
Grasasyaceites
ISSN-L: 0017-3495Sevilla (España)October-December 2020N.º 4Volumen 71

CONSEJO SUPERIOR DE INVESTIGACIONES CIENTÍFICAS

International Journal of Fats and Oils
Extraction of oil from pequi fruit (Caryocar Brasliense, Camb.) using several solvents and their mixtures.-

Grasasyaceites
International Journal of Fats and Oils

Sevilla (España)October-December 2020N.º 4Volumen 71 ISSN-L: 0017-3495

editorial.csic.es

http://grasasyaceites.revistas.csic.es

Sumario
INVESTIGACIÓN / RESEARCH
E. Gruczynska-Sekowska, F. Aladedunye, F. Anwar, P. Koczon, D. Kowalska, M. Kozlowska, E. Majewska y 
K. Tarnowska—Obtención de shortenings cero trans con alta estabilidad termo-oxidativa por transesterificación 
enzimática / Development of zero-trans shortenings with high thermo-oxidative stability by enzymatic 
transesterification e375
A. Arbonés, B. Sastre, M.A. Pérez, C. de Lorenzo, M. Pascual, A. Benito, J.M. Villar y J. Rufat—Influencia del 
riego y la fertilización en los esteroles y dialcoholes triterpénicos del aceite de oliva / Influence of irrigation and 
fertilization on the sterol and triterpene dialcohol compositions of virgin olive oil e376
K.T. Magalhães, T.S. Tavares, T.M.C. Gomes y C.A. Nunes—Optimización de superficie de respuesta de 
múltiples objetivos en la extracción acuosa de aceite de semilla de macauba / Multi-target response surface 
optimization of the aqueous extraction of Macauba kernel oil e377
F. Taieb Brahimi, F. Belkhadem, B. Trari y A.A. Othman—Diazoles y triazoles derivados del extracto de aceite de 
ricino: síntesis, efecto hipoglucémico, potencial antioxidante y actividad antimicrobiana / Diazoles and triazoles 
derivatives of castor oil extract: synthesis, hypoglycemic effect, antioxidant potential and antimicrobial activity e378
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SUMMARY: Natural antioxidants, especially those used in edible oil, are safer compared to chemically synthesized antioxidants. There-
fore, research on natural antioxidants has become prevelant. Antioxidant peptides derived from food protein can effectively prevent oil 
oxidation. Protein hydrolyzation is widely applied for the production of antioxidant peptides in industry, and bioinformatics is employed 
nowadays to generate the desired peptide sequence. Furthermore, the mechanism of antioxidant peptides in the oil system is still contro-
versial, which limits the further development of antioxidant peptides as food antioxidants. This review introduces the preparation method 
of antioxidant peptides and their mechanisms as well as applications in the oil. It will help to comprehensively understand the function 
of antioxidant peptides and promote their development in the oil field.
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RESUMEN: Revisión sobre métodos de preparación, mecanismos y aplicaciones de péptidos antioxidantes en aceites. Los antioxidantes 
naturales, especialmente utilizados en aceites comestibles, son más seguros en comparación con los antioxidantes sintetizados químicamente. 
Por lo tanto, la investigación sobre antioxidantes naturales se convierte en un punto de interés. Los péptidos antioxidantes derivados de las 
proteínas alimentarias pueden prevenir eficazmente la oxidación del aceite. La hidrolización de proteínas se usa ampliamente en la industria 
para la producción de péptidos antioxidantes y la bioinformática se emplea hoy en día para generar la secuencia de péptidos deseada. 
Además, el mecanismo de los péptidos antioxidantes en el sistema oleoso sigue siendo controvertido, lo que limita el desarrollo posterior 
de péptidos antioxidantes como antioxidantes alimentarios. Esta revisión presenta el método de preparación de péptidos antioxidantes y su 
mecanismo, así como las aplicaciones en aceite, lo que ayudará a comprender de manera integral la función de los péptidos antioxidantes y 
promoverá su desarrollo en el campo petrolero.
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1. INTRODUCTION

Oil, which is mainly derived from plants and 
rich in unsaturated fatty acids (UFA), can provide 
essential fatty acids for humans. However, the UFA 
can easily form free radicals at the α-C of the C=C 
double bond. This will initiate free radical chain re-
actions and oil oxidation. The oxidation products of 
oil will produce peculiar smells and carcinogens that 
can reduce the oil’s nutritional value and shorten the 
shelf-life of the oil (Ahn et al., 2012b). Therefore, 
it is necessary to control oil oxidation, which is of 
great significance to improving the level of food 
safety and develop the oil industry (Kiralan et al., 
2021; Rathod et al., 2021).

In order to safely and effectively prevent or in-
hibit oil oxidation without changing its sense and 
quality, the development and research of antioxi-
dants have been developed rapidly (Budilarto and 
Kamal-Eldin, 2015; Mishra et al., 2020). At present, 
chemically synthesized antioxidants are still pre-
dominant and mainly including propyl gallate (PG), 
butylated hydroxy anisole (BHA), dibutyl hydrox-
ytoluene (BHT) and tertiary butylhydroquinone 
(TBHQ). These antioxidants are phenolic antioxi-
dants with cheap and stable performance (Tadesse 
and Emire, 2020). However, synthetic antioxidants 
have potential toxicity and carcinogenicity, so it is 
necessary to find  safe and effective antioxidants 
(Taghvaei and Jafari, 2015). It is well known that 
in addition to vitamins and phenolic compounds, 
some polypeptides also have antioxidant activities. 
Most of these substances exist in plants and animals. 
(Pejin et al., 2013; Im et al., 2014; Tesanovic et al., 
2017; Karaman et al., 2019; Jie et al., 2019a). Now-
adays, antioxidant peptides have become a focus in 
the development of natural antioxidants (Zarei et al., 
2012). Antioxidant peptides, as antioxidant compo-
nents derived from protein, have the advantages of 
relatively simple structure, easy absorption, good 
stability and immunological unresponsiveness. An-
tioxidant peptides have efficient free radical scav-
enging ability, so they have a significant protective 
effect on oil peroxidation induced by free radicals 
(Yang et al., 2018).

In recent years, the traditional preparation meth-
ods of antioxidant peptides have been well devel-
oped. In order to further optimize the preparation 
of antioxidant peptides to generate peptides with 
desired function and purpose, some bioinformat-

ics have been applied to the research of antioxidant 
peptides (Chiozzi et al., 2016; Jara et al., 2018; Bo-
rawska-Dziadkiewicz et al., 2021). The acquisition 
of purposeful antioxidant peptides from different 
biological resources is increasingly becoming the 
driving force of the oil industry (Tadesse and Emire, 
2020). In order to promote the application of antiox-
idant peptides as food antioxidants, we discussed the 
preparation methods of antioxidant peptides, their 
different antioxidant mechanisms and applications 
in the oil. They are of great significance to furthering 
the use of antioxidants and oil storage. 

2. PREPARATION OF ANTIOXIDANT PEP-
TIDES

The most well-known antioxidant peptides are 
carnosine (β-alanyl-L-histidine) and glutathione 
(r-glutamyl-cysteinyl-glycine). They are two kinds 
of natural antioxidant peptides existing in the or-
ganism. Their antioxidant functions are mainly re-
flected in their ability to scavenge free radicals and 
peroxides produced by oil oxidation. In order to 
find other antioxidant peptides, researchers hydro-
lyzed protein with different methods. The methods 
of hydrolyzing protein mainly include acid-base 
hydrolysis, microbial fermentation and enzymatic 
hydrolysis,  which  is the most common (Borrajo 
et al., 2019).

2.1. Preparation of antioxidant peptides by tradi-
tional hydrolysis

Hydrolyzing protein is the most common meth-
od for preparing antioxidant peptides. Acid-base 
hydrolysis uses acid or alkali to hydrolyze protein. 
Some researchers hydrolyzed ostrich egg white 
protein with 0.25 mol/L NaOH at 40 ºC for eight 
hours. They proved that the antioxidant activity 
of the protein was significantly enhanced after hy-
drolysis (Khueychai et al., 2019). This method is 
cheap and time-saving. Nonetheless it is difficult 
to control the degree of hydrolysis and product 
quality, because the violent reaction conditions 
involved are destructive to amino acids (Hall and 
Ahmad, 1997).

Microbial fermentation can produce enzymes and 
enzymatic hydrolysis simultaneously. This meth-
od also can directly isolate and purify antioxidant 
peptides (Chai et al., 2020). After fenugreek protein 
was fermented with Lactococcus lactis for 24 hours, 
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the free radical scavenging activities of 1,1-diphe-
nyl-2-picrylhydrazyl (DPPH) and 2,2’-azinobis 
(3-ethylbenzothiazoline-6-sulfonic acid) ammonium 
salt (ABTS) increased by 42.9 and 40%, respectively 
(Setti et al., 2017). However, the process of screen-
ing microorganisms is cumbersome and the safety of 
microbial enzyme production is uncontrollable (He 
et al., 2012). 

Enzymatic hydrolysis uses proteolytic enzymes 
to hydrolyze protein into small molecular polypep-
tides. It is characterized by mild conditions, strong 
operability, strong specificity and fewer by-prod-
ucts. The same protein hydrolyzed by different en-
zymes produces different antioxidant peptides (da 
Rosa et al., 2018). A study has measured the antiox-
idant activity of camel colostrum protein hydrolyz-
ed by pepsin, trypsin, pancreatin and another two 
enzymes. The results showed that the proteolytic 
peptide hydrolyzed by pancreatin had the highest 
antioxidant activity (Oussaief et al., 2019). Hydrol-
ysis conditions are also critical. Some researchers 
have optimized the hydrolysis conditions from egg 
white with chymotrypsin and pepsin through re-
sponse surface methodology, and the antioxidant 
activity of the peptide was improved (Yuan et al., 
2020). Table 1 summarizes experiments related to 
the preparation of antioxidant peptides by enzymat-
ic hydrolysis.

However, enzymatic hydrolysis usually obtains 
crude peptides, so it needs to be separated and puri-
fied. Usually, ultrafiltration or gel chromatography 
can be carried out according to the size of antiox-
idant peptides. Ion exchange chromatography and 
reverse chromatography can also be used (based on 
the charge and hydrophobicity of the antioxidant 
peptide, respectively) (Vanvi and Tsopmo, 2016). 
After that, tandem mass spectrometry is applied 
to identify the antioxidant peptides. One study ex-
tracted antioxidant peptide from duck plasma hy-
drolysate (DPH) and then separated and purified the 
antioxidant peptide by ultrafiltration, dimension-
al exclusion chromatography and reversed-phase 
high performance liquid chromatography. The re-
searchers also identified the DPH fraction with the 
highest antioxidant activity by nanoscale liquid 
chromatography-tandem mass spectrometry (Yang 
et al., 2020). In fact, DPPH, ABTS free-radical 
scavenging and oxygen-radical absorbance capac-
ity (ORAC) tests are generally used to evaluate the 
effect of antioxidant peptides (Kim et al., 2018). 
Other researchers have pre-treated the protein with 
ultrasound, microwave and irradiation to improve 
the antioxidant activity of the peptide (Wang et al., 
2019; Zhang et al., 2019). However, the single use 
of enzymatic hydrolysis is time consuming when 
selecting hydrolytic enzymes. The process of iden-

Table 1. Preparation of antioxidant peptides by enzymatic hydrolysis

Protein source Hydrolysis 
conditions Enzyme Application model Reference

Zein pH 9.0, 50 ºC, 1h Alcalase Myofibrillar protein 
oil-in-water emulsions (Li et al., 2017)

Porcine blood pH 6.5, 50 ºC, 6h Papain Pork emulsion (Verma et al., 2018)

Oat brans pH 2.0, 37 ºC, 3h Pepsin Not studied (Vanvi and Tsopmo, 2016)

Common bean pH 8.0, 50 ºC, 3h Alcalase Not studied (Oseguera-Toledo et al., 2011)

Cow milk pH 3.0, 37 ºC, 3h Porcine pepsin Zebrafish larvae model (Carrillo et al., 2017)

Salmon byproduct
pH 7.0, 50 ºC, 8h/
pH 1.0, 37 ºC, 8h/
pH 8.0, 37 ºC, 8h

Alcalase/Flavourzyme/
Neutrase/Protamex/

Pepsin/Trypsin
Chang liver cells (Ahn et al., 2012a)

Palm kernel cake 
protein

pH 6.5, 65 °C/
pH 7.5, 55 °C/
pH 1.5, 37 °C/
pH 8.0, 37 °C/
pH 8.0, 55 °C/
pH 5.0, 55 °C/

pH 6.8, 50 °C, 6h

Papain/Alcalase/Pepsin/
Trypsin/Flavourzyme/Bromelain/

Chymotrypsin
Not studied (Zarei et al., 2014)

Cod protein pH 8.1, 45 ºC, 6h Protamex Washed cod model (Jonsdottir et al., 2016)
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tifying antioxidant peptides is complicated and the 
target antioxidant peptides may not be obtained 
(Wen et al., 2020). Therefore, bioinformatics has 
attracted people’s attention.

2.2. Bioinformatics guides the preparation of anti-
oxidant peptides by enzymatic hydrolysis

Bioinformatics based on computer technology 
can guide the selection of precursor proteins and 
simulate enzymatic hydrolysis (Zhou et al., 2019). 
Moreover, the function of the enzymatic hydroly-
sis products can be predicted and identified based 
on the sequence, structure and other parameters 
of proteins and peptides by bioinformatics. It is 
widely used in the research of hydrolyzing pro-
tein to obtain antioxidant peptides (Tejano et al., 
2019). This method is often used with databases 
such as Peptide Ranker, BIOPEP-UWM and Uni-
ProtKB (Chen et al., 2017; Pearman et al., 2020). 
Some commonly used bioinformatic databases 
are listed in Table 2. These databases contain the 
amino acid sequences of various proteins and pep-
tides to improve the efficiency of obtaining target 
peptides at a low cost (Tadesse and Emire, 2020). 
Darewicz et al. (2016) retrieved the amino acid 
sequence, molecular weight and chain length of 
Cyprinus carpio protein from UniProtKB. After 
using the ClustalW2‒Multiple Sequence Align-
ment program to eliminate the same sequence, 
they selected 33 carp protein amino acid sequenc-
es with less than 90% identity for further analysis. 
The number of amino acid residues in the analyz-
ed carp protein amino acid sequence ranged from 

62 (light myosin, Q90335) to 1938 (myosin heavy 
chain, Q2HX56). 

These bioinformatic methods can also simulate 
protease hydrolysis. In 2018, researchers used Pep-
tide Cutter to simulate 100 tripeptides from the myo-
sin of Mizuhopecten yessoensis by pepsin and trypsin 
(Yu et al., 2018). For example, the BIOPEP-UWM 
database can not only simulate hydrolysis, but also 
predict the bioactive peptides released from protein 
sequences and their bioactivity and physicochemical 
properties (Yang et al., 2017). Researchers estimated 
the solubility of antioxidant peptides from flaxseed 
proteins in water by using Innovagen Peptide Sol-
ubility Calculator Proteomic. They also predicted 
the release of antioxidant peptides by opening the 
‘search for active fragments tab of BIOPEP. There-
after, they estimated several properties and indices 
of the silico-derived antioxidant peptides by using 
the application of the ‘Peptides’ package in R or 
ProtParam of ExPASy. These properties included 
amino acid composition, amino acid length, molec-
ular weight (MW), isoelectric point (pI), Boman in-
dex, net charge and hydrophobicity index (Ji et al., 
2019). In another research, Salim and Gan (2020) 
used Peptide Cutter to simulate the digestion of egg 
white ovalbumin, then Peptide Ranker was used to 
screen the obtained peptide sequences. After that, 
they predicted the peptide binding sites by Pepsite2 
and finally used an in vitro assay to verify the bio-
activity of the peptide. The AnOxPePred, a method 
for predicting the free-radical scavenging ability and 
chelating properties of antioxidant peptides was de-
veloped. When constructing the predictive variable, 

Table 2. Bioinformatics databases used in antioxidant peptides

Classification Name Function Reference

Protein database
UniProtKB Provide protein sequence and function information (Bechaux et al., 2020)

PIR Provide protein sequence (Panchal et al., 2021)

Simulated enzymatic hydrolysis
BIOPEP-UWM Predict the potential sites for protease cleavage of the 

target protein sequence
(Ibanez et al., 2013)

Peptide Cutter Predict the potential sites for protease cleavage of the 
target protein sequence

(Fu et al., 2016)

Antioxidant peptide database Pep Bank Provide peptide structure and classify (Chiozzi et al., 2016)

NCBI Provide peptide sequence (Tian et al., 2016)

Predict antioxidant peptide
Peptide Ranker Evaluation of antioxidant peptides and their precursor 

proteins
(Ibanez et al., 2013)

BIOPEP-UWM Predict the potential antioxidant activity of the input 
peptide sequence

(Su et al., 2011)
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a standard database consisting of peptides and their 
free-radical scavenging capabilities and chelating 
properties was created (Olsen et al., 2020).

Although bioinformatics is an effective method 
to study and predict the antioxidant peptides re-
leased by proteins and their potential activities, there 
are some limitations to this approach. For example, 
there is a lack of research on the protein sequence 
in simulated hydrolysis and its influence on enzy-
matic hydrolysis (Zhou et al., 2019). Bioinformat-
ics simulates the hydrolysis of the protein sequence 
completely, but it is often necessary to consider the 
secondary and tertiary structures of protein and other 
factors such as inhibitors, pH and temperature when 
verifying in vitro (Bechaux et al., 2020). Some sci-
entists showed that in the peptides obtained by com-
puter simulation of a porcine actin sequence, only 
a few could  be verified through laboratory experi-
ments (Keska and Stadnik, 2016). This proved that 
bioinformatics was an auxiliary method for selecting 
protein families and optimal hydrolyses. Bioinfor-
matics was still theoretical, so it needed to be veri-
fied by in vitro experiments.

In order to efficiently and economically prepare 
antioxidant peptides, more and more researchers 
combine enzymatic hydrolysis and bioinformatics. 
The amino acid sequence of the target protein can 
be searched in the database to facilitate the selec-
tion of hydrolases, and it is estimated that there 
are more than 8 million amino acid sequences of 
proteins in the database (Agyei et al., 2018). Some 
researchers used the amino acid sequence of the 
11S coffee globulin (the entry Q9ZNY2_COFAR 
and accession number NCBI 13443) deposited in 
the UniProtKB database. Subsequently, they se-
lected enzymes (pepsin (EC 3.4.23.1), trypsin 
(EC 3.4.23.4) and chymotrypsin (EC 3.4.21.1)) to 
simulate gastrointestinal digestion. They carried 
out the prediction of peptides generated through 
simulation by using the BIOPEP-UWM “enzyme 
action”. Based on the results for the prediction of 
bioactivity of the 11S globulin, a series of in vitro 
studies was carried out, including protein extrac-
tion, enzymatic hydrolysis, protein isolation and 
determination of its antioxidant capacity. Finally, 
they proved that the hydrolyzed peptides of roast-
ed coffee beans have higher antioxidant activity 
(Ribeiro et al., 2021). Computer simulation of hy-
drolysis can also greatly improve the screening effi-

ciency of hydrolytic enzymes. Jie et al. (2020) used  
gluten as the bioinformatics template of Caragana 
korshinskii seed protein, then carried out virtual en-
zymatic hydrolysis with the assistance of the BIO-
PEP-UWM database. They determined that papain 
was the main protease to hydrolyze the Caragana 
korshinskii seed protein, which improved prepara-
tion efficiency.

After simulated hydrolysis, the computer gen-
erates an amino acid sequence. By comparing the 
sequence with the antioxidant peptide sequences 
reported in databases such as Swiss-Prot, Peptide 
Ranker or in the literature, the activity of the an-
tioxidant peptide is predicted, evaluated and the 
target peptide is selected (Tu et al., 2018). For ex-
ample, Sun et al. (2021) first prepared  defatted 
collagen hydrolysates from yak bone, and then sep-
arated and purified the hydrolysate by ultrafiltra-
tion and reversed-phase high-performance liquid 
chromatography. After that, they determined the 
antioxidant activities of different hydrolysates and 
screened the best components for identification by 
mass spectrometry. Mass spectrometry was used 
to identify components with better antioxidant ac-
tivity- Swiss-Prot was used to determine the amino 
acid sequence of the target peptide. Finally, they 
selected peptides with molecular weight of less 
than 1 kDa for synthesis according to the possible 
structural features of antioxidant peptides and the 
number of enzyme-cutting sites contained in the 
peptides. Other researchers isolated and purified 
antioxidant peptides from Asparagus by-products 
by reverse-phase chromatography, and then iden-
tified the peptides by tandem mass spectrometry. 
Peptide identification was carried out by using the 
Swiss-Prot database. PeptideRanker was used to 
predict the probability of the antioxidant activi-
ties of these peptides. This study only considered 
peptides with probability scores higher than 0.95. 
Therefore, only five peptides were retained and 
five novel peptide sequences were synthesized, 
and their antioxidant activity was finally evaluat-
ed in vitro (Montone et al., 2019). It is also neces-
sary to predict the toxicity of antioxidant peptides. 
Harvian et al. (2019) used ToxinPred to analyze 
the antioxidant peptide obtained from jack bean 
(Canavalia ensiformis) canavalin protein. Tox-
inPred is a in silico database for the prediction 
of the toxicity of selected peptides. The support 
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vector machine (SVM)-based prediction method 
and SVM threshold value (0.0) were used to sep-
arate toxic from non-toxic peptides. Their results 
showed that the antioxidant peptide was non-tox-
ic. Of course, in vivo or in vitro tests are required 
to further determine the physiological activity of 
antioxidant peptides eventually.

In summary, the bioinformatics method can sim-
ulate protein hydrolysis, determine the most suit-
able hydrolase and screen out peptides with good 
antioxidant effects by comparing the amino acid 
sequences of peptides gained through experiments 
with those in the database for in vitro verification. 
The combination of the two methods will simplify 
the cumbersome experimental process of tradition-
al enzymatic hydrolysis, save cost, improve prepa-
ration efficiency and provide a promising method 
to improve not only the availability but also the 
high-value utilization of antioxidant peptides (Ji et 
al., 2019).

3. MECHANISM OF ANTIOXIDANT PEPTIDES 
INHIBITING OIL OXIDATION

The main ways for oil oxidation are automatic 
oxidation, photosensitive oxidation and enzymat-
ic oxidation (Hammer and Schieberle, 2013; An 
et al., 2014). Autoxidation includes three stages: 
chain initiation, chain transfer and chain termina-
tion (Scheme 1). 

Scheme 1. Mechanism of oil automatic oxidation (R· stands for 
free radical).

Photosensitive oxidation and enzymatic oxidation 
are important factors to initiate automatic oxidation in 
oil. Their oxidation products decompose to produce 
various free radicals which make the automatic oxi-
dation chain reaction continue to circulate (Ladikos 
and Lougovois, 1990). The automatic oxidation of 
oil can damage its color, flavor and texture to reduce 
the nutritional value and  also generate cytotoxic and 

genotoxic compounds (Sohaib et al., 2017). These 
substances cause irreversible oxidative damage to 
humans (Qi et al., 2016). Therefore, the oxidation of 
oil must be inhibited. Antioxidant peptides are unique 
to some extent.  Their uniqueness is not only reflect-
ed in  their small size and high utilization rate in the 
body, but also in that peptides are easier to metabolize 
than amino acids and optimize the environment in the 
body. (Yang et al., 2021). According to  current re-
search,  antioxidant peptides can inhibit oil oxidation 
by scavenging free radicals, suppressing the activity 
of catalytic metal ions and restraining the formation 
and reactivity of hydroperoxide, so they are potential-
ly multifunctional antioxidants (Agyei et al., 2016). 
The activity of antioxidant peptides  is mainly related 
to the composition of different amino acids, the se-
quence of amino acids and the molecular weight of 
antioxidant peptides (Wu et al., 2015b). This  is simi-
lar to the  results of another study (Chen et al., 2020b).

3.1. Scavenging free radicals 

Free radicals exhibit strong reactivity,  so they are 
initiators in  oxidation reactions (Tomycz et al., 2011). 
At present, it is generally recognized that an important 
cause of oil automatic oxidation is the chain reaction 
initiated by free radicals, such as hydroxyl radicals, 
peroxy free radicals and alkoxy free radicals (Sonk-
lin et al., 2018). Hydroxyl radicals can remove the 
hydrogen atoms in the adjacent fat chain and induce 
oxidation chain reactions. High-energy peroxy free 
radicals and alkoxy free radicals can combine hydro-
gen atoms from adjacent fatty chains to destroy fatty 
acids and deteriorate oil. Therefore, it is necessary to 
combine free radical scavengers with free radicals to 
slow down the rate of chain reactions. Many antiox-
idant peptides are free radical scavengers. As shown 
in Scheme 2, together with amino acids, they act as 
hydrogen donors or electron donors to terminate the 
chain reactions of free radicals by converting them 
into stable products (Yarnpakdee et al., 2015).

Scheme 2. Pathways of antioxidant peptides scavenging free radi-
cals. B:H stands for antioxidant peptide. Hydrogen donation: the an-
tioxidant peptide transfers H· to R· to form a stable compound R:H, 
while the antioxidant peptide converts to B·, which is less likely to 

initiate a new free radical chain reaction. Electron donation: electron 
transfer and proton transfer are required (Liang and Kitts, 2014).

https://doi.org/10.3989/gya.0560211


Grasas y Aceites 73 (4), October-December 2022, e478. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0560211

Review on preparation methods, mechanisms and applications for antioxidant peptides in oil • 7

The antioxidant capacity of peptides and their 
amino acid composition are closely related, and 
the mechanism of amino acids depends on the 
functional groups of their side chains (Elias et 
al., 2008). For example, peptide sequences with 
hydrophobic amino acids, aromatic amino acids 
and sulfur-containing amino acids usually exhib-
it strong antioxidant activity (Wu et al., 2015a). 
Antioxidant peptides containing hydrophobic 
amino acids such as alanine, valine and leucine 
have strong antioxidant capacity. The non-polar 
aliphatic hydrocarbon side chains of these amino 
acids can enhance the interaction between fatty ac-
ids and peptides to prevent hydrogen atoms from 
being attacked (as shown in Figure 1A) (Rajapak-
se et al., 2005). Their presence can also increase 
the solubility of antioxidant peptides in oil, thus 
promoting  interactions with free radicals and ex-
hibiting higher antioxidant activity (Aguilar-Toalá 
and Liceaga, 2020). Some scientists proposed that  
hydrophobic amino acids such as valine and as-
partic acid present in the peptide sequence could 
contribute to improving the antioxidant activity of  
peptides (Najafian and Babji, 2014). 

Antioxidant peptides with aromatic amino ac-
ids such as tyrosine, tryptophan and phenylalanine 
in the sequence also have strong antioxidant prop-
erties. Aromatic amino acids can not only enhance 
the solubility of antioxidant peptides in oil like 
hydrophobic amino acids, but  can also scavenge 

free radicals produced by oxidation by removing a 
H· from the phenolic hydroxyl or indole group in 
these amino acids. These amino acids are convert-
ed into relatively stable free radicals to terminate 
the chain reaction and inhibit the automatic oxida-
tion of oil (as shown in Figure 1B) (Wang et al., 
2014). One study isolated two peptides containing 
tryptophan and tyrosine from the hydrolysate of 
Sardinella aurita, both of which have high DPPH 
scavenging activity (Bougatef et al., 2010). A re-
lated study also showed that the antioxidant activ-
ity of the dipeptides Tyr-Leu and Phe-Tyr derived 
from Perilla is related to the presence of tyrosine 
(Yang et al., 2018).

Methionine and cysteine are two kinds of sul-
fur-containing amino acids with active sulfhydryl 
in their structures. They can be used as precursors 
for the synthesis of glutathione. The methionine and 
cysteine in the antioxidant peptide sequence contrib-
ute to scavenging free radicals through the electron 
transfer pathway (Atmaca, 2004). The sulfhydryl 
group loses electrons to form free radical cations. 
The free radical cations then undergo a proton trans-
fer reaction to generate stable free radicals and hy-
drogen ions (Scheme 3). 

Scheme 3. Mechanism of scavenging free radicals by sulfur-contai-
ning amino acids.

