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Abstract

This study proposes the valorization of sunflower by-product (SbP) using subcritical water treatment. For this purpose,
a response surface methodology in a 3 X 3 Box—Behnken design was employed to study the effect of temperature (100—
150 °C), extraction time (5-25 min), and solvent-to-feed ratio (10-20 g bidistilled water/g SbP) on the water-soluble
compounds. The highest amount of glucose (5.7-mg/g raw material) and xylose (13.5-mg/g raw material) was obtained
at 150 °C and solvent-to-feed ratio of 15 after 25 min of extraction. The highest amount of protein (133.5-mg/g raw
material) was obtained at 150 °C and solvent-to-feed ratio of 20 after 15 min of extraction. The selected temperature
conditions did not promote the formation of final degradation products such as furfural and 5-hydroxymethylfurfural
(HMF). The extracts obtained in this study showed simultaneous recovery of free monomeric sugars that could be used
for bioenergy or biochemical, proteins that could be used for food and pharmaceutical industries and phenolic compounds
that could be used for food and nutraceutical applications.
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1 Introduction

Sunflower cake/meal is the by-product of the edible oil
industry. Currently, sunflower is produced in large quan-
tities in the world (53.5 million tons) [1]. In this sense,
large quantities of waste materials are generated from the
sunflower oil extraction process. In 2019, the Ukraine and
Russian federation were the main producers of sunflower
by-product (SbP) (6.7 and 5.7 million tons, respectively)
followed by the European Union (EU-27) with 4.7 million
tons [2]. Despite being produced in large quantities, this
agro-industrial residue has very limited reuse.

After oil extraction, the residue of sunflower contains
a high amount of protein (>27%) with 4.37% of essential
amino acids [3]. The residue resulting from the oil extrac-
tion process also contains lignin (20.4-26.62%), cellulose
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(32.93-39.1%), hemicelluloses (18.4-30.9%) minerals
(151.35 mg/kg), and polyphenols (2-5%), mainly chloro-
genic acid (CGA) (which corresponds to more than 70%
of all phenolic present in the SbP) [4-7].

Despite the high nutritional value and its potential uses
as gelling, foaming, emulsifying, and polymer in chemical,
pharmacological, and food industries [4], the SbP biomass
is almost exclusively employed for animal feeding [5].
This is mainly because the use of the SbP in industrial pro-
cesses has been scarcely reported in the current literature.
Therefore, more studies are needed to promote the reuse
of the SbP as a renewable and cheap resource in order to
add value to the sunflower production chain, incorporating
the biorefinery context to this biomass.

The use of subcritical water has proven in recent years
to be an environmentally friendly green and rapid method
to obtain water-soluble compounds. This method can be
used for the extraction of bioactive compounds or as a
substitute to other methods that use acidic, alkaline, and
enzymatic media for the hydrolysis of macromolecules
(proteins into peptides and amino acids and polysaccha-
rides to fermentable sugars) [8—10]. To achieve the sub-
critical state, water is heated at temperatures between its
boiling point (100 °C) and its critical temperature (374 °C)
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and pressure is applied in order to ensure that the water
will remain in a liquid state throughout the process [11,
12]. The use of this technology has been widely used to
extract sugars and phenolic and antioxidants compounds
from several by-products such as asparagus [13], peach
palm [14], coffee residue [15], and rice straw [16].

For the best of our knowledge, only studies involving
the treatment of fresh sunflower using subcritical sol-
vent was reported in the literature. For instance, Sutanto
et al. [17] studied the production of fatty acid methyl
esters (FAMEs) (yield of 88-93%) from kernels with a
subcritical solvent mixture of methanol and acetic acid
(200-250 °C). Ravber et al. [18] evaluated the subcritical
water extraction from sunflower seeds (60-160 °C) for
the recovery of oil and water-soluble compounds. In this
study, the highest amount of oil (44%) was obtained at
130 °C at a solvent/solid ratio of 20 and an extraction time
of 30 min. The effect of subcritical water in the hydro-
thermal degradation of some compounds present in SbP
was also evaluated by the same group [19]. In this study,
the authors observed that with temperatures higher than
220 °C, no more carbohydrates were found in the extract
(only inhibitors) and that the content of amino acid and
amine did not change over the reaction time at temperature
of 130 °C.

Therefore, the aim of the present work was the valoriza-
tion of the SbP using subcritical water to obtain ferment-
able sugars (glucose and xylose), proteins, amino acids,
and CGA. The liquid solution was also analyzed in terms
of total phenolic content and antioxidant capacity. The
solid co-product obtained after the subcritical water treat-
ment was analyzed in terms of protein content and amino
acid profile.

