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ABSTRACT

Bakery margarine is one of the most commonly used fat products in the food industry. Its oxidative stability is a critical quality
parameter, typically maintained using synthetic antioxidants such as tertiary butylhydroquinone (TBHQ) due to its strong anti-
oxidant activity. However, excessive daily consumption of TBHQ has been linked to potential health risks, prompting increased
interest in natural alternatives. In this work, oil extracted from roasted and unroasted date seeds were analyzed and compared
for there phenolic composition and free radical scavenging capacity. In addition, bakery margarines prepared by formulation
with the roasted and unroasted date seed oils (10 g/kg) were compared to margarine supplemented with the synthetic antioxidant
TBHQ (200m/kg) as a control. They were evaluated in terms of quality parameters, oxidative stability measured by induction
time, peroxide value during accelerated storage for 10 weeks at 60°C, and fatty acid profile. The results showed that pre-treatment
of the seeds by roasting significantly increased phytochemical content and antioxidant capacity. Margarine containing roasted
date seed extracts showed oxidation resistance similar to the control without altering its quality. However, it showed superior
resistance properties and a longer induction time (increased from 24.6 to 31h) compared to margarine containing unroasted
date seed oil. This study highlights, for the first time, the role of roasting in improving the quality of date seed oil. These results
suggest that roasted date seed oil can effectively improve the shelf life and stability of margarine, offering a promising natural
alternative to synthetic antioxidants in food applications.

1 | Introduction

Margarine, an emulsified fatty food (water-in-fat), is widely
used as a substitute for spreadable butter, which is mainly com-
posed of an average of 80 to 90% fat (Fruehwirth et al. 2021).
Margarines can be classified based on the firmness and melting
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point of their fats into bakery margarine, which includes hard
and medium plastic margarine used as bakery fat in short
pastry, cakes, cookies, breads, and pastries, and table marga-
rine, which is generally medium and soft plastic margarine
commonly used as spreads for table consumption (Miskandar
et al. 2005; Paduret 2022).
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Bakery margarine, one of the essential fatty products in the food
industry, imparts a variety of advantageous qualities to both
dough and finished cookies (Das and Das 2024). These include
facilitating dough mixing, providing essential aeration, improv-
ing flavor release, and creating the desired texture and mouth-
feel in cookies (Cheong et al. 2009). Therefore, industries rely
on the addition of some vegetable oils such as soybean, corn,
sunflower, and palm oils in order to stabilize solid fat crystals
(Bolini et al. 2023). In addition, many synthetic antioxidants
(such as tertiary-butylhydroquinone, butylated hydroxyanisole,
butylated hydroxytoluene, and propyl gallate) have been used to
prevent lipid oxidation due to the high oxidative deterioration
of margarine during storage and heat treatment, caused by the
large contact surface between oxidizable lipids in the emulsion
droplets and water-soluble prooxidants (Ghelichi et al. 2023),
which ultimately reduces the sensory and nutritional quality of
the food.

Several studies have investigated the effectiveness of these an-
tioxidants and have suggested that tertiary-butylhydroquinone
(TBHQ) has superior antioxidant properties compared to oth-
ers such as butylated hydroxyanisole (BHA) and butylated hy-
droxytoluene (BHT), which explains its extensive use in the food
industry (Lopez et al. 2022; Palanna et al. 2025). However, the
antioxidant efficiency of TBHQ is better at low temperatures
than at high temperatures due to its high thermal decomposi-
tion (Liu et al. 2016). Indeed, its high consumption can induce
toxic and carcinogenic effects (Azizkhani and Zandi 2009). As
a result, consumers have become more interested in replacing
synthetic products with healthier and natural ones. The food
industry focuses on using natural products from many sources
(such as plants, micro-organisms, fungi, algae, animals and
agri-food waste) as substitutes for synthetic antioxidants (Moure
et al. 2001). Among agri-food waste, date seeds, which repre-
sent about 15% of the total weight of dates, are considered an
important by-product resulting from fruit processing. This by-
product is a valuable source of bioactive compounds that can
be valorized by the food industry (Golshan Tafti et al. 2017).
In addition, date seeds contain between 5% to 13% of oil with
a healthy fatty acid profile composed mainly of oleic and lin-
oleic acids (monounsaturated fatty acids) and lauric, myristic,
and palmitic acids (saturated fatty acids) (Subhash et al. 2024;
Ali and El-Anany 2025). The richness of oleic acid in oils plays
important roles in increasing health benefits, including lower-
ing blood cholesterol levels and preventing cholesterol build-up
in blood vessels (Chen et al. 2023). Furthermore, date seed oil
is rich in lipophilic antioxidants and exhibits thermal stability,
making it an ideal candidate for use as high-quality edible oil in
food formulations (Harkat et al. 2022). Notably, the stability of
vegetable oil during heating, as well as the functional properties
and sensory characteristics of mayonnaise, were improved by
replacing synthetic antioxidants and corn oil with date seed oil,
respectively (Basuny and Al-Marzooq 2011; Taha et al. 2019).
Beyond its functional properties, date seed oil is a valuable
economic resource that makes a significant contribution to re-
ducing industrial waste, with an annual extraction potential of
around 3900t from date seeds (El Harkaoui et al. 2024; Subhash
et al. 2024).

In order to improve the oxidative stability of the extracted oil
by improving its phenolic content and antioxidant activity, the

food industry has increasingly adopted various techniques, in-
cluding refining, blending, and enrichment with natural anti-
oxidants (Benbouriche et al. 2022; Benbouriche et al. 2023).
Among these methods, roasting has emerged as a particularly
effective approach, as it promotes the release of bound phenolic
compounds and significantly boosts the antioxidant potential of
the resulting oil. This has led to the widespread application of
roasting in the treatment of seeds prior to oil extraction (Belcadi-
Haloui et al. 2018; Akinoso et al. 2023). Moreover, roasting of
date seeds is commonly optimized and applied due to the en-
hanced antioxidant activity and total polyphenol content (TPC)
of the resulting powder, which last is often used in some prepa-
rations, such as coffee, regarding its favorable sensory attributes
(Fikry et al. 2019). To the best of the authors' knowledge, no data
are currently available in the literature regarding the impact of
roasting date seeds on the quality of their oil or its potential ap-
plications in food products. In this context, the present study fo-
cuses on the use of roasted date seed oil to enhance the quality of
bakery margarine through a novel formulation, emphasizing its
potential as a natural source of antioxidants. This new formula-
tion is evaluated and compared to a control margarine fortified
with 200 mg/kg of the synthetic antioxidant TBHQ.