Figure 1. Mechanism of scavenging free radicals by hydrophobic amino acids and aromatic amino acids.
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Jiang et al. (2014) obtained His-Asp-His-Pro-
Val-Cys and His-Glu-Lys-Val-Cys from Decapter-
us maruadsi. The DPPH scavenging activity of the 
former was similar to the glutathione (Jiang et al., 
2014). In addition, the CFCTKPC synthesized by 
Huang et al. (2012) contained three cysteines, and 
showed strong free radical scavenging ability and 
inhibited linoleic acid oxidation.

Histidine is one of the most common amino ac-
ids in antioxidant peptides. Its imidazole group can 
act as hydrogen donors to react with free radicals, 
especially superoxide anion-free radicals (Jie et al., 
2019b). Kim et al. (2020) obtained histidine-con-
taining low-molecular-weight (LMW) peptides from 
tuna waste meats. The histidine-containing LMW 
peptides exhibited a high DPPH radical scavenging 
effect in a dose-dependent manner.

3.2. Inhibiting the activity of catalytic metal ions

Catalytic metal can accelerate the decomposition 
of oil oxidation primary products to generate free 
radicals as shown in Scheme 4 (Muhr et al., 2020). 

Scheme 4. Transition metal ions accelerate the decomposition of oil 
oxidation primary products (Mn+ represents transition metal ions).

The catalysis of  catalytic metal depends on their 
ability to react with unoxidized oil to form hydroper-
oxides (Juita et al., 2011). For example, Fe2+ catalyz-
es hydrogen peroxide to generate hydroxyl radicals 
with high activity through the Fenton reaction, thus 
promoting oil oxidation (Walters et al., 2018). An-
other theory was that the presence of transition metal 
would significantly reduce the content of tocophe-
rols, thereby affecting the oxidation stability of the 
oil (Fomuso et al., 2002).

Antioxidant peptides can reduce the chemical 
reactivity of metals by chelating with metal ions 
to form stable complexes. Antioxidant peptides 
can also block the interaction between metals and 
oil in space. For example, changing the physical 
position of metal ions to reduce the rate of free 
radical reactions indirectly achieves the antiox-
idant effect (Feng et al., 2016). Regarding anti-
oxidant peptides, suitable amino acids and their 
correct position in the sequence play a crucial role 

in their chelating activity (Walters et al., 2018). 
The imidazole group of histidine in the antioxi-
dant peptide sequence can chelate with metal ions, 
thus inhibiting the generation of free radicals cata-
lyzed by them (Burkitt, 2001). Basic amino acids 
such as glutamic acid and aspartic acid (with car-
boxylic acid groups) can also inhibit the catalyt-
ic oxidation of transition metal ions (Sonklin et 
al., 2018). Besides, amino acids such as arginine 
and lysine with amino groups, cysteine with thi-
ol groups and serine and threonine with hydroxyl 
may form complexes with antioxidant peptides by 
electrostatic interactions or H-bond coordination 
(Canabady-Rochelle et al., 2018; Walters et al., 
2018). It has also been reported that casein-hydro-
lyzed peptides have the ability to inhibit the oxi-
dation of oil. The peptides can oxidize Fe2+ into 
less reactive Fe3+ to delay  oil oxidation (Diaz et 
al., 2003). Some antioxidant peptides with met-
al chelating properties can act as potential anti-
oxidants because of their charged amino acids in 
their sequences. The charged amino acids can be 
electrostatically attracted to metal ions to inhib-
it their catalytic effect. For example, the positive 
charge of histidine can attract negative free radi-
cals, which is consistent with the results of Saiga 
et al. (2013). It is worth noting that antioxidant 
peptides with molecular weight less than 3 kDa 
have less chelating force on Fe2+ than the peptides 
with the formula weight of 5-10 kDa (He et al., 
2013). Therefore, antioxidant peptides with large 
molecular weight have a better effect on inhibiting 
oil oxidation.

Moreover, it must be noted that even though a 
peptide chelates metal, that does not mean it in-
hibits metal-promoted oil oxidation. Some che-
lators bind iron but do not decrease its reactivity 
(Durand et al., 2021). Therefore, additional assays 
should be conducted to better assess the ability of 
these peptides to inhibit oil oxidation induced by 
prooxidant metals.

3.3. Restraining the formation and reactivity of hy-
droperoxide

Hydroperoxide is the primary product of oil 
oxidation. It can react with the ingredients in food, 
and reduce its quality. With the development of 
oil oxidation, hydroperoxide eventually decom-
poses into small molecules such as aldehydes 
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and ketones (Chen et al., 2020a). Hydroperoxides 
may even decompose into toxic substances such 
as malonaldehyde (MDA) and 4-hydroxynone-
nal (HNE). During the chain transfer period, the 
free radicals generated by the decomposition of 
the hydroperoxides can react with  unoxidized 
oil, continuously creating new free radicals and 
hydroperoxides to accelerate the oxidation of oil 
(Krugovov et al., 2014).

The acidic amino acids in the antioxidant pep-
tide sequence  form hydrogen bonds with unsatu-
rated fatty oil to protect the double bonds of fatty 
acids and decrease the cleavage of C-H bonds, 
thereby reducing the generation of hydroperox-
ides (Jie et al., 2019b). A new antioxidant peptide 
was isolated from the Caragana ambiguas seed 
protein. The glutamine in the Caragana ambigua 
seed peptide (CSP) can form hydrogen bonds with 
unsaturated oil to protect the double bond of fatty 
acids, thus reducing the generation of hydroper-
oxides. In addition, CSP can delay the autoxida-
tion of oil by protecting the phenolic compounds 
(Jie et al., 2019a). Antioxidant peptides can also 
reduce the reactivity of hydroperoxides by pro-
ton or electron transfer, thus inhibiting the chain 
transfer period of oil oxidation (Li and Yu, 2015; 
Lacou et al., 2016). Some researchers prepared an 
antioxidant peptide (APHPH) with the molecular 
weight of 1801 Da. The hydrophobic amino ac-
ids in its sequence can provide protons to inhibit 
the reaction between hydroperoxides and free rad-
icals, and effectively inhibit oil oxidation in the 
linoleic acid emulsion system (Kim et al., 2007). 
An antioxidant peptide was prepared by using Al-
calase alkaline protease and ultrafiltration tech-
nology from silkworm sericin. Silk sericin peptide 
has an inhibitory effect on the hydroperoxides in-
duced by 4NQO (an oral carcinogen) in liver tis-
sue (Fan et al., 2016). Other researchers believe 
that antioxidant peptides can also reduce hydrop-
eroxides to relatively inactive hydroxides through 
non-radical reactions. The reaction mechanism is 
to generate sulfenic acid and sulfoxide derivatives 
through double electron transfer from the sulfur of 
cysteine or methionine (Esfandi et al., 2019).

In summary, antioxidant peptides can inhibit 
oil oxidation by scavenging free radicals, chelat-
ing metal ions that promote oxidation and reducing 
hydroperoxides generation. In addition to these 

common mechanisms, it has been proposed that 
antioxidant peptides may interact with second-
ary oxidation products of oil, such as aldehydes. 
These reactions may interfere with oil oxidation 
and alter the rate and pathway of oil rancidity 
(Berton-Carabin et al., 2014). However, since the 
secondary oxidation products of oil are bound to 
the antioxidant peptides and not available for de-
termination (e.g., by GC headspace analysis), the 
mechanism remains to be further explored (Mc-
Clements and Decker, 2018).

4. APPLICATION OF ANTIOXIDANT PEP-
TODES IN THE OIL INDUSTRY

The antioxidant peptides from the enzymatic 
hydrolysis of proteins are effective substitutes for 
chemically synthesized antioxidants. Antioxidant 
peptides can theoretically be used as food addi-
tives to delay the oxidative rancidity of oil and 
maintain food quality without threatening human 
health. As antioxidant peptides are more acces-
sible to free radicals and have high efficiency, 
only a small amount of them (0.001-0.02%) can 
be added to food to exert a powerful antioxidant 
effect (Sila and Bougatef, 2016). Besides, the an-
tioxidant peptides incorporated into food can also 
provide nutrition in the form of amino acids when 
consumed, which is also one of the advantages of 
antioxidant peptides (Chai et al., 2017). Although 
antioxidant peptides have shown their potential as 
food antioxidants in small-scale experiments, only 
their real application in food or oil can support 
their large-scale industrial development as food 
additives. However, the practical application of 
antioxidant peptides is mainly concentrated in the 
fat of meat and oil at present and there are few 
studies on other food stuffs. 

Meat is prone to fat oxidation during storage 
and will lead to quality degradation, so special 
protection for substances is needed. Adding anti-
oxidant peptides is one of the most effective ways 
to prevent fat oxidation in meat and its products. 
Edible vegetable oil generally contains unsaturat-
ed fatty acids, so it is prone to oxidation, which  
leads to rancidity (Lorenzo et al., 2018). Com-
pared  to other natural antioxidants, antioxidant 
peptides not only show good solubility and a wide 
range of pH values in oily or oil-rich food, but also 
have nutritional and functional properties (Decher 
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et al., 2005; Harnedy and FitzGerald, 2012). Table 
3 lists some applications of antioxidant peptides 
used in meat and oil.

5. CONCLUSION AND FUTURE PROSPECTS 

With more and more research on antioxidant 
peptides, their preparation methods are gradual-
ly being diversified. Enzymatic hydrolysis is the 
most common preparation method to prepare an-
tioxidant peptides, but the selection of the optimal 
enzyme and the tedious enzymatic hydrolysis pro-
cess make the traditional method inefficient and 
aimless. Therefore, bioinformatics is combined 
with enzymatic hydrolysis. Bioinformatics tech-
nology improves the traditional research methods 
for antioxidant peptides to a certain extent. It can 
search the target protein information on demand 
and prepare antioxidant peptides purposefully 
through virtual hydrolysis. Bioinformatics can also 
use the database to evaluate and predict the antiox-
idant peptides’ function to screen out the peptides 
with the highest antioxidant activity. The purpose 

of improving the peptides’ properties and the possi-
bility of antioxidant peptides’ industrial production 
has been achieved. However, there are still many 
scientific and technical problems to be solved for 
the combined preparation of the two methods. At 
present, the information on the antioxidant peptide 
database is still incomplete, so the preparation of 
some antioxidant peptides cannot be fully realized. 
Secondly, no unified standards and methods have 
been established for the assessment of antioxidant 
peptides’ capacity, so the activity prediction system 
is not perfect.

Antioxidant peptides can prevent or delay oil 
oxidation mainly through scavenging free radicals. 
The non-polar aliphatic hydrocarbon side chains of 
hydrophobic amino acids can protect the hydrogen 
atoms of fatty acids in the oil and enhance the in-
teraction between antioxidant peptides and oil. Ar-
omatic amino acids can react with free radicals as 
hydrogen donors to shape into stable compounds. 
Sulfhydryl-containing amino acids can scavenge 
free radicals through the electron transfer pathway 

Table 3. Applications of antioxidant peptides in meat and oil

Raw material Enzyme Application 
product Influence on product Reference

Bovine 
hemoglobin or 
bovine cruor

Pepsin Ground beef The peptide reduced fat oxidation by about 60% 
with a concentration of 0.5% (w/w). (Przybylski et al., 2016)

Amur sturgeon 
skin gelatin Alcalase Japanese sea 

bass

The PAGT (Pro–Ala–Gly–Tyr) at 12.5 ppm 
showed the greatest effect in lowering fat 

oxidation.
(Nikoo et al., 2015)

Rice protein

Validase® 
FP/Alkaline 

protease/ 
Neutral protease

Ground beef
The fat oxidation rate was decreased by 19 and 

15% respectively after one or two weeks of 
storage

(Zhou et al., 2013)

Rahu fish Alcalase Broiler breast 
meat

Dietary interventions of peptides can increase the 
antioxidant and shelf stability of broiler breast 

meat.
(Aslam et al., 2020)

Amaranth protein Alcalase Sunflower oil 
and canola oil

The hydrolysate showed  inhibition of the 
decomposition of primary to secondary oxidation 

products
(Tironi and Anon, 2014)

Sheep visceral Alcalase Soybean oil The peroxide value of soybean oil increased 
slowly. (Meshginfar et al., 2017)

Bovine visceral Alcalase Soybean oil The peptide at 500 and 1000 mg/kg showed the 
best oxidation prevention activity in soybean oil. (Taghvaei et al., 2014)

Mushroom 
Ganoderma 
lucidum

\ Soybean oil The peroxide levels in soybean oil were 
significantly reduced. (Sun et al., 2004)

Bovine hair \ Peanut oil The POV value of peanut oil was significantly 
reduced (Zeng et al., 2013)
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to delay the oxidation of the oil. Antioxidant pep-
tides can also make metal ions lose their ability 
to catalyze oil oxidation by chelating with metal 
ions, changing their valence state and electrostatic 
interaction. Reducing the generation of hydroper-
oxides and inhibiting decomposition to form new 
free radicals which participate in the chain reaction 
are also ways to delay oil oxidation. However, the 
current research on the antioxidant mechanism of 
antioxidant peptides in oil is still focused on inhib-
iting free radical reactions, while other mechanisms 
have not been fully elucidated and require further 
research. Moreover, although there have been rele-
vant studies on the stability of antioxidant peptides 
themselves and their effect on oxidative stability in 
food, the stability of antioxidant peptides in oil or 
other food has rarely been studied at present (Jang 
et al., 2016; Garcia-Moreno et al., 2020). This is 
a factor which limits the further application of an-
tioxidant peptides. In addition, although there are 
methods to reduce the bitterness of proteolytic pep-
tides, there are few studies on whether the bitterness 
of antioxidant peptides will affect the texture of oil 
(Slizyte et al., 2014; Tong et al., 2020). Therefore, 
the application of antioxidant peptides in the food 
industry, especially in the oil industry, is limited. 

It is believed that these problems will be solved 
with the continuous update of modern technology 
and in-depth research. The database on antioxidant 
peptides and the standard evaluation system of their 

activities will be gradually be improved to facili-
tate the screening of target protein and sequenc-
es. Moreover, the mechanism of action and safety 
evaluation of antioxidant peptides in oil and in vivo 
will be further clarified to accelerate the utilization 
of antioxidant peptides. Based on the different an-
tioxidant mechanisms of antioxidant peptides in 
oil, it is hoped that some researchers can use bi-
oinformatics to design antioxidant peptides with 
high applicability (Figure 2), so that they can exert 
a stable antioxidant effect and open a broader scope 
for the development and application of antioxidant 
peptides.
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SUMMARY: Soybean oil is a commonly-used vegetable oil for the industrial manufacture of French salad dressing. The effect of rice 
bran, sesame, olive, and soybean oils on French salad dressing’s quality characteristics was investigated. After one month, the highest 
acidity, peroxide value (PV), and the lowest emulsion stability were observed in the control containing soybean oil (p < 0.05). Samples 
formulated with sesame (T4) and rice bran oils (T3) had the lowest PVs. Color measurement results indicated that a* of a sample contain-
ing olive oil (T2) was most influenced and declined on the 30th day (p < 0.05). In the rheological test, samples were solid viscoelastic. 
The elastic modulus and complex viscosity of T2 were slightly higher. The highest and the lowest overall sensory acceptance belonged 
to T3 and T2, respectively. Therefore, soybean oil could be replaced to obtain a more desirable product. Finally, T3 was selected as the 
superior sample.

KEYWORDS: French salad dressing; Olive oil; Rice bran oil; Sesame oil; Soybean oil

RESUMEN: ¿Se pueden usar aceites de salvado de arroz, sésamo y oliva como sustitutos del aceite de soja para mejorar la calidad 
del aderezo de ensaladas francesas? El aceite de soja es un aceite vegetal de uso común para la fabricación industrial de aderezo para 
ensaladas francesas. Se investigó el efecto de los aceites de salvado de arroz, sésamo, oliva y soja sobre las características de calidad del 
aderezo para ensaladas francesas. Después de un mes, la mayor acidez, el índice de peróxido (PV) y la menor estabilidad de la emulsión 
se observaron en el control que contenía aceite de soja (p < 0,05). Las muestras formuladas con aceites de sésamo (T4) y salvado de arroz 
(T3) tuvieron los PV más bajos. Los resultados de la medida del color indicaron que a* de una muestra que contenía aceite de oliva (T2) 
fue la más influenciada y disminuyó en el día 30 (p < 0,05). En la prueba reológica, las muestras fueron sólidas viscoelásticas. El módulo 
elástico y la viscosidad compleja de T2 fueron ligeramente superiores. La aceptación sensorial general más alta y más baja correspondió 
a T3 y T2, respectivamente. Por lo tanto, el aceite de soja podría reemplazarse para obtener un producto más deseable. Finalmente, se 
seleccionó a T3 como la muestra superior.

PALABRAS CLAVE: Aceite de oliva; Aceite de salvado de arroz; Aceite de sésamo; Aceite de soja; Aderezo para ensalada francesa
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1. INTRODUCTION

Salad is one of the most popular and frequent-
ly-consumed food products and have been more 
in demand in recent years as a healthy food. Salad 
dressings can be used to improve the flavor and in-
crease the acceptance of salads by consumers (de 
Melo et al., 2015; Ma and Boye, 2013; Manshadi 
et al., 2019). Salad dressings are oil-in-water emul-
sions containing different fats (Paraskevopoulou 
et al., 2007). French salad dressing formulation 
includes oil, vinegar, eggs, tomato paste, flavoring 
agents, and stabilizers (Yaghouti Moghaddam et 
al., 2013). Due to USFDA, the amount of vegetable 
oil in salad dressings should be at least 30%. As a 
dispersed phase of the emulsion, the oil plays a sig-
nificant role in shelf-life and the product’s rheolog-
ical, textural, and sensory properties (Ma and Boye, 
2013). According to Amin et al. (2014), different 
types of oils (sunflower, soybean, corn, sesame, 
and olive) have a significant effect on  the quality 
characteristics of mayonnaise. Vegetable oils ex-
tensively used in salad dressings include soybeans, 
canola, and sunflower oil (Amin et al., 2014).

Soybean oil is one of the most commonly uti-
lized oils in the industry to manufacture emulsi-
fied dressing due to its abundance and low cost 
(Neia et al., 2019). However, it contains large 
amounts of unsaturated fatty acids, including li-
nolenic acid, which reduces  its stability against 
oxidation (Shahidi, 2005). Despite the restrictions 
of using peroxide value as the main factor for oil’s 
shelf-life, it is usually used as an indicator of oil 
oxidation. An undesirable change may have oc-
curred in the flavor of soybean oil at the perox-
ide value of 5-10 meqO2/kg oil (Rasmussen et al., 
2008). Some oils, such as olive, sesame, and rice 
bran, are rich in oleic or linoleic fatty acids, and 
have less linolenic acid than soybean oil. 

Moreover, due to the presence of natural com-
pounds with  potent antioxidant properties, oils 
have high nutritional value (Shahidi, 2005). Olive 
oil from the fruit of the Olea europaea tree is one 
of the healthiest and most useful vegetable oils. It 
has large amounts of unsaturated fatty acids, and 
the major one is oleic acid (Karbasian et al., 2015). 
Olive oil, especially the extra virgin type, is rich in 
phenolic compounds with antioxidant activity (Di 
Mattia et al., 2015; Karbasian et al., 2015). Sesa-
me oil contains a high concentration of unsaturated 

fatty acids such as linoleic and oleic acid. However, 
its oxidation stability is high due to highly antiox-
idant compounds such as sesamol, sesamolin, and 
tocopherol (Pazhvand and Khavarpour, 2019). Rice 
bran oil is a byproduct of rice that has high nutri-
tional value. Most of its fatty acids are unsaturat-
ed, and its dominant acid is oleic acid with gamma 
oryzanol as an antioxidant compound (Garcia et al., 
2009; Phan et al., 2019). Due to previous studies, 
rice bran oil showed good potential for use as an al-
ternative to soybean oil in mayonnaise formulation 
(Garcia et al., 2009). In addition,  according to the 
results of  Pazhvand and Khavarpour (2019),  using 
20% sesame oil in mayonnaise formulation is suit-
able for improving its nutritional value (Pazhvand 
and Khavarpour, 2019). Most previous research on 
French salad dressings has focused on stabilizing 
(Yaghouti Moghaddam et al., 2013) and emulsi-
fying compounds (de Melo et al., 2015),  but the 
effect of different types of oils has not been com-
pared. This study aimed to compare the effects of 
olive, sesame, rice bran, and soybean oils on the 
quality characteristics of French salad dressings in 
order to select a more desirable product. 

2. MATERIALS AND METHODS

2.1. Preparation of French salad dressing 

The ingredients used in the formulation of 
samples include eggs (10%), vinegar (8%), oil 
(36%), salt (2%), tomato paste (6.2%), garlic 
powder (0.04%), pepper powder (0.08%), cit-
ric acid (0.1%), xanthan gum (0.15%) (GRIND-
STED, Danisco, Denmark), Guar gum (0.05%) 
(GRINDSTED, Danisco, Denmark), sodium ben-
zoate (0.06%), potassium sorbate (0.01%), and 
water (31.31%). The vegetable oils included ses-
ame oil (Pick, Iran), rice bran oil (Gaetano Giur-
lani, Italy), soybean oil (Olitaia, Italy), and olive 
oil (Villa Vinci, Italy) and were purchased from a 
local market in Tehran.

For sample preparation, tomato paste was mixed 
with spices in water, pasteurized at 90 °C for 30 min-
utes and then cooled. A part of pasteurized phase was 
mixed with powdered materials and eggs. Then, half 
of the oil was added gradually to form the emulsion. 
After that, the rest of the pasteurized phase, vine-
gar, and remaining oil were added and the mixture 
was well blended. Finally, French dressing samples 
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were poured into glass containers and stored at 4 °C 
(Yaghouti Moghaddam et al., 2013). Analyses were 
performed on the first, fifteenth, and 30th days, and 
a sensory test was performed on the first and 30th 
days of storage.

2.1.1. Edible oils’ chemical analyses

The iodine (IV), peroxide (PV), anisidine (AV) 
values, and free fatty acids (FFA) of the samples 
were determined according to the AOCS official 
method (Firestone, 2009). Fatty acids were convert-
ed to fatty acid methyl esters through the transester-
ification of oils with sodium methoxide according to 
the AOCS method (Ce 1–62). The fatty acid methyl 
esters in the samples were analyzed on a Gas Chro-
matograph (GC) equipped with a mass spectrometry 
(AOCS, 2009).

2.2. Physicochemical properties

The pH was measured by Lohand-PHS-550-Chi-
na. The  analyses of the acidity and peroxide val-
ues in the sauces were performed according to ISO 
660:2011 and ISO 3960:2010, respectively (ISO 
660, 2020; ISO 3960, 2010). In the emulsion stability 
test, 10 g of sample (F1) was transferred to a tube and 
heated in a water bath at 80 °C for 30 min. Then, the 
samples were centrifuged (PIT320-Universal, Iran) 
at 3000 rpm for 15 min, and the top layer of oil was 
removed. The precipitated layer was weighed (F2), 
and the emulsion stability was calculated as follows: 
F2
F1

x100 (de Melo et al., 2015; Nikzade et al., 2012). 
All the above measurements were performed in trip-
licate with the preparation of three treatments per 
sample. 

2.3. Color measurement

Colorimetry was accomplished using a Hunter-
Lab colorimeter (TES, Taiwan). The experiments 
were performed 5 times for each sample at different 
angles, and L*, a*, and b* parameters were meas-
ured (de Melo et al., 2015). 

2.4. Rheological properties 

A dynamic test was performed using a modular 
compact rheometer (MCR302, Anton Paar, Aus-
tria) at 25 ºC with a parallel-plate configuration 
(diameter: 25 mm) and a gap distance of 1 mm. 

For the amplitude sweep test, 1 rad/s frequency 
was considered constant to determine the linear 
viscoelastic region, and the strain value applied to 
the samples ranged from 0.01 to 100%. The fre-
quency sweep test was performed under the linear 
viscoelastic region, and the frequency range from 
0.01 to 100 rad/s was applied to the samples (Di 
Mattia et al., 2015). 

2.5. Sensory evaluation

Ten semi-trained panelists performed sensory 
tests on days 1 and 30 after production. The taste, 
odor, color, texture before use, oral texture, and 
overall acceptance were evaluated. Before this test, 
the microbial characteristics of samples were con-
firmed according to Iran National Organization of 
Standardization (INSO) No. 2965 (Microbiology 
of mayonnaise and salad sauce- Specifications and 
test methods) (INSO 2965, 2017). Then the samples 
with different three-digit codes were given random-
ly to the panelists. Panelists evaluated each sample 
in duplicate. A comparison of sensory indices was 
performed  with the 9-point hedonic scale from 1 
(strongly disliked) to 9 (strongly liked) (de Melo et 
al., 2015).

2.6. Statistical analysis 

Data were analyzed by SPSS 24 using one-way 
analysis of variance (ANOVA), and the differences 
among means were determined by Duncan’s multi-
ple range test at p < 0.05.

3. RESULTS AND DISCUSSION

3.1. Fatty acid composition and chemical character-
istics of selected oils

The results indicated that olive oil had the low-
est Iodine value (86.4 ± 0.11 g I2/100 g oil) and was 
more saturated in comparison with other oils be-
cause olive oil had the highest oleic acid (C18:1) and 
lowest linoleic (C18:2) and linolenic (C18:3) con-
tents compared to the other oils used in this study 
(Table 1). In contrast with olive oil, soybean oil had 
the highest unsaturation or iodine value (128.25 ± 
0.34 g I2/100 g oil) among the oils and the highest 
polyunsaturated fatty acids (linoleic and linolenic 
acids). For this reason, soybean oil is more suscep-
tible to oxidation. Primary and secondary oxidation 
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products (PV and AV) and FFA are given in Table 1. 
The primary products of hydrolytic rancidity (FFA) 
are not toxic. However, they accelerate oil oxidation, 
which  leads to a similar toxic effect of oxidized oils 
(Hosseini et al., 2020).

3.2. Physicochemical properties

The results of the chemical properties in French 
salad dressing samples are shown in Table 2. The re-
sults showed a negligible difference among the sam-
ples’ pH only on the first day of storage (p < 0.05). 
Acording to Pazhvand and Khavarpour (2019), the 
addition of different amounts of sesame oil to may-
onnaise caused  small changes in samples’ pH. Chet-
ana et al. (2019) also stated that the pH of egg-free 
mayonnaise containing sesame oil and rice bran oil 
was not affected by oil mixtures. According to the 
Commercial Item Description (CID) of The U.S. De-

partment of Agriculture (USDA) (A-A-20140E), the 
pH requirement  for salad dressing is not less than 3.1 
or more than 4.1 (USDA, 2017). In addition, based 
on the Iran National Organization of Standardization 
(INSO) No. 2454, the pH of salad dressing should be  
a maximum of 4.1 (INSO 2454, 2014). In this study, 
the pH of all of the French salad dressing samples 
was in line with the two mentioned standards, ex-
cept T2 (containing olive oil) on the 1st day, which 
was not significantly different from T4 (containing 
sesame oil) on the same day. The pH of French sal-
ad dressing samples containing olive, rice bran, and 
sesame oils significantly decreased during storage (p 
< 0.05). Besides, acidity increased after one month 
of storage, and T1 (containing soybean oil) had sig-
nificantly higher acidity on the 30th day (p < 0.05), 
and other samples were not significantly different (p 
> 0.05). Reducing pH and increasing the acidity may 

Table 1. Fatty acid composition and chemical characteristics of soybean, sesame, rice bran, and olive oilsa

Soybean Sesame Rice bran Olive oil

Palmitic acid (C16:0) 11.45±0.07 8.80±0.12 21.70±0.33 15.16±0.26

Stearic acid (C18:0) 4.90±0.33 5.05±0.04 1.20±0.02 2.30±0.02

Oleic acid (C18:1) 22.88±0.61 37.01±0.55 43.05±0.78 65.05±0.81

Linoleic acid (C18:2) 52.22±0.74 47.55±0.35 29.90±0.24 13.45±0.43

Linolenic acid (C18:3) 7.51±0.05 1.34±0.07 2.10±0.06 1.05±0.02

Others 1.04±0.02 0.25±0.01 2.05+0.07 2.99±0.05

Iodine Value (g I2/100 g oil) 128.25± 0.34 116.38± 0.05 101.34± 0.20 86.40±0.11

Peroxide value (meq/kg) 1.39± 0.01 1.02± 0.02 0.75± 0.07 1.20± 0.02

Anisidine value 3.20± 0.03 1.97± 0.02 2.49±0.05 3.20± 0.01

Free fatty acids (%) 0.41±0.00 0.42±0.02 0.70±0.14 0.30±0.00

a Each value in the table represents the mean value ± standard deviation of triplicate analyses.

