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Abstract
This work explores the functionality of oils from brewer’s spent grain by supercritical fluid extraction. The process was
performed at 20 and 30 MPa, and 40 and 50 °C without and with ethanol as co-solvent in percentages equal to 4 and 8%.
Supercritical fluid extraction was compared with Soxhlet using hexane as solvent. The extracts were characterized for their
antioxidant capacity by 2,2-diphenyl-1-picryhydrazyl radical (DPPH) assays, total phenolic content by Folin–Ciocalteu assay,
fatty acid profile by GC-FID, and oxidative stability by isothermal calorimetry. Moreover, their capacity to retard the oxidation of
linseed oil was also studied. Samples from Soxhlet and supercritical carbon dioxide (30 MPa, 50 °C, and 8% of ethanol) showed
the highest yields (6.1 ± 0.3% and 6.5 ± 0.1%, w/w), recovery (78.3 ± 2.1% and 81.3 ± 1.8%, w/w), total phenolic contents (28.3
± 0.5 and 26.2 ± 0.3 mg GAE/g of sample), and antioxidant activity (16.7 ± 0.1 and 14.2 ± 0.1 mg TEA/g of sample). The fatty
acid composition of brewer’s spent oil extracted by SFE was similar to that extracted by Soxhlet. The same extracts also reported
the highest oxidative stability and ability to slow down linseed oil oxidation.
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Introduction

In the food industry, the processing operations are associated
with the transformation of the initial raw material into a safe,
nutritious, and high-quality food product. However, during
the processing, most of the time, high amounts of by-
products are also produced. To solve this problem, the re-
search is focusing on finding viable alternatives able to com-
bine food production with valorization of by-products, reduc-
tion of energy consumption, and increased environmental pro-
tection. Nowadays, many opportunities exist to valorize by-
products (Galanakis 2012, 2013), i.e., through the extraction
of valuable compounds and their subsequent applications in
food, cosmetic, and pharmaceutical products (Galanakis et al.
2018a, b, c). Studies report that several components,

recovered from food by-products, such as phenolic com-
pounds, are stable ingredients used for food or feed products
(Ferrentino et al. 2017).

Among food by-products, a focus has been placed on those
produced by the brewing industry, in particular, to the
brewer’s spent grain (BSG). BSG is the barley malt residue,
mainly constituted by insoluble grain components, which re-
mains after the production of wort (Lynch et al. 2016). About
39 million tons per year of BSG are produced globally; of this
amount, about 3.4 million tons per year come from the beer
production of the European Union. Overall, around 20 kg of
wet BSG is needed to obtain 100 L of brewed beer (Moreira
et al. 2013; Kitryte et al. 2015; Klimek et al. 2017). In Italy,
beer production accounts for ~ 13 million hectoliters per year,
thus around 0.26 million tons of BSG is produced annually.
Currently, the majority of produced BSG is used as an alter-
native source of energy, low-value animal feed, and fertilizers,
or considered a waste. However, this material is still a source
of valuable components such as phenolics, lipids, cellulose,
carbohydrates, proteins, or amino acids which are present in
BSG after wort mashing and can be furthermore valorized
(Kitryte et al. 2015; Meneses et al. 2013).

Nowadays, some techniques have been attempted for
extracting the antioxidant components from BSG. They
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generally use processes based on acid hydrolysis, saponifica-
tion, or liquid–solid extraction with organic solvents (Mussatto
et al. 2006; Mccarthy et al. 2013: Hayes et al. 2011). However,
some drawbacks are linked to those techniques such as the
possibility of having residual toxic solvents in the final extract,
long extraction time, loss of volatile compound from the ex-
tract, and thermal degradation of sensitive compounds due to
the high temperature used, as well as oxidative degradation
reactions of the extract during the solvent evaporation step
(Fernandez et al. 2008; Fernandes et al. 2017).

