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Introduction

Pistacia atlantica is a species that grows in arid and semi-arid regions, where it is well
adapted to withstand strong winds and prolonged dry periods (Belhadj, 2001). However, the
population and density of Pistacia atlantica are in decline due to multiple threats. In this
context, a global decrease of 25% is projected over the next 100 years, mainly due to
overexploitation, poor health of mature trees, insect infestations, and significant habitat
degradation (Rankou et al., 2018).

Since early civilization, people have valued various parts of P.atlantica, such as its resin
and fruits. Its abundant essential oils and fixed oils have been widely used in traditional
medicine and beauty products. Since then, Atlas pistachio fixed oil is incorporated into several
cosmetic product to benefit from its medicinal properties (El Zerey-Belaskri et al., 2022). The
fruits are locally known as El Khodiri. They are traditionally mixed with mashed dates to
prepare date energy balls, which are often consumed with buttermilk (Belhadj, 2001). This
resilient tree and its various parts were highly were also valued and used for multiple purposes.
It was especially known for its medicinal properties, as people relied on it to relieve digestive
issues particularly stomach ailments and to support kidney function by treating renal disorders.
In addition, it was applied to wounds to promote healing, and used to soothe persistent coughs
(Mahjoub et al., 2018). Besides, thanks to its high resilience against extreme arid climate, P.
atlantica is an appropriate tree for the reinforcement of the Algerian green dam, which is the
sole barrier to the desert advance (Benlabiod et al., 2023).

Phenolic compounds, primarily flavonoids and phenolic acids, are secondary metabolites
abundantly present in fruits. Their rising importance is largely due to their strong antioxidant
properties and the observed link between their intake and the prevention of various diseases.
The health-promoting effects of these phytochemicals depend on consistent consumption and
their bioavailability. Research has highlighted the significance of regularly including fruits in
the diet, particularly in reducing the risk of diseases related to oxidative stress (Haminiuk et
al., 2012).

Despite the growing interest in natural bioactive compounds for food processing,
cosmetics, and medicine, the efficient extraction and preservation of these molecules remain
challenging. Conventional methods are simple and widely used, but they often involve long
extraction time, large solvent volumes, and high temperatures that can degrade heat-sensitive

compounds (Mungwatri et al., 2024). In contrast, non-conventional methods like UAE offer



greater efficiency, and better preservation of thermolabile molecules. Still, optimizing these
techniques is a key research concern. Parameters such as solvent type, extraction time,
temperature, particle size, and solvent-to-material ratio greatly influence both yield and quality
(Bhadange et al., 2024). This raises a central question: how can we optimize these factors to
maximize yield and preserve the biological activity of bioactive molecules? Especially for
saharian and subsaharian national bio resource like P. atlantica.

Response surface methodology (RSM) is a widely used approach in setting experiments
for optimization purposes. It offers significant advantages over traditional one-factor-at-a-time
methods by allowing the simultaneous evaluation of multiple variables and their interactions.
It reduces the number of experiments needed, saving time and resources, while providing
deeper insight into the effects of each factor. RSM also helps identify optimal conditions more
accurately through predictive models and visual tools like contour and surface plots, making it
highly effective for process optimization (Bezerra et al., 2008).

In this context, the present study was focused on the investigation of the optimal method
of the extraction of phenolic content and the antioxidant capacity of P. atlantica extract.
Therefore, this document reports all the investigation done in order to fulfill the objectives of

the study:

Literature review on P. atlantica, its ecobiology, phytochemistry and socioeconomic

importance, with a focus on the extraction method of bioactive molecules;

The used methodology for oil extraction and UAE RSM optimization of phenolic content

extraction and antioxidant activity;

The results and discussion of the main findings.
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I. Overview of Pistacia atlantica plant and its applications

I.1. The history and localization

Pistacia atlantica has a long history of use, dating back to ancient times in the Middle East
and Mediterranean region. Pistacia atlantica has a large geographic range (Figurel), where it
spread over the North Africa (morocco, Algeria, Tunisia), Canary Island, Turkey, and a section

of Eurasia from the Iranian Plateau (Rankou et al., 2018).
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Figure 1 : Distribution map of the Atlas pistachio tree in the world (Zohary, 1952)

Pistacia atlantica is identify in 18 Algerian states, distributed across three region (Figure
2) East region, Central region, and West region (Taib. 2021). However, its optimum founds at

arid and semi-arid regions, where it thrives in oueds and dayas (Harfouche et al,. 2005).
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Figure 2 : Distribution of the Atlas pistachio in Algeria (Monjauze, 1980)

1.2. Botanical characteristics

The scientific name of Atlas pistachio is pistacia atlantica Desf, from the anacardiacées
family known as °* Betoum or Botma’’. Their dimension is around 15 to 25m of height in the
average of 200 years old (Harfouche et al., 2005). In Algeria, P.atlantica is often found in
association with Ziziphus lotus, which helps protect young plants from grazing animals and
harsh winds (Belhadj, 2001). The Atlas pistachio (Pistacia atlantica) is a dioeciously plant. Its
flowers are a patulous and reddish, arranged in terminal clusters for male trees and axillary
clusters for female trees. Its forms are compact, giving it exceptional plasticity against drought.
The drupes measure approximately 6-8 mm in length and 5-6 mm in width. The wood of

Pistacia atlantica, is dense, and highly durable. It is excellent for fuel wood and charcoal
production (Monjauze., 1980).

