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In the work described here the extraction processes of carotenoids and chlorophylls were analysed
using two extraction techniques, namely ultrasound-assisted extraction and supercritical fluid extraction,
and the results are compared. The solvents used for the ultrasound-assisted extraction were N,N′-
dimethylformamide and methanol and for the supercritical fluid extraction, carbon dioxide. The raw
material studied was Dunaliella salina, a microalgae characterized by the high levels of carotenoids present
in its cellular structure. The results indicate that the supercritical fluid extraction process is comparable to
the ultrasound-assisted extraction when methanol is used as solvent. In addition, the supercritical extrac-
upercritical extraction
ltrasound-assisted extraction
arotenoids

tion process is more selective for the recovery of carotenoids than the conventional technique since it leads
to higher values for the ratio carotenoids/chlorophylls. Finally, the effects of pressure and temperature on
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. Introduction

At present, microalgae offer great possibilities for the isolation of
atural substances of significant commercial interest in industries
uch as pharmaceuticals, alimentary or cosmetic products. This fact
akes microalgae raw materials with a great deal of added value.
Within the wide variety of microalgae types, the marine species

n particular are able to produce a variety of substances with a range
f properties. These include polyunsaturated fatty acids (PUFAs)
1–3] that protect from cardiovascular illnesses, carotenoids, which
re precursors of vitamins and also show antioxidant activity [4,5]
nd prevent illnesses like cancer and cellular aging [6–8], tox-
ns and bioactive substances with a high antitumor capacity, and

icosporines that protect from UV radiation [9–11]. At present,
ociety demands products made with additives that are natural in
rigin and, wherever possible, are beneficial to human health. In
his sense, marine microalgae offer great possibilities as sources of

hese substances and have attracted close attention from the afore-

entioned industries due to the economic and social repercussions
hat the use of this type of additive has in the production of their
roducts. Many of these products are designed for direct human

∗ Corresponding author. Tel.: +34 956016458; fax: +34 956016411.
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ercritical fluid extraction process were studied.
© 2008 Elsevier B.V. All rights reserved.

onsumption and the extraction technique is extremely important
n terms of the appropriate technology to apply.

In this sense, the application of new techniques such as
ltrasound-assisted extraction (UAE) and extraction with fluids at
igh pressure or under supercritical conditions (SFE) constitute
xtraction methods that reduce the volume of solvent and the
xtraction time. In addition, in the case of SFE it is possible to
inimize the environmental impact of the use of volatile organic

ompounds (VOCs).
UAE is a good extraction method in comparison with the

ore traditional approaches due to its high efficiency, low energy
equirements and low solvent consumption. This technique has
een used systematically in the extraction of substances with

ow molecular weights [12] and bioactive compounds from plants
13,14]. The improvement in the extraction process on using ultra-
ound is related to the destruction of the cellular walls, reduction
f the particle size, and enhancement of the mass-transfer through
he cell wall due to the collapse of bubbles produced by cavitation
15,16].

Carotenoid extraction by SFE represents an alternative to the

onventional extraction technique due to the fact that the purifi-
ation stage is minimized and the extraction time is reduced [17].
he application of this technology in the recovery of pigments from
arine microalgae has been widely studied in recent years. Mendes

t al. analysed the supercritical extraction process on substances

http://www.sciencedirect.com/science/journal/00399140
http://www.elsevier.com/locate/talanta
mailto:casimiro.mantell@uca.es
dx.doi.org/10.1016/j.talanta.2008.07.032
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f pharmacological interest from different marine microalgae such
s Botryococcus braunii [18], Chlorella vulgaris [19] and Asthorospira
Spirulina) maxima [20]. Careri et al. [21], Macías-Sánchez et al.
22,23], Montero et al. [24], Mendiola et al. [25], Gouveira et al.
26] and Canela et al. [27] have applied supercritical extraction to
btain carotenoids from Spirulina platensis, Nannochloropsis gadi-
ana, Synechococcus sp., Chlorella vulgaris and Spirulina maxima,
espectively, with satisfactory results.

Dunaliella salina is a unicellular Chlorophyta alga of the Chloro-
hyceae class and Volvocales order. The main morphological
haracteristic that distinguishes this alga from the rest of the Volvo-
ales is the absence of a polysaccharide cell wall. For this reason,
. salina can be easily digested by humans and animals [28]. It

s a microalgae with a high efficiency for the conversion of light
nergy into biomass and it is also able to accumulate high levels of
-carotene when cultivated under stress conditions [29,30].

