J Am Oil Chem Soc (2009) 86:1129-1135
DOI 10.1007/s11746-009-1448-6

ORIGINAL PAPER

Response Surface Analysis and Modeling
of Flaxseed Oil Yield in Supercritical Carbon Dioxide

Sami Gokhan Ozkal

Received: 13 April 2009 /Revised: 12 July 2009/ Accepted: 15 July 2009 /Published online: 9 August 2009

© AOCS 2009

Abstract Supercritical fluid extraction of flaxseed oil with
carbon dioxide was performed. Effects of particle size,
pressure, temperature and the flow rate of supercritical
carbon dioxide (SC-CO,) were investigated. Response
surface methodology was used to determine the effects of
pressure (30-50 MPa), temperature (50-70 °C) and SC-
CO, flow rate (24 g/min) on flaxseed oil yield in SC-COs,.
The oil yield was represented by a second order response
surface equation (R* = 0.993) using the Box-Behnken
design of experiments. The oil yield increased significantly
with increasing pressure (p < 0.01), temperature (p < 0.05)
and SC-CO, flow rate (p < 0.01). The maximum oil yield
from the response surface equation was predicted as
0.267 g/g flaxseed for 15 min extraction of 5 g flaxseed
particles (particle diameter <0.850 mm) at 50 MPa pressure
and 70 °C temperature, with 4 g/min solvent flow rate. Total
extraction time at these conditions was predicted as 22 min.

Keywords Flaxseed oil - Supercritical carbon dioxide -
Extraction - Response surface methodology

Introduction

Supercritical fluid extraction is a method for the extraction
of valuable ingredients from natural substances with high
yield and quality, for this reason it has been studied widely
as an alternative to conventional oil extraction methods.
Supercritical carbon dioxide (SC-CO,) is the most pre-
ferred supercritical solvent in food extractions because it is
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non-toxic, non-explosive, separated easily and completely
from the extract, and it has a low critical temperature
(31.1 °C) and low price. The low critical temperature of
SC-CO, enables extraction of thermo-labile compounds
without degradation [1]. SC-CO, extraction of oils from oil
seeds and nuts includes rapeseed [2], peanut [3], canola [4,
5], almond [6], pistachio nut [7], sunflower [8], sesame [9],
walnut [10], poppy seed [11], hazelnut [12], apricot kernel
oil [13], safflower seed [14], and sacha inchi seed [15].
Flax (Linum usitatissimum) is an economically impor-
tant oilseed crop and is the most prominent oilseed studied
to date as a functional food [16]. Flaxseed is a leading
source of an omega-3 fatty acid, a-Linolenic acid (ALA),
which makes up 55-60% of total fatty acids [17, 18]. ALA
reduces blood pressure in cases of hypertension and lowers
serum triglycerides and cholesterol [19]. ALA is converted
to eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) which have cardioprotective properties. It has been
shown that flaxseed oil increases the plasma concentrations
of these cardioprotective omega-3 fatty acids in humans
[20]. Flaxseed oil, also, contains tocopherols and tocot-
rienols [17]. They are important antioxidants in stabilizing
unsaturated fatty acids in foods, and together with other
antioxidants like phenolics they provide effective protec-
tion against oxidative stress in the human body [21].
Many factors including pressure and temperature of the
process, flow rate of solvent, particle size of seed etc. and
can affect the efficiency of the SC-CO, extraction process.
To design and develop a SC-CO, extraction process, the
effects of these parameters on the total oil yield must be
determined. In classical methods, process parameters are
optimized by conducting experiments concentrating on one
factor at a time. This method is laborious and time con-
suming as well as ignoring the interaction effect of
parameters. Compared to the classical methods, response
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surface methodology is more efficient, require fewer data
and provides interaction effects on the response besides
factor effects. Therefore, response surface methodology
has been very popular for optimization purposes in recent
years [22, 23]. Response surfaces of pistachio nut oil [7],
turmeric oil [22], hazelnut oil [24], apricot kernel oil [25],
cotton seed oil [26], wheat germ oil [27], passion fruit seed
oil [28], and coconut oil [29] yields in SC-CO, have been
reported in the literature.

