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Abstract: Thymol shows potential medical values and it can be extracted from plants and herbs. In this
study, ultrasonic-assisted extraction (UAE) was used to extract thymol from Plectranthus amboinicus
leaves. From the extraction kinetics analysis of UAE on thymol, it was found that the highest
concentration was collected at temperature of 25 ◦C with 5.51% of thymol concentration yield.
An equilibrium-dependent solid–liquid extraction (EDSLE) model was found to be the best fitted
model for thymol extraction using UAE. The parameters for optimization were the temperature
of extraction (40 to 60 ◦C), extraction time (20 to 40 min), and the solid to solvent ratio (1:30 to
1:40 g/mL). The optimal UAE conditions were found at a temperature of 55 ◦C, 23 min of extraction,
and a solid–solvent ratio of 1:35 g/mL. The changes in the structural surface of P. amboinicus
after undergoing the UAE process were investigated using scanning electron microscopy (SEM).
The possible mechanism of UAE was explained using the SEM images. These findings suggest that
UAE is capable of breaking the structural surface of the leaves to extract compounds inside the leaves
to the body of the solvent.

Keywords: Ultrasonic-assisted extraction (UAE); Plectranthus amboinicus; response surface
methodology (RSM); mechanism; optimization; kinetic modeling

1. Introduction

Herbal medicines are the oldest and still the most widely used system of medicine in the world
today. Currently, plant-based medicines are the most used in various fields for maintaining good
health [1]. In the scientific community, they are highly interested in essential oils found in natural
products [2]. This grassy plant is also found throughout India, Ceylon, and Moluccas [3]. The aromatic
leaves are used for food flavoring, and they are eaten as vegetables and as traditional folk remedies [4].

One of the important steps when studying medical plants is extraction. Currently, some
modifications were done based on conventional methods in the processing of medicinal products,
which are aimed at increasing yield at lower cost [3]. Ultrasonic-assisted extraction (UAE) is one of the
modifications, where the extraction process is assisted with the usage of ultrasound waves. Two major
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factors that increase the efficiency of using ultrasound waves are cell disruption and the effective mass
transfer [5]. UAE was shown to be a viable alternative to the conventional extraction procedure for
the higher extraction yield of thymol as compared to conventional methods [6]. UAE is also able to
shorten the duration of extraction to achieve the optimum extraction efficiency [7].

Thymol is the compound of interest in this research. Thymol shows anti-inflammatory,
immunomodulatory, antioxidant, antibacterial, and antifungal properties [8–11]. Thymol found
in the herb is used in mouthwashes since it contains antiseptic. Thymol is also used for various bacterial
infections [12]. Research was done on essential oils of the extract from P. amboinicus leaves, and the
qualitative results were analyzed using gas chromatography (GC) and GC–mass spectroscopy (GC–MS).
The major chemical compound found is thymol [13]. Therefore, UAE process parameters need to be
optimized in order to increase the production of thymol. Thus, response surface methodology (RSM)
is one of the most efficient techniques used to optimize the impact of the parameters on their response.
The advantages of RSM include lowering the number of experiments and allowing interpretation of
the interactive impacts of parameters using two-dimensional (2D) contour and three-dimensional (3D)
surface plots [14].

In this study, the extraction kinetics of thymol extract was studied using UAE. UAE parameters,
such as extraction temperature, extraction time, and solvent-to-solid ratio, were optimized using
respond surface methodology (RSM) by employing the central composite design (CCD) to maximize
the extraction of thymol from P. amboinicus leaves. Leaf surface morphological and roughness analyses
were conducted, and a potential extraction mechanism of thymol using UAE was proposed.

2. Materials and Methods

2.1. Sample Preparation

The drying process of the leaves was carried out using z tray drier (SOLTEQ, model: BP 772,
Selangor, Malaysia) at 55 ◦C for 18 h. The drying process was considered completed when the weight
of the leaves after the drying process reached constant weight. These leaves were then ground into
powder form and kept in an air-tight container and stored in a cool and dark place.