2 | Material and Methods
2.1 | Reagents

All the chemical reagents and analytical standards used in the
present study were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

2.2 | Date Seeds Preparation and Oil Extraction

Date palm (Phoenix dactylifera L.) fruits of Degla Beida vari-
ety were acquired from the Biskra region (Algeria). The seeds
were manually removed and soaked to remove adhering resid-
uals, then divided into two portions, each weighing 100g. One
portion was roasted in a forced-ventilation oven (MEMMERT,
Germany) at 200°C for 22min, following the procedure de-
scribed by Fikry et al. (2019), while the other portion was kept
without roasting treatment. The roasting process was performed
in triplicate.

Oil extraction from roasted and unroasted date seeds followed
the method described by Rakhshanda et al. (2020). About 20g
of ground date seeds were placed in a cellulose thimble and
stirred with 250mL of n-hexane for 4h at room temperature
(25°C). After that, the solvent was removed using a rotary evap-
orator at 40°C until weight stabilization. The extraction process
was carried out in triplicate. The extraction yield values were
9.52+0.41 (W%) and 10.49 +0.38 (w%) for unroasted and roasted
date seeds, respectively.

2.3 | Phenolic Compounds Measurement of Date
Seed Oil

Polyphenol compounds from oil samples were extracted by
liquid-liquid separation using methanol-water (80:20v/v)
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as extraction solvent, following the procedure of Nenadis
et al. (2018). A mass of 2.5g of oil sample was mixed with 5mL
of hexane and 5mL of methanol-water (80:20v/v) solvent in a
separating funnel. After mixing, centrifugation was carried out
at 5000rpm for 10min at room temperature (20°C) in order to
separate the two phases obtained. The lower phase, containing
the phenolic compound, was collected, and the solvent was then
evaporated under vacuum (60°C). The methanolic extract was
filtered through a 0.45um membrane filter before injection into
the high-performance liquid chromatography (Agilent 1260
Infinity quaternary LC, Germany) system.

Phenolic compounds were separated using a C18 column
(Thermo Electron, Dreieich, Germany) (4.6mm X250mm,
3um) and then analyzed by a Shimadzu SPD6AUYV detector
measuring the optical density at 254nm during 50min. The
mobile phase was a mixture of A and B solutions: (A) 70% ace-
tonitrile in water and (B) 0.1% formic acid in water, with the
percentage by volume of (A) solution varying linearly during
the time as follows: from 10% to 25% for the first 25 min, then
from 25% to 80% up to 35min, and finally from 80% to 100%
up to 50min. The column temperature was maintained at
40°C, and the mobile flow rate was fixed at 0.5 mL/min (Abid
et al. 2017).

2.4 | Antioxidant Activity Measurement of Date
Seed Oil

2.41 | Ferric Ion Reducing Power (FRAP) Test

The ferric ion reducing power (FRAP) test was conducted as
previously described by Mohd Jaih et al. (2019). 1mL of each
oil sample, diluted in DMSO (dimethyl sulfoxide), was mixed
with 2mL of FRAP reagent and adjusted to 10mL with redis-
tilled water. FRAP reagent contained a mixture of TPTZ (2,4,
6-tri-(2-pyridyl)-1,3,5-triazine) solution (10mM in 40 mM HCI),
FeCl, (20Mm) and acetate buffer (0.1M, pH3.6) in a volume
ratio of 1:1:10. The absorbance was observed at 593nm after
10min of incubation using a blank control, which consisted only
of FRAP reagent and redistilled water, without any oil sample.
The results were calculated using a Trolox standard curve pre-
pared at different concentrations of 0.1, 0.05, 0.025, 0.0125, and
0.00625mg/mL and expressed as mg of Trolox equivalent per g
of sample (mg TE/g).

2.4.2 | B-Carotene Bleaching Test

According to the method of Yao et al. (2020), the f-carotene
bleaching assay was measured by dissolving 10 mg of 3-carotene
in chloroform (10mL). Then, the solution was combined with
20mg of linoleic acid and 200mg of Tween 40. After removing
the chloroform using the rotary evaporator at 40°C, 50mL of
distilled water was added to formulate an emulsion. 200 uL of
seed oil at different concentrations previously diluted in DMSO
(0.4 to 0.00625g/mL) were mixed with 5mL of the emulsion.
The absorbance was immediately measured at 470nm and
after incubation in a water bath at 50°C for 60 min at the same
wavelength. The control consisted of 200 uL of DMSO instead of

diluted seed oil. Antioxidant activity was expressed as percent
inhibition as follows (Equation 1):

AA% =100 x (DC — DS) /DC @

where, AA (%): antioxidant activity; DC: degradation rate of
the control; DS: degradation rate of the sample. Both DC and
DS=[In(a/b)/60], where a: absorbance at O0min and b: absor-
bance at 60min. The results were described by IC50 (mg/mL),
which is the concentration required to induce a 50% {3-carotene
bleaching inhibition.

2.4.3 | Metal Chelating Activity by Ferrozine Test

Metal chelating activity was performed as described by Wannes
and Marzouk (2016). 100puL of seed oil at various concentra-
tions, prepared in DMSO, were combined with 50 1L of FeCl,
(2mM) solution and incubated at room temperature (25°C) for
5min. Then, 0.1 mL of ferrozine (5mM) was added, and the total
volume was adjusted to 3mL with 1 mL distilled water. The re-
sulting solution was maintained at room temperature (25°C) for
10 min. In the control sample, DMSO (100 uL) was used instead
of seed oil. The absorbance was then measured at 562nm. The
percentage of metal-chelating activity was calculated using the
following formula (Equation 2):

Metal chelating activity (%) = [(Ac — As) / Ac| x 100 )

Ac: absorbance of the control, As absorbance of sample.
The results were reported as IC50 (mg/mL), representing
the concentration required to induce a 50% metal chelation
activity.

