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I. Introduction

Glucosinolates (GSL), β-thioglucoside-N-hydroxysulfates (or 1-thio-β-D-glucopyranoside), are secondary metabolites produced by cruciferous plant. They are accumulated in high concentration in many especies belonging to Brassicaceae family [START_REF] Fahey | The chemical diversity and distribution of glucosinolates and isothiocyanates among plants[END_REF]. The literature review show that more than 120 different GSL have been identified in many plants such as mustard, cabbage, cauliflower, broccoli, radish etc. It was shown that composition and concentration of GSL vary from one specie to another and within one single variety according to plant environment, crop conditions, age and health [START_REF] Bennett | Screening crucifer seeds as sources of specific intact glucosinolates using ion-pair high-performance liquid chromatography negative ion electrospray mass spectrometry[END_REF][START_REF] Bhandari | Comparison of glucosinolate profiles in different tissues of nine brassica crops[END_REF].

GSL play an important role for plant protection. In fact, these compounds remain inactive unless interacting with an endogene enzyme called myrosinase (ß-thioglucosidase, E.C. 3.2.1.147) [START_REF] Bones | The myrosinase-glucosinolate system, its organisation and biochemistry[END_REF][START_REF] Karcher | Capillary electrophoresis of glucosinolates and their degradation products[END_REF] to produce glucose and breakdown products, including isothiocyanates.

These products of hydrolysis are highly reactive and possess fungicidal, bactericidal and insecticidal properties [START_REF] Fahey | The chemical diversity and distribution of glucosinolates and isothiocyanates among plants[END_REF][START_REF] Grubb | Glucosinolate metabolism and its control[END_REF][START_REF] Holst | A critical review of the bioavailability of glucosinolates and related compounds[END_REF][START_REF] Guerrero-Diaz | Evaluation of repeated biodisinfestation using Brassica carinata pellets to control Meloidogyne incognita in protected pepper crops[END_REF][START_REF] Sotelo | In vitro activity of Glucosinolates and their degradation products against Brassica-pathogenic bacteria and fungi[END_REF]. Thus the GSL-myrosinase system presents formidable defense properties against external aggressions. Toxicological aspect of GSL makes them a great natural pesticide and biofumigation agent [START_REF] Sarwar | Biofumigation potential of brassicas[END_REF][START_REF] Holst | A critical review of the bioavailability of glucosinolates and related compounds[END_REF] instead of chemical crop protection products [START_REF] Bohinc | Glucosinolates in plant protection strategies: A review[END_REF].

Mustard is one of plants rich in GSL. In fact, mustard seeds are rich in GSL but also in oil and proteins. Nowadays, they are used as a spice to prepare a yellow condiment known as prepared mustard. However, producers are looking for new ways for seeds valorization according to the biorefinery concept; this concept aiming valorization of all plant compounds to value added products, biofuels and chemicals [START_REF] Cherubini | The biorefinery concept: Using biomass instead of oil for producing energy and chemicals[END_REF]. Biorefinery concept is applicable for mustard seeds because of their high oil, proteins and GSL content. Indeed, oil contained in mustards seeds is rich by erucic acid, which is suitable to manufacture many chemical products (paint, surfactants, petrochemical).

Proteins are highly sought as animal feed, and the GSL may be valorized as natural phytosanitary product while they are traditionally eliminated for "canola" crops. Although the extraction of edible oils and proteins is well known and has been intensively studied in the literature, the extraction of GSL was little studied and the literature lacks data in this field.

In fact, an international standard method (ISO 9167-1) has intended in 1992 for glucosinolates extraction from B. napus involving double extraction with boiling aqueous methanol (70% v/v, 75°C). Wathelet and co-workers (2004) modified this protocol proposing one single extraction in the same conditions. [START_REF] Tsao | Direct and Simultaneous Analysis of Sinigrin and Allyl Isothiocyanate in Mustard Samples by High-Performance Liquid Chromatography[END_REF] compared five techniques for extraction sinigrin from brown mustard (B. juncea). They showed that using boiling 50% (v/v) aqueous acetonitrile solution and followed reflux was the most efficient method for GSL recovery. Other solvents such as aqueous methanol, boiling water, phosphate buffer, phosphoric acid and methanol/water solution have been investigated (Clarke, 2010, Cools and[START_REF] Cools | Comparative study between extraction techniques and column separation for the quantification of sinigrin and total isothiocyanates in mustard seed[END_REF]. Basically, the ISO protocol with aqueous methanol as a solvent is commonly used for glucosinolates recovery from seeds giving high extraction yield. However, obtained meal has restrictions for animal feeding due to its toxic and carcinogen aspects related to methanol extraction.

Currently, public authorities, scientists and industrials are more aware of the need to reduce chemicals and preserve the environment. In this context, some innovative green technologies, including pulsed electric field, high voltage electric discharges (HVED), ultrasounds, sub and supercritical fluids, have been tested to replace traditional processes using organic solvents. It was shown that emerging technologies may be very useful for the production of high added value molecules and products from agricultural materials [START_REF] Galanakis | Emerging technologies for the production of nutraceuticals from agricultural by-products: A viewpoint of opportunities and challenges[END_REF]. For example, HVED technology consists in creating a highly inhomogeneous electric field (U>20 kV) between two needle-plane or needle -needle electrodes, which leads to the generation of electric arcs and dielectric breakdown in water [START_REF] Adda | High-Voltage Electrical Discharge Assisted Extraction of Phenolic Compounds from Grape Seeds[END_REF].

