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Enhanced solvent free microwave extraction (ESFME) using double walled microwave reactor was employed to improve and speed up the SFME process for the extraction of essential oils from Foeniculum vulgare Mill. seeds. At atmospheric pressure without any addition of solvent or water, experiments were performed in a double walled microwave reactor filled in their interlayer with distilled water as the heat-transfer fluid to increase the conduction of microwave heating during SFME. Results show that, essential oil isolated by ESFME was quantitatively (yield) and qualitatively (aromatic profile) almost similar to those obtained by SFME and hydrodistillation, but ESFME was found to be the best method in terms of extraction kinetics (30 min against 37 min for SFME and 180 min for hydrodistillation), energy saving, reduced cost and cleanliness process. Scanning electron micrographs provided more proofs to prove that the ESFME method is faster than the hydrodistillation method. Finally, ESFME appears as a fast, clean and efficient alternative for the extraction of essential oil from aromatic plants.

Introduction

Solvent-free microwave extraction (SFME) developed recently by [START_REF] Chemat | European Patent Demand[END_REF], is a combination of the microwave heating with the dry distillation, performed in atmospheric pressure. SFME has already been applied to extract both of essential oils and antioxidants from the aromatic plants [START_REF] Chemat | European Patent Demand[END_REF][START_REF] Michel | Evaluation of a simple and promising method for extraction of antioxidants from sea buckthorn (Hippophaë rhamnoides L.) berries: Pressurised solvent-free microwave assisted extraction[END_REF]. The main advantages of the SFME reside in the elimination of solvent, the rapidity of extraction, the high quality of compounds obtained from aromatic plants and the conception of the clean and the safe environment process compared to conventional hydrodistillation (HD) [START_REF] Chen | Composition and biological activities of the essential oil from Schisandra chinensis obtained by solvent-free microwave extraction[END_REF][START_REF] Bayramoglu | Solvent-free microwave extraction of essential oil from oregano[END_REF]Lucchesi et al., 2004Lucchesi et al., a, 2004 b) b).

Extraction of essential oils with SFME process was involved numerous connected steps for a different part of aromatic plants, started with the use of fresh plant materials such as leaves, flowers and fruit peels (Lucchesi et al., 2004 a;[START_REF] Ferhat | An improved microwave Clevenger apparatus for distillation of essential oils from orange peel[END_REF]. According to Lucchesi et al. (2004Lucchesi et al. ( a, 2004 b) b), the plant materials used for the extraction need to be dried in order to obtain the highest yield of essential oil at the same time diversify the range of choices of the plant materials. Thus, the application of SFME was successfully applied for the extraction of secondary metabolites from dried plant materials prior moistened as flowers, leaves and seeds [START_REF] Chemat | Microwave accelerated steam distillation of essential oil from lavender: A rapid, clean and environmentally friendly approach[END_REF]Lucchesi et al., 2004Lucchesi et al., a, 2004 b; b;[START_REF] Bayramoglu | Solvent-free microwave extraction of essential oil from oregano[END_REF].

Nowadays, the green chemistry, has received a great interest of researchers [START_REF] Wang | Improved solvent-free microwave extraction of essential oil from dried Cuminum cyminum L. and Zanthoxylum bungeanum Maxim[END_REF][START_REF] Okoh | Comparative evaluation of the antibacterial activities of the essential oils of Rosmarinus officinalis L. obtained by hydrodistillation and solvent free microwave extraction methods[END_REF]. Therefore, the SFME process was developed and improved for the extraction of essential oil from aromatic plants. [START_REF] Wang | Improved solvent-free microwave extraction of essential oil from dried Cuminum cyminum L. and Zanthoxylum bungeanum Maxim[END_REF] improved the SFME process by making it more rapid and economical. This author has added the microwave absorption solid medium as carbonyl iron powders (CIP) to the dried Cuminum cyminum L.

and Zanthoxylum bungeanum Maxim samples to extract the essential oil in only 30 min.