2.5 | Study of Margarine
2.5.1 | Margarine Formulation

Margarines preparation for bakery applications was manually
carried out at laboratory scale at CEVITAL Spa, an agri-food
company located in Béjaia, northern Algeria. The lipid phase
contains 80% of the total amount, including an emulsifier (lec-
ithin) dissolved in the heated oil phase, composed of palm oil,
sunflower oil, and an equivalent of hydrogenated soybean oil.
The remainder represents the liquid phase containing salt, lac-
tic acid, and potassium sorbate, all dissolved in deionized water.
During the formulation process, 5g (10g/kg) of both unroasted
and roasted date seed oil was introduced into the lipid phase to
formulate margarine with unroasted oil (UOM) and margarine
with roasted oil (ROM), respectively. The quantity of date seed
oil added was adjusted to achieve a final margarine weight of
500g for each formulation. This amount was selected based on
economic criteria defined by the company's laboratory experts,
while ensuring that the fatty acid profile of the bakery marga-
rine was not altered. Commercial margarine produced by the
industrial agri-food CEVITAL was used as the control (MC). It
was prepared by fortification with 200 ppm of TBHQ instead of
date seed oil, which corresponds to the maximum standard limit
for the use of synthetic antioxidants in fat and oil (United States
Food and Drug Administration 2024). The final margarine
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products were stored in 250 g plastic trays and kept at 4°C in the
dark for 1day prior to analysis.

2.5.2 | Measurement of Physicochemical Properties

Physicochemical properties of the produced margarines, includ-
ing pH, moisture content, water activity, acidity (oleic), peroxide
value, melting point, salt content, and solid fat content (SFC),
were determined.

pH value: The pH of the margarines was measured directly
by immersing the pH-meter electrode (Testo 206, Testo-AG
Germany) into the aqueous phase.

Moisture content: The moisture content was determined by
drying 3g of margarine at 105°C until a constant weight was
achieved (ISO-662 1998).

Water activity: Water activity (aw) was measured at 25°C
using a water activity meter (Novasina Aw Sprint TH-500, Axair
Ltd., Pfaffikon, Switzerland).

Peroxide value (PV): PV was determined according to ISO-
3960 (2007). Briefly, 5g of margarine oil was dissolved in a
solution containing acetic acid (18 mL), chloroform (12mL) and
saturated potassium iodide solution (1 mL). The resulting mix-
ture was kept in the dark for 5min. A total volume of 75mL dis-
tilled water and a few drops of starch solution (1%) were added,
and then the solution was titrated with sodium thiosulfate solu-
tion (0.01N). The Peroxide Value (meqO,/kg) was calculated
using the following Equation (3):

PV (meqO, /kg) = (V x N x 1000) / M ®3)

where, N, normality of the sodium thiosulfate, V, volume (mL) of
sodium thiosulfate, M, mass of the sample (g).

Acidity value (A%): The acidity was determined by neutraliz-
ing free fatty acids with a solution of NaOH in the presence of
phenolphthalein as a color indicator (ISO-660 2009). The result
is expressed as follows (Equation 4):

A(%)=(282xN xV)/(10x M) @

Where, 282: molar mass of oleic acid (g/mol), N: normality of
NaOH solution (0.1N), M: weight of the sample (g), V: volume of
the NaOH solution.

Salt content: The salt level was determined by dissolving 5g
of margarine in boiling distilled water (100mL). The resulting
solution was then titrated with a solution of silver nitrate AgNO,
(0.1N) in the presence of a color indicator (potassium chromate
5%) (ISO-15648 2004). The salt content (NaCl) is determined ac-
cording to the following formula (Equation 5):

Salt content (%) = [(V X N x 58.5) /(10 x M)| x 100 6)

Where, V: volume (mL) of the AgNO, solution, N: normality
of AgNO, (0.1N), 58.5: equivalent weight of NaCl (g/mol), M:
weight of the sample (g).

Melting point: The melting point refers to the minimum
temperature, expressed in degrees Celsius, at which a lipid
changes from a solid to a liquid state. The method con-
sists of introducing margarine fat into two glass capillary
tubes at a height of 1cm. After cooling for 20min, the cap-
illary tubes were connected to a thermometer. The whole
was immersed in water heated to 0.5°C/min. The tempera-
ture at which the margarine fat melted was then recorded
(ISO-6321 2002).

Solid fat content (SFC): SFC was carried out using a nuclear mag-
netic resonance (NMR) spectrometer (minispecmq 20, Germany).
The process consists of separating and filtering of fat from marga-
rine and incubating it in a water bath for 30min at temperatures
ranging from 0°C to 40°C, in accordance with ISO-8292-1 (2008).

2.5.3 | Color Parameters Measurement

The color of margarine and date seed oil samples used in
their formulation was measured using a colorimeter (Konica
Minolta Inc. Japan) in the CIE L*a*b* system. The colorimetric
parameters L* (lightness), a* (redness/greenness) and b* (yel-
lowness/blueness) were determined. L* ranges from 0 (black)
to 100 (white), a* ranges from —100 (greenness) to +100 (red-
ness) and b* ranges from —100 (blueness) to +100 (yellowness)
(Samet-Bali et al. 2009). As the values of L*, a*, and b* rise, the
color becomes more saturated or chromatic; while for neutral
colors (white, gray or black), these values approach zero. The
chroma (C*) and hue angle (h°), representing the saturation
level and shade of the color, respectively, as well as the color
index (AE), were calculated as follows (Equations 6-8):

h’ =tan"! (b* /a*) (6)
' = (a7 +b52)"? (7)
AE=[(AL?)+(Aa?)+( A6 ®)

2.5.4 | Texture Parameters Measurement

Texture of margarine samples was determined using Textural
Profile Analysis (TPA) test. A Texture Analyzer (LLOYD instru-
ments, Fareham, England) was used to measure the force-time
curve for two cycles of compression (Ammar et al. 2021). All
measurements were performed in a controlled room at 25°C.
The measurements were carried out on 50 mm-width X 50 mm-
length x40 mm-height margarine samples. An aluminum cylin-
der probe was used to compress the margarine to 50% (20 mm) of
its original height with a displacement speed of 2mm/s. Texture
profile parameters, hardness (N), cohesiveness, adhesiveness
() and springiness (mm) were measured. Texture analysis was
assisted on three independent refrigerated (4°C) margarine sam-
ples from each type, 24 h after preparation.

