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Abstract: The research focuses on optimizing vegetable oil production processes for human consump-
tion, emphasizing green and efficient extraction methods using renewable solvents with minimal
toxic residues. Pressurized liquid extraction (PLE), especially with ethanol, is studied for its efficiency
and low solvent usage in intermittent processes. By evaluating extraction parameters and kinetics,
the study aims to determine optimal conditions for higher extraction rates and yields, providing
insights into production costs and other factors. Specifically, the research examines the behavior
of extraction kinetics for vegetable oils like rice bran, sunflower seeds, and rolled soybeans. It also
seeks to determine mass diffusivity in semi-continuous processes and to model PLE in intermittent
processes using Fick’s Law and Mathematica Wolfram Software v11.2. The effective diffusivity (Deff)
for rice bran oil in pressurized ethanol varied between 13.09 and 15.70 × 10−12 m2/s, and the Deff

value of sunflower seed oil was between 8.10 and 12.60 × 10−12 m2/s. For rolled soybean oil, the
Deff value ranged from 17.25 to 31.29 × 10−12 m2/s. The mass diffusivity values of vegetable oils in
pressurized ethanol remained within the same order of magnitude. The mass diffusivity for PLE in an
intermittent process presented values of 5.97 × 10−12 m2/s for rice bran oil with 3 extraction cycles.
The Deff value for sunflower seed oil in pressurized ethanol was 1.38 × 10−12 m2/s, with 4 cycles,
and for rolled soybeans, the Deff value was 1.77 × 10−12 m2/s in 3 cycles. The Deff value found in the
intermittent extraction process was lower than that in the semi-continuous process. The total solvent
renewal in the semi-continuous extraction process significantly impacted the diffusivity values for
all extracted oils, as this process utilizes much more solvent compared to the intermittent process
for all matrices studied. Various factors, including geometry, average particle diameter, extraction
temperature, and rinse solvent volume, can affect the differences in curve behavior between the semi-
continuous and intermittent processes. Despite these factors, the intermittent process is considered
more viable for implementation due to its favorable economic and environmental characteristics,
primarily because it requires a much smaller amount of solvent.

Keywords: rice bran; sunflower; rolled soybean; pressurized liquid extraction; ethanol; kinetic study

1. Introduction

Vegetable oils are important sources of micronutrients such as tocopherol, phospho-
lipids, sterols, carotenoids, etc., and find widespread use in human nutrition, in the phar-
maceutical or cosmetics industry. Unlike fossil oils, vegetable oils come from renewable
sources and it is estimated that by 2025, the consumption of these oils will grow by up to
5.12% [1]. Rice oil, sunflower oil, and soybean oil are some examples of these vegetable oils.
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Brazil ranks ninth globally in rice production, with production of 11.66 million tons in
2021, while world production was 742.54 million tons [2]. Rice bran is a by-product obtained
during the rice milling process, comprising the outer layers of the grain removed along with
the starchy endosperm. It is rich in lipids, with oil content ranging from 10 to 23%, and low
moisture content (6–7%). In addition, it serves as an excellent source of protein, vitamins
B and E, and contains antioxidants in small amounts, which are considered beneficial in
reducing cholesterol in humans. Rice bran is also widely used in animal feed due to its oily
nature, which makes it an excellent binder for animal feed [3].

Sunflower oil holds significant importance in the global vegetable oil market, being
among the four most used oilseeds worldwide. Approximately 90% of sunflower oil
produced is intended for human consumption [4]. Sunflower oil exhibits therapeutic
potential and possesses important nutritional qualities, serving as a source of vitamin E. It
can also function as a natural source of antioxidants when incorporated into other products
to enhance nutritional value or extend shelf life.

According to Gasparetto et al. [5], soybean production in 2021 amounted to 360,000
thousand metric cubes, and most of this production is intended for the production of edible
oil (about 80%). This oil is directly employed in food preparation, integrated into various
products, or serves as a precursor for biodiesel production.

Currently, the industrial extraction process of vegetable oils uses mechanical extraction,
solvent extraction, and a mix of both. Mechanical extraction, which consists of pressing the
raw material, with a low yield, and solid-liquid extraction using organic solvent (hexane) is
considered the most efficient process for obtaining vegetable oils [6]. However, extraction
with n-hexane, or a combination of mechanical extraction with n-hexane usage, yields
higher results. Hexane, a solvent derived from petroleum, poses health risks due to its
toxicity to humans [5,7,8].

The yield presented by hexane compared to other organic solvents remains a bar-
rier to the adoption of new extraction methods using less aggressive solvents, such as
ethanol [5,9]. Consequently, recent studies have demonstrated the need to reduce or elimi-
nate the use of toxic organic solvents (such as hexane) through the optimization of vegetable
oil extraction processes.

In the search for environmentally friendly solutions, pressurized liquid extraction
(PLE), using ethanol, emerges as a viable alternative for the extraction of oils and polar
compounds due to the polar and non-polar characteristics of its molecules [10]. This is
exemplified in the work of Ramos et al. [11] who evaluated the scale-up of pressurized
ethanol extraction equipment to obtain soybean oil.

Another study, Rodrigues et al. [12] employed pressurized liquid in an intermit-
tent process as an alternative to obtaining alcoholic extract from passion fruit leaves
(Passiflora edulis), which results showed that this process requires less solvent and pro-
duced extracts with the same quality as the extract obtained using conventional solvents.

One of the critical parameters considered when analyzing the feasibility of extracting
vegetable oils is the extraction yield. The aim is to maximize yield by reducing process
costs, such as raw materials, energy consumption, and process time, for example. The latter
is an important factor directly related to the production cost, since quicker production with
consistent quality leads to higher profits [13].