When D. salina is under appropriate cultivation conditions, it
an contain more than 10% of its dry weight as �-carotene (other
icroalgae and superior plants usually have a content of around

.3% in �-carotene). This massive accumulation of �-carotene
eems to be related to a protection mechanism to counteract the
ffects of solar radiation. In addition to �-carotene, this microalgae
ontains other pigments such as chlorophyll a and b, luteine and
iolaxantine. Depending on the light conditions it can also produce
nteraxantine and zeaxantine [31].

There are numerous reports in the literature that describe
he study of carotenoid recovery from D. salina using a range of
xtraction techniques [32]. The application of high pressure fluid
xtraction to this microalgae has been studied by several authors
n recent years [33,34]. In relation to the use of supercritical car-
on dioxide in the extraction of D. salina, only one study has been
eveloped, by Mendes et al. [20], and this involved an analysis of
he solubility of the cis- and trans-�-carotene isomers from this

icroalgae compared with the solubility of the synthetic trans-
somer. The results indicate that the latter compound has a lower
olubility in supercritical carbon dioxide than the natural ones.

The work described here involved a comparison of the UAE
rocess and the SFE process with carbon dioxide on carotenoids
nd chlorophyll. In addition, the program STATGRAPHICS plus 5.1
1994–2001, Statistical Graphics Corp.) was used to develop empir-
cal equations that have the capacity to predict the extraction yields
n the SFE of carotenoids and chlorophyll. The same program also
rovides useful information concerning the influence of variables
n the extraction yields of the process. In this sense, the effects of
emperature and pressure in the SFE of carotenoids and chlorophyll
ere analysed using a multilevel factorial experimental design.

. Experimental

.1. Raw material

The algal matter used in this study was provided by the
icroalgae Culture Collection of the Institute of Marine Sciences

f Andalusia (ICMAN-CSIC, Spain). The biomass was grown in sea
ater enriched with f/2 medium [35], at temperature in the range
0–35 ◦C and with atmospheric aeration. After growth was com-
lete, the biomass was lyophilized and stored in a refrigerator in
he absence of light until the extraction process was carried out.
.2. SFE

The experimental work was carried out in SFE equipment
micro-scale) from ISCO (Nebraska), model SFX 220. This equip-

ent has a 0.5 mL extraction cell and the solvent is supplied by a

t
s
a
T

anta 77 (2009) 948–952 949

yringe pump with a capacity of 250 mL. The flow rate was con-
rolled manually at the exit of the installation by a thermostatic

icrometric valve [22].
The experimental procedure was as follows: firstly, the extrac-

ion cartridge was loaded with approximately 0.1 g of the
icroalgae sample, which was homogenized in order to maintain
constant apparent density in all the experiments; the cartridge
as then introduced into the extractor for 15 min to reach the
perating temperature; the extractor was pressurized with the CO2
ump; a static extraction was carried out under working conditions
uring 15 min; after this time, the micrometric valve was opened
nd kept at 60 ◦C. The solvent flow-rate for all experiments was
.5 mmol/min and the extraction time was 180 min.

The extracted samples were collected in glass tubes containing
ethanol. After the extraction process, the solvent was removed
ith a flow of nitrogen at 40 ◦C. The extracted product was dissolved

n 5 mL of methanol and was stored at 4 ◦C in the absence of light
ntil the measurements were carried out. All the experiments were
epeated two times.

.3. UAE

Methanol and N,N′-dimethylformamide (DMF) were the sol-
ents selected for the UAE of pigments from D. salina. A sample
f 0.105 g of lyophilized microalgae was suspended in 5 mL of the
olvent. The suspension was sonicated for 3 min in an ultrasound
pparatus from Selecta (Spain) and stored for 24 h at 4 ◦C. After this
ime, the extract was separated from the pellet and recovered by
entrifugation, immediately filtered through a 0.22 �m filter, and
nally stored at 4 ◦C in the absence of light until analysis was car-
ied out. The extraction process was repeated until the liquid extract
id not have any coloration (approximately 6 extraction cycles for
ethanol and 4 extraction cycles for DMF).

