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Abstract
Canola seeds are one of the most important sources of edible vegetable oils globally. Crude canola oil is industrially
extracted from canola seeds by expeller-pressing of heat-preconditioned flaked seeds. The residual oil in the pressed
Bcanola cake^ is recovered by solvent extraction using hexane. However, hexane extraction may pose adverse safety
and environmental impacts compared to safer and environmentally friendly alternatives that have been studied recently.
This manuscript provides a review of the conventional canola oil extraction process and the state of the art on novel
alternatives currently explored to improve oil yield and quality. The latter includes supercritical extraction, aqueous
enzyme extraction, microwave, and ultrasound processing. The last two technologies can be implemented either as novel
processes or as processing interventions into traditional processes. The levels of technology readiness and the challenges
for industrial uptake of each technology are also discussed.
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Introduction

The canola oilseed is a Canadian rapeseed belonging to the
Brassica family, whose name is a trademark that comes from
the contraction of BCanada^ and Bola^ for oil low acid. For
hundreds of years, it has been one of the most important
sources of edible oil [15]. During the last five decades, con-
siderable research has been undertaken to enhance the indus-
trial productivity and quality of canola oil in order to increase
oxidative and thermal stability, resulting in a longer shelf life
[2].

Rapeseed culture was introduced in western Canada
during World War II. At that time, the oil was principally
used as a lubricant, since it was deemed inedible, due to its
high glucosinolate content and the toxic effects of high
erucic acid content [7]. High amount of erucic acid and
glucosinolate in edible oils were also found to increase

blood cholesterol [7]. Two types of rapeseeds were grown:
B. napus, also called Argentine canola, and Polish seeds
(B. campestris). The former produced oils suitable for lu-
bricants, due to its iodine value in the range of 103 to 105,
whereas Polish seeds were not suitable as a lubricant due to
its higher iodine value which was close to 115 [9, 10]. The
iodine value is proportional to the degree of unsaturation
(double bonds). Hence, higher iodine values correspond to
oils rich in polyunsaturated fatty acids whereas oils with
low iodine value have a lower degree of unsaturation.
Generally, it is considered that oils that are rich in saturated
fats may raise blood cholesterol and increase the risk of
heart disease, while unsaturated fatty acids have been re-
ported to exhibit health benefits [9, 10]. A breeding pro-
gram introduced after World War II allowed for the devel-
opment of rapeseed varieties with improved agronomy,
such as uniformity, lodging, oil content increase and lower
iodine value [19]. Canola oil contains a low fraction of
saturated fat (7%), a moderate content of the omega-3
polyunsaturated fatty acids, alpha linolenic acid (9–11%)
and phytosterols (about 0.9% by weight) [9, 10].

Canola is the second largest oil crop in the world, fol-
lowing soybean, with a total production of 100 million
metric tons in 2017. Canola oil exports have more than
doubled in the last decade and global demand is forecasted
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to rise by 40% in 2025. The European Union is the largest
producer of rapeseeds followed by Canada and China [20].
Canola is not only a major source of edible oil, mainly used
in the production of margarine stock, salad oil and vegeta-
ble oil [9, 10] but it is also an important source of biodie-
sel. The consumption of canola oil for biodiesel production
has grown sharply. For instance, in the European Union,
the use of canola oil for biodiesel increased from 30 to 57%
in the last decade [20]. Canola is a summer crop in Canada
where it is seeded in May and harvested between August
and October. In EU and China, it is considered a winter
crop, seeded in August and harvested in the following year.
In Australia, canola is also a winter crop. It is seeded in
February and March and harvested in November and
December [54]. Table 1 presents the major compositions
of canola seeds in various part of the world [54].

Traditional industrial processing uses expellers, on con-
ditioned flaked seeds, to extract the oil mechanically leav-
ing a cake with an oil content ranging between 15 and
20%. Then, the oil remaining in the cake is recovered by
solvent extraction. Hexane is used to extract almost all the
pressed cake oil [9, 10] but the use of hexane has health
and environmental concerns. Human exposure to hexane
can cause dizziness, nausea, and headache. Hexane can
also leak into the atmosphere. Due to its flammability,
scrupulous attention to safe handling techniques is required
[35]. To address these concerns, extensive research has
been undertaken to find alternative environmental friendly
solvents to replace hexane and enhance oil yield and qual-
ity. The aim of this review paper is to provide an overview
of the conventional and novel technologies for canola oil
processing, focusing on seed conditioning, mechanical
pressing, and solvent extraction. Refining stages are men-
tioned but detailed explanations are out of the scope of this
review. Novel technologies such as microwave and ultra-
sound, which are considered environmental friendly pro-
cesses, can enhance oil yield and quality when employed
as intervention treatments.

Methods for Crude Canola Oil Production

Conventional Canola Oil Extraction Method

The most commonly used extraction process to produce high
oil yield from canola seeds involves both mechanical pressing
and solvent extraction as shown in Fig. 1. Daun [68] has
detailed the conventional extraction of canola oil. A series of
steps occur prior to and in preparation for expeller pressing.
These include seed cleaning, preconditioning, flaking, and
cooking. Firstly, seeds are feed to a destoner to separate
stones, ashes and any other contaminants. A preconditioning
stage is employed to adjust the temperature to 50–70 °C and
moisture content to less than 8% in order to prevent seed
shattering during flaking [42, 68]. Preconditioning is per-
formed in a steam jacketed vessel with steam at approximately
150 to 180 °C with injection of live steam to keep the seed
from drying and within the desired moisture content. The soft-
ened seeds are fed through flaking rollers with a clearance
ranging from 0.25 to 0.4 mm [62]. Flaking physically ruptures
the seed coat and flattens the seed, thereby increasing the
surface area and rupturing the lipid containing olesome organ-
elles. The optimum thickness of the flake and preconditioning
conditions are important variables which can be optimized to
increase oil yield during pressing.

