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1.2.  Impact in terms of distillation and steam-distillation processes: 

Hydrodistillation is used to separate volatile compounds from a liquid mixture; it is a 

solid-liquid followed by a liquid-vapor interactions. Steam distillation is usually carried 

out by establishing an interaction between the solid matrix containing volatile compounds 

and the steam as heating system. It is hence a solid-vapor interaction. Both distillation 

processes depend on the differences in vapor pressures of the individual components at 

considered temperature. Relative concentration in the vapor phase is almost independent 

of the liquid phase concentration. 

1.3.  Relative Volatility 

Relative volatility is a measure of the ratio of volatilities of two compounds at a given 

temperature: 

When relative volatility is very close to one, it indicates that they have very similar vapor 

pressure values. This means that it is not possible to separate the two components via 

distillation at the considered temperature.  

 

Figure I-3. Relative volatility of orange peel volatile compounds vs water. 
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Microwaves induce a very high variation of electrical field (normally about or much more 

than 106 modifications per ms). The random motions of dipoles should dramatically 

increase thanks to the high variation of electrical field. More precisely, the applied 

microwave field enables the molecules, on average, to spend slightly more time orienting 

themselves in the direction of the electric field rather than in other directions. Hence, the 

electric fields of microwaves imply higher disordered agitation with isotropic arbitrary 

direction. Fluctuation energy thus generated can macroscopically be considered as 

microwave heating resulting from dissipation of electromagnetic waves in the irradiated 

medium. The dissipated power in the medium depends on the complex permittivity of the 

material and the local time-averaged electric field strength. 

In conventional heating, heat is transferred from the highest temperature (superficial) zone 

progressively to the interior of the sample. It is a propagation of the random motions of 

particles normally from the highest level towards the lowest level of the density of 

fluctuation kinetic energy (which means from the highest temperature zone towards the 

lowest temperature zone). However, in microwave heating, heat is dissipated 

volumetrically inside the irradiated depth of the medium. In this zone, MWs are 

volumetrically distributed heating. This causes an important difference between 

conventional and microwave heating. In conventional heating, heat transfer time is 

completely limited, for solids, by the product thermal conductivity, depending on the 

temperature difference across the sample, and, for fluids, on convection currents. As a 

result, the temperature increase is often rather slow. By contrast, in microwave heating, 

due to the volumetric heating effect, much faster temperature increases can be obtained, 

depending on the microwave power and the dielectric loss factor of the material being 

irradiated (Chemat et al., 2009).  

Although microwaves heat volumetrically, it is well known that the electromagnetic field 

distribution is not even in the irradiated material, thus the energy is not homogeneously 

dissipated. The electric field distribution depends on the geometry of the heated object and 

the dielectric properties. 
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3.2.  Instant controlled pressure drop technology 

3.2.1.  General principle 

 

Figure I-8. History of temperature and pressure during a saturated steam pressure DIC treatment: b, c and 
d are the steps of the heating stage and e is the one-step pressure drop stage: (a) atmospheric pressure; (b) 

initial vacuum; (c) injection of saturated steam; (d) keeping constant steam pressure and ambient 
temperature; (e) abrupt pressure drop towards a vacuum; (f) keeping the vacuum; (g) releasing to 

atmospheric pressure (Allaf, 2002) 

DIC treatment is based on two main stages of heating and pressure drop. The first stage is 

a High-Temperature/High-Pressure-Short-Time effect. It is induced by exposing the raw 

material to a short period of time at high temperature/high pressure that can be achieved 

through one of various ways: saturated steam pressure, high temperature compressed air, 

high pressure microwave, etc. Pressure usually is between 0.1 up to 0.6 MPa or even 1 

MPa depending on the product, i.e. a temperature from 100 to 159°C or even 180°C (in 

the case of saturated steam: Figure I-8). Hence, the vapor pressure of each essential oil 

compound is higher than the one of the standard steam distillation, which is carried out at 

100°C (boiling temperature of water at atmospheric pressure). 
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1.2.1.  Identification of limiting process and intensification of unit 

operation 

The solid/liquid interaction is achieved by close contact between the solid and the solvent. 

During the extraction, the concentration of solute in the solid varies continuously, which 

explains the non-stationary mass transfer.  

The operation starts with a superficial solute dissolution in solvent. This occurs at the 

surface (external process of washing) and is immediately transported within the 

surrounding solvent medium. 

After this first stage, a series of successive processes takes place, reflecting the interaction 

between the solid initially containing the solute and the solvent provoking the separation. 

These successive processes include: 

1. Solvent diffusion within the solid matrix,  

2. Internal solute dissolution in the solvent: this occurs within the solvent, which has 

diffused within the porous solid plant matrix (internal process), 

3. Solute diffusion in the solvent within the solid matrix towards the surface. This can 

also be considered as the diffusion of external solvent within the internal mixture of 

solute/solvent; the specific transport of the solute within the filled-in-solvent pores 

must be carried out as a Fick-type diffusion process. 

4. External diffusion and/or convection transfer of the solute from the surface of the solid 

to the external environment. 

The extraction often studied on a phenomenological basis or on an empirical model as a 

unit operation, should be analyzed in terms of kinetics and total yields. 

Kinetics is usually expressed in terms of solute concentration in the solid per unit time 

(dX/dt). Since these four processes are successive, the operation rate should follow the 

slowest process, which is then defined as the limiting process. 

To identify the limiting process and intensify the whole operation, we propose, first, to 

analyze these various processes involved in the operation. 
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3.  Ultrasound 

3.1.  Principle - Fundamental aspects 

Ultrasound is mechanical waves that require an elastic medium to spread. Ultrasound 

frequencies are above human hearing (from 16 Hz to 16-20 kHz) and below microwaves 

frequency (20 kHz to 10 MHz). Ultrasound can be divided into two groups with regard to 

their frequencies: 

- diagnostic ultrasounds: these ultrasounds are also called low power or high 

frequency ultrasounds which range from 5 to 10 MHz and are used in several fields 

such as medical imaging (med scan) or even for defect detection (bond inspection for 

plastics). Diagnostic ultrasounds, low-power ultrasounds permit measure without 

alteration of the medium unlike power ultrasounds. 

- power ultrasounds or low frequency ultrasounds were used to produce physical or 

chemical effects into the medium. These are used in sonochemistry (facilitate or 

accelerate chemical reactions), agriculture (water dispersion) or in industry (cutting, 

plastic welding). 

In order to visualize ultrasound effect, its action can be described as a piston on the 

surface of the medium (McClements, 1995) (Figure I-10). This results in a succession of 

compression and rarefaction phases into the medium. When the piston is in its opened 

position it induces a compression into the medium and when the piston is in its contracted 

(pull) position it creates a rarefaction phase. 
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Figure I-12: Graphical summary of the event of bubble formation, bubble growth and subsequent collapse 
over several acoustic cycles (Leong et al., 2011) 

Mass transfer characteristics of a system (indicated by the mass transfer coefficient) 

depend on the convection in the medium, i.e. mass transfer can be enhanced by making 

the system turbulent. Ultrasound, and its secondary effect, cavitation (which is nucleation, 

growth and transient collapse of tiny gas bubbles driven by ultrasound wave) can enhance 

convection in the medium through various physical phenomena such as micro-streaming, 

micro-turbulence, acoustic (or shock) waves and microjets. 

3.2.  Physical Effects of Ultrasound and Cavitation 

Prior to the main components of this study, we briefly describe various physical effects of 

ultrasound and cavitation, which could create convection in the medium that could be 

beneficial to the adsorption process (Leighton, 1994; Mason and Lorimer, 2002). 

Ultrasound passes through the medium in the form of compression and rarefaction cycles, 

creating sinusoidal variation in the bulk pressure. Passage of ultrasound gives rise to the 

cavitation phenomenon in the medium (Louisnard and González-García, 2011). The nuclei 

for cavitation events are gas pockets trapped in the walls and crevices of the reactor wall, 

or they could be freely floating small bubbles in the medium. In some cases cavitation 

bubbles grow from these nuclei during the rarefaction half-cycle of ultrasound, when the 

bulk pressure in the medium falls sufficiently below ambient or static pressure. 

