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Abstract: Pomelo peel-derived essential oils have been gaining popularity due to greater demand for
stress relief therapy or hair care therapy. In this study, we first performed optimization of parameters
in the pomelo essential oil extraction process on a pilot scale to gain better insights for application in
larger scale production. Then extraction kinetics, activation energy, thermodynamics, and essential
oil quality during the extraction process were investigated during the steam distillation process.
Three experimental conditions including material mass, steam flow rate, and extraction time were
taken into consideration in response surface methodology (RSM) optimization. The optimal condi-
tions were found as follows: sample weight of 422 g for one distillation batch, steam flow rate of
2.16 mL/min and extraction time of 106 min with the coefficient of determination R2 of 0.9812. The
nonlinear kinetics demonstrated the compatibility of the kinetic model with simultaneous wash-
ing and unhindered diffusion with a washing rate constant of 0.1515 min−1 and a diffusion rate
constant of 0.0236 min−1. The activation energy of the washing and diffusion process was 167.43
kJ.mol−1 and 96.25 kJ.mol−1, respectively. The thermodynamic value obtained at the ∆G◦ value was
−35.02 kJ.mol−1. The quality of pomelo peel essential oil obtained by steam distillation was charac-
terized by its high limonene content (96.996%), determined by GC-MS.

Keywords: Pomelo (Citrus maxima); CCD-RSM; kinetic model; activity energy; thermodynamic;
GC-MS

1. Introduction

Pomelo (Citrus maxima (Burm.) Merr.) is a fruit tree widely grown in Vietnam and
other parts around the world [1]. Pomelo is one of Vietnam’s key fruit tree varieties. Its
production has reached 433.9 thousand tons, increasing by 7.5%, mainly in the Mekong
Delta (according to the General Statistics Office 2019). As reported by the Ministry of
Agriculture and Rural Development in the development of citrus fruit by 2020, the area
planned for pomelo occupies the first place, up to 27,900 ha.

One of the problems when consuming pomelo is a very low percentage of edible
parts (fruit pulp). This is a common feature of citrus fruits due to their thick exocarp
which contributes to 20–50% of total weight. The pomelo by-products such as peels, seeds,
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and leaves that accrue during processing of the fruit have been drawing the attention of
researchers due to their potential beneficial aspects in pharmaceutical, food, or cosmetic
industries [2–4]. The extraction of essential oils is considered the main solution to utilize
this by-product. There have been numerous attempts to recover essential oil from pomelo
by-products by using a wide array of extraction methods including supercritical CO2
extraction, solvent-free microwave (SFME), and hydrodistillation (HD) [5,6]. It has been
noted that types of extraction methods can significantly affect the number of oxidizing
compounds in the essential oil [7]. Therefore, the selection of the appropriate method as
well as the optimization of process parameters are also of great interest [8–10].

Process optimization and studying the kinetic model for the extraction process are im-
portant steps in scaling experimental production of essential oils to larger scale production.
A number of kinetic studies have been conducted with regards to essential oil recovery
on abundant agricultural materials. Milojević et al. investigated kinetics of distillation
of juniper essential oil by adopting a two-parameter steady state diffusion model with a
linear regression model proposal. The distillation process mechanism consists of two parts:
(1) rapid distillation (washing stage) of volatile oil components on or near the surface, and
(2) slow distillation or diffusion through plant tissues followed by the distillation from
the outer surface of the raw material. The mathematical model is tested and evaluated
by the dependence ln[(qo–q)/qo] against time; the regression equation is applied on the
first-order kinetic equation [11]. Desai et al. [12] carried out a modeling and optimization
study to extract essential oils from lemongrass leaf by a classical method. Models are based
on thermodynamic partitioning and kinetic desorption. The author used one-stage and
two-stage desorption kinetics to describe the mechanism of the extraction process. The
results indicated that a two-stage desorption model was suitable to describe the extraction
state in which the rate constant was in the range of 0.1724–0.2623 min−1 in case of rapid
extraction and 0.007–0.0577 min−1 in the fractional fraction. The data fit also indicated
that extraction was controlled by the intracellular diffusion. Milojević et al. further refined
and justified the appropriateness of the kinetic models in water and steam distillation
processes [13]. Experimental data were obtained by studying the hydro-distillation kinetics
of essential oils from juniper berries. A physical model based on simultaneous washing
and diffusion of essential oils from plant materials was developed to describe the kinetics
of essential oil hydrolysis, and two other simple models were derived from the physical
model. This assumes immediate washing followed by diffusion or diffusion without wash-
ing (i.e., first-order kinetics). All three models described the experimental kinetic data
of the distillation process well regardless of distillation apparatus type and its size, type
of plant material, and operating conditions. Later attempts to further develop the phe-
nomenological kinetic models adopts the three-stage mechanism that assumes three phases
occurring simultaneously: washing, unhindered diffusion, and hindered diffusion [14,15].
Compared with well-known kinetic models, this kinetic model was considered a suitable
one for the extraction of essential oil from juniper berries. Moreover, the model has been
tested on some other plant materials. The authors recommended using this method to
model the kinetics of the extraction of essential oils from some plant materials by both
classical and microwave-assisted methods. Indeed, the kinetics models of extracts from
various plant materials using a model that assumes washing and diffusion (unhindered
diffusion, hindered diffusion) are the basis used to describe the time change of essential oil
extraction performance. The models are simple to apply with relatively high accuracy and
can be used in essential oil extraction techniques in production process practices.

The biggest challenge in scaling pilot-scale models into industrial processes is the
choice of solvent and extraction method. To the best of our knowledge, the kinetics,
thermodynamics and optimization process have not been explored in the steam distillation
process of pomelo peels. In this study, pomelo peel essential oil was extracted by the steam
distillation process which is considered a green method and can be used to improve the
current industrial extraction processes. The experimental data on the extraction process
was modeled according to Milojević et al. [14,15]. In addition, other aspects of activation
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energy such as thermodynamics are also important in the process of extracting essential
oils from pomelo peels. Therefore, we performed an optimization process through the
integrated central composite design in the response surface methodology (CCD-RSM),
determined a suitable kinetic model to describe the extraction process, parameters of
the Arrhenius equation, and the thermodynamic parameters of the extraction process.
Chemical composition analysis was also carried out to evaluate the quality of essential oils
from pomelo peels. The results are expected to aid in the development of industrial oil
extraction processes and contribute to reduction of agricultural waste.

