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Abstract: The effect of heating and freezing pretreatments on rapeseed oil yield and the volume of
oil energy under uniaxial compression loading was investigated. Four separate experiments were
carried out to achieve the study objective. The first and second experiments were performed to
determine the compression parameters (deformation, mass of oil, oil yield, oil expression efficiency,
energy, volume of oil and volume of oil energy). The third and fourth experiments identified the
optimal factors (heating temperatures: 40, 60 and 80 ◦C, freezing temperatures: −2, −22 and −36 ◦C,
heating times: 15, 30 and 45 min and speeds: 5, 10 and 15 mm/min) using the Box–Behnken design
via the response surface methodology where the oil yield and volume of oil energy were the main
responses. The optimal operating factors for obtaining a volume of oil energy of 0.0443 kJ/mL were a
heating temperature of 40 ◦C, heating time of 45 min and speed of 15 mm/min. The volume of oil
energy of 0.169 kJ/mL was reached at the optimal conditions of a freezing temperature of −36 ◦C,
freezing time of 37.5 min and speed of 15 mm/min. The regression model established was adequate
for predicting the volume of oil energy only under heating conditions.

Keywords: oil-bearing seeds; experimental design; compression test; oil recovery; energy efficiency

1. Introduction

Seed oils can be used for different purposes, including human consumption as food,
animal feed and biodiesel production [1–5]. Soybean, rapeseed, cottonseed, peanut, sun-
flower seed, palm kernel and copra are the major oilseed crops grown worldwide [1,6]. In
the production of oil from oilseeds, the extraction process is one of the key stages [1]. The
extraction of seed oils is performed by either mechanical pressing or solvent extraction [7,8].
Solvent oil extraction is the most efficient method. However, its application presents some
challenges, such as high operation costs, poor-quality products caused by high processing
temperatures, and health implications [7,9]. Mechanical pressing is a safer process with a
chemical-free product [10–12]. Despite its advantages over the solvent extraction method,
it is relatively inefficient. To increase the oil efficiency of the mechanical pressing process,
oil-bearing materials are usually subjected to pretreatment processes [10–12]. Traditional
pretreatment methods may include dehulling, size reduction, breaking, grinding, thermal
treatment or cooking and enzymatic reduction [7,13,14]. Microwave radiation, ultrasound,
pressurized liquid, and enzyme-assisted and supercritical fluid are modern methods for
seed oil extraction in developed countries [7,11,15].

In rural areas, mechanical extraction is considered the best option [16]. Mechanically,
seed oils may be extracted by cold or hot methods [17]. With the cold method, the seeds
are pressed directly, while the hot method allows the seeds (crushed seeds) to be heated
to temperatures between 40 and 120 ◦C or higher before oil extraction [15,17,18]. The
heating of oilseeds is carried out to regulate the moisture of the material, rupture the cells
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to increase the fluidity of the oil, lower the viscosity and coagulate the protein meal [19].
The disadvantage is that heating induces chemical reactions such as oxidation, polymeriza-
tion, hydrolysis and cis/trans isomerization, which affect the nutritional value of oils by
generating toxic compounds harmful to health [20]. In that case, freezing plays an essential
role in food quality, safety and preservation [21,22]. The high nutritional value and quality
of frozen products can be achieved using appropriate and effective freezing methods [22].
To achieve this purpose, advanced freezing technologies have been widely developed,
such as liquid nitrogen quick freezing, high-pressure-assisted freezing, ultrasound-assisted
freezing and electric- or magnetic-field-assisted freezing [23]. Several researchers, to men-
tion but a few [24–29], have studied the freezing process in food processing. Dealing with
the processes of oil extraction from oilseeds, manufacturing and crushing industries are
continually seeking to improve the yield and quality of the oil for consumer acceptabil-
ity through various pretreatment and oil extraction methods [30,31]. Maximizing the oil
yield also depends on the operating parameters: applied pressure, pressing temperature,
pressing time and moisture content, amongst other factors [16]. These operating factors
need to be optimized using appropriate statistical techniques, such as the Box–Behnken
experimental design (BBD) combined with the response surface methodology (RSM) [32,33].
The BBD/RSM is a mathematical and statistical technique convenient for optimizing the re-
sponses, which are influenced by a range of process factors [34]. By applying the BBD/RSM,
it is possible to evaluate the interactions of factors with the responses and to determine the
optimal operating conditions for the process with the least number of experiments [35–37].
In general, the method requires three levels for each processing factor and the required
experiments are executed based on the combination of the factors [38,39]. This approach is
limited in the literature to the rapeseed oil extraction process under heating and freezing
conditions in the uniaxial compression process.

Therefore, the objective of this study was to determine the optimal operating factors
for extracting rapeseed oil in terms of percentage oil yield and volume of oil energy under
the uniaxial compression process [19,40,41] using BBD/RSM.

2. Materials and Methods
2.1. Determination of Moisture and Oil Contents of Rapeseed Samples

In this study, a bag of rapeseed samples of weight 30 kg was procured from Farmet,
a.s., Česká Skalice, Czech Republic. Unwanted materials such as dust, leaves, flowers and
broken stems were removed. The experiments were conducted under a laboratory tem-
perature of 25 ◦C and humidity of 25%. The moisture content of the sample of 5.14 ± 0.38
(% w.b.) was determined using the conventional oven method of 105 ◦C and drying time of
17 h [42,43]. The oil content in the rapeseed sample was determined to be 31.87 ± 0.01%
using the Soxhlet extraction method [19,44,45].

