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Abstract
For the preparation of phenolic extracts, heating is one of the treatments applied. The effect of this type of heat treatment 
on the phenolic composition and the antioxidant power of olive leaves extracts were studied. This study aims to assess the 
use of solar heating method, a revolutionary green technology for the efficient extraction of several phytochemicals from 
food by-products. Olive leaves (Olea europaea L.) were used as the source material for this study. Solar heating method has 
been used for the extraction of polyphenols and flavonoids compounds. The extracts of solar heating method, decoction, 
and maceration were characterized in terms of total phenolic compounds, total flavonoids compounds, and their antioxidant 
activity based on 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity. The results showed that solar heating method 
extract provided a very satisfactory extraction yield in polyphenols, flavonoids compounds, and antioxidants (189.58 mg 
GAE/g DW, 87.53 mg QE/g DW, and 91.16% respectively), which was higher than that attained by decoction and macera-
tion methods. Moreover, HPLC analyses showed an increase in rutin, oleuropein, hydroxytyrosol, vanillin, coumaric acid, 
quercetin, and caffeic acid levels in the solar heating method extract. Results indicated solar heating method as a good choice 
for green recovering polyphenols and antioxidants from the olive leaves. There was a positive linear correlation between 
antioxidants, polyphenols, and between antioxidants, flavonoids for solar heating method extract (coefficient r = 0.89 and 
0.77, respectively). These results suggested that the polyphenols and flavonoids contributed significantly to the antioxidants 
of the investigated olive leaves.

Keywords  Olive leaves · Green extraction · Solar heating method · Total polyphenols · Antioxidant activity · Linear 
correlation

Introduction

One of the most significant crops in the Mediterranean 
region is the olive tree (Olea europaea L.). In addition to 
olive oil as the primary product, the olive industry produces 
liquid (margins) and solid by-products (pomaces, leaves, and 
twigs). Leaves can be harvested along with olives during the 
harvest. In olive fields and oil mills, these by-products are 
separated from the olives. They are expected to account for 
10% of the overall olive harvest (Aouidi 2012).

Because of their high phenolic content, olive tree leaves 
(Olea europaea) are known for their health advantages. The 
properties of these substances are antioxidant and antican-
cer (da Silva et al. 2019), anti-inflammatory, anti-bacterial 
(Ghomari et al. 2019), anti-diabetic, and antimicrobial pow-
ers that make them very important for health and the food 
industry (Guinda et al. 2015; Martín-García et al. 2019; Nicolì 
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et al. 2019; Rosa et al. 2019b). Olive leaves contain a wide 
range of phenolic chemicals, with concentrations ranging from 
2.8 mg g−1 dry matter (Altiok et al. 2008) to 158.7 mg g−1 DM 
(Martín-garcía et al. 2020). It is possible to exceed 250 mg g−1 
of DM (Mylonaki et al. 2008).

The green extraction of olive leaves has been done in pre-
vious research with ultrasound (Ahmad-Qasem et al. 2013; 
Irakli et al. 2018; da Rosa et al. 2019a), microwaves (Rafiee 
et al. 2011; Taamalli et al. 2012), supercritical extraction with 
CO2 (Putnik et al. 2017) and superheated liquid extraction 
(Japón-Luján and Luque de Castro 2006) where it has been 
proven that these processes offer an excellent and innovative 
approach to traditional antioxidant extraction methods. The 
volatiles produced by the olive leaves were extracted by hydro-
distillation using a Clevenger-type apparatus for 2 h (Flamini 
et al. 2003). This is the first time that a solar extraction method 
has been employed to extract antioxidants.

In 1986, Wolfgang Scheffler tested his reflector in India and 
Kenya for the first time (Scheffler 2006), and it has been used 
to distillate aromatic and medicinal plants to extract essential 
oils by combining a solar still, a second reflector, and a con-
denser. As a result, using this solar system is now a financially 
viable option, as the payback period on such an investment is 
less than two years (Jayasimha 2006). The solar distillation 
unit used in this work was previously used for the deodoriza-
tion of rosemary leaves by solar steam distillation (Hilali et al. 
2018); it was also used for solar hydro-distillation to extract 
essential oils from orange peels before treating them with an 
organic solvent to extract bioactive components (Hilali et al. 
2019).

