, where the addition of one
adjustable parameter maximizes the temperature dependence [24]. The Del Valle–Aguilera
equation is shown in Equation (4):

ln S = k ln ρ +
a
T
+

b
T2 + c (4)

where S is the solubility of solute (g/L), ρ is the density of methanol (g/L) and T is
the temperature (K). The coefficient value of k represents the average number of solvent
molecules in the solvato complex related to the density and the coefficient value of a, defined
as −∆H, where ∆H is the sum of the of vaporization’s enthalpies and the solvation’s
enthalpies of the solute. The coefficient value of b depends on the quadratic effect of
temperature, and the coefficient value of c is related to the molecular weights of the solute
and solvent.
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2.6.4. Average Absolute Relative Deviation (AARD) and Coefficient of Determination (R2)

The equation of the AARD between the model and the experiment is presented below:

AARD (%) =
1
n

n

∑
i=1

∣∣∣∣Cmodel − Cexp

Cexp

∣∣∣∣ (5)

In Equation (6), n is the number of data points, Cmodel is the solvation power of the
calculated data and Cexp is the solvation power of the experimental data. Meanwhile,
Equation (6) shows the equation of R2.

R2 = 1 − ∑i(yi − fi)
2

∑i(yi − y)2 (6)

From the above equation, ∑
i
(yi − fi)

2 represents the residual data of calculated and

experimental data. It is a measure of the discrepancy between the data and an estimation
model. ∑

i
(yi − y)2 is the variance of the data.

3. Results and Discussions

Catechin and epicatechin were extracted from peanut skin using SME. To enhance
catechin and epicatechin recovery, response surface methodology (RSM) was used. Table 1
presents the factors and the responses of SME. Analysis of variance (ANOVA) has been
used to determine the significance of the model in correlating the experimental data. The
ANOVA table for catechin and epicatechin is shown in Tables 2 and 3, respectively. The
optimization value of SME is shown in Table 4. The predicted and actual values for the
catechin and epicatechin recovery by SME are shown in Figure 2.

Table 2. ANOVA table of catechin recovery by SME.

Source Sum of
Squares df Mean

Square F-Value p-Value

Model 15,163.30 9 1684.81 27.44 0.0010

A—Pressure 506.26 1 506.26 8.25 0.035

B—Temperature 4971.04 1 4971.04 80.97 0.0003

C—Flow rate
methanol 400.16 1 400.16 6.52 0.05

AB 360.81 1 360.81 5.88 0.06

AC 2684.79 1 2684.79 43.73 0.0012

BC 37.64 1 37.64 0.61 0.46

A2 6.09 1 6.09 0.09 0.76

B2 652.68 1 652.68 10.63 0.02

C2 5715.92 1 5715.92 93.11 0.0002

Residual 306.95 5 61.39

Cor Total 288.27 3 96.09 10.29 0.09

Std. Dev. 7.84 R2 0.98

Mean 156.57 Adjusted R2 0.94

C.V. % 5.00
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Table 3. ANOVA table of epicatechin recovery by SME.

Source Sum of
Squares df Mean

Square F-Value p-Value Coefficient

Model 2.094 × 105 9 23,263.93 15.62 0.0037 207.39
(intercept)

A—Pressure 86,852.78 1 86,852.78 58.31 0.0006 104.19

B—Temperature 20,889.68 1 20,889.68 14.02 0.013 −51.10

C—Flow rate
methanol 6429.78 1 6429.78 4.32 0.09 −28.35

AB 4438.89 1 4438.89 2.98 0.14 −33.31

AC 44,190.35 1 44,190.35 29.67 0.002 −105.11

BC 38,740.08 1 38,740.08 26.01 0.003 98.41

A2 7787.04 1 7787.04 5.23 0.07 −45.92

B2 0.1533 1 0.1533 0.0001 0.99 −0.2

C2 75.39 1 75.39 0.0506 0.83 −4.52

Residual 7447.92 5 1489.58

Cor Total 7422.92 3 2474.31 197.93 0.005

Std. Dev. 38.60 R2 0.96

Mean 180.38 Adjusted
R2 0.90

C.V. % 21.40

Table 4. The predicted and observed parameters and responses for SME.