2.2. Ultrasonic-Assisted Extraction

Ultrasonic-assisted extraction was applied in this study. The solvent for the extraction process
was ethanol. A sonicator (Sonics, 130 W, 20 kHz, Church Hill Road, Newtown, Australia) was used to
generate the ultrasound effect. The temperature was controlled using a water bath placed below the
extraction set-up, as shown in Figure 1. The ultrasonic probe was immersed directly into the solvent
containing the sample. The ultrasonic device could induce a cavitation with a bubble implosion effect
to help in the extraction process. Two experiments were conducted using UAE: extraction kinetic
studies and optimization of the extraction process.
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Figure 1. Ultrasound-assisted extraction set-up. 
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2.4.1. Pseudo-first-order model  

This model was developed by Veljkovic and Milenovic (2002) [16], and the extraction kinetics 
were divided into two steps: extraction of bioactive compounds on or near the surface of the samples 
(washing process) and extraction of the compounds located inside the cells (slow diffusion). Equation 
(1) describes the mathematical model. 
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compounds from essential oils. Since the washing process is much faster than diffusion (K1 > K2), 
Equation (2) can be reduced to a simpler model where the instantaneous washing is followed by 
diffusion. 
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Considering that the washing process does take place (f = 0), the extraction yield increases 
exponentially due to diffusion, as shown in Equation (4), i.e., the pseudo-first-order model [18]. 

Figure 1. Ultrasound-assisted extraction set-up.

2.3. Extraction Kinetics Studies

The extraction process was carried out with controlled solute-to-solvent ratio of 1:30 (g/mL) [15].
The extraction experiments of P. amboinicus leaves were carried out at temperatures of 25, 40 and 60 ◦C
for 40 min. In the first 20 min, the extract was sampled every 5 min, followed by every 10 min for
the remaining duration until 40 min. The extracts were collected for further determination using gas
chromatography for thymol concentration analysis.

2.4. Extraction Kinetic Models

Several mathematical models were applied in this study to model the kinetics of thymol extraction,
namely, the pseudo-first-order model, Peleg’s model, power law model, and equilibrium-dependent
solid–liquid extraction (EDSLE) model.

2.4.1. Pseudo-First-Order Model

This model was developed by Veljkovic and Milenovic (2002) [16], and the extraction kinetics
were divided into two steps: extraction of bioactive compounds on or near the surface of the samples
(washing process) and extraction of the compounds located inside the cells (slow diffusion). Equation (1)
describes the mathematical model.

y = y1[1− f exp(−K1t) − (1− f ) exp(−K2t)], (1)

where y and y1 are the extract yield and the extract yield at saturation, respectively, f is the extract
fraction washed from broken cells on the particle surface, t is the extraction time, and K1 and K2 are the
rate constants for washing and diffusion, respectively. The fraction of extract dissolved by washing is
assumed as constant. The model also assumes that the washing step is faster than the diffusion step,
i.e., K1 is greater than K2. The values of k are functions of the Arrhenius equation in Equation (2).

k = A exp
(
−Ea
RT

)
, (2)
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where k is a constant, A is a pre-exponential factor, Ea is the activation energy, R is the gas constant, and
T is the temperature. This model was derived by Sovova (1994) [17] to extract bioactive compounds
from essential oils. Since the washing process is much faster than diffusion (K1 > K2), Equation (2) can
be reduced to a simpler model where the instantaneous washing is followed by diffusion.

y = y1[1− (1− f (exp)(−K2t)]. (3)

Considering that the washing process does take place (f = 0), the extraction yield increases
exponentially due to diffusion, as shown in Equation (4), i.e., the pseudo-first-order model [18].

y = y1[1− exp(−K2t)]. (4)

2.4.2. Peleg Model

The model developed by Peleg (1988) [19] for the description of sorption curves was used to
describe the solid–liquid extraction process (Equation (5)).

