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SUMMARY: Cold-pressed seed oil from twelve commercially produced cactus pear cultivars was assessed for oil yield, fatty acid
composition, physicochemical properties, quality and stability. Large differences in oil content, fatty acid composition and physicochemical
properties (IV, PV, RI, tocopherols, ORAC, % FFA, OSI and induction time) were observed. Oil content ranged between 2.51% and
5.96% (Meyers and American Giant). The important fatty acids detected were C16:0, C18:0, C18:1¢9 and C18:2¢9,12, with C18:2¢9,12,
the dominating fatty acid, ranging from 58.56-65.73%, followed by C18:1c9, ranging between 13.18-16.07%, C16:0, which ranged
between 10.97 - 15.07% and C18:0, which ranged between 2.62-3.18%. Other fatty acids such as C14:0, C16:1¢9, C17:0, C17:1¢10,
C20:0, C18:3¢9,12,15 and C20:3¢8,11,14 were detected in small amounts. The quality parameters of the oils were strongly influenced by
oil content, fatty acid composition and physicochemical properties. Oil content, PV, % FFA, RI, IV, tocopherols, ORAC and p-anisidine
value were negatively correlated with OSI. C18:0; C18:1¢9; C18:2¢9,12; MUFA; PUFA; n-6 and PUFA/SFA were also negatively
correlated with OSI. Among all the cultivars, American Giant was identified as the paramount cultivar with good quality traits (oil content
and oxidative stability).

KEYWORDS: Antioxidants; Induction time; Oxidation, Prickly pear; Yield

RESUMEN: Accite de semilla de nopal prensado en frio: calidad y estabilidad. Se evalu6 el rendimiento de aceite, la composicion
en acidos grasos, las propiedades fisicoquimicas, la calidad y la estabilidad del aceite de semilla prensadas en frio de doce cultivares de
nopal producidos comercialmente. Se observaron grandes diferencias en el contenido de aceite, la composicion en acidos grasos y las
propiedades fisicoquimicas (IV, PV, RI, tocoferoles, ORAC, % FFA, OSl y tiempo de induccion). El contenido de aceite vario entre 2,51—
5,96% (Meyers y American Giant). Los acidos grasos mayoritarios fueron C16:0, C18:0, C18:1c9 y C18:2¢9,12, siendo el C18:2¢9,12
el mayoritario con porcentajes entre 58,56—65,73, seguido de C18:c9 que varia entre 13,18-16,07%, C16:0, 10,97-15.07% y C18:0
entre 2,62-3,18%. Otros acidos grasos, tales como C14:0, C16:1¢9, C17:1¢10, C20:0, C18:3¢9,12,15 y C20:3¢8,11,14 se detectaron en
pequeiias cantidades. Los parametros de calidad de los aceites estuvieron estrechamente influenciados por el contenido total de aceite,
la composicion de acidos grasos y las propiedades fisicoquimicas. El contenido de aceite, PV, % FFA, RI, 1V, tocoferoles, ORAC y el
valor de p-anisidina se correlacionaron negativamente con OSI. C18:0; C18:1¢9; C18: 2¢9,12; MUFA; PUFA; n-6 y PUFA / SFA también
se correlacionaron negativamente con OSI. Entre todos los cultivares, American Giant fue identificado como el cultivar primordial con
rasgos de buena calidad (contenido de aceite y estabilidad oxidativa).

PALABRAS CLAVE: Antioxidantes; Higo chumbo,; Oxidacion; Rendimiento; Tiempo de induccion
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1. INTRODUCTION

Edible cold-pressed oils are functional products
because of their bioactive substances such as
polyunsaturated fatty acids, tocopherols, sterols,
phenols, carotenoids and chlorophyll. These oils have
specific characteristics which provide additional health
benefits (Boskou, 2017). The use of non-traditional
cold-pressed oils to be introduced into the cosmetic
and nutraceutical markets is expected to increase.
Recently, research on oils from fig seeds from Morocco
(Hssaini et al., 2020), lentisk and skeels from Algeria
(Brahmi et al., 2020) as well as milk thistle oil and
their functional properties were reported. Cactus pear
seed oil has been viewed as an important vegetable
oil because of its related quality composition factors,
namely high concentrations of important fatty acids,
for example, linoleic acid (C18:2¢9,12) (C18:2 n-6);
vitamin E (100 mg/100g) and sterols (1 g/100g)
(Ennouri et al., 2005). In the past, oil quality was
estimated based on oil yield and fatty acid composition
alone. Lately, in addition to fatty acid composition,
the natural antioxidants, tocopherols and sterols are
additional important components which define oil
quality (Fernandez-Martinez ef al., 2004). Oil quality
has been transformed by the development of oil with
enhanced nutritional and functional properties, and
these modifications are incorporated when breeding
for increased quantities of C18:2¢9,12.

Cold-pressed cactus pear seed oil is characterized
by a high content of unsaturated fatty acids (Sawaya
and Khan, 1982). Past research has demonstrated
that vegetable oil with the highest unsaturation level
is most likely to undergo autoxidation. Martinez et
al. (2011) reported that there are elements that can
potentially affect the stability and quality of oil in
a negative way, for example light, heat, metals,
free fatty acids, tocopherols, phospholipids and
waxes which contain pro or antioxidant properties.
Hydrolytic reactions which are catalyzed by lipases
and react with atmospheric oxygen (autoxidation)
are a major cause of nutritional and oil quality
losses. Naz et al. (2004) explained oxidation as
an autocatalytic series of reactions that requires
low activation energy. These authors also reported
that fatty acid composition and the presence of
antioxidants in vegetable oil influences oxidation.
Lajara et al. (1990) and Izquierdo et al. (2009)
reported that oils containing high contents of oleic
acid (C18:1¢9) will possibly have greater stability

against oxidation and are favored for improved
shelf-life. Naz et al. (2004) further reported that to
minimize the effect of hydrolytic reactions, cold
storage and proper packaging must be applied.
Martinez et al. (2011) stated that the oxidative
stability of cold-pressed oils is usually measured
by the level of peroxide and p-anisidine values.
The level of unsaturation (polyunsaturated fatty
acids) (PUFA), especially the level of a-linoleic acid
(C18:2¢9,12) and the amounts of antioxidants may
perhaps limit the stability of these oils. Tocopherols
are reported to be strong antioxidants which can
scavenge peroxyl radicals. Choe and Min (2006)
indicated that the stability of these oils is commonly
set for 6 months or a year. Normand et al. (2006)
stated that oils with high tocopherol contents have
greater stability. Cold-pressed cactus pear seed oil
was reported to have higher contents (94.6 mg/100g)
of tocopherols than olive oil (22 mg/100g), soybean
oil (49 mg/100g) and sunflower oil (49 mg/100g),
and close to those of argan oil (85 mg/100g) (Zine
etal., 2013).

Cactus pear seed oil is a promising source of
polyunsaturated fatty acids (PUFA), with significant
levels of carotenoids and y-tocopherols which can
be used as antioxidants to preserve lipid components
and serve as functional ingredients (Loizzo et al.,
2019). Proper utilization of this seed by-product can
generate up to 1220€ income per ton and is therefore
a potentially new economic source (Ciriminna et
al., 2017). According to Regalado-Renteria et al.
(2018) prickly pear seed oils are rich in functional
metabolites and linoleic fatty acids. Furthermore,
this oil could be used in foods as a nutritional
supplement, as well as an ingredient in cosmetics
and pharmaceuticals. A major advantage is that the
residual oilcake can be directly used in animal feed
or other secondary products.

Recent research on the oil quality of seed oil from
different colored cactus pear fruit seed oil found that
cultivar played a major role in the composition of the
oils (Regalado-Renteria et al., 2018). Furthermore,
oil content and the composition of oils from different
origins were reported to indicate differences between
cultivars from Sicily and those from Algeria and
Morocco; while similarities occurred between
cultivars from Sicily and Tunisia, indicating an
origin/environment effect (Ghazi et al, 2013;
Ciriminna et al., 2017; Regalado-Renteria et al,
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2018; Loizzo et al., 2019). In addition, the effect of
different species, e.g. Opuntia dillenii, on oil quality
was reported. New studies on O. ficus-indica seed
oils from countries such as Greece (Karabagias et
al., 2020) and Saudi Arabia (Koshak et al., 2020)
have been undertaken very recently.

In a previous study done by de Wit et al. (2017),
the quality aspects of chemically extracted (Soxhlet
extraction) seed oils from a few selected cultivars
were quantitatively analyzed. The current study
focused on the oil yield, composition, quality and
stability of cold-pressed seed oil of commercially
produced Opuntia ficus-indica cultivars. O. robusta
seed was included as a reference and for comparison
purposes. The aim of this study was to determine the
quality and oxidative stability of cold-pressed cactus
pear seed oil from 12 chosen cultivars. The quality
attributes assessed included oil content, fatty acid
composition, refractive index, tocopherols, oxygen
radical antioxidant capacity, peroxide value and
p-anisidine value; while stability tests included the
oxidative stability index (OSI), as well as induction
time extrapolated at 25 and 30 °C.

2. MATERIALS AND METHODS

2.1. Seed material used

Fruit from selected cultivars growing at an
experimental orchard outside Bloemfontein (29.0852
°S, 26.1596 °E) was collected during the 2014,
2015 and 2016 seasons. Twelve cultivars, namely
Algerian, American Giant, Ficus-Indice, Gymno
Carpo, Meyers, Morado, Nudosa, Ofer, Tormentosa,
Van As and Zastron were chosen. These O. ficus-
indica cultivars are commercially produced for fresh
fruit consumption. The O. robusta cultivar, Robusta,
represents a different species and was included
because it is commonly found and cultivated as
animal fodder in South Africa. The fruit collection
was done when the fruit reached 50% color break
stage and +75 kg of fruit per cultivar were collected
to produce 2-3 kg of seeds. The seeds were extracted
with an industrial liquidizer (Ingram Engineering,
Zastron, South Africa) which separates the seeds
from the pulp and peels. The seeds were washed with
water and collected in a rotating sieved drum. The
seeds were then dried under direct sunlight for 2-3
days on shade-netting, placed + 1 m from the ground
to allow for sufficient ventilation. The seeds were
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manually turned regularly. The drying process aimed
to dry out any pulp tissue left on the seed surfaces
for easy removal and cleaning before pressing. In
a previous study done by de Wit et al. (2016), the
moisture content in seeds varied from ~3% to ~7.2%
due to variations in location, season and especially
rainfall. The dried seeds were then vacuum-packed
and stored in a freezer at -18 °C until further analysis.

2.2. Seed oil extraction (cold-pressing)

The dried seeds from all cultivars for each season
were cold-pressed in a Komet DD85G twin screw
plant oil press (Oekotek, IBG Monforts, Germany)
at Nattrend/Bauma Investments CC commercial oil
pressing laboratory in Montana Park, Pretoria. The
oil extracted using the Komet cold-pressing system
is subjected to low temperatures and therefore
top-quality vegetable oil which can be utilized for
human consumption without any further treatment
depending on the raw material used (Schramm,
2016; pers. comm.). The oilcake extrudes out of the
oil press in the shape of pellets. The oil was then
stored in amber screw-cap 50 ml plastic bottles for
one week at room temperature before analysis. The
oil analysis for each cultivar for each of the three
seasons was done in triplicate.

2.3. Oil yield

The oil yield from the seeds of each cultivar from
each season was determined according to the formula:

Oil yield (%) = Mass of oil (g) / Mass of cactus
pear seed (g) x 100

2.4. Physico-chemical properties

2.4.1. Fatty acid composition (fatty acid methyl esters)
(FAME)

Approximately 20 mg of total lipid (from cold-
pressed oil) were transferred to a Teflon-lined
screw-top test tube with a glass pasteur pipette. Fatty
acids were methylated to methyl esters by using
0.5 N sodium hydroxide (NaOH) in methanol and
14% boron trifluoride in methanol (Park and Goins,
1994). The fatty acid methyl esters (FAME) were
quantified using a Varian 430 gas chromatograph
with flame ionization detector with a fused silica
capillary column (Chrompack CPSIL 88, 100 m
length, 0.25 mm ID, 0.2 mm film thickness). Column
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temperature was 40-230 °C (held 2 minutes; 4 °C/
minute; held 10 minutes). Fatty acid methyl esters
in hexane (1ml) were injected into the column using
a Varian CP8400 Auto-sampler with a split ratio of
100:1. The injection port as well as the detector were
maintained at 250 °C. The carrier gas was hydrogen,
at 45 psi. The makeup gas was nitrogen. Galaxy
Star Chromatography Software was used to record
the chromatograms. The peaks were identified by
comparing the relative retention times of FAME peaks
from samples with that of standards from Supelco
(Supelco 37 Component Fame Mix 47885-U, Sigma-
Aldrich Aston Manor, Pretoria, South Africa). Fatty
acids were expressed as the relative percentage of
each individual fatty acid as a percentage of the total
of all fatty acids in the sample. The following fatty
acid ratios and combinations were calculated from
the fatty acid data: total saturated fatty acids (SFA),
total mono-unsaturated fatty acids (MUFA), total
polyunsaturated fatty acids (PUFA), total omega-6,
total omega-3 fatty acid content and the PUFA/SFA
(P/S) ratio.

2.4.2. Refraction index (RI)

Refractive Index (RI) was determined according
to the Association of Official Analytical Chemists’
(AOAC), official method 921.08 (AOAC, 2000)
with an Abbé programmed advanced refractometer
from ATAGO® (Model RX 5000a) at 40 °C.

2.4.3. lodine value (1V)

Hanus iodine Value (IV) was determined by the
AOAC official method 920.158 (AOAC, 2000),
which consists of adding a mixture of iodine and
bromine in glacial acetic acid and measuring the
excess of unused halogen by titration with sodium
thiosulfate.

2.4.4. Tocopherols

High performance liquid chromatography (HPLC)
was used to determine the tocopherol amount in
each sample using Shimadzu CR8A instruments
(Champ sur Marne, France) equipped with a C18-
Varian column (25 cm x 4 mm; Varian Incorporated,
Middleburg, Netherlands). One gram of each oil
sample was added to 5 mL of ethanol (EtOH), filtered
(45um) into a HPLC vial at 25 °C. HPLC was carried
out with an injection volume of 20 pL, a flow rate of 1

ml/min and estimated at UV of 296 nm. The mobile
stages were: mobile stage A (Acetonitrile: Methanol:
Isopropanol: Water (45:45:5:5, v/v/v/v)) and mobile
stage B (Acetonitrile: Methanol: Isopropanol
(50:45:5, v/v/Iv)).

2.4.5. Oxygen Radical Antioxidant Capacity (ORAC)

For the Oxygen Radical Antioxidant Capacity
(ORAC) analysis, the method of Prior et al. (2003)
was used, where samples (10 g each) were diluted with
80% methanol in H,O (1:1 w/v), and then vortexed
for 2 minutes at room temperature and centrifuged
for 10 minutes at 500 X g. The peroxyl radicals were
generated with 2, 2’-Azobis (2-amidinopropane)
dihydrochlorine (AAPH) and B-phycoerythrin (B-
PE) was used as the detector of radical activity.
The final reaction mixture was prepared in 10-mm-
wide quartz cuvettes as follows: 1600 pL of 0.04
uM B-PE in 0.0075 M sodium (Na) — potassium
(K) phosphate buffer at pH 7.0 and 200 pL of 50
uM Trolox (6-hydroxy-2,5,7,8-tetramethylchroman
-2-carboxylic acid). Phosphate buffer was used as
a blank (200 pL of methanol, diluted 1:20 (v/v)
with 0.075 M Na-K, at pH 7.0 and Trolox (B and y
tocopherol analogue) as the standards during each
run. Samples were pre-incubated at 37 °C for 15 min.
AAPH was added. Flourescence was measured and
measurements were recorded every 5 minutes for
35 minutes at 570 nm until a steady state (plateau)
of fluorescence decay was reached. The results were
then calculated and expressed as pmol of Trolox
equivalent (TE). The analyses were done in triplicate.

2.5. Determination of oxidative stability

2.5.1. Free Fatty Acids (FFA)

Free fatty acids were determined according to the
method of Pearson (1973), which involves the titration
of the oil in an alcoholic medium against potassium
hydroxide using phenolphthalein as indicator.

2.5.2. Peroxide value (PV)

Peroxide value was determined by the official
method of the AOAC 965.33 (AOAC, 2000).
Peroxide value determines hydrogen peroxide, a
primary oxidation product, and involves peroxides
liberating iodine from potassiumiodide by calculating
the amount of sodium thiosulfate consumed.
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2.5.3. p-Anisidine value (p-AV)

The p-AV was determined using the technique
of Hamilton and Hamilton (1992). It determines
the amounts of aldehydes and ketones during
secondary oxidation by reaction with p-Anisidine
(4-methoxyaniline) using a spectrophotometer at
350 nm.

2.5.4. Oxidative Stability index (OSI)

The oxidative stability index (OSI) was
determined using the AOAC OSI official method
Cd 12b-92 (AOAC, 2000) with a Rancimat 743
apparatus from Metrohm. Three samples were tested
per cultivar.

2.5.5. Extrapolated induction time (Shelf-life prediction
at 25 and 30 °C)

The oxidative stability index (OSI) was
determined using the AOAC OSI official method
Cd 12b-92 (AOAC, 2000) with a Rancimat 743
apparatus from Metrohm. Three samples were tested
per cultivar. Oxidative stability index (OSI) values
were determined at 100, 110, 120 and 130 °C for
each sample in duplicate. The extrapolation function
of the Rancimat 743 apparatus was used to predict
induction times at 25 and 30 °C (Rancimat Manual,
2009) according to the formula:

Predicted induction time = A X ¢ XD

8,00
7,00
6,00
5,00
4,00
3,00
2,00
1,00
0,00

—_—

Oil content (%
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2.6. Statistical analysis

Seed were selected from each of the 2014, 2015
and 2016 harvest. Oil yield was determined for each
cultivar for each season. Each measurement was made
in triplicate on oil from each cultivar per year. Data
were captured for the three years and were reported as
average =+ standard deviation using NCSS Statistical
Software package, version 11.0.20). The Pearson
correlation analysis was done to determine the link
between the physico-chemical properties of the oil
(NCSS Statistical Software package, version 11.0.20).

3. RESULTS AND DISCUSSION

3.1. Oil yield

Seed oil content ranged from 2.51 to 5.96%
(Meyers and American Giant), respectively (Figure
1). Gymno Carpo and Morado were amongst those
which attained the lowest oil contents (2.72 and
2.78%). In a previous limited study, the chemical
extraction of seed oils from only seven selected
cultivars by de Witer al. (2017), the oil content ranged
from 5.65-8.09%. A subsequent elaborated study on
seed oil from 42 cultivars by de Wit et al. (2018)
reported oil contents ranging from 4.09—8.76%. The
lower yield values reported in the current study were
expected since the oil was recovered by pressing
and not by chemical extraction as in the above-

o > 2 &)
& \)50% o) 60\}% ?}’\@% A@Qv {ba,‘,éo
< & V
,&O

Cultivar

FiGure 1. Oil yield (%) of cold-pressed oil for all 12 cultivars. Oil yield was expressed as % Oil yield = Mass of oil (g) / Mass of cactus
pear seed (g) x 100. Values in the Figure are mean +SD of triplicate analyses.
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mentioned studies. American Giant also obtained
the highest oil content in the study of 42 cultivars
by de Wit et al. (2018). The values obtained in the
current study agree with those reported for the same
commercial South African cactus pear cultivars from
the Limpopo Province by Labuschagné and Hugo
(2010) (2.24 to 5.69%). That study did not include
American Giant.

It was also found by Ortega-Ortega et al. (2017),
Ramirez-Moreno et al. (2017), Regalado-Renteria et
al. (2018) and Loizzo et al. (2019) that extraction
method had an effect on the oil yield of cactus pear
seeds. These authors and others, e.g. Ciriminna ef al.
(2017) also reported the effect of variety and species
on the oil yield of cactus pear seeds. High yields of
9.3-9.5 goil per 100 g seed were reported for Sicilian
cactus pears (O. ficus-indica) extracted with hexane
by the Soxhlet method, while Ultra-Sound Assisted
extraction yielded 5.4-5.6 g/100 g. The highest yields
were found in the Turkish and Moroccan varieties (=
14 g/100 g seed) (Chougui et al., 2013). Lower values
than those were reported for Algerian (7.3-9.3 g/100
g seed) and Tunisian fruit seed oils (Chougui et al.,
2013). The lowest values were found for the Greek
wild O. ficus-indica variety (yellow to green fruit)
of 5.4%, which was also obtained by cold-pressing
(Karabagias et al., 2020). Slightly higher yields were
reported for O. microdasys (Engelm) (9.2%) and O.
macrorhiza (11.3%) from Tunisia (Chahdoura et
al., 2015). Maceration-Percolation (MP) extraction
was used by Regalado-Renteria et al. (2018) to
yield oil contents of up to 15.5% from O. robusta
species (14.54 - 15.54%). Oil yields for other prickly
pear varieties included O. albicarpa (8.72%), O.
magacantha (6.16 — 7.63%), O. matudae (9.68%),
O. streptacantha (10.55 — 11.64%) and O. dillenii
(6.5%) (Ali Asaad et al., 2019).

Fruit color was also indicated as a factor
influencing oil yield, e.g. Ramirez-Moreno et al.
(2017) reported higher yields from a green cultivar
compared to a red cultivar. American Giant from the
current study is also a green cultivar. These results
support research that pointed out that cultivar, crop,
environment and origin (rainfall, soil type and soil
nutrients, light, temperature) and extraction method,
including extraction solvents (hexane > ethanol
> ethyl acetate) influence oil yields. According to
Karabagias et al. (2020), the most important factors
are variety and extraction process.

3.2. Physico-chemical properties

3.2.1. Fatty acid composition

The fatty acid compositions of cold-pressed oil
from a selection of cactus pear cultivars are shown in
Table 1. According to the results presented, there are
considerable variations in the fatty acid percentage
of the selected cultivars. The dominating fatty acids
identified (in decreasing order) were linoleic acid
(C18:2 n-6) (C18:2¢9,12); oleic acid (C18:1 n-9)
(C18:1¢9); palmitic acid (C16:0) and stearic acid
(C18:0); while palmitoleic acid (C16:1 n-9) (C16:1¢9),
o-linolenic acid (C18:3 n-3) (C18:3¢9,12,15), arachidic
acid (C20:0) and lignoceric acid (C24:0) were notable
in small amounts in all cultivars. C16:0,C18:0,C18:1c9
and C18:2¢9, 12 were the only fatty acids detected at
levels of more than 1%. This is in accordance with the
results of various authors who reported that cactus pear
seed oil contained primarily unsaturated fatty acids
namely linoleic and oleic acid, and with a lower but
significant content of palmitic and stearic fatty acids
(Chougui et al., 2013; Ciriminna et al., 2017; Ortega-
Ortega et al., 2017; Ramirez-Moreno et al., 2017,
Regalado-Renteria et al., 2018; Loizzo et al, 2019). A
completely different profile was found for the Greek
O. ficus-indica which included butyric acid (C4:0),
palmitic acid, stearic acid and oleic acid as the main
fatty acids (Karabagias et al., 2020).

The C18:2¢9,12 content varied from 58.56%
(Nudosa) to 65.18% (Robusta) (Table 1). A slightly
larger range for C18:2¢9,12 between 57.75-67.32%
was reported by de Wit et al. (2017) and de Wit et
al. (2018) (56.86—-65.21%). Labuschagné and Hugo
(2010) also reported comparable results for fatty acid
profiles with unsaturated fatty acids (C18:2c9,12)
ranging between 57.75-67.32%. Linoleic acid
(omega-6) is an essential fatty acid and a precursor
of arachidonic acid (AA) biosynthesis which is the
substrate for eicosanoid synthesis (Ghazi et al.,
2013). Both present a hypocholesterolemic effect and
inhibit colon cancer. Omega-6 PUFA is the source
of inflammatory mediators’ prostaglandins (PGE)
and leukotrienes. Consumption of oleic acid (n-9)
and o-linolenic acid (n-3) act as AA antagonists and
reduces the production of inflammatory mediators
(Koshak et al., 2020). Higher levels were found in O.
microdasys (Engelm) and O. macrorhiza as well as O.
dillenii (> 70%) (Ghazi et al., 2013; Chahdoura et al.,
2015; Ali Alsaad et al., 2019); while the current results
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TaBLE 1. Fatty acid composition of oil from 12 selected cold-pressed cactus pear cultivars (fatty acids were expressed as the proportion of each
individual fatty acid to the total of all fatty acids present in the sample). Values in the Table are mean +SD of triplicate analyses.

Fatty acids

. £ g . o -2 2 _ .

g : & < . g 5 2 2t : £s £S5 %

£t £ £ § £ % & E £ & £ =2 i iz &

= I < = = & 3 = = = s 3 5 @E= 5
Algerian 006001 12542005 0.55+001 0.01=001 0.03£001 304001 13862002 587001 6329£0.09 022+001 0.03£004 023020 012001 005%0.06 0.08=0.01
é{:ﬁ?ca“ 0054001 1097005 038001 002+001 0.01£001 3744001 1637=0.02 5.14=001 6249+0.18 028001 0.10+001 021004 0.14=001 002001 0.08+002
Ficus-Indice 0.06+0.01 12.05+008 0.56+001 0.01=001 0.02+001 2864002 15744001 6214002 61.66+001 022+001 0.05+0.04 035001 012001 002001 007002
(C};’;‘g" 005£001 1324005 062£001 002£001 005£001 262£001 12224002 616+001 64.10=003 0212001 0082001 032£001 0.12£001 0.14£001 007001
Meyers  0.06%001 1231£0.18 0.81£001 0.02+001 0.03£001 3.18£0.01 1561 +004 653+0.02 60.68£028 0264001 0.12+022 0.18=001 0.15£001 002001 0.10+0.01
Morado  0.06+001 1277+006 0.59+001 001001 0.03£001 281001 1351+001 605+0.02 6328+007 021+001 005005 036£0.18 0.11+001 009£007 0.07+001
Nudosa 0074001 1507+007 0.75+004 002001 0.05£001 301005 1578+0.16 5.69+0.07 5856+007 026+001 0.02+003 035:0.01 022+0.14 0.110.08 007001
Ofer 006+001 1265+021 061£001 002£001 003+001 281+002 1498=0.04 6.17£002 61.83=0.13 022£001 007£001 035£001 0.12£001 002£001 008+001
Robusta  0.04+001 11932018 0.41+001 003001 0.02£001 2684002 13464006 548+0.02 65.180.11 021+001 0.11=0.19 022£0.19 0.13001 002001 007001
Tormentosa 0.06+0.01 12.19+0.04 0.59+001 0024001 0.03£001 307001 14994003 6.04+0.09 62142009 0242001 0.05%005 035£001 0.13+001 002001 008001
VanAs 0064001 11.80+0.11 0.58+001 0.01=001 0.02£001 2984001 16074005 6304002 6129+010 0242001 0.17+0.16 024£020 0.140.01 002001 009001
Zason 0064001 11712007 038001 0.02+001 0.02£001 2704001 13.18+004 5364001 65.73£0.14 020£001 0.19+0.15 024021 0.11+001 0.04+0.05 0.07£001

are in agreement with the levels reported for O. ficus-
indica varieties from Sicily, Saudi Arabia, Turkey and
Tunisia (Ghazi et al., 2013; Ciriminna et al., 2017,
Loizzo et al., 2019). Astiasaran and Candela (2000)
reported a comparable study on PUFAs (C18:2¢9,12)
content of various vegetable oils, i.e. soy oil which
obtained 48.7%, corn oils (47.7%), sesame oils
(44.5%), sunflower oil (49.7%), olive oil ranging from
3.5-21% and cotton oils with 50%. These values are
all significantly lower than the values obtained in this
current study, implying that cactus pear is the best in
terms of oil PUFA yield. PUFAs are able to alleviate
symptoms of diseases such as coronary heart disease,
stroke and rheumatoid arthritis.

The highest amount of C18:1c9 was detected for
American Giant with 16.37% compared with Gymno
Carpo, which demonstrated the lowest amount with
12.22%. Robusta contained 13.46% C18:1¢9. The
highest value for vaccenic acid (C18:1n-7) (C18:1c7)
was observed for Meyers (6.53%) and the lowest
for American Giant (5.14%). Robusta (O. robusta)
obtained 5.48%. Loizzo ef al. (2019) reported values
ranging from 15.8 — 18.1% for C18:1c9 from two
O. ficus-indica cultivars (red and yellow) extracted
by two different methods (Soxhlet and Ultrasound-
Assisted). These authors reported values ranging

between 4.3% and 5.1% for C18:1c7. The values for
C18:1c9 reported by these authors were higher than
in the current study, while the C18:1c7 values were
somewhat lower than the current study’s values.
Ciriminna et al. (2017) obtained a higher content of
vaccenic acid (6.29%) for yellow Sicilian Opuntia
ficus-indica seed oil, while Chougui et al. (2013)
reported no vaccenic acid in yellow Algerian fruit. A
vaccenic acid content of 4.83% was reported by Tlili
et al. (2011) for Tunisian cactus pears. Interestingly,
seed oil from O. ficus-indica from Marocco had no
oleic acid (Ghazi et al., 2013).

The saturated fatty acid (SFA) palmitic acid
(C16:0) ranged between 10.97 and 15.07% and
stearic acid (C18:0) ranged between 2.62 and
3.74%. American Giant obtained the lowest content
of C16:0 (Table 1) and the highest oil percentage
(Figure 1). These C16:0 values are slightly lower
than those reported by de Wit et al. (2017) which
ranged between 12.90 and 17.83% (Monterey and
Nudosa, respectively) and the range reported by de
Wit et al. (2018) namely 12.72-16.05%. The C18:0
content varied between 2.62% (Gymno Carpo) and
3.74% (American Giant) (Table 1), indicating only
slight variation in C18:0 levels. Similar values were
reported for chemically extracted oil as reported by
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TaBLE 2. Fatty acid ratios of oil from 12 selected cold-pressed cactus pear cultivars (fatty acids were expressed as the proportion of each
individual fatty acid to the total of all fatty acids present in the sample). Values in the Table are mean +SD of triplicate analyses.

Saturated fatty =~ Monounsaturated

Polyunsaturated

Omega-6 fatty =~ Omega-3 Fatty

Cultivar acids (SFA)  fatty acids (MUFA) fatty acids (PUFA) acids acids PUFA/SFA
Algerian 15.96 + 0.06 2034+ 0.05 63.70+ 0.10 63.42+ 0.09 0.28+0.14 3.99+ 0.02
American Giant 15.13 + 0.04 22.00+ 0.01 62.87+ 0.05 62.64+ 0.18 023£0.14  4.16+0.01
Ficus-Indice 1527+ 0.05 22.58+ 0.06 62.15% 0.01 61.78+ 0.01 0.37+0.01 4.07+0.01
Gymno Carpo 1621 0.06 19.13+ 0.03 64.67+ 0.03 64.21%0.03 0.46+ 0.01 3.99+ 0.02
Meyers 15.94+ 0.16 23.10+ 0.25 60.87+ 0.07 60.83+ 0.28 0.20+0.18 3.81+0.03
Morado 15.91+ 0.07 2024+ 0.04 63.85+ 0.04 63.40+ 0.07 0.46+0.07 401+ 0.02
Nudosa 18.50+ 0.05 2228+ 024 59.23+0.24 58.78+ 0.20 0.45+0.07 3.20+0.02
Ofer 15.83+0.19 21.84+ 0.05 6232+ 0.14 61.96+0.14 037+ 0.01 3.94+ 0.05
Robusta 14.96+0.17 19.48+ 0.14 65.55+ 0.31 6532+ 0.12 0.24+0.19 438+ 0.07
Tormentosa 15.66+ 0.04 21.69+ 0.05 62.65+ 0.08 62.27+ 0.09 0.37+0.01 4,00+ 0.01
Van As 15.1840.10 23.14 0.1 61.68+ 0.10 61.43+0.11 0.25+0.20 4,06+ 0.02
Zastron 14.76+ 0.07 19.12+0.15 66.13+0.11 65.84+ 0.07 028£024  4.48+0.02

Values in the Table are mean £SD of triplicate analyses.

de Wit et al. (2017) (2.21-3.39%) and de Wit ef al.
(2018) (2.4-4.01%). These results are in agreement to
those of Loizza et al. (2019) who found that fatty acid
content is not affected by extraction method but by
variety. Interestingly, Regalado-Renteria ef al. (2018)
found that oil extracted by cold-pressing was richer
in UFA and poorer in SFA than oils extracted with
solvents. Regarding SFA, the palmitic acid (5.12%)
and stearic acid (7.51%) found in O. dillenii presented
the main saturated fatty acid (> 22%). These are even
higher than the SFA found in soy (~3%) (Ali Alsaad
et al., 2019). Stearic acid has a neutral effect on LDL.

3.2.2. Fatty acid ratios

According to Table 2 SFA ranged from 14.76
(Zastron) to 18.50% (Nudosa). The results for the
fatty acid composition presented in Table 1 show that
C16:0 and C18:0 were observed to be marginally
lower than those reported in the publication of de
Wit et al. (2017) (16.59-20.65%) and de Wit et
al. (2018) (16.19-19.12%) yet higher than those
obtained by Ennouri et al. (2005). These fatty acids
will influence SFA ratios, since they are the main
contributors to SFA. The stage of development of
the fruit may be the cause of variation in fatty acid
composition, but in this study the fruits were all
picked at the same maturity stage (50% color break),

although genotype, climate and weather, as well as
environmental effects may be the reason behind this
variation. According to de Wit et al. (2017), weather
conditions, particularly were the main factors
contributing to variations in fatty acid composition
and oil percentage.

Total MUFA ranged between 19.12 and 23.10%,
which corresponds to that reported by de Wit ef al.
(2017) (15.78-23.30%) and de Wit et al. (2018)
(17.4-23.61%). Gymno Carpo and Zastron obtained
the lowest MUFA contents (19.13% and 19,12%)
(Table 2), while Meyers and Van As showed the
highest contents of MUFA (23.14% and 23.10%),
respectively. MUFA, such as C18:1c9, ranged
between 12.22% (Gymno Carpo) and 16.07% (Van
As) (Table 1). Oil containing high concentration
of C18:1¢9 has been reported to be more stable to
oxidation, which is desired for improved shelf-life
(Lajara et al., 1990).

PUFA was established as the most prominent
fatty acid ratio ranging between 59.23 (Nudosa) and
66.13% (Zastron). PUFA from de Wit et al. (2017) was
at the lower range and ranged from 55.98 — 67.62%.
C18:2¢9,12 was established as the dominating PUFA
with the lowest level of 58.56% for Nudosa and the
highest level of 65.18% for Robusta (Table 1), with
C20:3¢9,12,15 (0.22 to 0.35%) and C20:3c8,11,14
(0.13 to 0.22%) occurring at very low levels.

Grasas y Aceites 72 (3), July-September 2021, e415. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0329201


https://doi.org/10.3989/gya.0329201

Cold-pressed cactus pear seed oil: Quality and stability * 9

TaBLE 3. Physicochemical properties of oil from 12 selected cold-pressed cactus pear cultivars analyzed one week after pressing.

" — —
Cultivar (m]:;rg(zi/(ieoovglgu;at) %F;ﬁdia“y , a{’u:("l:fﬂ:l';g) In];ir:szl:c Todine Value Tocl(})phyerol ORAC' osp i'i?f:;‘i:tfﬁf Iel;fru:;g;g?;
(mg/100g) 25°C(Years) 30 °C (Years)
Algerian 4234048 3214004 408+037  14666£00001 12160+412  5827£247 5284043  231+014 0524001 035001
é?;zfm 3024002 1214003 1374014 14666£00001 12545£200 54194296  470£025 2194004  344£001 208001
Ficus-Indice 3654018 2194006 273+021  14666=00001 12384£200 59364761 454027 3174009  073%001 04901
GymnoCapo  5.87+0.02 2324000 1002002 14666£00001 122324060 5543£605 4104025 2542001  269£001 166001
Meyers 481£0.12 L3003 1424032 14664200003 123.07+117  5978:204 3872006 188001  415:001 246001
Morado 419+024 LIS£001 1404042 14666+00001 12332£028 6131£333  401£018 246006  214+001 1332001
Nudosa 449+124 1742009 158+0.12  14659+00001 12392£636 S169£426 4142009  295+010  274+001 169001
Ofer 4724001 1194002 164+036 14666400001 12264+118 61474165 4302049 2924002  164+001 1042001
Robusta 5064078 3414000 195+054 1466500002 122854385 55304938 507051  225+001  356£001 2164001
Tormentosa 5804038 304003 098£054  L4664£00001 120582222  5845£470 4204041 1912008 940+001 5302001
VanAs 3604041 430£002 2942007 14664200001 12059£193  5995+574 508022  178+008  214+001 1312001
Zastron 5704058 2754006 1942055 14668£00001 12743£113  S670+137  537£005  L74£007  473+001 276001

Values in the Table are mean +SD of triplicate analyses.
1 Oxygen radical antioxidant capacity (umol Trolox equivalents/g)
2 Oxidative stability Index at 110 °C (Hour)

Omega-6 (n-6) fatty acids ranged from 58.78-
65.84% (Nudosa and Zastron, respectively). All the
cultivars, with the exception of Nudosa, contained
n-6 contents at above 60%. Nudosa attained the
lowest concentration of n-6 fatty acid ratio with
58.78% (Table 2). Zastron had the highest contents
of PUFA and n-6 but obtained the lowest content of
MUPFA. These contents were found to be slightly
higher compared to results from de Wit ez al. (2017)
(55.98 — 67.45%). Pardo et al. (2009) concluded
that cactus pear seed oils are good sources of
omega-6 fatty acids.

The omega-3 (n-3) fatty acid ratio occurred at
very low levels (Table 2). The contents ranged from
0.20 (Meyers) - 0.46% (Gymno Carpo), respectively.
Omega-3 (n-3) fatty acids, such as C18:3¢9,12,15
(C18:3 n-3) occurred at a very low level and ranged
from 0.18 - 0.36% (Meyers and Morado in Table 2).

The PUFA/SFA ratio is used to measure the level
of unsaturation and is taken as an instrument to
measure the oil’s tendency to undergo autoxidation.
The PUFA/SFA ratio ranged from 3.20 - 4.48% with
Zastron occurring in the highest amount and Nudosa
at the lowest level (Table 2). American Giant, Ficus-
Indice, Morado, Robusta, Tormentosa, van As and
Zastron also attained PUFA/SFA contents above 4%.
Zastron was also amongst those that had the highest
content of C18:2¢9,12, while Nudosa occurred at the

lowest level (Table 1). O. dillenii presented a ratio
of 3.22.

The results for the physicochemical properties of
the oil from cactus pear cultivars are presented in
Table 3.

3.2.3. Refraction index (RI)

The RI values of the oils increase as a result
of autoxidation. The RI depends on the chemical
composition and temperature of the oil. It also increases
with degree of saturation (Brahmi et al., 2020) and
secondary functions on fatty acid chains. As indicated
by the RI values presented in Table 3, little differences
were observed among the RI values for all cultivars.
The RI values ranged from 1.4659—1.4668 (Nudosa
and Zastron). The higher the level of unsaturation, the
higher the levels of RI and IV, for example, Zastron
obtained the highest RI value (1.4668) and high PUFA
content (66.08%) as well as high [V (127.43). Oils with
a high unsaturation degree are more likely to undergo
autoxidation and tend to oxidize easily when used at
high temperatures, for example, PUFA (C18:2¢9,12)
oxidized + 50 times faster than C18:1c9 (MUFA).
Therefore, an increased RI value could be expected as
a result of exposure to heat and light.

American Giant and Gymno Carpo were also
amongst the cultivars with high PUFA, RI value and
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IV value (Tables 2 and 3). Furthermore, the higher the
MUFA content (C18:1¢9), the lower the RI and IV-
values, for example, Van As attained a higher content
of MUFA (23.14%)), a low RI value of 1.4664 as well
as a low IV value of 120.59 (Tables 2 and 3). These
results fall within a similar range (1.464 RI) to those
reported by Gharby et al. (2011). Previous literature
reported a higher RI value of 1.4831 in cactus pear
seed oil, 1.473 in rape seed oil, and 1.475 in Opuntia
ficus-indica (Ennouri et al., 2005). Other studies
reported slightly lower RI values ranging between
1.4658 and 1.4676 (de Wit et al., 2017).

Valuable information can be obtained by
determining the density of the oils. Density gives
information on the nature of fatty acids, such as chain
length, unsaturation degree, and functional groups.
Density will also be influenced by the composition
and temperature of the oil. Together with RI, it
can also indicate the purity of the oil (Brahmi et
al., 2020). It is therefore recommended to include
density analyses in future studies.

3.2.4. Iodine value (IV)

lodine value is an indication of the total number
of double bonds. The iodine value (IV) ranged
from 120.58-127.43 (Tormentosa and Zastron).
Zastron obtained the highest IV (number of gram
iodine absorbed by 100g of oil) of 127.43 followed
by American Giant (125.45), Morado (123.32) and
Nudosa (123.92). Tormentosa recorded the lowest IV
of 120.58 (Table 3). According to Table 2, Zastron
and American Giant attained the highest PUFAs (high
unsaturation level) as well as high IV and low MUFA
content while Nudosa obtained the smallest content of
PUFA. The values in this study are higher than those
reported by Karleskind and Wolff' (1992) ranging from
105.5-107.38 (cactus pear seed oils). De Wit et al.
(2017) reported slightly lower iodine values ranging
between 110.68 (Nudosa) and 126.82 (Robusta).

Since IV measures the unsaturation of oils, it
can also be an indication of the stability of the oil
since a high degree of unsaturation suggests a high
susceptibility to oxidation. Low IV therefore indicates
more resistance to oxidation because of increased
saturation and vice versa (de Wit et al., 2017).

3.2.5. Tocopherols

Vegetable oils are the most important dietary
source of tocopherols. Tocopherols are phenolic

compounds that are naturally occurring antioxidants
that present biological activity (Ali Alsaad et al.,
2019). Fernandez-Martinez et al. (2004) indicated
that fatty acids, natural antioxidants, tocopherols
and sterols are the key constituents that define oil
quality. Normand et al. (2006) stated that oils with
high tocopherols have greater stability to oxidation.
Tocopherols are natural antioxidants in plant foods,
particularly those that contain high levels of PUFA
as they are able to scavenge lipid peroxyl radicals
of unsaturated lipid molecules, inhibiting the
propagation of lipid peroxidation.

B and y tocopherols ranged between 61.47 and
51.69 mg/100g (Table 3). Ofer obtained a higher
content of B and y tocopherols (51.69 mg/100g)
followed by Morado (61.31 mg/100g), which means
that Ofer and Morado will be more stable to oxidation
compared to Nudosa (51.69 mg/100g). The values
obtained in the current study are comparable to those
reported by Chu et al. (2002) with cold-pressed
cactus pear seed oil at 94.6 mg/100g, argan oil at
85.0 mg/100g, olive oil at 22.0 mg/100g, soybean
at 65.0 mg/100g and sunflower oil at 49.0 mg/100g.
Morales et al. (2012) found values of 140-220
ug/100 g.

Tocopherol contents are influenced by the
extraction method (Loizzo et al., 2019). Red
cultivars were found to contain higher contents
than the yellow cultivars and were mainly in the
form of y-tocopherol. In Moroccan cactus pear seed
oil, vitamin E was only present as y-tocopherol
(1.23%) (Ghazi et al., 2013). Regalado-Renteria et
al. (2018) found a tendency for metabolites such as
y-tocopherol to be higher in cold-pressed oils than
oils extracted with solvents. These authors reported
y-tocopherol values between 1.71 and 13.86 mg/100
g oil. During the analysis of anti-inflammatory
compounds of O. ficus-indica seed oils from Saudi-
Arabia, B-tocopherol contents of 1.56% were found.
This oil was extracted with hexane (Boshak et al.,
2020).

3.2.6. Oxygen radical antioxidant capacity (ORAC)

Lipid oxidation is a process which is initiated
by free radical reactions at the double bonds of
unsaturated fatty acids and has been reported to
be the key factor in the quality deterioration of
edible oils since it modifies the chemical, sensory
and nutritional properties of the oils. Marquez-
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Ruiz et al. (1996) pointed out that autoxidation is
another key factor that leads to the development
of quality loss in refined oils during storage. The
2,2-diphenyl-1-picrylhydrazyl (DPPH) assay is
normally used to predict the stability of cold-pressed
oils against oxidation. Most of the literature cited
included the use of the DPPH and 2,2’-azino-bis-
3-ethylbenzthiazoline-6-sulphonic acid (ABTS)
methods. Cao et al. (1996) reported the determination
of total antioxidant capacity using the ORAC
method, which is currently being used to determine
the total antioxidant capacity and measures the plant
extract’s ability to scavenge peroxyl radicals.

The oxidation of oils happens mainly at the sites of
unsaturation and the oxidation rate mainly depends on
the number of double bonds and their positions. Table
3 shows that Zastron had the highest antioxidant
capacity with an ORAC value of 5.37 pmol/g,
followed by Algerian with 5.28 umol/g. Meyers had
the lowest antioxidant capacity (3.87 umol/g). Kuti
(2004) reported higher values which ranged from 1.6—
15.8 mMTE/g in yellow-skinned fruits and 1.7-49.2
mMTE/g in the purple-skinned fruits.

It was found by Ramirez-Moreno et al. (2017)
that extraction solvent had a significant effect on the
free radical scavenging capacity of the seed oil and
that the green O. ficus-indica variety had a higher
antioxidant activity regardless of the solvent used.
The antioxidant activity of O. ficus-indica seed oil
from Saudi-Arabia (Brahmi et al., 2020) showed a
lower DPPH value in cold-pressed oil than in oils
extracted by the Soxhlet method. Antioxidant activity
was strongly correlated with the amounts of phenolic
compounds, including polyphenols and flavonoids.
O. dillenii seed oil from Iraq demonstrated a strong
antioxidant capability due to its ability to reduce
oxidation as determined by the DPPH method (Ali
Alsaad et al., 2019), which reinforced the effect of
variety on antioxidant activity.

3.3. Determination of oxidative stability

3.3.1. Free fatty acids (FFA)

The level of free fatty acids (FFA) in oils is
measured by the acid value (AV) generated upon
the hydrolytic degradation of lipid particles and is
therefore an indicator of hydrolytic activity, which
consequently adds to the decrease in the time span
of usability of the oil. The maximum FFA content
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limit recommended for cold-pressed oil is 8%,
0.3% for refined oils and 5% for virgin palm oils
according to the Codex Alimentarius Commission
standard (Codex Alimentarius Commission, 2009).
According to the results presented in Table 3,
the FFA content ranged between 1.15 and 4.30%
(Morado and Van As) and the % FFA of all cultivars
was within the recommended limit, implying that
cactus pear seed oil is of good quality from a FFA
point of view. In a previous study, % FFA ranged
between 2.49 and 5.08% in chemically extracted oil
(de Wit et al., 2017). The content in cold-pressed oil
was thus lower. The production of FFA is a result of
lipid hydrolysis which is triggered by chemical or
enzymatic actions. Increased free fatty acid values
are indicators of increased primary oxidation.
Factors such as high temperature and humidity are
accountable for an increase in FFA content in oils.
An elevated acidity value of 21.2% was reported
by Brahmi et al. (2020) for Algerian cold-pressed
O. ficus-indica seed oil. This high value could
be ascribed to the enzymatic hydrolysis of seeds
during oil pressing, handling or processing, as
well as elevated temperatures and the presence of
water during the process. It was also mentioned by
the authors that free fatty acids could be present
since no refining of the oil took place, which could
possibly remove acids as impurities.

3.3.2. Peroxide value (PV)

Martin-Polvillo et al. (2004) reported that
peroxide value (PV) measures the level of
hydroperoxide in the oil and is a valuable tool
for the indication of a commencement period of
oxidation. Furthermore, PV reaches the highest level
during the progression of oxidation and following
this stage (secondary oxidation), the decomposition
rate of hydroperoxides surpasses the rate of their
development. Peroxide value is also used to test
oxidative rancidity in oils and fats (Karleskind and
Wolff, 1992). It was reported that the acceptable PV
value for cold pressed oil is <15 meq O,-kg' (Codex
Alimentarius Commission, 1999). According to the
results presented in Table 3, all cultivars attained
PV values of < 15 meq O,-kg", therefore PV value
results are in agreement with the recommended
value for cold-pressed oil of good quality.

PV ranged between 3.02 and 5.87. Although
Gymno Carpo and Tormentosa were amongst the
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cultivars with higher PV values (5.87 and 5.80),
oxidation had not yet occurred in these cultivars since
their PV values were still within the recommended
limit of < 15 meq O,kg", which indicates that a
rancid taste was not yet noticeable (Table 3). Salvo et
al. (2002) pointed out that a rancid taste in oils begins
to be noticeable at PV values of 20-40 meq O, kg
PUFAs are more susceptible to oxidation than MUFA
and SFA. The higher PVs observed for Gymno Carpo
and Tormentosa were probably a consequence of their
higher unsaturation levels (Tables 1 and 2). American
Giant had on average a PV of 3.02 meq O, kg, which
was the lowest compared to that of the other cultivars.
Van As also had a relatively low PV value of 3.60
(Table 3). De Wit et al. (2017) reported PV values
of chemically extracted cactus pear oils which were
above the recommended limit and ranged between 9.5
and 23.30 meq O, kg

Karleskind and Wolff (1992) reported PV
estimations of margarine containing Opuntia ficus-
indica oil which were far below the levels permitted
by the international benchmarks and ranged between
0.38 and 0.39 meq O, kg"'. PV measures the extent
of rancidity reactions during storage, and therefore
indicates quality and stability. A PV of 12 meqO,/
kg was reported for Algerian O. ficus-indica cold-
pressed seed oils (Koshak et al., 2020). PV is
therefore affected by genetics, cultivars, growth
conditions, soil geography, and harvesting routines
as well as handling and storage.

