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ABSTRACT

To allow an easy individuation of the more suitable working conditions (temperature, pressure, flow rate, etc.) to be
adopted to carry out the extraction of food grade oils from different substrates by supercritical CO, (Sc-CO,), a simpli-
fied kinetic approach has been introduced. This kinetic model was utilised to describe supercritical fluid extraction (SFE)
of 0il by Sc-CO, not only from seeds (sunflower, soybean and rape) but also from microalgae (Nannochloropsis sp.,
Schizochytrium sp. and Spirulina (Arthrospira) platensis) characterised by a lipid fraction with a high proportion of
polyunsatured fatty acids (C20:5@-3; C22:6@-3; C18:3@-6). Thanks to the high affinity occurring between oil and
Sc-CO, it was possible to introduce a simplified kinetic model able to describe the time evolution of oil extraction from
substrates which deeply differ for biochemical and biophysical characteristics. Moreover the synergistic utilisation of
the kinetic model introduced and of the Chrastil’s equation, allowed to predict the time evolution of oil extraction as a
function of the: substrate used; amount of its fat content; mass of substrate charged inside the extractor; possible pre-
treatments carried out on the used substrate; flow rate of Sc-CO,; working conditions adopted (temperature, pressure

and then Sc-CO, density).
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1. Introduction

Nowadays supercritical fluid extraction (SFE) represents
an industrial process used to produce decaffeinated cof-
fee beans, hop extracts, antioxidants, spices, nutraceuti-
cals and others. Although oil extraction using organic
solvent is normally recognised as a highly developed
technology, research is in progress to find new solvents
which are safer than traditional solvent used (hexane)
and which offer higher quality final products, above all
from a toxicological point of view. Among the alterna-
tive solvents proposed, supercritical CO, (Sc-CO,) has
been investigated for three microalgae (Nannochloropsis
sp., Schizochytrium sp. and Spirulina (Arthrospira) plat-
ensis) [1-3] and for three oilseeds (sunflower, rape and
soybean) [4-6].

In particular Sc-CO,, being safer than hexane and
offering a negligible environmental impact, a short extra-
ction time and a petroleum-free final productis regarded
with an increasing interest for oil extraction from micro-
algae, which are recognised as an important re- newable
source of bioactive lipids. In fact, clinical and epide-
miological studies have shown that long-chain polyun-
satured fatty acids (LC-PUFA) are effective in preven-
ting or treating several diseases and that the current diet
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of the economically advanced countries does not ade-
quately cover their requirement. Marine fish lipids are
the main conventional source of LC-PUFA, but micro-
algae are recognised as an additional important source
(Table 1).

When compared to fishery and related food industries,
microalgal cultivation presents the advantage to use an
indefinitely renewable resource with a negligible envi-
ronmental impact. Moreover, the growth of microalgae in
batch or in photo-bioreactor is carried out under highly
controlled conditions allowing the production of uncon-
taminated strains having a standardised composition.

In such a context, to better analyse the experimental
results obtained and to optimize the working variables
(temperature, pressure, etc.), this extractive technology
could greatly benefit mathematical models not only suit-
able and reliable but also easy as possible to use.

Different phenomena as phase equilibrium, mass
transfer and flow of Sc-CO, trough packed bed are dif-
ferently involved in the kinetic models reported in litera-
ture [7,8].

But in many cases, the extraction of the first fraction
of extract is essentially limited by its solubility while
only the extraction rate of the remaining fraction is lim-
ited by internal diffusion trough the utilised matrix [9].
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As CO,is able to dissolve non polar substances like
vegetable oil, this largely prevails in microalgae and oil-
seeds extracts so that extracts can be identified with the
only oil and the mathematical model can simulate the
solute as one (pseudo) component (oil) instead of a com-
plex mixture [10-13].

On these basis a simplified mathematical model was
introduced to describe the time evolution of SFE of lipid
fraction from oilseeds [4-6] and microalgae [1-3]. By
Chrastil’s equation [14] it was also possible to correlate
the maximum extraction rate with the working pressure
and temperature adopted.

