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Abstract

The freeze-dried biomass Afthrospirawas submitted to supercritical G@xtraction, in a flow apparatus, at temperatures of 50 an@€60
pressures of 250 and 300 bar and flow-rates of 12.8, 19.6 and 29.5¥mDOT he achieved extraction yields, using pure,C@ere low and
increased slightly with pressure and temperature and decreased with the flow rate.

In order to increase the extraction yield of the lipids, namely GLA, which is mostly contained in glycolipid fractions, a polar compound
(ethanol) was mixed with the freeze-dried biomass. The presence of ethanol increased both lipid and GLA yields relatively to the extraction
with pure CQ.

A comparison between supercritical extraction and organic solvent extraction was also carried out, in what concerns lipid yields and fatty
acid composition of total lipids.

Furthermore, a plug flow model, in which the resistance to internal mass transfer is considered to be the controlling step, was applied to
the supercritical C@extraction of lipids from thérthrospira maxima
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction sponsible for the conversion of the linoleic acid (C18%)
into y-linolenic acid (C18:3»6) [2,3].
Evening primrose, borage, blackcurrant, funéilof- The use of GLA in medical and dietary applications led
tierellaandAspergillu3 and cyanobacteriarthrospira(Spir- to the need of better methods of extraction and purification
ulina) are important sources gflinolenic acid[1]. of this fatty acid from the natural sour¢é]. Supercritical

Low endogenous concentrations of this compound are as-fluid extraction is a new separation technique very promising
sociated to several dysfunctions in human metabolism, suchto obtain the GLA and other valuable lipids. Carbon dioxide
as dermatitis, diabetes, schizophrenia, rheumatoid arthritisis the most used supercritical solvent, because the obtained
and pre-menstrual syndrome. This behavior is due to a de-extracts are toxic solvent free and the degradation of thermal
ficient function of theA6-desaturase enzyme, which is re- labile components is avoided due to the moderate tempera-

ture used in the proce$s]. Supercritical fluid extraction of

* Corresponding author. Fax: +351 217127195. GLA using this and other solvents has been carried out: from
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SFs [6], evening primrose seedg] and Spirulina[8,9,10] The Arthrospirawas harvested using a nylon plankton mesh
using CQ, borage seeds with C@nd a mixture of C@and (33wm) and then was freeze-dried-a20°C under N.
propang11]. Prior to the supercritical studies the biomass was ground

The objectives of this work are to carry out the supercriti- and sieved and only particles with a diameter <0.2 mm were
cal CQ extraction of lipids, namely GLA, frorArthrospira used in the experiments.
maxima and to assess the influence of several parameters, Several lipid extractions with organic solvents were car-
namely flow rate, in order to identify the mass transfer mech- ried out at 25C, for 2 h, with magnetic stirring (100 rpm),
anism. in light protected vessels under nitrogen using 500 mg of dry
Arthrospira The solvents used were ethanol, acetone, hexane
and a mixture of chloroform, methanol and water (Bligh and
2. Materials and methods Dyer method14])).
To determine the content in fatty acids of the freeze-dried
For the supercritical fluid extraction experiments, a flow biomass and of the several supercritical extracts, they were
apparatus was use#i@. 1). The apparatus allows to carry transesterified according to the modif[@¢8] Lepage and Roy
out studies at the temperature range from 25 t6@@nd method[16].
pressures up to 300 bHr2]. The supercritical extracts were analyzed in a Hewlett-
The liquid CQ flowing from a cylinder is compressed, Packard 5890 gas chromatograph equipped with a flame
with a pump (CP), into the extraction vessel of 1L (V), after ionization detector and a fused-silica DB-5 column (J&W;
passing through the heat exchanger (S2). The preset extrac30 mx 0.25 mmi.d., film thickness 0.36m). Oven tempera-
tion temperature is reached with the aid of a water jacket ture was programmed to 17Q during 5 min, then was raised
enveloping the extraction vessel. The pressure, measured byrom 170 to 250 C at 4°C min~! and held at this temperature
a Bourdon type manometer (M2), is controlled by the back- for 5min. The injector and detector temperatures were 195
pressure regulator (BP). After flowing upward through the and 290°C, respectively. Helium was used as a carrier gas, at
vegetable bed into the extraction vessel, the supercritical fluid a flow rate of 1.4 mlmint and the split ratio was 1:50. Hep-
is expanded in the separators of 0.27 L (SP1 and SP2). Theadecanoic acid (Sigma) was used as internal standard. Peak
gas flow rate is monitored with a rotameter (FL) and the total identification and response factor calculation was carried out
volume of CQ is determined with the dry test meter (DTM).  using standards (Sigma).
In this work, the supercritical fluid extraction was carried
out using 40 g ofArthrospira (containing 28% ash). On the
other hand, conditions of extraction were: £€ow rates 3. Results and discussion
of 12.8, 19.6 and 29.5 g mirt, pressures of 250 and 300 bar
and temperatures of 50 and8D. The extracts were collected The cyanobacteriumrthrospira maximavas submitted
in the first separator (SP1), at a pressure of 20 bar, and theto supercritical fluid C@ extraction at the following con-
temperature was controlled with an ice bath. The amount of ditions: flow rates from 12.8 to 29.5gmih of CO;, at a
extract obtained was assessed gravimetrically. pressure of 250 bar and temperature of 80Furthermore,
The CG (99.995% purity) was purchased from Air Lig- to assess the effect of pressure and temperature, at a flow rate
uide (Portugal). Th&rthrospira(Spiruling) maximaGeitler of 19.6 g min'!, experiments were carried out at 300 bar and
LB 2342) used in the experiments was grown from a strain temperatures of 50 and 8G. Yield in lipids, collected at
of the University of Texas culture collection (Austin, USA). regular time intervals, for the several conditions, are shown
The growth was carried out with @pirulina medium[13]. in Figs. 2 and &s a function of the CPmass.

