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Abstract Flaxseed has gained significant interest as a source of
edible oil that is rich in omega-3 fatty acids, high content of
flaxseed proteins and lignans that are known to be therapeutic.
Low oxidative stability of flaxseed oil necessitates the use of
extraction technologies that are advanced and economically vi-
able than the currently used cold press extraction. This work
compares the yield and quality of the flaxseed oil obtained by
individually optimized supercritical carbon dioxide extraction
(SCE), three-phase partitioning (TPP), solvent extraction and
the reported values of cold press extraction. The yields of oil
obtained were comparable for SCE (30.03% w/w), TPP
(22.46% w/w), ultrasonic pre-treated TPP (27.05% wiw),
enzyme-pre-treated TPP (26.24% w/w) and reported value of
25.50% w/w in commercial screw-press expeller but lower than
solvent extraction (41.53% w/w). Amongst the techniques eval-
uated, enzyme-pre-treated TPP using Accellerase® is recom-
mended due to excellent protein recovery of 86.62%, better oil
quality (iodine value, peroxide value, acid value and 2,2-
diphenyl-1-picrylhydrazyl free radical scavenging activity) and
a potential of being industrially scalable.
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Introduction

Flaxseeds (Linum usitatissimum L.) are one of the most important
oilseeds as they contain 38—44% of oil rich in omega-3 fatty acids
and linolenic acid (Oomah 2001), 1-5% lignans that possess very
high antioxidant activity (Almario and Karakas 2013), 10-31%
of good quality proteins and around 28% dietary fibre. Besides
applications as an edible oil, flaxseed oil also finds applications in
manufacturing of paints, dyes and animal feed (Shim etal. 2014).
Regular consumption of flaxseed is associated with numerous
therapeutic benefits such as reduction in serum triglycerides and
cholesterol, anti-inflammatory action and anti-cancer activity
(Almario and Karakas 2013). The major functional class of com-
pounds imparting therapeutic effects are a combination of constit-
uents present therein such as polyunsaturated fatty acids, the lig-
nan complex, polysaccharides, flaxseed proteins and
cyclolinopeptides (Almario and Karakas 2013; Shim etal. 2014).

Flaxseed proteins and protein hydrolysates have the ability to
reduce hypertension due to its similarity with soy protein hydro-
lysate in terms of concentration and composition of amino acids
(Shim et al. 2014). Considering the nutritional as well as thera-
peutic effect of both oil and protein from flaxseeds (Oomah
2001; Shim et al. 2014) along with its agronomics (Bozan and
Temelli 2002; Pradhan et al. 2010), it is worthwhile to explore
techniques that can simultaneously separate protein and oil in a
short time without damaging the quality of both the constituents.

Although solvent extraction of flaxseed gives maximum oil
extraction, it results in considerable deterioration of the same
(Bozan and Temelli 2002; Pradhan et al. 2010). Hence, mechan-
ical pressing or cold pressing of flaxseed is generally practised
commercially. This however gives lower yields of oil but of better
quality (Pradhan et al. 2010). Supercritical carbon dioxide extrac-
tion (SCE) is an eco-friendly technique (Kagliwal et al. 2012) that
has been demonstrated to be useful in extracting edible oils from
numerous sources viz. sunflower, coriander, tomato, peanut,
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almond, fennel and grape (Reverchon and Marrone 2001); wheat
germ (Piras et al. 2009); palm (Akanda et al. 2012); rapeseed
(Cvjetko et al. 2012); and tea seed (Feng et al. 2015). This tech-
nique has also been used for extracting flaxseed oil of quality that
is comparable to mechanical pressing (Bozan and Temelli 2002;
Pradhan et al. 2010). The use of carbon dioxide and its recycla-
bility make SCE an economical and safe (Pradhan et al. 2010)
process and hence a method of choice for flaxseed oil extraction.