In the past, plants have been extracted of their bioactive 
compounds through maceration with liquid solvents, but this 
is a laborious process that requires extensive extraction dura-
tions. The goal of this research carried out in the National 
Center for Studies and Research on Water and Energy at Cadi 
Ayyad University in Marrakech, Morocco (31° 37′ 46 N, 7° 58′ 
52 W), was to extract TPC and TFC from olive leaves, as well 
as their antioxidants using the SHM procedure by incorporat-
ing a green, energy-free process using solar energy. Another 
objective was to compare the obtained results with those of 
decoction and maceration with polar solvents, in particular 
distilled water or methanol, and the effect of temperature on 
the composition of each extract. The relationship between 
radiation intensity (Gb), the focal point temperature (Tf), the 
quantity of olive leaves (QO.L), the quantity of water (QW), 
TPC, TFC, and AA was also investigated statistically.

Materials and methods

Plant

The olive leaves (Olea europaea L.) were collected in 
Marrakech city in 2020 (altitude 466 m) located in the cen-
tral part of Morocco. The olive leaves are cleaned in water, 
air-dried in the shade at room temperature, and weighed 
daily; after 22 days, their mass becomes constant, showing 
that the water they contain has been completely removed. 
The leaves had a moisture content of 49.10% after air-
drying. The dried leaves were sealed in plastic pouches 
and stored in a dry, dark location until use.

Chemicals

Chemicals of analytical purity were employed in the test-
ing. Sigma-Aldrich, Darmstadt, Germany, provided the 
Folin–Ciocalteu reagent, gallic acid, methanol, sodium 
carbonate (Na2CO3), aluminum trichloride (AlCl3), 
sodium hydroxide (NaOH), and sodium nitrite (NaNO2). 
Somaprol, Casablanca, Morocco, offered 2,2-diphenyl-
1-picrylhydrazyl (DPPH), quercetin, and gallic acid.

The Scheffler solar heating system

The national center for water and energy studies and 
research (CNEREE) at Cadi Ayyad University in Mar-
rakech, Morocco (31° 37′ 46 N, 7° 58′ 52 W), is where 
the solar thermal system is situated. A 10 m2 Scheffler 
concentrator with a fixed focus, a secondary reflector, and 
a solar still make up this solar thermal equipment (Fig. 1). 
The concentrator’s rotating axes are set to the relative local 
angle of latitude (31° 37′ 46) so that the rotational axes of 
the concentrator and the earth are aligned.

The available energy for the process of heating relies on 
the solar intensity availability and the solar still’s optical 
and thermal efficiency. The solar heating system’s perfor-
mance is determined by the optical efficiency of the pri-
mary and secondary reflectors, as well as solar still absorp-
tion (Afzal et al. 2017). The primary reflector’s reflective 
surface is made up of glass mirrors, which account for 
85% of the overall reflectance area. The solar still was 
insulated with 70 mm of rock wool to decrease heat loss. 
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A small electronic photovoltaic (PV) plate and a mechani-
cal mechanism for daily and seasonal solar tracking are 
included in the 10 m2 solar reflector. Sun radiation and 
temperature measurements were done using a pyranometer 
and thermocouples, which were linked to a computer by 
a data logger.

Extracts preparation by maceration

One gram of dried (or fresh) and powdered leaves was 
macerated for three hours in 20 mL of 96 percent methanol 
or distilled water each in a single step. After that, filter 
paper was used to filter the extracts. Reduced pressure 

Fig. 1   Solar heating apparatus
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evaporation in a rotating vacuum evaporator was utilized 
to eliminate the extraction solvents from the filtrate. Until 
they were needed, the concentrated extracts were stored 
at 4 °C.

Extracts preparation by decoction

For around three hours, one gram of dried and powdered 
leaves was boiled in 20 mL of distilled water. After that, 
the extract was filtered via filter paper. Lyophilization was 
used to separate the extraction water from the filtrate. Until 
it was used, the concentrated extract was maintained at 
4 °C.

Extracts preparation by SHM

In 10 L of distilled water, 500 g of dried or dried and pow-
dered leaves were macerated in the solar still for three hours. 
The remaining extract in the solar still was then filtered using 
a filter paper. Lyophilization was used to separate the extrac-
tion water from the filtrate, because we need to remove the 
water used in the extraction step, then dissolve the remaining 
organic matter in methanol to prepare the concentrations 
needed to determine the polyphenol, flavonoid, and antioxi-
dant content. The 96% methanol-concentrated extract was 
maintained at 4 °C until it was used.

Determination of total phenolic compounds

To quantify the total phenolic compound (TPC) con-
tent of each extract, the Folin–Ciocalteu method is uti-
lized, which uses gallic acid as a standard (Box 1983). 
0.1 mg mL−1 of the extract was mixed with 0.5 mL of 
the Folin reagent, and after 5 min, 2 mL of 20% Na2CO3 
was added. The mixture was then incubated for 30 min 
at room temperature in the dark. A spectrophotometer 
was used to measure the absorbance at 750 nm (Selecta). 
TPCs are calculated in milligrams of gallic acid equiva-
lent per gram of dry vegetable matter (mg GAE g−1 DM) 
(N = 3).

