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Abstract
Since rapeseed and sunflower meals are two of the most representative oilseed crops in the world, this study was focused 
on ethanol-wash solutes (EWS) obtained as wastes from the protein isolation process of rapeseed and sunflower meals. 
These meals have been previously valorised; however, the use of the EWS is unexplored. The present study is aimed at the 
characterisation of their phenolic profile, and antioxidant capacity for preventing lipid oxidation in rapeseed, sunflower, and 
soybean oil, which has been used as a reference oil. The sunflower EWS exhibited more total phenolic compounds (TPC) 
and antioxidant activity (119.39 ± 1.13 mg GA/g and 193.97 ± 9.77 mg TE/g, respectively) than the rapeseed one (103.44 
± 5.94 mg GA/g and 89.51 ± 3.17 mg TE/g). The phenolic identification showed hydroxybenzoic and protocatechuic acid in 
the rapeseed EWS, and pyrogallol and caffeic acid in the sunflower EWS, as the main representative phenols. Both EWS at 
15% increased significantly (p < 0.05) the oxidative stability of the oils in the Rancimat equipment with values of antioxidant 
activity index (AAI) from 1.01 to 1.20, depending on the type of oil employed. In conclusion, the rapeseed and sunflower 
EWS showed great potential, and they could be used as a source of natural antioxidants within the food industry, replacing 
the synthetic ones, and promoting the circular economy since they are agro-food wastes.
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Abbreviations
EWS  ethanol-wash solutes
TPC  Total phenolic compounds
BHT  Butylated hydroxytoluene
TPTZ  2,3,5-Triphenyltetrazolium chloride

Introduction

Rapeseed (Brassica napus) and sunflower (Helianthus 
annuus L.) are two of the most oilseed crops in the world, 
representing the third and fourth largest ones, respec-
tively (Bouallegue et al., 2016; Kirpluks et al., 2017; Pan 
et al., 2011; Rauf et al., 2017). Both types of oils are con-
sidered healthy for cooking, particularly due to their benefi-
cial balance of fatty acids (Bouallegue et al., 2016; Wroniak 
et al., 2016), but they are highly susceptible to oxidation 
(Hussain et al., 2018; Koski et al., 2003) due to their propor-
tion of polyunsaturated linoleic and α-linolenic fatty acids.

Mechanical pressing and solvent extraction have been 
the two methods most proposed to produce oil from dif-
ferent seeds (Savoire et al., 2013). Furthermore, the meals 
recovered by the oil extraction process from rapeseed 
and sunflower seeds have a good nutritive value and they 
contain a high percentage of protein (almost 40%), fibre, 
and minerals (Ivanova et al., 2013, 2016; Pan et al., 2011; 
Wang et al., 2015). In addition, these co-products are rich 
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in phenolic compounds, especially sinapine and sinapic acid 
in rapeseed meal (Hashmi & Satwadhar, 2010) and chloro-
genic acid and caffeic acid in sunflower meal (Lomascolo 
et al., 2012). These meals are subjected to a further pro-
cess with the aim of concentrating or isolating the proteins, 
which has been well explained previously in the literature 
(Kalaydzhiev et al., 2020; Rodrigues et al., 2017). Another 
important aim is to avoid possible non-desirable interac-
tions with other compounds such as phenols (Karefyllakis 
et al., 2017). On the basis of these considerations, a previous 
washing of the meals with acetone, sodium phosphate, and 
ethanol is carried out in order to remove soluble non-protein 
components (Kalaydzhiev et al., 2020a, b; Li et al., 2017). 
Among all these solvents, the use of ethanol has been pre-
viously reported as a step to recover bioactive compounds 
from wastes and by-products meals, and it is an authorised 
solvent used within the food industry (Georgiev et al., 2021; 
Klinchongkon et al., 2019). The obtaining ethanol-wash 
solutes (EWS) contain phenolic compounds and flavonoids 
that could be useful and revalorised within the food industry 
(Gandova et al., 2021; Georgiev et al., 2021). This exploita-
tion would be in agreement with previous research regarding 
the valorisation of several food wastes and by-products as a 
potential source of bioactive compounds (Sun-Waterhouse 
et al., 2013a, b; Wang 2020).