During the compression half-cycle of ultrasound, the bubble contracts. The expansion of 

the bubble is accompanied by evaporation of the liquid medium into the bubble. During 

the compression phase, the radial motion of the bubble becomes extremely fast, and not all 

of the vapor evaporated into the bubble can escape by condensation into the bulk medium. 
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3.2.3.  Acoustic Waves (or Shock Waves) 

During the transient collapse of the bubble, the fluid elements in the vicinity of the bubble 

wall spherically converge toward the bubble wall. If the bubble contains non-condensable 

gas, the pressure inside the bubble rises rapidly during the transient collapse. At the point 

of minimum radius during transient collapse, the bubble wall comes to a sudden halt and 

the converging fluid elements are reflected back. This reflection creates a high-pressure 

acoustic (or shock) wave that propagates through the medium. 

3.2.4.  Microjets 

If the cavitation bubble is located close to a phase boundary, the motion of the liquid in its 

vicinity is hindered, which results in development of a pressure gradient around the 

bubble. The portion of the bubble exposed to higher pressure collapses faster than the rest 

of the bubble, which gives rise to formation of a high-speed liquid jet. The velocity of 

these microjets has been estimated in the range of 120-150 m/s (Philipp and Lauterborn, 

1998; Vogel et al., 1989). 

In the case of rigid boundaries, these jets can cause erosion at the point of impact. These 

jets can also cause particle size reduction. The microjet formation, however, also depends 

on the relative sizes of the solid boundary and the cavitation bubble. 

Hence, with regards to extraction via solvent such an agitation realizes an internal 

convection motion of solute within the solvent inside pores of porous material. Moreover, 

possible cavitation produces micro-jets at the surface of the material that may improve the 

exchange surfaces which has to be revealed globally through a high starting accessibility. 

Both effects can increase mass transfers of both, solvent within the solid and solute within 

the solvent (Mason, 2000; Toma et al., 2001). 

In other words, ultrasonic treatment implies an internal motion/agitation of the liquid 

within the pores, leading the solute transfer to be achieved by convection instead of or 

coupled to diffusion (Toma et al., 2001). 
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IV. CONCLUSION 

It is worth concluding that in order to intensify the extraction unit operations we should 

seek to partially improve, completely reformed or fully challenge the "traditional" 

methods of extraction. After having analyzed the successive transfer processes, identified 

the slowest phenomenon, we could propose adequate solution referred to increasing 

kinetics, and improving quality. 

After this first fundamental approach, some specific cases were studied. We selected three 

specific vegetal: rosemary leaves, orange peels and canola seeds. 

We have conducted a study on the deodorizing rosemary leaves by instant controlled 

pressure drop followed by solvent extraction of its antioxidant molecules. The 

antioxidants were also extracted by microwave-assisted solvent extraction as a very brief 

test. 

We have then realized the sequential extraction of essential oils and antioxidants of orange 

peel via instant controlled pressure drop and ultrasound. 

We have finally modeled the extraction kinetics of rapeseed oil with emphasis on the 

impact of the parameters of instant controlled pressure drop. 
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Chapitre II - DEODORIZATION OF ROSEMARY 
LEAVES BY INSTANT AUTOVAPORIZATION 

D e o d o r i z a t i o n  b y  i n s t a n t  c o n t r o l l e d  p r e s s u r e  

d r o p  a u t o v a p o r i z a t i o n  o f  r o s e m a r y  l e a v e s  

p r i o r  t o  s o l v e n t  e x t r a c t i o n  o f  a n t i o x i d a n t s  
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I. INTRODUCTION 

Growing consciousness of consumers regarding human health has encouraged agro-

industrial firms to substitute synthetic antioxidants, such as butylated hydroxyanisole 

(BHA) and butylated hydroxytoluene (BHT) by natural antioxidants (Sebranek et al., 

2005; Yanishlieva et al., 2006). Antioxidants are compounds capable of scavenging free 

radicals and consequently delaying or even preventing auto-oxidation. One of the most 

important phenomena involved in food deterioration is oxidation (Pérez-Fons et al., 2009). 

Antioxidant molecules must be potent with low quantity taking into account that changes 

in foodstuff aromas should be minimal (Pokorny et al., 2001). Indeed antioxidant 

compounds cannot be added to foodstuff when still containing aromas (Ares et al., 2009). 

Rosemary (Rosmarinus officinalis) is known to have great antioxidant activity (Erkan et 

al., 2008). The main substances related to antioxidant activity are phenolic diterpenes 

(Schwarz and Ternes, 1992a, b; Schwarz et al., 1992) such as carnosol, rosmanol, carnosic 

acid, methyl carnosate, and phenolic acids such as rosmarinic acid (Petersen and 

Simmonds, 2003). However, rosemary leaves contains between 0.7 to 3 % fresh weight 

material of essential oils depending on the variety, the way of harvesting, their location, 

etc. (Bousbia et al., 2009; Singh and Guleria, 2013; Sui et al., 2012; Szumny et al., 2010). 

As a consequence, processes for obtaining antioxidants should preserve high antioxidant 

activity, reducing or even completely removing aroma. López-Sebastián et al. (1998) 

tested at laboratory scale deodorization of rosemary leaves through supercritical fluids. 

Although this operation was coupled with enzymatic pretreatment, the process itself was 

quite complicated, making it inconvenient at industrial scale.  

DIC (Détente Instantanée Contrôlée) standing for instant controlled pressure drop was 

defined in 1988 (Allaf, 1988). DIC is a thermo-mechanical process generated by 

subjecting the raw material for a short period of time to high saturated steam pressure 

followed by an abrupt pressure drop towards a vacuum. It triggers autovaporization of 

volatile compounds, which results in an expansion of the sample. 
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An initial study on rosemary leaves showed a relative improvement of DIC treatment 

compared to other classic volatile compound extraction processes (Rezzoug et al., 2005). 

Further studies provided new elements with respect to autovaporization phenomena 

through instant controlled pressure drop technology. This was observed and explained in 

terms of fundamental and experimental aspects. Indeed studies were reported for Kananga 

flowers (Kristiawan et al., 2008), lavandin (Besombes et al., 2010), myrtle leaves (Berka-

Zougali et al., 2010), orange peel (Allaf et al., 2012), etc. providing very relevant results 

in terms of essential oil extraction. Such results indicated that further studies should be 

carried out in terms of the feasibility of the instant controlled pressure drop technology as 

a method of deodorization through autovaporization before solvent extraction of 

antioxidants. DIC extraction process through autovaporization phenomenon provides 

essential oil in a stable oil-in-water emulsion. 

In this report, a study carried out on the extraction of essential oils of rosemary leaves 

performed with standard hydrodistillation and DIC technique was described. Scanning 

electron microscopy and light microscopy were performed in order to understand, at 

structural scale, the specific effects of HD and DIC treatments on rosemary leaf tissues. In 

addition specific surface area was calculated to better interpret each matrix behavior. 
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II. MATERIALS AND METHODS 

1.  Plant material 

In this study 10 kg of dry leaves of Rosemary (Rosmarinus officiallis L.) were purchased 

from the firm Herbier du Diois (Châtillon-en-Diois, France) and have an initial water 

content of 6.83±0.06 % dry basis. 

 

Figure II-1: Rosemary compounds 
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4.  DIC apparatus and treatment 

DIC reactor used Figure II-3 was from ABCAR-DIC Process Company (La Rochelle, 

France). A 7-liter processing vessel with a heating jacket was utilized; thermal treatment 

in this vessel is achieved using saturated steam. A vacuum tank with cooling water jacket 

is connected with a water ring vacuum pump allowing the vacuum chamber to be 

maintained at 5 kPa. 

 

Figure II-3: Instant controlled pressure drop (DIC) apparatus. 