To reduce process time, the study of extraction kinetics can evaluate the impact of
various parameters (Temperature, Pressure, etc.) on extraction time. Effective diffusivity,
inherent to the system used, is one of the properties that can indicate extraction speed,
depending on the solvent and matrix employed. This is due to differences in density and
viscosity of solvents and the format of the matrix used.

Moreover, system temperature and pressure can also interfere with diffusivity and it
has been demonstrated that an increase in the system temperature or pressure increases
diffusivity [14,15].

Furthermore, the study of the extraction kinetics can assist in the extraction of com-
pounds of specific interest, as shown in the work by Segovia et al. [16] where the authors
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evaluated the effect of temperature and the use of different ultrasound levels on the ex-
traction of polyphenols from avocado seeds. Also in this study, the Fick’s law was used
to estimate the effective mass diffusivity of polyphenols as a function of temperature and
ultrasound level.

As the concentration of oil in the solvent approaches equilibrium concentration, diffu-
sion from the matrix to the solvent becomes slow and challenging, leading to high costs
for low yield. The diffusivity of the matrix oil (both the surface and the inner portion)
depends directly on parameters such as temperature, pressure, size, shape, and porosity of
the particle. Mathematical models enable the estimation of effective mass diffusivity of a
matrix/solvent pair by considering joint analysis of the physicochemical and geometric
properties of the matrix used [6,14].

One such the mathematical model used is Fick’s Law, which reports that the mass flow
is proportional to the concentration gradient, that is, the greater the concentration at the
mass origin point, the greater the flow, and in the opposite direction to the concentration,
thus occurring from the direction of greater concentration to that of lower concentration.

Authors assert that Fick’s law accurately represents the model of solute extraction
kinetics in different solvents, exemplified in the study by Kabuba and Huberts [17], where
steam was employed to investigate process parameters in extracting essential oil from
Eucalyptus grandis leaves.

Taking the aforementioned points into consideration, the study of the kinetic profile
of the extraction of vegetable oils (rice bran, sunflower seeds, and rolled soybean) can
help in identifying the most profitable extraction range, reducing costs and optimizing the
extraction process. Coupled with the use of non toxic solvents like ethanol, this approach
can aid in evaluating the economic viability of vegetable oil extraction using ethanol. Thus,
this study evaluated the kinetic profile of rice bran, sunflower seed, and rolled soybean oils
extracted with ethanol, a solvent that mitigates issues with oil toxicity.

2. Material and Methods
2.1. Sample Preparation

Rice bran was kindly provided by Tech Bran (Pelotas, RS, Brazil), a specialist in rice
bran stabilization. This raw material underwent special treatment to inactivate lipase,
which is responsible for the transformation of triglycerides into free fatty acids. Sunflower
seeds were supplied by company Caramuru Sementes (Itumbiara, GO, Brazil), and the
rolled soybean was kindly provided by Bunge® (Jaguaré, SP, Brazil).

Sunflower seeds were selected, peeled, and dried using an oven with forced circulation.
Rolled soybeans were separated into plastic packaging. Subsequently, the matrices were
then stored in a freezer (−20 ◦C), protected from humidity and from light until extrac-
tion. Rice bran did not require additional processes from the reception moment until the
extraction moment, except for storage in freezer in the absence of humidity and light.

2.2. Average Particle Size

The rice bran, sunflower seed, and rolled soybean were sieved using Tyler series sieves
and a shaker ranging from 10 to 48 mesh (2 to 0.3 mm) to determine the particle size and
average size of each particle. The average particle diameter was determined according to
Equation (1).

dm =
∑n

i=l(Wi.di)

∑n
i=l Wi

(1)

where: di is the nominal opening of the i-th sieve (mm); di+1 is the nominal sieve opening
greater than the i-th sieve (mm); Wi is the mass of the material retained in the i-th sieve (g).

Rolled soybean particles were treated as flat plates. Therefore, a caliper was used to
determine particle size. In the characterization of rolled soybean particles, 30 measurements
were carried out and the largest width obtained in each measurement was used as the
diameter, as shown in Figure 1.
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Figure 1. The direction of measurement of rolled soybean to determine the average particle diameter.

Equation (2) shows how the average diameter of rolled soybean particles was deter-
mined [11].

dm =
∑n

i=l di

n
(2)

where: di is the diameter (mm) of each soybean flake, experimentally measured with caliper
rule and n is 30.

2.3. Pressurized Liquid Extraction in Intermittent Process

Pressurized liquid extractions were carried out using ethanol anhydrous (99.5%)
(Dinâmica Química Contemporânea Ltda., Indaiatuba, Brazil) in ASE 150 Dionex (Thermo
Fisher Scientific, Newington, CT, USA). The variables analyzed were extraction temperature
(T), static time (St) (contact time of the solvent with the matrix), number of cycles (C), and
rinse solvent volume (VS, represented by the cell size percentage). After variable screening,
the optimization of the PLE process was carried out according to a central composite
rotational design (CCRD 22) applied to the variables temperature (T) and the number of
cycles (C) in the extraction yield as presented by Ramos et al. [11]. For example, using the
100 mL extraction cell with 80% rinse volume and 4 cycles, the total rinse volume will be
80 mL and at each cycle, and 20 mL will be pumped into the extractor.

Different extraction cell masses and volumes were used depending on the mass
quantity of samples. For rice bran, 10 g of sample was weighed in the 34-mL cell. For the
extraction of sunflower oil, a 66-mL cell with sunflower seed mass of 20 g was used. For
the extraction of soybean oil, 40 g was inserted into the 100-mL extraction cell.

