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Abstract: The present study examined the effects of heating and freezing pretreatments on the
mechanical, chemical, and spectral characteristics of sunflower seeds and oil under a linear
compression process involving a universal compression-testing machine and a pressing vessel
of diameter 60 mm with a plunger. The heating temperatures ranged from 40 to 80 ◦C and freezing
temperatures from −2 to −36 ◦C at constant heating time of 30 min. The pretreated samples of initial
height of 80 mm (22.6 × 10−5 m3) were compressed under a preset load of 100 kN and a speed of
5 mm/min. The results showed that oil expression efficiency significantly increased (p < 0.05) with
increased heating temperatures but decreased with freezing temperatures. The lowest energy per
volume oil of 22.55 ± 0.919 kJ/L was recorded at 80 ◦C compared to 26.40 ± 0.307 kJ/L noticed at −2 ◦C
and control (25 ◦C) of 33.93 ± 3.866 kJ/L. The linear regression equations expressing oil expression
efficiency, energy per volume oil, peroxide value, and free fatty acid, dependent on heating and
freezing temperatures, were described with coefficients of determination between 0.373 and 0.908.
Increased heating temperatures increased the UV absorption rate of the oil samples at a wavelength of
350 nm. The study is part of the continuing research on linear compression modeling of all processing
factors, whereby the results are intended to be applied to the non-linear process dealing with a
mechanical screw press to improve the oil extraction process.

Keywords: oil-bearing crop; linear compression; oil expression efficiency; energy demand; oil quality

1. Introduction

Sunflower (Helianthus annus L.), a member of the Asteraceae family, is among the top five oil crops
cultivated worldwide and is the third most important oilseed crop after soybean and rapeseed [1,2].
Among these crops, sunflower seeds are advantageous since they contain low amounts of allergen
factors, anti-nutritional, and toxic compounds, such as toxic cyanogens and saponins [3,4]. The
sunflower seed is a rich source for oil whiles the seedcake or meal, rich in protein and fibres, is a
by-product used as animal feed [5–9].

Currently, the most commonly used method of processing oilseeds is pre-press solvent extraction.
The seeds are screw-pressed until the maximum oil is expressed, and subsequently, the seedcake is
subjected to solvent extraction to obtain the residual oil [2,10,11]. Comparatively, mechanical screw
press has been the oldest technique for extracting edible and non-edible oils from oil feedstocks
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due to many advantages including easy operation, semi-skilled operators and solvent-free oil and
seedcake [12–15]. However, the technique is not considered efficient as the oil recovery efficiency is
low and between 5% and 15% of available oil is left in the seedcake [16–19]. On the other hand, solvent
extraction has become a widespread process of oil extraction due to the high percentage oil yield and
being an effective method of extracting oil for biodiesel production [20,21]. While the raw materials
(species, moisture content, pretreatment), press and screw configurations, and operating conditions
(screw and barrel feeding, screw rotation speed, pressure, and opening choke adjustment) affect the
oil expression with mechanical screw presses [16,18,22–24], the nature of the solvent, temperature,
agitation intensity, reaction time, the reaction between the solvent and the kernel, the particle size of
the feedstock, and solid/solvent ratio thus influence the solvent extraction method [25–30].

Heating and freezing are alternative pre-treatment methods for reducing the initial moisture
content and maintaining the initial quality [31–33]. Both methods could alter the mechanical properties
of the cell material/microstructure and improve processing properties [34–37]. Heat-treatment of
oilseed has been observed to rupture the oil-bearing cells, coagulate the protein in the meal, adjust the
moisture to an optimum level, lower the viscosity and increase the fluidity of the oil and destroy mould
and bacteria, thereby facilitating oil expression from the oil-bearing material [38–41]. The rapid nature
of a product subjected to frozen determines the size of crystals formed, and the degree of structural
change that may occur. Large ice crystals are synonymous with mechanical damage, significant drip
loss and structural deformation of the cellular structure of many biological materials [42–45]. The
quality of extra virgin olive oil by three different methods including blast freezing at −25 ◦C has
been studied [46]. The authors reported that the oils from frozen olive retained the commercial extra
virgin grade comparable to the control oil despite a slight increment in the peroxide values. [34], also
conducted a study on the effect of freezing-thawing pretreatment combined with liquid nitrogen and
dilute acid on the gelatinization of collagen. They indicated that the freezing-thawing process could
not effectively induce the gelatinization of collagen. However, the freezing-thawing method with
1%HCl produced the gelatin with the highest yield and gel strength. Meanwhile, [47] also evaluated
the influence of olives freezing on the biochemical factors, and found that freezing of the olives induced
the biochemical changes resulting in a significant modification of the main compounds responsible for
the sensorial properties of virgin olive oil. Different physical and chemical properties of vegetable oils,
such as acidity, density, viscosity, color, refractive index, moisture, volatility, dielectric constant, total
polar compounds, saponification, peroxide, free fatty acids, iodine ester, and carbonyl values, thus
determine the quality and stability of oils and these parameters greatly vary in temperature [1,48–52].
Peroxide value is an indicator of the initial stages of oxidation and measures the number of total
peroxides in a substance. It is considered one of the most frequently determined quality parameters
during oil production, storage and marketing, and a useful indicator to control food quality and
safety [53–55]. The radical species formed in the peroxidation process degrade fatty acids and other
components of the lipids [56]. The oxidative susceptibility of lipids is correlated with their fatty acid
composition, especially the degree of unsaturation of lipids [57]. Sunflower oil contains high levels of
saturated fatty acids and unsaturated fatty acids. Therefore, the quality properties of the oil are of
paramount importance for human consumption and industrial applications [58].