2. Materials and Methods
2.1. Materials

Pomelo (C. maxima) fruit of the Da Xanh variety was collected in the Ben Tre province,
Mekong Delta of Vietnam (latitudes 10◦14′54” N and longitudes 106◦22′34” E) in July 2021.
After being selected, fruits are preliminarily treated and peeled off (the number of peels
obtained is 15–20% v/w, including: flavedo and albedo). The pomelo flavedo was manually
peeled off to be prepared for subsequent experiments. Fresh ingredients were used in all
experiments.

2.2. Extraction of Pomelo Essential Oil
2.2.1. Steam Distillation

The peeled pomelo flavedo was ground to obtain maximum extraction efficiency [16].
A sample of 300–900 g with 800 mL of water was subjected to the distillation system
(Figure 1). The flask containing the sample mixture was connected with steam distillation
with a modified Clevenger apparatus, and a condenser was placed on the top to capture
the extracted essential oil. The process was operated at a flow rate of 2.4 mL/min until
an unchangeable amount of essential oil was attained. The extraction was performed for
10 min over several cycles to assess the extraction kinetics.

Processes 2021, 9, x FOR PEER REVIEW 4 of 23 
 

 

 

Figure 1. Steam distillation system. 

2.2.2. Optimized by RSM 

In this study, we used response surface methodology (RSM, Design Expert 11 soft-

ware) as an optimization tool to perform experimental design, statistical processing, and 

to determine optimal extraction conditions. Values such as material mass (A), steam flow 

rate (B), and extraction time (C) were established based on the best conditions of the pre-

vious single-factor survey. The central composite design (CCD) design is an integrated 

tool that is more commonly used than other designs in terms of both good experimental 

design and the lack of operating equipment restrictions [17,18]. The experiments were de-

signed by CCD including 5 levels −α, −1, 0, +1, and +α, and the set-up of 20 experiments 

with three factors are shown in Table 1. Statistical values and the values of model’s expec-

tations are considered measures to be able to optimize the model. 

Table 1. Experimental design table with three factors according to CCD of RSM. 

No. 
Code 

Y (%, mL/100 g) No. 
Code 

Y (%, mL/100 g) 
A B C A B C 

1 −1 −1 −1  11 0 −α 0  

2 −1 −1 +1  12 0 +α 0  

3 −1 +1 −1  13 0 0 −α  

4 −1 +1 +1  14 0 0 +α  

5 +1 −1 −1  15 0 0 0  

6 +1 −1 +1  16 0 0 0  

7 +1 +1 −1  17 0 0 0  

8 +1 +1 +1  18 0 0 0  

9 −α 0 0  19 0 0 0  

10 +α 0 0  20 0 0 0  

Where, A is the material mass (g), B is the steam flow rate (mL/min), and C is extraction 

time (min). 

Figure 1. Steam distillation system.



Processes 2021, 9, 2075 4 of 23

The design parameters for the single-factor survey were (a) input weight: 300, 500,
700, 900 g; (b) steam flow rate: 1.8, 2.1, 2.4, 3.4 mL/min corresponding to system feed
temperature of 120, 130, 140, 150 ◦C, and (c) extraction time from starting to reaching the
saturation stage of essential oil.

The amount of essential oil (mL of essential oil per 100 g of dry material) is calculated
according to Equation (1):

Y
(

%,
mL

100g

)
=

VEO

mused × (100− h)
× 100× 100 (1)

where Y is the yield, the content of essential oil obtained per 100 g of dry material, VEO
is the volume of essential oil obtained in the extraction process, mused is mass of raw
materials, and h is the moisture content of the material. The first 100 coefficient is of the
moisture function and the second 100 coefficient is of the efficiency at 100 (g) of material.

2.2.2. Optimized by RSM

In this study, we used response surface methodology (RSM, Design Expert 11 software)
as an optimization tool to perform experimental design, statistical processing, and to
determine optimal extraction conditions. Values such as material mass (A), steam flow rate
(B), and extraction time (C) were established based on the best conditions of the previous
single-factor survey. The central composite design (CCD) design is an integrated tool that
is more commonly used than other designs in terms of both good experimental design and
the lack of operating equipment restrictions [17,18]. The experiments were designed by
CCD including 5 levels −α, −1, 0, +1, and +α, and the set-up of 20 experiments with three
factors are shown in Table 1. Statistical values and the values of model’s expectations are
considered measures to be able to optimize the model.

Table 1. Experimental design table with three factors according to CCD of RSM.

No.
Code

Y (%, mL/100 g) No.
Code

Y (%, mL/100 g)
A B C A B C

1 −1 −1 −1 11 0 −α 0
2 −1 −1 +1 12 0 +α 0
3 −1 +1 −1 13 0 0 −α
4 −1 +1 +1 14 0 0 +α
5 +1 −1 −1 15 0 0 0
6 +1 −1 +1 16 0 0 0
7 +1 +1 −1 17 0 0 0
8 +1 +1 +1 18 0 0 0
9 −α 0 0 19 0 0 0
10 +α 0 0 20 0 0 0

Where, A is the material mass (g), B is the steam flow rate (mL/min), and C is extraction time (min).

2.2.3. Kinetics of Essential Oil Extraction

The kinetics of essential oil extraction reflect the desorption of the essential oil from
the batch over time. In steam distillation, the process is closely dependent on factors such
as mass, steam flow rate, and extraction time, which significantly affect the desorption
kinetics of any material. Therefore, the contact time at which the desorption process reaches
the state is actually determined according to these factors.