The sample mass was inserted into the extraction cell with the filter, and the cell was
taken to the PLE equipment oven. The extraction cell was filled with ethanol, pressurized
at 10.34 MPa (the operating pressure of laboratory-scale equipment) and heated to the
extraction temperature to start the first cycle.

After the time of the first cycle, the oil-solvent mixture corresponding to the rinse
volume (VS) was purged and at the same time, the same amount of solvent was pumped
into the cell, starting the second cycle. This process was repeated until the end of the last
expected cycle, where all remaining oil-solvent mixture was purged with the aid of constant
and high-pressure N2 flow.

The oil-solvent mixture was taken to the evaporator in 250-mL glass bottles at 50 ◦C, for
complete solvent removal and recovery, obtaining the crude oil, from which the extraction



Processes 2024, 12, 1107 5 of 19

yield and recovery percentage of oil from the matrix are calculated by the ratio between the
oil mass obtained and the dry sample mass initially inserted into the extractor.

To understand and model the intermittent process of extracting vegetable oils with
pressurized ethanol, the semi-continuous extraction process was applied under optimized
PLE conditions in an intermittent process for the three vegetable matrices. The semi-
continuous process was necessary to calculate the mass diffusivity (Deff, m2/s2) by studying
the behavior of the extraction kinetics of the three different oils. Modeling the semi-
continuous process allowed predicting the kinetic behavior of the intermittent process.

To better understand the design of experiments, the modeling was discussed in two
different cases, case study 1 (semi-continuous process) and case study 2, intermittent process.

2.4. Mathematical Modeling of the Extraction Kinetics

This work considered two case studies for the mathematical modeling of extraction
kinetics. Case study 1 assumed the analytical model of Fick’s Second Law for spheres (rice
bran, sunflower seed) and for flat plates (soybean flakes) which concerns the physics of
one-dimensional mass transfer by continuous diffusion. Additionally, case study 1 also
evaluated the constant extraction rate period combined with the diffusion model. Case
study 2, on the other hand, examined the extraction through an intermittent process (extract
purge in each cycle). The mathematical model applied in case 2 assumed sequential batches
of the Fick’s Second Law analytical model. The Levenberg–Marquardt optimization method
was chosen to perform the least squares regression analysis by applying Equation (6), using
the Mathematica Wolfram Software v.11.2.

2.4.1. Case Study 1: Semi-Continuous Process or General Extraction Curve

Extractions were carried out until the oil inside the matrix was fully extracted, that is,
until it was no longer possible to extract oil from the matrix. Due to variation in geometry,
size, and oil concentration which were different in each matrix, as well as the amount of
mass and the solvent volume inside the cell.

Regardless of cell volume and sample mass used, the extraction process was carried
out by weighing the sample mass (10, 20, or 40 g) and inserting it into the extraction cell
with a cellulose filter (ASE extraction filters, Product 056780, Thermo Scientific, Newington,
CT, USA) at the bottom of the cell to avoid clogging the extraction cell. Subsequently,
the cell was introduced into the PLE oven, filled with ethanol, and heated to the process
temperature (70, 75, 80, and 85 ◦C), values within the optimized range but not extreme
(above 100 ◦C). For the semi-continuous process, no solvent rinse volume was used, only
that necessary to fill all empty spaces in the extraction cell.

After the desired temperature was reached, the extraction process began and extracts
were collected every 10 min until full extraction. The collected oil-solvent mixture was then
transferred to a pre-weighed 250 mL glass bottle for subsequent solvent recovery and oil
separation using a rotary evaporator (MARCONI, MA-120, Piracicaba/SP) at approximately
50 ◦C for approximately 25 min. As the extraction cycles progressed, the amount of oil
extracted decreased leading to a reduction in evaporation time over successive stages.

This process was repeated as many times as necessary until the difference between
the initial and final mass of the glass flask after evaporation, equaled zero. With each
subsequent collection, the quantity of recovered oil diminished, and the kinetic analysis
considered the amounts of oil recovered in each collection on a non-cumulative basis.

After complete solvent removal, the flask was weighed again and its yield (Y) and oil
recovery percentage (OR) were calculated (Equation (3) and Equation (4), respectively).

Y(%) =
mrec

mraw material
× 100 (3)

OR(%) =
Y(%)× 100
Oil Content

(4)
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where Y is the extraction yield; mrec is the oil mass after rotary evaporation; mraw material is the
soybean, sunflower seeds or rice bran mass placed in the extractor, OR—oil recovery, and
Oil Content is the amount of oil present in the raw material, 22.37 ± 0.05 (g of oil/100 g of raw
material) for soybeans, 55.07 ± 0.30 (g/100 g) for sunflower seeds and 20.9 ± 0.1 (g/100 g)
for rice bran.

The Fick’s diffusion model was used to determine the mean mass diffusivity (Deff,
m2/s2). Initially, particles were considered to have spherical shape, so the model was
adjusted to the kinetic profile according to Equation (5) [18,19].

∂c

∂t
= De f f

(
∂2

c

∂r
2 +

2
r

∂c

∂r

)
(5)

where: Deff is the effective mass diffusivity coefficient; c (g/g) is the dry extract concentra-
tion distributed throughout the particle; r (m) is the particle radius; t (s) is the time.

Using the boundary conditions of the dry extract concentration on the surface of
particles (C1

eq = 0) and the total amount of dry extract (C1) that migrates from the particle
to the solvent, the analytical solution (Equation (6)) can be obtained [18].

Cr =
6

π2 ∑∞
n=1

1
n2 exp

(
−

n2π2De f f
t

R2
s

)
(6)

where Rs
2 is half of the mean diameter (dm), previously determined by particle distribu-

tion analysis.
Cr is defined by Equation (7).