Several attempts have been considered for optimizing oil extraction using the mechanical screw
press. These include modification of the screw profile/configuration (using a twin-screw instead
of a single screw), design of input parameters (screws with choke worm shaft ring sizes, press
cylinders with mesh sizes, nozzles with restriction sizes), and sensors for measuring direct and indirect
parameters such as temperature, pressure, torque, and rotational speed [23,59,60]. Other authors
have evaluated the die diameter, preheating temperature of the barrel, and screw rotation speed on
oil yield and total polyphenol content of cold-pressed oil [61]. Traditionally, in small-medium scale
operations, the mechanical pressing is mostly employed despite its low oil recovery efficiency. The
screw profile/configuration is still the main factor influencing the performance of the mechanical
pressing. This has renewed interest in new approaches for improving its efficiency. Generally,
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the optimal process of equipment design is fully understood when various processing factors are
considerably investigated. These new methods, however, can be first evaluated under the linear
compression process involving a universal compression-testing machine and a piston and pressing
chamber (containing the volume of material) with holes which allow the oil leakage under a given
load and speed [62–66]. In the linear compression process, the dependency between compression
force and deformation as well as relaxation force and time can be described. The smooth and serrated
patterns on the force and deformation curve with maximum oil recovery and energy demand can fully
be understood. This information can be further transferred into the mechanical pressing process by
applying the tangent curve model and press configuration parameters to theoretically predict the force,
pressure and energy along the screw pressing chambers [67,68].

In linear compression loading, the effects of heating and freezing pre-treatment temperatures on
mechanical properties, chemical and spectral properties have not been adequately reported. Therefore,
the objectives of the study were to compare the mechanism of heating (40 to 80 ◦C) to freezing (−2 to
−36 ◦C) along with the control (25 ◦C) on the force-deformation curve, relaxation force-time curve, oil
yield, oil expression efficiency, deformation energy, energy per volume oil, energy per unit volume
of material, peroxide value, free fatty acid and UV absorption, and transmittance of sunflower seeds
and oil.

2. Materials and Methods

Bulk samples of sunflower oilseeds purchased from Česká Skalice, Czech Republic were used for
the compression test experiments. Before the experiments, the samples were kept under laboratory
conditions (temperature of 25 ◦C and humidity of 30%). The quality of the seeds was evaluated based
on a visual inspection of moulds, insects, worms, and hulls without seeds where impurities such as
leaves, pieces of stalks, and dust were separated.

2.1. Determination of Moisture Content

The initial moisture content of the samples was determined using the standard hot air oven
method (MEMMERT GmbH + Co. KG, Germany) with a temperature setting of 105 ◦C and a drying
time of 17 h [69]. The electronic balance Kern 440–35 (Kern & Sohn GmbH, Balingen, Germany) with
an accuracy of 0.001 g was used for weighing the samples before and after oven drying. The moisture
content of 5.14 ± 0.38 (% w.b.) was calculated based on the relation given by [70].

2.2. Determination of Oil Content

The percentage oil content of 33.12 ± 0.87% contained in the bulk sunflower oilseeds was
determined by a Soxhlet extraction according to the procedure reported by [71,72]. Based on the
procedure, a ground sample of mass 8g was packed in a thimble and inserted into a Soxhlet extractor
connected to a 150 mL containing 100 mL of petroleum ether. The oil was extracted for 24 h. After
extraction, the oil was dried at 105 ◦C for 5 h to remove residual water and solvent. The oil content of
the sample was calculated based on the dry weight of the sample [70].

2.3. Heating and Freezing Pretreatments

The bulk samples of sunflower seeds, pressing vessel and plunger were subjected to heating
temperatures of 40, 60, and 80 ◦C using the conventional oven method (MEMMERT GmbH + Co. KG,
Germany) and a heat source connected to the pressing vessel which was maintained throughout the
compression process for each pre-heated sample. The freezing temperatures of the samples at −2, −12,
−22, and −36 ◦C were done using a blast chiller/freezer (Rev 02_2016–Del 06/2016, Cod. Listrbn, Italy).
The time duration of 30 min was allowed for all pre-treated samples.
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2.4. Compression Test and Parameters Calculated

The universal compression-testing equipment (Tempos, ZDM 50, Czech Republic) and a pressing
vessel of diameter 60 mm with a plunger (Figure 1) [73] were used to record the force and deformation
curves of the pre-treated samples (measured at an initial height of 80 mm, of the volume of
22.6 × 10−5 m3) at a maximum load of 100 kN and speed of 5 mm/min. The volume of samples
was calculated according to the relation given by [74,75]. The deformation DX (mm) of samples was
obtained from the compression test data. Oil yield OY (%) was calculated based on the relation given
by [12]. The oil expression efficiency OEE (%) was calculated according to the relation given by [76].
The deformation energy, DE (J) was calculated according to the relations given by [62,64]. The energy
per volume oil, EVO, and energy per unit volume, EUV, were calculated according to the relations
given by [9,74].
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Figure 1. Compression test with (a) vessel diameter with a plunger (b) schematic showing applied
force, F (kN), the initial pressing height of sample, H (mm) and samples deformation, x (mm) and
(c) connected heat source to the pressing vessel, for instance at a temperature of 80 ◦C.

2.5. Spectrophotometric Analysis of Oil Samples

The sample oils were collected into clean and dried bottles to avoid contamination. The density
of the oil was 0.93 g/cm3. A UV-VIS spectrophotometer (SpektrofotometrOnda VIS V-10 Plus,
Czech Republic) was used to describe the spectral curves (absorbance and transmittance) of the oil
samples at wavelengths between 300 and 800 nm. This was to measure the incident light absorbed
and light transmitted through the oil samples which can be used for UV radiation problems on
human health [77]. The measurements were done one after the other by cleaning the cuvette quartz
cell cautiously.