.4. Analytical methods

The total concentrations of carotenoids and chlorophyll were
etermined by measuring the absorbance of the samples using
U-2010 Spectrophotometer from Hitachi (Japan). The equation

roposed by Wellburn [36] was used for the determination of
arotenoid and chlorophyll concentrations in the samples of D.
alina. This equation has more parameters than other equations
resented in the literature and allows the determination of the
hlorophyll b contained in the samples.

The concentration of total carotenoids was calculated using the
ollowing equation:

total carotenoids (x+c) = 1000A470 − 1.63Ca − 104.96Cb

221
(1)

here A470 is the absorbance at 470 nm, and Ca and Cb are the
oncentrations of chlorophyll a and b calculated by:

a(�g/mL) = 16.72A665.2 − 9.16A652.4 (2)

b(�g/mL) = 34.09A652.4 − 15.28A665.2 (3)

here A665.2 and A652.4 are the absorbance values at 665.2 nm and
52.4 nm, respectively.

. Experimental results
The experimental results for the extraction yields obtained in
he extraction of chlorophylls and carotenoids from lyophilized D.
alina by SFE with carbon dioxide and UAE using DMF and methanol,
long with the carotenoids/chlorophylls ratios, are presented in
able 1 with the confidence limits considering a 95% of confidence
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Table 1
Extraction yields of carotenoids and chlorophylls

Pressure (bar) Extraction yields Ratio Car/Chlo

�g carotenoids/mg dry microalgae �g chlorophylls/mg dry microalgae

Temperature (◦C)
SFE-CO2

40
100

0.207 ± 0.004 0.197 ± 0.008 1.05
50 0 0 –
60 0 0 –

40
200

6.43 ± 0.26 0.086 ± 0.003 74.78
50 7.03 ± 0.14 0.071 ± 0.002 99.03
60 5.75 ± 0.06 0 –

40
300

6.30 ± 0.50 0.033 ± 0.003 191
50 6.31 ± 0.31 0.184 ± 0.013 34.28
60 14.92 ± 0.89 0.268 ± 0.011 55.66

40
400

7.67 ± 0.69 0.061 ± 0.004 125.77
50 7.28 ± 0.29 0.235 ± 0.009 30.99
60 12.17 ± 0.24 0.227 ± 0.005 53.63

40
500

4.06 ± 0.24 0.026 ± 0.002 156.31
50 1.08 ± 0.03 0.161 ± 0.006 6.72
60 9.30 ± 0.37 0.376 ± 0.019 24.74
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tively low temperatures (40 and 50 ◦C) the data obtained indicate
that the dominant effect is the solvent power of the carbon diox-
ide until a pressure of 400 bar is reached. Above this value, this
effect is unable to counteract the decrease in the solvent diffu-

Table 2
Estimated effect and analysis of variance for the supercritical extraction process for
carotenoids and chlorophylls

Variable Carotenoids Chlorophylls

Effects p-Value Effects p-Value
AE-methanol 14.1 ± 1.0
AE-DMF 27.7 ± 1.4

ar/Chlo: carotenoids/chlorophylls.

evel. The yields are expressed in �g of pigment per mg of dry
eight of microalgae.

. Discussion of results

.1. UAE

From the results presented in Table 1, it can be concluded that
he extraction yields obtained for carotenoids and chlorophylls on
sing DMF as the solvent in the ultrasound-assisted extraction are
igher than those obtained with methanol. These results indicate
hat the use of ultrasound facilitates the penetration of the DMF
hrough the microalgae cell membrane, thus increasing the recov-
ry of the pigments present in the raw material. This finding can
e corroborated if we consider that the resulting pellet from the
ethanol extraction still retains coloration, which is indicative that

his process is unable to extract all of the pigments present in the
ample.

As far as the carotenoids/chlorophylls ratio is concerned, the
xtraction with DMF gives higher values than that with methanol.
hese results show that DMF is more selective than methanol
n the recovery of carotenoids from chlorophylls. This behaviour
an be attributed to the fact that chlorophyll is heterogeni-
ally bound to other compounds in the chloroplast and at least
wo or even three fractions of chlorophyll exist in the chloro-
last. Therefore, the different polarities of methanol and DMF

ead to the extraction of different types of chlorophyll and this
ives rise to variations in the extraction yield of this substance
37,38].