Nowadays, more efficient and environmentally safe tech-
nologies have been developed to extract valuable components
from solid matrices, such as supercritical fluid extraction
(SFE), ultrasound-assisted extraction (UAE), microwave-
assisted extraction (MAE), and filtration. Published studies
show that novel applications of MAE and UAE for the extrac-
tion of valuable components from BSG have been tested
(Tang et al. 2010; Mallouchos et al. 2007). Among these, the
application of SFE for the extraction of valuable components
from BSG is still under investigation (Fernandez et al. 2008;
Spinelli et al. 2016; Kitryte et al. 2015). It uses carbon dioxide
(CO2) as the solvent which in the supercritical state (temper-
ature higher than 31 °C and pressure higher than 7.3 MPa) has
a diffusivity close to that of gases and a solvation power close
to that of liquids. In addition, CO2 is not expensive and is
environmentally friendly and generally recognized as safe by
FDA and EFSA. Due to its low polarity, CO2 is often used
with a co-solvent which can help improve the efficiency for
the extraction of antioxidant compounds. One of the most
used co-solvent is ethanol that has a good miscibility with
CO2, and it is considered non-toxic for food and pharmaceu-
tical products. Several studies demonstrate the potential of
SFE to extract compounds from a variety of matrices at labo-
ratory and industrial scale. Published results on the extraction
of bioactive compounds from food by-products demonstrated
that SFE has the ability to obtain carotenoids from apricot
pomace (Sanal et al. 2005); polyphenols from not only apple
and peach pomaces (Adil et al. 2007; Ferrentino et al. 2018)
but also from grape skins (Pascual-Marti et al. 2001), orange
pomace (Benelli et al. 2010), guava seeds (Castro-Vargas et al.
2010), and grape seeds (Murga et al. 2000).

SFE has been also applied for the extraction of valuable
components from BSG (Moreira et al. 2013; Kitryte et al.
2015; Spinelli et al. 2016; Vieira et al. 2014). In all the studies,
an optimization of the processing parameters (pressures of 15,
25, and 35 MPa; temperatures of 40, 50, and 60 °C) was per-
formed using only CO2 and CO2 + 20, 40, and 60% ethanol to
obtain an extract characterized in terms of total phenols and
flavonoids. It is well known that using these amounts of ethanol
CO2 turns its properties from supercritical to subcritical, chang-
ing completely its extraction behavior. To the best of our knowl-
edge, no papers have been published investigating SFE efficien-
cy with an amount of co-solvent lower than 10%, thus keeping

the solvent in a supercritical state. Moreover, no studies have
been done investigating the oxidative stability and the ability of
BSG extract to retard oil oxidation.

Based on this background, the aim of the present workwas to
recover oils with antioxidant activity from BSG applying SFE
using only CO2 and adding ethanol (4 and 8%) as co-solvent.
The efficiency of the process was determined in terms of yield,
while the extracts were characterized in terms of antioxidant
activity by the DPPH assay, total phenolic content by Folin–
Ciocalteu assay, and fatty acid profile by gas chromatography.
The oxidative stability of BSG extracts and their capacity to
retard the oxidation of linseed oil was also studied by isothermal
calorimetry. Moreover, the quality of the oils extracted by SFE
was compared to that obtained using hexane with Soxhlet.

Materials and Methods

Materials

Carbon dioxide (99.99%) for extraction was obtained from
Rivoira (Milano, Italy). Linseed oil, 1, 1 diphenyl-2-picryl-
hydrazyl (DPPH), gallic acid, and 6-hydroxy-2, 5, 7, 8-
tetramethylchroman-2 carboxylic acid (Trolox) were pur-
chased from Sigma-Aldrich (Milan, Italy). Methanol, ethanol,
and Folin–Ciocalteu’s reagent were bought from Merck
(Darmstadt, Germany). All chemicals and reagents were of
HPLC or analytical grade.

Sample Preparation

The malt was purchased from a local market. BSG was obtain-
ed from a laboratory-scale brewery plant (Free University of
Bolzano, Bolzano, Italy) directly after the mashing process. As
soon as obtained, the material (approx. 74.6 ± 2% moisture
content) was dried at 50 °C for 48 h in a ventilated oven.
BSG reached a final moisture content of 7.1 ± 1% (Sartorious
MA160, Torino, Italy). The product presented a polysaccharide
content of 61 ± 2.3%, a protein content of 20 ± 1.2%, and a total
oils content of 8 ± 1.4% (the remaining fraction was ash).

To perform the extraction, it was ground to obtain a fine
powder with the following particle size distribution: 9 ± 4% of
the sample presented a diameter higher than 1 mm, 25 ± 2% a
diameter comprised between 1 mm and 500 μm (Retsch
GmbH, Verder Scientific, Germany), 44 ± 4% a diameter
comprised between 500 and 250 μm, and 21 ± 1% a diameter
comprised between 250 and 100 μm.

