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a  b  s  t  r  a  c  t

Supercritical  carbon  dioxide  extraction  (SFE)  was performed  to  recover  bioactive  components  from  black-
berry (Rubus  sp.) industrial  residues.  Ultrasound  was applied  during  the  extractions  in order  to  enhance
rate  and  yield.  Moreover,  water  and  ethanol  at different  proportions  were  used  as  cosolvents  to improve
the extraction  of  polar  compounds  from  the  residues.  The  extraction  global  yields  were  measured  at  all
performed  conditions  (pressure,  temperature,  ultrasound  power  and  cosolvent).  The  extracts  were eval-
uated  in  terms  of their  antioxidant  activity,  measured  using  two  methods,  phenolic  content,  monomeric
anthocyanins,  and  anthocyanin  profile.  The  application  of ultrasound  in  SFE  helped  increasing  the extrac-
tion  rate  at  the  beginning  of the  process,  which  could  be  observed  on the  extraction  curves  at 15  MPa,
the  lowest  pressure  applied.  Scanning  electron  microscopy  (FESEM)  was  used  to  analyze  the  blackberry
ltrasound
canning electron microscopy

bagasse  undergoing  SFE  with  and without  ultrasounds  and showed  that  ultrasound  disturbs  the  cell walls,
enhancing  the  release  of  the extractable  compounds.  The  extracts  have  shown  high  antioxidant  activity
and  phenolic  contents  when  obtained  at higher  temperatures.  Regarding  anthocyanins,  the  use  of water
as cosolvent  resulted  in  a  significant  increase.  Four  major  anthocyanins  were  identified  and  quantified
by  ultra  performance  liquid  chromatography  (UPLC).

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Blackberry (Rubus sp.) is a fruit widely known for containing
emarkable amounts of phenolic compounds, including antho-
yanins, flavonols, chlorogenic acid, and procyanidins, which have
igh biologic activities and can provide benefits to human health,

.e., as dietary antioxidants [1]. Besides, blackberry has been used
n food industries to produce juice, ice cream, yoghurt, and jellies.
owever, the processing of blackberries generate around 20% of

esidues, which are composed mainly of peel and seeds, and still
ontain high amounts of bioactive compounds [2]. Thus, the extrac-
ion of components from food wastes such as blackberries is of great
nterest to add value to materials that are typically discarded.
The quality of extracts obtained from some raw material
s strongly related to the employed extraction technique, and
an be evaluated through the chemical profile of the product.

∗ Corresponding author. Tel.: +55 19 35214046; fax: +55 19 35214027.
E-mail addresses: julian@fea.unicamp.br, jmartinez94@gmail.com (J. Martínez).

ttp://dx.doi.org/10.1016/j.supflu.2014.07.019
896-8446/© 2014 Elsevier B.V. All rights reserved.
Supercritical technology is capable to extract specific compounds
under specific combinations of temperature and pressure [3]. The
extraction with supercritical fluids (SFE) aims to maximize the
recovery and quality of the extracted material, and minimize the
energy cost, since it is faster and more selective than conventional
separation methods [4]. For low volatility compounds, the solubil-
ity in supercritical CO2 decreases with increasing molecular weight
and with polarity [5]. In these cases, solubility can be enhanced
by adding liquid cosolvents at low concentrations. Carbon dioxide
can be combined to ethanol and water to extract polar compo-
nents, such as anthocyanins [6]. Moreover, the use of cosolvents
can modify the properties of the solvent mixture, and help bra-
king interactions between solute and solid matrix, improving the
transport of solute from the solid pores to its surface [7,8].

SFE can also be enhanced by combining novel techniques to
accelerate the process, such as microwaves and ultrasound. The

application of ultrasound during SFE has been recently proposed
as a mechanism to intensify the process and increase its yield [9].
Ultrasound of high intensity is based on the formation of high fre-
quency ultrasonic waves that are able to promote cavitation in

dx.doi.org/10.1016/j.supflu.2014.07.019
http://www.sciencedirect.com/science/journal/08968446
http://www.elsevier.com/locate/supflu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.supflu.2014.07.019&domain=pdf
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mailto:jmartinez94@gmail.com
dx.doi.org/10.1016/j.supflu.2014.07.019
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he medium, due to cycles of expansion and compression of bub-
les. Such cycles may  lead to the rupture of cell walls of a vegetal
ubstrate, favoring the penetration of the solvent and mass trans-
er. Nevertheless, when a liquid is under pressure, the acoustic
ntensity required to produce cavitation also increases, so a natural
imitation is established on the application of ultrasound at high
ressures [10,11]. Even so, cavitation has been observed in carbon
ioxide at its subcritical state. Thus, ultrasound has been used to
ccelerate processes and reduce extraction times. Some published
orks show that the application of ultrasound during SFE affects

oth kinetics and yield. Balachandran et al. [12] studied the use
f ultrasound in SFE of spicy compounds from ginger, and found a
onsiderable increase in yield. Riera et al. [9] reported an increase
f 20% in the production of almond oil by SFE by using ultrasound,
gainst traditional methods. Santos et al. [13] observed an increase
p to 77% in global yield when ultrasound was applied on SFE from
ed pepper (Capsicum frutescens L.).

Taking the mentioned information into account, this work
xplored the SFE from blackberry wastes, comparing the extracts
btained by conventional techniques to those extracted by SFE with
nd without ultrasound (SFE-US) using pure carbon dioxide (CO2)
nd CO2 with cosolvents.

. Materials and methods

.1. Reagents

The reference standard for anthocyanins was  cyanidin chlo-
ide (assay ≥ 95% for HPLC, Sigma–Aldrich Co, Germany). The water
as obtained from a Milli-Q water deionization system (Millipore,
edford, MA,  USA). Methanol and formic acid were HPLC grade and
ere obtained from Merck (Darmstadt, Germany).

.2. Plant material

The raw material was the bagasse resulting from the processing
f blackberry (Rubus sp.) pulp, donated by the company “Sítio do
ello”, located in Paraibuna-SP, southeastern Brazil. The blackberry
astes were packed in dark plastic bags to protect samples from

ight, and stored in domestic freezer (Metalfrio, DA420, São Paulo-
P, Brazil) at −18 ◦C, until the experiments.