Another type of improved SFME process, named: pressurized SFME, was developed by [START_REF] Michel | Evaluation of a simple and promising method for extraction of antioxidants from sea buckthorn (Hippophaë rhamnoides L.) berries: Pressurised solvent-free microwave assisted extraction[END_REF], as innovative process involving extraction under pressure, where the plant material was directly introduced into the closed reactor without adding any solvent or water, then subjected to the microwave irradiations to extract the antioxidants from Hippophaë rhamnoides L. Berries. In fact, the success of the SFME process in a laboratory scale was not reached the desires of the researchers. Therefore, the study of [START_REF] Filly | Solventfree microwave extraction of essential oil from aromatic herbs: From laboratory to pilot and industrial scale[END_REF] was proved the potential applications of the SFME process from the laboratory scale to the industrial pilot scale.

The development of the SFME process is continuously expanding the area of research. Thus, the present study reports for the first time a new idea based on using the double walled microwave reactor to improve and speed up the SFME process for the extraction of essential oils from Foeniculum vulgare Mill. seeds, as an enhanced solvent free microwave extraction (ESFME) process. The key property of this microwave reactor was filled with distilled water as the heat-transfer fluid in their interlayer, since the water is cheap compared to other solvent, easy to handle, non-combustible, and non-toxic. The dried plant material prior moistened was directly placed in the double-walled reactor in the microwave oven. The influence of microwave conduction that transmitted continuously to the surrounding of the microwave reactor during the extraction process, increased the heat of the distilled waterfilled in the double walled reactor, thus, it helped the process to more increase the internal heating of the 'in situ' water of the plant material to free the essential oil. A Clevenger apparatus placed outside the microwave oven condensed continuously the distillate.

Foeniculum vulgare Mill., (fennel), is a plant species, belong to the Apiaceae family from the Mediterranean area and central of Europe [START_REF] Barros | The nutritional composition of fennel (Foeniculum vulgare): Shoots, leaves, stems and inflorescences[END_REF][START_REF] Rather | Foeniculum vulgare: A comprehensive review of its traditional use, phytochemistry, pharmacology, and safety[END_REF] especially, where the soils contained a high concentration of salts [START_REF] Munns | Comparative physiology of salt and water stress[END_REF][START_REF] Qasim | Salt induced changes in tow canola cultivars differing in salt tolerance[END_REF].

Fennel seeds and their essential oil were widely used to flavor the food as fish, bread, pastries, cake and cheese, giving them a better taste and aroma. They were also used as an essential constituent in the cosmetic and pharmaceutical products [START_REF] Telci | Variation in plant properties and essential oil composition of sweet fennel (Foeniculum vulgare Mill.) fruits during stages of maturity[END_REF]. Commonly, fennel seeds were used as an anti-inflammatory, an analgesic, an anti-parasitic, a carminative and an antispasmodic agents (Oklay et al., 2003). Fennel essential oil was also used as a notable antioxidant, an anti inflammatory and an antimicrobial activities. (Oklay et al., 2003;[START_REF] Ozcan | Comparative Essential Oil Composition and Antifungal Effect of Bitter Fennel (Foeniculum vulgare ssp. piperitum) Fruit Oils Obtained during Different Vegetation[END_REF][START_REF] Mata | Antioxidant and antiacetylcholinesterase activities of five plants used as Portuguese food spices[END_REF][START_REF] Choi | Antiinflammatory, analgesic and antioxidant activities of the fruit of Foeniculum vulgare[END_REF].

In this article, the potential of ESFME process has been investigated for the extraction of essential oil from Foeniculum vulgare Mill. seeds, and compared with both conventional SFME and hydrodistillation methods in terms of extraction kinetic, essential oil yield, aromatic composition, energy consumption and environmental impact. Finally, extraction mechanism was proposed to better understand the effectiveness of the ESFME process in the extraction of essential oil from aromatic plants.

Materials and methods

Plants material

Fennel seeds (Foeniculum vulgare Mill.) were purchased from a local herb market in Gabes (South of Tunisia). The seeds are originally from the province of Gabes (Matmata), harvested in 2013. Seed species was identified by Dr. Ezzeddine Saadaoui, from the herbarium of the regional station of Gabes, National Institute of Research in Rural Engineering, Waters and Forests (INRGREF, Gabes, Tunisia). The particle size chosen was less than 2 mm. The initial moisture content of dried fennel seeds was verified in the laboratory as 6.8±0.08%.

ESFME apparatus and procedure

The ESFME apparatus consisted of a microwave oven, a double-walled reactor, and a Clevenger apparatus. A schematic diagram of the ESFME apparatus was illustrated in Fig. 1.