As a function of temperature, pressure, flow-rate of
Sc-CO, and amount of matrix experimentally used, a
simplified method to estimate the time evolution of oil
extraction by Sc-CO, from the three oilseeds (sunflower,
soybean and rape) and the three microalgae (Nan-
nochloropsis sp., Schizochytrium sp. and Spirulina (Ar-
throspira) platensis) analysed, could be now developed.
This new method could be potentially able to simplify
the identification of the best working conditions to be
adopted to promote SFE of oil from these six matrices
and to reduce the weight of the related experimental ac-
tivity.

2. Materials and Methods

SFEs were performed with commercial-grade CO, using
a pilot plant apparatus (SITEC, Maur, Switzerland) de-
scribed in a previous paper [15].

Different amounts (180 g for Nannochloropsis and 80
g for Schizochytrium and Spirulina) of lyophilised mi-
croalga (particle size < 0.37 mm) were utilised per each
run, with a working pressure (P) of 25, 40, 55, 70 MPa
and a temperature (T) of 40°C, 55°C. The oil of the three
microalgae used (24.9% by weight for Nannochloropsis,
36.2% for Schizochytrium and 7.9% for Spirulina) was
extracted by Soxhlet using n-hexane as solvent.

Sunflower, rape and soybean seeds were cracked, de-
hulled and flaked to produce flakes with a thickness of
0.2 - 0.5 mm. Moisture and oil content of the flakes, de-
termined according to standard AOCS methods, resulted
respectively 7.0% (by weight) and 40.8% for sunflower,
8.8% and 41.0% for rape and 9.6% and 20.2% for soy-
bean, ScCO, extractions of oil were carried out using 280
g of flakes per each run, with a working pressure (P) of
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20, 30, 40, 50, 55, 70 MPa and a temperature (T) of 40°C,
50°C, 60°C, 70°C, 80°C.

In all experimental runs the flow rate of Sc-CO, (D)
was maintained constant and equal to 10 kg-h™' (Micro
Motion Coriolis flow-meter; accuracy +0.2%; repeatabil-
ity £0.05%).

The extracted lipid fractions were collected after a
predetermined amount of CO, had passed through the
bed of used substrate (lyophilised microalgae or seeds
flakes) and the extraction yields were determined gra-
vimetrically.

3. Results and Discussion
3.1. Kinetic Evaluation of Oil Extraction

Applying the Fick’s law to the diffusion occurring be-
tween two heterogeneous phases (solid matrix and Sc-
CO,), the rate (d[O€]=¢/dt) of oil accumulation in the
mobile phase (Sc-CO,) was assumed to be proportional
to the difference occurring between the concentration of
0il ([O€ =), which would be present in this phase at the
equilibrium, with the amount of oil remained inside the
solid matrix ([OS]=;; [O€T=t = H[OS]=y), and the
concentration of oil already extracted at that run time
([Oeli=y) and the following equation could be obtained
[1-6]:

d[Oe]_ /dt =k, x Ax([0e | ~[Ce],,) (1)

where:

ke = mass transfer constant (s - m 2);

A = area of contact between the two phases: solid ma-
trix and Sc-CO, (m?);

H = the equilibrium constant H, related to the partition
of oil between the two involved phases

(H =[0oe']../[os] )

The differential Equation 1 could be integrated, ado-
pting some simplifying hypothesis [1,5] and utilising the
equation related to mass balance of oil between the two

involved phases:
[Os]_, =[Os]_, ~[Oe] )

1

where: [Os]i—= the amount of oil still present in the solid
phase; [Os]i—o = oil concentration initially present in the
solid matrix used; [O€]i-; = concentration of oil already

Table 1. Major characteristics of microalgae used.

Major fatty acid and relative

Microalga Growth phase Oil content” (%) LC-PUFA content” content”
Nannochloropsis sp. Stationary 522 C20:5@3 (31.1)
Schizochytrium sp. Stationary 449 C22:6@-3 (31.0)
Spirulina platensis Stationary 30.9 C18:3w-6 (18.9)

*Determined according to the method of Bligh and Dyer [1]; "Determined by GLC using hexane extracts and expressed as percentage of total fatty acids

[1-3].