Fig. 1 Extraction equipment

Electric heating system <«

2 Materials and methods
2.1 Raw material preparation and characterization

The SbP (a mixture of kernel and shells) was supplied
by a local agricultural cooperative located in Olmedo,
Spain, in February 2020. The SbP was milled into small
particles (particle size of 0.42 +0.02 mm) in a com-
mercial mill (Cueffer, BO7TDVNI18PS, Taiwan, China).
After the milling process, the SbP was characterized in
terms of moisture (NREL/TP-510-42,621), ash (NREL/
TP-510-42,622), extractives (NREL/TP-510-42,619),
protein (NREL/TP-510-42,625; using a conversion fac-
tor of 6.25), soluble lignin (NREL/TP-510-42,618),
and insoluble lignin (NREL/TP-510-42,618) by using
methodologies recommended by the National Renewable
Energy Laboratory described in the technical reports
[20-24].

2.2 Sunflower by-product extraction using
subcritical water

The extraction was carried out in a 145 mL stainless steel
reactor (with a length of 77 mm, an internal diameter of
49 mm, and a wall thickness of 11 mm). The extractor was
heated by an electric system, the temperature was meas-
ured with a thermocouple and controlled by a PID con-
troller, and the pressure inside the reactor was measured
by a manometer (0-25 bar). A schematic diagram of the
equipment is shown in Fig. 1.

For each extraction assay, an amount of SbP (accuracy
of 0.001 g) was loaded in the reactor, and subsequently,

PID controller

Manometer (0—25 bar)

~—Stainless steel reactor (145 mL)

4» Mixture of SbP and bidistilled water

— Magnet
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100 g of the bidistilled water was added to obtain an
appropriate solvent-to-feed solid ratio (S/F; g bidis-
tilled water/g SbP). The studied values of S/F were 10
(100-g bidistilled water/10 g SbP), 15 (100 g bidistilled
water/6.66 g SbP), and 20 (100-g bidistilled water/5 g
SbP), which were defined by preliminary experiments.
Afterward, the system was closed and heated up to the
desired temperature. The suspension was stirred continu-
ously at a constant rotational speed of 300 rpm during
each process to increase mass and heat transfer and pre-
vent local overheat on the inner walls of the extractor. The
experimental temperatures were 100, 125, and 150 °C. The
pressure was the water saturation pressure at the reaction
temperature (0.10 MPa for 100 °C, 0.23 MPa for 125 °C,
and 0.47 MPa for 150 °C). Extraction times were 5, 15,
and 25 min. The extraction temperature and time were
chosen according to Ravber et al. [19] in order to avoid
the thermal degradation of sugars and proteins. The high-
est severity factor used in this work was log R, equal to
2.8, calculated by Eq. (1), that is rather below the value
of 3.7 to avoid the production of inhibitors such as fur-
fural and 5-HMF (hydroxymethylfurfural) according to
previous results of our research group [25]. At the end
of the experiments, the reactor was immediately cooled
down in an ice bath and the suspension was filtered under
vacuum. The liquid phase was filtered through a 0.22-pm
cellulose acetate and stored at 4 °C for further analysis and
the remaining solid residue from each assay of extraction
was collected and dried in an oven at 105 °C until constant
weight for its characterization.

T - 100) 0

Ro=t+exp( 14.75

being ¢ time in minutes, T temperature in °C, 100 °C a ref-
erence temperature, and 14.75 an arbitrary constant related
with activation energy.

2.3 Analyses of extracts
2.3.1 pH determination

The pH of the extracts was measured after each experi-
mental run using a digital pH meter (Jenway Digital Meter,
3505, England).

2.3.2 Quantification of sugars, organic acids, and inhibitors
by high-performance liquid chromatography (HPLC)

The extracts were analyzed using a Water Breeze 1525
HPLC system (Waters, Milford, USA) with an inte-
grated column heater and 717 plus autosampler accord-
ing to the method described by Adamovic et al. [26].
The separation was carried out on a Shodex SH-1011

column (SH1011, 7 pm, 8 mm X 300 mm, Waters)
using a mobile phase of water acidified with sulfuric
acid (0.01 N). The temperature, flow rate, and injection
volume were 50 °C, 0.8 mL/min, and 25 pL, respec-
tively. The identification of the sugars and acids was
performed by comparison with the standards through
retention time using Waters RI Detector 2414. The iden-
tification of the inhibitors was performed by comparison
with the standards through retention time, at 254 nm
using a Waters UV-Vis detector. The quantification
was performed using an external calibration curve of
the analytical standards. The calibration curves of the
glucose (R*=0.9999), xylose (R*=1), and arabinose
(R*=0.9999) were obtained in the range of 14—1053 pg/
mL and the calibration curves of the acetic (R?=0.9999)
and formic (R?>=0.9999) acids were obtained in the
range of 14-835 pg/mL. The calibration curves of the
5-HMF (R*=1) and furfural (R?=0.9999) were obtained
in the range of 22427 pg/mL. Sugars were expressed as
mg of sugar per g of SbP.