.2. SFE

The results of the experimental design analysis are shown in
able 2. Estimates of the effects and interactions between the range

f variables under investigation are shown along with the analysis
f variance of the extraction process. The sign associated with each
f the effects indicates a positive or negative influence on the yield
f the process. The analysis of variance with the degree of signifi-
ance of each factor is represented in Table 2 by the p-value; when

T
P
T
P
T

2.5 ± 0.1 5.64
3.1 ± 0.1 8.93

factor has a p-value below 0.05 this factor influences the process
n a significant way.

The results obtained show that temperature and pressure
oth have a significant positive influence on the extraction pro-
ess of carotenoids and chlorophylls (p value <0.05). On the
ther hand, the combined interaction of these two variables only
as a significant positive influence on the extraction process of
hlorophylls.

.2.1. Effect of pressure
Analysis of the data presented in Table 1 shows that the maxi-

um extraction yield of carotenoids depends on the temperature.
t temperatures of 40 and 50 ◦C, the maximum extraction yield is
chieved at 400 bar, while at 60 ◦C the best value it is obtained at a
ressure of 300 bar. On the other hand, in the chlorophyll extraction,

t can be seen that at 40 ◦C the values of the extraction yields are
imilar and significant differences are not found. At 50 ◦C of temper-
ture, the highest extraction yield is obtained when the extraction
s carried out at a pressure of 400 bar, while at 60 ◦C the highest
hlorophyll yield is obtained at 500 bar.

For each temperature, an increase in the operating pressure
eads to two opposing effects: an increase in the solvent power
f the carbon dioxide and a decrease in its diffusivity. At rela-
emperature (T) 3.494 0.028 0.124 0.009
ressure (P) 5.561 0.011 0.179 0.005
T 5.747 0.5168 −0.047 0.517
P −14.742 0.3796 −0.071 0.380
P 3.214 0.120 0.210 0.003



l. / Talanta 77 (2009) 948–952 951

s
o

i
a
f
t
t
s
p

s
S
o
f
4

4

e
T
w
t
s
t
v
o
i
i
i
b

6
T
d
t
s
t
y

4

e
r
l

4
(
w
t
6

t
c
a
t

4

i
o
i
w

F
c

a

R

w
o
p

t
v
e

p

R

w
w
[
t

t
t
t
a

4.4. Comparison of SFE and UAE

A bar chart showing the comparison of the best results obtained
by SFE and those obtained by UAE using methanol and DMF as sol-
M.D. Macías-Sánchez et a

ivity and a decrease in the extraction yield of the process is
bserved.

On the other hand, at 60 ◦C the effect that prevails up to 300 bar
n the SFE of carotenoids is the solvent power of the carbon dioxide,
nd above this value an increase in pressure does not compensate
or the decrease in the diffusivity at 400 and 500 bar, a situation
hat leads to lower extraction yields. In the SFE of chlorophyll,
he increase in the dissolving capacity of the solvent with pres-
ure enables a larger amount of the solute to be recovered up to a
ressure of 500 bar.

These results are consistent with those obtained in previous
tudies in which the microalgae Nannochlorpsis gaditana [22] and
ynechococcus sp. [23] were used as raw materials, and also those
btained by Mendes et al. [20] in the extraction of carotenoids
rom Clhorela vulgaris working in the range 200–350 bar and
0–55 ◦C.

.2.2. Effect of the temperature
It can be seen from Table 1 that at a pressure of 200 bar the high-

st extraction yields are reached when the temperature is 50 ◦C.
his behaviour is similar to that observed in a previous study in
hich two different microalgae were used: Nannochloropsis gadi-

ana [22] and Synechococcus sp. [23]. At a pressure of 200 bar, the
light increase in the extraction yield observed on increasing the
emperature from 40 to 50 ◦C it is attributed to an increase in the
apour pressure of the solutes and the increase in the diffusivity
f the carbon dioxide. On the other hand, when the temperature is
ncreased from 50 to 60 ◦C, the effect that prevails is the decrease
n the density of the solvent and this is not compensated by the
ncrease in the diffusivity and the vapour pressure of the solutes to
e extracted.

The best extraction yields are obtained at a temperature of
0 ◦C when the operation is carried out at 300, 400 and 500 bar.
his behaviour is attributed to the fact that at these pressures the
ensity of the carbon dioxide is greater and, at the same time,
he increase in temperature causes increases in the solvent diffu-
ivity and the vapour pressures of the pigments being extracted,
hus favouring their dissolution and giving better extraction
ields.