Three-phase partitioning (TPP) follows principles of green
chemistry and requires three components to be mixed, i.e. an aque-
ousslurry (sample), -butanol and ammonium sulphate, where the -
butanol used is completely recyclable, making the process eco-
friendly (Alfonsi et al. 2008; Harde and Singhal 2012). This tech-
nique enables separation of oils in upper #-butanol layer and hydro-
philic substances in aqueous ammonium sulphate lower layer with
proteins in the middle layer in a single step (Dennison and Lovrien
1997; Mulchandani et al. 2015; Vidhate and Singhal 2013). Due to
intricate interactions that are ionic, kosmotropic, osmotic and col-
loidal in nature, #-butanol which is generally soluble in aqueous
phase becomes insoluble due to ammonium sulphate resulting in
formation of three layers, where proteins float above lowest aque-
ous layer as a result of increased buoyancy (Dennison and Lovrien
1997;Kissetal. 1998). TPP has been successfully used in extraction
of various oils from soybean (Sharma et al. 2002), jatropa (Shah
et al. 2004), Garcinia indica (Vidhate and Singhal 2013),
Crotalaria juncea (Dutta et al. 2015), oleogeneous materials such
as turmeric oleoresin (Kurmudle et al. 2011), ginger oleoresin
(Varakumar et al. 2017) and to separate rice bran oil from protein
(Phongthai and Rawdkuen 2015). It has also been used for separa-
tion and purification of various enzymes such as 3-amylase from
Abrus precatorius (Sagu et al. 2015), peroxidase from Citrus
sinenses (Vetal and Rathod 2015), zingibain from Zingiber
officinale (Gagaoua et al. 2015) and serratiopeptidase from
Serratia marcescens (Pakhale and Bhagwat 2016).

This work is a comparative study of techniques such as
solvent extraction, SCE and TPP on the extraction yield of
flaxseed oil and further quality evaluation of the same.
Response surface methodology (RSM) was used for process
optimization of both SCE and TPP to get maximum possible
yield. Oil quality has been examined by testing it for the level
ofunsaturation (iodine value), rancidity (peroxide value), acid
value and antioxidant activity. An overall comparison has
been drawn on selecting the most appropriate extraction meth-
od that would be ideal for commercial use.

Materials and Methods
Materials and Equipment
Brown variety of flaxseed was procured from the local retailer

in Matunga, Mumbai, India. Carbon dioxide cylinders were
supplied by Bombay Carbon Dioxide Gas Company,

Mumbai, India. A laboratory-scale supercritical carbon diox-
ide extraction system Speed” SFE-2 by Applied Separations
Inc., PA, USA, was used to optimize SCE. Along with the
instrument, accessories like filling material (Spe-ed matrix),
separating material (Spe-ed Wool), metal column (5 mL) and
collection vials were also used. Ammonium sulphate, #-buta-
nol, ethanol, petroleum ether and all other chemicals used
were purchased from S.D. Fine Chemicals Limited,
Mumbai, India. Enzyme sample (Accellerase® 1500, activity
2400-2800 carboxymethyl cellulose (CMC) U g ') was pro-
cured from Genencor International, Mumbai, India.

Sample Preparation

Flaxseed was ground to fine powder in a laboratory-scale
grinder for 40 s. Grinding was discontinuous with a gap after
every 10 s. This was done to ensure reduced clogging and loss
of oil. Ground flax seed was passed through a sieve of mesh
size 0.425 mm, and the resultant powder was stored at —19 °C
until use. Proximate analysis of the flaxseed powder was car-
ried out prior to all the extractions.

Soxhlet Extraction

The standard Association of Official Analytical Chemists and
Horwitz (2000) protocol was followed. A thimble containing
weighed amount of ground flaxseed was kept in the Soxhlet
extraction chamber. Petroleum ether (boiling point, 60 to
80 °C) was introduced from extractor to boiling flask attached
at the bottom (volume of solvent was enough to run 1 and a half
extraction cycles). A condenser was attached at the top and
extraction was carried out at 80 °C for 13 h to ensure complete
extraction of oil. After the extraction process, solvent was evap-
orated in a vacuum evaporator (Rotavapor ® R-100, BUCHI,
India), and the yield of oil was calculated gravimetrically. Oil
obtained by this method was considered to be the total oil con-
tent of flaxseed. All further optimizations and yield calculations
were performed on the basis of this total oil content.

Supercritical Carbon Dioxide Extraction

RSM consisting of Box-Behnken design (Kagliwal
et al. 2012; Montgomery 2009) was used to design the exper-
iments for optimization of SCE. The design of 3 factors,
each at 3 levels, had 17 runs with 5 centre point replicates.
The three factors under consideration were pressure, temper-
ature and time. The levels at which these factors
were varied were 200-400 bar, 40-60 °C and 60180 min,
which were arrived at by performing initial trial and
error experiments.