2.5.5 | Measurement of Margarines Oxidative Stability

The oxidative stability of the different margarine samples was
carried out by using two methods:

4
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Rancimat test: Rancimat test is based on measuring the in-
crease in conductivity of demineralized water induced by vol-
atile acids transported by dry air passing through the heated
sample (Farhoosh 2007). A total of 3g of margarine was intro-
duced into the Rancimat apparatus (Metrohm AG, Herisau,
Switzerland) under a temperature of 98°C and an airflow rate of
10L/h. The oxidative stability of the margarine was expressed in
induction time given in hours (ISO-6886 2006).

Schaal oven test: Oxidative stability was assessed by measur-
ing the peroxide value during a 10-week storage period in a hot
air oven maintained at 60°C +1°C, following the method de-
scribed by Azizkhani and Zandi (2009). Each type of margarine
was divided into three independent replicates of approximately
100g, each stored in a sealed glass jar. During the storage pe-
riod, 10g was withdrawn weekly from each replicate for perox-
ide value determination.

2.5.6 | Fatty Acids Composition Measurement

Fatty acid methyl esters were produced in the first step in ac-
cordance with ISO-5509 (2000). Briefly, 0.1g of margarine fat
was combined with 2mL of heptane in a 5SmL screw-cap tube
and shaken for 30s at room temperature (20°C). Subsequently,
0.2mL of methanolic potassium hydroxide solution (2N) was
added. The tube was tightly closed and shaken vigorously for
30s. A volume of 0.8 uL of FA methyl esters was injected into
Chromatogram (Chrompack CP 9002) equipped with a Flame
Tonization Detector and a column (30mXx0.2mm X0.25um,
RTX 2330) with a split ratio of 1/100 at 250°C. The carrier gas

was nitrogen at a flow rate of 1mL/min, and the injector and
detector temperatures were set at 250°C and 260°C, respectively.
Fatty acid peaks were identified and quantified by comparing
their retention time, equivalent chain length, and peak surface
area with respect to standard fatty acid methyl ester standards
(Sigma-Aldrich, Steinheim, Germany) were used.

2.6 | Statistical Analysis

All experiments and analyses were carried out in triplicates,
and the obtained data were expressed as means +standard de-
viation. The data were statistically analyzed using ANOVA fol-
lowing the LSD test (Least Significant Difference) by Statistica
Software version 10.0 (Stat Soft Inc.). Statistical significance was
considered at p <0.05.

3 | Results and Discussion

3.1 | Determination of Phenolic Compounds
of Date Seed Oil

Natural oils contain only a small proportion of phenolic com-
pounds; however, these compounds can exhibit significant
biological effects, including anticancer and antiatherogenic
properties, alongside their antioxidant capabilities (Vujasinovic
et al. 2012). The phenolic compounds identified in the metha-
nol extract of the oil samples, along with their retention times,
are summarized in Table 1. In the case of unroasted date seed
oil, only four compounds were detected. The predominant

TABLE1 | Phytochemical profile of date seed oil in methanolic extracts and antioxidant activities of date seed oils.

Rt (min) Unroasted Roasted
Concentration (mg/kg oil)
Gallic acid 7.482 1.35+0.01° 2.52+0.012
Protocatchuic acid 12.355 ND 0.73£0.00*
Cafeic acid 17.259 ND 0.09+0.01*
Tyrosol 17.464 0.03 +0.00° 0.26+0.00*
Vanillic acid 21.858 0.16+0.00° 0.22+0.012
Benzoic acid 24.229 ND 0.03+0.00*
Vanillin 29.406 ND 0.08 £0.00*
Rutin 32.189 0.01+0.00° 0.05+0.01*
Quercetin 36.967 ND 0.11+0.022
Apegenin 38.353 ND 0.60+0.02%
Trans-cinnamic acid 38.588 ND 0.11+0.01?
Antioxidant test
FRAP (mg TE/g) — 0.57+0.027° 1.80+0.025%

f-Carotene bleaching IC50 (mg/mL) —
Metal chelating activity IC50 (mg/mL) —

0.271+0.003° 0.0673 £0.0027*

0.305+0.004° 0.0437+0.0022%

Note: Means with different superscript letters in the same row within a sample type are significantly different according to LSD test (p <0.05).

Abbreviations: ND, not detected; Rt, retention time.
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compound was gallic acid (1.35+0.01 mg/kg), followed by van-
illic acid (0.16+0.00mg/kg), tyrosol (0.03+0.00mg/kg), and
rutin (0.01+0.00mg/kg). Harkat et al. (2022) reported higher
concentrations of vanillic acid and tyrosol (3.49 +0.0mg/kg and
1.24+0.01mg/kg, respectively) in the same Algerian variety.
Additionally, 10 other compounds were identified, with con-
centrations ranging from 15.41+0.01mg/kg to 0.04+0.01 mg/
kg. These variations may be attributed to differences in the ma-
turity stage of the samples and the protocols employed for ex-
traction and analysis.

The effect of roasting as a pre-treatment on the phenolic content
of the extracted oil is presented in Table 1. Roasting significantly
increased the phenolic content (p<0.05), with concentrations
reaching 2.52+0.01 mg/kg for gallic acid, 0.22+0.01 mg/kg for
vanillic acid, 0.26 + 0.01 mg/kg for tyrosol, and 0.05 £ 0.01 mg/kg
for rutin. Additionally, other phenolic compounds were detected
in roasted date seed oil, including caffeic acid (0.09+0.01 mg/
kg), benzoic acid (0.03+0.00mg/kg), vanillin (0.08 +£0.00mg/
kg), apigenin (0.60+0.02mg/kg), and trans-cinnamic acid
(0.11£0.01 mg/kg).