The flaked seeds are thermally conditioned by moving
them through a sequence of 2 or 3 steam heated drums known
as the cooker. The cooking step also helps to thermally break
the oil containing oleosomes. The temperature increase re-
duces oil viscosity and promotes the coalescence of oil drop-
lets, accelerating the diffusion rate of oil toward the external
surface of the cake. Cooking also reduces the flake moisture,
positively enhancing subsequent pressing efficiency, oil yield,
and quality. The flakes are cooked at a temperature from 80 to
100 °C for 30 to 35 min. In some cases, cooking temperature
is increased to 120 °C to remove some of the sulfur com-
pounds that produce unwanted odor in the oil. However, high
temperature may have negative effects on the canola meal
protein that is used as animal feed [68]. Pathak et al. [39]
reported that high cooking temperature caused a degradation
of tocopherols. Cooking of flakes at 140 °C for 5 min caused a
loss of tocopherol content of 41% and 36% for α- and γ-
tocopherol, respectively, while cooking at 100 °C for 7 min
reduced α- and γ-tocopherol by 36% and 34%, respectively
[39]. In addition, high temperature may cause the develop-
ment of off-colors and flavors [39], the reduction of lysine
content and meal protein digestibility as well as the formation
of antinutritional glucosinolate hydrolysis products [6].

The main extraction step is pressing. The cooked flakes are
expeller-pressed to extract the oil by mechanically squeezing
out the oil resulting in 70 to 80% yield (w/w, oil in flake). [15].
Expeller-pressing produces oil of higher quality than the oil
extracted from the pressed meal using hexane [62].

Table 1 Canola seeds composition in different places worldwide

France Canada Australia China

Oil content (%) 40–44 44–48 40–47 39–43

Protein (%) 20–22.5 20–23 22–26 20–25

Meal protein (%) 38–40 43–45 40–46 40–42

Total fatty acids (%) 12–14.5 12–13 4–11 27–38

Oleic acid (μmol/g) 60–63 60–62 59–63 50–55

Linoleic acid (μmol/g) 19–20 19–20 18–20.5 19

Linolenic(μmol/g) 10–12 10–12 11–13 13–15

Oil content, protein, meal protein, and total fatty acid are expressed as
weight percentage of the seed. Oleic, linoleic and linolenic acids are
expressed as μmol per gram of total fatty acid [3]
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The second step is solvent extraction. This is needed to
extract almost all of the residual oil that remains in the
pressed cake that contains between 15 and 20% oil (w/w).
In preparation for solvent extraction, the canola cake is
broken into smaller pieces with an extruder to facilitate
the diffusion of hexane into the cake and reduce the
amount of hexane needed for extraction. This is important
not only for economic but also for environmental benefits
because it minimizes the emission of hexane into the atmo-
sphere. A typical canola oil processing plant will lose 1 L
of hexane for each ton of canola seeds extracted. The sol-
vent used in plants is not pure hexane but a mixture of
hexane, 2-methyl pentane, and 3-methylpentane with actu-
al n-hexane content lower than 25%. The use of solvent is
an efficient and cost-effective extraction method; only
around 0.5% of oil remains in the hexane after extraction
which can be easily redistilled and recycled due to its low
boiling point of 63–67 °C [15]. The content of hexane
remaining in the oil is less than 100 ppm after toasting or
desolventization. After solvent extraction, the conversion
of seed to oil is 94% (w/w), whereas the residual meal
contains less than 1% of oil [62].

After solvent extraction, the oil is refined to remove harm-
ful components making it appropriate for human consump-
tion. This is achieved in three stages: degumming, bleaching
and deodorization. Degumming is a chemical refining process
that removes phospholipids, which are classified as hydratable
or non-hydratable. Hydratable-phospholipids can be removed
by washing the oil with water but non-hydratable-
phospholipids need the addition of phosphoric or citric acid
[2]. In water degumming, the oil is heated up to 75 °C, mixed
with water by 5% volume of water, and then the mixture is
centrifuged for 30 min to precipitate gums, reducing the oil
content of phospholipids to about 200 ppm [25]. In acid
degumming, citric acid (30% conc.) is added representing
2% of total oil volume. The acid forms complex compounds
with potassium, calcium, and phosphorus that precipitate and
that can be separated via centrifugation. Usually, citric acid is
used not only for decomposition of metal salts but as a che-
lating agent to keep the metals as water-soluble complexes
[76]. Total degumming as shown in Fig. 3 is the most effi-
cient and popular method to remove phospholipids and it
consists of three steps: addition of phosphoric acid (0.05–
0.1%), water addition and then neutralization with sodium
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hydroxide (8 to 12% conc.) to neutralize the pH and to form
complex compounds that precipitate and that can be separated
via centrifugation. Total degumming produces oil with less
than 20 ppm of phospholipids [64, 76]. It also can reduce free
fatty acids (FFA), mucilaginous gum, phospholipids, color,
pigments, dyes, and fine meal particles. The sodium hydrox-
ide and free fatty acids react forming water-soluble soaps,
which can be easily removed via centrifugation. In some
cases, a total degumming process do not required further
purification [76].