.3. Sample preparation

The blackberry bagasse, with initial moisture of 69% determined
y drying in stove (Model TE 395-1, Tecnal, São Paulo-SP, Brazil)
t 105 ◦C for 4 h, until the sample mass was constant, according
o the AOAC method (925.10) [14]. After drying, the sample was

illed in a domestic blender for 30 s, in order to homogenize it and
educe particle size and increase the contact area between sub-
trate and solvent to enhance mass transfer [5]. The solid particles
f the sample were separated by size in a vertical vibratory sieve
ystem (Series Tyler, Wheeling, WV)  with sequential openings of
4, 32, 42, 60 and 250 Mesh. The material retained on each sieve
as weighed in analytical balance (Bel engineering Piracicaba-SP,
razil). The mean particle diameter (0.34 mm)  was calculated from
he sample masses retained in all sieves. The milled blackberry
agasse was packed in plastic bags and stored in domestic freezer
t −18 ◦C.

.4. Sample characterization
The characterization of the blackberry bagasse in terms of mois-
ure, ashes, lipids, and proteins was performed according to the
OAC [14] official techniques.
ritical Fluids 94 (2014) 223–233

2.4.1. Moisture
The moisture of fresh blackberry bagasse was  determined

according to the AOAC method 925.10 [14]. Approximately 5 g of
sample were placed in aluminum recipients and dried in air circu-
lation stove (TE 395-1, Tecnal, São Paulo-SP, Brazil) for 4 h. Next,
the recipients were dried in desiccators at room temperature and
weighed. The procedure was  repeated until constant mass was
achieved. All measurements were performed in triplicates.

The moisture content of the dried blackberry bagasse was deter-
mined through the Karl-Fisher method. 0.147 ± 0.02 mg  of sample
was pretreated at 170 ◦C for 20 min, and nitrogen flow rate of
50 mL  min−1 in a Karl-Fisher titration system (Metrohm 701 KF
Titrino, Riverview, FL) equipped with oven (832 KF Thermoprep,
Riverview, FL).

2.4.2. Proximate composition
Residual minerals were determined by incineration at 550 ◦C,

according to the AOAC method 972.15 [14]. Protein content (total
nitrogen) was  measured by the micro-Kjeldahl method using the
factor 6.25 to convert nitrogen into protein (AOAC method 970.22
[14]). Total lipids were determined through extraction of the ethe-
real fraction with petroleum ether (Quimis, Brazil, Lot: 36128) as
solvent by Soxhlet, according the AOAC method 963.15 [14].

2.5. Low pressure extractions

Extractions at low pressure were selected to be compared to
SFE and SFE-US, with and without cosolvents, in terms of extract
yield and composition (phenolics, antioxidant activity and antho-
cyanins).

2.5.1. Soxhlet
Soxhlet extraction was performed according to the AOAC

method 963.15 [14], using ethanol (Êxodo Científica, Brazil, Lot:
AE5761RA) as solvent. The extractions were performed in tripli-
cates and the results were expressed in mean ± standard deviation.

2.5.2. Maceration
The maceration of blackberry bagasse was done in duplicates

according to the method described by Rodriguez-Saona et al. [15].
The sample (5 g) was  immersed in 160 mL  of ethanol (P.A., Êxodo
Científica, Brazil, Lot: AE5761RA). The mixture was left for 24 h with
sporadic agitation. Next, the solution was  filtered and evaporated,
and the recovered extracts were stored in domestic freezer (−18 ◦C)
until the analyses.

2.6. Supercritical CO2 extraction assisted by ultrasound (SFE-US)

2.6.1. Preparation of the extraction bed
A standard procedure was  adopted to prepare the extraction

bed. A 300 mL  extraction cell was used. One of the extremities of
the cell was  closed and a glass wool layer was  put on its base to act
as filter, to avoid the passage of fine particles that could obstruct
the line. Then, 5 g of sample were added between two layers of glass
beads to fill the entire cell volume.

2.6.2. SFE-US unit
The SFE-US unit is composed by a 300 mL  stainless steel cell that

supports pressures up to 45 MPa. The unit is equipped with a cool-
ing bath (Marconi, model MA  184/E, Campinas, Brazil) to control
the temperature of CO2 at the pump (PP 111-VE MBR, Maximator,
Nordhausen, Germany) suction, heating bath (Marconi, model MA

126/BD, Campinas, Brazil) and a heating electric jacket to control
the temperature inside the cell, a cosolvent pump (Model series III,
Laballiance, USA) with capacity up to 10 mL  min−1, a flow totalizer,
thermocouples, and pressure gauges.
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ig. 1. Diagram of the SFE-US unit with cosolvents: V-1–V-6, control valves; V-7,
Booster);  BA, heating bath; B, liquid pump (HPLC); R, fluid reservoir; M,  mixer; I-1–
ltrasound power; IC-2, temperature of extraction column and IC-3, temperature o

An ultrasound probe with a 13 mm titanium end, coupled to
 transducer (Unique Group, model DES500, Campinas, Brazil) is
nstalled on the upper end of the extraction cell, and is operated
rom an ultrasound generator that can operate from 10 to 99% of
ts total power (800 W).  Fig. 1 presents the operation diagram of
he SFE-US unit, and the details of the SFE-US extraction cell, at the
pper right.

.7. Global yield (X0)

The extraction global yield (X0) was calculated by the ratio
etween total extracted mass (Mext) and feed mass (F) in dry basis,
ccording to Eq. (1).

0 = mext

F
× 100 (1)

The SFE time was fixed in 120 min  for the global yield experi-
ents, so the solvent to feed ratio was of 400 kg solvent/kg feed.

his time was defined after the observation the extraction curve
btained in a preliminary test performed with dry and milled sam-
le at 15 MPa, 40 ◦C, and CO2 flow rate of 2.77 × 10−4 kg/s. All the
FE experiments were performed in duplicates, and a Box–Behnken
xperimental design with three variables was adopted, with three
evels defined according to the equipment limitations. The eval-
ated process variables were: temperature (40, 50 and 60 ◦C),
ressure (15, 20 and 25 MPa), and ultrasound power (0, 200 and
00 W).

After each extraction, the vessel containing the extract was
eft for 10 min  under ambient conditions to assure the complete
emoval of CO2, then the extract was weighed in analytical bal-

nce (Bel Engineering, USA), and stored in domestic freezer (−18 ◦C)
ntil the analyses.