1.3. Plant Characteristics and Ecology

Pistacia atlantica is a thermophilous xerophyte that thrives in dry, stony, or rocky hillsides,
edges of fields, roadsides, near the base of dry stone walls, and other similar habitats (Tzakou
et al., 2007). It can grow at altitudes ranging from below 1,500 meters up to 2,000 meters
(Monjauze., 1980), where the growth of P.atlantica is too slow in the nature, but it is so fast in
irrigated plantation (30 cm/year, sometimes more) (HARFOUCHE., et al 2005). Plant
reproductive process, such as pollen germination, pollen tube growth, and fruit set, is affected
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by temperature, which is one of the most important environmental factors (Kakani et al., 2005).
In a study conducted by Kakani et al., 2010, the effect of temperature on in vitro pollen
germination and pollen tube growth was investigated in various pistachio species, including
Pistacia atlantica. The researchers found that the optimal temperature for P. atlantica pollen
germination was 22.3°C, with germination rates significantly decreasing at temperatures below
6.7°C or above 39.8°C. After germination, fruit development proceeds through distinct
maturation stages, during which the fruits exhibit characteristic color changes: initially red
during the immature phase, transitioning to dark red during intermediate maturation, and finally
turning black or dark green upon reaching full maturity. These ripening stages are largely
documented, especially the evolution of fruit pigmentation due to the biosynthesis of several
pigments such as chlorophyll, carotenoids, anthocyanin, etc. (Bellomo et Fallico., 2007).

The fruits of the Atlas pistachio tree (Figure 3) are ovoid drupes with a wrinkled, dark

green pericarp and a hard stone that accounts for 55.6% of the total weight (Acheheb., 2013).

X

Figure 3: Pistacia atlntica fruits

Furthermore, it is important to note that fruit maturation on the same tree does not occur
uniformly; some fruits complete their maturation prematurely, while others do so later.
Consequently, it is not surprising to observe mature fruits as early as the beginning of August,

and immature fruits still present by the end of September (Yousfi et al., 2017).

I1.Uses and Applications of P. atlantica

Pistacia atlantica, with its various constituents and properties, has been used for many
different purposes. One of these constituents is its resin produced by the bark, it is a mastic

resin used by local populations as chewing gum, and in pharmacy for making ointments

5
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(Monjauze, 1980). Recent studies have shown that the essential oil of this resin has an
antibacterial activity, particularly against E. coli, S. aureus, and S. pyogenes (Ghalem et al.,
2009). In addition to the resin, the oil extracted from the fruit is also valued for its phytocosmetic
properties. Rich in unsaturated fatty acids, phenols, palmitoleic acid, and vitamin E, it possesses
exceptional softening and healing properties for the skin (Acheheb, 2013). Moreover, the dried
fruit methanolic extract has also a notable activity against candida albicans, saccharomyces
cerevisiae, and candida glabrata (Falahati et al., 2015). Another study realized by Achili et
al., (2020), on leaves and steam extracts from P.atlantica, showed antioxidant,
anticholinesterase and antiproliferative activities, which could open up new applications for
pharmaceutical and food industries.

II1. Fruit composition and Bioactive molecules of P.atlantica

I11.1. Fruit composition

The composition of P.atlantica is presented in table | according to Benhassaini et
Bendahmane., (2007).

Table I: The entire composition of P.atlantica fruit (Dry matter) (Hachemi and
Bendahmane., 2007)

Parameters % Algerian north ecotype
Moisture 21.26+1.24

DM (dry matter) 78.74 £ 0.48

Starch 5.43+0.35

Crude fibers 12.60 £ 0.71

Crude oil 39.80 £1.37

Crude proteins (Nx6.25) 10.39 £ 0.66

Ash 5.54+0.11

The composition presented in table | showed that P. atlantica fruits are oleaginous where
it present a considerable oil yield with 39.8%.
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A histological examination of Atlas pistachio fruits, under light microscopy conducted by

Acheheb, (2013), revealed the presence of oil secretion channels (Figure 4). The oil channels

in the seed coat were found to be more abundant compared to those in the kernel.

Droplet oil

A (Gr: 12.5x40)

Oil producing
channel

Figure4: Cross section of the seed of the atlas pistachio tree (A, B) (Acheheb, 2013)

The oil content of Pistacia atlantica fruits at ripening stage can reach up to 46 % (Yousfi
etal., 2017), depending on the ecotype and environmental conditions. This oil is predominantly
composed of unsaturated fatty acids, with 39 to 49% of oleic acid, and 23.6 to 31% of linoleic
acid being the most abundant (Labdelli et al., 2019)

I11.2. Phytochemistry

The P. atlantica fruit composition is rich of bioactive molecules that give it many important
biological activities, such as the anti-inflammatory, antioxidant, and antimicrobial, etc. several
studies reported a large phytochemical range of biomolecules in the fruit leaves and bark of P.
atlantica (essential oil, polyphenols, vitamins, etc.) (Achili et al., (2020); Hatamnia et al.,
(2014); Falahati, et al., (2015)). About 30 compounds in the essential oil, were identified,
where the main compounds were monoterpenes especially a-Pinene with a considered yield
(71.79 %) (Fathollahi et al., 2019).
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A study conducted by Ghalem et al., (2007) focused on biochemical profiling where
Phytosterols were found in significant amounts in P. atlantica. They reported that p-sterol is
the predominant compound within the sterols classes, representing approximately 91% of the
total sterol composition. In fact, its level is comparable to those in leading vegetable oils such
as soybean, corn, sunflower, and canola, which are benchmark sources for these bioactive
compounds.