Cr =
C1 − Ceq

1

Cin
1 − Ceq

1
(7)

where Cr is the concentration; C1
in (g/g) is the initial dry extract concentration in the solid

domain; C1
eq (g/g) is the equilibrium concentration for the solvent phase, considered zero

under the conditions under analysis.
The analysis carried out considered residual concentration in the particle to be zero

at equilibrium (C1
eq = 0) and the initial oil concentration inside each matrix was obtained

using Equation (8).

Cin
1 =

min − mout

min
(8)

where min is the sample mass at the beginning of extraction and mout is the sample mass at
the end of the last extraction (in which oil could no longer be extracted from the particle).

Using the Fick’s law for cylindrical coordinates, it was possible to determine the
effective mass diffusivity (Deff) for each temperature and each matrix (rice bran, sunflower
seed, and rolled soybean).

For rolled soybean, diffusivity analysis was carried out taking into account its shape,
and the Fick’s model for flat plates was used, since the shape of rolled soybean, although
irregular and based on its thickness and average diameter, both measured using digital
caliper with diameter much larger than the thickness, is more similar to the flat plate model
than to the spherical model, since the diameter of rolled soybeans is much larger than their
thickness. Thus, Equation (9) was used to estimate the Deff value.

Cr =
mt

m∞
= 1 − ∑∞

n=0
8

(2n − 1)2π2
exp

{
−D(2n − 1)2π2 t

4l2

}
(9)

where m is the dry extract mass, l is the soybean flask width.
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2.4.2. Case Study 2: PLE in Intermittent Process

PLE in intermittent process was the current mechanism for obtaining vegetable oils
and to evaluating the behavior of this form of extraction process, where the optimized
extraction conditions of the analyzed oils were used (Table 1). The recovered oil, as
calculated according to Equation (4), was quite significant compared to the lipid content
in the samples. Specifically, for rice bran, oil recovery exceeded 100% (Table 1) because
ethanol extracted minor polar compounds along with the oil, unlike hexane.

Table 1. Optimal conditions and oil recovery in intermittent process.

Temperature
(◦C)

Static Time
(min) Cycles Rinse Volume

(%) *
Oil Recovery

(%)

Rice Bran 107 8 3 60 130.42
Sunflower seeds 84 5 4 110 93.9

Soybean flask 80 12 3 60 86.16
* Calculated depending on the volume of the extraction cell.

Extracts were roto-evaporated at 50 ◦C and placed in an air-circulating oven for 24 h at
105 ◦C to obtain the overall yield. In addition, all solvent volumes used in each cycle were
recorded. In comparison to the semicontinuous process, the intermittent purging extraction
process utilized a reduced volume of solvent and longer intervals between purges.

The extract concentration throughout the intermittent purging process (C2
purge) was

estimated using the initial matrix mass (min), the matrix mass at time i (mout), and the initial
concentration (C in 1), determined by the complete removal of the extract obtained in case
1. The extract concentration in particles throughout each cycle or purge interval is equal to
the difference between the initial extract mass present in matrix and the extract mass that
was removed in each purging process by the leaf mass at purging time I (Equation (10)).

Cpurge
2 =

min. Cin
1 − ∑(min − mout)

∑ mout
(10)

Fick’s Law was used with adaptations to its boundary conditions. In the initial
extraction cycle, Fick’s model for extracting the semi-continuous process was used. This
model is described in Equation (11).

Cr =
C2 − Ceq

2

Cin
1 − Ceq

2
(11)

where Cin
2 = Cin

1 is the initial dry extract concentration.
For the other cycles, it was considered that the solvent limitation promoted incomplete

extraction, where the residual dry extract concentration at the end of each cycle was
represented by Cres

2 (g/g). In this way, it could be concluded that the initial concentration in
cycle 2 is equal to the residual (final) concentration in cycle 1 and so on, generally described
by Equation (12).

Cin
2;(i) = Cres

2;(i−1) (12)

Thus, Fick’s model used from the second cycle of each modeling (sample) is described
in Equation (13)

Cr =
C2 − Ceq

2

Cres
2;(i−1) − Ceq

2
(13)
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3. Results and Discussion
3.1. Average Particle Size Determination

For rice bran, the average diameter was 0.88 ± 0.03 and for sunflower seeds, it was
0.84 ± 0.03. The diameter of rolled soybeans samples was 7.58 ± 2.20 mm. The high
deviation found in values demonstrates the disparity and irregularity in the shape of rolled
soybeans. Soybeans were used in the rolled form because this is how the industry uses
them for the extraction process, underscoring the importance of studying kinetics for this
grain [11].

Authors have shown that particle size affects the extraction yield and, consequently,
in this case, the extraction kinetics. Smaller particles have a larger contact area with the
solvent, which facilitates diffusion into the particle and subsequent migration of the oil
outwards towards the solvent [20,21].

3.2. Pressurized Liquid Extraction in Intermittent Process

Optimizations of extraction processes for rice bran, sunflower seed, and rolled soybean
oils were carried out using a central composite rotational design (CCRD 22) and from these
tests, the optimized conditions for the different vegetables were identified.

For rice bran, the highest oil recovery rate (130.42%) was identified at temperature
of 107 ◦C, with three cycles, a rinse solvent volume of 60%, and static time of 8 min. For
sunflower seed oil, the highest oil recovery rate (93.9%) was identified at 84 ◦C, with four
cycles, rinse solvent volume equal to 110%, and static time of 5 min. As for rolled soybean
oil, the highest oil recovery rate (86.16%) was identified at 80 ◦C, 3 cycles, 12 min of static
time, and solvent volume of 60%. Although the optimum temperature for rice bran oil
extraction was 107 ◦C, the maximum temperature used in kinetics was 95 ◦C, in order to
avoid high degradation of triacylglycerols.