2.2. Preliminary Compression Experiments

Two separate experiments were conducted to examine the effect of the heating and
freezing pretreatments on the rapeseed sample by calculating the parameters of deformation
(mm), mass of oil (g), oil yield (%), oil expression efficiency (%), energy (kJ), volume of
oil (mL) and volume of oil energy (kJ/mL). The heating temperatures were 40, 60 and
80 ◦C and the freezing temperatures were −2, −22 and −36 ◦C. The temperature of 25 ◦C
served as the control. The oven (MEMMERT GmbH + Co. KG, Buechenbach, Germany)
and a blast chiller/freezer (Rev 02_2016–Del06/2016, Cod. Listrbn, Italy) were used for
the pretreatment of the rapeseeds sample. The compression experiments were carried
out using the universal compression testing machine (TEMPOS spol. s.r.o., Opava, Czech
Republic (Machine Service); ZDM 50, VEB Werkstoffprüfmaschinen Leipzig, Germany) and
a pressing vessel of diameter 60 mm with a plunger [19,40,41,46,47]. The initial pressing
height of the rapeseeds sample was measured at 80 mm from which the volume of the
rapeseeds sample was calculated to be 22.62 × 10−5 m3. The rapeseed samples were
pressed at a speed of 5 mm/min and a force of 100 kN (equivalent pressure of 35.37 MPa).
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The deformation values were obtained directly from the compression data. The mass of
oil was calculated as the initial mass of the sample minus the seedcake after compression
according to the relationship given by [47]. The oil yield was calculated as the ratio of the
mass of oil to that of mass of the sample multiplied by 100 according to the relationship
given by [48]. The oil expression efficiency was calculated as the ratio of oil yield to that of
the percentage oil content in the seeds as reported by [19,44]. The energy was calculated
based on the trapezoidal rule [19,47,49,50]. The volume of oil was determined as the ratio of
the mass of oil to that of the density of the oil, and the volume of oil energy was calculated
based on the ratio of energy to that of the volume of oil. The literature data of the density
of rapeseed oil was found to range from 0.903 to 0.907 g/mL [51]. All the mathematical
formulas of the calculated parameters have been described in our previously published
studies [19,41]. To fully understand the effect of the pretreatments and the compression
variables, the BBD/RSM was employed to determine the optimal processing factors with
the corresponding responses (oil yield and volume of oil energy).

2.3. Box–Behnken Design and Response Surface Methodology

The Box–Behnken design (BBD) combined with the response surface methodology
(RSM) was used to determine the optimal factors (heating and freezing temperatures,
heating time and speed) at three factor levels, each generating 34 experiments in total. The
heating experimental factors were heating temperature 40, 60 and 80 ◦C; heating time 15,
30 and 45 min; and speed 5, 10 and 15 mm/min. The freezing experimental factors were
freezing temperature −2 ◦C, −22 ◦C and −36 ◦C, and heating time and speed as already
stated. The mathematical equation defining the BBD/RSM [52,53] is given in (Equation (1)).

Y = β0 +
3

∑
i=1

βiXi +
3

∑
i=1

βiiX2
iii +

2

∑
i=1

3

∑
j=i+1

βijXiXj (1)

where Y is the response variable; β0, βi, βii and βij are the regression coefficients of the
intercept, linear, quadratic and interaction terms, respectively; and Xi and Xj are the
independent variables. The factor levels stated above were coded from −1 to +1, with 0
being the central value according to Equation (2) [54].

xi =
Xi − X0

∆X
(2)

where xi is the coded value of the ith variable, Xi is the uncoded value of the ith test
variable, X0 is the uncoded value of the ith test variable at the centre point and ∆X is the
step change in the real value of the variable i corresponding to the variation in a unit for
the dimensionless value of the variable i.

2.4. Statistical Analysis of Experimental Data

The experimental data were analyzed by employing the repeated measures ANOVA
and response surface regression techniques at a 5% significance level using STATISTICA
13 [55].

3. Results
3.1. Force–Deformation Curves of Rapeseed Sample Pretreatments

The force–deformation curves of the rapeseed samples at heating and freezing temper-
atures are displayed in Figure 1. It can be seen in Figure 1 that the curves of the control
temperature of 25 ◦C and freezing temperature of −2 ◦C are the same, indicating an equal
amount of energy demand for producing the oil. A similar trend was observed for the
heating temperatures of 40 ◦C and 60 ◦C. However, the curves of the freezing tempera-
tures of −22 ◦C and −36 ◦C, as well as the heating temperature of 80 ◦C, were separated
from each other, suggesting a different level of energy demand for obtaining the oil. The
moisture content, pretreatment conditions, forces, speeds and pressing vessel of diameter
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60 mm, together, during the compression process did not cause serration behavior or a
wave-effect on the force–deformation curves of rapeseeds [47,49,50]. The smooth force–
deformation curves obtained, however, indicate that maximum oil output was extracted
with the corresponding energy demand, which is important for designing a new oil ex-
traction system. The area under the force–deformation curve thus represents the energy
demand (Figure 1) [47,49,50].
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ture of 25 ◦C served as the control).