The microwave oven (MW71C) used in the ESFME has been modified in the laboratory.

Power and time can be changed with a regulable transformer. Its maximum output power was 800 W with 2450 MHz of microwave irradiation frequency. The dimensions of the interior cavity of the microwave oven were 31 cm × 21 cm × 32 cm. During experiments, the temperature was monitored by the digital temperature controller (KRK DT96, Turky) with 3 digits display and memory protection, its measurement temperature range was between -99°C and 999°C with a frequency of 60 Hz, its thermocouple sensor type (J, K) was inserted directly into the sample container. Temperature variations in the reactor were measured continuously. The Wattmeter placed at the microwave generator entrance monitored the input power consumptions. The microwave reactor consisted of the cylindrical double-walled vessel made of Pyrex glass and having a capacity of 500 mL. The neck of the reactor was connected to the Clevenger apparatus through the hole of the microwave cavity. The microwave irradiation energy was transmitted continuously to the surroundings of the microwave reactor during the extraction process. The attractive features of this microwave reactor were evidenced by comparison with the conventional single-walled microwave vessel used in the conventional SFME process, having the same shape and volume.

In the ESFME procedure performed at atmospheric pressure, 100 g of fennel seeds were heated using a different microwave power (300, 450, 600, 700 and 800 W) without adding any solvent or water after being soaked in 500 mL of distilled water at room temperature for 20 min. A cooling system placed outside the microwave oven condensed the distillate. The excess of water was returned to the extraction vessel in order to recover the 'in situ' water to the plant material. The extraction was continued until no essential oil was obtained. The essential oil was collected, dried under anhydrous sodium sulfate and stored at 4°C until analyzed. Extraction yield was calculated according to the following equation:

Extraction yield % = ! " # ! × 100 (1)

Conventional SFME apparatus and procedure

To facilitate rigorous comparisons, the same microwave equipment and the same operating conditions have been used for the conventional SFME process (Lucchesi et al., 2004 a), but with using the single-walled reactor. The essential oil was collected, dried under anhydrous sodium sulfate and stored at 4°C until analyzed. The extraction yield was calculated according to Eq. (1).

Hydrodistillation apparatus and procedure

100 g of dried fennel seeds was submitted to hydrodistillation with a Clevenger-type apparatus according to the European Pharmacopoeia and extracted with 1 L of water during 180 min. This period was sufficient to isolate all quantities of essential oil from the sample.

The Wattmeter was placed in the electrical heater entrance monitored the input power consumptions. The thermocouple sensor was inserted directly into the reactor to measure the temperature continuously. The essential oil was collected, dried under anhydrous sodium sulphate and stored at 4°C until analyzed. The extraction yield was calculated according to Eq. (1).

All extractions experiments were performed in triplicated, and the mean values were given herein.

GC-FID and GC-MS analyses

The essential oils extracted by ESFME, conventional SFME and hydrodistillation methods were analyzed by a gas chromatography-flame ionization detection (GC-FID) and gas chromatography-mass spectrometry (GC-MS), respectively [START_REF] El Babili | Oregano: chemical analysis and evaluation of its antimalarial, antioxidant, and cytotoxic activities[END_REF].

Scanning electron micrographs

scanning electron microscope (SEM) (JEOL-JSM-6700F, UMS 3623 Centre de microcaracterisation Raimond Castaing Toulouse). Single Fennel seeds were fixed on aluminium support and sputter coated with platinum. Structural analyses were examined with the SEM, under standard vacuum conditions and secondary electron detector.

Statistical analysis

All extractions with ESFME, SFME, and hydrodistillation methods were expressed as mean ± SD of triplicate measurements. SDs did not exceed 5% for the majority of the values obtained.

The differences were considered statistically significant at p<0.05 level.

Results and discussions

Determination of optimal extraction time and power

In order to evaluate the optimal extraction time (it was until no more essential oil was obtained), different microwave irradiation powers of 300, 450, 600, 700 and 800 W were examined. Data presented in Fig. 2a showed the evolutions of the extraction yield obtained via different microwave irradiation powers as a function of the extraction time Fig. 2b showed the evolutions of microwave irradiations powers as a function of the total extraction time in the ESFME process, respectively. Results indicated that almost similar essential oil yields were found in different levels. At 600, 700 and 800 W power settings allow shorter extraction time of 30 min, but the power should not be too high to avoid the loss of volatile compounds.