In the batch desorption system, models describing the solubility of the essential oil
from the surface and diffusing the essential oil within the materials were developed to
explain the desorption kinetics of the extraction process. The pseudo-first model with
nonlinear regression is widely used with high compatibility to explain the mechanism of
the process in solid-liquid interaction [14,15,19,20].

Kinetic models are based on two main mechanisms:
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(1) Washing: essential oil obtained from the surface of raw materials
(2) Diffusion: essential oil is diffused from the inside of the material to the surface of

the material, which comprises two processes described as follows. The first one is
unhindered diffusion, involving in a broken vesicle of essential oils, unimpeded by
membranes or other barriers presented in the material; the second one is hindered
fiffusion, involving in the transfer of essential oils across the membrane which is
intact, not disrupted.

From here, hypotheses are built based on the mechanism of the extraction process and
generated pseudo models. These models are applied to describe the kinetics of pomelo peel
essential oil extraction. The models are formed based on the coefficient of determination
(R2) and the error values must be minimal for determination of the most suitable model.

Model of simple diffusion without washing:

q
q∞

= 1− e−k1t (2)

Model of instantaneous washing followed by diffusion:

q
q∞

= 1− (1− fw)× e−kd1t (3)

Model of simultaneous washing and unhindered diffusion:

q
q∞

= 1− fw × e−kwt − (1− fw)× e−kd1t (4)

Model of simultaneous washing, unhindered diffusion, and hindered diffusion:

q
q∞

= 1− fw × e−kwt − fd1 × e−kd1t − fd2 × e−kd2t (5)

where,
fw, fd1, fd2: the fractions of the essential oil extracted via washing, unhindered difusion

and hidered diffusion.
kw, kd1, kd2 (min−1): the rate constants for washing, unhindered diffusion, and

hindered diffusion.
q∞, q (mL/100 g): the amount of essential oils obtained during the desorption process

at equilibrium and any time t (min).

2.2.4. Statistical Evaluation

An error function assessment is required to evaluate the fit of the equations to the
experimental results. In the present study, the coefficient of determination (R2) and the
percentage (%q) were used to quantitatively compare the applicability of each model.

R2 = 1−
∑N

i=1

(
q∞,exp − q∞,cal

)2

∑N
i=1

(
q∞,exp − q∞,mean

)2 =
∑N

i=1

(
q∞,exp − q∞,mean

)2

∑N
i=1

(
q∞,cal − q∞,mean

)2
+ ∑N

i=1

(
q∞,cal − q∞,exp

)2 (6)

%q =
q∞, exp − q∞, cal

q∞, exp
× 100 (7)

where,
q∞, exp (mL/100 g): is the amount of essential oil obtained in the experiment;
q∞, cal (mL/100 g): is the amount of essential oil obtained from the model using Origin

9 software;
q∞, mean (mL/100 g): is the average value of q∞; and
N: the number of data points.
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All experiments were repeated in triplicate and presented as standard deviations.
The standard deviation of the results is calculated using Microsoft Excel. Optimization is
designed on Design Expert 11 software. Study kinetics, thermodynamics, and show related
graphs are designed through Origin 9.0 software.

2.2.5. Analysis of Essential Oil

Chemical composition of the pomelo fruit oil was determined by gas chromatography-
mass spectrometry (GC-MS) analysis using GC Agilent 6890 N instrument coupled with
HP5-MS column (30 m × 0.25 mm, film thickness 0.25 µm, Agilent Technologies, Santa
Clara, CA, USA) and MS 5973 inert. The pressure of the head column was 9.3 psi. A volume
of 25 µL of essential oil was included with 1.0 mL n-hexane. GC-MS system operated at
the following conditions: carrier gas He, the flow rate at 1.0 mL/min, and injection volume
1.0 µL. The injector temperature was set at 250 ◦C and the split ratio of 1:50. The thermal
program for samples was set at: 50 ◦C kept for 2 min, increased by 2 ◦C/min to 80 ◦C,
continued to increase by 5 ◦C/min to 150 ◦C and 10 ◦C/min to 200 ◦C, and finally increased
by 20 ◦C/min to 300 ◦C with the holding time of 5 min.

Identification of the constituents was carried out by comparing the obtained retention
indices and mass spectrum with the data of NIST Chemistry WebBook.

3. Results and Discussion
3.1. Effect of Facctors on Extraction by Steam Distillation

Among the parameters affecting the steam distillation process, the mass of the raw
material is considered one of the main influencing factors, as appropriate mass ensures
that the amount of steam can attract all the essential oils in the steam distillation. At the
laboratory scale, the glass apparatus contains a maximum weight of 900 g of material,
thereby it is set as the upper limit of this experiment. Experiments were performed at
different sample weights (including 300 g, 500 g, 700 g, and 900 g), and extracted at
different times from 10 to 120 min (extraction time starts with the presence of the first drop
of condensate).

As shown in Figure 2, the lowest essential oil content was obtained at 900 g of sam-
ple weight and reached a maximum yield at 300 g and 500 g of sample weight. After
100 min, when reducing the sample weight from 900 g to 300 g, the essential oil content
improved from 5.02 ± 0.51% to the highest level of 6.21 ± 0.34%. Similarly, the content
of essential oil obtained at 700 g of sample weight was only 5.45 ± 0.45% compared to
lower sample weights. Indeed, the increased volume of input resulted in a decrease in the
essential oil content. This trend was due to the increased inlet volume, resulting in denser
material density and lower vapor pressure of the water generated from the heater, making
it difficult to carry out the release of essential oils from the feedstock of steam [21]. It is
noteworthy that the overuse of raw materials leads to a longer extraction time, which is
not economically favorable, to achieve the optimum yield. Apparently, with a sample mass
of 300 g and 500 g, the essential oil was saturated in 90 min, whereas it takes a minimum of
100 min at a sample mass of 900 g to reach saturation and actual extraction time took an
additional 20 min at the appearance of the first drop of condensate compared to smaller
mass. The 300 g and 500 g sample weight obtained almost the same efficiency (6.21± 0.34%
and 6.17 ± 0.10%) without adversely affecting the whole extraction process, so the 500 g
input weight was chosen for the next experiments.
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Another important parameter that affects steam distillation is the steam flow rate. The
rate of distillation depends on the amount of heat supplied to the system which ensures the
beyond of boiling point of the steam and essential oil mixture. Steam flow rates (1.8, 2.1, 2.4,
3.4 mL/min) were obtained from the conversion parameter of the amount of heat supplied
to the system, which corresponds to 120, 130, 140, 150 ◦C from the heating system. The
design ranges reported in each experiment ensure sufficient heat to evaporate the water
without affecting the quality of the essential oil as well as being within the operating range
of pilot-scale.