Table 2. pH, acidity, and peroxide values of French salad dressing formulations during storage (n=3, mean ± SD)

pH Acidity (%) PV (meq/kg)

Sample Day 1 Day 15 Day 30 Day 1 Day 15 Day 30 Day 1 Day 15 Day 30

T1 4.08bAB±0.01 4.09aA±0.00 4.06aB±0.01 2.55bC±0.03 2.78aB±0.03 3.12aA±0.07 0.19aC±0.01 0.23aB±0.01 0.29aA±0.01

T2 4.11aA±0.00 4.09aAB±0.00 4.07aB±0.01 2.62abB±0.02 2.68bAB±0.02 2.77bA±0.04 0.16bB±0.01 0.22aA±0.01 0.25bA±0.00

T3 4.08bA±0.01 4.10aAB±0.01 4.07aB±0.01 2.45cC±0.02 2.73abB±0.03 2.87bA±0.05 0.16bC±0.00 0.18bB±0.00 0.21cA±0.01

T4 4.10abA±0.01 4.08aB±0.00 4.07aB±0.00 2.67aB±0.03 2.80aA±0.03 2.87bA±0.05 0.10cC±0.00 0.16bB±0.00 0.20cA±0.00

Each sample includes different oil: T1: soybean oil, T2: olive oil, T3: rice bran oil, T4: sesame oil. Mean values with the same supers-
cript lowercase and uppercase letters are not significant at p > 0.05 in each identical column and row, respectively (according to one way 
ANOVA and Duncan’s multiple range test).
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be due to oil oxidation and the formation of hydrop-
eroxides and the hydrolysis of triglycerides,  as well 
as the creation of free fatty acids (de Melo et al., 
2015). Another reason for the decreased pH may be 
related to increased microbial growth, especially lac-
tic acid bacteria (Pazhvand and Khavarpour, 2019). 
The results of the acidity of French salad dressing 
samples were in accordance with the minimum per-
centage of acidity of salad dressings in INSO No. 
2454, which is 0.6% (INSO 2454, 2014).  According 
to the results shown in Table 2, the highest peroxide 
value was obtained for the sample containing soy-
bean oil (T1), which was significantly different from 
other samples on the first and 30th days and for T3 
(containing rice bran oil) and T4 (containing sesame 
oil) on 15th day (p < 0.05). The peroxide value of the 
samples significantly increased during one month of 
storage, which is in line with the results of Abed-
inzadeh et al. (2016). After one month, the lowest 
peroxide value was observed in T4 and T3 samples, 
which showed no significant difference (p > 0.05). 
Oil oxidation occurs on the surface of oil droplets in 
oil-in-water emulsions. The reaction among hydrop-
eroxides on the surface of oil droplets as the primary 
products of oxidation and metals transferred from the 
aqueous phase is the main reason for oxidative insta-
bility. The mechanism is the breakdown of hydrop-
eroxides into free radicals, which react with unsatu-
rated fatty acids inside oil droplets or at the water-oil 
interface, which results in the production of free rad-
ical (Paraskevopoulou et al., 2007). Soybean oil is 

more susceptible to oxidation compared to the other 
three oils, as it contains about 7-8% linolenic acid 
(C18:3) (Kim et al., 2010). Sesame oil has phenolic 
compounds of lignans such as sesamine, sesamolin, 
and sesaminol, which have strong antioxidant activ-
ity (Pazhvand and Khavarpour, 2019). The oxidative 
stability of rice bran oil  may also be due to phenolic 
compounds such as gamma-oryzanol (Garcia et al., 
2009). Therefore, the presence of strong antioxidant 
compounds in sesame and rice bran oils can reduce 
oxidation. The presence of polyphenolic compounds 
in olive oil, which have antioxidant properties and 
high oleic acid content (monounsaturated), signifi-
cantly decreased the peroxide value of T2 on day 30 
compared to T1 (Di Mattia et al., 2015; Karbasian et 
al., 2015). 

The results of emulsion stability are presented 
in Figure 1. The sample containing soybean oil had 
the lowest stability on all days. After one month of 
storage, three samples containing olive, sesame, and 
rice bran oils were not significantly different (p > 
0.05). The existence of thickeners in the formula-
tion of food emulsions is an essential factor which 
could affect the emulsions’ stability. Adding xanthan 
gum can improve emulsion stability (Ma and Boye, 
2013). However, since the type and amount of thick-
ener in the samples were the same, the difference in 
emulsion stability is related to the type of oil used 
in the formulation, which is in line with the results 
of Chetana et al. (2019). The type of fatty acids 
in oils affects the stability of emulsions. Oils with 

Figure 1.  Emulsion stability of French dressing samples during storage. Each sample includes different oils: T1: soybean oil, T2: olive 
oil, T3: rice bran oil, T4: sesame oil. The same superscript letters are not significant at p > 0.05 on identical days (according to one-way 

ANOVA and Duncan’s multiple range test).

https://doi.org/10.3989/gya.0435211
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large amounts of unsaturated fatty acids cannot cre-
ate a strong structure (Kim et al., 2010). Therefore, 
French salad dressing with soybean oil, which con-
tains large amounts of unsaturated fatty acids such as 
linolenic acid, showed lower stability.

3.3. Color measurement

According to the results of the color analysis 
shown in Figure 2, L* (lightness/darkness) of T4 
(containing sesame oil) was significantly lower than 
T3 (containing rice bran oil) and T2 (containing ol-
ive oil) on the first day of storage (p < 0.05). The 
results of Chetana et al. (2019) showed that the may-
onnaise sample prepared with sesame oil had a low-
er L* than the sample formulated with rice bran oil. 
On day 30, the highest and lowest L* values were 
observed in T3 (containing rice bran oil) and T2, re-
spectively. Moslavac et al. (2012) stated that olive 
oil also caused the lowest L* value after one month 
in mayonnaise. The  a* value (redness) of T2 (con-
taining olive oil) was lower than some samples such 
as T1 (containing soybean oil), due to the specific 

color and slightly greenish olive oil. Moslavac et al. 
(2012) showed that adding olive oil to the formula-
tion of mayonnaise reduced its redness, consistent 
with the present study. The highest b* value was ob-
tained in T1. The samples containing rice bran and 
sesame oils (T3 and T4) had the lowest b* on day 
30.  The results of Chetana et al. (2019) showed a 
significant difference  in b*  in mayonnaise samples 
with different ratios of sesame and rice bran oils 
compared to mayonnaise containing sunflower oil.

3.4. Rheological tests

The maximum strain in the linear viscoelastic 
region for French salad dressing samples was 1%. 
The trend of changes in elastic modulus (G’) and 
viscose modulus (G”) compared to frequency is 
shown in Figure 3. In all samples, the elastic modu-
lus (G’) was higher than the viscose modulus (G”), 
indicating more elastic behavior than viscose, and 
all samples were solid viscoelastic. Furthermore, 
they are classified as weak gel due to the depend-
ence of elastic and viscose modulus on frequency 

Figure 2. Color values for French salad dressing during storage. Each sample includes different oils: T1: soybean oil, T2: olive oil, T3: 
rice bran oil, T4: sesame oil.  The same superscript letters are not significant at p > 0.05 on identical days (according to one- way ANOVA 

and Duncan’s multiple range test).
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Figure 3. Rheogram of Storage modulus (G ‘) and loss modulus 
(G′’) versus frequency in French salad dressing samples after (a) 1 

day (b) 15 days and (c) 30 days. Each sample includes different oils: 
T1: soybean oil, T2: olive oil, T3: rice bran oil, T4: sesame oil.

as in previous studies (Bortnowska et al., 2014; 
Mizani et al., 2015). Since the type and amount of 
xanthan gum as stabilizer was constant, the type of 
oil used in the formulation affected the rheologi-
cal factors. T2 (containing olive oil) had a slightly 
higher elastic modulus in all three days of storage. 
Tan (δ), which indicates the superiority of elastic or 
viscous properties (Bortnowska et al., 2014), was 
obtained under 1 and indicated solid viscoelastic 
behavior (Figure 4). The changes in complex vis-
cosity (*η) of samples compared to frequency are 
shown in Figure 5. The samples’ complex viscosity 
decreased by increasing frequency, indicating the 

Figure 4. Tan (δ) of French salad dressing samples after 
(a) 1 day (b) 15 days and (c) 30 days. Each sample includes 

different oils: T1: soybean oil, T2: olive oil, T3: rice bran oil, 
T4: sesame oil.

pseudoplastic behavior, which is due to weak gel 
structure and in accordance with other studies (Bort-
nowska et al., 2014; Mizani et al., 2015). The com-
plex viscosity was slightly higher in T2 (containing 
olive oil) and T4 (containing sesame oil) than in the 
other samples. On all days, the elastic modulus and 
complex viscosity of the T2 sample (with olive oil) 
were slightly higher than other samples. The com-
position of fatty acids in oils (oleic and linoleic) has 
an important effect on rheological behavior. The 
viscosity decreases in oils by increasing the ratio 
of linoleic to oleic acids. This phenomenon repre-
sents more double bonds in the chain. Since each 

https://doi.org/10.3989/gya.0435211
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3.5. Sensory evaluation

The results of the sensory evaluation of French 
dressing samples are shown in Figure 6. The samples 
containing rice bran (T3) and sesame (T4) oils had 
higher scores for taste and odor on the 1st and 30th 
days after production, and a lower score belonged to 
T2 (olive oil).  According to Di Mattia et al. (2015), 
the addition of extra virgin olive oil to mayonnaise was 
also associated with bitterness and astringency related 
to  phenolic compounds (Di Mattia et al., 2015). T2 
had the lowest color score on the first day and after one 
month of storage. There was no significant difference in 
texture before use (p > 0.05), and there was little differ-
ence in oral texture among the samples after consump-
tion (p < 0.05). Finally, T3 (rice bran oil) had higher 
overall acceptance, and the lowest acceptability was 
observed in T2 on  days 1 and 30. Chetana et al. (2019) 
also stated that eggless mayonnaise samples formulat-
ed  with rice bran oil had the highest overall acceptance 
compared to samples containing a mixture of rice bran 
and sesame oil and a sample containing sunflower oil. 
Amin et al. (2014) produced low-fat mayonnaise sam-
ples containing different oils. They stated that samples 
with soybean and sunflower oils were more sensorial 
acceptable compared to those containing corn, sesame, 
and olive oils. Samples containing olive and sesame 
oils had a lower color score.

4. CONCLUSIONS

This study’s results showed that the quality char-
acteristics of French salad dressing were influenced 
by the oil used in the product. Although soybean oil 
is one of the most widely used oils in the formula-
tion of many commercial dressings, it causes higher 
peroxide value, acidity, and lower emulsion stabili-
ty during storage. Since the sample containing rice 
bran oil had the highest sensory acceptability and 
other acceptable results, it was selected as the su-
perior sample. Therefore, it is possible to use oils 
with higher nutritional value such as rice bran oil in 
French salad dressing to improve the product’s qual-
ity. Future research could be conducted about the ef-
fect of oils with high nutritional value on increasing 
the antioxidant properties in salad dressings.

Compliance with ethical standards

The authors declare that there is no conflict of in-
terest.

Figure 5. Complex viscosity (*η) of French salad dressing 
samples after (a) 1 day (b) 15 days and (c) 30 days. Each sample 

includes different oils: T1: soybean oil, T2: olive oil, T3: rice bran 
oil, T4: sesame oil.

double bond with cis arrangement creates a sprain 
in the chain, the double band’s presence prevents 
the molecules from approaching each other (Kim 
et al., 2010). Therefore, olive oil, which contains 
large amounts of oleic acid and has a high oleic to 
linoleic ratio, had higher elastic behavior, complex 
viscosity, and higher structural strength. The quali-
tative characteristics of the different ratios of olive, 
sesame, and linseed oil mixture ratios were eval-
uated by Hashempour-Baltork et al. (2018). The 
results showed that increasing linseed oil reduced 
the viscosity due to highly unsaturated fatty acids.  
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Figure 6. Sensory characteristics of French salad dressing samples on the days 1 (a) and 30 (b) after production. Each sample includes 
different oils: T1: soybean oil, T2: olive oil, T3: rice bran oil, T4: sesame oil. The same superscript letters are not significant at p > 0.05 

for each sensory attribute on identical days (according to one- way ANOVA and Duncan’s multiple range test).
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SUMMARY: Saffron consists of bioactive compounds with health-promoting properties and is mainly used in medicine, flavoring and 
coloring. In this study, we aimed to investigate the effect of extraction methods on the antioxidant activity of saffron (Crocus sativus 
L.) extracts (SE) and to evaluate the antioxidant performance of SE in vegetable oils. Saffron stigmas were extracted in water, ethanol, 
methanol, and their combinations using maceration extraction (ME), ultrasonic-assisted extraction (UAE), microwave-assisted extrac-
tion (MAE), and the combination of UAE with MAE. The results showed that the sample extracted by methanol/water (50:50) using the 
combination of UAE with MAE methods had the highest amount of total phenolic content (31.56 mg/g GAE) and antioxidant activity 
(83.24% inhibition). The extract with the highest antioxidant activity was freeze-dried before incorporation into oil samples. Freeze-dried 
SE contained trans-crocin-4 and trans-crocin-3 (most abundant constituents), kaempferol, and picrocrocin. Moreover, the addition of SE 
at 1000 ppm resulted in a significant increase in the oxidative stability of canola (CAO), sunflower (SO), and corn oil (COO).

KEYWORDS: Antioxidant activity; Microwave-assisted extraction; Oxidative stability; Saffron; Ultrasound-assisted extraction. 

RESUMEN: Efecto de diferentes métodos de extracción sobre la actividad antioxidante del azafrán, contenido total de fenoles y 
crocina y efecto protector del extracto de azafrán sobre la estabilidad oxidativa de los aceites vegetales comunes. El azafrán contiene 
compuestos bioactivos con propiedades promotoras de la salud de uso destacado en medicina, saborizante y colorante. En este estudio, 
nuestro objetivo fue investigar el efecto de los métodos de extracción sobre la actividad antioxidante de los extractos (EA) de azafrán 
(Crocus sativus L.) y evaluar el rendimiento antioxidante de EA en aceites vegetales. Los estigmas de azafrán se extrajeron en agua, 
etanol, metanol y sus combinaciones, mediante extracción por maceración (EM), extracción asistida por ultrasonidos (EAU), extracción 
asistida por microondas (EAM) y la combinación de EAU con EAM. Los resultados mostraron que la muestra extraída con metanol/agua 
(50:50) usando la combinación de métodos EAU con EAM tuvo la mayor cantidad de fenoles totales (31.56 mg/g GAE) y actividad an-
tioxidante (83.24 % de inhibición). El extracto que incluía la mayor actividad antioxidante se liofilizó antes de incorporarlo a las muestras 
de aceite. El SE liofilizado contenía trans-crocina-4 y trans-crocina-3 (los constituyentes más abundantes), kaempferol y picrocrocina. 
Además, la adición de 1000 ppm de EA dio como resultado un aumento significativo en la estabilidad oxidativa del aceite de canola (C), 
girasol (G) y maíz (M).

PALABRAS CLAVE: Actividad antioxidante; Azafrán; Estabilidad oxidativa; Extracción asistida por microondas; Extracción asistida 
por ultrasonido 
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1. INTRODUCTION

The detection of natural antioxidants has recently 
become an attractive area of research for both food and 
pharmaceutical applications. Natural antioxidants can 
be proposed as substitutes for synthetic antioxidants 
which have restricted applications due to the harmful 
health problems like cancerogenic effects which proba-
bly occur due to their long-term consumption. Antioxi-
dants cover a broad range of compounds that can retard 
the degradation of lipids during oxidation and conse-
quently prevent diseases caused by free radicals and en-
hance the quality and nutritional values of food products 
(Ahmadian-Kouchaksaraie and Niazmand, 2017). 

Saffron (Crocus sativus L.) is a triploid sterile plant 
belonging to the Iridaceae family. This plant is main-
ly cultivated in Iran (90% of the total annual produc-
tion of saffron). The dried stigma of the flower of this 
plant (known as saffron) is considered to be the most 
expensive spice in the world. Moreover, the main 
by-product obtained during the harvesting of saffron 
is its petals. Bioactive components obtained from sev-
eral parts of saffron (stigmas, petals, and corns), have 
shown health-promoting properties like cancer pre-
vention, antitumor activities, neuroprotective effects 
against Alzheimer and Parkinson’s disorders, memory 
enhancement, decrease in anxiety and insomnia, and 
antidepressant effects (Lambrianidou et al., 2021). 

These health-promoting effects result from the 
valuable nutraceuticals present in saffron, including 
crocins, safranal, picrocrocin, crocetin, kaempferol, 
quercetin, α-carotene, β-carotene, and zeaxanthin. The 
three main bioactive compounds in saffron stigmas 
are crocins, picrocrocin, and safranal. Crocins (main-
ly crocin-4) are the water-soluble mono- and di-gly-
cosyl esters of crocetin (a dicarboxylic acid named, 
C20H24O4). They are derived from zeaxanthin and have 
the ability to provide the outstanding golden-red color. 
Picrocrocin (C16H26O7), the second main component of 
saffron, is a monoterpene glycoside which is responsi-
ble for the bitter taste of saffron resulting from the ther-
mal and enzymatic dissociation of zeaxanthin. Safranal 
(C10H14O), the volatile oil that contributes to saffron’s 
unique aroma is a product of the thermal or enzymatic 
degradation of picrocrocin (Ahmadian-Kouchaksaraie 
and Niazmand, 2017; Sarfarazi et al., 2019). 

The extraction methods influence extraction ef-
ficiency and the quality of the bioactive constituents 
obtained from saffron. Maceration extraction (ME), 
steam distillation and Soxhlet extraction have been 

traditionally used for the extraction of different bio-
active compounds from saffron. Furthermore, several 
modern procedures like microwave-assisted extrac-
tion (MAE), ultrasound-assisted extraction (UAE), 
ohmic-assisted extraction (OHAE), supercritical fluid 
extraction (SFE), subcritical water extraction (SWE) 
and pulsed electric field have been used to obtain 
various bioactive constituents from saffron (Ahmadi-
an-Kouchaksaraie and Niazmand, 2017; Hashemi 
Gahruie et al., 2020; Manouchehri et al., 2018; 
Pourzaki et al., 2013; Sarfarazi et al., 2019). 

Traditional extraction approaches suffer from sev-
eral disadvantages such as prolonged extraction time, 
use of large volumes of solvents that are not safe for 
the environment, high energy consumption, low se-
lectivity, and low extraction efficiency (Garavand et 
al., 2019; Heydari and Haghayegh, 2014). 

Conventional ME, includes several steps: firstly, 
samples are ground to increase the surface area exposed 
to solvent. Then, they are placed in closed vessels and 
the appropriate solvent is added. Finally, the solvent 
containing bioactive compounds is filtered. Time, tem-
perature, and added solvents are defined as important 
factors for ME (Deng et al., 2017; Ozkan et al., 2021) 

Ultrasonication extraction involves special kinds 
of sound waves with high-frequency (20 kHz and 100 
MHz), passing through a medium which causes the 
formation, developing, and collapsing of bubbles based 
on the cavitation phenomenon. The collapse of bubbles 
close to the plant cell wall leads to disruption of the cell. 
Then, the solvent washes out the cell contents including 
bioactive components. This method has some advan-
tages such as the possibility of extraction at ambient 
temperature, enhancing the mass transfer, being simple 
and rapid, high extraction rate, and high purity of the 
extract (Altemimi et al., 2016; Garavand et al., 2019).

In the Maceration extraction process, the transfer of 
mass and heat occurs in opposite directions; while in 
MAE, it happens in the same direction from inside plant 
material to the solvent medium. Consequently, during 
microwave extraction, solute transfer is accelerated as 
a result of the one-pot heat-mass transfer, and the ex-
traction rate of bioactive compounds increases. On the 
other hand, conventional extraction methods lead to 
the collection of high amounts of undesirable compo-
nents in the extracted solution which cause the quality 
and purity of the extract to decrease (Sarfarazi et al., 
2020). High quality and pure extracts are obtained by 
using novel methods like MAE and the consumption of 
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solvent and energy is also optimized. Numerous stud-
ies have confirmed the superiority of MAE over ME, 
UAE, and supercritical CO2 in the extraction of bioac-
tive compounds from saffron (Garavand et al., 2019).

Vegetable oils are sensitive to oxidation due to 
containing high levels of polyunsaturated fatty acids, 
and therefore the use of antioxidants is necessary to 
retard their oxidation (Oliveira et al., 2018). 

Several studies have been conducted to evaluate 
the antioxidant properties of food products supple-
mented with saffron extract (SE). For example, the 
incorporation of saffron into wheat flour pasta and 
fresh ovine cheese enhanced their antioxidant activ-
ity and their sensory properties (Aktypis et al., 2018; 
Armellini et al., 2018). There are no studies regarding 
the implementation of saffron in vegetable oils to en-
hance their oxidative stability. The present study was 
aimed to evaluate the effect of different extraction 
techniques and solvents on the extraction of bioactive 
compounds from saffron (ME, UAE, MAE, combina-
tions of UAE and MAE). Moreover, it was aimed to 
study the influence of SE on the oxidative stability of 
several common vegetable oils (CAO, SO and COO) 
containing highly unsaturated fatty acids (UFA). 

2. MATERIALS AND METHODS

2.1. Materials

Dried saffron stigmas were purchased from Jam-
shidi Marandi producer (Khorasan-e-Razavi, Iran). 
Refined, bleached and deodorized (RBD), canola oil 
(CAO), sunflower oil (SO) and corn oil (COO), with-
out added antioxidant, were supplied from Cargill Co., 
Istanbul, Turkey. Crocin-4 with 98% purity was pur-
chased from Biopurify Phytochemicals Ltd (Sichuan, 
China). Gallic acid, Folin–Ciocalteu’s phenol reagent, 
and 2,2’-azino-bis (3-ethylbenzothiazoline-6-sul-
phonic acid (ABTS)) reagent were purchased from 
Merck (Darmstadt, Germany). All solvents were ob-
tained from Merck and were of HPLC-grade. 

2.2. Preparation of saffron extract

2.2.1. Maceration extraction (ME), ultrasound-assist-
ed extraction (UAE) and microwave-assisted extrac-
tion (MAE)

Five grams of dried saffron stigmas were com-
pletely ground using a porcelain mortar and screened 
with a sieve with mesh size of 0.5 mm. Then, the 

dried powder from saffron stigmas (0.2 g) was ex-
tracted using 15 mL of solvents (water, ethanol, 
methanol, the mixture of ethanol: water, 50:50 v/v 
and methanol: water, 50:50 v/v) with different ex-
traction methods including ME, UAE, MAE and 
combinations of UAE and MAE. Then, the extracts 
were filtered using a stainless-steel Buchner funnel 
(Sartorius AG 3400 Gottingen, Germany). Finally, 
the extracts were completed to 25 mL with extrac-
tion solvent, and kept at -20 °C until further analysis.

ME was carried out using a shaker incubator 
(IKA® KS 4000 I control, Germany). Ground saf-
fron stigmas (0.2 g) were extracted with different 
previously described solvents for 24 h, at a speed of 
100 rpm at room temperature (25 ±1.0 ºC). 

UAE was performed using an ultrasonic probe 
with automatic control of time, cycles, and power 
(Bandelin Sonoplus HD 3100, 20 kHz frequency 
with an MS 73 probe). The same amount of saffron 
was extracted with the same extraction solvents for 
3 min using 4 cycles at a power between 50-60% of 
the maximum power (Jalili et al., 2018). 

For MAE, the prepared samples were located in 
a conventional microwave oven (Arçelik MD 565 
S, Turkey). Ground saffron stigmas (0.2 g) were 
extracted with extraction solvents (as mentioned 
above) using a microwave power level of 30% for 2 
min (Sarfarazi et al., 2020).

2.2.2. Combination of ultrasound-assisted extraction 
(UAE) with microwave-assisted extraction (MAE)

Ground saffron stigmas (0.2 g) were weighed and 
the extraction solvents were added. The extraction 
was performed using combined methods of UAE 
and MAE as described in the previous section. First-
ly, UAE was performed, followed by MAE.

2.3. Characterization of saffron extract

2.3.1. Total phenolic content (TPC)

The TPC of all extracted solutions was deter-
mined calorimetrically at 725 nm using the Fo-
lin–Ciocalteau reagent according to the method 
described by Mohamed et al. (2018) with slight 
modifications. Each solution of saffron extract (100 
µL) was taken in a separate test tube and completed 
to 3 mL with deionized water. After that, they were 
mixed completely by vortex with 0.5 mL Folin-Ci-
ocalteau for 3 min. Finally, 2 mL of 20% Na2CO3 
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solution were added and left for 1 h at room temper-
ature in the dark. Then, the absorbance of the sam-
ples was measured at 725 nm against a blank using 
UV-Vis spectrophotometer SP-3000 plus, OPTIMA 
INC. Japan. Gallic acid was used as a standard for 
establishing the calibration curve. A series of stand-
ard solutions with concentrations of 12.5 -75 μg/mL 
were prepared and their absorbance measured. TPC 
was calculated using the linear equation based on 
the calibration curve of gallic acid (y = 0.0161 x + 
0.092; R² = 0.98).

2.3.2. ABTS radical scavenging activity

The antioxidant property of the extract was ana-
lyzed according to the ABTS method (Bhatt et al., 
2012). A mixture (1:1, v/v) of ABTS (7.0 mM) and 
potassium persulfate (2.45 mM) was made and al-
lowed to stand for 16 h. A working solution was di-
luted with ethanol to the absorbance value of 0.7 at 
734 nm. An aliquot of 100 µL of each sample was 
mixed with the working solution (2.9 mL) and the 
decrease in absorbance was measured at 734 nm 
after standing for 6 min at room temperature in the 
dark. The percentage ABTS inhibition was calculat-
ed using the following formula (1):

ABTS inhibition (%) = ×100
AControl – ASample

AControl
  (1)

2.3.3. Determination of the main characteristics of 
saffron using the UV–Vis spectrophotometric method

Saffron samples were analyzed according to the 
ISO 3632 trade standard (ISO/TS 3632, 2003). This 
method allows the determination of the main char-
acteristics of saffron related to picrocrocin, safranal, 
and crocin contents. The higher amount of these 
components means a higher quality of saffron. As 
explained before, a total of 0.2 g of saffron sample 
were extracted using different methods and solvents, 
filtrated and finally, total volume was completed to 
25 mL. Then, 0.3 mL of each extract were transferred 
to 50-mL volumetric flask and completed to 50 mL 
with each solvent. The final concentration of powder 
saffron in the measured samples was 0.005% (w/v). 
The absorbance was measured for SE on a UV-Vis 
spectrophotometer (SP-3000 plus) at 257, 330, and 
440 nm, where picrocrocin, safranal, and crocin had 
the maximum absorbance values, respectively. The 

results were obtained by direct reading of the ab-
sorbance, D, at three wavelengths, as follows:	

E 2571%
1 cm  nm: absorbance at about 257 nm (max-

imum absorbance of picrocrocin); E 3301%
1 cm  nm: ab-

sorbance at about 330 nm (maximum absorbance of 
safranal); E 4401%

1 cm  nm: absorbance at about 440 nm 
(maximum absorbance of crocins), where:

E 1%
1 cm = (D * 10000) / [m * (100 – H)]  (2)

Where D is the specific absorbance; m is the mass 
of the saffron sample in grams; H is the moisture and 
volatile content of the sample, expressed as a mass 
fraction. For our sample, the H value was about 5%. 

2.4. Preparation of freeze-dried saffron extract

After the characterization of the extracts obtained 
by different solvents and extraction methods, the ex-
tract which had the highest levels of bioactive com-
ponents was selected for the second part of the study. 
This extract was freeze-dried to be inserted into the 
oils for the evaluation of their oxidative stability. 