Moreover, the phenols are also well known as an important compounds and contribute
strongly to the total antioxidant activity of P. atlantica (Benmohamed et al., 2023). These
authors recorded that all studied unripe fruits of P. atlantica from four different regions
contained a large amount of phenolic content ranged from 213.7059 (mg GAE/qg) to 227.0392
(mg GAE/qg). Molecular identification of the phenolic constituents in the fruit extracts revealed
the presence of Luteolin, luteolin 7-glycoside, chlorogenic acid, kampferol, naringin and

naringin 7-glycoside (Mahjoub et al,. 2018).

IV. Extraction of phenolic compounds

Multiple methods are available and widely used to extract bioactive components from plant
material for various fields of utilization, including pharmaceutical, food, and chemical

industries.

IV.1. Extraction conditions and parameters

The efficiency of both conventional and non-conventional extraction methods largely
depends on critical input parameters. Therefore, a thorough understanding of the plant matrix,
the chemistry of bioactive compounds, and scientific expertise is crucial (Azmir et al., 2013).
In this context, Bouterfas et al,. (2014) showed that different experimental conditions has a
notably influence on the values of total phenolic and total flavonoide compounds which the
organic solvent type, solvent concentration, extraction time and extraction temperature are the
main factors. The polarity index and the solubility of phenolic compounds in the extraction
solvents is one of those parameters that effect the extractability and recovery yield of a
particular component like phenolic compounds, which are often extracted in higher amounts in

more polar solvents (B lloki-Assanga et al., 2015).
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IV.2. Advances in extraction techniques

The development of novel extraction techniques has been made possible by new
technological innovations. Modern extraction techniques are not only improving the speed,
precision, and environmental impact of extraction processes, but they are also creating new
avenues for the investigation of novel bioactive compounds derived from bioavailable materials
(Sigauke et al., 2024). The main important methods are listed below:

e Microwave-assisted extraction (MAE)

The mechanism of MAE is based on exposing the analytes to the solvent, where microwave
treatment induces a rapid temperature rise and an increase in internal pressure, leading to the
disruption of the cell structure (Dhobi et al., 2009). The principle difference between
conventional heating and microwave heating is the direction of heat and mass transfers that
occur during the process, with varying temperatures through the bulk of the liquid as shown in
(Figure 5) (Karmakar et al., 2019).

Heat flow Mass flow Heat flow Mass flow
High

Low

Temperature

Conventional heating Microwave heating

Figure 5: Differences between conventional and microwave heating in terms of heat transfer

and mass transfer gradients (Karmakar et Halder., 2019)

e Supercritical fluid extraction

Supercritical fluid extraction (SFE) is a method that use the unique properties
of supercritical fluids (Figure 6). The carbon dioxide is used as the mainly fluid for the SFE
method. It is an ideal solvent for thermally labile compounds because of its low critical
temperature. (Kim et al., 2012). In addition, it has low viscosity that allows a better diffusivity

of the solute, and the density values of SF enables substantial solvation power (Niraj Vyas,


https://www.sciencedirect.com/topics/chemical-engineering/supercritical-fluid-extraction
https://www.sciencedirect.com/topics/chemistry/supercritical-fluid
https://www.sciencedirect.com/topics/engineering/supercritical-carbon-dioxide
https://www.sciencedirect.com/topics/engineering/fluid-viscosity
https://www.researchgate.net/profile/Niraj-Vyas?_sg%5B0%5D=ybZtt8jvnoWlEbiecGt5lsfewqU-SGLKTz_5p8o-XE3WnANZw3kbhv-kZZJ2V0ZmKM2U02w.ZZSSuONDaxXVNLxk-l-E7pfMmxQa8IG6NGSnvivPj7HHDIhokxq90A6l5I0U3L6yI75TRRrQBiXmaniQfHjr3g&_sg%5B1%5D=s-r4tRshSP6NjK4WKdJ513uuMXY7cSMW2fJ1mRGFIDwDfSA-FLHr8ClEdca38UbNjRrB_No.EfW3FO5wYoAk_eU0c4-UQx6-XR3yL4k57ESTjfVKs6SWVxih46QiYoDbcHv1NDB0v6UDuuLyWHbTM5UIj8NMlQ&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
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2009). The principle of supercritical fluid (SFE), as an extraction method, is based on the

properties of both gas and liquid when it is above its critical point (Sigauke et al., 2024)

Overhead
stirrer
Heat controller

LA CO; cylinder pump
valve and gauge

Stirring
paddle

. Heating jacket
Reaction

vessel Raw material
Liquid draw

dip-tube
- : Collection //m
Liquid CO, vessel // l I \ \\
AR RS
B> 8
Ball valve Needle valve CO; out

Figure 6: the supercritical fluid extraction system (Khaw et al., 2017)

e Ultrasound assisted extraction

Ultrasound-assisted extraction (UAE) is a widely studied and recognized method for the
efficient extraction of bioactive compounds (Zhu et al., 2024). UAE is typically based on the
mechanism of acoustic cavitation, which involves the collapse of microbubbles in the solvent
(Figure 7). This phenomenon generates compression and expansion forces within the matrix,

leading to cell wall disruption and enhanced permeability, thereby improving the extraction
yield of the desired compounds (Igbal et al., 2021).

10
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Figure 7: Mechanism of the UAE of bioactive compounds from plant materials (Demesa et

al., 2024).