3.3.3. p - Anisidine value (p-AV)

The p-AV was taken as a tool used to quantify
secondary oxidation by surveying the measurement of
unsaturated aldehydes as a result of the decomposition
of hydroperoxides (Shahidi and Zhong, 2005). The
p-AV is an indicator of oxidative rancidity in oils. The
results presented in Table 3 demonstrate that the p-AV
ranged between 0.98-4.08 mmol/kg for Tormentosa
and Algerian, respectively. Algerian had the highest
p-AV of 4.08 followed by Van As with p-AV of 2.94
mmol/kg. Tormentosa acquired the lowest p-AV
content of 0.99 mmol/kg. The results demonstrated
that there were only small differences among the
p-AV of American Giant (1.37), Morado (1.40), Ofer
(1.64) and Nudosa (1.58). Algerian recorded the
highest p-Anisidine value and PV value, which is
indicative of secondary oxidation products. The high
p-AV may be due to their higher level of unsaturation.

The recommended p-Anisidine value (p-AV) limit is
< 10.0 mmol/kg (Codex Alimentarius Commission,
1999). The p-AV values obtained were within the
acceptable limit (Table 3). Some of these p-AV values
were higher than those reported in the literature
which ranged from 0.02 - 3.73 mmol/kg (de Wit et
al.,2017). Aldehydes made up the highest percentage
of cactus pear seed oil volatiles (Karabagias et al.,
2020). Aldehydes are responsible for, among others,
acrid, burnt-fat, fruit-like, fermented, nutty, deep fat,
butter, chicken and fusty odors, flavors and smells.
The butyric acid reported by Karabagias et al. (2020)
is responsible for the buttery flavor of the cactus pear
seed oil.

3.3.4. Oxidative stability index

The OSI value gives an indication of the
resistance of lipids to oxidation and is also used for
quality control of the oils, as well as an indication
of the shelf-life of oils. The shorter the reaction
time, the more susceptible the oil is to oxidation and
therefore higher values will imply more resistance to
oxidation. The values ranged between 1.78 and 3.17
h and were lower than the values obtained by de Wit
et al. (2017), which ranged between 1.79 and 4.15
h. Ficus-Indice had the highest OSI value of 3.17
hours at 110 °C followed by Nudosa (2.92 hours)
and Ofer (2.92 hours), implying that these cultivars
were more resistant to oxidation reactions. Van As,
which attained the highest content of C18:1c9 (Table
1), was determined to be the most favored oil since
it is rich in oleic acid and oils rich in C18:1c9 have
potential for combining the hypocholesterolemic
effect and greater oxidative stability. Oils which are
high in MUFA (C18:1¢9) such as Nudosa (Table 2)
are less susceptible to oxidative degradation and
in this manner indicate potential for applications
requiring high oxidative stability. Gharby et al.
(2011) reported OSI of 7 hours at 110 °C for Opuntia
ficus-indica, 31.23 hours for argan, 7.5 hours for
olive oil and 5 hours for soybean and sunflower oil.

3.3.5. Extrapolation of induction time

Induction time extrapolated to 25 and 30 °C was
done to predict the shelf-life of the oils based on OSI
using Rancimat induction times (Rancimat Manual,
2009). The induction period is an indication of how
long the oils will take to reach an end point or be
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Extrapolation (Induction time)
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ID1 ID 2 Temperature Result
2B-100 2B-American Giant-100 100 °C 14.92 h
2A-100 2A-American Giant-100 100 °C 15.45 h
2B-110 2B-American Giant-110 110 °C 6.31h
2A-110 2A-American Giant-110 110°€ 6.08 h
2B-120 2B-American Giant-120 120 °C 215
2A-120 2A-American Giant-120 1208C 222 h
2B-130 2B-American Giant-130 130 °C 0.83 h
2A-130 X 2A-American Giant-130 130°C 0.68 h

FiGure 2. Predicted shelf-life of American Giant cold-pressed cactus pear seed oil stored at 25 and 30 °C. The extrapolation function of the
Rancimat 743 apparatus was used to predict induction times at 25 and 30 °C according to the formula: Predicted induction time = A X e ®XD
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oxidized. American Giant is presented as an example
in Figure 2. Induction time is also described as the
time taken before the rapid increase in oxidation
occurs and is used to make relative assessments on
oxidative stability (Gharby et al., 2011).

The accelerated testing can then be extrapolated
to real time conditions. Algerian was found to have
a shorter induction time of 5 months, 2 weeks when
extrapolated to 25 °C and 3 months, 5 weeks when
extrapolated to 30 °C, implying that Algerian will
have a shorter shelf-life compared to Tormentosa,
with an anticipated time span of usability of 9
years and 4 months when extrapolated to 25 °C
and 5 years 3 months when extrapolated to 30 °C
(Table 3).

3.4. Pearson correlation analysis

A Pearson correlation analysis was conducted on
fatty acid content, fatty acid ratios, physicochemical
properties and OSI to establish the relationship
among them (Table 4). A significant (p < 0.001)
negative correlation (—0.6757) was observed
between % FFA and OSI (Table 4). This means
that cultivars which recorded high contents in %
FFA had decreased OSI values or vice versa. This
was observed in cultivars such as Algerian which
attained a high content in % FFA (3.21%) and
low OSI (2.31 h). Nudosa and Ofer possessed the
lowest contents in % FFA and obtained the highest
OSI values of 2.95 and 2.92 h. De Wit et al. (2017)
reported higher % FFA results ranging from 2.49%
(Tormentosa) with OSI of 3.91h - 5.08h (Algerian)
with OSI of 4.15h and the % FFA was higher than
the recommended limit, implying that there was
increased primary oxidation. El Mannoubi et al.
(2009) reported much lower % FFA results for
cactus pear oil with 0.64%.

No significant correlations with OSI were
observed for PV, % Oil, p-Anisidine value,
Refraction Index or  + y Tocopherols. A significant
(p < 0.01) negative correlation (-0.5762) was
observed between OSI and ORAC. An increase in
ORAC initiated a decrease in the OSI value. This
correlation was especially observed in Zastron
and Algerian, whereby high ORAC values were
observed for these cultivars along with low OSI
values. This correlation shows that these cultivars
are less stable to oxidation due to their higher degree
of unsaturation. Both C16:0, C16:1¢9 and C17:1¢10

correlated significantly (p < 0.001, p = 0.001 and p
<0.01) with OSI, as in Nudosa, which obtained the
highest content of C16:0 (15.22%) and the highest
content of SFA (18.68%) (Tables 1 and 2).

A significant (p < 0.001) positive correlation
(0.7409) was observed between C16:0 and OSI. This
effect was observed for Nudosa, which obtained the
highest content of C16:0 with 15.22% (Table 1) as
well as the highest OSI value of 2.95 h (Table 3). A
significant (p < 0.001) positive correlation (0.7230)
was observed between OSI and SFA. An increase in
SFA initiated an increase in OSI as in Nudosa, which
had the highest SFA (18.68%, Table 3) with a high
OSI value (2.95 h, Table 3).

C16:1c9 and C17:1c10 had a positive (0.6522
and 0.5690) significant (p = 0.001 and p < 0.01)
correlation with the OSI. This effect was observed
for Nudosa which obtained high C16:1¢9 (0.75%)
and C17:1¢10 (0.05%) contents with OSI value of
2.95h. A negative (-0.7146) significant (p < 0.001)
correlation between PUFA/SFA and OSI value
existed. This effect was observed for Zastron,
Van As and American Giant, which possessed the
highest contents of PUFA/SFA (4.45%, 4.03%
and 4.11%, Table 2) and obtained the lowest value
of OSI (1.74 h, 1.78 h and 2.19 h, Table 3). With
cold-pressing Algerian, American Giant and Ficus-
Indice obtained the highest contents of C18:2¢9,12
which resulted in a low oxidative stability index
and made them less stable to oxidation. However,
of these four cultivars, only American Giant had a
low % FFA. The reason for the low OSI is the %
FFA and the lower unsaturation level (secondary
importance). Oil with high unsaturation is most
likely to experience autoxidation.

As expected, a significant (p < 0.001) positive
correlation (0.9996) was observed between OSI
and induction time extrapolated to 25 °C and 30
°C. The length of induction time depends on the
level of unsaturation of oil. Tormentosa recorded
the highest predicted shelf-life at 25 and 30 °C and
was also amongst those cultivars that obtained the
high MUFA (C18:1c9) content (Tables 2 and 3).
Oils with high MUFA contents (C18:1¢9) are less
susceptible to oxidation degradation and therefore
these oils show great potential for applications
requiring high oxidative stability.

p-Anisidine value had significant (p < 0.01)
negative correlations (-0.5120 and -0.5297) with
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TABLE 4. Pearson correlation analysis of the of the fatty acid content, fatty acid ratios, physicochemical properties and oxidative stability
index, induction time extrapolated to 25 °C and induction time extrapolated to 30 °C of oil from selected cold-pressed cactus pear cultivars.

OSI

Induction time extrapolated Induction time extrapolated
to 25°C to 30 °C

Correlation  Significance  Correlation  Significance  Correlation  Significance

coefficient (r) level (P)

coefficient (r) level (P) coefficient (r) level (P)

Physicochemical properties:

OSI (Oxidative stability index) 1.0000 -
Induction time extrapolated to 25 °C -0.4616 0.0154
Induction time extrapolated to 30 °C -0.4539 0.0174
% Oil -0.1197 0.4869
PV (Peroxide Value) -0.0620 0.7585
% FFA (Free Fatty Acids) -0.6757 0.0001
p-Anisidine value -0.1927 0.3355
RI (Refraction Index) -0.4080 0.0346
IV (Iodine Value) -0.0209 0.9174
f + v Tocopherol -0.1383 0.4915
gl;iict }E)Oxygen radical antioxidant 0.5762 0.0017
Fatty acid composition (%)

C14:0 (Myristic acid) 0.2984 0.1306
C16:0 (Palmitic acid) 0.7409 0.001
C16:1¢9 (Palmitelaidic acid) 0.6522 0.0002
C17:0 (Margaric acid) 0.1186 0.5556
C17:1c10 (Heptadecenoic) 0.5690 0.0020
C18:0 (Stearic acid) -0.1058 0.5994
C18:1¢9 (Oleic acid) -0.0415 0.8370
C18:1¢7 (Vaccenic acid) -0,0554 0.7632
C18:2¢9,12,16 (Linoleic acid) -0.2590 0.1920
C20:0 (Arachidic acid) 0.0453 0.8224
C20:1 (Eicosenoic) -0,0438 0.8141
C18:3¢9,12,15 (a-Linolenic acid) -0.0447 0.8249
C20:3c8,11,14 (Eicosatrienoic) 0.2705 0.1723
C20:3¢11,14,17 (Eicosatrienoic) 0.3698 0.0576
C24:0 (Lignoceric acid) -0.1651 0.4106
Fatty acid ratios (%)

SFA (Saturated fatty acids) 0.7230 0.001
MUFA (Monounsaturated fatty acids) -0.0150 0.9409
PUFA (Polyunsaturated fatty acids) -0.2512 0.2062
n-6 (Omega-6) -0.2562 0.1970
n-3 (Omega-3) 0.1962 0.3267
PUFA/SFA ratio -0.7146 0.001

-0.4616 0.0154 -0.4539 0.0174
1.0000 - 0.9996 P<0.001
0.9996 0.001 1.0000 -

0.1768 0.3024 0.1785 0.2975
0.4585 0.0161 0.4569 0.0166
0.2063 0.3019 0.1915 0.3387
-0.5120 0.0063 -0.5297 0.0045
-0.0312 0.8771 -0.0351 0.8619
-0.0180 0.9289 -0.0086 0.9661
-0.0747 0.7113 -0.0845 0.6753
-0.1644 0.4125 -0.1749 0.3828
-0.2782 0.1600 -0.2819 0.1542
-0.3072 0.1191 -0.3024 0.1253
-0.2109 0.2911 -0.2114 0.2897
0.2461 0.2159 0.2517 0.2053
-0.1896 0.3435 -0.1870 0.3503
0.0253 0.9001 0.0273 0.8926
0.2614 0.1879 0.2620 0.1867
0.1345 0.2356 0.1643 0,3672
-0.1425 0.4783 -0.1455 0.4691
0.0691 0.7321 0.0741 0.7135
0.1290 0.3452 0.2645 0.3176
0.1267 0.5290 0.1269 0.5283
-0.0230 0.9093 -0.0172 0.9320
-0.2043 0.3066 -0.1959 0.3275
-0.0583 0.7727 -0.0671 0.7393
-0.3033 0.1241 -0.2977 0.1315
0.2517 0.2053 0.2524 0.2041
-0.1450 0.4706 -0.1477 0.4622
-0.1438 0.4743 -0.1467 0.4653
-0.0220 0.9131 -0.0165 0.9349
0.1709 0.3942 0.1658 0.4085

induction time extrapolated to 25 and 30 °C. This
effect was observed for Algerian, which attained the
lowest induction time extrapolated at both 25 and
30 °C but recorded the highest p-Anisidine value

(Table 4). This cultivar is more likely to experience
secondary oxidation (oxidative rancidity) due to its
level of unsaturation (PUFA), hence it will have a
shorter shelf-life.
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4. CONCLUSIONS

The aim of the current study was to determine
the oil content, fatty acid composition and
physico-chemical quality parameters as well
as the stability of cold-pressed seed oil from 12
commercially cultivated cultivars of cactus pear
from the Bloemfontein, South Africa area. Large
differences in oil content, fatty acid composition
and physico-chemical properties (IV, PV, RI,
tocopherols, ORAC, % FFA, OSI and induction
time) were observed. The quality parameters of the
oils were strongly influenced by the oil content,
fatty acid composition and physicochemical
properties. Quality traits were mainly compared to
previous studies on chemically extracted oils from
South African cactus pear seed oil.

The main findings pointed out that cold-pressed
oils yielded lower oil contents than chemically
extracted oils, while green-colored fruit had the
highest yields — indicating the effect of cultivar and
species. The fatty acids showed similar profiles to
those in chemically extracted oils, although the main
fatty acid, linoleic acid (C18:2), content was lower.
In general, lower PUFA and SFA contents and higher
MUFA contents were observed than in the chemically
extracted oils. RI, IV and p-AV was higher than
observed in chemically extracted oils, while the
PV, FFA and OSI were lower (shorter) — indicating
good quality and stable oils. Tocopherol content and
antioxidant activity contributed to stability and quality.
Extrapolated induction times indicated a shelf-life of
up to ~3.5 years when stored at 25 °C.

Overall, American Giant, Ofer, Van As, Zastron
and Nudosa have proved to be the best performing
cultivars in such a way that they contain the highest
oil content, antioxidant capacity as well as greater
stability to oxidation. Among all the cultivars,
American Giant has showed to be the paramount
cultivar with good quality traits (oil content and
oxidative stability).

Future research should focus on the
measurement of total flavonoids, total phenolics
and sterols, specifically B-sitosterol, as well as the
composition of volatile compounds of seed oils.
These would all attribute to regional and varietal
identities of the oils. Further perspectives include
application of the oils in food products, as well as
measuring its ability to function as antioxidants
and anti-microbial agents.
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SUMMARY: The oxidation of oils has an adverse effect on the organoleptic properties and shelf-life of stored oils. Flacourtia inermis
is one of the underutilized fruits grown in Sri Lanka with promising antioxidant properties. £ inermis peel extract (FIPE) was used to
retard rancidity in edible oils. The efficacy of added FIPE (500, 1000, 2000 ppm) on sunflower oil (SO) and virgin coconut oil (VCO)
was monitored at 3-day intervals at 65 £ 5 °C against a positive control (a-tocopherol at 500 ppm level) using Free Fatty Acid (FFA)
and Peroxide Value (PV). Oils without FIPE were used as the control. Antioxidant efficacy (ICsy) and Total Phenol Content (TPC) of
FIPE were determined by DPPH assay and the Folin-Ciocalteu method. Fourier transform infrared spectroscopy was used to monitor the
oxidative stability. The ICsy value and TPC of FIPE were 227.14 + 4.12 pg-mL" and 4.87 + 0.01 mg GAE/g extract, respectively. After
21 days, VCO (control) sample exhibited significantly (p < 0.05) higher FFA and PV than the treatments. FIPE exhibited comparable
results with a-tocopherol. Conclusively, FIPE had strong antioxidant properties and thus, could be used as an alternative to a-tocopherol
to improve the oxidative stability of virgin coconut oil and sunflower oil. However, only minor differences in the FTIR spectra were
detected in treated and untreated virgin coconut and sunflower oil samples after 21 days storage at 65 + 5 °C.

KEYWORDS: Antioxidant efficacy; Coconut oil; Flacourtia inermis; Oxidative stability; Sunflower oil

RESUMEN: Extracto de piel de ciruela Batoko (Flacourtia inermis) para atenuar el deterioro oxidativo de aceites comestibles
seleccionados. La oxidacion afecta negativamente a las propiedades organolépticas y a la vida util de los aceites almacenados. Flacourtia
inermis es una de las frutas infrautilizadas cultivadas en Sri Lanka con prometedoras propiedades antioxidantes. En este contexto, se
utilizo el extracto de cascara de F. inermis (FIPE) para retardar la rancidez de los aceites comestibles. La eficacia de FIPE afadido (500,
1000, 2000 ppm) a aceite de girasol (SO) y a aceite de coco virgen (VCO) se control6 a intervalos de 3 dias a 65 = 5 °C frente a un
control positivo (a-tocoferol a nivel de 500 ppm) y utilizando las determinaciones de acidez libre (FFA) e indice de perdéxido (PV). Se
usaron aceites sin FIPE como control. La eficacia antioxidante (IC50) y el contenido total de fenoles (TPC) de FIPE se midieron mediante
el ensayo DPPH y el método de Folin-Ciocalteu. La espectroscopia infrarroja por transformada de Fourier se utilizé para controlar
la estabilidad oxidativa. El valor de CI50 y el TPC de FIPE fueron 227,14 + 4,12 pg-mL"' y 4,87 = 0,01 mg de extracto de GAE / g,
respectivamente. Tras 21 dias, la muestra de VCO (control) mostrd valores significativamente mas altos (p <0.05) de FFA y PV que los
tratamientos. FIPE exhibio resultados comparables con a-tocoferol. En conclusion, FIPE tiene fuertes propiedades antioxidantes, por lo
que podria usarse como una alternativa al a-tocoferol para mejorar la estabilidad oxidativa de aceites de coco virgen y de girasol. Sin
embargo, solo se mostraron diferencias menores en los espectros FTIR de las muestras de aceite de coco y girasol tratadas y no tratadas
tras 21 dias de almacenamiento a 65 £ 5 °C.

PALABRAS CLAVE: Aceite de coco; Aceite de girasol; Eficacia antioxidante; Estabilidad oxidativa; Flacourtia inermis
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1. INTRODUCTION

Fats and oils play a vital role in the human diet
owing to their nutritional value. Soybean, palm,
rapeseed and sunflower oil are identified as the
most widely consumed edible oils. Among them,
sunflower oil is the second most widely used oil
in Europe (Arshad and Amjad, 2012) and contains
high amounts of vitamin E, essential fatty acids and
a low level of saturated fat (Madhavi et al., 2010).
Recently, virgin coconut oil (VCO) has drawn
considerable attention from the scientific community
as VCO contains a significant amount of medium-
chain fatty acids viz. capric, caproic and caprylic
acids which are proven to have antimicrobial and
antiviral properties (Villarino et al., 2007).

Edible oils are subjected to oxidation during
processing and storage via different chemical
mechanisms viz. autoxidation and photosensitized
oxidation (Choe and Min, 2006) which modifies
organoleptic properties while affecting the shelf-
life (Lercker and Rodriguez-Estrada, 2002) with a
strong impact on the final quality of foods (Capuano
et al., 2010). This lipid oxidation also contributes to
decreasing the nutritional quality in addition to the
production of rancid odors, unpleasant flavors and
discoloration (Abdelazim et al., 2013). Thus, the
oxidative stability of edible oils is one of the major
concerns in the food industry; and oxidative stability
is simply defined as “resistance to oxidation during
processing and storage” (Guillén and Cabo, 2002).

There is a growing tendency toward using synthetic
antioxidants such as butylated hydroxyanisole (BHA),
butylated hydroxytoluene (BHT) and tert-butyl
hydroquinone (TBHQ) to improve the oxidative
stability of edible oils in order to overcome the adverse
effects associated with lipid oxidation. However, an
influx of literature has revealed that these compounds
are associated with many health hazards, including
cancer and carcinogenesis (Abdelazim et al., 2013). In
light of this information, a surge of studies has been
directed towards the addition of natural antioxidants in
order to retard the rancidity of edible oils (Latha, 2009).

Natural antioxidants have drawn considerable
attention owing to their potential role in preventing
chronic diseases (Falowo et al., 2014). These
antioxidants also inhibit or slow down the formation
of free radicals and retard lipid oxidation by
inhibiting the initiation or propagation of oxidative
chain reactions (Latha, 2009). A number of local

fruits grown in Sri Lanka has been identified as an
excellent source of natural antioxidants. Moreover,
many underutilized fruits exhibit greater amounts
of promising antioxidant properties than commonly
consumed fruits (Piyathunga et al., 2016).

The fruit from Flacourtia inermis (Sri Lankan
name: Lovi) of the family Flacourtiaceae is one of
the underutilized fruits grown in Sri Lanka with
promising antioxidant properties (Jayasinghe et al.,
2012; Alakolanga et al., 2014). The fruit is round,
cherry-sized, and dark red when ripe with fruit juice
which has a deep red color (Alakolanga ef al., 2015).
Though many studies have proven the antioxidant
activity of F. inermis fruit, the studies directed to assess
the efficacy of F. inermis as a natural antioxidant are
still scarce. Thus, the present study aims to utilize
FIPE to retard the rancidity of selected edible oils as
the peels of many fruits get wasted during processing
regardless of their promising bioactive properties.

2. MATERIALS AND METHODS

2.1. Materials

Sunflower oil and virgin coconut oil were
obtained from a local market in Badulla, Sri Lanka.
F. inermis (Lovi) fruits were collected from the
Western province of Sri Lanka. All of the reagents
and solvents used were of analytical reagent grade.

2.2. Extraction of natural antioxidants from the peel
of E inermis fruits

Freeze-dried fruit peel was ground to a fine
powder using a laboratory grinder. Dried, powdered
peel was sieved (mesh size; 1 mm) and stored at -18
°C temperature until extraction. Freeze dried peel
powder (20 g) was dissolved in 200 mL of 70%
aqueous ethanol and extracted using an ultrasonic
cleaner (model UC -10 A, 40 kHz, Heater 50 w, Tank
2 L, Tank size L 180 * W 165* H 180 cm, China) at
40 £+ 5 °C for 30 minutes. The extraction procedure
was repeated twice. The combined filtrate was
concentrated in vacuo at 40 £ 5 °C. Concentrated
crude extract was stored at -18 °C until analysis.

2.3. Determination of total phenol content (TPC)

Total phenol content was determined according
to the method of ISO 14502-1 with slight
modifications. First, crude extract was dissolved in
70% methanol to obtain a 60 mg-L! solution. Ten-
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fold diluted Folin-Ciocalteu reagent (1.0 mL) was
added to 200 pL plant extract and kept for 8 min.
Then 800 pL of 7.5% (w/v) Na,COs (aq) were added
and kept for 1 h. The absorbance was measured at
a wavelength of 765 nm (UV /Visible SP-UV 50
VDB spectrophotometer). Gallic acid was used as a
standard and a calibration curve was plotted using
the absorbance values for gallic acid solution series.
The phenolic content of plant extracts was calculated
using the calibration curve and expressed as mg of
gallic acid equivalents (GAE)/ g extract.

2.4. Determination of antioxidant activity

The crude extracts (150-325 ppm) were tested using
the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay (Ali
et al., 2018). Each solution (50 puL) was mixed with
50 pL of 4 x 10*M methanolic DPPH Solution and
kept in the dark at room temperature for 20 min. The
absorbance was measured at 517 nm using a microplate
spectrophtometer (Multiskan Go, Version100.40,
Thermo Fisher Scientific) against a reaction blank (50
uL of Methanol and 50 pL of the crude extract). A
mixture of 50 uL of 4 x 10*M DPPH solution and 50
uL of methanol were used as a reaction control. Percent
inhibition was calculated for each concentration and
ICs, was calculated for crude extract. The following
equation was used to calculate percent inhibition:

Ac —As
X
Ac

Present Inhibition = 100

A.: Absorbance of reaction control
A,: Absorbance of the test sample

2.5. Sample preparation for storage of oils

Oil samples with crude extract were prepared at
three different concentrations viz 500 ppm, 1000 ppm
and 2000 ppm along with control (no added peel extract)
and a-tocopherol (500 ppm) was used as positive
control. First, oil sample was pre heated in a water bath
at 50 °C for 3 hours. The crude extract of fruit peel
was dissolved in a small amount of absolute ethanol
(150 pL) to facilitate a uniform dispersion of extract
in the oil. Oil samples with different concentrations of
extracts were kept in an ultrasonic water bath at 60 °C
for 30 min to obtain a homogenous dispersed sample.
A storage study of the oils was conducted as per the
method described by Besbes et al., 2004 with slight

modifications. Treated oils were completely filled into
glass bottles (volume 25 mL) wrapped with aluminum
foil, sealed properly and stored in an oven at 65 + 5
°C for 21 days. Oil samples were drawn for analysis at
intervals of three days.

2.6. Determination of peroxide value (PV)

Peroxide values for the oil samples drawn at 3-day
intervals were determined according to the standard
procedures described as AOAC 965.33 (2016). Five
grams of oil sample were dissolved in 30 mL of acetic
acid: chloroform solution (3:2). Then, 0.5 mL of
saturated KI solution were added and left to stand with
occasional shaking for one minute and placed in the
dark for 5 min. Then, 30 mL of distilled water were
added and the mixture was titrated slowly with 0.01M
sodium thiosulfate. A blank was made according
to same procedure without the addition of oil. The
peroxide value (meq O, kg of oil) of all samples was
calculated according to the following equation:

S x M x 1000
Sample weight (g)

Peroxide value (mEq/kg) =

Where,
S is the volume of Na,S,0;used (blank corrected)
M is the molarity of Na,S,0;

2.7. Determination of free fatty acid (FFA) content

The free fatty acid contents of the oil samples
drawn at 3-day intervals were determined according
to the procedure described as AOAC 940.28 (2016).
An accurately weighed oil sample was dissolved in
20 mL of previously neutralized absolute ethanol. The
mixture was titrated with 0.05 M sodium hydroxide
with the addition of phenolphthalein as indicator with
vigorous shaking until a permanent faint pink color
appeared and persisted for more than 1 min. The
percentage of free fatty acids of each oil sample was
calculated as oleic acid using the following equation:

V x C x282.46 x 100

% FFA (oleic acid) = M

Where,

V is the volume of sodium hydroxide react in
titration (mL)

C is the concentration of sodium hydroxide (M)

M is the mass of oil sample (g)
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2.8. FTIR (Fourier transform infrared) analysis

The absorption spectra of oil samples before and
after 21 days of storage were measured on a FTIR
spectrometer (Bruker, Alpha-T, German) using
Deuterated Triglycine Sulphate (DTGS) as detector.
They were interfaced to a computer operating under
Windows-based, and connected to OPUS (Version
7.5) software. The samples were placed in contact
with attenuated total reflectance (ATR) element
(platinum) at controlled ambient temperature. FTIR
spectra were collected in the frequency of 4000-500
cm™ by co-adding 64 scans and at resolution of 4
cm!, All spectra were rationed against a background
of air spectrum.

2.9. Statistical analysis

Mean values of all data were obtained from triplicate
determinations. Values were expressed are mean & SD.
Data were subjected to analysis of variance (ANOVA)
according to the GLM (general linear model). Data
processing was done by the Minitab 16.1 version of the
computer software package.

3. RESULTS AND DISCUSSION

3.1. Antioxidant properties of F inermis fruit peel
extract

The antioxidant efficacy of plant extracts can be
tested using a wide variety of methods. In the present
study, the free radical scavenging capacity of FIPE
was evaluated by DPPH assay and expressed as
ICy. Results of the present study revealed that the
antioxidant activity of FIPE (227.14 £4.12 ug-mL")
was significantly (p < 0.05) lower than that of
a-tocopherol (29.80 + 3.22 pug-mL™"). Alakolanga et
al., (2015) observed comparatively high antioxidant
activity (66.2 ppm) in the ethyl acetate extract of F.
inermis whole fruit. However, the methanolic extract
of the reported study exhibited comparatively low
antioxidant activity (212.95 ppm). The disparity
of the results may be due to the difference in the
extraction technique employed and the fruit material
used in the two studies.

In the present study sonication was used as the
extraction technique to extract natural antioxidants
from the peel of /ovi fruit as it is reported to enhance
the extraction of bioactive compounds from plants
and their products (Annegowda et al., 2010). The

present study used 30 min sonication time for
the extraction as prolonged sonication led to the
decomposition of the bioactive constituents, and
most of the active constituents inside the cells are
released into the solvent during the first few minutes
(Annegowda et al., 2010).

3.2. Total phenol content of E inermis fruit peel extract

The total phenol content of FIPE was determine
using the Folin-Ciocalteau colorimetric method. The
total phenolic content of a sample was calculated
based on the calibration curve prepared using gallic
acid as standard. The total phenol content of FIPE
was 4.87 £ 0.01 mg GAE per g extract. However, the
study carried out by Alakolanga and others (2015)
reported the polyphenol content of /ovi fruit as 1.28
g gallic acid equivalents per 100 g of fresh fruit.

The extraction of phenolic compounds from plant
materials is influenced by several factors: chemical
nature of the plant materials, method of extraction,
particle size of the sample (plant material), storage
time and conditions, and the presence of interfering
substances. The solubility of phenolic compounds is
governed by the type of solvent (polarity of the solvent)
used, the degree of polymerization of phenolics, the
interaction of phenolics with other food constituents
and the formation of insoluble complexes (Naczk and
Shahidi, 2004). Thus, considering all these factors
and the literature (Liew et al., 2018), the present study
used 70% ethanol as the solvent for extraction.

3.3. Variation in peroxide value (PV) during storage
of oils

Peroxide value measures the formation of peroxide
in the early stages of lipid oxidation. The present
study measured the variation in peroxide value to
determine the effect of FIPE addition on the oxidative
stability of VCO and SO during storage at 65 + 5 °C.
The peroxide values for the VCO samples treated with
FIPE are shown in Figure 1 along with the control and
positive control a-tocopherol. The PV of all the oil
samples increased during storage and thereby indicate
the progression of lipid oxidation as PV is a good
indicator of the extent of primary oxidative products
formed in oils. Several studies have proven that the PV
of VCO increased during storage at 63 °C (Rohman
et al., 2011). However, the initial PV of the reported
study was lower (0.42 £ 0.009 meq O, kg oil) than
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FiGURE 1. Variations in Peroxide Value and Free Fatty Acid Content in Virgin Coconut oil with added FIPE. Values are presented as mean
+ SD of three determinations.

that of the present study (1.20 + 0.00 meq O, kg oil).
The peroxide values of treated samples and control
samples showed no significant difference (p >0.05)
up to the third day of storage. From day 6 onwards
the PV of the control and treated samples showed
significant difference (p < 0.05); the PV value of the
control sample was significantly (p <0.05) higher than
the 2000 ppm level of the extract-added VCO sample
from day 6 onward. However, there was no significant
difference between the control and 500 ppm and 1000
ppm levels of FIPE-added VCO samples after day 6 or
day 18. The highest peroxide value (1.93 + 0.12 meq
0,'kg! oil) was observed for the control sample after
21 days storage.

Meanwhile, the lowest peroxide value (1.19 +
0.01 meq O,kg! oil) was reported for the VCO
sample with 2000 ppm level of extract after 21
days of storage (Figure 1). There was no significant
difference between the oil treated with a- tocopherol
(1.39+0.00 meq O, kg oil) and the oil treated with
the 2000 ppm level of FIPE after 21 days of storage,
which indicated excellent antioxidant capacity at
higher concentration levels of FIPE.

The variation in the PV of sunflower oil treated
with FIPE is illustrated in Figure 2. The PVs of all
the tested oil samples were increased with time,
which indicated the generation of hydroperoxides
in sunflower oil (Szydtowska-Czerniak and Rabiej,
2018). The PVs of sunflower oil samples were
higher than that of VCO owing to the high amount
of unsaturated fatty acids present in SO which are
more prone to oxidation (Wojcickiwt et al., 2015).
The PV of oil samples treated with the 2000 ppm
level of FIPE after 21 days of storage was 12.38
+ 0.46 meq/kg; while the control and a-tocopherol
showed 28.30 + 0.58 meq O,"kg'and 17.94 + 0.35
meq O,kg!, respectively. However, there was
no significant difference between the control and
treatments until day 6. From day 9 onwards the
PV of SO treated with the 2000 ppm level of FIPE
was significantly (p<0.05) lower than that of the
positive control, a-tocopherol. Moreover, there was
no significant difference between SO with 500 ppm
or 1000 ppm level of FIPE addition. However, the
PV of the positive control was significantly lower
than those of 500 ppm and 1000 ppm levels of
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FIGURE 2. Variations in Peroxide Value and Free Fatty Acid Content in Sunflower oil with added FIPE. Values are presented as mean + SD
of three determinations.

FIPE-added SO samples, thus proving the efficacy
of 2000 ppm level of FIPE addition in controlling
the oxidation of SO.

3.4. Variation of free fatty acid (FFA) content during
storage of oils

Free fatty acid content is one of the important
quality parameters in oils, as FFA is responsible for
the development of undesirable flavor and aroma
in oils. These free fatty acids formed in oils from
hydrolysis, oxidation due to free radical formation
and cleavage of double bonds during frying (Ma et
al., 2015). The free fatty acid content of VCO used
for the study was relatively low (0.26 = 0.04%)
indicating that the initial quality of VCO used for
the study was good. However, the FFA content in the
present study was higher than that of the reported
study (0.16 + 0.002%) (Rohman et al., 2011). The
variation in FFA contents in the VCO samples
treated with FIPE are shown in Figure 1 along with
the control and positive control, a-tocopherol. The
FFA content in VCO treated with FIPE at the 2000
ppm level was significantly (p < 0.05) lower than

that of the control after day 3. However, there was
no significant difference between the FFA content
of the 2000 ppm level of extract-added oil and the
positive control after 3 days of storage. Initially,
FFA content was not significantly different from the
control and treated oil samples. However, with time
the FFA contents in the oil samples were increased
as shown in Figure 1. After 21 days of storage the
VCO (control) sample exhibited the highest FFA
content (0.36 £ 0.00 %); while the 2000 ppm level
of extract-added oil sample contained the lowest
FFA content (0.28 + 0.00%). In addition, after 21
days of storage the FFA content of 2000 ppm level
of extract-added sample was significantly lower
than that of the positive control (0.29 + 0.00%).
The initial FFA content of SO (0.15 £+ 0.00%)
used for the study was lower than that of VCO (0.26
+ 0.04%). A comparatively high initial FFA content
of VCO could be attributed to the presence of free
fatty acids, chlorophyll or products of oxidative
degradation which impair the quality of the oil (Ma
et al., 2015). Many studies were conducted to assess
the effect of the addition of natural antioxidants on

Grasas y Aceites 72 (3), July-September 2021, e416. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0450201


https://doi.org/10.3989/gya.0450201

Batoko plum (Flacourtia inermis) peel extract attenuates deteriorative oxidation of selected edible oils * 7

the oxidative stability of SO (Carelli et al., 2005).
The initial FFA content in the reported study (0.16%)
was comparable to the present study. The FFA
content of SO treated with the 2000 ppm level of
extract was significantly (p < 0.05) lower than that
of the control from day 3 onwards. However, there
was no significant difference between oil treated
with 2000 ppm level of extract and a-tocopherol
until 21 days of storage. After 21 days of storage SO
treated with the 2000 ppm level of FIPE exhibited
the lowest FFA content (0.10 = 0.04%); while oil
treated with 500 ppm and 1000 ppm levels of extracts
showed comparatively high FFA content (Figure
2). Moreover, there was no significant difference
between the control and SO treated with 500 ppm
and 1000 ppm extract levels after 21 days of storage.

3.5. FTIR analysis of stored edible oils

The influx of research studies was carried out
on the potential applications of FTIR in monitoring
the oxidation of edible oils (Van de et al., 1994).
Thus, the present study used FTIR spectroscopy to

monitor the oxidative changes occurring in treated
and non-treated sunflower oil and virgin coconut
oil after 21 days of storage. Figure 3 illustrates the
FTIR spectra of non-treated VCO, VCO treated
with the 2000 ppm level of FIPE and VCO treated
with a-tocopherol. Among other edible oils VCO
has a unique spectrum, as shown in Figure 3. In the
spectra of VCO no peaks are identified at the region
of 3008 cm™ and 1655 cm™ which is in agreement
with previous studies (Rohman and CheMan, 2011).
Peaks in the above-mentioned region represent the
unsaturated double bonds and are used to express the
degree of unsaturation of triglycerides. Since VCO
contains very low levels of unsaturated fatty acids,
the peak is hardly noticeable in this region (Rohman
and CheMan, 2011).

Peaks appearing at 721, 962, 1744, 2852,
2927 and 3300 cm™ were selected to compare the
differences between the treated and non-treated
VCO samples used for the study. All the VCO
samples failed to show a peak at around 3444cm’!
(Figure 03), hence no evidence was detected for the
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FiGure 3. FTIR spectrum of treated and non-treated virgin coconut oils (VCO) after 21 days of storage
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FIGURE 4. Magnification of FTIR spectra of virgin coconut oil (VCO) a) at region 2000 to 1000 cm™ b) at region 1200 to 500 cm'!
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Ficure 5. FTIR spectra of treated and non-treated sunflower oil (SO) after 21 days of storage
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FIGURE 6. Magnification of FTIR spectra of sunflower oil (SO) a) at region 2000 to 1000 cm™ b) at region 1200 to 500 cm'!
¢) at region 3500 to 2500 cm™' d) at region 1500 to 900 cm'

presence of hydroperoxides or free fatty acids which
are formed in the thermal oxidation of oils. The
carbonyl absorption of the triacylglyceol linkage
is noticeable at 1744 cm™'. However, a noticeable
difference was not observed in VCO samples at this
frequency (Figure 4 (a)). High intensity at 1744 cm!
represents the high amounts of carbonyl compounds
such as aldehydes, esters, ketones, and lactones
present in the oils which formed during oxidation
(Smith et al, 2005). Moreover, added FIPE and
a-tocopherol were not effective in lowering the
intensity of carbonyl compounds (Figure 4 (a)). The
peak at 962 cm’! represents the bending vibration
of CH functional groups of trans olefins. This peak
serves as indicator of oxidative stability as the peak
provides the information relevant to gradual cis
to trans isomerization in the oxidized oil (Marina
et al., 2013). There was a minor difference in the
peak intensities of VCO at 962 cm’; the highest

peak intensity represented the VCO treated with
a- tocopherol followed by the VCO treated with
the 2000 ppm level of FIPE and VCO without any
treatment (Figure 4 (b)). The peak revealed in the
721 cm! region also displayed similar variation as
the intensity variation in peak appeared in the 962
cm! region; the VCO sample stored for 21 days
without any treatment exhibited the lowest intensity.
The peaks appeared in the 2927 cm™ and 2852 cm'!
regions also exhibited minor differences (Figure 4
(¢)). One of the important regions of the FTIR spectra
for VCO is the region of 1500 to 1000 cm™!, which is
also known as the finger print region (Marina et al.,
2013). There is no noticeable difference revealed in
the spectra of treated and non-treated VCO in this
region (Figure 4 (d)).

Figure 5 illustrates the FTIR spectra of non-treat-
ed SO, SO treated with the 2000 ppm level of lovi
peel extract and SO treated with a-tocopherol. In the
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FTIR spectra of SO no peak is revealed at 3444 cm’!,
which represent the hydroperoxide functional group.
With the progression of oxidation hydroperoxide
formation increases and in relation to that, the inten-
sity of the band revealed at 3444 cm™ also increases
gradually (Hamed and Allam, 2006). However, the
spectra of SO revealed a peak at 3008 cm!, which
represents the unsaturated double bond (Rohman
and Man, 2011). Since SO contains comparatively
high levels of unsaturated fatty acids the peak ap-
peared in this region, but that peak is not revealed in
the spectra of VCO.

Figure 6 illustrates the magnification of spectral
ranges 2000-1000 cm™, 1200-500 cm™!, 3500-2500 cm!
and 1500-900 cm™ in the FTIR spectra of treated and
non-treated SO samples. Similar to the VCO a signif-
icant difference was not observed between the treated
and non-treated SO samples at 1744 cm! (Figure 6 (a)).
In non-oxidized oil this peak solely represents the ester
carbonyl functional group of triglycerides and when
the oil is oxidized, this peak overlaps with aldehydes,
thereby producing a decrease in intensity (Guillén and
Goicoechea, 2007). Figure 6(b) illustrates the differ-
ences in peak intensities between treated and non-treat-
ed SO samples at 962 cm!. The positive control, a-to-
copherol, exhibits the lowest peak intensity. While the
FIPE-added sample shows the highest peak intensity.
This peak represents the gradual cis to trans isomer-
ization in the oxidized oil, which increases with the
progression of oxidation (Marina et al., 2013). Thus,
a-tocopherol is effective in controlling the oxidation
of SO since it exhibits the lowest peak intensity. The
peak at 722 cm ! was decreased with the progression of
oxidation due to the loss of cis double bonds (Rohman
and Che Man, 2013). The Figure 6(b) illustrates the dif-
ferences in peak intensities at 722 cm™. As illustrated
in the figure, the SO sample treated with FIPE extract
exhibits the highest peak intensity and thereby repre-
sents the lowest rate of oxidation. Two peaks at 2853
and 2923 cm ! remained unchanged. However, minor
differences were observed in the peak intensities of
treated and non-treated SO samples in the finger print
region of the FTIR spectra (Figure 6(d)).

4. CONCLUSIONS

The present study concluded that the extract from
the peel of lovi (Flacourtia inermis) has strong an-
tioxidant activity with high total phenol content.
Moreover, FIPE shows excellent protective effects

against the oxidation of virgin coconut oil and sun-
flower at the 2000 ppm concentration level. The
findings in the storage study have confirmed that the
FIPE under the study conditions could be used as an
alternative to a-tocopherol in order to improve the
oxidative stability of virgin coconut oil and sunflow-
er oil. However, only the minor differences were re-
vealed in the FTIR spectra of treated and non-treated
virgin coconut oil and sunflower oil samples after 21
days of storage at 65 £ 5 °C.
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SUMMARY: In the present research, biodiesel production from olive oils with different initial free fatty acid concentrations (2.5, 5.0,
and 10.0%) was evaluated. A two-stage acid-catalyzed esterification and alkaline-catalyzed transesterification (ACT) process using the
microwave heating method was compared with the traditional heating method. Free fatty acid was reduced to less than 2.0% in the first
stage. Although no significant difference was observed between microwave and traditional esterification methods in terms of fatty acid
reduction, the microwave treatment significantly decreased reaction time by 92.5%. Comparing microwave ACT results with those of
the traditional heating method showed that the microwave can significantly increase methyl ester yield and purity, and simultaneously
decrease reaction time. Physical constants of methyl esters were also improved using the microwave heating method. Therefore, the
microwave heating method can be regarded as an efficient method instead of the two-stage method for biodiesel production. This method
is capable of using inedible olive oil with high concentrations of free fatty acids.

KEYWORDS: Biodiesel; Esterification; Microwave; Olive oil; Transesterification

RESUMEN: Mejora del rendimiento del biodiesel a partir de aceite de oliva no comestible pre-esterificado mediante transesterificacion
asistida por microondas. En la presente investigacion, se evalu6 la produccion de biodiesel a partir de aceites de oliva con diferentes
concentraciones iniciales de acidos grasos libres (2,5, 5,0 y 10,0%). Se compard un proceso de esterificacién en dos etapas catalizada
con acido y transesterificacion catalizada alcalina (ACT) usando microondas con el método de calentamiento tradicional. Los acidos
grasos libres se redujeron a menos del 2,0% en la primera etapa. Aunque no se observaron diferencias significativas entre los métodos
de esterificacion, por microondas y tradicional, en términos de reduccion de acidos grasos, sin embargo, el microondas disminuyo

significativamente el tiempo de reaccion en un 92,5%. La comparacion de los resultados de ACT de microondas con los del método de
calentamiento tradicional mostré que el microondas puede aumentar significativamente el rendimiento y la pureza del éster metilico, y
simultaneamente disminuir el tiempo de reaccion. Las constantes fisicas de los ésteres metilicos también se mejoraron usando el método
de calentamiento por microondas. Por lo tanto, el método de calentamiento por microondas puede considerarse como un método eficiente
en lugar de la produccion de biodiésel en dos etapas. Este método es capaz de usar aceite de oliva no comestible con altas concentraciones
de acidos grasos libres.
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1. INTRODUCTION

Biodiesel or fatty acid alkyl ester is produced
via transesterification, which is the reaction of
triacylglycerol with an alcohol using an appropriate
catalyst. Normally, transesterification is an alkaline-
catalyzed reaction which is 4000 times faster than
an acid-catalyzed reaction (Fukuda et al, 2001).
The cost of biodiesel production is one of the main
constituents which can be decreased by choosing
waste oils as the source of feedstock (Jaliliannosrati
et al., 2013). Meher et al. (2006) investigated the
alkaline-catalyzed transesterification of karanja
(Pongamia pinnata) oil. They showed that biodiesel
yield decreased from 96 to 6.1% by increasing the
free fatty acid (FFA) concentration from 0.48 to
5.75%. Therefore, in order to complete the alkaline-
catalyzed reaction, a FFA value of lower than 3%
is needed. The high amounts of FFAs in biodiesel
feedstocks make them unsuitable for alkaline-
catalyzed transesterification due to the soap formation
between FFAs and the alkaline catalyst (Vicente et
al., 2004). Soap decreases the reaction yield and
acts as a surfactant between the two final immiscible
products (methyl ester and glycerol), making
downstream separation more difficult and leading
to an increase in biodiesel viscosity and purification
costs (Mazubert et al., 2014; Sarantopoulos et al.,
2014). A similar explanation has been reported in the
study by Thoai et al. (2017) on the transesterification
of refined palm oil. They showed that by increasing
soap concentration from 1.48 to 3.21%, biodiesel
purity decreased from 98 to 85%. In addition to
soap, water is also another product of saponification.
When water is present in the reaction, it generally
manifests itself through excessive soap production.
Park et al. (2016) investigated the transesterification
of wet coffee grounds. They noted that by increasing
water from 20 to 80%, biodiesel yield decreased from
about 98 to less than 40%. Also, soaps of saturated
fatty acids tend to solidify at ambient temperatures.
Consequently, a reaction mixture with excessive
soap may gel and form a semi-solid mass which is
very difficult to recover (Van Gerpen et al., 2004).

Olive oil (OO) has been playing an important
role in the world market of vegetable oils. The
annual worldwide production of virgin OO was
3,050,390 tonnes in 2014, with Spain as its main
producer (57% of the global production; 1,738,600
tonnes/year) (FAOSTAT, 2014). In fact, in Spain,

edible vegetable oil consumption is approximately
600,000 tonnes/year. Most of this oil (70%) is OO
and is primarily used for deep frying. According to
the INE (Spanish National Institute of Statistics),
about 74,000 tonnes of waste OO is collected per
year. In this sense, the transesterification of waste
OO for producing biodiesel could decrease the waste
disposal problem. Although several approaches have
been developed to produce biodiesel from vegetable
oils and animal fats, research concerning biodiesel
production from waste OO is limited and further
research is needed. Due to the presence of moisture
and hydrolytic enzymes, the FFA concentration in
the waste OO rises rapidly (Shahidi, 2005). Dorado et
al. (2003) and Yuste and Dorado (2006) investigated
the transesterification of waste OO for biodiesel
production using a conventional heating method.
Waste OO with high FFA is inedible and its refining
is costly. Therefore, this high free fatty acid olive
oil (HFFAOO) is economically suitable for biodiesel
production. Due to undesirable outcomes, HFFAOO
needs to be pre-treated before transesterification.
Kara et al. (2017) applied an acid-catalyzed
esterification pre-treatment for reducing high FFA
concentrations in waste fish oil from 28 to less than
1.5%. The pre-treated oil is then transformed using
alkaline-catalyzed transesterification (Sarantopoulos
etal, 2014).

Several heating methods have been investigated
for biodiesel production. In conventional heating
methods, heat energy is transferred to the raw material
by convection and conduction from the hot surface
of the reactor, which requires a long time and large
amounts of energy (Talebian-Kiakalaieh et al., 2013).
Microwave radiation is a novel heating method
which can be used for a large number of chemical
reactions such as esterification and transesterification
(Talebian-Kiakalaieh et al, 2013). Generally, two
mechanisms of dipolar rotation and ionic conduction
have been introduced for the interaction between
microwave energy and raw materials. Polar materials
such as methanol can absorb microwave radiation and
the 1onic molecules, such as KOH, can be divided
into positive and negative ions. At the same time,
the probability of molecular encounters increases by
accelerating the molecular/ionic movement which
leads to an increased reaction rate (Sajjadi et al.,
2014). Lin and Chen (2017) transesterified Jatropha
oil and showed that for obtaining biodiesel purity
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higher than 90%, microwave requires just 10 seconds
while the conventional hot plate requires 1 hour. Also,
energy consumptions of conventional hot plate and
microwave heating methods were 2376 and 9.5 kJ,
respectively.