Supercritical Fluid Extraction Apparatus
and Procedure

Extractions with supercritical carbon dioxide were carried out
using a high-pressure pilot plant (Superfluidi s.r.l., Padova,
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Italy). The system was equipped with 1-L volume extractor
vessel and two gravimetric separators (Fig. 1). The high-
pressure vessel contained an extraction basket of 800 mL,
closed on both ends with porous stainless steel filter mesh to
avoid any possible carryover of samples. The temperature of
the extraction and separation vessels was automatically con-
trolled by recirculating the water from two independent
thermostated water baths. CO2 was pressurized by a high-
pressure diaphragm pump (Lewa LDC e M e 9XXV1,
Milano, Italy) pre-cooled at 4.0 °C in order to deliver liquid
CO2 from a storage cylinder to the extraction vessel efficient-
ly. The system was equipped with a high-pressure tank for
CO2 storage to be compressed and reused. The extraction
was carried out by passing the CO2 through the sample, re-
ceiving the extract in the separator, and finally releasing CO2

for storage tank for further reuse.
The extraction was performed with either CO2 or CO2 with

ethanol (4 and 8%) as a co-solvent. The extraction was per-
formed by placing approximately 80 ± 2 g of sample inside the
extraction vessel and the CO2 was flushing through the sample
with a flow rate equal to 3.6 L/h. The extraction time was set to
1 h based on the kinetics of the yield which show no increases of
the collected extract increasing the time. The experiments were
performed at temperatures of 40 °C and 50 °C and pressures of
20 MPa and 30 MPa. A temperature higher than 50 °C was not
taken into account to avoid its deleterious effect on the extracts.

Pressures higher than 30MPawere not considered as preliminary
results performed at 35MPa showed no significant differences in
the antioxidant activity and yield of the extracts.

After the experiments, the sample was collected in a vial,
weighted, and stored for further characterization. Each experi-
ment under certain conditions was repeated two times.
Therefore, the results were expressed as mean values and stan-
dard deviations.

For the extract obtained by CO2 and ethanol as co-solvent,
the samples were flushed off by nitrogen at 25 °C to remove
the residual ethanol until they reached a final constant weight.

The extraction yield was defined according to the weight of
the extracted oil divided by the weight of the sample loaded
(w/w, %) in the high-pressure vessel while the recovery was
calculated dividing the weight of the extracted oil by the total
oil of BSG (w/w, %) (Sökmen et al. 2018).

Soxhlet Extraction

Hexane was used for Soxhlet extraction of oil from BSG. The
method consisted of 150 mL of solvent recycling over 5 g of
sample in a Soxhlet apparatus for 6 h at the boiling tempera-
ture of hexane. After the extraction was completed, the solvent
was removed at 40 °C at a reduced pressure using a rotary
evaporator (LABOROTA 4000, Heidolph, Schwabach,
Germany). After the evaporation of the solvent, the oil yield

Fig. 1 Layout of the supercritical carbon dioxide pilot-scale system:
1, CO2 tank; 2, pressure gauge; 3, on-off valve; 4, needle valve; 5,CO2

storage tank; 6, cooling bath; 7, high pressure pump; 8, heat exchanger; 9,

high pressure extraction vessel; 10, digital thermometer; 11, separator 1;
12, separator 2; 13, collecting vessel 1; 14, collecting vessel 2; 15 co-
solvent resevoir; 16, co-solvent pump
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was determined as percent of the mass of extracted oil to the
mass of BSG loaded in the thimble.

Isothermal Calorimetry

A micro-calorimeter (Thermal Activity Monitor, Model 421
TAM III, TA Instruments, USA) was used to perform all calo-
rimetric analyses. The system was equipped with 24 micro-
calorimetric channels submerged in oil bath, each of them po-
sitioned above each other as a twin calorimeter. The micro-
calorimeters were equipped with built-in metal reference spec-
imens having a heat capacity approximately equal to that of a
glass vial. Before every experiment, each channel was calibrat-
ed by a gain calibration procedure with electric impulses (as
recommended by manufacturer guidelines). To study the oxi-
dative stability of the extracts, approximately 100 ± 5 mg was
transferred in a 4-mL glass ampoule and closed hermetically
with silicone septa. The ampoules were first heated for 2 min at
the temperature of the experiment, then were lowered into the
thermal equilibration position and left there for 15 min for
equilibration. The heat flow rates were recorded at the interval
of 30 s in isothermal conditions as the auto-oxidation reaction
proceeded. For BSG extracts, isothermal temperatures of 60 °C
and 90 °C with an absolute accuracy of ± 0.0005 °C were used.
These temperatures were chosen based on our preliminary ex-
periments (data not shown) by taking into account the antioxi-
dant capacity behavior of the extracts. For evaluating the capac-
ity of the extract to inhibit the exothermic oxidation of linseed
oil, about 3 mg of extract was added to 100 mg of oil.
Tocopherol was used as a comparison standard antioxidant
(0.22 mg of tocopherol/100 mg of oil). The experiments were
performed in an isothermal mode at 30 °C using the same
procedure described above. Isothermal calorimetry experiments
were performed in triplicate and the results expressed as mean
values and standard deviations.