Parameters Values Responses Predicted Observed Error (%)

Pressure, MPa 8 Catechin,
µg/g 178.62 194.32 8.07Temperature, ◦C 79.6

Flow rate,
mL/min 4.39 Epicatechin,

µg/g 336.41 372.64 9.73

The parameter-fixing experiments were carried out based on an analysis of previous
research, preliminary data and the limitation apparatus. The maximum pressure was
chosen at 8 MPa to maintain the subcritical phase/region of methanol [15]. The maximum
temperature was increased to 100 ◦C to avoid the degradation of these compounds [2].
In order to avoid the solvent channeling effect and low residence time, the flow rate of
solvents was set to 7.5 mL/min [27]. The extraction time was set to 5 min to avoid the
long-process heat during the extraction.
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3.1. Process Effects and Statistical Data Regarding Catechin Recovery

The parameters of temperature, pressure and flow rate were investigated using a
second-order model to predict the catechin recovery. An ANOVA table was used to
determine if the model successfully fitted the experimental data. In addition, the quadratic
model was selected because the satisfactory coefficient (R2) was more than 0.80 and the
p-value was less than 0.05, as shown in Table 2. Furthermore, the F-value of the model
(27.44) was higher than the F-table, indicating that the model was significant in fitting the
experimental data. According to Table 2, the linear coefficient of pressure (A), temperature
(B), flow rate (C) and interaction between the AC and the quadratic flow rate (C2) had a
statistically significant (p < 0.05) effect on catechin recovery. The quadratic model is shown
in Equation (7).

Y2 = 183.26 + 7.95A + 24.93B − 7.07C − 9.50AB + 25.91AC − 3.07BC + 1.28A2 − 13.30B2 − 39.35C2 (7)

At a constant flow rate of 5 mL/min and pressure of 6 and 8 MPa, catechin recovery is
significantly increased by increasing the temperature, as shown in Figure 3a. Catechin is
significantly soluble in methanol due to the vapor pressure of catechin [26]. The liquid form
of catechin changes to vapor and is easily soluble in methanol. Furthermore, increasing
the temperature from 80 to 100 ◦C will boost the solvents’ diffusivity. The high diffusivity
of solvents increases their solvating capacity for the target compounds [28]. The bioactive
compounds will be affected by high temperatures, and this condition will increase the
probability of the degradation of interest compounds [29]. This condition can be avoided
by a short extraction time, whereas the heat transfer between the solvent and the solute can
be reduced [30]. A higher temperature of methanol will change the polarity of the solvent,
whereas a higher temperature will increase the acidity of methanol [31]. The surface pore
of peanut skin is easily broken by the acid condition; thus, the recovery of catechin can be
enhanced by subcritical methanol.

As shown in Figure 3b, a decrease in flow rate was a significant factor in enhancing
the catechin recovery. The fact that the extraction rate was affected by the water flow rate
(Figure 4) indicated that the extraction behavior was influenced by the internal mass transfer
of the compounds from the solid phase’s surface to the methanol phase [16]. Furthermore,
a low flow rate of methanol will increase the residence time of the solvent; thus, the mass
transfer between the solute and solvent will increase. Therefore, the solvent flow rate is
another important factor that needs to be considered while conducting the experiment.