2.3.3 Quantification of total and free amino acids by HPLC

Total and free amino acids were quantified by HPLC
with a variable wavelength UV detector (Agilent Tech-
nologies 1200 Series, Germany) in the extracts obtained
at 150 °C, 15 min, and S/F of 20. The total and free
amino acids were separated in a Zorbax Eclipse AAA
C18 column (4.6 mm X 150 mm, i.d., 3.5 pm) at 40 °C
using an injection volume of 36 pL and a mobile
phase of buffer NaH,PO,.H,O0 (pH=7.8) (A) and
acetonitrile:methanol:water (45:45:10) (B) in a gradient
method described by Nathia-Neves and Alonso [3]. For
the total amino acid quantification, the extract (approxi-
mately 30 mg) was hydrolyzed in a microwave system
following the protocol described by Nathia-Neves and
Alonso [3]. For the free amino acid quantification, the
extract was filtered through a microfilter (0.22 pm) into
a glass vial (2 mL) and direct analyzed in the same HPLC
system (without microwave pretreatment). The quanti-
fication of each amino acid was performed from exter-
nal calibration curves of the standards purchased from
Sigma—Aldrich. The amino acid profile was expressed as
mg of amino acid per g of SbP.

2.3.4 Quantification of CGA by HPLC

CGA content in the extracts was quantified by an
HPLC-PDA (Waters, Alliance E2695, Milford, USA)
system. The separation of the CGA was performed in
a C18 column according to the method described by
Meinhart et al. [27]. The quantification of the CGA
was performed from the external calibration curve of
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the analytical standard purchased from Sigma—Aldrich
and the CGA recovery was expressed as mg of CGA
per g of SbP.

2.3.5 Total phenolic compounds (TPC) and antioxidant
capacity

TPC was analyzed using the protocol reported by Sin-
gleton et al. [28]. The extracts were diluted in bidistilled
water. The extract (40 pL), water (3 mL), and Folin—Cio-
calteu (200 pL) reagent were mixed and incubated for
3 min at room temperature. Then, saturated sodium car-
bonate (600 pL) was added, and the mixture was incu-
bated for 30 min at 40 °C. The absorbance was recorded
at 765 nm and the quantification of TPC was performed
from the external calibration curve of the analytical
gallic acid (53 to 852 pg/mL) standard purchased from
Sigma—Aldrich. TPC content was expressed as mg gallic
acid equivalent (GAE) per g of SbP.

The antioxidant capacity was analyzed by the oxygen
radical absorbance capacity method (ORAC). A total of
10-mM potassium phosphate buffer (PBS) at pH 7.4 was
used as blank and the Trolox (12.5-200 pM) solution was
used as a standard. For each analysis, 25 pL of the PBS,
25 pL of the standard dissolution (12.5, 25, 50, 100, and
200 pM), 25 pL of the extract, and 150 pL of fluorescein
(100 nM) were inserted into wells of an opaque fluorescent
plate and incubated for 30 min at 37 °C. Then, 25 pL of
AAPH (2,2'-azobis(2-amidino-propane) dihydrochloride)
solution (240 mM) was added. The fluorescence decrease
(excitation wavelength was set at 485 nm; emission
wavelength at 520 nm) was recorded for 130 min using
a FLUOstar OPTIMA (BMG Labtech, Offenburg, Ger-
many) equipment at 37 °C. The antioxidant capacity was
expressed as pmol of Trolox equivalent (TE) per g of SbP.

2.4 Analyses of solid residue
2.4.1 Determination of the solid amount

After the subcritical water treatment, the suspension was
filtered, and the remaining solid residue was transferred to
a porcelain crucible and dried in an oven at 105 °C until
constant weight. The difference between the initial amount
of SbP (on a dry basis) and the final mass remaining in the
reactor (on a dry basis) after each experimental run was
used to calculate the amount of solid residue.

2.4.2 Protein and total amino acids profile by HPLC
Protein content was determined following the method pro-

posed by NREL (NREL/TP-510-42,625; using a conver-
sion factor of 6.25). Total amino acids were quantified
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both in the raw material and in the residual solid after
subcritical water treatment. For this purpose, the samples
were hydrolyzed in a microwave with acid (6 N HCI1) and
an inert atmosphere. The sample treatment and the separa-
tion of the amino acid by HPLC were carried out follow-
ing the same protocol described in Section 2.3.3.

2.5 Experimental design and optimization

Response surface methodology (RSM) was applied to
evaluate the effects of extraction parameters and opti-
mize the process conditions. The Box—Behnken experi-
mental design with three numeric factors on three levels
was used. In the experimental design, the temperature
(x,), extraction time (x,), and S/F (x;) were selected as
independent variables (Table 1). Fifteen randomized runs
with three replicates at the central point were performed.
The response variables were fitted to the second-order
polynomial model (Eq. 2). The experimental design was
evaluated using Minitab 16® software (Minitab Inc., State
College, PA, USA). The results were statistically tested
by analysis of variance (ANOVA) with the significance
levels of 5%.