Bleaching is a chemical absorption process where oil is
filtrated usually through a natural clay filter (bleaching earth)
but may also include activated charcoal that removes contam-
inants and unattractive color compounds, including chloro-
phyll, oxidation compounds, and iron. This step is performed
under vacuum for about 5 to 30 min at 100–110 °C. The color
and suspended contaminants are absorbed by the clay particles
and/or activate carbon (charcoal). After bleaching, the canola
oil meets color standard requirements [68].

The final step in the refining of canola oil is deodorization
where unacceptable odor compounds are removed; this step is
carried out at high temperature (> 200 °C) with steam at high
vacuum. Modern deodorizing equipment utilizes packed col-
umns that provide a very high efficiency in stripping the free
fatty acids and other volatiles from the oil [68]. The
Environmental Protection Agency (EPA) has identified n-
hexane among the most serious chemical hazards because of
the likelihood of explosion if solvent leakage occurs [11].
Hence, alternative solvents or non-solvent methods of extrac-
tion have been explored (see below).

Supercritical Fluid Extraction of Canola Oil

Supercritical solvent extraction with gases such as carbon di-
oxide (CO2) or propane have been studied as alternatives to
hexane extraction of canola pressed cake [52]. Supercritical
fluid extraction separates oil from the cake by using gases in
supercritical form at temperatures and pressures above critical
values [21, 62]. Supercritical fluids exhibit both the solvating
characteristics of a hydrocarbon liquid and the permeability
and low density of a gas. Carbon dioxide is the most popularly
used solvent in supercritical form because of its relative low
critical temperature and pressure of 30 °C and 7 MPa respec-
tively. In addition, it is non-toxic, non-corrosive, non-flamma-
ble, inert, and cheap. Moreover, following the extraction pro-
cess, the solvent can be easily decompressed and CO2 can be
removed or recondensed for reuse. Therefore, the oil and ex-
tracted meal can be obtained without requiring any further
solvent removal treatment [11, 52]. The diagram in Fig. 2
shows a proposed supercritical extraction process for the ex-
traction of canola oil. Table 2 summarizes the research found
in the literature regarding the supercritical extraction of canola

oil. Pilot and industrial scale supercritical CO2 extractors
manufactured by DEPAMU are available from 50 to 1500 L
capacity. Supercritical CO2 extraction has been used for the
extraction of microalgal, antioxidant pigment at industrial
scale but to our knowledge, supercritical fluid extraction
(SFE) has not been bused yet for the industrial extraction of
vegetable oils. Figure 3 shows a picture of a SFE unit
manufactured by DEPAMU.

Koubaa et al. [27] investigated the impact of seed dehulling
on both oil yield and quality after cold pressing followed by
supercritical carbon dioxide extraction from the pressed cake.
The influence of key extraction process parameters such as
pressure, temperature, and CO2 flow rate were studied. The
authors reported optimal process parameters of 35 MPa for
extraction pressure, 8.5 kg/h for CO2 flow rate, and tempera-
tures between 40 and 60 °C to achieved a maximum oil yield
of 74.5%. This process extracted the oil very effectively while
keeping the same quality compared to the oil extracted with
hexane without dehulling. The oil yield was significantly
higher than yield of 28.27% obtained by Cvjetko et al. [14]
who optimized the supercritical carbon dioxide extraction pa-
rameters to 29.7 MPa, 52.14 °C, and 3.36 h.

Oxidative stability is a key factor to enhance oil shelf life.
Oil oxidative stability can be increased by increasing the
amount of antioxidant components such as tocopherols,
canolol, and phytosterols. Przybylski et al. [43] studied the
effect of using supercritical carbon dioxide as solvent on the
canola oil oxidative stability as compared to hexane solvent.
The authors observed that CO2 contributed positively on the
oxidative stability due to an increase in the amount of antiox-
idant components. For instance, the content of phytosterol
increased by 51% compared to the hexane extracted oil.

Pederssetti et al. [41] conducted a comparative study be-
tween the canola seed oil extraction using two supercritical
gases, carbon dioxide and propane. The extraction process
was performed at a pressure range from 20 to 25 MPa and at
a temperature range from 40 °C to 60. The flow rate of pro-
pane and carbon dioxide was kept constant at 0.8 cm3/min and
3 cm3/min, respectively. The authors reported that both

Fig. 2 Supercritical CO2 extraction process flow diagram
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pressure and temperature at which the supercritical carbon
dioxide extraction process was carried out were the main pa-
rameters affecting the extraction yield, whereas the supercrit-
ical propane extraction oil yield was significantly affected
only by temperature. The authors indicated that propane ex-
traction needed less time and a lower pressure than supercrit-
ical carbon dioxide. However, both solvents produced extract-
ed oils with similar fatty acid compositions compared to that

obtained by hexane extraction. This agreed with Boutin and
Badens [8] who also investigated the effect of various opera-
tional parameters using supercritical carbon dioxide such pres-
sure, temperature, flow rate and extraction time on the yield of
canola oil. Their results indicated that pressure had a consid-
erable influence on the oil yield, while temperature exhibited
only a small effect. The authors reported optimum flow rates
and processing times versus pressure to achieve the highest oil
yield without affecting the content of phospholipids. In a sim-
ilar study, Uquiche et al. [63] analyzed the influence of super-
critical carbon dioxide process variables on the yield and com-
position of cold pressed canola cake residual oil. The authors
reported that an increase in pressure resulted in an increase in
oil yield while an increase in temperature had little effect. The
oxidative stability of oil extracted from canola cake by super-
critical carbon dioxide was found to be higher than the oil
extracted by hexane. This is attributed to the fact that super-
critical CO2 extracted more antioxidant components such as
tocopherols, phytosterols, and/or polyphenols into the oil than
the hexane extraction.