Figure 3 illustrates the amount of essential oil obtained at different extraction times
and distillation rates. It was shown that increasing the steam flow rate from 1.8 mL/min
to 3.4 mL/min improved the essential oil yield. The highest essential oil content (6.37 ±
0.30%, v/w) was obtained when the distillation rate was set at 2.1 mL/min for 100 min. This
suggest higher temperature input led to more energy dissipated into the plant materials.
This effect improves the system’s ability to distill pomelo essential oil from the surfaces
of plants, as well as freeing the oil from untapped oil reservoirs and forcing it to diffuse
through the plant particles. This in turn causes the initial increase in oil distillation rate
and final essential oil yield. Moreover, the degradation of thermally unstable components
can also occur during prolonged heating, reducing the yield of pomelo peel essential oil at
lower steam flow rate [11,20].
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The yield obtained at high distillation rates (6.13 ± 0.08% and 6.16 ± 0.10% at two
operating conditions 2.4 mL/min and 3.4 mL/min) showed lower values than the es-
sential oil content at 2.1 mL/min. On the other hand, the rate at the lower limit of
1.8 mL/min, had the lowest efficiency (4.8 ± 0.23%) compared to those at the higher rate of
2.1–3.4 mL/min. This was explained by the insufficient dissipation of energy required
to release the essential oil and the degradation of non-heat-resistant components when
exposed to large amounts of heat. In this study, a distillation rate of 2.1 mL/min was
selected for further studies.

Extraction time is another factor that justifies the economic feasibility of the process.
The extraction time should be long enough to extract all essential oils from the raw material.
Extraction time varies depending on various factors such as extraction equipment and
plant material sample. To find out the appropriate extraction time to extract pomelo peel
essential oil, the yield of essential oil was screened and measured from the beginning of
steam distillation until the amount of essential oil becomes constant. From Figures 2 and 3,
it can be seen that the extraction efficiency obtained at their respective optimal conditions
reached its peak after 100 min from the first drop of condensate. This is consistent with
previous results that most Citrus essential oils were exhaustively extracted after 60 min
from the first drop of condensate [22,23]. In some cases, an extraction time of at least
120 min is required to observe the first drop of condensate. Therefore, under optimal
conditions (material mass 500 g and distillation rate of 2.1 mL/min), 90 min was chosen as
the optimal extraction time.

3.2. Optimization of Essential Oils Extraction with RSM
3.2.1. Suitability of the Model

To optimize the distillation conditions, preliminary experiments were considered
based on three factors, including mass of material (g), steam flow rate (mL/min), and
distillation time (min). Next, the RSM method was applied to optimize the conditions
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affecting the distillation of essential oils from pomelo peel. Based on the CCD, the quadratic
model representing the relationship between the three factors was designed with five levels,
as shown in Table 2.

Table 2. Survey value levels of three extracted factors in the model.

Code
Levels

−α −1 0 +1 +α

A 163 300 500 700 836
B 1.60 1.80 2.10 2.40 2.60
C 40 60 90 120 140

The yield of essential oils is strongly dependent on the three factors. The experimental
results of 20 experiments and the predictions of Design Expert 11 software are shown in
Table 3. The values in Table 3 show that the experimental values do not deviate from the
predicted values. Moreover, it can be seen that the concentration of essential oil obtained
in experiment 17 was the highest (6.28 mL/100 g) with the sample weight of 500 g, steam
flow rate of 2.1 mL/min, and extraction time 90 min.

Table 3. Matrix of experimental and predicted values of 20 RSM experiments.

No. Run
Code Yield (%, mL/100 g)

A: Mass
(g)

B: Steam Flow Rate
(mL/min)

C: Extraction Time
(min) Actual Residual

1 3 300 1.80 60 4.9640 0.1567
2 14 700 1.80 60 4.5669 0.0302
3 13 300 2.40 60 5.1625 0.0386
4 8 700 2.40 60 4.9640 −0.0181
5 6 300 1.80 120 5.2784 −0.0645
6 10 700 1.80 120 4.6539 0.0571
7 20 300 2.40 120 5.6530 −0.0765
8 16 700 2.40 120 5.6235 0.0006
9 5 163 2.10 90 5.9062 −0.0645
10 7 836 2.10 90 5.0829 −0.0252
11 12 500 1.60 90 4.1334 −0.1422
12 19 500 2.60 90 4.8595 0.1308
13 15 500 2.10 40 5.2734 0.0960
14 4 500 2.10 140 5.8649 −0.1135
15 17 500 2.10 90 6.2500 0.0996
16 11 500 2.10 90 6.0546 −0.0054
17 2 500 2.10 90 6.2757 −0.0748
18 1 500 2.10 90 5.9770 0.0077
19 18 500 2.10 90 5.9770 −0.0138
20 9 500 2.10 90 6.1761 −0.1422

To elucidate the parameters of the operating parameters, the analysis of variance
(ANOVA) is used. Table 4 presents a series of terms such as F-value, p-value, lack of fit,
coefficient of determination, and adequate precision to assess the fit of the quadratic model.
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Table 4. ANOVA for Quadratic model.