2.6. Determination of Peroxide Value (PV) and Free Fatty Acid (FFA)

5 g of the oil sample was weighed into a volumetric flask and dissolved in a 30 mL of chloroform
and a glacial acetic acid mixture of ratio (2:3) followed by the addition of a 1 mL of saturated Potassium
Iodine (KI) and left in a dark place for five mins. Afterwards, 40 mL of distilled water was added and
the sample was titrated with 0.1 M Na2S2O3 until the yellow color of the sample almost disappeared.
Thereafter a 1 mL of 1% starch was added and the sample was again titrated with Na2S2O3 until
complete discoloration. Peroxide value was expressed as (µg/g of active oxygen) [1,78]. For FFA
determination, 5 g of the oil samples was weighted into a titration flask, then a 100 mL of neutralized
ethanol (warmed up to 60–65 ◦C) was added together with a 2 mL of 1% phenolphthalein and
immediately titrated with an ethanolic KOH (0.1 g/mol) up to light pink color. FFA was expressed as
(mg KOH/g) [1,78]. All samples were analyzed in duplicates and the results averaged.
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2.7. Statistical Analyses

The data were subjected to descriptive, ANOVA, linear regression and correlation analyses using
Statistica 13 [79]. The means were compared by using Duncan and Tukey HSD tests at 95% significance
level for all parameters evaluated in the ANOVA.

3. Results and Discussion

3.1. Force-Deformation and Relaxation Force-Time Curves

The force-deformation and relaxation-force and time curves are displayed in Figures 2–4
respectively. It can be seen clearly in Figure 2 that, at a maximum force of 100 kN and speed
of 5 mm/min, the sunflower seeds (samples) in relation to heating and freezing temperatures showed
smooth curve patterns. Based on the control (25 ◦C; without heating/freezing), the increase in heating
temperatures increased the area under the force-deformation curve (the curves were shifted to the
right). On the other hand, the decrease in freezing temperatures decreased the area under the curve
(the curves were shifted to the left). The area under the force-deformation curve is theoretically denoted
as the deformation energy, DE (J) [62,66]. Additionally, the freezing pretreatment (samples together
with the vessel diameter and plunger) showed a serration/undulation effect on the force-deformation
curve (Figure 3). The serration effect occurred after 1.4 min of compression at a maximum force of
1.126 kN with the corresponding deformation, DX of 6.97 mm. Here, there was no leakage of the oil;
hence the compression process was discontinued. However, the occurrence of the serration effect could
be attributed to the lubricating effect, that is, low friction between the material and the inner wall of the
pressing vessel and plunger during the compression process. Nevertheless, the mechanical behaviour
of the seeds, higher compression force, speed, moisture content and smaller vessel diameter have
been reported to necessitate the serration effect [9,63,64,80]. Furthermore, in all tests, the compression
process took 13 mins. Afterwards, the relaxation process was allowed for just about 12 min (Figure 4) to
ensure maximum oil output based on a preliminary test. It was observed that the control (25 ◦C of the
samples without heating but with relaxation) and (with heating at 80 ◦C and relaxation) increased the
oil expression efficiency by approximately 6%. However, the combined heatingat 80 ◦C (samples, vessel
diameter and plunger and relaxation process) further increased the oil expression efficiency by 25%.
Based on the present study, it was found that the combined heating and relaxation process had a
positive impact on oil expression efficiency. The freezing temperatures and relaxation process did not
show any significant influence on the oil expression efficiency in comparison with the control.Processes 2020, 8, x FOR PEER REVIEW  6 of 21 

 

 
Figure 2. Force-deformation curves of the pretreated samples at different temperatures (the area 
under the curve is deformation energy, DE (J)). 

0,0 0,5 1,0 1,5 2,0

Time (min)

0,0

0,4

0,8

1,2

Fo
rc

e 
(k

N
)

Serration effect

 
Figure 3. Force-time compression process of sunflower seeds after freezing pretreatment (samples 
together with the vessel diameter and plunger). 

Figure 2. Force-deformation curves of the pretreated samples at different temperatures (the area under
the curve is deformation energy, DE (J)).



Processes 2020, 8, 411 6 of 20

Processes 2020, 8, x FOR PEER REVIEW  6 of 21 

 

 25 oC  40 oC  60 oC  80 oC  -2 oC  -12 oC  -22 oC  -36 oC

0 10 20 30 40 50 60 70
Deformation (mm)

0

20

40

60

80

100

Fo
rc

e 
(k

N
)

Energy 

 

Figure 2. Force-deformation curves of the pretreated samples at different temperatures (the area 
under the curve is deformation energy, DE (J)). 

0,0 0,5 1,0 1,5 2,0

Time (min)

0,0

0,4

0,8

1,2

Fo
rc

e 
(k

N
)

Serration effect

 
Figure 3. Force-time compression process of sunflower seeds after freezing pretreatment (samples 
together with the vessel diameter and plunger). 

Figure 3. Force-time compression process of sunflower seeds after freezing pretreatment (samples
together with the vessel diameter and plunger).

Processes 2020, 8, x FOR PEER REVIEW  7 of 21 

 

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (min)

0

20

40

60

80

100

Fo
rc

e 
(k

N
)

Compression process
(oil yield and energy demand) 

Relaxation process
(oil yield increment 
without energy demand)

 
Figure 4. Compression and relaxation time curves of sunflower seeds for control at 25 °C (as a 
representation of the pretreatment processes). 