Copyright © 2012 SciRes.

AJAC



A. ZINNAI

extracted in the mobile phase.
And Equations 3 and 4 could be obtained:

[Oe]t:t =H ’[Os]tzo/(H +1)-(1—e_(H”)><k®<A><t) 3)
= H*X[OS]tZOX(l— e—kxt) (4)

where: [O€] = amount (g) of oil extracted at a random
time t = t per gram of solid matrix used in the SFE; H" =
adimensional constant, ranging from 0 to 1, related to the
equilibrium constant H (H* = H/(H + 1)); [OS]o =
amount (g) of oil present in 1 g of starting material; k =
(H + 1)-keA = kinetic constant (s ).

The extraction rate (R) calculated as first derivative of
the exponential Equation 5:

R=d[Oe]_ /dt = H"x[Os]_ xkxe™ )

reaches its maximum value (Ry.) at the beginning of
extraction, when t is close to 0:

R, :kXH*X[OS]t:o (6)

According to Yu et al. [16], the value of Ry, (s™') was
assumed as an index to evaluate the efficiency of the SFE
system versus the oil fraction of the oily matrix used. In
particular, while the constant k gives information on the
kinetics of the SFE, the product H"-[Os], which repress-
sents the asymptotic value of the extraction curve when
t—o0, measures the maximum amount of oil extractable
in the working conditions adopted.

The identification of the best values to be assigned to
the equation parameters H'-[Os] and k was carried out by
a commercial statistical program (BURENL®), which is
able to identify in a space of j-dimensions (where | is the
number of equation parameters) the minimum of the
function F which is given by the sum of the squares of
differences occurring between calculated (Vi ;) and
experimental (Vexperi) values:

N
F= ;(Vcalc.,i 7Vexper.,i )2 (7)

where N is the total number of experimental points. Ta-
ble 2 reports the values assumed by R, and by the func-
tional parameters H'-[Os] and k for the three microalgae
(Nannochloropsis, Schizochytrium and Spirulina) and the
three oilseeds (sunflower, rape and soybean) used.

The high values assumed by the square of correlation
coefficients, testify to the suitability of the hypotheses
introduced and give a measure of the validity of the
theoretical approach followed.

The values assumed by the constant k, when working
in isothermal conditions, reveal that the kinetics of SFE
is influenced by pressure, with the strongest effect ob-
tained working with Spirulina platensis and sunflower
flakes. In particular, when passing from 25 to 70 MPa,

Copyright © 2012 SciRes.
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the value of K increases of about 10 times at 40°C and
more than 20 times at 55°C for Spirulina platensis, while
a comparable increase can be observed also for sun-
flower flakes at 40°C, which becomes equal to 45 times
at 60°C and to 290 at 80°C.

Also temperature affects the kinetics of SFE (see val-
ues of k determined in isobaric conditions), but such in-
fluence appears more complex as shown by curves re-
ported in Figures 1 and 2 for microalgae and oilseeds
respectively.

At the lower pressures, in fact, T plays a negative ef-
fect on the extraction kinetics, while at the higher P val-
ues an isobaric increase in T, increases the value of k.
The crossing-over region ranges from 33 to 46 MPa.
Such phenomenon, supported by a number of experi-
mental studies, is related to the fact that at the lower
pressures the expected increase in oil fugacity with the
increase of T is overcome by the decrease in density of
Sc-CO,; and therefore by the decrease in its solute hold-
ing power.

As already reported in literature Sc-CO, is confirmed
as a good solvent for oil extraction from all the substrates
tested as shown by values assumed by equation parame-
ter H"-[Og)i= and reported in Table 2.

Within each set of SFEs, the equation parameter
H".[Os]i=o assumes very similar values, which are also
close to that obtained when n-hexane is adopted as sol-
vent. Table 3 reports the mean values calculated for
every SFE set together with the corresponding solubility
found using n-hexane as extraction solvent.