Determination of total flavonoid compounds

The aluminum trichloride technique was used to deter-
mine the TFC concentration of each olive extract 
(Dewanto et al. 2002). 75 µL of a % NaNO2 solution 
were added to 250 µL of diluted extract (0.1 mg mL−1). 
150 µL of a freshly made 10% AlCl3 solution were added 
to the mixture following a 6 min incubation time at room 

temperature. The mixture was allowed to stand for 5 min 
at room temperature before 0.5 mL of sodium hydroxide 
(NaOH, 1 M) was added. The final volume was changed 
to 2.5 mL using distilled water. At 510 nm, the absorb-
ance of this solution was calculated. Parallel calibration 
curves using quercetin were performed under identical 
conditions. Milligrams of quercetin equivalent per gram 
of dry vegetable matter (mg EQ g−1 DM) (N = 3) are used 
to quantify TFC content.

Determination of total antioxidant capacity

Free radical DPPH (2,2-diphenyl-1-picrylhydrazyl) is 
colored violet when it is in its oxidation form and yellow 
when it is in its reduced form (Parejo et al. 2002). When 
antiradical chemicals are present, the DPPH radical is 
decreased and turns yellow. The absorbance at 517 nm, 
which is proportional to the antiradical power of the 
extract, was used to compute the percentage inhibition of 
the DPPH radical. Normally, 100 mL of methanol were 
used to dissolve 25 mg of DPPH, which was then diluted 
1:10 with the same solvent. In a volume of 100 mL, the 
extract was added to 3.9 mL of methanolic DPPH solu-
tion. For 30 min, the combination was kept at room tem-
perature and kept out of direct sunlight (Brand-Williams 
et al. 1995). At 517 nm, the absorbance was measured, 
and the antioxidant activity percentage (AA %) is calcu-
lated using the formula below:

Abs blank: Absorbance of DPPH at time zero before 
sample addition.

Abs simple: Absorbance of the test sample after 30 
min of incubation.

Identification of phenolic compounds in each 
extract by HPLC

According to the IOOC approach (Class 2009), the phe-
nolic components in olive leaf extract were identified and 
measured using a high-performance liquid chromatogra-
phy technique. The extracts (10 mg) were diluted in 80% 
methanol (1 mL) and filtered through a 0.45 µm filter 
prior to HPLC (UV–vis) analysis. The phenolic compo-
nents were separated at 40 °C using a C18HG Wakosil 
(5 µm, 4.6*150 mm). Elution was carried out in gradient 
mode with a binary solvent mixture of acidified water 
containing 0.2% phosphoric acid (solvent A) and 50/50 

AA (%) =
[
(Abs blank − Abs simple)∕Abs blank

]
× 100
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methanol/acetonitrile (solvent B). For 40 min, a linear 
gradient was passed from 96% (A) and 4% (B) to 50% 
(A) and 50% (B); for 5 min, it was passed to 40% (A) and 
60% (B); for 15 min, it was passed to 0% (A) and 100% 
(B), after rebalancing for 12 min until the initial compo-
sition was reached. Each sample’s injection volume was 
20 µL, and the mobile phase flow rate was 1 mL min−1. 
All phenolic compounds were identified by comparing 
their retention times and UV spectra to those of reference 
compounds. Peak regions in relation to standards were 
used to make quantitative measurements.

Statistical analyses

Relative linear importance

To determine the variables that explain more the vari-
ation of AA, TPC, and TFC variation, analysis of the 
linear relationship degree between these output variables 
and the remaining investigated variables including the 
olive leaves quantity, solar radiation, and temperature 
at the focal point has been investigated through Pearson 
correlation coefficient. The Pearson correlation coeffi-
cient (r), a statistical metric that ranges from − 1 to + 1, 
expresses the strength of the linear relationship between 
two quantitative variables, X and Y. The degree of sig-
nificant linear correlation was also determined using a 
p-value (p < 0.05).

Multiple linear regression

Given the amount of data, using multiple linear regres-
sion (MLR) models to describe the variables AA, TPC, 
and TFC remains a viable option. Thus, many studies 
have used this kind of model to establish a relationship 
between these output variables and candidate-related 
input variables. For instance, Tamasi et al. (2019) have 
used MLR to correlate antioxidant parameters with two 
components (hydroxytyrosol and luteolin) in olive fruits 
and pomace extracts using Unscrambler X software 
version 10.4. In the same context, Rafiee et al. (2011) 
have employed this method to simulate AA by use of 
SAS software, while Malenčić et al. (2008) have used 
MLR to formulate the correlation between AA and TPC. 
Thus, the model utilized in this study has the following 
formula:

where Yi is the explained variable, Xij is the explanatory 
variable, βj is the model parameters, and εi are unknown 
constants.