3.3. Process Kinetics and Modeling
3.3.1. Extraction Kinetics of the Semi-Continuous Process

Different numbers of collects were required to extract and deplete the oil in different
matrices. For rice bran, 15 collections were carried out at each temperature. To obtain the
sunflower oil profile, 12 collections were necessary at temperatures of 70, 75, and 80 ◦C
and 15 collects at 85 ◦C. To deplete the oil contained in rolled soybeans, between 20 and
30 collections were required to remove all the oil from the matrix. Table 2 shows the
temperatures and oil masses obtained in each test for building kinetics.

In the extraction of rice bran oil, an increase in the temperature of the first extraction
led to a greater quantity of oil being obtained. Thus, at a temperature of 75 ◦C, 1.90 g of
oil was obtained and at a temperature of 85 ◦C, 2.14 g of oil was obtained (Table 2). This
aligns with reports from various authors indicating that extraction yield increases with
temperature [10,11,22,23].

In subsequent extractions (from 1200 s), a pattern could not be observed with increas-
ing temperature. However, the matrix depletion occurred at temperature of 85 ◦C, that is,
at the highest temperature used in this analysis, it was faster than at lower temperatures,
reaching stability in 6000 s (~1.7 h), while at the lowest temperature (75 ◦C), the time for
reaching stability was 7200 s (2 h) (Table 2).

For sunflower seed oil, there was no pattern in the behavior of sunflower oil masses
extracted at different temperatures, except in the first extraction stage, similar to rice
bran oil, where at a temperature of 85 ◦C was obtained 6.72 g of sunflower oil while at a
temperature of 75 ◦C only 6.31 g was obtained (Table 2).

Differently from that presented in the extraction of rice bran oil, at the highest tem-
perature, there was a need for greater number of extractions to completely exhaust the
sunflower seed oil. This may demonstrate that at higher temperatures, the solvent diffusion
into the matrix is facilitated, thus increasing the extracted oil mass [6,15].

Regarding the extraction carried out on rolled soybean, between 23 and 30 collections
were necessary to reach the point where it was no longer possible to extract oil from the
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matrix. At temperature of 70 ◦C, 2.49 g of oil was obtained in 600 s. As expected, with
increase in temperature and keeping the extraction time constant, increased amount of oil
was obtained, 3.75 g at 75 ◦C, 4.96 g at 80 ◦C and 5.69 g at 85 ◦C.

Table 2. Mass of oil obtained during extraction to obtain the kinetic profile.

Rice Bran Sunflower Seed Soybean Oil

Extraction
Time (min) 70 ◦C 75 ◦C 80 ◦C 85 ◦C 70 ◦C 75 ◦C 80 ◦C 85 ◦C 70 ◦C 75 ◦C 80 ◦C 85 ◦C

10 1.90 1.95 2.01 2.14 6.31 6.40 6.30 6.72 2.49 3.35 4.96 5.69
20 0.52 0.50 0.45 0.42 3.57 3.70 3.56 3.43 1.26 3.03 4.12 4.45
30 0.18 0.13 0.12 0.12 1.09 1.03 0.96 0.86 0.62 1.78 1.81 1.36
40 0.07 0.07 0.06 0.07 0.45 0.42 0.37 0.36 0.34 0.99 0.62 0.75
50 0.05 0.04 0.05 0.05 0.28 0.14 0.20 0.22 0.21 0.81 0.37 0.47
60 0.03 0.03 0.03 0.03 0.15 0.01 0.17 0.15 0.17 0.53 0.18 0.34
70 0.03 0.03 0.02 0.02 0.13 0.00 0.11 0.11 0.11 0.33 0.14 0.24
80 0.02 0.02 0.02 0.02 0.01 0.00 0.08 0.14 0.09 0.33 0.06 0.19
90 0.02 0.02 0.02 0.02 0.08 0.00 0.05 0.15 0.08 0.02 0.04 0.17
100 0.02 0.01 0.01 0.01 0.06 0.03 0.03 0.06 0.07 0.11 0.04 0.15
110 0.02 0.01 0.01 0.01 0.05 0.05 0.02 0.05 0.07 0.18 0.06 0.12
120 0.01 0.01 0.01 0.01 0.04 0.02 0.02 0.05 0.05 0.16 0.06 0.10
130 0.01 0.01 0.01 0.01 - - - 0.04 0.05 0.17 0.05 0.09
140 0.01 0.01 0.01 0.01 - - - 0.03 0.04 0.15 0.02 0.09
150 0.01 0.01 0.01 0.01 - - - 0.03 0.04 0.13 0.02 0.08
160 - - - - - - - - 0.04 0.07 0.00 0.08
170 - - - - - - - - 0.04 0.06 0.00 0.06
180 - - - - - - - - 0.04 0.00 0.03 0.06
190 - - - - - - - - 0.03 0.01 0.01 0.04
200 - - - - - - - - 0.03 0.00 0.01 0.03
210 - - - - - - - - 0.03 -0.00 0.00 0.02
220 - - - - - - - - 0.03 0.00 0.00 0.01
230 - - - - - - - - 0.03 0.00 0.00 0.01
240 - - - - - - - - 0.03 0.00 0.00 0.00
250 - - - - - - - - 0.01 0.00 0.00 0.00
260 - - - - - - - - 0.01 0.00 0.00 0.00
270 - - - - - - - - 0.01 0.00 0.00 0.00
280 - - - - - - - - 0.00 0.00 0.00 0.00
290 - - - - - - - - 0.00 0.00 0.00 0.00
300 - - - - - - - - 0.00 0.00 0.00 0.00

In general, for oils obtained from their respective matrices, it was observed that as the
temperature increased, greater amount of oil was obtained and the matrix was exhausted
more quickly. Figure 2 shows the oil mass accumulation curves at temperatures of 70, 75,
80, and 85 ◦C for extractions of rice bran (a), sunflower seed (b), and rolled soybean (c).