Lipid oxidation is one of the most relevant and studied 
reactions in food chemistry (Medina-Meza et al., 2014; 
Verardo et  al.,  2020) which affects the colour, texture, 
nutritive value, taste, and aroma, leading to rancidity and 
the consequent production of unpleasant odour and fla-
vours (Amaral et al., 2018). Therefore, it is the main cause 
of deterioration in food such as oils, meat, emulsions, 
and nuts (Vieira et al., 2017), presenting a high quantity 
of polyunsaturated fatty acids, such as linoleic acid in the 
case of rapeseed and sunflower oils (Chernova et al., 2019), 
having low dissociation energy of their double bonds. For 
this reason, oxidative stability is one of the most impor-
tant parameters assessed in the formulation of commercial 
oils (Tinello et al., 2018) since the undesirable compounds 
formed would impair the properties of not only the oil but 
also the fried food. In the free radical chain reaction of lipid 
oxidation, described by the stages of initiation, propaga-
tion, and termination, oxygen plays an important role, so 
the addition of antioxidants, as free radical scavengers before 
the propagation phase, is considered a strategy to control 
the lipid autoxidation and to enhance the lag time until the 
production of the volatile compounds, which are markers 
of rancidity (Tinello et al., 2020). For this reason, the food 
industry faces antioxidants as necessary additives (Choe & 
Min, 2009), such as the synthetic one butylated hydroxytolu-
ene (BHT). Due to its potential health toxicity (Upadhyay & 
Mishra, 2015), employment is severally regulated in terms 
of use and dosage with the limit of 200 mg/kg in vegetable 

oils, established by the Codex Alimentarius. Nowadays, 
there is a growing search for natural alternatives to synthetic 
antioxidants (Ribeiro et al., 2019), a challenge based on the 
statement that polyphenols and some vitamins are the major 
natural antioxidants that can be either present or added in 
foods to increase their oxidative stability (Santos-Sánchez 
et al., 2017).

Up to our knowledge, there is little information about 
the study of the EWS from the rapeseed and sunflower oil 
industry, which are currently treated as wastes generated 
during the protein isolation process, without considering 
their potential as bioactive compounds sources. Therefore, 
the aims of this study were to preliminary characterise EWS 
from the rapeseed and sunflower oil industry, in terms of the 
content and type of phenols, the antioxidant activity, and to 
explore the valorisation of those wastes in preventing lipid 
oxidation in their respective oils (rapeseed and sunflower) as 
well as in soybean oil, which was used as a reference since 
it is another highly consumed oil in the world.

Literature Review

The oilseed extraction presents a considerable amount of 
by-products, meals being the most important. These meals 
are considered a source of proteins, mainly globulins and 
albumins (Moreno-González & Ottens, 2021). These pro-
teins represent up to 50 and 48% in the case of rapeseed and 
sunflower meals, respectively (Lee et al., 2021), and it has 
been reported they exert some functional properties such 
as water-holding and gelling. In addition, meals have been 
recognised as a source of polyphenols, which are compounds 
with antioxidant and antimicrobial among other properties 
(Moreno-González & Ottens, 2021). However, the meal 
application is limited due to the antinutritional compounds 
they present (Jang et al., 2011; Wang et al., 2015). For this 
reason, a pre-treatment step to reduce the unwanted com-
pounds is highly advised. Adsorption, among other tech-
niques, has been widely applied for this purpose, for exam-
ple, to recover phenolic compounds from sunflower meals 
(Moreno-González & Ottens, 2021; Pickardt et al., 2015); 
however, its application sometimes is not viable. Another 
option to separate these compounds is by the aqueous solu-
tion extraction, ethanol being recognised as an accurate sol-
vent because of their capacity to extract phenols and other 
antinutrients such as glucosinolates (Adem et al., 2014) 
while increasing the protein level (Kalaydzhiev et al., 2020a, 
b). The residues generated after the meals pre-treatment step 
of proteins recovery has exhibited remaining bioactivity, at 
least in the case of rapeseed (Georgiev et al., 2021), dem-
onstrating an initial potential to valorise these wastes and to 
turn them into useful commercial products.
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Materials and Methods