Some advantages of the UAE method over conventional extraction (CE) should be
considered, such as time extraction and mass transfer. UAE could also be a nondestructive
method of bioactive molecules. In this context, high amount of TPC is obtained in a short
extraction time, and cavitation produced during the UAE improves the mass transfer of solutes

in the solvent due to cell wall disruption and microstreaming effect (Herrera-Pool et al., 2021).

11
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Part 11: Material and method

I. Plant material

Pistacia atlantica fruits used in our study were collected randomly from Ghardaia region
(Oued-Enssa) on September 2024. Collected fruits were mainly at the ripe stage and stored at
10°C.

I1.Oil extraction

11.1. Conventional liquid-solid extraction

The fresh fruits was grind. Then 50 g of the powder were mixed with hexane (150 ml). The
mixture was stirred for 48 hours at room temperature. Then the oil was separated by using rotary
evaporator at 40°C and stored in the dark at low temperature (10°C), according to the method
described by Yousfi et al., (2017) with some modification. The results are expressed with

percentage of lipid content in the dried samples.

11.2.Soxhlet extraction

The oil was extracted from 25 g of sample per cartridge (with a total of 225 g) using a
Soxhlet apparatus and 150 ml of 99% hexane, heated in the apparatus at 65 °C for three hours.
The hexane phase was separated from the oil by using rotary evaporator at 40 °C, and then the
sample was stored in the dark at 10 °C. The results are expressed with percentage of lipid

content in the dried samples.

I11. Oil and powder characterization

Conventional and Soxhlet extracted oils samples were characterized by determining their
acidity value (mg KOH/g) and peroxide index (meq O2/Kg) by using standard procedure of
AFNOR (2001). The moisture and the ashes of the powder were determined respectively by
using IR desiccator until the weight stabilization and the mineralization of 9.03 g in an oven at
500°C for 3h, according to the classical methods (A.F.N.O.R. 2001).

12
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IV. Optimization of phenolic compounds extraction

IV.1. Experimental design

The optimization of phenolic compound extraction and antioxidant activity is modeled
through response surface methodology (RSM). A central composite design (CCD) was used to
evaluate the effect of three independent variables: ultrasound amplitude, extraction time, and
solvent concentration. These independent factors were set at low (— 1), central (0), and high (+
1) levels respectively as following : 40, 70, and 100 % for ultrasound amplitude (X1), 0.5, 6.25,
and 12 min for time (X2), and 20, 55, and 90% for ethanol concentration (X3). The different
combinations of the three levels of the three factors according to CCD are shown in (Table I1).
Seventeen experiments were realized, and the central point is repeated three times.
Experimental data were fitted to a second-order polynomial model as expressed in the Eq. (1):

04 04 04 o
y = a®+ Z aiXi + Z 00X +Z Z aixixj (1 # J) (1)
i=1 i=1 i=1 j=i+1

Where y is the response variable, xi and xj represent the independent factors affecting the

response, o0, ai, aii, and aij are the regression coefficients, and a is the number of factors.
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Table I1: The different combinations of the three levels of the three factors according to CCD

e Configuration Variables

X1 X2 X3
1 —+ 40 0.5 90
2 —++ 40 12 90
3 00a 70 6.25 20
4 00A 70 6.25 90
5 = 100 12 20
6 0 70 6.25 55
7 A00 100 6.25 55
8 —t= 40 12 20
9 0a0 70 0.5 55
10 0 70 6.25 55
11 — 40 0.5 20
12 +—+ 100 0.5 90
13 +++ 100 12 90
14 0AO0 70 12 55
15 — 100 0.5 20
16 a00 40 6.25 55
17 0 70 6.25 55

X1, Ultrasound amplitude (%); Xz, Time (min); Xs, Ethanol concentration (%); TPC, total phenolic
compounds (mg GAE/g DW); DPPH, DPPH inhibition percentage (%).

1V.2. Ultrasound assisted extraction

After extracting the oil from the ground fruits, the delipidated powder was extracted using
96% methanol at a 1:10 ratio. The extractions were carried out according to the planned
experimental design (the CCD 17 experiments). For each extraction, the suspension was
centrifuged after the ultrasound assisted extraction (UAE), then the supernatants were recovered

for determination of antioxidant activities and total phenolic compounds contents (TPC).

IV.3. Determination of total phenolic content

According to Singleton and Rossi., (1965) the TPC was determined by using Folin

ciocalteu reagent. 1ml of diluted folin ciocaltu (1/10) were added to 200 pl of the extract, and

14
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800 pl of sodium carbonate Na2 Co3z (7.5%). After 30 minutes of incubation in dark, the

absorbance was read at 760 nm by UV-Visible spectrophotometer. The results of TPC were
expressed as milligrams gallic acid equivalent per gram of dry weight (mg GAE/g DW). The

calibration curve is presented in annex1.

IV.4. Determination of DPPH radical scavenging

The free radical scavenging activity of the extract was determined using the DPPH method
as Dudonne et al., (2009) describe it. One hundred microliters of the sample dilution were added
to 3 mL of DPPH solution prepared in ethanol (60pM). Ethanol was used as a control. After 30
minutes of incubation in the dark, the absorbance was measured at 515 nm. The percentage of

inhibition was calculated using the following formula:

DPPH (%) = [(Ac — As) /Ac] x 100

Where Ac is the absorbance of the control (ethanol with DPPH), and As is the absorbance

of the sample extract with DPPH.