Currently, there is any available data on the polyphenolic lev-
els in date seed oil after roasting the seeds. However, the lev-
els of phenolic content were found to increase significantly in
roasted seeds compared to raw ones (Paranthaman et al. 2012;
Abd-Elkarim et al. 2024). A similar increase in the concentra-
tions of individual phenolic compounds due to roasting has been
reported for the Gleisdorf variety of pumpkin seed oil, which
aligns with the findings of this study. The authors investigated
the impact of roasting at temperatures ranging from 90°C to
200°C for 45min, observing an initial increase in polyphenol
concentrations, followed by a decrease at higher temperatures.
Specifically, the concentrations of vanillic acid, caffeic acid,
trans-cinnamic acid, and p-coumaric acid increased from 0.37
to 0.77mg/kg, 0.09 to 0.23mg/kg, 0.96 to 1.35mg/kg, and 0.96
to 1.91 mg/kg, respectively (Poto¢nik et al. 2018). Polyphenols
naturally occur in both free and bound forms. The observed
increase in phenolic compound concentrations during roasting
can be attributed to heat-induced hydrolytic reactions, which
release native esterified or bound forms into their free forms
(Chbani et al. 2020).

3.2 | Determination of Antioxidant Activity
of Date Seed Oil

The effectiveness of an antioxidant depends on several factors
such asits reactivity as a hydrogen or electron donor, the stability
and fate of the resulting antioxidant-derived radical (influenced
by its ability to stabilize or delocalize the unpaired electron), its
interactions with other antioxidants, and its capacity to chelate
transition metals (Rice-Evans et al. 1997).

In the present study, the antioxidant activities of date seed oils
were evaluated using three methods: the FRAP test, which
measures the antioxidant's reducing power by converting fer-
ric ions to ferrous ions; the -carotene bleaching test, which
assesses the antioxidant's ability to prevent {3-carotene color
loss caused by free peroxides formed during linoleic acid

oxidation; and the metal chelation activity test, which evalu-
ates the antioxidant's capacity to inhibit the formation of the
ferrozine-Fe?* complex.

The results of the FRAP test are expressed as Trolox equiva-
lents per gram of sample, while IC50 (mg/mL) values are used
to represent the outcomes for f3-carotene bleaching and metal
chelating activity. Notably, a lower IC50 value indicates higher
antioxidant activity. The summarized results are presented in
Table 1.

Roasting date seeds resulted in a significant increase (p <0.05)
in antioxidant activity across all measurement methods. In
the FRAP assay, antioxidant activity increased notably from
0.57£0.027 to 1.80+0.025mg TE/g. For the (-carotene bleach-
ing test, the IC50 value decreased significantly from 0.271 +0.003
to 0.067£0.0027mg/mL. Similarly, in the metal chelating ac-
tivity assay, the IC50 value decreased from 0.305%0.004 to
0.044 +0.0022 mg/mL. The enhanced antioxidant effect observed
after heat treatment aligns with the increased phenolic acid levels
and may be attributed to the formation of Maillard reaction prod-
ucts during roasting, which are well-known for their antioxidant
properties (Mohamed Ahmed et al. 2020; Karrar et al. 2021).

Consistent with our findings, several studies have reported that
roasting seeds enhances the antioxidant activity of the result-
ing oils, including peanut oil, walnut oil, and nigella oil (Gao
et al. 2018; Ciou et al. 2021; Suri et al. 2022).

3.3 | Study of Margarine
3.3.1 | Physicochemical Properties Measurement

The physicochemical properties of the margarines UOM, ROM,
and MC are summarized in Table 2. A significant difference
(p<0.05) was observed in the pH values of the three marga-
rines, which ranged from 4.62+0.01 to 5.10+0.07. Overall,
these values fell within the standard range, typically set be-
tween 4 and 5.5. In contrast, no significant differences (p <0.05)
were observed in the acidity levels among the margarine sam-
ples, all of which remained within the recommended limit of
0.2% (Bentayeb Ait Lounis et al. 2018).

The moisture content of the two samples, UOM and ROM
(18.33%+0.07% and 18.25% +0.10%, respectively), was higher
than that of the margarine control (16.53%) and exceeded the
ISO 662 (1998) standard of 16%. These differences may be at-
tributed to the higher water retention capacity due to the emul-
sifying properties of the added date seed oil. Ouahrani, Casal,
et al. (2022) demonstrated that the incorporation of Moringa
oleifera leaves extract into margarine reduced water droplet size
and improved emulsion stability. Moreover, Besbes et al. (2004)
reported that date seed oil contains approximately 0.25% phos-
pholipids, which may contribute to its emulsifying poten-
tial. A similar observation was reported by Kaanin-Boudraa
et al. (2023) who found that the moisture content of the control
margarine was 13.85%, while the margarines prepared with 100
and 50 ppm of date seed oil exhibited higher moisture contents
of 15% and 15.06%, respectively.
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TABLE 2 | Physicochemical properties of margarines formulated with the unroasted and roasted date seed oil.

Parameter UOM ROM MC

pH 4.62+0.01° 4.75+0.02° 5.1+0.072
Acidity (%) 0.19+0.01% 0.158+0.0032 0.149 +0.0392
Moisture (%) 18.33+0.07° 18.25+0.10% 16.53+0.11°
Water activity (aw (—)) 0.931+£0.01* 0.949+0.01° 0.928 +£0.02
Salt content (%) 0.41+0.0072 0.40+0.010? 0.38+0.009°
Melting point (°C) 37.80+0.03¢ 38.70 +0.06% 38.40+0.05°
Temperature (°C) Solid fat content (%)

5 51.70 +0.292P 51.20+0.512 51+0.14°
10 43.90+0.222 43.60+0.432 44.10+0.142
15 34.70+0.14* 34.60+0.292 35+0.222
20 24.50+0.14° 24.50+0.11° 24.940.292
25 16.10+0.17° 16.40+0.152 16.4+0.042
30 10.30 +0.06° 10.20+0.11° 10.60+0.032
35 5.10+0.06° 5.50+0.07? 5.20+0.04°
40 2.80+0.02° 2.90+0.04? 2.80+0.01°

Note: Means with different superscript letters in the same row within a sample type are significantly different according to LSD test (p <0.05).
Abbreviations: MC, Margarine control; ROM, Margarine with roasted date seed oil; UOM, Margarine with unroasted date seed oil.