Global SFE curves were built at some operational conditions,
o verify the effect of ultrasound on the extraction kinetics. The
meter valve; C, compressor; F, compressed air filter; BR, cooling bath; BP, pump
essure and temperature indicators, respectively; IC-1, indicators and controllers of
ometer valve; EC, extraction column; S, ultrasound probe.

extraction curves were fitted to a spline curve using three straight
lines [16], and kinetic parameters were calculated.

2.8. SFE-US with cosolvents

The use of cosolvents in SFE-US was tested at the selected oper-
ation conditions, which were 15 MPa, 60 ◦C, and 200 W,  defined
based on the analyses described in Section 2.9.2. Five grams of fresh
or dried and milled blackberry bagasse were submitted to SFE-US
using water and ethanol as cosolvents, with a fixed CO2 flow rate of
2.77 × 10−4 kg/s. The following ratios between cosolvent and CO2
were used: 5% ethanol and 5% water for both fresh and dried-milled
samples; 10% ethanol and 10% water only to dried and milled sam-
ples. Extraction times were about from 54 to 57 min, so the solvent
to feed ratio was kept constant. All the experiments of SFE-US with
cosolvents were performed in duplicates.

2.9. Chemical characterization of the extracts

For the analyses of total phenolics and antioxidant activity, 0.1 g
of the extracts obtained by SFE with pure CO2 was dissolved in
10 mL  of methanol. Finally, the solution was stored in an amber
flask under freezing (−18 ◦C) until the analyses.

2.9.1. Total phenolics
The total phenolic content of the extracts was  determined using

the spectrophotometric method of Folin Ciocalteu, described by
Singleton and Rossi [17]. 2.5 mL  of Folin–Ciocalteu reagent was
added to a 0.5 mL  aliquot of the methanolic solution extract. After

5 min, 2.0 mL  of a 7.5% aqueous solution of sodium carbonate were
added. The solutions remained 2 h at rest and protected from light,
and then absorbance was measured at 760 nm in a spectropho-
tometer (Model U-310, Hitachi, Tokyo, Japan). The total phenolic
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ontent was determined by interpolating the absorbance of the
amples with the results obtained for a calibration curve built with
allic acid as standard (in concentrations from 0.01 to 0.08 mg/mL).
otal phenolic content was expressed in mg  gallic acid equivalent
GAE)/g extract.

.9.2. Antioxidant activity

.9.2.1. Method DPPH (1,1-diphenyl-2-picrylhydrazyl). The DPPH
ethod is based on the capture of free radicals Brand-Williams

t al. [18], with some modifications. A standard trolox curve was
uilt in order to quantify the antioxidant activity in terms of inhibi-
ion percentage vs trolox concentration (�M).  First, a 60 �M DPPH
olution was prepared dissolving 4.8 mg  of the radical DPPH in
ethanol. Next, the solution was homogenized and transferred

o an amber flask to avoid degradation by light. A 0.1 mL  aliquot
f the extract solution was transferred to vials, then 3.9 mL  of the
PPH solution were added, and the mixture was homogenized. A
.1 mL  of methanol in 3.9 mL  DPPH was used as control solution.
fter remaining in dark for 4 h, the solutions had their absorbance
easured at 515 nm in spectrophotometer (Model U-310, Hitachi,

okyo, Japan). Therefore, the inhibition percentage of the radical
PPH was calculated according to Eq. (2) [19].

Inhibition = Abs control − Abs control
Abs control

× 100 (2)

The antioxidant activity is expressed in �mol  trolox equiva-
ent (TE) per g extract. The use of the trolox equivalent envisaged
he comparison between the antioxidant activities obtained by the

ethods DPPH and ABTS.

.9.2.2. Method ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-
ulphonic acid)). The ABTS method described by Re et al. [20],
ith some modifications, was used. Trolox was used as reference

ntioxidant, and prepared as standard solution in methanol. The
BTS reagent was dissolved in methanol to 7.0 mM,  and reacted
ith a 140 nM solution of potassium persulphate to form the

adical ABTS+. The blue mixture was kept at dark at ambient
emperature for 16 h. Then, the radical ABTS+ was dissolved in

ethanol until the absorbance measured at 734 nm was 0.70
±0.05). A 30 �L aliquot of the extract solution in methanol was
ransferred to vials, and next 3.0 mL  of the radical ABTS+ were
dded. Absorbance was measured at 734 nm after 6 min. To quan-
ify the antioxidant activity, a standard trolox curve was  built with
oncentration from 100 to 2500 �M.  The antioxidant activities
ere expressed in �mol  TE/g extract.

.9.3. Monomeric anthocyanins
The anthocyanin content was determined through the dif-

erential pH method [21]. Two buffer solutions were prepared:
.025 M potassium chloride pH 1.0 and 0.4 M sodium acetate pH
.5. The adjustment of pH was made by adding concentrated HCl.
he extracts of blackberry were diluted in these two buffer solu-
ions. After 30 min  of rest under dark and ambient temperature,
bsorbances were measured at 510 and 700 nm in spectropho-
ometer (Model U-310, Hitachi, Tokyo, Japan). The absorbance of
nthocyanins was calculated with Eq. (3).

bs = (Abs510 − Abs700)pH1 − (Abs510 − Abs700)pH4,5 (3)

The concentration of anthocyanins in the extracts was  calcu-
ated with Eq. (4), considering the molar absorptivity (ε) of 26,900,
nd molecular weight of 449.2 g/mol for cyanidin-3-O-glucoside.

he results are expressed as mg  cyanidin-3-O-glucoside equiva-
ent/g extract.

cyanidin 3-O-glucoside mg/L = Abs. MW · DF · 1000
ε

(4)
ritical Fluids 94 (2014) 223–233

where Abs, absorbance; MW,  molecular weight; DF, dilution
factor, and ε, molar absorptivity.