3.2. Dependent Variables in Relation to Heating Temperatures  

The descriptive statistics, tests of normality, ANOVA analysis, post-hoc tests, regression and 
correlation of the dependent variables; deformation, DX (mm), oil yield, OY (%), oil expression 
efficiency, OEE (%), deformation energy, DE (J), energy per volume oil, EVO (kJ/L) and energy per 
unit volume, EUV (kJ/m3) in relation to the effect of heating temperatures are given in Tables 1 to 3. 
Based on the raw data (Table 1), deformation, oil yield and oil expression efficiency increased along 
with the heating temperatures. The values of deformation energy and energy per unit volume of 
samples showed both increasing and decreasing trends together with heating temperatures. Most 
importantly, energy per volume oil decreased with the increase in heating temperatures. The energy 
per volume oil of 22.55 ± 0.91 kJ/L was found at a temperature of 80 °C compared to the control (25 
°C) of 33.93 ± 3.866kJ/L. The normal distribution of the data was demonstrated by the standard 
deviation, standard error and the lower and upper boundaries of the 95% confidence interval of the 
mean (Table 1). This meant that the data points were relatively similar and they occurred within a 
small range of values with fewer outliers on the high and low ends of the data range. The ANOVA 
results of the dependent variables along with heating temperatures (Table 2) indicated that oil yield, 
oil expression efficiency and energy per volume oil were significant (P-value < 0.05) whiles the 
deformation, deformation energy and energy per unit volume showed non-significant (P-value > 
0.05).  

 
 
 
 
 
 
 

 

Figure 4. Compression and relaxation time curves of sunflower seeds for control at 25 ◦C (as a
representation of the pretreatment processes).



Processes 2020, 8, 411 7 of 20

3.2. Dependent Variables in Relation to Heating Temperatures

The descriptive statistics, tests of normality, ANOVA analysis, post-hoc tests, regression and
correlation of the dependent variables; deformation, DX (mm), oil yield, OY (%), oil expression
efficiency, OEE (%), deformation energy, DE (J), energy per volume oil, EVO (kJ/L) and energy per
unit volume, EUV (kJ/m3) in relation to the effect of heating temperatures are given in Tables 1–3.
Based on the raw data (Table 1), deformation, oil yield and oil expression efficiency increased along
with the heating temperatures. The values of deformation energy and energy per unit volume of
samples showed both increasing and decreasing trends together with heating temperatures. Most
importantly, energy per volume oil decreased with the increase in heating temperatures. The energy
per volume oil of 22.55 ± 0.91 kJ/L was found at a temperature of 80 ◦C compared to the control (25 ◦C)
of 33.93 ± 3.866kJ/L. The normal distribution of the data was demonstrated by the standard deviation,
standard error and the lower and upper boundaries of the 95% confidence interval of the mean (Table 1).
This meant that the data points were relatively similar and they occurred within a small range of values
with fewer outliers on the high and low ends of the data range. The ANOVA results of the dependent
variables along with heating temperatures (Table 2) indicated that oil yield, oil expression efficiency
and energy per volume oil were significant (P-value < 0.05) whiles the deformation, deformation
energy and energy per unit volume showed non-significant (P-value > 0.05).

Table 1. Descriptive statistics of dependent variables in relation to heating temperature, HT (◦C).

Dependent HT
Mean Std. Error

95% Confidence Interval for Mean

Variables (◦C) Std. Dev. Lower Bound Upper Bound

DX (mm)

*25 60.66 3.483 2.011 52.01 69.32

40 61.54 2.977 1.719 54.14 68.93
60 62.84 1.155 0.667 59.97 65.71
80 63.86 1.776 1.025 59.44 68.26

OY (%)

*25 20.74 1.528 0.882 16.95 24.54
40 25.26 1.212 0.700 22.25 28.27
60 27.40 0.928 0.536 25.10 29.71
80 30.95 0.626 0.361 29.40 32.51

OEE (%)

*25 62.63 4.612 2.663 51.17 74.08
40 76.25 3.659 2.112 67.16 85.34
60 82.73 2.802 1.617 75.77 89.69
80 93.46 1.889 1.091 88.77 98.15

DE (J)

*25 821.5 37.11 21.43 729.3 913.7
40 821.8 31.87 18.40 742.7 901.0
60 818.3 45.50 26.27 705.2 9313
80 819.6 48.68 28.11 698.7 940.5

EVO (kJ/L)

*25 33.93 3.866 2.232 24.32 43.53
40 27.79 2.231 1.288 22.25 33.33
60 25.50 2.298 1.327 19.79 31.21
80 22.55 0.919 0.531 20.26 24.83

EUV (×102

kJ/m3)

*25 36.32 1.641 0.947 32.24 40.39
40 36.33 1.409 0.813 32.83 39.83
60 36.18 2.011 1.161 31.18 41.17
80 36.23 2.152 1.243 30.89 41.58

* Control; HT: temperature; DX: deformation; OY: oil yield (%); OEE: oil expression efficiency (%); DE: deformation
energy; EVO: energy per volume oil; EUV: energy per unit volume; Std. Dev and Err: Standard Deviation and Error.
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Table 2. ANOVA results of the dependent variables in relation to heating temperature, HT (◦C).

Dependent Sum of
Squares df

Mean
Square F-value P-valueVariables Effect R2

DX (mm)
HT (◦C) 17.78 3 5.927 0.930 0.469 0.259

Error 50.97 8 6.372
Total 68.75 11

Oil yield (%)
HT (◦C) 164.0 3 54.67 43.268 0.000 0.942

Error 10.11 8 1.264
Total 174.1 11

Oil EE (%)
HT (◦C) 1495 3 498.4 43.268 0.000 0.942

Error 92.15 8 11.52
Total 1587 11

Energy (J)
HT (◦C) 25.47 3 8.491 0.005 0.999 0.002

Error 13665 8 1708
Total 13690 11

EVO (kJ/L)
HT (◦C) 209.7 3 69.91 10.735 0.004 0.801

Error 52.1 8 6.512
Total 261.8 11

EUV (×102

kJ/m3)

HT (◦C) 0.05 3 0.017 0.005 0.999 0.002
Error 26.71 8 3.338
Total 26.76 11

df: the degree of freedom.