According to Figure 2, it is possible to verify that the constant extraction rate of rice
bran oil occurred in the initial 10 min. Between 10 and 60 min, the period in which the
extraction rate begins to decline occurs and from 60 min. onwards, the extraction rate is
controlled. For sunflower seed oil, the period of constant extraction rate occurred in the
first 20 min, with a decrease in the extraction rate between 20 and 60 min, and from that
time onwards, the extraction rate is controlled.

As for soybean oil, the constant extraction rate was identified in the first 30 min., with
a period of decreasing extraction rate between 30 and 200 min and a controlled rate was
achieved from min 200 onwards. The constant extraction phase is the period during which
the longer the oil is extracted and for this reason, it is the period most used in the industry
for extracting vegetable oils [23].
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It was observed that, regardless of the amount of oil extracted from each matrix, the
behavior of the curves was the same with the increase in the amount of oil extracted as the
temperature increased. It was also observed that for soybeans, the effect of temperature
is very pronounced, especially when the temperature varies from 70 ◦C to 75 ◦C. As for
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rice bran and sunflower seeds, despite showing similar behavior, the variation in the mass
extracted at lower and higher temperatures was not as pronounced.

Cornelio-Santiago et al. [23] studied the extraction yield of Brazil nut kernel oil with
pressurized ethanol and demonstrated that the extraction yield increased from 78.86% at
60 ◦C to 87.91% at 90 ◦C. This is also reported by Oliveira et al. [24], who identified an
increase in yield from 6.97% to 9.78% when the extraction temperature increased from 50 to
70 ◦C in the extraction of green coffee extract via PLE using ethanol as a solvent.

For industrial processes, it could be estimated that after extraction reaches its plateau
(a point where the extraction rate is constantly low) the extraction cost becomes very high
since it takes longer times to extract small amounts of oil. Therefore, it may be considered
to interrupt the rice bran oil extraction process between 60 and 80 min, a period where the
oil recovery percentage is greater than 99%.

For sunflower seed oil, extraction can be interrupted within 60 min, achieving oil
recovery rate greater than 99%. As for soybean oil, oil recovery of 99% is achieved from
minute 50 onwards when using a temperature of 85 ◦C.

For the analysis and determination of Deff values, the oil mass to particle mass ratio
(Cr, g/g) was used. Cr was obtained from the matrix depletion experiment at temperatures
of 70, 75, 80 and 85 ◦C.

Regardless of matrix used, it was found that the extraction behavior was the same,
with the highest concentration ratio in the first extraction min (between 10 and 20 min). The
Fick’s diffusional models for rice bran oil, sunflower seed oil, and soybean oil are shown in
Figure 3, Figure 4, and Figure 5, respectively.
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It can be verified that the experimental data obtained from the extraction in a semi-
continuous process fit well with the curve predicted by the model. In the case of rice
bran oil (Figure 3), the behavior of the experimental data was practically identical at all
temperatures, with the first 3 collections being the range where the most oil was extracted.
During collections, a slightly decreasing rate in the concentration of extracted oil was noted.

For the oil extracted from sunflower seeds (Figure 5), the experimental data showed
that the highest extraction rate occurred in the first 4 experimental points, showing behavior
similar to the model found. At some points it is possible to notice that Cr is lower in the
experimental data than in the Fick model, this demonstrates that the extraction is occurring
slightly faster. As seen, the temperature of 75 ◦C, where experimental data demonstrated a
greater amount of oil extracted, in a given time, in relation to the model prediction.

For the oil obtained from rolled soybean (Figure 4), the vast majority of experimental
data showed behavior very similar to that predicted by the Fick model. With a high
extraction rate at the beginning of the process, and a decrease in the amount of oil extracted
during collections.

At lower temperatures (70 ◦C) it is noted that, in a given time, the model predicts a
higher quantity of oil extracted than indicated in the experimental data, a phenomenon
that is minimized as the extraction temperature increases. This reinforces the importance
of temperature, among other factors, in the vegetable oil extraction process using pressur-
ized ethanol.

Table 3 presents the temperatures, initial and final matrix masses, initial and final oil
concentration in the matrix, average particle diameter, and effective diffusivity of rice bran,
sunflower seed, and of soybean oils. For the extraction of rice bran and sunflower seed oils,
Fick’s model was used for spherical surfaces, and for the extraction of soybean oil, Fick’s
model was used for flat plates.

The Fick’s diffusion model (Fick’s Law) for spherical particles demonstrated good
adjustment to Cr values obtained for the extraction kinetics at the temperatures analyzed
(70, 75, 80, and 85 ◦C) (Table 3).

For oil extracted from rice bran, the model demonstrated good adjustment at all
temperatures analyzed (R2 = 0.99) and the effective mass diffusion coefficient (Deff) was
between 13.09 ± 0.66 × 10−12 m2/s and 15.70 ± 0.86 × 10−12 m2/s, the latter being at
temperature of 80 ◦C. It is interesting to note that the diffusion coefficient increased at
temperatures between 75 and 80 ◦C and decreased when it was analyzed at temperature
of 85 ◦C. However, the diffusion values are very close at temperatures of 80 and 85 ◦C,
making them within the calculated experimental error.

As expected, the effective mass diffusion coefficient increased with the rise in tem-
perature, demonstrating that diffusion was facilitated at higher temperatures. It could be
inferred that the agitation of solvent molecules, the decrease in viscosity, and the increase
in diffusivity contributed to speed up the extraction kinetics [6,17,25].