.2.3. Carotenoids/chlorophylls (Car/Chlo) ratio
In order to define the best selective operating conditions for the

xtraction of carotenoids with respect to chlorophylls, the Car/Chlo
atios presented in Table 1 were analysed. Analysis of these data
eads to two conclusions:

The first consideration is that at operating pressures of 300,
00 and 500 bar, the ratio between carotenoids and chlorophylls
Car/Chlo) shows the same variation with temperature. In other
ords, this ratio decreases on increasing the temperature from 40

o 50 ◦C, and increases to the highest values when a temperature of
0 ◦C is reached.

The second conclusion is that the best pressure and tempera-
ure conditions to obtain the highest ratio between carotenoids and
hlorophyll are 300 bar and 40 ◦C. These conditions are the most
ppropriate to carry out the separation and purification of these
wo types of pigments.

.3. Empirical correlations
The program STATGRAPHICS was used to analyse the exper-
mental data and this enabled two empirical correlations to be
btained. These correlations are able to relate the variables that
nfluence the SFE extraction process of carotenoids and chlorophylls

ith carbon dioxide.
F
c

ig. 1. Estimated values for the extraction yields of carotenoids using the empirical
orrelation proposed.

In the case of carotenoid extraction, the expression proposed is
s follows:

= 61.890 + 8.430 × 10−2P − 2.940T − 1.843 × 10−4P2

+8.035 × 10−4PT + 2.873 × 10−2T2 (4)

here R is the yield of the extraction of carotenoids in �g per mg
f dry weight of microalgae, T the temperature [◦C] and P is the
ressure [bar]. The correlation coefficient obtained is 0.92.

Eq. (4) is represented in Fig. 1 for the different operating condi-
ions. A detailed analysis of the figure indicates that the estimated
alues are consistent with those obtained experimentally. The high-
st yield is obtained between 300 and 400 bar at 60 ◦C.

In the case of chlorophyll extraction, the empirical correlation
roposed is as follows:

= −0.170 − 1.644 × 10−3P + 1.394 × 10−2T − 8.817 × 10−7P2

+5.240P × 10−5T − 2.347 × 10−4T2 (5)

here R is the extraction yield of chlorophylls in g per mg of dry
eight of microalgae, T the temperature [◦C] and P is the pressure

bar]. The correlation coefficient obtained is 0.92, which is identical
o that obtained in the correlation for the carotenoids.

Eq. (5) is represented in Fig. 2 for the different operating condi-
ions. When D. salina was used as the raw material it can be seen
hat the graph leads to a similar conclusion to that described in Sec-
ion 4.2, i.e., the highest yield is obtained at a pressure of 500 bar
nd a temperature of 60 ◦C.
ig. 2. Estimated values for the extraction yields of chlorophylls using the empirical
orrelation proposed.
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ig. 3. Comparison of the extraction yields obtained by SFE and UAE on carotenoids
nd chlorophylls.

ent is shown in Fig. 3 along with the Car/Chlo ratios. Analysis of
his figure shows that, for the carotenoid and chlorophyll extraction,
he best extraction yields are obtained when the UAE is carried out
sing DMF as the solvent. On the other hand, the SFE is a more
fficient method for the recovery of carotenoids than UAE using
ethanol as solvent. As far as the Car/Chlo ratio obtained in the

FE process using carbon dioxide is concerned, it is possible to con-
lude that, in all cases, this ratio is higher than that obtained in the
AE process using methanol or DMF. This suggests that the super-
ritical extraction process is more selective than the conventional
ne.

. Conclusions

The best extraction yields of carotenoids on using D. salina as the
aw material are obtained at the maximum operating temperature
60 ◦C) and at a pressure of approximately 400 bar. The best yields
n the extraction of chlorophyll are achieved at 60 ◦C and 500 bar.

Supercritical carbon dioxide is a suitable solvent for the extrac-
ion of carotenoids due to the low polarity of these compounds. The
FE process is more selective than the UAE techniques when polar
igments, e.g. chlorophylls, are present in the raw material.
cknowledgements

The authors thank the Andalusia Council for their financial sup-
ort for this work.
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