3 3 3
Y =B+ D BXi+ D BXE+ DL D BXiX @
i=1 i=1

i<j=1

where Y represents the response variable, X; and Xj are the
independent variables affecting the response, and g, f;, B,
and f; are the regression coefficients for intercept, linear,
quadratic, and interaction terms, respectively.

3 Results and discussion
3.1 Characterization of the raw material

Table 2 shows the SbP characterization. The moisture, ash,
and protein content were similar to values reported by
Ramachandran et al. [29] that found 9% moisture, 6.6%
ash, and 34% protein. Lipid content and total extractives
soluble in water were similar to those reported by Geneau-
Sbartai et al. [30] (2% of lipids and 22.8% of water-soluble

Table 1 Experimental range and levels of the independent variables

Variables Factor Range and level

-1 0 1
Temperature (°C) Xy 100 125 150
Time (min) Xy 5 15 25
S/F (g water/g SbP) X3 10 15 20

SbP sunflower by-product
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Table 2 Sunflower by-product characterization (% w/w)

NREL methods Results (wt.%)
Moisture 9.2+0.1
Ash 5.78+0.03*
Lipids 1.9+0.4%
Protein 31.8+0.1%
Extractives in water 14.2+0.4%
Extractives in ethanol 5.3+0.1%
Insoluble lignin 14 +2%
Soluble lignin 8.2+0.3*

*Results expressed on a dry basis

components). The values of lignin (insoluble lignin + solu-
ble lignin) are in agreement with those found in literature,
which range from 8 to 20% [7, 30, 31]. As expected, char-
acterization analysis establishes that SbP is a promising
candidate for protein-rich extract production and for the
generation of simple sugars.

3.2 Influence of process variables on sugars
and protein recovery

The Box—Behnken experimental design with three repli-
cates at the center point was used to investigate the effect
of temperature, time, and S/F on the glucose, xylose, pro-
tein, TPC, CGA, and antioxidant capacity of the obtained

extracts. The experimental results are shown in Table 3.
Results of ANOVA for the effects of variables on the glu-
cose, xylose, and protein are shown in Table 4 (that con-
siders only the significant variables at 5%), with the corre-
sponding coefficients of multiple determinations (R?) and
adjusted determination coefficients (adj R?). The regres-
sion models were highly significant with satisfactory val-
ues of determination coefficients (R?=0.939-0.963) and
adjusted determination coefficients (adj R>=0.915-0.949)
(Table 4). These results show that the polynomial regres-
sion model can be used to navigate the design space for
glucose, xylose, and protein responses.

The results in Table 4 indicated that the linear coeffi-
cients of extraction temperature and extraction time were
significant on the extraction of glucose, xylose, and pro-
tein. In addition, quadratic terms of extraction temperature
and the interaction between temperature and time were
also significant (P <0.05) on these responses. The three-
dimensional response surface and two-dimensional con-
tour plot for glucose, xylose, and protein are presented in
Fig. 2. The second-order polynomial equations for glu-
cose (mg/g SbP), xylose (mg/g SbP), and protein (mg/g
SbP) extraction yields are shown in Egs. (3), (4) and (5),
respectively.

The glucose extraction yield ranged from 2.1 to 5.7 mg/g
SbP and the xylose content ranged from 5.3 to 13.9 mg/g
SbP for the studied combinations. Traces of arabinose were
also identified in the extracts (ranging from 0.1-0.9 mg/g

Table 3 Experimental results obtained by the extraction using subcritical water of the sunflower by-product

Run order Independent variables

Investigated responses

Xy X, X3

Temperature Time (min) S/F Glucose Xylose CGA (mg/g TPC (mg/lg ORAC Protein (mg/g

°C) (g water/ (mg/g SbP)  (mg/g SbP)  SbP) SbP) (umol/g SbP)

gSbP) SbP)

1 125 (0) 15 (0) 15 (0) 2.7+04 5.6+0.7 47+0.2 21.9+0.3 2953+54 44.5+0.3
2 125 (0) 25 (+1) 10 (-1) 2.1+04 5.8+£0.7 3.68+0.04 20.2+0.6 2274+7.1 42.6+0.7
3 150 (+1) 15 (0) 20 (+1) 5.04+0.04 11.3+0.7 250+0.01 26.1+1.3 219.1+14.5 133.5+0.5
4 100 (- 1) 15 (0) 10(=1) 23+04 5.4+07 72402 18.0+0.8 258.2+8.2 33.1+0.5
5 100 (- 1) 25 (+1) 15 (0) 22404 5.8+£0.7 6.3+0.1 20.9+0.6 259.1+15.2 383+0.1
6 150 (+1) 15 (0) 10(-1) 4.7+04 13.9+0.7 22+04 202+1.1 213.3+8.1  115.6+0.1
7 125 (0) 5(=1 10(-1) 25+04 5.8+£0.7 6.30+0.01 18.2+0.6 231.4+8.5 40.5+6.2
8 125 (0) 15 (0) 15 (0) 2.7+0.4 6.2+0.7 49+03 22.1+0.4 288.2+9.2 43.7+0.1
9 100 (- 1) 15 (0) 20 (+1) 22+04 5.4+0.7 8.9+0.6 19.7+0.3 284.1+33.1 46.4+0.6
10 150 (+1) 5(-1) 15 (0) 35+04 8.4+0.7 5.1+0.2 20.8+0.8 296.2+6.3 93.9+0.3
11 100 (- 1) 5(-1 15 (0) 2.1+0.4 4.6+0.7 8.8+0.1 17.2+0.6 288.5+21.2 372+24
12 125 (0) 5(-1 20 (+1) 22+04 5.8+0.7 6.5+0.02 21.5+0.2 269.1+8.2 494+1.8
13 150 (+1) 25 (+1) 15 (0) 5.7+0.4 13.5+0.7 24+02 264+2.1 2284+85 130.2+0.7
14 125 (0) 25 (+1) 20 (+1) 25+04 6.6+0.7 2.8+0.2 22.8+0.2 2752+25.1 56.2+9.3
15 125 (0) 15 (0) 15 (0) 2.6+0.4 53+£0.7 48+09 22.1+0.2 290.3+5.2 42.1+0.8