This extract was obtained using methanol/water 
(50:50) and combinations of UAE and MAE. Then, 
the obtained extract was concentrated by a rotary 
evaporator, filtered and kept at -20 °C for 24 h. Fi-
nally, the extract was freeze-dried using a LyoAlfa 
6-50 freeze-dryer (Telstar, Terrassa, Spain) for 16 h. 

2.5. HPLC and LC-MS analysis of the freeze-dried 
saffron extract

The Shimadzo HPLC system (Kyoto, Japan) with 
two pumps (LC-20AD) was applied for the detec-
tion of SE bioactive components. This system was 
equipped with a photodiode array detector (UV-Vis 
PDA, SPD-M20A). The freeze-dried SE in the con-
centration of 100 µg/mL was re-dissolved in 50:50 
methanol/water, then filtered through a 0.2 µm (Milli-
pore) filter and injected into the system at a volume of 
20 µL at 30 °C. The column was Alltima (C18 zorbax, 
250 mm × 5 m; 4.6 mm id). The mobile phase consist-
ed of solvent A (Water containing 0.1% formic acid) 
and solvent B (Acetonitrile containing 0.1% formic 
acid). A gradient program was performed to analyse 
the SE components: 20% B for 5 min, then increased 
linearly until 80% B in 30 min, then adjusted to 98 
% B and kept for 5 min and then decreased to 20 % 
B and kept for 15 min at a constant flow rate of 0.8 
mL·min-1. The detection wavelengths were set at 440 
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nm and 250 nm, i.e., the maximum absorbance for 
crocins and picrocrocin, respectively. 

Standard solutions of crocin-4 were prepared in 
50% methanol/water (v/v) at concentrations of 1-20 
µg/mL. (Y=156331X, R2 = 0.999). Picrocrocin was 
identified by LC-MS, while its quantification was 
performed using the regression equation from the 
literature, Y = 1952830X - 3808.1 (Cossignani et al., 
2014). The identification of other crocin compounds 
was carried out by the LC-MS method and the quan-
tity of each crocin was expressed as mg crocin-4 
equivalent per gram of extract.

The identification of each compound was per-
formed with the LC system including solvent deliv-
ery pump and PDA detector. It was coupled to a LTQ 
Orbitrap hybrid mass spectrometer (Thermo Fisher 
Scientific, San Jose, USA). The HPLC conditions 
were the same as the conditions described above for 
HPLC-UV. The peaks were detected at wavelengths 
of 279.5-280.5 nm. Mass spectra were obtained in 
positive (ESI+) and negative ion modes (ESI−) in 
scan ranges of 120-2000 m/z (Larbat et al., 2014).

2.6. Characterization of oils

2.6.1. Physiochemical characteristics 

Peroxide value (PV) and acid value (AV) for the 
oil samples were determined according to the AOCS 
methods (Cd–8–53 and AOCS Cd–3a–63) (AOCS, 
1988). The PV and AV values of the oil samples un-
der investigation were at acceptable levels (Table 4). 

2.6.2. Fatty acid profile of oils

The fatty acid composition of the oils was deter-
mined by the conversion of oil to fatty acid methyl 
esters (FAMEs) according to the modified method of 
Zahran and Tawfeuk (2019). FAMEs were analyz-
ed on an Agilent 7890B Series gas chromatography 
(GC-FID) using a polar capillary column SP®-2560 
(100m, 0.25mm id, 0.2μm film thickness). Helium 
was used as carrier gas at a flow rate of 20 cm·sec-1, 
and split ratio of 100:1. The column temperature was 
held at 100 °C for 5 min, increased to 240 °C at 4 
°C·min-1; held at 240 °C for 30 min. A sample vol-
ume of 1.0 µL was injected into the GC-FID system. 
FAMEs were identified by comparing their relative 
and absolute retention times to the authentic stand-
ards of FAMEs (from C4:0 to C24:0).

2.6.3. Oxidative stability index (OSI)

Before measuring the OSI of the oil samples, the 
saffron extract was blended homogenously with the 
oil samples. At first the freeze-dried saffron extract 
was dissolved in an appropriate volume of 1,2-pro-
panediol (20% w/w). Then, the solution was placed 
in the test tubes containing oil samples (10 mL) and 
subjected to the sonication (4 cycles, power of 50-
60% maximum power) for 2 min using an ultrasonic 
probe.

The SE at concentrations of 1000 and 1500 
ppm (w/w) were examined for the stabilization of 
oil samples. Since no significant differences were 
observed in the OSI values of the oil samples en-
riched with both concentrations of SE, 1000 ppm 
level was selected to be inserted into the oil sam-
ples. The OSI of control oils and oils treated with 
SE and BHT (200 ppm) was measured using the 
Metrohm Rancimat model 743 (Herisau, Switzer-
land) according to (AOCS, 1998). All measure-
ments were performed at 100 °C with an air flow 
rate of 20 L·h-1. 

2.7. Statistical analysis

All experiments were conducted in triplicate. 
The values of the means were statistically analyzed 
by IBM SPSS statistics software package (version 
17.0). The results were analyzed by one-way ANO-
VA and followed by the TUKEY test. The cluster 
analysis was used to classify objects into relative 
groups according to Minitab® 16 Statistical Soft-
ware, 2010. Data were presented as mean ± standard 
deviation (SD). 

3. RESULTS AND DISCUSSION 

Extraction techniques can be used alone or in 
combination with other methods for the separation 
and purification of different bioactive ingredients 
from various parts of saffron. The quality of the ex-
tracted bioactive ingredients is important for further 
applications in the formulation of nutraceutical and 
functional food products (Ozkan et al., 2021). In this 
study, the effects of extraction methods such as ME, 
UAE, MAE, and both UAE and MAE on the recov-
ery of the bioactive compounds from saffron were 
evaluated. Moreover, the influence of SE on the oxi-
dative stability of common vegetable oils (CAO, SO 
and COO) was assessed.
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3.1. Effect of different extraction methods on TPC 
and antioxidant activity

As can be seen from Table 1, the type of sol-
vent and extraction method had significant effects 
on TPC (p < 0.05). In the case of ME, among the 
pure solvents, extraction with methanol showed the 
highest recovery of phenolic compounds (29.54 mg 
GAE /g in saffron dry basis) followed by ethanol 
and water (18.83 and 13.08 mg GAE/g, respective-
ly). Similar findings were reported by other authors, 
who studied the extraction of phenolic compounds 
from rice bran and mango waste. They explained 
that methanol was more efficient than ethanol to 
extract polyphenols (Dorta et al., 2012; Zhou and 
Yu, 2004).

The TPC of the ethanol/water (50:50, v/v) extract 
was higher than that obtained with absolute ethanol. 
According to the previous studies, the blending of 
organic solvents with water increases the polarity of 
the extraction medium and may allow easier extrac-
tion of the components which are soluble in water or 
in organic solvents (Socaci et al., 2018) . 

In the case of UAE with pure solvents, the TPC of 
the extracts was in the range of 4.43 to 28.03 mg GAE 
/g in the following decreasing order: water > methanol 
> ethanol. Using solvent and water mixtures (50:50, 
v/v) for extraction led to a significant increase in TPC. 
The most prominent increase was observed for ethanol; 
the TPC of 4.43 mg GAE /g obtained with pure eth-
anol increased to 29.27 mg GAE/g when 50:50 (v/v) 

Table 1. Total phenolic content and ABTS radical scavenging activities of saffron extract obtained with different solvents and protocols

Treatments Sample 
code

Total phenolic content (TPC) 
(mg GAE/g of DW*)

Antioxidant activity using ABTS+ 
(% inhibition)

Maceration for 24 h

Water 1 13.08 ± 0.82j 63.28 ± 3.31f

Ethanol 2 18.83 ± 0.16h 57.37 ± 1.51i

Methanol 3 29.54 ± 0.38bc 75.50 ± 3.31bc

Ethanol/Water (50:50) 4 24.15 ± 0.22fg 68.32 ± 0.40ef

Methanol/Water (50:50) 5 29.46 ± 0.71bc 78.76 ± 1.91ab

Ultrasonication for 3 min

Water 6 28.03 ± 0.88cd 72.16 ± 0.20cde

Ethanol 7 4.43 ± 0.44l 47.03 ± 1.71hi

Methanol 8 27.25 ± 0.44de 71.66 ± 0.10cde

Ethanol/Water (50:50) 9 29.27 ± 0.33bc 72.16 ± 0.20cde

Methanol/Water (50:50) 10 30.86 ± 0.49ab 79.83 ± 0.60ab

Microwave at 30% / 2 min

Water 11 11.22 ± 0.82j 75.64 ± 0.30bc

Ethanol 12 16.65 ± 0.05i 50.71 ± 1.41g

Methanol 13 27.29 ± 0.49de 68.75 ± 1.81def

Ethanol/Water (50:50) 14 25.62 ± 0.22ef 74.50 ± 1.10bcd

Methanol/water (50:50) 15 30.05 ± 0.44ab 79.62 ± 0.30ab

Ultra sonication for 3 min + Microwave at 
30% / 2 min

Water 16 22.98 ± 0.33g 80.54 ± 1.00ab

Ethanol 17 8.66 ± 0.05k 56.46 ± 1.51gh

Methanol 18 25.93 ± 0.11ef 74.57 ± 1.41bcd

Ethanol/Water (50:50) 19 24.18 ± 0.16fg 69.96 ± 1.51cde

Methanol/water (50:50) 20 31.56 ± 0.38a 83.24 ± 0.60a

Values are means ± standard deviation (n = 3); Different superscript letters in the same column represent significant difference (p < 0.05, 
one-way ANOVA with Tukey test) *DW, dry weight of saffron stigmas.
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ethanol/water mixture was used. The solvent properties 
can affect the extraction of bioactive components from 
plant cells. Since ethanol has higher viscosity com-
pared to other solvents, the mass transfer rate of these 
compounds reduces and moreover, the very short ex-
traction time of the UAE method (3 min) can also result 
in less extraction of phenolic compounds with ethanol. 
Extraction with a mixture of water and ethanol enhanc-
es mass transfer and therefore accelerates the extraction 
of TPC due to its lower viscosity (Esmaeilzadeh Kenari 
et al., 2014).

Kyriakoudi et al. (2012) used aqueous methanol 
to recover crocins and picrocrocin from dried saffron 
stigma. They concluded that the recovery of apocarot-
enoids was enhanced by using ultrasonic extraction. 

For MAE, a similar tendency as for ME was ob-
served. The TPC increased significantly (p < 0.05) 
when the combination of UAE and MAE was used, 
which ranged from 8.66 to 31.56 mg GAE /g for ethanol 
and methanol/water, respectively. Moreover, the combi-
nation of UAE and MAE was more efficient especially 
in the case of using methanol/water as the solvent. 

The results of the Pearson correlation analysis 
shown in Figure 1 reveals that antioxidant activity is as-

sociated with TPC. The highest TPC (31.56 mg GAE/g) 
and the corresponding highest antioxidant activity 
(83.24% inhibition) were obtained by using methanol/
water mixture and combined UAE and MAE tech-
niques for extraction. Karimi et al. (2010) explained 
that saffron’s bioactive components, such as phenolics, 
safranal, crocin, crocetin, and carotenoids contribute to 
its antioxidant activity. Muzaffar et al. (2016) evalu-
ated the percent inhibition for two methanolic saffron 
extracts belonging to different ecogeographical zones 
(Jammu and Kashmir, India) using the ABTS radical 
scavenging activity method, and reported that percent 
inhibition of methanolic extracts of the stigma samples 
increased in the range of 41.34 to 92.20 % by increas-
ing the concentrations of extract in aqueous methanol 
from 100 to 300 µg/mL. The percent inhibition for the 
methanolic extract in our study obtained by ME was 
75.50, which was in the reported ranges.

3.2. Effect of extraction methods on crocin, safranal 
and picrocrocin contents

The saffron samples, extracted with different tech-
niques and solvents, were analyzed by spectrophoto-
metric analysis in order to evaluate the absorbance val-
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Figure 1. The correlation between antioxidant activity and total phenolic content in saffron extracts (Pearson correlation of TPC and 
antioxidant activity (%) = 0.678, p-value = 0.001
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ues due to the presence of their secondary metabolites, 
crocins, picrocrocin, and safranal according to the ISO 
3632 trade standard (ISO/TS 3632-1/2, 2003). In gen-
eral, the content of these components is related to the 
quality of the saffron. In fact, the contents of these com-
ponents differ greatly from country to country, based 
on several factors such as climatic conditions, drying 
process, harvesting and storage (Carmona et al., 2006) 
as well as extraction conditions. In particular, the tech-
niques and solvents used in extraction directly affect 
the crocins, picrocrocin, and safranal contents. Table 2 
shows the contents of the twenty analyzed samples un-
der different conditions.

The absorbance values for the crocin component 
of the extracts were higher than picrocrocin and 
safranal. They ranged from 331.2 for water extract 

(ME) to 1226.3 for methanol/water extract using 
UAE in combination with MAE. The absorbance 
values for the picrocrocin component at 257 nm 
ranged from 227.4 for ethanolic extract by ME to 
536.0 for methanol/water extract using combina-
tions of UAE and MAE (Table 2). However, the ab-
sorbance values for safranal at 330 nm ranged from 
39.8 for the ethanolic extract using UAE to 226.3 for 
the methanol/water extract using UAE together with 
MAE techniques. 

Ethanol-water solvent mixtures were found to 
be the best media for the extraction of crocin and 
polyphenols from saffron with traditional extraction 
methods (Garavand et al., 2019) 

From the obtained data, it could be concluded 
that the MAE method, as well as UAE affected cro-

Table 2. Crocin, safranal and picocrocin contents in saffron extracts 

Treatment Sample
Code

Crocin content
E 4401%

1 cm

Safranal content
E 3301%

1 cm

Picrocrocin content
E 2571%

1 cm

Maceration for 24 h

Water 1 331.2 ± 3.0i 127.4 ± 9.9def 273.1 ± 12.2fg

Ethanol 2 513.4 ± 41.8h 89.8 ± 2.3fg 227.4 ± 11.4g

Methanol 3 1084.9 ± 9.1bcd 148.4 ± 4.6de 366.1 ± 9.9de

Ethanol/Water (50:50) 4 994.1 ± 12.9def 152.2 ± 3.8de 354.8 ± 4.6de

Methanol/water (50:50) 5 1019.4 ± 21.3cdef 224.2 ± 6.8a 467.7 ± 10.6bc

Ultra sonication for 3 min

Water 6 924.7 ± 53.2f 199.5 ± 6.8abc 415.6 ± 23.6cd

Ethanol 7 331.2 ± 9.1i 39.8 ± 3.0h 346.8 ± 29.7e

Methanol 8 1191.4 ± 39.5ab 147.3 ± 15.2de 381.2 ± 23.6de

Ethanol/Water (50:50) 9 1178.0 ± 34.2ab 162.9 ± 11.4bcde 459.1 ± 15.2c

Methanol/water (50:50) 10 995.7 ± 10.6def 168.8 ± 15.2bcd 372.0 ± 18.2de

Microwave at 30% / 2 min

Water 11 1031.2 ± 45.6cdef 204.3 ± 19.8ab 463.4 ± 33.5bc

Ethanol 12 674.7 ± 9.9g 72.0 ± 3.0gh 249.5 ± 3.0g

Methanol 13 1055.4 ± 2.3cde 125.8 ± 6.1ef 326.9 ± 3.0ef

Ethanol/Water (50:50) 14 1054.3 ± 2.3cde 150.5 ± 7.6de 525.8 ± 15.2ab

Methanol/water (50:50) 15 1050.5 ± 1.5cde 159.1 ± 7.6cde 369.4 ± 8.4de

Ultra sonication for 3 min + Microwave at 30% / 2 min

Water 16 1124.2 ± 14.4abc 194.6 ± 15.2abc 470.4 ± 16.0bc

Ethanol 17 636.6 ± 4.6g 59.7 ± 9.9gh 361.8 ± 34.2e

Methanol 18 1137.6 ± 85.2abc 140.3 ± 17.5de 334.4 ± 9.1ef

Ethanol/Water (50:50) 19 959.1 ± 13.7ef 141.9 ± 12.2de 526.3 ± 3.8ab

Methanol/water (50:50) 20 1226.3 ± 9.9a 226.3 ± 5.3a 536.0 ± 3.8a

Values are means ± standard deviation (n = 3); Different superscript letters in the same column represent significant difference (p < 0.05, 
one-way ANOVA with Tukey test).
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cins, picrocrocin, and safranal contents. In addition, 
the extraction solvent was the most important factor 
in the efficiency of the extraction process. Sarfara-
zi et al. (2015) studied the effect of temperature, 
extraction time and ethanol concentration during 
maceration on the contents of crocins, picrocrocin, 
and safranal of SE. Based on the response surface 
methodology analysis, they concluded that ethanol 
concentration and temperature had more influence 
on the responses than extraction time.

 A cluster analysis was carried out to classify 
the results of the three extraction methods and five 
extraction model systems into relative groups. The 
Dendrogram classified various crocins, picrocrocin, 
and safranal contents in this study into four main 
groups as shown in Figure 2. The cluster analysis 
verified the results of the model systems in which 
ethanol extraction showed low levels for crocins, 
picrocrocin, and safranal contents (First group of 
samples with codes of 2,7,12 and 17). the metha-
nol (3,10 and 15) and methanol/water (8,13 and 18) 
showed high similarity in component contents, while 
the other extracts contained moderate amounts of 
crocins, picrocrocin, and safranal contents.

3.3. Identification of saffron extract compounds by 
HPLC and LC-MS analysis

Table 3 displays the quantity of main bioactive 
molecules of freeze-dried SE detected by LC-MS. 
The LC-MS analysis results were carefully dis-
cussed according to (Lech et al., 2009; Cossignani et 
al., 2014; Carmona et al., 2006; Kabiri et al., 2017) 
and detailed information about retention times, frag-
mentation patterns and molecular weight of the mol-

Figure 2. Dendrogram of crocin, safranal and picrocrocin content extracted by different solvents and techniques

Table 3. Results of LC-MS analysis of freeze-dried saffron extract

Compound Quantity
(mg/g of Extract)

Picrocrocin 3.28±0.00

Campherol diglucoside nda

Trans-crocine-4 (2 gen) 168.17±0.28

Trans-crocin-3(gen, glu) 60.55±1.99

Cis-crocin-4 10.47±0.06

Cis -crocin-3 29.49±0.47

Cis-crocin-2’ (2 glu) nd
a nd: not determined, value = means ± standard deviation (n = 3)
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ecules can be found in our previous work (Najafi et 
al., 2021).

The total crocin content in our freeze-dried saf-
fron extract was 268.7 mg of crocin-4 eq/g of extract 
which was similar to the findings of Lahmass et al. 
(2017) in which they obtained a total crocin amount 
of 298 mg of crocin-4 eq/g DM of extract. 

3.4. Fatty acid composition

Vegetable oils are rich in unsaturated fatty acids, 
particularly monounsaturated fatty acids (MUFA) 
and polyunsaturated fatty acids (PUFA). The fatty 
acid composition of COO, CAO and SO, expressed 
as saturated and unsaturated (mono and polyunsatu-
rated) fatty acids are summarized in Table 4. The 
content of saturated fatty acids (SFA) amounted to 
14.23 and 11.55% in COO and SO, respectively, 

Table 4. Chemical characteristics of corn (COO), canola (CAO) 
and sunflower (SO) oil samples

Parameter
Oil samples

Corn oil Canola 
oil

Sunflower 
oil

Acid value (mg/g) 0.12 ±0.01 0.23 ±0.02 0.17 ±0.01

Peroxide value (meqO2/
kg) 0.82 ±0.03 0.85 ±0.03 0.78 ±0.07

Fatty acids Area %

Myristic acid (C14:0) 0.04 0.05 0.09

Palmitic acid (C16:0) 11.46 5.1 7.9

Palmitoleic acid (C16:1) 0.53 0.21 0.14

Margaric acid (C17:0) nd* nd 0.04

Heptadecanoic acid (C17:1) nd nd 0.03

Stearic acid (C18:0) 2.14 1.7 2.7

Oleic acid (C18:1) 33.4 60.2 35.33

Linoleic acid (C18:2) 50.5 23.7 52.3

Linolenic acid (C18:3) 0.93 6.6 0.16

Arachidic acid (C20:0) 0.44 0.52 0.26

Arachidonic acid (C20:1) 0.41 1.2 0.27

Behenic acid (C22:0) 0.15 0.6 0.6

Erucic acid (C22:1) nd 0.13 nd

Lignoceric acid (C24:0) nd nd 0.21

∑ SFA 14.23 7.97 11.55

∑ UFA 85.77 91.91 88.2

∑ MUFA 34.34 61.60 35.74

∑ PUFA 51.43 30.3 52.46

*nd= not detected; value = mean ± SD (n=3)

which were both higher than CAO (7.97%). How-
ever, the unsaturated fatty acid (UFA) contents were 
85.77, 88.2 and 91.91% for COO, SO and CAO, re-
spectively. It can also be noted that the content of 
MUFA in canola oil (61.6%) was significantly high-
er than SO and COO (35.74 and 34.34%, respec-
tively). On the contrary, the PUFA content in CAO 
was lower (30.3%) in comparison with COO and SO 
(51.43 and 52.46%, respectively). These values are 
in agreement with the data obtained by Kozłowska 
and Gruczyńska, (2018) for SO and by Carrillo et al. 
(2017) for COO. 

3.5. Oxidative stability index (OSI)

The induction time for the control CAO was 
17.38 h, and it increased significantly (p < 0.05) 
to 20.82 h in the case of samples treated with BHT 
(200 ppm), and samples treated with SE at 1000 ppm 
(19.41 h) (Figure 3).

There were no significant differences (p < 0.05) 
between the induction times of SO treated with BHT 
and SE (12.50 and 12.12 h, respectively). The differ-
ence was clear with the control (9.61 h). On the other 
hand, the results for COO showed a protective effect 
against oxidation for the samples containing BHT 
(21.43 h) and SE at 1000 ppm (17.55 h) compared 
to the control (15.28 h). The protection factor (PF) 
was calculated (Bandonien et al., 2000) and SE was 
found to be more effective in the protection of SO 
(PF=1.26) against oxidation than CAO (PF=1.12).

Some studies investigated the antioxidant activi-
ty of SE against synthetic antioxidants by the DPPH 
and ABTS methods (Baba et al., 2015; Jadouali et 
al., 2019), but no published data were found regard-
ing the use of SE to protect vegetable oils.

Merrill et al. (2008) assessed the oxidative sta-
bility of some vegetable oils with the OSI test, and 
they used high oleic canola oil (HOCAO), corn oil 
and sunflower oil purchased from Cargill. They eval-
uated the effect of several natural antioxidants and 
TBHQ (200 ppm) on the oxidative stability of some 
stable high-oleic vegetable oils. The Rancimat test 
was performed at 110 °C, and the OSI values were 
increased for HOCAO from 12.9 h (control) to 16 h 
and 36 h in oil fortified with rosemary extract and 
TBHQ (200 ppm), respectively (Merrill et al., 2008). 
The difference between the OSI value for the control 
in our study (17.38 h) and previous study (8.4 h) can 
be attributed to the lower analysis temperature in the 
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Rancimat test (100 °C) and also the difference in 
fatty acid profile of the oils tested. The α- linolenic 
content of CAO was 10% in the mentioned previous 
study; while the sample we used had less α-linolenic 
acid (6.6%).

For corn oil without antioxidant, the OSI value 
was reported as 9.8 h by Merrill et al. (2008). The 
difference with our result (15.28 h) might be due to 
the different temperature setting during OSI analysis 
since the fatty acid profiles were similar. 

4. CONCLUSIONS

According to the results, among the different ex-
traction methods used in this study, UAE combined 
with the MAE method revealed the highest TPC as 
well as antioxidant activity. The type of extraction 
solvent was found to be important to enhance the effi-
ciency of extraction of bioactive compounds from saf-
fron stigmas. The LC-MS analysis showed trans-cro-
cin-4 and trans-crocin-3 as the main constituents of 
freeze-dried SE and this extract contained high a level 
of total crocin content (268 mg/g). Therefore, it ex-
hibited significant potential in the inhibition of CAO, 

SO and COO oxidation in comparison with BHT as a 
synthetic antioxidant. Based on the oxidative stabili-
ty analysis, SE (1000 ppm) had the same effect (p < 
0.05) as BHT (200 ppm), in preventing the oxidation 
of sunflower oil used in the study. In the future, further 
studies could be conducted with different concentra-
tions of SE on the stability of vegetable oils during 
accelerated storage and frying.
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SUMMARY: Cold pressed oil was produced from milk thistle seeds, and its composition and sensorial properties were determined. The 
seeds were found to contain 14.98% oil, 17.31% protein and 4.14% ash. The peroxide value of the oil (11.39 meqO2/kg oil) was within ac-
ceptable limits according to codex, but the free fatty acidity value (3.45%) exceeded the limit. The oil melted at -20.18 °C and crystallized 
at -3.71 °C. Linoleic acid (51.97%), β-sitosterol (67.56 mg/100 g oil) and γ-tocopherol (53.60 mg/kg oil) were determined as the main 
components, respectively. Six sensory descriptive terms (sweet, spicy, raw vegetable, straw, roasted and throat-catching) were described 
for the oil. Consumer tests proved that cold-pressed milk thistle seed oil had intermediate acceptance scores and consumer satisfaction 
was moderate. In conclusion, it is thought that milk thistle seeds could be used for the production of edible gourmet oil. Further studies 
regarding the composition of the bio-active molecules  in the oil are anticipated.

KEYWORDS: Cold press; Milk thistle seed; Oil; Quality; Sensory. 

RESUMEN: Aceite de semilla de cardo mariano prensado en frío: propiedades físico-químicas, composición y análisis sensorial. Se 
obtuvo aceite prensado en frío a partir de semillas de cardo mariano y se determinó su composición y propiedades sensoriales. Se encon-
tró que las semillas contenían 14,98% de aceite, 17,31% de proteína y 4,14% de ceniza. El índice de peróxido del aceite (11,39 meqO2/
kg de aceite) se encontraba dentro del límite aceptable según el Codex, pero el índice de acidez libre (3,45 %) excedía el límite. El aceite 
fundió a -20,18°C y cristalizó a -3,71°C. Se determinaron como componentes principales el ácido linoleico (51,97%), β-sitosterol (67,56 
mg/100 g de aceite) y γ-tocoferol (53,60 mg/kg de aceite), respectivamente. Se describieron en el aceite seis términos descriptivos sen-
soriales: dulce, picante, vegetal crudo, pajizo, asado y pegajoso. Las pruebas de consumo demostraron que el aceite de semilla de cardo 
mariano prensado en frío tenía puntuaciones de aceptación intermedias y la satisfacción del consumidor era moderada. En conclusión, 
se cree que las semillas de cardo mariano podrían utilizarse para la producción de aceite gourmet comestible. Se requieren más estudios 
sobre la composición de moléculas bioactivas del aceite.
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1. INTRODUCTION

Milk thistle (Silybum marianum L. Gaert.) is 
an erect, stout, annual or biennial plant and it is 
a member of the Asteraceae family. It can grow 
up to 1.5-3 m in height. It has spiny leaves and 
stems, and purple flower heads. When the leaves 
and stems are broken, milky sap is released.  Each 
stem ends with a red-purple flower head which is 
about 5 cm in diameter and each flower head pro-
duces approximately 190 seeds (about 6350 seeds 
per plant). The seeds are 5-8 mm in length, black 
to brown in color, and have a long white pappus 
(Bhattacharya, 2011; Karkanis et al., 2011). 

Milk thistle is native to some parts of Europe, 
Africa and Asia and it is now widespread all over 
the world. It grows as a weed on roadsides or in 
empty fields; it is also grown specifically as a 
medicinal plant. For medicinal use, the seeds of 
milk thistle are mainly utilized. Silymarin is a bi-
ologically active compound of milk thistle. It is a 
mixture of flavonolignans, consisting of silybin, 
silydianin, and silychristine. Some pharmacolog-
ical activities of this lipophilic compound are as 
follows: antioxidant activity, hepatoprotective 
activity, anti-inflammatory effects, antiviral ac-
tivities, antidiabetic activities, cardio-protection, 
hypocholesterolaemic activity, neuroprotective 
activity, and anticancer activity (Bhattacharya, 
2011; Karkanis et al., 2011; Porwal et al., 2019; 
Murray, 2021). These beneficial health effects 
were also observed in milk thistle seed oil. The 
anticancer and anti-inflammatory effects of the 
oil were studied by Ali et al. (2021). The effects 
of the oil on the hepatic steatosis and oxidative 
stress were reported by Zhu et al. (2018).  The 
antioxidant and neuroprotective properties of the 
oil were studied by Badreddine et al. (2020).  The 
effects of the oil on the cardiovascular and meta-
bolic complications of obesity were reported by 
Shen et al. (2020). 