C(t) = C0 +
t

K1 + K2(t)
, (5)

where C(t) represents the concentration extraction yield at time t, K1 is Peleg’s rate constant (extraction
rate at the very beginning of the extraction process), K2 is Peleg’s capacity constant (maximum
extraction yield during the extraction process), and C0 is the concentration of extraction yield at time
t = 0. At t = 0, C0 is equal to zero; thus, Equation (5) can be reduced to Equation (6) [20].

C(t) =
t

K1 + K2(t)
. (6)

2.4.3. Power Model

The power law model is another effective empirical equation for solid–liquid extraction. The
power law model can be expressed as follows:

Ct = Ktn, (7)

where n is the diffusional exponent, and K is a constant of the model. In the literature, n is less than 1
when extracting from vegetal material [21].

2.4.4. Equilibrium-Dependent Solid–Liquid Extraction (EDSLE) Model

This model was reported by Pin et al. (2009) [22] for the extraction of P. betle leaves. Figure 2
shows the extraction process during which solid particles are suspended in the solvent. The system
uses a probe to transfer ultrasound waves. The representation of a solid particle with a radius of Rp is
also shown in Figure 2. The solute concentration in the liquid phase is denoted as CL, while the solute
concentration in the solid phase is given as CS. The position from the center of the solid is expressed
as r.
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Figure 2. Schematic diagram of extraction process and solid.

The equilibrium-dependent model was developed based on the mass transfer between the solid
and the liquid phase of the solute. The mass transfer is assumed to be driven by the gradient of
the liquid phase concentration of the solute and the concentration of the equilibrium solute. The
equilibrium of the process depends on the temperature of extraction and the solvent-to-solid ratio. The
internal diffusion within the solid is neglected in this model. Other assumptions of this model include
the following:

• The liquid phase is initially free of solute.
• The solute concentration within the solid is uniform throughout the process.
• The liquid phase is well mixed.
• The system is at a constant temperature.

The mass balance of the solute within the system is calculated as the total solute in the solvent =

total solute transfer from the solids.

VL
dCL

dt
= AK[Ce −CL(t)], (8)

where VL is the volume of solvent (cm3), CL is the solute concentration in liquid phase at time, t
(g·cm−3), Ce is the equilibrium solute concentration in liquid phase, A is the total surface area of the
solids (cm2), and K is the mass transfer coefficient (cm·s−1).

Rearranging Equation (8) yields

1
Ce −CL(t)

dCL =
AK
VL

dt. (9)

With initial conditions of t = 0, CL = 0, Equation (9) can be integrated from t = 0 to t = t.∫ t

0

1
Ce −CL(t)

dCL =

∫ t

0

AK
VL

dt. (10)

− [ln(Ce −CL(t)) − ln Ce] =
AK
VL

t. (11)

CL(t) = Ce

[
1− e−

AK
VL

t
]
. (12)
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The total surface area of the particles is given by

A = Mσ, (13)

where M is the weight of total solid particles (g), and σ is the specific surface area of the solid (cm2g−1).
The ratio of solvent to solid, Rss, is calculated as follows:

Rss =
M
VL

. (14)

Substituting Equations (12) and (13) into Equation (14) yields

CL(t) = Ce
[
1− e−σRssKt

]
. (15)

2.4.5. Solution of Mathematical Models

An R2 value close to unity denotes a better fit between experimental results and predicted data.
EDSLE, Peleg, pseudo-first-order, and power models were solved using SOLVER in Microsoft Excel
2010. An R2 close to unity was the criterion selected for determining the relationship between the
experimental data and the models. This criterion was calculated as follows:

R2 = 1−


N∑

n=1

(
CL,exp,n −CL,pre,n

)2

N∑
n=1

(
CL,exp,n −CL,exp

)2

. (16)

