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A B S T R A C T   

The influence of ultrasound treatment (US) on cellular damage of olive leaf tissue was studied. Mechanical 
damage and thermal effect of US were characterized. The level of tissue damage was defined by the diffusivity 
disintegration index ZD based on the diffusivity of solutes extracted from olive leaves differently treated. The 
Arrhenius form using the temperature dependences of the thermal treatment time within the temperature in-
terval 20–90 ◦C was observed for the thermal process. The corresponding activation energy ΔUT was estimated as 
57 kJ/mol. The temperature dependences of electrical conductivity were measured for extracts of intact and 
maximally treated olive leaves. Then the diffusivity disintegration index ZD and total phenolic compounds re-
covery for three studied US powers were calculated (100, 200, and 400 W). The results evidenced that the 
mechanically stimulated damage in olive leaf tissue can occur even at a low US power of 100 W if treatment time 
is long enough (t = 3.5 h). The US treatment noticeably accelerated the diffusion process mechanically in 
addition to its thermal effect. Trials in aqueous solution revealed the dependence of polyphenols extraction on 
damage level with respect to the US power applied.   

1. Introduction 

Olive tree (Olea europaea L., Oleaceae) is among the most abundantly 
cultivated crops in the world, with global production exceeding 16 
million metric tons of olives and more than 3 million tons of olive oil 
annually [1]. Typically concentrated in countries around the Mediter-
ranean basin, olive trees are cultivated for olive and olive oil production. 
Growth and productivity of olive trees are boosted when they are pruned 
regularly, when certain branches are selectively reduced or removed. In 
addition, large quantities of small stems and leaves fall accidentally 
during olive harvesting, representing around 10% of olives total weight 
[2], and even more using traditional methods. Consequently, olive 
leaves are considered one of the major by-products that are generated all 
along this procedure, yet wasted although they are renowned for being a 
rich source of high-added value compounds, such as secoiridoids, fla-
vonoids and other phenolics [3]. Directly burned in the fields, or 

improperly discarded next to the olive mills after separation, disposal of 
olive leaves remains an important issue in waste management and 
environmental pollution [4]. Their potential could be better valorized 
by extracting their valuable constituents. Indeed, numerous studies 
endorsed the diverse beneficial biological activities of their extracts 
including antioxidative, anti-diabetic, antiviral, anti-fungal, anti-in-
flammatory, antimicrobial, anti-carcinogenic, as well as skin protection, 
anti-aging and anti-obesity [5–10]. 

Recovery of bioactive compounds using solvents is known as con-
ventional extraction. Plant matrices are soaked in a solvent (or mixture 
of solvents), usually under a constant agitation, so that the desired 
molecules are extracted conforming to diffusion and mass transfer 
phenomena. Conventional extraction presents several drawbacks such 
as ineffectiveness (recovery and selectivity), high solvent consumption, 
and lower extraction yield [11]. Various extraction technologies have 
been reported as an alternative to conventional solvent extraction in 
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order to enhance recovery of bioactive compounds from olive leaves. 
Widely explored, such technologies include microwave-assisted extrac-
tion [12], pressurized liquid extraction [13], supercritical fluid extrac-
tion [14], infrared-assisted extraction [15], Intensification of 
Vaporization by Decompression to the Vacuum [16], and ultrasound- 
assisted extraction [17]. The latter has been validated as a green 
extraction technique that ensures reduction of energy consumption, 
solvent usage, processing time, and cuts accumulation of waste and of 
hazardous substances [18–20]. 

The fundamental basics of ultrasound relies on physical vibrations 
passing through a liquid or any liquid-like medium, triggering growth 
and collapse of generated gas under the effect of acoustic field [21]. The 
collapse of the microbubbles hereafter formed, known as cavitation 
bubbles, is accompanied by a local increase in temperature and pressure. 
Occurring under such extreme physical conditions, this phenomenon 
engenders substantial mechanical constraints near or onto the outer 
surface of the treated plant matrix. Their intensity depends on the dy-
namic interaction between the cavitation bubbles and the exposed plant 
cells. In order to account for the resulting structural damages, several 
mechanistic interpretations of the impact of bubble implosion were 
described suggesting mostly sonoporation or cellular disruption 
[22–25]. Used for extraction, ultrasonic treatment promotes mass 
transfer not only by releasing intracellular substances into the extraction 
medium, but also by strengthening diffusion of the solvent within the 
cells due to thermal and chemical changes [26–28]. 