Machmudah, et al. [32] found that increasing the flow rate not only shortened the
residence period but also increased the number of solvent molecules in contact with the
solute. Consequently, this enhanced the intermolecular contact between the solvent and
the solute, hence enhancing solute dissolution. Increasing the flow rate increased the mass
transfer, while intraparticle diffusion resistance predominated. The yields reduced, as
indicated by the flow rate increasing because it decreases the mass transfer and surface
velocity. The major disadvantage of utilizing greater flow rates is an increase in the amount
of the extract. As a result, the final extract’s concentration will be lower [33,34]. The
extraction time and extract concentration are two crucial aspects that must be taken into
consideration when choosing the appropriate flow rate in practice. Higher concentrated
extracts and shorter extraction times are preferred [35]. Lachos-Perez et al. [36] also found
that increasing the flow rate may increase the extraction yields of heat-sensitive components,
since the exposure period of extracted components decreases with increasing continuous
phase flow rates.

Figure 3b shows that raising the pressure at a flow rate of 5 mL/min and a constant
temperature of 70 ◦C enhances the catechin recovery. The diffusivity of methanol increased
as the pressure increased at a constant temperature. As a result, the increased contact of
the solvent molecules aids in the solute’s dissolution. Increasing the diffusivity improves
the extraction’s solubility [37]. Furthermore, an increase in viscosity with pressure was
found to be strongly dependent on the molecular structure [38]. Cheng, Xue, Yu, Du and
Yang [16] found that pressure has a minimal influence on the dielectric constant of the
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solvent instead of the temperature in the subcritical region. The temperature is adjusted to
control the dielectric constant to mimic various organic solvents. Applying pressure during
the extraction process has the primary benefit of keeping the methanol in a liquid condition
when its temperature is higher than the boiling point, which allows it to behave favorably
throughout the extraction process [39,40].
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By forcing the solvent to enter the solid pores and rupture the matrix, the pressure
in the SWE aids in the solubilization of the analytes by enhancing the mass transfer of
the solutes to the solvent [30]. Additionally, the pressure reduces the development of
air bubbles in the matrix when combined with high extraction temperatures [41]. These
conditions improve the analyte’s solubility and the sample matrix’s desorption kinetics [42].

3.2. Process Effects and Statistical Data on Epicatechin Recovery

The variables of temperature, pressure and flow rate were examined using a quadratic
model. An ANOVA table was used to determine if the quadratic model fits the experimental
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data, including the treatment factors, their interactions and the quadratic coefficients, as
shown in Table 3. In addition, the quadratic model was based on R2 being more than
0.80, and the p-value was less than 0.05. According to Table 3, the linear pressure (A), the
temperature (B) and the interaction of AC and BC had a statistically significant (p < 0.05)
effect on epicatechin recovery. The quadratic model is shown in Equation (8).

Y2 = 207.39 + 104.19A − 51.10B − 28.35C − 33.31AB − 105.11AC + 98.41BC − 45.92A2 − 0.2B2 − 4.52C2 (8)

Figure 4a shows that increasing the pressure from 6 to 8 MPa is significant to enhancing
the epicatechin recovery at constant temperatures (70 ◦C and 100 ◦C), and a constant flow
rate (2.5 mL/min) enhanced the recovery of epicatechin. This is similar to the results of
catechin recovery in that an increasing pressure will increase the diffusivity of the solvent in
extracting the interest compounds. The pressure has a minimal influence on the dielectric
constant instead of the temperature [43]. Adjusting the temperature of water to manipulate
its dielectric constant mimics the properties of several organic solvents. The fundamental
benefit of applying pressure during the extraction process is retaining the water in a liquid
state while its temperature is above the boiling point, allowing it to behave favorably
throughout the extraction process [39,40].