IV.5. Statistical analysis

JMP® software (version 10.0, SAS Institute Inc.) was used for the construction of the
experimental design, the analysis of the mathematic model, and the construction of 3D plots.
All experiments were performed in triplicate and expressed as the mean + standard deviation.
The level of significance was considered to be p < 0.05.
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PART I11: RESULTS AND DISCUSSION

I. Physical characteristic of Pistacia atlantica

The collected Pistacia atlantica fruits are characterized by an ovoid shape and thin pericarp
with a black or green color at full ripening stage (A), dark red at intermediate stage (B) and red

at unripe stage (C) as illustrated in figure 8.

Figure 8: Different stages of ripening of Pistacia atlantica fruits (A,B and C)

The dimensions and average weight were determined from 10 harvested fruits, as shown

in Table I11.

Table 111: dimension of the harvested fruits.

Length 7.12 £ 0.63 mm
Width 4.39 £ 0.47 mm
Weight (average) 126 + 8.39 mg

The morphological characteristics of the collected fruits are quite similar to those reported
by Monjauze., (1980) who studied Algerian P. atlantica as a spontaneous growing trees in arid

regions.
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IT. Ashes and moisture of P. atlantica fruits

The ashes obtained after incineration were 0.296 + 0.023 g which represent 3.2 % of the
fresh matter. This finding is lower when compared to the ashes content reported by Hachemi
and Bendahmane (2007), who analyzed Northwest Algerian P. atlantica fruits (5.54+£0.11 %).

The moisture content of the sample was approximately 6.30%. According to the same
author, our results are too lower than their percentage (21.26%). This could be explained by the
climatic conditions (arid environment) and the possible genetic variability inside the same
specie. In addition, the fruits were harvested on spontaneously grown trees without any
irrigation (HARFOUCHE., et al 2005). Otherwise, the moisture depends also on the storage
condition and the ripening stage of the fruits (Paull, 1999).

I11. Chemical properties of P. atlantica oil

Oil obtained from the fruits is slightly aromatic with a clear yellow color. Chemical
properties and content of the oils obtained from two different extraction methods are shown in
Table 1V. The extraction yield using Soxhlet was 32.37 %, and higher than extraction by
maceration at room temperature: 26 %. This difference can be attributed to the higher efficiency
of the Soxhlet method, which operates at elevated temperatures and continuously recycles fresh
solvent, thereby enhancing the mass transfer rate and improving oil recovery (Mandal et al.,
2021).

Table 1V: Chemical properties of oil extracted by two different method.

Parameters OES OER
Acidity index (mg KOH/g) | 13.52 +0.05 14.86 £ 0.73
Peroxide index (meq

02/Kg) 8.67+1.31 517+1.25
Oil (%) 32.37T% 26 %

OES: Oil extracted by Soxhlet; OER: Qil extracted in a room temperature

The extraction yield obtained by OER is near to the interval values reported by Yousfi et
al., (2017), who studied the extraction yield of P. atlantica fruits at different stages of ripening

from different sites in the region of Laghouat, with a yield varied from 27.7 % to 46.06%.
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Whereas the extraction yield obtained by OES belong to the same interval values. This
difference may be due to the effect of rainfall and temperature conditions (Hilou et al., 2022).

In addition, whatever the extraction method (OES, OER), the fruits used in our study are
mainly at the ripening stage (80 %), which could explain the lower value of oil content in the
studied fruits.

The acidity index of OES and OER were found to be 13.52 £ 0.05 mg KOH/g and 14.86 +
0.73 mg KOH/g respectively. These values are comparable to those reported by Youssfi et al.
(2017) for P.atlantica fruits at the ripening stage from various sites, which ranged from 4.2 to
15.15 mg KOH/g. The peroxide index of OES and OER obtained is 8.67 + 1.31 meq O2/Kg,
and 5.17 £ 1.25 meq O2/Kg respectively. Comparing to those reported by Achheb (2013), which
was (8.350 £ 0.120 meq O2/Kg) our results are slightly lower.

Acidity index is directly related and proportional to the release of fatty acids from the oil
triglycerides. This phenomenon could be triggered by multiple factors such as enzymatic
hydrolysis (lipases activities), microbial proliferation or a mineral (metal lon) catalysis during
the storage and/or fruit processing (Mattson et al., 1966, Corma et al., 2005). Regarding to the
peroxide index, this parameter indicates the oxidation and/or the peroxydation status of the oil.
Like the acidity index, this parameter should be as lower as possible. It is mainly increased by

high temperature, Oxygen concentration and light (Ahmed et al., 2019).

IV. Optimization of TPC extraction and antioxidant activity

The choice of ethanol and water mixture and ultrasound-assisted extraction (UAE) was
based on their proven effectiveness in extracting phenolic compounds. Ethanol, particularly in
aqueous mixtures between 50% and 80% (v/v), it offers an ideal balance its moderate polarity
improves the solubility of phenolic, while the water content facilitates the breakdown of plant
cell walls, enhancing extraction yield (Lohvina et al., 2021). The decision to use UAE stems
from its advantages as a green and highly efficient technique. Through acoustic cavitation
generated by ultrasonic waves, UAE disrupts cell structures and enhances solvent penetration,
allowing for greater mass transfer and higher phenolic recovery at lower temperatures and
shorter times than conventional methods (Medina Torres et al., 2017). These parameters were

therefore chosen to optimize both the efficiency and sustainability of the extraction process.
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IVV.1. Model fitting and statistical validation

The response variables: total phenolic content (TPC) and antioxidant activity (DPPH),

obtained using a central composite design (CCD), and the studied factors (X1, X2, and X3) are

presented in Table V. The results showed that concentration of TPC and DPPH inhibition rate

are varied from 7.56 to 21.42 mg GAE/g DW, and from 29.93 to 67.17 % respectively.