2.5. Gas Chromatography (GC)

The quantitative analysis of thymol extract from the P. amboinicus was performed using gas
chromatography (Trace 1300, Thermo Scientific, Third Avenue Waltham, MA, USA), and analysis was
carried out on Zebron phase ZB.5 (3 m × 0.25 mm × 0.25 µm of cross-linked phenyl-methyl siloxane,
Madrid, VA, USA) equipped with a flame ionization detector (FID). The initial column temperature
was programmed at 60 ◦C. It was raised at a rate of 10 ◦C/min to 180 ◦C for 12 min. The injector
and detector temperatures were programmed at 260 and 280 ◦C, respectively. Nitrogen was used
as the carrier gas with a flow rate of 2 mL/min. The samples were injected into GC in split mode
with a split ratio of 1:50 [15]. The percentage composition of the thymol extract was computed by the
normalization from the GC peak area. Figure 3 shows the GC analysis result for thymol.
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Figure 3. GC analysis of thymol from Plextranthus amboinicus.

2.6. Optimization of Concentration of Thymol from Extraction of P. amboinicus

Respond surface methodology was used to optimize the process parameter of P. amboinicus
extraction using UAE. Central composite design (CCD) was selected to fit the model using the least
squares technique. Analysis of variance (ANOVA), residual plots, and contour plots were used
to determine the optimum. The study was designed using Design Expert version 7.1.5 (Stat-Ease,
Minneapolis, MN, USA). Three parameters (temperature, extraction time, and volume of solvent) were
studied, and the response was the concentration of thymol.

The independent variables were temperature (A), volume of solvent (B), and extraction time (C),
and concentration of thymol was the dependent variable. The independent variables were transformed
to ranges between −1 and +1 for the appraisals of factors. Table 1 shows the level of variable in the
RSM design.

Table 1. The level use in central composite design (CCD).

Factor Name Low
Actual

High
Actual

Low
Coded

High
Coded Mean References

A Temperature,
◦C 40.00 60.00 −1.00 1.00 50.00 [23,24]

B
Solid to
solvent

ratio, g/mL
1:30.00 1:40.00 −1.00 1.00 35.00 [9,15,25]

C Time, min 20.00 40.00 −1.00 1.00 30.00 [24–27]

The 20 experiments were performed and randomized as listed in Table 2. To determine the possible
interaction of process variables and their effect on the yield and concentration of thymol, an analysis of
variance (ANOVA) was carried out. The significance level was stated at 95%, with a p-value of 0.05.
The adequacy of the CCD for ultrasound-assisted extraction for the thymol concentration polynomial
model to predict the experiment was determined with correlation coefficient, R2. Experimental data



Processes 2020, 8, 322 8 of 17

were fitted to the second-order polynomial model, and the regression coefficient model was obtained.
The generalized second-order polynomial proposed for the response surface analysis was as follows:

Y = β0 +
3∑

t=1

βiXi +
3∑
i

βiiX2
i +

2∑
i−1

3∑
j=i+1

βi jXiX j, (17)

where β0, βi, βii, and βij are regression coefficients for the intercept, linear, quadratic, and interaction
terms, respectively. Xi and Xj are coded values for the independent variable [28].

Table 2. CCD for the ultrasound-assisted extraction (UAE) of thymol concentration.

Standard Run Temperature ( ◦C) Solid to Solvent
Ratio (g:mL)

Extraction Time
(min)

1 10 40 1:30 20
2 4 60 1:30 20
3 3 40 1:40 20
4 16 60 1:40 20
5 12 40 1:30 40
6 18 60 1:30 40
7 8 40 1:40 40
8 2 60 1:40 40
9 15 33.18 1:35 30
10 6 66.82 1:35 30
11 17 50 1:26.59 30
12 9 50 1:43.41 30
13 1 50 1:35 13.18
14 11 50 1:35 46.82
15 13 50 1:35 30
16 7 50 1:35 30
17 20 50 1:35 30
18 5 50 1:35 30
19 14 50 1:35 30
20 10 50 1:35 30

2.7. Leaf Surface Structure: Morphological and Roughness Analysis

Scanning electron microscopy (SEM) (Hitachi, Model S3400N, Iowa City, Japan) was used to
analyze the surface structure of the leaves after extraction. The images of the leaf structure were then
analyzed using Image J 1.50b (Scion Corporation, Maryland, MD, USA).