By forcing the solvent to enter the solid pores and rupture the matrix, the pressure in the
SME aids in the solubilization of the epicatechin by enhancing the mass transfer [30]. High
pressure also reduces the formation of air bubbles in the matrix when combined with high
extraction temperatures, which is advantageous in the process in preventing the solvent from
reaching the solute [41]. These conditions improve the epicatechin’s solubility and the sample
matrix’s desorption kinetics [42]. At a constant flow rate of 5 mL/min and a pressure of 6 MPa,
there was a slight increase in the temperature, which enhances the epicatechin recovery. This
is due to the vapor/sublimation pressure state being dominated throughout the extraction
process. The epicatechin is easily diluted in the solvent [44–46]. Certain methanol properties
change when the temperature and pressure vary; for instance, as the temperature rises, the
polarity of subcritical methanol decreases [9]. Consequently, the polarity of epicatechin may be
distinguished. In addition, a rise in temperature reduces methanol’s viscosity, hence increasing
its diffusivity. As the viscosity of the solvent decreases, the solubility of the epicatechin rises.
These changes in the thermodynamic characteristics increase the solubility of epicatechin in
methanol by decreasing its viscosity and surface tension, hence increasing the diffusivity and
mass transfer rate [47].

Similar results have occurred with catechin recovery, where an increase in the flowrate
from 2.5 to 7.5 mL/min at a constant pressure of 6 MPa decreases the epicatechin recovery,
as shown in Figure 4b. The reason for this is that the low methanol flow rate affects
the high extraction rate of epicatechin. The internal mass transfer of epicatechin from
the solid phase’s surface to the methanol phase affected the extraction behavior. A slow
methanol flow rate will lengthen the residence time of the solvent required to extract
epicatechin [16,48]. Increased flow rates enabled larger volumes of solvent to come into
contact with the plant material, which led to an increased extraction of inactive metabolites
and the dilution of bioactive content, resulting in decreased epicatechin recovery.

A similar effect was seen in relation to lengthening the extraction duration, which
resulted in reduced overall phenolic and flavonoid levels as a result of the enhanced simul-
taneous extraction of additional components in addition to the primary target compounds.
Carr et al. [49] also discovered that dynamic extraction is often quicker than static extraction
due to the continual presence of a new solvent increasing the mass transfer driving force.
The selection of one technique over another will depend on whether a lengthy exposure to
the solvent at a high temperature may cause degradation (in the case of static extraction) or
whether the product must be substantially concentrated in the extract mixture (in the case
of dynamic extraction).

However, there are contradictive results under the conditions of increasing the flowrate
from 2.5 to 7.5 mL/min at a constant pressure of 4 MPa. The fast flowrate methanol
increased the epicatechin recovery, whereas the extraction behavior was influenced by the
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external mass transfer of the epicatechin from the solid phase’s surface to the methanol
phase [50]. High flow rates might predominantly improve the extraction capability because
they increase the total methanol volume and shorten the residence times, which inhibit the
formation of degradation products [36,51].

Zaidul, et al. [52] also stated that the flow rate has a significant impact on the ex-
traction’s mass transfer, which may be divided into a diffusion-controlled region and a
solubility-controlled phase. A reduced solvent flow enhances extraction effectiveness, espe-
cially in the solubility-controlled area, and reduces the total solvent mass needed to extract
a given quantity of an extract. In the solubility-controlled zone, the extract production was
directly proportional to the quantity of methanol required for extraction at lower pressures.

3.3. Multiple Responses Optimization and Comparison with the Previous Study

Multiple optimizations were carried out to determine the optimal conditions for
the multiple responses (catechin and epicatechin). The optimal conditions were 8 MPa,
4.39 mL/min and 79.6 ◦C, with catechin responses of 178.66 µg/g and epicatechin responses
of 336.41 µg/g. The validation of the SME extraction optimization is seen in Table 4, where
the difference between the predicted and actual data is less than 10%. Consequently, the
optimization data may be used in the scale-up operation.

Putra, Rizkiyah, Zaini, Machmudah and Yunus [26] observed that the impacts of
the pressure and ethanol rate considerably improved the recovery of catechin and epi-
catechin by supercritical carbon dioxide (ScCO2) extraction. At 21.86 MPa, 332.23 K
and 0.17 mL/min, the highest concentrations of catechin (752.03 µg/g) were achieved.
According to the findings, SME has less catechin than ScCO2 extraction. To extract catechin,
supercritical carbon dioxide uses a higher-pressure solvent, which increases the density
and diffusivity of the solvent. However, a higher pressure results in greater production
and safety expenses. As a consequence, this technique (SME) may be substituted for the
standard method of catechin extraction due to the lower process and safety costs.