SbP sunflower by-product. Results are mean + standard deviation on a dry basis
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Fig.2 Three-dimensional response surface and two-dimensional con-
tour plot. a Three-dimensional response surface for glucose; b two-
dimensional contour plot for glucose; ¢ three-dimensional response

surface for xylose; d two-dimensional contour plot for xylose; e
three-dimensional response surface for protein; f two-dimensional
contour plot for protein
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SbP). To the best of our knowledge, there are no studies in
the literature reporting the obtention and quantification of
sugars from SbP using subcritical water. Ravber et al. [18]
reported the extraction of oil and water-soluble phase from
fresh sunflower seeds with subcritical water. However,
these authors did not quantify the sugar content present in
the extracts. Alenezi, Leeke, Santos, and Khan [32] also
studied the extraction of sunflower oil using subcritical
water without analyzing the sugar content.

Temperature showed the strongest impact on total sugars
recovery. The linear, quadratic, and the interaction between
temperature and time effects had the strongest influence on
total sugars extraction. As shown in Fig. 2, the increase in
temperature with the increase in extraction time had a posi-
tive effect on the recovery of xylose and glucose. These
results prove that the selected temperature conditions did
not favor the formation of final degradation products such
as furfural and 5-HMF that can occur at temperatures above
150 °C [33]. The pH of the extract ranged from 5.5 to 6.0.
As shown in Fig. 3, the pH has a slight decrease as the tem-
perature rises from 100 to 150 °C, which indicates the pres-
ence of acidic materials. In order to verify this hypothesis,
an HPLC analysis was carried out, which revealed the pres-
ence of traces of organic formic and acetic acids in extracts
obtained at 150 °C (less than 0.2%). According to literature,
the SbP presents a low content of free monomers, 11% glu-
cose, 3.5% xylose, 1.47% arabinose, 1.25% rhamnose, 1.13%
mannose, and 1.23% galactose [34]. Glucose is mostly origi-
nated from cellulose hydrolysis under temperature between
200 and 300 °C [35]. Thus, the recovery of glucose could
be improved by increasing the temperature. However, it is
worth mentioning that this rise in temperature may lead to
the formation of degradation products, limiting the use of the
obtained extract in fermentation processes [36]. The content

6 - . *
s " LR u n L |
° ° ®
[ ]
5_
T
Q 4
e 150°C
3 m 125°C
] ¢ 100°C
2 T T T T T T T T T T

T T T T
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Run Order

Fig.3 pH of the extracts obtained from sunflower by-product using
subcritical water
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of glucose and xylose in the extracts of SbP are compara-
ble to those observed in extracts of coffee industry residues
(glucose =3.3 mg/g coffee powder and xylose =9.8 mg/g
defatted coffee cake, obtained at 175 °C) [15] and in the
extracts of brewer’s spent grains (glucose=1.8 mg/g grain
and xylose =9.0 mg/ g grain, obtained at 160 °C) [37].

The protein content in the obtained extracts ranged
from 33.1 to 133.5 mg/g SbP depending on operational
conditions. The highest recovery of protein (133.5 mg/g
SbP) was obtained at 150 °C and 15 min using S/F of 20
(Run order 3). The amount of protein recovered at 150 °C
was almost twice the amount recovered at 125 °C, indi-
cating the positive effect of increasing temperature in the
recovery of these compounds. The results could be due to
the higher solubility of proteins at high temperatures. At
150 °C, the dielectric constant of the subcritical water is
approximately 43.96, and at 100 °C, it is approximately
55.43, which seems to decrease the ability of the medium
to extract the protein phase. On the other hand, higher tem-
peratures would result in more protein structure rupture,
which is associated with the formation of amino acids and
peptides. The soluble products presented a toasty aroma
when the temperature increased. The interactive effect