So, the microwave irradiation power of 600 W for 100 g of fennel seeds was chosen as an optimum power for later experiments, because this power gave a complete extraction of fennel essential oil in only 30 min.

Comparison of extraction kinetics

As shown in Fig. 3 -The second part (BC or B'C') was followed by a second increasing line, the oil amounts extracted represented approximately 12% for ESFME and 17% for SFME of the global yield.

It is important to underline that this phase was very short in ESFME compared to SFME method. In fact, in the ESFME, the internal diffusion of the essential oil was involved by the thermal conduction of the water located into the interlayer of the reactor (as heat-transfer fluid). Therefore, the internal heating of the 'in situ' water was increased very quickly to extract the essential oil from fennel seeds.

- The yield profile described here was similar to those found by [START_REF] Bousbia | A new process for extraction of essential oil from Citrus peels: Microwave hydrodiffusion and gravity[END_REF], using

Microwave hydrodiffusion and gravity for extraction of essential oil from Citrus peels. 10 

Comparison of temperature profile of the extraction methods

Composition of essential oil

The molecular formula, retention indice, and relative percentage in fennel essential oils obtained by the ESFME, conventional SFME and hydrodistillation methods at the optimal conditions, were summarized in [START_REF] Zoubiri | Chemical composition and larvicidal activity of Algerian Foeniculum vulgare seed essential oil[END_REF], Turkish [START_REF] Telci | Variation in plant properties and essential oil composition of sweet fennel (Foeniculum vulgare Mill.) fruits during stages of maturity[END_REF] and Indian [START_REF] Singh | Chemical constituents, antifungal and antioxidative potential of Foeniculum vulgare volatile oil and its acetone extract[END_REF] fennel essential oil.

Higher amounts of oxygenated monoterpene compounds (86.45% and 86.24% versus 81.8%) and conversely, lower amounts of monoterpenes hydrocarbons (13.54% and 13.76% versus 18.19%) were present in the fennel essential oils extracted by ESFME and SFME compared to hydrodistillation. Indeed, the monoterpenes hydrocarbons were less valuable than the oxygenated monoterpene compounds as they contributed to the fragrance of the essential oil to a slight extent. Contrariwise, oxygenated monoterpenes compounds were greatly odoriferous than the monoterpene hydrocarbons and consequently were the most valuable and desirable. In addition, the oxygenated monoterpenes presented in the essential oil interacted more vigorously with the microwave heating, because they have a higher dipolar moment, hence, they can be extracted more easily than monoterpene hydrocarbons that have lower dipolar moments [START_REF] Jiao | Microwave-assisted ionic liquids treatment followed by hydro-distillation for the efficient isolation of essential oil from Fructus forsythiae seed[END_REF].

The higher amount of oxygenated monoterpene compounds obtained by ESFME and SFME was probably due to the presence of water as an excellent absorber of microwave irradiations and their absence as solvent to limit or eliminate the hydrolyzation and oxidation effects, and other undesirable chemical reactions compared to the hydrodistillation that used a large quantity of water which was responsible for all problems cited previously (Luchessi et al., 2004).

Therefore, ESFME and SFME produced the better essential oils, concentrated in oxygenated monoterpenes from aromatic plant compared to the hydrodistillation method.

Microstructural changes after extractions

Scanning electron micrograph was employed in this work to study the physical changes of seeds induced by hydrodistillation, SFME and ESFME methods compared to the micrograph of the untreated fennel seed (Fig. 5a).

As shown in Fig. 5a, the external surface of the untreated seed was smooth. After extraction by hydrodistillation (3h), the seed became atrophic and appeared wrinkled with only a few ruptures (Fig. 5b), whereas after extraction by SFME (37 min) and ESFME (30 min only) (Fig. 5c andd), the huge perforation on the seed external surface was clearly observed, and appeared totally disrupted and empty from EO. The heat transfer in the hydrodistillation method, was mainly implemented by conduction and convection only, in contrast, in SFME and ESFME, a rapid decompression and the violent vaporization of the in situ water within the glands could have exceeded their capacity for expansion and caused their breakdown of the cell wall more speedily than in hydrodistillation method.