Even though some studies have proposed a two-
step reaction of acid-catalyzed esterification followed
by alkaline-catalyzed transesterification for biodiesel
production, none of them is based on comparison
between different heating methods in both steps.
Therefore, the aim of the present study was to use a
microwave heating method for esterification of OO
with different initial FFA concentrations followed
by its transesterification and to compare it with the
conventional magnetic stirrer method. Purity, yield,
physical properties, and composition of the fatty acid
methyl esters (FAMEs) produced were also compared.

2. MATERIALS AND METHODS

2.1. Materials

All experimental chemicals (solvents, reagents,
and standards) were of analytical grade and were
purchased from Merck (Darmstadt, Germany) and
Sigma—Aldrich (St. Louis, MO). Crude OO mill
(three-phase centrifuge) was supplied from Etka Oil
Company (Rudbar, Iran).

2.2. Methods

2.2.1. Acid-catalyzed esterification

Microwave-assisted esterification (MAE) was
carried out with sulfuric acid (10%, w/w H2S0O4/
FFA) as catalyst. The catalyst was dissolved in
methanol (methanol to FFA mole ratio of 40) and
was stirred for 5 min to ensure complete mixing.
According to the American Oil Chemists’ Society
(AOCS) Official Method (Ca 5a-40), FFA of OO
was 2.36% which increased to 2.5, 5.0, and 10.0%
by pure oleic acid (AOCS, 2000). The catalyst—
methanol solution was mixed with 100 g high FFA
0O. The reaction was carried out for 9 min in a
domestic microwave oven (ME3410W, Samsung
Malaysia Electronics, Kuala Lumpur, Malaysia)
at 500 W with a wave frequency of 2450 MHz,
equipped with a condenser (to condense back the
methanol escaping from the reaction mixture). Also,
the magnetic stirrer operated at 60 °C for 120 min
at 600 rpm as a conventional-assisted esterification

(CAE). At the end of the reaction time, the reaction
mixture was immediately cooled down to room
temperature. The water-soluble components were
separated from the product in a separatory funnel.
The esterification yield was calculated according to
the following equation (Chai et al., 2014):

Esterification yield (%) = ((initial FFA — final FFA) / initial
FFA) x 100 eq. (1)

2.2.2. Alkaline-catalyzed transesterification

KOH was dissolved in methanol and the mixture
was stirred for 10 min to ensure complete mixing.
Then, the catalyst-methanol solution was mixed with
100 g esterified HFFAOO. The reaction was carried
out using the microwave oven and the conventional
magnetic stirrer.

Microwave-assisted transesterification (MAT)
of esterified HFFAOO was carried out at 500 W,
methanol-to-oil mole ratio of 9, KOH concentration
of 1.2%, and reaction time of 9 min. Conventional-
assisted transesterification (CAT) was performed
using a magnetic stirrer at 60 °C for 120 min at
600 rpm. To evaluate the effect of esterification
pre-treatment on transesterification yield, OO
samples (with 2.5, 5.0, and 10.0% FFA) were also
transesterified without esterification pre-treatment.

At the end of the reaction time, the reaction
mixture was immediately cooled down to room
temperature and transferred to a separating funnel
where it was left overnight to separate into two
phases. The crude methyl ester remained in the
upper phase, while the catalyst and unreacted
methanol were situated in the lower glycerol phase,
meaning that small amounts of catalyst, methanol,
and glycerol were present in the upper phase. The
excess methanol in the ester phase was distilled off
with a magnetic stirrer equipped with a condenser
at 70 °C for 30 min at 450 rpm. Hot distilled water
(60 °C) was sprayed over the surface of ester phase
to remove the impurities and catalyst. Washing was
performed 5 times to remove all dissolved catalysts
and glycerol in the ester phase. The lower phase was
discarded and a yellow-colored phase containing
FAMEs was finally isolated. FAMEs were then
dried using a magnetic stirrer at 80 °C for 30 min
at 250 rpm (Kanitkar et al., 2011; Patil et al., 2011).
Margaric acid methyl ester (Methyl margarate;
Methyl heptadecanoate) was added to the crude
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F1GURE 1. Chromatogram of microwave-assisted transesterified inedible olive oil.

FAMEs as an internal standard (Figure 1) (Atapour
and Kariminia, 2011). The purity of FAMEs was
determined using the GC/FID method according to
the method described by Golmakani et al., (2012a;
2012b). The weight of yield, methyl ester purity, and
final yield were calculated according to the following
equations (Patil et al., 2011; Hsiao et al., 2010):

Weight of yield (%) = (Weight of final product (g)) / (Weight
of olive il (g) ))*<100 eq. (2)
Methyl ester purity (%) = ((Area of final product) / (Area
of internal standard))x((Weight of internal standard(g)) /
(Weight of final product(g) ))*<100 eq. 3)
Final yield (%) = ((Methyl ester purity (%) x Weight of yield

(%)) / 100) eq. (4)
2.2.3. Physical properties of FAME
Kinematic viscosity, refractive index, and

density of purified FAMEs were analyzed according
to the method of the American Society for Testing
Materials (ASTM; D445), AOCS Cc7-25 Official
Method, and AOCS 1a-64 Official Method,
respectively (AOCS, 2000; ASTM, 2013). The
fatty acid composition of FAMEs was determined
according to the method described by Golmakani
et al, (2012a; 2012b). Color attributes (L*,
lightness; a*, greenness to redness; b*, blueness
to yellowness) of FAMEs were analyzed using the
Habibi ef al. (2016) method.

2.2.4. Statistical analysis

All experiments were performed in triplicate
and the data were reported as mean values of the
measurements. Standard deviation values are
presented in all tables. A general linear model (GLM)
procedure from SAS (Statistical Analysis Software,
version 9.1; SAS Institute Inc. Cary, NC) was used
for comparison of mean values.

3. RESULTS

3.1. Esterification yield

The effects of initial FFA concentration and
esterification method on the esterification yield
of HFFAOO are shown in Table 1. The highest
esterification yield was obtained for 2.5% initial
FFA (i.e. final FFA of lower than 0.5%). Although
there were no significant differences between the
esterification yield of HFFAOO with 5.0% FFA and
that of 10.0%, their esterification yields were lower
than that of the sample with 2.5% FFA. Also, despite
the fact that there were no significant differences
between MAE and CAE methods in terms of final FFA
concentration and esterification yield, MAE entailed
significantly lower esterification duration and energy
consumption. Microwaves heat methanol selectively
which may lead to the rapid formation of microzones
(hot spots) with temperatures much higher than that of
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TaBLE 1. Effect of microwave heating method on esterification yield of high free fatty acid olive oil

Initial free fatt‘y acid Esterification method Final free fatt.y acid Esterification yield (%)
concentration concentration

2.5 Conventional 0.47+0.02¢c* 81.44+0.79a
2.5 Microwave 0.45+0.01c 82.00+0.36a

5 Conventional 1.01+0.01b 80.10+0.03b

5 Microwave 1.01+0.01b 80.08+0.06b

10 Conventional 2.06+0.08a 79.48+0.50b

10 Microwave 1.98+0.04a 80.27+0.38b

* Mean + standard deviation; Number of replicates for each analysis: 3; Statistical test: ANOVA and multiple comparison of means using
Duncan’s test; Degree of significance: P < 0.05; In each column, means with different letters are significantly different.

TasLE 2. Effect of different esterification and transesterification methods on weight of yield, purity, and final yield of olive oil biodiesel

Initial free fatty

Esterification

Transesterification

Weight of yield

acid concentration method method (%) Purity (%) Final yield (%)
2.5 WEP* Conventional 82.36+0.03m** 96.03+0.03d 79.09+0.06i
2.5 WEP Microwave 85.72+0.011 97.86+0.18c¢ 83.88+0.17f
2.5 Conventional Conventional 93.154+0.01g 89.33+0.76¢ 83.21+0.71g
2.5 Conventional Microwave 98.57+0.05b 99.94+0.03a 98.50+0.08a
2.5 Microwave Conventional 93.36+0.01f 89.77+0.25¢ 83.81+0.22fg
2.5 Microwave Microwave 98.984+0.03a 99.944+0.03a 98.9340.00a
5 WEP Conventional 68.32+0.030 2.92+0.071 2.00+0.05k
5 WEP Microwave 76.72+0.01n 3.1840.08i 2.444+0.06k
5 Conventional Conventional 92.08+0.041 87.90+1.08fg 80.94+0.96h
5 Conventional Microwave 96.51+0.01d 99.82+0.03a 96.33+0.03¢
5 Microwave Conventional 92.27+0.03h 88.24+0.24f 81.42+0.24h
5 Microwave Microwave 97.60+0.02¢ 99.90+0.01a 97.50+0.03b
10 WEP Conventional 44.06+0.01q 0.65+0.02j 0.28+0.011
10 WEP Microwave 52.33+0.01p 0.68+0.02j 0.36+0.011
10 Conventional Conventional 89.08+0.05k 87.07+0.05h 77.55+0.00j
10 Conventional Microwave 95.37+0.01¢e 98.6240.13b 94.0540.14¢
10 Microwave Conventional 90.13+0.03j 87.2440.13hg 78.63+0.151
10 Microwave Microwave 96.46+0.04d 98.90+0.01b 95.40+0.05d

* WEP: Without Esterification pre-treatment; ** Mean =+ standard deviation; Number of replicates for each analysis: 3; Statistical test:

ANOVA and multiple comparison of means using Duncan’s test; Degree of significance: P < 0.05; In each column, means with different

letters are significantly different.

the reaction mixture, thus providing enough energy for
increasing the esterification rate (Sajjadi et al., 2014).
Unlike microwave, the conventional heating method
heats the entire reaction mixture (both methanol and
00), leading to longer reaction time and higher energy
consumption (Kumar et al., 2011). These findings are
in good agreement with the results of Suppalakpanya
et al. (2010), who produced ethyl ester from crude

palm oil. They showed that MAE and CAE methods
reduced FFA concentration from 7.5 to less than 2%
after reaction times of 60 and 240 min, respectively.

3.2. Transesterification yield

The effects of different initial FFA concentrations
and transesterification methods on weight of yield,
purity, and final yield of HFFAOO are shown in
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Table 2. The weight of yield, purity, and final yield of
transesterified HFFAOOs without esterification were
significantly lower than those of esterified ones. The
final yield of HFFAOOs with 2.5, 5.0, and 10.0% FFA
were 81.48, 2.22, and 0.32%, respectively. There were
no significant differences between the final yield of OO
with 5.0 and 10.0% FFA. In view of the fact that high
initial FFA concentration increases the saponification
reaction, esterification pre-treatment plays a key role
in increasing transesterification purity and yield. MAT
significantly increased the final yield of OO with 2.5%
FFA in comparison with that from the CAT method.

In the case of esterified samples (both CAT and
MAT methods), the weight of yield, purity, and final
yield of FAMEs decreased by increasing the initial
FFA concentration. Higher initial FFA concentration
leads to increasing soap formation, which resulted in
decreasing biodiesel purity and yield.

The highest final yield was obtained using the
microwave heating method both in the esterification
and transesterification steps. Also, the lowest
final yield was obtained using the conventional
heating method in both the esterification and
transesterification steps. MAT showed higher weight
ofyield, purity, and final yield in comparison with the
CAT method. Microwave radiation can selectively
heat polar molecules (alcohols) without significantly
heating  non-polar molecules (triacylglycerols),
which promotes transesterification rate and hence
improves the yield and purity of FAMEs. In the
conventional heating method, energy is transferred
to the reaction mixture through convention and
conduction only, which requires a long time and large
amounts of energy (Wahidin et al., 2014). Similar
to our results, Wahidin et al. (2014) investigated the
effects of MAT on the biodiesel yield of microalgal
Nannochloropsis oculata oil. They reported that the
final yield of MAT (86.41%) was higher than that of
the conventional water bath method (71.26%).

3.3. FAME analysis

3.3.1. Fatty acid composition

The effect of different esterification and
transesterification methods on the fatty acid composition
of the biodiesel produced are shown in Table 3. There
were no significant differences among the fatty acid
compositions of different initial FFA concentrations or
different esterification and transesterification methods.

Therefore, transesterification rate is not dependent
on the chain length or saturation degree of fatty acids.
This phenomenon can be related to the speed and
completeness of the transesterification reaction. In
contrast to our finding, Stavarache et al. (2007) noted
that saturated fatty acids, which are commonly located
in the 1 and 3 positions of triacylglycerols, had a higher
transesterification rate.

3.3.2. Physical properties of transesterified samples

The effect of different esterification and
transesterification methods on the physical
properties of the biodiesel produced are shown in
Table 4. The kinematic viscosity of FAME is one
of the most important properties which can affect
storage condition, transportation, and biodiesel
operation. HFFAOO samples transesterified without
esterification had higher kinematic viscosity
than those of esterified samples (both CAT and
MAT methods). The kinematic viscosity of
unesterified samples with 5.0 and 10.0% FFA after
transesterification was similar to untreated OO (i.e.
without esterification and transesterification; 36.806
mm?/s). This phenomenon can be related to the fact
that although most triacylglycerols participated in the
saponification reaction instead of transesterification,
transesterification was not affected by saponification
in the case of OO with 2.5% FFA. Also, in spite of
the fact that the transesterification method had no
significant effect on kinematic viscosity, the MAT
of OO with 2.5% FFA had significantly higher
kinematic viscosity than the CAT method.

According to ASTM D6751 Official Methods,
the kinematic viscosity of FAMEs should be 1.9-6
mm?/s. Except for the FAMEs of OO with 5.0 and
10.0% FFA transesterified without esterification, all
the FAMEs fall within the standard range indicated
by ASTM.

In the case of esterified samples, MAT samples
had lower kinematic viscosity than those of the CAT
method. By increasing the initial FFA concentration
from 2.5 to 10.0%, the kinematic viscosity of
FAMEs increased due to soap formation. There
was a significant negative correlation between
kinematic viscosity and final yield (R?* = 0.972;
kinematic viscosity = (-0.065 x Final yield) +
10.413). During the transesterification process,
triacylglycerols are converted to lower molecular
weight FAMEs (Talebian-Kiakalaieh et al., 2013).

Grasas y Aceites 72 (3), July-September 2021, e417. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0336201


https://doi.org/10.3989/gya.0336201

Improving biodiesel yield from pre-esterified inedible olive oil using microwave-assisted transesterification method « 7

TasLE 3. Effect of different esterification and transesterification methods on fatty acid composition of olive oil biodiesel

Initial free Fatty acid (%)

fatty acid Esterification Transesterification
concentration method method Palmitic acid Palmitoleic  Stearic Oleic acid Linoleic  a-Linolenic
(%) acid acid acid acid

2.5 WEP* Conventional 15.53+0.05*%*  1.30+0.05 2.19+0.85 71.78+0.85 8.95+0.00 0.25+0.01
2.5 WEP Microwave 15.97+0.07 1.36+0.08 1.92+0.48 71.55+0.48 8.95+0.00 0.25+0.05
2.5 Conventional Conventional 14.54+0.00 1.37£0.00 1.94+0.00 72.03+£0.00 9.65+0.00 0.47+0.00
2.5 Conventional Microwave 15.50+0.09 1.36+0.08 1.42+0.11 72.17+0.12 9.08+0.00  0.47+0.02

2.5 Microwave Conventional 14.65+0.03 1.26+£0.03  1.94+0.00 72.03+0.00 9.65+0.00 0.47+0.00
2.5 Microwave Microwave 15.60+1.02 1.36+0.16  2.40+0.18 71.56+0.96 8.63+0.63  0.45+0.03

5 WEP Conventional 15.15+0.79 1.50£0.00 2.50+0.00 71.10+£0.04 9.35+3.83  0.40+0.00

5 WEP Microwave 15.13£0.76 1.50£0.00 2.50+0.00 72.33+0.61 8.24+8.37 0.30+0.07

5 Conventional Conventional 15.64+0.07 1.17+£0.07 1.86+0.16 72.30+£0.16 8.71+0.00 0.32+0.03

5 Conventional Microwave 15.54+0.04 1.32+0.04  1.35+0.22 72.24+0.22 9.08+0.00  0.47+0.00

5 Microwave Conventional 15.5540.03 1.26£0.03  1.48+0.38 72.68+0.38 8.71+£0.00 0.32+0.03

5 Microwave Microwave 15.41+0.12 1.43+0.15 2.82+0.73 71.06+0.33 8.89+0.26 0.39+0.11

10 WEP Conventional 15.37+0.36 1.50£0.00 1.95+£0.00 71.56+1.54 9.32+2.90 0.30+0.04

10 WEP Microwave 15.2244.82 1.20+£0.00  2.00+£0.00 71.97+1.50 9.21+£5.31 0.40+0.02

10 Conventional Conventional 14.65+0.01 1.26+0.01 1.30+0.46 72.70+0.45 9.62+0.00 0.47+0.08

10 Conventional Microwave 15.54+0.04 1.3240.04 1.35+0.22 72.24+0.22 9.08+0.00 0.47+0.00

10 Microwave Conventional 15.58+0.01 1.44+0.01 2.27+0.92 71.05+0.92 9.37+0.00 0.29+0.03

10 Microwave Microwave 15.42+0.08 1.44+0.08 2.02+0.40 71.58+0.40 9.07+0.00 0.47+0.06

* WEP: Without esterification pre-treatment; ** Mean =+ standard deviation; Number of replicates for each analysis: 3.
TaBLE 4. Effect of different esterification and transesterification methods on physical properties of olive oil biodiesel
iti i ificati ificati i ic viscosi Color attribute
ik i i Tt Ly ) s ——

25 WEP** Conventional 5.194£0.000c***  881.1685+0.0637g  1.4544£0.0001d  58.50+0.35d -8.25+0.35¢cd 44.50£0.71¢

25 WEP Microwave 4.159+0.000f 885.1601£0.0920d  1.4531+0.0001de ~ 60.75£0.35ab  -8.600.14cd  39.00+0.00de

25 Conventional Conventional 5.1260.000d 881.9488+0.0495f  14544+0.0001d  59.25+0.35cd  -8.60+0.14cd 43.50£0.71¢

25 Conventional Microwave 4019£0.001hi  886.9658+0.0424a  14526+0.0001fg  61.50+0.71a 9.25+0.35¢ 36.50+0.71f

25 Microwave Conventional 5.018+0.001e 883.1693+0.0637¢  1.4544+0.0001d  58.50+0.71d -8.75+0.07de 42.90+0.14¢

25 Microwave Microwave 4.016+0.001i 886.9658+0.2404a  14524+0.0001g  61.5040.71a 9.25+0.35¢ 36.50+0.71f

5 WEP Conventional 36.75240.033b  874.5200+0.0141h  1.4629£0.0001b  56.50+0.71¢ -6.65+0.21b 54.500.71b

5 WEP Microwave 36.760£0.001b  874.8761£0.0212h  1.4627£0.0000b  56.55+0.07¢ -6.75+0.07b 54.100.14b

5 Conventional Conventional 5.127+0.000d 881.9288+0.1344g  1.4545+0.0001d  59.24#034cd  -8.60+0.14cd 43.50+0.71¢

5 Conventional Microwave 4,035+£0.001h 887.0408+0.0212a  1.4525+0.0002g  61.50+0.71a -9.25+0.35¢ 36.50+0.71F

5 Microwave Conventional 5.118+0.000d 881.9338+0.1132f  14545+0.0003d  59.25+035cd ~ -8.60+0.14cd 43.50+0.71c

5 Microwave Microwave 4.018+0.000j 887.0008+0.0071a  1.4526+0.0001fg  61.50+0.71a 9.25+0.35¢ 36.50+0.71f

10 WEP Conventional 36.798+0.000a  874.1603+0.0134i  14692+0.0001a  56.49+0.01e -5.25+0.35a 56.25+0.35a

10 WEP Microwave 36.798+0.000a  874.1898+0.0014i  14691+0.0001a  56.51+0.01¢ -5.40+0.14a 55.75+0.35a

10 Conventional Conventional 5207+0.001¢ 881.1685+0.0037g  14552+0.0002c  58.50+0.71d -8.10+0.14c 44.500.71c

10 Conventional Microwave 4.106+0.000g 885.8954+0.3537c  1.4529+0.0001fc  61.05£0.07ab  -8.75+0.35de 37.9020.14e

10 Microwave Conventional 5.1940.000c 881.1885£0.0037g  1.455340.0004c  58.50+0.71d -8.10+0.14¢ 44.50£0.71c

10 Microwave Microwave 4.104+0.000g 886.240+0.0071b  1.4529+0.0001fc  61.10£0.14ab  -8.75+0.35de 37.9040.14e

** WEP: Without esterification pre-treatment; *** Mean + standard deviation; Number of replicates for each analysis: 3; Statistical test:
ANOVA and multiple comparison of means using Duncan’s test; Degree of significance: P < 0.05; In each column, means with different
letters are significantly different.
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Hence, by increasing the biodiesel final yield,
kinematic viscosity decreased accordingly. The
sample with the highest final yield (98.93%) showed
the lowest kinematic viscosity (4.02 mm?%s). In
both esterification and transesterification steps, the
microwave heating method was more effective than
the conventional heating method due to its higher
yield of FAME production and accordingly lower
kinematic viscosity.

For both CAT and MAT methods, HFFAOO
samples transesterified without esterification had
lower density in comparison with esterified samples.
In the case of unesterified samples, although the
transesterification method of OO with 5.0 and 10.0%
FFA had no significant effect on density, microwave-
assisted transesterified OO with 2.5% FFA had
significantly higher density than the CAT method.

In the case of transesterified samples, the MAT
of OO showed higher density than that of the CAT
method. By increasing the initial FFA concentration,
the densities of FAMEs were decreased. There was
a significant positive correlation between density
and final yield (R* = 0.98; Density = (0.299 x Final
yield) + 857.720). The lower molecular weight of
FAMEs in comparison with their corresponding
triacylglycerols plays a key role in determining the
density of the product (Motasemi and Ani, 2012).
Therefore, by increasing final yield (i.e. higher
production of lower molecular weight FAMEs), the
density of the produced biodiesel increased. Using
MAT led to higher final yield and hence density.

The refractive indices of HFFAOO samples
transesterified without esterification were higher
than those of esterified samples using both CAE and
MAE methods. Also, different transesterification
methods had no significant effect on refractive
indices of OO with 2.5, 5.0, or 10.0% FFA.

In the case of esterified HFFAOOQOs, microwave-
assisted transesterified samples had lower refractive
indices. By increasing initial FFA concentration, the
refractive indices of FAMEs increased. There was a
significant negative correlation between refractive
index and final yield (R? = 0.982; Refractive index =
(-0.0001 x Final yield) + 1.465). By increasing final
yield, refractive index decreased due to the conversion
of triacylglycerols to lower molecular weight FAMEs.
Also, microwave-assisted transesterified samples
showed lower refractive indices according to their
higher final yield.

Color is a qualitative parameter for evaluating
the effects of the transesterification process
on the biodiesel produced. HFFAOO samples
transesterified without esterification had lower L*,
a*, and b* values than those of esterified samples
using either conventional or microwave methods.
Regarding unesterified samples, although different
transesterification methods of OO with 5.0 and
10.0% FFA had no significant effect on L*, a*, and
b* values, microwave-assisted transesterified OO
with 2.5% FFA had significantly higher L* value and
lower b* value than those of the CAT method. Also,
the a* value for OO with 2.5% FFA was similar in
both MAT and CAT methods.

In the case of esterified samples, microwave-
assisted transesterified samples had higher L* values
and lower a* and b* values than those of conventional-
assisted transesterified samples. Although there were
no significant differences among different initial
FFA concentrations in terms of L* and a* wvalues,
microwave-assisted transesterified OO with 10.0%
FFA had significantly higher b* values than those of
OO with 2.5 and 5.0% FFA. There was a positive
correlation between the L* value and final yield (R?
=0.948; L* value = (0.152 x Final yield) + 46.597).
Also, there was a negative correlation between the a*
value and final yield (R? = 0.803; a* value = (-0.044
x Final yield) - 4.889) and between the b* value and
final yield (R? = 0.985; b* value = (-0.4175 % Final
yield) + 77.45). Therefore, although the L* value
increased by increasing final yield, both a* and b*
values decreased. The microwave heating method
showed the highest L* value (61.50) and at the same
time the lowest a* and b* values (9.25 and 36.50,
respectively).

The physical properties of the FAMEs produced
are meaningfully related to their transesterification
final yield. Therefore, the physical properties of
FAMESs can be used as reliable indices for predicting
transesterification yield.

4. CONCLUSIONS

In this study, the effects of the microwave heating
method on the esterification and transesterification
of HFFAOO were evaluated in comparison with the
conventional heating method. By increasing the initial
FFA concentration, the weight of yield, purity, and final
yield of FAMEs decreased significantly. Although
there were no significant differences between the
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yields of MAE and CAE, the MAE reaction time was
significantly lower than CAE. Also, MAT significantly
increased FAME yield and simultaneously decreased
reaction time in comparison with the CAT method.
Therefore, the microwave heating method can be
introduced as a suitable alternative method for two-
step biodiesel production from different vegetable oils
(olive, palm, canola, soybean, safflower, sunflower,
etc.). Although the number of studies on the feasibility
of novel technologies (such as reactive distillation,
membrane reactor, oscillatory baffled reactor,
ohmic, ultrasound, etc.) for biodiesel production is
significant, detailed analyses of two-step biodiesel
production from high free fatty acid waste oils using
novel technologies are still needed.
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SUMMARY: This study aims at manufacturing structured lipids by chemical interesterification (CI) of beef tallow with corn, canola and
safflower oils individually at various tallow blend ratios (60, 70, 80%) and catalyst concentrations (0.75, 0.875, 1%). Several physical
and chemical properties of interesterified products were determined and data were analyzed using univariate and multivariate statistical
techniques. Interesterified lipids were more spreadable and showed plastic behavior due to their lower consistency and solid fat contents.
Decreases in melting points to a temperature range of 26.5-45.5 °C regardless of oil type were observed. Interesterified fats displayed
mostly B'and B+ crystal forms. The CI of tallow did not result in the formation of significant amounts of trans-fatty acids. Samples
interesterified with corn oil had lower free fatty acid contents (1.87-3.9%) and higher oxidation induction times (3.82-12.25h) than other
lipids. Therefore, fats containing corn oil-tallow could be used in the baking industry due to their potentially good aeration properties
and smooth texture.

KEYWORDS: Chemical interesterification; Chemical properties,; Physical properties; Tallow, Vegetable oils

RESUMEN: Propiedades quimicas y fisicas de las grasas producidas mediante interesterificacion quimica de sebo con aceites
vegetales. Este estudio tiene como objetivo la fabricacion de lipidos estructurados mediante interesterificacion quimica (IQ) de sebo
de res con aceites de maiz, canola y cartamo individualmente en varias relaciones de la mezcla (60% -70% -80%) y concentraciones
de catalizador (0,75, 0,875, 1%). Se determinaron varias propiedades fisicas y quimicas de los productos interesterificados y los
datos se analizaron con técnicas estadisticas univariante y multivariantes. Los lipidos interesterificados son mas extensibles y tienen
un comportamiento plastico debido a su menor consistencia y contenido de grasa solida. Se observaron disminuciones en los puntos
de fusion a un rango de temperatura de 26,5-45,5 °C, independientemente del tipo de aceite. Las grasas interesterificadas muestran
principalmente formas cristalinas § 'y B’ + B. La IQ de sebo no dio lugar a la formacion de cantidades significativas de acidos grasos
trans. Las muestras interesterificadas con aceite de maiz tienen un contenido de acidos grasos libres mas bajo (1,87-3,9%) y tiempos de
induccion de oxidacion mas altos (3,82-12,25 h) que otros lipidos. Por lo tanto, las grasas que contienen sebo-aceite de maiz podrian
usarse en la industria de la panaderia debido a sus posibles buenas propiedades de aireacion y textura suave.
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1. INTRODUCTION

Fats and oils are significant ingredients in food
products due to their nutritional and functional
properties. The fatty acid compositions, fatty acid
distributions, and saturated/unsaturated fatty acids
ratio, melting points, crystallization behaviors,
storage stabilities, nutritional values, and health-
promoting effects of fats and oils vary because of
factors such as raw material sources, processing
type and conditions and some naturally present
fats and oils are not always suitable for food
processes due to their properties. Appropriate
modifications could be carried out to add desirable
characteristics to the lipids so that they can be
available to be used in a wider spectrum (Martin
et al, 2010; Segura and Jachmanian, 2020). One
of these modification techniques is the well-known
chemical interesterification method which provides
new chemical and physical properties to lipids by
altering their triacylglycerol composition, therefore
changing the crystal morphology of the lipids
(Riberio et al, 2009; Zhu et al., 2019). Chemical
interesterification is carried out by the breaking
of fatty acid groups from the mixture of fats and a
random re-esterification onto the glycerol backbone.
The reaction is catalyzed by alkali metals or
alkali metal alkylates at high temperatures under
vacuum (Zhang et al., 2019). There are various
applications for chemical interesterification process
in the literature which have been used to improve the
properties of several fats (Naeli e al., 2017; Oliveria
et al., 2017; Tourchi et al., 2019).

Beef tallow is one of the important by-products of
the meat industry. It has limited commercial use due
to its hard structure, high melting point and low levels
of polyunsaturated fatty acids (PUFA); therefore,
modifications are needed to widen its application area.
Chemical interesterification can be applied to provide
desirable characteristics to the tallow (Kowalska
et al, 2005; Zhang et al., 2018). In a study on the
chemical interesterification of tallow with sunflower
oil, it was observed that the ratio of tallow in the blend,
catalyst concentration, and reaction temperature had
significant effects on the melting point of the product
(Rodriguez et al., 2001). Interesterified fats produced
with beef tallow and rapeseed oil have higher free fatty
acid, monoacylgycerol and diacylglycerol contents,
and shorter oxidation induction times than a non-
esterified blend (Kowalska et al., 2007; Kowalski et

al.,2004). The solid fat content of the structured lipids
produced by the chemical interesterification of beef
tallow with canola oil decreased to the desired levels
compared to the physical blends and these products
consisted mainly of the f” polymorphic form together
with a small content of § form (Meng et al., 2010).
As a by-product of the meat indusrty, tallow,
having limited usage in food applications due to
its properties, could benefit from interesterification
by widening its applications in the food industry;
however, there are a few studies in the literature
about this. To the best of our knowledge, safflower
and corn oils have not been used together with tallow
to modify the properties of this fat. Depending
on compositional factors, different types of fat/
oil blends in general result in fats having different
physical and chemical properties after chemical
interesterification. In this study, beef tallow with high
saturated fatty acid content was blended with various
vegetable oils with high monounsaturated (canola
oil) and polyunsaturated (safflower and corn oils)
fatty acids. With this study, it is intended to compare
several important properties of fats produced through
chemical interesterification of tallow together with
three different oils which are easily available and
economical. The present study has a purpose to
modify several chemical and physical properties of
tallow blended with corn, canola and safflower oils
individually through the chemical interesterification
process. In addition, it is also aimed to evaluate
the effects of the oil types, the blend ratios and the
catalyst concentrations on the chemical (free fatty
acid content, fatty acid composition, mono, di, and
triacylglycerol composition, oxidative stability)
and the physical properties (solid fat content,
consistency, melting point and crystal morphology)
of the produced products using both univariate and
multivariate statistical analysis techniques.

2. MATERIALS AND METHODS

2.1. Fat samples and reagents

Beef tallow used for chemical interesterification
reactions was obtained from two different breeds
of 2-year-old calves (Montafon and Holstein)
immediately after slaughter and stored at -20 °C.
Canola, safflower and corn oils were obtained from
the local market. A sodium methoxide (CH,NaO)
catalyst (Solem Kimya, Turkey), was provided by
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a local oil processing plant. All other reagents and
solvents were of analytical or chromatographic grade
and obtained from Sigma (Sigma-Aldrich, Germany).

2.2. Chemical interesterification process

A full factorial design was employed to evaluate
the effects of catalyst concentration (0.75-0.875-
1%, w/w), oil type (safflower, corn and canola
oils), and tallow-to-oil blend ratio (60:40, 70:30
and 80:20, w/w) on the properties of interesterified
lipids. Catalyst concentration and blend ratio were
chosen according to preliminary trials and studies
in the literature (Meng et al., 2010, Kowalski et
al., 2004). A modified procedure from the literature
was used for the chemical interesterification process
(Kowalski et al., 2004). Thirty different blends
were prepared according to an experimental design
(Table 1). An oil blend was dried under 185 mPa
vacuum in a rotary evaporator (Laborato 4000
Heidolph, Germany) at 90 °C with stirring at 100
rpm for 30 min, then chemical catalyst was added at
certain levels provided in the experimental design.
The product was washed with 5% phosphoric
acid (H,PO,) twice in order to inactivate sodium
methoxide and re-washed with 10% NaCl to remove
impurities. Product, catalyst, NaCl and phosphoric
acid were separated from each other with the aid of
a separation funnel. The product was then filtered
through a vacuum filtration unit with 400 mm pore
size filter paper (Macherey-Nagel, Diiren, Germany)
and washed with hot water three times to remove all
residues. The structured lipid and water were also
separated from each other by a separation funnel.
The traces of water were evaporated under 185 mPa
vacuum in the same rotary evaporator at 90 °C with
stirring at 100 rpm for 30 min.

2.3. Chemical analyses of interesterified lipids

2.3.1. Free fatty acid (FFA) content

The titrimetric method specified in AOCS method
Ca 5a-40 (American Oil Chemists’ Society, 2017)
was used for the FFA determination of the products.
Acidity was expressed as percentage of oleic acid.

2.3.2. Mono- (MAG), -di-(DAG) and triacylglycerol
(TAG) content determination

MAG, DAG and TAG contents of the structured
lipids were determined according to the AOCS

Cd11C-93 (American Oil Chemists’ Society, 2017)
method by column chromatography. Sample was
dissolved in chloroform and transferred to the
column by washing with chloroform three times.
Then, 250 mL of 10, 25 and 100% (v/v) diethyl
ether in petroleum ether were used for the elution
of TAG, DAG and MAG fractions, respectively.
The fractions were collected separately in a flask
and solvents were evaporated in a rotary evaporator
(Laborato 4000 Heidolph, Germany) at 50 °C. The
flasks were dried until constant weight. Percentages
of mass fractions were calculated for each part.

2.3.3. Oxidative stability

The oxidation induction time was determined
with Rancimat apparatus (873 Biodiesel, Metrohm,
Switzerland). The sample was placed inside the
glass reaction vessel for the measurement. The
carrier medium was deionized water and the reaction
temperature was set to 120 °C for both columns with
a constant 20 L/h air flow. Stability was expressed as
the oxidation induction time (h).

2.3.4. Fatty acid composition

The fatty acid composition of the samples
was determined after converting them into their
corresponding fatty acid methyl esters (FAME)
according to a procedure provided by IUPAC (1987).
Chromatographic analyses were performed with a
GC (Agilent 6890) equipped with an auto-sampler,
a split/splittless (1:50) injector and an FID detector.
An HP 88 capillary column (100 m x 0.25 mm ID
x 0.2um) was used in the analyses. Conditions for
GC analysis are described in a previous study (Meng
et al., 2010). A 37-component mixture of FAME
(Sigma) was used as the standard.

2.4. Physical analyses of interesterified lipids

2.4.1. Crystal morphology

Polymorphic forms of the fat crystals were
determined with X-ray diffraction (Philips, Holland)
using Cu as anode material (k = 1.54056 A, voltage
= 45 kV, tube current = 40 mA, fixed 1.0, 1.0, and
0.76-mm divergence, anti-scatter and receiving
slits). Samples were scanned from 4 to 50° (20 scale)
at arate of 2.0°/min. The analyses were performed at
ambient temperature.

Grasas y Aceites 72 (3), July-September 2021, e418. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0552201


https://doi.org/10.3989/gya.0552201

4+« A .B. Aktas and B. Ozen

TaBLE 1. Chemical properties of the structured lipids produced

Parameters Chemical Properties®
Sample  Oil Type pihow-oll = Catalyst g () FFA% TAG% DAG+MAG% MUFA% PUFA% SFA% TFA%
SA61  Safflower 60-40 075 071 242 7991 17.55 2589 3065 4346  0.67
SA62  Safflower 60-40 0.875 155  1.08  89.76 1423 2882 3254 3864 074
SA63  Safflower 60-40 1 112 168 8275 16.59 2035 3378 3687 0.72
SA71  Safflower 70-30 075 316 2.6 7853 18.66 33.03 2422 4275 065
SA72  Safflower 70-30 0.875 284 325 8443 15.52 3196 2576 4228 092
SA73  Safflower 70-30 1 0.9 326 8334 12.84 2945 2494 4561 078
SA81  Safflower 80-20 0.75 108 1.6 7672 16.8 3406 1887 4708  0.82
SA82  Safflower 80-20 0.875 309 34 8419 12.82 3515 1887 4598  0.76
SA83  Safflower 80-20 1 217 323 8122 17.64 3480 1961 4558  0.82
SA60  Safflower 60-40 0 283 065 883 6.64 2009 33.04 3787  0.64
SA70  Safflower 70-30 0 317 131 8237 14.4 3165 2578 4257 0.60
SA80  Safflower 80-20 0 42 046 8124 5.74 3484 1838 4678  0.68
CO61  Com 60-40 075 748 274 5262 22.95 3721 2484 3796 076
C062  Com 60-40 0.875 776 311  89.32 8.08 37.65 2470 3765 072
C063  Com 60-40 1 478 39 8275 12.82 3752 2480  37.68  0.65
CO71  Com 70-30 075 382 215  89.65 8.23 3803 2003 4194 079
CO72  Com 70-30 0.875 677 248 8138 11.92 3744 2071 4186  0.82
CO73  Com 70-30 1 6.85 3.88  82.89 17.03 3824 1883 4294 071
CO81  Com 80-20 0.75 73 233 8L62 12.89 3865 1418 4717 0.79
CO82  Com 80-20 0.875 74 304  82.02 13.81 3927 1374 4698 087
CO83  Com 80-20 1 534 385 8131 15.64 3895 1333 4772 0.89
CO60  Com 60-40 0 673 062 8551 6.17 3559 2991 3450  0.58
CO70  Com 70-30 0 851  0.63  86.84 6.73 3709 1990 43.02  0.69
CO80  Com 80-20 0 10 076 8552 9.05 3800 1385  48.15  0.70
CP1 Corn 70-30 0.875 1092 3.03  77.51 21.33 3847 1930 4223 0.73
cp2 Corn 70-30 0.875 1225 297  82.88 16.97 3733 1959 43.08  0.67
CP3 Corn 70-30 0.875 798  1.87 7425 14.57 3852 1827 4321 075
CA61  Canola 60-40 075 643 223 79.57 16.48 5130 1169 3720 140
CA62  Canola 60-40 0.875 637 339 8398 16 5020 1236 3776 1.69
CA63  Canola 60-40 1 271 412 63.56 18.65 4941 1437 3659  1.69
CA71  Canola 70-30 075 849 27  76.08 17.32 4874 1090 4023  1.66
CA72  Canola 70-30 0.875 755 29  73.07 15.14 4760 1068 4160 1.8
CA73  Canola 70-30 1 555 237 7029 21.23 4634 1101 4256 221
CA81  Canola 80-20 075 472 156  64.87 18.25 4380 820 4793 128
CA82  Canola 80-20 0.875 425 2.5 8476 15.16 4515 843 4679 155
CA83  Canola 80-20 1 292 256 823 10.49 4327 859  48.13 187
CA60  Canola 60-40 0 573 103 91.02 8.43 4845 1150 4005 152
CA70  Canola 70-30 0 774 068 9441 5 4816 993 4191 148
CA80  Canola 80-20 0 9.06 077 9629 3.86 4581 755 4664 155
CA Canola 451 009  74.87 6.1 6821 2535 643 253
SA Safflower 204 023 9036 3.72 1474 7535 991 039
Co Corn 498 009 9206 2.36 3207 5483 1310 047
T Tallow 481 115 97.94 1.4 3894 327 5779 081

* OS: oxidative stability, FFA: free fatty acid, TAG: triacylglycerol content, DAG: diacylglycerol content, MAG: monoacylglycerol con-
tent, MUFA: monounsaturated fatty acid, PUFA: polyunsaturated fatty acid, SFA: saturated fatty acid, TFA: trans fatty acid.
Standard deviations OS:1.78, FFA:0.53, TAG%:3.56, DAG%:3.04, MAG%:1.4, MUFA%:0.55, PUFA%:0.57, SFA%:0.44, TFA%:0.04

(standard deviation for each measurement is calculated from three replicates of central points in the experimental design)
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2.4.2. Determination of melting point

The melting points of the structured lipids were
measured with a differential scanning calorimeter
(DSC, Q10 TA Instruments, Crawley, UK). All
samples were conditioned at 4 °C for 24 h prior to
measurements. Samples were placed in hermetically
sealed aluminum pans and DSC analyses were
carried out from 20 to —40 °C and from —40 to 80
°C at a scan rate of 10 °C/min with respect to an
empty pan (Rodriguez ef al., 2001). Data analysis
was performed with DSC TRIOS software (TA
Instruments, Crawley, UK).

2.4.3. Consistency measurements

Sample consistency was determined with a
penetration test using a 45° acrylic cone fitted to a
constant speed texture analyzer (TA.XT plus, UK).
Samples were conditioned at 60 °C in an oven for
complete melting of the crystals. Tempering was
allowed to occur for 24 h in a commercial refrigerator
(4 °C), then for 24 h in an oven with controlled
temperature (4, 10, 15, 25 °C). Test parameters were
penetration depth of 0.4 cm with 0.2 cm/s speed for
5 s testing time (Silva et al., 2009). Consistency was
calculated as “yield value” (Haighton, 1959).

2.4.4. Determination of solid fat content (SFC)

The solid fat content of lipids was determined by
a nuclear magnetic resonance (NMR) spectrometer
(Bruker, USA) according to AOCS Official Method
Cd 16b-93 (American Oil Chemists’ Society, 2017).
Samples were melted at 80 °C and recrystallized at O
°C for 30 min. Then, they were stabilized for 30 min
at various temperatures (10, 20, 30 and 35 °C) before
measuring the liquid signal.

2.5. Data Analysis

The data were analyzed according to the
univariate (ANOVA) statistical analysis technique
to investigate the effects of the oil type, blend ratio
and catalyst concentration on the chemical and the
physical properties of the structured lipids with
software (MODDE 11, MKS Umetrics, Sweeden).
To investigate the effects of the same parameters,
principal component analysis (PCA) was also used
as the multivariate statistical analysis tool (SIMCA
14.1, MKS Umetrics, Sweeden). PCA is generally

used to find a relationship between all factors and
responses and can extract useful information from
multivariate data. Score and loading plots are very
helpful in understanding the characteristics of
systems or processes. While the score plots show
the positioning of the samples in different groups,
the loading plot confirms the groupings of these
samples by supporting with responses. R* and Q?
values prove degree of fitness and predictability of
the constructed models, respectively.

3. RESULTS AND DISCUSSIONS
3.1. Chemical Properties of the Interesterified Lipids

3.1.1. Free fatty acid, mono, di and triacylglycerol
contents

The results from the chemical analysis of the
produced interesterified samples are listed in Table
1. As can be seen from the table, the FFA content
in the tallow is 1.15% while the blends without
interesterification have an acidity range of 0.46-1.5%.
In general, the FFA percentages of the interesterified
lipids (1.08-4.12%) were higher compared to the
starting blends. This result is in accordance with
previous studies, where an increase in FFA content
was observed after chemical interesterification
(Hoshino et al., 2004, Kowalska et al., 2005). There
are some fluctuations among the samples depending
on the catalyst concentration; although 1% catalyst
concentration led to the formation of structured lipids
with higher FFA%, especially for the corn oil-tallow
samples. With the increse in catalyst concentration,
there would be more FFA released from TAG, DAG
and MAG structures. The correlation graphic of DAG
+ MAG and FFA also supports this result (Figure 1). It
was also reported that the higher amount of catalysts
in the reaction medium caused the formation of higher
amounts of FFA and MAG + DAG, and a lower
TAG content (Ledochowska and Wilczynska, 1998).
ANOVA was used to investigate the effects of the
factors on the chemical parameters of the structured
lipids (Table 2). As the ANOVA table indicated,
catalyst concentration is the most important factor
affecting FFA value and the use of a chemical catalyst
at higher concentrations resulted in higher FFA%.

The TAG content in tallow is approximately
98% while the blends without interesterification
have lower TAG% (81.24-96.29%) values (Table
1). Both blending and chemical interesterification
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FIGURE 1. Free fatty acid content (FFA) versus monoacylglycerol and diacylglycerol contents (MAG+DAG) of structured lipids

caused an increase in MAG and DAG contents in the
samples. The TAG content of the interesterfied lipids
varied between 52.62-89.76% and all interesterfied
fats containing canola oil had lower TAG contents
compared to their starting blends. Fluctuations in
TAG contents in the samples exist depending on the
catalyst concentrations; although 0.875% CH,NaO
concentration mostly led to the formation of the
structured lipids with higher TAG%. As expected, the
structured lipids with low TAG contents had higher
DAG and MAG values. A correlation between FFA
and MAG + DAG contents in the interesterified
lipids was evaluated in order to better understand
the changes in TAG, DAG and MAG contents after
the chemical interesterification reaction (Figure 1)
and the ‘r’ value was calculated as 0.69. Although
this value was not especially high, there was still
an increasing trend between FFA and MAG + DAG
contents in the samples. Generally, samples having
higher amounts of MAG + DAG content, also have
higher FFA%. Therefore, the increase in both FFA%
and MAG + DAG% could be associated with the
activity of the chemical catalyst that snatched the
fatty acids from their original place and then random
distribution of the fatty acids were provided in
the TAG backbone of the newly structured lipids.
According to ANOVA, models developed for DAG
and MAG were significant with non-significant
lack of fit at 95% confidence interval (Table 2).

Examination of the significance levels of the main
factors and their interactions shows that the catalyst
concentration, the oil type and the blend ratio did
not significantly affect the TAG% of the chemically
interesterified lipids (Table 2). The ANOVA table
confirms the significance of the oil type (safflower)
for the model of DAG%. Generally, the structured
lipids interesterified with the safflower oil have
lower DAG% values compared to the samples
interesterified with the other oil types. Additionally,
the interaction between the oil type (safflower) and
the blend ratio have some significance (p < 0.05)
for the DAG content model. Oil type, particularly
corn and safflower oils, and their interactions with
the blend ratio have important effects on the MAG%
of structured lipids. Increasing the blend ratio
(increasing tallow amount in the blend) resulted in an
increase in the MAG contents for corn oil; however,
MAG contents decreased slightly with increasing
blend ratio for the interesterified lipids with safflower
oil according to the interaction plot (not shown).

3.1.2. Oxidative stability

The oxidation induction time of the tallow was
4.81 h while the non-interesterified blends showed
a range of induction times from 7.98-12.25 h (Table
1). In general, the oxidation induction times of the
interesterified samples decreased compared to their
starting blends. Among all the samples, the tallow
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interesterified with corn oil had the highest oxidation
induction times (3.82-12.25 h). Varying the catalyst
concentration resulted in ups and downs in the
oxidative stability of the samples. However, 1%
CH,NaO concentration mostly led to the formation
of structured lipids with low oxidation induction
times regardless of the blend ratio. There was a
drastic decrease in the oxidation induction times of
the samples produced with safflower oil after the
CI process compared to tallow itself. This result
is in accordance with the previous studies, which
also observed a decrease in oxidative stability
after the chemical interesterfication of beef tallow
interesterified with rapeseed oil (Hoshino et al,
2004, Kowalska et al., 2007; Kowalski et al., 2004).
The decrease in oxidative stability could be due to
the high linoleic acid and low tocopherol content of
safflower o0il (240-670 mg/kg) (Codex, 2011). On the
other hand, some of the tallow samples interesterified
with canola oil had better oxidative stability than

tallow itself. The presence of tocopherols in canola
oil can be associated with longer induction times.
According to the literature, canola oil could contain
tocopherols up to in the range of 430-2680 mg/kg,
which could have an effect on the improvement in
the oxidative stability (Codex, 2011). The ANOVA
table reveals that the blend ratio and the catalyst
concentration were not significant for oxidative
stability, meaning that neither factor affected the
oxidative stability of the structured lipids (Table
2). The model showed that oil type was the only
significant factor. Generally, corn oil samples have
better oxidative stability compared to the other oil
types while products which contain safflower oil are
the least stable ones against oxidation.

3.1.3. Fatty acid composition

The major fatty acid in safflower and corn oils are
linoleic acid (75.12 and 54.59%, respectively) while
canola oil is rich in terms of oleic acid (57.82%), a

TaBLE 2. ANOVA table of chemical parameters for chemically interesterified lipids

Responses?*

FFA% (O] TAG% DAG% MAG% MUFA% PUFA% SFA% TFA%
p value-model 0.02 0.00 0.72 0.08 0.01 0.00 0.00 0.00 0.00
p-value-lack of fit 0.49 0.80 0.10 0.50 0.86 0.25 0.97 0.14 0.11
R? 0.57 0.68 0.23 0.48 0.62 0.99 1.00 0.92 0.95
R? adj 0.38 0.54 -0.11 0.25 0.45 0.98 0.99 0.89 0.93
Q? -0.15 0.35 -1.38 -0.13 0.14 0.96 0.99 0.79 0.87
p value-factors
BR® 0.79 0.94 0.68 0.33 0.70 0.18 0.00 0.00 0.27
CCe 0.00 0.22 0.40 0.75 0.89 0.42 0.04 0.70 0.01
OT¢
corn 0.14 0.00 0.75 0.11 0.00 0.00 0.00 0.87 0.00
canola 0.95 0.32 0.11 0.09 0.29 0.00 0.00 0.15 0.00
safflower 0.18 0.00 0.18 0.00 0.00 0.00 0.00 0.11 0.00
p-value-interactions
BR*CC 0.36 0.64 0.87 0.55 0.22 0.69 0.02 0.13 0.31
BR*OT/(corn) 0.80 0.95 0.37 0.07 0.01 0.20 0.00 0.42 0.40
BR*OT/(canola) 0.02 0.41 0.99 0.86 0.62 0.00 0.00 0.07 0.27
BR*OT(safflower) 0.01 0.45 0.38 0.05 0.04 0.00 0.00 0.01 0.79
CC*OT/(corn) 0.19 0.63 0.46 0.51 0.85 0.33 0.00 0.44 0.03
CC*OT(canola) 0.78 0.25 0.40 0.75 0.64 0.07 0.31 0.31 0.00
CC*OT(safflower) 0.30 0.49 091 0.73 0.78 0.38 0.04 0.08 0.21

2 OS: oxidative stability, FFA: free fatty acid, TAG: triacylglycerol content, DAG: diacylglycerol content, MAG: monoacylglycerol con-
tent, MUFA: monounsaturated fatty acid, PUFA: polyunsaturated fatty acid, SFA: saturated fatty acid, TFA: trans fatty acid.