Table5 Amino acid profile in the extract obtained from sunflower
by-product using subcritical water at 150 °C, 15 min, and S/F of 20

Total amino acids in the extract from
sunflower by-product

Amino acids

(mg/g extract) (mg/g SbP)
Aspartate 293+2.7 10.3+10.9
Glutamate 78.4+2.8 27.5+0.9
Asparagine - -
Serine 14.9+0.6 52+02
Glutamine - -
Histidine 9.3+0.6 33+02
Glycine 24.1+£09 8.5+0.3
Threonine 11.6+0.9 4.1+03
Arginine 22.4+0.6 79+0.2
Alanine 13.7+0.6 4.8+0.2
Tyrosine 6.8+0.6 24+0.2
Cysteine
Valine 9.5+0.7 34+02
Methionine 6.8+0.6 24+0.2
Tryptophan
Phenylalanine 122+0.4 4.2+0.1
Isoleucine 9.7+0.4 34+0.1
Leucine 15.6+0.6 55+0.2
Lysine 8.7+0.6 31+02
Proline 72+09 26+0.3
Total 280.7+3.2 98.5+1.1

SbP sunflower by-product
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Fig.4 Solid co-products after the subcritical water treatment of the
sunflower by-product under different experimental conditions. The
mean and standard deviation of the measurements obtained at the
central point were 79+ 3 g solid per 100 g of initial SbP

of temperature and extraction time on protein recovery
is shown in Fig. 2e and f. The amount of protein in the
sunflower raw material was almost 32% (Table 2), and the
extract obtained at 150 °C and 15 min using S/F of 20
presented 43% of the protein in the soluble product. This
result is comparable to the 59.3% protein yield obtained by
Lu et al. [38] when studying the protein extraction from the

HPSI using enzyme-assisted subcritical water extraction
(120 °C). Although the process studied has provided a high
yield of proteins, a scale-up and an economic analysis are
necessary to determine the economic and technical viabil-
ity of the developed process on an industrial scale.

The positive effect of temperature on the total pro-
tein content in the extracts obtained from deoiled rice
bran by subcritical water was also reported by Sereewat-
thanawut et al. [39]. In this study, the protein content
extracted ranged from ~ 48 mg/g rice bran (100 °C and
30 min) to 219 mg/g rice bran (200 °C and 30 min).
The yields of protein extraction from extruded soybean
flakes and non-extruded soybean flakes using subcritical
water showed different behaviors. For the extruded soy-
bean flakes, the amount of protein extracted increased
with increasing temperature and the solid-to-liquid ratio
decreased, while using non-extruded soybean flakes,
higher protein yields were observed at low temperatures
and low solid-to-liquid ratio [40]. The protein content
in the extracts obtained from extruded soybean flakes
ranged from 266 mg/g extruded soybeans (66 °C and
30 min) to 731 mg/g extruded soybeans (234 °C and
30 min), and the protein content extracted from soybean
flakes ranged from 308 mg/g soybeans flakes (100 °C
and 20 min) to 719 mg/g soybeans flakes (100 °C and
40 min) [40].

To verify the presence of amino acids in the extract
obtained at 150 °C and 15 min using S/F of 20 (Run 3),

Fig.5 Amino acid profile in
the sunflower by-product before 50 +
and after the subcritical water EE
treatment. ASP, aspartate; GLU, 45
glutamate; ASN, asparagine;
SER, serine; GLN, glutamine; = 40
HIS, histidine; GLY, glycine; % ]
THR, threonine; ARG, arginine; %)
ALA, alanine; TYR, tyrosine; (@) 35
CYS, cysteine; VAL, valine; -
MET, methionine; TRP, trypto- D 30 4
phan; PHE, phenylalanine; ILE, é
isoleucine; LEU, leucine; LYS, » 25 -
lysine; PRO, proline O
820 Tl
o i
C
'€ 15
<
10
5
O I |

Fresh sunflower by-product
Treated sunflower by-product

mmmmm mﬂ

ASP GLU SER HIS GLY THR ARG ALA TYR CYS VAL MET PHE ILE LEU LYS PRO

Amino acid profile
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the amino acid profile was analyzed by HPLC, and the
results are shown in Table 5. It can be observed that the
subcritical water treatment allowed to obtain an extract
rich in amino acids (280 mg of total amino acids per
gram of extract). The total yield of amino acids was
98.5+ 1.1 mg/g SbP. This result was higher than the
total amount of amino acids and amines found by Ravber
et al. [19] (150 mg/g extract) in the water-soluble frac-
tion of sunflower seeds obtained at 160 °C and 10 min.
To the best of our knowledge, this is the first study to
characterize the amino acid profile in extracts obtained
from SbP using subcritical water. It is worth highlight-
ing the presence of essential amino acids in the extracts,
such as isoleucine (10.4 + 0.4 mg/g extract), leucine
(16 = 1 mg/g extract), lysine (9 + 1 mg/g extract), methio-
nine (7 +£ 1 mg/g extract), phenylalanine (12.2 + 0.4 mg/g
extract), threonine (12 +1 mg/g extract), histidine
(9 + 1 mg/g extract), and valine (10 + 1 mg/g extract). The
extract was also analyzed for free amino acid content. The
free amino acids found were aspartate, glutamate, glycine,
alanine, phenylalanine, and leucine. The free aspartate
content found in the extract was 1.9 +0.1 mg/g extract,
and the free glutamate, glycine, alanine, phenylalanine,
and leucine content found in the extract was 0.6 +0.01
1 mg/g extract. These free amino acids serve as nutrients
for yeasts and bacteria during alcoholic and malolactic
fermentation.