DIC cycle can be split into five steps:  

1. the sample was put at an initial vacuum;  

2. saturated steam was injected in the treatment chamber to reach the selected pressure 

and kept constant; 

3. the pressure was then dropped towards a vacuum instantaneously;  

4. the vacuum was maintained for a short moment;  

5. the pressure level was then released towards the atmospheric level. 

Multi DIC cycles contain several repetitions of stages (2), (3) and (4). 
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Temperature was monitored by a shielded thermocouple (ATC-300) inserted directly into 

the sample container and by an infrared sensor outside the reactor. The base vessel is a 

traditional glass round-bottom flask. The flask (1) for containing the solid material is a 

flask suited for microwave reactions. The base vessel (1) forming part of the device 

contains a polytetrafluoroethylene/graphite stir bar capable of absorbing microwaves at 

the bottom of the vessel. The use of such a stir bar allows diffusion of heat created by the 

microwaves to the surroundings and is particularly useful in the case when solvents which 

are transparent to microwave radiations, i.e. which are not able to absorb microwaves. The 

base vessel contains an inner support (3) for placing the solid material (2) to be extracted. 

The inner support is a porous support made out of material which absorbs or not 

microwave radiation. Preferably, the support made of polytetrafluoroethylene (PTFE) is 

placed at a defined distance above the bottom of the base vessel. This presents the 

advantage that, after the method has been performed, the solid material (2) placed on said 

support can easily be separated from the residual solvent which is collected at the bottom 

of the vessel. 

The device for carrying out the extraction further comprises an extraction tube (5) which is 

placed on top of the base vessel. The extraction tube is typically a glass tube. Thus, the 

microwave oven (12) is provided with an opening on its upper surface (11) such that the 

extraction tube (5) which is fitted on top of the base vessel may extend from inside the 

microwave oven (12) to outside. The extraction tube (5) comprises a side arm (6) which is 

provided with at least one valve and one opening (9). Depending on how the valve is 

adjusted, the solvent may reflux down the side arm (6) back into the extraction tube (5) 

and eventually back into the base vessel (1) or when the valve is adjusted accordingly, the 

refluxing solvent may be collected from the opening (9). Additionally, the side arm 

provided with another opening (10) which, depending on the application, may be used to 

pull a vacuum in the system. A condenser (7) is placed on top of the extraction tube (5) in 

order to allow the solvent present in the base vessel to reflux upon microwave irradiation. 

Refluxing allows the sample to be extracted to be repeatedly percolated, thus increasing 

the extraction yield. The solid material is extracted by immersing the sample into vessel 

containing the solvent under reflux and repeated percolation with the same organic 

solvent. AWeflon magnetic stirrer (Sorisole, Bergamo, Italy) is placed in the base vessel 

(1) and a PTFE filter support (3) is added. 
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6.2.  Treatment 

An amount of 30 g of rosemary leaves (2) is loaded onto the support (3) and 500 mL of 

ethanol:water 80:20 is added in order to immerse the sample (4a). Then, the base vessel is 

placed in the microwave oven (12) and screwed together with the extraction tube (5). The 

condenser (7) is placed on the extraction tube and the system is started. The four steps are 

as follows. First, the solvent is heated up to the boiling point by microwaves and stirred 

with the Weflon magnetic stirrer (13). The solvent vapors penetrate through the sample 

and the condensation takes place on the condenser. Then, the condensate drips down onto 

the sample by adjusting the 3-way valve (8). The extraction is performed during 8 min. 

Second, the level of the solvent is lowered below the sample (4b) by adjusting the 3-way 

valve accordingly during 3.5 min. 

Then, the leaching with only clean fresh solvent follows during 3.5 min, with the valve 

adjusted in a way that the condensate goes back into the extraction tube. 

7.  Assessment protocol 

7.1.  Statistical and experimental design protocol 

In DIC essential oil extraction, preliminary trials allowed us to define an adequate 

experimental design with relevant operating parameters with well-defined ranges. Main 

DIC operating parameters used as independent variables were the number of cycles and 

the thermal treatment time per cycle. The other parameters such as saturated steam 

pressure P, and initial water content were kept constant. The amount of essential oil 

extracted was used as the main response. 
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7.3.  High Performance Liquid Chromatography (HPLC) analysis 

HPLC analyses were performed using a Waters (Milford, MA) HPLC system consisting of 

a Waters 600E pump, a Waters 717 autosampler, a Waters 2996 photodiode array 

detector. HPLC pumps, autosampler, column temperature, and diode array system were 

monitored and controlled by using Waters Empower 2 Chromatography Data software 

program. The wavelengths used for the identification of the phenol (rosmarinic acid) and 

of phenolic diterpenes (carnosol and carnosic acid) with the diode detector were 329 nm 

and 284 nm, respectively. The chromatographic separation was carried out on a Purospher 

Star RP-18e column (250 mm × 4 mm I.D.; 5 µm particle size), with a RP18e guard 

column (4 mm × 4mm I.D.; 5 µm particle size). The end-capped column and guard 

column were held at 27°C and the flow rate was set at 1.5 mL/min. The mobile phase 

consisted of two solvents: 0.5 % formic acid (A) and 100 % acetonitrile (B). The solvent 

gradient in volume ratios was as follows: 90% A and 10 % B over 35 min. The solvent 

gradient was increased to 100 % B for 10 min and then at 45 min the solvent ratios go 

back to 10 % B for 15 min. The injection volume was 20 µL. Analyses were triplicated 

and only mean values were reported. Quantification was carried out by using the external 

standard method and the final concentrations were calculated in mg/g dm (dry material). 

7.4.  Scanning electron microscopy (SEM) 

Micro-structures were observed using an environmental type JEOL 5410LV FEI Quanta 

200F Scanning Electronic Microscope (SEM) (Philips Croissy-sur-Seine; France). Leaf 

samples were collected after each treatment placed on a covered stud using carbon 

adhesive and scanned under a partial vacuum (7 Pa) with an acceleration tension of 20 kV. 

7.5.  Histochemistry 

Leaf fragments (5 mm length) were excised from leaves after HD and DIC treatments and 

from control. They were fixed for 48 h in formalin-acetic acid-ethanol (FAA: 5:5:90, 

V/V/V). To improve fixation, samples were subjected to vacuum during 20 minutes. After 

fixation, the material was rinsed overnight in tap water, dehydrated in an ethanol series 

(70%-100%), and embedded in 2-hydroxyethyl methacrylate resin. 
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III. RESULTS AND DISCUSSION 

1.  Optimization of instant controlled pressure drop 

deodorization 

Essential oil yields obtained for different trials of the experimental design protocol are 

shown in Table II-1. These results were analyzed statistically through Statgraphics 

software in order to obtain the optimal DIC parameters. 

Table II-1. DIC extraction trials carried out with the response surface methodology RSM at a fixed steam 
pressure value (0.6 MPa) in the cases of dried rosemary leaves. 

DIC treatment n° 1 2 3 4 5 6 7 8 9 10 11 

Number of cycles 11 6 6 10 10 6 2 2 1 6 6 

Treatment time per cycle (s) 23 40 23 35 11 23 11 35 23 6 23 

Total treatment time (s) 253 240 138 334 105 138 27 86 23 36 138 

EO yield (g/100 g dm) 1.4 0.9 0.9 1.0 1.3 0.8 0.04 0.1 0.0 0.6 0.9 

A Pareto chart of standardized effects (Figure II-5) was calculated in order to show 

significant effects of all variables (linear, quadratic and interactions between variables). 

The vertical line represents the limit between the significant and insignificant effects 

regarding the response. The length of each parameter characterizes the absolute 

importance of the estimated effects. It is interesting to note that Pareto chart enabled us to 

provide the data to determine the relevance of each parameter (number of cycles C and 

treatment time per cycle t). 