Ultrasound-assisted extraction of bioactive principles from olive 
leaves has been previously investigated as related to the effects of pro-
cess parameters (such as emitter surface, wave amplitude, extraction 
temperature and time, extraction solvent, solid/solvent ratio) on the 
extraction kinetics and the composition of extracts [29–35]. However, 
the mechanical damages and the thermal effects caused by ultrasound 
treatment in leaf tissue, along with their relationship with polyphenols 
recovery, has not been extensively studied yet. An association between 
alteration of the microstructure following US and extraction of phenolic 
compounds was highlighted in the case of maritime pine sawdust [36]. 
More recently, Rombaut and collaborators correlated between histo-
logical modifications in olive leaves (cuticle erosion and hair fragmen-
tation) due to ultrasound and polyphenol extraction enhancement [37]. 

Within a similar scope, our objective was to contribute to a further 
understanding of this association. Thereby, the aim of our study was to 
investigate ultrasonic-induced mechanical damage and thermal effect 
on olive leaf tissue through the quantification of the diffusivity disin-
tegration magnitude and the subsequent electrical conductivity of the 
obtained extracts, and to correlate them with polyphenol recovery yield 
upon extraction. To this end, it was interesting to try to dissociate the 
mechanical damage from the thermal effect which is the non- 
mechanical effect induced by just heating the solid matrix. 

2. Materials and methods 

2.1. Plant material 

Olive leaves were obtained from a local olive mill in northern 
Lebanon El Koura. Leaves were washed with water and then air dried in 
an oven at 40 ◦C for 48 h. The dry matter (DM) of raw material was 91 ±
0.4%. Whole dried leaves were stored in sealed packages, away from 
light, and used in all further analyses. 

2.2. Chemicals 

All chemicals used in the experiments were analytical grade. Folin- 
Ciocalteu reagent, sodium carbonate and gallic acid were purchased 
from Sigma-Aldrich, St-Quentin Fallavier, France. 

2.3. Conventional extraction 

Conventional extraction was carried out in a glass beaker using a 
water bath SW22 (Julabo GmbH, Seelbach, Germany) as depicted in 
Fig. 1.a. Electrical conductivity of olive leaves extracts at different 
temperatures was studied. The beaker was filled with 20 g of olive leaves 
and 300 mL of water set at the corresponding treatment temperature, 
then placed into the water bath kept at the desired temperatures (20, 30, 
40, 50, 60, 70, 80, and 90 ◦C). All experiments were conducted for 2 h in 
triplicates, and then standard deviations were calculated. 

Besides, and according to preliminary trials, it was observed that a 
treatment at 90 ◦C for 2 h allowed obtaining a maximum of extracted 
solutes without disintegration of the solid matrix. In fact, extraction 
kinetics at 90 ◦C reached a plateau of solutes recovery at around 2 h, 
whereas a treatment at more than 90 ◦C for 2 h induced a collapse of the 
solid matrix. Based on this consideration, we defined the “maximal 
electrical conductivity of extract” as corresponding to the maximal 
amount of solutes extracted from olive leaves, obtained at 90 ◦C for 2 h 
in a conventional water bath without disintegration. 

2.4. Ultrasound-assisted extraction 

In order to study and characterize the mechanical and thermal effects 
of the ultrasound (US) treatment, a range of parameters variation was 
designed. Fig. 1.b represents a schematic diagram of the US experi-
mental setup. Ultrasonic treatment of olive leaves, using water as sol-
vent, was carried out directly in a glass beaker using an ultrasonic 
emitter (UP 400S, 400 W, 24 kHz, Hielscher GmbH, Stuttgart, Ger-
many). A titanium ultrasonic probe H14 (Hielscher GmbH, Stuttgart, 
Germany) was used, functioning in a continuous mode. The beaker was 
covered with a heat-reflective metalized foil to avoid corresponding to 
100, 200, and 400 W, which resulted in 0.052, 0.103, and 0.206 W/cm2 

respectively, after taking into consideration the outer surface of the 
leaves. Various US treatment times were applied accordingly. The 
temperature within the treated mixture was recorded using a data logger 
thermometer (YCT, United Kingdom). 