This means that on the basis of the amount of oil ex-
tractable at equilibrium, all processes (Sc-CO, extractions
and percolation with n-hexane) are substantially equiva-
lent. This result disagrees with that reported by Mendes
et al. for the SFE of oil from Spirulina (Arthrospira)
maxima [17]. Such Authors report in fact a higher extrac-
tion yield when working with n-hexane instead ScCO,,
albeit SFE was carried out under different working con-
ditions. Comparing the values of H™-[Os] with the oil
content reported in Table 1 for each microalga, it ap-
pears that ScCO, and n-hexane are unable to recover the
whole microalgal oil fraction, having probably some
losses in the most polar lipids (e.g. glycolipids).

The functional parameter (H"-[Ogl=0), representing the
mgs of oil extracted from 1 g of matrix initially charged
inside the extractor when extraction time tends to infinite,
appears to assumes for all materials tested and experi-
mental runs performed (Table 3), values coinciding with
the concentrations of oil extractable from different ma-
trices by solvent usually utilised in the industrial oil pro-
ductions.

In fact, in the presence of a highly efficient SFE proc-
ess (high affinity of extractable substance for solvent and
then for Sc-CO,) H” tends to 1:
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Table 2. Maximum extraction rate (R,,,) and values of the equation parameters H"-[Os}i=p and K as a function of temperature
(T) and pressure (P) adopted during the experimental runs related to SFEs of the three microalgae (Nannochloropsis,
Schizochytrium and Spirulina) and the three oilseeds (sunflower, rape and soybean) used. c.i. = confidence interval ( p = 0.05);
r’ = the square of correlation coefficient.

T (C) P (MPa) Ruax i) X 10° (s7) (H"-[Ogl= £ C.i.) x 10* (k% c.i) x 10* (s r?

Nannochloropsis sp.

40 25 26.22£0.71 252.11£0.94 1.04 £0.01 0.99
40 40 39.38£0.65 250.84 £0.99 1.57£0.02 0.99
40 55 74.98 £0.99 252.45+0.81 2.97+£0.03 0.99
40 70 107.76 £ 1.37 256.58 £0.85 4.20£0.04 0.98
55 25 10.29 £0.54 250.96 £ 1.04 0.41£0.01 0.98
55 40 49.58 £0.67 249.13 £0.77 1.99 £0.02 0.99
55 55 86.94 £1.03 252.00£0.80 3.45+0.03 0.99
55 70 118.04 +1.39 257.75£0.80 4.58 £0.04 0.98

Schizochytrium sp.

40 25 51.47£0.95 365.01 £0.81 1.41 £0.05 0.98
40 40 88.99£0.99 358.81£0.80 2.48 £0.06 0.99
40 55 164.08 = 1.58 355.16 £0.86 4.62+0.09 0.99
40 70 251.82£2.39 353.18£0.98 7.13+0.15 0.98
55 25 27.82+0.36 347.71£0.78 0.80 £0.06 0.97
55 40 81.27+£1.22 361.22£0.88 2.25+0.05 0.98
55 55 189.09 +2.39 358.12£1.12 5.28+0.08 0.99
55 70 347.17+£3.71 360.14 £ 1.77 9.64£0.19 0.99

Spirulina platensis

40 25 9.50+0.58 81.93 £1.68 1.16 £0.04 0.99
40 40 26.05+0.68 79.18 £0.45 3.29+0.07 0.99
40 55 45.67+1.09 78.34+£0.37 5.83+0.11 0.98
40 70 85.75£2.05 77.78 £0.37 11.02+0.21 0.98
55 25 6.84 £ 0.64 75.21+£2.45 0.91 £0.06 0.99
55 40 20.03+£0.61 80.11 £0.58 2.50+0.06 0.99
55 55 83.40 £ 1.99 7791 +0.37 10.71 £0.20 0.98
55 70 160.49 £3.99 78.23+£0.37 20.52+0.41 0.91
Sunflower
40 20 53.183 £0.969 400.18 £ 0.95 1.329 £ 0.021 0.99
40 30 135.532 £ 1.164 390.02 £0.54 3.475+0.025 0.99
40 70 462.804 +2.946 389.73 £ 0.64 11.875+0.056 0.84
60 20 27.261 £ 0.859 390.00 + 1.65 0.699 +0.019 0.96
60 30 129.370 £1.172 390.02 £0.59 3.317+£0.025 0.97
60 70 1251.759 £7.013 392.02£0.61 31.931£0.129 0.95
80 20 8.908 £ 1.111 387.31£5.60 0.230 +0.025 0.93
80 30 102.836 £ 1.484 408.73 £ 0.85 2.516+0.031 0.96
80 70 2646.604 +20.961 396.59 £0.86 66.734 £ 0.383 0.92

