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The seeds of coriander (Coriandrum sativum) are rich in vegetal oil (VO) and in essential oil (EO), which have both an interesting potential for the food, pharmaceutical and cosmetic industries. The review of the literature shows that most of the research works related to the extraction of coriander seeds are aimed at extracting either the VO or the EO. The aim of this work is to develop a process that can extract selectively the VO and EO in a consecutive way by tuning experimental conditions. A 4-step process has been set up: (i) seeds preparation by grinding and sieving, (ii) extraction by supercritical CO 2 (SC CO 2 ) and (iii; iv) selective separation in two separators with different pressure level. The first part of this study consisted in studying the effects of the operating conditions (T, P, CO 2 density, flow rate and particle size distribution of ground seeds) on the yield of extraction. The results showed that the global performance of the process depended mainly on the pressure level, on the CO 2 flow rate and on the size of ground seeds. An optimization of the parameters gave an extraction efficiency of 90 %. The second part of this study dealt with the effects of operating conditions on the quality of extracts, and more precisely on their composition in VO and EO. It was observed that the supercritical extraction had no major effect on the fatty acid composition of the VO compared to classical extraction procedures, while EO is enriched in components such as linalol and that a previous drying of the seeds is deleterious. Finally, we proposed a protocol in order to extract separately VO and EO by tuning CO 2 density and separation conditions

INTRODUCTION

Coriander (Coriandrum sativum) is an annual Apiaceae (Umbelliferae) herb, which is widely used in food, pharmaceutical and cosmetic industries [1][2][3]. Coriander fruits contain vegetal oil (VO) with a high concentration of the monounsaturated fatty acid, especially petroselinic acid. This fatty acid can be oxidatively cleaved to produce a mixture of lauric acid, a compound useful in the production of detergents, and adipic acid, a C6 dicarboxylic acid which can be utilized in the synthesis of nylon polymer [4][5][6][7]. Moreover, the essential oil of coriander has been shown to have antibacterial, antioxidant, antidiabetic, anticancerous and antimutagenic activities [8][9][10][11][12][13][14][15][16]. There are three major extraction techniques used to obtain VO and EO from coriander seeds which are steam distillation, organic solvent extraction (soxhlet), and supercritical extraction. Each technique has its benefits and drawbacks as far as operating cost, capital cost, yield and quality of the extracts are concerned. Steam distillation is by far the most widely practiced and cheapest way of extraction, but it is limited to essential oil production only, and can sometimes cause chemical changes to the extract, by oxidation of some compounds. Organic solvent extraction is intermediate in capital and operating cost, and can be used for producing VO and EO from herbs. However, concerns over the solvent residues in the oleoresin products, new regulations concerning the limits of volatile organic solvent emissions in the air, and the extent of further refining that is required after the extraction step begin to limit the use of this technology. Supercritical extraction is the most recent technology that is assuming increasing importance in the production of EO, VO, and a range of other substances from natural products. This technique has the highest capital cost of the three techniques, and moderate operating costs. However, neither solvent residues remain in the product after extraction, nor there are any chemical changes due to the processing technique, which gives extract of outstanding quality [17][START_REF] Monfort | Les applications des fluides supercritiques[END_REF][START_REF] Mira | [END_REF][20]. The review of literature shows that most of the research works related to the extraction of coriander seeds are aimed at extracting either of the VO or the EO. The aim of this work is to develop a process using supercritical carbon dioxide, which is able to extract selectively the VO and EO in a consecutive way by tuning experimental conditions.

MATERIALS AND METHODS

Raw material

Coriander that was used during this research came from Canada. It was provided by the laboratory of General Herbalism, Marseille, France. The coriander seeds are kept in a refrigerator at 4°C before use. Their mass content of VO and EO, respectively determined by Soxhlet and steam distillation are 20.8% of VO and 0.4% of EO.

Particle size reduction

To study the effect of particle size on extraction yield, coriander seeds are first crushed. The grinding is performed using a grinder type IKA M20. The particle diameter after size reduction was estimated by using sieves (200 µm, 400 µm, 630 µm, 800 µm and 1 mm) to separate a known initial sample mass into weight fractions according to their corresponding particle size range.