Fig. 1. Diagram of the supercritical fluid extraction apparatus. S1, Ice cooler; F, filter; CP, circulating pump; BP, back-pressure regulatomitisthiters;
S2, heat exchanger; V, extraction vessel; SP1 and SP2, separators; V1 and V2, valves; FL, rotameter; DTM, dry test meter.
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Fig. 2. Extraction of lipids fronArthrospiraas a function of carbon dioxide CO,/dry biomass (kg/kg)
mass at a flow rate of 19.6 gmih. (a) 250 bar/50C; (®) 300 bar/50C;
(W) 300 bar/60C.

Fig. 4. Yield of extracted lipids fronArthrospira maximaas a function
) ) ) of carbon dioxide mass (flow rate =19.6 gmH). (4) 300 bar/60C (no
At constant flow rate, the yield increased with the pres- entrainers); M) 300 bar/60 C (with 20% ethanol);®) 300 bar/60 C (with

sure at constant temperature and with temperature at constant00% ethanol).

pressureKig. 2). The pressure improved the solvent power

of the supercritical fluid, due to the increase of its density. |ead to any increase in lipid yield when compared with pure
On the other hand, at constant pressure and flow rate, thecQ,. However, the higher amount of ethanol led to a signif-
yield increased with the temperature. In fact, the temperaturejcant increase of both the extraction rate and yield. Santos
increases the vapor pressure of the lipids, leading also to itset al. [8], also showed that when the samplesSgirulina
higher solubility. Moreover, the yield decreases with the flow pjatensiscontained moisture, the yield of the extraction with
rate Fig. 3), at constant pressure and temperature, being thisCO, was higher than when completely dried samples were
behavior possibly due to mass transfer resistances inside thesed.

Spirulinaparticles. The ethanol can have an entrainment effect on the extrac-
With the aim of increasing the extraction yield in both tjon of the lipids fromArthrospira, which are for the larger
GLA and other lipids the dried biomass was mixed with part polar{3]. On the other hand, the ethanol can also have,

ethanol, a biocompatible solvent, previously to its introduc- probably, an effect of destruction of the cellular wdllg],

tion in the extractor. Two amounts of ethanol (100% and 20% improving the amount of available lipids for extraction.

of the total dried matter) were tested. In Fig. Sare represented the cumulative yields in GLA as
In Fig. 4 are presented the cumulative curves of the ex- a function of CQ mass for several conditions. This figure

tracted lipids. The lower amount of ethanol (20%) did not shows that the use of ethanol mixed with the dry biomass led