® tallow-oil blend ratio; © catalyst concentration; ¢ oil type
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FI1GURE 2. (a) Score plot (coloring is done with respect to oil types. Yellow: safflower, dark blue: corn, red: canola oils) and (b) loading plot
obtained from principal component analysis for chemical parameters (c) Score plot (coloring is done with respect to tallow to oil blend ratios.
Purple: 60:40, light blue: 70:30, green: 80:20) and (d) loading plot obtained with principal component analysis for physical parameters

monounsaturated fatty acid. The main fatty acids
in tallow, on the other hand, are palmitic (22.50%),
stearic (32.10%) and oleic (36.20%) acids. The
MUFA, PUFA and SFA contents in the blends
of interesterified products were in the ranges as
determined by their blend ratio and intial compositions
of tallow and oils without any significant changes as
expected and this was also confirmed by ANOVA
(Table 1). As in previous studies (Meng et al., 2011),
the chemical interesterification of of tallow did not
result in the formation of significant amounts of trans
fatty acids. Generally, the amount of fatty acids in the
trans form is less than 1%, except for samples which
contain canola oil (Table 1). Safflower and corn oils
themselves have trans fatty acid contents of less than
1% and their interesterified forms have slightly higher
percentages of frans fats. Canola oil used in blending
with tallow, on the other hand, has a higher content
of trans fatty acids (2.5%) compared to the other oils
and the interesterified samples containing canola oil
have lower trans-fat contents compared to the oil
itself. Since high temperature treatments are applied

during canola oil refining mostly in the deodorization
step to eliminate the intense bad odor of this oil,
higher amounts of #rans fatty acids form during this
process. The model constructed for the frans fatty
acids of interesterified fats showed that catalyst
concentration and oil type and interaction between oil
type and catalyst concentration were the significant
factors. Due to higher trans fatty acid content in
canola oil itself, interesterified products containing
canola oil also had higher trans fatty acid contents
with respect to other samples and this is the reason
for the differences between trans fatty acid contents
in fats containing different oils. In addition, increasing
catalyst concentration resulted in an increase in trans
fatty acid contents in fats which contain canola oil
according to statistical analysis. However, most of the
products are within acceptable limits.

3.1.4. Combination of chemical parameters

Since many parameters were determined in the
study, chemical data were combined and analyzed with
a multivariate statistical analysis technique, principal
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component analysis (PCA), to obtain a better view
of the process. The model was constructed by using
all measured chemical parameters with 5 principal
components (PC), R=0.84, and Q’=0.42. There was a
clear discrimination among the samples with respect
to oil type (Figure 2a). While the samples containing
canola oil were located at the right part of the ellipse
samples with corn oil were placed just right of the
center and safflower-containing ones were further to
the left. Therefore, a discrimination with respect to the
first principal component (PC) was obtained for the
oil type. This discrimination mostly resulted from the
higher trans fatty acid and MUFA contents in canola
oil samples as observed in the loading plot (Figure
2b). In addition, the structured lipids containing 40%
safflower and corn oils were placed at the bottom part
of left quartile due to their higher PUFA contents,
especially linoleic acid content. Moreover, groupings
among the samples with different blend ratios were
observed. The samples with 80% tallow were mostly
located at the top of the ellipse regardless of the oil
type since they presented higher saturated fatty acid
(SFA) contents (Figure 2a). The samples containing
60% tallow were in the lower part of the ellipse and
70% tallow-containing samples were placed in the
middle. Therefore, a separation based on the blend
ratio was also possible with respect to the second
PC. As a result, multivariate analysis of the chemical
data indicated that the type of oil and the blend ratio
caused differences in the chemical properties of the
interesterified products.

3.2. Physical Properties of the Interesterified Lipids

3.2.1. Crystal morphology

The physical properties of the samples are
provided in Table 3. As far as the crystal morphology
is concerned, tallow contained mixtures of B and 3’
forms. o forms were not found in either structured
lipids nor blends. The non-interesterified blends also
contained both B and B’ forms together. After the
chemical interesterification, § and 3’ forms were also
mostly present together especially for the structured
lipids containing safflower and corn oils. Therefore,
the interesterification did not cause important changes
in the polymorphic structures of the lipids produced
from safflower and corn oils. This result was in
accordance with previous studies related to beef
tallow-palm oil interesterified fats and other similar

products (Lee et al, 2008; Meng et al, 2010). In
general, a lower tallow-oil blend ratio and lower
catalyst concentration combination (CA61, CA62,
CAT71) resulted in the formation of only B crystals
while a higher blend tallow-oil ratio and catalyst
concentration combination (CA72, CA81, CAS2,
CA83) caused the formation of B’ crystals alone for
canola oil-containing samples (Table 3). SA83, along
with CA72, CA81, CA82, and CA83 were the samples
which contained only the B’ polymorphic form and
this crystal form is important in the baking industry
due to its aeration properties and smooth texture.
Therefore, these lipids can be used as alternatives for
bakery fats.

3.2.2. Melting point

The melting point range of the tallow was quite
high (46.5-49.5 °C) and there were small decreases
in the melting points of the samples due to blending
the tallow with different oils. However, after the
interesterfication sharp decreases in the melting points
of the structured lipids were observed regardless of
the oil type. These changes in the melting points
were in accordance with the results of previous
studies (Meng et al., 2011; Morselli Riberio et al.,
2017). All samples containing 60% tallow presented
lower melting points regardless of the oil type. When
the tallow ratio was raised from 60 to 80%, a clear
increase was also observed in the melting points. The
B’ form of crystals has a high melting point between
17-69 °C and the melting point of f form is 32-78
°C depending on the chain length of the fatty acids
(Martin et al., 2010). The interesterified fats were
more likely to have B and ' crystal types together and
the melting points of the samples were relevant to the
melting point of the crystal types. Therefore, it was
clear that polymorphic structure of the interesterified
lipids was highly related to the melting points of the
structured lipids. The ANOVA results for melting
point (Table 4) show that the model is significant at
p < 0.05 with non-significant lack of fit. Blend ratio
had the most prominent effect on the melting points
of the chemically interesterified lipids. Melting points
reached maximum values when the blend ratio of
tallow was 80%. Although not to the extent of blend
ratio, catalyst concentration had some significance
on the melting points of the structured lipids and a
slight decrease in melting points was observed with
increasing catalyst concentration.
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TasLE 3. Physical properties of the structured lipids produced

Parameters Physical properties

. . o
Tallow-oil  Catalyst Crystal Melting Consistency (MPa) Solid fat content (%)

1 il t . .
Sample Oil type Blend ratio conc. (%) morphology point (°C) 4o0c 19°C 15°C 25°C 10°C 15°C 30°C 35°C

SA61  Safflower 60-40 0.75 p+p’ 30.3-39.5 nd nd nd nd 207 107 47 2.1

SA62  Safflower 60-40 0.875 B 26.6-35.3  37.82 3.6 nd nd 253 177 79 4

SA63  Safflower 60-40 1 B+p’ 26.5-35.2 nd nd nd nd 208 104 45 1.9
SA71 Safflower 70-30 0.75 B+p’ 38-455 48.03 1204 924 nd 272 187 95 59
SA72  Safflower 70-30 0.875 B+p’ 31.6-38.1 nd nd nd nd 271 153 7.1 3.8
SA73  Safflower 70-30 1 B+p 32.0-38.8 411.08 78.05 5516 =nd 294 172 79 45
SA81 Safflower 80-20 0.75 B+p’ 35.8-445 6689 164.73 103.09 6.79 375 246 12 7.2
SA82  Safflower 80-20 0.875 p+p’ 34.6-42.4 66.57 3681 2938 58 366 24 1.7 69
SA83  Safflower 80-20 1 B’ 33.8-42.7 136.04 69.51 11.11 nd 34 215 98 57
SA60  Safflower 60-40 0 B+p° 44.9-47.6 116.14 nd nd nd 335 226 122 82
SA70 Safflower 70-30 0 p+p’ 45-48.2 15092 42,13 1488 11.63 392 266 15 9.9
SA80 Safflower 80-20 0 p+p’ 39-40.7 14036 88.02 42.81 26.02 46.6 31.6 18.11 12

CO61 Comn 60-40 0.75 B+p’ 26.9-34.6 4497 12.61 93 234 204 107 44 1.6
CO062 Comn 60-40 0.875 B+p’ 29.8-37.6 3321 1197 346 nd 223 11 4.8 2

CO63 Comn 60-40 1 B 28.8-35.5 1993 422 nd nd 206 9.8 4 1.6
CO71 Corn 70-30 0.75 B+p 31.2-383 7622 30.23 95 654 22 12 52 28
CO72 Corn 70-30 0.875 B+p’ 29.8-36.8 76.14 3527 634 208 20.8 104 45 1.9
CO73 Corn 70-30 1 p+p’ 31.9-382 28.73 14.81 nd nd 292 159 73 3.6
CO81 Corn 80-20 0.75 B 38.5-42.5 127.13 5343 10.38 25.01 39.8 26.1 126 7.2
CO82 Corn 80-20 0.875 p+p’ 35.7-43.2 302.19 3394 10596 5.16 389 26.1 124 7

CO83 Corn 80-20 1 p+p’ 34.3-39.7 8833 72,67 15.6 nd 356 233 114 64
CO60 Corn 60-40 0 B+p’ 433-46.8 5489 16.62 1023 9.08 278 175 94 6.2
CO70 Comn 70-30 0 B+p’ 44.4-48  97.62 70.13 2640 9.60 40.1 266 15 10.1
CO80 Comn 80-20 0 B+p’ 44.7-47.7 164.09 10137 39.69 20.16 46.8 324 185 12.6
CP1 Corn 70-30 0.875 B+p’ 32.7-389 5944 1944 55 7.03 293 17 7.6 4

CP2 Corn 70-30 0.875 B+p’ 33.1-39.7 6937 17.07 2923 1137 357 20.1 84 45
CP3 Corn 70-30 0.875 p+p’ 37.2-44 5251 28.23 9.1 849 277 202 107 6.5
CA61 Canola 60-40 0.75 B 26.5-34.0 5594 11.81 323 152 229 11.1 4 1.6
CA62 Canola 60-40 0.875 B 18.2-343 17.46 42.18 nd nd 182 87 3.1 0.9
CA63 Canola 60-40 1 p+p’ 25.7-33.7 40.59 2045 6.75 3.64 231 112 38 1.4
CA71 Canola 70-30 0.75 B 32.2-409 77.16 2436 346 222 346 188 74 4

CA72 Canola 70-30 0.875 B’ 32.1-39.7 6413 21.78 443 423 365 195 76 39
CA73 Canola 70-30 1 B+p’ 32.7-42  612.49 15838 153.14 334 303 17.1 73 3.8
CA81 Canola 80-20 0.75 B’ 39.1-453 6842 4275 12.73 16.12 38.1 267 142 93
CA82 Canola 80-20 0.875 B’ 37.2-45.1 17425 5199 19.6 10.71 43.6 277 127 72
CA83 Canola 80-20 1 B 33.8-40.1 12197 715 47.15 =nd 37.6 235 106 5.7
CA60 Canola 60-40 0 B+p’ 41.1-46.5 6149 3531 13.45 1074 339 224 125 84
CA70 Canola 70-30 0 p+p’ 42.5-47 7894 49.03 16.75 1435 395 265 148 98
CA80 Canola 80-20 0 B+p° 44.1-479 159.64 9123 32.69 2293 47.1 31.7 182 122
T Tallow p+p’ 46.6-49.6 385.93 22452 8757 69.85 S51.1 427 24 173

Standard deviations Melting point: 2.18, Consistency at 4 °C:6.92, at 10 °C:4.8 at 15 °C:10.44, at 25 °C:1.80, Solid fat content at 10
°C:3.46, at 15 °C:1.49, at 30 °C:1.31, at 35 °C:1.08, nd: could not be determined. (standard deviation for each measurement is calculated
from three replicates of central points in the experimental design)
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3.2.3. Consistency

The consistency of all the samples decreased
clearly as a function of temperature (Table 3). This
result can be associated with the gradual melting of
the crystals that generated more fragile crystalline
networks. The same behavior was observed in
previous studies (Bezerra ef al., 2017; Oliveria et al.,
2017; Silva et al., 2009). The consistency of tallow
(69.85-385.93 MPa) was quite higher than both
the interesterified lipids and the non-interesterified
blends at all temperatures (Table 3). The consistency
of the blends in different proportions increased with
increasing amounts of tallow in the blends. However,
the interesterified lipids presented lower consistency
values compared to their physical blends regardless
of the oil type and the catalyst concentration. This
decrease in the consistency of the interesterified lipids
could be attributed to higher amounts of unsaturated
fatty acid composition in all positions of (UUU)
TAGs produced by interesterification. In addition,
differences in polymorphic structure and aggregation
behavior which led to the alteration in the structure
of the fat crystal network of tallow could change the
consistency (Silva ef al., 2009). Generally, fats with
consistency of 9.8-98 MPaare considered spreadable.
If the consistency is between 19.6 and 78.4 MPa
products are more suitable for plastic and spreadable
purposes and they are classified as very hard at above
147 MPa (Haighton, 1959). Most of the samples
interesterified with canola oil could be considered
as spreadable and plastic. The consistency values
decreased to the levels suitable for spreadability with
the increasing temperature. However, the consistency
of the samples with canola oil of high blend ratio and
high catalyst concentration (CA82 and CA83) were
very high at 4 °C, and these lipids could be classified
as hard. Moreover, these structured lipids contain 3’
polymorphic forms which have higher melting points.
The consistency of most of the samples interesterified
with safflower oil was not measurable at 25 °C;
therefore, these structured lipids were viscous at
ambient temperature. Moreover, the structured lipids
with safflower oil had lower melting points which
also explained the lower consistency values of these
lipids. Interesterified samples produced with corn
oil also resulted in products with mostly spreadable
and plastic properties. The statistical analysis results
for the consistency at all temperatures indicated that
constructed models were insignificant at 4, 10 and

15 °C at p < 0.05 (Table 4). Although the models
were found insignificant, the ANOVA table reveals
that the blend ratio had an important impact on the
consistency at these temperatures (Table 4). The
model for consistency at 25 °C was significant with
non-significant lack of fit. The blend ratio and the
catalyst concentration were the most prominent
factors for this model and higher blend ratio meant
higher consistency while the opposite effect was
true for the catalyst concentration. In addition, oil
type, especially safflower oil, highly affected the
consistency of the structured lipids at 25 °C since
safflower oil-containing interesterified lipids had
lower consistency.

3.2.4. Solid fat content

The solid fat contents of both the interesterified
lipids and the non-interesterified blends were
determined over the temperature range of 10-35
°C (Table 3). As expected, it was observed that
raising the temperature caused a marked decrease
in solid fat content regardless of the oil type, the
blend ratio or the catalyst concentration. The solid
fat content profiles of non-interesterified blends
in different proportions showed increasing trends
with the increasing amounts of tallow in the blends.
Interesterified lipids tended to have lower solid fat
content values compared to their physical blends.
Same trends were also observed in previous studies
(Karabulut et al, 2004; Meng et al, 2010). A
decrease in the solid fat content of the interesterified
lipids could be attributed to the decreased proportion
of the high-melting TAGs and médium-chain TAGs
in the structured lipids. This decrease in solid fat
content with respect to the increase in temperature
was expected and has been reported in other studies
(Bezerra et al.,, 2017; Fauzi et al., 2013; Oliveria
et al., 2017). In addition, the decrease in solid fat
content in tallow and non-esterified blends could be
associated with the alteration in the TAG structure
caused by the interesesterfication and the melting
temperature of crystals. However, a more plastic
behavior was observed for both blends and structured
lipids above 20 °C. The ANOVA table revealed that
the blend ratio is the only effective factor for solid
fat content in the temperature range of 10-35 °C. The
solid fat content in the samples increased regardless
of the oil type when the amount of tallow increased
for all temperatures (Table 4).
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TaBLE 4. ANOVA table of physical parameters for chemically interesterified lipids

Melting Consistency Solid Fat Content
Point 4°C 10 °C 15°C 25°C 10 °C 20 °C 30 °C 35°C
p value-model 0.00 0.40 0.272 0.354 0.00 0.00 0.00 0.00 0.00
p-value-lack of fit 0.91 0.00 0.002 0.033 0.759 0.98 0.98 0.99 1.00
R? 0.80 0.33 0.38 0.35 0.78 0.83 0.85 0.86 0.86
R? adj 0.71 0.03 0.10 0.06 0.68 0.75 0.79 0.80 0.80
Q? 0.58 -0.81 -0.41 -0.64 0.47 0.68 0.73 0.75 0.75
p value-factors
BR® 0.00 0.04 0.01 0.04 0.00 0.00 0.00 0.00 0.00
cec 0.04 0.68 0.62 0.41 0.01 0.87 0.42 0.24 0.11
oT
corn 0.91 0.31 0.74 0.53 0.04 0.24 0.28 0.55 0.37
canola 0.35 0.76 0.92 0.59 0.40 0.05 0.41 0.73 0.66
safflower 0.41 0.52 0.68 0.96 0.01 0.36 0.84 0.37 0.21
p-value-interactions
BR*CC 0.31 0.41 0.83 0.71 0.01 0.50 0.41 0.23 0.13
BR*OT(corn) 0.32 0.81 0.20 091 0.29 0.80 0.56 0.70 0.91
BR*OT/(canola) 0.04 0.45 0.19 0.57 0.88 0.42 0.28 0.13 0.13
BR*OT/(safflower) 0.28 0.32 0.99 0.65 0.23 0.30 0.10 0.06 0.11
CC*OT(corn) 0.27 0.53 0.70 0.44 0.02 0.58 0.55 0.32 0.25
CC*OT(canola) 0.71 0.16 0.34 0.06 0.45 0.62 0.77 0.63 0.42
CC*OT (safflower) 0.15 0.42 0.57 0.23 0.10 0.96 0.76 0.60 0.72
# tallow-oil blend ratio; ® catalyst concentration; © oil type
b 10°CSFC_ (4
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FIGURE 3. (a) Score plot (coloring is done with respect to oil types. Yellow: safflower, dark blue: corn, red: canola oils) and (b) loading
plot obtained from principal component analysis for all data

3.2.5. Combination of physical and other parameters

The principal component analysis was also used to
investigate the data pertaining to the physical properties
of'the interesterified lipids. The model was constructed
by using all the measured physical parameters with 2
principal components, R?=0.85, and Q*=0.69. There is

some discrimination among the samples with respect
to the blend ratio (Figure 2c). Samples containing
60% tallow were located at the left part of the quartile
while the structured lipids with 80% were placed to
the right of the quartile. Samples with 70% tallow
generally placed between them. Therefore, there was
a rough discrimination among the samples depending
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on their blend ratio as far as the physical properties
are concerned. Discrimination between 60% and 80%
tallow-containing samples mostly resulted from the
higher solid fat contents and melting points of samples
as observed in the loading plot (Figure 2d). Moreover,
some of the samples with 80% and 70% tallow were
grouped at the bottom of the ellipse regardless of the
oil type since they had higher consistency (Figure 2d).
The PCA score plot of the physical properties data did
not show any separation with respect to the oil type or
the catalyst concentration.

In order to better characterize chemically
interesterified lipids, a PCA model was also
constructed using all data including both chemical
and physical properties of the 5 PCs, R>=0.80, and
Q*=0.45. According to the score plot, there was a
clear separation of the samples with respect to oil
type (Figure 3a). Samples containing canola oil
were located at the right part of ellipse while the
interesterified fats with safflower oil were placed
at the left part of ellipse. Samples containing corn
oil were placed between them. Discrimination of
canola oil-containing samples mostly resulted from
the higher trans fatty acids and MUFA contents and
oxidative stability of the samples as observed in the
loading plot (Figure 3b). Moreover, canola oil samples
were grouped together in between them with respect
to their blend ratios since the amount of saturated
and unsaturated fatty acids changed by increasing
the ratio of tallow (Figure 3b). The interesterified
lipids containing safflower oil were separated from
other lipids due to their higher PUFA and MAG
contents. Corn oil samples were differentiated from
the rest since they had higher consistency values as
the loading plot confirmed. Groupings in between
the interesterified samples according to blend ratio
were also observed. The results of the PCA models
were in accordance with ANOVA results. Generally,
the catalyst concentration did not have a remarkable
effect on the chemical and physical properties of the
structured lipids while blend ratio and oil type were
the significant factors. Among the interesterified fats,
samples produced with corn oil were discriminated
from the others due to their more desirable physical
and chemical properties.

4. CONCLUSIONS

Chemicalinteresterification served tomanufacture
new products from tallow in combination with

vegetable oils with better spreadable and plastic
behaviors. In general, the tallow-oil blend ratio
was the most significant factor that affected the
end product. The 1% catalyst concentration used in
the process had a negative effect on the chemical
properties of the structured lipids. As a first study
in the literature that uses tallow and corn oil blends
in chemical interesterification process, it can be
concluded that interesterified lipids produced from
corn oil had more desirable properties (higher
oxidative stability, lower FFA%, more plastic
properties) compared to products containing canola
and safflower oils. Consequently, structured tallow
and corn oil combinations (60-80% tallow) produced
using CI with a catalyst at 0.75-0.875% levels can be
particularly suggested as alternative lipid sources for
the baking industry due to their possible promising
aeration properties and smooth texture.
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SUMMARY: A chemical characterization of turning color table olives of the Sigoise variety was made through their processing as natural-
style. Polyphenols, sugars, tocopherols, fatty acids, and antioxidant activity in the olives were monitored throughout the elaboration process.
Oleuropein, salidroside, hydroxytyrosol 4-glucoside, rutin, ligustroside and verbascoside showed a decrease of 16.90-83.34%, while
hydroxytyrosol increased during the first months of brining. Glucose was consumed by 90% due to the metabolism of the fermentative
microbiota. The tocopherol content remained stable during the process and only the a-tocopherol decreased. The fatty acids were not
affected. The loss in antioxidant compounds resulted in a decrease in the percentage of DPPH radical inhibition from 75.91% in the raw fruit
to 44.20% after 150 days of brining. Therefore, the turning color natural table olives of the Sigoise variety are a good source of bioactive
compounds.

KEYWORDS: Antioxidant activity; Polyphenols, Sigoise cultivar, Sugars; Tocopherols

RESUMEN: Pardmetros quimicos y actividad antioxidante de aceitunas de mesa al estilo natural de color cambiante de la variedad
Sigoise. La caracterizacion quimica de las aceitunas en salmuera de color cambiante de la variedad Sigoise se ha estudiado durante el proceso
de elaboracion, en particular la concentracion de fenoles, aziicares, tocoferoles, acidos grasos y la actividad antioxidante. La concentracion
de oleuropeina, salidrésido, hidroxitirosol 4-glucosido, rutina, ligustrésido y verbascésido disminuy6 un 16,90-83,34% durante el primer
mes en salmuera. E1 90% de la glucosa fue consumida debido al metabolismo de la microbiota fermentativa. El contenido en tocoferoles se
mantuvo constante durante el proceso y solo disminuy6 el a-tocoferol. Los acidos grasos no se vieron afectados. La pérdida de actividad
antioxidante se tradujo en una disminucion del porcentaje de inhibicion del radical DPPH de un 75,91% del fruto fresco a 44,20% después
de 150 dias en salmuera. A pesar de todo, la aceituna color cambiante de la variedad Sigoise en salmuera es una buena fuente de compuestos
bioactivos.
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1. INTRODUCTION

Table olives are elaborated from the fruit of olive
tree (Olea europaea L.) and they are considered the
mostpopular fermented vegetable in the Mediterranean
countries. The production of table olives in Algeria is
estimated at 293000 tons (IOC, 2020) and represents
10% of worldwide production. Olives are mainly
composed of water (60-75%) and lipids (12-30%).
The fruits also contain a small amount of proteins (1-
2%) and sugars (2.6-6%). However, this composition
depends on several factors, such as the type of cultivar
and the ripening stage (Boskou ef al., 2014). Among
the minor compounds, polyphenols are the most
relevant and represent the 1-3% of the fresh pulp
weight. Oleuropein is the major phenolic compound
and is responsible for the bitter taste, which makes the
fresh fruit inedible (Kiai and Hafidi, 2014).

There are three main types of preparations which
are widely used worldwide to reduce the bitterness:
Spanish-style olives, Californian-style olives and
natural olives or Greek-style. The two first use a
diluted sodium hydroxide solution to hydrolyze
the molecule of the oleuropein into non-bitter
compounds and the last process consists of directly
brining without using any chemicals.

Recently, there has been a growing interest in the
characterization of some bioactive compounds in table
olives, in particular polyphenols and tocopherols, and
their relationship with the antioxidant activity which
acts as a potent radical scavenger against free radicals
(Sagratini et al., 2013). The phenolic fraction in table
olives can be influenced by many factors such as
the olive cultivar (Medina et al., 2010), the degree
of maturity (Sousa et al., 2014) and the de-bittering
process applied (Ben Othman et al., 2009). Many
studies have been carried out to assess the effect
of the elaboration processes on these components
(Bleve et al., 2015; Issaoui et al., 2011; Johnson et
al., 2018; Romero et al., 2004a). The Greek-style
elaboration process showed higher total phenolic
compounds than the Spanish or Californian-style
processes and hydroxytyrosol was the predominate
compound in all three styles of commercial olives
(Johnson et al., 2018). Greek-style processing alos
better preserved the tocopherol content than the
Spanish-style elaboration (Hassapidou et al., 1994).

Despite all these studies, only a few works have
been focused on turning color table olives. Changes
in the polyphenol content in the turning color Sigoise

variety during naturally brined olive processing was
studied (Mettouchi et al., 2016). It was found that
turning color Manzanilla olives in brine showed more
polyphenol concentration than those elaborated as
Spanish-style (Romero et al., 2004b). The sugar and
polyol compositions in natural olives at the cherry
stage of ripening were studied (Marsilio et al., 2001),
concluding that the determination of these components
is important to optimize table olive processing.

According to the “Trade Standard Applying to
Table Olives” (I0C, 2004), “natural olives could be
“green olives, turning color or black olives placed
directly in brine, where they undergo complete or
partial fermentation, preserved or not by the addition
of acidifying agents”. The maturity of the fruit affects
the phenolic concentration and may contribute to
significant consequences concerning the technology
and quality of table olives. The Sigoise variety, which
is grown mainly in the north-west of Algeria (Sig
region) is the most popular variety used in Algeria as
fermented green olives (Kacem and Karem, 2006). In
this work, the elaboration of turning color table olives
of the Sigoise cv. according to the natural process was
studied to characterize the chemical composition and
evaluate changes in polyphenols, sugars, tocopherols,
fatty acids and antioxidant activity.

2. MATERIALS AND METHODS

2.1. Processing and sampling

Olives of the Algerian Sigoise variety (average
weight 3.5 g) were harvested at the turning color
stage during the 2015-2016 season and placed
in plastic tanks (30 L capacity). The olives were
processed according to the natural style elaboration.
An initial brine of 11% NaCl was used to cover the
fruits, which were then left at ambient temperature
to follow spontaneous fermentation for five months.
Samples were withdrawn periodically at 60, 120 and
150 days of brining until the brine reached a pH of
4.3. Fresh fruits were also collected at the time of
harvesting. Samples were stored frozen at -20 °C
until analysis.

2.2. Determination of physical properties, moisture
and oil content in fruits

Fifteen olives from each sample were weighed.
Length and diameter were measured using a digital
calliper (150 mm (6”")) (Stainless Hardened). The
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flesh/stone ratio was estimated to characterize the
shape and size of the olives. The pH of the brines
was monitored during the elaboration process with a
pH meter (Crison Basic 20).

Fruit moisture was determined (Tovar et al,
2002). Five grams of fresh pulp were desiccated at
105 °C until constant e weight.

Oil was extracted from dried olives with hexane
in a Soxhlet apparatus for 6 h at 45 °C (ECC) No
2568/91 of July (1991). The solvent was removed
by a rotary evaporator, and the oil was weighed and
stored at 4 °C until further analysis. The results were
expressed as percentage of dry weight.

2.3. HPLC analysis of phenolic compounds

The phenolic compounds were extracted from
the olive pulp with dimethylsulfoxide (DMSO) as
described by Susamci et al. (2017). 1.5 g of freeze-
dried olive pulp were homogenized with 30 mL of
DMSO and centrifuged at 6000g after 30 min of
contact. Then, an aliquot of 0.25 mL of supernatant
was mixed with 0.5 mL of DMSO and 0.25 mL of
0.2 mM syringic acid in DMSO (internal standard).
The mixture was filtered through a 0.22 um pore size
nylon filter, and an aliquot of 20 pL was injected into
the chromatograph. The analytical column, mobile
phases, gradient and equipment were the same as
those used by Susamci et al. (2017). The wavelengths
selected for phenolic compounds were 280 nm.

2.4. HPLC analysis of sugars

The sugars were extracted from the olive pulp
as described elsewhere (Medina et al., 2007) with
some modifications. One gram of freeze-dried olive
flesh was mixed with 20 mL of boiling water and
2 mL of sorbitol (7.5%, w/v) as internal standard,
vortexed for 1 min and kept in an ultrasonic bath for
3 min. The mixture was centrifuged at 9000 g for 5
min and filtered through filter paper under vacuum
into a 50 mL flask. A second extraction was repeated
with another 20 mL of hot water and made up to
volume. 2 mL of the filtered solution (0.22 um pore
size nylon filter) were put into contact with 1 g of the
acidic resin Amberlite IR-120 plus 1 g of the basic
resin Amberlite IRA-93, shaken for 30 min, and
centrifuged at 9000 g for 3 min. An aliquot of 20 pL.
was injected into the chromatograph. The analytical
column, mobile phases, gradient and equipment
were the same as those used by Medina ef al. (2007).

2.5. HPLC analysis of tocopherols

After cold extraction of the oil in a laboratory
mill (Levi-Dilon-Lerogsame), the tocopherol
composition was evaluated using an HPLC system,
analytical column, mobile phases, gradient and
equipment as described by Rovellini et al. (1997).
The wavelengths selected for tocopherols were 292
nm. The different isomeric forms were identified
by comparing other vegetable oils with typical
tocopherol content distribution. The quantification
was conducted using an external calibration solution
of alpha-tocopherol in acetone (0.01 mg/mL).

2.6. Fatty acid composition

The fatty acid methyl esters (FAME) were
prepared in a solution of 2 N methanolic
potassium hydroxide according to the method
described (Commission Delegated Regulation
(EU) 2016/2095 of 26 September 2016 amending
Regulation (EEC) No 2568/91) and analyzed
by gas chromatography. An Agilent 7890 gas
chromatograph (Agilent, Germany) equipped
with capillary column HP88 (Agilent, Germany)
112-88177 (100 m, 0.25 mm, 0.20pum), a flame
ionization detector (FID) and a split/splitless
injector was used. The oven temperature was
programmed as follows: from 60 °C (1 min) to 165
°C to 10 °C/min and held for 1 min; then heated
to 225 at 2 °C/min and finally an isothermal was
used for 25 min. Helium was used as carrier gas.

2.7. Antioxidant activity

2.7.1. Radical scavenging activity of methanolic
extracts against DPPH radical

The extraction of phenolic compounds from
the pulp was performed according to the method
described by McDonald ef al. (2001). Ten grams
of dried pulp were mixed with 50 mL of methanol/
water (80:20, v/v) for 20 minutes. The mixture was
centrifuged at 3000 rpm for 5 minutes. Then, the
residue was extracted twice, and supernatants were
combined and washed with hexane to eliminate
the oil. The extract was filtered through a 0.45 um
pore size filter. An aliquot of 0.5 mL of methanolic
extracts was reacted with 3.9 mL of a methanolic
solution of DPPH radical (0.1 mM). The mixture
was incubated for 30 min in the dark, and the
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absorbance was measured at 515 nm. The radical
inhibition was calculated according to the following
formula:

% inhibition = [(absorbance of control -
absorbance of the sample)/absorbance of control]
x100 (Boskou et al., 2006).

The antiradical activity was expressed in mg of
gallic acid equivalents (GAE)/100g of dry weight
(DW). The EC50 value, which represents the
concentration of sample required to inhibit 50%
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical was
determined for each extract.

2.7.2. Reducing power

The determination of reducing power was
carried out (Zhan et al., 2006). An aliquot of 2.5
mL of the methanolic extract was mixed with 2.5
mL of phosphate buffer (0.2 M, pH 6.6) and 2.5
mL of potassium ferricyanide (1%). The mixture
was incubated at 50 °C for 20 min. Then, 2.5 ml
of trichloroacetic acid (10%) were added, and the
mixture was centrifuged at 3650 rpm for 10 min.
5 mL of supernatant were mixed with the same
volume of distilled water, and 1 mL of ferric
chloride (0.1%) and the absorbance was measured
at 700 nm. The results were expressed as mg of
quercetin equivalents (QE)/100g DW.

2.8. Statistical analysis

Three tests were performed and expressed as
mean values (n=3) for each analysis. Statistica
software 10.0 (StatSoft, Inc., Tulsa, OK, USA) was
used for data analysis. Statistical comparisons of the
mean values for each experiment were performed

by the least significant difference Newman—Keuls
test and significance was defined at p < 0.05.

3. RESULTS AND DISCUSSION

3.1. Physical characteristics, moisture and oil
content

Table 1 summarizes the main characteristics of
olive drupes. The flesh-to-pit ratio is vital to evaluate
the mass distribution between the flesh and the
stone (Sakouhi et al., 2008). A proper appreciation
requires drupe with flesh/pit equal to 5 (Rallo et al.,
2018). Turning color olives of the Sigoise cultivar
with a weight of 3.47 g and a flesh/stone ratio of
about 5.09 can be considered appropriate for table
olive processing. The olives have an oval shape, and
the length/diameter ratio is greater than 1.

The evolution of the pH of the brines during the
fermentation of table olives showed a significant
decrease from 6.65 initially to 4.2 after 150 days. A
critical drop was noticed after 60 days of fermentation.
This trend is due to the conversion of carbohydrates
into organic acids, mainly by LAB metabolism. Also,
the hydrolysis of oleuropein, which is decomposed
by endogenous and bacterial enzymes in sugars and
simple phenols, such as elenolic acid, may contribute
to the drop in pH (Kiai and Hafidi, 2014).

The humidity varied between 52.74 and 54.70%;
whereas oil content varied between 42.98 and
44.61%. Sigoise turning color table olives recorded
a higher rate of oil compared to those reported for the
Tunisian table olives (Meski) elaborated according
to natural style (Issaoui et al., 2011). There was a
non-significant effect of processing on all the main
characteristics of table olives except for pH.

TasLE 1. Physicochemical parameters in turning color table olives of the Sigoise variety during natural-style processing.

amy Mm@ Pt e M Dy weighty
0 3.49 +£0.49 5.02+0.22 1.32+£0.06 6.65 £ 0.05a 55.86+0.53 44.61 +1.45
60 3.51+£0.74 5.05+0.19 1.34 +0.06 5.25+0.05b 52.75+£0.67 4298 £2.19
120 3.53+0.63 5.01+0.13 1.34+0.1 4.45 +0.05¢ 54.69 £ 0.33 4434 +1.18
150 3.47+0.34 5.09+0.35 1.35+0.07 4.20 +0.05d 53.72 £0.04 43.86 +1.33

Results are given as mean + standard deviation of triplicate analyses. No significant differences were found among samples except for the
pH, which are indicated by different superscript letters using the Newman—Keuls test (p < 0.05).
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3.2. Phenolic compounds

Polyphenols are considered to be the most
antioxidant substrates in table olives. Still, some of
them, in particular the oleuropein, confer a bitter
taste which is not accepted by consumers and their
removal is necessary (Boskou et al., 2006). The
phenolic composition in the olives was studied in
the raw fruit and throughout processing (Table 2).
Hydroxytyrosol 4-glucoside and oleuropein were
identified as the major polyphenols in the raw olive
fruit with a concentration of 31867.9 and 27730.3
mg/kg DW, respectively, followed by verbascoside,
rutin, hydroxytyrosol, ligustroside and salidroside in
minor concentrations. These results are in accordance
with those found previously (Romero et al., 2004b).

Noticeable decreases in oleuropein,
hydroxytyrosol 4-glucoside, rutin and ligustroside
were observed after 150 days of brining, reaching
concentrations of 10891.7, 10860.0, 310.1 and
252.1 mgkg DW, respectively. Conversely,
hydroxytyrosol and salidroside increased after 60
days and decreased at the end of processing to 1617.8
and 303.8 mg/kg respectively. Comselogoside did

not show significant differences during processing.
The same trend was observed by Sousa et al. (2014)
which showed a decrease in oleuropein and increase
in hydroxytyrosol in samples harvested at different
stages of maturation. Moreover, several authors
indicated that table olives processed according to
the natural style underwent a significant decrease
in oleuropein, which is followed by an increase
in hydroxytyrosol as the main hydrolysis product
during the first days of brining (Issaoui et al., 2011;
Johnson et al., 2018; Ramirez et al., 2016).

The total polyphenol content in fresh olives
was initially 67335.4 mg/kg. This amount was
significantly reduced during processing, reaching
26585.5 mg/kg after 150 days of brining, which
corresponds to a decline in total polyphenols
of 60.52% (Table 2). Similar total polyphenol
concentrations for the Picholine variety in both
raw and processed fruit were found (Issaoui
et al., 2011). Likewise, Sigoise cv. showed a
higher content in phenolic compounds compared
to Meski and Manzanilla cultivars. The study
conducted by Johnson et al. (2018) on levels of
phenolic compounds in Spanish-style green (SP),

TaBLE 2. Concentration (mg/kg of dry weight) of the phenolic compounds in turning color table olives of the Sigoise variety during
natural-style processing.

Time (days)

60

120

150

Hydroxytyrosol

Hydroxytyrosol 4-glucoside

1291.8 + 84.1°

31867.9 +1595.4°

2456.9 +178.9°

28753.7 + 748.5°

Salidroside 6843 +£22.7° 916.8 +£3.0°
Verbascoside 2812.9 £ 170.0° 3854.6+117.8*
Oleuropein 27730.3 +£702.9° 211282+ 655.1"
Comselogoside 20.6+9.5% 17.2+4.0°
Rutin 1861.1 £82.1* 771.2+£69.1°2
Ligustroside 1066.5 £ 126.4 ® 531.4+£203°
Sum of polyphenols 67335.4+£2233.4* 58430.2 +£1082.1°"

1679.6 + 95.8°

16415.4 +99.0°

429.3 +£40.8°

1952.9+£126.0°°

14049.0 = 526.5 ¢

19.8+4.8*

389.3 £60.9 ¢

402.6+17.4°

35338.6 £ 765.5°

1617.8 +152.2°

10860.0 + 867.2¢

303.8 +£25.1¢

2337.5 +168.6°

10891.7 +580.2 ¢

123+£83*

310.1 £60.4 ¢

252.1+35.54

26585.5+1106.0 ¢

Results are given as mean + standard deviation of triplicate analyses. Significant differences in the same row are marked with different

superscript letters using the Newman—Keuls test (p < 0.05).
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Californian-style black ripe (CA), and Greek-style
natural fermentation, showed that olives in brine
had the highest concentrations; whereas CA olives
had the lowest level.

It is well-known that the diffusion of polyphenols
between fruits and the water phase takes place when
olives are directly brined and soluble components
move from olive to the surrounding solution (Poiana
and Romeo, 2006). This diffusion can occur more
rapidly if the cellular structure of the fruit becomes
naturally soft. It was reported that the de-bittering
process occurs by the breakdown of the oleuropein
into non-bitter products by the action of the activity
of endogenous enzymes, esterase and -glucosidase
during the first month of brining followed by
slow chemical hydrolysis throughout the rest of
the storage (Ramirez et al., 2016). The acidic
conditions of the brine can also favor the chemical
hydrolysis of oleuropein (Medina et al., 2008). Also,
an oleuropeinolytic activity has been reported for
different yeast and lactic acid bacteria strains, which
are responsible for fermentation in natural table
olives (Bonatsou et al., 2015; Ramirez et al., 2017).

3.3. Sugars

The sugar content in olives is the most important
fermentative substrate for the growth of the
microorganisms which are responsible for fermentation
during the natural style elaboration. The soluble sugars
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are transformed by microorganisms into organic
acids as the product of the fermentation and second
metabolites responsible for the desirable organoleptic
characteristics in the final product. As shown in Figure
1, the main sugars in the raw olive fruits are glucose,
mannitol, fructose and sucrose with concentrations of
29.2, 10.5, 5.2 and 1.5 g/kg, respectively. The sugar
content registered a significant decrease after 150 days
of brining with a glucose degradation rate of 91.05%
and lower for the mannitol and fructose (74.57 and
74.76%, respectively). Sucrose was consumed in the
first 60 days of brining. A decrease in sugar content
has also been noted for different cultivars elaborated in
the natural style (Bianchi, 2003; Issaoui et al., 2011).
Likewise, these results are in agreement with those
noted (Bleve et al., 2015) for Taggiasca natural table
olives but with a higher degradation rate for fructose
(92.28%) than for glucose (83.55%).

3.4. Tocopherols

The study on tocopherols contributes to
empowering the nutritional value and the biological
properties like the antioxidant capacity of table olives
(Sakouhi et al., 2008). The main tocopherol present
in the oil fraction of raw olives was a-tocopherol with
133.8 mg/kg. B, v, and d-tocopherol were present at in
small amounts of 0.4, 4.2, and 1.5 mg/kg, respectively
(Table 3). A significant decrease was observed for
a-tocopherol throughout processing and a loss of

Glucose

Mannitol

Fructose
—&—Sucrose

Time (Days)

FiGuURE 1. Concentration of sugars (g/kg) in turning color table olive pulp of the Sigoise variety during natural-style processing. Results
are given as the mean of triplicate analyses. Bars indicate standard deviation.
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TaBLE 3. Concentration of tocopherols (mg/kg) and fatty acids (%) in turning color table olives of the Sigoise variety during
natural-style processing.

Time (days)

0 120 150
a-tocopherol 133.8+3.9° 131.8 £ 3.5 122.8 +0.5° 122.4 +0.6°
B-tocopherol 1.5+0.1° 1.5+0.12 14+0.12 14+0.1¢
v-tocopherol 42+04° 43+04° 4.5+0.2° 45+0.1*
d-tocopherol 0.4+0.0° 0.5+0.1* 0.3+0.0° 04+0.1°
Sum of tocopherols 139.8 +4.5¢ 138.1 £3.7¢ 128.9+0.4° 128.8+0.7°
C14:0 0.02 +0.00 0.02 +0.00 0.02 +0.00 0.02 +0.00
C16:0 9.09+0.04 9.16 £0.02 9.12+0.01 9.30+0.20
Cle6:1 0.64 +0.00 0.64 +0.01 0.64 +0.00 0.66 +0.02
C17:0 0.05+0.00 0.05+0.00 0.05+0.01 0.06 +0.00
C17:1 0.07 +0.00 0.07 £0.00 0.07 +£0.00 0.08 +0.00
C18:0 2.84+0.00 2.87+0.03 2.84 £0.02 2.87+0.01
C18:1 75.90 + 0.04 75.72 +£0.04 75.94 +0.03 75.67+0.18
C18:2 9.89+0.04 9.98 +£0.03 9.86+0.04 9.86 +0.04
C18:3 0.75 +0.00 0.76 = 0.00 0.75 +0.00 0.76 = 0.00
C20:0 0.32+0.01 0.32+0.00 0.31+0.01 0.31+0.01
C20:1 0.33+0.00 0.33+£0.00 0.32+0.00 0.32 +0.01
C22:0 0.07 +0.00 0.07 £0.00 0.07 £0.01 0.07 +£0.01
C24:0 003 +0.00 0.03 £0.00 0.03 +£0.00 0.04 +0.01
trans C18:1 0.02 +£0.01 0.01£0.00 0.02 +0.01 0.02 £0.01
trans C18:2 0.00 = 0.00 0.00 £ 0.00 0.00 +0.00 0.00 +0.00
trans C18:3 0.00 = 0.00 0.00 £ 0.00 0.00 +0.00 0.00 + 0.00
Sum of trans 0.02 +0.01 0.01+0.00 0.02 +£0.01 0.02 +£0.01

Results are given as mean + standard deviation. Significant differences in the same row are marked with different superscript letters (p <
0.05). No significant differences were found for fatty acids among samples using the Newman—Keuls test (p < 0.05). ND means not detected.

7.88% was recorded after 150 days of brining, while
the other isomers did not show significant changes.
The turning-color table olives of the Sigoise
cv. registered higher tocopherol content than
those found for Italian varieties (Sagratini et al.,
2013) with maximum concentrations of 90 mg/
kg in several samples of table olives elaborated by
different processing methods. Similarly, Sakouhi et
al. (2008) recorded higher tocopherol levels in three
cultivars (Meski, Sayali and Picholine) at a cherry
stage of ripeness than green ones, but still lower than
the Sigoise variety. Hassapidou et al. (1994) reported

that the natural-style elaboration did not affect the
a-tocopherol contents in Conservolea or Kalamata
black olives; however, the lye treatment used in
the Spanish-style processing caused a reduction in
a-tocopherols (Boskou et al., 2014).

3.5. Fatty acids

The fatty acid composition (Table 3) showed that
oleic acid (C18:1) was the major fatty acid in the
olive flesh (75.90% of the total). Linoleic (C18:2) and
palmitic (C16:0) acids were present in similar amounts
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of 9.89 and 9.09%, respectively. The variations related
to processing were insignificant, which is in agreement
with the results of many authors (Issaoui et al., 2011;
Sakouhi et al., 2008). The stability of the fatty acids
in processed olives could be related to their nature and
the protective action of antioxidants. Oleic acid and
tocopherols were present in considerable amounts in our
variety. The trans forms of linoleic and linolenic acids
were not detected, whereas trans-oleic acid (C18:1t)
had a value (0.02%) which was below the limit values
requested by the Commission Regulation (EU); < 0.05
(Commission Delegated Regulation (EU) 2016/2095
of 26 September 2016 amending Regulation (EEC) No
2568/91). The preservation of essential fatty acids can

also be explained by the firmness of olives and the non-
use of alkaline treatment (Rallo et al., 2018; Jiménez et
al., 1997).

3.6. Antioxidant activity

In this study, antioxidant activity was evaluated by
two different chemical assays, the scavenging effect
on DPPH free radicals and the reducing power (Figure
2). The raw fruit recorded high values for antioxidant
scavenging activity (40654.13 mg GAE/kg) and
reducing power (12296.79 mg QE/kg). The inhibition
rate of the DPPH radical and EC50 was 75.81% and
3.36 mg/mL, respectively. The antioxidant activity
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FIGURE 2. Antioxidant activity, reducing power (Panel A), percentage of inhibition and EC50 (Panel B) in turning color table olives of the
Sigoise variety during natural-style processing. Results are given as mean of triplicate analyses. Significant differences are marked with
different superscript letters using the Newman—Keuls test (p < 0.05). Bars indicate standard deviation. GAE means gallic acid equivalents.
QE means quercetin equivalents.

Grasas y Aceites 72 (3), July-September 2021, e419. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0559201


https://doi.org/10.3989/gya.0559201

Chemical parameters and antioxidant activity of turning color natural-style table olives of the Sigoise cultivar * 9

decreased significantly throughout processing.
The DPPH radical scavenging and reducing power
decreased to 21917.71 mg GAE/kg and 7176.09
mg QE/kg, respectively, with an inhibition rate of
44.20%. The antioxidant activity showed a highly
significant correlation with phenolic compounds
(r = 0.99); whereas the effective concentration
EC50 of the extracts was negatively correlated (r =
-0.91). According to several authors, there is a linear
correlation between the total polyphenol content
in table olives and their antioxidant activity (Ben
Othman et al., 2009; Romero et al., 2004b; Sousa et
al., 2014). Mettouchi et al. (2016) reported a similar
behavior for the loss in reducing power but with the
influence of environmental conditions for the same
variety. Indeed, Sigoise from the Sig region exhibited
a low reducing power compared to Sigoise from the
Tazmalt region. The differences could be explained
by the effectiveness of each phenolic component in
the fruit composition. So far, the antioxidant activity
depends on the concentration of the polyphenol profile.
Furthermore, Ben Othman et al. (2009) monitored the
evolution of phenolic compounds during the natural
table olive elaboration of the Chétoui cultivar at three
degrees of ripeness (green, turning color and black)
and they found a decrease in the antioxidant activity
by 60—72%, with the turning color olives presenting
an intermediate value. The Sigoise cultivar showed a
lower reduction in the antioxidant capacity (46.09%)
due to a more moderate loss in phenolic compounds.