Dunford and Temelli [17] carried out supercritical carbon
dioxide extraction on canola flakes at temperatures in the
range of 35 to 75 °C and pressures from 20 to 62 MPa. The
authors reported that for preheated seeds and then cooked

Table 2 Supercritical fluid extraction research conducted on canola oil

Authors Solvent Scale Parameters Process type Research question Type of press

M. Koubaa et al Supercritical carbon dioxide Lab P 35 MPa Batch Oil yield and oil quality Cold press
f 8.5 kg/h

T 40–60 °C

R. Przybylski et al Supercritical carbon dioxide and n-hexane Lab P 35 MPa Batch Oxidative stability Cold press
f 8.5 kg/h

T 40–60 °C

M. Pederssetti et al Compressed propane, supercritical
carbon dioxide, and n-hexane

Lab P 41 MPa Batch Oil quality Cold press
f 60 kg/h

T 25 °C

O. Boutin et al Supercritical carbon dioxide Lab P15-45 MPa Batch Oil yield and oil quality Cold press
f 8–19 kg/h

T 35–75 °C

N. Dunford, et al. Supercritical carbon dioxide Lab P20-62 MPa Batch Oil yield Roller mill
f 0.15 kg/h

T 35–75 °C

E. Uquiche et al Supercritical carbon dioxide Lab P20-40 MPa Batch Oil yield Cold press
f 10 kg/h

T 40–60 °C

Dong and Walker Supercritical carbon dioxide Lab P 20 MPa Batch Oil yield –
f 60 kg/h

T 25–65 °C

M, Cvjetko et al Supercritical carbon dioxide and n-hexane Lab P 29.7 MPa Batch Oil yield and oil quality Blender
f 10 kg/h

T 52 °C

P is extraction pressure (MPa), f is supercritical carbon dioxide flow rate, and T is extraction temperature

Fig. 3 Industrial SFE unit by DEPAMU Co. (China, picture reproduced
with permission)
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canola flakes the oil yield increased with increasing tempera-
ture and pressure, except at 20 MPa where the oil yield de-
creased with increasing temperature. However, Dong, M. and
T. H. Walker [16] reported that maximum oil yield from su-
percritical carbon dioxide extraction of flaked canola seeds is
obtained at 20 MPa and 35 °C.

Canola Oil Aqueous Enzyme-Assisted
Extraction

Aqueous enzyme-assisted extraction (AEE) is an environmen-
tally friendly alternative technology for the extraction of edi-
ble oil from seeds. Oil extracted using this method is consid-
ered superior in quality and is also safe for human consump-
tion as it does not use toxic solvents such as hexane. Since
enzymes can hydrolyze and solubilize proteins [26, 38] their
use facilitates the extraction of oil from oleosomes, concomi-
tantly with the extraction of other components such as antiox-
idants, while minimizing the formation of deleterious free fat-
ty acids and phospholipid gums. AEE also increased substan-
tially the oil quality in terms of flavor and odor [57, 71]. From
an environmental perspective, aqueous enzyme-assisted ex-
traction is considered safer and more environmentally friendly
than solvent extraction process which is energy intensive and
uses solvents that pose environmental and health issues [71].

Canola seeds are complex structures that consist of three
major components: (1) the embryo which is composed of
cotyledons, hypocotyl, and radicle; (2) the endosperm, which
provides nourishment for the developing embryo; and (3) the
seed coat, which surrounds the embryo and the endosperm
serving as a mechanical protective barrier [7]. A. Rosenthal
et al. [49] described the mechanism by which enzymes assist
in the release the oil from seeds during AEE. Enzymes such as
pectinases, cellulases, and hemicellulases break the structure
of the cotyledon of grounded or flaked seeds, making the
seeds structure permeable and hence facilitates the release of
oil from the cotyledons cell wall.

Factors Affecting the Efficiency of Aqueous
Enzyme-Assisted Extraction

Seed Particle Size

Generally, lower particle size provides higher oil yield as a
result of a higher surface area and shorter path length for
enzymes to break down the cotyledon cell wall [38, 57].
However, seeds with high oil content may have weaker wall
structure, causing the seeds to collapse and lose their micro-
porosity properties when the oil is extracted with solvents.
This reduced porosity can result in a non-uniform percolation
of enzymes that reduce the extraction efficiency [7, 73, 74].

As a result, an optimum particle size is needed to maximize
the extraction efficiency.

Moisture Content

The moisture content can assist the diffusion of enzymes fa-
cilitating the breakdown of the cotyledon cell wall [26, 32].
On the other hand, oil bearing materials with low moisture
content can form a thick suspension which is a barrier to the
penetration of enzymes into the cell walls [50]. However,
excessive moisture can dilute the enzyme concentration and
activity and hence reduce the extraction efficiency. Therefore,
it is important to optimize the moisture content in order to
enhance the oil yield [12, 29].