Table 3. Correlation and linear regression results in relation to heating temperatures, HT (◦C).

Dependent
Variables

R
(−)

R2

(−)
F-value

(−)
P-value

(−)

DX (mm) 0.508 0.258 3.477 >0.05
OY (%) 0.953 0.908 99.47 <0.05

OEE (%) 0.953 0.908 99.47 <0.05
OE (J) −0.031 0.001 0.011 >0.05

EVO (kJ/L) −0.857 0.734 27.64 <0.05
EUV (×102 kJ/m3) −0.031 0.001 3.011 >0.05

R is the Pearson Correlation; R2 is the coefficient of determination; Significant: F-value > P-value or P-value < 0.05;
Non-significant: F-value < P-value or P-value > 0.05.

The correlation and linear regression results are given in Table 3. Correlation values between
−0.031 and 0.953 were obtained among the dependent variables in relation to heating temperatures.
Oil yield, oil expression efficiency and energy per volume oil significantly correlated (P-value < 0.05)
with heating temperatures in comparison with deformation, deformation energy, and energy per unit
volume, which did not significantly (P-value > 0.05) correlate with heating temperatures. The linear
regression equations expressing oil expression efficiency, OEE (%) and energy per volume oil, EVO
(kJ/L) dependent on heating treatment temperatures, HT ◦C are given in equations (Equations (1) and
(2)) as follows:

OEE = 51.66 + 0.529·HT (1)

EVO = 37.34− 0.193·HT (2)

The coefficients described in the equations were statistically significant (P-value < 0.05) with high
coefficients of determination (R2) values of 0.908 and 0.734 respectively.
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3.3. Dependent Variables in Relation to Freezing Temperatures

The descriptive statistics, tests of normality, ANOVA analysis, post-hoc tests, regression and
correlation of the dependent variables; deformation DX (mm), oil yield OY (%), oil expression efficiency
OEE (%), deformation energy DE (J), energy per volume oil EVO (kJ/L), and energy per unit volume
EUV (kJ/m3) in relation to the effect of freezing temperatures are given in Tables 4–6. Based on the raw
data (Table 4), deformation, oil yield and oil expression efficiency decreased along with the freezing
temperatures. The values of deformation energy and energy per unit volume of sunflower seeds
showed both increasing and decreasing trends with freezing temperatures. The energy per volume
oil of 26.40 ± 0.307 kJ/L was observed at the freezing temperature of −2 ◦C compared to the control
of 33.93 ± 3.866 kJ/L. The normal distribution of the data was confirmed by the standard deviation,
standard error and the lower and upper boundaries of the 95% confidence interval of the mean (Table 4).
This meant that the data points were relatively similar and they occurred within a small range of values
with fewer outliers on the high and low ends of the data range. The ANOVA results of the dependent
variables along with freezing temperatures (Table 5) were significant (P-value < 0.05) except energy
and energy per unit volume of sunflower seeds which indicated non-significant (P-value > 0.05).

Table 4. Descriptive statistics of dependent variables in relation to freezing temperature, FT (◦C).

Dependent
Variables

FT
(◦C) Mean Std. Error

95% Confidence Interval for Mean

Std. Dev. Lower Bound Upper Bound

DX (mm) *25 60.66 3.483 2.011 52.01 69.32

−2 62.31 0.944 0.545 59.97 64.66
−12 60.16 0.346 0.200 59.31 61.02
−22 57.87 1.348 0.778 54.53 61.22
−36 57.45 2.476 1.429 51.30 63.60

OY (%) *25 20.74 1.528 0.882 16.95 24.54
−2 20.73 0.701 0.404 18.99 22.47
−12 18.48 0.865 0.499 16.33 20.63
−22 17.99 0.483 0.279 16.79 19.19
−36 17.77 0.778 0.449 15.83 19.70

OEE (%) *25 62.63 4.612 2.663 51.17 74.08
−2 62.59 2.115 1.221 57.33 67.84
−12 55.79 2.611 1.508 49.31 62.28
−22 54.31 1.460 0.843 50.68 57.93
−36 53.65 2.350 1.357 47.81 59.48

DE J) *25 821.49 37.11 21.43 729.3 913.7
−2 642.20 15.09 8.712 604.7 679.7
−12 631.29 18.41 10.62 585.6 677.0
−22 638.31 5.229 3.019 625.3 651.3
−36 650.14 16.23 9.369 609.8 690.5

EVO (kJ/L) *25 33.93 3.866 2.232 24.32 43.53
−2 26.40 0.307 0.177 25.64 27.17
−12 29.12 0.512 0.296 27.85 30.40
−22 30.25 0.594 0.343 28.77 31.72
−36 32.47 2.772 1.600 25.59 39.36

EUV (×102 kJ/m3) *25 36.32 1.641 0.947 32.24 40.39
−2 28.39 0.667 0.385 26.73 30.05
−12 27.91 0.813 0.470 25.89 29.93
−22 28.22 0.231 0.133 27.65 28.79
−36 28.74 0.717 0.414 26.96 30.53

* Control; FT: DX: deformation; OY: oil yield (%); OEE: oil expression efficiency (%); DE: deformation energy; EVO:
energy per volume oil; EUV: energy per unit volume; Std. Dev and Err: Standard Deviation and Error.
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Table 5. ANOVA results of the dependent variables in relation to freezing temperature, FT (◦C).