3. Results and Discussion

3.1. Kinetic Study of Thymol Extraction

Figure 4 shows the extraction process of thymol from P. amboinicus leaves. The extraction process
was rapid at the beginning of the process, reaching the equilibrium state, before starting to decrease
near the end of the experiment. The lowest thymol concentration was collected at 60 ◦C with 2.78% of
yield as compared with the other temperatures (5.51% and 5.26% yields of thymol for 25 and 40 ◦C,
respectively). This was due to the elevated temperature of extraction since thymol is a secondary
metabolite which is heat-sensitive. The thymol concentration collected decreased as the temperature of
extraction increased. These results are in line with findings reported by Novak et al. (2010) [29] who
studied thymol extraction from Origanum spp. (Lamiaceae). The concentrations of thymol collected at
25 ◦C started decreasing upon reaching 40 min of extraction duration. This indicates that, at 40 min,
the thymol concentration extracted approached its equilibrium state.
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Figure 4. Kinetic study of thymol extraction at different temperatures.

Based on kinetic data shown in the Figure 1, the extraction process took 40 min to achieve
maximum yield. This process is considered fast compared to other traditional herbal extracts, which
usually take about 4–6 h, depending on the type of herb. The extraction process achieved its equilibrium
in a short time due to the usage of ultrasonic waves, along with optimal temperature, which helped to
break down the cell wall of the leaves faster than other extraction methods. This potentially happened
because of the presence of hydroxyl groups in the thymol structure. Hydroxyl groups can form a
hydrogen bond with the solvent, thus further enhancing its solubility, resulting in a faster extraction
process for thymol [22].

3.2. Extraction Kinetic Models

Table 3 shows the extraction kinetic models for thymol extraction at different temperatures.
Regression values (R2) were calculated in order to find the best fitted model for describing the thymol
extraction kinetics. Table 3 also summarizes the values for the constants for pseudo-first-order, Peleg’s,
power law, and EDSLE models.

EDSLE was found to be the best fitted model with the highest R2 values, for temperatures 25, 40,
and 60 ◦C, which were 0.999, 0.987, and 0.981, respectively. The lowest R2 values were observed in
the pseudo-first-order model, which were 0.577, 0.551, and 0.669 for temperatures 25, 40, and 60 ◦C,
respectively. For the pseudo-first-order and power law models, at a temperature of 60 ◦C, the values of
R2 were the lowest compared to the other temperatures, which were 0.577 and 0.601, respectively. This
was probably due to the decrease in thymol concentration at those temperatures. By comparing the R2

values, the EDSLE model clearly provided a better fit compared to other model because its values of
R2 were closer to unity. The value of Ce decreased as the temperature increased, thus lowering the
solubility. The usage of higher temperature would lead to a decrease in solubility since the solubility
of thymol is optimal within the range of 30–43 ◦C for ethanol [11]. Since the thymol concentration
decreased as the temperature increased, the same response was achieved for K, which represents the
rate of extraction.
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Table 3. Kinetic models for thymol extraction at different temperatures.