It was reported that milk thistle seed contains 
21.09% oil, 15.46% protein, 26.72% fiber, 4.72% 
ash, 7.64% moisture, and 24.38% total carbohy-
drates (Zhang et al., 2020). In addition, the sily-
marin contents in the seeds of several milk thistle 
populations were reported as ranging from 23.06 
to 77.12 mg/g dry weight (Arampatzis et al., 
2018). Hence, milk thistle seeds are nutritionally 
rich materials and when considering their health 

effects and nutritional value, the valorization of 
these seeds becomes quite important.

Cold pressing is an alternative technique for 
virgin oil production. It is applied under moder-
ate conditions to keep nutritional compounds and 
quality safe, in the expense of yield. Clean, safe, 
sensorially acceptable, and high-quality oils could 
be produced through the application of the cold 
pressing technique. In this technique, after press-
ing, only filtration or centrifugation processes 
were applied to the oil, and no refining was carried 
out  (Aydeniz et al., 2014; Aydeniz et al., 2017). 

In this study, the aim was to produce oil from 
milk thistle seeds grown in Turkey, by the cold 
press technique. The physicochemical properties, 
thermal properties, main components and sensory 
properties of the oil were determined. Thus, possi-
ble uses for this oil were evaluated.

2. MATERIALS AND METHODS

2.1. Materials

Milk thistle seeds (Silybum marianum L. Gaert.) 
were purchased from Aktar Diyarı Co. (İzmir, Tur-
key). It was acknowledged that the seeds were har-
vested from cultivation plants located in the İzmir 
province of Turkey in the 2019 harvest season, and 
then cleaned and packed before marketing. The seeds 
were stored in deep-freeze (-18 ºC) until cold pressing 
in our laboratory for two months. All chemicals used 
in the analyses were purchased from Sigma (St. Lou-
is, MO, USA) or Merck Co. (Darmstadt, Germany).

2.2. Analyses of the milk thistle seeds

The length, width and thickness values of the 
seeds were determined with a digital caliper (Leo, 
Nikko Ltd., China). The 1000-seed weight was 
determined gravimetrically by weighing (Sarto-
rius ED224S, Sartorius, Göttingen, Germany) 25 
randomly selected seeds several times, and then 
multiplying the weight by 40. Color values of the 
seeds were determined with a Minolta colorimeter 
CR 400 (Minolta Camera Co., Osaka, Japan). The 
moisture content of the seeds was measured with 
a OHAUS MB45 moisture analyzer (Ohaus, Pine 
Brook, NJ, USA). The total oil, protein, and ash 
contents were analyzed according to AOAC 920.39 
(AOAC, 2002), AOCS Aa 5-38, and AOCS Ba 5a-
49 (AOCS, 1998), respectively.
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2.3. Cold pressing of the milk thistle seeds

As a result of the pre-experiments, the optimum 
seed moisture level, which provides maximum oil 
yield and ease of processing, was determined as 
12%. The moisture content in the seeds was ad-
justed through incubation with added tap water in 
a closed vessel for 24 h. The amount of added wa-
ter was calculated by total seed weight and initial 
seed moisture content. A laboratory scale cold press 
machine (Koçmaksan, ESM 3710, lzmir, Turkey), 
with a single head, 1.5 kW power and capacity for 
12 kg seed/hour was used for cold-pressed oil pro-
duction. The cold pressing process was carried out 
with a screw rotation speed of 18 rpm and a 12 mm 
exit die. The oil´s exit temperature did not exceed 40 
ºC. After pressing, the oil was centrifuged (Sigma 
2-16K, Postfach, Germany) (6797 xg, 10 min) and 
then filtered through Whatman no. 1 filter paper to 
remove suspended solid seed materials and mois-
ture. Finally, the oil was placed in amber-colored 
glasses, flushed with nitrogen gas, and stored at 4 ºC 
during the analyses.

2.4. Physico-chemical analyses of the oil

An oil pycnometer was used to measure the specific 
gravity of the oil and the analysis was applied accord-
ing to the AOCS Cc 10c-95 method (AOCS, 1984). 
Specific extinction coefficient values were measured 
with a spectrophotometer (Shimadzu UV-1800, Shi-
madzu Co., Kyoto, Japan) according to the AOCS Ch 
5-91 method (AOCS, 2017). An Abbe refractometer 
(Bellingham and Stanley, Tunbridge Wells, UK) was 
used to measure refractive index values of the oil. 
Color values were assessed with a Minolta colorime-
ter CR-400 (Minolta Camera Co., Osaka, Japan).  Ap-
parent viscosity was measured with a Brookfield DV 
II + Pro Viscometer (Brookfield Eng. Lab., Inc., Mid-
dleborough, MA, USA). This analysis was carried out 
at room temperature with a LV-SC4-18 spindle and 
rotation speed of 50 rpm. 

Free fatty acidity, peroxide value, p-anisidine 
value, iodine number, saponification number, and 
unsaponifiable matter in the oil samples were de-
termined according to AOCS Ca 5a-40, AOCS Cd 
8-53, AOCS Cd 18-90, AOCS Cd 1-25 (AOCS, 
1998), AOCS Cd 3-25 (AOCS, 2017), and TSE 894 
(TSE, 1970) methods, respectively. The total phe-
nolic content in the oil was determined according to 

the Folin-Ciocalteu technique as described by Yil-
maz et al. (2015).

2.5. Thermal analyses of the oil

Melting and crystallization parameters were de-
termined with a Differential Scanning Calorimeter 
(Perkin-Elmer DSC 4000, USA) according to Das-
sanayake et al. (2009). About 10 mg oil were placed 
into an aluminum pan and then sealed hermetically. 
The analysis was carried out against an empty alumi-
num pan. The thermal program cycle was as follows: 
20 ºC to 110 (10 ºC/min), 110 ºC to −70 ºC (10 ºC/
min), held at −70 ºC for 3 min and −70 ºC to 50 ºC (5 
ºC/min). Curves were calculated with Pyris 1 Man-
ager Software.

2.6. Determination of the fatty acid, sterol, and to-
copherol compositions of the oil

Fatty acid composition was determined according 
to AOCS Ce 2-66 (AOCS, 1998). First, 100 mg oil 
were weighed into a test tube and then 10 mL hexane 
were added and the oil was dissolved. Then, 100 μL 
2 N methanolic KOH were added and mixed for 30 s. 
Finally, this mixture was centrifuged (Sigma 2-16K, 
Sartorius, Germany) (6461 xg, 10 min) and the clear 
phase was taken into a vial. Fatty acid composition 
was analyzed by GC-MS (GCMS-QP2010, Shimad-
zu Corporation, Nishinokyo, Japan) equipped with a 
Rxi-5MS column (30m x 0.25mm ID x 0.25µm film 
thickness, Restek Co.). The working conditions of 
GC were as follows: 2 μL injection volume, split-
less, 0.83 mL/min flow rate, helium as carrier gas, 
250 ºC injection temperature. The oven temperature 
program was as follows:  held at 100 °C for 1 min, 
100 °C to 160 °C (20 °C/min), held at 160 °C for 1 
min, 160 °C to 180 °C (4 °C/min), 180 °C to 330 °C 
(30 °C/min), held at 330 °C for 4.70 min. The work-
ing conditions of the MS detector were as follows: 
200 °C ion source temperature, 280 °C interface 
temperature, 5 min solvent-cutoff time. The library 
installed in the device was used for the evaluation 
of the peaks. 

The sterol composition of the oil was deter-
mined according to the ISO 12228 method (ISO, 
1999). First, unsaponifiable matters were extract-
ed. Then, sterol fractions were obtained using 
Thin Layer Chromatography (TLC). Sterol com-
position was determined by using a Gas Chro-
matograph-FID (Agilent Technologies 7890B) 
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equipped with a DB5 capillary column (30 m × 
0.25 mm ID × 0.1 μm film thickness, J&W Scien-
tific Co). 1 μL injection volume, 1:100 split ratio, 
0.7 mL/min flow rate, 290 ºC inlet temperature, 
and 300 ºC detector temperature were used during 
the analysis. The carrier gas was hydrogen and de-
tector gases were hydrogen (30 mL/min) and dry 
air (400 mL/min). The thermal program was as 
follows:  held at 60 ºC for 2 min, heating to 220 ºC 
(40 ºC/min) and held at 220 ºC for 1 min, heating 
to 310 ºC (5 ºC/min) and held at that temperature 
for 30 min. Commercial standards were used for 
the identification of sterols. The amount of sterols 
was determined from the peak area of α-choles-
tanol as internal standard.

The tocopherol composition of the oil was ana-
lyzed according to Grilo et al. (2014) with minor 
modifications. 200 μL oil were dissolved in 4.8 
mL dichloromethane. The mixture was mixed and 
placed into a vial. Tocopherol composition was de-
termined by using a HPLC (Shimadzu Corporation, 
Japan) equipped with Inertsil ODS-3 column (250 
mm× 4.6mm× 5 μm, GL Sciences Inc., Japan) and 
a RF-20A fluorescent detector. The analysis was 
carried out with 20 μL injection volume, isocratic 
elution with a flow rate of 1.6 mL/min and 30 ºC 
oven temperature. Methanol: water (97:3, v/v) mix-
ture was used as the mobile phase. Detector wave-
lengths were set to 290 and 330 nm for excitation 
and emission, respectively. Commercial standards 
were used for identification and quantification.

2.7. Sensory descriptive analysis of the oil

Sensorial properties were determined through 
Quantitative Descriptive Analysis (QDA) (Meil-
gaard et al., 1991; Altug and Elmacı, 2005). Five 
female and five male volunteer panelists, between 

21 and 47 years of age, were trained for at least 15 
hours. Six descriptive terms were developed under 
the leadership of the panel leader. The descriptive 
terms, their definitions and references used in the 
analysis are presented in Table 1. The sample was 
served in a glass covered with a metal lid to the pan-
elists together with water, unsalted crackers and ex-
pectoration cups. The analyses were carried out in 
daylight at room temperature on different days and 
sessions. A 10-cm line scale (1 = minimum intensi-
ty, 10 = maximum intensity) was used. The analyses 
were replicated in a randomized order.

2.8. Consumer test

Appearance, smell/aroma, taste/flavor and gener-
al acceptance of the oil were evaluated by 50 vol-
unteer consumers. A 5-point hedonic scale was used 
(1 = Dislike extremely, 5 = Like extremely). A sam-
ple was served in a glass covered with metal lid to 
consumers together with water, unsalted cracker and 
expectoration cups.

2.9. Statistical analysis

The same batches of seeds harvested in the 2019 
season were divided into two parts for two replica-
tions of cold-press oil production. After each pro-
duction, the oils obtained were designed as the rep-
licates. For each replicate oil sample, analyses were 
performed in triplicate. The data presented were the 
mean ± SEM values.

3. RESULTS AND DISCUSSION

3.1. Physico-chemical properties of the seeds

The physico-chemical properties of the milk this-
tle seeds are shown in Table 2. In one study (El-Haak 
et al., 2015), length, thickness and width of wild and 

Table 1. Descriptive terms, their definitions and references used in the sensory descriptive analysis

Descriptive term Definition Reference

Sweet Flavor associated with sugar solution Sugar solution (2 g sugar/100 g water)

Spicy Flavor associated with spice mixture Red chili pepper, black pepper and thyme mixture

Raw vegetable Flavor associated with uncooked/raw vegetable Green beans/green peppers

Straw Flavor associated with dry straw Dry straw

Roasted Flavor associated with toasted bread Toasted bread

Throat-catching Burning in the throat 30 seconds after swallowing Olive oil
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were found as 25.23 and 27.40 g, respectively. In 
another study (Arampatzis et al., 2018), 1000-seed 
weight values for the seeds in different milk thistle 
populations were found between 14.91 and 25.90 
g. Our results are quite different from the literature, 
probably because of the differences in milk thistle 
species and cultivation conditions. L*, a* and b* 
values of the seeds were measured as 43.87, 4.70 and 
16.73, respectively. In the study of Arampatzis et al. 
(2018), L*, C*, h values were measured as 28.12-
42.79, 5.50-14.09 and 72.04-80.71, respectively. 
Also, in the same study, the seed color was identified 
as brown. Although the color spaces used in the stud-
ies were different, we can say that the colors of the 
seeds are similar. Moisture, oil, protein and ash con-
tents of the seeds were found as 6.78, 14.98, 17.31 
and 4.14%, respectively. In one study (El-Haak et 
al., 2015), milk thistle seeds were found to contain 
28.53-29.68% oil, 22.50-27.54% protein and 3.25-
4.50% ash. In another study (Zhang et al., 2020), 
the proximate composition of milk thistle seeds was 
determined as 7.64% moisture, 21.09% oil, 15.46% 
protein and 4.72% ash. There are some minor differ-
ences, but the results are generally in line with the 
literature.

3.2. Physico-chemical properties of the oil

The Physio-chemical properties of the oil are 
shown in Table 3. Specific gravity and refractive in-
dex values mainly depend on the fatty acid compo-
sition and therefore these parameters vary according 
to the type of oil. In one study (Meddeb et al., 2017), 
the specific gravity and refractive index values of 
cold-pressed milk thistle seed oils originating from 
different geographical areas in Tunisia were found 
as 0.91 and 1.46-1.47, respectively. In the study of 
Bahl et al. (2015), specific gravity of solvent-ex-
tracted milk thistle seed oil was determined as 0.885. 
In the study of Fathi-Achachlouei et al. (2019), the 
refractive index values of milk thistle seed oils were 
measured as 1.345-1.351. Our results are generally 
in line with the literature.

Specific extinction values are the indicators of ox-
idation products. In the codex, it was stated that E232 
and E270 values should be 2.50 and 0.22 at the most 
for extra virgin olive oil, respectively (Codex, 2017). 
Oil types are different, but production techniques are 
similar (cold pressing). Therefore, these limit values 
could be used for comparison. As seen in Table 3, spe-

Table 2. Physicochemical properties of the seeds

Mean ± SEM
Seed dimensions (mm)

Length 
Width 

Thickness

7.08 ± 0.28
3.36 ± 0.16
2.15 ± 0.15

1000-seed weight (g) 91.82 ± 0.18
Color

L*
a*
b*

43.87 ± 2.18
4.70 ± 0.09
16.73 ± 0.51

Moisture (g/100 g seeds) 6.78 ± 0.23
Oil (g/100 g seeds) 14.98 ± 3.68

Protein (g/100 g seeds) 17.31 ± 0.06
Ash (g/100 g seeds) 4.14 ± 0.05

* Results are expressed as mean ± SEM values of six separate 
measurements.

Table 3. Physiochemical properties of the oil

Mean ± SEM

Specific gravity (20 °C) 0.82 ± 0.00

Specific extinction
E232 
E270

1.79 ± 0.07
0.20 ± 0.05

Refractive index (40 °C) 1.47 ± 0.00

Viscosity (25 °C, cP) 51.20 ± 0.50

Color
L*
a*
b*

28.4 ± 0.04
0.5 ± 0.16
3.55 ± 0.14

Free fatty acids (g linoleic acid/100 g 
oil) 3.45 ± 0.23

Peroxide value (meqO2/kg oil) 11.39 ± 2.26

p-Anisidine value 4.17 ± 0.02

Iodine number (g I2/100 g oil) 85.86 ± 0.04

Saponification value (mg KOH/g oil) 198.30 ± 5.72

Unsaponifiable matter (g/100 g oil) 1.90 ± 0.04

Total phenol content (mg GAE/100 g 
oil) 11.01 ± 0.1

*Milk thistle seed oil was produced twice, and each analysis for 
each production was done at least in triplicate. Results are expres-
sed as mean ± SEM values of six separate measurements.

cultivated milk thistle seeds were found to be about 
7 mm, 2 mm and 3 mm, respectively. Our results 
concur with the literature. 1000-seed weight value 
is an important parameter to determine seed content. 
In the study of El-Haak et al. (2015), the 1000-seed 
weights of wild and cultivated milk thistle seeds 
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cific extinction values in the oil were lower than the 
limit values given in the codex. Consequently, it can 
be said that the oil was in accordance with the codex 
in terms of oxidation parameters.

Color is an important appearance property for 
cold-pressed oils in terms of consumer preference.  In 
the study of Meddeb et al. (2017), the L*, a* and b* 
values of milk thistle seed oils originating from dif-
ferent regions were determined as 41.94-66.07, -0.85-
1.53 and 5.78-14.95, respectively. The results do not 
match exactly with this study, but they are similar.

According to codex (Codex, 2017), free fatty acid-
ity and peroxide value should be max. 0.8 % and 20 
meqO2/kg oil for extra virgin olive oil produced by a 
similar production technique (cold pressing). As seen 
in Table 3, the peroxide value of the oil was low and 
within acceptable limits according to codex, but the 
free fatty acidity value exceeded the limit. The results 
indicate that during storage of the seeds and the oil, 
oil hydrolysis might have occurred. Therefore, it is 
recommended that seeds should be processed with-
out long storage times, and seeds and oil should be 
stored at low temperature and low humidity. The 
p-Anisidine value is an indicator of secondary oxida-
tion products. In one study (Rokosik et al., 2020), the 
p-anisidine value of cold-pressed milk thistle seed oil 
was determined as 0.091. In another study (Grajzer 
et al., 2020), p-anisidine values for cold-pressed milk 
thistle seed oils were found between 0.13 and 2.19. 
The p-Anisidine value in our study is much higher 
than these values. Therefore, the storage conditions of 
the seeds and the oil should be improved. 

In our study, the iodine number and the sapon-
ification value were found to be 85.86 g I2/100 g oil 
and 198.30 mg KOH/g oil, respectively. In one study 
(Meddeb et al., 2017), the iodine number and sapon-
ification value for cold-pressed milk thistle seed oils 
originating from different geographical areas in Tunisia 
were found between 112.41-118.32 g I2/100 g oil and 
128.08-205.16 mg KOH/g oil, respectively. In the study 
of Bahl et al. (2015), the iodine number and saponifi-
cation value for solvent-extracted milk thistle seed oil 
were reported as 97 g I2/100 g oil and 199 mg KOH/g 
oil, respectively. There are some minor differences, but 
the results are generally in line with the literature.

The unsaponifiable matter content was measured 
as 1.90%. In the study of Meddeb et al. (2017), the 
unsaponifiable matter content of cold-pressed milk 
thistle seed oils were found between 1.57 and 5.84%. 

In another study (Harrabi et al., 2016), milk thistle 
seeds were collected at different maturity stages and 
oils were obtained from the seeds following the sol-
vent extraction technique. The unsaponifiable matter 
contents in these oils were reported as 1.9-3.8%. Our 
results are in agreement with the literature.

It is known that phenolic compounds in edible oils 
have various health benefits (Gioxari et al., 2016). 
In this study, the total phenol content was measured 
as 11.01 mg GAE/100 g oil. In the study of Grajzer 
et al. (2020), the phenolic contents of cold-pressed 
milk thistle seed oils were found between 71.7 mg 
CAE/kg oil and 124.7 mg CAE/kg oil (CAE: Caffeic 
acid equivalent). In another study (Meddeb et al., 
2017), the phenolic contents in cold-pressed milk 
thistle seed oils were determined as 3.59-8.12 mg 
GAE/g. It is obvious that there is a great variation 
between milk thistle seed oils in terms of total phe-
nolic content, probably because of the differences in 
milk thistle species and cultivation conditions.

3.3. Thermal properties of the oil

The melting and crystallization parameters are pre-
sented in Table 4. Just a single peak was observed dur-
ing melting and crystallization. Melting and crystalliza-
tion temperatures of the oil were determined as -20.18 
°C and -3.71 °C, respectively. It is stated that higher 
amounts of saturated fatty acids cause higher melting 
temperatures (Mayfield et al., 2015). The melting point 
of the oil was lower, as expected, because unsaturated 
fatty acids were dominant in milk thistle seed oil. In 
one study (Zhang et al., 2020), it was reported that milk 
thistle seed oil melts between -44 °C and 10 °C and 

Table 4. Thermal properties of the oil

Mean ± SEM

Melting

Onsetm (°C)
Tm (°C)

ΔHm (J/g)

-22.82 ± 0.56

-20.18 ± 0.17

1.12 ± 0.24

Crystallization

Onsetc (°C)
Tc (°C)

ΔHc (J/g)

-0.57 ± 0.04

-3.71 ± 0.75

-7.20 ± 0.61

*Milk thistle seed oil was produced twice, and each analysis for 
each production was done at least in triplicate. Results are expres-
sed as mean ± SEM values of six separate measurements.
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two major transitions were at -24 °C and -15 °C. In the 
same study, two transitions, a small peak at -2 °C and 
a sharp narrow peak at -55 °C, were observed during 
cooling. In another study (Meddeb et al., 2017),  a ma-
jor peak was observed at  around   -30 °C during the 
melting of the oils. Beyond this major peak, they also 
observed several small peaks from -22.92 °C to 11.62 
°C. Although there are some differences, we can say 
that the results in our study are similar. 

3.4. Fatty acid, sterol, and tocopherol compositions 
of the oil

The physical properties, stabilities, and usage are-
as of the edible oils mostly depend on their fatty acid 
compositions. Hence, the determination of fatty acid 
compositions of oils is very important. As seen in Table 
5, milk thistle seed oil contained higher amounts of un-
saturated fatty acids. Linoleic acid and oleic acid were 
the major fatty acids with 51.97 and 27.06%, respec-
tively. The total unsaturated fatty acid content was de-
termined as 79.48%. In one study (Zhang et al., 2020), 

linoleic acid (46.19%) and oleic acid (30.59%) were 
determined as major fatty acids, and total unsaturated 
fatty acid content was determined as 77.94% for cold-
pressed milk thistle seed oil. In another study (Med-
deb et al., 2017), the major fatty acids of milk thistle 
seed oils were found as linoleic acid and oleic acid with 
57.00-60.30% and 15.50-22.40%, respectively. In the 
same study, the total unsaturated fatty acid content was 
determined as 82.05-83.64%. Generally, the results in 
this study concur with the literature.

It is known that sterols have important health ben-
efits (Berger et al., 2004). The sterol composition is 
shown in Table 5. Total sterol content was measured 
as 108.57 mg/100 g oil. β-Sitosterol was determined 
as the major sterol with 67.56 mg/100 g oil and it was 
followed by ∆7-stigmastenol and stigmasterol. In the 
study of Zhang et al. (2020), the total sterol content of 
cold-pressed milk thistle seed oil was found as 291.43 
mg/100 g oil and Δ7-stigmastenol was determined as 
major sterol, followed by sitosterol. In another study, 
β-sitosterol was determined as the major sterol for 
cold-pressed milk thistle seed oil with a total sterol 
content of 1815.18 mg/kg oil (Rokosik et al., 2020). 
There are some differences in terms of total sterol con-
tent and sterol composition between different studies 
probably due to differences in milk thistle species and 
cultivation conditions. 

Tocopherols are oil-soluble vitamins which have 
antioxidant activity. As seen in Table 5, the total to-
copherol content was measured as 117.38 mg/kg oil 
and γ-tocopherol was determined as the major to-
copherol with 53.60 mg/kg oil. In a study of Zhang 
et al. (2020), the total tocopherol content was 645.47 
mg/kg oil and γ-tocopherol was determined as the 
major tocopherol for cold-pressed milk thistle seed 
oil. In another study (Meddeb et al., 2017), α-to-
copherol was determined as the major tocopherol 
for cold-pressed milk thistle seed oils with a total 
tocopherol contents of 49.57-318.29 mg/kg oil. The 
results in our study do not exactly match with these 
previous studies probably due to differences in milk 
thistle species and cultivation conditions. 

3.5. Sensory properties and consumer preferences 
of the oil

The results from the sensory descriptive analysis 
are shown in Table 6. Six descriptors were selected to 
describe the cold-pressed milk thistle seed oil, which 
were sweet, spicy, raw vegetable, straw, roasted and 

Table 5. Fatty acid, sterol, and tocopherol compositions of the oil

Mean ± SEM

Fatty acids (%)

Palmitic 10.39 ± 1.35

Linoleic 51.97 ± 1.1

Oleic 27.06 ± 0.1

(E)-octadec-10-enoic 0.45 ± 0.02

Stearic 5.33 ± 0.2

Cyclopropaneoctanoic 0.59 ± 0.05

Arachidic 2.65 ± 0.2

Docosanoic 1.7 ± 0.1

Sterols (mg/100 g oil)

β-Sitosterol 67.56 ± 4.89

Stigmasterol 9.31 ± 0.89

Campesterol 6.60 ± 0.72

∆7-Stigmastenol 20.14 ± 3.92

∆7-Avenasterol 4.93 ± 0.50

Tocopherols (mg/kg oil)

δ-Tocopherol 14.91 ± 1.13

β-Tocopherol 48.87 ± 0.83

γ-Tocopherol 53.60 ± 1.74

*Milk thistle seed oil was produced twice, and each analysis for 
each production was done at least in triplicate. Results are expres-
sed as mean ± SEM values of six separate measurements.
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throat-catching. It was observed that spicy flavor was 
quite dominant compared to other terms and it was 
followed by throat-catching. To the best of our knowl-
edge, there is no data in the literature about the sen-
sory descriptive terms of milk thistle seed oil. There-
fore, this study presents important information to the 
literature for the first time. In one study (Dhouibi et 
al., 2020), volatile compounds in cold-pressed milk 
thistle seed oil were determined. 1,8-Cineole (minty, 
herbal flavor), methylpyrazine (roasted flavor), 2,5-di-
methylpyrazine (roasted flavor) and hexanal (vegeta-
tive, herbal flavor) were found as the major volatile 
compounds in milk thistle seed oil. p-Cymene (spicy 
flavor), isocaryophyllene (woody, spicy flavor) and 
β-caryophyllene (woody, spicy flavor) were also de-
tected in the oil. The descriptive terms determined for 
milk thistle seed oil in our study generally match the 
volatile compound descriptions detected in the study 
of Dhouibi et al. (2020).

The results from the consumer test are presented 
in Figure 1. Hedonic scores are generally higher than 

3.00 points, which is the neutrality point. Therefore, it 
could be said that consumer satisfaction was moder-
ate. To the best of our knowledge, there is no data in 
the literature regarding the consumer preferences of 
milk thistle seed oil. Therefore, this study presents im-
portant information to the literature for the first time.

4. CONCLUSIONS

In this study, milk thistle seed oil was produced by 
using the cold press technique and the seeds and the oil 
were characterized.  It was observed that cold-pressed 
milk thistle seed oil was rich in unsaturated fatty acids, 
sterols and tocopherols. Spicy flavor and throat-catch-
ing feeling were determined as dominant sensory prop-
erties of the oil. According to the consumer test, cold-
pressed milk thistle seed oil had intermediate scores 
and consumer satisfaction was moderate. Therefore, 
it can be said that this oil could be preferred by con-
sumers. In conclusion, milk thistle seeds can be used to 
produce high quality cold-pressed oil. Further studies 
regarding the composition of bio-active molecules and 
food applications for the oil are foreseen.
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SUMMARY: The world’s energy matrix can be diversified with biodiesel from castor and jatropha oil. Hence, the objective of this study 
was to assess a conversion path for the valorization of castor and jatropha seeds.  The results showed the maximum extraction of castor 
oil at 90 °C, 2 rpm, and 6 mm nozzle, achieving a yield of 36.97% and for jatropha oil at 100 °C, 1.5 rpm, and 10 mm nozzle, achieving 
a yield of 20.11%. The acid value and cloud point of castor and jatropha oil were 0.797 and 23.44 mg KOH/g, 10±1 °C and 12±0.55 °C, 
respectively; while the pour point was -3 °C for both. The acid value and cloud point for biodiesels ranged from 0.26–0.43 mg KOH/g, 
and -12.50–6.10 °C, respectively. The viscosity of oils and biodiesel ranged from 0.02–1.3 P. GC-MS indicated 66.38% of methyl rici-
noleate in castor biodiesel and 31.64% of methyl oleate in jatropha biodiesel. The HHV for castor and jatropha biodiesel ranged from 
32.37–40.25 MJ/kg.