3.2. Calculated Parameters from Heating and Freezing Pretreatments

The means and standard deviations of the calculated parameters—deformation (mm),
mass of oil (g), oil yield (%), oil expression efficiency (%), energy (kJ), volume of oil (mL) and
volume of oil energy (kJ/mL)—with the variation in the heating and freezing temperatures
are given in Table 1 and graphically shown in Figure 2. Based on the control temperature
of 25 ◦C, all the calculated parameters linearly increased with the heating temperatures
between 40 and 80 ◦C, except the volume of oil energy, which decreased linearly with
heating temperature. In comparison with freezing temperatures between −2 ◦C and
−36 ◦C, all of the parameters showed both increasing and decreasing trends, except oil
expression efficiency, which linearly decreased with the freezing temperatures. Particularly,
the oil yield value of 23.27 ± 1.30 was the highest at a heating temperature of 80 ◦C, with a
corresponding volume of oil energy of 0.019 ± 0.001 kJ/mL. For the percentage oil yield
and volume of oil energy or energy per unit volume of oil, it can be seen that it is more
economical to extract the rapeseed oil at heating temperatures between 40 and 80 ◦C than
at a control temperature of 25 ◦C and freezing temperatures between −2 ◦C and −36 ◦C, as
shown in Figure 3.

To better understand the effect of the heating and freezing pretreatment temperatures
on the calculated parameters, each pretreatment with the control temperature of 25 ◦C was
subjected to ANOVA statistical analysis, and the results are given in Tables 2 and 3. For the
heating temperatures, deformation and energy were found to be non-significant (p > 0.05)
compared with the other parameters, which showed significance (p < 0.05). Considering
the freezing temperatures, only the energy parameter was non-significant. Again, without
the control temperature of 25 ◦C for the freezing temperatures, the energy and volume of
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oil energy were non-significant. Statistically, the significant effect indicates that the increase
in heating and the freezing pretreatment temperatures either increased or decreased with
the calculated parameters. On the other hand, the non-significant effect explains that the
calculated parameter(s) neither increase nor decrease regarding the heating and freezing
pretreatment temperatures. The coefficients of determination (R2) justifying the results
ranged between 55% and 99%. Among the calculated parameters stated above, oil yield
and volume of oil energy were further evaluated based on the BBD/RSM (see Section 3.3).

Table 1. Calculated parameters from the heating and freezing pretreatments of bulk rapeseeds.

HTp/FTp
(◦C)

DX
(mm)

MO
(g)

OY
(%)

OEE
(%)

EN
(kJ)

VO
(mL)

VOE
(kJ/mL)

25 35.99 ± 0.68 13.32 ± 0.37 8.88 ± 0.25 27.86 ± 0.77 0.65 ± 0.01 14.75 ± 0.41 0.044 ± 0.001

40 39.67 ± 1.27 25.84 ± 2.06 17.22 ± 1.37 54.04 ± 4.30 0.65 ± 0.04 28.61 ± 2.28 0.023 ± 0.001

60 39.51 ± 1.77 31.68 ± 1.33 21.12 ± 0.89 66.27 ± 2.78 0.67 ± 0.01 35.08 ± 1.47 0.019 ± 0.001

80 42.03 ± 2.28 34.91 ± 1.95 23.27 ± 1.30 73.03 ± 4.08 0.75 ± 0.06 38.66 ± 2.16 0.019 ± 0.001

−2 36.67 ± 0.59 11.58 ± 0.32 7.72 ± 0.21 24.21 ± 0.67 0.64 ± 0.02 12.82 ± 0.35 0.051 ± 0.003

−22 35.81 ± 0.74 12.75 ± 0.93 8.51 ± 0.62 26.66 ± 1.94 0.69 ± 0.03 14.11 ± 1.03 0.049 ± 0.006

−36 33.41 ± 0.04 9.01 ± 0.52 6.00 ± 0.34 18.84 ± 1.08 0.67 ± 0.03 9.97 ± 0.57 0.067 ± 0.007

HTp/FTp: heating/freezing temperatures; DX : deformation; MO: mass of oil (g); OY : oil yield (%); OEE: oil
expression efficiency (%); EN : energy; VO: volume of oil; VOE: volume of oil energy.
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Table 2. ANOVA results of calculated parameters in relation to heating temperatures.

Parameters R2 F-Value p-Value

DX (mm) 0.78 4.74 >0.05
MO (g) 0.98 72.85 <0.05
OY (%) 0.98 72.85 <0.05
OEE (%) 0.98 72.85 <0.05
EN (kJ) 0.73 3.55 >0.05

VO (mL) 0.98 72.85 <0.05
VOE (kJ/mL) 0.99 836.57 <0.05

Table 3. ANOVA results of calculated parameters in relation to freezing temperatures.

Parameters R2 F-Value p-Value

DX (mm) 0.89 11.93 <0.05
MO (g) 0.94 21.53 <0.05
OY (%) 0.94 21.53 <0.05
OEE (%) 0.94 21.53 <0.05
EN (kJ) 0.55 1.62 >0.05

VO (mL) 0.94 21.53 <0.05
VOE (kJ/mL) 0.87 9.19 <0.05

DX : deformation; MO: mass of oil (g); OY : oil yield (%); OEE: oil expression efficiency (%); EN : energy; VO:
volume of oil; VOE: volume of oil energy; higher F-value > p-value or p-value < 0.05 is significant; lower F-value >
p-value or p-value > 0.05 is non-significant.