(1)Yi = �1 ∗ Xi1 + �2 ∗ Xi2 + ⋅ ⋅ ⋅ + �p ∗ Xip + �i with i = 1, . . . , n

The error measures (mean absolute error (or MAE), root-
mean-squared error (RMSE), and the R2), on the other hand, 
were utilized to calculate the difference between observed 
and anticipated values. The following is the mathematical 
formula for these metrics:

The expected value is yo, the real value is yt, and the 
number of data points is n. If R2 is close to one and MAE 
and RMSE are close to zero, the model is optimum. The R 
programming language was used to conduct all statistical 
analyses (version 3.5.2).

Results and discussion

Energy distribution at the different components 
of the Scheffler solar heating

The energy is distributed as absorbed and reflected radia-
tion at the first reflector. The reflectivity of the material 
used determines the reflected radiation of energy (Erp). As 
a result, the energy produced by the first reflector can be 
expressed as follows:

In the equation, Etp and Rp are the total input energy and 
the mirror reflectivity of the primary reflector (Munir 2010):

The direct irradiance recorded by a pyranometer is Gb 
(W/m2), the reflector surface (10 m2) is At, the solar declina-
tion is δ, and the number of days in the year is n. A portion 
of the radiation is reflected away from the focal point by the 
main reflector. The majority of the time, the focal point frac-
tion (Ff) is determined to be 0.85. As a result, the following 
formula is used to get the energy at the second reflector (Es):

(2)RMSE =
�

(yo − yt) 2 n
√

(3)MSE =
∑

|yo − yt| n

(4)R2 = 1 −
∑

(yo − yt) 2
∑

(yt) 2

(5)Erp = Etp ⋅ Rp

(6)Etp = Gb ⋅ At ⋅ cos(43.23 ± �∕2)

(7)� = 23.45 sin
(
360

365
(n + 248)

)

(8)Es = Erp ⋅ Ff
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To mitigate the losses, high-reflectivity aluminum sheets 
were used. The following equation can be used to estimate 
the energy available after secondary reflection (Esr):

where Rs indicates the secondary reflector’s reflectivity 
(0.83). To keep the secondary reflector in the best possible 
focal point location, a concrete foundation was built. All rays 
will be distributed and reflected by the secondary reflector’s 
parts until they reach the bottom of the solar still (Ebot).

The reflectivity due to partial absorption and the heat 
losses from the various sections of the solar still by conduc-
tion, convection, and radiation make up the usable energy 
and energy losses from the solar still. The system’s acces-
sible thermal energy (Econd,b) is defined as follows:

(9)Esr = Es ⋅ Rs

(10)Ebot = Esr ⋅ Fb

where αb = 0.90 is the vessel’s absorbance.
The energy was calculated in the summertime on a spe-

cific day (July 14, 2020); it was found that the useful energy 
was 5.25 kWh in 3 h of functioning, as shown in Fig. 2, after 
each high value of solar radiation; a high floral volume is 
recovered every 30 min, which directly affects the process 
of extraction. Since the solar reflector mainly employs direct 
radiation, both daily solar radiation and cloud cover density 
have an impact on the effectiveness of solar extraction. More 
crucially, because of problems with solar radiation concen-
tration, the temperature at the fixed focal point does not 
exceed 350 °C, even though it can approach 500 °C. In any 
event, the temperature reported is substantially greater than 
that required to bring water to a boil, perhaps decreasing 
the time required to extract antioxidants from olive leaves. 
When daily solar radiation is low due to dense cloud cover, 
a conventional heating system can be used, such as a butane 
injector placed at the bottom of the solar still.

(11)Econd,b = Ebot ⋅ �b

Fig. 2   Variation in the solar 
irradiation absorbed by the 
reflector and the temperature 
at the focal point as a function 
of time
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Fig. 3   Total phenolic and 
flavonoid contents of olive leaf 
extracts obtained by SHM
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Analysis of the total polyphenol and flavonoid 
contents

A comparison of the TPC and TFC values in the extracts 
was done in order to assess the effect of SHM on the extrac-
tion of TPC and TFC. TPC and TFC levels were 42.92 mg 
EAG g−1 DM and 40.47 mg EQ g−1 DM, respectively, in the 
dried olive leaf SHM extract. The TPC and TFC contents of 
the dried and ground leaves were also determined for SHM 
extract and had values of 189.58 mg EAG g−1 dry matter and 
87.53 mg EQ g−1 dry matter, respectively (Fig. 3). Organic 
compounds known as polyphenols have one or more aro-
matic nucleus and one or more hydroxyl groups attached, 
so they have a high molecular weight and water steam can-
not be charged with polyphenols. This explains the high 
amounts of TPC and TFC obtained by SHM.