Sum of Squares df Mean Square F-Value p-Value

Model 7.32 9 0.8137 58.09 <0.0001 significant
A 0.5081 1 0.5081 36.27 0.0001
B 0.7317 1 0.7317 52.23 <0.0001
C 0.4748 1 0.4748 33.89 0.0002

AB 0.0787 1 0.0787 5.62 0.0392
AC 0.0004 1 0.0004 0.0304 0.8652
BC 0.0700 1 0.0700 5.00 0.0494
A2 0.7308 1 0.7308 52.17 <0.0001
B2 4.82 1 4.82 343.78 <0.0001
C2 0.5696 1 0.5696 40.66 <0.0001

Residual 0.1401 10 0.0140

Lack of Fit 0.0506 5 0.0101 0.5652 0.7268 not
significant

Pure Error 0.0895 5 0.0179
Cor Total 7.46 19

R2 0.9812 Adjusted R2 0.9643
Predicted
R2 0.9271

Adeq Precision
24.1878

Firstly, the F-value of the model is 58.09, showing that the RSM design model is
statistically significant. In addition, p-value < 0.0001 shows that the model shows only a
0.01% chance that the F-value can cause interference. Based on the F-values, the operating
parameters are in the order steam flow rate (52.23) > mass (36.27) > extraction time (33.89).
The p-value < 0.05 indicates that the factors have statistically significant influences on the
results of the model. In fact, if there are many values in the model with p-value > 0.1, the
reliability of the model is reduced. Therefore, it is necessary to remove values with p-value
> 0.1 when designing so that the statistical significance of the model is improved. On the
above statistics table, we see that the factors A, B, C, AB, BC, A2, B2, C2 all have p-value <
0.05, so they have a significant influence on the essential oil extraction performance when
changing these factors.

The regression coefficient (R2) of 0.9812 showed that 98.12% of the experimental data
are compatible with the predicted data by the model. In particular, the predicted R2 (0.9643)
is very close to adjusted R2 (0.9891), suggesting a better fit for the quadratic model [24,25].

In addition, the RSM model has an appropriate accuracy with adequate precision
(AP) = 24.1878 which is used to orient the design space. If it is greater than 4.0, this model
can be used [25]. To sum up, this model could be suitable to predict the experimental data.

3.2.2. Process Optimization

The relationship between essential oil content (Y) and independent variables A, B,
and C from Design–Expert 11 software is shown in the equation (Final Equation in Terms
of Coded Factors) as follows:

Y = +6.12 − 0.1929A + 0.2315B + 0.1865C + 0.0992AB − 0.0073AC + 0.0936BC − 0.2252A2 − 0.5781B2 − 0.1988C2 (8)

where A is the mass of material (g), B is the extraction rate (mL/min), and C is the
extraction time (min).

According to Equation (8), the proposed quadratic mathematical model based on
coded variables of extraction efficiency shows that the survey factor and essential oil yield,
when the influence is positive, have a positive effect, and vice versa. From Equation (8),
we have the factors including extraction rate (B), time (C), mass-temperature (AB), and
extraction rate-time (BC), which are positively correlated with the yield of essential oils.
When increasing the value of the above four survey factors, the yield of essential oils
increases. At the same time, when increasing the value of factors such as ratio (A), AC
factors, mass squared (A2), temperature squared (B2) and time squared (C2), the essential
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oil yield tends to decrease due to negative correlation. Specifically, the range of influence
values of the factors is depicted in Figure 4.
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The influence of factors on the yield of essential oils is depicted by three-dimensional
surface response plots, as shown in Figure 4. The red area of the graph represents the
highest essential oil yield, whereas the blue area describes a lower result. The green to red
color scale reveals the essential oil content values from 4.1334 to 6.2757%.

Figure 4a shows the interaction between mass and steam flow rate on essential oil
content. Based on the variation of the color scale in the chart, the yield of essential oils
changes when the values of these two factors vary. We first considered the influence of
steam flow on the extraction efficiency of essential oils. At 2.1 mL/min, the obtained
essential oil content tended to remain the same when increasing the input of sample weigh
to the extraction system; however, the essential oil content showed a downward trend with
the sample loading from 580 g to 700 g. In fact, this can be easily observed in Equation
(8), which showed a negative correlation of this factor with essential oils yield. In terms
of steam flow rate variation, it experienced the same trend as the sample loading factor.
Increasing the flow rate from 1.8 mL/min to 2.3 mL/min led to an increase in the amount
of essential oil, but there was a downward trend when increasing to 2.4 mL/min. This
was ascribed to the degradation of essential oils when exposed to to high temperatures for
long periods of time [26,27]. In general, the interaction of mass and steam flow rate had the
same correlation in which the essential oil yield increased to the highest value at optimal
values of these factors and started reducing when exceeding the threshold of these factors.
The essential oil content reached the highest (5.8%) at the rate of 2.1 to 2.3 mL/min and at
the sample weight from 300 g to 580 g.

Figure 4b hows the interaction between the two factors of material weight and extraction
time. At the extraction time of 90 min, the yield gradually decreased when the sample weight
increased from 300 g to 700 g, which was consistent with our single-factor survey. The
essential oil content tended to increase when increasing the extraction time. At the input value
of 300 g to 600 g, the highest yield of essential oil was obtained after 80 min of extraction.
From Figure 4b, it can be observed that the histogram decreased in color scale and had a slope
from the upper limit of extraction time and mass. This showed the negative correlation of
these two factors. Specifically, the essential oil content tended to decrease with the excess of
sample loading (>600 g), as shown by the green spaces in the color scale. The highest yield
of essential oils was obtained when a low loading of sample was subjected to the system
associated with an extended extraction time. However, both factors maintained the highest
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color scale at the central values, which was almost unaffected by this negative correlation.
The obtained essential oil content was relatively high (6%), with the sample loading of 300 to
600 g and the extraction time of more than 80 min.

Finally, Figure 4c shows the interaction between steam flow rate and extraction time.
The maximum value (6%) lies near the central value, when the steam flow rate ranged from
approximately 2.05 mL/min to 2.30 mL/min at intervals of 80 to 120 min. As observed from
the chart, the essential oil yield increased from 1.80 mL/min to 2.30 mL/min and showed
a decrease when exceeding the threshold of 2.40 mL/min. These parameters presented a
curve that went from green to red and a downward trend which was depicted by a gradual
change in color to orange. In general, the interaction of these two factors was positively
correlated. It can be seen that the interaction of steam flow rate and extraction time had the
greatest influence on the extraction of pomelo essential oil by steam distillation.