For sunflower seed oil, the highest diffusion coefficient was 12.60 ± 1.84 × 10−12 m2/s
identified at temperature of 75◦ C and with R2 = 0.95. At higher temperatures, such as 80
and 85 ◦C, the Deff value declines to 10.41 ± 1.15 × 10−12 and 8.10 ± 0.54 × 10−12 m2/s,
respectively. Guerrero et al. [26] reported that different plant materials may present extrac-
tion difficulty above 40 ◦C and that static beds may hinder mass transfer and consequently
the extraction kinetics.

Table 3 shows the Deff values and the adjustment found when using the Fick’s Law
model for flat plates. The highest Deff value (31.29 ± 1.50 × 10−12 m2/s) was identified at
temperature of 80 ◦C, with decrease to 21.41 ± 0.76 × 10−12 m2/s at 85 ◦C.

The adjustment of the flat plate model presented correlation coefficient values (R2)
between 0.98 and 0.99, very close to adjustment values found with the spherical model for
rice bran and sunflower oil, demonstrating that the Fick’s diffusion model for flat plates is
best suited to study the kinetics of oil extracted from rolled soybean, as its shape is more
suitable for this model.
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Table 3. Extraction temperature, initial and final mass, initial and final concentration, average particle
diameter, and effective diffusivity of rice bran, Sunflower seeds and Roasted soybean.

Properties Rice Bran (Spherical)

T (◦C) 70 75 80 85
min (g) 10 10 10 10
mout (g) 7.10 7.20 7.28 7.31
Cin (goil/gmat) 0.29 0.281 0.272 0.269
Ceq (goil/gmat) 0 0 0 0
dm (×10−3 m) 0.84 0.84 0.84 0.84
Deff (×10−12 m2/s) 13.09 ± 0.66 14.38 ± 0.80 15.70 ± 0.86 15.55 ± 0.85
R2 0.9929 0.9919 0.9925 0.9924

Properties Sunflower seeds (spherical)

T (◦C)) 70 75 80 85
min (g) 20 20 20 20
mout (g) 7.57 8.2 8.12 7.57
Cin (goil/gmat) 0.611 0.59 0.592 0.621
Ceq (goil/gmat) 0 0 0 0
dm (×10−3 m) 0.88 0.88 0.88 0.88
Deff (×10−12 m2/s) 9.37 ± 1.00 12.60 ± 1.84 10.41 ± 1.15 8.10 ± 0.54
R2 0.9713 0.9548 0.9702 0.9829

Properties Roasted soybean (plates)

T (◦C)) 70 75 80 85
min (g) 40 40 40 40
mout (g) 29.27 30.92 30.33 30.38
Cin (goil/gmat) 0.305 0.305 0.315 0.365
Ceq (goil/gmat) 0.154 0 0 0
dm (×10−3 m) 0.68 0.68 0.68 0.68
Deff (×10−12 m2/s) 19.61 ± 0.86 17.25 ± 0.55 31.29 ± 1.50 21.41 ± 0.76
R2 0.9801 0.9902 0.9829 0.9881

Where: min is the mass of the matrix at the beginning of the extraction. mout is the mass of the matrix at the end of
the extraction. Cin is the initial oil concentration. Ceq is the equilibrium concentration. d is the average particle
diameter and Deff is the effective diffusivity.

Being a property that depends on the interaction between solvent and matrix as well
as its geometry, comparing the results obtained with other systems would not be valid
in terms of validating results. However, a common behavior can be observed among all
solvent/matrix systems, which is the increase in effective diffusivity with increasing system
temperature. As in the work of Igbozulike et al. [27], the authors studied the effective
diffusivity for African bean slices at temperatures of 40, 50, 60, and 70 ◦C. An increase in
the Deff value from 0.857 × 10−10 to 1.903 × 10−10 m2/s in 2-mm thick bean slices and
increase from 2700 × 10−10 to 4998 × 10−10 m2/s in 5-mm thick slices were observed as
the temperature increased from 40 to 70 ◦C.

In another study, Pinheiro and Castro [28] studied the diffusivity of Portuguese
fruits, such as Bravo de Esmolfe apple and Madeira banana. The authors identified
that the Deff value of Bravo de Esmolfe apple increased from 1.968 × 10−10 m2/s at
35 ◦C to 4.013 × 10−10 m2/s at 50 ◦C; the Deff value of Madeira banana increased from
1.572 × 10−10 m2/s at 35 ◦C to 2.627 × 10−10 m2/s at 50 ◦C.

3.3.2. PLE in Intermittent Process

Extractions under optimized conditions for each matrix were carried out in triplicate,
and the diffusivities found presented lower values than the diffusivities found in the semi-
continuous process. The determination of the new effective diffusivity was carried out to
evaluate the extraction behavior in the intermittent process, where there is no complete
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renewal of solvent in the system. With the Fick model and experimental data, it is possible
to evaluate the efficiency of the extraction process with intermittent purging.

For rice bran, the effective diffusivity found was 5.97 ± 0.52 × 10−12 m2/s with
initial concentration of 0.295 g/g (g of oil/g of bran) and at the end of cycle 3, the resid-
ual concentration was around 0.063 g/g. For sunflower seed, the diffusivity found was
1.38 ± 0.26 × 10−12 m2/s, with initial concentration of 0.623 g/g and concentration at
the end of the 4th cycle of 0.298 g/g. Rolled soybeans presented initial concentration
of 0.316 g/g, concentration at the end of cycle 3 of 196 g/g, and effective diffusivity of
1.77 ± 0.01 × 10−12 m2/s.