Supercritical carbon dioxide extraction

Extraction experiments on coriander seeds were carried out on the pilot scale extraction apparatus (Separex, France) shown schematically in Figure 1. The pilot scale tests were performed by flowing carbon dioxide at the required temperature and pressure through a bed of ground coriander fraction contained in the extractor. The pressure in the extractor was controlled by a backpressure regulator and temperature was regulated by an electrical device. The carbon dioxide and dissolved solute was then depressurized causing precipitation of VO into the first cyclonic separator S1 which was held at a pressure of 70 bar and a temperature of 30°C. Then carbon dioxide flowed through a needle valve causing precipitation of the remaining EO and water into the second cyclonic separator S2. This last vessel was maintained at a pressure of 40 bar and a temperature of 10° C. Samples of extract were withdrawn at regular intervals (15 min) from the separation vessels to give the time course of the extraction of oils 

Characterization of the extract : Gas Chromatography

Fatty acid composition of Vegetal Oil

The fatty acid composition of the coriander VO was determined by analysis of their methyl esters obtained by transesterification. These esters were analyzed using a gas chromatograph type Varian CP-select CB 3900 equipped with a silica capillary column (50 m x 0.25 mm x 0.25 m). Temperature was held at 185 °C for 4 min, raised to 250 °C at 15 °C/min. The injection and the detector temperature was 250 °C. The carrier gas was H 2 (1.2 ml/min). The device was equipped with a FID detector, which gave the chromatogram for each sample. The identification of fatty acids was made by comparing their retention times with those of standard samples.

Composition of Essential Oil

The separation of volatile components of the coriander EO was performed using a gas chromatograph capillary type HP 5890 series II, equipped with a DB-5MS column (30 m x 0.25 mm x 0.25 m), a detector of flame ionization (FID) and injector EPC (Electronic Pressure Control). The tests were conducted according to the following conditions. The column was held at 40 °C for 5 min and then increased at 5 °C / min up to 280 ° C over 53 min. The solvent was dichloromethane and the flow through the column was 1.3 ml/min. The FID detector was held at 300 °C. The head pressure of the column was 1.034 bar and the amount injected was 0.5 l. The identification of different constituents of EO is made by calculating the retention index (RI) and Kovats index (KI) and comparing them with those of the literature.

RESULTS

Our process consists in four steps, which are respectively grinding, sieving, extraction and fractionation. Indeed, coriander seeds are first ground. Then the particle size distribution was measured by sieving and the fractions collected. The mass of ground and sieved coriander seeds used in each experiment was approximately 50 g. After the extraction step, a yellow vegetal oil, slightly viscous was recovered in separator 1 (70 bar and 30°C) and a fragrant essential oil is collected in separator 2 (40 bar and 10°C). Samples of extract were removed at regular intervals (each 15 min) from the separation vessels in order to follow the kinetics of extraction. The experiment was stopped once the amount extracted remained constant and a plateau was reached on the extraction curve. Different operating conditions were used to study the influence of the pressure, the temperature, the density and the flow rate of CO 2 and the mean particle size of ground seeds to be processed on the yield and the composition of the extract (Table 1 andTable 2). The VO and the EO obtained were also compared with those obtained respectively by Soxhlet and steam distillation using the same particle size fraction (Table 2). 

Effect of the operating conditions on extraction yield

The results are analysed according to:

 The Extraction Rate (ER) that is the total mass of extract recovered at time t from 100 g of coriander. It is expressed in % (g of extract / 100 g coriander)  The Extraction Yield (EY) that is the percentage of oil extracted from the total quantity of oil contained in the seeds of coriander

2.1.1-Influence of pressure

The influence of two different pressures (100 and 210 bar) on the yield of extraction was studied at 35°C, a mean particle size of ground seeds of 0.5 mm and a supercritical fluid flow rate of 1 kg/h (Table 1 and figure 2). Analysis of the extraction curves (Figure 2) shows that the increase of pressure enhances the kinetics and greatly reduces the extraction time while increasing the extraction efficiency. Indeed, as the pressure increases from 100 to 210 bar, the extraction yield rises from 23% to 85% and the time needed to achieve the extraction decreases from more than 300 min to 200 min. These effects could be attributed to the increase of the CO 2 density, which improves its solvent power and then the solubility of the solute. The effect of pressure on extraction has been observed by several research teams who have worked on the extraction of oil seeds by supercritical CO 2 [8][9][10][11][12][13][14][15]. In addition, to go further in the enhancement of the extraction kinetics, diffusivities of the solute transferred into the supercritical fluid were evaluated using the mathematical model of Owen and al [7]. Indeed, the values of diffusivities at a pressure of 100 bar and 210 bar were respectively 0.5 x 10 -13 m 2 /s and 1.06 x 10 -13 m 2 /s. When the pressure increases from 100 bar to 210 bar, the amount of extracted EO remains the same while the amount of HV extracted increases significantly. Data from the literature [4] show that for a solvent density less than 500 kg / m3, only EO can be extracted while a higher density is required to extract the VO. The extraction of EO can then be performed at a moderate enough pressure of 100 bar while the VO extraction requires higher pressures. 