Model Temperature ( ◦C) Constants R2

Pseudo-first-order 25 A1 = 28.383
A2 = 0.627 0.577

40 A1 = 28.417
A2 = 0.644 0.551

60 A1 = 27.547
A2 = 0.793 0.669

Peleg’s 25 B1 = 0.012
B2 = 0.035 0.898

40 B1 = 0.11
B2 = 0.035 0.885

60 B1 = 0.002
B2 = 0.0036 0.577

Power 25 C1 = 4.593 x 1044

C2 = 0.032
0.894

40 C1 = 9.059 × 1043

C2 = 0.032
0.871

60 C1 = 5.398 × 1078

C2 = 0.018
0.601

EDSLE 25 K = 4.091
Ce = 28.501 0.999

40 K = 2.669
Ce = 28.443 0.987

60 K = 2.541
Ce = 27.681 0.981

3.3. Optimization of UAE Parameter Using CCD

The influence of extraction parameters on the yield of thymol concentration can be described using
ANOVA. It is crucial to analyze the influence of extraction parameters to effectively extract thymol
from the P. amboinicus leaves. A p-value less than 0.05 indicates that the model terms were significant,
whereas a p-value greater than 0.1 indicates that the terms were not significant. The independent
parameters of temperature (A) and extraction time (C), as well as the interactive parameters of AC,
and the quadratic parameters of A2 and C2, were the significant model terms in this study. Table 4
shows the ANOVA analysis for the response surface quadratic model.

The regression coefficient indicates the effect of each parameter on the experimental response; the
magnitude of the coefficient is related to the weight of its effect, and the sign indicates an increase or
decrease [30]. The regression coefficient for A was positive, while that for C was negative. The positive
regression coefficient means that an increase in A would lead to an increase in the yield of thymol.
The negative regression coefficient for C indicates that its increase would lead to a decrease in yield of
thymol. The regression coefficient of AC was negative, and that of A2 and C2 was positive. The value
stated for the regression coefficients gave the size of the effect on the dependent variable. For parameter
A, an increase by 1 unit would lead to a 9.09-fold increase in the yield of thymol, while an increase
by 1 unit of C would lead to a 7.59-fold decrease in the yield of thymol. The empirical model for the
parameters on the yield of thymol is given below.

Yield = 30.74 + 10.16(A) − 0.14(B) − 10.09(C) + 0.64 (A)(B) − 9.88(A)(C)(1)+ 0.16
(B)(C) + 4.44 (A2) + 0.11 (B2) + 5.51(C2),

(18)
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where Y is the concentration of thymol in essential oil, A is the temperature, B is the solid-to-solvent
ratio, and C is the extraction time.

Table 4. Estimation regression coefficient and analysis of variance (ANOVA) for the
investigated parameters.

Factor Regression Coefficient F-Value p-Value Remarks

Intercept 30.74 12.31 0.0009 Significant
A (temperature) 9.09 59.24 <0.0001 Significant

B (ratio) −0.14 0.012 0.9159 Not significant
C (time) −7.59 58.41 <0.0001 Significant

AB 0.64 0.12 0.7386 Not significant
AC −8.04 26.68 0.0009 Significant
BC 0.16 7.13 × 10−3 0.9348 Not significant
A2 4.49 16.54 0.0036 Significant
B2 0.16 0.01 0.9222 Not significant
C2 3.5 25.5 0.001 Significant

Lack of fit 1.06 0.4434 Not significant

R2 0.9326 Adjusted R2 0.8568

Figure 5 shows the response surface plots constructed based on the fitted model. The plots were
constructed with one variable kept at a medium level and the other two kept within the experimental
range. Figure 5a shows the plot for variables of temperature and ratio with a medium level of time.
As stated in Table 4, temperature was significant (p < 0.0001), while ratio was not significant (p = 0.9159).
An increase in temperature to 60 ◦C would increase the yield of thymol. This would increase the
number of cavitation bubbles, leading to a greater solid–solvent contact area, thereby improving of
solvent diffusivity with a consequent ultimate increase in the desorption of the compound of interest.
This effect was, however, reduced when the temperature was near to the boiling point of the solvent,
with most authors reporting a beneficial effect of low temperature (below 30 ◦C) [31]. Figure 5b shows
the plot for solid-to-solvent ratio and time with a medium level of temperature. Time was significant
(p < 0.0001) in the study, and a decrease in of time would increase the thymol concentration. This
confirmed that the yield of thymol production depended on the time of extraction. A shorter time of
extraction is one of the advantages of using the UAE method. A longer exposure to the ultrasound
potentially results in free radical production inside the solvent, causing cell disruption [32]. Lastly,
Figure 5c shows the plot for time and temperature with a medium level of solid-to-solvent ratio, where
both time and temperature were significant. An increase in temperature and a decrease in time would
increase the yield of thymol, while a change in solid-to-solvent ratio did not have much of an effect on
the thymol yield.
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3.4. Validation of Optimization Parameter