Bozan and Temelli [17] studied SC-CO, extraction of
flaxseed oil. They investigated the effects of pressure (21,
35 and 55 MPa) and temperature (50 and 70 °C) on oil
yield and the solubility of the oil. The maximal solubility
of the oil was reported as 11.3 mg oil/g CO, at 55 MPa and
70 °C. However, only 66% of the total oil was recovered
under these conditions. They, also, indicated that the ALA
content of the oil extracted by SC-CO, was higher than that
of the oil extracted by solvent extraction. Barthet and Daun
[30] investigated the possibility of supercritical fluid
extraction as an analytical method for determining the fat
content of flax and some other soft oil seeds and they
reported that the seed matrix is important for oil recovery.
Although, studies of SC-CO, extraction of flax seed oil
exist, there is a need for detailed analysis of the effects of
process parameters on extraction yield.

Therefore, the aims of this study were to determine the
effects of pressure, temperature SC-CO, flow rate and
particle size of seeds on flaxseed oil yield in SC-CO, and
develop a response surface equation for oil yield showing
the effects of pressure, temperature SC-CO, flow rate by
using response surface methodology.

Experimental Procedures
Materials

Flaxseeds were obtained from a local market and stored at
+4 °C in sealed glass jars. The moisture and oil contents
were 3.4 and 32.7%, respectively. Without any pre-treat-
ment, samples were ground into small sizes by using a
kitchen grinder (Braun MultiQuick 6550), sieved and frac-
tionated according to particle size by certified test sieves
(Endecotts Ltd., London, England). Sieving was per-
formed by a shaker (Octagon 200, Endecotts Ltd., London,
England). CO, was purchased from Habas (Turkey).

Methods
SC-CO, Extraction

Extractions of flaxseed oil with SC-CO, were performed by
using a Supercritical Fluid Extraction System (SFX System
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5100, Isco Inc., Lincoln, NE, USA), which consists of an
extractor (SFX 3560) and two syringe pumps (Model
100DX) enabling co-solvent addition. The extractor is a
10-ml aluminum sample cartridge where SC-CO, flows
downward.

5 g flaxseed particles were extracted with SC-CO,. The
extract was passed through the coaxially heated adjustable
restrictor, which was set at 110 °C, and the oil was pre-
cipitated in test tubes containing glass wool. The yield was
determined gravimetrically. Extractions of response sur-
face analysis were done for 15 min.

Analytical Methods

Moisture content of the samples was determined using
AOAC Method 926.12 (AOAC, 1995). For total fat
determination, a 5-g flaxseed sample was extracted with
n-hexane (Merck) using a Soxhlet extractor [31]. The
analyses were performed in triplicates.

Experimental Design

Response surface methodology was used to determine the
effects of pressure, temperature and solvent flow rate on
flaxseed oil yield in SC-CO,. The three level Box-Behnken
design with three independent variables was applied for
response function fitting. Independent variables of the
design were pressure, temperature and SC-CO, flow rate.
They were coded as —1, 0 and 1 and coded levels were
found from equations

__ pressure — 40

X =—- 1
, = B (1)
temperature — 60
X, =——mm— 2
2 = @)
flow rate — 3
Xy=—— (3)

Experimental points used according to the Box-
Behnken design and their coded values are given in
Table 1.

A second order polynomial equation was used to express
the yield as a function of independent variables,

Y = ao + aiX) + axXs + a3Xs + anX; + anX; + aX;
+ anX1Xs + anXoX; + anXi X3 (4)

where, Y is oil yield in SC-CO, as g oil/g flaxseed and q;;
are coefficients of the function. Multiple regression anal-
ysis was performed to find the coefficients of the response
function (Minitab Inc., Minitab release 12.1, 1998) by
using experimental oil yield values obtained after 15 min
of extraction (Table 1).
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Table 1 Three level Box-Behnken design with three independent variables, and experimental and predicted oil yields at 15 min of extraction