Enzyme/Substrate Ratio

A sufficiently high enzyme concentration is required for an
effective enzyme-substrate interaction [71]. Very high enzyme
concentration may influence negatively the oil flavors [26]
possibly due to the extraction of undesirable components.
Jiang and Zhang reported that the extraction yield increased
with the enzyme concentration up to a certain value; a further
increase above that value resulted in a yield decrease, possibly
due to substrate saturation [26, 73, 74].

pH of Extraction Medium

The optimum pH usually corresponds to the pH of the enzyme
maximum activity. In earlier studies, the pH was set in the
range of the isoelectric pH of proteins where the solubility is
minimal [12, 50]. However, Passos et al. [38] reported that
for a mixture of enzymes, high activity can be obtained at pH
values outside of the isoelectric range.

Incubation Temperature

The optimum temperature range for enzymatic hydrolysis is
between 40 and 55 °C. Passos et al. [38] and B, Aliakbarian
[1] employed AEE temperatures which fall within this range.
Gros et al. [22] also used a temperature of 34 °C in the extrac-
tion of linseed oil; however, oil yield reduced significantly at
this temperature compared to higher temperatures. Sharma
et al. [56] indicated that the highest oil yield of peanut oil
was at 40 °C, while a significant reduction was observed at
37 °C.

Figure 4 shows the aqueous enzyme-assisted extraction
(AEE) process. Hot water is added to the seeds to facilitate
grinding and then sodium hydroxide is added to adjust the pH
before adding enzymes for incubation. De-emulsification is
achieved by heating the emulsion to a temperature ranging
from 60 to 90 °C followed by cooling to room temperature.
The mixture is then centrifuged to separate the oil from the
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aqueous phase containing the enzyme [26, 29]. Table 3 sum-
marizes the different types of enzymes employed to extract
canola oil.

Latif et al. [28] investigated the influence of three different
aqueous enzymes: protex, pectinase, multifect, and without
enzyme, on the extraction of canola oil and compared it with
solvent extraction in terms of oil yield and quality. The exper-
iments were carried out by adding various enzymes to ground

seeds. The authors adjusted treatment conditions to a heating
temperature of 45 °C and an incubation time of 2 h, with
constant shaking at 120 rpm. Multifect CX 13L provided the
highest oil yield (26%), which is considerably lower than the
43% yield achieved with solvent extraction. However, the
concentration of tocopherols which resulted from aqueous en-
zymatic extraction (200mg/kg) was comparable to the solvent
extraction (239mg/kg). In a related study, Zhang et al. [73, 74]

Table 3 Enzymes used for
aqueous enzymatic extraction of
canola oil

Authors Enzyme type Concentration Oil yield/ oil extracted

S. B. Zhang.,
et al. [73, 74]

Control (aqueous without enzyme) 54%

Pectinase 2% 71.5%

Cellulase 300 units 55.4%

Multi-carbohydrases 2.5% 54%

Pectinase + Cellulase 0.4%: 0.1% 80%

S. Latif et al. [28] Control (aqueous without enzyme) Optimized amount 16.5%

Protex 7L Optimized amount 23.4%

Multifect Pectinase FE Optimized amount 22.2%

Multifect CX 13L Optimized amount 26%

Natuzyme Optimized amount 22.7%

Zhang et al. [73, 74] Control (without enzyme) 50%

Pectinase 2.5% 86%

Cellulase 2.5% 69%

β-Glucanase 2.5% 64%

Xylanase 2.5% 47%

Pectinase + Cellulase 2.5% with ratio (2:1) 89%

Pectinase + Cellulase 2.5% with ratio (1:1) 88.5%

Pectinase + Cellulase 2.5% with ratio (1:2) 87%

Pectinase + β-Glucanase 2.5% with ratio (2:1) 89.5%

Pectinase + β-Glucanase 2.5% with ratio (1:1) 87%

Pectinase + β-Glucanase 2.5% with ratio (1:2) 81%

Cellulase + β-Glucanase 2.5% with ratio (1:1) 75%

Cellulase +Pectinase
+ β-Glucanase

2.5% with ratio (4:1:1) 92%

Latif et al. [28] evaluated oil yield, while Zhang et al. evaluated extracted oil

Fig. 4 Aqueous enzyme-assisted
extraction (AEE) process
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used various types of enzymes with different ratios to extract
canola oil. The experiments were performed at a pH of 9 with
an incubation time of 3 h at 60 °C. A yield of 89% was ob-
tained in an emulsified form when a mixture of pectinase and
cellulase were used at a ratio of 2:1(w/w). This yield is greater
than the maximum oil yield of 84% obtained with pectinase
alone. This result was in agreement with that reported by S.
Zhang., et al. [73, 74] who used a combination of various
enzymes with different ratios to maximize the canola oil yield,
(Table 3). The authors used dehulled and ground seeds incu-
bated at 60 °C at pH 9. The highest oil yield (92%) was
obtained with a mixture of cellulase, pectinase, and β-
glucanase at a ratio of 4:1:1(w/w/w). As reported, oil yield
can be enhanced when the best combination of enzymes is
used and their ratios are optimized. Despite its advantages,
aqueous enzymatic extraction is not employed by the canola
industry because of its long processing time, expensive cost of
drying after AEE treatment and the need for de-emulsification
[12].