Figure 6 presents the curves obtained by the Fick’s Law analytical solution for rice bran
(Figure 6a), sunflower seeds (Figure 6b), and rolled soybeans (Figure 6c). It was observed
that for rice bran, the first extraction cycle coincided with the greatest curve decline, which
demonstrates the greatest oil extraction rate at this stage of the process with concentration
varying from 0.295 to 0.171 g/g in cycle 1, from 0.171 to 0.114 g/g in cycle 2 and from
0.114 g/g to the final concentration of 0.063 g/g. However, curves of the second and third
extraction cycles showed decline similar to each other and not much lower than that shown
in the first cycle.

For sunflower seeds, the 4 cycles showed similar decrease, from 0.623 to 0.546 g/g in
the first cycle, from 0.546 to 0.464 g/g in the second cycle, from 0.464 to 0.376 g/g in the
third cycle and from 0.376 up to 0.287 g/g in the fourth cycle. Rolled soybeans, on the other
hand, showed greater decline in concentration in the 3rd cycle, with concentration ranging
from 0.316 to 0.286 g/g in the first cycle, 0.286 to 0.267 g/g in the second cycle, and from
0.267 to 0.197 in the third cycle.

With the modeling of both processes, it was possible to compare the behavior of
extractions in the semi-continuous process and in the intermittent process

It was observed that the extraction behavior in an intermittent process is very similar
to the semi-continuous process with rapid decline in concentration in the initial phase of
the extraction process (approximately 1400 s). This demonstrates that most of the oil is
extracted at the beginning of the process, even in an intermittent regime.

For sunflower seed oil (Figure 6b), it was observed that the curve obtained by the
intermittent process also showed extraction of the most of oil in the initial phase of the
process (1200 s). Although the intermittent process curve differs slightly from the semi-
continuous process curve in concentration values, the behavior remains similar.

Even though static time is an important process parameter, a very long contact time
is not advisable in certain cases, as in addition to increasing the extraction cost, the high
extraction temperature can degrade compounds of interest such as vitamins and bioac-
tive compounds.

Figure 6c shows the semi-continuous process curves and the intermittent process for
rolled soybean. As expected, at higher temperatures, it was possible to extract greater
amounts of oil over the extraction time. However, the intermittent process did not present,
in this case, curve similar to that obtained in the semi-continuous process.

The difference between curves of different processes can be explained by the solvent
renewal that occurs in the semi-continuous process as opposed to the intermittent process.
In extraction processes, the solvent undergoes saturation over time, that is, the oil/solute
concentration within the matrix and in the solvent, it becomes equal. At this point, diffusion
of oil from the matrix to the grain/seed will no longer occur.

In the semi-continuous process, the solvent was completely renewed after 10 min of
extraction. In the intermittent process, only a small amount of solvent relative to the VS
was inserted at the end of each cycle. This complete solvent renewal means that the oil
extraction rate is always high, increasing the diffusivity rate. In the case of rolled soybean,
in the intermittent process, only 20 mL of solvent were added to the system every 12 min of
extraction, totaling 60 mL per 40 g of sample, while in the sunflower seed, 18.15 mL were
added in each cycle, totaling 72.6 mL added to the initial mass of 20 g.
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Another important factor in evaluating diffusivity is the extraction temperature. While
rice bran oil, in its optimal conditions in the intermittent process, was extracted at 107 ◦C,
soybean oil was obtained at 80 ◦C. This, added to the irregular geometry among matri-
ces and the difference in average particle diameter, may indicate that diffusion is more
facilitated in rice bran and sunflower seeds compared to rolled soybeans [29].



Processes 2024, 12, 1107 17 of 19

Although the diffusivities found in the intermittent process were much lower than
those found in the semi-continuous process, intermittent extraction has the advantage of
using smaller amounts of solvent. For rice bran, in the intermittent extraction process, 52 mL
were used, while in the semi-continuous process, the amount of solvent used was 450 mL.
For sunflower seeds, approximately 123 mL of solvent were used in the intermittent process,
while approximately 765 mL were used in the semi-continuous process. As for soybean oil,
approximately 138 mL of solvent were used in the intermittent process and approximately
1900 mL of solvent were used in cases where oil depletion requires longer time.

Thus, it was observed that the solvent savings provided by the intermittent process,
as well as savings in time, electrical energy, and wear of the extraction equipment, make
this extraction process extremely advantageous compared to the semi-continuous process.

4. Conclusions

The results show that different raw materials influenced the extraction yield and,
consequently, the extraction kinetic profile of the different oils under study. Considering
that the behavior of the extraction kinetics for soybean oil differed even further from the
others, it can be suggested that the size of the particles as well as their geometric shape
may also have influenced the extraction.

Temperature had a direct impact on oil yield during tests conducted to characterize
the kinetic profile. As the temperature increases, more oil is extracted in a given moment
(time) and, in some cases, more extractions are required to completely deplete the particle,
increasing the overall yield of the process.

The Fick’s diffusion model for cylindrical coordinates used in rice bran and sunflower
seeds proved to be suitable for the extraction kinetic profile for oil extracted from rice bran
and sunflower seeds. For soybean oil, where the Fick’s diffusion model considered the
rolled soybeans as a flat plate also presented good fit, demonstrating that the Fick’s Law is
suitable for this type of extraction kinetics.

The effective diffusivity found in the intermittent process was lower than that found
in the semi-continuous process for all matrices under study (rice bran, sunflower seed, and
rolled soybean). However, the amount of solvent used in the intermittent process is much
lower than that used in the semi-continuous process. Reduced solvent consumption in
the extraction process leads to solvent savings, which can be significant when scaling up.
By using a green and renewable solvent in the extraction process and minimizing solvent
usage, we enhance the sustainability of the process.

In general, the study demonstrated that the largest amount of oil is extracted in the
first minutes of the process and that after a certain time, the process becomes less viable
from the economic point of view.
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