It has been observed that the dried and ground leaves 
subjected to SHM had higher TPC and TFC values than the 
dried leaves, because in the first case, the grinding increases 
the surface exposed to water to extract the maximum of 
TPC and TFC. Moreover, drying eliminates the water con-
tained in the leaves, causing the degradation of phenolic 
compounds, in particular oleuropein, by enzymatic actions 
(Malik and Bradford 2008; Silva et al. 2006). Therefore, the 
TPC and the TFC obtained by the maceration method were 
12.78 and 3.34 in fresh olive leaves and 27.06 mg EAG g−1 

dry matter, and 4.92 mg EQ g−1 dry matter in fresh crushed 
olive leaves, respectively. The low quantities obtained are 
explained by the fact that both samples were not dried, so 
the water was not removed, but the ground sample was much 
more exposed to the solvent, hence the difference in TPC 
and TFC.

Figure 4 shows that the maceration process with methanol 
96% gave the highest content of TPC (220.80 mg EAG g−1 
dry matter) and TFC (125.88 mg EQ g−1 dry matter) in com-
parison with the maceration using distilled water (83.02 mg 
EAG g−1 dry matter) and TFC (66.08 mg EQ g−1 dry mat-
ter), respectively. This bio-solvent and relatively cheap non-
toxic was used as it is a good extracting agent (Guinda et al. 
2015) and to compare the quantities obtained in TPC and 
TFC with those obtained using SHM. Additionally, the use 
of polar solvents enhances the extraction of phenolic chemi-
cals. Polar solvent (water) can interact with polar solids to 
promote their dissolution, while less polar solvent (metha-
nol) is more effective at dissolving less polar molecular sol-
ids (phenols).

If we compare the extracts obtained by SHM and the 
decoction of the dried and ground olive leaves, we can see 
that SHM gives high TPC and TFC values of 189.58 and 
87.53 against 113.05 mg EAG g−1 and 79.80 mg EQ g−1 dry 
matter for the extraction by decoction using electricity for 
heating (Fig. 5). Solar heating has mechanically affected the 

Fig. 4   Comparison between 
the TPC and TFC obtained by 
maceration using distilled water 
or methanol 96% of dried and 
ground leaves
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ultrastructure of the olive leaves. Hilali et al. (2018) stud-
ied the mechanisms induced by the same Scheffler parabola 
and which are implicated in the metabolite extraction from 
rosemary leaves. The temperature of 105 °C within the solar 
still caused an increase in porosity. The reason for this is 
that at higher temperatures, solvent viscosity decreases, and 
intermolecular interaction increases, giving rise to a higher 
molecular motion which increases solubility. The increasing 
temperature may also cause increases in intracellular pres-
sure which may cause cell rupture. On the one hand, such a 
dramatic deformation enhances the diffusion of the solvent 
in the plant matrix, while on the other hand, it favors the 
liberation of cellular components. Therefore, SHM is a green 
method based on the exploitation of solar radiation to heat 
the water and olive leaves mixture.

SHM’s findings in this study are similar to earlier research. 
The TPC and TFC values are higher than 169.1 and 53.15 mg 
EAG g−1 dry matter and 98.15 and 16.51 mg EQ g−1 dry mat-
ter, respectively, reported by Ghomari et al. (2019) employing 
two-step maceration with ethanol and distilled water, and by 
Putnik et al. (2017) using supercritical extraction with CO2. 
Also, higher values than 66 and 37.44 mg EAG g−1 dry mat-
ter were reported by Ahmad-Qasem et al. (2013) and Irakli 
et al. (2018), respectively, using the ultrasonic-assisted extrac-
tion method. Martín-garcía et al. (2020) and Apostolakis 
et al. (2014), on the other hand, reported a value of 158.7 and 
51.91 mg EAG g−1 dry matter using supercritical extraction 
with CO2 and heated water/glycerol mixtures, respectively. In 
addition, our result was somewhat lower than the previous 
findings indicating 253 and 386.42 mg EAG g−1 dry matter 
using water/ethanol-based solvent (Mylonaki et al. 2008) and 
supercritical extraction with CO2 (Rosa et al. 2019b), respec-
tively. Furthermore, the TPC in SHM extract was comparable 
to 190.65 mg EAG g−1 dry matter extracted using the percola-
tion method with methanol/H2O (50/50) (Ghasemi et al. 2018).