Free Radical Scavenging Activity

The antioxidant activity of extracts was determined using DPPH
assay as described by Brand-Williams et al. (1995) with some
slight modifications. Aliquots of 1.9 mL of DPPH solution
(20 mg of DPPH dissolved in 500 mL of ethanol and sonicated
for 2 min) were put into the cuvettes and 100 μL of the diluted
extract (1 g of extract/10 mL of ethanol) was added. The mixture
was maintained in the dark for 1 h at 25 °C. The absorbance was
measured at 517 nm with a spectrophotometer (Cary 100 Series
UV-Vis Spectrophotometer, Agilent Technologies, Italy). The
antioxidant activity of the extracts (mean value of the triplicate
assays) was determined as their capacity to scavenge the DPPH
free radicals. The results were expressed as Trolox equivalent
antioxidant (TEA) value per gram of extract (mg TEA/g of ex-
tract) based on Trolox standard calibration curve prepared before.

Total Phenolic Content

The total phenolic content was determined using the Folin–
Ciocalteu method (Singleton and Rossi 1965). A defined
amount of extract was diluted in ethanol (0.1 g of extract/
1 mL of ethanol). The cuvettes were prepared mixing
1.2 mL of distilled water, 40 μL of extract, 300 μL of 20%
sodium carbonate solution, and 100 μL of Folin–Ciocalteu
reagent. The mixture was kept in darkness for 2 h for the
reaction and then the absorbance was recorded at 765 nm
using a spectrophotometer (Cary 100 Series UV-Vis
Spectrophotometer, Agilent Technologies, Italy). The total
phenolic content (mean value of the triplicate assays) was
expressed as milligrams of gallic acid equivalent (GAE) per
gram of extract (mg GAE/g of extract) following the previ-
ously prepared gallic acid standard calibration curve.

Fatty Acid Profile

The fatty acid composition of the extracts was analyzed by gas
chromatography (GC) using a chromatograph (Thermo
Scientific TRACE 1300, Milano, Italy) equipped with a flame
ionization detector and a TG-POLAR column (60 m, 0.25 cm,
and 0.2 μm) after derivatization to fatty acid methyl esters
according to Metcalfe et al. (1966). About 8 mL of hexane
and 100 μL of extract were put in a conical graduated tube.
The mixture was shaken and 300 μL of KOH (0.5 M) in
methanol was added to the mixture and reshaken. The mixture
was allowed to stand for 3 min and the upper layer was taken
for GC analysis. The column temperature was held at 50 °C
for 1 min, then heated to 220 °C at 10 °C/min then to 260 °C at
5 °C/min. Both detector and injector were held at 260 °C. The
oven temperature was held at 130 °C during separation. The
nitrogen was used as a carrier gas with a flow rate of 1 mL/
min. The analysis was performed injecting 1.0 μL of the pre-
pared sample using an auto-sampler (Thermo Scientific AI/
AS 1310, Milan, Italy). Fatty acid methyl esters (FAMEs)
were identified by comparison of retention times with
FAME standard mixture (SUPELCO FAMEs Mix GLC-30;
Sigma Aldrich, Milano, Italy) and quantified using area nor-
malization. A duplicate measurement was performed for each
sample and the results expressed as mean values and standard
deviations.

Statistical Analysis

The results were reported asmean values ± standard deviation.
The statistical analysis was performed by a one-way analysis
of variance using SPSS for Windows (version 20.0.0, SPSS
Inc., USA). Also, a two-way analysis of variance was carried
out to evaluate the effect of independent variables on the re-
sponse (Design-Expert® Software version 7). TukeyHSD test
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was used to evaluate the significant differences (p < 0.05) be-
tween mean values.

Results and Discussion

Effect of Extraction Conditions on Yield, Recovery,
Total Phenolic Content, and Antioxidant Activity

The effect of SFE processing was evaluated by means of a
factorial design with three factors (pressure, temperature, and
co-solvent) each at two levels. Table 1 shows the effect of the
processing variables on the oil yield, recovery, total phenolic
content, and antioxidant activity. In general, the extraction
conditions (pressure, temperature, and addition of co-
solvent) affect significantly (p < 0.05) the yield, the recovery,
the total phenol content, and the antioxidant activity. The re-
sults of the statistical analysis are reported in Table 2. Among
the three factors, the addition of ethanol as co-solvent has the
main effect (p < 0.05). The positive effect of ethanol as co-
solvent on the extraction capacity of SFE is explained by
considering the polarity of ethanol. CO2 is a non-polar solvent
and, even at high density, its ability to dissolve polar com-
pounds is limited. The addition of a modifier ameliorates the
extraction efficiency of polar compounds by increasing their
solubility (Lim et al. 2002; Pereira and Meireles 2010). Since
phenolic compounds are polar in nature, the addition of etha-
nol has a great impact on their extraction (Sanal et al. 2005;
Lee et al. 2010). These compounds play a big role in the
antioxidant capacity of plant extracts. They substantially con-
tribute to the antioxidant activity owing to the redox properties