Materials and Reagents

Rapeseed, sunflower, and soybean commercial oils were pur-
chased in a local market (Padova, Italy). On the other hand, a 
local company in Bulgaria provided industrial rapeseed and 
sunflower meals. They were produced at an industrial scale 
after thermal treatment of rapeseed and sunflower seeds at 
110–115 °C, followed by oil extraction with hexane at 60–65 
°C for approximately 1 h. Ethanol, Folin-Ciocolateau’s phe-
nols reagent, gallic acid, sodium carbonate, sodium hydroxide, 
 Tween80, butylated hydroxytoluene (BHT), hydrochloric acid, 
acetic acid, iron chloride, 2,3,5-triphenyltetrazolium chloride 
(TPTZ), tetramethylchromane-2-carboxylic acid (Trolox), and 
HPLC standards (pyrogallol, hydroxybenzoic acid, protocat-
echuic acid, caffeic acid, syringic acid, and ferulic acid) were 
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Preparation of EWS from Rapeseed and Sunflower 
Meals

The rapeseed and sunflower EWS were obtained following 
the steps reported previously (Georgiev et al., 2021), and 

shown in Fig. 1. Briefly, the industrial rapeseed and sun-
flower meals were ground and sifted to collect 0.315-mm 
particles. After, 200 g of the meals were mixed with an aque-
ous ethanol solution (75%), to a final volume of 800 mL at 
room temperature in constant agitation for 30 min. Then, 
vacuum filtration was followed. This process was repeated 
three more times. The residue of the process (ethanol-treated 
rapeseed and sunflower meal) was then dried at room tem-
perature and further used for alkaline extraction of proteins. 
The ethanol-wash aliquots obtained during this process were 
collected, mixed, vacuum-concentrated (RV 3 V Rotary 
Evaporator, IKA®-Werke GmbH & Co. KG, Staufen, Ger-
many) at 50 °C to the 0.3-fold final reduction of the total 
volume and freeze-dried (Lyovac GT2, Leybold-Heraeus, 
Germany) to obtain both EWS.

Phenolic Extraction of the Rapeseed and Sunflower 
EWS

Figure 2 shows that both EWS (0.2 g) were solubilised in 
10 mL of 70% v/v ethanol (Georgiev et al., 2021), mixed 
for 30 min using an orbital shaker at room temperature and 
then centrifuged for 5 min at 9500 gravitational force (g) at 4 
°C (Hettich Zentrifugen, MOD: Universal 320R, Germany). 

Fig. 1  Preparation of ethanol-
wash solutes (EWS) from indus-
trial rapeseed and sunflower 
meals
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Then, the supernatant (ethanolic extract) from both samples 
was filtered using a Whatman paper No 1 and the volume 
was measured. A second extraction at the same conditions 
was carried out with the exhausted EWS. Both supernatants 
obtained were mixed and stored at −18 °C until used.

Quantification of the Total Phenolic Compounds (TPC)

The TPC were quantified using the Folin-Ciocalteu method 
(Azuma et al., 1999). Briefly, 1 mL of diluted ethanolic 
extract was mixed with 5 mL of  NaCO3 10%, containing 
NaOH 1 M, and 500 µL of Folin-Ciocalteau’s reagent previ-
ously diluted twice in distilled water. It was also prepared 
a blank solution with the dilution solvent. After waiting 30 
min under darkness, the samples were filtered using 0.45-
µm Millipore acetate cellulose filters (MA, USA). Hence, 
the absorbance value of the phenolic extract from the rape-
seed and sunflower EWS was measured at 650 nm using 
a Varian Carry 50 Bio UV/Vis spectrophotometer. The  

results were expressed as mg of gallic acid equivalent per  
g of sample (mg GA/g), and the assay was performed in 
triplicate.