The water activity of UOM (0.931 £0.01) was not significantly
different from that of the margarine control (0.928+0.02),
whereas the water activity of ROM was slightly higher at
0.949 +0.01. In most types of food, when water activity exceeds
0.950, bacteria become the predominant microbial flora. Below
this threshold, yeast and molds are primarily responsible for bi-
ological alterations (Fernandez-Salguero et al. 1993).

The salt content of the developed margarines ranged from 0.38%
to 0.41%. Regulations limit the salt content of margarine and
butter to 2% (Pietinen et al. 2008). The results of this study are
consistent with industry standards, which specify an acceptable
salt content between 0.3% and 0.4%.

The melting point of the margarinesvaried from 37.38°C +0.03°C
to 38.7°C+0.06°C, which is consistent with the standard values
set by the company for bakery margarine, typically ranging
from 36°C to 42°C.

Table 2 presents the solid fat content (SFC) profile of the devel-
oped margarines formulated with unroasted seed oil (UOM) and
roasted seed oil (ROM), as well as the control margarine (MC). SFC
at different temperatures affects the mouthfeel and spreadability
of margarine. At 10°C, it determines the firmness of the margarine
when refrigerated, while at 20°C, it significantly influences oil sep-
aration; maintaining a solid fat content of 10% at this temperature
effectively prevents oil exudation. The cold sensation experienced
when fat crystals dissolve in the mouth depends on the difference
between the SFC values at 15°C and 25°C. At 35°C, SFC influences
the release of aroma and flavor in the mouth (Dollah et al. 2020).

The values obtained for ROM and UOM, compared to commer-
cial margarine, were similar and decreased with increasing

temperature, ranging from approximately 51% at 5°C to less than
3% at 40°C. These values fall within the range recommended by
the standard for bakery margarine: 45%-51% at 10°C, 27%-31%
at 20°C, 11%-18% at 30°C, and 2%-6% at 40°C. Similar results
were reported by Sahri and Idris (2010) for bakery margarine,
who suggested an SFC range of 47%-60% at 5°C, 38%—-50% at
10°C, and 19%-26% at 20°C.

The measured and calculated color parameters of the date seed
oil and margarine samples are shown in Table 3. The lightness
(L*) and yellowness (b*) of the oil color decreased significantly
after roasting, likely due to the formation of Maillard reaction
products, which caused the oil to darken. No significant change
was observed in the a* value. Similar color changes have been
reported for microwave-roasted flaxseed oil (Suri et al. 2020).
Regarding the margarine samples, the L* value showed no sig-
nificant differences among the various margarines. The a* val-
ues were consistently negative, indicating a greenish hue, and
ranged from —0.96 £0.01 to —2.05 £ 0.01, with the highest value
recorded for the ROM sample. The positive b* value (yellow
color) of the margarine made with roasted oil was similar to
that of the control margarine. In contrast, the margarine made
with unroasted seed oil showed a significantly higher b* value
(14.23£0.02) due to the higher b* value of the unroasted oil
(p<0.05).

Roasted date seed oil exhibited the highest color saturation
(C*) and hue (h*) values. The total color difference (AE) be-
tween the oil samples was easily noticeable to the human
eye, with a value of 7.20. The hue angle values for the marga-
rines showed a dominant yellow spectral component (angle of
90°), with no significant differences between ROM and MC.
However, UOM exhibited a higher hue angle (h°). A similar
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TABLE 3 | Color parameters of date seed oil and the formulated margarines.

L* a* b* C* h° AE
Unroasted 2.36+0.232 2.36+0.12 5.77 +0.162 3.00+0.057° 23.37+0.38P
Roasted —-3.69+0.07° 2.38+0.06° 1.85+0.03% 6.23+0.185% 73.73+0.992
Unroasted/Roasted 7.20
Margarine
UOM 91.33+0.012 —0.96+0.01° 14.23+0.022 14.27 +0.022 93.89+0.03P
ROM 89.81+0.032 —2.05+0.017 12.44+0.01° 12.60+0.01° 99.37+0.042
MC 91.06 +£0.012 —1.78 +0.00° 12.30+0.02° 12.43+0.02° 98.24+0.022
UOM/MC 2.11
ROM/MC 1.28
UOM/ROM 2.58

Note: Means with different superscript letters in the same row within a sample type are significantly different according to LSD test (p <0.05).
Abbreviations: IT: induction time measured by Rancimat test at 98°C; MC, Margarine control; ROM, Margarine with roasted date seed oil; UOM, Margarine with

unroasted date seed oil.

TABLE 4 | Textural parameters and induction time of margarines formulated with the unroasted and roasted date seed oil.

Margarines IT (h) Hardness (N) Cohesiveness (-) Adhesiveness (N) Springiness (mm)
UOM 24.60+0.22¢ 4.93+0.15° 0.01+0.01? 0.05+0.04° 0.25+0.16°
ROM 31+0.432 5.41+0.982 0.04+0.04? 0.22+0.25% 0.12+0.10¢
MC 28.29+0.33P 5.51+1.552 0.02£0.012 0.21+0.112 0.34+£0.112

Note: Means with different superscript letters in the same row within a sample type are significantly different according to LSD test (p <0.05).
Abbreviations: IT: induction time measured by Rancimat test at 98°C; MC, Margarine control; ROM, Margarine with roasted date seed oil; UOM, Margarine with

unroasted date seed oil.

trend was observed in the chroma (C*) results. In terms of total
color difference (AE), the margarine formulated with roasted
seed oil (ROM) was closer to the control margarine, with a
lower value of 1.28, compared to the margarine made with un-
roasted seed oil (UOM) (2.11). The color difference between
ROM and UOM was 2.58.