3.3 Influence of process variables on CGA, TPC,
and antioxidant capacity

SbP contains a wide range of compounds, such as phe-
nolic (mainly composed of CGA), which have been shown
antioxidant capacity. Thus, this section is focused to
analyze CGA, TPC, and the antioxidant capacity of the
obtained water-soluble products. The results of ANOVA
for the effects of variables on CGA, TPC, and antioxidant
capacity are shown in Table S.1 and Fig. S.1. According
to ANOVA, CGA and TPC can be described by a linear
model, following Eqgs. (6) and (7), respectively. The value
of the determination coefficient for CGA was R>=0.917
(Table S.1) and the adjusted determination coefficient
for CGA was adj R>=0.903 (Table S.1). The values of
the determination coefficient for TPC was R?=0.845
(Table S.1) and adjusted determination coefficient for
TPC was adj R>=0.802 (Table S.1). The effect of pro-
cess variables did not show any statistical difference in the
antioxidant capacity of the obtained extracts determined
by ORAC (Fig. S.1).

CGA content in SbP is around 1.4% w/w. Besides this
compound is preferably extracted with alcohol or hydroal-
coholic mixtures [3], CGA was quantified in the extracts
obtained by subcritical water. The content of CGA in the
aqueous extracts ranged from 2.2 to 8.9 mg/g SbP on a

Glucose = 24.5129 — 0.376793X, — 0.248471X, + 0.00157764X> + 0.00220984X, X, 3)
Xylose = 68.8696 — 1.10497X, — 0.428441X,, + 0.00467518X> + 0.00440947X, X, O]
Protein = 732.1520 — 12.1924X, — 3.8158X, + 0.0530X> + 0.0352X, X, Q)
CGA = 19.1387 — 0.09461X, — 0.144278X, 6)

TPC = 3.04241 + 0.0845234X, + 0.154053X,, + 0.349352X,
W
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dry basis, diminishing with higher temperatures and longer
times (Table 3). In a previous study, the negative effect
of temperature on the recovery of this compound using
microwave-assisted extraction and ethanol 70% as solvent
was also observed [3]. Similar trends were observed dur-
ing the extraction of CGA from potato and tobacco waste
using subcritical water [9, 41]. According to Singh and
Saldaiia [41], the content of CGA from potato waste starts
to decrease at 160 °C, and its complete degradation was
above 180 °C. The CGA content of the present study was
similar to that found in tobacco leaves (ranged from 0.5 to
15 mg/g tobacco leaves) [9] and higher than to that found in
potato waste (ranged from 0.06 to 0.15 mg/g potato waste).
Increasing temperature, time, and S/F the TPC yield is
slightly increased. TPC ranged from 17.2 to 26 mg GAE/g
SbP on a dry basis for the different studied combinations.
The obtained values of TPC in this work were higher than
those registered for the extracts obtained from the SbP using
microwave-assisted extraction and 70% (v/v) ethanol as
extracting solvent (14 mg GAE / g of SbP) [3]. Antioxidant
capacity was evaluated by ORAC assay that is considered
the most effective method to evaluate the antioxidant capac-
ity in biological samples by changing the fluorescent mole-
cule when it suffers oxidative damage caused by a source of
peroxyl radicals [42, 43]. Antioxidant capacity of the solu-
bilized products was evaluated by ORAC and ranged from
213 to 296 pmol TE/g SbP, as it can be observed in Table 3.
The determined values by ORAC assay slightly decreased
with temperature up to 150 °C, and this can be associated
to the degradation of antioxidant compounds with tempera-
ture. The observed antioxidant capacity is comparable to
that obtained from defatted orange peel (319 pmol TE/g
DOP; at 150 °C) [44] and Citrus unshiu peel (281.3 mg
TE/g sample; at 160 °C) [45].

The study of extraction conditions accomplished in
this work allow the simultaneous recovery of (i) free
monomeric sugars that could be used for bioenergy (for
example, bioethanol production) or biochemicals (such as
xylitol and sorbitol), (ii) proteins that could be used (after
a purification study of the extract and after a technical
and economic feasibility study of the process developed)
for food and pharmaceutical industries (as emulsifiers or
gelling agents), and (ii7) phenolic compounds that could
be used for food and nutraceutical applications (after bio-
logical activity studies). Therefore, these results place this
SbP as potential biomass to be studied in industrial uses.