3.2.3. Verification of Optimal Condition

Based on the analyzed data, Figure 5 shows the binding between variables in model
verification. This is aimed at optimizing the extraction of pomelo peel essential oil by steam
distillation. Accordingly, the most desirable solution is listed in Figure 5. Desirability was
97.9%, showing a great possibility of accomplishing the goal. The model’s optimization
conditions were 422 g of loading sample with a steam flow rate of 2.2 mL/min for 106 min
which resulted in the essential oils yield of 6.30%, close to the predicted result of 6.23%. This
result confirmed the good compatibility with the proposed model and showed the potential
in practical implications. Previous studies [18,28] also mentioned that the extraction of
pomelo essential oil was carried out for more than 100 min to obtain the maximum efficiency
for both microwave extraction and hydrodistillation extraction methods. Dao et al. [16]
attempted the extraction of pomelo essential oil by the hydrodistillation method. The yield
was 1.9% (equivalent to 6.3% when converted to dry weight) at the extraction temperature
of 120 ◦C, the ratio of 5:1 mL/g for 105 min. The process performance is almost similar
to this study. Another study regarding optimization of pomelo essential oil extraction by
microwave-assisted hydro-distillation was reported by Hien et al. [28]. RSM was used
for optimization with optimal efficiency of 4.5%, corresponding to a power of 403.115 W,
a ratio of 3.119 mL/g of fresh material, and a rather long extraction time (117.336 min).
Although the process efficiency is relatively high, in contrast, the extraction process uses a
lot of energy and is difficult to scale up production which is a goal of this research.
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Where, the red point is the value of the influencing variables and the blue point is the
value of the objective function which is the optimal condition of the extraction process.



Processes 2021, 9, 2075 14 of 23

3.3. Kinetic Model Study

The extraction kinetics were evaluated by observing essential oils yield over time. The
experimental data were fitted with four first-order kinetic models including model 1 (Equation
(2)), model 2 (Equation (3)), model 3 (Equation (4)), and model 4 (Equation (5)). Nonlinear
forms of the equations at different steam flow rates (1.8–3.4 mL/min) were used to verify the
kinetic models and proposed essential oil extraction mechanism (Figure 6A–D).

As shown in Figure 6, it can be seen that the experimental data points are distributed
on the curve, implying that the equations of the kinetic models were suitable to describe
the experimental data. The experimental kinetic curves showed the typical extraction
performance, which mainly comprised of two stages: (1) rapid extraction (washing phase),
in which the essential oils were located on the outer surface of the washed material and
(2) slow extraction stage (diffusion stage), in which the essential oils localized inside raw
materials moved to the external environment. The second stage is characterized by a
slow process, showing the gradual improvement of essential oil yield [11,20]. The curves,
showing the variations of pomelo peel essential oil yield, were sigmoid or S-shaped with
upward curvature. This was consistent with previous experimental data (Figures 2 and 3),
showing that the yield of essential oils increased rapidly in the early stage (i.e., the fast
distillation phase) and experienced a slower rate in later stage until reaching a constant
rate (i.e., slow distillation phase).
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According to Figure 6, three kinetic steps could be observed. First, a nearly linear
increase in essential oils yield occurred at 0–10 min (phase 1, followed by a rapid increase
in extraction yield at 10–50 min (phase 2), followed by a slow increase with an extended
extraction time, until a constant yield was reached after 130 min. In this case, more than
90% of the recovered oil was extracted in the second stage (at optimal steam flow rate of
2.1 mL/min). The sigmoid curve was also observed in previous studies regarding the kinet-
ics of the distillation of rosemary [29] and Artisica judaica L. essential oil [30]. Furthermore,
it was reported that essential oil also followed three different phases: the equilibrium phase,
the intermediate transition phase, and the diffusion phase [31]. In particular, a decrease
in the diffusion rate was observed with prolonged time due to the negligible amount of
essential oils remaining in the plant tissue.

The kinetic parameters of the models include: the amount of oil in equilibrium (q∞)
and the essential oil fraction extracted through the washing step, with unhindered and
hindered diffusion (fw, fd1, fd2), respectively. The estimated parameters of all models
are listed in Table 5. The coefficient R2 is a commonly used parameter to determine
the relationship between experimental data and the model. In this study, all models
under different extraction conditions achieved very high R2 (R2 > 0.95), except the one
at 3.4 mL/min in model 4. These models can be considerably suitable for the kinetic
characterization study. To select the most suitable model, the value %q is also a considerable
factor as it presents the percentage of deviation between the content of essential oil at
saturation between the experimental values and predicted values from the model. From
the results of R2 and %q values, model 3 showed better experimental data than others. This
result was due to the higher coefficient of determination. R2 and deviation of the actual
and calculated essential oils were within the allowable range (less than 5%) which was
considered as a supporting factor in assessing the fit of the model [20]. More specifically,
the coefficient R2 at the optimal position (2.1 mL/min) of the model 3 was shown to obtain
a high value (0.99576).
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Table 5. Kinetic parameters of pomelo peel essential oil extraction by steam distillation.