4. CONCLUSIONS

This study has characterized the main compounds,
in particular, polyphenols, sugars, fatty acids and
tocopherols, in the turning color table olives elaborated
as natural-style of the Sigoise cultivar. The total
polyphenol content decreased as the process progressed,
except for the hydroxytyrosol, which increased at the
beginning of brining and then decreased. There was
also a consumption of sugars, especially glucose,
which is typical of the fermentation process. The
concentration of fatty acids was not affected by the
elaboration process without significant differences
throughout the process. The tocopherol concentration
remained constant during the processing, and a decrease
was only observed for a-tocopherols after 150 days
of brining. The losses in the latter and other phenolic
compounds came as a consequent reduction in the
antioxidant activity. Therefore, the turning color natural

table olives of the Sigoise variety have an outstanding
nutritional value and constitute an excellent source
of antioxidant compounds that can exert beneficial
properties to consumers.
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SUMMARY: The Jeriva (Syagrus romanzoffiana) kernel oil (JKO) has a pleasant coconut-like smell, with about 33% lauric acid and
28% oleic acid. The oil also contains bioactive compounds, such as phenolics, carotenoids, and tocopherols. JKO has a solid consistency
at low temperatures, but has a low melting point and low solid content at room temperature. Thus, this work aimed to evaluate the thermal
properties related to crystallization and fusion, as well as the chemical and oxidative characteristics of JKO fractions, olein and stearin,
obtained from dry and solvent fractionation. In general, stearins had higher crystallization and melting temperatures, and higher solid
fat content, unlike oleins, which may be associated with the concentration of high melting triglycerides in the stearins. No statistically
significant difference was found for fatty acid profile or oxidative stability of the fractions. The type of fractionation influenced the
chemical and thermal properties of JKO fractions. The solvent process promoted the most relevant differentiation of fractions. An olein
was obtained with 7% less solid fat at 25 °C which remained visually liquid at 2 °C below the oil, as well as a stearin with 17% more
solid fat at 25 °C which remained visually solid at 3 °C above the oil.

KEYWORDS: Crystallization; Fractionation; Melting; Olein, Stearin

RESUMEN: Caracterizacion térmica y quimica de fracciones de aceite de semilla de Syagrus romanzoffiana. El aceite de semilla de
Jeriva (Syagrus romanzoffiana) (ASJ) tiene un agradable olor a coco, con aproximadamente un 33% de acido laurico y un 28% de acido
oleico. Este aceite también contiene compuestos bioactivos, como fendlicos, carotenoides y tocoferoles. E1 ASJ tiene una consistencia
solida a baja temperatura, pero tiene un punto de fusion bajo y un contenido de sélidos bajo a temperatura ambiente. Este trabajo tuvo
como objetivo evaluar las propiedades térmicas relacionadas con la cristalizacién y fusion, asi como las caracteristicas quimicas y
oxidativas de las fracciones de ASJ, oleina y estearina, obtenidas mediante fraccionamiento en seco y con solvente. En general, las
estearinas tuvieron temperaturas de cristalizacion y fusion mas altas y un mayor contenido de grasa sélida, a diferencia de las oleinas,
esto puede estar asociado con la concentracion de triglicéridos de alto punto de fusion en las estearinas. No se encontraron diferencias
estadisticamente significativas para el perfil de acidos grasos ni en la estabilidad oxidativa de las fracciones. El tipo de fraccionamiento
influy6 en las propiedades quimicas y térmicas de las fracciones de ASJK. El proceso mediante solvente favorecio la diferenciacion de
fracciones mas relevantes. Se obtuvo una oleina con 7% menos de grasa solida a 25 °C que permanecio visualmente liquida a 2 °C por
debajo del aceite, asi como una estearina con 17% mas de grasa solida a 25 °C y que permanecié visualmente solida a 3 °C por encima
del aceite.
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1. INTRODUCTION

Lauric oils are obtained from various palm
species and are characterized mainly by high
contents in lauric acid (C12:0) and small amounts
of other medium and short-chain fatty acids. Lauric
oils can be found mainly in coconut and palm
kernels, Jariva, and Macauba, which have a solid
consistency at low room temperatures but still melt
below 30 °C (Coimbra and Jorge, 2011; Gunstone,
2010). Therefore, these natural fats have a short
melting range, which makes them suitable for the
manufacture of a variety of fatty foods. In this respect,
the low melting points and the low solid contents at
room temperature are favorable for the production
of some products, such as confectionery coatings
and couvertures; although it is a drawback that can
be alleviated by the fractional crystallization and
separation of harder and softer fractions (Gunstone,
2010; Magalhaes et al., 2020b; Rossell, 1985).
In this sense, fractional crystallization, or simply
fractionation, refers to a separation process in which
fatty material is crystallized at a suitable temperature,
after which a low melting phase (olein) is separated
from a high melting phase (stearin) (Kellens et al.,
2007; Sonwai et al., 2017). Nowadays, where trans
fatty acids in food are questioned, fractionation oil
modification stands out as an alternative for the
industry because it is a physical process that does
not promote changes in fat at the molecular level
(Kellens et al., 2007; Magalhdes et al., 2020b;
Sonwai et al., 2017).

Lauric oils are widely modified by fractionation.
Olein and stearin are obtained in this process in order
to increase the applicability of the oils in different
food processes. They are used in the food industry to
produce spreads, specialty fats, ice cream, chocolate,
and others, where most of them are specially derived
from palm kernel oil. In addition, the increasing use
of cocoa butter substitutes by the chocolate industry
drives a growing demand for lauric oils (Calliauw et
al., 2007; Chaleepa et al., 2010; Kellens et al., 2007;
Magalhaes et al., 2020b; Rossell 1985; Sonwai et al.,
2017). Therefore, there is still room to explore other
lauric oils, as well as their fractions, to obtain products
with distinct characteristics from or equivalent to
those derived from palm or coconut oil.

Inthis context, the Syagrus romanzoffiana palmis
an interesting alternative resource in the production
of lauric oil. This plant, commonly known as Jeriva,

queen palm or coconut palm, is a native palm tree
from South America and was introduced around
the world as a popular ornamental garden tree
used in urban landscaping (Pittenger et al., 2009).
The Jeriva palm fruit is an oval drupe, yellowish
or orange, with a rigid endocarp involving an
almond with about 50% oil. The almond (kernel)
oil has a pleasant coconut-like smell, with about
33% lauric acid and 28% oleic acid. The oil also
contains bioactive compounds, such as phenolics,
carotenoids, and tocopherols (Coimbra and Jorge,
2011; Coimbra and Jorge, 2012; Pierezan et al.,
2015; Magalhaes et al., 2020b). Jeriva kernel oil has
interesting characteristics for biofuel production,
such as low acidity, a high oxidative stability and
transesterification reaction with an ester conversion
rate above the minimum percentage required
(Falasca ef al., 2012; Moreira et al., 2013), but also
has potential for human consumption (Lescano et
al., 2018; Magalhdes et al., 2020a). Nevertheless,
research aiming to explore food applications of
JKO is scarce.

Thus, this work aimed to evaluate the thermal
properties related to crystallization and fusion, as
well as the chemical and oxidative characteristics
of JKO fractions obtained from dry and solvent
fractionation. Possible changes in the fatty acid
profile and oxidative stability of the fractions were
evaluated by gas chromatography and Rancimat,
respectively. Differential Scanning Calorimetry
was used to assess the solid fat content, and
the crystallization and melting behavior of the
fractions. Changes in the physical state were
determined by visual inspection.

2. MATERIALS AND METHODS

2.1. Oil extraction

The jeriva fruits (Figure 1) were collected from
the south-east region of Brazil (Lavras, Minas Gerais
state) directly from the ground in the mature stage,
broken in a hydraulic press (MPH-15, Marcon)
and the kernels were manually separated. The JKO
was obtained using an expeller press (Home Up
Yoda), with an oil yield of 42.6%, and centrifuged
for 5 minutes at 4000 rpm (relative centrifugal
force of 2150 g) to remove fine particles. Figure
1 illustrates the treatment process of treatment and
characterization of the samples.
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FIGURE 1. Process of extraction, fractionation and characterization of Jeriva kernel oil (JKO) and its fractions.

2.2. Fractionation

2.2.1. Dry fractionation

JKO (30 g) was heated in a water bath (HH-
S3-Warmnest) at 70 °C for 15 min to remove any
previous structure. The oil was cooled in BOD
(T-34-THELGA) at 14.5 °C for 24 h. The fractions
were separated by centrifugation (K14-4000-Kasvi)
for 2 minutes at 4000 rpm. Olein and stearin were
weighed to evaluate yield.

2.2.2. Solvent fractionation

The fractionation was carried out in a 100
mL jacketed glass reactor, connected to an
ultratermostatic bath (Q214M-Quimis) with water
circulation. The fractionation conditions established
by Sonwai (2017) for coconut oil were used, with
modifications defined through previous tests. Tests
were carried out at different temperatures between
10 and 6 °C using a mass of 30 g of oil previously
heated at 70 °C in a water bath (HH-S3-Warmnest)
for 15 minutes and then cooled to 50 °C before being
mixed with 20 mL of hot acetone (50 °C).

The temperature at which the crystals formed
in significant amounts and remained stable was at
6.5 °C, in which two fractions were carried out: one
for 5 hours with agitation at 20 rpm and another for
7 hours without agitation. After the crystals were
formed, the fractions were separated by sieving (72
mesh) and the acetone was evaporated. Oleins and
stearins were weighed to evaluate yield.

2.3. Fatty acid composition

A fatty acid composition analysis was performed
according to the AOCS Ce 2-66 method (AOCS,
1993). Samples were transesterified in methyl esters
with potassium hydroxide in methanol and n-hexane.
All reagents and solvents (analytical grade) were
from Vetec. The methyl esters were analyzed by gas
chromatography (GC-2010 - Shimadzu) equipped
with a flame ionization detector and an SPTM-2330
capillary column (30 m x 0.25 mm x 0.20 pm).
Chromatographic conditions were split ratio 1:100,
initial column temperature 140 °C, heating from 140
°Ct0 250 °C for 3 min atarate of 5 °C/min for 25 min.
Helium was used as carrier gas at a flow rate of 1 mL/
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min and detector/injector at a temperature of 260 °C.
For identification of the peaks, the retention times of
the fatty acid methyl ester (Supelco 37 Component
FAME Mix) standards were compared with the
observed peak retention times using the Openchrom
software. Quantification was done by normalizing the
peak area and expressed in percentage. The saturated
and unsaturated percentages were compared by the
Tukey test (p < 0.05) using the online tool available
at https://statpages.info.

2.4. Oxidative stability

Oxidative stability was expressed with the
induction period in hours and was determined using 3
g of sample in a Rancimat apparatus (873 - Biodiesel
Rancimat) at 110 °C with airflow of 10 L/h and 50
mL of distilled water in vials containing electrodes,
according to the AOCS Cd 12b-92 method (AOCS,
1993). The oxidative stability indices were compared
by the Tukey test (p < 0.05) using the online tool
available at https://statpages.info.

2.5. Thermal behavior and solid fat content

Previously established conditions (Marquez et al.,
2013) were used with modifications. Samples were
heated at 60 °C for 15 min and left at 4 °C for 24 h.
The thermograms of crystallization and melting were
obtained using a Differential Scanning Calorimeter
(DSC-60A - Shimadzu) coupled to the flow controller
(FC-60A). The samples (5 mg) were placed in capped
aluminum crucibles and cooled to -50 °C at 10 °C/
min, maintaining this temperature for 10 min. The
samples were then heated to 80 °C at 5 °C/min using
a modulation amplitude of 1 °C every 60 s.

The solid fat content (SFC) was determined
based on the area percentages of the integrated
melting thermogram at 10, 15, 20, 25, 30, 35, and
40 C° (Cobo et al., 2017; Gunstone et al., 1994).
Measurements for onset, peak, and final temperatures
for crystallization and melting, as well as enthalpies,
were obtained using the SciDAVis program. The
deconvolution peak and integration were determined
using the MagicPlot software.

2.6. Qualitative phase diagram

Experimental phase diagrams were obtained by
storing the samples in capped 5-ml glass tubes and
kept inverted at temperatures of 10, 11, 12, 13, 14,

15,16,17,18, 19, and 20 °C for 24 hours. The phase
change described as solid, thick liquid, or liquid
was visually evaluated. Non-flowing materials were
named as solids, slowly-flowing materials were
named as thick liquid, and immediately-flowing
materials were named as liquids (Rocha et al., 2013).

3. RESULTS AND DISCUSSION

3.1. Fractionation process

The dry fractionation yielded 63.2% olein and
36.8% stearin, while the solvent fractionation
yielded 71.8% olein and 28.2% stearin. In dry
fractionation, crystals grew agglomerated on the
vessel wall, unlike solvent fractionation, in which
crystals grew dispersed in the medium. This higher
amount of stearin in dry fractionation may be due
to entrapment of the liquid fraction in the crystals.
Slowly cooling at high temperatures typically
results in larger crystals that can become trapped
within the liquid fraction, while rapid cooling at
low temperatures forms smaller crystals in larger
quantities (Chaleepa et al., 2010; Rodrigues-Ract
et al.,2010; Silva et al., 2008).

In solvent fractionation, there is a lower viscosity
medium due to the presence of solvent and better
heat transfer compared to the dry process, which
results in a high nucleation rate and a rapid crystal
growth which facilitate dispersion of the crystals.
These effects were evaluated by Grall and Hartell
(1992), who reported that the rate of nucleation and
crystal growth increased when crystallization times
decreased when using agitation. By increasing the
agitation, the crystal mass increased, but with a
greater effect on solid fractions at lower temperatures
and less effect at elevated temperatures. Thus, with
the use of solvents, crystals can grow more stable
and faster than in the dry process, which could
contribute to better phase separation (Kellens et al.,
2007; Rossell, 1985).

3.2. Fatty acid composition and oxidative stability

Nine fatty acids were identified, including
seven saturated (caproic; caprylic; capric; lauric;
myristic; palmitic and stearic) one monounsaturated
(oleic), and one polyunsaturated (linoleic) (Table
1). JKO had 73.4% saturated fatty acids and 26.6%
unsaturated fatty acids, mainly lauric acid (37.4%),
myristic acid (10.0%) and oleic acid (21.3%), which
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TaBLE 1. Fatty acid composition and oxidative stability of JKO and its fractions obtained by dry and solvent fractionation.

Fatty acid JKO Ed Es Od Os

Caproic C6:0 0.5+0.2 0.6+0.1 1.2+0.1 0.5+0.1 0.7+0.1
Caprylic C8:0 9.1+0.1 9.3+0.3 9.8+0.3 9.1+0.2 9.3+0.4
Capric C10:0 7.0£0.3 7.2+0.3 6.6+0.4 7.0+0.2 7.3+0.5
Lauric C12:0 37.4+1.3 39.0+0.5 38.0+1.1 37.241.1 37.7+1.7
Myristic C14:0 10.0+0.7 10.0+0.3 9.4+0.8 9.8+1.1 9.5+1.0
Palmitic C16:0 7.8+1.0 7.6%0.6 7.6£0.6 7.8+0.8 7.2+0.5
Stearic C18:0 1.6+0.5 1.7+0.4 2.9+0.6 1.7£0.3 2.1+0.3
Oleic Cl18:1 21.3+1.1 20.0+1.3 20.0+£0.9 21.5¢1.4 20.4£1.6
Linoleic C18:2 5.3+0.7 4.8+0.6 4.5+0.6 5.3+0.6 4.8+0.6
XSaturated 73.440.3 73.3+0.1 75.3+1.6 75.4+1.2 72.942.8
XUnsaturated 26.6+0.4 26.6+0.7 24.8+1.6 24.4+0.8 26.8+1.1
Oxidative stability (h) 19.4+1.1 19.4+1.3 22.0+1.2 19.6+1.3 17.3£1.5

JKO: Jeriva kernel oil, Ed: dry fractionation stearin, Es: solvent fractionation stearin, Od: dry fractionation olein, Os: solvent fractionation

olein. The mean + standard deviation (n = 2).

is in agreement with what is reported in the literature
(Coimbra and Jorge, 2011; Moreira et al., 2013).
In general, there was a slight numerical increase
in saturated fatty acids in stearin (Es), with a
consequent decrease in unsaturated ones, as opposed
to olein (Os) fractions, although without statistically
significant differences. Olein compositions were
more similar to oil than stearins, which may
indicate the presence of crystals in the oleins.
However, it should be considered that the melting
(or crystallizing) temperature of an oil or fat depends
on the triacylglycerol (TAG) configuration, not
just on the fatty acid composition. Previous work
reported slight significant variations in the fatty acid
compositions of coconut oil fractions (Marikkar et
al.,2013) and palm oil fractions (Mo et al., 2016), but
these fractions still had very distinct characteristics
for the composition of TAG and thermal properties.
JKO presented oxidative stability of 19.4 h,
similar to that previously reported (Moreira et
al., 2013). Despite the fact that stearins showed
numerically greater oxidative stability than oleins,
no statistically significant difference was found. In
general, the oxidative stability of oils is related to

their composition and distribution of the fatty acids
in TAG, as well as the presence of constituents with
antioxidant properties. As previously reported (Ullah
et al., 2016), approximately 70% of the oxidative
stability of chia oil fractions depended on the fatty acid
profile, but 30% depended on antioxidant substances
such as chlorogenic and caffeic acids, quercetin, and
phenolic glycoside. Thus, the similarities in the fatty
acid composition of the fractions may explain the
similarities in their oxidative stabilities.

3.3. Crystallization profile

The analysis of DSC peaks serves to determine
the transition temperature of a fat or oil (Tan and Che
Man, 2002). The stearins obtained started and ended
crystallization at higher temperatures than oleins (Table
2, Figure 2), i.e., stearins should be more abundant in
high melting TAGs than oleins. The olein obtained
from dry fractionation started crystallization before
oil, presenting higher T, This may indicate that this
olein dragged a reasonable amount of high melting
(crystalline phase) TAGs into the liquid matrix during
the fractionation process. Crystals are known to tend
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TABLE 2. Crystallization and melting temperatures of JKO and its fractions obtained by dry and solvent fractionation.

Crystallization (°C) Melting (°C)
Tonsete Tpar Tpe Tre Tonsetm Tom Thm
JKO 15.8+0.3 8.3+£0.4 - -0.6+0.1 17.2+0.9 30.9+2.1 36.0+1.9
Ed 16.3+0.9 13.4+0.5 6.4+0.4 1.9+0.1 16.4+0.8 31.9+1.8 36.6+1.8
Es 19.0£1.0 16.7+0.8 9.9+0.5 1.0£0.0 17.5+0.7 33.4+1.2 37.6+2.3
Od 16.1+0.8 8.0+0.6 - 0.1+0.0 16.7+0.7 30.3£2.0 35.2+2.4
Os 14.5+0.8 10.6+0.2 3.4+0.2 -2.1£0.2 13.7+0.8 30.1x1.5 35.442.0

Tonsete: crystallization onset temperature, T).: crystallization peak temperature, T final crystallization temperature, Tonsem: melting onset
temperature, T,,: melting peak temperature, Tr,: melting final temperature. JKO: Jeriva kernel oil, Ed: dry fractionation stearin, Es:
solvent fractionati,n stearin, Od: dry fractionation olein, Os: solvent fractionation olein. The mean + standard deviation (n = 2).
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DC oc

F1GURE 2. DSC crystallization and melting curves for JKO and its fractions obtained by dry and solvent fractionation. JKO: Jeriva kernel

oil, Ed: dry fractionation stearin, Es: solvent fractionation stearin, Od: dry fractionation olein, Os: solvent fractionation olein. n = 2.
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to form clusters due to attractive interactions between
them, which can drag the olein into the crystals,
decreasing the efficiency of separation (Kellens et
al., 2007). The largest crystals that can be observed
during crystallization are often composed of small
crystals held together by weak interactions. Thus, this
agglomeration may lead to lower separation efficiency
due to a high drag of liquid in the agglomerates.

The crystallization curves (Figure 2) presented
different profiles in different temperature ranges.
After deconvolution, the curves revealed some sub-
events associated with the crystallization of different
TAG species. The thermograms were divided into
three temperature ranges that were associated with the
sub-events involving high, medium and low melting
temperature TAGs. A first sub-event was associated
with TAGs with crystallization temperature above 14
°C; a second sub-event was associated with TAGs with
crystallization temperatures between 6 and 14 °C; and
a third TAG-associated sub-event with crystallization
temperatures below 6 °C. The enthalpies associated
with these sub-events were calculated and are presented
in Table 3.

When the temperature was reduced and the JKO
started to crystallize (Figure 2), a small crystallization
peak was observed near 15 °C with 0.8 J/g enthalpy
(7.4% total enthalpy) associated with high melting
TAGs, overlapping the larger enthalpy of crystallization

peaks of 9.5 J/g (88% total enthalpy) associated with
medium melting TAGs (Table 3). This peak overlap,
as well as the presence of a broad peak, is due to the
crystallization of more than one TAG species in the
same temperature range due to the complexity of the
structures of these compounds. The sharpness of a DSC
peak indicates the cooperative nature of the transition
from TAG composition. If the transition occurs in a
narrow temperature range, it is highly cooperative.
Therefore, the crystallization (or melting) of two or
more TAG structures could take place simultaneously
in a certain temperature range, resulting in a broad or
overlapping DSC peak (Tan and Che Man, 2002).

The olein crystallization curve from dry
fractionation was similar to the JKO curve, but
with slight differences in the enthalpies in each
temperature range, i.e., a decrease in the enthalpy
fraction associated with high melting TAGs (0.2 J/g,
2.6% total enthalpy) and an increase associated to
medium melting TAGs (7.3 J/g, 93.6% total enthalpy)
(Table 3). The crystallization olein peaks of the
solvent fractionation occurred at lower temperatures
compared to JKO and stearins. A relevant increase
in enthalpy associated with low melting TAGs (5.5
J/g, 70.5% total enthalpy) was also observed, as well
as a decrease in enthalpy associated with medium
melting TAGs (2.3 J/g, 29.5% total enthalpy) and
absence of those with a high melting point (Table 3).

TABLE 3. Absolute and relative enthalpy for crystallization and melting of JKO and its fractions obtained by dry and solvent fractionation.

JKO Ed Es Ood Os
<6 °C 0.5+0.1 0.0£0.0 0.0£0.0 0.3£0.0 5.5+0.5
Enthalpy (J/g) 6-14°C 9.540.3 4.0+£0.4 4.440.5 7.3+0.4 2.3+0.4
o >14°C 0.8+0.2 0.5+0.1 1.0+0.3 0.2+0.1 0.0+0.0
Crystallization
<6 °C 4.6 0.0 0.0 3.8 70.5
Enthalpy (%) 6-14°C 88.0 88.9 81.5 93.6 29.5
>14°C 7.4 11.1 18.5 2.6 0.0
<23°C 0.5£0.0 0.0£0.0 0.0£0.0 0.8+0.2 2.5+0.3
Enthalpy (J/g) 23-33°C 6.4+0.6 5.5+0.6 5.1+0.5 6.5+0.4 4.4+0.6
>33 °C 0.5£0.1 1.4£0.3 2.1£0.4 0.5£0.1 0.4+0.1
Melting
<23°C 6.8 0.0 0.0 10.3 342
Enthalpy (%) 23-33°C 86.5 79.7 70.8 83.3 60.3
>33 °C 6.8 20.3 29.2 6.4 5.5

JKO: Jeriva kernel oil, Ed: dry fractionation stearin, Es: solvent fractionation stearin, Od: dry fractionation olein, Os: solvent fractionation

olein. The mean + standard deviation (n = 2).
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The stearins began to crystallize at higher
temperatures compared to oil and oleins, with
an increase in the enthalpy fraction associated
with high melting TAGs. A slighter variation was
observed for dry fraction stearin, with a relative
area of 11.1% (0.5 J/g) associated with high melting
TAGs, while in solvent fractionation this variation
was more relevant, yielding an 18.5% enthalpy
stearin associated with high melting TAGs, as well
as a decrease in the enthalpy fraction associated with
medium melting TAGs (Table 3).

The solvent fractionation revealed a greater ability
to modify the crystallization characteristics of JKO
when compared to dry fractionation. Moreover, even
with the similarity in fatty acid composition (Table
1), differences in oil thermograms and fractions
were observed. This reinforces the notion that the
thermal characteristics of the fractions depend not
only on the fatty acid composition, but also on the
disposition of these fatty acids in the TAGs, as well
observed for the solvent fractionation of coconut oil
(Sonwai et al., 2017).

3.4. Melting profile

The JKO melting process started at 17.2 °C
(Tonser) and continued at 36.0 °C (Ty), with only one
broad endothermic peak at 30.9 °C (Table 2). The
presence of only one endothermic transition can be
characteristic of the constitution of the JKO, which
should have TAGs with a less diversified structure
when compared to other oils, such as palm oil,
cocoa butter and some hydrogenated fats, which
have fusion thermograms with a higher number of
endothermic events (Tan and Che Man, 2002; Zaliha
et al., 2004; Hinrichsen, 2016). The melting curve
profile of the fractions was similar to that of oil,
but with differences in initial, final and peak melt
temperatures (Table 2). Similar results were found
by Yantya et al. (2013).

After deconvolutions, the melting curves (Figure
2) also presented distinct sub-events which were
divided into three temperature ranges associated
with TAGs with different melting temperatures. In a
first temperature range, low melting TAGs melted at
temperatures below 23 °C, predominantly in oleins;
in a second range, medium melting TAGs melted at
temperatures between approximately 23 and 33 °C;
and in a temperature range above 33 °C, high melting
TAGs were melted, predominantly in stearins. The

enthalpies associated with these sub-events were
calculated and are presented in Table 3.

All olein melting curves changed to lower
temperatures compared to JKO (Figure 2); while
stearin melting curves changed to higher temperatures.
The main differences were related to the concentration
of high melting TAGs in stearins and of low melting
TAGs in oleins. This effect was most relevant in
solvent fractionation, where enthalpy associated
with the melting of high melting TAGs represented
29.2% of total enthalpy, compared to 20.3% in dry
fraction stearin and 6.8% in JKO, similar to Macatuba
kernel oil fractions (Magalhdes et al., 2020a). In
addition, fusion enthalpy associated with low melting
TAGs represented 34.2% of total enthalpy in solvent
fractionation olein, compared to 10.3% and 6.8% in
dry fractionation olein and JKO, respectively.

3.5. Solid fat content

The SFC curves for the JKO and their fractions
(Figure 3) revealed a substantial reduction in solid
fat content with increasing temperature, especially in
a narrow range between 25 and 35 °C, which should
be the melting temperature range of the major TAGs
of these products.

The SFC curves of the fractions showed that
JKO’s stearins and oleins had different melting
profiles, despite similar fatty acid profiles (Table
1). It is known that TAGs can pack tightly together,
which influences their melting. TAGs with larger
amounts of unsaturated fatty acids cannot pack as
tightly together because of kinks in the fatty acid
chain, leading to a lower melting point. However, it
has been reported that the SFC profile does not only
depend on the level of saturation or unsaturation of
fatty acids in the TAG. In a study on the thermal
behavior of vegetable oils with changes in fatty
acids in the TAGs, the authors observed that the
solid contents tended to increase when saturated
fatty acids were more symmetrically distributed
between the external positions of the TAGs. They
concluded that the physical properties of the oils
studied depended on the fatty acid distribution in
the TAGs, as well as on the composition of the fatty
acids themselves (Bootello et al., 2016). Marikkar et
al. (2013) and Mo et al. (2016) also reported distinct
thermal properties for oleins and stearins from
coconut oil and palm oil, even with slight variations
in the fatty acid compositions of the fractions.
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FIGURE 3. Solid Fat Content in JKO and its fractions obtained by dry and solvent fractionation. JKO: Jeriva kernel oil, Ed: dry fractiona-
tion stearin, Es: solvent fractionation stearin, Od: dry fractionation olein, Os: solvent fractionation olein. n = 2.

The oleins were completely melted at 35 °C, while
stearins SFC were about 10% at this temperature. In
most of the temperature ranges, oleins had lower
SFC than JKO, while stearins had higher SFC,
which was to be expected considering the enthalpy
percentages associated with the lowest, medium
and high melting TAGs previously presented (Table
3). This can be highlighted at the temperature of
25 °C (bars, Figure 3), especially for the solvent
fractionation of stearin, which presented SFC above
the other products throughout the temperature range,
corroborating the enthalpy percentages associated
with high and low melting TAGs (Table 3). The
SFC at 25 °C of the solvent stearin was 17% higher
than that of MKO, whereas the SFC at 25 °C of the
solvent olein decreased by 7%.

The increase and decrease in SFC is expected
in the stearin and olein fractions, respectively,
compared with JKO after fractional crystallization.
It was reported that the SFC of stearins from a dry
fractionation of palm oil was higher than that of the
oil and melted completely above 45 °C; while the
SFC of oleins was lower than oil and entirely melted
at 20 °C (Zaliha et al., 2004). This is because the
olein fraction generally contains a higher content in
low melting TAGs than oil and stearin.

The SFC curves of the fractions obtained in this
work reveal that stearins and oleins have different
profiles, making it possible to obtain fractions
that cover varying ranges of solid fat as a function
of temperature. With the increase in the solid fat

content, the lipids tend to have a firmer texture, which
is relevant to some applications in food formulation,
mainly with higher contents close to 25 °C, which
contributes to the fraction having greater resistance
to melting in ambient conditions when compared to
unfractionated oil (Sonwai et al., 2017).

3.6. Qualitative phase diagram

An experimental phase diagram (Figure 4)
was obtained for the JKO and its fractions, where
three phases were identified according to the visual
appearance of the samples: solid, thick liquid and
liquid. The phase diagram revealed that the stearins
remained visually solid until higher temperatures
(16 and 18 °C) when compared to the oleins (13
to 15 °C). This behavior again corroborates the
distribution of the lowest and highest melting TAGs
in the fractions, as well as their solid fat content.

°C 10 11 12 13 14 15 16 17 18 19 20

FIGURE 4. Experimental phase diagram of JKO and its fractions
obtained by dry and solvent fractionation. JKO: Jeriva kernel oil,
Ed: dry fractionation stearin, Es: solvent fractionation stearin, Od:

dry fractionation olein, Os: solvent fractionation olein. n = 2.
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The olein obtained from dry fractionation had a
visual appearance similar to that of the oil, which
is in agreement with the crystallization and melting
thermal profiles obtained by DSC (Figures 2 and 3),
indicating that the crystals may have dragged in the
liquid phase. On the other hand, solvent fractionation
resulted in more distinct fractions compared to JKO,
with smaller liquid phase dragged in the clusters at the
end of the fractionation, allowing for more effective
separation and resulting in fractions with more
distinct compositions. As reported by Kellens et al.
(2007), the main advantage of solvent fractionation
is the high separation efficiency and higher purity of
the finished products. The solvent fractionation olein
and stearin differed most from the oil in the phase
diagram, with the olein visually solidified at 14 °C
and the stearin at 18 °C.

4. CONCLUSIONS

This work presented a new approach which showed
that the thermal characteristics of Jeriva kernel oil can
be modified by fractionation, but without statistically
significant differences in fatty acid profile or oxidative
stability. In general, stearins had higher crystallization
and melting temperatures in addition to higher SFC,
unlike oleins, which may be associated with the
concentration of high melting TAGs in stearins. The
type of fractionation (dry or solvent) influenced the
chemical and thermal properties of Jeriva kernel oil
fractions, and the solvent process promoted a more
relevant differentiation of the fractions in relation to
the oil. Thus, it was possible to obtain an olein with
7% less solid fat at 25 °C which remained visually
liquid at a temperature 2 °C below that of the oil, as
well as a stearin with 17% more solid fat at 25 °C
which remained visually solid at 3 °C above the oil.
With these results, JKO oil can be an outstanding
raw material and has the possibility of using its
fractions, olein and stearin, in the food industry to
produce spreads, specialty fats, ice cream, chocolate,
and others products. These preliminary results may
support future studies.
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SUMMARY: This research was conducted on 20 safflower genotypes and lasted 3 years (2014-2016) in the Central Anatolia Region
of Turkey. The experiments were conducted in randomized block design with four replications. The relationships among yield 9 other
traits in safflower genotypes were investigated. As the average of three years, the greatest seed yield (SY) was obtained from genotype
G5 (P1451952) with 3156.3 kg-ha'. It was followed by genotypes G4 (PI 525458) and G9 (PI 306686) with 3013.2 and 2977.1 kg-ha™!,
respectively. Among the standard cultivars, the greatest seed yield (2750.4 kg-ha™') was obtained from the Dinger cultivar. The greatest oil
content (OC) was obtained from the genotype G11 (PI 537665) with 36.5%. It was followed by the genotypes G9 (PI 306686) (35.4%),
G6 (PI 537598) (35.4%) and G14 (P1 560169) (35.3%). Oil contents varied between 29.1-36.5%. Yield-trait relationships were assessed
through both correlation analysis and GT (Genotype by Trait) biplot analysis. Based on the results of the two approaches, plant height
(PH), number of branches (NB), number of heads (NH) and thousand-seed weight (TSW) were identified as the most significant selection
criteria for yield from safflower. The combined use of correlation and biplot analysis in the assessment of relationships among the traits
improved the chance for success.

KEY WORDS: Correlation; GT (Genotype by Trait)-biplot; Safflower; Selection; Yield

RESUMEN: Criterios de seleccion para el rendimiento en genotipos de cdrtamo (Charthamus tinctorius L.) en condiciones de
secano. Esta investigacion se realizo con 20 genotipos de cartamo durante 3 afios (2014-2016) en la region de Anatolia central de Turquia.
Los experimentos se realizaron en bloques de disefio aleatorio con cuatro repeticiones. Se investigaron las relaciones de rendimiento con
los otros rasgos y las relaciones genotipo-rasgo en plantas de cartamo. Como promedio de tres afos, el mayor rendimiento de semillas
(SY) se obtuvo del genotipo G5 (P1451952) con 3156,3 kg-ha''. Le siguieron los genotipos G4 (P1 525458) y G9 (P1306686) con 3013,2
y 2977,1 kg-ha'' respectivamente. Entre los cultivares estandar, el mayor rendimiento de semilla (2750,4 kg-ha') se obtuvo del cultivar
Dinger. El mayor contenido de aceite (OC) se obtuvo del genotipo G11 (PI 537665) con 36,5%. El contenido de aceite vario entre 29,1
- 36,5%. Las relaciones rendimiento-rasgo se evaluaron mediante analisis de correlacion y analisis biplot GT (Genotipo por rasgo). Con
base en los resultados de dos enfoques, la altura de la planta (PH), el nimero de ramas (NB), el niumero de cabezas (NH) y el peso de miles
de semillas (TSW) se identificaron como los criterios de seleccion mas importantes para el rendimiento en el cartamo. El uso combinado
de analisis de correlacion y biplot en la evaluacion de las relaciones entre los rasgos mejor6 la posibilidad de éxito.
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1. INTRODUCTION

Safflower (Charthamus tinctorius L.) requires less
water than other oil crops such as rapeseed (Brassica
napus ssp. oleifera L.), sunflower (Helianthus
annuus L.) and soybean (Glycine max L. Merr.) and
it is quite well adapted to dry conditions. Thus, it had
become a salient crop in the midst of present climate
change and global warming trends. Safflower is an
important oil crop both for cooking oil and biodiesel
production. High drought resistance provides
significant advantages to safflower over other oil
crops in cropping patterns (Kose, 2017).

Low yield and decreased percentage are the
basic limitation in safflower production. Therefore,
plant improvement studies mostly focused on the
development of new safflower lines with high seed
yield and more oil content so as to meet the demands
of growers and the industry (Kog et al., 2010).

Success of a breeding program is directly related
to the proper selection of yield components at every
stage of the program, efficient interpretation and use
of resultant data (Flores et al., 1998; Rubio et al.,
2004; Baljani et al., 2015).

In breeding programs for high yield cultivars,
the assessment of yield and highly-heritable
characteristics may improve the chance for success.
Therefore, while generating breeding programs,
it is useful to know the relationships among the
characteristics. The ultimate target in safflower
breeding is to develop new and superior cultivars
with high seed yield and oil content. Breeders search
for reliable selection criteria and then select the
characteristics which are directly or indirectly related
to yield. Especially in the early stages (F2-F5) with
insufficient seed quantity for yield experiments,
yield-related parameters play an important role.

Genotype selection brings a new dimension
to the complexity and difficulty of plant breeding
programs. Multiple breeding targets should be taken
into consideration when selecting genotypes and
recommending cultivars. In fact, plant breeding not
only improves the yield of a plant, but also integrates
high yield with the desired parameters like quality
and performance (Yan et al., 2019a).

Despite reasonable values for the other parameters,
genotypes with a value for a certain trait below the
minimum requirements are hard to register. For
instance, high quality is a valuable trait only when

it is related to high yield; a high-quality genotype
with a low yield will not be registered as a cultivar.
Therefore, it is quite significant to take entire key
traits into consideration when selecting genotypes
and/or agronomic methods (Yan ef al., 2019b).

The genotype — trait (GT) biplot procedure of GGE
biplot method is used to assess the different traits of
the genotypes. GT biplot allows the user to make
visual assessments of genotype-trait data. Compared
to conventional methods, the GT biplot approach has
some advantages: 1. Graphical presentation of the data
improves comprehension of data patterns; 2. It is easy
to interpret, facilitate the comparison of genotypes
or traits and efficiently presents the relationships
among the investigated traits; 3. It is easy to see
which genotype is winning or losing in which trait;
4. It can be used in multi-trait-based selections and
in the comparison of selection strategies (Yan ef al.,
2007). While correlation analysis identifies the level
of relationship between the traits, the GT biplot is able
to put forth both the relationships among the traits and
genotype — trait relationships (Yan and Reid, 2008).

In this study, the GT (Genotype by Trait) biplot
technique and correlation analysis were used together
to investigate the Genotype-Trait relationships and
the relations among the traits.

The aim of this study is for the findings to be
useful for safflower breeders and safflower producers
who are concerned with increasing seed yield with
the data obtained.

2. MATERIALS AND METHODS

This research was carried out with 20 genotypes
(Table 1) over 3 years (2014-2016) in the Central
Anatolia Region of Turkey. The experiments were
conducted in randomized block design with 4
replications. The plot size was 6 m* (1.2 x 5 m) and
seeds were sown with an experimental sowing machine.
Sowing was performed in the last week of March so as
to have 125 seed per m*. Harvest was carried out in the
second week of August with a plot combine harvester.

The experimental soils were of a clay texture with
a moderate organic material level (2.3%) and high
lime content (29%). The soils were slightly alkaline
(pH 7.8), rich in phosphorus and potassium and
deficient in zinc. There were no salinity problems at
the research site.

Monthly average temperatures during the
experimental years were close to long-term averages
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TaBLE 1. Name and origin of the studied safflower genotypes

Entry Genotip Code  Accession number Origin
1 28-2 Gl PI 537110 Mexico
2 11-1 G2 PI 560172 United States
3 77-2-a G3 PI 537606 United States
4 82-3 G4 PI 525458 United States
5 25-4-b G5 PI 451952 India
6 106-2 G6 PI 537598 United States
7 Goktlirk  Goktiirk BDYAS-4 Turkey
8 63-2-b G7 PI1 537702 United States
9 Dinger  Dinger GKTAE Turkey
10 64-3-b G8 PI 537703 United States
11 91-2 G9 PI 306686 Israel
12 Linas Linas TTAE Turkey
13 Balci Balci EGKTAE Turkey
14 77-1-d G10 PI 537607 United States
15 89-1-c Gl11 PI 537665 United States
16 13-2-c G12 PI 537607 United States
17 96-3 G13 PI 544059 China
18 56-2-c Gl4 PI 560169 United States
19 52-1 G15 PI 307056 Mexico
20 83-1-a Gl6 PI 537694 United States

(Table 2). On the other hand, total temperatures
throughout the vegetation period (March - August)
were 5.8 °C greater in 2014 and 2016 than the long-
term averages (104.8 °C).

Total precipitation was measured as 366 mm in
2014 (44 mm greater than the long-term average), as
309 mm in 2015 (close to long-term average of 322

mm) and as 201 mm in 2016 (121 mm lower than
long-term average) (Table 2).

Observations and measurements: Seed yield
(kg-ha'), oil content (%), oil yield, plant height
(cm), number of days to 50% flowering, number
of branches, number of heads, head diameter (cm),
thousand-seed weight (g).

Variance analyses were run on the data obtained
from 20 safflower genotypes. A linear correlation
analysis was applied pairwise to all the parameters
studied, yield (SY) and other traits (OC, OY, PH,
NDF, NB, NH, HD, and TSW). The experimental
data were subjected to variance and correlation
analyses with the aid of JMP 5.0 software.
Significant means were compared with the aid of
the LSD test. A GT biplot analysis for the visual
assessment of Genotype — Trait relationships and
the relationships among the traits was conducted
with the use of XLSTAT software. The GT biplot
analysis was employed to display the two-way
relationship between genotype and trait. It was
based on the following formula:
% =Y2_ Inéinnjn + &ij =YA_, & *inn * jn + &ij

where Tj is the average value for genotype i for
trait j; P; is the average value for all genotypes in
trait j; S; is the standard deviation of trait j among
the genotype averages; A, is the singular value for
principal component PC,; &, and n;, are scores for
genotype I and trait j on PC,, respectively; and ¢; is
the residual associated with genotype i in trait j. To
achieve symmetric scaling between the genotype

TABLE 2. Monthly precipitation (mm) and monthly temperature averages (CO) for years and during years (1929-2016) of the experiment

Months
Years Jan. Feb. Mar Apr May June July Aug. Sept Oct Nov. Dec. TOT
2014 58.8 174 204 19.2 26 314 3 4.6 314 89.6 322 32.1 366
Prep. 2015 246 235 55.9 7.6 53.2 39.6 8.6 17.2 314 39.0 5.8 2.6 309
2016 42.4 2.8 37.8 9.4 352 18.4 0.2 0.0 23 0.0 16.0 16.4 201
Long years 38 29 28 32 43 24 6 5 13 30 32 42 322
2014 2.4 6.4 7.2 123 15.5 19.7  25.1 250 226 15.8 5.8 5.5 163
Temp. 2015 0.7 4.8 59 8.1 15.7 187 240 246 218 14.6 7.9 -0.8 146
2016 0.1 6.8 7.7 14.5 159 222 249 19.6 17.9 12.8 7 2 151
Long years  -0.3 1 5.7 11 15.8 204 236 232 18.7 12.6 5.9 1.5 139

TOT: Total, Prep: Precipitation, Temp: Temperature
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scores and the trait scores the singular value A, had
to be absorbed by the singular vector for genotypes
&, and that for traits n,. That is, " = A"5 &, and 0"
= A" 1;,. Only PC1 and PC2 were retained in the
model because such a model tends to be the best
for extracting pattern and rejecting noise from the
data. The GT biplot was generated by plotting &
and &2 against /! and n?, respectively, so that each
genotype or trait was represented by a marker in
the biplot. In the GT biplot, a vector was drawn
from the biplot origin to each marker of the traits to
facilitate visualization of the relationships between
and among the traits (Yan and Rajcan, 2002;
Akgura, 2011).

3. RESULTS AND DISCUSSION

The variance analysis revealed that there were
significant differences among all the traits of the
genotypes (P < 0.01). Year x genotype interaction

was also found to be significant for all traits, except
for head diameter (HD) (Table 3).

For the average of the three years, genotype G5
had the greatest seed yield (SY) with 3156.3 kg-ha™.
It was followed by genotypes G4 and G9 (with 3013.2
and 2977.1 kg-ha!) (Table 4). Among the standard
cultivars, the greatest seed yield (2750.4 kg-ha')
was obtained from the Dinger cultivar. The greatest
oil content (36.5%) was observed in genotype G11
and it was followed by genotypes G9 (35.4%), G6
(35.4%) and G14 (35.3%). The oil contents in the
genotypes varied from 29.1 - 36.5%. The oil yield
(0OY) values, calculated by multiplying seed yield by
oil content, varied from 717.9 - 1058.6 kg-ha™'.

Plant height (PH) values varied from 67.8 - 81.5
cm. Ideal safflower plant heights for machine harvest
should be between 60 - 80 cm (Weiss, 2000). All the
present genotypes yielded plant heights within this
range. The number of days to flowering (NDF) values
varied from 68 - 76 days; the number of branches
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FIGURE 1. Vector view of genotype by trait biplot, showing the interrelationship among all measured traits for 20 different safflower geno-
types. Traits: SY: Seed Yield, OC: Oil Content, OY: Oil Yield, PH: Plant Height, NDF: Number of Days to %50 Flowering, NB: Number
of Branches, NH: Number of Heads, HD: Head Diameter, TSW: Thousand-Seed Weight
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TaBLE 3. Analysis of the combined variance of the properties studied

Sv DF SY oC oy PH NDF NB NH HD TSW

MS MS MS MS MS MS MS MS MS

Replication 3 3541%* 0.9 383%* 98 4.6* 0.7 3* 0.06 0.3
Year 2 278845%* 43%% 30859%* 10194%* 3222%* 18%* 89 0.01 81%*
Genotyp 19 7674%* 42%% 10271%* 138%* 48%* 7.4%% 13%* 0.06* S8**
Year x Genotyp 38 6179%* gtk 870%* 97** 34 1.2% 5.8%* 0.04 30%*

Error 177 575 0.4 65 38 1.6 0.7 1.0 0.04 0.8
Total 239 4396%* 5.5%% 530%* 1471%* 37** 1.5%* 3.4%* 0.04 11%**

SV: Source of Variance, DF: Degrees of Freedom, MS: Mean Square, **P<0.01 significant, ¥*P<0.05 significant
SY: Seed Yield, OC: Oil Content, OY: Oil Yield, PH: Plant Height, NDF: Number of Days to %50 Flowering, NB: Number of Branches,
NH: Number of Heads, HD: Head Diameter, TSW: Thousand Seed Weight(g)

TABLE 4. Mean yield and yield components (4 replications) of 20 safflower genotypes tested over 3 (2014-2016) years

Code SY ocC oy PH NDF NB NH HD TSW
G5 31563 a 3234 ¢ 1024.2 ab 76.9 abc 71.3 fg 6.2 ab 6.7 be 2.30a-d 41.5def
G4 3013.2 ab 32.89 ef 978.7 bed 76.4 bed 73.0cde 5.5bed 6.0 cde 2.35ab 39.1k
G9 2977.1 abe 35.46b 1058.6 a 77.2 abc 72.5cde 6.4a 6.6 be 2.25a-d 41.2 fg
G7 2975.4 abc 32.05¢g 947.0 cde 69.9 fg 70.7 g 5.2 cde 5.6 def 237a 40.2 1
G3 2955.2 be 3291 ef 968.9 bed 71.5d-g 71.4 fg 5.0 def 59cd 2.17d 42.1cde
Gl 2892.9 bed 33.24 de 967.3 bed 73.8 b-f 69.5h 5.5bed 6.0 cde 2.33abc 43.7b
G8 2854.1 bed 33.68 cd 967.6 bed 678 g 69.2h 4.7 efg 49 fg 2.26a-d 40.0hyj
G6 2819.5 cde 3545b 1009 abc 70.2 efg 69.2h 4.3 fgh 5.0fg 2.18 cd 423 cd
Dinger 2750.4 def 29.11h 803.6 1 78.4 ab 71.4 fg 5.8 abc 6.3 bed 2.16d 413 fg
G2 2640.9 efg 32.08 g 849.5 ghi 71.7 d-g 73.2bcd 4.4 fgh 49 fg 2.35ab 37.5m
Goktiirk 2635.7 e-h 34.19¢ 897.1 efg 71.6 d-g 68 h1 64a 6.1 cde 2.18 cd 39.815k
Gl14 2634.7 e-h 3533b 935.2 def 78.4 ab 74.0b 5.7 ad 85a 237a 427 ¢
G13 2582.7 41 33.23 de 858.1 ght 75.4 bed 72.0 ef 4.6 efg 5.8 cde 2.32a-d 455a
Linas 2557.6 f11 35.02b 895.5 efg 81.5a 72.5 de 4.1 gh 53 efg 2.19bcd 40.6 gh
Balci 2497.4 g-j 35.00b 873.2 fgh 72.5 e-g 71.3 fg 4.7 efg 53 efg 2.16d 39.9hyj
G10 2442.7 h-k 33.39de 816.5 hyj 74.3 b-f 705¢g 4.2 gh 4.8 fg 2.20bed 41.7def
G15 2421.6 1-k 29.51h 7179k 73.0 c-f 73.5 be 6.0 ab 79a 2.18 cd 452 a
Gle6 2401.1 1-k 3248 fg 779.1 jk 73.8 b-f 76.2 a 5.0 def 69b 2.31a-d 39.3 jk
Gl1 2336.0 jk 36.46 a 853.4 ght 71.8 d-g 68.9 h1 4.7 efg 5.5 def 2.23a-d 37.7 Im
G12 2297.6k 33.67c¢ 779.3 jk 75.2 b-e 71.1 fg 3.8h 45¢g 2.24a-d 38.21
LSD (%5) 187.2 0.51 64.9 4.9 1.0 0.3 0.8 0.15 0.7
CV (%) 8.5 1.8 8.7 8.0 1.8 15 16 8 22

SY: Seed Yield (kg-ha), OC: Oil Content (%), OY: Oil Yield (kg-ha), PH: Plant Height (cm), NDF: Number of Days to %50 Flowering,
NB: Number of Branches, NH: Number of Heads, HD: Head Diameter (cm), TSW: Thousand-Seed Weight (g)
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TaBLE 5. Correlation coefficients among characteristics of safflower genotypes

SY ocC oy PH NDF NB NH HD TSW

SY 1.00

oC 0.03NS 1.00

oy 0.96** 0.30** 1.00

PH 0.56%** -0.07 NS 0.51** 1.00

NDF 0.15% 0.13* 0.17%* 0.009 NS 1.00

NB 0.16* -0.20%* 0.09 NS 0.24%* -0.16* 1.00

NH 0.44%* -0.05 NS 0.40%* 0.47** 0.34%* 0.48%* 1.00

HD 0.06 NS 0.002 NS 0.06 NS 0.14%* 0.02 NS 0.13* 0.20%* 1.00
TSW 0.18%* -0.08 NS 0.15 * 0.04 NS 0.19%* 0.07 NS 0.26%* 0.09 NS 1.00

**Significant at P < 0.01, * Significant at P < 0.05and NS: not significant.
SY: Seed Yield, OC: Oil Content, QOY: Oil Yield, PH: Plant Height, NDF: Number of Days to 50% Flowering, NB: Number of Branches,
NH: Number of Heads, HD: Head Diameter, TSW: Thousand-Seed Weight.