KEYWORDS: Biodiesel; Castor; Jatropha; Seeds; Valorization.

RESUMEN: De semillas a bioenergía: un camino de conversión para la valorización de semillas de ricino y jatrofa. La matriz ener-
gética mundial puede diversificarse con biodiesel de ricino y de jatrofa. Por lo tanto, el objetivo de este trabajo fue evaluar la ruta de 
conversión de las semillas de ricino y jatrofa. Los resultados mostraron que la máxima extracción de aceite de ricino se dio a 90 °C, 2 
rpm, y boquilla de 6 mm, alcanzando un rendimiento de 36,97% y para el aceite de jatrofa fue a 100 °C, 1,5 rpm, y boquilla de 10 mm, 
obteniendo un rendimiento de 20,11%. El índice de acidez y punto de nube del aceite de ricino y jatrofa fue de 0,797 y 23,44 mg de KO-
H/g, 10 ± 1 °C y 12 ± 0,55 °C, respectivamente, mientras que el punto de fluidez fue de -3 °C para ambos. El índice de acidez y el punto 
de nube del biodiésel de ricino y jatropha fueron 0,43 y 0,26 mg KOH/g, -12,50 °C y 6,10 °C, respectivamente. La viscosidad dinámica 
de los aceites y el biodiesel osciló entre 0,02 y 1,3 P. El análisis GC-MS indicó 66,38% de ricinoleato de metilo en biodiesel de higueri-
lla y 31,64% de oleato de metilo en biodiesel de jatrofa. El HHV para el biodiésel de ricino y jatrofa osciló entre 32,37 y 40,25 MJ/kg.
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1. INTRODUCTION

The international transport industry is the biggest 
energy consumer. According to the International 
Energy Agency (IEA), in 2018, energy consump-
tion was 416.07 EJ, with crude oil being the prima-
ry source of energy at 41%. This impact prioritizes 
focusing efforts on developing new technologies to 
improve the energy efficiency of vehicles and the di-
versification of energy sources (Gay y García et al., 
2014; Álvarez et al., 2017).

In 2019, the production of biofuels reached 163 
million·m3 internationally, where 69% correspond-
ed to bioethanol production, and 31% was related 
to biodiesel production. The raw materials used 
in bioethanol production were corn with at a pro-
portion of 66%, and sugar cane with 23%, while 
the remaining 11% came from sugar beet, cassava, 
among others. For biodiesel production, vegetable 
oils from palm, soybean, and rape seeds were used, 
at a proportion of 29, 25, and 17%, respectively, 
and the remaining 29% corresponded to used veg-
etable oils, animal fats, and virgin vegetable oils 
(Torroba, 2020).

The bioenergy potential in Mexico has been esti-
mated between 3,000 to 3,459 PJ per year. This po-
tential was determined without using land dedicat-
ed to food or protected natural areas (García et al., 
2016). Despite the bioenergetic potential, in Mexico, 
only firewood and bagasse are considered primary 
biomass energy sources, which in 2019 contributed 
247.92 and 113.25 PJ to primary energy production, 
respectively (SENER, 2019).

In search of new energy renewable sources, one 
option is oilseed crops, which is why Mexico has 
promoted planting these bioenergy crops. Among 
these crops, castor (Ricinus communis) and jatropha 
(Jatropha curcas L.) can be found as the major 
groups of crops with a production increase, research, 
testing, and most marketed globally. This is mainly 
due to their high oil contents (Comité Nacional Sis-
tema-Producto Oleaginosas, 2005).

In 2019, 304.5 ha were reported to be planted with 
castor and 326 ha with jatropha (SIAP-SIACON, 
2019). According to SAGARPA, in Mexico, there is 
a planting potential of 2,174,368 ha for castor and 
1,914,853 ha for jatropha (SAGARPA, 2017).

Castor belongs to the Euphorbiaceae family and 
is also known as castor bean, mamona, ma hong 
liang, wonder tree, and castor oil plant. The castor 

bean is typical of semi-arid regions, and due to its 
adaptability, is currently cultivated in tropical, and 
subtropical regions (Chidambaranathan et al., 2020). 
The jatropha belongs to the Euphorbiaceae family 
with approximately 175-200 different varieties (Pi-
loto et al., 2011).  It is a succulent perennial shrub 
or small tree and can reach a height of 5 m or more, 
depending on conditions, such as type of soil, ge-
ographical location, and weather conditions. It is a 
drought and extreme (cold and heat) temperature-re-
sistant plant.

Castor oil is extracted from its seeds, with approx-
imately 45 to 50% (Chidambaranathan et al., 2020); 
while the oil content in jatropha seeds ranges from 
28 to 42% (Patel et al., 2016). Castor oil comprises 
90% ricinoleic acid, 4% linoleic acid, 3% oleic acid, 
1% stearic acid, and less than 1% linolenic acid (Pa-
tel et al., 2016). The composition of jatropha oil is 
generally 43.34% linoleic acid, 35.38% oleic acid, 
15.32% palmitic acid, 4.06% stearic acid, and less 
than 2% palmitoleic, and linolenic acids (Okullo et 
al., 2012). Due to the high ricinoleic acid content in 
castor oil, it is often used as biofuels, polymeric ma-
terials, drug, cosmetics, lubricants, and others (Patel 
et al., 2016). Jatropha oil is used for biofuel (bio-
diesel) production, bio-lubricant, binderless particle 
board, pulping, paper, medicinal, and cosmetic uses 
(Ahmad et al., 2016).

Biodiesel is one of the most widely produced bi-
ofuels, with an approximate production of 43,138 
million liters worldwide (OECD-FAO, 2020). It is 
made by the reaction of triglycerides to short-chain 
alcohols using acid, alkaline, or enzymatic catalyst 
to obtain the mixture of fatty acid methyl esters 
known as biodiesel. It can be derived from various 
raw materials such as edible or inedible vegetable 
oils, animal fats, algal oils, and waste oils (Pradhan 
et al., 2014; Chidambaranathan et al., 2020). 

On the other hand, more than 95% of the world’s 
biodiesel production has been made from edible veg-
etable oils (Chidambaranathan et al., 2020). Rape-
seed, soybean, sunflower, coconut, and palm oils 
have been the main raw materials for the production 
of biodiesel (Okullo et al., 2012). 

Hence, the objective of the present work was to as-
sess a conversion path for the valorization of castor and 
jatropha seeds.  The operating conditions to achieve the 
highest yield of castor and jatropha oil were obtained 
by mechanical extraction applying an experimental 
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design.  The physicochemical properties of the oil and 
biodiesel from castor and jatropha according to inter-
national standards, GC-MS Chromatography, and the 
estimation of HHV were determined. The importance 
of this work is evaluating castor and jatropha crops as 
raw materials in the production of biofuels, highlight-
ing that they do not compete with food, so they do not 
put the country’s food security and sovereignty at risk. 
It will contribute to the diversification of the energy 
matrix at the national and international level, achieving 
a reduction in fossil fuel dependence.

2. MATERIALS AND METHODS

2.1. Moisture content

Crucibles at a constant weight with a 5 g sample 
of castor and jatropha seeds were placed in a Lind-
berg-Blue M oven at 105 °C to determine the mois-
ture content of castor and jatropha seeds. The samples 
were dried for 4 hours (Cornejo, 2012). The moisture 
content (% MC) was determined by equation 1.

Equation 1  %MC = (100)
Mi – Mf

Mi

Where: Mi is the initial mass of the wet sample 
(g), and Mf is the final mass of the dry sample (g).

2.2. Mechanical oil extraction and filtration

A KOMET CA59G mechanical press was used to 
extract oil from castor and jatropha seeds. The proce-
dure´s conditions of the mechanic press allowed for 
adjustments in temperature, speed, and nozzle size. 
In this specific equipment, the extraction pressure or 
extraction force could not be modified. An experi-
mental design was developed for each seed sample 
since the proper oil extraction conditions were un-
known. A factorial design was selected; variables 
were chosen by considering the oil´s fluidity gained 
without generating obstruction in the nozzle cake 
outlet. The following parameters were chosen for 
castor seed: temperature of 70 °C and 90 °C, speed 
1 and 2 rpm, nozzle of 6 mm and 8 mm. Each treat-
ment was performed in duplicate. The parameters 
used in the factorial design for jatropha seeds were:  
temperature of 95 °C and 100 °C, speed of 1 and 
1.5 rpm, nozzle of 8 mm and 10 mm. Castor oil has 

certain advantages over jatropha oil since it requires 
a lower temperature for extraction by mechanical 
pressing, which implies a lower energy demand. Due 
to the limited availability of jatropha seed, a test was 
carried out for each treatment.

The collected oil was left to settle for 24 hours, the 
necessary time for the seed cake to settle and separate 
from the oil. Subsequently, it was vacuum filtered for 
the removal of impurities.  A Kitasato flask, Buchner 
funnel, vacuum pump, and Whatman #2 filter paper (8 
µm) were used.  The Jatropha oil filtration time was 
30 min. Castor oil was centrifuged twice due to its 
high viscosity: 1) 4,700 rpm for 30 min and 2) 1,500 
rpm for 15 min. The oil yield was calculated by equa-
tion 2 (Hernández and Mieres, 2002). 

Equation 2  %Oil yield = (100)
Mo

Ms

Where Mo is the extracted oil mass (g) and Ms is 
the processed seed mass (g).

For castor oil, due to the presence of hydratable 
phospholipids, a degumming process was required. 
In this process the oil was heated from 50 to 70 °C 
using a VWR hotplate/stirrer at 250 rpm. Distilled 
water was added at 3% mass based on oil weight, 
and the mixture was left under constant stirring for 
30 min, while monitoring its temperature (Hernán-
dez and Mieres, 2002).

It was necessary to ensure the elimination of im-
purities to carry out an adequate characterization 
of the oils. Therefore, a vacuum filtration was done 
for both oils. The percentage of impurities removed 
from castor oil by vacuum filtration was lower than 
that of jatropha oil because its high viscosity made 
it difficult for the oil to flow in the filtration process. 
For that reason, it was necessary to subject the castor 
oil to a centrifugation process where 10.6% of impu-
rities were removed from the oil in the first run and 
2.23% in the second one.

2.3. Castor and jatropha oil transesterification

Methanol (CH3OH) was used for both oils, consid-
ering an oil/alcohol molar ratio of 1:3, with 31% excess 
CH3OH in volume, 1% sodium hydroxide (NaOH) as 
the catalyst and reaction temperature of 60 °C. The re-
action time for castor oil was 30 min (Ferdous et al., 
2013), while for jatropha oil it was 120 min (Okullo et 

https://doi.org/10.3989/gya.0571211


4 • D.G. Montes-Núñez, G. Montero-Alpírez, M.A. Coronado-Ortegaa, J.R. Ayala-Bautista, J.A. León-Valdez, 
 A.M. Vázquez-Espinoza, R. Torres-Ramos and C. García-González

Grasas y Aceites 73 (4), October-December 2022, e482. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0571211

al., 2012). 150 mL of previously degummed castor oil 
and 100 mL of jatropha oil were used for the reaction.

The obtained biodiesel was washed with a wa-
ter-jet washing method to avoid emulsions. Distilled 
water was used and heated to 50 °C, the biodiesel: 
water ratio was 1:3. The number of washes was 5, de-
termined by visual examination of the  residual water. 
The biodiesel was dried at 110 °C for 10 min with 
constant stirring and stored in a dry environment.

2.4. Oil and biodiesel acid value

The acid value was determined according to 
ASTM D974, using potassium hydroxide (KOH), as 
shown in equation 3: 

Equation 3  Av =
56.1 (N)(V)

m

Where 56.1, N, and V are the molar mass (g/mol), 
normality, and the volume (mL) of KOH, respective-
ly, and m is the mass of the sample (g).

Due to the high acid value present in jatropha oil, 
it was necessary to carry out an esterification process 
for 60 min, at 60 °C, and with constant stirring in a 
VWR hotplate/stirrer. For every 100 g of jatropha 
oil, 60 g of methanol (CH3OH) were added. In addi-
tion, 0.27 mL of sulfuric acid (H2SO4) at 0.5% w/w 
were added as catalyst per 100 g of oil.

After the reaction, the mixture was transferred 
to a separatory funnel and allowed to settle for two 
hours. The resulting oil was dried with vigorous stir-
ring at 110 °C for 10 min. The CH3OH from the re-
action was recovered by a rotary evaporator DLAB 
RE100-PRO at 55 °C and 160 rpm.

2.5. Cloud and pour point of oils and biodiesel 

The cloud point was determined according to 
ASTM D2500. The pour point was determined ac-
cording to ASTM D97. Both determinations were 
made in triplicate.

2.6. Dynamic viscosity 

The dynamic viscosity was determined using a 
BROOKFIELD CAP 2000+ viscometer. The measure-
ments were made in triplicate, with a temperature range 
of 50 to 100 °C. A #6 cone was used for castor oil, a #1 
cone for jatropha oil, and a #2 cone for biodiesel.

2.7. Gas chromatography 

Tests were carried out using an Agilent 7890A GC 
chromatograph attached to a 5975C mass detector, 
equipped with an HP-5MS capillary column (30 m x 
0.25 mm x 0.25 µm). An automatic sampler was used 
to inject 1 μL of solution. The ionization energy was 
70 eV with a mass range of 30 to 800 m/z. The initial 
temperature on the column was 125 °C for up to 0.5 
min, the ramp set at  25 °C/min to 150 °C for up to 2 
min, then to 200 °C with a speed of 50 °C/min. The 
injector temperature was set at 255 °C and the detec-
tor at 270 °C. The flow rate of the carrier gas (helium) 
was 1.0 mL/min injected with a 1:50 gas dilution. The 
identification of individual components was based on 
comparison with the NIST98 mass spectral library. 
All determinations were carried out in triplicate.

2.8. Higher heating value estimation of castor and 
jatropha biodiesel 

The HHV for castor and jatropha biodiesel was 
estimated using the mass fraction and the molar frac-
tion of the fatty acid methyl esters (FAME) present 
in the biodiesel. Equations 4 and 5 were used to cal-
culate the HHV.

Equation 4  HHV = (wi)(HHVi)
n

i=1
∑

Equation 5  HHV = (xi)(HHVi)
n

i=1
∑

  
Where wi, xi, and HHVi are the mass fraction, the 

molar fraction, and the higher heating value of a giv-
en FAME, respectively.

The mass fraction considered was obtained by 
gas chromatography, while the molar fraction was 
determined by direct conversion from its mass frac-
tion. To estimate the HHVi  equation 6 was applied 
(Ramírez et al., 2012):

Equation 6 
1794

HHVi = 46.19 –  – 0.21N
Mi

Where: Mi and N are the molecular weight and 
the number of double bonds in a given FAME, 
respectively. For this equation, an average abso-
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lute deviation of 1.92% is reported between the 
experimental and calculated HHV’s when using 
the mass and molar fractions. This equation was 
used to estimate the HHV of beef tallow oil, soy-
bean oil, sunflower oil, corn oil, and cottonseed 
oil (Ramírez et al., 2012). The estimated HHV 
was compared  to the methodology proposed by 
Fassinou (2012).

3. RESULTS AND DISCUSSIONS

3.1. Moisture content

The reported moisture content of castor seeds 
varies from 1.84–5.4% (Omari et al., 2015) com-
pared to that obtained of 3.74%. For the jatropha 
seeds, the reported moisture content ranges be-
tween 4.75–19.57% (Garnayak et al., 2008) com-
pared to that obtained of 4.7%. Castor and jatropha 
seeds have a moisture content within the reported 
range, making them less susceptible to deteriora-
tion by microorganisms to be stored without affect-
ing their viability.

3.2. Mechanical extraction of oils

Table 1 shows the ANOVA corresponding to the 
factorial design of castor and jatropha seeds, respec-
tively.

It was concluded that the significant factors 
were B and C for castor oil and A and C for jat-
ropha oil. 

The Minitab® version 18 software was used for 
the analysis of the results, using residuals to verify 
the assumptions of normality, constant variance, and 

independence of the model, which are characteristics 
that corroborate the validity of the model, indicat-
ing that the response variable is normally distribut-
ed, with the same variance in each treatment and the 
measurements were independent. Equations 7 and 
8 are the equations obtained from the experimental 
designs for castor (YC) and jatropha (YJ) mechanical 
extraction, respectively.

Equation 7  YC = 179.8 + 9.97S – 9.29N – 0.6T + 
0.37SN – 0.127ST + 0.0718NT

Equation 8  YJ = –80.8 + 150.5S – 8.49N + 1.255T 
– 1.6SN – 1.14ST + 0.11NT

Where S, N, and T are the speed (rpm), nozzle 
size (mm), and temperature (°C), respectively.

Based on the statistical analysis, the optimal 
conditions for castor oil extraction were deter-
mined: 90 °C, 2 rpm, and a nozzle of 6 mm, achiev-
ing a yield of 36.97%. For the jatropha oil, the opti-
mal conditions were: 100 °C, 1.5 rpm, and a nozzle 
of 10 mm, achieving a yield of 20.11%. The castor 
oil yield obtained was below the range of 38–48% 
by warm pressing (> 70 °C) reported by Scholz and 
Nogueira da Silva (2008), while jatropha oil was 
similar to the values achieved by other researchers 
where similar extraction equipment was used (Yate 
et al., 2020).

Figure 1 illustrates the influence of significant 
factors on the performance of castor and jatropha oil 
extraction processes. In the case of castor seed, the 
maximum oil extraction was 110.9 g from a 300 g 

Table 1. Castor and Jatropha oil ANOVA

Source
Castor oila Jatropha oilb

FD SS MS FV PV FD SS MS FV PV

Speed (rpm) A 1 0.99 0.99 2.2 0.17 1 310.01 310.01 5061.3 0.009

Nozzle (mm) B 1 58.83 58.8 130.77 0 1 0.451 0.451 7.37 0.225

Temperature (°C) C 1 33.29 33.3 74.01 0 1 33.62 33.62 548.9 0.027

AB 1 0.55 0.55 1.22 0.3 1 1.28 1.28 20.9 0.137

AC 1 1.61 1.61 3.59 0.09 1 4.061 4.061 66.31 0.078

BC 1 2.06 2.06 4.58 0.06 1 0.605 0.605 9.88 0.196

Error 8 4.05 0.51 - - 1 0.061 0.061 - -

Total 15 101.4 - - - 7 350.08 - - -
aPerformed in duplicate; bPerformed in a single analysis; FD Freedom degree; SS Square sum; MS Mean square; FV F-Value; PV P-Value.
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sample. For jatropha seed, the higher oil extraction 
was 100.55 g from a 500 g sample. 

3.3. Transesterification of castor and jatropha oil

The conversion percentages of castor and jat-
ropha oils to biodiesel were 96.66 and 98.88% re-
spectively, which is a great advantage when used as 
raw material. The conversion percentage will de-
pend mainly on the type and quality of the seeds, the 
pre-treatment, and the transesterification conditions 

applied. Other authors report conversion percentages 
for castor oil of 76% and jatropha oil of 91% (Okullo 
et al., 2012). Likewise, castor oil requires a lower 
cost pre-treatment for its conversion into biodiesel.

3.4. Acid value, cloud point and pour point of oils 
and biodiesel

Table 2 displays the results of the analyzed prop-
erties for castor and jatropha oils, as well as the bio-
diesel obtained from them.

Figure 1. Response surface for castor and jatropha oil extraction. a) Temperature and nozzle vs castor oil, b) Temperature and speed vs 
castor oil, c) Nozzle and speed vs castor oil, d) Temperature and nozzle vs jatropha oil, e) Temperature and speed vs jatropha oil, f) Nozzle 

and speed vs jatropha oil. a), b) and c) performed  in duplicate; d), e) and f) performed in a single analysis.
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For biodiesel production, an acid value of less 
than 2 mg KOH/g is considered an essential condi-
tion for carrying out the transesterification reaction 
through alkaline catalysis, to avoid saponification 
(Mashad et al., 2008). The acid values for castor and 
jatropha oils were within the ranges reported (Pilo-
to et al., 2011; Pradhan et al., 2012; Omari et al., 
2015; Ahmad et al., 2016); however, for jatropha oil, 
the acid value was higher than the value required to 
perform the transesterification reaction. Therefore, 
the percentage of free fatty acids was reduced by an 
esterification process using H2SO4 before transester-
ification (Mashad et al., 2008). The high acid value 
for jatropha oil is attributed to the presence of oleic 
(C18:1) and linoleic (C18:2) acids since they are 
the two components with the highest proportion and 
present one and two unsaturations in their structure 
chemistry, respectively. Also, the high acid value 
for jatropha oil can be due to different factors such 
as the type of seed, the origin, and even the storage 
time (De Oliveira et al., 2009). After esterification, 
the free fatty acid content decreased by 98.13% at 
60 °C, 60% w/w methanol, and 0.5% w/w of sulfu-
ric acid, achieving an acid value of 0.45 mg KOH/g. 
The maximum acid value for biodiesel allowed by 
the ASTM D6751 standard is 0.50 mg KOH/g, so 
biodiesel from castor and jatropha oils is within the 
values reported in the literature (Lu et al., 2009; 
Pradhan et al., 2012; Banerjee et al., 2017).

The cloud points measured for castor and jat-
ropha oils are similar to those reported in the litera-
ture (Okullo et al., 2012; Ahmad et al., 2016). Castor 
biodiesel has a lower cloud point than jatropha bio-

diesel, making castor biodiesel more suitable for use 
in cold locations. Jatropha biodiesel may require the 
use of additives to improve its cloud point.

The pour points for castor and jatropha oil were 
reached at the same temperature, which was similar 
to those reported for jatropha oil (De Oliveira et al., 
2009; Koh et al., 2011); while for castor oil, it ranges 
from -13 to -15 °C (Tunio et al., 2016; Kumar et al., 
2020). However, it does not represent complications 
for its use in tropical areas and favors its ability to 
work at low temperatures. The measured pour points 
for jatropha oil biodiesel were within the reported 
ranges (Koh et al., 2011). However, the pour point 
was not achieved for castor biodiesel due to equip-
ment limitations, where the temperature reached was 
-20 °C, exceeding the measurement capacity. Tem-
peratures of -12 to -30 °C are reported for the pour 
point of castor biodiesel  (Tunio et al., 2016; Chid-
ambaranathan et al., 2020). The difference between 
the values obtained and those reported in the litera-
ture may be due to factors such as the geographical 
area to which the seeds belong, climatic conditions, 
and the state of the crop.

3.5. Dynamic viscosity of oils and biodiesel

The viscosity of the oil used as raw material di-
rectly affects the viscosity of the biodiesel produced. 
Figure 2 exhibits the results of the tests to measure 
the viscosity of castor and jatropha oils and biodiesel.

In Figure 2 it can be seen that the viscosity of castor 
oil is much higher than that of jatropha oil. This is due 
to the hydroxyls present in the triglyceride molecule of 
castor oil, which give it this high viscosity character-

Table 2. Properties of castor oil, jatropha oil and biodiesel

Sample/Property
Acid value (mg KOH/g)b Cloud point (°C)c Pour point (°C)c

Present 
work

ASTM 
standard

Cited in Litera-
ture

Present 
work (σ) ASTM 

standard
Cited in 

Literature
Present 
work (σ) ASTM 

standard
Cited in 

Literature

Castor oil 0.797 2 (max) 0.44d, 0.91e 10 -1 Report to 
customer 14j -3 -1 Report to 

customer -13m, -15n

Jatropha oil
23.44

2 (max) 0.1428f, 0.7 to 1.7g 12 -0.6 Report to 
customer 14f -3 -1 Report to 

customer -3o, -5p, -6p

0.45a

Castor biodiesel 0.43 0.5 (max) 0.25h, 0.52e -12.5 -1 -3 to -12 -18k < -20 - -15 to 16 -12n, -30k

Jatropha biodiesel 0.26 0.5 (max) 0.18 to 0.29i 6.1 -0.6 -3 to -12 12l 0 -1 -15 to 16 -6 to 2o

aAfter esterification process; bPerformed in a single analysis; cPerformed in triplicate; dOmari et al., 2015; ePradhan et al., 2012; fAhmad 
et al., 2016; gPiloto et al., 2011; hBanerjee et al., 2017; iLu et al., 2009; jOkullo et al., 2012; kChidambaranathan et al., 2020; lYate et al., 
2020; mKumar et al., 2020; nTunio et al., 2016; oKoh et al., 2011; pDe Oliveira et al., 2009.
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istic. Viscosity increases with increasing chain length 
and decreases with the number of double bonds (lev-
el of unsaturation in the chain) (Silitonga et al., 2013). 
The presence of linoleic acid (C18:2) contributes to the 
decrease in the viscosity of jatropha oil since it repre-
sents the second compound with the highest proportion 
and presents two unsaturations in its chemical struc-
ture. The majority presence of ricinoleic acid (C18:1) 
in castor oil gives it a higher viscosity because this acid 
has one unsaturation in its chemical structure.

The viscosity of esters obtained from castor and jat-
ropha oils through the transesterification reaction was 
significantly lower, achieving reductions of up to 85 

and 80%, respectively, compared to the viscosity of the 
raw materials. Furthermore, castor biodiesel has a high-
er viscosity than jatropha biodiesel since castor oil has 
the highest viscosity of all known vegetable oils; how-
ever, its complete solubility in alcohol makes it suitable 
for conversion to biodiesel (Valderrama et al., 1994).

3.6. Gas chromatography

The resulting chromatograms of biodiesel from 
castor and jatropha oil are exposed in Figures 3 and 4.

Table 3 displays the type and percentage of fatty 
acid methyl esters present in the extracted castor and 
jatropha oil. 

Figure 2. Dynamic viscosity at different temperatures, performed in triplicate. The standard deviation for castor oil ranges from 0.001 
– 0.049 P; the standard deviation for jatropha oil ranges from 0.001 – 0.004 P; the standard deviation for castor biodiesel ranges from 

0.0006 – 0.0046 P; the standard deviation for jatropha biodiesel ranges from 0.0012 – 0.0044 P.

Table 3. Methyl ester of fatty acid composition of castor and jatropha oil, expressed in percent of the total fatty acids

Component
Methyl 

Palmitoleate 
(C16:1)

Methyl 
Palmitate 
(C16:0)

Methyl 
Linoleate 
(C18:2)

Methyl 
Oleate 
(C18:1)

Methyl 
Elaidate 
(C18:1)

Methyl 
Stearate 
(C18:0)

Methyl 
Ricinoleate 

(C18:1)

Other 
components ΣSFAa ΣMUFAb ΣPUFAc TUd TU/SFA 

indexe

Castor 
oil

Meanf - 6.4 7.54 13.79 1.2 3.4 66.38 1.29 9.8 81.37 7.54 88.9 9.07

σ - 0.006 0.008 0.01 0.002 0.003 0.024 - - - - - -

Jatropha 
oil

Meanf 0.93 13.75 27.13 31.64 1.69 5.2 0.7 18.97 18.95 34.96 27.13 62.1 3.28

σ 0.0003 0.0009 0.0006 0.0027 0.0033 0.0004 0.0029 - - - - - -
aΣSFA: saturated fatty acid; bΣMUFA: monounsaturated fatty acid; cΣPUFA: polyunsaturated fatty acid; dTU: total unsaturated fatty acid; 
eTU/SFA index: total unsaturated fatty acid/saturated fatty acid index; fPerformed in triplicate.
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Figure 3. Chromatography of filtered castor oil.

Figure 4. Chromatography of filtered jatropha oil.

https://doi.org/10.3989/gya.0571211


10 • D.G. Montes-Núñez, G. Montero-Alpírez, M.A. Coronado-Ortegaa, J.R. Ayala-Bautista, J.A. León-Valdez, 
 A.M. Vázquez-Espinoza, R. Torres-Ramos and C. García-González

Grasas y Aceites 73 (4), October-December 2022, e482. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0571211

The high presence of nitrogen compounds in 
biofuels is not desirable because when they burn, 
they become sources of NOx in the exhaust gases 
(Kaewpengkrow et al., 2013). Due to the chemi-
cal structure of FAME’s, biodiesel can be more 
susceptible to oxidation than mineral diesel. Sat-
urated FAME’s increase cloud point, cetane num-
ber, and improve storage stability; while polyun-
saturated FAME’s decrease these properties (Das 
et al., 2009). However, it has been reported that 
unsaturated FAME’s increase fuel lubricity and im-
prove cold flow properties (Hoekman et al., 2012). 
Therefore, the presence of saturated and unsaturat-
ed FAME’s is desirable for biodiesel production to 
obtain a fuel with better properties.