Many numerical optimizations were carried out to identify the best possible combination to
achieve the desired results. The optimized condition was obtained at 55 ◦C, with a solid-to-solvent
ratio of 35 mL, and an extraction time of 23 min. The experimental results produced a yield of 46.6
ppm of thymol with a residual of 6.8% (Table 5). It was found that, in UAE extraction, a smaller ratio
of solvent and a shorter time produced the highest extract of thymol from the leaves. This result is in
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agreement with the study reported by Kuok Loong et al. (2014) [15]. In their study, the optimized
yield of thymol extract was achieved with a small ratio of solvent and a shorter time. Good correlation
between the expected response and experimental responses suggest that the models can adequately
predict thymol extraction yield using UAE.

Table 5. Residual calculation based on predicted and experimentally obtained results in
optimal conditions.

Temperature
(◦C)

Solid-to-Solvent
Ratio (g:mL)

Extraction
Time (min) Yield (ppm) Residual (%)

Predicted 55 1:35 23 50.00 6.8 ± 5.8
Obtained 55 1:35 23 46.60

3.5. Mechanism of Thymol Extraction Using UAE

Figure 6 shows the SEM image of raw P. amboinicus leaves before undergoing the extraction
process. The roughness value calculated using ImageJ software was 109.259 µm. The image and the
value were compared with other images of the leaves after UAE and Soxhlet extraction with different
parameters. Figure 7a,b show the SEM image of ultrasonic-assisted extraction after 20 and 40 min
of extraction time at constant temperature and volume of solvent. Based on the images, at 40 min
of extraction, the surface of the leaves showed more degradation compared to 20 min of extraction
time. Using the Image J software, the roughness values calculated for 20 and 40 min were 110.654 and
122.999 µm, respectively. This shows that a longer time taken for the extraction process would lead
to more degradation on the surface of the leaves. In conclusion, for UAE at 40 min, the leaves were
rougher compared to 20 min of extraction time. In terms of great time management, UAE is suitable
for extraction. These studies showed that the reduction in extraction time due to the use of ultrasound
favored cell-wall rupture, with a subsequent increase in solvent penetration [25].
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Figure 8 shows the comparison of SEM images of the UAE process at different temperatures
of 40 and 60 ◦C with a constant extraction time and volume of solvent. The roughness values were
121.545 and 111.528 µm for 40 and 60 ◦C, respectively. Based on the value of roughness at 40 ◦C, the
leaf structure was rougher as compared to 60 ◦C. UAE at lower temperature gave a higher value of
roughness for the structure of the leaves. Table 6 shows the overall roughness, Ra, for all SEM images
based on different parameters.
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Table 6. Roughness value, Ra, for UAE SEM images.

Parameter Ra (µm)

20 min 110.654
40 min 122.999
40 ◦C 121.545
60 ◦C 111.528

Raw P. amboinicus leaves 109.259

Several mechanisms were identified for UAE. Based on Figures 7 and 8, the extraction process
happens when an ultrasonic wave is produced by the ultrasonic probe that induces the formation of
cavitation bubbles. Longitudinal waves are generated in sonication processes as a sonic wave encounters
a liquid medium, which creates regions of alternating compression and rarefaction (expansion) among
the molecules of the medium. Cavitation of formed gas bubbles occurs in these regions, thereby varying
the pressure [33]. The bubbles attach to the solid particles, and, upon the collapse of the bubbles, they
break down the cell wall of the solid particles, leading to the chemical components inside diffusing
into the solvent. The same explanation was presented by Medina-Torres et al. (2017) [25], with the aim
of improving the penetration of liquid inside the solid particle via bubble explosion. The breakdown
of cavitation bubbles on the surface of the leaves causes degradation or erosion of plant structures
released in the extraction medium (solvent). Erosion is a known effect of ultrasound, and it is used
for many purposes, such as for cleaning or sonochemical reactions, e.g., with metals [31]. Figure 9
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illustrates the potential mechanism that could occur during thymol extraction from P. amboinicus leaves
using UAE.Processes 2020, 8, 322 15 of 17 
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4. Conclusions