On the one hand, thermal effects are represented by the total treatment time (summed 

period in which the product was put at high temperature). On the other hand, 

autovaporization aspects, illustrated by the pressure drop, were characterized by the 

number of cycles (numbers of pressure drops). General trends showed that 

autovaporization effects (illustrated by the number of cycle) are significant whereas 

thermal effects (illustrated by the treatment time) do not have a major influence. 
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The response surfaces enabled the representation of the total effect of operative 

parameters. RSM optimization was used to show the impact of the operative factors in 

terms of extraction yields (Figure II-5). It was hence possible to optimize DIC 

deodorization for rosemary leaves. Here, via the Standardized Pareto Chart it was clear 

that the number of cycles (revealing the impact of the pressure drops) was the only factor 

to have a significant effect. 

 

Figure II-5. Rosemary leaf essential oil yields standardized Pareto Chart, main effects plot and estimated 
response surface of depending on two independent parameters: number of DIC cycles and time per cycle in 

seconds 
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They were compared in terms of essential oil quality, enumerating their compounds. 

Comparisons of isolation times and detailed composition for each extract are reported in 

Table II-2. It also shows the grouped components of the essential oil: oxygenated and non-

oxygenated fractions and composition of chemical families of rosemary leaf essential oils 

obtained by these methods. Monoterpene hydrocarbons are less valuable than oxygenated 

compounds in terms of their contribution to the fragrance of the essential oil. Conversely, 

the oxygenated compounds are highly odoriferous and, hence, the most valuable. Essential 

oils obtained by DIC had a quality slightly superior. Indeed the quantity of oxygenated 

compounds is 72.13% for HD and 80.57% for DIC. 

Table II-2. Hydrodistillation and instant controlled pressure drop essential oil composition identified by 
GC-FID, GC-MS 

n° Compoundsa R.I.b R.I.c HDd (%) DICe (%) 

 
Monoterpenes 

    
1 Tricyclene 921 1009 0.27 0.1 

2 Pinene <Alpha-> 937 1031 13.1 6.07 

3 Camphene 949 1065 8.03 3.65 

4 Verbenene 953 1121 0.26 0.12 

5 Pinene <Beta-> 972 1105 0.33 0.53 

6 Myrcene <Beta-> 989 1163 4.1 2.28 

7 I-phellandrene 1000 1166 0.23 Tr 

8 Carene <Delta-3-> 1005 1145 0.65 0.44 

9 Terpinene <Alpha-> 1012 1181 0.3 Tr 

10 Terpinene <Gamma-> 1052 1247 tr 0.16 

11 Terpinolene <Alpha-> 1080 1287 tr 0.12 

 
Oxygenated Monoterpenes 

    
12 1,8-Cineole 1029 1210 37.35 35.7 

13 Linalool 1105 1520 1.09 2.11 

14 Fenchyl Alcohol 1114 1571 tr 6.9 

15 Camphor 1146 1506 21.21 23.05 

16 Pinocarvone 1160 1548 0.17 0.2 

17 Borneol 1166 1682 6.11 8.55 

18 Terpineol <4-> 1177 1574 0.99 1.91 

19 Terpineol <Alpha-> 1189 1677 2.72 Tr 

20 Verbenone 1201 1696 2.1 1.48 

21 Myrtenol 1205 1851 tr 0.18 

22 Borneol Acetate 1281 1558 0.2 0.27 
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However, HD solid residue allowed a very low amount of rosmarinic acid; this fact should 

be correlated to the long-time/high temperature solid-liquid interaction between water and 

the solid knowing that usually rosmarinic acid is extracted using water as solvent. 

Table II-3. Antioxidant extraction after deodorization through HD and DIC process compared to RM 

  
Rosmarinic Acid 

(mg/g dm) 

Carnosol 

(mg/g dm) 

Dry extract 

(g/100g dm) 

 RM 6.74±0.20 3.25±0.31 19.75 ± 1.01 

Deodorized 
rosemary leaves 

HD 1.92±0.29 1.38±0.08 15.89 ± 0.15 

DIC 12.76±0.22 2.91±0.07 26.32 ± 0.16 

Because of the natural structure of plants, which resists to penetration by any liquid, 

solvent extraction is very slow. The availability of certain compounds is very low because 

of a compact structure. Rosmarinic acid is usually extracted with water which could 

explain the low values of this compound in the residual solid that has underwent HD. 

Dry extract yields of the different matrices (RM: raw material, HD: hydrodistilled 

material, DIC: treated product) followed by solvent extraction were determined to be 

19.75 ± 1.01%, 15.89 ± 0.15%, and 26.32 ± 0.16 % respectively. DIC as an expansion pre-

treatment could dramatically improve extraction yields through a better availability of 

compounds. 

3.2.  Microwave soxhlet extraction 

Using microwave soxhlet extraction we performed an extraction with untreated and DIC-

treated leaves. Microwaves enable a faster heating than conventional heating (Table II-4).  

Table II-4. Antioxidant MW assisted extraction after DIC-deodorization and untreated rosemary leaves 

MW-Soxhlet Untreated Rosemary Leaves DIC treated Rosemary Leaves 

Rosmarinic Acid (mg / g dm) 4.03 ± 0.13 7.37 ± 0.17 

Canosol (mg / g dm) 1.59 ± 0.21 1.35 ± 0.26 
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The extraction performed in 15 min highlighted the fact that it is unavoidable to have a 

modification of the structure in order to enhance the diffusivity of the solvent regarding 

the solid vegetal. 

4.  Scanning electron microscopy (SEM) 

SEM analyses of essential oil trichomes, before and after the performed treatments are 

summarized in Figure II-6. Large differences in the morphology of the essential oil-

containing glands are evident. Raw material leaves exhibited normal glandular trichomes 

(Figure II-6, A-B). In contrast, HD and DIC treated leaves showed apparently empty 

glands (Figure II-6, D-F). This indicated that both processes induced the extraction of 

essential oils. 

It is well known that the DIC treatment can modify the structure of plant at various and 

controlled levels, this being highly dependent on the operating parameters. Such 

modifications from interstitial zone to broken cell walls can greatly modify structural 

characteristics. It would be then possible to control functional and technological capacities 

that help to greatly intensify mass transfer phenomena by improving diffusivity and 

permeability within the matrix. In the case of rosemary leaves, the SEM images revealed 

structural differences between raw material, DIC treated samples and HD treated samples.  

Before DIC treatment, the product had a slightly compact and relatively well organized 

cell structure. On the one hand, the impact of DIC treatment was clearly noticeable with 

an evident expansion of the product. On the other hand, HD shrinkage is visible, which 

disables an easy diffusivity and hence should hold back the extraction of antioxidant after 

deodorization. 



DEODORIZATION OF ROSEMARY LEAVES BY INSTANT AUTOVAPORIZATION 

Results and discussion 

 

107 

 

Figure II-6. Scanning Electron Micrographs of untreated rosemary leaf (A - B); DIC-treated rosemary leaf 
(C - D); HD-treated rosemary leaf (E - F) zoomed 80 and 1000 times. CU: cuticle; E: epidermis; H: hairs; 

CL: collenchyma; : glandular trichomes. 
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5.  Histochemistry 

Sections of leaf fragments from raw material showed that the structure of Rosemary leaf is 

typical of a drought-adapted species (Figure II-7) characterized by the presence of a thick 

cuticle and a dense abaxial indumentum. This structure showed a continuous organization 

in which the leaf parenchyma (mesophyll) is maintained in association with epidermal 

layers, and vascular tissues.  