Microwave-Assisted Canola Oil Extraction

In conventional solvent extraction, the rate of oil extraction
depends on the oil solubility in the solvent and its rate of mass
transfer through the solid material [58]. Mechanical pressing
physically ruptures the cells in flaked seeds to help release the
oil during pressing. Numerous processes have been developed
to enhance the oil yield such as size reduction, de-hulling, and
hydrolysis. Microwave irradiation is an advanced method that
has attracted attention over the last two decades [44, 58–60].
Microwaves are electromagnetic radiations at a frequency
range of 300 MHz to 300 GHz. Microwaves penetrate the
oil containingmaterial converting electromagnetic energy into
heat following two mechanisms: ionic conduction and dipole
rotation. The ionic conduction can generate heat as a result of
collision between molecules due to the resistance of the me-
dium to ion migration. When the electrical field changes po-
larity, the flow of ions change direction while polar molecules
rotate following the electrical field direction, this is called
dipole rotation. The agitation of molecules generates energy
and hence raises the temperature of the material or biomass.
The absorbed heat depends on the permittivity of the seed at a
particular frequency [59, 60]. The effectiveness of microwave
processing depends on the heating rate which is partially de-
pendent on the dielectric properties of the biomass, and the
subsequent intracellular pressure build-up, which ruptures the
oilseeds cell walls facilitating the release of oils. The rate of
heating due tomicrowave irradiation also depends on frequen-
cy, power level, and initial product temperature, in addition to
the dielectric properties of processed materials [58].
Microwave processing has been extensively studied and
found to enhance the yield of various seed oils.

During oil production, particularly during pre-conditioning
and cooking of seed and flaked seeds, the interaction between
triacylglycerol (TAG) and native enzymes, under the effect of
moisture and heat, can lead to the reduction of oil yield and
quality as a result of hydrolysis and the production of unwant-
ed phospholipids in the extracted oil, which then need to be
removed by degumming. Therefore, the denaturing and deac-
tivation of native enzymes can significantly improve the oil
yield and quality and reduce the need for degumming.
Veldsink, J. et al. [65] studied the effect of enzyme activity
vs temperature (see Fig. 5). The authors reported that during
preconditioning, oil seeds heat from T0 to T2, the activity of
enzymes increases gradually with time and reached its maxi-
mum activity at T1. To minimize the enzymatic action, pre-
conditioning of oil seeds from T0 to T2 should be as quick as
possible. Therefore, methods which can achieve accelerated
heating can quickly deactivate enzymes and minimize their
deleterious effects on oil yield and quality. Another theory that
explains the enhancement of oil yield by MW pre-treatment
was proposed by Zárate et al. [72] and Oberndorfer et al. [36]
who reported that MW pre-treatment reduces the oil viscosity
therefore improving the oil fluidity, facilitating the oil release
out from the seeds after cell wall rupture.

The major advantages of microwave pre-treatment of
seeds are short process time and reduced solvent usage
compared to conventional extraction due to increased oil
extraction in the pressing step. It has also been demonstrat-
ed that MW assisted pre-treatment of seed prior to extrac-
tion resulted in a higher content of desirable components
such as tocopherols, phytosterols, and phenolic com-
pounds in the final oil product [5].

There are several heating mechanisms of seeds each one
affecting the oil quality differently. Veldsink et al. [65] inves-
tigated the effect of three alternatives for seed conditioning:
steam heating, infrared irradiation, and microwave irradiation,
on the oil quality of canola oil. The MW experiments were
carried out using a microwave oven at 225 °C, 6 kW, and
2450MHz; a short radiator infrared oven at 240 °C; and steam
at 3 bar and 130 °C. The results demonstrated that microwave
heating provided better oxidative stability at higher frying

Fig. 5 Enzyme activity with temperature curve as proposed by J. W.
Veldsink [65]
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temperature in comparison to other heating techniques (steam
and infrared) and increased the content of free fatty acids. A
drawback of infrared heating is that the seeds can be quickly
burnt to produce a heavy undesirable odor.

Azadmard et al. [4] studied the MW pre-treatment on mi-
nor components of canola oil. The authors reported that the
tocopherol content in the extracted oil rose significantly com-
pared to those when using conventional steam preheating.
This result was attributed to greater disruption of seed walls
which facilitated a higher extraction of minor components in
the final oil product. In a related study, Sanchez et al. [51]
studied the effect of microwave seed preconditioning on the
yield and quality of canola oil extracted with hexane. The
moisture level of the seeds was adjusted to 5.7 ± 0.2% (of
dry weight). The extraction process was carried out in a batch
system agitated with a magnetic stirrer at 200 rpm. The au-
thors studied the effect of processing times from 5 min to 1 h
and temperature ranging from 25 to 60 °C. It was reported that
oil yield increased by 41% with microwave pretreament com-
pared with an untreated sample. No major changes of oil qual-
ity were detected after microwave processing. In fact, micro-
wave treated samples showed an increase in the concentration
of β-tocopherol by 3%, -tocopherol by 30%, and canolol by
517% compared with samples cooked by steam. Similar re-
sults were obtained by Yang et al. [70] who reported that the
canolol content in an oil extracted sample that was MW irra-
diated for 7 min at 160 °C was sixfold greater than the canolol
content in the oil extracted from an untreated sample. In addi-
tion, phenolic compounds such as sinapine, and sinapic acid
reached a maximum content in an oil extracted sample after
3 min ofMWpre-treatment as compared to untreated samples.