3.3. BBD/RSM Factor Levels and Responses

The results of the three factor levels of heating temperatures (40, 60 and 80 ◦C), freezing
temperatures (−2, −22 and −36 ◦C), heating times (15, 30 and 45 min), and speeds (5,
10 and 15 mm/min) are presented in Tables 4 and 5. From the combination of heating
temperatures, heating times and speeds, the values of oil yield ranged from 9.17 to 17.89%,
whereas the values of the volume of oil energy ranged from 0.0251 to 0.0441 kJ/mL (Table 4).
The highest oil yield value of 17.89% was achieved at 80 ◦C, a heating time of 30 min and
speed of 5 mm/min. The lowest value of 9.17% was recorded at 40 ◦C, heating time of
30 min and speed of 15 mm/min. The volume of the oil energy value of 0.044 kJ/mL
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was the highest at 40 ◦C, a heating time of 30 min and speed of 15 mm/min, whereas the
lowest value 0.0251 kJ/mL was observed at 80 ◦C, a heating time of 30 min and speed of
15 mm/min. It can be stated that the higher the heating temperature at a lower heating
time and speed, the higher the oil yield. However, the lower the heating temperature and
heating time at a higher speed, the lower the oil yield and the higher the volume of oil
energy. In contrast, from the combination of freezing temperatures, heating times and
speeds; the values of oil yield were between 2.13 and 8.72%, whereas the values of volume
of oil energy were between 0.046 and 0.178 kJ/mL (Table 5). The highest oil yield value of
8.72% was achieved at −2 ◦C, a heating time of 30 min and speed of 5 mm/min, whereas
the lowest value of 2.13% was recorded at −36 ◦C, a heating time of 30 min and speed of
15 mm/min. The volume of the oil energy value of 0.178 kJ/mL was the highest at −36 ◦C,
a heating time of 30 min and speed of 15 mm/min, whereas the lowest value of 0.046 kJ/mL
was recorded at −2 ◦C, a heating time of 30 min and speed of 5 mm/min. It was found that
the lower the freezing temperature, heating time and speed, the higher the oil yield and the
lower the volume of oil energy. However, the higher the freezing temperature at a lower
freezing time and higher speed, the lower the oil yield and the higher the volume of oil energy.

Table 4. Factor levels and calculated parameters under heating temperatures.

Run HTP (◦C) HTM (min) SPD (mm/min) OY (%) VOE (kJ/mL)

1 −1(40) −1(15) 0(10) 10.06 0.0372
2 1(80) −1(15) 0(10) 14.22 0.0270
3 −1(40) 1(45) 0(10) 10.35 0.0383
4 1(80) 1(45) 0(10) 13.85 0.0287
5 −1(40) 0(30) −1(5) 13.19 0.0317
6 1(80) 0(30) −1(5) 17.89 0.0263
7 −1(40) 0(30) 1(15) 9.17 0.0441
8 1(80) 0(30) 1(15) 15.26 0.0251
9 0(60) −1(15) −1(5) 15.23 0.0277
10 0(60) 1(45) −1(5) 16.73 0.0261
11 0(60) −1(15) 1(15) 11.15 0.0360
12 0(60) 1(45) 1(15) 11.95 0.0343
13 0(60) 0(30) 0(10) 13.43 0.0287
14 0(60) 0(30) 0(10) 13.06 0.0336
15 0(60) 0(30) 0(10) 13.44 0.0303
16 0(60) 0(30) 0(10) 13.69 0.0328
17 0(60) 0(30) 0(10) 13.01 0.0316

HTp: heating temperature (◦C); HTM : heating time (min); SPD : speed (mm/min); OY : oil yield (%); VOE: volume
of oil energy (kJ/mL).

Table 5. Factor levels and calculated parameters under freezing temperatures.

Run FTP (◦C) FTM (min) SPD (mm/min) OY (%) VOE (kJ/mL)

1 −1(−2) −1(15) 0(10) 7.03 0.0542
2 1(−36) −1(15) 0(10) 3.64 0.1000
3 −1(−2) 1(45) 0(10) 5.17 0.0679
4 1(−36) 1(45) 0(10) 2.87 0.1318
5 −1(−2) 0(30) −1(5) 8.72 0.0461
6 1(−36) 0(30) −1(5) 5.57 0.0705
7 −1(−2) 0(30) 1(15) 5.32 0.0671
8 1(−36) 0(30) 1(15) 2.13 0.1783
9 0(−22) −1(15) −1(5) 7.93 0.0511
10 0(−22) 1(45) −1(5) 6.47 0.0611
11 0(−22) −1(15) 1(15) 5.64 0.0626
12 0(−22) 1(45) 1(15) 4.24 0.0856
13 0(−22) 0(30) 0(10) 4.14 0.0935
14 0(−22) 0(30) 0(10) 4.31 0.0852
15 0(−22) 0(30) 0(10) 4.23 0.0929
16 0(−22) 0(30) 0(10) 4.31 0.0910
17 0(−22) 0(30) 0(10) 4.52 0.0825