Analysis of the antioxidant activity

DPPH scavenging activity was used to examine the antioxi-
dant activity of different extracts produced in various meth-
ods. The extracts’ antioxidant activity (AA) was estimated 
to range from 81.79 and 92.77% (Table 1). According to 
Rosa et al. (2019b), since the antioxidant action of phenolic 

compounds is caused by their structural characteristics, 
TPC levels can be linked to AA. Using microwave-assisted 
extraction, da Rosa et al. (2019a) show that olive leaves had 
an AA level up to 94%, but our results were better than the 
78% that was stated by Goulas et al. (2010) using the ultra-
sonic method.

When comparing the antioxidant activity of SHM extract 
to that of other extracts, the antioxidant activity of the mac-
eration technique with methanol (96%) was discovered to 
be higher than that of SHM extract, because in the first 
method, an organic solvent was used. Organic solvents in 
general need special handling considerations, they might be 
destructive to the environment and the health of the work-
ers, and they are expensive. Contrarily, water has generally 
been suggested as an extraction solvent due to its low cost 
and advantages for the environment (da Rosa et al. 2019a). 
The results showed that the yields were comparable to those 
obtained with methanol, suggesting that water might be used 
as an extraction solvent in SHM. However, the AA of the 
extract obtained with the SHM was very high in compari-
son with the other extracts, especially the maceration of the 
olive leaves with water. The AA was found to rise as the 
temperature was raised. The reason for this is that as water 
viscosity decreases at higher temperatures, intermolecular 
contact increases, resulting in more molecular mobility and 
increased solubility. Temperature rises can cause intracellu-
lar pressure to rise, causing cell rupture and thereby increas-
ing extraction rates (da Rosa et al. 2019a).

Table 1   Antioxidant activity (AA) of different extracts

Extract AA (%)

Maceration of dried and ground O.L with methanol 96% 92.77
Decoction of dried and ground O.L with distilled water 86.34
Maceration of dried and ground O.L with distilled water 81.79
SHM of dried O.L 82.14
SHM of dried and ground O.L 91.16

Table 2   Identified phenolic components in olive leaf extracts pro-
duced by SHM, decoction, and maceration with distilled water (mg.
g−1 DM)

Peak Phenolic com-
pound

Retention 
time (min)

Maceration Decoction SHM

1 Hydroxytyrosol 07.43 03.93 05.76 07.38
2 Syringic acid 08.05 09.66 26.02 25.82
3 Tyrosol 09.66 02.21 02.90 24.23
4 Protocatechuic 

acid
11.70 07.09 03.65 02.53

5 Ferulic acid 12.84 11.32 04.54 06.79
6 Vanillic 13.66 05.20 07.86 01.88
7 Caffeic acid 13.97 03.12 01.59 08.87
8 Vanillin 15.56 03.12 03.00 06.79
9 Coumaric acid 18.72 05.50 06.88 18.14
10 Hesperidin 20.23 03.41 02.20 08.67
11 Rutin 21.09 07.61 18.39 11.99
12 Oleuropein 21.85 04.20 33.09 110.0
13 Luteolin 22.42 05.69 10.62 03.87
14 Quercetin 26.44 16.00 10.25 16.26
15 Kaempferol 28.93 52.94 11.19 32.61



3769International Journal of Environmental Science and Technology (2024) 21:3761–3774	

1 3

HPLC–UV characterization of phenolic components 
in olive leaf extracts

The phenolic compounds founded in each extract is pre-
sented in Table 2. Numerous elements, including as the 
sampling period, cultivar, age of the olive tree, and environ-
mental changes, have an impact on the composition of olive 
leaves (Souilem et al. 2017). The maceration in distilled 
water showed that oleuropein (44.03 mg g−1 DM), catechin 
(17.30 mg g−1 DM), and perogallic (16.65 mg g−1 DM) were 
major compounds. Besides, when the extraction was car-
ried out by decoction method, it was found that the oleuro-
pein content increased (77.69 mg g−1 DM), and caffeic acid 
(18.91 mg g−1 DM), chlorogenic (11.84 mg g−1 DM), and 
gallic acid (10.34 mg g−1 DM) were major compounds. For 
SHM extract, oleuropein was the main representative com-
pound (110.07 mg g−1 DM) compared to other compounds 
like syringic acid (25.82 mg g−1 DM), tyrosol (24.23 mg g−1 
DM), sinapic (18.14 mg g−1 DM), and rutin (11.99 mg g−1 
DM). These findings were similar to those discovered by 
Irakli et al. (2018), using the ultrasonic-assisted extraction 
method with 50% acetone as a solvent, which showed that 
increasing temperature increases the amount of oleuropein 
(106.5 mg  g−1 DM) extracted and deactivates enzymes 
involved in the transformation of oleuropein into other 
compounds. Therefore, Ghomari et al. (2019) indicated that 
oleuropein (19.3 mg g−1 DM), coumaric acid (16.5 mg g−1 
DM), and caffeic acid (9.96 mg g−1 DM) were the primary 
components extracted in distilled water at 60 °C. Also, using 
the ultrasonic-assisted extraction method with 80% aqueous 
ethanol at 60 °C, Giacometti et al. (2018) found that the 
quantities of oleuropein, verbascoside, and luteolin-4-O-glu-
coside were 13.38, 0.36, and 0.52 mg g−1 DM, respectively. 
However, the level of oleuropein obtained in this study is 
still lower than that of oleuropein 139.48 mg g−1 DM that 
was obtained by Kamran et al. (2015) by maceration in a 
solvent in three steps (methanol and n-hexane) after 105 °C 
drying of olive leaves.