Table V: Matrix of runs and experimental and calculated values for TPC and DPPH of P.
atlantica fruits.

o Configuration Variables Experimental Predicted

X1 Xo | X3 TPC DPPH TPC | DPPH
1 —+ 20 | 05 |90 7.56 £0.34 29.93 £ 0.96 6.94 28.79
5 —r 40 | 12 |9o| 10.05£0.10 3446159 | 10.22 | 35.08
3 00a 70 | 6.25 | 20| 1350+0.11 4619151 | 1329 | 46.11
4 00A 70 | 6.25 | 90| 12.16+0.10 40.42+176 | 1213 | 40.39
5 —t— 100 | 12 |20| 16.82+0.35 472+358 | 1750 | 48.37
5 0 70 | 625 | 55| 17.17+049 | 4897+439 | 17.42 | 5538
7 A00 100 | 625 |55| 21.42+1.18 49 +1.13 20.37 | 47.85
3 —— 40 | 12 |20| 10.74%0.05 42.73+1.88 | 1058 | 43.85
9 020 70 | 05 |s5| 145%153 5053+050 | 1518 | 54.97
10 0 70 | 625 | 55| 17.53+1.21 5729+ 173 | 17.42 | 55.38
11 — 40 | 05 |20 9.99%0.08 25.49+100 | 9.80 | 23.87
12 e 100 | 05 loo| 11.43+0.43 378+122 | 1166 | 36.71
13 — 100 | 12 |9o| 17.78+034 | 3036162 | 18.04 | 3201
14 0AO0 70 12 |55 19.68 £ 0.84 67.17 + 1.57 18.76 62.61
15 +—— 100 | 05 |20| 13.72+0.06 39.97+3.05 | 1362 | 30.38
16 a00 40 [ 6.25 [55| 13.73+0.35 4059+471 | 1455 | 41.62
17 0 70 | 6.25 |55 17.05+0.39 59.66 + 1.34 17.42 55.38

Xa, Ultrasound amplitude (%); Xo, Time (min); X3, Ethanol concentration (%); TPC, total phenolic compounds

(mg GAE/g DW); DPPH, DPPH inhibition percentage (%).

The reliability of the models was evaluated using the coefficient of determination (R?),
which ranges from 0 to 1. As shown in Table VI, the model achieved high predictive accuracy,
with R2 values of 0.98 for TPC and 0.94 for DPPH inhibition, indicating that the second-order

polynomial model adequately describes the behavior of the responses. Furthermore, the
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adjusted R? values were 0.95 for TPC and 0.86 for DPPH, confirming that the models fit

strongly to the experimental data while accounting for the number of variables.

Table VI: Analysis of variance for determination of optimization model fit (Adjustment

resume).
DPPH TPC
R? 0.940 0.981
R? Adjusted 0.864 0.957

The p-values of both models were less than 0.05, indicating that the models are statistically

significant and that the selected variables have a meaningful effect on the responses. In addition,
the lack-of-fit p-values (Table VII, VI1II) were 0.8549 for DPPH and 0.0689 for TPC, which
are both higher than 0.05. This suggests that there is no significant lack of fit, and thus the

models provide an adequate representation of the experimental data.

Table VII: ANOVA table of TPC models for P. atlantica fruits.

Total phenolic contents (mg GAE/g DW)
Sum of Square .
>

Source DF squares of means F Ratio Prob.>F
Model 9 228.728 25.414 40.146 <0.0001*
Error 7 4.431 0.633
Total model 16 233.159
Lack of fit 5 4.307 0.861 13.803 0.0689
Pure error 2 0.125 0.062
Total error 7 4.431

DF, Degrees of freedom; * statistically significant values (p < 0.05).
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Table VIII: ANOVA table of DPPH models (DPPH inhibition rate (%0))

Sum of Square .
>

Source DF squares of means F Ratio |Prob.>F
Model 9 1847.301 205.256 12.263 | 0.0016*
Error 7 117166 16738
Total model 16 1964.468
Lack of fit 5 54.128 10.826 0.344 0.8549
Pure error 2 63.038 31.519
Total error 7 117.166

DF, Degrees of freedom; * statistically significant values (p < 0.05).
IV.2. Interactive Effects of Extraction Parameters on TPC and AA

Table IX presents the parameter estimations of the fitted models for TPC and AA (DPPH

inhibition), highlighting the linear, interaction, and quadratic effects of the extraction variables.

» Antioxidant Activity

Ultrasound amplitude (X1) and extraction time (X2) had significant positive linear effects
on DPPH, with p-values of 0.047 and 0.021, respectively. This indicates that increasing either
parameter enhances antioxidant activity, likely due to improved mass transfer and disruption of
plant cell walls (Igbal et al., 2021). However, the quadratic terms for amplitude (X12, p =0.004)
and ethanol concentration (X32, p = 0.002) showed significant negative effects. This suggests
that excessively high levels of these parameters may reduce DPPH activity, potentially due to
the degradation of sensitive antioxidant compounds caused by prolonged exposure of the
bioactive molecules to ultrasound waves (Dzah et al., 2020).