The results of the texture parameter measurements are pre-
sented in Table 4. The findings revealed that the hardness and
adhesiveness values of margarine made with unroasted seed
oil were significantly lower (p <0.05) than those of the control
margarine, while the values for margarine made with roasted
seed oil showed no significant difference from the control. This
may be attributed to the similar solid fat content (SFC) of ROM
and MC observed at 25°C, as SFC is related to fat hardness at
this temperature (Devi and Khatkar 2017). In contrast, the lower
SFC of UMO may explain its reduced hardness.

A previous study indicated that hardness values ranged from
12.08 to 45.63N, while adhesiveness values ranged from 2.01
to 3.16N in solid margarine, with a strong positive correlation
observed between the two parameters (Ergoniil 2013). Jeyarani
et al. (2015) reported a lower hardness value of 1.74 N for bakery
margarine made with mango kernel fat, compared to our study.
They also found that the hardness increased to 14.57 N when the
margarine was prepared without palm oil, suggesting that palm
oil content affects hardness.
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FIGURE 1 | Evolution of the peroxide value of the margarines

during storage. MC, Margarine control; ROM, Margarine with roasted
date seed oil; UOM, Margarine with unroasted date seed oil.

No differences were observed in the cohesiveness parame-
ter across all samples. Regarding the springiness parameter,
MC exhibited the highest value (0.34mm), followed by UOM
(0.25mm), and ROM (0.12mm). This variation is likely due to
differences in moisture content and water activity levels in these
samples. A study on the texture properties of gluten-free biscuit
formulations using TPA observed that higher moisture content
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and water activity led to softer textures and lower springiness
values (Gerzhova et al. 2016).

3.3.2 | Oxidative Stability of Margarines

The results showing the effect of roasted and unroasted date
seed oils, as well as the synthetic antioxidant TBHQ, on oxida-
tive stability, as determined by the Rancimat test, are presented
in Table 4. The induction time (IT) for margarine with added
roasted date seed oil was significantly higher (p<0.05) than
that for margarine with added unroasted date seed oil (31h vs.
24.6h, respectively). The unroasted date seed oil exhibited the
highest sensitivity to oxidation among the tested samples. This

may be attributed to its insufficient antioxidant content, which
does not match the high antioxidant potential of TBHQ. A sim-
ilar observation was reported by Taha et al. (2019), who found
that when unroasted date seed oil was added to soybean oil at a
concentration of 50 mg/kg, it did not enhance oxidative stability
to the same extent as BHT. Comparable or superior antioxidant
effects were only observed at higher concentrations (100 and
150mg/kg). Although unroasted date seed oil contains polyphe-
nols, their antioxidant activity may be less effective in stabiliz-
ing lipids against oxidation than the higher polyphenol content
and stronger antioxidant capacity of roasted date seed oil. The
IT value of ROM was slightly higher than that of MC, suggesting
that roasted date seed oil is as effective as synthetic antioxidants
in stabilizing margarine against oxidative deterioration.

TABLE 5 | Fatty acids composition of margarines formulated with the unroasted and roasted date seed oil before and after storage at 60°C.

Fatty acids (%) Storage (weeks) UOM ROM MC
Caprylic acid A 0.5+0.02°8 0.45:+0.025°8 0.57£0.0013A
(C8:0) w, 0.535:+0.02328 0.47+0.003%5 0.51+0.013%B
Wi, 0.633+0.003%A 0.551£0.009°A 0.453+0.002°¢
Capric acid W, 0.44+0.0134 0.37+0.02°B 0.38+0.02°2
(C10:0) W, 0.429+0.0022A 0.398 +0.045%A 0.376£0.025%
W, 0.438:£0.0022A 0.407 +0.005°4 0.361+0.001°*
Lauric acid A 5.12+0.02°8 5.97+0.035%A 4.88+0.125®
(€12:0) W, 5.17+0.031% 5.07+0.033¢C 5.45%0.01°A
W, 6.403+0.061%A 5.246+£0.093% 4.395+0.068¢
Myristic acid A 2.64+0.165F 2.72£0.015% 2.33+0.005""
(C14:0) W, 2.48+0.0448 2.48+0.011%8 2.410.03%A
W, 3.257£0.057%A 2.721£0.015% 2.067+0.013¢C
Palmitic acid W, 35.92:+0.01°8 36.21+0.095%¢ 36.34+0.28%8
(C16:0) W, 36.69 +0.4094B 36.61+£0.097°F 36.44+1.15°F
W, 49.137+£1.30934 41.705+0.178%4 40.223£2.249%A
Stearic acid A 4.7+0.3%8 4.26+0.005°C 4.41£0.012%8
(C18:0) w, 4.73+0.110%8 4.42+0.026" 4.33+0.03%8
W, 6.575+0.2134 5.939+£0.03724 6.201+0.5523A
Oleic acid A 32.225+0.055% 31.48£0.315%A 32.64+0.04%A
(C18:1) w, 31.39+0.100%A 30.74£0.414°8 31.99+£0.04%8
W, 28.563+1.01° 30.595+0.214%8 31.767 +0.45325
Linoleic acid A 17.375+0.125% 17.86£0.065A 18.57+£0.18%A
(C18:2) w, 16.90 +0.014°5 17.46 £0.066°8 18.17+0.3228
Wi, 1.069 +0.034<C 10.29+£0.178°¢ 12.578 +1.5013¢
Linoleic/palmitic W, 0.484+0.004A 0.493+0.004 0.511+0.00134
(18:2/16:0) W, 0.460 +0.006° 0.476 +0.003°5 0.498 +£0.007*A
w 0.022+0.0001°¢ 0.247 £0.003C 0.313+0.055%B

10

Note: Means with different superscript lowercase letters in the same row within a sample type are significantly different according to the LSD test (p <0.05,a>b>c).
and Storage period results (0, 1, and 10weeks) in the same column for each parameter with different uppercase letters are statistically different according to the LSD

test (p<0.05, A>B>C).