The diffusivity of solutes extracted from olive leaves was estimated 
based on the diffusivity disintegration index ZD calculated from equation 
(1) [38]: 

ZD =
σe(T) − σei(T)
σem(T) − σei(T)

(1)  

where σe(T) is the actual electrical conductivity of extract obtained from 
olive leaves during ultrasound treatment, in mS/cm; σei(T) is the elec-
trical conductivity of extract obtained from control sample, soaked at 10 
◦C for 10 min without US treatment (intact olive leaves), in mS/cm; and 
σem(T) is the maximal electrical conductivity of extract obtained by 
treating whole olive leaves in a conventional water bath at 90 ◦C for 2 h 
(maximally treated), in mS/cm. The control sample was adopted upon 
preliminary trials, which concluded that soaking olive leaves in water at 
10 ◦C up to 10 min does not cause any modification in the water con-
ductivity. Here, the soaking water was cooled down using ice prior to the 
experimental runs. Electrical conductivities of all studied extracts 
depend on the temperature and on their content in solutes. Similar 
procedure used in defining the diffusivity disintegration index ZD was 
adopted earlier in order to study solutes’ release from sugar beet tissue 
being treated by pulsed electric field [39]. 

While ground leaves were used in previous studies [15,40], whole 
leaves were chosen in the current study in order to isolate and to assess 
the mechanical effect of US on cell rupture. Application of the equation 
(1) gives ZD = 0 for solutes release from intact tissue, and ZD = 1 for 
maximal solutes release obtained. Analytical expression of diffusive 
mass flux based on Fick’s law (for a stirred solution of limited volume for 
a plane sheet model) was used to describe the mass transfer of poly-
phenols from the surface of olive leaves to the solvent using equation (2) 
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as follows [41,42]: 

j = − D
ΔC
Δx

= − kT ΔC (2) 

Accordingly, the mass transfer coefficient kT was calculated using the 
equation (3) below: 

kT =
D
Δx

(3)  

where j is the flux with respect to the mixture mol m− 2 s− 1, C is the molar 
concentration mol m− 3, x is the distance (position) m, D is the Fick 
diffusivity m2 s− 1, and kT is the mass transfer coefficient m s− 1. 

2.5. Total phenolic compounds 

Polyphenol content was assessed to evaluate the effect of the US 
treatment on the recovery of polyphenols from olive leaves. Total 
phenolic compounds (TPC) was quantified colorimetrically using the 
Folin-Ciocalteu method based on oxidation/reduction reactions of 
phenols [43]. A volume of 0.2 mL of the extracts and 1 mL of ten-fold 
diluted Folin-Ciocalteu reagent (Sigma-Aldrich, St-Quentin Fallavier, 
France) were mixed. Then, 0.8 mL of Na2CO3 (75 g/L) (VWR, Fontenay- 
sous-Bois, France) was added. The mixture was incubated at 60 ◦C for 
10 min then cooled at room temperature. The absorbance was measured 
at 750 nm by the UV/Vis spectrophotometer (Libra S32, Biochrom, 
Lagny-sur-Marne, France). Gallic acid (Sigma-Aldrich, St-Quentin Fal-
lavier, France) was used for the calibration curve. Results were 
expressed as mg GAE/g dry matter (DM). The analyses were performed 
in triplicates and standard deviations were calculated. 

2.6. Statistical analysis 

Significant differences between the results were calculated by anal-
ysis of variance (ANOVA). Differences at p < 0.05 were considered to be 
significant. The Least Significant Difference (LSD) test was applied to 
assess differences between the samples. 