FTp: freezing temperature (◦C); FTM : freezing time (min); SPD : speed (mm/min); OY : oil yield (%); VOE: volume
of oil energy (kJ/mL).
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3.4. Estimates of Oil Yield and Volume of Oil Energy under Heating Temperatures

The regression results of oil yield and volume of oil energy with the heating tempera-
tures, heating times and speeds, as well as their interactions are presented in Tables 6 and 7.
For oil yield, the coefficients of the intercept, the linear terms of the heating temperature
and speed and the quadratic term of the speed were significant (p < 0.05) for predicting
the oil yield. However, the lack of fit of the factors and their interactions is significant
(p < 0.05), indicating that the model is not adequate for predicting the observed response
under heating temperatures. The coefficient of determination was 96%. Under the same
heating temperatures, the volume of the oil energy model (coefficients of the intercept,
linear terms of heating temperature and speed and their interactions) was found to be
significant for predicting the response, since its lack of fit was non-significant (p > 0.05),
with a coefficient of determination of 94%. The Pareto charts of the significant terms of
factors and their interactions for explaining the responses (oil yield and volume of oil
energy) are shown in Figure 4a,b. The significant terms were above the red line, whereas
the non-significant ones were below the red line. In Figure 5a,b, the interaction between
heating temperature and speed at a constant heating time increased the oil yield by 15%
and that of the volume of oil energy by 0.026 kJ/mL. Figure 5a,b represents other factor
interactions. The predicted and desirability values of oil yield and volume of oil energy
are also shown in Figure 6a,b. It can be seen in Figure 6a that the factor levels temperature
of 80 ◦C, heating time of 30 min and speed of 5 mm/min were optimal for oil yield; and
for the volume of oil energy (Figure 6b) the optimal factors were a temperature of 40 ◦C,
heating time of 45 min and speed of 15 mm/min.

Table 6. Regression analysis of oil yield, OY (%), under heating temperatures.

Effect Model, OY (%) a Standard Error Sum of Squares df Mean
Square F-Value p-Value

Intercept 13.33 0.29 81.68 9 9.08 22.10 <0.05
HTP 2.31 0.23 42.57 1 42.57 514.71 <0.05
H2

TP −0.55 0.31 1.25 1 1.25 15.13 >0.05
HTM 0.28 0.23 0.62 1 0.62 7.49 >0.05
H2

TM −0.66 0.31 1.83 1 1.83 22.08 >0.05
SPD −1.94 0.23 30.06 1 30.06 363.46 <0.05
S2

PD 1.09 0.31 5.05 1 5.05 61.03 <0.05
HTP × HTM −0.17 0.32 0.11 1 0.11 1.32 >0.05
HTP × SPD 0.35 0.32 0.49 1 0.49 5.87 >0.05
HTM × SPD −0.18 0.32 0.12 1 0.12 1.48 >0.05

Residual 2.87 7 0.41
Lack of fit 2.54 3 0.85 10.25 <0.05

Total 84.55 16

HTp: heating temperature (◦C); HTM: heating time (min); SPD : speed (mm/min); OY : oil yield (%); df: degree
of freedom; p-value < 0.05 means significant; df: degrees of freedom; p-value > 0.05 means non-significant;
a: coefficient of determination (R2) = 0.96.
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Table 7. Regression analysis of volume of oil energy, VOE (kJ/mL), under heating temperatures.

Effect Model, VOE (kJ/mL) a Standard
Error

Sum of
Squares df Mean

Square F-Value p-Value

Intercept 0.0314 0.0009 0.00039 9 0.000044 11.99 <0.05
HTP −0.0055 0.0007 0.000244 1 0.000244 65.39 <0.05
H2

TP 0.0011 0.0009 0.000005 1 0.000005 1.31 >0.05
HTM −0.0001 0.0007 0.000000 1 0.000000 0.01 >0.05
H2

TM 0.0003 0.0009 0.000000 1 0.000000 0.12 >0.05
SPD 0.0035 0.0007 0.000096 1 0.000096 25.75 <0.05
S2

PD −0.0007 0.0009 0.000002 1 0.000002 0.59 >0.05
HTP× HTM 0.0001 0.0010 0.000000 1 0.000000 0.02 >0.05
HTP× SPD −0.0034 0.0010 0.000046 1 0.000046 12.36 <0.05
HTM× SPD −0.0000 0.0010 0.000000 1 0.000000 0.00 >0.05

Residual 0.000026 7 0.000004
Lack of fit 0.000011 3 0.000004 0.95 >0.05

Total 0.000419 16

HTp: heating temperature (◦C); HTM: heating time (min); SPD : speed (mm/min); VOE: volume of oil energy
(kJ/mL); df: degrees of freedom; p-value < 0.05 means significant; p-value > 0.05 means non-significant; a: coeffi-
cient of determination (R2) = 0.94.