 
Figure II-7. Cytological impacts via light microscopy of untreated rosemary leaf (A - B); DIC-treated 

rosemary leaf (C - D); HD-treated rosemary leaf (E - F). CU: cuticle; E: epidermis; H: hairs; CL: 
collenchyma; LM: lacunar mesophyll. Scanning Electron Micrographs of zoomed 80 and 1000 times 

Another characteristic of rosemary leaf is the presence of a massive collenchyma 

composed of voluminous cells with thick, polysaccharidic wall as revealed by the 

observed intensive response to PAS test (Figure II-7 B). 
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Observation of sections from leaves subjected to DIC treatments revealed profound 

alterations affecting both tissue cohesion and cell structure (Figure II-7, C and D). Indeed, 

this treatment resulted in the opening of leaf structure by disconnecting the abaxial 

epidermis (Figure II-7, C). At cytological scale, DIC triggered cell destructuration in all 

tissues mainly in regard to cell wall architecture. This was particularly evident with 

collenchymatous cell that exhibited an important loosening of their wall polysaccharides 

(compare Figure II-7, D and Figure II-7, B). Cross sections from leaves subjected to HD 

displayed similar alteration regarding cell structure but to a lesser extent (Figure II-7, E 

and F). By HD treatment, the product was submitted to high temperature during 4 hours 

which obviously realized some damages regarding the cells. In addition, with this method 

the tissular integrity of leaves remained unchanged in comparison to DIC technology 

(Figure II-7, E). 

6.  Nitrogen adsorption: specific surface area 

The different methods for calculating the surface area using physical adsorption of gases 

at low temperatures are based on the work of Brunauer, Emmett and Teller, more 

generally known under the initials BET. Specific surface area calculation is based on the 

analytical treatment of the adsorption isotherm determined experimentally; it is thus 

possible to define the amount of gas adsorbed in a complete monolayer, and then to 

calculate the area of this layer, so the specific surface area of the powder or solid. 

Specific surface areas, pore size distributions and pore volumes calculated by BET and 

BJH methods are summarized in Table II-5. The measurement of specific surface area, 

average value of pore volume and diameter were performed on the three different samples: 

raw material, product after HD, and product treated by DIC. 

Table II-5. Textual properties of Rosemary leaves 

Rosemary leaves SBET (m2.g-1) Pore volume (cm3.g-1) Pore diameter (nm) 

RM 2.13 0.27 7.79 

HD 2.26 0.28 7.79 

DIC 2.52 0.35 7.74 
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There are three well-defined stages in the isotherms of the two samples that may be 

identified: the isotherms show a step at the relative pressure (p/p0) of ca. 0.3-0.5, 

characteristic of capillary condensation of uniform porous materials, showing that the 

three samples have uniform average pore size distribution. The isotherms corresponding to 

p/p0 <0.3 are due to a monolayer adsorption of nitrogen on the walls of the mesopore. 

The near horizontal section beyond p/p0>0.5 represents the multilayer adsorption on the 

outer surface of the particles. 

The adsorption and desorption graph of HD treated, DIC treated and untreated rosemary 

leaves showed significant differences, confirming the values of specific surface area. 

Adsorption-desorption isotherms closely depend on exchange surface between condensed 

matter and surrounding gas. It was then obvious that the higher the specific surface area, 

the higher the value of surrounding gas pressure. 

7.  Operational costs 

Deodorization times were 4 hours with hydrodistillation and 3 minutes with DIC. In a 

previous article, Besombes et al. (2010) calculated operational costs for DIC treatment. In 

the case of rosemary leaf deodorization, energy expenses were more than 3 kWh/kg dm 

for HD and less than 1.4 kWh/kg dm with DIC treatment. 
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IV. CONCLUSION 

This study describes the thermo-mechanical treatment of rosemary leaves using the 

instantaneous controlled pressure drop (DIC) method as both deodorization and expansion 

process. This expansion dramatically increased the plant technological abilities in terms of 

solvent extraction of antioxidants. Compared to hydrodistillation, DIC could reach the 

same level of deodorization in 3 min instead of 4 h. Furthermore, rosmarinic acid being 

soluble in water, the amount of this compound in the recovered leaves after 

hydrodistillation was obviously low. The structure expansion triggered by DIC and 

denoted with SEM illustrated the readiness of solvent penetration going along with a 

higher availability. Structural alterations eased secondary metabolite extraction. BET and 

BJH calculation also showed that specific surface area improved after DIC treatment. 

Taken together, the results indicated that DIC was both, an efficient deodorizing process 

and a powerful pre-treatment improving antioxidant extraction from rosemary leaves. 

Some heating issues are correlated with conventional ways implying conduction method. 

Thus generation of heating by microwave can provide an efficient path for almost uniform 

deep temperature. 
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Chapitre III - COUPLING DIC AND ULTRASOUND 
FOR ORANGE PEEL EXTRACTION 
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I. INTRODUCTION 

For the last decades, the demand for appropriate nutritional and health standards has 

considerably increased taking into account environmental pollution. Therefore there is a 

considerable emphasis on the recovery, recycling and upgrading of wastes (Garau et al., 

2007). This is particularly valid for food and food processing industry in which waste, 

effluents, residues, and by-products can be recovered and often upgraded to higher value 

and useful products (Reddy and Yang, 2005). 

Within the past century, industries have been willing to convert citrus wastes into high 

added-value commercial products. Current annual worldwide citrus production has 

doubled over the last 5 years and is now estimated at over 100 million tons (FAO, 2003). 

Almost 50% of citrus fruit are used for processing (FAO, 2010). Obviously citrus juice 

processing triggers high amount of by-products, mostly peel, which creates a serious 

environmental pollution issue (Manthey and Grohmann, 2001). 

Over the last two decades recovering of such waste has become a research area of great 

interest and with huge impacts either for the production of flavonoids (Khan et al., 2010; 

Leuzzi et al., 2000; Li et al., 2006), pectin (Bocco et al., 1998; El-Nawawi and Heikal, 

1995; Graham and Shepherd, 1953) or essential oils (Berna et al., 2000; Bousbia et al., 

2009; Ferhat et al., 2006). These products have interested several fields (agro-industry, 

cosmetics, flavoring, pharmaceutical, etc.) in which their uses are diverse such as essence 

and fragrances (Shahidi and Zhong, 2005), aromatherapy (Kumagai et al., 2010) and food 

flavoring (Ashurst, 1999).  

 

Figure III-1: Flavedo and Albedo of the Orange peel 
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Figure III-2: Orange peel compounds 

On the one hand, citrus outer peel, known as flavedo (Figure III-1, has a large number of 

very small glands, each containing a minute drop of essential oils (Figure III-2). The 

common commercial technique to produce essential oils from citrus peels is via cold-

press. However through this extraction method, citrus essential oils contain more or less 

high amounts of furocoumarins (Frérot and Decorzant, 2004). The European Cosmetics 

Directive 76/768/EEC (SCCP, 2005) recently introduced a limit on the presence and use 

of the photosensitizing furocoumarins in cosmetics since they are recognized to be 

photomutagenic and photocarcinogenic. As a consequence hydrodistillation (HD) is 

increasingly used for extraction of citrus peel essential oil. HD is often combined with 

grinding, otherwise the main part of the essential oils remain in the solid matrix. Many 

extraction technologies such as Microwaves (Ferhat et al., 2006; Sahraoui et al., 2011), 

supercritical CO2 (Atti-Santos et al., 2005) were considered and studied in order to 

improve essential oil extraction. However, all these techniques also require grinding (Atti-

Santos et al., 2005) because of high structure permeability preventing an easy essential oil 

removal. 
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Moreover, cavitation produces micro-jets at the surface of the food material that may 

improve the exchange surfaces which has to be revealed globally through a high starting 

accessibility. Both effects can increase mass transfers of solvent within the solid and 

solute within the solvent (Mason, 2000; Toma et al., 2001). 

In this context, in order to entirely recover and value orange byproduct (peels), peels were 

recovered after removing the essential oils (via HD and DIC) to perform the extraction of 

flavonoids. The flavanones (naringin and hesperidin) extracted afterwards by ultrasound 

assisted extraction and standard solvent extraction were determined in order to compare 

them quantitatively and qualitatively (antioxidant activity). 

UAE for orange peel antioxidant extraction was formerly optimized by Khan and 

colleagues (Khan et al., 2010) in terms of extraction temperature, ultrasound power and 

ethanol:water ratio. 