Copyright © 2012 SciRes. AJAC
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Continued
Rape
40 40 230.86 + 1.42 405.73 £ 0.36 5.69+0.03 0.98
40 55 348.11 £ 1.88 403.84 £ 0.31 8.62+£0.04 0.99
40 70 451171247 406.83 £ 0.39 11.09 £ 0.05 0.98
60 40 294.84 +1.90 411.79+0.35 7.16 £ 0.04 0.99
60 55 695.49 +3.34 402.25+0.30 17.29 £ 0.07 0.97
60 70 1267.69 £ 3.03 408.01 £0.32 31.07 £0.05 0.97
80 40 326.03+£1.93 411.13+£0.37 7.93+0.04 0.98
80 55 893.86 £ 4.88 411.35+0.35 21.73£0.10 0.99
80 70 1837.92£11.58 406.53 £ 0.40 45211024 0.96
Soybean
40 40 62.93 £1.37 213.26 £0.71 2.951 £0.054 0.99
40 55 99.99 +1.54 200.91 +£0.58 4.977 £0.062 0.99
40 70 135.45+1.97 200.99 +0.59 6.739 £ 0.078 0.99
50 40 67.62+1.31 215.84+0.64 3.133+£0.051 0.99
50 55 134.59 £2.05 201.06 + 0.50 6.694 + 0.085 0.99
50 70 153.21 £2.37 211.77+£0.71 7.235 £0.087 0.97
70 40 87.47 £ 1.54 212.99+0.73 4.107 £0.058 0.98
70 55 162.69 £2.29 201.73 £0.53 8.065 £ 0.092 0.99
70 70 177.23+£2.49 217.49 £ 0.65 8.149 £0.090 0.97

*These values represent the mgs of oil extracted from 1 g of substrate, when the equilibrium between the two involved phases is reached (extraction time —eo).

Table 3. Mean values assumed by equation parameter 0.0025
H*-[OS]t:O determined for every substrate used together with _ Spirulina
their related confidence intervals (c.i.; p = 0.05) and corre- 0.0021 ____  Schizochytrium

Nannoclhoropsis

sponding solubility determined utilising n-hexane as extrac-
tion solvent.

QOil extracted by

. . . a
Extraction matrix n-hexane (% by weigh) H"-[Odi=o
Nannochloropsis sp. 249 253106
Schizochytrium sp. 36.2 357+1.0
Spirulina platensis 7.9 79404
Sunflower 40.8 394413 Figure 1. Evolution of kinetic constant k as a function of
microalga, pressure and temperature utilised.
Rape 41.0 40.7£0.6
Soybean 20.2 208+13 0.007 Py
Rape (m  40°C, A 60°C, @ 80°C)
9(Mean value £ c.i.) x 100. 0.006_ __ _ sunflower (m 40°C, A 60°C, #80°Cy ~
0.005wweeeseeneee Soybean m 40°C, A 50°C, O}O(C) .
lim,_,_ H" =lim,__H/(H+1) _0.0041
=lim,_,_1/(1+1/H) =lim,_,_1/(1+0) =1 = 0.0031
* 0.0021
so that the maximum amount of oil extractable per gram ool
of biomass becomes completely comparable with the 0%

concentration of oil present in the starting material and a 20 30 40 50 60 70
simplified kinetic model can be introduced [9,13].
To relate R, to density of Sc-CO,, whose value is in-

Figure 2. Evolution of kinetic constant k as a function of
fluenced by both the pressure and temperature adopted,

oilseed, pressure and temperature utilised.