3. Results and discussion 

3.1. Thermally-induced effect in olive leaves 

Changes in diffusivity disintegration index ZD as a function of time 
were measured in thermally treated olive leaf tissue for different tem-
peratures (Fig. 2.a). The necessary time to reach the maximal extraction 
is an essential factor determined by the electrical conductivity assess-
ment. Thermal treatment time required to reach one-quarter of the 
maximal ZD value τTmax

4 was also indicated. Arrhenius curve, which 
corresponds to the thermal treatment time (τT) versus inverse temper-
ature (1/T + 273.15), was represented in Fig. 2.b. According to the data, 
the activation energy, or the minimal energy needed to launch the 
process of membrane alteration (in order to start the extraction phe-
nomenon) in olive leaf tissue, was calculated by the least square fitting 
of the Arrhenius equation (4) to the line slope [44]: 

τT = τT,∞ × exp
ΔUT

R(T+273.15) (4)  

here, the activation energy ΔUT is 57 kJ/mol, the limiting characteristic 
thermal treatment time τ (T, ∞) is 2.79 10–6 s, the universal gas constant R 
is 8.314 J/K/mol and T is the temperature in ◦C. It was observed 
experimentally that an increase of 10 ◦C promoted the interaction be-
tween the solvent and the matrix. Nonetheless, the activation energy 
remained relatively constant with the increasing temperatures (Table 1), 
which proved that ΔUT has a well-defined and a characteristic value 
specific to a reaction, intrinsic to the material, yet temperature inde-
pendent. This finding was corroborated by similar studies conducted on 
the same material, in which the activation energy value was around 
60.97 ± 3.21 kJ/mol [45] or ranged from 24.704 to 53.743 kJ/mol [46]. 

3.2. Effect of temperature and extraction conditions on the electrical 
conductivity of olive leaves extracts 

Effect of the temperature on electrical conductivity of extracts 
recovered from the maximally treated (90 ◦C for 2 h) and intact olive 
leaves (10 ◦C for 10 min) is presented as dashed lines in Fig. 3. The 
beaker containing the olive leaves was placed in the water bath and 

Fig. 1. Schematic representation of the experimental setup of (a) conventional water bath and (b) ultrasound-assisted extraction  
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maintained at the desired temperature. The electrical conductivity 
measurements of the extract of intact leaves were carried out within the 
temperature T range from 0 to 40 ◦C (latency phase) in order to mini-
mize as much as possible, the impact of thermal degradation, while the 
temperature considered for the maximally treated leaves ranged from 
0 to 90 ◦C. Using equation (5), the linear dependence of electrical con-
ductivity σ of extracts of intact and maximally treated leaves on tem-
perature T was observed [47]: 

σ = σ0(1 + α T − T0

1 + αT0
) (5)  

where σ0 is the electrical conductivity of extracts at the reference tem-
perature T0 in ◦C, and ⍺ is the temperature coefficient of the electrical 
conductivity in ◦C− 1. The values of σ0 and ⍺ were estimated as 55 µS/cm 
and 0.038 ◦C− 1 for the intact olive leaves extract, and 530 µS/cm and 
0.033 ◦C− 1 for the maximally treated olive leaves extract, respectively 
(Table 2). With the increasing temperature, the change in electrical 
conductivity of the extract of maximally treated olive leaf tissue ranged 

from 0.53 to 2 mS/cm, almost 20 times more than the extract of intact 
tissue (between 0.055 and 0.129 mS/cm). These recorded values are in 
concordance with other studies [48] affirming the positive correlation 
existing between the temperature and the electrical conductivity. 

3.3. Mechanically induced damage in olive leaves during ultrasound 
treatment 

In order to unveil the impact of mechanically induced damage and 
the cavitation phenomenon coupled with the thermal effect, Fig. 3 
emphasizes the effect of ultrasound treatment at 400 W on electrical 
conductivity σ of the extract. The electrical conductivity was measured 
every minute in function of US treatment time, while recording the 
temperature value for each point. The total time extent of the US 
treatment was 45 min. Dashed lines recall the temperature dependences 
of electrical conductivity for the maximally treated and intact olive 
leaves extracts using a linear approach. Remarkably, the conductivity 
curve of the extract of US-treated tissue surpassed the one drawn for the 
extract of intact olive leaves. Such observation demonstrates the 
importance of the mechanical damages coupled with the heating, which 
may induce a softening of the plant matrix thus amplifying the effect of 
the cavitation. A synergistic effect is clearly illustrated by the deviation 
of the US curve from the purely thermal one. A similar behavior was 
observed with sugar beet tissue using Moderate Electric Field treatment 
(MEF) that supported the existence of electrically stimulated damage in 
combination with the thermal effect [47]. Chemat et al. investigated the 