2.9.4. Identification of anthocyanins by UPLC–QTOF-MS
Anthocyanins were identified by ultra-performance liquid chro-

matography (UPLC) coupled to quadruple-time-of-flight mass
spectrometry (Q-ToF-MS) (Synapt G2, Waters Corp., Milford, MA,
USA). The injection volume was  set to 3 �l. The chromatographic
separation was  performed on a reverse-phase C18 analytical col-
umn  (Acquity UPLC BEH C18, Waters) of 2.1 mm × 100 mm and
1.7 �m particle size. For the identification of anthocyanins, water
(2% formic acid) as solvent A and methanol as solvent B, as
mobile phases at a flow rate of 0.4 mL  min−1 was used. The gra-
dient employed was  as follows: 0 min, 15% B; 3.30 min, 20% B;
3.86 min, 30% B; 5.05 min, 40% B; 5.35 min, 55% B; 5.64 min, 60%
B, 5.94 min, 95% B; 7.50 min, 95% B. Total run time was  12 min,
including 4 min  for re-equilibration. The determination of the
analytes was carried out using an electrospray source operat-
ing in positive ionization mode under the following conditions:
desolvation gas flow = 700 L h−1, desolvation temperature = 500 ◦C,
cone gas flow = 10 L h−1, source temperature = 150 ◦C, capillary
voltage = 700 V, cone voltage = 30 V and collision energy = 20 eV.
Full-scan mode was  used (m/z = 100–800).

2.9.5. Separation and quantification of anthocyanins by
UPLC–UV–vis

The separation and quantification of anthocyanins were per-
formed on an Elite UPLC LaChrom (VWR Hitachi, Tokyo, Japan)
consisting of an L-2200U Autosampler, an L2300 Column Oven, an
L-2160U Pumps and an L-2420U UV-Vis Detector. The column oven
was adjusted at 50 ◦C for the chromatographic. UV-Vis Detector was
set at 520 nm for the analysis. Anthocyanins were analyzed on a
HaloTM C18 Hitachi LaChrom column (100 mm × 3 mm I.D., particle
size 2.7 �m).  A gradient method, using acidified water (5% formic
acid, solvent A) and methanol (solvent B), working at a flow rate of
1.0 mL  min−1, was employed for the chromatographic separation.
The gradient employed was  as follows: 0 min, 15% B; 1.50 min, 20%
B; 3.30 min, 30% B; 4.80 min, 40% B; 5.40 min, 55% B; 5.90 min, 60%
B; 6.60 min, 95% B; 9.30 min, 95% B; 10 min, 15% B.

2.10. Field emission scanning electron microscopy (FESEM)

The microstructure of the surface of blackberry bagasse was  ana-
lyzed before and after the extraction procedures using a scanning
electron microscope equipped with a field emission gun (FESEM –
FEI Quanta 650). Samples were not dried after CO2 extraction, just
kept in a desiccator containing silica, under vacuum for 24 h prior to
analysis. Then, samples were coated with gold (using a 40 mA  cur-
rent for 60 s) in a SCD 050 sputter coater (Oerlikon-Balzers, Balzers,
Liechtenstein). These sputtering conditions resulted in a gold layer
of 16 nm.  Both equipments were available at the National Labora-
tory of Nanotechnology (LNNano) located in Campinas-SP/Brazil.
Analyses of the sample surfaces were performed under vacuum,
using a 5 kV acceleration voltage.

3. Results and discussion

3.1. Proximate composition of blackberry bagasse

Table 1 presents the proximate composition of blackberry
bagasse. It can be noted that the moisture of the bagasse deter-
mined by the gravimetric method is quite lower than that of the

fresh fruit, reported by Chim [22] for three varieties of blackberry
(Guarani 87%, Tupy 88.3%, and Brazos 89.3%). The moisture that
remains in the bagasse after drying (5.24%) may contribute to the
further extraction of some polar components in SFE, since water in
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Table  1
Composition of blackberry bagasse.

Analysis Bagasse
fresh

Bagasse dried
and crushed

Moisture – gravimetric (%) 69.0 ± 0.06 –
Moisture – Karl Fisher (%) – 5.24 ± 0.19
Ashes (%) 0.37 ± 0.01 1.62 ± 0.05
Lipids (%) 0.87 ± 0.00 11.35 ± 0.58
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Proteins (%) 9.05 ± 0.01 14.31 ± 0.36

esults are mean ± standard deviation of experiments performed in triplicate.

mall amounts can act as cosolvent. The contents of ash, lipids and
roteins are higher for the dried material, as expected. Facco et al.
23] reported ash contents from 0.27 to 0.49% in fresh blackberries,
hich are near the values found in this work for fresh bagasse,

ut different from those found by Chim [22] for the mentioned
arieties. Also classified as small fruit, blackberry has similar char-
cteristics to blueberry. Besides the basic nutrients, blackberry has
emarkable amounts of essential micronutrients as minerals, fibers,
itamins and various secondary metabolites of phenolic nature
23].

These differences may  be related to the processes that mod-
fy the physical and chemical properties of the material, but also
o environmental conditions of growth. The results show that the
esidue from blackberry pulp processing is still a good source of
utrients, which could be recovered and used on the manufacturing
f novel food products.

.2. Preliminary SFE tests with and without ultrasound

Preliminary SFE tests were performed on the dried and milled
aw material. Next, the extraction bed was prepared as described
n Section 2.6.1. CO2 flow rate was 2.77 × 10−4 kg/s in all the exper-
ments.

Table 2 shows the extract yields (X0) obtained in the preliminary
FEs. A significant increase in X0 is observed when ultrasound was
pplied, mainly at 15 MPa. The application of ultrasound can pro-
uce a cavitation effect near the cell walls [12], and also the release
f soluble material onto the sample surface, leading to higher yields.
herefore, the extract yields achieved by SFE-US are quite higher
han those of SFE without ultrasound at the same pressures and
emperatures.

Fig. 2 shows SFE curves obtained at the conditions reported in
able 2, and the fittings obtained through the spline model. In SFE
t 15 MPa, a clear increase in the extraction rate can be noted by
he slopes of the curves (Fig. 2A and B) at the first 50 min, when SFE
ate is constant and fluid phase convection is the main mass transfer
echanism. Such differences are not observed at 20 MPa  (Fig. 2C),
here the curves with and without ultrasound practically coincide.
ossibly, the pressure of 20 MPa  is high enough to provide the same
ffects of ultrasound, in terms of release of extractable material.