Proposed ESFME mechanism

Fig. 6 showed the mechanism of ESFME compared to SFME and hydrodistillation methods.

In conventional hydrodistillation, the temperature increased often slowly, depended on the thermal conductivity and on convection currents, where the heat transfer was occurring from the outside to the inside whilst mass transfer was occurring from the inside to the outside of the plant material.

Whereas, in both SFME and ESFME, the cell was subjected to severe thermal stress, the temperature increased much faster than the conventional heating, depending on the effects of microwave irradiations and the internal dielectric heating of the plant material with the action of the "in situ" water, where both the heat and mass transfers were in the same direction from the inside to the outside of the gland. In addition to the internal heat of the "in situ" water under the microwave heating and particularly during ESFME, the external heating was favored by the thermal conduction of the distilled water as the heat-transfer fluid contained into the interlayer of the double walled reactor, as additional ways of heating resulted a rapid increase in temperature. As a result of internal superheating which leaded to the severe vaporization of the "in situ" water and localized a high pressure gradient inside the gland, a dramatic expansion and a rapid rupture of the cell walls were occurring. Finally, the essential oils were migrated quickly from the inside of the plant to the surrounding.

In fact, this external heat transfer occurred by: the rotation of dipole and the ionic conduction phenomena [START_REF] Thuéry | Microwaves and matter[END_REF] through reversals of dipoles and rotation of charged ions due to the alignment on the electric field of the water molecule [START_REF] Kaufmann | Recent Extraction Techniques for Natural Products: Microwave-assisted Extraction and Pressurised Solvent Extraction[END_REF] as heat-transfer fluid located in the double walled reactor possessing a dipole moment. In the normal state, the molecules of the water were oriented randomly, however, when the microwave irradiation was applied, the orientation of dipole varied with the alternative electromagnetic field. Thus, the heat was produced very quickly with the rotation of the water molecule under the microwave irradiation, which was distributed in all liquid by convection, and consequently, the plant material was heated by conduction effect of the water located in the interlayer of the double wall microwave reactor.

According to the study of Solyom et al (2011), the energy emitted by the microwave oven (Eemitted [kJ/ ml]) was the sum of energy absorbed and energy losses. The absorbed energy was significantly different in ESFME and SFME process. Indeed, it was higher in the case of ESFME than SFME, which considered as a positive point for ESFME than SFME, because the microwave irradiations (or energy emitted) were absorbed by the water and by the plant internal water in the double wall reactor, whereas in the conventional reactor (SFME) the microwave irradiations (or energy emitted) were adsorbed only by the internal water of the plant. In addition, the efficiency ηmw was calculated for both processes as the ratio of absorbed energy to emitted one by the microwave oven as the following equation: (2) Thus, the efficiency ηmw was higher in ESFME than SFME. So, the excess of consumed energy (absorbed energy) stored it as heat reduced the energy losses and increased both the heat and mass transfers, which justified the reduction of the extraction time in ESFME than in SFME (30 min versus 37 min).

To the best of our knowledge, this is the first time that the mechanism of ESFME using the double wall microwave reactor has been proposed.

Cost, energy and environmental ecology

The reduced cost of extraction for the ESFME was clearly beneficial in terms of time, energy and environmental impacts. The ESFME procedure required an extraction time of 30 min versus 37 min for SFME and 180 min for hydrodistillation. The energy required to perform all extraction methods (energy emitted from the microwave oven and electrical heater) were, respectively, 0.56 kWh for ESFME, 0.59 kWh for SFME, and 3 kWh for hydrodistillation.

The Wattmeter placed at the microwave generator entrance and the electrical heater power supply determined their power consumptions. Regarding environmental impact, the calculated quantity of carbon dioxide emitted into the atmosphere was lower in the case of the ESFME (448 g CO2 per gram of essential oil) than for the SFME (472 g CO2 per gram of essential oil)

and hydrodistillation (2400 g CO2 per gram of essential oil). These calculations have been made according to the literature, to obtain 1 kWh from fuel; 800 g of CO2 will be emitted into the atmosphere [START_REF] Chemat | Microwave-assisted extraction for bioactive compound: Theory and practice[END_REF]. ESFME was proposed as a quick and a clean process for the extraction of volatile compounds from medicinal and aromatic plant.