Influence of SHM on the composition of extract 
and antioxidant capacity

It was important to evaluate the extraction effective-
ness as well as the quality of the extracted materials in 
order to complete the SHM feasibility study. Heat expo-
sure may modify the composition of several bioactive 
chemicals, which could affect the extract’s composition. 
Therefore, the temperature of extraction is an influential 
factor to consider. In this work, the increase in the tem-
perature to 100 °C increased the amount of TPC, TFC, 
and then the AA of the olive leaf extracts. These find-
ings matched those previously published in the literature 
(Ahmad-Qasem et al. (2013) and Dewanto et al. (2002)) 

when they discovered that heat treatment at 88 °C for 
2, 15, and 30  min boosted total AA considerably. In 
addition, Kamran et al. (2015) showed that the highest 
phenol recoveries and antioxidant activity were found 
in extracts from leaves that were oven-dried at 105 °C. 
According to Darvishzadeh and Orsat (2022), the yield 
of TPC and TFC recovery in all extracts was improved 
by increasing the extraction temperature to 97.5  °C. 
Increased temperature may improve the extraction sol-
vent’s diffusivity in the plant matrix, resulting in better 
phenolic and flavonoid solubility, as well as reduce the 
solvent’s viscosity, allowing these compounds to dissolve 
more quickly. Furthermore, the energy produced by the 
Scheffler reflector was about 23.84 kWh, considering 
optical losses, the energy available at the bottom of the 
solar still was Ebot = 11.92 kWh, and the solar still’s ther-
mal efficacy was ηstill = 94.61%, thus the useful energy 
was 11.28 kWh exploitable by water and olive leaves 
(Ezzarrouqy et al. 2021). The energy consumed by the 
decoction method has not been calculated, but by com-
parison with SHM, we can estimate it at 11.28 kWh. The 
maceration method consumes no energy as there is no 
heating. The technique used in this work is based on the 
heating of water and olive leaves by the concentration of 
solar radiation at a focal point at the bottom of the still. 
The temperature at the focal point can reach 400 °C, and 
the energy produced exceeds 23 kWh during operating 
hours. Knowing that the water consumes only 1 kWh for 
evaporation (the steam produced is not condensed since 
olive leaves have no essential oil content), the remaining 
energy is consumed by the olive leaves. This causes total 
erosion of the leaves by emptying them of their contents 
and, of course, an indirect increase in antioxidant activity 

Fig. 6   Correlation matrix diagram evaluating the linear relationship 
between the investigated variables
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Fig. 7   Comparison of predicted and real values using multiple linear regression model for AA (a), TPC (b) and TFC (c)
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by increasing the amount of Oleuropein (110.07 mg g−1 
DM), which is the molecule responsible for the antioxi-
dant effect. Because SHM is a renewable source and is 
free, energy consumption has been minimized to zero. 
While, during the extraction time, the decoction method 
requires approximately 11.28 kWh of electricity (in 4 h), 
resulting in 9.54 kg of CO2, SHM can be described as 
an effective, long-lasting, and cost-effective method for 
extracting TPC, TFC, and antioxidants.