These observations are confirmed by the parameters calculated
ith the spline model, which are reported in Table 2. The extraction

able 2
reliminary tests for supercritical CO2 extraction with and without ultrasound: process c

Temperature (◦C) Pressure
(MPa)

US Power
(W)

tcer (min) Mcer × 108

(kg/s)
Yc

(k

40 15 0 42.48 ± 0.04 9.04 3.
40  15 200 36.21 ± 5.50 13.0 4.
50  15 0 44.40 ± 3.68 7.56 2.
50  15 200 57.02 ± 2.52 9.76 3.
50  20 0 26.69 ± 5.70 19.9 7.
50  20 200 37.26 ± 5.80 16.4 5.

cer, constant extraction rate period; Mcer, constant extraction rate; Ycer, extract concentrat
ate  period; tfer, falling extraction rate period; Xfer, yield of the falling extraction rate peri
ritical Fluids 94 (2014) 223–233 227

rate at the first extraction period (Mcer) increased when ultrasound
was applied in SFE at 15 MPa, and decreased at 20 MPa. It can be
noted, indeed, that the extraction yield (Rcer) and the extract con-
centration in CO2 (Ycer) also were increased with the application of
ultrasound at 15 MPa, but not at 20 MPa.

On the other side, the slopes of the curves with and with-
out ultrasound are close at the final part of extraction, which is
controlled by diffusion. This indicates that ultrasound enhances
convective mass transfer, and such enhancement may be achieved
by releasing part of the extractable material to the solid surface,
where it is directly accessible to CO2.

3.3. Low pressure extractions

Table 3(A) shows the results obtained from the low pressure
extractions with ethanol. It can be noted that Soxhlet provided
higher yield than maceration, which can be due to solvent recycle
and high temperature, which helps reducing the surface tension
and viscosity, enhancing mass transfer of the solvent into the solid
matrix [24–26]. Table 3(A) also shows that the use of ethanol as
solvent increases the content of monomeric anthocyanins, phen-
olics and antioxidant activity, since most of these compounds are
polar, and thus they are solubilized more easily in ethanol than in
CO2 [27].

3.4. SFE-US

Table 3(B) presents the results obtained for SFE-US at the con-
ditions determined by the experimental design, for global yield,
phenolic content, and antioxidant activity.

3.4.1. Global yield (X0)
The highest SFE global yield (9.87 ± 0.40%) was achieved at

25 MPa, 50 ◦C, and ultrasound power of 400 W.  The increase of X0
with pressure is explained by the increased density of CO2, which
enhances its solvation power [5]. Moreover, an increased X0 is
observed when ultrasound was applied during SFE. This behavior
is consistent with those observed in former works [28]. Accord-
ing to Balachandran et al. [12], the increase of global yield can
be attributed to the high extraction rates achieved in the pro-
cess assisted by ultrasound. The application of ultrasound causes
ruptures in the vegetal structure, promoting the release of com-
pounds that were not formerly available, so the yield can be
increased. Another possible effect of ultrasound in SFE is the release
of extractable material onto the sample’s surface [13]. In this
case, the desorption of solute from the substrate to the solvent is
enhanced, increasing mass transfer and yield. Also in Table 3, it
can be observed that the lowest yield (6.25 ± 0.16%) was obtained
at 15 MPa, 60 ◦C, and 200 W.  Such results can be explained by the

reduction of CO2 density with decreased pressure, but also with the
increase in temperature [29].

Comparing SFE with the low pressure extraction, it can be noted
that Soxhlet with ethanol achieved higher yields, which can be

onditions, model parameters and global yield.

er × 104

g/kg CO2)
Xcer tfer (min) Xfer X0 (%)

26 4.83 ± 0.35 126.55 ± 2.76 6.80 ± 0.27 7.13 ± 0.10
69 5.99 ± 0.50 131.95 ± 9.12 8.58 ± 0.05 9.30 ± 0.35
73 4.15 ± 0.01 130.05 ± 3.46 7.25 ± 0.11 8.45 ± 0.21
52 6.57 ± 0.38 118.55 ± 11.95 8.75 ± 0.09 9.36 ± 0.14
19 6.58 ± 0.64 94.93 ± 9.38 8.60 ± 0.08 9.48 ± 1.26
92 7.03 ± 0.58 116.65 ± 10.08 9.42 ± 0.31 9.97 ± 0.30

ion in CO2 at the constant extraction rate period Xcer, yield of the constant extraction
od; X0, global extraction yield.
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Table 3
Extraction conditions for: (A) low pressure extractions, (B) SFE extraction with and without ultrasound, (C) SFE-US with cosolvents. For global yield, total phenolics, monomeric anthocyanins and antioxidant activity.

Low pressure extractions

Method Sample Solvent Temperature (◦C) S/F (kg/kg) Pressure (MPa) US  power (W)  X0
* (%) MA* TPC* AA*

DPPH ABTS

Soxhlet Dried and crushed Ethanol 50 31.6 – – 14.58 ± 0.79b 4.84 ± 0.49a 4.25 ± 0.61b 68.40 ± 1.37a 95.70 ± 5.95b

Maceration Dried and crushed Ethanol 25 25.28 – – 10.72 ± 0.25a 0.13 ± 0.01b 5.95 ± 0.08c 70.24 ± 4.09a 62.82 ± 2.93a

Supercritical CO2 extraction assisted by ultrasound

Method Sample Temperature (◦C) Pressure (MPa) US power (W)  Density of CO2 (kg/m3) X0 (%) TPC AA

DPPH ABTS

SFE + US Dried and crushed 40 15 200 780.23 8.00 ± 0.40 3.31 ± 0.14 16.36 ± 0.06 55.87 ± 1.47
SFE  + US Dried and crushed 60 15 200 604.09 6.25 ± 0.16 4.37 ± 0.17 25.94 ± 0.57 67.27 ± 0.03
SFE  + US Dried and crushed 40 25 200 879.49 8.37 ± 0.23 4.00 ± 0.12 17.10 ± 0.98 55.24 ± 0.09
SFE  + US Dried and crushed 60 25 200 786.55 8.51 ± 0.56 3.56 ± 0.21 17.56 ± 0.49 58.52 ± 4.35
SFE  Dried and crushed 40 20 0 839.81 7.86 ± 0.42 3.77 ± 0.06 21.57 ± 0.49 59.67 ± 1.30
SFE  Dried and crushed 60 20 0 723.68 8.31 ± 0.14 4.44 ± 0.30 21.24 ± 0.54 63.03 ± 1.99
SFE  + US Dried and crushed 40 20 400 839.81 8.99 ± 0.05 3.81 ± 0.12 19.63 ± 0.34 56.60 ± 0.20
SFE  + US Dried and crushed 60 20 400 723.68 8.58 ± 0.14 4.06 ± 0.01 22.52 ± 0.64 63.52 ± 0.07
SFE  Dried and crushed 50 15 0 699.75 6.84 ± 0.02 4.07 ± 0.24 24.85 ± 1.03 59.84 ± 0.28
SFE  Dried and crushed 50 25 0 834.19 8.65 ± 0.26 3.92 ± 0.16 23.90 ± 0.77 63.66 ± 3.61
SFE  + US Dried and crushed 50 15 400 699.75 7.94 ± 0.03 3.53 ± 0.19 23.00 ± 0.19 64.96 ± 1.70
SFE  + US Dried and crushed 50 25 400 834.19 9.87 ± 0.40 3.89 ± 0.11 19.76 ± 1.09 61.48 ± 2.52
SFE  + US Dried and crushed 50 20 200 784.29 8.88 ± 0.18 4.15 ± 0.17 18.91 ± 1.31 63.94 ± 1.40
SFE  + US Dried and crushed 50 20 200 784.29 8.92 ± 0.59 4.20 ± 0.25 18.95 ± 0.04 64.24 ± 0.73
SFE  + US Dried and crushed 50 20 200 784.29 8.95 ± 0.74 4.16 ± 0.02 18.68 ± 0.09 63.90 ± 0.23