Experiment X, X, X3 Pressure Temperature SC-CO, flow Oil yield (g oil/g flaxseed)
no.* (MPa) (°C) rate (g/min) - -
Experimental Predicted
1 -1 -1 0 30 50 3 0.053 0.055
2 +1 -1 0 50 50 3 0.167 0.162
3 -1 +1 0 30 70 3 0.039 0.046
4 +1 +1 0 50 70 3 0.205 0.205
5 -1 0 -1 30 60 2 0.032 0.025
6 +1 0 -1 50 60 2 0.103 0.102
7 -1 0 +1 30 60 4 0.063 0.063
8 +1 0 +1 50 60 4 0.246 0.252
9 0 —1 —1 40 50 2 0.034 0.041
10 0 +1 -1 40 70 2 0.068 0.069
11 0 -1 +1 40 50 4 0.146 0.146
12 0 +1 +1 40 70 4 0.157 0.152
13 0 0 0 40 60 3 0.119 0.108
14 0 0 0 40 60 3 0.109 0.108
15 0 0 0 40 60 3 0.101 0.108
4 Experiments were performed in random order
Results and Discussion 0.4
Dnnnﬂﬂn y
Effects of pressure, temperature and solvent flow rate on 031 « oxox X X X a
flaxseed oil yield in SC-CO, were investigated by response 03- ? X .
surface methodology. Before extractions used in response 3 mues a
surface regression, preliminary experiments were performed % 024 om 5
to analyze effects of parameters (including particle size) to E . N
determine the extraction mechanism and consequently, the %’ 0.2 1
extraction conditions to be used in the experimental design. E LN a
The levels of independent parameters (Table 1) were 0.1 a
determined based on these preliminary experiments. o1d ®x
Extraction curves of the preliminary experiments are ' 8
shown in Fig. 1. Conditions and results of these extractions 0.0 : : : :

are summarized in Table 2. Extraction of flaxseed oil,
similar to oil seeds, can be divided into two periods as fast
(initial linear period plus transition period) and slow
extraction periods (second linear period). Extraction of the
flaxseed oil occurred mainly in the fast extraction period
and, as particle size decreased, oil yield increased. For
extraction 1, oil yield and time of the fast extraction period
were about 0.24 g oil/g flaxseed (73% of the initial oil
content) and 25 min, however, oil yield and time of the
slow extraction period were about 0.25 g/g flaxseed (76%
of the initial oil content) and 25 min. Only 0.01 g/g flax-
seed oil (3% of the initial oil content) was extracted during
the slow extraction period. For extraction 4, oil yield and
time of the fast extraction period were about 0.29 g oil/g
flaxseed (89% of the initial oil content) and 50 min,
however, oil yield and time of the slow extraction period
were about 0.31 g/g flaxseed (95% of the initial oil content)
and 70 min. Only 0.02 g/g flaxseed oil (6% of the initial oil

T T T
0 20 40 60 80 100 120 140 160
Extraction time (min)

Fig. 1 Change of oil yield with time at different extraction conditions
(filled squares: Extraction no. 1, open squares: Extraction no. 2,
triangles: Extraction no. 3, crosses: Extraction no. 4)

content) was extracted during the slow extraction period.
Similar trend exists for other extractions (Fig. 1 and
Table 2). Oil seeds were ground to break oil cells releasing
oil out of the cells for easy recovery. As particle size
decreases, the amount of the released oil increases [13, 32].
In the fast extraction period, the oil released from the oil
cells is extracted from the surface of the particles, however,
in slow extraction period the unreleased oil from the intact
cells is extracted. In the fast extraction period, the mass
transfer rate is determined by the solubility of the oil in
SC-CO,, while in the slow extraction period, it is con-
trolled by diffusion of the oil in the particles. The mass
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Table 2 Experimental conditions and results for preliminary extractions

Extraction no.

1 2 3% 4
Extraction condition
Mean particle diameter (mm) 1.5 <0.85 <0.85 <0.85
Pressure (MPa) 50 50 40 40
Temperature (°C) 50 70 50 50
SC-CO, flow rate (g/min) 3 3 1 3
Results
Oil yield at the end of the fast extraction period (g oil/g flaxseed) 0.24 0.31 >0.29 0.29
Oil yield at the end of the extraction (g oil/g flaxseed) 0.25 0.32 >0.29 0.31
Amount of the initial oil extracted at the end of the fast extraction period (%) 73 95 >89 89
Amount of the initial oil extracted at the end of the extraction (%) 76 98 >89 95
Duration of the fast extraction period (min) 25 25 >140 50
Total extraction time (min) 50 55 >140 120
Symbol | | A X

? Yield and time values were greater than the values of the last point of the extraction curve

transfer rate was low and the oil yield was insignificant in
the slow extraction period compared to those in the fast
extraction period [12, 13, 24]. Therefore, continuation of
extraction in the slow extraction period was not feasible
and extraction was ended after the fast extraction period
and the total oil yields obtained at the end of the extractions
were considered as the extractable oil amounts for specific
particle sizes [24].