3.4. Semi-Empirical Models for the Solubility of Catechin and Epicatechin

Catechin and epicatechin’s solubility varied from 1.55 × 10−3 to 6.65 × 10−3 g/L and
from 2.41× 10−4 to 1.42 × 10−2 g/L, respectively, as shown in Table 5. The experimental
solubility and predicted data for the solubility of catechin and epicatechin in subcritical
methanol are also shown in Table 5. Table 6 shows the correlation data of the models fitted
to the solubility of catechin and epicatechin and the AARD of the model. Catechin and
epicatechin’s solubility data were satisfactorily correlated using the Del Valle Aguilera
(DVa) model due to the lower percentage of the AARD. the DVa model data were employed
to assess the solubility characteristics of the catechin and epicatechin compounds instead
of the Chrastil model.

The coefficient value of a is negative for catechin and epicatechin in this study, showing
that an endothermic reaction (+∆H) is the best condition to promote solubility. This
is because the positive value of ∆H indicates that a high-heat procedure is required to
accelerate the reaction. As a result, as the temperature rises, the solvation power of
subcritical water increases, allowing the epicatechin and catechin to be extracted. The
coefficient of k is not significant in this study, which is related to the pressure/density
due to the incompressible solvent. The Chrastil/DVa model is commonly used for a
compressible solvent such as supercritical carbon dioxide. Therefore, the temperature effect
is significant to enhancing the solubility of catechin/epicatechin in subcritical methanol.
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Table 5. Experimental and calculated solubility of catechin and epicatechin in subcritical methanol.

Run

Experimental Data Chrastil Model DVa Model

Sexp Catechin × 10−3

(g/L)
Sexp Epicatechin × 10−3

(g/L)
Ln Sexp

Catechin
Ln Sexp

Epicatechin
Ln Smod
Catechin

Ln Smod
Epicatechin

Ln Smod
Catechin

Ln Smod
Epicatechin

1 4.10 6.36 −5.50 −5.06 −5.91 −4.89 −5.81 −5.81

2 2.24 2.12 −6.10 −6.15 −5.91 −5.12 −5.81 −5.81

3 2.28 1.22 −6.08 −6.71 −5.91 −5.12 −5.81 −5.81

4 6.65 1.98 −5.01 −6.23 −5.94 −5.96 −5.67 −6.22

5 6.65 14.2 −5.01 −4.26 −5.89 −4.27 −5.97 −5.35

6 2.44 2.78 −6.01 −5.89 −5.94 −5.75 −5.67 −6.22

7 3.93 0.706 −5.54 −7.26 -5.94 -5.96 -5.67 -6.22

8 2.44 1.32 −6.01 −6.63 −5.89 −4.27 −5.97 −5.35

9 3.46 2.41 −5.67 −8.33 −5.94 −5.75 −5.67 −6.22

10 1.55 4.71 −6.47 −5.36 −5.89 −4.27 −5.97 −5.35

11 5.62 9.96 −5.18 −4.61 −5.91 −5.33 −5.81 −5.81

12 2.70 2.53 −5.91 −5.98 −5.91 −5.33 −5.81 −5.81

13 2.56 8.36 −5.97 −4.78 −5.89 −4.51 −5.97 −5.35

14 4.10 6.36 −5.50 −5.06 −5.91 −4.89 −5.81 −5.81

Table 6. Correlation data of the models fitted to the solubility of catechin and epicatechin.