Phenolic Compound Identification

The phenolic profile of the rapeseed and sunflower EWS 
was determined by HPLC analysis, using a Thermo Finnigan 
SpectraSystem UV6000LP (Thermo Finnigan, San Jose, CA, 
USA) HPLC system with diode array detector, as reported 
previously (Thiyam et al., 2009). Before their injection in the 
column, the samples were filtered with a 0.22-µm cellulose 
acetate filter (Millipore, USA).

The phenols present in the sample were identified based 
on the retention time of the corresponding commercial 
standards (pyrogallol, hydroxybenzoic acid, protocatechuic 
acid, caffeic acid, syringic acid, and ferulic acid), previously 
solubilised in absolute methanol, using the SupelcosilTM 
LC-18 column at the following operating conditions (Hu 

Fig. 2  Schema of the phenolic 
extract preparation
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et al., 2011): mobile phase, 18 mL n-butanol (solvent A)/1.5 
mL 50% v/v acetic acid (solvent B); flow rate, 0.6 mL/min; 
isocratic flow; wavelength, 214 nm, 275 nm, and 310 nm; 
temperature, 25 °C; and running time, 60 min. The assay was 
performed in triplicate.

Antioxidant Activity

The assay has been performed by using the ferric reducing 
antioxidant potential (FRAP) method, agreeing with the 
literature (Stratil et al., 2008). The FRAP reagent was pre-
pared by mixing 2.5 mL of 0.01 M of TPTZ in HCl 40 mM, 
2.5 mL of aqueous solution of 0.02 M  FeCl3, and 25 mL of 
0.2 M of sodium acetate buffer (0.2 M sodium acetate/0.2 
M acetic acid). A FRAP volume of 900 µL was mixed with 
100 µL of sample and incubated at 37 °C for 30 min. Also, 
a blank solution was prepared with the dilution solvent. 
The absorbance was measured at 593 nm using a Varian 
Carry 50 Bio UV/Vis spectrophotometer. The results were 
expressed as mg of Trolox equivalent per  g of sample  
(mg TE/g), and the assay was performed in triplicate.

Determination of the Oxidative Stability

Rapeseed and sunflower EWS at two different concen-
trations (5 and 15%) have been mixed with soybean, 
rapeseed, and sunflower oils for 20 min using an orbital 
shaker. After a sonication treatment for 2 min (4 inter-
vals of 30 s), the samples were centrifuged for 10 min at 
4 °C at 2370 g. Then, the oil supernatants were recov-
ered, and the exhausted powders were subjected to another 
cycle of extraction. Both oil supernatants obtained were 
mixed and used to assess the oxidative stability through 
the official Rancimat method (AOCS, 2012), according to 
the procedure previously described (Tinello et al., 2018). 
As controls, the same oils without antioxidants (C) and 
oils containing BHT at 0.02% w/w were introduced in 
the Rancimat assay. A quantity of 3 g of samples (control 
or oil supernatants) was weighted in the Rancimat appa-
ratus (Metrohm, model 743, Herisau, Switzerland), and 
subjected to a stream of air at the rate of 20 L/h kept at a 
constant temperature of 110 °C, causing an accelerated 
oxidation process. The oxidative stability was expressed 
as the induction time (IT) corresponding to the time (h) 
at which the water conductivity (μS/min) starts increasing 
because of the production of compounds involved in the 
lipid oxidation. The antioxidant activity index (AAI) was 
calculated by the following equation:

AAI =
IT of oil with antioxidants

IT of oil without antioxidants (C)

Statistical Analysis

The data  presented the mean ± standard deviation of three 
independent experiments (n = 3) by using an analysis of 
variance (ANOVA) one way, followed by the post-hoc 
Duncan test (p < 0.05) using Statgraphics Centurion XVI 
(StatPoint Inc., Rockville, MD, USA)