It is clear that the oil yield obtained at the end of the fast
extraction period was mainly dependent on particle size;
however, the extraction rate and the duration of the fast
extraction period were dependent on SC-CO, flow rate,
pressure and temperature (Fig. 1 and Table 2). Similar
results were reported for hazelnut oil [24]. Therefore, a
smaller particle size (particle diameter <0.85 mm) was
used in the extractions of response surface analysis. Due to
the fact that extraction of the flaxseed oil occurred mainly
in the fast extraction period, the time of extractions used in
response surface regression was selected as 15 min to
assure extractions were in the fast extraction period. When
flaxseed samples with a diameter of less than 0.850 mm
were used, oil yields at the end of the fast extraction period
were about 0.29-0.31 g/g flaxseed (Table 2). All of the
experimental oil yields obtained for response surface
analysis were less than 0.29 g/g flaxseed indicating that
this was achieved (Table 1).

During the fast extraction period (including transition
period) in extraction curves (first 5 points in extractions 1,
2 and 4, first 6 points in extraction 3) the relationship
between extraction time and yield were linear. R* values
obtained for the fast extraction period of the extractions
1-4 were 0.9862, 0.9837, 0.9872 and 0.9778, respectively.
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Released oil (more than 89% of total oil when flaxseed
samples with a diameter of less than 0.850 mm were used)
was extracted in this period of extraction and some of the
unreleased oil (very much smaller amounts, around 4-5%
of the total oil compared to oil extracted in the fast
extraction period) was extracted if extraction continued in
the slow extraction period. Therefore, continuation of the
extraction after the fast extraction period for flaxseed is
time consuming and an additional 25% more time may be
enough for total extraction.

The extraction pressure was chosen between 30 and
50 MPa since the solubility of oils in SC-CO, is low below
30 MPa [12, 33] and higher extraction pressures increase
operational costs.

Experimental oil yields were used to determine the
coefficients of the response surface equation (Eq. 4).
Different forms of the second order regression equation
were tested to give minimum standard error by removing
statistically insignificant terms. Removal of the term
a22X§ (p = 0.75) decreased standard error, however,
removal of other terms increased standard error. There-
fore, the term a22X§ was removed and others were left in
the equation and the final form of the response surface
equation having a minimum standard error was in the
form,

Y =ay+ a1 X| +aX, + a3 X3+ a”Xf + a33X§
+apXi Xy + ai3Xi1X; + a3XeXs (5)

Estimated coefficients of the reduced equation are given in
Table 3 and predicted oil yields from the response surface
equation are given in Table 1. A high R* value (0.993)
indicates that the experimental data are well represented by
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Table 3 Estimated regression coefficients to predict total oil yield

Coefficient Value )4

a 0.1084 0.000
a 0.0666 0.000
a, 0.0085 0.026
as 0.0467 0.000
ap 0.0084 0.093
ass —0.0065 0.176
ap 0.0130 0.019
ags 0.0279 0.000
a3 —0.0057 0.213

Standard error = 0.008150, R* = 0.993, R (adj) = 0.984

Y =ay+ a1 Xi + ar Xy + a3 X3 + a11X|2 -+ 033X§ + apX Xo+
aiX1Xs + a3 Xo X

Table 4 Analysis of variance for flaxseed oil yield

Degrees of Sum of  Mean sum F p
freedom squares of squares
Regression 8 0.057940 0.007242  109.05 6.3E-06
Residual 6 0.000398  6.64E-05
Total 14 0.058338

the second-degree polynomial response surface equation.
The analysis of variance also indicated that the model is
highly applicable, which is evident from the high Fisher (F)
ratio and the low probability value (Table 4).

Within the experimental space, effects of pressure, the
flow rate and interactions between the pressure and the
solvent flow rate on oil yield were found highly significant
(p < 0.01); and the effects of temperature and interactions
between pressure and temperature were significant
(p < 0.05) (Table 3).

Response surface plots of the equation were generated to
express the effect of any parameter on the yield within the
experimental space under investigation. The response sur-
face showing the effects of pressure and temperature on oil
yield is given in Fig. 2, for 2 g/min (X3 = —1) solvent flow
rate. The oil yield increased both with increased pressure
and temperature. In the fast extraction period, solubility
behavior controls the mass transfer rate [6, 13]. Increasing
the pressure increased the oil yield due to the increase in
the solubility of the oil in SC-CO, with increasing pressure
[13, 17]. Although, the effect of the temperature on the oil
yield was large at high pressures, as pressure decreased this
effect decreased. At 50 MPa, when the temperature
increased from 50 to 60 °C oil yield increased from 0.077
to 0.130 g/g flaxseed but, at 30 MPa, the same temperature
difference did not increase the yield significantly from
0.034 g/g flaxseed. The solubility of oils in SC-CO,