We therefore decided to proceed to a sequential use of DIC and UAE processes to 

determine whether each process effects can suit and supplement one another (Chemat and 

Cravotto, 2011).  
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3.  Protocol 

The dried orange peel undergone two main steps (Figure III-4): first the extraction of 

essential oils and the extraction of antioxidants from solid residue. Both of these steps 

were performed by standard extraction apparatus and innovative processes in order to 

achieve a thorough comparison. 

 

Figure III-4: Protocol treatment of orange peel extraction 

4.  Hydrodistillation apparatus and protocol 

The hydrodistillation equipment (Figure III-5) used was a 6-liter modified stainless steel 

Clevenger apparatus (REUS Company, Contes - France). 

200 g of dried orange peel were immersed in 2 L of distilled water. The extraction of 

essential oils, from ground (HD-G) and in pieces orange peels (HD-P), was carried out 

during 3 h and 4 h respectively, from the first drop of distillate until the quantity of 

essential oils stabilized. Afterwards the orange peels were recovered and dried at room 

temperature in order to be stored for antioxidant extraction and measurement. 
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After placing 200 g of dried orange peel in the treatment vessel and closing it, a first 

vacuum stage was established just before the steam was injected (Figure III-7, phase b and 

c). High pressure saturated steam used in our case was 0.6 MPa. This stage lasted few 

seconds (phase d) and ended by an abrupt pressure drop towards a vacuum (phase e) by 

opening the pneumatic valve between the treatment and vacuum chamber. In our case, 

several DIC-cycles were carried out. Figure III-7 gives the flow-sheet of this treatment. 

Multi Cycle-DIC contains n repetitions of stages (c), (d), (e), and (f), with a total heating 

time that is the sum up of heating time of all cycles. 

 

 

Figure III-7: Instant controlled pressure drop (DIC) cycle. 

The essential oils are recovered as stable oil in water emulsion. Afterwards the orange 

peels were recovered and dried at room temperature in order to be stored for antioxidant 

extraction and measurement. DIC cycle can be divided into seven steps as shown in Figure 

III-7. 
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6.  Ultrasound Assisted Extraction (UAE) 

UAE was performed with a PEX 3 Sonifier (R.E.U.S., Contes, France) shown in Figure 

III-8, composed of a stainless steel container of 10 cm diameter and 14 cm high (internal 

dimensions) with a maximal capacity of 1 L, and a transducer at the bottom, operating at a 

frequency of 25 kHz with maximum input power of 150 W. The double layered mantle 

enables the control of the temperature of the medium. The output power of the 150 Watts 

generator was measured by calorimetry. 

 

Figure III-8: Ultrasound apparatus 

Orange peels, either raw material or after DIC treatment or after hydrodistillation, were 

sonicated in ethanol:water ratio 4:1 (v/v) at 40 °C for 60 min with a solvent:orange peel 

(dry basis) ratio of 20:1. The optimal parameters were taken from former studies (Khan et 

al., 2010). In order to perform kinetic study, 0.5 mL was withdrawn from the extraction 

vessels after 5, 10, 20, 30, 40, 50 and 60 minutes for each extraction treatment.  

7.  Solvent Extraction (SE) 

Solvent extraction was achieved with the same conditions and same material without 

ultrasound assistance. 
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Absorbance measurements were carried out on a Spectronic GENESYS 5 UV-Visible 

spectrophotometer (wavelength range: 200-1100 nm) equipped with an eight-position 

multicell holder. The antioxidant activity of each sample was expressed in terms of IC50 

(micromolar concentration required to inhibit DPPH radical formation by 50%) (Mimica-

Dukic et al., 2004). 

8.6.  Scanning Electron Microscope SEM 

Micro-structures were observed using an environmental type JEOL 5410LV FEI Quanta 

200F Scanning Electronic Microscope (SEM) (Philips Croissy-sur-Seine; France). The 

samples were placed on a covered support using carbon adhesive; the samples were 

scanned in a partial vacuum (7 Pa) with an acceleration tension of 20 kV. 
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Table III-3: DIC extraction trials with essential oil extraction efficiency (EE%) 

  
Number of cycles 

 
Total treatment 

time (s) 
Extraction Efficiency  

EE (%) 

DIC 1 11 120 98.7 

DIC 2 6 210 97.4 

DIC 3 6 120 97.7 

DIC 4 9 184 98.3 

DIC 5 9 56 97.8 

DIC 6 6 120 97.8 

DIC 7 2 56 94.8 

DIC 8 2 184 95.7 

DIC 9 1 120 93.7 

DIC 10 6 30 94.2 

DIC 11 6 120 97.3 

As shown in Table III-3, we performed a central composite experimental design in order 

to analyze and determine the importance of mechanical and thermal effects. The number 

of DIC cycles and total heating time were taken as independent parameters. These 

parameters were appropriate to represent respectively mechanical and thermal aspects of 

DIC process. The extraction efficiency EE% determined on each solid residue after DIC 

experimental design by SPME was considered as the main response parameter. 

Some studies already defined DIC extraction of essential oil as autovaporization process 

and many of these studies identified and quantified the relative impacts of this 

phenomenon with the evaporation (Berka-Zougali et al., 2010; Besombes et al., 2010; 

Kristiawan et al., 2008). 

A Pareto chart of standardized effects (Figure III-10) was calculated in order to show 

significant effects of all variables (linear, quadratic and interactions between variables). 

The vertical line represents the limit between the significant and insignificant effects 

regarding the response. 
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The optimized operative conditions were determined with the goal to maximize the 

extraction efficiency (EE). They were hence calculated as an optimum value of EE (%) = 

98.97%, with the highest value (11) of DIC cycles C; and a total heating time t equal to 

152 s. Higher values of heating time slightly reduced the value of EE as indicated in the 

graph of Figure III-10. EE was attenuated after a peak as function of the total heating time. 

One can assume that exceeding certain duration (here 152s at 159°C), structural change 

might be generated, reducing transfers of matter. In other words thermal overstepping 

might imply at times a decreasing of the transfer of the volatile (and fluid) molecules 

within the structure. 

 

Figure III-10: Standardized Pareto chart for EE (%); Main effects plot for EE (%) regarding each 
parameter (number of cycle and total heating time); Response surfaces to represent the total effect of 

operative parameters (C: number of cycles and t: total heating time). 
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3.  Essential oil Gas chromatography analysis 

Both processes, hydrodistillation with ground orange peels and in pieces, and DIC 

(optimized parameters), were compared in terms of essential oil composition. 

Comparisons of isolation times and detailed composition for each extract are reported in 

Table III-4. It also gathers the grouped components of the essential oil: oxygenated and 

non-oxygenated fractions and composition of chemical families of orange peels essential 

oils obtained by these methods. Monoterpene hydrocarbons are less valuable than 

oxygenated compounds in terms of their contribution to the fragrance of the essential oil. 

Conversely, the oxygenated compounds are highly odoriferous and, hence, the most 

valuable. Essential oils obtained whether by hydrodistillation of ground orange peel or 

DIC had a quality quite close. Indeed, the quantity of oxygenated compounds is 0.228 

mg/g dm for HD-P, 0.551 mg/g dm for HD-G and 0.616 mg/g dm for DIC. 

Limonene is the major component with a percentage of 82.57%, 91.94% and 92.33% 

respectively for HD-P, HD-G and DIC essential oils. 