The kinetic extraction study of UAE showed that a lower concentration of thymol was extracted at
higher temperature compared to that at lower temperature. At 60 ◦C, the thymol concentration was the
lowest compared to other temperatures with only a 2.78% yield of thymol. The increase in extraction
time led to a decrease in thymol yield. The EDSLE method was the best fitted model with R2 values of
0.999, 0.950, and 0.93 for extraction temperatures of 25, 40, and 60 ◦C, respectively. The optimization
study for thymol concentration found that the optimum condition was at 55 ◦C with an extraction time
of 23 min and a solid-to-solvent ratio of 1:35 g/mL. By using ultrasound, the extraction process can be
carried out faster, since the optimum time of extraction was 23 min, which is faster than many other
extraction processes. The leaf surface morphology was also studied using SEM for different extraction
parameters. A possible mechanism for UAE was also proposed.
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24. Tekin, K.; Akalın, M.K.; Şeker, M.G. Ultrasound bath-assisted extraction of essential oils from clove using
central composite design. Ind. Crop. Prod. 2015, 77, 954–960. [CrossRef]

25. Medina-Torres, N.; Ayora-Talavera, T.; Espinosa-Andrews, H.; Sánchez-Contreras, A.; Pacheco, N. Ultrasound
assisted extraction for the recovery of phenolic compounds from vegetable sources. Agronomy 2017, 7, 47.
[CrossRef]

26. Esclapez, M.D.; García-Pérez, J.V.; Mulet, A.; Cárcel, J.A. Ultrasound-assisted extraction of natural products.
Food Eng. Rev. 2011, 3, 108. [CrossRef]

27. Kowalski, R.; Wawrzykowski, J. Effect of ultrasound-assisted maceration on the quality of oil from the leaves
of thyme Thymus vulgaris L. Flavour Fragr. J. 2009, 24, 69–74. [CrossRef]

28. Tabaraki, R.; Nateghi, A. Optimization of ultrasonic-assisted extraction of natural antioxidants from rice
bran using response surface methodology. Ultrason. Sonochem. 2011, 18, 1279–1286. [CrossRef]

29. Novak, J.; Lukas, B.; Franz, C. Temperature influences thymol and carvacrol differentially in Origanum spp.
(Lamiaceae). J. Essent. Oil Res. 2010, 22, 412–415. [CrossRef]

30. Garcia-Vaquero, M.; Rajauria, G.; Tiwari, B.; Sweeney, T.; O’Doherty, J. Extraction and yield optimisation of
fucose, glucans and associated antioxidant activities from Laminaria digitata by applying response surface
methodology to high intensity ultrasound-assisted extraction. Mar. Drugs 2018, 16, 257. [CrossRef]

31. Chemat, F.; Rombaut, N.; Sicaire, A.G.; Meullemiestre, A.; Fabiano-Tixier, A.S.; Abert-Vian, M. Ultrasound
assisted extraction of food and natural products. Mechanisms, techniques, combinations, protocols and
applications. A review. Ultrason. Sonochem. 2017, 34, 540–560. [CrossRef] [PubMed]

32. Panda, D.; Manickam, S. Cavitation technology—The future of greener extraction method: A review on the
extraction of natural products and process intensification mechanism and perspectives. Appl. Sci. 2019,
9, 766. [CrossRef]

33. Azmin, S.N.H.M.; Manan, Z.A.; Alwi, S.R.W.; Chua, L.S.; Mustaffa, A.A.; Yunus, N.A. Herbal processing and
extraction technologies. Sep. Puification Rev. 2016, 45, 305–320. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org