One gram of ground flaxseed was added in the extrac-
tion column (5 mL). Spe-ed wool was added to both ends of
column and the column was closed. The filled column was
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then placed in an oven where temperature was controlled
throughout the extraction process. System setup was then
pressurized using pneumatic pump in static mode. Once the
pressure reached the desired value, dynamic mode was started
by opening outlet. Flow rate was kept constant throughout the
extraction at 200 mL min~"' carbon dioxide. After the desired
time of extraction, system was depressurised and flushed with
carbon dioxide and solvent (for representational image, please
see Fig. S1 in the supplementary file). The response was gravi-
metric yield of flaxseed oil on basis of total oil. All trials
except central point replicates were done in triplicates.

Three-Phase Partitioning

Flaxseed slurry was prepared in water by adding flaxseed pow-
der. It was found that higher concentrations (> 5% (w/v)) result-
ed in increased viscosity of the slurry. Five percent (w/v) were
found to be optimum. One-factor-at-a-time experiments were
carried out to analyse optimum ranges from which the design
of experiments was planned. Three factors optimized were am-
monium sulphate concentration, solvent to slurry ratio and pH
of the system. One-factor-at-a-time experiments included am-
monium sulphate concentration (20 to 50% w/v), solvent to
slurry ratio (0.5:1 to 2.5:1) and pH (3-7). The desired ranges
were 30-40% w/v for ammonium sulphate concentration, 1:1 to
2:1 for solvent to slurry ratio and 4—7 for pH. With the desired
ranges, a central composite design (CCD) for RSM study (Kar
et al. 2015; Montgomery 2009) was formed of 3 factors and 5
levels with 20 runs (6 centre point replicates). The response was
gravimetric yield of flaxseed oil on the basis of total oil.

A 5% (w/v) slurry was prepared and pH, ammonium sul-
phate and #-butanol were added to the mixture according to
CCD. The mixture was then extracted for 1 h with constant
stirring after which it was allowed to stand for another hour to
let the three phases separate. This experimentation was carried
out at room temperature (30 = 2 °C). After separation of the
three phases in a separating funnel, the lower aqueous layer
was removed and the top two layers were centrifuged at
7298xg for 30 min. After centrifugation, #butanol layer on
the top containing lipophilic compounds (Mulchandani et al.
2015) was separated by gentle decanting. The recovered sol-
vent was then subjected to evaporation to remove solvent. The
middle layer of RSM-optimized TPP was estimated for the
protein content by Kjeldhal method (Baker 1961) after dialy-
sis to remove ammonium sulphate.

Ultrasound Pre-treatment

Flaxseed slurry was subjected to ultrasound pre-treatment
using a probe sonicator (ultrasonic horn with single frequency
of 22 kHz, maximum input power of 120 W and probe diam-
eter 1.2 cm; M/s Dakshin Pvt. Ltd., Mumbai, India). Twenty
millilitres of flaxseed slurry (5% w/v) was subjected to
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ultrasound pre-treatment in a 100-mL beaker. About 0.1—
0.2 cm of probe depth was immersed in the slurry. The tem-
perature was not maintained and the increase in temperature
was monitored, which was between 60 and 70 °C. One-factor-
at-a-time approach was employed for optimization by varying
power output (30, 50 and 70 W), duty cycle (30, 50 and 70%)
and time (5, 10 and 15 min). After pre-treatment, the slurry
was subjected to extraction by RSM-optimized TPP parame-
ters at room temperature.

Enzymatic Pre-treatment

For enzymatic pre-treatment, Accellerase® 1500 was used.
The activity of this enzyme was calculated in CMC units by
3,5-dinitrosalicylic acid (DNSA) method (Miller 1959) using
CMC as substrate as described by Zhang et al. (2009). The
activity of Accellerase® 1500 used for experiments was found
to be 2180 CMC U g '. One-factor-at-a-time model was used
to optimize enzymatic pre-treatment. The enzyme concentra-
tion was varied as 1, 3, 5 and 7% (v/v) and incubated for 1 h.
After optimizing the enzyme concentration, time of incubation
was varied as 15, 30, 60 and 90 min.