Table III-4: HD and DIC essential oil composition by GC-MS, GC-FID 

n° Compounda RIb RIc 
HD-Pd HD-Ge DICf 

(%) mg/g 
dm (%) mg/g 

dm (%) mg/g 
dm 

Monoterpenes 
        

1 Pinene<Alpha->  926 1023 0.66 0.013 0.95 0.151 0.66 0.110 
2 Camphene 942 1103 0.03 0.001 0.02 0.003 0 0.000 
3 Myrcene<Beta-> 988 1165 1.53 0.031 2.44 0.389 2.53 0.420 
4 Limonene 1030 1206 82.57 1.688 91.94 14.646 92.33 15.330 
5 Carene<Delta-3-> 1101 1290 0 0 0.12 0.019 0.12 0.020 

Oxygenated Monoterpenes 
       

6 Sabinene hydrate<Cis-> 1112 - 0.16 0.003 0.37 0.059 0.3 0.050 
7 Linalool 1125 1538 8.52 0.174 2.62 0.417 2.87 0.477 
8 Camphor 1158 1514 0.82 0.017 0.08 0.013 0.04 0.007 
9 Borneol 1176 1679 0.17 0.003 0 0.000 0 0.000 
10 Terpin-4-ol 1191 1590 0.33 0.007 0.08 0.013 0.09 0.015 
11 Terpineol<Alpha-> 1203 1677 0.91 0.019 0.18 0.029 0.28 0.046 
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4.  Comparative extraction yields and kinetics of SE and UAE 

According to HPLC analyses (Figure III-11), yields and kinetics of naringin and 

hesperidin extracted from the three products (RM, HD and DIC treated materials) during 1 

hour of SE or UAE were compared. 

 

Figure III-11: Naringin and Hesperidin HPLC chromatogram 

Each flavanone kinetic was gathered in Figure III-11. Extraction kinetics of naringin and 

hesperidin mostly show the same trends which gave the possibility to perceive and deduce 

the action of each process used. It is however interesting to note that regarding hesperidin 

extraction, DIC-SE and RM-UAE have the same trends, yet combining them gave a 

complementary effect. Indeed, both effects were acting on two different sides of the 

extraction enhancement. DIC opened the cells enabling an easy diffusion, ultrasound, 

through its agitation, generated an internal convection motion of solute within the solvent. 
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Figure III-12 Naringin and hesperidin extraction kinetics achieved by HPLC analysis  

 DIC-UAE;  DIC-SE;  RM-UAE;  RM-SE;  HD-UAE;  HD-SE 

In addition to these elements we noticed that mass transfer from a matrix that has 

undergone hydrodistillation is reduced in terms of kinetics; HD treated product kinetics, 

whether extracted by UAE or SE, are below RM kinetics and dramatically below DIC 

treated product kinetics. After 60 min of extraction, it was possible to observe important 

differences in terms of yields and extraction rate. 

With hydrodistillated solid samples, one hour standard SE generated a yield of 1.2 10-

2±6.7 10-4 g of naringin /g dm and 0.11±5.5 10-3 g of hesperidin /g dm. By coupling 

hydrodistillated solid samples to UAE treatment, this solvent extraction became 

intensified to 1.7 10-2±1.9 10-3 g of naringin /g dm and 0.18±1.7 10-2 g of hesperidin /g 

dm. 
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With raw material, one hour standard SE generated a yield of 3.3 10-2±3.4 10-3 g of 

naringin /g dm and 0.34±2.8 10-2 g of hesperidin /g dm. By using UAE treatment for raw 

material, this solvent extraction became intensified to 4.5 10-2±1.8 10-3 g of naringin /g dm 

and 0.18±1.7 10-2 g of hesperidin /g dm. 

With DIC treated solid samples, one hour standard SE generated a yield of 5.7 10-2±1.6 

10-3 g of naringin /g dm and 0.64±2.7 10-2 g of hesperidin /g dm. By coupling DIC treated 

solid samples to UAE treatment, this solvent extraction became intensified to 6.5 10-2±2.3 

10-4 g of naringin /g dm and 0.83±1.6 10-2 g of hesperidin /g dm. 

 

Figure III-13: Obtained extract: 1. DIC-UAE / 2. DIC-SE / 3. MP-UAE / 4. MP-SE / 5. HD-UAE / 6. HD-SE 

Consequently, combining DIC to UAE enabled to highly improve the antioxidant 

extraction yields with trends in terms of kinetics dramatically improved compared to 

standard processes. 

To obtain a thorough kinetics analyses, diffusivity and starting accessibility calculation 

was undergone. The results of modeling analysis of extraction kinetics based on the 

surface exchanging and internal diffusion revealed respectively by starting accessibility 

and effective diffusivity are shown in Table III-5. 
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The time for getting 95% of the final extraction of naringin (assuming that the availability 

is the same for all the samples) resulted in dramatic differences between the different 

materials. Indeed, when t95% is around 5 hours for RM-SE and 3 hours and 30 minutes for 

RM-UAE, it skyrocketed to 18 hours for HD-SE and 15 hours for HD-UAE. DIC 

treatment decreases t95% for naringin to an hour and a half with SE and less than an hour 

with UAE. 

5.  Antioxidant activity 

Phenol antioxidants are able to more or less rapidly reduce reactive oxygen species 

including free radicals. Antioxidant activities indicated that extracts had an anti-radical 

activity in compliance with the higher antioxidant concentration.  

We compared a 60 minute SE and UAE on the raw material itself; ultrasound enabled 

increasing the antioxidant activity of the extract by approximately 13% (IC50 was 1.20 ± 

0.07 % for the raw material with SE and 1.06 ± 0.03 % with UAE). Moreover, DIC pre-

treatment generated a rise of antioxidant activity twice as high as untreated material 

regarding both SE and UAE; indeed IC50 was 0.62 ± 0.02 % with SE and 0.52 ± 0.01 % 

with UAE. HD, however, induced an important decrease of the antioxidant activity; IC50 

was 1.46 ± 0.02 % with SE and 1.46 ± 0.04 % with UAE. 

6.  Impact of treatments on microstructure 

Essential oils are present in the pores shown in Figure III-14 SEM images of dried orange 

peels before and after DIC treatment revealed considerable structural differences. Indeed, 

after DIC treatment the opening of these cells are well pronounced highlighting the fact 

that essential oils were removed. On the contrary, after HD it was noticeable that the main 

part of EOs was detained in the collapsed structure. In terms of micro-structure, the raw 

material had a compact and relatively homogeneous internal structure (Figure III-14). As 

expected, DIC treatment radically changed the ultra-structure of orange peels while SEM 

images of orange peels after HD treatment illustrated the difficult essential oil extraction. 

Indeed the structure of the product after HD showed a shrunk and flat structure. 
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Figure III-14: Micrographs zoomed 40 times of untreated dried orange peel (left); DIC-treated dried orange 
peel (middle); HD-treated dried orange peel (right) 

It is well known that the DIC treatment can modify the structure of plant at various and 

controlled levels although this is highly dependent on the operating parameters (Amor et 

al., 2008; Ben Amor and Allaf, 2009). Such modifications from interstitial zone to broken 

cell walls can greatly modify structural characteristics. It would be then possible to control 

functional and technological capacities that help to greatly intensify mass transfer 

phenomena by improving diffusivity and permeability within the matrix. In the case of 

orange peel, the SEM images revealed structural differences between raw material, DIC 

treated samples and HD treated samples. Before DIC treatment (Figure III-15), the product 

had a slightly compact and relatively well organized cell structure. On the one hand, the 

impact of DIC treatment, which led to an evident expansion of the structure, has kept the 

main part of the cells intact thus proving the great structural stability of the peels. On the 

other hand, HD shrinkage is clearly noticeable, which weakened diffusivity and hence 

prevented good extraction kinetics. 

 

Figure III-15 Scanning Electron Micrographs of untreated dried orange peel (A); HD-treated dried orange 
peel (B); DIC-treated dried orange peel (C) zoomed 200 times 
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IV. CONCLUSION 

In order to recover and recycle wastes from citrus processing, a thorough study was 

performed on sweet dried orange peels. The latter has undergone two main steps. We first 

extracted the essential oils and after recovering the solid residue we conducted the 

extraction of antioxidants. Both of these steps were performed by standard and innovative 

extraction processes in order to obtain a quite complete comparison. 

It is important to note that the natural structure of some plants such as citrus peels prevents 

an easy essential oil extraction. The extraction performed by hydrodistillation (HD) 

showed that mechanical process, in this case grinding, was necessary. Therefore, in the 

case of instant controlled pressure drop (DIC) mechanical (illustrated by the number of 

cycle C) and thermal (illustrated by the heating time t) processes can be combined for this 

particular material. DIC as a thermo-mechanical treatment enabled the extraction of 

essential oil through autovaporization phenomenon.  