0.020 -
0.007 -
g 0.006 b * * ) ’
‘_§‘h ) 0.015 -
= - L ®
w
% 0.005 - . = c
g A A <
5 0.004 ™ A = 0010 { ®
Z A . * ¥ ]
= 0.003 - A . = = " "
:g A L, "
= 0.002 | Amy 0.005
-, °
0.001 14 * " . * *
) mee ® . : ‘ ,
(N : r - - ' 0 50 100 150 200
0 50 100 150 200 250

CO,/dry biomass (kg/kg)
CO,/dry biomass (kg/kg)
Fig. 5. Yield of extracted GLA fromArthrospira maximaas a function of
Fig. 3. Extraction of lipids fronArthrospiraas a function of carbon dioxide  carbon dioxide mass. Conditions of extraction: 300 baf,G(low rate of

mass at 250bar and 6@, at several flow rates®) 12.8gmir?; (a) 19.6gmiTL. (4) no entrainers; M ) with 20% ethanol; @) with 100%
19.6gmirr?; (¢)29.5gminL. ethanol.
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Table 1 1.0 -
Lipid and GLA yield for several conditions
Conditions Lipid content GLA extracted

(% dry biomass) (%)
250bar/50C 0.4 11
300bar/50C 0.5 12 z
300 bar/60C 0.6 28 g
300 bar/60 C/ethanol (100%) 2.1 32 §
Hexane 1.8 D
Acetone 3.3 48
Ethanol 4.0 7D
Solvent mixture (Bligh and Dyer) 5.5 e

to a higher yield of GLA, when compared with the use of - ; . ;
pure CQ. 0 100 200 300 400
The extraction yield of the GLA increases with the amount tixs (imimuites)
.Of et.hanOI mixed with the biomass. The first part of the curves Fig. 6. Calculated and experimental recovery of lipids, at 250 bar ah@ 50
In Fig. SCorresponds_ to the et_han0| effect. These resu!ts ar€yor several flow rates, as a function of tim I flow rate of 12.8 g min?;
expected since GLA is primarily concentrated in polar lipids (a) flow rate of 19.6 g min; (#) flow rate of 29.5g min® (— model).
and especially in glycolipidgt].
The comparison of the supercritical extraction (gas flow amount of ethanol led to the highest yields and selectivity in
rate of 19.6 g min) with the extraction by organic solvents  both GLA and palmitic acid.
was also carried out. Lipid and GLA contents are summarised
in Table 1for several conditions and solvents. 3.1. Modeling
Among organic solvents, hexane led to the lowest yield in
lipids and GLA, while for the biocompatible organic solvents When the extraction yields of lipids are plotted against
the highestyieldin lipids and GLA was obtained with ethanol. the CQ mass used, the yield decreases with the flow rate
These results can be explained in terms of a low extraction of (Fig. 3), as occurred witlSpirulina platensig8] and with
lipids associated to the cell membranes, which need solventthe sage 0i[18]. However, when the recovery (ratio of the
mixtures containing alcohols to counterbalance the hydrogenextracted lipids/available lipids) is plotted against the time
bonding and ionic forces between the lipids and protiiik there is a fair coincidence of the points for the several flow-
Supercritical extraction of lipids fromrthrospira (Spir- rates usedKig. 6). The available lipids for each extraction
ulina) maximawith pure carbon dioxide showed a low yield, were determined asymptotically from the extraction curves.
when compared with the total lipids extracted with non- Thisbehavior is consistentwith a mass transfer processinside
biocompatible mixture of organic solvents (Bligh and Dyer the Spirulina particles, being the resistance of external film
method). The highest yields in both lipids and GLA were of solvent considered negligible.
obtained at 300 bar and 6Q. These yields increased signif- Several mathematical models that assume plug flow of the
icantly when ethanol (100% in reference to dried biomass) fluid through the fixed bed of solid material (seeds, leaves,
was used mixed with the biomass. On the other hand, theyetc.) were already published when the extraction is controlled
are below those obtained with acetone and ethanol, althougl"by the external mass transfg0], by the internal ong18]
higher than that obtained with hexane. However, itis possible and by a combination of bofi21].
to improve them by increasing the amount of ethanol in the  Therefore, considering that the intra-particle mass transfer
system. resistance controls the process, a model, that considers a plug
In Table 2is presented the content in fatty acids of the ex- flow of the supercritical fluid through the bed 8pirulina
tracted lipids (after transesterification) for several conditions with the following differential mass balance equations, can
and it was verified that the mixture containing the higher pe used:

d ) ox
Table 2 pu—y + pe—y +(1—-¢) ps—=0 1)
Fatty acids content (mg) in the extracts for several conditions oh or ot
iti : : : : : ox
Conditions C16:0 C18:.0 Ci18:1 C18:2 C18:3 (l _ 8)7 _ —ApK(x _ x*) (2)
250 bar/50C 094 0.17 0.018 0.074 .60 ot
300bar/50C 106  0.16 0.21 0.75 68 . . . . .
300 bar/60G 266 043 054 198 6 inwhich ps (kg/md) is the solid density, (kg/m®) the solvent
300bar/60C/ethanol 213 163 144 510 187 density,e the porosity of the solid bedj (m/s) the superfi-
(100%) cial velocity, t (s) the time,Ay (m2/md) the specific area,

C16:0: palmitic acid; C18:0: stearic acid; C18:1: oleic acid; C18:2: linoleic K (m/s) the internal mass transfer coefficientkg/kg) the
acid; C18:3xy-linolenic acid (GLA). concentration of lipids in the fluid phase(kg/kg) the lipid
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Table 3
Parameters used in the plug flow model

Concentration of extractable lipids 8pirulina(g/dn?) 1.7-2.6
Density of the solid matrix (g/d®) 617
Porosity 0.1
Internal diameter of the extractor (mm) 45.8
Density of the supercritical fluid (g/d# 834
Particle diameter (mm) 0.2

weight concentration in the solig, the weight concentration
of lipids in the interface solid—fluid (kg/kg).

To solve Eqs(1) and (2)it is necessary to know how
andx’ are related18]. A linear dependence was considered,
y=kx', wherekis a partition coefficient, which was estimated
as being 0.025, according to the concentration in supercrit-
ical CO of lipids from other micro-algae with similar lipid
content[19]. The boundary and initial conditions alne= 0,
y=0, for anyt and fort=0, y=0 andx=Xxp. This last value
was obtained asymptotically from the extraction curve, for
each flow rate.

In Table 3are shown some of the parameters used in the
application of the plug flow model.

The extractor was divided imstages, each stage becoming
a perfect mixture extractor, and the system of partial differ-

ential equations (PDESs) could be transformed in a system of

2n ordinary differential (ODESs), Eq$3) and (4)

pun dyy dv,
7()’71 — Yn—1) + pe ar +(1- 8)PSE = 3
Q-2e d()jc: = —ApK(x, — x) (4)

with the initial conditions at=0, x,=Xy andy, =0, and
whereH is the bed heights, the concentration in solid phase
at stagen, y, the concentration in fluid phase at stagand

x; the concentration at solid—fluid interface (which is in equi-
librium with the fluid phase).

To solve these ODEs, the Runge—Kutta of 4th order
method was used, considering the extractor divided in 10
stages.

ApK was determined by fitting and it was related to the
internal time of diffusion and to the diffusivity of the so-
lute. The internal time of diffusion can be evaluated from
the equatiort; = (1 — £)/ApK [18]. This time can be related
with the internal diffusion coefficieri;, t; = r2/15D; (spher-
ical particles), where is the mean particle radiyg2]. The
value determined to the diffusivity of the “solute” (lipids) was
Di=7.4x 107 ¥ m?s.

Fig. 6shows that a fair representation of the extraction can
be achieved with the plug flow model.

4. Conclusions

Supercritical extraction of lipids fromirthrospira maxima
with pure supercritical carbon dioxide showed a low yield,
when compared with the total lipids extracted with a mixture
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of chloroform, methanol and water, as well as with acetone
and ethanol. The GLA content in the supercritical extracts
was also low.

The increase in pressure and temperature led to an im-
provement in lipid and GLA yields. In contrast, the yield
decreased with the increase in flow rate of the supercritical
fluid.

The presence of ethanol increased both lipid and GLA
yields relatively to the extraction with pure GO

Furthermore, a plug flow model, in which it is considered
that the internal resistance to mass transfer controls the super-
critical extraction of lipids fromArthrospira maximagave a
fair representation of the yield cumulative curves.
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