In contrast, Ethanol concentration (X3) showed a non-significant linear negative effect (p
= 0.063), suggesting a slight tendency to reduce DPPH activity. Additionally, the interaction
between all parameters (X1—X2), (X1—X3), and (X2—X3), were also not significant and negative
(p<0.05), implying no synergistic effects between those factor pairs (p = 0.099, P = 0.231, and
p = 0.050) respectively. Furthermore, the quadratic effect of time showed a non-significant and
positive effect on DPPH (X22, p = 0.215).
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» Total phenolic component

All linear terms for ultrasound amplitude (X1) and extraction time (X2) were highly
significant and positive (p < 0.0001 and p = 0.0002, respectively), confirming their roles in
enhancing the TPC extraction. This indicates that increasing both amplitude and time improves
phenolic compound recovery. Additionally, the interaction between amplitude and time (Xi1—
X2) was significant and positive (p = 0.0283), indicating a synergistic effect, where their
combination, enhances extraction more than each factor individually. Furthermore, the
quadratic effect of ethanol concentration (X3?) was highly significant and negative (p < 0.0001),
implying that both excessively low and high ethanol concentrations reduce TPC vyield.

The ethanol concentration (Xs) exhibited a borderline of non-significant negative effect (p
= 0.0546), suggesting that higher ethanol levels may slightly reduce TPC. Additionally
quadratic terms for Xi2 were non-significant and positive (P = 0.9392), and X>? were non-
significant and negative (0.3853). Regarding, the interactions effect of X1—X3 (P = 0.4501) and
X2>—X3 (P = 0.0617) were both not significant and positive.

In summary, ultrasound amplitude and extraction time are the most influential factors in
enhancing both antioxidant activity and phenolic compound yield. However, these benefits
reach a plateau or may decline at excessive values, as indicated by the negative quadratic effects.
Ethanol concentration requires careful optimization, as its impact is nonlinear and sensitive to
interaction effects. These results underscore the importance of fine-tuning extraction conditions

to maximize the recovery of functional compounds while preserving their integrity.
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DPPH (mg GAE/g DW)

TPC (mg GAE/g DW)

Term |Estimate| SE | t-Ratio | Prob>|t|
Intercept 17.421 | 0.340 | 51.17 |<0.0001*
Xq 2910 | 0.252 | 11.57 |<0.0001*
Xy 1.788 | 0.252 | 7.11 | 0.0002*
Xa -0.580 | 0.252 | -2.31 0.0546
Xi- Xo 0.775 | 0.281 | 276 | 0.0283*
Xi- Xa 0.225 | 0.281 0.8 0.4501
Xo- X3 0.625 | 0.281 2.22 0.0617
Xox X1 0.038 | 0.486 | 0.08 0.9392
Xox Xo -0.450 | 0.486 -0.93 0.3853
Xax X -4.712 | 0.486 | -9.69 |<0.0001*

Term | Estimate | SE |t-Ratio| Prob>|t|
Intercept 55.384| 1.751| 31.640 | <0.0001*
Xq 3.113| 1.294| 2.410| 0.047*
X5 3.820| 1.294| 2.950| 0.021*
Xa -2.861| 1.294| -2.210 0.063
X1 Xo -2.748 | 1.446| -1.900 0.099
Xi- X3 -1.898 | 1.446| -1.310 0.231
Xo- X3 -3.423| 1.446| -2.370 0.050
Xix X1 -10.647| 2.499| -4.260| 0.004*
Xox X 3.408| 2.499| 1.360 0.215
o Xs -12.137| 2.499| -4.860| 0.002*

X1, Ultrasound amplitude (%); X2, Time (min); Xs, Ethanol concentration (%); SE, Standard Error; * Statistically

significant values (p< 0.05).

The mathematical quadratic model, at p < 0.05, is written in the Eq. 2, 3 and represented

in response surface plots (Figure 9)the based on the statistical analysis of the CCD data and the

relationship between the dependent factors and the (TPC and DPPH) response

Y 1pc = 17.421 + 2.910 X1 + 1.788 Xo + 0.775 X1X2 - 4.712 X3
Y pppH = 55.384 + 3.113 X1 + 3.820 Xz - 10.647X1% - 12.137 X5°

(Eq. 2)
(Eq. 3)
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Figure 9: Response surface plots showing the combined effects of the extraction parameters

on TPC (B) and antioxidant activity (A).
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IV.3. Optimization results
The optimal response was calculated with the JMP profiler (Table X).

Table X: Optimal extraction conditions, predicted values and experimental results for TPC
and DPPH Inhibition of P. atlantica fruits.

Parameters Optimal values
Optimized parameters
Ethanol concentration (%, v/v) 53%
Ultrasound amplitude (%) 86%
Time (min) 12
Optimized variables

Estimated TPC (mg GAE/g DW) 20.67
Experimental TPC (mg GAE/g DW) 22.71 £0.413
Estimated DPPH inhibition percentage (%). 60.3 %
Experimental DPPH inhibition percentage (%). 63.44 % +2.133

The calculated TPC and DPPH inhibition optimal values were 20.67 mg GAE/g DW and
60.3 % respectively, which was achieved under optimal UAE using 53%, 86%, and,12 min for
ethanol concentration, Ultrasound amplitude, and time, respectively. The TPC extracted and
DPPH inhibition were assessed under the optimal conditions and the results were compared to
the estimated optimal values, to validate the developed models. The experimental result of TPC
under these optimal conditions was 22.71 £ 0.413 mg GAE/g DW, and the DPPH inhibition was
63.44 + 2.133%, which were slightly higher to the estimated value (20.67 mg GAE/g DW,
60.3%), and the Student’s t-test reveals a non-significant difference between the experimental
and estimated TPC and DPPH inhibition values.
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Conclusion

The aim of this study was to investigate the potential value of P. atlantica fruits through
their physicochemical characterization and optimization of phenolic compounds extraction and
their antioxidant capacity.