Dependent Sum of
Squares df

Mean
Square F-value P-valueVariable Effect R2

DX (mm)
FT (◦C) 45.54 3 15.18 6.780 0.014 0.718
Error 17.91 8 2.239
Total 63.45 11

Oil yield
(%)

FT (◦C) 16.62 3 5.540 10.66 0.004 0.811
Error 4.157 8 0.520
Total 20.75 11

Oil EE (%)
FT (◦C) 151.5 3 50.51 10.66 0.004 0.811
Error 37.89 8 4.737
Total 189.4 11

Energy (J)
FT (◦C) 556.2 3 185.4 0.865 0.498 0.245
Error 1713.7 8 214.2
Total 2269.9 11

EVO (kJ/L)
FT (◦C) 57.35 3 19.12 9.112 0.006 0.774
Error 16.79 8 2.098
Total 74.14 11

EUV (×102

kJ/m3)

FT (◦C) 1.087 3 0.362 0.865 0.498 0.245
Error 3.349 8 0.419
Total 4.437 11

df: degree of freedom.

Table 6. Correlation and linear regression results in relation to freezing temperature, FT (◦C).

Dependent
Variables

R
(−)

R2

(−)
F-value

(−)
P-value

(−)

DX (mm) 0.799 0.683 17.615 <0.05
OY (%) 0.768 0.5898 14.351 <0.05

OEE (%) 0.768 0.5898 14.351 <0.05
OE (J) −0.279 0.078 0.843 >0.05

EVO (kJ/L) −0.867 0.751 30.197 <0.05
EUV (×102 kJ/m3) −0.279 0.078 0.843 >0.05

Significant: F-value > P-value or P-value < 0.05; Non-significant: F-value < P-value or P-value > 0.05; R is the
correlation coefficient; R2 is the coefficient of determination.

The correlation and linear regression results are given in Table 6. Correlation values between
0.279 and 0.799 were obtained among the dependent variables along with freezing temperatures.
The correlation among deformation, oil yield, oil expression efficiency and energy per unit volume
against freezing temperature was significant (P-value < 0.05). The correlation between energy and
energy per volume of oil versus freezing temperatures was non-significant (P-value > 0.05). The linear
regression equations expressing oil expression efficiency, OEE (%), and energy per volume oil, EVO
(kJ/L), dependent on freezing temperature, FT ◦C, are given in Equations (3) and (4) as follows:

OEE = 60.95 + 0.243·FT (3)

EVO = 26.48− 0.171·FT (4)

The coefficients described in the equations were statistically significant (P-value < 0.05) with
coefficients of determination (R2) values of 0.589 and 0.751 respectively.
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3.4. Evaluation of Heating and Freezing Temperatures, TP (◦C)

The scatterplots of oil expression efficiency, OEE (%) and energy per volume oil, EVO (kJ/L) are
displayed in Figures 5 and 6. It can be seen clearly that, increasing temperatures from −36 ◦C to
80 ◦C increased the oil expression efficiency with the correlation value of 0.953 whiles energy per
volume oil decreased with the correlation value of −0.611. The heating temperature of 80 ◦C produced
the highest oil expression efficiency of 93.46 ± 1.889% as well as the lowest energy per volume oil
of 22.55 ± 0.919 kJ/L suggesting the most energy-efficient temperature for obtaining the maximum
oil. In comparison with literature [38], indicated that heating sunflower kernels before hexane and
aqueous extraction process improved oil recovery efficiency. [39] also reported the highest oil yield of
47.06% of jatropha kernels at a drying temperature of 80 ◦C. The linear regression equations expressing
oil expression efficiency, OEE (%), and energy per volume oil (kJ/L), dependent on the combined
temperature effects (heating and freezing), TP (◦C), are given in Equations (5) and (6) as follows:

OEE = 61.92 + 0.346·TP (5)

EVO = 29.52− 0.061·TP (6)
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The coefficients described in the equations were statistically significant (P-value < 0.05) with
coefficients of determination (R2) values of 0.908 and 0.373 respectively.
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3.5. Peroxide Value and Free Fatty Acid

The descriptive statistics of peroxide value and free fatty acid of sunflower oil along with heating
and freezing temperatures are given in Table 7. Based on the Shapiro-Wilk test [79], whereas the
heating data were not normally distributed, the freezing data were normally distributed. However,
peroxide and free fatty acid values showed both increasing and decreasing trends with heating and
freezing temperatures respectively. The linear regression equations expressing peroxide value, PV
(µg/g of active oxygen) and free fatty acid, FFA (mg KOH/g) dependent on combined temperatures, TP
(◦C) are given in Equations (7) and (8) as follows:

PV = 52.90 + 0.245·TP (7)

FFA = 0.995 + 0.003·TP (8)

Table 7. Descriptive statistics of the effect of heating and freezing temperatures, TP (◦C).

Dependent TP
Mean Std. Err

95% Confidence Interval for Mean

Variables (◦C) Std. Dev
Lower
Bound Upper Bound

PV (µg/g of active
oxygen)

−36 36.79 1.015 0.718 27.67 45.91

−22 51.55 0.010 0.007 51.46 51.64
−12 76.03 3.122 2.207 47.98 104.07
−2 31.32 0.578 0.409 26.12 36.51
*25 51.22 0.778 0.550 44.23 58.20
40 73.88 1.749 1.236 58.17 89.59
60 54.97 0.016 0.012 54.82 55.11
80 80.06 1.371 0.969 67.75 92.38

FFA (mg KOH/g)

−36 0.886 0.021 0.015 0.698 1.074
−22 0.953 0.102 0.072 0.039 1.867
−12 0.909 0.000 0.000 0.908 0.909
−2 0.890 0.026 0.018 0.660 1.120
*25 1.266 0.113 0.080 0.253 2.279
40 1.186 0.102 0.072 0.273 2.100
60 1.082 0.017 0.012 0.926 1.239
80 1.135 0.008 0.006 1.062 1.208

Std. Dev and Err: Standard Deviation and Error.
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The coefficients described in the equations were statistically significant (P-value < 0.05) with
coefficients of determination (R2) values of 0.475 and 0.309 respectively. Peroxide value measures
the degree of either the occurrence of peroxidation or adulteration and could be used to evaluate the
quality and stability of oils during storage. Low peroxide value of oils indicates that the oils are more
saturated and thus reflects the high quality of the oil [78,81,82]. The presence of a high number of
fatty acids in vegetable oil as well as multiple possibilities of their combination with glycerol, make
vegetable oils very complex mixtures with significantly different structures and properties [58,83].
High levels of free fatty acid in crude vegetable oils might be attributed to impurities that could cause
hydrolysis of the ester linkage [84].