No. Model Rate
(mL/min) q∞,exp q∞,cal fw fd1 fd2 kw

kd1
(min−1)

kd2
(min−1) R2 %q

1
Simple

diffusion
without
washing

1.8 4.80 4.68 - - - - 0.0617 - 0.98932 2.50

2.1 6.37 6.31 - - - - 0.0454 - 0.9831 0.94

2.4 6.13 6.12 - - - - 0.0539 - 0.9987 0.16

3.4 6.16 6.09 - - - - 0.0754 - 0.9907 1.14

2
Instantaneous

washing
followed by

diffusion

1.8 4.80 4.68 0.0223 0.0600 - 0.98886 2.5

2.1 6.37 6.35 0.0437 - - - 0.0426 - 0.98383 0.31

2.4 6.13 6.12 5.51 × 10−4 - - - 0.0539 - 0.99855 0.16

2.7 6.16 6.10 0.0169 - - - 0.0739 - 0.98979 0.97

3
Simultaneous
washing and
unhindered

diffusion

1.8 4.80 4.90 0.3880 - - 0.0281 0.1308 - 0.99884 2.08

2.1 6.37 6.76 0.3412 - - 0.1515 0.0236 - 0.99576 3.92

2.4 6.13 6.38 0.8884 - - 0.0589 0.0112 - 0.99876 4.08

3.4 6.16 6.29 0.3023 - - 3.0759 0.0482 - 0.99928 2.11

4

Simultaneous
washing,

unhindered
diffusion and

hindered
diffusion

1.8 4.80 4.90 0.4882 0.5122 1.95 × 10−9 0.0281 0.1309 0.5609 0.99826 2.08

2.1 6.37 6.62 0.7502 0.2498 9.33 × 10−9 0.029 3.0357 0.0289 0.9980 3.93

2.4 6.13 6.13 0.9938 0.0062 3.85 × 10−9 0.0535 2.5181 0.1291 0.9974 0

3.4 6.16 5.5 0.42677 10.71

From Table 5, it can be observed that the kinetic parameters related to the extraction
rate constant (kd1) seemed to be reduced with an elevated distillation rate, whereas the
rate constant of the washing process kw increased with the same trend as the rate of
distillation at 1.8 mL/min and 2.1 mL/min. However, the parameter at 2.4 mL/min tended
to decrease and it experienced dramatic increase at 3.4 mL/min, 3.0759 at kw, and 0.0482 at
kd1, respectively. This fluctuation could be explained by the mixing of assumed parameters
from the models and the degradation of compounds in the essential oil when subjected to
the heating process for a long time. The decline in the final stage when fitting the model was
understood as the diffusion phase, which caused the variation of the kinetic parameters in
the model regardless of the compatibility of R2 and %q values to the experimental values.

At the distillation rate of 2.1 mL/min in model 3, a high kw value (0.1515) was obtained,
indicating that the steam flow rate is strongly related to the washing constant. This also
implied that the steam flow rate had a greater influence on the washing phase than the
diffusion phase in this model. Furthermore, the fw value of model 3 at the steam flow
rate of 2.1 mL/min obtained higher values than the others. This parameter suggested
that the extraction conditions increased the availability of essential oils for washing by
disrupting the cell wall. In general, at higher steam flows, the washing and diffusion
of essential oils from the pomelo peel were faster and easier, and the extraction process
progressed to more of the washing phase, with a corresponding decrease in the extraction
phase diffusion. However, when the steam flow rate exceeded the threshold of 2.4 mL/min,
the occurring reverse effect affected the kinetic parameters and significantly reduced the
extraction efficiency. The results showed that the low extraction yield could be the result
of over-heating, leading to undesirable solvent extraction, thermal degradation of heat
sensitive substances, and instability of compounds [32,33].

Indeed, the simultaneous washing and unhindered diffusion model in the nonlinear
form had a high R2 coefficient of 0.99576 and %q of 3.92% at the location where the
maximum essential oil content (2.1 mL/min) was chosen as the suitable model, as well as
the non-linear form of the model that can clearly describe the extraction kinetics. Previous
studies made similar observations that the non-linear form was suitable for describing
the kinetics of essential oil extraction and that the equation in the nonlinear form could
produce fewer errors, leading to fewer violations of the theory of the model than the linear
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form [34,35]. With the above data, the nonlinear equation of the washing and diffusion
model was not hindered and was found to be reasonable and reliable in interpreting the
experimental data of the extraction process.

Based on the assumptions of model 3 with the combination of experimental data,
conclusions can be made. First, the kinetics of pomelo peel extraction was described by
the simultaneous unhindered washing and diffusion model. Second, the kinetic model
of direct water extraction was characterized by two stages of washing and diffusion as
the main process. Washing is considered as a rapid oil distillation process, referring to the
stage where the essential oil is washed from the inside and outside of the raw material
surface. This stage is characterized by a rapid increase in the quantity of the essential oil
at the beginning of the distillation process. The next stage, which plays a major role in
the extraction mechanism, is the diffusion stage, which depicts the slow distillation of
the essential oils. During this phase, the essential oil is diffused from the inner parts of
the pomelo peel towards the outer surfaces and then it is carried away by steam flows.
Unobstructed diffusion involves mass transfer of essential oils from ruptured organs
without any restrictions. The diffusion phase is characterized by a slow increase in the
yield of the essential oils during distillation [36].

The kinetic model of pomelo essential oil extraction by steam distillation by simulta-
neous washing and unhindered diffusion at the optimal point (model 3, 2.1 mL/min) is
shown as follows:

q
q∞

= 1− 0.3412× e−0.1515t − (1− 0.3412)× e−0.0236 (9)

where q is the amount of essential oil obtained in the material at time t (mL/100 g), and q∞
is the amount of essential oil obtained until saturation (mL/100 g).

3.4. Activity Energy

The Arrhenius equation is used to show the dependence of temperature and mass
transfer coefficient as follows:

K = A.e−
Ea
RT (10)

where k is the coefficient of mass transfer (min−1), A the frequency factor (min−1), Ea is the
activation energy (kJ.mol−1), R is the universal gas constant (8.314 × 10−3 kJ.mol−1.K−1),
and T is the absolute temperature (K).

For each stage of the process, the Arrhenius plot (natural logarithm of mass transfer co-
efficient against reciprocal of absolute temperature) appeared linear where the logarithm of
k decreased linearly with increasing 1/T. The values of the Arrhenius equation parameters
were obtained from the slope and intercept of each curve (Table 6). Low activation energy
values were obtained at the unhindered diffusion stage and high values were obtained at
the washing stage (167.43 kJ.mol−1). All these values were characteristics of an extraction
process of a physical nature. The frequency value of the washing phase was approximately
1.5 times greater than that of the diffusion phase.