(NB) varied from 3.8 - 6.4; the number of heads per
plant (NH) varied from 4.5 - 8.5; head diameters
(HD) varied from 2.16 - 2.37 cm; and thousand-seed
weights (TSW) varied from 37.5 -45.5 g.

Correlation coefficients among the investigated
traits are provided in Table 5 and the genotype — trait
(GT) biplot graph is presented in Figure 1.

Seed yield (SY) showed significant positive
correlations with oil yield (OY), plant height (PH),
number of days to flowering (NDF), number of
branches (NB), number of heads (NH) and thousand-
seed weight (TSW). Seed yield (SY) had insignificant
correlations with oil content (OC) and head diameter
(HD).

Safflower breeding programs are implemented
to obtain seed yield components, to determine the
relationships among these components and to identify
proper selection criteria. Similar to the present study,
Mozaffari and Asadi (2006), Camas et al. (2007),
Hussein et al. (2018) and Ali et al. (2020) reported
the number of heads per plant as the most significant
yield component and indicated significant correlations
between seed yield and number of heads per plant.

Kog et al. (2010) conducted studies on safflower
genotypes and reported significant  positive
correlations between number of days to flowering and
seed yield. In the present study, a significant positive
correlation (r = 0.15%) was observed between seed
yield and number of days to flowering at the 5% level
(Table 5). The lower level of significance in the present
study compared to previous studies was mainly
attributed to the effects of environmental factors on

the number of days to flowering. Especially under
water stress conditions, plants pass into the generative
stage faster. The levels of relationships between seed
yield and number of days to flowering is higher and
positive under normal climate conditions, but weaker
under stress conditions. Plant height is also used as
a selection criterion for safflower. Alizadeh (2005),
Arslan (2007), Cosge and Kaya (2008), Nabloussi et
al. (2008), Eslam et al. (2010) and Kog ef al. (2010)
conducted research on safflower genotypes and
reported significant positive correlations between
seed yield and plant height. Similar to those studies,
a significant positive correlation (r = 0.56**) was
observed between seed yield and plant height in this
study (Table 5).

Branching is an important parameter for the number
of heads per plant. Thus, the number of branches
increases seed yield. Similar to the present study,
Camas et al. (2007), Golkar et al. (2012), Ali et al.
(2020) also reported significant positive correlations
between seed yield and number of branches.

Head diameter is an important morphological
trait of safflower. However, the correlations between
seed yield and head diameter were not found to be
significant (r = 0.06) (Table 5). Akbar and Kamran
(2006), Baljani et al. (2015), Hussein et al. (2018)
and Ali et al. (2020) reported significant positive
correlations between seed yield and head diameter.
There were significant positive correlations between
thousand-seed weight and seed yield in the present
study. Head diameter alone does not influence seed
yield, but becomes significant with the number of
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heads. High seed yields are achieved with both greater
number of heads and greater head diameters and head
diameter alone is not significant for seed yield.

Oil content (OC) showed significant positive
correlations with oil yield (OY), number of days
to flowering (NDF) and number of branches
(NB). While seed yields are mainly influenced by
environmental conditions, plant genetics play a key
role in oil content (Kaya et al., 2009). Therefore, it is
not efficient to select genotypes for oil content based
on morphological traits.

Oil yield (OY) had insignificant correlations
with number of days to flowering (NDF) and
head diameter (HD), but had significant positive
correlations with the other traits (Table 5).

The crude oil yield of safflower is calculated from
the crude oil ratio and seed yield values. Therefore,
the factors influencing oil content and seed yield also
influence oil yield. Therefore, it is possible to state
that all factors influencing seed yield also influence
crude oil yield (Oztiirk et al., 2009).

The GT biplot graph showed two principle
components (PC1 and PC2) and explained 53.6%
of total variation (PCI 29.6% and PC2 24%) (Figure
1). High explanation ratios are desired in GT biplot
graphs since such graphs allow researchers to better
and more reliably assess experimental data (Yan et
al., 2007).

Provided that the biplot graph sufficiently explains
total variation (> 50%), the correlation coefficient is
almost equal to the cosine of the angle between the
vectors of two traits (Kroonenberg, 1995).

A correlation coefficient (r) is positive when the
angle between the vectors of two traits is < 90°,
negative when the angle is > 90° and independent
(0) when the angle is 90°. The traits with longer
vector lengths are more susceptible to genotype
combinations; the traits with shorter vector lengths
are less susceptible to genotype combinations (Rad
et al., 2013). According to the present biplot graph,
the angle of seed yield (SY) vector with oil yield
(OY), head diameter (HD), number of branches
(NB), thousand-seed weight (TSW), number of
heads (NH) and plant height (PH) vectors was <
900 (Figure 1). Seed yield had significant positive
correlations with these traits. The angle of seed yield
(SY) vector with number of days to flowering (NDF)
and oil content (OC) was about 900 (Figure 1).
Therefore, seed yield had insignificant correlations

with these traits (# = cos 90 = 0). The angle between
the oil content (OC) and oil yield (OY) vectors was
< 900 and there was a positive correlation between
these traits (r = cos 0 = +1 and r = cos 60 = 0.5).
The angle of oil content (OC) vector with seed yield
(SY) and head diameter (HD) vectors was about 90°,
thus the correlation coefficient was almost zero (0),
indicating insignificant correlations ( = cos 90= 0).
The angle of oil content (OC) vector with number
of days to flowering (NDF), number of heads
(NH), thousand-seed weight (TSW) and number
of branches (NB) vectors was >90, thus oil content
had negative correlations with these traits (r = cos
120 =-0.5 and r = cos 180= -1). Since oil yield was
calculated from seed yield and oil content values, it
yielded similar outcomes with these traits. Although
the biplot analysis was developed for the analysis of
genotype X environment interactions on seed yield,
such as quantitative traits, it is also used to assess
the relationships between the agronomic traits of the
genotype (Yan and Kang, 2003).

With regard to genotype-trait relationships, it was
observed that the genotypes G5, G4, G9 and G1 were
prominent for seed yield (SY); G6, G11, Linas, Balci
and Goktlirk genotypes were prominent for oil content
(0OC); G7, G3, G1, Goktirk, G4, G5, G9 genotypes
were prominent for oil yield (OY). The genotypes
Dinger, G14 and G13 generated a difference for plant
height (PH) and the genotypes G16, G13 and G15
generated a difference for number of days to flowering
(NDF). The genotypes G5, G9, G4 and Gl were
superior for head diameter (HD) and the genotypes
G13, GI15 and G14 were superior for thousand-seed
weight (TSW) over the other genotypes.

The outcomes from the biplot graph (Fig.1)
and correlation table (Table 5) mostly supported
each other. Slight differences were attributed to
normalized values for the biplot analysis and 53.6%
rate of explanation of total variance by the biplot
graph (PC1 and PC 2: 53.6%).

Since the GGE Biplot analysis allowed visual
assessment of several traits simultaneously and thus
influenced the success of selection, it was considered
as an innovative approach to be used in plant breeding
programs (Yau, 1995; Yan et al., 2007).

4. CONCLUSIONS

This study is significant in that it presented the
relationships between traits through both correlation
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analysis and biplot analysis. Based on the results
of the two approaches, plant height (PH), number
of branches (NB), number of heads (NH) and
thousand-seed weight (TSW) were identified as
the most significant selection criteria for yield in
safflower. On the other hand, while there were
significant positive correlations between seed yield
(SY) and head diameter (HD) in the biplot graph, the
relationships between these traits were not found to
be significant in the correlation analysis.

Seed yield had insignificant correlations with
number of days to flowering (NDF) in the biplot
analysis, but significant correlations at 5% level in
the correlation analysis. Combined use of different
approaches in the assessment of relationships between
the traits will improve the chance for success.

The data obtained from this study could be useful
for safflower breeders and safflower producers
concerned with increasing seed yield. The main
traits determined in this study which affected seed
yield in safflower were plant height (PH), number of
branches (NB), number of heads (NH) and thousand-
seed weight (TSW) and this can be used as selection
criteria during safflower breeding programs.

The GT biplot graph put forth the relationships
among the investigated traits of the genotypes and
provided significant advantages for the selection of
genotypes and cultivars to be used as parent materials
in breeding programs. The method also offered
practical and efficient assessment of the strong and
weak points of the genotypes.

REFERENCES

Akbar AA, Kamran M. 2006. Relationship among
yield components and selection criteria for yield
improvement in safflower (Cathamus tinctorious
L.). J. Appl. Sci. 6, 2853-2855.

Akcura M. 2011. The relationships of some traits
in Turkish winter bread wheat landraces. Turk.
J. Agric. Forestry 35 (2), 115-125. https://doi.
org/10.3923/jas.2006.2853.2855

Ali F, Yilmaz A, Chaudhary HJ, Nadeem
MA, Rabbani MA, Arslan Y, Nawaz MA,
Habyarimanas E, BalochFS.2020. Investigation
of morphoagronomic performance and selection
indices in the international safflower panel for
breeding perspectives. Turk. J. Agric. Forestry.
44 (2), 103-120. https://doi.org/10.3906/tar-
1902-49

Alizadeh K. 2005. Safflower as a new crop in the
cold drylands of Iran. Sesame and Safflower
Newslatter 20, 92-94.

Arslan B. 2007. The path analysis of yield and its
components in safflower (Carthamus tinctorius
L.). J. Biologic. Sci. 7, 668-672. https://doi.
org/10.3923/jbs.2007.668.672

Baljani R, Shekari F, Sabaghnia N. 2015. Biplot
analysis of trait relations of some safflower
(Carthamus tinctorius L.) genotypes in Iran.
Crop Res. 50, 63-73.

Camas N, Cirak C, Esendal E. 2007. Seed yield,
oil content and fatty composition of safflower
(Carthamus tinctorius L.) grown in northern
Turkey conditions. J. Agric. Fac. Ondokuz May1s
University 22, 98-104.

Cosge B, Kaya D. 2008. Performance of some
safflower (Carthamus tinctorius L.) varieties
sown in late-autumn and late-spring. SDU J. Nat.
Appl. Sci. 12, 13-18.

Eslam BP, Monirifar H, Ghassemi MT. 2010.
Evaluation of late season drought effects on seed
and oil yields in spring safflower genotypes. Turk.
J. Agric. Forestry 34, 373-380.

Flores F, Moreno MT, Cubero JI. 1998. A comparison
of univariate and multivariate methods to analyze
Gx E interaction. Field Crops Res. 56, 271-286.
https://doi.org/10.1016/S0378-4290(97)00095-6

Golkar P, Arzani A, Rezai AM. 2012. Genetic
analysis of agronomic traits in safflower
(Carthamus tinctorious L.). Notulae Botanicae
Horti Agrobotanici Cluj-Napoca 40 (1), 276-281.
https://doi.org/10.15835/nbha4017209

Hussein A, Ibrahim AE, Hussein I, Idris S.
2018. Assessment of genotype X environment
interactions and stability for seed yield of selected
safflower (Carthamus tinctorius L.) genotypes
in central and northern Sudan. Gezira J. Agric.
Sci. 16.

Kaya Y, Evci G, Pekcan V, Gucer T, Yilmaz MI.
2009. The Determination Relationships between
Oil Yield and Some Yield Traits in Sunflower. J.
Agric. Sci. 15,310-318.

Ko¢ H, Keles R, Ulker R, Gumuscii G, Ercan B,
Akcacik AG, Gunes A, Ozdemir F, Ozer E, Uludag
E. 2010. Determination of yield, yield components
and quality properties of some safflower
(Carthamus tinctorius L.) lines and relations
between these properties. J. Crop Res. 2, 1-7.

Grasas y Aceites 72 (3), July-September 2021, e421. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0449201


https://doi.org/10.3989/gya.0449201
https://doi.org/10.3923/jas.2006.2853.2855
https://doi.org/10.3923/jas.2006.2853.2855
https://doi.org/10.3906/tar-1902-49
https://doi.org/10.3906/tar-1902-49
https://doi.org/10.3923/jbs.2007.668.672
https://doi.org/10.3923/jbs.2007.668.672
https://doi.org/10.1016/S0378-4290(97)00095-6
https://doi.org/10.15835/nbha4017209

Selection criteria for yield in safflower (Charthamus tinctorius L.) genotypes under rainfed conditions * 9

Kose A. 2017. Agricultural performances of some
safflower (Carthamus tinctorius L.) varieties under
Eskisehir vonditions. Selcuk J. Agric. Food Sci.
31, 1-7. https://doi.org/10.15316/SJAFS.2018.55

Kroonenberg PM. 1995. Introduction to biplots for G
x E tables. Department of Mathematics. Research
Report 51. University of Queensland, Australia.
[Online] Available: http://three-mode.leidenuniv.
nl/document/biplot.pdf.

Mozaffari K, Asadi A. 2006. Relationships among
traits using correlation principal components and
path analysis in safflower mutants sown in irrigated
and drought stress condition. Asian J. Plant Sci. 5,
977-983. https://doi.org/10.3923/ajps.2006.977.983

Nabloussi A, Fechtali ME, Lyagoubi S. 2008. Agronomic
and technological evaluation of a world safflower
collection in Moroccan Conditions. VII. International
Safflower Conference. Wagga -Australia.

Ozturk O, Ada R, Akinerdem F. 2009. Determination
of yield and yield components of some safflower
cultivars under irrigated and dry conditions.
Selcuk J. Agric. Food Sci. 23,16-27.

Rad MN, Kadir MA, Rafii MY, Jaafar HZ, Naghavi
MR, Ahmadi F. 2013. Genotype environment
interaction by AMMI and GGE biplot analysis in
three consecutive generations of wheat (7riticum
aestivum) under normal and drought stress
conditions. Australian J. Crop Sci. 7, 956.

Rubio J, Cubero JI, Martin LM, Suso MJ, Flores F.
2004. Biplot analysis of trait relations of white

lupin in Spain. Euphytica 135, 217-224. https://
doi.org/10.1023/B:EUPH.0000014911.70355.c9

Weiss EA. 2000. Oilseed Crops. Blackwell
Publishing Limited, London, UK.

Yan W, Kang MS, Manjit B, Woods CS, Corneliusd
PL. 2007. GGE Biplot vs. AMMI Analysis of
Genotypeby-Environment Data. Crop Sci. 47, 643-
653. https://doi.org/10.2135/cropsci2006.06.0374

Yan W, KangMS.2003. GGEbiplotanalysis. A graphical
tool for breeders, geneticists and agronomists. CRC
press. https://doi.org/10.1201/9781420040371

Yan W, Rajcan 1. 2002. Biplot analysis of test sites and
trait relations of soybean in Ontario. Crop Sci. 42,
11-20. https://doi.org/10.2135/cropsci2002.1100

Yan W, Frégeau-Reid J. 2008. Breeding line selection
based on multiple traits. Crop Sci. 48, 417-423.
https://doi.org/10.2135/cropsci2007.05.0254

Yan W, Tinker NA, Bekele WA, Mitchell-Fetch J,
Fregeau-Reid J. 2019a. Theoretical unification
and practical Integration of conventional methods
and genomic selection in plant breeding. Crop
breed. Genetics and Genomics 1 (2).

Yan W, Frégeau-Reid J, Mountain N, Kobler J. 2019b.
Genotype and management evaluation based on
genotype by yield* trait (GYT) analysis. Crop
Breed Genetics and Genomics 1 (2).

Yau SK. 1995. Regression and AMMI analyses of
genotype X environment interactions, an empirical
comparison. Agronomy J. 87, 121-126. https://doi.
org/10.2134/agronj1995.00021962008700010021x

Grasas y Aceites 72 (3), July-September 2021, e421. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0449201


https://doi.org/10.3989/gya.0449201
https://doi.org/10.15316/SJAFS.2018.55
http://three-mode.leidenuniv.nl/document/biplot.pdf
http://three-mode.leidenuniv.nl/document/biplot.pdf
https://doi.org/10.3923/ajps.2006.977.983
https://doi.org/10.1023/B:EUPH.0000014911.70355.c9
https://doi.org/10.1023/B:EUPH.0000014911.70355.c9
https://doi.org/10.2135/cropsci2006.06.0374
https://doi.org/10.1201/9781420040371
https://doi.org/10.2135/cropsci2002.1100
https://doi.org/10.2135/cropsci2007.05.0254
https://doi.org/10.2134/agronj1995.00021962008700010021x
https://doi.org/10.2134/agronj1995.00021962008700010021x




GRASAS Y ACEITES 72 (3)
July-September 2021, €422

ISSN-L: 0017-3495
https://doi.org/10.3989/gya.0664201

Phenomenological model for the prediction of Moringa oleifera
extracted oil using a laboratory Soxhlet apparatus

Y. Diaz*"™, ®D. Tabio®, ®M. Rondén?, @R. Piloto-Rodriguez® and ©E. Fernandez*

“Faculty of Chemical Engineering, Universidad Tecnologica de La Habana José A. Echeverria, Cujae, 19390, La Habana, Cuba.
Center of Studies for Renewable Energies, Universidad Tecnologica de La Habana José A. Echeverria, Cujae, 19390, La Habana, Cuba.

*Corresponding author: ydiaz@gquimica.cujae.edu.cu

Submitted: 14 June 2020; Accepted: 15 July 2020, Published online: 20 September 2021

SUMMARY: Moringa oleifera is an oilseed crop with potential for biodiesel production. The second step in this process is the extraction
of oil. Extraction in hot water, with a Soxhlet apparatus and the ultrasound technique are the most commonly used methods. The aim
of the present work was to obtain a phenomenological model for the Moringa oleifera oil extraction process using Soxhlet. Effective
diffusivity for Moringa oil through the kernels is obtained, using the kinetics of the extraction process (experimentally determined)
and the Fick’s diffusion second law for non-steady state. The value of 0.685-10"'> m?%s fully matched reports on effective diffusion
coefficient for other solids. It was also verified from the statistical analysis and a linear fit for experimental data that the model can be
used to describe the oil extraction process of Moringa oleifera in the Soxhlet extractor, responding to the diffusive phenomenon (process
controlled by internal resistance).

KEYWORDS: ANOVA; Effective diffusivity; Kinetics; Moringa oleifera seed oil; Phenomenological model; Soxhlet extraction

RESUMEN: Modelo fenomenologico para la prediccion del aceite extraido de Moringa oleifera utilizando un equipo de laboratorio
Soxhlet. Moringa oleifera es un cultivo oleaginoso con potencial para producir biodiesel. La segunda etapa del proceso es la extraccion
de aceite. Los métodos mas utilizados son la extraccion en agua caliente, con Soxhlet y la técnica de ultrasonidos. El objetivo del trabajo
fue obtener un modelo fenomenolédgico para el proceso de extraccion de aceite de Moringa oleifera en Soxhlet. Utilizando la cinética
del proceso extractivo (determinada experimentalmente) y la segunda ley de difusion de Fick en estado no estacionario, se obtuvo la
difusividad efectiva del aceite de Moringa a través de los cotiledones. El valor de 0.685-10'2 m%s, se corresponde con reportes del
coeficiente de difusion efectiva para otros solidos. Se verifico a partir del analisis estadistico y ajuste lineal de los datos experimentales,
que el modelo describe el proceso de extraccion de aceite de Moringa oleifera en Soxhlet, respondiendo al fendmeno difusivo (proceso
controlado por la resistencia interna).

PALABRAS CLAVE: Aceite de semillas de Moringa oleifera; Andlisis de varianza, Cinética; Difusividad efectiva; Extraccion con
Soxhlet; Modelo fenomenoldgico
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1. INTRODUCTION

According to several reports, Moringa oleifera
Lam. is an oilseed crop with potential for biodiesel
production (Rahid et al., 2008; Rashid et al., 2011).
The Moringaceae plant family consists of 12-14
species belonging to only one genus, Moringa (Diaz
et al., 2019). Moringa oleifera is native to Asia,
Africa and Arabia. The height of the tree can reach 10
m. It can grow well in the humid tropical or hot dry
lands; it can survive in very poor soils and is hardly
affected by drought (Anwar and Bhanger, 2003;
Diaz et al., 2017). Seeds are fleshy, and covered by
a fine husk of coffee color. They have three wings,
or winged seeds from 2.5 to 3 mm in length. The
kernel-to-husk percentage ratio of the whole seed is
approximately 75:25 (Salaheldeen et al., 2014).

The seed kernels contain a significant amount
of oil, commercially known as “Ben o0il” or “Behen
0il” (Anwar and Bhanger, 2003). The oil content
and its properties widely vary depending mainly on
the species and environmental conditions (Adegbe
et al., 2016). The oil produced from the seed kernel
of Moringa oleifera is golden yellow and contains
high amounts of oleic acid, with approximately
75%. The ester profile of Moringa oleifera oil differs
from other common vegetable oils used as biodiesel
feedstocks, and influences fuel properties. It may
also be noted that oils with high oleic acid contents
could have a positive influence on fuel properties
(Diaz et al., 2019).

Moringa oleifera seeds have also been used as an
effective coagulant and antimicrobial agent to remove
hardness, undesirable chemicals and biological
contaminants from water (Falowo ez a/., 2018; Kayode
and Kabir, 2018). The active agents of coagulation
are dimeric cationic proteins of molecular weight of
approximately 13 kilodaltons (kDa) (Prasad, 2009).

The second step in biodiesel production from
oilseeds is the extraction of oil. The husk and
remaining cake are generated as by-products.
Extraction of vegetable oil is commonly based
on mechanical pressing and solvent extraction
(Reverchon et al., 1999). It is well-known that
oil extraction efficiency by mechanical pressing
is significantly lower than chemical extraction.
Nevertheless, by solvent extraction, chemical
residues could remain, which can be quite harmful
to human health and to the environment (Zhao
and Zhang, 2013). Due to this fact, after solvent

extraction, a step of solvent-removal by vacuum
evaporation is applied (Stamenkovi¢ et al., 2018).
Extraction in hot water with Soxhlet apparatus and
the ultrasound technique are the most commonly
used methods.

The solvent extraction of vegetable oil is usually
carried out with hexane (Kostic et al., 2014). For the
extraction process, vegetable oils can be referred
to as a simple component, since all glycerides are
soluble in hexane. The other components that are
extracted with some difficulty are phosphatides,
since they have limited solubility.

Solvent extraction modeling. During solvent
extraction, oil seeds are put in contact with the pure
solvent or a solvent mix to transfer the oil from the
solid matrix to the fluid medium. This is developed
following a complex mechanism, especially for oil
materials because of the cell structure of vegetable
lipidic thickness. For that reason, it is difficult to
explain all phenomena which take place during the
solvent extraction through a single theory (Carrin and
Craspite, 2008). Different authors have considered
the mathematic modeling of vegetable oil extraction
(Thomas et al., 2005).

Diffusive transport. The success of an industrial
extraction process is a function of how fast a
compound dissolves. Different phenomena are
involved in the passage of the solute from the solid
to the solvent. The oil diffuses through the internal
structure to the surface of the solid and then passes
into the liquid by a convective mechanism (external
transport) (Treybal, 2001). Therefore, the convective
transport of oil into the liquid phase and the diffusive
transport produced within the solid must be evaluated
in order to characterize the transfer of matter.

The traditional Fickian approach uses the
concentration gradient between the raw material
particles and the solution as the driving force of
the extraction (Doulia and Gekas, 2001). This
development can be used (considering that there
are no changes in the effective diffusivities with
the solute concentration and that external resistance
to mass transfer is negligible) using a distribution
coefficient between two phases and with diluted
extracts. Thus, the extraction rate increases with
increasing concentration gradient. It can also be
increased by increasing the diffusion coefficient or
by reducing the particle size (Cacace and Mazza,
2003). The diffusion coefficient is frequently
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reported as the effective diffusion coefficient.

From the above, it is important to know the
phenomenological characterization of the oil extraction
process. Numerical modeling and simulation are
importantsubstitutes ofthe experiments. Theadvantages
of modeling and simulation are cost and time saving.
The best type of model is phenomenological. It is based
on physical and/or chemical principles. Nevertheless, a
model requires empirical validation (Muharam ef al.,
2019). Numerical modeling and simulation research
on Moringa oleifera oil production through solvent
extraction are not reported.

The aim of the present work was to obtain a
phenomenological model for the Moringa oleifera
oil extraction process using Soxhlet apparatus.

2. MATERIALS AND METHODS

2.1. Seed origin

The seeds of Moringa oleifera were harvested
at a facility located at (23° 7' 0" N, 82° 23’ 0" W) in
Havana, Cuba. They were globular, three-winged seeds
and covered with a thick blackish seed coat. The weight
of 100 seeds of Moringa oleifera was found to be 23.90
g £ 0.38. The seed contained 72.74% + 1.26 kernels
and 27.26% + 1.21 husks. According to literature
reports (Salaheldeen et al., 2014; Diaz et al., 2017), the
contents and properties of Moringa seeds depend on
species and environmental conditions. After removing
the husk, the kernels were milled and dried.

2.2. Particle size

The size-reduced particles were analyzed using
the Cuban standard (NC, 2008). A representative
sample of 14 g of milled kernels was taken, according
to the standard report. The average diameter of the
particle conglomerate (Dp) in m was determined
from Equation 1 (Rosabal and Garcel, 2006).

1
Axi
Dpi

Dp= (1

Where Axi is the retained fraction in the bottom
sieve of each pair and Dpi the average size of the
particles retained in the bottom sieve of each pair.

2.3. Drying of milled kernels

The milled kernels were dried at 55 °C in a stove

(model DHG 9146A, Shanghai Huitai Instrument
Manufacturing CO., LTD, Shanghai, China).
Removing water during this operation made the oil
extraction more efficient, since drying favored the
breakdown of the water-oil emulsions, guaranteeing
the oil easily dissolved in the organic solvent. The
moisture determination was carried out by weighing
the difference using an analytical balance, model
SARTORIUS BS 1248S. The drying curve was obtained
to define the operation time. Weighing was carried out
every half hour until reaching constant weight.

2.4. Oil extraction

A lab scale Soxhlet apparatus fitted with a 1-L
round-bottom flask and a condenser was used to
extract the oil from the kernels. About 10 g of dried
sample were used for each extraction. Hexane (purity
> 98%, specific gravity: 0.659, refractive index:
1.375) was added as solvent according to a solvent-
kernels ratio (6:1) (mass: volume ratio) in accordance
with previous studies (Diaz et al., 2017; Tabio et al.,
2018). An evaporation process was applied to the
mixture of oil and solvent in order to remove one
from the other. The process was developed in a rotary
evaporator (IKA-WERK HB 4 basic, Germany). The
extracted oil yield was expressed in mass percentage,
which is defined as the weight of the oil extracted over
the weight of the sample.

2.5. Kinetics of the process

The extraction kinetics of the Moringa oil were
studied in the Soxhlet using hexane at 69 °C (boiling
temperature) as solvent. During the experimental
runs, the change in time of the extracted oil
percentage was obtained. The measurements were
carried out in triplicate.

2.6. Diffusion model
coefficient determination

and effective diffusivity

The calculation method to apply the solution to
Fick’s diffusion second law, using natural logarithms
was followed by a simple regression analysis of the
solute’s adimensional concentration with respect to
time.

Oilseeds have a cellular structure. Therefore,
the internal diffusion within the solid structure is
the determining mechanism of the extraction rate.
Therefore, this type of phenomenon is represented
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by Fick’s diffusion second law for a non-steady

state (Varzakas et al., 2005). To obtain the effective

diffusivity coefficient, the kinetics of the extractive

process must be experimentally determined and the

aforementioned law must be used. Fick’s diffusion

second law for non-steady state was used to assess

whether the extraction of Moringa oleifera oil

using Soxhlet was controlled by internal resistance

(diffusive transport). To mathematically model

the diffusion according to this law, the following

conditions must be taken into account:

» The diffusion coefficient must be an independent
constant of the solid particle radius

* The solid structure must be homogeneous and
isotropic

* The oil distribution in the cell must be uniform

* In the case of spheres, the solid particle radius
must be uniform and the same for all particles

* Mass transfer from solid to liquid phase is
considered to be dominated by internal resistance
(diffusive transport)

The effective diffusivity of the solid is constant
throughout the sphere and the differential equation
that describes the diffusion process in spherical
coordinates can be obtained according to Hinnes et
al. (1987) (Equation 2).

ac _ . 0%, 20c
f)t - Def (arz + rar ) (2)
Where o is the cumulative term, 872‘:4-2780 the
ot o’ ror

diffusive term, r the sphere radius in m, t is the time
of diffusion in s and Def are the effective diffusivity
coefficients of solute in m?/s.

To model the mass transfer, an initial and
boundary conditions are required:

For t=0c = ¢, (c,: initial solute concentration (g/mL))

Fort>0c=0atr=a, a: Radius on the surface of the
sphere

The differential equation mathematics solution
can be determined from Equation 3:
DTt

= nmr

c §Z::1(-1) € 2 -senT

C, T n

)

Because triglycerides have different molecular
structures and masses, it is better to measure the

amount of oil with respect to the solid mass. Therefore,

) . C . )
the concentration ratio o s transformed into the

0
relationship between the remaining oil mass (q) and

the initial mass of oil (q,), obtaining the q& ratio.
0

For longer times, series converge and,

consequently, for most practical calculations, a few
points are sufficient. Indeed, all the series points,
except the first one, are negligible. The solution of
Fick’s diffusion second law is reduced to Equation 4,
where the amount of solute remaining in the solid at
time t with respect to the initial amount is:

6 f
%:?.e—nz.%ﬂ.t 4)
Where % is the relationship between the

remaining and initial quantity of oil, q the amount of

remaining oil in g at time t, q, the initial amount of
oil in g and & is the mathematical constant 3.1418.
Equation 4 was linearized by applying natural
logarithms to obtain Equation 5. The fit models were
tested for fit quality. For simple regression analysis,
the Statgraphics Centurion statistical program,
version XV was used. The slope of the line was used
to estimate the effective diffusion coefficient. An
initial oil content (c) of 45% was considered since
it is the maximum reported by Abdulkareem et al.
(2011); Ayerza (2011) and Efeovbokhan et al. (2015)
for Moringa oleifera. The equivalent radius of the
sphere was taken as the average radius of the particle
conglomerate obtained by the sieving operation.

q_ 9.87Dy .
In g =-0.498 - >8Pt (5)

3. RESULTS AND DISCUSSION

3.1. Sieving analysis

The sieving analysis served to obtain the
distribution of the present size of particles in the
Moringa oleifera seeds kernels after the milling
process (Table 1 and Figure 1).

A varied distribution of particle sizes can be
observed in Figure 1. The largest amount of milled
seeds kernels (56.09%) began to cluster in smaller
diameter sieves (between 1.0-10° and 0.5-10° m).
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TABLE 1. Sieving analysis data of Moringa oleifera milled kernels

Sieves breach

. . 103
relationship Retained mass (g) Axi Dpi-10
2.000 1.57 0.107 2.000
2.000/1.600 0.74 0.051 1.800
1.600/1.400 0.80 0.055 1.500
1.400/1.000 2.35 0.161 1.200
1.000/0.800 1.22 0.084 0.900
0.800/0.630 2.16 0.148 0.715
0.630/0.500 2.46 0.168 0.565
0.500/0.400 0.35 0.024 0.450
0.400/0.315 0.93 0.064 0.357
0.315/0.200 1.69 0.116 0.257
0.200/0.160 0.27 0.018 0.180
0.160/0.125 0.06 0.004 0.142
0.125 0.00 - 0.125
3.00
~2.50
2
® 2.00
©
E 50
e
'§ 1.00
@
® 050 I I
0.00

1 1 08 063 05 04 0.315 0.2 0160125

Sieve diameter - 102 (m)

FIGURE 1. Particle size distribution of Moringa oleifera milled
kernels.

The average diameter of the particle conglomerate
(determined by Equation 1) was 0.602-10~ m. This
result corroborates the fact that with this milling
method it was possible to further decrease the
particle size and therefore the oil extraction process
was expected to be favored.

It has been reported (Abdulkareem et al., 2011)
that particle size can directly affect the rate and
yield of the extraction process. Generally, at smaller
particle sizes the contact area between the solvent
and the solid increases, which caused the oil transfer
rate to increase (Abdulkareem et al., 2011).

Abdulkareen et al. (2011), recommend a small
size range (between 0.7-10° and 0.5-10° m) so
that each particle required approximately the same
extraction time. The results obtained in the present
work are in agreement with this aspect, the average

diameter of the milled seeds kernels being included
in the aforementioned interval. The diffusion
coefficient for internal mass transport depends of
the solid structure. To reduce the particle size of
oilseeds the cellular wall is broken, thus increasing
the access to the lipid content. It means that oil
could be extracted with a higher extraction rate.

3.2. Moisture content of the seed kernels

The initial moisture content of Moringa oleifera
seeds kernels was 4.61%. This result was found
to be lower than that of Moringa oleifera from
Pakistan (5.70%) and Yucatan (5.84%) (Anwar and
Bhanger, 2003; Ortiz et al., 2012). However, the
above-mentioned moisture reports are related to
the whole seed (husk and kernel). For this reason,
the husk moisture content of Moringa oleifera
from Cuba should be taken into account to make
a precise comparison. Recently a husk moisture
content of 6.25% was reported for Moringa oleifera
grown in Cuba (Pfeil et al., 2020). Therefore, a
seed moisture content of 5.05% could be obtained
by mass balance using this last value.

The drying curve serves to determine the moisture
content of the kernels at any instant in time. The
results are shown in Figure 2.

The moisture content of Moringa oleifera seed
kernels decreased from 4.61 to 0.22% during the
drying process as can be seen in Figure 2. From
the aforementioned, a drying time of two hours
was established because the moisture decreased to
percentages lower than 0.3%.

5.00
450
4.00
3.50
E 3.00

o
5250 o
3

4614032

5200 &
1.50
1.00
0.50
0.00

0 05 1 15 2 25 3 35
Time (h)

FIGURE 2. Drying curve of Moringa oleifera kernels at 55 °C.
Each moisture percentage is an average of three determinations,
mean + SD.
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3.3. Kinetics of extractive process

The results for kinetic extraction are shown in
Figure 3.

An oil extraction behavior over time is observed
in Figure 3, which indicated, as expected, that oil
yield is time dependent. The amount of extracted
oil is practically constant for extraction times of six
hours and longer, which was demonstrated with the
asymptotic behavior of the curve. The high rate of
extraction observed at the early stages may be due
to the high solubility of the oil in the freshly charged
solvent and the high concentration of the oil at the
solid surface. The freshly charged solvents (lean
oil) created a positive gradient or the needed driving
force that resulted in a higher mass transfer rate of oil
in to the extracting solvents. After the optimum point
had been reached, the extracting solvents (oil rich)
gave rise to lower driving force or slower extraction
rates (Efeovbokhan et al., 2015). The experimental
kinetics of the extractive process were required to
determine the effective diffusivity coefficient.

3

43121038 44.10 £ 0.59

'S
o

37.20 £ 0.80 4366 £ 0.31

'S
o

41.95 £ 0.62

)

w
o

(%
8

3168 £ 045

Extracted oil
- .- NN
o oo om

0 2 4 6 8 10 12
Extraction time (h)

F1GURE 3. Extraction kinetic curve of Moringa oleifera seed oil
using hexane. The extracted oil percentages are expressed as
means £ SD of triplicate experiments.

3.4. Phenomenological model of extraction

It should be expected that internal mass
transport will be the controlling phase during the
extraction process of Moringa oleifera oil using
Soxhlet apparatus because of the cellular structure
of abovementioned oilseed. This phenomenon was
verified through Fick’s diffusion second law in a
non-steady state, taking into account the kinetics of
the extraction process as shown in Figure 3. Fick’s
mathematic solution was linearized by applying the
natural logarithms in Equation 5.

The established initial oil content of Moringa
oleifera kernels and sample mass were 45% and
10 g, respectively. The remaining oil content was
calculated as a mass fraction per unit of initial oil

mass (%). Table 2 shows the experimental remaining

oil masses determined from kinetics extraction with
hexane.

A linear fit was corroborated for the experimental
data when In (q/ q,) is plotted against time (Figure 4).

Time (h)

0.00
050 0 5 10 15
-1.00
-1.50
F-200
2 250
-3.00
-3.50
-4.00

-4 50

FI1GURE 4. Experimental data fitting to the Fick's diffusion second
law for non-steady state

The model obtained is represented by Equation (6):

In L =_02689t - 0.8302

o - (6)

TaBLE 2. Experimental values for Moringa oleifera remaining oil
from kinetic study with hexane at 69 °C (qp=4.5 g)

Extracted oil

Time fraction from Re'maining (ﬁ?::ii:;llgﬂ In(q/q0)
(h) the kernels oil [q] (g) ratio [q/qo]
(Mean £ SD)*
0.5 0.2942 +0.0074 1.558 0.346 -1.0607
1.0 0.3096 + 0.0092 1.404 0.312 -1.1648
2.0 0.3168 = 0.0045 1.332 0.296 -1.2174
3.0 0.3483 +0.0051 1.017 0.226 -1.4872
4.0 0.3720 = 0.0080 0.780 0.173 -1.7527
6.0 0.4195 +0.0062 0.305 0.068 -2.6927
8.0 0.4312 +0.0038 0.188 0.042 -3.1756
10.0 0.4366 + 0.0031 0.134 0.030 -3.5166
12.0 0.4410 = 0.0059 0.090 0.020 -3.9120

*Values are expressed as means + standard deviation (SD) of
triplicate experiments.

Grasas y Aceites 72 (3), July-September 2021, e422. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0664201


https://doi.org/10.3989/gya.0664201

Phenomenological model for the prediction of Moringa oleifera extracted oil using a laboratory Soxhlet apparatus * 7

TaBLE 3. ANOVA of the phenomenological model for Moringa oleifera oil extraction process using Soxhlet

Source Sum of Squares DF Mean Square F-Ratio P-Value
Model 9.69578 1 9.69578 334.56 0.0000
Residual 0.202865 7 0.0289808

Total (corr.) 9.89865

Correlation coefficient -0.9897

R? 97.95%

R? (adjusted for DF) 97.66%

Standard Error of Est. 0.170237

Mean absolute Error 0.134161

Durbin-Watson statistic (Plz_;'a)S(;% 55 65 0)

Lagl residual autocorrelation 0.255402

TAaBLE 4. Statistical significance of the phenomenological model
coefficients

Parameter Least Standard t statistic P-Value
Squares Error

Intercept -0.830176 0.09483 -8.7540 0.0001

Slope -0.268992 0.01470 -18.2910 0.0000

The tests of model fit were verified to validate
the quality. The analysis of variance (ANOVA)
of the model and the statistical significance of its
parameters are presented in Tables 3 and 4.

Since the P-value in the ANOVA table is less than
0.05, there is a statistically significant relationship
between In (q/q,) and time at the 95.0% confidence
level. The R-Squared statistic indicates that the
model as fitted explains 97.9506% of the variability
in In (g/q,). The correlation coefficient equals
-0.9897, indicating a relatively strong relationship
between the variables.

The adjusted R? statistic, which is more suit-
able for comparing models with different numbers
of independent variables, was 97.65%. The high
value of the determination coefficient R? justified
a good correlation between the parameter and for
this reason, the model is suitable for a satisfactory
representation of the real process.

The Durbin-Watson (DW) statistic tests the
residuals to determine if there is any significant
correlation based on the order in which they occur in
the data. Since the P-value (0.0560) is greater than

5.0%, there is no indication of serial autocorrelation
in the residuals at the 5.0% significance level. The
residuals, which are the difference between the
observed values and the predicted values, should lie
on a straight line in the normal probability plot.

Therefore, these three suppositions imply that the
suggested model (Equation 6) is adequate and can be
used to describe the oil extraction process of Moringa
oleifera in the Soxhlet extractor, responding to the
diffusive phenomenon according to Fick’s diffusion
second law in a non-steady state.

3.5. Comparative analysis of oil extraction
percentages determined from the phenomenological
model and laboratory experiments

Three oil extraction experiments were developed
according to the description in the materials and
methods section. For any extraction process, it is
possible to obtain a high quantity of the product in the
first hours, with a time from which the effectiveness
of the extraction is very low. The difference between
the overall maximum at 12 h and the value at 6
h, as obtained from the respective seed samples,
extracting solvent and times was only nominal (see
Figure 3). That is the main reason for fixing six
hours as the extraction time for the experiments.
This would not affect the oil extraction percentage
and will be related to the energy consumption during
the operation with the Soxhlet apparatus. This means
that if the cost of solvent extraction is considered,
the optimum conditions must be used. The nominal
oil yield after this optimum point bears a negative
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cost on the overall extraction cost (Efeovbokhan et
al., 2015).

The experimental extraction oil percentages of
Moringa oleifera from Cuba were 40.12, 40.56 and
42.48%. These results were higher than those reported
for Moringa oleifera Wild (NWFP, Pakistan) 34.80%
and Moringa oleifera variety Mbololo (Kenya)
35.70%. However, the extracted oil content was
comparable to Moringa oleifera Sindh (Pakistan)
40.39% (Anwar and Rashid, 2007). The differences
found might be attributed to the diversity of natural
habitats and agroclimatic constraints (Efeovbokhan
et al.,2015).

In addition, the extraction percentage obtained
from the phenomenological model (41.09%) was
compared to the experimental results. The relative
error was lower than 5% in all cases, which validated
the degree of accuracy of the phenomenological
model to predict the extraction percentage of Moringa
oleifera oil in Soxhlet.

3.6. Effective diffusivity estimation of Moringa
oleifera oil through the kernels

The effective diffusivity (Def) was obtained
from the slope of the fitted model (Equation 6).
The equivalent sphere radius was 0.301-10° m as
calculated from the average diameter of the particle
conglomerate (0.602-10- m). The effective diffusivity
for Moringa oleifera oil through the kernels was
obtained for the first time. The value of 0.685-10"2
m?/s, fully matched with reports of effective diffusion
coefficient (between 102 to 107'° m?s) for other
solids (Doulia and Gekas, 2001; Cacace and Mazza,
2003; Varzakas et al., 2005). Diffusion within a solid
structure is a more complex phenomenon than inside
liquids and gases. For this reason, lower diffusion
coefficient and slower mass transfer are to be expected.

4. CONCLUSIONS

A phenomenological model to describe the oil
extraction process using Soxhlet was obtained. The
validity of the model was demonstrated when Fick’s
diffusion second law in a non-steady state was applied
to the oil extraction from Moringa oleifera kernels
with hexane. The extraction percentage determined
from the phenomenological model (41.09%) was
compared to the experimental results. The relative
error was lower than 5% in all cases, which indicated
the degree of accuracy of the model. The effective

diffusivity for Moringa oleifera oil through the
kernels at 69 °C was determined for the first time.
The value of 0.685-10"'2 m%s fully matched reports
of effective diffusion coefficient for other solids.
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SUMMARY: This study aimed to investigate the oxidation profile of wheat germ oil extracted from raw germ during the stabilization
with microwave (MW) treatment, and the kinetics of the oxidation parameters (free fatty acids (FFA), peroxide value (PV), thiobarbituric
acid (TBA), a-tocopherol, lipase (LA) and lipoxygenase (LOX) enzymes activities) under different storage conditions. For stabilizing
raw germ, the MW was treated at 700 W for three minutes. The oxidation parameters for the kinetic modeling were analyzed at different
storage times (0, 15, 30, 45, 60,75, 90, and 105. days) and storage temperatures (-18, 0, 4, and 25 °C). The parameters were mathematically
modelled and the PV and LA fitted well to the zero-order kinetic model, while FFA with a-tocopherol and TBA followed the first and
second-order kinetics, respectively. The kinetic constant (k) was described by an Arrhenius equation and the activation energy ranged
from 5.72 to 18.5 kJ/mol for the stabilized germ.

KEYWORDS: Activation energy; Kinetic parameters; Lipase enzyme; Oxidative stability

RESUMEN: Modelo cinético de los parametros de oxidacion y actividades de la lipasa-lipoxigenasa en aceite de germen de trigo.
Este estudio tuvo como objetivo investigar el perfil de la oxidacion del aceite crudo extraido del germen de trigo durante tratamientos
de estabilizacion con microondas (MW), y la cinética de los parametros de oxidacion (acidos grasos libres (FFA), indice de peroxido
(PV), acido tiobarbittrico (TBA), actividades de enzimas a-tocoferol, lipasa (LA) y lipoxigenasa (LOX), en diferentes condiciones
de almacenamiento. Para estabilizar el germen crudo en MW, se tratd a 700 W durante tres minutos. Los pardmetros de oxidacion
para el modelo cinético se analizaron a diferentes tiempos de almacenamiento (0, 15, 30, 45, 60, 75, 90 y 105 dias) y temperaturas
de almacenamiento (-18, 0, 4 y 25 °C). Los parametros fueron tratados matematicamente y el PV y LA se ajustaron bien al modelo
cinético de orden cero, mientras que FFA con a-tocoferol y TBA siguieron una cinética de primer y segundo orden, respectivamente.
La constante cinética (k) se describiéo mediante una ecuacion de Arrhenius y la energia de activacion vario de 5,72 a 18,5 kJ/mol para
los gérmenes estabilizados.
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1. INTRODUCTION

Wheat germ is the most valuable part of wheat
with important nutritional components, such as
essential amino acids (lysine, methionine, threonine),
vitamins E and B, dietary fiber, sugars, minerals and
fat (Ali et al, 2013; Zhu et al., 2010). Germ also
contains valuable antioxidant components such as
phenolic acids, flavonoids and carotenoids, especially
tocopherols, which have protective effects against
free radicals. Wheat germ oil is the richest source
of a-tocopherol and is more unsaturated than other
cereal oils. The highly unsaturated fatty acids and the
activity of hydrolytic and oxidative enzymes (LA and
LOX) in raw wheat germ are factors that accelerate the
development of rancidity. LA is the primary enzyme
that is responsible for the hydrolysis of triglycerides
into glycerol and free fatty acids. LOX and peroxidase
also play key roles in the deterioration of raw germ
(Orthoefer, 2005). As a result, rancid-flavor, bitterness
taste, and off-odor develop and finally, raw germ
becomes completely inedible. Therefore, raw germ
is mostly blended with wheat bran in the milling
process and generally used as an animal feed all
over the world (Ge ef al., 2000). Several stabilization
techniques have been used for inactivating LA activity,
preventing rancidity and so improving the shelf-life of
germ. Recently, the most popular stabilization method
is a heat treatment which includes baking (Megahed,
2011; Attia and Abou-Gharbia, 2011; Meriles ef al.,
2019), roasting (Krings et al., 2000; Zou et al., 2018),
toasting (Ali et al., 2013), MW drying (Srivastava et
al., 2007; Zhang et al., 2008, Xu et al., 2013, Xu et
al., 2016), drying in a fluidized bed dryer (Marti et
al., 2014, Y 5ndem-Makascioglu et al., 2005), infrared
drying (Jha et al, 2013; Li et al, 2016, Gili ef al,
2017), extrusion cooking (Gomez et al., 2012), and
moist heat treatment (Sudha et al., 2007; Srivastava
et al., 2007).

Among these methods, MW treatment has a
minimum effect on the nutrient loss from germ and
also decreases the Maillard reaction rate because
of its mechanism. Moreover, it provides rapid and
uniform heating. Reports on wheat germ stabilization
by MW generally deal with nutritional changes after
stabilization. For example, Sjowall et al. (2000)
stabilized raw wheat germ by MW oven at 45-55 °C
and stored it for seven weeks at room temperature.
Rancid odor and flavor changes were observed in the

untreated wheat germ after three weeks, whereas no
difference was observed in the MW-heated wheat
germ after seven weeks of storage. A study by Zhang
et al. (2008) revealed that MW could effectively
destroy LOX enzyme in raw germ and improve
shelf-life quality as well. Xu et al. (2016) measured
LA and LOX activities as a result of the stabilization
of raw germ in MW and convection ovens. These
treatments inactivated enzymes completely with
increasing temperature and time. Their study also
showed that LA was more heat-stable than LOX.
Xu et al. (2013) reported that there was a significant
decrease in LA activity, and LOX became completely
inactive in MW-treatment germ samples. In addition,
it was reported that an increase in acidity was not
high at the end of 60 days in the stabilized germs,
which were subjected to a rapid oxidation test, and
MW treatment could cause the death of harmful
microorganisms. Previous studies have demonstrated
that different stabilization and storage conditions of
wheat germ have changed the physical, chemical or
microbiological parameters of the germ drastically.
Kinetic modeling is a good way to predict these
changes in quality parameters during stabilization
and also long-term storage conditions. Therefore,
this study aimed to investigate the oxidation aspect
parameters of raw germ during the stabilization of
MW treatment and different storage conditions. In
this study, valuable results were achieved regarding
processing quality thanks to the calculated kinetic
parameters.

2. MATERIALS AND METHODS

2.1. Materials

The raw wheat germ used in this study was
obtained from the Saglik Flour Company in Konya,
Turkey. The samples were collected directly
after milling in polyethylene bags and stored at a
temperature of -36 °C in a freezer until they were
used. All chemicals were of analytical-reagent grade
(Sigma-Aldrich, Oakville, Canada).