Copyright © 2012 SciRes. AJAC
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the following equation introduced by Chrastil was a-
dopted:

R*max = Rnax ! mPCOz,T,P/F = pa ><e(b/T+ © (8)

where: R ., = the maximum value assumed by extrac-
tion rate expressed in grams of extracted oil per litre of
Sc-CO, flowed through the substrate bed (g/L); Ru.x =
the maximum value of extraction rate (s'); m = the
amount of substrate used (g); p = density of Sc-CO2
(g1"); @ = flow rate of Sc-CO, (gs’'); & b (K), ¢ =
equation parameters; T = temperature (K). The identifi-
cation of the best values to be assigned to the equation
parameters @, b and ¢ was carried out by the statistical
program BURENL® introduced above Table 4 reports
the value of the parameters a, b and ¢ calculated for
every substrates tested, using the experimental values of
Runax reported in Table 2.

The high values assumed by the square of correlation
coefficients give a measure of the validity of Chrastil’s
equation to describe the evolution of the maximum ex-
traction rate as a function of temperature and pressure
utilised. Known for the six substrates tested the values
assumed by the three functional parameters (&, b and ¢)
and the working temperature and pressure used, it is pos-
sible to calculate the corresponding R’y value and then
that of kinetic constant k. In fact combining Equation 6
with 8, the following expression can be obtained:

k=R -q>/ (H"x[Os],_,-m- peo, 7. )
:paxe(b/T+ <) (I)/ (H* .[Os]t=0 'm'pCOZ,T,P)

The value of density assumed by Sc-CO, ( pCOZ‘Typ)
as a function of temperature and pressure adopted, can be
evaluated looking to the state diagram of carbon dioxide.
So it was possible to calculate the theoretic evolutions of
the kinetic constant k connected to SFE of oil from the
six substrates studied by Sc-CO, as a function of tem-
perature and pressure used (Figures 1 and 2). The good

®

Table 4. Values of parameters involved in the Chrastil
equation 11 adopted to correlate the solvent power of Sc-
CO; to its density and working temperature utilised. c.i. =
confidence interval (p = 0.05); r? = square of correlation
coefficient.

Substrate atci b il- 0cS.1.) x —(ctci.) r
Na””"zz'ompgs 10924257 3514123 62.66+16.18 0.97
SCh'ZO;:;y"'“m 11.90+1.65 491+0.88 650041050 0.98
Spirulina platensis 12.49 £4.23  6.50+2.32 65.00+27.00 0.97
Sunflower 13564021 7.80+0.06 6527+132 0.99
Rape 13434010 639+004 68.69+0.64 0.98
Soybean 7544058 3124024 39.74+3.60 091

Copyright © 2012 SciRes.

degree of overlapping occurring between experimental
and calculated values gives a measure of the suitability of
the method introduced.

Moreover the values assumed by kinetic constant (K)
when the SFE of sunflower is carried out at a pressure of
50 Mpa of Sc-CO, and at three different temperatures
(40°C, 60°C and 80°C) were also determined (Table 5)
when 280 g of sunflower flakes is charged inside the
extractor and a flow rate of Sc-CO, equal to 2.78 (g's™")
is utilised.

Figure 3 reports the time evolution of oil extraction

calculated by Equation 7 and utilising the values of func-
tional parameters reported in Table 5.
The good degree of overlapping between the calculated
and experimental curves (Figure 3) and the high values
assumed by the squares of correlation coefficients occur-
ring between experimental and calculated values (0.95 at
T=40° 0.96 at T=60" and T = 80°C) seem to testify to
the suitability of the hypotheses introduced and give a
measure of the validity of the theoretical approach fol-
lowed.

Thanks to the high affinity occurring between oil and
Sc-CO, it was possible to introduce a simplified kinetic
model able to describe the time evolution of oil extrac-
tion from substrates which deeply differ for biochemical
and biophysical characteristics. Moreover the synergistic
utilisation of this simplified kinetic model together with
the Chrastil’s equation allowed to predict the time evo-

Table 5. Values calculated for the Kkinetic constant (k) by
Chrastil’s equation and related to oil extraction from sun-
flower flakes at pressure of 50 MPa of Sc-CO, at three dif-
ferent temperatures (40°C, 60°C and 80°C).