Influence of temperature

The influence of the temperature was studied using the following extraction conditions of pressure, flow rate, and particle size: 210 bar, 1 kg/h and 0.3 mm (Table 1 and figure 4) The temperature did not have a significant effect on the extraction rate. At 35°C, the extraction yield was 88% and at 55°C it was 91%. This limited or even lacking effect of the temperature could be explained by two opposite phenomena that occur simultaneously. Indeed, the increase of temperature induces a drop of the solvent density and of the solvent power, so the rate of extraction decreases. In the same time, the rise in temperature induces an increase of the solute vapour pressure and therefore its solubility in the supercritical fluid, so the extraction efficiency increases. These two opposite effects are competing. It has been often observed that the effect of vapour pressure prevails and the result is a positive effect on the extraction rate [START_REF] Brunner | Gaz Extraction[END_REF]. In our case, the balance of both effects appears without significant impact.

Influence of density of CO 2

The study of the effect of pressure and temperature on the extraction led to study the influence of solvent density on the extraction yield. 5 extraction tests were performed for 5 different values of density and under the same conditions of particle size (0.3 mm) and flow of CO 2 (1 kg/h) (Table 1 and Figure 5). The extraction yield drastically increases with density, that is from 9% for a density of 400 kg / m 3 to 90% for a density value of about 800 kg / m 3 . This increase was due to the enlargement of the solvent power of the carbon dioxide with its density. However, increasing the density above 800 kg / m 3 improves the extraction efficiency Reducing the particle size from 0.9 mm to 0.5 mm improves the extraction yield from 23% to 90%. This can be attributed to the increase of the contacting area and to the decrease of the transfer resistance. The diffusivity is estimated to be 1.08 x 10 -13 m 2 / s for particle size of 0.3 mm while the one for a diameter of 0.9 mm is smaller and equal to 0.1 x 10 -13 m 2 / s

Influence of the particle size

Influence of flow rate

To study the effect of solvent flow rate on extraction efficiency, three extraction tests were performed under the same operating conditions with three different flow rates of CO 2 which are respectively 1 kg / h, 1.5 kg / h and 2 kg / h. (Table 1 and figure 7) Increasing the flow of CO 2 accelerates the kinetics of extraction. Indeed, the time required to reach the plateau decreased from 160 minutes for 1 kg / h to 80 minutes for 2 kg / h. However, the extraction yield decreases from 90% to 61% when the flow of CO 2 increases to 2 kg / h. This result may be explained by the reduction of the contact time between the carbon dioxide and the bed of coriander during the extraction step.

Effect of the operating conditions on the composition of VO and EO

Vegetal oil of coriander

Different samples of VO are analyzed by GC and their fatty acid composition is shown in Table 2.

Table 2. Fatty acid composition of different samples of vegetal oil

The VO of coriander is very rich in unsaturated fatty acid: about 95% are unsaturated, 80% are monounsaturated and 15% are polyunsaturated. The major fatty acid is petroselinic acid (>70%). These values are similar to the results found by Msaada and Holmes [5,6].Comparison between the composition of the VO obtained by organic solvent extraction (Soxhlet) and that obtained by supercritical CO 2 shows that both fatty acid profiles are similar. However, we note that 10 fatty acids have been identified from VO obtained by supercritical CO 2 , while only 9 have been identified from the VO extracted by Soxhlet, which does not contain arachidic acid but it is richer in gadoleic acid (0.10%) than the VO extracted by supercritical extraction (0.39%). We note also that operating conditions (T; P, Q and d) have no major effect on the fatty acid composition of VO.