Results and Discussion

Quantification and Identification of Phenolic 
Compounds

The sunflower EWS showed significant (p < 0.05) more 
TPC (119.39 ± 1.13a mg GA/g), than the rapeseed one 
(103.44 ± 5.94b mg GA/g). Previous data have revealed 
the presence of phenols in sunflower and rapeseed meals 
(Laguna et al., 2018); this study shows the remaining con-
centration of these compounds after the ethanol-washing, 
as reported previously (Georgiev et al., 2021). However, 
the number of bioactive compounds inside the meals is not 
homogeneous due to the factors involved during the oil 
extraction at an industrial level, such as the duration of the 
heat treatment and the organic solvents used (Kalaydzhiev 
et al., 2020a, b). This condition as well as the kind of 
cultivar used produces a high variability in the quality of 
the meal obtained (Ivanova et al., 2016). Ethanol has been 
recognised as a suitable solvent in the extraction of TPC 
since it is environmentally friendly (Cisneros-Yupanqui 
et al., 2020a), especially at concentrations between 50 
and 80% (Sun-Waterhouse et al., 2013a, b), their recov-
ery being dependant on their nature (Khiari et al., 2009). 
In addition, Fig. 1S and 2S show the main polyphenols 
found in both EWS, hydroxybenzoic acid and protocat-
echuic acid, being the most representative in the rape-
seed EWS (179.35 ± 43.01a mg/L and 2.27 ± 0.31 mg/L, 
respectively). On the other hand, the phenolic profile of 
sunflower EWS seemed to be more complex with pyro-
gallol, syringic acid, caffeic acid, and ferulic acid, besides 
the hydroxybenzoic acid (106.62 ± 1.33b mg/L). How-
ever, the amount of this latter was significantly higher (p 
< 0.05) in the rapeseed EWS probably due to it is the main 
representative compound present in rapeseed oil (Laguna 
et al., 2018). The concentration of hydroxybenzoic and 
protocatechuic acid in rapeseed, and caffeic acid and pyro-
gallol in sunflower EWS is comparable with the values 
reported in their respective meals (Laguna et al., 2018; 
Zhu et al., 2018), which present several functional prop-
erties due to the remaining bioactive compounds (Wang 
et al., 2015). Furthermore, these phenolic acids exhibit 
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many benefits including antibacterial, antimicrobial, and 
antioxidant activities that could give bioactivities for 
health to both EWS (Laguna et al., 2019).

Antioxidant Activity

The sunflower EWS showed the highest antioxidant 
activity (193.97 ± 9.77a mg TE/g), in comparison to the 
rapeseed EWS (89.51 ± 3.17b mg TE/g). The result may 
be due to the high yield of polyphenols and bioactive 
compounds of this waste. Several authors have previously 
demonstrated the high value and the possible exploitation 
of rapeseed and sunflower meals as a source of antioxi-
dants (Kreps et al., 2014; Lomascolo et al., 2012), being 
able to scavenge not only radicals such as DPPH but also 
superoxide and hydroxyl radical (Pan et al., 2011). Among 
the possible compounds responsible for this bioactivity, it 
has been widely demonstrated that polyphenols exhibit a 
marked antioxidant activity, due to their chemical struc-
ture (Bors & Michel, 2002). Their aromatic features and 
highly conjugated system with multiple hydroxyl groups 
make these compounds good electron and hydrogen 
atoms donor, neutralising free radicals and other reac-
tive oxygen species (Zhang & Tsao, 2016). In particular, 
various authors have shown the strong antioxidant prop-
erties of caffeic acid (Sato et al., 2011) and pyrogallol 
(Ozturk Sarikaya, 2015), both present in the sunflower 
EWS. Beyond the polyphenolic fractions, other bioactive 
compounds were not only attributed to exert antioxidant 
activity in ethanolic extracts (Bidchol et al., 2011), but 
also detected previously in the sunflower and rapeseed. 
Among these compounds, vitamin C and E were the most 
promising due to they can work synergically with the 
polyphenols, contributing to the antioxidant capacity of 
both EWS (Kreps et al., 2014; Pal et al., 2014).