of their hydroxyl groups (Materska and Perucka 2005), which
are responsible in scavenging free radicals by donating hydro-
gen atoms or electrons (Amarowicz et al. 2004). The signifi-
cant increase (p < 0.05) of the antioxidant activity can be as-
sociated to the presence of such polar phenolic compounds,
which might contribute a lot to improve the overall antioxi-
dant activity of the extract.

The second factor significantly affecting the process is the
temperature. The results indicate that higher temperatures in-
crease the yield, total phenolic content, and antioxidant activ-
ity. In the literature, the effect of temperature is reported to be
negative on SFE of phenolic compounds at low pressures
between 10 and 15 MPa (Chafer et al. 2004; Özkal et al.
2005; Roy et al. 1996). However, beyond such pressure
threshold, the temperature positively affects the extraction ca-
pacity of SFE. Such behavior can be easily explained consid-
ering that the solubility of CO2 is controlled by a balance
between the solvent density and the change in the solute vapor
pressure (Lim et al. 2002; Choi et al. 1998; Adil et al. 2008).
According to our results, at the extraction conditions used, the
vapor pressure effect (diffusion effect) improves significantly
the extraction yield.

Finally, the statistical analysis reveals that pressure, al-
though in minor proportion, contributes significantly to the
process performance. SFE performed at high pressures led to
higher yields, total phenols, and antioxidant activity. The re-
sults indicate that an increase of pressure (at constant temper-
ature) enhances CO2 density, which thereby affects positively
the solubility of analytes in CO2 improving the yield and
consequently the total phenolic content and antioxidant activ-
ity (Salgin et al. 2006). For example, the density of CO2

Table 1 Values of yield,
recovery, total phenolic content
(TPC), and antioxidant activity
(DPPH) of extracts from BSG
obtained with Soxhlet, SFE, and
SFE with ethanol (4 and 8%) as
co-solvent

Process Pressure
(MPa)

Temperature
(°C)

AYield (%,
w/w)

Recovery
(%, w/w)

BTPC (mg
GAE/g
sample)

BDPPH (mg
Trolox/g
sample)

SFE 20 40 2.6 ± 0.2f 33.8 ± 2.5f 4.6 ± 0.1h 2.7 ± 0.1h

30 40 3.3 ± 0.1e 41.5 ± 2.4e 5.9 ± 0.4g 3.2 ± 0.1g

20 50 4.4 ± 0.1d 53.6 ± 1.4d 6.3 ± 0.3g 3.5 ± 0.1g

30 50 5.1 ± 0.1c 63.8 ± 1.8c 8.4 ± 0.1f 4.3 ± 0.1f

SFE + ethanol
(4%)

20 40 3.4 ± 0.2e 42.5 ± 1.5e 8.6 ± 0.2f 4.8 ± 0.1f

30 40 4.3 ± 0.1d 53.8 ± 1.1d 10.7 ± 0.3e 6.5 ± 0.1e

20 50 5.1 ± 0.2c 63.8 ± 2.1c 11.3 ± 0.4e 7.1 ± 0.3e

30 50 5.9 ± 0.1b 73.8 ± 2.7b 15.2 ± 0.3d 9.2 ± 0.1d

SFE + ethanol
(8%)

20 40 4.6 ± 0.2c,d 57.5 ± 1.2c,d 14.6 ± 0.2d 8.8 ± 0.1d

30 40 5.8 ± 0.1b 72.5 ± 1.4b 19.7 ± 0.3c 11.5 ± 0.1c

20 50 5.9 ± 0.2b 73.8 ± 1.1b 20.3 ± 0.4c 12.1 ± 0.3c

30 50 6.5 ± 0.1a 81.3 ± 1.8a 26.2 ± 0.3b 14.2 ± 0.1b

Soxhlet – – 6.1 ± 0.3a 78.3 ± 2.1a 28.3 ± 0.5a 16.7 ± 0.1a

Values with different letters in the same column are significantly different (p < 0.05)
AValues are presented as mean ± standard deviation (n = 2)
BValues are presented as mean ± standard deviation (n = 3)
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increases from 19.1 mol/L at 20MPa to 20.7 mol/L at 30MPa
at a constant temperature of 40 °C and from 17.8 mol/L at
20 MPa to 19.8 mol/L at 30 MPa at a constant temperature of
50 °C (Özkal et al. 2005). The statistical analysis also reveals
the existence of an interaction between pressure, temperature,
and co-solvent (p < 0.05). However, although these interaction
factors are statistically significant, they are quite small in com-
parison with the main effects.