The central methyl esters in castor biodiesel 
were methyl ricinoleate (66.38%), methyl oleate 
(13.79%), and methyl linoleate (7.54%). These val-
ues were within the range of those in the literature 
(Okullo et al., 2012).

The chromatographic profile of jatropha biodiesel 
indicates that the most representative compounds were 
methyl oleate (31.64%), methyl linoleate (27.13%), 
and methyl palmitate (13.75%), similar to literature 
values (Piloto et al., 2011; Okullo et al., 2012). 

3.7. Higher heating value of castor and jatropha 
biodiesel

The HHV of biodiesel can be predicted by the 
FAME composition of biodiesel (Fassinou, 2012; 
Ramírez et al., 2012). Table 4 reveals the values of 
wi and xi calculated with the relations taken from Ta-
ble 3, and the HHVi was calculated with equation 6.

Table 4 depicts that the compound with the 
highest contribution to HHV in castor biodiesel is 
methyl ricinoleate with 26.49–26.82 MJ/kg. The 
HHV reported for methyl ricinoleate is 40.37 MJ/
kg (Fassinou, 2012), so comparing this value with 
that obtained in equation 6, there is a difference 
of 0.08%. For jatropha biodiesel, the two com-
pounds with the highest contribution to HHV are 
methyl oleate with 12.68–15.36 MJ/kg and methyl 
linoleate with 10.81–13.18 MJ/kg. The reported 
values for the HHV of methyl oleate and methyl 
linoleate are 39.90 MJ/kg and 39.85 MJ/kg, respec-
tively (Fassinou, 2012). Comparing these values 
with those obtained through equation 6 there is a 
difference of 0.45% for methyl oleate and 0.05% 
for methyl linoleate. Given the composition of 
the methyl esters, the HHV for castor biodiesel of 
39.74 to 40.25 MJ/kg can be predicted; while for 
jatropha biodiesel, an HHV between the ranges of 
32.37 to 39.94 MJ/kg can be expected. Ramírez et 
al., (2012) report that the methodology for estimat-
ing the HHV of biodiesel should not be used for 
castor biodiesel, so it was compared to a methodol-
ogy proposed by Fassinou, (2012). The difference 
between both methodologies was 0.27%.

When using blend biodiesel with diesel there is 
a decrease in HHV with an increasing mixing ratio. 
The HHV from B5 to B100 represents a range of 
39.74 to 41.80 MJ/kg for castor biodiesel and 32.37 
to 41.79 MJ/kg for jatropha biodiesel. The HHV of 
biodiesels from the current work are slightly low-
er than those of gasoline (40.43 MJ/kg), and diesel 
(41.40 MJ/kg) (SENER, 2019).

Table 4. HHVi (MJ/kg), wi and xi calculated from FAME composition

FAME
(Carbon chain)

Mi 
(g/mol) HHVi

Castor biodiesel Jatropha biodiesel

wi*HHVi xi*HHVi wi*HHVi xi*HHVi

Methyl Palmitate (C16:0) 270.46 39.72 2.54 2.91 5.46 7.25

Methyl Palmitoleate (C16:1) 268.44 39.46 - - 0.37 0.49

Methyl Stearate (C18:0) 298.51 40.33 1.37 1.42 2.10 2.52

Methyl Oleate (C18:1) 296.50 40.08 5.53 5.77 12.68 15.36

Methyl Ricinoleate (C18:1) 313.50 40.40 26.82 26.49 0.28 0.32

Methyl Linoleate (C18:2) 294.48 39.83 3.00 3.16 10.81 13.18

Methyl Elaidate (C18:1) 296.50 40.08 0.48 0.50 0.68 0.82

Total - - 39.74 40.25 32.38 39.94

HHVi Higher heating value of a given methyl ester; wi Mass fraction of a given methyl ester; xi Molar fraction of a given methyl ester; 
FAME Fatty Acid Methyl Ester; Mi Molar mass.

https://doi.org/10.3989/gya.0571211


Grasas y Aceites 73 (4), October-December 2022, e482. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0571211

From seeds to bioenergy: a conversion path for the valorization of castor and jatropha seeds • 11

4. CONCLUSIONS

The physicochemical characterization of the seeds, 
oil, and biodiesel of castor and jatropha was carried out, 
and the determination of the necessary conditions for 
obtaining castor and jatropha oil by mechanical extrac-
tion. According to the experimental designs, the best 
extraction yields were at 90 °C, 2 rpm, and a nozzle of 6 
mm for castor oil. For the jatropha oil, the optimal con-
ditions were at 100 °C, 1.5 rpm, and a nozzle of 10 mm.

Castor seeds have a low energy requirement and 
show better performance in the oil extraction process, 
along with most of the properties determined for oil 
and biodiesel obtained from them.  Castor oil presents 
better conditions without requiring high-cost pre-treat-
ments, so it is more convenient to promote its use for 
the production of biodiesel. The conversion percentag-
es of castor and jatropha oils to biodiesel were 96.66 
and 98.88%, respectively.

Ricinoleic acid is responsible for the low acid value 
and high viscosity of castor oil, as it is the major com-
pound in the oil.

Of all the measured parameters, the acid value 
turned out to have the most significant effect since the 
high acid value of the oil hinders the production and 
separation of methyl esters, which causes a decrease in 
the percentages of conversion to biodiesel, increasing 
losses and production costs. Linoleic acid is responsi-
ble for the high acid value and low viscosity of jatropha 
oil, as it is the second largest compound in the oil.

The heating value for biodiesel is closely linked to 
the properties of the most representative methyl esters, 
so it is to be expected that the heating value of biodiesel 
is similar or close to the heating value of esters. The 
HHV of castor biodiesel can be expected to be close 
to methyl ricinoleate HHV, as it is the major contribu-
tor with 66.38% (w/w). The HHV of jatropha biodiesel 
will be close to the average of the HHV of the most 
representative FAME.

Therefore, it is concluded that the methodology 
developed in the present work for castor and jatropha 
seeds allows for obtaining biodiesel which falls within  
the acceptance ranges of ASTM D6751 of the deter-
mined properties.
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SUMMARY: This work aimed to obtain a hydrolyzate rich in free fatty acids (FFA) from the hydrolysis of macauba oil for subsequent 
esterification and obtaining of methyl esters. To determine the conditions that maximize FFA yield in the hydrolysis step, the effects of 
buffer solution percentage and catalyst concentration (Lipozyme® RM IM) were determined at 55 ºC and 6 h. From the results, it was ver-
ified that both variables evaluated in the experimental range had an influence on the reaction and their increase favored the production of 
FFA. Additional experiments were carried out to assess the influence of reaction time with a progressive increase up to 8 h.  Hydrolyzate 
with ~92 wt % FFA was obtained and its use in the enzymatic esterification step using Novozym® 435 as catalyst resulted in ~95 % FFA 
conversion.  Regarding the reuse of enzymes at each stage, a ~50 % reduction in FFA yield was found and only 98 % FFA conversion.

KEYWORDS: Enzymatic catalysis; Esterification; Hydrolysis; Macauba oil; Methyl esters

RESUMEN: Obtención de hidrolizado de aceite de macauba y su aplicación en la producción de ésteres metílicos. Este trabajo tuvo 
como objetivo obtener un hidrolizado rico en ácidos grasos libres (AGL) a partir de la hidrólisis del aceite de frutos de macauba, para 
su posterior esterificación y obtención de ésteres metílicos. Para determinar las condiciones que maximizan el rendimiento de AGL en la 
etapa de hidrólisis, se determinaron los efectos del porcentaje de solución amortiguadora y la concentración de catalizador (Lipozyme® 
RM IM) a 55 ºC y 6 h. De los resultados se verificó que ambas variables, en el rango experimental evaluado, tienen influencia en la reac-
ción y su incremento favorece la producción de AGL. Se llevaron a cabo experimentos adicionales para evaluar la influencia del tiempo 
de reacción, observándose un aumento progresivo hasta las 8 h. Se obtuvo un hidrolizado con ~92 % en peso de FFA y su uso en el paso 
de esterificación enzimática, usando Novozym® 435 como catalizador, resultó en ~95 % de conversión de FFA. Al investigar la reutiliza-
ción de enzimas, en cada etapa, se encontró una reducción de ~50 % en el rendimiento de FFA y solo un 98 % en la conversión de FFA.
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1. INTRODUCTION

For the past few years, advance  research and 
development  on  the production of biofuels from 
renewable sources has been vehemently growing 
due to the excessive burning of  fossil fuels which 
cause various environmental issues (Bankovicllic 
et al., 2012). The use of biodiesel has been widely 
recognized due to its significant contribution to the 
reduction of greenhouse gas emission, specifically in 
the transportation sector (Lam et al., 2019).

According to the Brazilian National Petroleum 
Agency (ANP, 2015), most of the biodiesel produced 
in Brazil is obtained from soybeans and since this 
is a crop mainly grown for human consumption, re-
search on the exploitation of other oilseed crops with 
the potential to produce biodiesel has been report-
ed. The oil from the Macauba fruit (Acrocomia acu-
leata) stands out in this sense, due to the great poten-
tial for production, which can be from 1500 to 5000 
Kg of oil per hectare (Manfio et al., 2011), higher 
than the productivity displayed by soybeans, about 
~ 576 kg of oil per hectare (Tamagno et al., 2020). 
The extraction of macauba oil can come from the 
kernel and the pulp, and the fatty acid composition 
of the oil extracted from the pulp consists of unsatu-
rated (oleic and linoleic) and saturated (palmitic and 
stearic) fatty acids (Rosa et al., 2020). The compo-
sition of kernel oil is mainly composed of saturated 
fatty acids (lauric, myristic and palmitic) (Trentini et 
al., 2018; Rosa et al., 2020) and therefore, because 
it contains a greater amount of these fatty acids, the 
use of macauba kernel oil confers the production of 
biofuels with greater oxidative stability (Trentini et 
al., 2018). In addition, problems related to the super-
cooling of biodiesel from this oil were not observed 
(Menezes et al., 2021).

The application of macauba oil in the synthesis of 
biodiesel requires its use in crude form (without re-
fining process) in order to reduce raw material costs, 
which contribute with a high share in production costs. 
However, crude macauba oil has high acidity, with re-
ports of 70.26% (Silva et al., 2021) and 23% (Raspe et 
al., 2013) in pulp and kernel oil, respectively. The hy-
drolysis of triglycerides followed by the esterification 
of the obtained fatty acids has stood out in obtaining 
fatty acid esters for substrates with high acidity (Ves-
covi et al., 2016), mainly in the conventional trans-
esterification process with alkaline catalyst, which 
inevitably generates soap in the presence of these 

substrates, thus inactivating the catalyst, making sep-
arating biodiesel and glycerol expensive and affecting 
process productivity (Sousa et al., 2010). However, 
to make this route industrially viable, in addition to 
the raw material, operational parameters related to 
the production costs of this biofuel, such as reaction 
time, energy demand and catalyst performance must 
be considered (Wancura et al., 2021).

Hydrolysis and esterification reactions have been 
reported using enzymatic catalysts (Santos et al., 
2015; Zhou et al., 2015; Barbosa et al., 2019), mainly 
due to heterogeneity, the employment of soft condi-
tions (Kabbashi et al., 2015; Nguyen et al., 2017), and 
the high degree of specificity of the desired substrates, 
which promotes reaction acceleration and biodegrad-
ability, making them less polluting compared to other 
catalysts and facilitating their  reuse (Rodrigues and 
Ayub, 2011; Vescovi et al., 2016). Although the use 
of these catalysts still faces problems related to low 
reaction rates and the need for long periods of time to 
achieve high yields, their use in the sequential process 
has stood out, demonstrating its potential to overcome 
these drawbacks (Wancura et al., 2019).

The use of organic solvents as reaction media for 
enzymatic reactions provides attractive advantages 
over traditional systems, such as increased reaction 
yield over increased substrate solubility, suppres-
sion of water-dependent reactions and elimination 
of microbial contamination (Raspe et al., 2013), be-
sides the influence on catalytic activity and enzyme 
stability caused by the nature of these solvents. In 
contrast, other authors report that their effect causes 
the inactivation of enzymes, high solvent cost, lim-
itations in mass transfer for heterogeneous systems 
or systems with high viscosity solvents/substrates 
(Doukyu and Ogino, 2010).

 Therefore, the aim of this study was to evalu-
ate the production of esters  from the enzymatic hy-
droesterification of macauba oil in s two-step reac-
tion: oil hydrolysis followed by esterification of the 
hydrolyzate obtained. The effects of the experimen-
tal variables (buffer solution percentage and catalyst 
concentration) were investigated in the hydrolysis 
step in order to maximize the free fatty acid (FFA) 
yield,  and to determine the effect of reaction time.  
The hydrolyzate obtained (with maximum FFA con-
tent) was directed to the esterification step. In addi-
tion,  the reuse of the enzymes used in the hydrolysis 
and esterification steps was evaluated.
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2. MATERIALS AND METHODS

2.1. Materials

Macauba kernel oil (Cocal Brasil) was used in the 
reactions, and  its chemical composition was previ-
ously reported by Raspe et al. (2013). Sodium phos-
phate buffer (Neon), enzyme Lipozyme® Rhizomu-
cor miehei (Sigma-Aldrich) and n-hexane (Nuclear) 
were used in the hydrolysis step. In the esterification 
reactions, the hydrolyzate obtained  from the hy-
drolysis step, methanol (Panreac, 99.9% purity) and 
enzyme Novozym® 435 (Candida antarctica lipase 
immobilized) were used. Heptane (Nuclear) and eth-
anol (Anidrol) were used to wash the enzymes in the 
catalyst reuse tests.  . In titration step of the samples, a 
solution of ethyl ether:ethanol 2:1 (v:v) (Vetec/Nucle-
ar), potassium hydroxide (Nuclear), and phenolphtha-
lein as indicator (Nuclear) were used. 

2.2. Experimental procedure

The hydrolysis reaction was  carried out in a mag-
netically stirred, jacketed flask (40 mL) connected to a 
constant temperature bath (Marconi) for temperature 
monitoring. The reaction was conducted at 55 ºC, with 
agitation of 400 rpm and the reaction medium was com-
posed of macauba kernel oil, sodium phosphate buffer 
solution (pH 8.0), n-hexane (oil to n-hexane mass ra-
tio of 1:1) and Lipozyme® Rhizomucor miehei (RM 
IM) as catalyst (Raspe et al., 2013). The enzyme was 
maintained at 40 ºC for 1 hour for activation before its 
addition to the reaction medium. After the reaction time 
of 6 hours, enzymes were separated by filtration and 
two phases (oil + solvent and water) were separated by 
centrifugation and the solvent in the oil phase was dried 
in an oven  to evaporate the excess solvent.

An experimental central composite design (with 
axial points) was applied to evaluate the effects of 
process variables on FFA yield using Statistica® 8.0 
software (STATSOFTTM, Inc.). Buffer solution per-
centage (A) and catalyst concentration (B) were the 
variables investigated in the enzymatic hydrolysis, 

and these factors varied, as shown in Table 1. A total 
of 11 experiments with different combinations of  lev-
els of the variables were performed in duplicate, and 
the mean values ± standard deviation of the results 
were reported.

A second-order polynomial model (Barbosa et 
al., 2019) was adjusted in relation to the responses 
obtained and the variables investigated. Analysis of 
variance (ANOVA) was used to evaluate the effects 
of operational variables and their interactions on the 
proposed model based on the values of p-value and 
F, where p < 0.05 was used as  the threshold of sta-
tistical significance.

The effect of reaction time was determined from 
the conduction of destructive kinetics (in duplicate) 
in the times of 1, 2, 4, 6, 8 and 10 hours. The reac-
tions were conducted keeping the temperature and 
buffer solution fixed at 55 ºC and 50 wt% (in relation 
to the oil mass), respectively, with the evaluation of 
the addition of lipase in concentrations of 10, 15 and 
20 wt% (in relation to the substrate’s mass).

The reactions with the macauba oil hydrolyza-
te were conducted keeping the temperature fixed 
at 65 ºC and a methanol to FFA molar ratio of 3:1. 
The reaction conditions were selected based on the 
work of Cerveró et al. (2014). Preliminary tests were 
conducted with different catalysts (Lipozyme® Rhi-
zomucor miehei, Lipozyme® Thermomyces lanugi-
nosus and Novozym® 435), which  would indicate 
higher conversions with the use of Novozym® 435  
with percentage in the reactions  of 10 wt% (relation 
to substrates mass). These reactions were performed 
with magnetic stirrers in a batch reactor equipped 
with condenser and immersed in a temperature-con-
trolled water bath. The hydrolyzate (4 g) was heated 
until the desired temperature was reached. At this 
point, methanol and the catalyst (after activation 
at 40 ºC for 1 hour) were added and esterification 
began. At the end of each reaction, the catalyst was 
separated by centrifugation (3000 rpm for 10 min-
utes), and the alcohol and water were removed from 
the reaction mixture using a rotary evaporator.

Table 1. Actual and coded values of the independent variables, central composite design (22), for enzymatic hydrolysis of macauba oil.

Levels

Factors (-1.41) (-1) (0) (+1) (+1.41)

(A) Buffer (in relation to oil mass) 21.71 10 30 50 78.28

(B) Enzyme (in relation to substrate mass) 7.92 5 7.5 10 22.07
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2.3. Analytical method

The content in free fatty acids (FFA) was determined 
based on the method Ca 5a-40 (AOCS, 1998), which is 
based on acid-base titration using an ethanol solution of 
potassium hydroxide (KOH) previously standardized as 
the titrant. Each sample was titrated in duplicate and the 
FFA content was calculated from  Equation 1:

  (1)

where C is the concentration of sodium hydrox-
ide (mol L−1) used as titrant, MM corresponds to the 
molar mass of the predominant fatty acids in the 
sample, v is the volume required for the titration 
(mL) and m is the mass of sample (g).

The FFA yield of the hydrolysis reactions was 
calculated from Equation 2:

  (2)

where FFA corresponds to FFA content produced 
after the hydrolysis reaction and the CHI content  in 
compounds present in the macauba oil that can be 
hydrolyzed (considering the initial content of FFA 
of 23.0 ± 0.4 wt%) reported by Raspe et al. (2013).

The macauba oil hydrolysate used was character-
ized in terms of the free fatty acid and water con-
tents using the official methods recommended by 

the AOCS (1990): Ca 5a40 and 984.20, respectively. 
The glycerol content was determined by titration, 
using the sodium periodate method described by 
Cocks and Van Rede (1996). 

The conversion of the esterification reaction (FFA 
conversion) was determined according to Equation 3:

  (3)

where FFAi is the initial FFA content in the hy-
drolyzate and FFAf is the FFA content in the final 
sample of the reaction medium.

2.4. Reuse of lipase

For the reuse assays of the Lipozyme® RM IM 
and Novozym® 435, batches of hydrolysis and 
esterification were repeated for 15 cycles of 6 hours 
and 1 hour, respectively. After each reaction, the 
biocatalyst was recovered by filtration, washed with 
heptane and ethanol to remove adsorbed products 
and dried in oven at 40 ºC for 1 hour, kept in a desic-
cator for 24 hours and reused in another batch.

3. RESULTS

3.1. Enzymatic hydrolysis of macauba oil

Table 2 presents the results obtained for the re-
actions conducted in order to evaluate the effect of 

Table 2. Central composite design and free fatty acid (FFA) yield obtained from enzymatic hydrolysis of macauba oil carried out at 55 ºC 
and 6 hours.

Run
Variables1

FFA yield2 (%)
A B

1 30 (-1) 10 (-1) 69.03 ± 0.38
2 30 (-1) 20 (+1) 78.09 ± 0.29
3 70 (+1) 10 (-1) 71.08 ± 0.82
4 70 (+1) 20 (+1) 80.67 ± 0.40
5 21.71 (-1.41) 15 (0) 76.67 ± 0.90
6 78.28 (+1.41) 15 (0) 80.15 ± 0.48
7 50 (0) 7.92 (-1.41) 68.56 ± 0.36
8 50 (0) 22.07 (+1.41) 80.17 ± 0.05

9.1 50 (0) 15 (0) 77.46 ± 0.05
9.2 50 (0) 15 (0) 78.39 ± 0.27
9.3 50 (0) 15 (0) 78.49 ± 0.75

 1 (A) Buffer solution percentage (in relation to oil mass) and Enzyme concentration (in relation to substrate mass); 2 calculated according 
FFA content produced after the hydrolysis reaction and CHI content of compounds present in the macauba oil which can be hydrolyzed 
(23.0 ± 0.4 wt%), mean value (2 replicates) ± standard deviation.
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the process variables for obtaining a hydrolyzate 
rich in FFA. 

The ANOVA of the quadratic model adjusted to 
the experimental data is presented in Table 3. Signif-
icant terms (p < 0.05) were obtained, which indicates 
that the experimental data can adequately describe the 
model proposed. The F values of 62.53 indicate that 
the models were significant, since these values were 
higher than the Fcritic value (8.89). In addition, the val-
ues for R2 and R2

adjusted, calculated considering only 
the significant parameters, showed that the variability 
of the data (> 90%) is adequately explained by the 
regression model, which indicates  good linearity be-
tween the predicted data and the observed data. 

Table 3 shows that linear and quadratic terms of 
all variables were significant for the adjusted model, 
except for the buffer percentage,  which showed in-
fluence only on the linear term and the binary inter-
action  which was not significant. From the adjusted 
model, the linear term of the buffer percentage was 
the variable that presented a higher F value and a 
lower p value. The polynomial model for the FFA 
yield (%) was  regressed considering the significant 
terms as presented in Equation 4:

  (4)

3.1.1. Effect of process variables

The variables evaluated in the experimental design 
have a greater influence on the FFA yield (based on the 

experimental range considered). The greater amount 
of buffer solution in the reaction medium caused  an 
increase in the interfacial area of the oil-water sys-
tem, providing a greater number of bonds between the 
substrates to be catalyzed by the lipase (Zhou et al., 
2015). In addition,  when the percentage of the buff-
er solution was increased, there was less variation  in 
the pH of the reaction medium and less aggregation 
(McClements and Weiss, 2005). In addition, a high-
er proportion of water changed the balance in favor 
of the products, improving the reaction rate in each 
of the hydrolysis steps and accelerating their comple-
tion (Wang et al., 2012). This was possibly because 
lipase, which is a surface-active enzyme, bound with 
the substrates at the oil–water interface and, with 
the increased addition of water, the amount of water 
available for oil to form oil–water droplets increased, 
thereby increasing the available interfacial area, since 
the lipase catalyzes the hydrolysis reaction at the in-
terfacial area of emulsion (Nguyen et al., 2017). 

Santos et al. (2015) observed an increase in the 
hydrolysis yield from ~35 to 100% FFA with the 
use of 50 wt% and 90 wt% buffer solution in the 
reaction, respectively. Zhou et al. (2015) evaluated 
the hydrolysis of unrefined jatropha oil and found 
that the application of the highest proportion of wa-
ter (relation to oil mass) (100 wt%) resulted in ob-
taining ~88 wt% FFA, while using the proportion of 
50 wt%, ~75 wt% FFA was obtained. Barbosa et al. 
(2019) reported a ~150% increase in the hydrolysis 
degree of Moringa oleifera Lam oil by varying the 
oil-to-water mass ratio from 15 to 35 wt%. 

Table 3. Analysis of variance (ANOVA) of the quadratic model of free fatty acid (FFA) yield obtained from enzymatic hydrolysis of 
macauba oil.

Sum of squares Degree of freedom Mean square F p1

A (L) 11.38 1 11.38 35.39 0.027

A (Q) 0.40 1 0.40 1.26 0.376

B (L) 153.71 1 153.71 478.08 0.002

B (Q) 29.66 1 29.66 92.26 0.010

A*B 0.07 1 0.07 0.22 0.684

Lack of Fit 6.19 3 2.06 6.41 0.137

Pure Error 0.64 2 0.32

Total SS 202.67 10

R2 = 0.964

R2
adjusted = 0.949

1 Statistical significance (p < 0.05); L - linear effect and Q - quadratic effect.
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The higher catalyst concentration  in the reaction 
medium favored the achievement of higher values for 
FFA yield, which is the result of increased contact be-
tween the substrate and the active sites of the lipase 
and the cumulative adsorption of the enzyme at the 
oil-water interface (Santos et al., 2015), leading to in-
creased hydrolysis rates. In general, the reaction rate 
increases with the greater availability of enzyme in the 
reaction medium. Zenevicz et al. (2016) found a 20% 
increase in the FFA content obtained from the hydroly-
sis of soybean oil by increasing the Lipozyme® TL IM 
percentage from 1 to 10 wt% (based on the total mass 
of substrates). For the hydrolysis of soybean oil, Corra-
dini et al. (2019) obtained 1800 mM and ~500 mM of 
FFAs using 6 and 2 g of castor seed lipase, respectively.

3.1.2. Maximization of FFA yield

The conditions that maximized the production of 
FFA from the enzymatic hydrolysis of macauba oil 
were 50 wt% buffer solution and 20 wt%  enzyme, 
with predicted FFA yields of 80.2%. Verification 
experiments were conducted (in triplicate)  and pro-
vided FFA yield of 82.65 ± 0.57%. The predicted 
experimental values were compared and according to 
the t-Student test, there was  agreement between these 
values in a significance interval of 0.05, which shows 
the predictive capacity of the adjusted models.

3.1.3. Effect of reaction time

Considering that for the investigated system the 
enzyme concentration had a greater influence on the 
FFA production, the kinetic of the reaction was de-
termined keeping the temperature and buffer solu-
tion fixed at 55 ºC and 50 wt% (in relation to the oil 
mass), respectively, with evaluation of the addition 
of lipase in concentrations of 10, 15 and 20 wt% (in 
relation to the substrates mass). 

Figure 1 presents the results obtained for the reac-
tions carried out in the interval from 1 to 10 hours and 
according to this figure it can be seen that the gradual 
increase in the reaction time resulted in higher FFA 
yields, with the maximum value of ~88.90% (corre-
sponding to FFA content of 92.08 wt%) obtained us-
ing 20 wt%  catalyst and after 8 hours of reaction. 
For the reactions conducted with 15 and 20 wt% of 
catalyst, there was no increase in yield after 8 hours, 
indicating that the process equilibrium was reached.

Rodrigues and Ayub (2011) reported  yields in the 
order of 95%  FFA after 10 hours of reaction when 
investigating the hydrolysis of soybean oil using a 
water-to-soybean oil molar ratio of 3:1, 25 wt% (in 
relation to mass of oil) of the biocatalyst mixture 
(combination of 65% Thermomyces lanuginosus and 
35% Rhizomucor miehei) at 30 °C. After 2 hours of 

Figure 1. Kinetics of the production of free fatty acids (FFA) from enzymatic hydrolysis of macauba oil at 55 ºC, oil-to-n-hexane mass ra-
tio of 1:1, 50 wt% of sodium phosphate buffer solution (pH 8.0) (in relation to oil mass) with different percentages of catalyst Lipozyme® 

RM IM (in relation to substrate mass): ■ 10 wt%; ● 15 wt% and ▲ 20 wt%. Mean value (2 replicates) ± standard deviation.
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reaction at 40 °C,  with an oil-to-water molar ratio of 
1:20 and 10 wt% of Lipozyme® TL IM (in relation to 
the substrates mass), Zenevicz et al. (2016) obtained a 
maximum yield of 60% FFA in the hydrolysis of soy-
bean oil. Vescovi et al. (2016) obtained 100%  FFA 
yield in the hydrolysis of frying oil catalyzed by the 
immobilized lipase of Thermomyces lanuginosus, in a 
ratio of oil-to-water of 1:4 (v/v) and enzyme/reaction 
medium of 1:100 (w/v), at 30 °C and 24 h. After 40 
hours of hydrolysis catalyzed by Lipozyme® RM IM, 
Tavares et al. (2018) obtained a maximum FFA yield 
of 74% from crambe oil, under experimental condi-
tions of 2.7 wt% of lipase (in relation to the mass of 
substrates) and water-to-oil molar ratio of 10:1.