Fig. 2. (a) Diffusivity disintegration index ZD versus time of thermal treatment 
(t). (b) Arrhenius plot of the thermal treatment time (τT) versus inverse tem-
perature (1/T+273.15) 

Table 1 
Activation energy values in function of temperature variation.  

Temperature (◦C) Activation energy (kJ/mol) 

90  56.84 
80  57.09 
70  56.98 
60  56.97 
50  56.91  

Fig. 3. Typical dependence of the electrical conductivity (σ) of ultrasound 
treated olive leaves versus temperature (T) at 400 W. Dashed lines show the 
temperature dependency of conductivities (σm and σi) of extracts of the maxi-
mally treated (90◦C; 2 h) and intact (10◦C; 10 min) olive leaves, respectively. 

Table 2 
Values of σ and ⍺ for extracts of the intact (10 ◦C; 10 min) and maximally treated 
(90 ◦C; 2 h) olive leaves. Here, σ0 is the initial electrical conductivity at the 
reference temperature T0 in ◦C, and σf is the final electrical conductivity at the 
reference temperature Tf in ◦C.  

Olive leaves extract σ0 (mS/ 
cm) 

σf (mS/ 
cm) 

T0 

(◦C) 
Tf 

(◦C) 
⍺ 
(◦C− 1) 

intact tissue  0.055 0.129 5 40  0.038 
maximally treated 

tissue  
0.53 2 5 90  0.033  
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importance of the mechanical ultrasonic effect in releasing the soluble 
compounds from the plant matrix by disrupting cell walls, enhancing 
mass transfer and facilitating solvent access to cell content [25]. 
Particularly, Martínez-Patiño et al. confirmed the presence of mechan-
ical and thermal effects that help the solvent to infiltrate within the cell 
increasing the mass transfer resulting in a better diffusion of the olive 
leaves cell material [49]. Additionally, when the threshold of 18 min is 
reached (Fig. 3), the temperature remained at a constant value of 90 ◦C 
while the conductivity sustained its elevation, during 27 min, up to 45 
min to hit its maximum value of 2 mS/cm. In contrast, two hours of 
treatment at 90 ◦C were required to reach an equivalent electrical 
conductivity using the water bath traditional method. Hence, US 
reduced by almost three times the treatment duration and consequently 
energy consumption. 

3.4. Effect of ultrasound power on polyphenol extraction from olive leaves 

Fig. 4.a compares TPC in olive leaves extracts as a function of tem-
perature for three different ultrasonic power (100, 200, and 400 W) and 
up to 45 min as treatment time. The same pattern was found for all the 
studied US powers. During the first minutes of extraction when tem-
perature raised from 10 to 40 ◦C, a linear correlation was observed be-
tween temperature and polyphenol yield; an overlapping between the 
three curves was noticed. This positive thermal effect on polyphenols 
recovery could be expected since temperature lowers the viscosity and 
the surface tension of the solvent, ameliorates the solubility of the so-
lute, thus enhancing the mass transfer phenomenon [50]. Furthermore, 

the concentration gradient is very high at the beginning of the extraction 
process where the solvent is 100% free of ions. This condition favors 
release of the molecules in the solvent during the first minutes inde-
pendently from the ultrasonic power, which explains the similarity be-
tween the shape of the three curves for the first few minutes of treatment 
[51]. Afterwards, temperature of the solutions underwent a spontaneous 
stabilization after a certain extent of time that was longer with higher US 
power. Indeed, increasing US power induces more heating, thus delay-
ing the balance that occurs between the thermal energy contributed by 
US and heat exchange with the outside. Another observation can be 
made is that the temperature level reached upon stabilization increased 
with higher sonication power. Interestingly, higher amounts of poly-
phenols were subsequently released in an exponential way even at 
constant temperatures. For instance, TPC increased from 9.47 to 25.56 
mg GAE/g DM between 20 min and 45 min of treatment, at 400 W and at 
90 ◦C. The synergistic thermal and mechanical effects of US is attributed 
to the US-induced mechanical vibrations. This phenomenon leads to 
decompression cycles (bubble formation, growth and implosion) in the 
liquid medium which foster the extraction process [52]. 