Table 6. Parameters of the Arrhenius equation.

Parameters
Step

Washing Diffusion 1

Ea (kJ.mol−1) 167.43 96.25
A (min−1) 47.79 31.91

R2 0.5717 0.7154

3.5. Thermodynamic Analysis

The extraction of essential oils uses the amount of heat supplied to the system; thus
thermodynamic evaluation, which represents the energy exchange of the extraction process
with the environment, should be taken into account.
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The thermodynamic parameters, which included differential enthalpy (∆H◦), differen-
tial entropy (∆S◦), and Gibbs free energy (∆G◦) at various temperatures (393–423 K) for the
essential oil extraction process, were calculated from Van’t Hoff equation:

ln K = −∆H◦

RT
+

∆S◦

R
(11)

where R is the universal gas constant (8.314 J.mol−1.K−1), T is the absolute temperature
(K), and K is the constant at equilibrium defined as [37]:

K =
qT

q∞ − qT
(12)

where qT is the content of extracted essential oil that is saturated at temperature T (K), and
q solid (q∞ − qT) is the amount of essential oil that has not been extracted at temperature
T (K), calculated from the difference in the amount of saturated essential oil at temperature
T and the amount of initial essential oil in the materials.

After calculating the values of K for each evaluated condition, graphs were generated
with the data ln K versus 1/T, and data were adjusted to linear regression models. The
values were obtained from the slope of the lines, representing the quatities (∆H◦/R) and
intercept of the quantities (∆S◦/R).

Gibbs free energy for the different temperatures was estimated by the equation (13):

∆G◦ = ∆H◦ − T × ∆S◦ (13)

The thermodynamic parameters of pomelo essential oil extraction are shown in Table 7.
∆H◦, ∆S◦ values were found to give positive results over the extraction temperature range,
which indicated both endothermic and irreversible properties of the essential oil extrac-
tion process. Previous studies on the oil extraction process from plants also showed that
14.27–28.247 J.mol−1. Santos et al. [37], in the study of Jatropha curcas L. oil extraction pro-
cess, obtained the ∆H◦ values of 14.27–18.60 kJ.mol−1 and ∆S◦ of 38.74–56.14 J.mol−1.K−1

for different raw material sizes. Abed et al. [38] performed a thermodynamic evaluation
of peppermint leaf oil extract; the obtained values of ∆H◦ and ∆S◦ were 28.247 kJ/mol
and 90.905 kJ/mol, respectively. The ∆H◦ of 24.21 kJ.mol−1 and ∆S◦ of 63.66 J.mol−1.K−1

obtained during the pomelo essential oil extraction were acceptable. More specifically, the
increase in entropy in the mixture was due to the migration from solid to liquid phase
during extraction [39]. In addition, the ∆G◦ obtained from Equation (13) gave negative
values as well as showing that the reaction discharged spontaneously at the investigated
temperatures (preferred with increasing temperature), and the reaction occurred in the
forward direction. which has been not previously tested.

Table 7. Thermodynamic parameters of the extraction proces.

T (K) Q (Liquid) (%) Q (Solid) (%) H (J×mol−1) S (J×mol−1.K−1) G◦ (kJ×mol−1)

393 4.8007 2.625 −35.02
403 6.373 1.0529 −0.2469 89.1095 −34.93
413 6.125 1.301 −35.02
423 6.1574 1.1685 −35.02

3.6. GC-MS Analysis

Pomelo essential oil was extracted by steam distillation under optimal conditions
including 422 g of loading sample and a steam flow rate of 2.16 mL/min for 106 min.
The GC-MS analysis result in Figure 7 has identified six compounds in the pomelo peel
essential oils and 100% of the components, which are mainly monoterpenes, have been
identified. Chemical components of pomelo essential oil are also reported in Table 8.
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Table 8. Chemical composition of pomelo essential oil extracted by steam distillation.

Peak Retention Time (min) Compound Percent

1 7.157 1R-a-Pinene 0.75
2 8.861 Sabinene 0.19
3 8.955 β-Pinene 0.07
4 9.802 β-Myrcene 1.31
5 10.346 α-Phellandrene 0.69
6 11.705 D-Limonene 97.00

The main components in the essential oil were D-Limonene (97.00%) and β-Myrcene
(1.31%), which were considered the predominant components of pomelo peel essential
oil. Chen et al. [40] showed that the composition of pomelo essential oil (Citrus grandis)
in Taiwan extracted by steam distillation yielded a limonene content of only 87.5%. Dao
et al. [16] showed that pomelo (Citrus grandis) essential oil obtained by hydrodistillation
contained a high level of limonene (97.1%) but β-myrcene was missing from the author’s
study. The compound, β-myrcene, is known as a fragrance agent; it is used in food
and beverage products. The main reported biological properties of β-myrcene, such
as anxiolytic, antioxidant, anti-aging, anti-inflammatory, and analgesic properties, were
previously discussed [41]. Differences in chemical composition or abundance of compounds
in essential oils may be due to different extraction techniques. In addition, the composition
of essential oils was highly dependent on the growing conditions as well as harvesting
time [42]. The presence of different bioactive components determines a wide range of
biological activities, typically antibacterial activity, thereby contributing to the quality of
the essential oils product.
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4. Conclusions

This study performed optimization of the steam distillation process to recover essential
oils from pomelo peels and explored kinetics and thermodynamics of the process. The
correlation of factors affecting the extraction process is also clearly shown, notably the
steam flow rate, which greatly affects the process. The nature of the extraction process
is also described through the model of simultaneous washing and unhindered diffusion.
Activation energy, thermodynamics, and GC-MS analysis were also presented to show
process parameters as well as the quality of essential oil extracted by the steam distillation
method. Further studies are expected to further explore the kinetics for other extraction
processes to justify the scalability of the extraction process, which contributes to reduction
of agricultural waste and enhanced valorization of the pomelo fruit.
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