Processes 2022, 10, x FOR PEER REVIEW 10 of 19 
 

 

-1.14754

-1.21709

2.42258

2.737558

-3.89001

-4.69869

7.812127

-19.0645

22.68731

p=0.05

Standardized Effect Estimate (Absolute Value)

1Lby2L

2Lby3L

1Lby3L

(2)H_Time (min)(L)

H_Temp (oC)(Q)

H_Time (min)(Q)

Speed (mm/min)(Q)

(3)Speed (mm/min)(L)

(1)H_Temp (oC)(L)

(a)

 

-0.000327

-0.091623

0.1465847

0.3496681

-0.765386

1.143361

-3.5156

5.074491

-8.0865

p=0.05

Standardized Effect Estimate (Absolute Value)

2Lby3L

(2)H_Time (min)(L)

1Lby2L

H_Time (min)(Q)

Speed (mm/min)(Q)

H_Temp (oC)(Q)

1Lby3L

(3)Speed (mm/min)(L)

(1)H_Temp (oC)(L)

(b)

 

-.142647

.2139706

-1.86112

3.899019

7.383498

-13.8355

18.45753

-28.6293

-30.3273

p=0.05

Standardized Effect Estimate (Absolute Value)

1Lby3L

2Lby3L

F_Temp (oC)(Q)

1Lby2L

F_Time (min)(Q)

(2)F_Time (min)(L)

Speed (mm/min)(Q)

(3)Speed (mm/min)(L)

(1)F_Temp (oC)(L)

(c)

 

1.323428

1.851359

-4.57871

5.187206

-5.42147

5.648116

8.83477

11.84858

17.6538

p=0.05

Standardized Effect Estimate (Absolute Value)

2Lby3L

1Lby2L

Speed (mm/min)(Q)

F_Temp (oC)(Q)

F_Time (min)(Q)

(2)F_Time (min)(L)

1Lby3L

(3)Speed (mm/min)(L)

(1)F_Temp (oC)(L)

(d)

Figure 4. Pareto chart of standardized effects of the factors and interactions for O): oil yield (%) and 
-'* , volume of oil energy under heating temperatures (a,b); and freezing temperatures (c,d); 
H_Temp:  !2, heating temperature; Speed: 123; H_Time:  !0, heating time; F_Temp: #!2, freez-
ing temperature; F_Time: #!0, freezing time; Q: quadratic; and L: linear. 

Figure 4. Pareto chart of standardized effects of the factors and interactions for OY : oil yield (%)
and VOE, volume of oil energy under heating temperatures (a,b); and freezing temperatures (c,d);
H_Temp: HTP, heating temperature; Speed: SPD; H_Time: HTM, heating time; F_Temp: FTP, freezing
temperature; F_Time: FTM, freezing time; Q: quadratic; and L: linear.
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HTP, heating temperature (◦C) and SPD, speed (mm/min), representing the other factor interactions.
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Figure 6. Predicted and desirable values of (a) (), oil yield, and (b) -'*, the volume of oil energy 
under heating temperatures (():  !2: +1 = 80 °C;  !0: 0 = 30 min and 123: −1 = 5 mm/min; -'* :  !2: 
−1 = 40 °C;  !0: +1 = 45 min and 123: +1 = 15 mm/min). 

  

Figure 6. Predicted and desirable values of (a) OY , oil yield, and (b) VOE, the volume of oil energy
under heating temperatures (OY : HTP: +1 = 80 ◦C; HTM: 0 = 30 min and SPD: −1 = 5 mm/min;
VOE : HTP: −1 = 40 ◦C; HTM: +1 = 45 min and SPD: +1 = 15 mm/min).
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3.5. Estimates of Oil Yield and Volume of Oil Energy under Freezing Temperatures

The regression results of oil yield and the volume of oil energy with freezing temper-
atures, freezing times and speeds are presented in Tables 8 and 9. The coefficients of the
linear and quadratic terms of the freezing time and speed as well as the intercept and the
linear term of freezing temperature for oil yield were significant (p < 0.05). Similarly, the
coefficients of the intercept, freezing temperature, speed and their interactions for volume
of oil energy were significant. However, the observed models were not adequate for pre-
dicting the response since the lack of fit was significant. The predicted and desirability
values of oil yield and volume of oil energy are also shown in Figure 7a,b. It can be seen
in Figure 7a,b that the factor levels for optimal oil yield were the freezing temperature
of −2 ◦C, freezing time of 22.5 min and speed of 5 mm/min. The volume of oil energy
factor levels were a freezing temperature of −36 ◦C, freezing time of 37.5 min and speed of
15 mm/min.

Table 8. Regression analysis of oil yield, OY (%), under freezing temperatures.

Effect Model, OY (%) a Standard
Error

Sum of
Squares Df Mean

Square F-Value p-Value

Intercept 4.30 0.15 46.332 9 5.148 44.308 <0.05
FTP −1.50 0.12 18.080 1 18.080 919.742 <0.05
F2

TP −0.13 0.17 0.068 1 0.068 3.464 >0.05
FTM −0.69 0.12 3.763 1 3.763 191.422 <0.05
F2

TM 0.50 0.17 1.072 1 1.072 54.516 <0.05
SPD −1.42 0.12 16.112 1 16.112 819.639 <0.05
S2

PD 1.26 0.17 6.697 1 6.697 340.680 <0.05
FTP × FTM 0.27 0.17 0.299 1 0.299 15.202 >0.05
FTP × SPD −0.01 0.17 0.000 1 0.000 0.020 >0.05
FTM × SPD 0.02 0.17 0.001 1 0.001 0.046 >0.05

Residual 0.813 7 0.116
Lack of fit 0.735 3 0.245 12.460 <0.05

Total 47.146 16

FTp: freezing temperature (◦C); FTM : freezing time (min); SPD : speed (mm/min); OY: oil yield (%); df: degrees of
freedom; p-value < 0.05 means significant; p-value > 0.05 means non-significant; a: coefficient of determination
(R2) = 0.98.