0.12

Yield
(g/g flaxseed)

0.07

0.02

Xo
(Temperature)
% p

1
(Pressure)

Fig. 2 Response surface curve showing the effects of pressure and
temperature on oil yield at 15 min of extraction (X3 = —1 (2 g/min))

Yield %7
(g/g flaxseed)

0.2

X3

X (Flow Rate)

1
(Pressure)

Fig. 3 Response surface curve showing the effects of pressure and
flow rate oil yield at 15 min of extraction (X, = 1 (60 °C))

increases with increasing pressure. However, the effect of
temperature is different; increasing temperature decreases
solubility below cross-over pressure but increases solubil-
ity above this pressure [33]. This shows that the cross-over
pressure of flax seed oil is close to 30 MPa. This result
agrees with the result of Bozan and Temelli [17], who
showed that the solubility of flaxseed oil in SC-CO,,
decreased at 21 MPa, however increased at 35 and 55 MPa
as temperature increased from 50 to 70 °C. Increase in
solubility of the oil in SC-CO, (due to increasing temper-
ature and pressure) increases the driving force in the fluid
phase [13], therefore the extraction rate increases.

Effects of pressure and the SC-CO, flow rate on oil yield
at 70 °C are shown in Fig. 3. Increases in pressure and
SC-CO, flow rate increased oil yield and the effect of each
parameter on the oil yield was high when the other
parameter’s value was high. Increasing pressure increases
the solubility of the oil in SC-CO, therefore increasing the
driving force in the fluid phase [13]. Increasing the SC-CO,
flow rate decreases the mass transfer resistance therefore
increasing the mass transfer coefficient [13, 34, 35].
Therefore, both pressure and SC-CO, increased the mass
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transfer rate and, therefore the oil yield in 15 min of
extraction.

From the response surface equation, the maximum
flaxseed oil yield after 15 min of extraction was found to
be 0.267 g oil/g flaxseed under extraction conditions of
50 MPa, 70 °C and a 4 g/min SC-CO, flow rate. These
conditions are the highest extremes of the experimental
ranges, therefore they are the best values of these ranges.
The oil yield of 0.267 g oil/g flaxseed corresponds to
about 82% recovery of the initial oil in 5 g flaxseed (for
particle diameter <0.85 mm). Assuming 95% of the initial
oil to be the maximum amount of oil that can be extracted
in the fast extraction period and considering linear
behaviour of the extraction curve, the time required to
extract this amount of oil was determined as 17 min in
this period. To calculate the total extraction time, an
additional 25% time was calculated and the total extrac-
tion time was found to be 22 min. This time value indi-
cates the time required to extract the total amount of
extractable oil for 50 MPa pressure, 70 °C temperature
and a 4 g/min SC-CO, flow rate as the extraction
conditions.

Expressing oil yield as a function of uncoded parameters
(pressure, temperature and solvent flow rate) rather than
coded parameters is practically more useful [25]. There-
fore, the uncoded form of the response surface equation
was developed by inserting Eqs. 1 to 3 into Eq. 5 as,

Y = 0272 — 0.0163P — 0.00266T + 0.008160
+ 0.000084P% — 0.00648Q% + 0.00013PT
1+ 0.00279PQ — 0.000567TQ (6)

where, P is pressure (MPa), T is temperature (°C) and Q is
SC-CO, flow rate (g/min).

Conclusion

In the ranges of 30-50 MPa, 50-70 °C and 2-4 g/min
pressure, SC-CO, flow rate and interactions between
pressure and solvent flow rate showed a highly significant
effect on oil yield (p < 0.01); in addition, the temperature
and interactions between pressure and temperature showed
a significant effect on oil yield (p < 0.05). The yield
increased with increasing temperature, pressure and solvent
flow rate, indicating an increase in the extraction rate.
Within the experimental range, the oil yield of 5 g flaxseed
particles (particle diameter <0.850 mm) for 15 min of
extraction time was represented by a response surface
equation. The maximum oil yield from this equation was
0.267 g oil/g flaxseed under conditions of 50 MPa, 70 °C
and 4 g/min SC-CO, flow rate. Under these extraction
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conditions, the total extraction time to extract all the
extractable oil was found to be 22 min.
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