Enzyme was added at varied concentrations to slurry pre-
pared in citrate buffer (pH 4—4.5) and subjected to stirring at
30 £ 2 °C at optimized pH of TPP extraction. Since the opti-
mum pH for TPP extraction and enzyme activity were similar
(4.04.5 and 4.19, respectively), this parameter was not con-
sidered for optimization. After the pre-treatment, the slurry
was subjected to TPP extraction at room temperature.

Analysis of Oil Extracted by Different Techniques

These analyses included iodine value, peroxide value
(Association of Official Analytical Chemists and Horwitz
2000), acid value (ISI 1986) and antioxidant activity (Siger
et al. 2008). Iodine, peroxide and acid value are titrimetric
methods that provide quantification of the level of unsaturation,
rancidity and free fatty acids present, respectively, in oil. The
antioxidant activity was evaluated by the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay in which the red colour of the
stable DPPH changes to yellow after scavenging free radicals
and which was quantified spectrophotometrically at 517 nm.

Statistical Analysis

All experiments except the central point replicates of both the
RSM studies were done in triplicates in order to get average
and standard deviation (SD). Design Expert 7.0 (State Ease,
Minneapolis, MN, USA) was used for RSM experiments,
analysis of variance (ANOVA) and obtaining regression mod-
el. ANOVA of the data amongst different extraction tech-
niques was carried out by using IBM-SPSS software with
significance level of p < 0.05.
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Results and Discussion
Proximate Analysis and Soxhlet Extraction

Moisture content of ground flaxseed was found to be 6%, whilst
that of oil after 13 h of Soxhlet extraction was 41.53 +1.01% (w/
w) oil. This was considered as the amount of total oil. Further oil
yields are stated in terms of percentage extraction based on this
value of total oil. Flaxseed oil recovery reported for solvent
extraction using petroleum ether after RSM optimization was
33.14% (w/w) oil (Ondrejovic et al. 2011). Protein content was
estimated by Kjeldahl method and was found to be
20.71 £ 0.67% (w/w). Ash content was found to be
3.72 + 0.02% (w/w). Hence, the remaining dietary fibre and
soluble sugars contributed about 28.04% (w/w). Gopalan et al.
(1989) found 6.5% moisture, 37.1% fats, 20.3% proteins, 28.9%
carbohydrates and 2.4% ash in flaxseeds cultivated in India.
These proximate constituents in flaxseed can vary greatly from
region to region depending upon soil, irrigation, climatic condi-
tions and the type of cultivar used (Shim et al. 2014).

Optimization of Supercritical Carbon Dioxide Extraction

After performing Box-Behnken design (Table S1 in the
supplementary file), a quadratic polynomial function was ob-
tained which was as follows:

Yield with respect to total oil weight (%ow/w)
= —34.0768 4 0.3791 x A +0.2793 x B + 0.4567
x C—0.0002 x A x B—0.0005 x A x C—0.0011 x B
x C—0.0004 x A* +0.0011 x B>~0.0008 x C*

where A, B and C represent the pressure (bar), temperature
(°C) and time (min), respectively. Regression coefficient
(R?) value of the model was found to be 0.94, suggesting an
accuracy of 94% for the model. Coefficient of variation of the
model was 2.78, revealing its reliability. Model was found to
be significant, and the most significant interaction was found
to be AC (i.e. between pressure and time) (Fig. 1) with
p < 0.05 that was detrimental to SCE optimization (Table S2
and Fig. S2 in the supplementary file). Thus, the optimal pa-
rameters for SCE after performing RSM were found to be
316 bar (pressure), 59.3 °C (temperature) and 131 min (time).
This condition yielded 72.30 + 0.44% (w/w) of total oil, which
was very close to the predicted value of 72.70% (w/w) of total
oil by the software. Bozan and Temelli (2002) have reported a
flaxseed oil yield of 66% (w/w) of total oil after one-factor-at-
a-time optimization of SCE with parameters of 550 bar, 70 °C
and 180 min. Pradhan et al. (2010) have reported a flaxseed oil
yield of 90% (w/w) of total oil with SCE parameters of
300 bar, 50 °C and 180 min. These difference in yields are

2L
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90.00 25000
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C: time A: pressure

Fig. 1 The 3-D surface plot demonstrating significant interaction be-
tween pressure and time for supercritical carbon dioxide extraction, when
temperature was held at zero level (50 °C)

attributed to different SCE parameters adopted (Harde et al.
2013; Kagliwal et al. 2011; Lang 2001).