2.2. Stabilization method and oil extraction

Two hundred grams per batch of raw sample were
heated in a MW oven (Argelik, MD554) at 700 W for
three min. The samples were spread out evenly to a
thickness of 0.4 cm and heated at 100% power. The
inner temperature of the sample was about 120 £ 5 °C
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after heating. The stabilized samples were kept at -18,
0, +4 and, + 25 °C for 105 days in polyethylene bags
after cooling to room temperature.

The oils of the germ samples were extracted
using the cold extraction method. Wheat germ and
hexane (10-fold hexane of wheat germ oil content)
were homogenized with a homogenizer (Heidolph,
Germany) for 90 s at 12500 rpm. The mixture was
placed in the glass flask and shaken with a circular
shaker for two hours at 200 rpm and then filtered
to the extraction flask. The above procedure was
repeated twice and pooled filtrates were removed
by a rotary vacuum evaporator at 40 °C at 150 rpm
(Heidolph, Germany) (Bakkalbasi et al., 2012).

The wheat germ oil was extracted from stabilized
and stored germ samples on days 0, 15, 30, 45, 60,
75, 90, and 105. FFA, PV, TBA, and o-tocopherol
in germ oil samples were analyzed. LA and LOX
activities were measured.

2.2.1. Determination of oxidation parameters and
enzyme activities

The oxidative parameters of raw and stabilized
germ oil samples were evaluated by the measurement
of FFA, PV (AOCS 1994), TBA (Tarladgis et al.,
1960), a-tocopherol (AOCS 1994) and calculated LA
(Xuetal., 2013) and LOX (Xu et al., 2016) activities.

2.2.2. Kinetic modeling

Zero-order (Eq. 1), first-order (Eq. 2) and second-
order (Eq. 3) kinetic models were used to describe
the oxidation aspects and enzyme activity changes
during storage with different storage temperatures of
the MW-stabilized germ oil samples.

C= Cytkt )
C=Cyexp(xkt)  (2)
1/C=1/C, %kt 3)

In these equations, C is quality parameter, C,
is the value of this quality parameter at its initial
state, t is storage time (day) and k is kinetic constant
(day'1). Where (+) and (-) indicated formation and
degradation of the quality parameters, respectively.

3. RESULTS AND DISCUSSION

The oxidation parameters and activity of LA
and LOX values of wheat germ oils extracted

TaBLE 1. Parameters of raw and microwave-treated germ samples
at the beginning of the storage

Parameters Raw Microwave-treated
Mean = SD Mean = SD
FFA (%) 4.65+0.07 2.44+0.17
Peroxide (meqO-/kg) 3.60+0.22 1.66+0.20
TBA (mg MA/kg) 0.278+0.02 0.187+0.02
a-tocopherols (mg/kg) 1750+1.41 1676+1.21
Lipase (U/g) 4.77+0.04 0.32:+0.09
Lipoxygenase (U/mg) 4.020+0.04 nd

Data are expressed as mean + SD (standard deviation) (n= 3).
FFA: Free fatty acids, TBA: thiobarbituric acid, nd: not detected.

from raw, as well as MW-treated samples at the
beginning of storage are given in Table 1. As the
microwaves penetrate into the raw germ and target
water molecules (Wray and Ramaswamy, 2015), the
water activity decreases rapidly and reduces the rate
of oxidative reactions by limiting both LA and LOX
activities (Xu et al., 2013). Therefore, significant
decreases (p < 0.05) were observed in the primary
and secondary oxidation products of the germ oils
after exposure to MW heating. The FFA and PV of
raw germ oil decreased from 4.65 to 2.44% oleic
acid and 3.60 to 1.66 meqO, /kg after stabilization
using MW treatment, respectively. These results
are comparable to previous stabilization studies
conducted by Attia and Abou-Gharbia, 2011,
Suresh Kumar et al., 2014 and Zou et al, 2018.
However, Yondem-Makascioglu et al., 2005 and
Xu et al., 2013 reported an increase in FFA and PV
in MW-treated germ samples. In these studies, the
water, which is the essential reactant for hydrolysis
reaction may not be reduced due to an inadequate
heat and time combination of the MW oven.
Therefore, the hydrolysis reaction rate may not be
decreased in these studies. The secondary products
from the lipid oxidation of unsaturated fatty acids
are generally measured by TBA value and stated
as mg malondialdehyde/kg (mgMA/kg) (Sorensen
and Jorgensen, 1996; Ercoskun and Ozkal, 2011).
Its value decreased from 0.278 to 0.187 mg MA/
kg product during MW treatment. The LA of raw
germ oil was 4.77 U/g, while the MW-treated
germ remained at 0.32 U/g. All of the MW-treated
samples (stored with different conditions for 105
days) retained some residual LA activity. However,
MW-treated samples lost LOX activity completely
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TaBLE 2. Kinetic parameters of microwave-treated germ samples after 105 days of storage.

Parameter Storage Temperature Model Co k (day™) R? E. (kj/mol)
ge temp Mean = SD Mean = SD 2 (4
-18°C 2.408+1.42 0.0110+0.22 0.988
0°C 2.519+0.97 0.0134+0.66 0.995
FFA First-order kinetic 6.98
4°C 2.593+1.07 0.0156+0.34 0.993
25°C 2.785+1.02 0.0175+0.22 0.994
-18 °C 0.828+0.65 0.0999+0.25 0.972
0°C 1.457+1.12 0.1080+0.84 0.994
PV Zero-order kinetic 5.95
4°C 1.569+1.27 0.1275+0.13 0.991
25°C 1.582+1.03 0.1483+0.21 0.961
-18°C 0.197+0.19 -0.0095+0.04 0.718
0°C 0.193£0.58 -0.0113+0.05 0.611
TBA Second-order kinetic 6.54
4°C 0.205+0.30 -0.0138+0.04 0.789
25°C 0.220+0.66 -0.0146+0.02 0.742
-18°C 1667.532+2.82 -0.0004+0.00 0.925
0°C ) o 1680.253+2.12 -0.001+0.00 0.967
a-tocopherol First-order kinetic 18.5
4°C 1679.580+2.44 -0.0012+0.01 0.997
25°C 1656.065+2.21 -0.0014+0.01 0.927
-18 °C 0.0133+0.24 0.0349+0.00 0.976
0°C 0.2783+0.41 0.0365+0.08 0.988
LA Zero-order kinetic 5.72
4°C 0.3900+0.38 0.039+0.02 0.993
25°C 0.477+1.05 0.0514+0.08 0.972
LOX nd

Data are expressed as mean + SD (standard deviation) (n= 3). FFA: Free fatty acids, PV: peroxide value, TBA: thiobarbituric acid,

LA: lipase activity, LOX: lipoxygenase activity, nd: not detected.

(Table 1). From this research, it was evident that
LA is tolerable to heat in low moisture systems like
MW-oven, and also LOX is more thermally sensitive
under the same conditions of LA. This phenomenon
is supported by previous studies on heat-stabilized
wheat germ (Sudha er al, 2007; Attia and Abou-
Gharbia, 2011, Xu et al, 2013; Li et al, 2016).
The content in vitamin E (a-tocopherol) changed
drastically in MW-treated wheat germ compared to
raw samples because of the low thermal stability of
a-tocopherol (Srivastava et al., 2007; Yilmaz et al.,
2014).

Table 2 shows the estimated kinetic parameters
of oxidation and enzyme activity values for wheat
germ oils which were extracted from MW-treated
samples under different storage conditions. The high
determination coefficient of R* value was confirmed

as the most accurate fit. Only the models with the
highest R? values are presented in Table 2. The
reaction rate constant (k) and the initial quality value
(C,) were also calculated for all the oxidation quality
parameters.

Changes in FFA during the storage of MW-treated
germ samples with different storage temperatures are
given in Figure 1. As expected, the amounts of FFA
increased with increasing storage temperature and
time. It was best represented by the first-order kinetic
model with high R? (0.994-0.988). The highest FFA
value (16.32%) was observed in the sample, which
was stored at 25 °C on day 105. Hydrolytic and
oxidative rancidity in wheat germ oil during long-
term storage is responsible for this increase. Similar
results were found for wheat germ oil by (Attia and
Abou-Gharbia, 2011; Megahed, 2011; Mahmoud
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et al., 2015). Generally, the first products of lipid
oxidation appear within a certain storage period
in foods and as can be seen in Figure 2, the PV
increased during long-term storage. The initial and

35 4
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FiGure 1. Kinetic changes in the free fatty acids (FFA) of the
MW-stabilized wheat germ oil during storage. Three replicates
were performed for each kinetic experiment (n=3).
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FiGure 2. Kinetic changes in the peroxide value (PV) of the
MW-stabilized wheat germ oil during storage. Three replicates
were performed for each kinetic experiment (n=3).
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F1Gure 3. Kinetic changes in the thiobarbituric acid (TBA) of the
MW-stabilized wheat germ oil during storage. Three replicates
were performed for each kinetic experiment (n=3).

final PV increased from 1.66 to 11.76 and 18.44 meq
O,/kg. This increase may be due to the hydrolytic
rancidity of germ oil by residual LA activity. (As
was previously reported, the enzyme inactivation
process is not enough in a MW-oven because of
the thermal-stability of LA). The results obtained
were in agreement with the studies published in the
literature that the PV of germ oil was increased under
long-term storage conditions (Hygreeva, 2013; Li et
al., 2016; Zou et al., 2018). For the mathematical
modeling of PV, a zero-order kinetic model was
used (Figure 2). The kinetic rate constant (k) of
FFA and PV increased from 0.011 to 0.0175 and
0.0999 to 0.1483 day’!, respectively. This suggests
that the degradation rate of primary products of lipid
oxidation becomes faster as a result of high storage
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FiGure 4. Kinetic changes in the a-tocopherol of the MW-stabilized
wheat germ oil during storage. Three replicates were performed for
each kinetic experiment (n=3).
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FiGure 5. Kinetic changes in the lipase activity (LA) of the
MW-stabilized wheat germ oil during storage. Three replicates
were performed for each kinetic experiment (n=3).
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temperature. A linear increase was observed in the
TBA values of all samples in the first 60 days of
storage, but a small decrease was determined from
day 75. The increase in TBA indicates the formation
of secondary products due to more intense lipid
oxidation in the first 60 days, while the decrease in
TBA may be indicative of the degradation of these
components to volatile compounds at later stages of
storage (Ercoskun and Ozkal, 2011). At the end of
the storage period, the highest value for TBA (0.333
mg MA/kg) was determined in the sample stored
at 25 °C on day 60. Changes in TBA value were
best represented by the second-order kinetic model
with negative k values being changed from -0.0095
to -0.0146 (Figure 3). The a-tocopherol content
decreased during the storage period (Figure 4).
Although this decrease was fast in the samples stored
at 25 °C, it was slow at lower temperatures. It was
also observed that increased storage time accelerated
a loss in tocopherol. The change in a-tocopherol
content was determined by Capitani ez al. (2011), and
was dependent on the storage conditions of the germ.
The reported values were in agreement with the data
in this study. a 35% reduction has been reported in
the a-tocopherol content in the germ with increasing
storage time and storage temperature. The decrease
in a-tocopherol content was best represented by the
first-order kinetic model with the negative k-value
changing from -0.0004 to -0.0014 (Table 2). Figure
5 shows that a linear increase was determined for the
LA activity value, and this enzyme process can be
described by the zero-order kinetic model. On the
other hand, LOX activity completely disappeared
immediately after MW treatment, so no modeling
was done. As mentioned above, under the same
conditions, LA is more tolerable to heat than LOX.

The Arrhenius model described the temperature
dependence of the reaction rate constant for all the
oxidation parameters, and the estimated activation
energies, which had the highest R? values are also
shown in Table 2.

Arrhenius relationship:

Ink=InA — (%)

where k is the reaction rate constant; A—pre-
exponential factor; Ea is the activation energy (kJ/
mol); R is the universal gas constant (kJ/molK), and
T is the absolute temperature (K).

4. CONCLUSIONS

Many studies on the stabilization of raw wheat
germ have focused on traditional heating methods.
Recently, MW treatment has been widely used to
prevent wheat germ from oxidation with inactivation
of enzymes and minimum effects on the nutritional
value. In this study, a MW-stabilization technique
for wheat germ and wheat germ oil was investigated
using experimental and analytical methods for
quality parameters of the oxidation. Findings in the
kinetic evaluation of MW conditions showed that the
acid value of raw wheat germ oil decreased by 47.5%
after MW treatment. The same trend was observed
for other oxidation parameters. As expected,
decreasing the storage temperature slowed down
the oxidation rate and ideal storage temperature was
-18 °C in all samples. MW treatment inactivated
LOX completely, while LA was reduced to 93.2%
and the zero-order kinetic equation fit the LA
inactivation curve quite well. These results reveal
that LOX is more thermally sensitive under the same
conditions of LA. The kinetic models used in this
study adequately described the MW process and
gave oxidation values that were in good agreement
with the experimental results. For the process, the
activation energy was also calculated, assuming an
Arrhenius-type temperature reliance. Thanks to this
study, the effects of different stabilization methods
on the quality of different cereal wastes like germ
can be investigated following the same parameters
and models.
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SUMMARY: Recently, there has been a growing interest in the use of natural antioxidants instead of synthetic ones. The aim of this
work was to determine the effect of ginkgo and ginseng dried extracts as natural antioxidants on the stability of lipids in breadsticks over
55 days of storage at room temperature compared to butylated hydroxytoluene. Ginkgo and ginseng dried extracts were incorporated
individually into breadstick formulae at levels of 0.5 and 1% to enhance its oxidative stability in storage. The increases in peroxide,
p-anisidine and Totox values in the oil phase of the samples during storage were monitored. The changes in hydroperoxide, trans fatty
acid and aldehyde contents were investigated by Fourier transform infrared spectroscopy. The sensory analysis was performed to evaluate
the perceptible changes occurring during storage. The results indicated that the oxidation of oil in breadstick samples can be retarded by
enriching the breadstick formula with dried ginseng extract at a 1% level.

KEYWORDS: Antioxidant,; Breadstick; Ginkgo,; Ginseng; Oxidative stability; Shelf-life

RESUMEN: Mejora de la estabilidad oxidativa de la barra de pan con extractos secos de ginkgo (Ginkgo biloba) y ginseng (Panax
ginseng). En la actualidad existe un creciente interés por el uso de antioxidantes naturales en lugar de sintéticos. El objetivo de este
trabajo fue determinar el efecto de extractos secos de ginkgo y ginseng como antioxidantes naturales sobre la estabilidad de los lipidos
en barras de pan durante 55 dias de almacenamiento a temperatura ambiente, en comparacion con el butilhidroxitolueno. Los extractos
secos de ginkgo y ginseng se incorporaron individualmente en la formulacién de barra de pan a niveles de 0,5% y 1% para mejorar su
estabilidad oxidativa durante el almacenamiento. Se sigui6 el aumento de los valores de peroxido, p-anisidina y Totox de la fase oleosa de
las muestras durante el almacenamiento. Los cambios en los contenidos de hidroperoxido, acidos grasos trans y aldehidos se investigaron
mediante espectroscopia infrarroja por transformada de Fourier. El analisis sensorial se realizo para evaluar los cambios perceptibles
ocurridos durante el almacenamiento. Los resultados indican que la oxidacion del aceite en las muestras de barra de pan se puede retardar
enriqueciendo la féormula de barra de pan con extracto de ginseng seco al 1%.
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1. INTRODUCTION

A breadstick is a rolled-shaped crispy texture
bakery product with a low moisture content, which
is widely consumed all over the world. Maintaining
the quality of bakery products, stored at room
temperature, for a specific time is important from an
economic point of view (Thanushree et al., 2017).
Lipid oxidation and loss in crunchiness are the main
causes of deterioration of the bakery products with
low moisture and high fat contents, such as cookies
and breadsticks (Calligaris et al., 2008; Caruso et al.,
2017).

Unsaturated vegetable oils are used at different
levels in the production of breadsticks (Difonzo
et al., 2018). Extra virgin olive oil is used at 25%
to prepare breadsticks. The type and level of fat in
breadsticks are responsible for accelerated quality
depletion. Increases in the degrees of fatty acids’
unsaturation accelerates the rate of lipid oxidation.
Antioxidants can be added into the formulae of food
items to retard lipid oxidation and extend their shelf-
life (Alamprese et al., 2017).

Ginkgo (Ginkgo biloba, Family: Ginkgoaceae)
is an ancient plant. Ginkgo leaves have been used
as food and in traditional remedies for centuries
(Wang and Zhang, 2019). The ginkgo leaf extract
contains high amounts of flavonoids (24%) and
terpene lactones (6%) (Wang et al., 2015). The
antioxidant activity of ginkgo extract is attributed
to its phenolic and flavonoid compounds (Sati et
al., 2019). Kobus-Cisowska et al. (2014) inhibited
the lipid oxidation of pork meatballs during 21 days
of refrigerated storage by the addition of ginkgo
lyophilized leaf extract to the meat batter at 500
mg/kg. Dipping silver pomfret (Pampus argenteus)
fillets in ginkgo leaf extract at 2.5 mg/mL extended
its shelf-life from 8 to 15 days during refrigerated
storage in ice at 4 °C by suppressing lipid oxidation
(Lan et al., 2018).

The roots of ginseng (Panax ginseng, Family:
Araliaceae) are well known for their high contents
in saponins, ginsenosides, phenolic compounds, and
carotenoids (Riaz et al., 2019). Ginseng products
including ginseng extract have been approved for
use as a food or food ingredient, according to the
Codex Standard (321-2015). Supplementing milk
or yogurt with ginseng extract at 2% significantly
increased the DPPH radical scavenging activity of
the product (Park et al., 2018).

There are only a few studies available concerning
the shelf-life of breadsticks (Calligaris et al., 2008;
Alamprese et al., 2017; Barbieri et al., 2018). To date,
no study using ginkgo or ginseng dried extracts as
natural antioxidants to extend the shelf-life of bakery
products has been reported. Thus, the aim of this
study was to investigate the effectiveness of ginkgo
and ginseng dried extracts on the oxidative stability of
breadsticks during storage at room temperature.

2. MATERIALS AND METHODS

2.1. Materials

Refined sunflower oil (without added antioxidants)
was obtained from Ajwa for Food Industries Co.,
Egypt. Ginkgo biloba dried leaf extract powder was
procured from Changsha Huakang Biotechnology
Development Co., LTD (Changsha, Hunan, China).
Asian Panax ginseng, dried root extract was provided
by Dalian Tianshan Industrial Co., LTD (Dalian,
China). Ginsenoside standards (Rbl, Rb2, Rc, Rd,
Re, Rf, and Rgl) were obtained from Extrasynthese
(Lyon, France). Butylated hydroxy toluene (BHT),
Gallic acid and Folin Ciocalteu reagent were procured
from Sigma Aldrich, USA. Wheat flour, type 55 (72%
extraction rate), Five Star Flour Mills Company, Suez,
Egypt, and instant dry yeast (Lesaffre, Egypt) were
purchased from a local market (Cairo, Egypt).

2.2. Preparation of breadsticks

Six breadstick formulae were prepared using 500
g wheat flour, 208.5 mL water, 50 g sugar, 3.5 g salt,
13.5 g yeast and 100 mL sunflower oil. Based on the
wheat flour weight, the investigated formulae were:
(1) without antioxidant (control), (2) BHT (0.02%),
(3) Ginkgo extract (0.5%), (4) Ginkgo extract
(1%), (5) Ginseng extract (0.5%), and (6) Ginseng
extract (1%). Investigated extracts and BHT were
completely dissolved in the oil phase using a vortex
mixer for 5 min. All of the previous ingredients
were mixed at slow speed for 2 min, then at medium
speed for 10 min using a kitchen mixer (Moulinex,
Supermix 150, France). The dough was left to rest
for 10 min. After that, the dough was hand-rolled to
form long cylindrical strips. The fermentation was
performed at 35 °C and 80% relative humidity for 40
min. Baking was carried out at 170 °C for 35 minin a
rotary oven fitted with a fermentation room (SHOF,
Jeddah, Saudi Arabia). The breadstick samples were
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allowed to cool for 2 h. Breadstick samples made
from each formula were packed (200 g each pack) in
plastic bags before storage at 25 °C.

2.3. Extraction of oil from breadstick samples

A breadstick sample (20 g) was ground into a fine
powder using a laboratory blender. The oil fraction
of the ground breadstick sample was extracted using
diethyl ether at a ratio of 1:10 (w/v) with magnetic
stirring for 1 h at room temperature followed by
filtration through filter paper (Whatman No. 1). The
solvent was evaporated under vacuum at 30 °C by
a rotary evaporator. The extracted oil was stored at
5 °C. Analyses were carried out after processing (0,
10 days of storage) and periodically every 15 days.
The experiment was terminated when the peroxide
value of the oil phase of either ginkgo or ginseng
breadstick samples in both concentrations reached or
exceeded 10 meq O, /kg oil (limit of acceptability as
reported by Calligaris ef al., 2008).

2.4. Determination of total phenolic contents in the
ginkgo and ginseng extracts

The total phenolic contents (TPC) in the ginkgo and
ginseng extracts were determined by Folin Ciocalteu’s
colorimetric method (Arous et al., 2002). An aliquot
of sample (10 pulL) was mixed with 50 uL of Folin-
Ciocalteu reagent and 790 uL of distilled water using
a vortex mixer. The mixture was allowed to stand
for 1 min for reaction. Afterwards, the mixture was
neutralized by 150 pL sodium carbonate (20%) and
left to stand in the dark for 2 h. The absorbance of the
samples was determined using a Shimadzu UV-2450
Spectrophotometer, Japan, at 750 nm. Gallic acid was
used as a standard. Results were expressed as mg
gallic acid equivalents (GAE)/g dry extract.

2.5. Determination of total phenolic content in pre-
pared breadsticks

The determination of TPC in the freshly prepared
breadstick samples was carried out according to
Bhat et al. (2019). Crushed breadsticks (0.5 g)
were suspended in 25 mL of acidified methanol
(HCl/methanol/water, 1:80:10, v/v/v) for 2 h. After
centrifugation at 2000 g for 10 min, 200 pL of the
supernatant were mixed with 1.5 mL of the diluted
(10 fold) Folin-Ciocalteu reagent using a vortex
mixer. The mixture was allowed to equilibrate for 5

min and neutralized with 1.5 mL of sodium carbonate
solution (60 g/L). The samples were incubated for 90
min at room temperature (25 °C). The absorbance
of the samples was determined as above mentioned.

2.6. High performance liquid chromatography
(HPLC) analysis of phenolic compounds in ginkgo
extract and ginsenosides in ginseng extract

The determination of phenolic compounds in the
ginkgo extract was performed by Agilent 1260 series
HPLC (Agilent Technologies Co., CA, USA). The
separation was carried out using an Agilent Zorbax
Eclipse XDB-C18 column (4.6 mm x 250 mm, 5
um particle size). The mobile phase consisted of
water containing 1% acetic acid (A) and acetonitrile
(B) and the flow rate was maintained at 1 mL/min.
The mobile phase was programmed consecutively
in a linear gradient as follows: 0-5 min (80% A);
5-8 min (40% A); 8-12 min (50% A); 12-25 min
(80% A). The detector was monitored at 284 nm.
The injection volume was 10 pL. The column
temperature was maintained at 35 °C. The peaks
were identified by retention time after matching with
authentic standards. The linear calibration curve of
the standards was used for quantification.

The ginsenosides in the ginseng extract were
analyzed using a Shimadzu LC-20 (Prominence)
connected to an ultraviolet detector (Hitachi, Tokyo,
Japan) at 203 nm. The ginseng extract sample was
dissolved in 30% methanol by sonication and filtered
(0.45 um, Acrodisk). The separation was performed
on an Altima HP C ; HL column (150 mm x 4.6 mm
i.d., 3 um). The analysis was carried out with a binary
gradient elution using (A) water and (B) acetonitrile as
the mobile phase, according to the method of Li and
Fitzloff (2002). The gradient elution program was as
follows: 0-33 min, 19-35% B; 33-33.6 min, 35-80%
B; 33.6-37 min, 80-19% B. The flow rate was 1.5 mL/
min. The temperature of the analytical column was 30
°C. The identification of ginsenosides was carried out
using the reference standards. The quantification was
performed according to the area normalization method.

2.7. Quality characteristics of oil samples extracted
from prepared breadsticks

2.7.1. Peroxide value

The peroxide value (PV) of the samples was
determined according to AOCS (2009) methods.
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The results were expressed as the average of three
measurements in meq O,/kg oil. The analysis was
carried out in triplicate. Samples with PV over 10
meq O /kg oil were excluded and not subjected to
further analysis.

2.7.2. p-Anisidine value

The p-anisidine value (p-AnV) was determined
according to the AOCS (2009) method using a
Shimadzu UV-2450 Spectrophotometer, Japan at
350 nm against a blank of isooctane. p-AnV was
calculated by the following formula:

p —AnV =25(1.24s-Ab)/m

where: Ab is the absorbance for sample dissolved
in isooctane, As is the absorbance for the oil solution
after reaction with p-AnV, and m is the mass of oil in
25 mL isooctane. The analysis was done in triplicate.

2.7.3. Totox value

The level of total oxidation was calculated from
the following equation according to AOCS (2009)
method:

Totox = 2PV + p — AnV

2.8. Spectral characteristics of oil extracted from
breadsticks

2.8.1. IR spectroscopy

Infrared absorption spectra were recorded in
the mid IR region of 4000-400 cm™ for potassium
bromide (KBr) disks of oil extracted from breadstick
samples (~2 pL) to monitor changes related to
the oxidative process with an FTIR spectrometer
(JASCO 6100, Japan). The spectrometer was
connected to a computer using Windows XP
Professional software to manipulate the spectra.

2.9. Sensory evaluation

The sensory assessment was carried out on
breadstick samples prepared with and without
different levels of ginkgo leaf or ginseng root
extracts compared to those formulated with BHT.
Ten staff members of the Food Science Department
(six females and four males), aged between 25 and

35 years, were selected for sensory evaluation. The
sensory attributes (odor, taste and texture) were
evaluated. The scores for each parameter ranged
from one to a maximum of nine, where one indicated
poor quality, and nine represented the best quality.

2.10. Statistical analyses

The chemical and sensory analyses were carried out
in triplicate and the results presented are the average
of the obtained values + standard deviation. The data
were submitted to analysis of variance (ANOVA)
and the Tukey’s test. A bivariate analysis of the data
was carried out by Pearson’s correlation test. A value
of P < 0.05 was considered statistically significant.
Analyses were performed using XLSTAT software.

3. RESULTS AND DISCUSSION

3.1. Chemical composition of ginkgo and ginseng
extracts

The total polyphenol content of the dried ginkgo
ethanol extract was 92.3 + 0.3 mg GAE/g. Pereira
et al. (2013) reported that the phenolic contents of
aqueous and methanol extracts of the G. biloba dry
leaves were 61.58 and 129.5 mg GAE/g, respectively.
The HPLC profile of the dried ginkgo extract (Figure
l1a) contained ellagic acid (490.46 pg/g), gallic acid
(223.31 pg/g), resveratrol (181.24 pg/g), p-hydroxy
benzoic acid (112.56 pg/g) followed by myricetin
(58.74 ng/g), quercetin (27.55 pg/g) and o-coumaric
acid (23.99 ug/g). The other components were quinol
(15.71 pg/g), kampherol (12.14 pg/g), syringic acid
(8.2 pg/g) and vanillic acid (7.13 pg/g).

According to HPLC analysis, Re (38.03%), Rd
(23.12%) and Rgl (10.69%) represented the major
identified ginsenosides of the investigated ginseng
extract (Figure 1b). The other identified ginsenosides
were Rbl (9.47%), Rb2 (6.90%), Rf (6.43%) and
Rc (5.37%). Ginsenosides are considered the main
active components of Panax ginseng extract (Chen et
al., 2017). A quantitative analysis was carried out on
45 Asian and American ginseng samples by HPLC.
The aim was to correlate ginsenoside contents with
morphological features of the ginseng plant roots to
provide a scientific basis for evaluating the quality of
Asian and American ginsengs through morphological
features. The analysis indicated that many of the
Asian ginseng samples contained ginsenoside profiles
similar to the one found in this study.
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FiGure 1. HPLC chromatograms of polyphenols of gingko extract (a) and ginsenosides of ginseng extract (b). The values refer to a single
determination

In addition, the TPC of the dried ginseng extract Results indicated that the polyphenol content of
was found to be 0.225 = 0.01 mg GAE/g. Hwang et  ginkgo 1% breadstick samples (0.412 + 0.018 mg
al. (2014) found that the TPC of the ginseng root GAE/g)was significantly (P <0.05) higher than other
extract was 0.43 mg GAE/g. samples. Ginkgo 0.5%, ginseng 1% and ginseng 0.5%
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breadstick samples contained 0.351 £0.019, 0.338 =
0.02 and 0.316 £ 0.02 mg GAE/g, respectively. They
were not significantly (P > 0.05) different from each
other. The lowest TPC was recorded for the control
(0.288 £ 0.007 mg GAE/g) and BHT (0.291 £ 0.018
mg GAE/g) breadstick samples. No significant (P
> (.05) difference was observed between the TPC
of the control, BHT and ginseng 0.5% breadstick
samples. Reis and Abu-Ghannam (2014) found
that TPC of breadsticks (control sample) was about
0.1 mg GAE/g. On the other hand, the TPC of
“crostini” reached 2.3 mg GAE/g. This type of dried
bakery food was prepared with extra virgin olive
oil at a level of 10% (Niccolai et al., 2019). The
effect of baking on the TPC of the baked products
is dependent on the type of phenolic compounds
and baking conditions (Abdel-Aal and Rabalski,
2013). They reported that baking caused an apparent
increase in free phenolic acids in bread due to the
degradation of conjugated polyphenolic compounds.

3.2. Evaluation of the chemical oxidation indices of
oil extracted from breadstick

The peroxide value (PV) was used as an indicator
to follow up the oxidation state of the oil in prepared
breadsticks. Calligaris et al., (2008) reported that
peroxide value is a good index of the quality decay
of breadsticks during their shelf-life. Figure 2 shows
the PV of the oil extracted from the breadsticks after
baking and during storage.

Immediately after baking, the investigated
samples showed a PV of between 4.07 £ 0.23
and 7.37 £ 0.15 meq O,/kg oil. The samples with
ginseng extract at a 1% level or BHT showed the
lowest content of peroxides at zero storage time.
The baking process initiated the oxidation process,
which was very fast in the control sample. After 25
days of storage at room temperature (25 °C), the PV
exceeded 10 meq O, /kg oil in the control sample
(14.93 meq O,/kg oil), and in the sample prepared
with 0.5% ginkgo extract (11.9 meq O,/kg oil).

Breadstick samples with ginseng extract at the 1%
level, showed PV lower than the BHT ones throughout
the storage period. The incorporation of ginkgo or
ginseng extracts at 1% extended the shelf-life of the
breadsticks from <25 days to 55 days. This indicated
the protective effect of ginkgo and ginseng extracts
against oil oxidation in breadsticks. Alamprese et al.,
(2017) found that the PV of the breadstick samples
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F1GURE 2. Progression of oil oxidation during the storage of the
breadstick samples at 25 °C. Peroxide value (a), p-anisidine value (b)
and Totox value (c). Values are expressed as means =+ standard devia-
tion (n = 3). Data were analyzed using one-way analysis of variance

(ANOVA) and Tukey’s test. Samples with peroxide values higher
than 10 meq O,/Kg were rejected and excluded from analysis
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prepared with only 3.2% olive oil exceeded 10 meq
O,/kg oil after 60 days of storage at 27 °C. Calligaris
et al., (2008) found that the consumer acceptability
of the breadsticks progressively decreased with the
increase in PV value to higher than 10 meq O,/kg oil.
Hydroperoxides decomposed to secondary oxidation
products that could be detected by the p-anisidine
test (Barbieri ef al., 2018).

Peroxide and p-AnV values help to assess the
oxidative degradation of lipids in lipid-containing
food (Koztowska et al., 2019). Mustac et al. (2020)
reported that a product is considered acceptable if the
p-AnV value is less than 10. The p-Anisidine value
of the control and 0.5% ginkgo breadstick samples
reached high levels (> 4) after 25 days of storage
at room temperature. On the other hand, the p-AnV
value of breadstick samples prepared with ginkgo or
ginseng extracts at 1% or 0.02% BHT did not exceed
2.5 at the end of storage. Caruso et al. (2017) reported
that the p-AnV value of freshly prepared breadstick
samples with 13.3% olive oil was 5.89.

The combination of PV with p-AnV indicates the
oxidation state (total oxidation value, Totox value)
of oils. The Totox value must be equal or below
19.5 meq/kg (Esfarjani et al., 2019). The totox value
of the investigated samples showed the same trend as
those of the PV and p-AnV values. The Totox value of
the control and 0.5% ginkgo breadstick samples was
the highest (~20 meqg/kg) after 10 days of storage.

Among all the investigated breadstick samples,
1% ginseng and 0.02% BHT samples had the lowest
Totox value (< 17 meq/kg) after 55 days of storage
at room temperature.

The progressive increase in PV in the stored
breadstick samples due to lipid oxidation is associated
with the development of an increase in p-AnV and
Totox values. From the results, the ginseng extract at
a concentration of 1% has a greater antioxidant effect
than that of 0.02% BHT. Phenolics are responsible
for the antioxidant activity of ginkgo extract (Pereira
et al.,2013) while the antioxidant activity of ginseng
extract is attributed to the identified ginsenosides
(Rb1, Rgl, Rc, Rb2, and Rd) as reported by Chien
etal., (2016).

3.3. Evaluation of the FTIR spectrum of breadstick oil

The FTIR spectra of the oil extracted from the fresh
and stored breadstick samples were recorded in the
range of 4000400 cm ™! and illustrated in Figure 3.
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FIGURE 3. Time-course spectra of sunflower oil in breadsticks
during storage on IR, illustrating the development of
hydroperoxides (3470 cm™), aldehydes (1164 cm™) and trans
double bonds (968 cm™) over time (0, 25 and 55 days, correspond
to labels a, b and c, respectively). Samples with peroxide values
higher than 10 meq O,/Kg were rejected and excluded from
analysis. The values refer to a single determination

These spectra appear to be similar and show
the typical characteristic of absorption peaks for
triglycerides (wave number 1746 cm ™! represented the
ester functional group of the triglycerides) as shown
by Klaypradit et al. (2011). In terms of oxidation
analysis, the IR spectral bands of the functional
groups hydroperoxide (3470 cm™), carbonyl group
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(1164 cm™) and trans double bond (968 cm™) were
used to assess the quality of the oil as reported by
Daoud et al., (2019). The absorption peak at 3470
cm™! increased progressively in the control samples
and in the samples prepared with ginkgo or ginseng
extracts at 0.5% during the first 25 days of storage at
room temperature. The addition of ginkgo or ginseng
extracts at 1% or 0.02% BHT in the formula of the
breadsticks kept the band at 3470 cm™ after 55 days,
which is similar to the pattern of the control sample
at zero storage time.

As the oxidation processes proceed, the formation
of the aldehyde functional group is represented by an
increase of the absorbance at 1164 cm™ according to
Daoud et al., (2019). The control sample recorded the
highest absorbance at 1164 cm™" at the beginning of
storage. The level of aldehydes in samples prepared
with ginkgo or ginseng extracts at the 0.5% level
was similar at zero time storage and progressively
increased after 25 days of storage. The lowest
absorbance at this wavenumber was recorded for the
samples containing 1% ginseng during storage.

The absorbance at the wavenumber 968 cm'
appears as a weak band. An increase in the absorbance
at this band is associated with the formation of trans
double bonds that arose in the course of oxidation
as reported by Daoud et al. (2019). At zero storage
time, the highest absorbance at this wavenumber
was observed for the control sample. The oil in the
breadstick sample prepared with ginseng extract at
1% recorded the lowest peak intensity at this band
compared to other samples throughout the storage
period.

The oil in the breadsticks prepared with 1%
ginseng showed the lowest absorbance in all the
investigated spectral bands in comparison to all
other samples throughout the storage period.

3.4. Sensory characteristics of breadsticks

The shelf-life of a food item depends mainly
on its sensory characteristics and marketability
(Alamprese et al., 2017). Lipid oxidation exerts
rancidity and deteriorative changes in its odor and
taste. Figure 4 shows the results of the sensory
analysis of the tested samples.

No significant differences (P>0.05) were found
in the sensory attributes of the breadstick samples
at zero storage time (Figure 4a). The addition of
ginkgo or ginseng extracts at the 1% level did not

significantly (P> 0.05) affect the perception of baked
odor or taste and texture attributes. The odor, taste
and texture scores for the samples prepared with
ginkgo or ginseng extracts at the 1% level and stored
for 10 and 25 days were not significantly different
(P > 0.05) from those of the BHT samples (Figure
4b and 4c). The perceived odor and taste of the
samples prepared with a low level (0.5%) of ginkgo,
ginseng or extracts were recognized as significantly
less desirable (P < 0.05) than those prepared with the
same extract at a higher level (1%) after 25 days of
storage (Figure 4¢). The same trend was also noticed
in the ginseng samples stored for 40 and 55 days.
The sensory characteristics of the control and 0.5%
ginkgo samples were not significantly different (P
> (0.05) after 25 days of storage. Moreover, both
samples recorded significantly (P<0.05) the lowest
scores compared to those of the other samples (Figure
4 ¢). On the other hand, the odor and taste sensory
attributes of the 1% ginseng and BHT samples were
not significantly different (P > 0.05) after 40 and 55
days of storage (Figure 4d and 4e). Meanwhile, the
odor and taste scores for both breadstick samples
were significantly higher (P < 0.05) than those of the
1% ginkgo and 0.5% ginseng samples.

The crispiness of the breadstick samples prepared
with ginseng extract at 0.5% or 1% of either ginkgo
or ginseng extracts was not significantly different (P
> 0.05) from that of the BHT sample after 40 and
55 days of storage (Figure 4d and 4e). It could be
noticed that the preparation of breadsticks with 1%
ginseng extract extended their shelf-life to 55 days at
room temperature.

The correlation between oxidative indices and
the sensory attributes (odor, taste and texture) using
Pearson’s correlation is shown in Table 1.

The results in Table 1 show an inverse correlation
(r<-0.74, P <0.01) between the oxidative chemical
indices and the good odor, taste and texture scores.
Loss in crispness is negatively correlated with the
oxidation products in the oil phase of the breadstick
samples. This result is consistent with that reported
by Caruso et al. (2017). The results revealed
significant (P < 0.01) positive (r > 0.89) correlations
among the oxidative chemical indices. The same
statistical trend (r > 0.93) was found between odor
and taste sensory attributes.

In addition, it has previously been shown by
Barbieri et al. (2018) that the secondary products
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TaBLE 1. Pearson’s correlation analyses between oxidation indices, taste, odor and texture of breadstick samples

Correlation coefficient (r)

Variables
Taste Odor Texture Peroxide value  p-Anisidine value Totox

Taste 1 0.9352%* 0.7804** -0.9504** -0.8403** -0.9443**
Odor 0.9352%* 1 0.6246** -0.8950%* -0.7893%* -0.8904**
Texture 0.7804** 0.6246** 1 -0.7741%* -0.7432%* -0.7761**
Peroxide value -0.9504** -0.8950%** -0.7741%* 1 0.8945%* 0.9967**
p-Anisidine value -0.8403** -0.7893** -0.7432%* 0.8945%* 1 0.9253%*
Totox value -0.9443** -0.8904** -0.7761** 0.9967** 0.9253%x* 1

**Values are different from 0 with a significance level alpha (P=0.01). The number of replicates performed to determine the values of

each variable was 3 (n=3)

of lipid oxidation which are responsible for the
rancid odor and taste of the Italian Taralli (ring-
shape, breadsticks contained 20% vegetable oil)
are the same products that are evaluated with the
p-anisidine test.

4. CONCLUSIONS

Ginseng extract significantly increased the
oxidative stability of breadsticks up to 55 days at
room temperature. Breadstick samples prepared
with 1% ginseng extract were significantly well
accepted (P <0.05) in terms of odor, taste and texture
compared to BHT samples.
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SUMMARY: The present study aimed to document the interaction between mercury (Hg), as a model chemical stressor to an aquatic
organism, and Fatty acid (FA) profile in the longitudinal muscle of the sea cucumber Holothuria forskali. To assess the sensitivity of
this species to the toxic effects of Hg, young H. forskali were exposed to gradual doses of Hg (40, 80 and160 ug-L™') for 96 h. The
results showed that following Hg exposure, the FA profile of H. forskali corresponded to an increase in the level of saturated fatty acids,
and the decrease in the level of monounsaturated and polyunsaturated fatty acids. The most prominent changes in the FA composition
were recorded at the lowest dose with noticeable decreases in linoleic, arachidonic and eicosapentaenoic acid levels and an increase of
docosahexaenoic acid. The occurrence of a state of oxidative stress induced by Hg contamination was evidenced by the enhanced levels
of malondialdehyde, hydrogen peroxide and lipid hydroperoxide. Overall, the low concentration of mercury exerted the most obvious
effects on lipid metabolism, suggesting that changes in fatty acid composition may be act as an early biomarker to assess mercury toxicity
in this ecologically and economically important species.

KEYWORDS: Acute exposure; Fatty acid composition; Holothuria forskali; Indices of lipid peroxidation;, Mercuric chloride (HgCl;); Sea
cucumber

RESUMEN: Cambios en el perfil de dcidos grasos del miisculo de Holothuria forskali tras una exposicion aguda a mercurio. El
presente estudio tuvo como objetivo demostrar la interaccion entre el mercurio (Hg), como modelo de estresor quimico para el organismo
acuatico, y el perfil de acidos grasos (FA) en el musculo longitudinal del pepino de mar Holothuria forskali. Para evaluar la sensibilidad
de esta especie a los efectos toxicos del Hg, los juveniles de H. forskali fueron expuestos a dosis graduales de Hg (40, 80 y 160 pg-L")
durante 96 h. Los resultados mostraron que después de la exposicion al Hg, el perfil de FA de H. forskali respondi6 con una tendencia
direccional anclada por el aumento en el nivel de acidos grasos saturados y la disminucion en el nivel de acidos grasos monoinsaturados
y poliinsaturados. Los cambios mas prominentes en la composicion de AG se registraron a la dosis mas baja con una disminucion notable
en los niveles de acido linoleico, araquidénico y eicosapentaenoico frente a un aumento de acido docosahexaenoico. La aparicion de un
estado de estrés oxidativo inducido por la contaminacion con Hg se puso de manifiesto por el aumento en los niveles de malondialdehido,
peroxido de hidrégeno e hidroperéxido de lipidos. En general, la concentracién mas baja de mercurio ejercié efectos més obvios sobre el
metabolismo de los lipidos, lo que sugiere que los cambios en la composicion de los acidos grasos pueden actuar como un biomarcador
anterior para evaluar la toxicidad del mercurio en esta especie de importancia ecoldgica y econdomica.

PALABRAS CLAVE: Cloruro de mercurio (HgCl,); Composicién de dcidos grasos; Exposicion aguda; Holothuria forskali; Indices de
peroxidacion lipidica; Pepino de mar
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1. INTRODUCTION

Over the last centuries, the environmental
impacts of heavy metal pollution have increased
in the coastal areas, causing a major threat to the
ecosystems and the biota they support (Ruiz et al.,
2014). Among these xenobiotics, mercury (Hg) is
listed as one of the most toxic elements due to its
tendency to bioaccumulate and biomagnify through
the food chain (Balshaw et al., 2007). The sources of
mercury contamination in aquatic ecosystems include
natural and anthropogenic emissions (Verlecar et al.,
2008). The later generally come from incineration,
fungicides, paints and industrial processes. One of
the established mechanisms of Hg toxicity is its
ability to induce cellular oxidative stress through
the generation of reactive oxygen species (ROS)
which react with macromolecules such as lipids,
proteins and DNA (Uttara et al., 2009). As the cell
membrane is tightly linked to cellular physiology,
several authors have reported that the membrane is
the primary detector of stress stimuli and activator of
the cellular stress response (Dindia et al., 2013; Vigh
et al., 2007). According to several authors, changes
in the membrane biophysical properties as a primary
response to stress, mainly trigger changes in lipid and
fatty acid compositions (Los et al., 2004; Thyrring
et al., 2015). Indeed, FAs, as the main constituent
of the cell membrane, play crucial roles in several
physiological functions as well as in the maintenance
of membrane structures (Neves et al., 2015). It
therefore appears that lipids and their constitutional
components could be closely involved in cellular
responses to pollutants such as Hg in aquatic
organisms (Ferrain et al., 2018). In this context, it
has been proven that the susceptibility of individual
FA to peroxidation increases exponentially with an
increasing number of double bonds on the carbon
chain (Holman, 1954). Thus, polyunsaturated fatty
acids (PUFAs) like eicosapentaenoic acid (20:5n-3,
EPA) and docosahexaenoic acid (22:6n-3, DHA) are
not only targets that are damaged by ROS, but also
play a key role in enhancing an organism’s adaptation
to environmental stress (Munro ef al., 2016). Given
this, FAs were recently argued to be promising bio-
indicators to assess stress exposure and ecosystem
health in a marine environment (Silva et al., 2017).

Nowadays, most of the available data regarding
the use of FA as biomarkers for marine pollution

monitoring refers to bivalves, micro and macroalgae
and fish (Filimonova et al., 2016; Gongalves et al.,
2016); however, little is known about other marine
organisms such as holothurians. Our previous
study (Telahigue et al., 2019) investigated for the
first time, the impact of acute mercury exposure
on several biochemical parameters including fatty
acid profile in the Holothuria forskali body wall.
Holothurians, commonly known as sea cucumbers,
represent an important marine resource due to
their numerous nutraceutical and pharmaceutical
proprieties (Bordbar et al., 2011). The sea cucumber
fishery and aquaculture trade have been an active
industry in Asia for a long time. In recent years,
the sea cucumber trade has also flourished in some
Mediterranean sea and NE Atlantic Ocean countries
(Sicuro and Levine, 2011). The black sea cucumber
or cotton-spinner Holothuria forskali, which is one
of the most common sea cucumber species in the
Mediterranean sea, is listed as a new target resource
for future farming industries. (Sicuro and Levine,
2011). Like most of other sea cucumbers species, H.
forskali is a deposit feeder and may ingest a large
amount of sediment (Navarro ef al., 2014) which
make it particularly prone to heavy metal pollution.
Several authors have reported that sea cucumbers
could be considered as a potential bioindicator for
heavy metal pollution (Turk Culha et al., 2016).
Indeed, it is well established that mercury tends to
accumulates in tissue in a specific manner depending
on the organ’s physiological role and its regulatory
ability. Generally, some tissues/organs such as body
wall and respiratory tree have received particular
attention to evaluate the impact of noxious stimuli
in holothurians. Nonetheless, little information is
available on the longitudinal muscles. In fact, muscle
constitutes an interesting organ to analyze owing to
the energy supply function and to its major role in
locomotion and contraction movements in response
to environmental stimuli and to its being a target
tissue for bioaccumulation of merury (as confirmed
by unpublished data obtained in our laboratory).
The current study was mainly designed to evaluate
the impact of Hg contamination on the fatty acid
composition of H. forskali muscle. The results may
provide valuable data concerning the underlying
toxicity mechanism of Hg in lipid metabolism and
to verify the validity of the FA profile as a biomarker
of mercury intoxication in sea cucumber. Other
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parameters such as levels of H,O, and LOOH were
also assessed in order to verify the induction of an
oxidative stress state in H. forskali muscle tissue
following acute Hg exposure.

2. MATERIALS AND METHODS

2.1. Chemicals

Mercury chloride (HgCl, > 99.5% purity) was
obtained from Sigma—Aldrich (St. Louis, MO,
USA). It was dissolved in pure water for stock
concentrations, and the desired test solutions used
in the present study were prepared by diluting the
stock solution with double-distilled water. Reduced
glutathione (GSH), 5,5-dithiobis-2-nitrobenzoic
acid (DTNB), and thiobarbituric acid (TBA) were
purchased from Sigma Chemical Co. (St. Louis,
MO, USA). All other chemicals were purchased
from standard commercial suppliers.

2.2. Experimental design

Young H. forskali, with an average body length of
20.25+2.75 cm, were collected by hand during scuba
diving off the Bizerte coast (North east of Tunisia),
arelatively clean sea shore. The sea cucumbers were
transported to the laboratory in cooler boxes with
water from the collection site. Once in the laboratory,
the specimens were kept in tanks filled with aerated
seawater (18 °C +£ 1; photoperiod of 12:12 h) for
three days prior to experimentation. The animals
were acclimated and then randomly divided into 4
groups of 12 specimens each (triplicate design) in
order to ensure the reproducibility of the results. As
we proceeded in our previously published research
(Rabeh et al., 2018), the animals were exposed to a
range of mercury chloride (HgCl,) concentrations as
follows: (controls (0), D1 (40 pg-L"), D2 (80 ug-L-
") and D3 (160 pg-L'). Tested doses were chosen
based on studies that investigated the effects of the
acute exposure of marine invertebrates to mercury,
using similar concentrations (Bhamre et al., 2010;
Oliveira et al., 2015). The lowest concentration
(40 pg'L') was in the range of concentrations that
can be found in some heavily contaminated water
bodies near industrialized areas (Alinnor, 2005;
Guilherme et al., 2008); while the highest tested
concentrations (60 and 80 pg-L'), were selected
to guarantee the observable effects of Hg and to
elucidate the responsiveness of sea cucumber to the

worst-case-scenario of mercury contamination. To
ensure water quality, 50% of the water was replaced
every 24 h and the concentrations of mercuric
chloride were re-established. The changed volume
of water was replaced by an equal amount of water
containing the initial concentration of HgCl,. During
the exposure period, sea cucumbers were not fed to
avoid prandial effects and to prevent the deposition
of feces. No mortalities were observed throughout
the experimental period in any group. At the end of
experiments, nine animals from each treatment were
removed from the tanks by dip-net and weighed.
Muscle was carefully dissected and immediately
frozen in liquid nitrogen and then stored at —80 °C
until the biochemical assays were carried out.