3.6. Spectral Profiles of Sunflower Oil Samples

The spectral profiles of sunflower oil samples are illustrated in Figures 7 and 8. The absorption
peaks of the oil samples obtained from heating and freezing treatments were observed at wavelengths
between 350 and 525 nm. Increased heating temperatures increased the UV absorption rate. Oil
sample at 80 ◦C showed very high absorption whiles 40 ◦C recorded the lowest. On the other hand,
the absorption rate decreased at temperatures from −22 to −2 ◦C. However, −36 ◦C showed very
low absorption rate compared to −2 ◦C. The refraction of the absorption profiles thus represents the
UV transmittance profiles. Increasing heating temperatures recorded transmittance values of the
oil samples between 105.5% and 52.20%. The transmittance values of the oil samples with freezing
temperatures were between 98.30% and 72.83%. The profiles peaks could be attributed to phenolic
conjugated/unconjugated structures and alkaline compounds in the oil samples. In the literature, [77]
reported the spectral curves of biodiesel samples with absorbance maxima between 232 and 280 nm.
The authors stated that the maximum absorbance at 270 and 280 nm were typical of short carbon chain
aliphatic compounds with carbonyl groups as those found in free fatty acids, alkyl esters, aldehydes and
ketones. The maximum absorbance at 232 nm was due to the conjugated bond of the polyunsaturated
long carbon chain and carbonyl groups [77]. The absorption and transmittance rates of 8 edible oils
at wavelengths between 200 and 400 nm have been also reported [85]. The authors highlighted that
cod liver oil and coconut oil showed a poor rate of absorption from −2 to 0. Groundnut oil showed
poor absorption of zero. Mustard and castor oils showed slight absorption of 0 to 0.2. Sesame oil
showed an absorption of 0 to 0.25. Neem oil showed an absorption of 0.1 to 0.4. Chicken oil showed
a very high range of absorption of 0.6 to 0.75. The authors explained that the UV visible absorption
corresponds to the excitation of outer electrons, and its radiation in organic molecules is restricted
to certain functional groups (chromophores) that contain valence electrons of low excitation energy.
According to Bee’s law, if the absorption is stronger, the value of absorptivity will be also stronger.
Moreover, the transmission rates of the oils were between 60% and 100%. The lower transmission of
UV rays of edible oils, according to [85], can be used as a skin softener protection against UV rays.
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Figure 7. UV-VIS absorption spectra of sunflower oil under heating temperatures.
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3.7. Explanation of Supplementary Materials

For the effect of heating temperatures on dependent variables as described in (Section 3.2), the
Shapiro-Wilk’s test (Supplementary Table S1) significantly (P-value > 0.05) confirmed the normal
distribution of the data with high values of coefficient of determination (R2) [75,86]. However, the
mean values of the oil expression efficiency and energy per volume oil were of particular interest, hence
they were further compared based on Tukey HSD and Duncan post-hoc tests (α = 0.05) (Supplementary
Tables S2 and S3). The results showed that the mean values of oil expression efficiency based on Duncan
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test in relation to the heating temperatures were significantly different compared to the Tukey HSD test.
The mean values of energy per volume oil at 80 ◦C and 60 ◦C were not significantly different from each
other as well as 60 ◦C and 40 ◦C based on the Duncan test. The control (25 ◦C; without heating/freezing)
was also significantly further apart from the heating temperatures. However, based on Tukey HSD
test, the control and heating temperature at 40 ◦C were not significantly different. The Shapiro–Wilk’s
test of the freezing data (Section 3.3) (Supplementary Table S4) significantly (P-value > 0.05) described
the normal distribution of the data with high values of coefficient of determination (R2) [75,86]. The
significance of the results was further evaluated based on Tukey HSD and Duncan tests (Supplementary
Tables S5 and S6). The outcome showed that the mean values of oil expression efficiency (%) at −36 ◦C,
−22 ◦C and −12 ◦C were not significantly different from each other; hence they belonged to the same
subset. Similarly, the control (25 ◦C) and −2 (◦C) mean values were grouped into a different subset
and they were not significantly different from each other. Both Tukey HSD and Duncan tests showed
almost the same effect. On the other hand, energy per volume oil (kJ/L) based on Tukey HSD test
grouped the means into two subsets compared to the Duncan test which grouped the means into three
subsets. For instance, based on Tukey HSD test, the mean values at −36 ◦C, −22 ◦C, and −12 ◦C were
not significantly different from each other. In like manner, the control (25 ◦C) and −2 ◦C mean values
were not significantly different. The mean values at −22 ◦C, −12 ◦C, −2 ◦C and control (25 ◦C) were
grouped into the same subset, meaning they were not significantly different. The box plots of oil yield,
OY (%), oil expression efficiency, OEE (%), deformation energy, DE (J), energy per volume oil, EVO
(kJ/L), and energy per unit volume of samples, EUV (×102 kJ/m3), grouped by temperature, TP (◦C),
are also illustrated in Supplementary Figures S1 and S2. These plots clearly indicated the combined
effects of heating and freezing temperatures on the dependent variables (Section 3.4). The peroxide
value (Section 3.5) based on the ANOVA results (Supplementary Tables S7 and S8) was significant
(P-value < 0.05) in connection with heating and freezing temperatures. On the other hand, free fatty
acid indicated non-significant (P-value > 0.05) in both pretreatment processes. The significance of the
peroxide value was further assessed by the Tukey HSD and Duncan tests (Supplementary Table S9).
The Tukey HSD test grouped the means into four subsets compared to the Duncan test which grouped
them into six subsets. Based on the Duncan test, for instance, the mean values at 80 ◦C, 60 ◦C, −36 ◦C,
and −2 ◦C were significantly different from each other; hence, they belonged to different subsets in
comparison with the other mean values at 25 ◦C and −22 ◦C as well as 60 ◦C and −12 ◦C, which
were grouped into the same subset respectively. The correlation between peroxide value and heating
temperature was 0.598 whereas that of free fatty acid and heating temperature was −0.622. However,
the results were non-significant (P-value > 0.05) similar to the regression results (Supplementary
Tables S10 and S11). Additionally, the combined effects of heating and freezing temperatures, TP (◦C)
significantly increased both the peroxide value and free fatty acid with the correlation values of 0.556
and 0.689 (Supplementary Figures S3 and S4).