The fruits were ovoid, with an average length of 7.12 £ 0.63 mm and a width of 4.39 £ 0.47
mm, with an average weight of 126 + 8.39 mg. The moisture and ash contents were 6.30% and
3.2%, respectively.

Oil was extracted using both Soxhlet and conventional method (maceration). The Soxhlet
method yielded 32.37% of oil, whereas the conventional extraction at room temperature (with
stirring for 48 hours) yielded 26%. The physicochemical properties of both oils were evaluated:
the Soxhlet-extracted oil showed an acidity of 13.52 + 0.05 mg KOH/g and a peroxide value of
8.67 £ 1.31 meq Oz/kg, while the conventionally extracted oil exhibited an acidity of 14.86 +
0.73 mg KOH/g and a peroxide value of 5.17 £ 1.25 meq Ox/kg. These results for either
extraction yield or physicochemical properties are consistent with values reported in the
literature.

UAE Optimization of Phenolic compound extraction by RSM, specifically total phenolic
content (TPC) and antioxidant activity (DPPH inhibition), demonstrated significant
improvements with optimal values of 22.71+ 0.413 (mg GAE/g DW) and 63.44 + 2.133 %
Respectively. The experimental values closely matched the predicted values, with correlation
coefficients R2 of 0.98 for TPC and 0.94 for DPPH inhibition. The optimal extraction conditions
were determined to be 86% ultrasound amplitude, 53% ethanol concentration, and 12 minutes
of extraction time. Among these variables, ultrasound amplitude and extraction time were
identified as the most influential factors affecting the extraction yield of bioactive compounds
from P. atlantica fruits.

In order to have a wider view of the bioactive potential of P. atlantica fruits, more
investigations should be performed such as the detailed mineral profile of the ashes; the
phytochemical composition of the extract and the chemical profiling of the extracted oil (fatty
acid composition, tocopherol content and other lipophilic active compounds). This would
provide a deeper insight into its nutritional and functional properties. Moreover, the antioxidant-
rich extracts obtained through optimized ultrasound-assisted extraction should be assessed for

their biological activities, including anti-inflammatory, antimicrobial, and cytoprotective
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effects, to support their potential applications in the food, pharmaceutical, and cosmetic

industries.
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Abstract:

The main objective of this study was to optimize an ultrasound-assisted extraction (UAE)
method for the recovery of phenolic compounds and antioxidant activity from delipidated
powder. To this end, oil extraction from Pistacia atlantica fruits was carried out using solid-
liquid extraction techniques, namely Soxhlet and maceration. The optimal extraction conditions
were determined using response surface methodology (RSM). A central composite design was
applied to evaluate the effects of three independent variables: ultrasound amplitude (40-100%),
extraction time (0.5-12 min), and ethanol concentration (20-90%). The chosen ranges were
identified through preliminary experiments. The oil yield extraction was 32.37 and 26%. The
results of the UAE optimization demonstrated that ultrasound amplitude and extraction time
had a statistically significant effect (p < 0.05) on the extraction yields of total phenolic content
(TPC) and antioxidant activity. The optimized conditions 86% ultrasound amplitude, 12
minutes extraction time, and 53% ethanol concentration resulted in a TPC of 22.71 + 0.41 mg
GAE/g DW and an antioxidant activity of 63.44 + 2.13%. The experimental results were not
significant to the predicted values, confirming the validity of the optimization model.

Keywords: Pistacia atlantica, oil content, phenolic compound, antioxidant activity, UAE RSM
optimization, central composite design.

Résumé :

L’objectif principal de cette étude était d’optimiser une méthode d’extraction assistée par
ultrasons (UAE) pour la récupération des composés phénoliques et de ’activité antioxydante a
partir de la poudre délipidée. Pour ce faire, une extraction de I’huile des fruits de Pistacia
atlantica a été réalisée par extraction solide-liquide, en utilisant les techniques de Soxhlet et de
macération. Les conditions optimales d'extraction ont été déterminées a 1’aide de la
méthodologie de surface de réponse (RSM). Un plan composite central a été appliqué pour
évaluer les effets de trois variables indépendantes : 1’amplitude des ultrasons (40-100 %), le
temps d’extraction (0,5-12 min) et la concentration en éthanol (20-90 %). Les plages choisies
ont été définies a travers des expériences préliminaires. Le rendement d’extraction d’huile était
de 32,37 % par Soxhlet et de 26 % par macération. Les résultats de 1’optimisation par UAE ont
montré que I’amplitude des ultrasons et le temps d’extraction avaient un effet statistiquement
significatif (p < 0,05) sur les rendements en contenu phénolique total (TPC) et en activité
antioxydant. Les conditions optimales 86 % d’amplitude ultrasonore, 12 minutes de temps
d’extraction et 53 % de concentration en éthanol ont permis d’obtenir un TPC de 22,71 + 0,41
mg EAG/g MS et une activité antioxydant de 63,44 + 2,13 %. Les résultats expérimentaux
n’étaient pas significativement différents des valeurs prédites, confirmant ainsi la validité du
modele d’optimisation.

Mots-clés : Pistacia atlantica, teneur en huile, composés phénoliques, activité antioxydant,
optimisation de I’extraction par 1’ultrason assisté par RSM, plan composite central.