3.4 Validation of the model

To test the suitability of the model equations, the extraction
of SbP was carried out by triplicate at 140 °C, extraction
time of 10 min, and S/F of 18. These conditions exhib-
ited a predicted value of 3.29 mg/g SbP, 7.69 mg/g SbP,

75.14 mg/g SbP, 4.45 mg/g SbP, and 22.70 mg/g SbP for
glucose, xylose, protein, CGA, and TPC, respectively.
The trial values were found to be 3.61 +0.3 mg/g SbP,
6.9+0.65 mg/g SbP, 70.5 + 1.8 mg/g SbP, 4.15+0.55 mg/g
SbP, and 20.4 + 1.5 mg/g SbP for glucose, xylose, protein,
CGA, and TPC, respectively. Therefore, it can be con-
cluded that the results obtained from the validated trials
demonstrated adequacy to the developed models.

3.5 Solid co-product

The solid after the subcritical water treatment was quanti-
fied and analyzed. Figure 4 shows the masses of residual
solids remaining in the reactor after each experiment
run. An increase in temperature leads to a decrease in the
amount of residual solids (Run 3, 6, 10, and 13 were per-
formed at 150 °C) suggesting that a larger amount of SbP
was solubilized into the water-soluble phase at 150 °C.
This behavior was also reported in the subcritical water
treatment of rice straw [16] and coffee residue [15] at
high temperatures due to larger dissociation of lignocel-
lulosic structure. In the experiments performed with rice
straw, the authors observed a 50% (approximately) reduc-
tion in the residual solids content when the temperature
was increased from 180 to 260 °C. For coffee residue, the
authors observed a relationship between the decrease in
the solids content of the residue with a 15% increase in
the rate of hydrolysis when the temperature was increased
from 150 to 200 °C (at 22.5 MPa). The residue obtained
at 150 °C, 15 min, and S/F 20 (Run 3) was characterized
in terms of protein content and amino acid profile, and the
results were compared with the fresh raw material.

The content of proteins in fresh SbP was 31.8+0.1%,
whereas this content increased to 37.8 +0.1% in the resid-
ual solid recovered after the subcritical water treatment.
This result indicates that there was a concentration of pro-
tein in the solid that may be associated with the extraction
of sugars and phenolics in a major extent.

The use of by-products and waste of agro-industrial
processing as a source for obtaining amino acids has
increased in recent years, as they are abundant and cheap
sources [46]. Figure 5 shows the amino acid profile of
the fresh and the treated SbP. The total content of amino
acids present in the fresh and the treated SbP was 210 mg/
gSbP and 234 mg/gSbP, respectively. These results can
be compared to those obtained from scientifically recog-
nized sources for having a high amino acid content such
as algae (ranging from 18 to 47%, wheat basis) [47] and
the soybean seeds (ranging from 34 to 52%) [48, 49]. The
results obtained in this study also indicate the presence of
essential amino acids isoleucine, leucine, lysine, methio-
nine, phenylalanine, threonine, histidine, and valine that
play important roles in maintaining human health. The
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biological activity of amino acids present in by-products
such as brewers’ spent grain (angiotensin-converting
enzyme (ACE) inhibitory), red alga (ACE inhibitory),
potato starch industry by-product (ACE inhibitory, anti-
oxidant, lipolysis stimulating, anti-cholesterol), and olive
flower by-product (antioxidant and antihypertensive) [46]
has been reported in the literature as well as the biologi-
cal activity of the hydrolyzate obtained from sunflower
by-product using ultrasonic pretreatment (ACE inhibi-
tion) [50]. It can be observed that the subcritical water
treatment increased the content of all amino acid present
in the used SbP. Glutamate (47 + 1 mg/g SbP for fresh
and 50 + 1 mg/g SbP for treated SbP) was the amino acid
found in greater quantity in the samples and cysteine
(3.25+0.03 mg/g SbP for fresh and 3.37 +0.05 mg/g SbP
for treated SbP) was the minor amino acid found in the
samples. Thus, this residue can be applied to the prepara-
tion of products intended for human consumption. Grasso
et al. [51], for example, studied the partial replacement of
wheat flour by SbP in biscuits and obtained a product rich
in protein, TPC, and antioxidant activity.

4 Conclusions

The use of subcritical water showed to be a potential technique
to produce fermentable sugars (glucose and xylose), protein,
amino acids, chlorogenic acid, and natural antioxidants from
the sunflower by-product. The applied conditions did not pro-
duce inhibitors (furfural and 5-HMF). Thus, the aqueous sun-
flower extracts could be used as an additive with direct appli-
cation into food, cosmetics, pharmaceutical industries, or for
producing bioethanol. The solid co-product obtained after the
treatment showed a high content of proteins and amino acids
that motivate future studies for its use in industrial applications
such as food (protein supplements) and pharmaceuticals (due
to the presence of essential amino acids).
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