Pco,1p a1 * 2 (kteid) x 10*
T (K) P(MPa) ) Runax (g717) H -[Os]= cale. (s”)
313.15 50 987 27.50 0.408 7.95
333.15 50 932 56.34 0.408 15.23
353.15 50 871 84.69 0.408 24.49
*(g of oil/g of flakes).
> 400
% 350 e A .
e 3000 K
EEa250 .
838 Ba00{ fA"
E “5‘ =} An -
14 © 150
& 20 2
2 100
Y
g
0 1000 2000 3000 4000 5000

Extraction time (s)

Figure 3. Evolution of experimental and calculated points
related to oil extraction from sunflower flakes as a function
of time, pressure (50 MPa) and temperature (m 40°C, A
60°C and e 80°C) utilised.
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lution of oil extraction as a function of the: substrate
used;amount of its fat content; mass of substrate charged
in- side the extractor; possible pretreatments carried out
on the used substrate; flow rate of Sc-CO,; working con-
ditions adopted (temperature, pressure and then Sc-CO,
density).

This new method could be potentially able to simplify
the identification of the best working conditions to be
adopted to promote SFE of oil from matrices of which
are known the values assumed by functional parameters
(8, b and c) involved in the of Chrastil’s equation.

REFERENCES

[11 G. Andrich, U. Nesti, F. Venturi, A. Zinnai and R.
Fiorentini, “Supercritical Fluid Extraction of Bioactive
Lipids from Microalga Nannochloropsis sp.,” European
Journal of Lipid Science and Technology, Vol. 107, No. 6,
2005, pp. 381-386. doi:10.1002/¢j1t.200501130

[2] G. Andrich, A. Zinnai, U. Nesti, F. Venturi and R.
Fiorentini, “Supercritical Fluid Extraction of Oil from
Microalga (Arthrospira) platensis,” Acta Alimentaria,
Vol. 35, No. 2, 2006, pp. 195-203.
doi:10.1556/AAlim.35.2006.2.6

[3] A. Zinnai, U. Nesti, F. Venturi, G. Andrich and R. Fio-
rentini, “Estrazione in Fase Supercritica di Olio da Schi-
zochytrium sp.,” Rivista Italiana Delle Sostanze Grasse,
Vol. 83, No. 1, 2006, pp. 1-5.

[4] G. Andrich, S. Balzini, A. Zinnai, V. De Vitis, S. Silvestri,
F. Venturi and R. Fiorentini, “Supercritical Fluid Extrac-
tion in Sunflower Seed Technology,” European Journal
of Lipid Science and Technology, Vol. 103, No. 3, 2001,
pp. 151-157.
doi:10.1002/1438-9312(200103)103:3<151::AID-EJLT15
1>3.0.CO;2-T

[5] G. Andrich, A. Zinnai, S. Nottoli , F. Venturi and R.
Fiorentini, “A Mathematical Model Describing the Su-
percritical Fluid Extraction (SFE) of Oil from Soybean
Seeds,” Chemical Engineering Transactions, Vol. 2, 2002,
pp- 397-401.

[6] G. Andrich, A. Zinnai, F. Venturi and R. Fiorentini, “A
Mathematical Model Describing the Supercritical Fluid
Extraction (SFE) of Rapeseed (Brassica Napus) Oil,”
Chemical Engineering Transactions, Vol. 3, 2003, pp.
1605-1610.

[7] J. M. Del Valle and J. C. De La Fuente, “Supercritical
CO, Extraction of Oilseeds: Review of Kinetic and Equi-
librium Models,” Critical Reviews in Food Science and
Nutrition, Vol. 46, No. 2, 2006, pp. 131-160.

Copyright © 2012 SciRes.