2.3. Hydrogen peroxide generation assay

The amount of hydrogen peroxide (H,0,)
generation in tissues was monitored by the ferrous
ion oxidation xylenol orange method of Ou and
Wolft (1996). The amount of H,0, produced was
determined using the extinction coefficient of
2.67x105 cm '™ and results were expressed as
nmol per gram of tissue.

2.4. Lipid hydroperoxide assay

Lipid hydroperoxide levels were estimated using
the ferrous oxidation in xylenol orange assay (FOX
assay) described by Jiang et al., (1992). The amount
of hydroperoxides produced was calculated using
the molar extinction coefficient of 4.6 x 9 x 104 M
cm™', and the results were expressed as nanomoles
per milligram of protein.

2.5. Lipid extraction

Total lipids in each sample were extracted
according to the Folch, Lees, and Sloane-Stanley
(1957) method with the solvent mixture chloroform—
methanol (2:1, v/v). Following solvent evaporation
under nitrogen, lipids were transferred to pre-
weighed 2ml vials. The solvent mixture was again
evaporated under nitrogen, and the extracts were
further dried overnight at ambient temperature (18
°C) in a vacuum desiccator. Once weighed, the lipids
were re-dissolved in chloroform—methanol (2:1,
v/v) with 0.01% butylated hydroxy toluene (BHT,
Sigma-Aldrich) added as an antioxidant to minimize
the risk of lipid oxidation.
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2.6. Fatty acid analysis

Fatty acids from total lipid extracts were
transesterified according to the Cecchi et al., (1985)
method. Methyl nonadecanoate C19:0 (Sigma) was
added as internal standard. The resulting fatty acid
methyl esters (FAME) were extracted using sodium
methylate (NaOCHj;) in the presence of hexane
and sulfuric acid (H,SO,). Separation of FAMEs
was carried out on a HP 6890 gas chromatograph
(Agilent Technologies, Sacramento,CA, USA)
with a split/splitless injector equipped with a
flame ionization detector at 275 °C, and a 30m HP.
Innowax capillary column with an internal diameter
0f250 um and a 0.25 pm film thickness. The injector
temperature was held at 250 °C. The oven was
programmed to rise from 50 to 180 °C at a rate of
4 °C-min’!, from 180 to 220 °C at 1.33 °C-min"' and
to stabilize at 220 °C for 7 min. The carrier gas was
nitrogen. Identification of FAMEs was based on the
comparison of their retention times with those of a
mixture of methyl esters (Supelco 47085U PUFA
No: 3 and Supelco 37 component FAME mix 47885-
U). Fatty acid peaks were integrated and analyzed
using Hewlett-Packard ChemStation software. All
fatty acid data are reported as percentage of total
fatty acids.
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2.7. Calculation of indices and statistical analysis

The indices of desaturase activities were estimated
as the product/precursor ratios of individual fatty
acids according to the following formulas:

D9D: A9-desaturase = stearoyl-CoA-desaturase =
(C18:1n-9)/C18:0); D5SD: A5-desaturase = C20:5n3/
C20:4n3, D6D: A6-desaturase =22:6n-3/ C20:5n-3
(Da costa et al., 2015; Rabei et al., 2018).

The indices of the elongase (Elovl 6) activity were
calculated using the C18:0/C16:0 ratio (Kotronen et
al.,2010).

Mercuric chloride effects on fatty acid composition
were analyzed by one way ANOVA of variance
(ANOVA) followed by the Tukey’s test in order to
compare results between doses. Results were expressed
as mean = SD and differences were considered
significant at p < 0.05. First the data for each variable
was checked for normality and homogeneity of
variance by Kolmogorov—Smirnov and Levene’s tests,
respectively. Raw values were arcsine-transformed
or log-transformed (if necessary) to meet the
requirements for normal distribution and homogeneity
of the variances. Student unpaired t-test was also used
when comparison between two groups was required.
All statistical analyses were run by the statistical
software program R version 3.0.2 (R Core Team2017).
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FiGure 1. Levels of oxidative damage measured as hydrogen peroxide generation (H>O,) and in the muscle of unexposed (C) and exposed
Holothuria forskali to different doses of HgCl, for 96 h. Data were expressed as means = SD (n=9). * p <0.01; * * p<0.001: D1, D2
and D3 groups vs. control group. +p <0.01; ++ p < 0.001: D2 and D3 groups vs. D1 group. $ p <0.001: D3 group vs. D2 group
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TaBLE]. Fatty acid profile (%) of Holothuria forskali muscle of the control and HgCl,-treated groups (D1 (40 pg-L"), D2 (80 pg-L") and
D3 (160 pg-L1)) for 4 days.

Fatty acids Control Hg (D1) Hg (D2) Hg (D3)
C14:0 546+0.42 3.61+0.05° 4.93 £0.86¢ 4.61+0.51¢
C15:0 1.15+0.15¢% 4.77+0.22° 393+0.01°¢ 2.08+0.20°
Cl4:1 0.22+0.23° 0.52 +0.08° 1.00 +0.50°¢ 1.31+£0.35°¢
Cl15:1 1.40+0.14¢ 5.75+0.12° 1.87 +£0.08*¢ 0.88+0.54¢
Cl16:0 486+14° 9.74 £ 0.34" 535+0.75¢ 5.02+0.13°¢

C16:1n-9 437+0.17° 3.67+0.17° 3.74+£1.63° 7.29+1.32°
Cl16:1n-7 8.72 £1.42¢° 3.97+£0.29" 8.60 +£0.32* 4.83+1.16¢
C16:2n-4 242 +0.13° 1.50 £0.05° 2.89 +0.28¢ 1.82+£0.31%
C17:0 0.4+0.15° 1.56+0.27° 1.20+0.08° 2.70+£0.44 ¢
Cl16:4 2.81+£0.30° 1.78 £0.36° 1.51 £0.05° 2.46+0.15
C16:3n-4 335+£0.5° 6.37+0.80° 2.25+0.30° 2.24+0.26°
C18:0 5.62 +£0.49% 6.83 £0.13° 5.12+1.06¢ 4.55+0.52¢
C18:1n-9 2.38+0.01* 1,15+ 0.10° 1.06 +£0.03° 2.04+0.25¢
C18:1n-7 1.92+0.2¢ 0.62 +0.18° 1.36 £ 0.09¢ 2.46+0.57¢
C18:2n-6 11.6+1.232 4.42 +0.65° 11.48 £0.40° 13.79 + 1.90¢
C18:4n-3 2.05+0.29° 6.93 +0.51° 4.25+0.08¢ 1.35+0.10%
C18:3n-3 2.08 +£0.05° 4.85+042° 2.46+042° 1.92+0.15¢
C20:0 3.73+£0.452 3.19+0.40" 4.19+0.06° 2.60 +0.28°
C20:1n-9 6.69 + 0.8 3.04 £0.04" 7.87+0.34¢ 7.74 £0.35¢
C20:3n-6 4.94£0.09* 1.97 £0.06"° 6.16 £0.12° 7.70 £0.53¢
C20:2n-6 5914+0.24 9.07 £0.05" 5.87+0.13¢ 4.25+0.84¢
C20:4n-6 4.68 +£0.03° 0.57 £0.06"° 2.35+£0.12°¢ 6.06+0.93¢
C20:3n-3 3.314£0.01° 2.25+0.20° 3.89+£0.28* 241+0.12¢
C20:5n-3 3.13+£0.43* 1.30 +£0.06° 1.27 +£0.11° 3.17+£0.412
C22:0 0.38 +£0.08° 1.01+0.07° 0.62 £0.05° 0.69 £ 0.08°
C22:1 0.36 +0.02° 0.11+0.01° 0.16 +£0.04° 0.09+£0.01°
C22:5n-6 2.46 +0.08° 1.14+£0,20° 0.99 +0.07° 2.02+047°
C22:6n-3 3.62+0.02¢° 7.05+1.18° 1.72+0.17¢ 2.79 +£0.38°
>'SFA 21.85+0.89¢ 31.72+0.94° 24.23+0.77° 22.09+5.55¢
>MUFA 25.794+0.72° 19.11+0.42° 27.70+3.08* 27.02+5.90°
>PUFA 52.36+£3.26° 49.17+1.38° 48.07+3.03° 51.15+11.45¢®
>'PUFA (n-3) 14.20+1.212 22.38+1.94° 13.59+2.29¢ 11.63+0.09°
> PUFA (n-6) 23.67+1.20° 13.57+0.3° 26.85+0.24°¢ 34.15+13.08¢
n-3/n-6 0.59+0.05* 1.67+0.01° 0.5+0.08* 0.34+0.03 ¢
Total lipid (mg/g ww) 5.64+0.16* 0.99+0.03° 7.5+£0.41¢ 10.19+1.02¢

Data are expressed as percentage of major fatty acids (mean + standard deviation; n=9); Means followed by different letters in the same
line are significantly different (p < 0.05) by Tukey’s test.
SFAs: saturated fatty acids, MUFAs: monounsaturated fatty acids, PUFAs: polyunsaturated fatty acids
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Principal Component Analysis (PCA) was applied to
evaluate the relationship between mercury treatments
and fatty acid composition in the muscle of the control
and the exposed groups of H. forskali.

3. RESULTS

3.1. Lipid hydroperoxide (LOOHs), and hydrogen
peroxide (H,0,) levels

Significant increases (p < 0.05) in H,O, and
LOOH levels were recorded in the treated H. forskali,
respectively, compared to the controls (Figure 1).

3.2. Fatty acids composition

As shown in Table 1, a significant decrease in
lipid content was recorded in D1 however, in D2
and D3 a substantial increase was noticed compared
to the control. The Fatty acid profiles of the muscle
in the control and HgCl,treated H. forskali are
presented in Table 1. The untreated sea cucumber
group showed a significantly higher proportion
of polyunsaturated fatty acids (PUFA) (52.36% of
total FA) followed by monounsaturated fatty acids
(MUFA) and saturated fatty acids (SFA) with 25.79
and 21.84%, respectively. Over all, we noticed that
exposure to the nominal dose of Hg (D1, 40 pg-L-
1) substantially changed the main fatty acid groups.
In fact, significant increases in SFA levels with a
decrease in unsaturated fatty acid levels (MUFA and
PUFA) were observed compared to the controls. A
closer examination of data showed that the recorded
increase in the SFA group, which almost doubled
under D1 treatment, was mainly due to the increased
levels of C15:0 and C16:0. As for unsaturated fatty
acids, we recorded that C18:1n-7 and C20:1n-9
were the most affected FAs by the Hg treatments
and to a lesser extent in D2 and D3. In the PUFA
group, the primary source of variation was due to
the decrease in the n-6 group level in D1. In fact, the
levels of C18:2n-6 and C20:4n-6 dropped by 70 and
90%, respectively, compared to the control group.
Regarding the n-3 group, significant decreases of
70 and 40% were recorded for the EPA (C20: 5n-
3) levels in D1 and D2 groups, respectively. The
EPA level remained statistically unchanged in the
D3 group in comparison to the control. Significant
changes were also observed for DHA (C22:6 n3) in
all treatments. This fatty acid tended to rise in D1
and diminish at higher doses.

3.3. Estimated activity of fatty acid desaturases and
elongases

Desaturase and elongase activities were
determined in the muscle of H. forskali exposed to
gradual doses of mercury (Table 2). The obtained
results showed that D9D (C18:1n9/C18:0), D5D
(C20:4n6/C20:3n-6) and Elongase 6 (C18:0/C16:0)
activities decreased significantly at the lower doses
(40 and 80 pg-L') but remained unaffected at the
highest dose (Table 2). The activity of the D6D:A6-
desaturase (C22:6n-3/C20:5n-3) was significantly
influenced by Hg exposure, expressing much higher
values at D1 when compared to the control group.

3.4. Principal component analysis

The PCA carried out on the fatty acid composition
data matrix produced a two-dimensional pattern
which explained 77.7% of total variance (Figure 2).
Those two components explained 56.7 (PC1) and
21.0% (PC2) of the total variance. The PCA plot
showed a considerable distinction between control
and treated groups along the PC2 axis. In addition,
we noticed that the group exposed to the lowest dose
(D1) was separated from all other groups along the
PC1 axis. The most highly-sensitive fatty acids were
C18:4n.3 and C14:1 for the PC1 axis and C17:0 and
C20:0 for the PC2 axis.

4. DISCUSSION

Heavy metals such as mercury are potential
stressors that exert toxic effects through redox
cycling which results in the uncontrolled production
of ROS and a failure in antioxidant defense systems
(Lushchak, 2011). In the current study, an over
production of ROS was confirmed by the increase
in the H,O, level in all Hg-treated groups. Our
results are consistent with several studies which
reported a close correlation between the generation
of intracellular ROS and the toxicity exerted by the
inorganic Hg in several marine organisms (Verlecar
et al, 2008; Wang et al, 2016). In this context,
Patrick (2002) reported that exposure to Hg promotes
the synthesis of H,O, which could be converted into
a reactive hydroxyl radical and lipid peroxidation
(LPO) products in mitochondrial membranes.
Furthermore, Hg ions are able to increase the action
potential in the inner membrane of the mitochondria
which regulates HO-, O, and H,0,, and negatively
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TaBLE 2. Estimated fatty acid desaturase and elongase activities of Holothuria forskali muscle of control and HgCl,-treated groups (D1(40
ug-L1), D2 (80 pg-L') and D3(160 pg-L1)) for 4 days.

Treatments and

parameters Control D1 b2 b3
D9D(18:1n9/18:0) 0.4+0.07 0.18+0.14™ 0.30 +0.03" 0.45+0.02
D5D(20:4n6/20:3n6) 0.79+0.05 0.27+0.049™ 0.38+0.05"* 1.1834+0.2""
D6D(22:6n3/20:5n3) 1.15+0.01 5.4+1.04™" 1.39+0.06 0.87+0.08"
Elov16(18:0/C16:0) 1.23.16+0.04 0.7+0.08™ 1.14+0.03 0.62+0.08"

Results are given in means =+ standard deviation of nine replicates in each group.
D1, D2, and D3 vs control: *p < 0.05; **p < 0.01; ***p < 0.001 (using Tukey’s test)
DID: A9-desaturase (stearoyl-CoA-desaturase=18:1n9/18:0);

D5D: AS-desaturase (20:4n6/20:3n-6);

D6D: A6-desaturase (22:6n-3/20:5n-3);

Elovl 6: Elongase 2 (18:0/C16:0).
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FIGURE 2. Principal component analysis (PCA) represented by two factors (F1=56.7% and F2=21.0%) and produced by fatty acid composition
of Holothuria forskali muscle of control and HgCl,-treated groups (D1(40 pg-L"), D2 (80 pug-L') and D3 (160 pg-L")) for 4 days.
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adjusts the defense enzymes SOD, CAT, GPx, as
well as GSH (Flores et al., 2019).

Besides biomarker analysis, the determination of
the fatty acid composition has proven to be a good
indicator of stress and ecosystem health, due to their
high sensitivity to stress factors and environmental
changes (Gongalves et al., 2016). Indeed, changes
in lipid metabolism are known to be a common
biochemical response to pollutant exposure and
accumulation in marine organisms (Dailianis ef al.,
2011). Our results showed significant changes in the
FA composition of treated sea cucumbers indicating
an evident harmful impact of Hg on lipid metabolism.
Thereby, after exposure to Hg, the FA profile of sea
cucumber showed directional tendency anchored by
an increase in SFAs, and the decrease in MUFAs and
PUFAs levels. The observed changes are thought to
be a compensatory process to defend the integrity
of biological membranes and reduce cytotoxicity
(Signa et al., 2015). It should also be noted that the
most prominent changes in the FA composition of
the Hg-treated H. forskali were mostly recorded at
the lowest tested dose as confirmed further by the
PCA analysis. Such findings can be attributed to a
hormeosis response and suggest that low Hg dose
response may be considered as a manifestation
of the plasticity of biological systems. In fact,
hormeosis, which is a dose—response phenomenon
characterized by a low-dose stimulation and a high-
dose inhibition, was observed for Algae exposed
to silver ions and nanoparticles (Tayemeh et al,
2020). The increased proportions of SFA mostly
resulted from the increment in palmitic acid (C16:0)
and may reflect an inflammation response to Hg
intoxication. Indeed, the last cited FA is particularly
known as a potent agent involved in the activation
of proinflammatory signaling pathways (Ma et al.,
2018). Another interesting finding recorded in the
current study is the decrease in the MUFA group
mainly due to the diminution of the oleic acid
(C18:1n-9, OA) level. The latter is a nonessential FA
which derives from the desaturation of stearic acid
(C18:0) by the stearoyl-CoA desaturase (Scd). The
recorded decline in the OA level is probably due to
the inhibition of the A9-desaturase activity by Hg ions
as reflected by the product-to-precursor ratio used in
the current study. Furthermore, OA was probably
used for energy production through B-oxidation and/
or in modulation of membrane fluidity (Funari ef al.,

2003) and/or in detoxification related mechanisms
as suggested by Ruiz-Gutiérrez et al., (1999). Also
worthy of note, a significant depletion of the n-6 group
and particularly ARA (C20:4n-6) and its precursor
LA (C18:2n-6), which are presumably required
for activation of eicosanoid synthesis through the
arachidonic cascade. In fact, ARA is largely reported
in the literature to be an important mediator involved
in inflammation, immune response, and adaptation
to stress through eicosanoid pathways (Calder,
2015). Likewise, we note the expenditure of EPA,
another precursor to eicosanoids, which may reflect
a compensatory mechanism to maintain membrane
fluidity and to promote the adaptive response of the
organism to stress (Delaporte et al., 2006). Another
PUFA, docosahexaenoic acid (DHA), which is
a main component of membrane phospholipids,
was found to increase in Hg-treated animals. Such
findings might reflect the ability of H. forskali to
cope with Hg injuries through the induction of A6-
desaturase activity as reflected by the enhanced
22:6n-3/22:5n-3 ratio. Indeed, it has been proven
that the DHA may act as an antioxidant to reduce
lipid peroxidation (Mayurasakorn et al, 2016).
Furthermore, Vanse et al. (2002) reported that DHA
could be involved in modulating the inflammatory
response and regulating membrane homeoviscous
to protect the cell from oxidative disruption caused
by Hg intrusion. Similar pictures were observed for
other marine organisms following exposure to metals
and organic pollutants (Telahigue ef al., 2019; Silva
etal., 2017).

To further explore the impact of Hg on lipid
metabolism, LOOH levels, primary breakdown
products of long-chain fatty acid peroxidation,
were determined. The increased LOOH levels
recorded in all Hg-treated groups clearly reflected
the dysfunction of the mitochondrial respiratory
chain. Indeed, being rich in polyunsaturated fatty
acids (PUFA) as other marine organisms (Liu et
al., 2017), sea cucumber seemed to be vulnerable
to lipid peroxidation. The continued oxidation of
fatty acid, and the fragmentation of peroxides to
produce aldehydes may eventually lead to losses in
membrane integrity by alteration of its fluidity.

5. CONCLUSIONS

In the current study, the acute exposure to Hg
promoted a state of oxidative stress as denoted by
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increased hydrogen peroxide and lipid hydroperoxide
levels. The changes in the FA profiles of treated sea
cucumber clearly indicated an evident toxic effect of
Hg on the longitudinal muscle. The palette of acids,
including SFA, MUFA and PUFA, determined in
the muscle tissue, can be used in ecotoxicological
research as an efficient test of the effect of mercury
exposure. Furthermore, the prominent effects
observed at the lowest dose, which is probably due
to a hormeosis response, must be interpreted with
caution since no information is available concerning
the mechanistic difference between the toxicity and
inhibitory effects of mercury to fatty acid pathways
in holothurians. Lastly, our findings extend the
understanding of the adaptive mechanisms of sea
cucumbers and the usefulness of the FA analysis as a
biomarker for Hg contamination.
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SUMMARY: The nuclear magnetic resonance (NMR) technique was applied to monitor the quality of tea oil herein. The adulteration of
virgin tea oil was monitored by ’F NMR and '"H NMR. The ’F NMR technique was used as a new method to detect the changes in quality
and hydroperoxide value of tea oil. The research demonstrates that ’F NMR and '"H NMR can quickly detect adulteration in tea oil. High
temperature caused a decrease in the ratio D and increase in the total diglyceride content. Some new peaks belonging to the derivatives of
hydroperoxides appeared at 3-108.21 and 8-109.05 ppm on the YF NMR spectrum when the oil was autoxidized and became larger when
the hydroperoxide value increased. These results have great significance in monitoring the moisture content, freshness and oxidation
status of oils and in detecting adulteration in high priced edible oils by mixing with cheap oils.
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RESUMEN: Determinacion de la calidad del aceite de té mediante °F RMN y '"H RMN. En este trabajo se utiliza la técnica de
resonancia magnética nuclear (RMN) para controlar la calidad del aceite de té. La adulteracion del aceite de té virgen se controlé mediante
las técnicas de '’F RMN y '"H RMN. La técnica de '°’F RMN se utilizé como un nuevo método para detectar los cambios en la calidad y el
indice de hidroperoxido del aceite de té. La investigacién demuestra que las técnicas ’F RMN y '"H RMN pueden detectar rapidamente
la adulteracion del aceite de té. La alta temperatura provoca una disminucion en la proporcion D y un aumento en el contenido total de
diglicéridos. Algunos picos nuevos, pertenecientes a derivados de hidroperdxidos, aparecieron a 8-108,21 y 6-109,05 ppm en el espectro
de F RMN cuando el aceite se autoxidaba e incrementaban cuando aumentaba el indice de hidroperoxido. Estos resultados tienen gran
importancia en el seguimiento del contenido de humedad, de la frescura y del estado de oxidacion de los aceites y en la deteccion de la
adulteracion de aceites comestibles de alto valor con aceites baratos mediante el uso de ’F RMN y 'H RMN.
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1. INTRODUCTION

Camellia oleifera, commonly called oil tea tree,
belongs to the Theaceae family and has been widely
cultivated in China for a long time (Qin et a/., 2018).
Camellia oil is widely referred to as tea oil and is
commonly utilized for cooking in China (Tu et al.,
2017). It is rich in unsaturated fatty acids such as
linolenic, linoleic and oleic acids (Weng et al.,
2018). Its oleic acid content is similar to that found
in olive oil, reaching up to 70%. In addition, there
are also some unsaponifiable compounds such as
tocopherols, squalene, phytosterols, and flavonoids
present in tea oil (Memon, 2011; Xiao et al., 2016).
These nutrients can easily be digested and absorbed
by the human body, and are beneficial to lowering
cholesterol, preventing and treating hypertension,
and cardiovascular diseases (Wang et al., 2012;
Lee and Yen, 2006). Tea oil has been reported to
exhibit antioxidant activity (Zhou et al, 2018),
and is also known as “Oriental Olive Oil”, which
has been very much preferred by consumers in
China. Among plant oils, the low-temperature and
cold-pressed tea oil has a higher price than others
because it retains nutrients as much as possible.
Thus, some unscrupulous merchants adulterate tea
oil with other low-price plant oils in order to make
higher profits.

The adulteration of tea oil by other low-cost oils
damages consumer interest. There are some certain
analytical methods for detecting the adulteration
and quality of oils, such as GC-MS, ultraviolet
spectroscopy, infrared spectroscopy and nuclear
magnetic resonance (NMR) spectroscopy (Li et
al., 2016; Gurdeniz and Ozen, 2009; Zhou et al.,
2015). However, the NMR technique, especially 'H
NMR (Sacchi et al., 1997), has become a favorable
choice (Santos et al., 2018), owing to its fast and
effective approach over the traditional methods like
GC-MS. Andrade ef al. (2012) analyzed the degree
of unsaturation of combined and free fatty acids in
several plant oils (soybean, corn, sunflower, canola,
linseed, cottonseed and jatropha) using 'H NMR,
which was found to be satisfactory when compared
to other conventional methods. Jiang et al. (2018a)
used 'H NMR as a fast method to determine
soybean oil deterioration during deep frying and
discovered that it is similar to the conventional gas
chromatography method for analyzing secondary
oxidation products. 'H NMR can be also used

to determine the chemometric characteristics of
extra-virgin olive oil (EVOO) in order to identify
the specific compounds responsible for olive oil
characteristics (Ingallina et al., 2019). Shi et al.
(2018) used 'H NMR combined with chemometrics
for the rapid detection of adulteration in tea oil, and
also confirmed the efficacy of this method in terms
of speed and accuracy.

Our laboratory has previously established a new
technique for monitoring the quality and adulteration
of olive oil by YF NMR (Zhou et al., 2015). Jiang et
al. (2018b) used this method combined with 'HNMR
to detect EVOO adulteration successfully. As far as
we know, no study based on a ’"F NMR approach
for the detection of the quality of tea oil according
to temperature and time changes has been reported.
In this work, the quality and adulteration of tea oil
using "F NMR was studied and specifically, the
determination of moisture content and the detection
of oxidation with temperature were conducted in
order to expand the application of NMR techniques
for the assessment of plant oil quality.

2. MATERIALS AND METHODS

2.1. Chemicals

All solvents were of reagent or analytical grade.
Hexafluorobenzene (99%), 4-tert-butylphenol, pyridine
and chloroform-d were purchased from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). The
deriving fluorine reagent (4-fluorobenzoyl chloride,
purity: 98%) was purchased from Sigma-Aldrich
(Shanghai, China). The rest of the reagents used in the
experiment were from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China).

2.2. Samples

Two tea oils were prepared in our lab: one was
extracted with petroleum ether (bp range 60-90 °C)
at room (or low) temperature (TOL) and the other
was extracted by the Soxhlet method with petroleum
ether (TOS) and then the solvent was removed by a
vacuum rotary evaporator in a water bath at 30 °C.
Other commercial plant oils were purchased from
the local supermarket. The samples were stored at
room temperature away from light.

5, 10, 15, 20, 25, 30, 35, 40 and 45% refined tea
seed oil were separately added to TOL.
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2.3. Sample preparation for NMR analysis

0.1 mL hexafluorobenzene in a stock solution
of pyridine and CDCI3 mixed in a ratio of 1:1.5
(v/v) was mixed with 0.5 g 4-tert-butylphenol.
Hexafluorobenzene was used as reference material
because the chemical shift was observed at 6164.90
ppm n the F NMR analysis. And 4-tert-butylphenol
was as a quantitative standard in the YF NMR
analysis. 0.1 Gram oil sample was put in a 4 mL
centrifuge tube mixed with 0.4 mL stock solution.
The resulting solution was transferred to a 5 mm
NMR tube and 30 uL of deriving reagent were
added. Then the reaction mixture was left to react
for 0.5 h in the tube at room temperature away from
light. After completion, the "F NMR spectra of the
samples were determined immediately.

20 uL oil sample were dissolved in 0.4 mL CDCI,
with 0.03% trimethylsilane (TMS). The resulting
solution was transferred to a NMR tube and then the
"H NMR spectra were recorded.

2.4. NMR spectroscopy experiments

All NMR recordings were conducted on a
Bruker AVANCE III HD 600MHz spectrometer,
operating at 564 and 600 MHz for the '°F and proton
nucleus, respectively. Typical spectral parameters
for this "F NMR experiment were as follows: 90°
pulse width = 19.3 ps, sweep width = 100 kHz,
relaxation delay = 1 s, memory size = 64 K. 32T
transients were accumulated for each spectrum. For
all FIDs, line broadening of 0.3 Hz was applied
and drift correction was performed prior to Fourier
transformation.

Typical spectral parameters for 'H NMR
experiment were shown as: 16 scans and 4 dummy
scans for each free induction decay, 32K for time
domain points with a spectral width of 12.0 ppm, 90°
pulse width of 9.0 us, acquisition time of 2.7 s and
relaxation delay of 1.0 s.

2.5. Effect of temperature on tea oil

20 Grams of TOL were divided into two equal
parts, one of which was spiked with 0.02% tert-
butylhydroquinone (TBHQ) and the other without
any treatment. The samples were placed on a
Rancimat instrument for heating and oil samples
were taken every 4 h at 80, 100, 120, 140 °C for a
total of 24 h,
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2.6. Oven test, reducing autoxidized tea oil,
determination of POV

40 Grams of tea oil were placed in a clean beaker,
and the beaker was placed in a 63 = 1 °C oven. The
peroxide value was measured every 5 days, and the
peak between 3-108 ~ 3-110 ppm on a "F NMR
spectrum was measured and calculated.

Two grams of tea oil were dissolved at 63 °C in
the oven after the 35 days in 30 mL solvent (acetic
acid: CHCI; = 3:2) and reduced by KI for 3 min and
then washed with 100 mL water 3 times to remove
the acetic acid. Anhydrous sodium sulfate was used
to dry moisture, while CHCIL, in the solution was
dried on a rotary evaporator.

The method of peroxide value measured by
titration (Stuffins and Weatherall, 1945) was used
according to the following formula:

POV (g/100g) =((V -V,) xcx0.1269)/mx100

Where V is the volume of sodium thiosulfate standard
solution consumed by the sample, V is the volume of
sodium thiosulfate standard solution consumed by blank
sample, ¢ is the concentration of sodium thiosulfate
standard solution, m is the weight of the oil. The formula
for the hydroperoxide value between 3-108 and 5-110
ppm measured by 'F NMR is

n(mmol/100g) =((A4/ A)xN)/mx100

Where: A is the area of the peak between 6-108
and 98-110 ppm, Ai is the area of the peak of 4-tert-
butylphenol, N is the millimolar amount of 4-tert-
butylphenol, m is the weight of oil.

2.7. GC-MS experiments

The methyl esterification method for samples
before GC-MS was carried out. 50 Milligrams of oil
sample dissolved in 4 mL n-hexane (chromatographic
grade) were put in a tube with stopper. Then 200
uL of 2 M KOH-CH;0H were added and the tube
was shaken vigorously for 1 minute for methyl
esterification. Then it was left to stand for 5 min to
allow solid-liquid separation. One gram of sodium
hydrogen sulfate monohydrate was added to the
solution to neutralize potassium hydroxide, followed
by immediate analysis of the supernatant by GC-MS
(ISO 5509:2000, ISO 5508:1990).
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The GC-MS analyses were performed on
a Shimadzu GC2010A (Kyoto, Japan) gas
chromatography. A Rtx®-Wax capillary column (30
m length, 0.25 mm i.d., and 0.25 pm film consisting
of cross-bond polyethylene glycol (Restek)) was
used. The conditions of the GC-MS analysis were as
follow: column temperature = 140 to 250 °C, rate = 4
°C/min, injection temperature = 220 °C, carrier gas =
nitrogen, column flow (nitrogen flow rate) = 1.36 mL/
min, injection volume = 0.5 pL, split ratio = 30:1.

Mass spectroscopy conditions: ion source
temperature = 230 °C, interface temperature = 280
°C, ionization voltage = 0.2 kv.

The peak area normalization method was used to
calculate the relative content.

2.8. Statistical analyses

All statistical analyses were determined using
IBM SPSS 22.0. The experiments were performed
in duplicate, and values were expressed as mean +
standard deviation (SD).

3. RESULTS AND DISCUSSION

3.1. ’F NMR analysis

Our lab previously found a novel method to detect
the quality and adulteration of olive oil using the
F NMR technique (Zhou et al., 2015). The main
principle of the method is based on the derivatization
of the active hydroxy groups like diglycerides

(DGs) and water with 4-fluorobenzoyl chloride, and
the integration of the appropriate peaks in the "F
NMR spectrum in the MestReNova. The deriving
reagent and the intermediate products between
4-fluorobenzoyl chloride and the stock solution
peaks were observed at 6-105.05 and 6-103.60 ppm,
respectively. The peak at 3-107.45 ppm was attributed
to 4-tert-butylphenol, the internal standards in this
experiment. The peaks at 6-107.95 and 6-107.86 ppm
belong to the a- and B-hydroxyl groups of 1,2-DG and
1,3-DG, respectively. The water peak was attributed
to 6-110.42 ppm. The quality of tea oil was analyzed
by calculating the characteristic peak appearing on the
"F NMR spectrum.

3.2. Diglyceride content

The DG content is an important indicator of the
quality of oil, and it can be detected by 'F NMR.
The contents of 1,2-DGs, 1,3-DGs, total diglycerides
(TDGs) and the ratio D (1,2-DGs to TDGs) in tea oil
and other plant oils are summarized in Table 1. After
comparing five different kinds of tea oils, it was found
that the fresh TOL had a high D ratio (0.77) and lower
TDGs (1.45%). The content of TDGs (2.14%) and
D ratio (0.27) of refined tea oil showed the opposite
trend. Clearly, the D ratio is a significant indicator for
judging the quality of oils because it usually occurs
from the isomerization of 1,2-DGs to 1,3-DGs during
oil storage and refining. A study by Vigli (Vigli et al.,
2003) showed that the D ratio of extra virgin olive

TaBLE 1. Compositional parameters of tea oil and some other plant oils determined by ’F NMR Spectroscopy.

Sample 1,3-DGs 1,2-DGs Total DGs D

TOL 0.33+0.01 1.12+0.10 1.45+0.11 0.77 £0.01
TOS 0.63 +0.06 0.85+0.15 1.49 +0.21 0.57 £0.02
tea oil from the supermarket 1 1.31+0.07 0.54+0.01 1.86 £ 0.06 0.29 £0.02
tea oil from the supermarket 2 1.30 £ 0.09 0.62 +0.02 1.92+0.11 0.32+£0.01
Refined tea oil 1.57 +0.06 0.57 +0.01 2.14+0.07 0.27 +£0.01
Extra virgin olive oil 0.58£0.10 0.68 = 0.00 1.26£0.10 0.54 +£0.04
Soybean oil 0.24 +0.06 0.10 +0.02 0.34+£0.08 0.31+0.01
Refined soybean oil 0.67+£0.03 0.34£0.02 1.01 £0.01 0.34£0.02
Rapeseed oil 2.02+0.22 0.80+0.13 2.82+0.34 0.28 +0.01
Palm oil 3.01+0.14 1.09 £ 0.07 4.10+£0.10 0.27 £0.03
Corn oil 2.16 £0.05 1.22 £0.11 3.38+0.14 0.36 £0.02

2Data are expressed as mean + standard deviation (n=2).

®TOL, tea oils extracted at low (room) temperature; TOS tea oils extracted by Soxhlet method.

Grasas y Aceites 72 (3), July-September 2021, e426. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0662201


https://doi.org/10.3989/gya.0662201

oil (EVOO) freshly extracted from normal mature
olives should be close to 1. Although the D ratio in
all oil samples decreases with storage time, the closer
the D ratio is to 1, the fresher the oil. When two
kinds of tea oil based on extraction temperature were
compared, TOL had a higher D ratio, indicating it has
better quality and freshness. Usually, commercial tea
oil is inevitably affected by temperature during the
production process, especially the refining process.
Table 1 shows the D ratio of TOL (0.77) > TOS (0.57)
> tea oil from the supermarket (0.29, 0.32) > refined
tea oil (0.27). This phenomenon is supported by the
present results, that is, the quality of tea oil is affected
by temperature and freshness. EVOO is a high quality
cold-pressed plant oil because of its nutritional value
and health benefits. The D ratio of TOL in our lab
is much higher than all EVOO samples detected in
our previous papers (Zhou et al., 2015; Jiang et al.,
2018b) because all EVOO samples were imported
from Spain and Italy to Shanghai at least 1.5 years
after being prepared. In addition, the 1,3-DG content
of all the other plant oils was higher than 1,2-DGs,
and the D ratio D was about 0.3 which is in agreement
with the study by Zhou et al. (2015). This indicates
that the extraction temperature has a great influence
on the quality and freshness of plant oil. The lower
the extraction temperature is, the better the quality of
the oil.

3.3. Moisture content

Moisture content is also a significant indicator for
judging the quality of oils (Hu et al., 2008). In order
to study the moisture content of tea oil by ’F NMR,
tea oil was placed in the oven at 63 °C until its mass
was constant, then cooled to room temperature. 0,
0.01, 0.02, 0.04, 0.06, 0.08 and 0.1% distilled water
was added to the tea oil, and shaken vigorously. "F
NMR was subsequently used to detect the moisture
content. The moisture contents in the tea oil were
detected at 0, 0.008 £+ 0.002, 0.015 + 0.003, 0.042 +
0.005, 0.055+0.002, 0.060 = 0.004, 0.059 £ 0.005%,
respectively by ""F NMR. The water contents
detected by 'F NMR agree well with those added.
The detection of moisture content is usually done
together with volatile matters in oils according to the
official methods of AOAC (1997, method Cd 8b-90).
But in some cases, volatile matters are desired flavors
for some edible oils, such as EVOO, or Chinese
traditional ground sesames oil. So F NMR can
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directly detect the specific moisture contents in oils.
As expected, the solubility of moisture in oil is very
low. When the content of added moisture reaches the
saturated state of oil dissolution, the excess water
will layer from the oil quickly and easily. According
to the results of the moisture content detected by
F NMR, when the content of added water reaches
0.06%, the moisture content becomes saturated in
the oil. When over 0.06% water is added to oil, high
deviation happens.

3.4. Adulteration of tea oil with refined tea oil

Refined tea oil has the same fatty acid composition
of tea oil prepared at a low temperature, but it is much
cheaper, so some unscrupulous merchants add refined
tea oil to tea oil to make more profit. In addition, there
are some minor nutritional components in tea oil
that are lost during refining. Some researchers have
suggested that the D ratio can be utilized as an index
to distinguish different grades of the same kind of oil
such as olive oil (Jiang et al., 2018b). Hence, using '°F
NMR to detect adulteration in cold-extracted tea oil
with refined tea oil is feasible.

In Figure 1, the contents of 1,3-DGs, TDGs
increased and D ratio decreased with the adulteration
level. The D ratio and the adulteration level showed
good correlation (r = 0.9653). It can be seen that it is
feasible to use 'F NMR to detect the incorporation
of refined tea oil into TOL. Therefore, the D ratio
is a key parameter for determining whether TOL
is adulterated with refined tea seed oil or not. The
higher the D ratio is, the fresher the tea oil.

V/11,3-DGs
L] SN 1.2-DGs 08
S B T0Gs |
2 \-\-\j

s = I . Ho0s6
F =
5 ;
E Ho4 2
O

Adulteration level (%)

FIGURE 1. 1,2-DGs (%), 1,3-DGs (%), TDGs content (%), D ratio
of the adulteration of tea oil with refined tea oil determined by F
NMR. Values are mean + standard deviation (n=2).
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3.5. Adulteration of tea oil with other plant oils

3.5.1. Determination of fatty acid composition

'"H NMR has been demonstrated as a method
for determining the fatty acid composition of oil
(Shi et al., 2018). The contents in unsaturated
fatty acids (oleic, linoleic and linolenic acids),
saturated fatty acids (SFAs) and squalene in plant
oils can be obtained by calculating the integral
peak area on the 'H NMR spectrum (Figure 2).
The assignment of fatty acid signals has been
established by Castejon et al., (2014). According
to the various signal intensities appearing in the
'"H NMR spectra, the peak at 61.68 ppm in the
'"H NMR spectrum of tea oils belongs to squalene.
In comparison with another study on the 'H NMR
spectrum of squalene, the peak was identified
as methyl protons belonging to the CH;-17 and
CH;-29 of squalene (Mannina et al., 2009; Shi et
al., 2019).

According to Jiang et al. (2018a), all spectra
of different plant oils have similar shape but
different peak intensities. So according to the
diversity of the fatty acid composition of plant
oils, the detection of adulteration in tea oil can be
carried out. Then the '"H NMR technique was used
to detect the adulteration of tea oil with other plant
oils, and GC-MS served as a standard method.

3.5.2. Adulteration of tea oil with soybean oil

Soybean oil, which is much cheaper than TOL
and may be used to adulterate TOL, has a different
fatty acid composition compared to tea oil. As shown
in Figure 3a, in addition to SFAs, the other three
parameters, linolenic, linoleic, and oleic acids are all
in good agreement with the adulteration level. With
an increase in the adulteration level, the contents of
linolenic and linoleic acids also increased, whereas
the content of oleic acid decreased. GC-MS is a
traditional method for detecting oleic acid content
in adulterated TOL. The sensitivity and veracity of
"H NMR in determining fatty acid composition can
be compared to GC-MS. When the adulteration level
reached 45%, the linolenic, linoleic and oleic acid
contents according to 'H NMR were 2.63, 28.12
and 52.17%. The content of linolenic, linoleic and
oleic acid by GC-MS were 2.53, 29.10 and 54.85%,
respectively. The differences in linolenic, linoleic and
oleic acid values were 0.1, 0.98 and 2.68%, which
showed about 3.95, 3.37 and 4.89% deviation from
the data measured by GC-MS. It can be seen that
the fatty acid contents measured by 'H NMR were
consistent with GC-MS. So '"H NMR can accurately
detect the adulteration in tea oil with soybean oil
more rapidly than GC-MS.

Comparing the linear equation of linolenic,
linoleic and oleic acids by '"H NMR and GC-MS,

A:  -CH=CH- F: CH,CH=CH
B: CHOCOR G: CH,CH,COOH
C:  CH,0COR H:  (CHy)a " J
D: =CH-CH,-CH= . CH=CH-CH,-CH;
E F
A c el
- Ly

,,,,,,,,,,,,,,,,,,,,,,,,,,

vvvvvvvvvvvvvvvvvvvvvvvvv

FI1GURE 2. 600 MHz 'H NMR spectrum of Camellia Oil.
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FiGuRE 3. Four parameters (oleic, linoleic, linolenic acids and SFAs)
in the adulteration of tea oil with other plant oils determined by
"H NMR. (a) adulteration of tea oil with soybean oil, b) adultera-
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% oleic acid). Values are mean + standard deviation (n=2).

it can be found that the contents of linolenic and
linoleic acid show the best relationship (R=0.9889)
with the adulteration level. According to the linear
equation (y = 0.0537x + 0.3111) for linoleic acid, the
adulteration level can be accurately calculated.

3.5.3. Adulteration of tea oil with rapeseed oil

Rapeseed oil is an edible oil containing erucic,
oleic, linoleic and linolenic acids, tocopherols and
sterols (Lambelet ef al., 2003). Generally, there are
about 14-19% oleic acid and 31-55% erucic acid in
traditional rapeseed oil, and erucic acid is bad for
the growth and development of the human body
(Clement and Renner, 1977). The average content in
high-oleic rapeseed oil is about 61%, which is similar
to that in tea oil. Therefore, this kind of rapeseed oil
was chosen for adulteration to detect the sensitivity
of the '"H NMR method. As shown in Figure 3b, the
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fatty acid composition (oleic, linoleic and linolenic
acids), especially the content of oleic acid, are all
in good relationship with the adulteration level. The
various fatty acid contents were consistent with
those detected by GC-MS. When the adulteration
level reached 10%, the linolenic acid contents were
1.05 and 1.31% as detected by '"H NMR and GC-MS,
respectively. The biggest difference in the linolenic
acid value was 0.26%, which was about a 24.62%
deviation from the data measured by GC-MS. When
the adulteration level reached 45%, the linolenic
acid contents were 4.13 and 4.13% as detected by
'"H NMR and GC-MS, respectively. This shows
no deviation from the data measured by GC-MS.
Comparing linoleic oleic acids detected by 'H NMR
and GC-MS, the biggest differences in value were
1.65 and 2.29%, which were about 17.40 and 3.21%
deviation from the data measured by GC-MS. So 'H
NMR can also detect the adulteration of tea oil with
rapeseed oil more quickly than GC-MS.

Therefore, there is no significant difference
between the two methods used for detecting the
adulteration of tea oil. This phenomenon may be
applied to determining the content of 18-chain fatty
acids in soybean oil and rapeseed oil. Rapeseed oil
has more 18 carbon chain fatty acids than soybean
oil. The more 18 carbon chain fatty acid content
present in oils, the more sensitive the 'H NMR
detection method is (Knothe et al., 1996).

3.6. Effect of temperature on the quality of tea oil

The temperature during extraction, transportation
and storage of tea oil has a certain impact on its
quality. High temperatures can lead to a decline
in the quality of tea oil, which often leads to the
loss of some nutrients and speedy autoxidation,
isomerization. High temperature can also cause an
increase in peroxides in oils. All these influences can
be detected by "F NMR.

3.6.1. The content of TDGs

Figure 4 shows the changes in DG contents and D
ratio at 80, 100, 120 and 140 °C within 24 hours in the
F NMR spectrum when the S/N ratio of the peaks
is 8. The D ratio steadily decreased for 16 h and then
became stable as heating time increased under 80 °C.
Whereas, the D ratio decreased sharply in the first 4
h and then remained stable as temperature increased.
The results show that the isomerization of 1,2-
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FIGURE 4. The tea oil content of total diglycerides (TDGs) (Columns) and D ratio (Curves) in tea oil and tea oil-+tert-butylhydroquinone
(TBHQ) heated at 80, 100, 120 and 140 °C within 24 hours. (m: tea oil; %: tea oil+TBHQ)

DGs to 1,3-DGs will accelerate when temperature
rises. But antioxidants do not affect the speed of the
isomerization.

3.6.2. The hydroperoxides

Characteristic peaks at 5-108.21 and 6-109.05 ppm
were observed on the "’F NMR spectrum. These peaks
are reasoned to belong to the hydroperoxides due to
four factors. Firstly, the peak areas of compounds at
6-108.21 and 5-109.05 ppm on the F NMR spectrum
increased markedly when the heating time increased to
140 °C, as shown in Figure 5. Secondly, the addition of
TBHQ to the oil as a positive control greatly inhibited
the increase in the peak areas at 5-108.21 and 5-109.05
ppm during 16 to 24 h because TBHQ is a very strong
antioxidant and can effectively retard autoxidation of

oils, and inhibit the increase in hydroperoxides. But
oils commonly contain some natural antioxidants
themselves, so oils with and without the addition
of antioxidants can retard autoxidation during the
first 12 h. But after 12 h, oil without antioxidant
addition consumed its own natural antioxidants,
and the amount of hydroperoxides increased more
rapidly than the oil with the addition of antioxidants.
All natural antioxidants, including the ones added,
were consumed completely and the hydroperoxides
reached maximum levels, as shown in Figure 6.
Thirdly, POV (including hydroperoxides and other
peroxides), as determined by classic titration is very
closely correlated (R2 = 0.943), as shown in Figure
7. Fourthly, it seems that two peaks appear at -109.05
ppm (Figure 8a) after tea oil oxidized for 35 days. But
after it was reduced by KI in the acetic acid solution,
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FIGURE 5. 600 MHz '°F NMR spectrum of tea oil heated at 140 °C for 24 h.
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for 24 h. (brown: the spectrum of tea oil; blue: the spectrum of tea oil+TBHQ)
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two peaks at -109.05 ppm disappeared completely
and two new peaks appeared at -109.78 ppm (Figure
8b) and were much more distinguishable than those
at -109.05 ppm. This means the hydroperoxides were
reduced to related alcohols. The peaks at 5-108.21 ppm
showed the same change, disappeared completely and
a new peak appeared at 9-109.00 ppm. Figure 9 may
explain why the '’F NMR spectrum of autoxidized tea
oil appeared in two peaks because the conjugated di-
double bonds had a stronger de-shielding effect than
the mono-double bond. Also, it is easily explained

®  Hydroperoxiside values J
® POVs 0.8

(8001/8) uonenn [earssejo Aq painseaur S\ Od

Hydroperoxiside values by 19F NMR (mmol/100g)

Time (days)

FIGURE 7. The relationship between the peroxide values (POVs)
measured by titration and hydroperoxide values by the YF NMR
technique. Values are mean =+ standard deviation (n=2).

a. Before reduction
N

=
o R b .

v ¥ v
108, 8

that two '"F NMR peaks of alcohols are more
distinguishable than hydroperoxide ones because
the carbon chains of alcohols affect fluorine more
than those of hydroperoxides because of one more
oxygen atom between fluorine and carbon chains in
hydroperoxides.

According to the GB/T11765-2018, the peroxide
value for tea oil must be lower than 0.25 g/100g. On
the basis of the linear equation y = 7.2077x + 0.1244
for peroxide value measured by titration and '°F
NMR, the limit of detection for the hydroperoxide
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FIGURE 9. Autoxidation of unsaturated fatty acids and the reaction
of hydroperoxides of unsaturated fatty acids with 4-fluorobenzoyl
chloride.
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F1GURE 8. The F NMR spectra of tea oil stored in the oven at 63 °C for 35 days. (a. Before reduction; b. After reduction by KI in acetic
acid solution.)
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value level was 1.93 mmol/100g, according to the
YF NMR method. Over this hydroperoxide value
(1.93 mmol/100g), the peroxide value for tea oil
exceeds regulations and the quality of tea oil is not
up to standard.

4. CONCLUSIONS

This is the first time that 'F NMR is used to
determine the quality of tea oil, especially the
changes in the quality and autoxidation of tea oil.
The results from this study demonstrated that
F NMR and '"H NMR can effectively detect the
adulteration of low-temperature extracted tea oil
with refined tea oil and other low-price edible oils.
The characteristic peaks appearing at 5-108.21 and
8-109.05 ppm on the F NMR spectrum belonged to
hydroperoxides, and they can be used as an indicator
for the determination of the quality and oxidation of
tea oil. This phenomenon has great significance for
the quality determination of tea oil. Meanwhile, it
was found that high temperatures affected the TGDs
content and D ratio in tea oil in a short time, and then
remained at a certain level within 24 h. In addition,
"F NMR technology can detect long-term dynamic
changes of the quality of tea oil. This method is a
new, faster and more comprehensive method to
determine the quality of tea oil.
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