Relative linear importance

As previously mentioned, Pearson coefficient was 
used to measure the intensity of the linear relationship 
between each pair of investigated variables. The results 
are illustrated in a correlation matrix (Fig.  6). Each 
square includes two values, where the values in paren-
theses indicate the value of the calculated p-value, while 
the other represents the value of the Pearson coefficient. 
In addition, a positive correlation is displayed using 
blue color, while red presents a negative correlation. We 
can observe some low correlation (r-Pearson < 0.7 or 
r-Pearson > − 0.7) to strong correlation (r-Pearson > 0.7 
or r-Pearson < − 0.7). As a result, AA and TPC have a 
high significant positive relationship of 0.89 (p-value 
0.05), while AA and TFC have a strong correlation of 
0.77 (p-value 0.05). These findings support previous 
research that suggests a high TPC is linked to AA in 
ethyl acetate extract (r = 0.997; p = 0.053) (Brahmi et al. 
2012). Terpinc et al. (2012) showed that TPC of oil cakes 
had a statistically significant negative association with 
AA, according to Pearson’s correlation coefficients of 
(− 0.76) suggesting that TPC is not the only contributor 
to the AA of the oil cakes. In the same, Tawaha et al. 
(2007) discovered that there was a positive linear correla-
tion between AA and TPC in both methanolic and aque-
ous extracts (coefficients r = 0.892 and 0.851, respec-
tively). These findings suggest that phenolic chemicals 
played a substantial role in the AA of the plants inves-
tigated. We also clearly see that TPC is more correlated 
with TFC (r-Pearson = 0.87, p-value < 0.05) compared to 
the other variables showing that the variation of each one 
of these variables is explained by the other remaining two 
variables. In the same, Brahmi et al. (2012) showed that 
ethyl acetate extract (r = 1.000; p = 0.000), followed by 
hexane, chloroform, and methanol as extraction solvents 
(r = 0.976; p = 0.139, r = 0.434; p = 0.714, and r = 0.597; 
p = 0.592, respectively), exhibited a substantial and posi-
tive correlation between TPC and TFC. In addition, the Tf 
and Qw are highly influenced by the Gb and QO-L with a 
highly significant positive relationship of 0.90 (p = 0.00) 
and 0.98 (p = 0.00), respectively.

Prediction results

The MLR approach was used to predict the concentra-
tions of AA, TPC, and TFC. In this study, significant 
predictors were chosen based on the degree of linear 
correlation, and the MLR results for each investigated 
variable were compared to the real dataset. Graphs were 
generated by plotting the z-axis response against two 
independent variables. Figure 7a–c depicts the interac-
tions between the AA and each of the two other fac-
tors (TPC and TFC). The AA of olive leaves increased 
from 87.50% to 91.16% with the increase in TPC from 
165.78 to 189.58 mg EAG g−1 of dry matter and TFC 
from 72 to 87.53 mg EQ  g−1 of dry matter. Thus, the 
metrics (RMSE, MAE, and R2) employed to measure 
the gap between the real and predicted values for AA 
were 0.333, 0.440, and 0.804, respectively. Close results 
were observed for TPC (RMSE = 2.056, MAE = 2.321 
and R2 = 0.881) and TFC (RMSE = 1.884, MAE = 2.246 
and R2 = 0.757) between predicted and real values. These 
results show good performance for the MLR in predicting 
these output variables. These results were agreed with 
(R2 = 0.86, 0.98, and 0.85 for AA, TPC, and TFC, respec-
tively) reported by Darvishzadeh and Orsat (2022) using 
microwave-assisted extraction of Russian olive leaves. 
Similarly, Tawaha et al. (2007) showed a coefficient of 
determination (R2) = 0.80 and (R2) = 0.72 for aqueous and 
methanolic extracts, respectively. Moreover, Dahmoune 
et al. (2015) showed that the determination coefficient 
(R2) was 0.93 and RMSE = 4.433 of TPC from myrtle 
leaves between predicted and real values.

Conclusion

The impact of solar heat treatment on the phenolic con-
tent and antioxidant capacity of an aqueous extract from 
olive leaves was examined for the first time in this study. 
This processing increases TPC, TFC, and AA. The origi-
nality of this work also resides in its explanation of how 
heat treatment affects the antioxidant chemicals in olive 
leaves. Using HPLC–UV analysis, we have demonstrated 
an increase in the quantity of phenolic compounds and 
antioxidant activity due to the high oleuropein content. 
Using SHM to increase the extraction of phenolic com-
pounds from olive leaves could be an innovative new 
approach. The effectiveness of direct radiation in the 
workplace was a major factor in how well SHM oper-
ated. When compared to other conventional approaches, 
temperature has an obvious impact on extraction kinetics; 
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SHM extraction can be regarded of as a more successful 
process because it employs green energy. Therefore, in 
this study, a linear relationship was found between AA, 
TPC, and TFC. In addition, there is a positive linear cor-
relation between AA and TPC, and between AA and TFC 
for SHM extract (coefficient r = 0.89 and 0.77, respec-
tively). These results suggested that the TPC and TFC 
significantly contributed to the AA of the studied olive 
leaves.
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