Determination of the Oxidative Stability

The oxidative stability of the rapeseed and sunflower 
EWS-supplemented soybean, rapeseed, and sunflower  
oil was evaluated by measuring their ITs with the Ran- 
cimat apparatus and compared to the same oils without 
antioxidants (C) and those containing BHT. The results 
obtained are shown in Fig. 3 and, according to them, the 
addition of the rapeseed EWS at 15% had comparable  
effects to BHT in soybean oil or even higher in the case 
of the rapeseed oil, where the AAI of the rapeseed EWS- 
supplemented oil was 1.18 while the BHT one was 1.09  
(which means 18% and 9% more compared to the control,  
respectively). On the other hand, the sunflower EWS at 5% 
obtained similar AAI to the BHT samples in all the oils assessed. 
Moreover, the sunflower EWS at 15% exhibited the best  

antioxidant capacity with a delay of oxidation in sun-
flower and soybean oil. The replacement of the BHT use 
with the EWS may have some benefits. Several studies 
have underscored the probable toxicity of this synthetic 
antioxidant that exerts a potential teratogen behaviour on 
rats (Babich, 1982; Ito et al., 1985). These EWS could  
be a potential source of functional components, devel- 
oping a higher value to the food products, due to their 
polyphenols content (Hashmi & Satwadhar, 2010). From 
the practical point of view, using sonication in the prepa-
ration of the oil systems could improve the transfer of 
antioxidants from both EWS to the oils. In this regard, 
several authors have reported the enhancement of the 
antioxidant capacity and the preservation of bioactive 
compounds in the matrix (Abid et al., 2014; Guerrouj 
et al., 2016; Riciputi et al., 2018; Rombaut et al., 2020) 
when using this emerging technology, because it allows 
obtaining a more homogeneous distribution of bioac-
tive compounds inside to samples thanks to the forma-
tion of bubbles during the cavitation process (Amirante 
et al., 2017; Shanmugam & Ashokkumar, 2015). In addi-
tion, the polyphenol compounds extracted from a sonica-
tion process have shown a higher antioxidant potential 
(Dzah et al., 2020). Moreover, the use of sonication has 
been related to the improvement of the oxidative stabil-
ity in peanuts (Wambura et al., 2011, 2012), showing 
the advantages of using this technology in the present 
study. However, the influence of this technology on the  
oil samples with the EWS needs further investigation.

Previous research has reported the use of several products 
and by-products from the food industry in oxidation stabil-
ity. For instance, it was demonstrated the efficiency of grape 
pomace in delaying the corn oil oxidation (Cisneros-Yupanqui 
et al., 2020b), the use of red chicory extract to prevent lipid 
oxidation (Lante et al., 2011), and the use of sesame seed 
extract to increase the oxidative stability of sunflower oil 
(Hussain et al., 2018). Therefore, the results from this study 
could suggest that preliminary, both EWS may contribute to 
control lipid peroxidation in different types of oils. However, 
this is the first time that the application of EWS as antioxi-
dants in different oil systems has been assessed. So, further 
research should focus on the optimisation of the ethanolic 
phenolic extraction, assessing different parameters.

Conclusions

The preliminary characterisation of rapeseed and sun-
flower EWS shows a higher TPC and antioxidant activ-
ity in the last one, pyrogallol and caffeic acid being the 
most representative phenols. According to the phenolic 
profile, more compounds are detected in the sunflower 
EWS. Based on these outcomes, both EWS (especially 
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the sunflower one) may be useful for the different types 
of oil stabilisation and fortification, having a compara-
ble lipid oxidation inhibition to the traditional synthetic 
additive BHT. Rapeseed EWS seem to be more efficient 
when used in rapeseed oil as well as the sunflower EWS 
in their respective oil and when applied in soybean oil. 
In addition, the utilisation of these products contributes 
to extend the life cycle of these agricultural wastes and 
according to the principles of the circular economy. Tak-
ing into account these considerations, further studies are in 

progress regarding the optimisation of the bioactive com-
pounds extraction parameters and the evaluation in other 
types of oil, in order to keep assessing the valorisation of 
both EWS.
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