Optimization of Three-Phase Partitioning

One-factor-at-a-time approach was used to find out the desired
ranges for RSM experiments. The ranges that were finalized
for CCD RSM experiments were 30 to 40% for ammonium
sulphate concentration, 1:1 to 2:1 for solvent to slurry ratio
and 4 to 7 for pH (please refer to Table S3 in the
supplementary file for TPP CCD and responses obtained).
After performing CCD, the following quadratic polynomial
function was obtained:

Yield with respect to total oil weight (%ow/w)
= —244.3251 + 12.3967 x A + 54.4451 x B+ 11.8062
x C—0.3720 x A x B—0.2896 x A x C 4+ 0.8495 x B
x C—0.1418 x A’~12.8943 x B*-0.4086 x C*

where A, B and C represent the ammonium sulphate concen-
tration (w/v), solvent to slurry ratio and pH, respectively. The
R? value of the model was found to be 0.95, indicating a 95%
accuracy of the same. The coefficient of variation of the model
was 3.88, revealing its reliability. Model was found to be
significant, and the most significant interaction was found to
be AC (i.e. between ammonium sulphate concentration and
pH) (Fig. 2) with p < 0.05 that was important to TPP optimi-
zation (Table S4 and Fig. S3 in the supplementary file). Thus,
the optimal parameters for TPP after performing RSM were
found to be 38.23 (w/v) ammonium sulphate concentration, a
solvent:slurry ratio of 1.41:1 and a pH of 4.19. This condition
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Fig. 2 The 3-D surface plot demonstrating significant interaction be- b
tween ammonium sulphate concentration and pH for three-phase 80
partitioning, when solvent to slurry ratio was held at zero level (1.5) 7
F 1
yielded 54.09 + 0.86% (w/w) of total oil, which was very close 60 1 i
to the predicted value of 54.32% (w/w) of total oil by the £ 50 =
software. H
TPP is an extraction technique where simultaneous extrac- L 40
tion of fats and proteins can be achieved (Mulchandani et al. Eg 30
2015; Phongthai and Rawdkuen 2015) due to its unique chem- -
ical interactions as mentioned in the “Introduction” section of 20
this paper. Flaxseeds have a tough seed structure (Shim et al. 10
2014). Grinding of flaxseed ruptures this structure and disrupts
the cells which enhance oil extraction by Soxhlet, SCE and TPP 0 o " % 20
(Bozan and Temelli 2002; Chisti and Moo-Young 1986; Harde Duty eycle (%)
et al. 2013; Ondrejovi€ et al. 2011). However, most of the oil
vacuoles that are present inside the flaxseed plant cell do not c
rupture during grinding. The intracellularly entrapped flaxseed 80
oil in the vacuoles can be readily extracted if a cell disruption 70
protocol is followed prior to extraction (Dominguez et al. 1994; I z
Kar and Singhal 2015; Mulchandani et al. 2015). Most of the 60 +
cell disruption protocols require the formation of a shurry (Chisti £ 50 B
and Moo-Young 1986), which cannot be utilized in Soxhletand =
SCE unless it is dried. This however increases one step in unit é 40
operation, whereas TPP can be readily used as it requires the 2 30
formation of slurry. Hence, it was decided to evaluate pre-
treatment techniques prior to TPP in order to achieve cellular 20
disruption and as reported in the literature (Chougle et al. 2014; 10
Harde and Singhal 2012). .
0 5 10 15

Optimization of Ultrasound and Enzymatic Pre-treatment
Prior to Three-Phase Partitioning

The % w/w yield of total oil increased with an increase in

power output (Fig. 3a). An increase in the power output gen-
erated heat in the slurry and increased the temperature. A

@ Springer

Time (min)

Fig. 3 Effect of power output (a), duty cycle (b) and time (c) on yield of
flaxseed oil

power output of 70 W was found to be optimum as it gave
an increased yield, and the resultant temperature, checked im-
mediately after treatment, was 68 °C. For optimization of
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power output, duty cycle and time were kept constant at 50%
and 10 min, respectively. It was observed (Fig. 3b) that in-
creasing duty cycle increased the oil yield up to 50%, beyond
which no further increase in oil yield (constant parameters
70 W and 10 min) was observed. It was seen that 10 min of
sonication treatment at 70-W power with 50% duty cycle was
optimum to get a maximum yield of 65.13 = 1.76% of total
flaxseed oil post-TPP.