We could also compare the effect of Ultrasound Assisted Extraction (UAE) to standard 

Solvent Extraction (SE) both achieved on dried orange peels as raw material, material 

after hydrodistillation (HD) and instant controlled pressure drop (DIC) treated material. 

Pre-treatment by DIC can improve antioxidant extraction yields and kinetics as well as 

UAE. The highest yield with best kinetics is obtained by coupling both treatments. We 

also noted that UAE treatment generated a higher antioxidant activity than standard SE 

and even higher when UAE is undergone on DIC treated matrix. The impact of DIC on 

microstructure delivered a reliable explanation regarding our results. The swelling of the 

cells enabled a better kinetic extraction in terms of diffusivity and starting accessibility.  

Investigations with a DIC and ultrasonic at industrial scale equipment could be realized 

for industry tests. DIC treatment enables to directly extract essential oils preparing the 

matrix for solvent extraction and ultrasound appears to be a viable option for extraction of 

antioxidants from orange peels. This combined process can be considered as a sustainable 

alternative for the industry since it allows entirely recovering and valuing citrus by-

products.  
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Chapter 4  
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I. INTRODUCTION 

The production of canola oil has been highly developed over many years for food use. 

Canola seeds carry a quantity between 40 to 55 % oil weight (wt%) which contains 

triglycerides 97 - 99 wt%, fatty acids 0.5 - 2wt% and minor lipids 0.5 - 1 wt% (Olivier and 

Elisabeth, 2009). Canola oil is known for its high amounts of unsaturated fatty acids. The 

main fatty acid composition is approximately oleic acid C18:1 (61.6%), linoleic acid 

C18:2 (21.7%), linolenic acid C18:3 (9.6%), palmitic acid C16:0 (3.6%), stearic acid 

C18:0 (1.5%), and other fatty acids (3%) (Przybylski et al., 2005). These fatty acids are 

described in Table IV-1. 

Table IV-1: Main Fatty Acids present in Canola oil 

Oleic Acid C18:1n9 MUFA 

 
Linoleic Acid C18:2n6 PUFA 

 
Linolenic Acid C18:3n3 PUFA 

 
Palmitic Acid C16:0 SFA 

 
Stearic Acid C18:0 SFA 

 

SFA: Saturated Fatty Acids 
MUFA: Mono-Unsaturated Fatty Acid 
PUFA: Poly-Unsaturated Fatty Acid 
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- Solvent interaction between the material exchange surface and the contacting 

solvent. 

- Solute transport outside the product surface to external solvent; when no external 

agitation is done, this transport takes place by diffusion with the gradient of solute 

concentration in the solvent as the driving force. 

In order to overcome limiting processes, there has been an increasing demand for new 

extraction techniques for getting shorter extraction time, higher yields with lower 

consumption of organic solvent. 

The application of the instant controlled pressure drop (DIC) as a texturing pretreatment 

prior to solvent extraction has been a relevant mean to improve the technological abilities 

of material; it has allowed solvent extraction to be undertaken very efficiently in a shorter 

time using less solvent (Besombes et al., 2010). Instant controlled pressure drop (DIC) 

technology was defined in 1988 (Allaf, 1988). This innovative process has been studied, 

developed, optimized and used at industrial scale for various applications like drying 

(Mounir et al., 2011), decontamination (Allaf et al., 2011b), direct extraction of volatile 

compounds (Berka-Zougali et al., 2010; Besombes et al., 2010), texturing (Allaf et al., 

2013; Mounir et al., 2011) and pre-treatment for extraction of non-volatile molecules such 

as flavonoids (Allaf et al., 2012b; Ben Amor and Allaf, 2009). DIC is a thermo-

mechanical process generated by subjecting the raw material for a short time-frame to 

high-pressure saturated steam followed by an abrupt pressure drop towards a vacuum. 

This generates an autovaporization of volatile molecules, implying instant cooling and 

expansion of the sample. 

In this present work, we carried out a first approach of modeling of solvent extraction 

kinetics of untreated and expanded canola seeds via DIC. The main objective is to 

improve process performance (in our case extraction kinetics) without modifying the fatty 

acid profile. In addition, the impact of DIC treatment on canola oil extraction was carried 

out and discussed in order to optimize DIC pretreatment parameters for intensifying 

solvent extraction process of canola oil. 
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II. MATERIALS AND METHODS 

1.  Plant and Chemicals 

In this study, Astrid variety of canola seeds, with 8.69 % dry basis moisture content were 

treated. Analytical grade n-hexane used as solvent; methanol, sulfuric acid and NaCl used 

for the preparation of fatty acid derivatives were all purchased from VWR International 

(Darmstadt, Germany). 

2.  Experimental Protocol 

Samples of untreated and DIC-treated material were coarsely ground and then extracted 

via n-hexane Soxhlet. In each case, kinetic modeling and gas chromatography analysis 

were used as means to characterize canola seed extraction in terms of functional behavior 

and fatty acid determination. The ISO 659-1988 norm was also performed on the raw 

material to have a baseline of the extraction process. The performed protocol is shown in 

Figure IV-1. 

 

Figure IV-1. Experimental Protocol 
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Figure IV-4. Statistical modeling of canola seed oil extraction kinetics: Standard Pareto Chart, main effects 
plot and estimated response surface of effective diffusivity Deff 
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Figure IV-5. Statistical modeling of canola seed oil extraction: Standard Pareto Chart, main effects plot and 
estimated response surface of final oil yield 
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Figure IV-6: Fatty acid group of canola oils 

In all the extraction of canola oils we have found that there are 3 fatty acids that are 

predominantly present; with oleic acid (C18:1n9) ranged from 57.58 to 59.03%, linoleic 

acid (C18:2n6) ranged from 21.23 to 21.89%, and linolenic acid (C18:3n3) ranged from 

9.11 to 9.45%. 

Regarding fatty acid profile, DIC treatment did not generate degradation as shown in 

Table IV-3 and Figure IV-7. 
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Table IV-3: Fatty acid profile (relative proportion %) obtained via Gas chromatography  
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If there were considerable and accurate differences we would have concluded to thermal 

degradation when using DIC. As shown in Figure IV-7 relative fatty acid proportion are 

alike. DIC treatment do not generates modifications regarding the fatty acid profile. 

 

Figure IV-7: Relative lipid percentage 
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V. CONCLUSION 

Canola seeds were treated by instant controlled pressure-drop (DIC) at different operative 

parameters, as a pretreatment for solvent extraction (n-hexane). Via RSM response surface 

methodology, the impact of DIC pre-treatment to solvent extraction on the oil extraction 

process showed considerable enhancement. Indeed whatever the DIC treatment 

conditions, oil yield and effective diffusivity, after 6 hours of extraction, were higher than 

that of the untreated raw material (RM). It was clearly noted that, whatever the operative 

conditions, the DIC treatment had a strong influence on the yields and the rate of 

extraction process. For modeling kinetics, it was assumed the process to start by a 

convection stage between the solvent and the exchange surface and a second stage of 

diffusion within the porous solid. The first process had to be revealed through the starting 

accessibility, when the effective diffusivity as well as the yields could explain the second 

stage.  

Regarding oils quality, predominant fatty acids in all extracted canola oils are oleic acid 

(C18:1n9), linoleic acid (C18:2n6) and linolenic acid (C18:3n3). None of DIC treatment 

produced a modification of the fatty acid relative proportion. 
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CONCLUSION GENERALE & PERSPECTIVES 

  











 



 

 

 

 

 

 

 

 

� Ćaminante, no hay camino, 
se hace camino al andar. 

Al andar se hace el camino, 
y al volver la vista atrás 
se ve la senda que nunca 
se ha de volver a pisar.�µ 

Antonio Machado 
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