Conclusion

This is the first report that a double-walled microwave reactor was proposed to improve and speed up the SFME process. 

  the evolutions of the extraction yield, as a function of the extraction time. The experiments were performed at atmospheric pressure and optimal operating conditions (600 W). An extraction time of 30 min with ESFME provided yield comparable to those obtained after 37 min with conventional SFME and 180 min with hydrodistillation. Consequently, the main advantage of the ESFME process was its rapidity. The overall yield of essential oils obtained from fennel seeds was 0.48% by the ESFME and 0.46% by both conventional SFME and hydrodistillation methods. These yields were high in comparison with the yield of fennel essential oil obtained by Patel et al (2012) (0.4%) by improved microwave assisted extraction. From Fig. 3, three distinctive phases can be observed in the kinetic extractions for both ESFME and SFME methods. -The first part (AB or A'B') was represented by an increasing line, due to the facility of extraction of the first quantities, located at the surface of the plant cells, representing approximately 88% of the total yield obtained by ESFME and 83% of the total yield obtained by SFME method.

  The third part (CD or C'D') was represented by the horizontal line which marked the end of the extraction.The profile of the conventional hydrodistillation method (Fig.3) represented also three distinctive phases, which were not similar to those obtained with the ESFME and SFME. The first step represented 83% of the yield obtained for 150 min. The end of the extraction reached after 180 min. Therefore, the processing time of hydrodistillation was longer than the ESFME and the conventional SFME methods, because the mass transfer was in the opposite direction with the heat transfer, unlike the ESFME and SFME methods, the process acceleration and high extraction yield due to the synergistic combination of both transfer phenomena: mass and heat gradients working in the same direction[START_REF] Berka-Zougali | Comparative Study of Essential Oils Extracted from Algerian Myrtus communis L. Leaves Using Microwaves and Hydrodistillation[END_REF].

Fig. 4

 4 Fig.4showed the temperature profiles during ESME, SFME, and hydrodistillation methods.
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 456 Figure 4 Temperature profiles as a function of time during ESFME (600 W) (◇), SFME (600 W)

  The microwave heating was used in combination with thermal conduction and dry distillation to devise the ESFME more rapid and efficient approach for the extraction of essential oil from Foeniculum vulgare Mill. seeds. This enhanced method offered numerous advantages over the conventional SFME and hydrodistillation methods, especially; short extraction time (30 min versus 37 min for conventional SFME and 180 min for hydrodistillation), less energy consumption and lower cost. SEM images of fennel seeds indicated that like SFME, ESFME also caused a fast rupture of essential oil glands compared to hydrodistillation, resulting in a shorter extraction method. The ESFME developed in our study offered net advantages in terms of yield, selectivity, with better extraction time and essential oil composition, making ESFME as safe, cheap, simple, and promising tool for the efficient extraction of essential oil from aromatic plants.

Table 1

 1 Chemical composition of fennel essential oils obtained by HD, SFME, and ESFME methods. SFME: solvent free microwave assisted extraction; ESFME: enhanced solvent free microwave assisted extraction; Retention indices relative to C5-C24 n-alkanes on the nonpolar DB-5MS capillary column; "-": not detected (<0.01%).

	N°	Compounds	Retention indices	HD	SFME	ESFME
			(RI)	(% Area)	(% Area)	(% Area)
	1	α-pinene	934	0.80	0.17	0.27
	2	α-fenchene	948	0.10	-	-
	3	3-methylnonane	971	0.20	-	0.13
	4	β-pinene	990	0.23	-	0.13
	5	eucalyptol	1029	4.32	2.12	2.95
	6	α-terpinolene	1082	14.75	11.42	10.90
	7	camphor	1135	0.18	0.17	0.14
	8	γ-terpinene	1182	2.11	2.17	2.11
	9	carvone	1242	0.25	0.32	0.29
	10	cis-Anethole	1264	77.05	83.63	83.07
		Total		99.99	100.00	99.99
		Monoterpene hydrocarbons	18.19	13.76	13.54
		Monoterpene Oxygenated	81.80	86.24	86.45
	HD: hydrodistillation;