Bioactive
Compounds

Model k1 a b c AARD

(%)

Catechin
Chrastil 0.48 −4.34 −9.31 - 6.86

DVa −0.38 −1102 −15.71 −0.03 5.97

Epicatechin Chrastil 12.15 1996 −95.71 14.44

DVa −278 4916 −15.69 −0.02 12.69

4. Conclusions

Several recent works of research have revealed that peanut skin contains a broad
variety of bioactive compounds, including phenolic acids, tocopherols and flavonols, that
have remarkable dietary and medicinal applications. Catechin and epicatechin are the
beneficial substances found in peanut skin. Subcritical methanol extraction (SME) is capable
of achieving high extraction rates of catechin and epicatechin in a short amount of time.
Depending on the operational circumstances, SME may have various effects on the product
yield and quality. The optimal conditions were 8 MPa, 4.39 mL/min and 79.6 ◦C, with a
catechin response at 178.66 µg/g and an epicatechin response at 336.41 µg/g. Catechin and
epicatechin’s solubility varied from 1.55 × 10−3 to 6.65 × 10−3 g/L and from 2.41 × 10−4 to
1.42 × 10−2 g/L, respectively. The Chrastil model fits catechin and epicatechin’s solubility in
SM efficiently since it has the lowest average absolute relative deviation (AARD), which are
4.97% and 5.97%, respectively. Higher temperatures and slower flow rate conditions were
suitable for extracting the catechin and epicatechin using SME. This method (SME) may
become an alternative method for substituting the conventional technique for extracting
catechin and epicatechin.

Author Contributions: Methodology, A.H.A.A.; software, D.N.R.; validation, D.N.R.; writing—original
draft preparation, N.R.P.; writing—review and editing, A.H.A.A. and A.P.; visualization, N.R.P.; supervi-
sion, M.A.C.Y. All authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to acknowledge the Professional Development Research University
grant (R.J130000.7113.05E53) from Universiti Teknologi Malaysia for supporting this work.

Data Availability Statement: Data are available on request from the authors.



Separations 2023, 10, 82 14 of 16

Acknowledgments: The authors would like to acknowledge the Professional Development Research
University grant from Universiti Teknologi Malaysia for supporting this work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nepote, V.; Grosso, N.; Guzman, C.A. Extraction of antioxidant components from peanut skins. Grasas Aceites 2007, 53. [CrossRef]
2. Putra, N.R.; Yunus, M.A.C.; Ruslan, M.S.H.; Idham, Z.; Idrus, F.N. Comparison extraction of peanut skin between CO2 supercritical

fluid extraction and soxhlet extraction in term of oil yield and catechin. Pertanika J. Sci. Technol. 2018, 26, 799–810.
3. Ballard, T.S.; Mallikarjunan, P.; Zhou, K.; O’Keefe, S.F. Optimizing the extraction of phenolic antioxidants from peanut skins

using response surface methodology. J. Agric. Food Chem. 2009, 57, 3064–3072. [CrossRef] [PubMed]
4. Franco, D.; Rodriguez-Amado, I.; Agregán, R.; Munekata, P.E.; Vázquez, J.A.; Barba, F.J.; Lorenzo, J.M. Optimization of

antioxidants extraction from peanut skin to prevent oxidative processes during soybean oil storage. LWT 2018, 88, 1–8. [CrossRef]
5. Bimakr, M.; Rahman, R.A.; Taip, F.S.; Ganjloo, A.; Salleh, L.M.; Selamat, J.; Hamid, A.; Zaidul, I. Comparison of different extraction

methods for the extraction of major bioactive flavonoid compounds from spearmint (Mentha spicata L.) leaves. Food Bioprod.
Process. 2011, 89, 67–72. [CrossRef]

6. Ruslan, M.S.H.; Mohd Azizi, C.; Idham, Z.; Morad, N.A.; Ali, A. Parametric evaluation for extraction of catechin from Areca
catechu Linn seeds using supercritical CO2 extraction. J. Teknol. 2015, 74, 87–92. [CrossRef]
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