SFE-US  with cosolvents

Method Sample Cosolvent Temperature (◦C) Pressure (MPa) US  power (W)  X0
* (%) MA* TPC* AA*

DPPH ABTS

SFE + US Dried and crushed CO2:EtOH/90:10 60 15 200 18.25 ± 0.77a 2.20 ± 0.05a 12.73 ± 1.26a 53.43 ± 4.51a 53.05 ± 0.79e

SFE + US Dried and crushed CO2:water/90:10 60 15 200 15.33 ± 0.05b 13.66 ± 0.07b 49.36 ± 0.27b 96.11 ± 4.49b 154.98 ± 1.83a

SFE + US Dried and crushed CO2:EtOH/95:5 60 15 200 8.84 ± 0.10c 0.45 ± 0.03c 6.51 ± 0.27c 45.07 ± 2.20c 53.02 ± 0.07e

SFE + US Dried and crushed CO2:water/95:5 60 15 200 7.58 ± 0.33c 5.13 ± 0.35d 33.05 ± 1.24d 74.36 ± 6.18d 112.59 ± 0.69c

SFE + US Fresh CO2:EtOH/95:5 60 15 200 5.03 ± 0.16d 6.84 ± 0.31d 24.13 ± 1.62e 25.07 ± 1.44e 81.35 ± 0.48d

SFE + US Fresh CO2:water/95:5 60 15 200 3.41 ± 0.18e 17.54 ± 0.07e 42.11 ± 3.96f 40.23 ± 1.07f 144.85 ± 3.05b

Results are expressed as mean ± standard deviation of the analysis. SFE = Supercritical fluid extraction; US, ultrasound; X0, global yield (%); MA,  monomeric Anthocyanins (mg cyanidin 3-O-glucoside/g of extract); TPC, phenolic
content  (mg  EAG/g of extract); AA, antioxidant activity expressed as Trolox equivalent �mol  TE/g of extract).

* Letters equal in the same column indicate that there is no significant difference at the level of 5% by the Tukey test.
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(6 -dioxalyl-glucoside) (C3DG) were identified as derived from C3G
with different acids. The UV–vis spectra of the identified com-
pounds exhibit their maximum absorption wavelength, which is
strictly related to the hydroxylation standard of the anthocyanins

Table 4
Characteristics of chromatographic, UV–visible spectrum and mass spectrometry
obtained by UPLC–QTOF–MS.

Compound Molecular
ion − mass
(m/z)

�max in the
visible region
(nm)
Fig. 2. Kinetics of SFE from blackberry bagasse at different pr

ttributed to the extraction of polar compounds that are not sol-
ble in CO2. Moreover, the longer extraction times and solvent to
olid proportion also help increasing yield. The low pressure extrac-
ion methods are effective, but present disadvantages such as high
equired volume of solvent, long process times, and contamination
f the extract with residual solvent [30].

.5. Chemical composition of the extracts

.5.1. Total phenolic content
Table 3(B) shows that the highest phenolic concentration

4.44 ± 0.30 mg  GAE/g extract) was obtained with SFE at 20 MPa,
0 ◦C, without ultrasound. The energy released by ultrasonic waves
ay have degraded part of the phenolics. The phenolic content

eems to increase with temperature in SFE, which means that such
ompounds are solubilized easier at high temperatures. According
o Carrera et al. [31], high temperatures promote higher recovery of
henolic compounds. Moreover, the density of CO2 increases with
ressure and decreases with temperature, and the solvation power
f CO2 increases with density. Thus, at higher densities, other com-
ounds could have been extracted, resulting in a slight reduction
f the phenolics concentration in the extracts.

.5.2. Antioxidant activity
The highest antioxidant activities obtained by the methods

PPH and ABTS were of 25.94 ± 0.57 and 67.27 ± 0.03 �mol  TE/g

xtract, respectively, and were achieved at 15 MPa, 60 ◦C, and
00 W,  as reported in Table 3(B). The increase of antioxidant activ-

ty was more pronounced at low pressures and high temperatures,
ndicating that the compounds responsible for the antioxidant
es and temperatures – experimental data and model results.

activity are more soluble in high temperatures, and must not have
suffered thermal degradation. Also, at lower pressures CO2 may
have been more selective as solvent, providing extracts with less
additional compounds with no antioxidant potential.

3.5.3. Identification of anthocyanins by UPLC–QTOF-MS
The UPLC–QTOF-MS analysis identified four anthocyanins in

the bagasse of blackberry. Table 4 presents the molecular ion
and �max in the visible region of the identified compounds.
From the UPLC–QTOF-MS analysis, it is possible to observe
the chromatographic profile varying only the peak magni-
tudes, which is directly related to the concentrations of the
anthocyanins. The major identified anthocyanins were cyanidin 3-
O-glucoside (C3G) and cyanidin 3-O-rutinoside (C3R). Moreover,
cyanidin 3-O-(6′′-malonyl-glucoside) (C3MG) and cyanidin 3-O-

′′
Cyanidin 3-O-glucoside 449 514
Cyanidin 3-O-rutinoside 595 514
Cyanidin 3-O-(6′′-malonyl-glucoside) 535 517
Cyanidin 3-O-(6′′-dioxalyl-glucoside) 593 518
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32]. According to Dao et al. [33], C3G and C3R are the main antho-
yanins found in blackberries, as well as those found in this work
or the bagasse. Another work performed in 18 blackberry cultivars
lso reported C3G as the major anthocyanin, besides C3R, cyani-
in 3-O-xiloside, C3MG and C3DG as minor ones [34]. Thus, most
f the anthocyanins reported in blackberries were also found in
he bagasse from pulp processing, reinforcing the importance of
ecovering such waste. Moreover, C3G, the major anthocyanin in
lackberry, is also mentioned as responsible for the antioxidant
ctivity of this fruit [35], and for its effectiveness to prevent the
xidation of low density lipoproteins in human body [36].