4. Conclusions

The force–deformation curve, relaxation force–time curve, oil yield, oil expression efficiency,
deformation energy, energy per volume oil, energy per unit volume of material, peroxide value, free
fatty acid and UV absorption, and transmittance of sunflower seeds and oil were studied under
linear compression loading. The increase in heating temperatures increased the area under the
force-deformation curve whiles the decrease in freezing temperatures decreased the area under the
curve representing the deformation energy. The freezing pretreatment of the sunflower seeds together
with the vessel diameter and plunger before compression showed serration/undulation effect on the
force-deformation curve where there was no oil leakage. Heating of the sunflower seeds at 80 ◦C
coupled with the vessel diameter and plunger for 30 min and relaxation process for almost 12 min
increased the oil expression efficiency by 25%. The heating combinations at 80 ◦C produced the highest
oil expression efficiency of 93.46 ± 1.889% as well as the lowest energy per volume oil of 22.55 ± 0.919
kJ/L suggesting the most energy-efficient temperature for obtaining the maximum oil. The freezing
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combinations and relaxation process did not increase oil expression efficiency. However, the energy per
volume oil of 26.40 ± 0.307 kJ/L was observed at the temperature of −2 ◦C compared to the control of
33.93 ± 3.866 kJ/L. Increasing temperatures from −36 ◦C to 80 ◦C increased the oil expression efficiency
with the correlation value of 0.953 while energy per volume oil decreased with the correlation value of
−0.611. The combined effects of heating and freezing temperatures significantly increased both the
peroxide value and free fatty acid with the correlation values of 0.556 and 0.689. The linear regression
equations expressing oil expression efficiency, energy per volume oil, peroxide value and free fatty acid,
dependent on heating and freezing temperatures, were described with coefficients of determination
(R2) values of 0.908 and 0.373 respectively. The oil sample at 80 ◦C showed very high absorption
whereas 40 ◦C recorded the lowest. The absorption peaks of the oil samples from heating and freezing
temperatures were observed at wavelengths between 350 and 525 nm. The refraction of the absorption
profiles thus represents the UV transmittance profiles. The profiles peaks could be attributed to
phenolic conjugated/unconjugated structures and alkaline compounds in the oil samples. The study
is part of the continuing research on linear compression modeling of all processing factors, where
the results are intended to be applied to the non-linear process to improve the oil extraction process.
Therefore, this intention requires a further extension of the present study by taking into account varying
vessel diameters and pressing heights of the sunflower seeds at a maximum compression force and
speed without the serration effect on the force–deformation curve at temperatures of 80 ◦C and −2 ◦C.
Finally, the data would be used to predict the pressure and energy requirements of sunflower oil
extraction along the pressing chambers of the mechanical screw press based on the tangent curve model
and screw configuration parameters [67,68] to fully understand the effects of heating and freezing
pretreatment processes on oil production and quality from oil-bearing crops.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/4/411/s1,
Figure S1: Box plot of OY (%) and OEE (%) grouped by TP (◦C), Figure S2: Box plot of multiple variables grouped
by temperature (◦C), Figure S3: Scatterplot: PV (µg/g of active oxygen) versus TP (◦C) based on 95% confidence
interval, and Figure S4: Scatterplot: FFA (mg KOH/g) versus TP (◦C) based on 95% confidence interval, Table S1:
Tests of normality of dependent variables in relation to heating temperature, HT (◦C), Table S2: Post-hoc tests of
OEE (%) based on Tukey HSD and Duncan (α = 0.05), Table S3: Post-hoc tests of EVO (kJ/L) based on Tukey HSD
and Duncan (α = 0.05), Table S4: Tests of normality of dependent variables in relation to freezing temperature,
FT (◦C), Table S5: Post-hoc tests of OEE (%) based on Tukey HSD and Duncan (α = 0.05), Table S6: Post-hoc
tests of EVO (kJ/L) based on Tukey HSD and Duncan (α = 0.05), Table S7: ANOVA results in relation to heating
temperature, HT (◦C), Table S8: ANOVA results in relation to heating temperature, FT (◦C), Table S9: Post-hoc
tests of PV (mg KOH/g) based on Tukey HSD and Duncan (α = 0.05), Table S10: Correlation linear regression
results of the effect of heating temperature and Table S11: Correlation and linear regression results of the effect of
freezing temperature.
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