It was observed that the yield of oil increased with an in-
crease in enzyme concentration from 1 to 3% (v/v), beyond
which there was no further increase in oil yield (Fig. 4a).
Hence, 3% enzyme concentration was considered to be opti-
mum. Using the optimum concentration of enzyme, time was
optimized. A 60 min of enzymatic pre-treatment was found to
be sufficient (Fig. 4b). The optimized parameters for the en-
zymatic pre-treatment were therefore 3% (v/v) enzyme in slur-
ry and 60 min of incubation, which yielded 63.18 £ 0.82% (w/
w) of total oil.

a
70

60 —
50
40

30

Yield (% wiw)

20

0 1 3 5 7
Enzyme concentration (% v/v)

70
60 1
50
40

30

Yield (% w/w)

20

0 15 30 60 90
Time (min)

Fig. 4 Effect of enzyme pre-treatment on the yield of flaxseed oil (a) and
time of enzyme treatment (b)

Accellerase® 1500 (Genencor, India) used in this study
consisted of cellulase and 3-glucosidase. Sixty percent of total
fibre of flaxseed are insoluble, of which a major portion is
cellulose. The fibre network is held together by long-chained
cellulosic microfibrils which form a secondary cell wall in
oilseeds. In flaxseeds, oil is present in the intracellular vacu-
oles that are attached to other biomolecules, and its extraction
is increased by the hydrolytic action of carbohydrases
(Dominguez et al. 1994). Use of Accellerase® 1500 helped
in hydrolysing the cellulose and disintegrating the structure of
seed tissues/cells, which in turn increased the exposure of
solvent with oil and hence facilitated extraction.

Which is a Better Method for Extraction?

Iodine value represents the amount of unsaturation in oil. It
was observed that ultrasound pre-treated TPP oil had the least
iodine value and oil obtained from SCE had the highest
(Table 1). No significant difference was found in Soxhlet,
TPP and enzyme pre-treated oil. This suggests that majority
of polyunsaturated fatty acids were extracted in SCE.
Peroxide value represents the extent of primary oxidation
(rancidity) that has taken place in oil. It was observed that
oil extracted by Soxhlet method had the highest peroxide val-
ue, whereas ultrasonication pre-treated TPP showed similar
peroxide value as that of Soxhlet (Table 1). This could be
due to the high temperature during Soxhlet extraction and
the heat generated during sonication. Peroxide value of com-
mercial screw-press expeller was the lowest, whilst SCE, TPP
and enzyme pre-treated TPP demonstrated peroxide value
similar to commercial screw-press expeller. Acid value repre-
sents the number of free fatty acids that are present in the
sample. Commercial screw-press expeller showed the lowest
acid value, whereas ultrasound pre-treated TPP showed the
highest; other methods showed more or less similar acid
values. Chemical extraction techniques may result in breaking
of ester bonds, which increase free fatty acid and hence show
higher acid value when compared to mechanical extraction
(Rodrigues et al. 2007). It has been reported that flaxseed
contains high content of antioxidants, namely phenolic acids
and lignans (Wanasundara et al. 1997). It was observed that
TPP-extracted oil had similar antioxidant activity as that of
solvent extracted and SCE flaxseed oil (Table 1). Oil obtained
after enzyme pre-treated TPP had lower and ultrasonic pre-
treated had the lowest antioxidant activity than that obtained
by other techniques of extraction. During pre-treatment, some
loss of antioxidant activity may be taking place.