.5.4. Separation and quantification of anthocyanins by
PLC–UV–vis

Table 5 shows the concentrations of the anthocyanins C3G, C3R,
3DG and C3MG, found in the extracts obtained by SFE-US using
thanol and water as cosolvents, at 15 MPa, 60 ◦C and 200 W.  The
oncentration of anthocyanins found by UPLC–UV–vis is lower than
hose measured by the pH differential method. Even so, the differ-
nce was quite small. According to Gouvêa et al. [37], even other
ubstances could interfere in the pH differential method, explaining
he observed difference.

.6. SFE–US with cosolvents

Table 3(C) shows that the addition of ethanol and water in SFE-
S from the dried and milled material leads to higher extraction
ields. This behavior is related to the polar nature of the chosen
osolvents, which allows extracting components that would not
e soluble in pure CO2, which is non polar. The molecules of the
osolvent compete with the active sites of the substrate to inter-
ct with the extractable compounds. Therefore, the presence of
osolvents helps breaking the interactions between substrate and
olute, which can be solubilized by the solvent mixture [7,38]. The
ncrease of solubility caused by a cosolvent results from the for-

ation of cosolvent–solute and solvent–cosolvent–solute groups
39]. A cosolvent with critical temperature lower than that of the
upercritical fluid usually reduces the solubility of low volatility
ompounds, and the opposite occurs if the critical temperature
f the cosolvent is higher [5]. Both cosolvents used in this work
ethanol and water) have critical temperatures higher than CO2
240.6 ◦C, 374.2 ◦C and 31.1 ◦C, respectively), so they enhance the
olubility of many compounds present in the blackberry bagasse.

An increase in SFE-US yield is observed when ethanol was used
s cosolvent, compared to water. Besides increasing yield, ethanol
an be removed easier than water, so its application is widely
eported [40]. This behavior can be explained by the enhanced solu-
ility of polar compounds in the mixture CO2 + ethanol. Moreover,
he use of ethanol as cosolvent may  have increased the number
f extracted compounds, thus reducing the selectivity of the pro-
ess. Although water is more polar than ethanol, the SFE yields with
ater as cosolvent were lower. Polarity is not the unique factor

ffecting extraction yield. The type of interactions between solvent
nd solute should also be comprehended.

As observed for SFE from blackberry bagasse, other works report
emarkable enhancements in SFE yield by using ethanol as cosol-
ent at low concentrations. Luengthanaphol [41] compared yield
nd antioxidant activity of extracts (Tamarindus indica L.) from
amarind seeds obtained by SFE with pure CO2 and with 10%
thanol as cosolvent, and verified that SFE of antioxidants is sig-
ificantly improved with ethanol. Kitzberger et al. [42] observed
n increase in the SFE yield from shiitake from 1.01% to 3.81% by

sing 15% ethanol as cosolvent.

The contribution of ethanol and water as cosolvents in the recov-
ry of phenolics, anthocyanins, and the antioxidant activity of the
xtracts can be observed in Fig. 3. In general, both cosolvents had
ritical Fluids 94 (2014) 223–233

positive influence on the extraction of the mentioned compounds,
and the effect of water as cosolvent was  clearly higher than ethanol.

In SFE-US with cosolvents the highest anthocyanin content
(17.54 ± 0.07 mg  cyanidin 3-O-glucoside/g extract) was obtained
using 5% water for the fresh sample. Tena et al. [43] and Murga et al.
[44] reported that adding cosolvent to CO2 helps improving the
extraction yield of some compounds, such as anthocyanins, phen-
olics, and antioxidant activity. It can be noted in Table 3(C) that
the cosolvent ratio affects the anthocyanin concentration in the
extracts, indicating that interactions between solute and substrate
must have been broken and replaced by cosolvent molecules [7].
Thus, the anthocyanin yield increased with the cosolvent concen-
tration [45]. This is clear in the extractions from dried and crushed
samples, where raising the water ratio from 5 to 10% strongly
increased the anthocyanin concentration, due to the enhancement
of the solute/cosolvent interactions that raise solubility [7]. The
same effect is also noted in the extractions with ethanol, although
the anthocyanin recovery was lower than with water. Thus, water
as cosolvent not only increases SFE yield, but is also the most ade-
quate solvent since is ecologically safe and cheap.

Regarding phenolic compounds, the best results of SFE-US were
found using 10% water in the dried and crushed sample and 5%
water in the fresh sample. As expected, water extracts phenolics
efficiently, and the extracts with most phenolics also presented
the highest antioxidant activities measured by DPPH and ABTS,
evidencing some correlation between phenolics and antiradical
capacity [46,47]. However, the relation shows that phenolics are
not the unique responsible for the antioxidant activity of the
extracts. Vegetable substrates contain several phenolic compo-
nents with different antioxidant activities, and the synergism
between antioxidants in a mixture makes their activity dependent
of concentrations, structure and their chemical interactions [48].

It can also be observed in Table 3(C) that the method ABTS is
more effective in the detection of antioxidant compounds than
DPPH. The method DPPH is widely applied to determine the antioxi-
dant activity in extracts and isolated compounds, such as phenolics,
anthocyanins, flavonols and cumarins [49,50]. Every method pro-
vides precise and reproducible results, but the antioxidant activities
may  differ significantly from one method to other. Thus, most
methods provide partial results regarding antioxidant activity of
complex extracts [51,52].

The addition of water as cosolvent at 10% provides the highest
antioxidant activities by both methods. For the extracts obtained by
SFE-US with pure CO2 the antioxidant activities were quite lower,
indicating again that this property is intimately related to pheno-
lics, which are polar compounds that can hardly be extracted with
a nonpolar solvent like CO2.