Table 9. Regression analysis of volume of oil energy, VOE (kJ/mL), under freezing temperatures.

Effect Model, VOE (kJ/mL) a Standard
Error

Sum of
Squares Df Mean

Square F-Value p-Value

Intercept 0.089 0.006 0.01548 9 0.001720 9.43 <0.05
FTP 0.031 0.005 0.007518 1 0.007518 311.66 <0.05
F2

TP 0.012 0.007 0.000649 1 0.000649 26.91 >0.05
FTM 0.010 0.005 0.000770 1 0.000770 31.90 >0.05
F2

TM −0.013 0.007 0.000709 1 0.000709 29.39 >0.05
SPD 0.021 0.005 0.003387 1 0.003387 140.39 <0.05
S2

PD −0.011 0.007 0.000506 1 0.000506 20.96 >0.05
FTP × FTM 0.005 0.007 0.000083 1 0.000083 3.43 >0.05
FTP × SPD 0.022 0.007 0.001883 1 0.001883 78.05 <0.05
FTM × SPD 0.003 0.007 0.000042 1 0.000042 1.75 >0.05

Residual 0.001277 7 0.000182
Lack of fit 0.001180 3 0.000393 16.31 <0.05

Total 0.01676 16

FTp: freezing temperature (◦C); FTM: freezing time (min); SPD : speed (mm/min); VOE: volume of oil energy
(kJ/mL); df: degrees of freedom; p-value < 0.05 means significant; p-value > 0.05 means non-significant; a: coeffi-
cient of determination (R2) = 0.92.
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Figure 7. Predicted values and desirability of (a) OY , oil yield, and (b) VOE, volume of oil energy
under heating temperatures (OY : FTP: −1 = −2 ◦C; FTM: −0.5 = 22.5 min and SPD: −1 = 5 mm/min;
VOE : FTP: +1 = −36 ◦C; FTM: +0.5 = 37.5 min and SPD: +1 = 15 mm/min).

4. Discussion

The present study primarily evaluated the effect of heating and freezing pretreatments
on rapeseed sample oil yield and the volume of oil energy under compression loading
using the Box–Behnken design (BBD) approach coupled with response surface methodology
(RSM). Four separate experiments were conducted to achieve the objective of the study.
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The first experiment examined heating temperatures from 40 ◦C to 80 ◦C. The second
experiment assessed freezing temperatures from −2 ◦C to −36 ◦C. Here, the temperature
of 25 ◦C served as the control. The first and second experiments were preliminary to
appropriately determine the operating factor levels for the BBD/RSM in the third and
fourth experiments. The third and fourth experiments were the focus of the study, which
investigated the optimal operating factors (heating and freezing temperatures, heating
times and speeds). In all experiments, the calculated parameters were deformation (mm),
mass of oil (g), oil yield (%), oil expression efficiency (%), energy (kJ), volume of oil (mL)
and volume of oil energy (kJ/mL). The deformation values were directly obtained from the
compression tests using a maximum compressive force of 100 kN (equivalent pressure of
35.37 MPa) and speeds between 5 and 15 mm/min. The pressing height of the rapeseed
sample was measured at 80 mm using the pressing vessel of diameter 60 mm with a plunger,
whereby the volume of the sample was calculated to be 22.62 × 10−5 m3. The response
surface regression statistical technique was used to determine the optimal factor levels for
the main responses (oil yield and volume of oil energy).

Based on the ANOVA results of the preliminary experiments, the pretreatment tem-
peratures (heating and freezing) had a significant effect (p < 0.05) on the rapeseed sample
mass of oil (g), oil yield (%), oil expression efficiency (%), volume of oil (mL) and volume of
oil energy (kJ/mL). However, the deformation and energy were not significantly (p > 0.05)
affected by the pretreatment temperatures.

Under the heating temperatures combined with other factors (heating time and speed),
all operating factors had a significant effect on oil yield, except the interactions of the
factors, which had no significant effect (Figures 4a and 5a). However, the oil yield model
was not adequate for predicting its value of 17.772%, since its lack of fit was significant
(p < 0.05) (Table 6). The coefficient of determination (R2) was 0.96. The optimal factors
were the heating temperature, HTP: +1 = 80 ◦C; heating time, HTM: 0 = 30 min and
speed, SPD: −1 = 5 mm/min (Figure 6a). Additionally, the volume of oil energy can be
estimated by only the significant linear terms of the factors (heating temperature, heating
time and speed) (Figures 4b and 5b), being adequate for explaining the calculated response
based on the non-significant term of the model lack of fit, which agrees with the studies
of [16,52]. The volume of oil energy of 0.0443 kJ/mL was achieved at optimal conditions
of heating temperature, HTP: −1 = 40 ◦C; heating time, HTM: 0 = 45 min and speed,
SPD: +1 = 15 mm/min (Figure 6b). The coefficient of determination (R2) was 0.94, which
indicates that the estimated model fits the experimental data satisfactorily, agreeing with
the results reported by [16,41].