3.1.4. Characterization of hydrolyzate 

The macauba oil hydrolyzate collected  at 55 ºC, 
with 50 wt%  buffer solution, 20 wt%  lipase and 8 
hours of reaction showed a free fatty acid content of 
92.08 ± 0.28 wt%, water content of 0.865 ± 0.07 wt% 
and glycerol content of 0.64 ± 0.002 wt%, respectively.

3.1.5. Reuse of biocatalyst 

Figure 2 shows the evaluation of the reuse of the 
enzyme catalyst in reactions conducted at 55 ºC, 50 
wt%  buffer solution and 20 wt%  lipase,  evaluated 

for 15 cycles of 6 hours each. From the data in Fig-
ure 2, it can be seen that the efficiency of the lipase 
declines in the course of its reuse, obtaining  ~50% 
lower yield after 15 cycles compared to cycle 1. The 
loss  in activity observed may be related to the sat-
uration of the active sites of the enzyme during the 
reaction, since upon reaching its maximum activity, 
the interfacial effects and obstacles to mass transfer 
imply a decrease in  reaction rates, preventing  the 
enzyme from absorbing more substrate (Corradini et 
al., 2019). Kabbashi et al. (2015) repored  that the de-
crease in product yield may be attributed to desorption 
of the enzyme from the support and inactivation upon 
repeated reuse.

Rodrigues and Ayub (2011) verified a drop of 
~80% in the hydrolysis yield of soybean oil cata-
lyzed by the mixture of Thermomyces lanuginosus 
and Lipozyme® RM IM after 10 cycles of 10 hours 
each, relating this behavior to the lack of washing of 
the catalysts at the end of each process. Vescovi et 
al. (2016) when evaluating the reuse of Thermomy-
ces lanuginosus lipase in the hydrolysis of residual 
cooking oil, determined  that  enzyme activity de-
creased during reuse in proportions similar to those 
reported in this work (~50%), although after only 
five cycles (10 hours each). According to the au-
thors, this decrease in yield is due to the low pH of 

Figure 2. Evaluation of free fatty acid (FFA) yield from enzymatic hydrolysis of macauba with Lipozyme® RM IM reuse at 55 ºC, oil-
to-n-hexane mass ratio of 1:1, 50 wt% of sodium phosphate buffer solution (pH 8.0) (in relation to oil mass) and 20 wt% (in relation to 

substrate mass) of catalyst and cycle of 6 hours each. Mean value (2 replicates) ± standard deviation.
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the reaction medium (around pH 4.6 after 10 hours 
of hydrolysis), which probably caused  enzyme inac-
tivation. Assessing the reuse of Lipozyme® TL IM 
in the enzymatic hydrolysis of soybean oil, Zenevicz 
et al. (2016) observed that the process maintained 
the yield at ~60% FFA after 4 cycles (2 hours each).

3.2. Reaction carried out with macauba oil hydro-
lyzate

The esterification step of the FFA in solvent me-
dium (50 wt% of n-hexane in relation to the hydro-
lysate mass) was carried out at different times, as 
shown in Figure 3. From the data in this figure, it 
appears that the reaction rate is high in short reaction 
times (15 min), reaching equilibrium in 60 min with  
~95% conversion of  FFA. 

When investigating the influence of operational 
conditions on the use of Novozym® 435 in  FFA 
esterification with methanol, Mulalee et al. (2015)
reported ~ 95%  conversion with 5 wt% catalyst (in 
relation to oleic acid), with a methanol-to-FFA molar 
ratio of 2:1, at 45 °C after 8 hours. ~97% FFA con-
version was obtained by Teixeira et al. (2017) in the 
esterification of FFA of macauba oil, conducted at a 
methanol-to-FFA molar ratio of 2:1, 5 wt% of Lipo-
zym® 435 (in relation to FFA mass), 30 °C and 60 
min. Rosset et al. (2019) reported 94.3% conversion 

in the esterification of soybean oil hydrolyzate with 
the lipase NS 40116 (enzyme-in-liquid formulation 
from genetically-modified Thermomyces lanugino-
sus microorganism) at 35 °C, methanol-to-oil molar 
ratio of 4.5:1 and 12 hours of reaction.

3.2.1. Reuse of biocatalyst 

The reuse of the Novozym® 435 in the 
esterification reaction was evaluated under the 
conditions reported in Figure 3 for the reaction time 
of 1 hour and during 15 cycles, as shown in Figure 4. 
It was verified from the results that the lipase main-
tained ~98% of its initial conversion capacity at the 
end of the evaluated cycles. The maintenance of the 
catalytic activity of the lipase is related to the low 
solubility of its support during the reactions (Shin 
et al., 2020), promoted by operating conditions and 
the alcohol in the process. Adequate temperature and 
agitation do not weaken the enzyme support and do 
not promote its interfacial inactivation (Ortiz et al., 
2019). In addition, methanolic esterification pro-
motes less swelling in the reuse of Novozym® 435, 
causing less loss in activity and degree of catalyt-
ic deactivation (Mulalee et al., 2015). At the sqame 
time,  the recovery of the enzyme by washing with 
heptane may also be responsible for maintaining 
the stability of Novozym® 435, due to the greater 

Figure 3. Free fatty acid (FFA) conversion from enzymatic esterification of macauba hydrolysate at 65 ºC, methanol-to-free fatty acid of 
3:1 and 10 wt% Novozym® 435 (in relation to substrates mass). Mean value (2 replicates) ± standard deviation.
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removal/dissolution of the constituents linked to the 
active sites of this enzyme (Chowdhury and Mitra, 
2015), restoring the catalyst activity almost com-
pletely.

Baek et al. (2020) performed  the enzymatic syn-
thesis of formate ester through immobilized lipase, 
and observed that Novozym® 435 could be reused 
for 10 cycles of 1 hour, keeping the conversions at 
~92%. Moreira et al. (2020) reported that  Novo-
zyme® 435 maintained catalytic activity at the end of 
10 consecutive cycles in the enzymatic esterification 
of babassu FFA in reactions at 48 °C and duration of 
4 hours.

4. CONCLUSIONS

The present study evaluated the hydroesterifica-
tion of macauba oil using enzymatic catalysis, with 
evaluation of the processes of hydrolysis of macauba 
oil and esterification of the hydrolyzate.  Evaluating 
the effects of the process variables, it was found a 
yield of ~ 80% in FFA, through positive and signifi-
cant effects for the percentage of buffer solution and 
concentration of catalyst in the reaction medium. A 
hydrolyzate with ~92% FFA was obtained by eval-
uating the percentage of 20 wt% of catalyst (in rela-
tion to oil mass), temperature of 55 ºC, stirring 400 

rpm and 50 wt% of buffer solution (in relation to 
mass of substrates) in the hydrolysis kinetics after 
8 hours of reaction. The conversion of the hydro-
lyzate in the esterification step was evaluated at 65 
ºC, methanol to FFA of 3:1 and 10 wt% (in relation 
to substrates mass) of catalyst, where 95% conver-
sion of the FFA was achieved. In the reuse of the 
catalysts, the efficiency of the Lipozyme® RM IM 
lipase decreased ~50% the FFA yield in hydrolysis 
after 90 hours of the process, while Novozym® 435 
maintained ~98% of its initial conversion capacity, 
at the end of the 15 cycles investigated (15 hours).
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SUMMARY: Among the benefits which vacuum impregnation (VI) may provide to fruits and vegetables, this study focused on weight 
and texture changes during the processing of table olives. VI applied to Manzanilla olives led to around 10% weight gain, which was 
maintained after their packing as black olives. However, this weight gain was only around 4 % for Hojiblanca olives. Likewise, the use 
of calcium chloride was recommended to maintain the firmness of the olives, in particular those of the softer Manzanilla cultivar. With 
regard to the Spanish-style, the Hojiblanca cultivar achieved around 4% weight gain during processing but the use of VI for Manzanilla 
olives was ruled out due to softening of the fruit. In addition. the black and green color of olives and their flavor were not modified by the 
application of VI. This technology could be very useful to reduce weight loss during table olive processing. 

KEYWORDS: Calcium; Firmness; Table olive; Vacuum; Weight. 

RESUMEN: Efecto de la impregnación al vacío sobre los cambios físicos durante la elaboración de aceitunas de mesa. Entre los 
beneficios que la aplicación de la impregnación al vacío puede originar en frutas y verduras, este estudio se ha centrado sobre los cambios 
en la textura y el peso de las aceitunas de mesa durante su procesamiento. La impregnación al vacío de aceitunas Manzanilla dio lugar a 
un aumento cercano al 10 % de peso y ello se mantuvo después de su envasado como aceitunas negras, mientras que esta ganancia fue 
de sólo el 4& para aceitunas Hojiblanca. Asimismo, se vio necesario el empleo de cloruro cálcico para el mantenimiento de la textura de 
los frutos, en particular para aquellos de la variedad Manzanilla. Con respecto al procesamiento como verdes estilo español, la variedad 
Hojiblanca consiguió un aumento del 4% en peso debido al empleo de impregnación al vacío y este tratamiento se descartó para la Man-
zanilla debido al ablandamiento de la aceituna. Además, se debe indicar que el color verde y negro de las aceitunas no se vio afectado 
por el hecho de emplear impregnación al vacío. Esta tecnología podría ser muy útil para reducir las pérdidas de peso que se producen 
durante la elaboración de aceitunas de mesa. 
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1. INTRODUCTION

Vacuum impregnation (VI) is a well-known tech-
nique which has been investigated in a wide range 
of fruits and vegetables (Fito et al., 1996; Zhao and 
Xie, 2004; Blanda et al., 2008; López and Moreira, 
2019). Among the different applications of VI, it has 
been studied extensively in recent years for the elab-
oration of minimally processed and dehydrated fruits 
enriched with health-promoting substances includ-
ing phenolic compounds (Luo et al., 2019; Tylewicz 
et al., 2019). In addition, the infusion of calcium and 
the enzyme pectin methylesterase into fruits via VI is 
carried out to increase their firmness (Banjongsinsiri 
et al., 2004; Quintanilla et al., 2018), although the 
use of VI without firming agents may induce fruit 
softening due to structural deformations (Tylewicz 
et al., 2019). The rapid acidification of vegetables is 
another interesting application of VI to control mi-
crobial growth (Derossi et al., 2011). With regard to 
table olives, VI has been studied for the enrichment 
of green olives with iron (Zunin et al., 2017) and to 
accelerate the debittering stage with NaOH (Tamer 
et al., 2013).

A consequence of the use of VI on fruits and veg-
etables is often an increase in their weight (Derossi 
et al., 2010; Sirijariyawat et al., 2012; Parreidt et 
al., 2018). The application of a high vacuum level to 
plant tissue leads to the expansion of the gas trapped 
inside the intercellular spaces and capillaries, so an 
increase in the porosity volume of the tissue occurs. 
Hence, the penetration of the liquid inside the pores 
during the relaxation step of VI gives rise to an in-
crease in the weight of the fruit (Schulze et al., 2012; 
Tylewicz et al., 2019). Among the many variables 
which can affect the VI phenomenon, the porosity 
fraction of the vegetable and fruit tissue is one of the 
most important. This parameter may range from 1.6 
to 35.9% (Derossi et al., 2012), and it has been esti-
mated at around 4% in raw olives of the Hojiblanca 
cultivar (Romero et al., 1996).

Changes in the weight of table olives currently oc-
cur during processing and this is of economic impor-
tance for industries. Although no reports are avail-
able on the changes in the weight of Spanish-style 
green olives, small weight increases occasionally 
occur during the debittering and fermentation stages 
of this product (private industrial communication). 
By contrast, weight loss has been reported during 

the storage of olives of the Hojiblanca cultivar in-
tended for processing as black ripe olives; whereas 
increase in weight takes place during the darkening 
stage of the elaboration of this commercial prepara-
tion (García et al., 2014).

The aim of this work was to investigate the ap-
plication of VI on raw olives which are then pro-
cessed as Spanish-style green olives and black ripe 
olives, in particular its effect on weight changes dur-
ing elaboration and its influence on the quality of the 
final product. The influence of calcium addition to 
prevent firmness loss was also assessed. 

2. MATERIALS AND METHODS

2.1. Olive material

Olives of the Manzanilla and Hojiblanca culti-
vars were supplied at the end of September during 
the 2016/2017 olive season from local farmers locat-
ed in the province of Seville (Spain). Three and four 
independent lots of olives of the Manzanilla and Ho-
jiblanca cultivars were purchased, respectively. The 
fruits were harvested with green-yellow color on the 
surface and, on arrival at the laboratory, leaves and 
small branches were removed, and the olives were 
sorted in order to use those with uniform size (280-
320 fruit/kg). 

2.2. Assays of VI

The VI equipment consisted of a modified pres-
sure cooker (10 L volume) with a pressure gauge 
connected to with a vacuum pump with a rubber 
tube (Millipore Corp.), which allowed adjustment of 
the level of vacuum. Before vacuum assays, the ol-
ives were submerged in tap water and the liquid was 
drained for five minutes. Subsequently, lots of 4 kg 
of wet olives were put inside the pressure cooker and 
immersed in 5 L tap water at room temperature. Ex-
cept for the experiments aimed at studying the effect 
of the vacuum level, 0.8 bar vacuum was maintained 
during all assays for 15 minutes inside the chamber 
before the atmospheric pressure was restored. All 
samples were kept in tap water for a relaxation time 
of 15 minutes at atmospheric pressure. Afterwards, 
VI olives were processed as table olives. 

Olives of the Manzanilla cultivar with different 
sizes ranging from 15 to 19 mm equatorial diameter 
were also vacuum impregnated to test the effect of 
olive size on weight changes.

https://doi.org/10.3989/gya.0676211
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2.3. Spanish-style green olive processing

For each of the four Manzanilla lots, 5 kg of 
vacuum-impregnated olives were put into 8.5 L 
cylindrical polyethylene vessels and covered with 
3.4 L of 0.47 M NaOH solution until it penetrated 
two-thirds of the way to the pit of the olives (Fig-
ure 1). Subsequently, the olives were washed with 
tap water for seven hours and then covered with 
10% (w/v) NaCl solution or the same brine spiked 
with 2 g/L CaCl2. Olives that were not submit-
ted to VI were similarly debittered, washed and 
put into brine with and without calcium to use as 
controls. Finally, the fruits were left to spontane-
ous fermentation for eight months and the weight 
change was recorded (Figure 1). All assays were 
run in duplicate.

The four lots of Hojiblanca olives were pro-
cessed as described above, except for the NaOH 
concentration, which was 0.52 M.

2.4. Black ripe olive processing

Vacuum-impregnated olives (5 kg) of the three 
lots of Manzanilla cultivar were put into the 8.5-
L vessels and covered with 3.4 L of 1.5% acetic 
acid with and without 3 g/L CaCl2 (De Castro 
et al., 2007). The olives which were not submit-
ted to vacuum impregnation were also stored in 

similar acetic acid solutions (controls). All as-
says were run in duplicate. After eight months of 
storage, the fruits were darkened following the 
recently developed single lye treatment (Brenes 
et al., 2017). Three kilograms of olives were put 
into four methacrylate horizontal cylindrical con-
tainers and covered with 3 L of a 0.63 M NaOH 
solution (lye) until the lye reached the pit (4h). 
Then the alkaline solution was removed and the 
olives were submerged in tap water for 24 h with 
aeration. This first washing water was drained and 
the fruits were covered with fresh tap water for 
another 24 h with aeration as well as the pH being 
controlled in the liquid below 8.0 units with the 
addition of CO2. Subsequently, they were covered 
with a 0.1% (w/v) ferrous gluconate solution for 
five hours to fix the black color which had formed. 
Finally, the stones were removed from the olives 
with an industrial pitting machine (OFM, Seville, 
Spain), and 145 g of pitted olives were bottled 
in A314 jars (Juvasa, Dos Hermanas, Spain) and 
covered with 175 mL of a solution containing 32 
g/L NaCl and 0.2 g/L ferrous gluconate. The jars 
were sterilized and maintained at ambient temper-
ature for two months before analyses (Figure 1). 

The four lots of Hojiblanca olives were processed 
as described above, except the NaOH concentration, 
which was 0.70 M.

Figure 1. VI experimental design for olives of the Manzanilla and Hojiblanca cultivars.
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2.5. Weight variation analysis

The percentage of weight change (DW) was cal-
culated for every step of the olive processing as:

∆W= (Wi-Wf/Wi) x 100

where Wi is the initial weight of the wet olives 
before the impregnation of processing (controls) and 
Wf is the final olive weight after each processing 
step.

Weight change was measured in duplicate for 
each of the three and four lots of Manzanilla and 
Hojiblanca cultivars, respectively.

2.6. Firmness analysis

The firmness of the fruits was determined using 
a Kramer shear compression cell coupled to a Tex-
ture Analyzer TA.TX plus (Stable Microsystems, 
Godalming, UK). The crosshead speed was 200 mm/
min. Firmness was the mean of 10 replicate measure-
ments, each of which was performed on three pitted 
olives, and expressed as Newton/100 g pitted olives. 

2.7. Chemical analysis

The concentration of NaCl was analyzed by ti-
tration with a 0.1 N silver nitrate solution. The free 
acidity and pH of the brine were measured with a 
Metrohm 670 Titro processor (Herisau, Switzerland) 

(De Castro et al., 2007). Titratable acidity was deter-
mined by titrating to pH 8.3 with 0.2 M NaOH and 
expressed as lactic acid.

2.8. Statistical analyses

Statistical comparisons of the mean values for 
each experiment were carried out by one-way analy-
sis of variance (ANOVA), followed by the Duncan´s 
multiple range test (p < 0.05) using SPSS software v. 
23.0 (IBM Corp., Armonk, NY). 

3. RESULTS AND DISCUSSION

3.1. Effect of vacuum degree and olive size on weight 
changes

Figure 2 shows the effect of the vacuum level 
on the weight changes in Manzanilla olives during 
the application of VI at room temperature. A rath-
er linear relationship between weight gain and the 
vacuum applied was found from 0.2 to 0.7 bars. 
Thereafter the rate of weight gain decreased up to 
0.8 bars. Hence, 0.8 bars was the vacuum applied 
thereafter for all assays. In addition, preliminary ex-
periments demonstrated that 15 min of vacuum ap-
plication and relaxation were sufficient to reach the 
maximum effect. In the end, more than 10% weight 
gain was achieved in these olives of the Manzanilla 
cultivar impregnated with tap water. These results 
are in accordance with many others reported for fruit 

Figure 2. Influence of the degree of vacuum (bar) on the weight gain of olives of the Manzanilla cultivar (17 mm equatorial diameter).

https://doi.org/10.3989/gya.0676211
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and vegetables including apple slices (8-7% gain) 
(Mújica-Paz et al., 2003; Parlawska et al., 2019), 
peppers (4-11% gain) (Derossi et al., 2010), man-
go (10-15% gain) (Sirijariyawat et al., 2012), mel-
on (4-8 % gain) and potatoes (8-11% gain) (López 
and Moreira, 2019; Parreidt et al., 2019; Luo et al., 
2019). It is known that a high vacuum level increases 
the porosity of fruit tissue as a result of high expan-
sion and release of the gas inside the pores of fruit 
but there is only one record regarding the intercel-
lular volume of raw fruit of the Hojiblanca cultivar 
(4%) (Romero et al., 1996). Hence, it could be as-
sumed that VI led to deformation and expansion of 
the Manzanilla olive capillary with an increase in its 
volume and fruit weight (Figure 2). Because the ef-
fectiveness of VI could be influenced by olive size, 
the influence of this parameter was studied on olives 
of the Manzanilla cultivar, and the results obtained 
are depicted in Table 1: the greater the size of the 

olive, the higher the weight gain. These findings also 
demonstrated that the volume of the fruit increased 
as a consequence of the VI treatment, so the calib-
er of the olives decreased to a large extent. Conse-
quently, VI assays were run thereafter with olives of 
the same size. 

3.2. Black ripe olives

First, it must be highlighted that olives of the 
Manzanilla and Hojiblanca cultivars which were 
vacuum-impregnated fermented during the storage 
period before the darkening stage in a similar man-
ner to those that were not treated. In addition, the lye 
treatment lasted the same amount of time for both 
treated and non-treated olives. 

The weight changes during the elaboration of 
the Manzanilla cultivar is depicted are Figure 3. All 
changes referred to the initial weight as indicated 

Equatorial diameter 
(mm) Weight gain (%) Volume gain 

(mL·kg-1)
Initial caliber 

(fruit·kg-1)
Caliber after VI 

(fruit·kg-1)

15 9.0 70 402 375

17 11.1 85 307 274

19 11.6 120 220 195

Table 1. Influence of olive size on the physical characteristics of Manzanilla fruit submitted to VI (0.8 bar) for 15 minutes.

Figure 3. Effect of VI on the changes in olive weight of the Manzanilla cultivar during its processing as black ripe olives. Calcium 
chloride was employed during the storage stage. Bars are the mean value of three independent olive lots elaborated in duplicate, and they 

represent the accumulated gain or lost olive weight throughout the whole process. Standard deviation is depicted on the bars.
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in section 2.5. The non-VI Manzanilla olives lost 
around 8% of their weight during their preserva-
tion stage in the acidified medium for eight months, 
which is a higher weight loss than previously report-
ed for the Hojiblanca cultivar (García et al., 2014). 
By contrast, VI olives reduced their weight by only 
around 2.8%, although the weight gain achieved 
during the VI application must be taken into account, 
thereby a difference of about 5.5% weight between 
control and VI olives after this preservation period 
occurred. Subsequently, stored fruits were submitted 
to the darkening stage and the olives gained weight, 
as expected from previous studies (García-Serrano 
et al., 2020). However, weight gain was not the same 
for non-VI and VI olives. The former olives reduced 
their 8% loss obtained during the preservation stage 
to only 4% after the darkening stage; while the VI 
olives resulted in weight gain of around 7% after 
darkening so that the difference in weight between 
untreated and VI olives increased by up to 11%. Sub-
sequently, the olives were packed, sterilized and ana-
lyzed after two months at room temperature and the 
difference was reduced to 9.8%.

It is well-known that the application of VI to 
fruit and vegetables may promote loss in firmness, 
in particular when using hypertonic solutions (Zhao 
and Xie, 2004). On the contrary, this technique has 
been widely tested to improve the texture of foods 

by introducing either calcium or the enzyme pectin 
methylesterase into them (Quintanilla et al., 2018; 
Servillo et al., 2018). We tried to perform VI on 
olives with calcium chloride solution but the cation 
did not penetrate inside the fruit nor was any weight 
change noted (data not shown), so all our VI assays 
were run with only tap water. It must be noted that 
olive skin is a strong barrier against the diffusion of 
substances into the pulp of the fruit which counter-
acts the effectiveness of VI, which was observed for 
the application of VI during the alkaline treatment 
of the olives (Tamer et al., 2013). Hence, taking 
into consideration previous studies on the improve-
ment in texture with the addition of calcium to the 
liquid at the preservation stage (Brenes et al., 1994; 
García-Serrano et al., 2020), the storage solutions 
of both cultivars (Manzanilla and Hojiblanca) were 
also spiked with 3 g/L of calcium chloride (Figure 
1). The influence of calcium on the weight changes 
in Manzanilla olives which were not treated with 
VI was not relevant (Figure 3). However, it was 
observed that the cation gave rise to higher weight 
gain in VI olives due to an almost 4% higher weight 
gain in VI packed olives with calcium added to the 
preservation liquid than in VI olives without calci-
um added (Figure 3). Additionally, calcium led to 
better texture in packed Manzanilla and Hojiblanca 
olives, regardless of the VI treatment (Figure 4). 

Figure 4. Influence of VI on the firmness of processed black ripe olives of the Manzanilla and Hojiblanca cultivars. Calcium chloride 
was employed during the storage stage. Standard deviation is depicted on the bars. Bars followed by a different letter indicate significant 

difference according to Duncan´s test (p < 0.05).
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In fact, slightly lower firmness in VI olives than 
untreated olives of the Manzanilla cultivar was 
achieved although it was not statistically signifi-
cant; while the texture of packed Hojiblanca olives 
was not affected by the VI treatment (Figure 4). 

The cell wall composition of the Manzanilla and 
Hojiblanca cultivars is very different (Jiménez, et 
al., 1994), and the texture of the later cultivar is 
currently higher than the former (García-Serrano et 
al., 2020), which could explain the lower weight 
changes found in the VI Hojiblanca cultivar during 
processing as black ripe olives (Figure 5) than in 
the VI Manzanilla (Figure 3). The application of VI 
to raw Hojiblanca olives only led to 4% weight gain 
in comparison to around 9% in Manzanilla fruit. In 
addition, weight changes were similar in all Hoji-
blanca olives after the storage period, regardless of 
VI treatment or calcium addition to the preserva-
tion solution (Figure 5). However, a weight gain 
of around 1% was detected after darkening in VI 
olives in comparison to around 2% loss in untreat-
ed olives, and these differences in weight even in-
creased after packing, in particular when calcium 
was added to the preservation liquid so that around 
4% higher weight was achieved in the VI Hojiblan-
ca olives with calcium added than in untreated and 
non-added calcium olives. Any conclusion arising 
from these results can be explained by the impor-

tance of the olive cultivar in weight gain in the fruit 
after VI application and table olive elaboration. 

It must also be noted that the color and flavor 
of the black olives were not affected by the use of 
VI on either the Manzanilla or Hojiblanca cultivar 
(data not shown). These quality parameters were 
evaluated by a sensory analysis carried out by 5 
trained panelists. 

3.3. Spanish-style green olives

The VI technique was also investigated for 
processing this commercial preparation (Figure 
6). Unfortunately, the application of VI to Man-
zanilla olives softened the fruit to such a large 
extent after the alkaline treatment that it made 
them unmarketable (data not shown). In contrast, 
this softening effect was not observed for the Ho-
jiblanca cultivar, which currently has a stronger 
texture than the Manzanilla, as mentioned above. 
In this case, VI Hojiblanca olives after fermen-
tation presented around 6-7% weight gain while 
non-VI olives showed only around 2-3% weight 
gain. Again, the alkaline treatment led to an in-
crease in the weight in both the control and VI 
olives which was reduced during the eight-month 
fermentation period. Thus, VI olives of the Hoji-
blanca cultivar had around 4% higher weight than 

Figure 5. Effect of VI on the changes in olive weight of the Hojiblanca cultivar during its processing as black ripe olives. Calcium 
chloride was employed during the storage stage. Bars are the mean value of four independent olive lots elaborated in duplicate, and they 

represent the accumulated gain or lost olive weight throughout the whole process. Standard deviation is depicted on the bars.
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untreated olives after fermentation, regardless of 
the calcium addition.

Finally, it is worth noting that the lactic acid fer-
mentation was similar in the VI olives and control and 
the final flavor and color was not affected by the use 
of this technique to the raw olives (data not shown). 
These quality parameters were also evaluated by sen-
sory analysis carried out by 5 trained panelists. 

4. CONCLUSIONS

It has been determined that the application of 
VI to raw olives can contribute to the reduction in 
weight loss or even increase in weight during the 
processing of table olives. This increase in weight 
was cultivar dependent, higher for the Manzanilla 
cultivar than Hojiblanca, which could probably be 
attributed to the different texture and cell wall com-
position of these two cultivars. It must be pointed out 
that olives gained weight during the VI treatment, 
but the application of a vacuum also favored a higher 
weight increase in olives during alkaline treatment 
than in untreated olives. Consequently, VI olives 
of the Manzanilla and Hojiblanca cultivars gained 
around 10 and 4% weight, respectively, in compar-
ison to untreated olives processed as black ripe ol-
ives. In the case of Spanish-style green olives, VI 
was ruled out for the Manzanilla cultivar because the 

firmness of the olives was too soft after the alkaline 
treatment. In contrast, the Hojiblanca cultivar could 
be processed following this elaboration method, 
and around 4% weight gain was found after the fer-
mentation stage in comparison to untreated olives. 
In addition, the color and flavor of the olives were 
not affected by the use of VI. Therefore, VI seems 
a promising technique for processing table olives 
in order to reduce weight loss or even gain weight 
without loss in firmness in the final product, particu-
larly with calcium addition. 
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