In Table 1, the results of the extracts obtained with
Soxhlet are also reported. The yield of the process is not
significantly different from that obtained by SFE at
30 MPa and 50 °C, and using 8% of ethanol as co-sol-
vent. However, the oil extracted with Soxhlet has a higher
content of total phenolic compounds and antioxidant ac-
tivity compared to those obtained by SFE. Other authors
have a t tempted to compare the Soxhle t or the
hydrodistillation method with SFE (Aghel et al. 2004;
Cao et al. 2007). They found that there were less com-
pounds extracted by SFE than Soxhlet and they attributed
these differences to the different techniques used to obtain
the extracts.

They reported that during SFE a part of the extracted com-
ponents escaped along with CO2, while in Soxhlet trapping
the oil was simultaneously performed along with the condens-
ing solvent in the tube avoiding the loss of volatile compo-
nents from the oil.

Effect of Extraction Conditions on Fatty Acid Profile

Table 3 shows the fatty acid profiles of beer spent grain
extracted by SFE at different conditions of pressure and
temperature in the absence and presence of ethanol (4 and
8%) as co-solvent. Regardless of the pressure and tempera-
ture used for the extraction, the samples report similar
amounts of polyunsaturated and monounsaturated fatty
acids. More than 50% of the fatty acid profiles of all the
samples is constituted of linoleic acid (C18:2). Overall,
pressure and temperature do not significantly influence the
fatty acid profiles of the extracts.

The addition of ethanol significantly changes the abun-
dance of some fatty acids, in particular palmitic acid
(C16:0) and linolenic acid (C18:3). Moreover, the samples
extracted with 8% of ethanol show significant high values
of linoleic acid (C18:2) with the exception of the extract
obtained at 20MPa and 40 °C. As shown before, this sample
also reports low values of antioxidant activity and phenolic
content indicating the low extracting capacity of CO2 at
these processing conditions. No significant differences are
found when the beer spent grain is extracted by hexane in
Soxhlet or by SFE with the addition of co-solvent. Similar
results have been also published by Da Porto et al. (2012)
where SFE carried out on hempseeds was compared with
Soxhlet extraction with hexane.Ta
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Oxidative Stability of Brewer’s Spent Grain Extracts

The oxidative stability of beer spent grain extracts was next
investigated by isothermal calorimetry. Figure 2 shows the
resulting heat flow signal generated by the brewer’s spent
grain extracts obtained by SFE. Regardless of the extraction
conditions, all the samples result in a heat flow signal with a
similar pattern. Initially, the rate of heat generated is negligi-
ble. Then, the signal suddenly increases, reaching a maximum
value (exothermic peak). After that, the signal decays,
returning to a value close to 0. Overall, the recorded signal
reflects the changes in the rate of autoxidation occurring to the
samples in the presence of oxygen (Labuza and Dugan Jr.

1971; Angelo et al. 1996; Ghnimi et al. 2017). This process
is generally described in three steps. The Binitiation phase^
lasts until the calorimetric trace remains negligible. The
Bpropagation phase^ starts when the exothermic signal rises
reaching the maximum value. When the rate of the reaction
decreases, the Btermination phase^ occurs with the drop of the
calorimetric trace due to the excessive presence of free
radicals.

The possibility of describing the different steps of the rad-
ical chain reaction provides a suitable way to compare the
effect of the extraction process on the resulting oxidative sta-
bility of the sample. Providing that the oxidative stability of an
oil is proportional to the duration of the Binitiation phase,^ the
highest stability is observed for the samples extracted at the
highest temperature (50 °C) with pressure of 20MPa (curve c)
and 30 MPa (curve d).

Concerning the samples extracted by SFEwith the addition
of ethanol and by Soxhlet, the results are stable at 60 °C. They
were loaded in the micro-calorimetry thermostat for more than
366 h. In this period of time, no oxidation reactions occurred.

Since the extracts obtained by SFE with the addition of
ethanol report high oxidative stabilities at 60 °C, their behav-
ior was studied at a temperature of 90 °C.