Regarding the results of the freezing temperatures combined with other factors, the
interaction terms of the freezing time and speed, and freezing temperature and speed, as
well as the quadratic term of freezing temperature, had no significant effect on oil yield
compared with the linear terms of freezing temperature, speed, and freezing time together
with the quadratic terms of speed and freezing time, which significantly affected the oil
yield (Figure 4c). The model for predicting the oil yield under the freezing temperatures
was assessed by the lack-of-fit value, which proved to be significant, indicating that the
model was not adequate. However, the oil yield value of 8.962% was achieved at optimal
conditions of freezing temperature of −2 ◦C, freezing time of 22.5 min and speed of
5 mm/min. Regarding the volume of oil energy, only the factor interaction terms of freezing
temperature and freezing time, as well as the freezing time and speed, had no significant
influence on the response compared with the other factor terms and their interactions,
which influenced the response (Figure 4d). The volume of oil energy of 0.169 kJ/mL was
achieved at the optimal conditions of freezing temperature, FTP: +1 = −36 ◦C; freezing
time, FTM: +0.5 = 37.5 min and speed, SPD: +1 = 15 mm/min. The model was not adequate
to explain the response based on the lack-of-fit value, which was significant.

In the literature, De Mello et al. [11] investigated the influence of the pretreatment of
radish seeds and the ethanol flow rate, static time, temperature, and pressure on oil yield.
The authors reported that an increase in temperature from 135 ◦C to 150 ◦C promoted
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an increase in oil yield, and a pressure of 5 MPa achieved an oil yield of 36.6%. Castejon
et al. [56] reported Echium plantagineum L. seed oil yield of 31.2% and 29.1% at optimal
conditions of temperatures of 50 ◦C and 150 ◦C, respectively, and a time of 10 min using
pressurized liquid extraction and ultrasound-assisted extraction with ethanol. The oil
yield of Jatropha curcas L. was also predicted to be 87% by Subroto et al. [16] based on
optimal extraction conditions of 19 MPa applied pressure, 90 ◦C pressing temperature and
3.8% moisture content. Jalili et al. [57] investigated the influence of extraction temperature
(35, 45 and 55 ◦C), ultrasound treatment time (30, 60 and 90 min) and solvent-to-canola
sample ratio (5, 10 and 15% v/w) on the extraction yield of canola seed oil. The authors
found the optimal conditions of an oil extraction percentage of 22.3% at an ultrasound
treatment temperature of 55 ◦C, ultrasound treatment time of 87 min and solvent-to-canola
ratio of 9.12% v/w. Finally, Agu et al. [58] studied the effect of the process parameters
temperature, particle size and extraction time on Terminalia catappa seed oil using response
surface methodology. The optimum parameters for 60.45% oil yield as reported by the
authors were at 55 ◦C, 0.5 mm and 150 min. The studies mentioned above show that the
BBD/RSM is useful for modeling and optimizing the process parameters as adopted in this
present study. The results of the present study are an addition to our previously published
studies [19,40,41] aimed at understanding completely the uniaxial oil extraction process
to improve the mechanical oil pressing of edible and non-edible oilseeds in small to large
scale productions.

5. Conclusions

In the present study, the following findings were established. Oil yield and oil ex-
pression efficiency increased linearly from 8.88 ± 0.25 to 23.27 ± 1.30, and 27.86 ± 0.77 to
73.03 ± 4.08 with heating temperatures from 40 to 80 ◦C. Under the freezing temperatures
between −2 ◦C and −36 ◦C, these parameters did not show a linear trend, rather, they
increased at −2 ◦C and −22 ◦C and then decreased at −36 ◦C. While the volume of oil
energy decreased with heating temperature, it increased with freezing temperature. The
volume of oil energy of 0.019 ± 0.001 kJ/mL was found at heating temperatures of 60
and 80 ◦C, respectively, indicating the efficient energy for obtaining 1L of the rapeseed oil
under the uniaxial compression process. The control temperature of 25 ◦C produced the
highest amount of the volume of oil energy of 0.044 ± 0.001 kJ/mL, indicating a higher
energy demand for the cold pressing of the bulk rapeseeds compared with the hot pressing,
which needed lower input energy. The regression model for predicting the oil yield under
the heating temperatures was not adequate due to the significant value of the lack of fit.
However, the lack-of-fit value for the volume of oil energy was non-significant, proving
that the regression model was adequate for explaining the response. Under the freezing
temperatures, the lack of fit of the regression models (oil yield and volume of oil energy)
also proved to be significant. The optimal operating factors for the volume of oil energy
of 0.0443 kJ/mL under the uniaxial compression process were found to be a heating tem-
perature of 40 ◦C, heating time of 45 min and speed of 15 mm/min. In future studies, a
similar methodology will be adopted to examine the operating factors of the mechanical
screw press of type Farmet Duo (Farmet, a.s., Česká Skalice, Czech Republic) to extensively
cognize both the uniaxial and mechanical screw-pressing processes of oil extraction from
oilseeds. The variation in the oilseed moisture content with respect to the heating and
freezing pretreatments will be considered, as well as the chemical and spectral properties
of the extracted oil for the purposes of quality usage.
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