Finally, evaluating the extracts obtained by SFE-US with cosol-
vent, one can conclude that to achieve the best yields it is preferable
to use 10% ethanol, which provided yields eight times higher than
with pure CO2. Since ethanol is a slightly polar solvent, its addi-
tion as cosolvent allowed the dissolution of polar substances that
were not extracted with pure CO2. In terms of anthocyanins, phen-
olics, and antioxidant activity, it is better to use 10% water as
cosolvent. The increase of such compounds may  be due to the
low solubility of water in CO2, which may  lead to the coexistence
of two  phases. In this case, a liquid phase containing water as
major component would help extracting preferentially phenolics
and anthocyanins. Nevertheless, if SFE is performed on the fresh
sample, 5% water is more recommendable, since the water con-
tent of the sample seems to work as cosolvent and enhance the
extraction of anthocyanins. Moreover, the recovery of anthocyanins

could have been enhanced due to pH reduction in the presence of
CO2 and water, since anthocyanins are usually more stable in acidi-
fied media [53–55]. Summarizing, the differences between SFE-US
with and without cosolvents can be attributed to the changes in



J.L. Pasquel Reátegui et al. / J. of Supercritical Fluids 94 (2014) 223–233 231

Table  5
Concentration of anthocyanins of the extracts of blackberry obtained by UPLC–UV–vis.

Sample Cosolvent C3G mg/g of extract C3R mg/g of extract C3MG mg/g of extract C3DG mg/g of extract Total

Dried and crushed CO2:EtOH/90:10 0.523 ± 0.05 0.044 ± 0.00 0.034 ± 0.00 0.041 ± 0.01 0.641 ± 0.06
Dried  and crushed CO2:Water/90:10 5.697 ± 0.38 0.422 ± 0.00 0.218 ± 0.01 0.256 ± 0.01 6.594 ± 0.40
Dried  and crushed CO2:EtOH/95:5 0.194 ± 0.01 0.031 ± 0.00 0.021 ± 0.00 0.027 ± 0.00 0.273 ± 0.01
Dried  and crushed CO2: Water/95:5 3.909 ± 0.49 0.289 ± 0.03 0.166 ± 0.02 0.188 ± 0.02 4.551 ± 0.56
Fresh  CO2:EtOH/95:5 4.443 ± 0.02 0.286 ± 0.00 0.149 ± 0.00 0.196 ± 0.01 5.075 ± 0.03
Fresh  CO2: Water/95:5 8.067 ± 0.19 0.649 ± 0.03 0.256 ± 0.01 0.338 ± 0.02 9.309 ± 0.25

Total anthocyanins level expressed in terms of the sum of the anthocyanins C3G, C3R, C3MG and C3DG per gram of extract.
Results expressed by its mean (±) standard deviation.

Fig. 3. Effect of the cosolvent concentrations in the antioxidant activity (AA DPPH and AA ABTS), phenolic (TPC) and anthocyanin contents of SFE extracts from dried blackberry
bagasse  obtained at 15 MPa, 60 ◦C and ultrasound power of 200 W.

Fig. 4. Images obtained by scanning electron microscopy on the surface of blackberry bagasse particles under different conditions of extraction: (A) SFE without ultrasound
at  50◦ C and 25 MPa; (B) SFE + US at 40◦ C, 15 MPa  and a 200 W ultrasound power; (C) SFE + US at 50◦ C, 25 MPa  and a 400 W ultrasonic power.
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osolvent concentration, type of pretreatment, and extraction
ethod [56].

.7. Morphological analysis

The effect of ultrasound on the physical structure of the black-
erry bagasse was evaluated through FESEM. As it can be observed

n Fig. 4, ultrasonic vibration effectively changes the surface of
he blackberry bagasse particles. Samples undergoing only SFE
xtraction present a much more homogeneous and clean surface
Fig. 4A), indicating that supercritical CO2 alone did not cause
mportant morphological changes. In contrast, samples exposed to
ltrasound exhibit an irregular surface, covered by particle frag-
ents. Moreover, an effect of the ultrasound power can also be

oticed by comparing Fig. 4B and C, with a greater amount of parti-
les deposited under 400 W than at a 200 W power. The deposition
f fragments on the surface is probably related to the removal of
aterial from the internal parts of the cell wall, followed by its

eposition on the surface during the extraction process. It should
ontribute to increase the accessibility of these particles to the sol-
ent, which is in agreement with the relatively higher extraction
ields in these samples. It is important to notice that the extraction
rocess does not seem to cause fissures or rupture on the sample
urface, since it keeps its integrity under the particulate deposits.

. Conclusions

The recovery of blackberry bagasse to be used as raw material
or extraction is a promising activity, due to the high amount of
aluable compounds that remain in this industrial residue. The
nfluence of ultrasound on SFE was significant at the pressure
f 15 MPa, contributing to enhance the extraction kinetics and
ncrease its global yield, without compromising the quality of the
xtracts. The enhancement of mass transfer with ultrasound is
aused by changes on the structure of the substrate, which were
bserved by the FESEM image analyses. Specifically, the increase
f particles stuck onto the surface of blackberry bagasse must have
ontributed to reduce the barriers to both solvent and extractable
ompounds.

The addition of water and ethanol as cosolvents in SFE-US
ncreased the global yield, as well as the contents of pheno-
ics, anthocyanins, and the antioxidant activity of the extracts.
wo major (cyanidin 3-O-glucoside and cyanidin 3-O-rutinoside)
nd two minor (cyanidin 3-O-(6′′-dioxalyl-glucoside) and cyani-
in 3-O-(6′′-malonyl-glucoside)) anthocyanins were identified and
uantified. The polar nature of water and ethanol and the acid-

fication of the solvent mixture helped the solubilization of the
nthocyanins.

The results presented in this work indicate that coupling ultra-
ound with SFE processes can be a feasible mean to improve
xtractions, reducing the required time and thus operational cost,
o achieve yields and quality that make the process viable. When
sing liquids as cosolvents, an additional operation step is needed
o separate them from the extracts, and other coupled techniques
ould be integrated to SFE, such as adsorption or membrane sep-
ration, in order to purify the final product. Indeed, as well as
lackberries, other residues of fruit processing are certainly rich

n bioactive compounds, so SFE-US is a promising method to add
alue to these byproducts.
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