The oil yield followed the order of Soxhlet > SCE > ultra-
sound pre-treated = enzyme pre-treated TPP = commercial
screw-press expeller > TPP (Table 1). A recent study pub-
lished by Tan et al. (2016) found enzyme-assisted TPP (cellu-
lase/proteinase/pectinase in ratio of 1:1:1) to be better than
TPP, Soxhlet extraction and cold press method with a flaxseed
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Comparison of oil yield, iodine value, peroxide value, acid value and antioxidant activity of flaxseed oil extracted by different methods

Table 1

Source of

Antioxidant activity

Peroxide value  Acid value

(meq kg )

Todine value
(mgg )

Oil yield (% w/w) on the basis

of total oil (w.r.t Soxhlet)

Oil yield (% wiw)

of flaxseed

Oil extraction method

(% DPPH scavenging activity) information

(mg KOH/g)

Pradhan et al. (2010)

3.10£020¢  0.70£0.10¢  Not available
447+0.12° Experimental

Not available

Not available

100*

25.50 £1.60 ©

Commercial screw-press expeller

Solvent (Soxhlet)
Supercritical CO,

19.37+£0.65°

1.16 + 0.09 ®
1.21+0.09
1.10 +0.09 ®

1.33+£0.03

180.20 +3.36°

4153+£1.01°

Experimental

19.94 £0.47°

3.43+0.15

188.66 £1.94 ¢

72.30 +0.44 °

30.03 £0.18°

Experimental

19.26 +0.48 *

3.83+0.15 %

175.97 £5.72°
167.08 +3.88 ©

54.09 +0.86 ¢

2246 +0.36 9

Three-phase partitioning

16.20 £0.56 © Experimental

417+035%®

65.13+1.76 ¢

27.05+0.73 ¢

Ultrasound pre-treated three-phase

partitioning
Enzyme pre-treated three-phase

Experimental

17.13 £ 047 °

3.50+0.26  1.09+0.06°

176.39 + 4.58 ®

63.18£0.82°¢

2624 £0.34°¢

partitioning

Mean values with the same letter in columns do not differ significantly at p < 0.05

oil yield of around 75% (enzyme assisted TPP > Soxhlet ex-
traction > cold press method > TPP). The difference in the
trend observed in this work and as reported above may be due
to use of different enzyme combinations for enzyme-assisted
TPP used in this study (Accellerase® = cellulase and 3-glu-
cosidase) and by Tan et al. (2016) (cellulase/proteinase/
pectinase).

In addition to extraction of oil, proteins were also simulta-
neously extracted in the middle layer of TPP (Fig. S4 in the
supplementary file). From RSM-optimized TPP, 17.94% (w/
w) of flaxseed protein were extracted from a total flaxseed
protein of 20.71% (w/w), which amounted to 86.62% recov-
ery of the same. Flaxseed protein is used in feed as well as
non-feed industrial use. Recently, many therapeutic peptides
have also been discovered in flaxseed protein, making it an
area that has tremendous scope for commercial exploitation
and research (Shim et al. 2014).

When compared to Soxhlet, SCE and commercial screw-
press expeller, TPP has some advantages. TPP is environment
friendly as it uses the principles of green chemistry and the #-
butanol used can be recycled (Mulchandani et al. 2015). The
melting point of -butanol is 25 °C. Flaxseed oil can be easily
separated by simple decantation below 25 °C, making TPP a
very cost-effective, unique and industrially scalable extraction
method. None of the other methods studied herein have the
advantage of simultaneous separation and extraction of pro-
teins and fat. Hence, preference could be given to the enzy-
matic pre-treated TPP as it is economical and energy efficient
when compared to ultrasound pre-treatment TPP. In case of
enzymatic pre-treatment TPP, the enzyme can be re-used by
immobilization approach (Chaudhari et al. 2015).

Conclusion

Various techniques were used to extract flaxseed oil, where the
quantity and quality of flaxseed oil were measured. Solvent
extraction gave the highest oil yield. Oil extracted by SCE
showed the best quality in terms of unsaturation and antioxi-
dant activity. Enzymatic pre-treated TPP is a promising ap-
proach for extraction of oil from flaxseed as it simultaneously
separates protein and oil. An added advantage is that the re-
agents and enzyme used in the enzymatic pre-treated TPP may
have the potential to be recycled. The oil yield by enzymatic
pre-treated TPP was comparable to commercial screw-press
expeller, and quality of oil was also appreciable. Enzymatic
pre-treated TPP can become a cost-effective industrial method
of oil extraction if proper scale-up is performed.
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