Oxidative or thermal stability are important criteria for the
commercialization of food grade canola oil. The presence of
antioxidant components such as tocopherols, and polyphenols
in canola oil prolongs the oil shelf life and therefore are seen as
desirable components. Yang et al. [69] investigated the effect
of microwave pre-treatment on the content of antioxidant
components in canola oil using seeds with different initial
moisture levels (9–15%). The content of antioxidant compo-
nents increased when reducing the initial moisture content,
and increasing the MW pre-treatment time. The content of
phytosterols and polyphenols reached 950 mg/100 g oil and
97 mg/100 g oil respectively, after 7 min of MW seed pre-
treatment. After 4 min of MW pre-treatment, the content of
tocopherols was 52mg/100 g oil when the moisture range was
9 to 11%. In terms of oil yield, MW pre-treatment during
7 min enhanced the oil yield lowering the oil content in the
residual cake by 11% compared to the untreated samples.
Similarly, [45, 46] investigated the effect of MW treatment
at three processing times (3, 6, and 9 min) on the physico-
chemical properties of high-oleic canola seeds prepared from
de-hulled seeds. The author’s results demonstrated that MW
treatment of de-hulled seeds improved the color, flavor, and

nutritional value of the oil. After 9 min of MW treatment, the
content of canolol increased 155 fold, the total tocopherol
concentration was 71.19 mg/100 g-oil, and the antioxidant
capacity was nearly 4 times higher, as compared to the control
samples. The same outcome was obtained by [45, 46] for MW
pre-treatment with de-hulled seeds. The authors stated that
MW injunction on de-hulled seeds increased phytosterols, ca-
rotenoids, and phenolic compounds.

Due to the increased global demand of canola oil, it is
required to understand the degradation rate of antioxidant
components in order to extend the oil shelf life [18, 61].
Rekas et al. [45, 46] investigated the influence of MW pre-
treatment compared to conventional steam heating on the
degradation of phenolic compounds during 1 year of stor-
age at temperature of 20 °C. After 10 min MW seed pre-
treatment, the canolol content was 63 fold higher than that
obtained after steam preheating and hexane solvent extrac-
tion. The degradation rate of phenolic compounds in the
control sample was higher than that in the oil extracted
after MW per-treatment. In similar study, the effect of
MW cooking on canola seeds in terms of storability and
oil quality has been investigated [40]. For this purpose,
canola seeds were MW cooked at temperature levels of
80, 90, and 100 °C. After treatment, the seeds were stored
for 6 months at 30 °C and under a relative humidity hov-
ering from 50 to 70%. The authors reported lower acid
values and slightly higher peroxide values of MW-treated
seeds, compared to control ones, before storage. After
6 months of storage, reduced water content and slower
metabolic activity were observed for MW-treated seeds.
The results demonstrated that no significant variations in oil
quality are noticed between the MW-treated samples and the
untreated ones. The outcome of that study was that MW pre-
treatment of canola seeds, improved the quality during stor-
age, even under extreme environmental conditions. These
findings are in line with [47, 48] who investigated the storage
stability of tocochromanols and carotenoids in canola oil after
MW treatment times ranging from 2 to 10 min, for 1 year
storage at 20 °C. The author’s reported that the total
tocochromanols was 76.64 mg/100 g, after 9 min MW treat-
ment, while a maximum carotenoid concentration of
861.28 μg/100 g was obtained following 6 min of MW treat-
ment. The authors concluded that the oil obtained from MW
pre-treated seeds lost from 9 to 15% of its antioxidant capacity
lower than control ones, after 1 year of storage. Similarly, [47,
48] mentioned that MW pre-treated seeds slowed down the
degradation rate of carotenoids (14.678 μg/100 g/month),
while the control sample rate of degradation was 18.168 μg/
100 g/month. The half-life (t1/2) of canolol content in the oil
obtained was nearly twofold higher than control ones
(6.2 months), for seeds exposed 2–8 min to MW pre-treat-
ment. However, the degradation rate of tocochromanols, ca-
rotenoids, and phenolic compounds varied significantly,
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depending on the seeds MW pre-treatment time. The study
concluded that MW pre-treated seeds slowed down the deg-
radation rate of the oil antioxidant capacity, in comparison to
control samples.

Zhou et al. [75] studied the effect of MW pre-treatment on
the taste and flavor sensory properties of canola oil, obtained
from dehulled and non-dehulled seeds. The study demonstrat-
ed that treating non-dehulled canola seeds with microwave for
3 min at a power of 800 W improved the taste and flavor
characteristics of the extracted oil compared with dehulled
seeds and non-dehulled samples without MW pre-treatment.
The results of this study showed that MW pre-treatment pro-
vided a pleasant odor and a better taste which enhanced the
sensory attributes of canola oil.

Aqueous Ultrasonic-Assisted Extraction
of Canola and Other Seed Oils

Megasonic separation is a technique that uses high-
frequency ultrasonic standing waves, of frequencies from
0.4 to 2 MHz, to separate particles and droplets suspended
in fluids. The acoustic field exerts Bjerknes radiation
forces that move particles and droplets toward either pres-
sure nodal or antinodal planes, depending on the density
and compressibility of particles or droplets with respect to
those of the fluid. Once particles or droplets are displaced
to the nodes or antinodes, they may agglomerate or coa-
lesce into larger entities allowing for a faster precipitation
or flotation due to the effect of gravity (buoyancy force)
[24, 30]. Ultrasonic cavitation, which is undesirable for an
effective ultrasound separation process, may occur if the
applied ultrasonic intensity is high. The deleterious conse-
quences of cavitation are a result of intense shearing
forces. The formation of radical species can also occur
due to the splitting of water molecules during the violent
collapse of acoustic bubbles, and shock waves [30]. There
are several key parameters that control the effectiveness of
ultrasound treatments for separation such as frequency, ul-
trasound power, and extraction time. The application of
ultrasound treatments can enhance oil yield and reduce
extraction time without negatively affecting oil quality
[13, 31]. Fang et al. [67] investigated the effectiveness of
ultrasound-assisted extraction of oil from canola seeds
obtaining a maximum oil yield of 47% by employing a
liquid to solid ratio of 1:2, an extraction time of 60 min,
and ultrasound power of 400 W. This study showed that
ultrasound treatment resulted in a rapid canola oil extrac-
tion that was five times faster than conventional solvent
extraction. Another study evaluated the effect of
megasonic on the oil extraction from canola seeds using
supercritical CO2 (SC-CO2) as an extraction solvent [23].
The effect of US-assisted SC-CO2 extraction operating