Figure 3 shows the resulting heat flow signals for the oil
samples obtained at the different SFE processing conditions
with 8% of ethanol as co-solvent and the one obtained with
Soxhlet. As shown at 60 °C, the samples with the highest
oxidative stability are those extracted with the highest temper-
ature (50 °C) at 30 MPa. In such condition of temperature and
with 8% of ethanol as co-solvent, the samples are oxidized late
in time compared to those extracted without ethanol. The oils
extracted at 30MPa and 50 °C (curve d), and those at 20 MPa
and 50 °C (curve c) with 8% ethanol show the highest

Table 3 Fatty acid profile of BSG extracts expressed as percentage of GC-identified areas

Process Pressure (MPa) Temperature (°C) C16:0 C18:0 C18:1 C18:2 C18:3

SFE 20 40 15.4 ± 0.2d 1.7 ± 0.1a 27.3 ± 0.1a 49.4 ± 0.1e 4.3 ± 0.1d,e

30 40 18.7 ± 0.1b 1.3 ± 0.1d,e 15.4 ± 0.1b 57.5 ± 0.2a,b,c 5.1 ± 0.1d

20 50 18.3 ± 0.2b 1.4 ± 0.1c,d 14.6 ± 0.1c 58.2 ± 0.1a 4.9 ± 0.1d,e

30 50 18.2 ± 0.1b 1.4 ± 0.1c,d 14.7 ± 0.2c 57.7 ± 0.1a,b 5.1 ± 0.1d

SFE + ethanol (4%) 20 40 16.7 ± 0.3c 1.5 ± 0.2c 16.5 ± 0.5b 54.5 ± 0.7d 5.1 ± 0.4d

30 40 18.9 ± 0.9b 1.4 ± 0.2c,d 14.4 ± 0.2c 57.1 ± 0.8a,b 5.5 ± 0.5a,b

20 50 19.1 ± 0.4a 1.5 ± 0.3c 14.1 ± 0.3c 56.2 ± 0.7d 5.4 ± 0.4b,c

30 50 19.4 ± 0.7a 1.6 ± 0.5a,b 14.7 ± 0.2c 56.8 ± 0.8 b,c,d 5.5 ± 0.6a,b

SFE + ethanol (8%) 20 40 18.7 ± 0.1b 1.5 ± 0.1c 14.5 ± 0.1c 56.8 ± 0.1b,c,d 5.3 ± 0.1b,c

30 40 19.3 ± 0.1a 1.6 ± 0.1a,b 13.8 ± 0.1d 56.4 ± 0.7c,d 5.5 ± 0.1a,b

20 50 19.3 ± 0.1a 1.5 ± 0.1c,d 13.6 ± 0.1d 55.9 ± 0.1d 5.4 ± 0.1b,c

30 50 19.1 ± 0.1a 1.5 ± 0.1c,d 14.4 ± 0.1c 57.5 ± 0.1a,b 5.6 ± 0.1a,b

Soxhlet – – 18.8 ± 0.5a,b 1.4 ± 0.3c,d 13.9 ± 0.8c 57.6 ± 1.2a,b 5.1 ± 0.6d

Values are presented as mean ± standard deviation (n = 3)

Values with different letters in the same column are significantly different (p < 0.05)

Fig. 2 Calorimetric thermograms of BSG extracts by SFE carried out at
20MPa, 40 °C (curve a); 30MPa, 40 °C (curve b); 20MPa, 50 °C (curve
c); 30 MPa, 50 °C (curve d). Experiments were performed in isothermal
mode at 60 °C
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oxidative stability. The same figure also shows the thermo-
gram of the oil extracted with Soxhlet, which reported the
highest oxidative stability (curve e) compared to that obtained
with SFE at 30 MPa, 50 °C, and 8% of ethanol (curve d).

Overall, the trend of the oxidative stability of the sam-
ples correlates with the results of the antioxidant activity
and total phenolic content. No correlation was found with
the results of the fatty acid profile. BSG extracts obtained
at 30 MPa and 50 °C with 8% ethanol report the highest
values of bioactive compounds and here also show the
highest oxidative stability. The correlation between the
stability of oil and its total phenolic content is in agree-
ment with previously published works (Taghvaei et al.
2014). Similar results have been recently published by
Haman et al. (2017, 2018) who applied isothermal calo-
rimetry to study the oxidative stability of linoleic acid
(Haman et al. 2017) and spent coffee extracts (Haman
et al. 2018). Both studies reported the existence of a direct
correlation between the antioxidant activity and the oxi-
dative stability of the samples.