ET AL

(10]

[11]

[12]

[13]

[14]

[13]

[16]

945

doi:10.1080/10408390500526514

E. L. G. Oliveira, A. J. D. Silvestre and C. M. Silva, “Re-
view of Kinetic Models for Supercritical Fluid Extrac-
tion,” Chemical Engineering Research and Design, Vol.
89, No. 7,2011, pp. 1104-1117.
d0i:10.1016/j.cherd.2010.10.025

H. Sovova, “Steps of Supercritical Fluid Extraction of
Natural Products and Their Characteristic Times,” The
Journal of Supercritical Fluids, Vol. 66, 2012, pp. 73-79.
d0i:10.1016/j.supflu.2011.11.004

1. Zizovic, M. Stamenic, A. Orlovic and D. Skala, “Super-
critical Carbon Dioxide Essential Oils from Plants with
Secretory Ducts: Mathematical Modelling on the Mi-
cro-Scale,” The Journal of Supercritical Fluids, Vol. 39,
No. 3, 2007, pp. 338-346.
doi:10.1016/j.supflu.2006.03.009

M. Stamenic, 1. Zizovic, A. Orlovic and D. Skala,
“Mathematical Modelling of Essential Oil SFE on the
Micro-Scale-Classification of Plant Material,” The Jour-
nal of Supercritical Fluids, Vol. 46, No. 3, 2008, pp.
285-292. doi:10.1016/j.supflu.2008.03.007

L. Fiori, D. Basso and P. Costa, “Supercritical Extraction
Kinetics of Seed Oil: A New Model Bridging the ‘Broken
and Intact Cells’ and the ‘Shrinking-Core’ Models,” The
Journal of Supercritical Fluids, Vol. 48, No. 2, 2009, pp.
131-138. doi:10.1016/.supflu.2008.09.019

H. Sovova, “Modelling the Supercritical Fluid Extraction
of Essential Oil from Plant Materials,” Journal of Chro-
matography A, Vol. 1250, 2012, pp. 27-33.
d0i:10.1016/j.chroma.2012.05.014

J. Chrastil, “Solubility of Solids and Liquids in Super-
critical Gases,” Journal of Physical Chemistry, Vol. 86,
No. 15, 1982, pp. 3016-3021. doi:10.1021/j100212a041

F. Favati, R. Fiorentini and V. de Vits, “Supercritical
Fluid Extraction of Sunflower Oil: Extraction Dynamics
and Process Optimisation,” Proceedings of the 3rd Inter-
national Symposium on Supercritical Fluids, Strasbourg,
17-19 October 1994, pp. 305-309.

Z. Yu, B. Sing, S. H. Risvi and J. A. zollweg, “Solubili-
ties of Fatty Acids, Fatty Acid Esters, Triglycerides and
Fats and Oils in Supercritical Carbon Dioxide,” Journal
of Supercritical Fluids, Vol. 7, No. 1, 1994, pp. 51-59.
d0i:10.1016/0896-8446(94)90006-X

R. L. Mendes, A. Reis, H. L. Fernandes, J. M. Novais and
A. F. Palavra, “Supercritical CO, Extraction of Lipids
from a GLA-Rich Arthrospira (Spirulina) maxima Bio-
mass,” Proceedings of the 5th Iternational Conference on
Supercritical Fluids and Their Applications, Verona, 13-
16 June 1999, pp. 209-216.

AJAC


http://dx.doi.org/10.1002/ejlt.200501130
http://dx.doi.org/10.1556/AAlim.35.2006.2.6
http://dx.doi.org/10.1002/1438-9312(200103)103:3%3c151::AID-EJLT151%3e3.0.CO;2-T
http://dx.doi.org/10.1002/1438-9312(200103)103:3%3c151::AID-EJLT151%3e3.0.CO;2-T
http://dx.doi.org/10.1080/10408390500526514
http://dx.doi.org/10.1016/j.cherd.2010.10.025
http://dx.doi.org/10.1016/j.supflu.2011.11.004
http://dx.doi.org/10.1016/j.supflu.2006.03.009
http://dx.doi.org/10.1016/j.supflu.2008.03.007
http://dx.doi.org/10.1016/j.supflu.2008.09.019
http://dx.doi.org/10.1016/j.chroma.2012.05.014
http://dx.doi.org/10.1021/j100212a041
http://dx.doi.org/10.1016/0896-8446(94)90006-X