Alternatively, ultrasonic power governs the kinetics of temperature 
elevation. A temperature elevation of only 8 ◦C occurred during the first 
5 min at 100 W ultrasonic power, whereas a raise of 40◦ was recorded for 
the same duration at 400 W. A faster ΔT was observed when the ultra-
sonic power was heightened which accelerated the process as a function 
of time. Cell wall/membrane alteration is likely to intensify the 
extraction process. Moreover, a linear correlation was noticed between 
the ultrasonic power and the TPC extraction for the same treatment 

Fig. 4. (a) Effect of temperature (T) on the total phenolic content (TPC) for the different ultrasound treatment powers. (b) Correlation between TPC extracted and the 
ultrasound power. (c) Effect of temperature (T) on the diffusivity disintegration index ZD for different ultrasound treatment powers. (d) Transfer coefficient (kT) for 
100, 200, and 400 W ultrasound power. 
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duration (y = 0.0614x) as depicted in Fig. 4.b. 
The second phenomenon taking place is apparently attributed to the 

mechanical effect of the acoustic cavitation process that is likely to alter 
the cells. For the three studied ultrasonic powers, 15% of the poly-
phenols were extracted in a thermally dependent manner, whereas 85% 
were recovered due to both thermal and mechanical effects. The US 
mechanism of action is therefore a combination of both thermal and 
mechanical effects; the latter having a higher impact. 

3.5. Effect of ultrasound power on the electrical conductivity of olive 
leaves extracts 

Fis 4.c opposes the curves of diffusivity disintegration index ZD 
versus temperature T for the three US powers (100, 200, and 400 W). 
Damage in cell wall/membrane was quantified by the measurement of Z 
that reflects the US-induced structural alteration. The diffusivity disin-
tegration index was proportional to the electrical conductivity or ions’ 
release in the solvent. The maximal disintegration index ZD = 1 was 
achieved after 45, 120, and 210 min for 100, 200, and 400 W US power, 
respectively. In concordance with TPC results in Fig. 4.a, the linear 
evolution of ZD in function of temperature was followed by an expo-
nential increase. Regarding this correlation, the thermal effect affected 
mostly the first linear stage, whereas the mechanical damage, at a 
constant high temperature, prevailed during the second exponential 
stage. 

Damaged cells likely release more polyphenols. When increasing US 
power from 100 to 400 W, the mass transfer coefficient kT was 
ameliorated by fifteen times (from 6E-6 to 9E-5m/s, respectively) (Fig. 4. 
d) concurrent with TPC yield improvement by six times (from 4.28 to 
25.57 mg GAE/g DM, respectively) (Fig. 4.a). This increase in the mass 
transfer coefficient can be due to an increase in the mass diffusivity 
simultaneous to a decrease in viscosity of solvent at high temperatures. 
The mass transfer coefficient is definitely influenced by the extraction 
temperature. 

4. Conclusion 

Regardless the power, ultrasound treatment effectively dislocated 
the tissues of olive leaves due to the combination between thermal effect 
and mechanical damage that is typically induced by the cavitation 
phenomenon. It was demonstrated that damaged tissues can release 
more polyphenols into the solvent media which highlighted the positive 
effect of ultrasonic treatment in the intensification of polyphenol re-
covery from plant material. Nowadays, the choice of an extraction 
method is imposed by the compromise existing between the efficiency 
and ease of process, while taking into consideration the cost, time, and 
safety. All the above-mentioned features focus on the importance and 
usefulness of this extraction method at laboratory and industrial scale. 
Further work is required to characterize and fully elucidate the events 
taking place and leading to mechanical damages in olive leaves tissues. 
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