parameters (i.e. crushed seeds particle size, SC-CO2 flow
rate, extraction vessel aspect ratio, and ultrasound power)
on the extraction efficiency was investigated. The authors
reported that increasing the particle size of samples re-
duced the extraction rate, which was maximum at a CO2

flow rate of 6.2 L/min. A decrease in the aspect ratio of the
extraction vessel enhanced the extraction rate and extrac-
tion yield. Moreover, application of US-assisted SC-CO2

extraction slightly increased the extraction yield when the
CO2 flow rate was below 6 mL/min.

Linseed (flax) is an important industrial oilseed crop, be-
cause of its high oil content (> 40%) [37]. Cold pressing or
pre-pressing followed by solvent extraction are the common
processes used for oil extraction from flax seeds. Some non-
conventional emerging technologies have been implemented
to enhance the flax seeds oil extraction yield and quality. One
of those technologies is megasonic or ultrasound-assisted ex-
traction [66]. The authors studied the effect of megasonic on
the oil yield under different operating parameters such as ul-
trasonic power, extraction time, extraction temperature, and
solvent (n-hexane) to solid ratio. The results showed that oil
yield increased from 66.7 to 84.9% (18.2%increases) when
the megasonic power was enhanced from 20 to 50 W. The
optimum conditions were ultrasonic power of 50 W, extrac-
tion temperature of 30 °C, extraction time of 30min and liquid
to solid ratio: of 6:1 (v/w). In similar study, Metherel et al. [34]
studied the effect of ultrasound treatment to enhanced lipid
extraction from flaxseed. The oil from ground flaxseed was
extracted using different solvents mixtures: chloroform: meth-
anol (2:1, v/v), hexane: isopropanol (3:2, v/v) and diethyl
ether: petroleum ether (1:1, v/v). Oil yield increased propor-
tionally to treatment time and power when sonicating at
20 kHz. Sharma et al. [53, 55] evaluated the effect of ultra-
sonic pre-treatment in the oil extraction from Jatropha curcas
L., almond and apricot seeds in conjunction with aqueous
enzymatic extraction. The authors indicated that a 5 min ul-
trasonic pre-treatment, followed by aqueous enzyme treat-
ment with protease, increased the oil yield of Jatropha curcas
L by 74% compared to traditional extraction. In the case of
almond and apricot seeds, aqueous ultrasound treatment de-
creased the processing time and enhanced the oil yield. For
almonds, a 2-min ultrasonic pre-treatment at 70 W in-
creased the oil yield from 75 to 95% and reduced the pro-
cessing time from 18 to 6 h. For apricot seeds, ultrasound
slightly increased the oil production from 75 to 77% and
reduced the processing time by a third. In a similar study,
Long et al. [33] experimented with a combined enzymatic
and ultrasonic-assisted extraction of flaxseeds using cellu-
lase, pectinase, and hemi-cellulase. The authors reported
that oil recovery increased by 1.5% using ultrasound com-
pared to enzymatic-assisted extraction alone. Due to the
scarcity of studies on the effect of ultrasound on canola
oil extraction further research is needed.
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Final Remarks

In spite of the progress during the last five decades resulting in
an increase of oxidative and thermal stability of canola oil,
conventional processing using highly flammable solvents
such as hexane poses environmental and health risks as well
as reduces the oil quality since several desirable oil compo-
nents such as phytosterols and antioxidants such as
tochopherols, and phenolic compounds are either not affec-
tively extracted and/or are partially lost during refining.
Supercritical fluid extraction uses non-toxic food grade carbon
dioxide and offers an environmentally friendly way which is
gentle and safe, for the efficient extraction of high-quality oil
at the lab scale. However, pilot scale studies are required to
determine whether canola oil yield will increase at larger scale
production.

To make aqueous enzyme-assisted extraction processes
economically viable, further research is required to choose
suitable enzymes that enhance the oil yield and protein recov-
ery. In addition, oil de-emulsification show cost challenges
that need to be overcame together with the expensive nature
of suitable enzymes at commercial scales.

Microwave-assisted oil extraction can be very efficient for
canola oil preconditioning because it can reduce the amount of
solvent, enhance oil yield, and reduce processing time.
Compared to the untreated samples, most of the studies con-
cluded that MW pre-treatment achieved similar or higher oil
quality, with an enhanced content of desirable nutraceuticals
such as phytosterols, tocopherols, canolol, and phenolic com-
pounds, which increases the oxidative stability of the oil and
extends its shelf life. However, further research is needed for
industrial scale trials to carry out a cost benefit analysis.

Aqueous ultrasound extraction is also a promising technol-
ogy which could provide improvements in canola oil extrac-
tion processes, particularly in reducing solvent usage, and
enriching oils in high-added value compounds, but further
lab scale research is needed to assess the economic feasibility
of combining this technology with current industrial solvent
extraction technologies to see whether benefits are gained to
uptake this technology at industrial scale.
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