Inhibition of Linseed Oil Oxidation by Brewer’s Spent
Grain Extracts

In this section, the antioxidant activity of the brewer’s spent
grain extracts was tested. Briefly, the extracts were added to
linseed oil and the antioxidant activity of the oil sample was
measured as the time delay of the initiation phase of linseed
oil. Figure 4 shows the thermogram of linseed oil. Before the
addition of BSG extracts, linseed oil (curve a) shows a char-
acteristic exothermic peak occurring at 3.5 ± 0.1 h. At the
same temperature (30 °C), BSG extracts are highly stable

and do not exhibit any exothermic peaks for more than
1 month of continuous recording. When linseed oil is mixed
with BSG extracts by SFE (curve b), SFE with 8% ethanol
(curve d), and Soxhlet (curve e), its exothermic peak is de-
layed significantly. The longest delay of the linseed oil peak
was observed with the Soxhlet extract followed by SFE ex-
tract obtained at the highest temperature (50 °C) and pressure
(30 MPa) and 8% ethanol as co-solvent. Such delay can be
attributed to the highest activity of the antioxidant compounds
of the BSG oils. The extent of such shift reflects the capacity
of BSG extracts to inhibit the oxidation, delaying or
preventing the oxidative stress of linseed oil. Moreover, the
extracts obtained by Soxhlet and SFE with ethanol as co-
solvent show a higher capacity to stabilize the oil than the
extract obtained by SFE. This can be attributed to the higher
total phenolic compounds and antioxidant activity of the ex-
tracts, which contribute greatly to the stabilization of linseed
oil. For comparison, Fig. 4 shows also the calorimetric trace
obtained when linseed oil is mixed with α-tocopherol (curve
c). Similar to the observed behavior of BSG extracts, α-
tocopherol also delays the appearance of the initiation phase
of linseed oil oxidation reaction. In detail, when 0.22 mg ofα-
tocopherol was added to linseed oil, the exothermic peak was
delayed at 8.00 ± 0.1 h. Accordingly, the antioxidant capacity
of SFE and Soxhlet extracts can be also expressed as equiva-
lent concentration of α-tocopherol. This equals to 0.16 ±
0.1 mg of tocopherol for the extract obtained with SFE (curve
b), 0.30 ± 0.2 mg of tocopherol for the one obtained with SFE
and 8% ethanol as co-solvent (curve d), and 0.66 ± 0.1 mg of
tocopherol for the one obtained using hexane with Soxhlet
(curve e).

Fig. 3 Calorimetric thermograms of BSG extracts by SFE + ethanol (8%)
as a co-solvent and Soxhlet. SFE extraction were carried out at 20 MPa,
40 °C (curve a); 30 MPa, 40 °C (curve b); 20 MPa, 50 °C (curve c);
30 MPa, 50 °C (curve d). Soxhlet extraction was carried out with hexane
(curve e). Experiments were performed in isothermal mode at 90 °C

Fig. 4 Calorimetric thermograms of linseed oil (100 mg, curve a) and
linseed oil with the addition of BSG extracts (3 mg) obtained by SFE
(curve b) at 30 MPa, 50 °C; SFE + 8% ethanol (curve d) at 30 MPa,
50 °C; and Soxhlet (curve e). Experiments were performed in isothermal
mode at 30 °C. For comparison, the signal of linseed oil with the addition
of α-tocopherol (0.22 mg in 100 mg of oil) was also reported (curve c)
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Conclusion

In this work, the bioactivity of the extracts obtained fromBSG
using the SFE technique has been investigated and compared
with a Soxhlet extraction using hexane. For SFE, the results
show that the extraction conditions (pressure, temperature,
and addition of a co-solvent) affect the yield, total phenolic
content, antioxidant activity, and oxidative stability of the ex-
tracts. The samples with the highest total phenolic content and
antioxidant activity report the highest oxidative stability. In
particular, BSG extracts obtained at 30 MPa and 50 °C with
8% of ethanol as co-solvent show the highest oxidative stabil-
ity. The same sample added to linseed oil is able to inhibit the
autoxidation reaction of the oil showing an effect similar to
that ofα-tocopherol. The comparison with Soxhlet shows that
hexane gives an extract with a higher total phenolic content,
and antioxidant activity and oxidative stability compared to
that obtained by SFE with ethanol. However, hexane should
be considered with care as traces still could be present in the
final product. This in turn would pose a serious concern on
human health. Moreover, the SFE offers the advantage of
shorter extraction times, being 1 h rather than 6 h for the
Soxhlet extraction, and lower temperatures. Therefore, it
could be possible to manipulate the composition of the oil
extracted by changing the operating parameters of the SFE
extraction. On a more general perspective, the study confirms
the possibility of using SFE as environmentally friendly tech-
nology for the recovery of high valuable compounds from
BSG.
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