Abbreviations: MC, Margarine control; ROM, Margarine with roasted date seed oil; UOM, Margarine with unroasted date seed oil.
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The oxidative stability of food emulsions can be assessed through
accelerated studies conducted at elevated temperatures, using the
peroxide value (PV) asa highly sensitive indicator of the initial stage
of lipid oxidation (Jacobsen 2016). The oxidative stability of marga-
rine, determined using the Schaal oven test (PV at 60°C +1°C) over
a 10-week storage period, is illustrated in Figure 1. At the initial
stage (WO0), the addition of unroasted and roasted date seed oil did
not significantly alter the PV of the margarine. All margarine sam-
ples remained below the 10 meqO,/kg limit set by the company's
internal standard and by Codex Alimentarius Commission (1999).
During storage, a steady increase in PV was observed across all
margarine samples during the first 4weeks, with minimal differ-
ences between the formulations. However, from the fifth week on-
ward, significant differences emerged. The unroasted date seed oil
margarine (UOM) exhibited the highest PV, rising sharply from
52.88+2.11 to 120.38 +6.26 meqO,/kg, indicating lower oxidative
stability. This trend was consistent with its short induction time,
as demonstrated by the Rancimat test. Conversely, the roasted
date seed oil margarine (ROM) increased from 53.94+1.89 to
85.5+4.88 meqO,/kg, following a pattern similar to the control
margarine (MC), which increased from 44.23+1.56 to 77+2.22
meqO,/kg. After 8weeks of storage, the PVs peaked at 177.98 meq
0,/kg for ROM, 186.87 meqO,/kg for MC, and 245.67 meqO,/kg
for UOM.

Beyond this period, the PVs of all samples began to decline,
likely due to the decomposition of primary oxidation products
into secondary compounds such as aldehydes, ketones, alcohols,
hydrocarbons, volatile organic acids, and epoxy compounds
(Shahidi and Zhong 2010). Similarly, Stefani Juncos et al. (2024)
studied the impact of various essential oils and synthetic antiox-
idants on sunflower oil under accelerated oxidation conditions
(60°C for 28days). They observed very high PV, reaching 240
and 150 meqO,/kg in the oil enriched with essential oils and
that enriched with BHT, respectively, and reaching 300 meqO,/
kg in the control oil, whose values decreased after 21 days.

3.3.3 | Effect of Thermal Treatment on the Fatty Acids’
Composition of Margarines

Assessing fatty acid composition is an effective method for deter-
mining the oxidative state of oil. The fatty acid profiles of marga-
rines at the beginning and after storage at 60°C are presented in
Table 5. Accelerated storage at 60°C is an appropriate method for
estimating shelf life at 25°C, with 1day at 60°C being equivalent
to 8.79days at 25°C (Lopez et al. 2022). The data indicate that the
incorporation of date seed oil samples caused only slight changes
in the fatty acid composition, likely due to the low incorporation
rate (1%). Palmitic acid (C16:0) was the most abundant saturated
fatty acid, comprising 35.92%-36.34% of the total fatty acids. Small
amounts of caprylic acid (C8:0), capric acid (C10:0), lauric acid
(C12:0), myristic acid (C14:0), and stearic acid (C18:0) were also de-
tected. Additionally, a significant amount of the monounsaturated
fatty acid oleic acid was observed, ranging from 31.48% to 32.64%,
alongside the polyunsaturated fatty acid linoleic acid, which
ranged from 17.37% to 18.57%. These results were comparable to
the composition of hard Serbian margarine (Vucic et al. 2015).
Storage of margarines at accelerated temperatures resulted in a
significant decrease (p <0.05) in linoleic acid due to its susceptibil-
ity to oxidation, leading to a corresponding increase in saturated

fatty acids, particularly palmitic acid. Consequently, the ratio of
linoleic acid to palmitic acid (C18:2/C16:0) is considered a valuable
indicator of oil deterioration (Yilmaz and Yorulmaz 2023). After
1week of storage, which is approximately equivalent to 2months at
room temperature, only slight losses in linoleic acid were observed:
2.73% in UOM, 2.23% in ROM, and 2.15% in the control margarine
(CM). The corresponding C18:2/C16:0 ratios were 4.95%, 3.44%,
and 2.54% for UOM, ROM, and CM, respectively. This agrees with
the results of Azizkhani and Zandi (2009), who found that some
margarine formulations enriched with natural antioxidant com-
binations were as effective as TBHQ at the beginning of storage.
However, differences became more noticeable with longer storage.
By week 10, thermal degradation of linoleic acid became especially
severe in the UOM sample, which exhibited a 93.87% loss, com-
pared to 41.43% in ROM. In contrast, the margarine fortified with
TBHQ showed only a 24.17% reduction. The C18:2/C16:0 ratio in
the UOM sample declined by 95.85%, indicating extensive oil de-
terioration. Meanwhile, the ROM sample maintained a ratio com-
parable to the control, with degradation percentages of 49.29% and
35.42%, respectively. These findings align well with those reported
by Ouahrani, Tzompa-Sosa, et al. (2022), who reported that the
addition of Moringa oleifera leaf extract to margarine enhanced
oxidative stability and preserved the C18:2/C16:0 ratio, reducing
degradation compared to unenriched margarine.

4 | Conclusion

In this study, bakery margarine was selected to evaluate the
quality improvement potential obtained by its fortification with
roasted and unroasted date seed oil, in comparison to enrich-
ment with TBHQ. Roasting significantly increased the pheno-
lic content and improved the antioxidant properties of the oil.
The stability was assessed by induction time (IT) and peroxide
value (PV) during accelerated storage, as well as by the evo-
lution of the fatty acid profile after heat exposure. As a result,
bakery margarine enriched with roasted date seed oil exhibited
greater oxidative stability than that enriched with unroasted oil.
Compared with commercial margarine enriched with TBHQ,
margarine formulated with roasted date seed oil demonstrated
comparable oxidative stability while retaining its physicochem-
ical properties. These findings suggest that roasted date seed oil
is a promising natural alternative to TBHQ for preserving qual-
ity and extending the shelf life of margarine. Future research
should explore the impact of oil extraction methods, particularly
mechanical pressing versus Soxhlet extraction, on the oil's prop-
erties, along with a sensory evaluation of the formulated mar-
garines to assess consumer acceptance and further validate the
application of roasted date seed oil as a natural preservative in
bakery products.
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