Essential oil of coriander

The composition of the EO obtained after the supercritical extraction and the one obtained by steam distillation were determined. The EO extracted from seeds of coriander, which were previously dried at 70 °C and 600 mbar for 24 h was also analyzed.

Results show that EO extracted by supercritical CO 2 contains 29 compounds, whereas 35 compounds were identified in the case of extraction by steam distillation. This could be attributed to hydrolysis and / or oxidation of certain compounds of the EO during the extraction by steam distillation. We note also that EO extracted by supercritical CO 2 is richer in linalool and in limonene (66% and 3%) than that obtained by hydrodistillation (57% and 0.02%). Drying coriander seeds before extraction affects the quality of the EO. Indeed, only 16 compounds were identified after drying. This could be explained by the evaporation of some of the volatile compounds during drying.

CONCLUSION

Coriander seeds were extracted using supercritical carbon dioxide to obtain selectively vegetal oil and essential oil. A process in 4 steps has been set up. A range of pressure, temperature, particle diameters and flow rates were used to study the effect of operating conditions on the yield extraction and the composition of the extract. The results showed that pressure, particle size and flow rate have a significant effect on the extraction yield and they have no major effect on the composition of VO and EO. The VO obtained is rich in petroselinic acid, while linalool is the major compound of the EO. 210 bar and 35 ° C as extraction conditions together with a superctitical fluid flow rate of 1 kg/h and a mean size of 0.5 mm for the ground seeds were the best conditions tested to extract vegetal oil of good quality and to maximize the extraction yield (90%). In addition, 100 bar in the extractor are enough to extract selectively essential oil.

  Nomenclature t = time (s) P = Pressure (bar) T = temperature (° C) M = Mass of extract (g) d = diameter (m) ℓ = Density (kg / m³) Q = Flow rate of CO ₂ (kg / h) D = diffusion coefficient (m² / s) EY = Extraction Yield (%) SC = SuperCritical SCFE = SuperCritical Fluid Extraction VO = Vegetal Oil EO = Essential Oil FA = Fatty Acid SFA = Saturated Fatty Acid MUFA = MonoUnsaturated Fatty Acid PUFA = PolyUnsaturated Fatty Acid ER = Extraction Rate (%)
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 1 Figure 1. Schematic of pilot scale extraction apparatus. 1-CO 2 cylinder; 2-condenser; 3-CO 2 pump; 4-co-solvent pump; 5-refrigerator tank; 6-refrigerator pump; 7-heaters; 8-mass flowmeter; 9-extractor; 10-heating baths; 11-pumps of heating systems; 12-recirculation pump; 13-separators (S1 and S2); 14-filter; Pr-pressostat; PT-pressure transmitter, TT-temperature transmitter.

Figure 2 .

 2 Figure 2. Effect of pressure on the extraction rate versus time for T=35°C, Q=1kg/h and d=0.5mm

  To confirm this observation, an extraction test in two steps was performed in order to extract first the EO and second the VO at two different pressures (80 bar and 210 bars) and thus at two different densities (Figure 3): -First Step: 80 bar and 35 ° C, which corresponds to a CO 2 density of 419.9 kg/m 3 -Second Step: 210 bar and 35 ° C, which corresponds to a density of 873.67 kg/m 3

Figure 3 .

 3 Figure 3. Effect of pressure on the selectivity of extraction in two steps Figure 3 shows that during the first extraction step (80 bar), only the EO was recovered while in the second stage (210 bar) only VO was recovered. These results confirm those of literature, the previous comments about the effect of pressure and density of CO 2 on the selectivity of the extraction of EO and HV. We can conclude that the extraction in two steps allows to extract selectively the VO and the EO from coriander seeds.

Figure 4 .

 4 Figure 4. Effect of temperature on the extraction rate for P=210 bar, Q=1kg/h and d=0.3mm

Figure 5 .

 5 Figure 5. Effect of the density of CO₂ on the extraction yield for Q=1kg/h and = 0.3mm

Figure 6 .

 6 Figure 6. Effect of the particle size on the extraction rate for P=210 bar,T=35°C & Q=1kg/h

Figure 7 .

 7 Figure 7. Effect of the flow rate on the extraction yield versus time for 210 bar, 35°C and 0.3 mm
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 1 Supercritical fluid extraction experiments : operating conditions used
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