These phenomena can be accompanied by bubbles cavitation, high pressure shock waves causing particles destruction and very intensive mixing of extract [START_REF] Adda | Vapor bubble and streamer initiation in water under long duration impulses[END_REF]. Efficiency of HVED has been previously showed for the extraction of antioxidants from grape marcs [START_REF] Boussetta | Extraction of soluble matter from grape pomace by high voltage electrical discharges for polyphenol recovery: Effect of sulphur dioxide and thermal treatments[END_REF], pectins, glucides and polyphenols from papaya [START_REF] Parniakov | Impact of pulsed electric fields and high voltage electrical discharges on extraction of high-added value compounds from papaya peels[END_REF], pectins from sugar beets [START_REF] Almohammed | Pectin recovery from sugar beet pulp enhanced by high-voltage electrical discharges[END_REF], and various solutes from soya, potato, tea leaves, fennel and oilseeds [START_REF] Vorobiev | Enhanced extraction from solid foods and biosuspensions by pulsed electrical energy[END_REF]. Barba et al. (2015a,b) compared the impact of different physical pretreatments (PEF, HVED and ultrasounds) on the extraction of biomolecules (proteins, phenolic compounds, glucosinolates) from fermented grape pomace and blackberries: highest proteins and polyphenols yields were obtained meaning HVED treatment for both tested raw materials. Concerning GSL, it was demonstrated that the myrosinase should be inactivated before processing to avoid the enzymatic hydrolysis of GSL during the treatment [START_REF] Deng | The Effects of Conventional and Non-conventional Processing on Glucosinolates and Its Derived Forms, Isothiocyanates: Extraction, Degradation, and Applications[END_REF]. 

II. Material and Methods

II.1. Raw material

Brown mustard seeds (B. juncea) of the variety Etamine were provided by Chambre d'Agriculture Côte d'Or (Bretenière, France).

II.2. Chemicals

Sinigrin monohydrate was purchased from Sigma Aldrich (Saint-Quentin Fallavier, France).

Glucotropeoalin was provided by Terres Inovia (Ardon laboratory, France). Acetonitrile, ethanol, tetraheptylammonium bromide, sodium phosphate monobasic anhydrous were obtained from Fischer Scientific (Illkirch, France). Bradford reagent was provided by VWR (Strasbourg, France).

II.3. Valorization of mustard seeds

Figure 1 presents the global process diagram applied in this study for the valorization of mustard seeds. First of all, seeds were thermally treated to inactivate the myrosinase, flaked and pressed to extract intracellular oil. The obtained press cake was subjected to grinding or HVED pretreatment before GSL extraction. The impact of temperature, liquid/solid ratio and the composition of solvent on the extraction of GSL were studied. GSL extraction without pretreatment was done as control for the comparison. The details are described below.

II.3.1. Myrosinase inactivation

Myrosinase contained in the seeds was first inactivated to prevent the hydrolysis of glucosinolates during the subsequent steps of flacking, expression and extraction. The inactivation was performed by dipping a sealed bottle containing the seeds in hot bath-water (Julabo SW22) at 90°C during 70 min.

Analysis showed that this thermal treatment allowed almost total inactivation (97%) of myrosinase without affecting the content and the quality of proteins, oil and GSL.

II.3.2. Flaking

Before pressing, the seeds were flaked to facilitate oil extraction. The operation was achieved in two consecutive steps using a rotating cylinder « Trilabo » 100 x 200 SH grinder (Grenier-Charvet, France). Pressures of 10 and 15 bars were applied for the first and second step respectively.

II.3.3. Oil extraction

Oil extraction was performed by mechanical expression using a laboratory hydraulic press (Creusot-Loire, France) (Figure 2) equipped with a hydraulic central and a double jacket heat exchanger for pressure and temperature regulation respectively. Briefly, 300 g of treated flaked seeds were pressed twice (80 min and 60 min) in a consecutive way at P = 100 bars and T = 80°C. The mass of the recovered oil was continuously monitored using electronic balance (Mettler Toledo, US). The obtained press-cake was then used for GSL extraction with and without pretreatments.

Oil extraction yield Yoil was determined using Eq. 1:

(%)

t oil i m Y m = (Eq. 1)
With mt the mass of recovered oil during time and mi the initial mass of oil contained in the seeds.

The maximum extraction yield for an infinite time was determined using the linearized form of Peleg [START_REF] Peleg | An Empirical Model for the Description of Moisture Sorption Curves[END_REF] The press cake was grinded using a coffee grinder (MCG2013B-18, Mandine) for 30s to obtain a fine powder. The average diameter of the power particles, estimated using a laboratory Mastersizer 2000 instrument (Malvern instruments, UK), was 232.4 µm. The specific energy of the grinding was calculated using Eq (3):

gr gr gr P t E m × = (Eq. 3)
With Pgr is the power of the grinder (0.15 kW), t is the grinding time and mgr is the mass of the grinded material.

II.3.4.2. HVED assisted extraction

The experimental device is made up of a high-voltage pulse generator (Basis, Saint-Quentin, France) of 40kV-10kA connected to a batch cylindrical chamber of one liter. The pulse voltage was fixed to U = 40 kV and the pulses frequency was 1Hz. The duration and the energy of one pulse was 10 µs and 160 J/pulse respectively. The used treatment chamber was equipped with a stainless steel cylindrical needle (diameter = 10 mm) and a grounded plate electrode (diameter = 35 mm). The distance between the electrodes was fixed at 5 mm during all experiments. Briefly, the defatted meal was introduced with water in 5-fold excess in the treatment chamber for the HVED treatment. The number of pulses n was varied from 0 (control sample) to 500. The temperature of the suspension was controlled after each treatment.

The specific energy input EHVED (kJ/kg) of HVED pretreatment was calculated using Eq. 4:

p HVED n E E m × = (Eq. 4)
Where n is the number of pulses, Ep (kJ) stands for the energy of one pulse supplied by the electrical generator and m is the mass of the mixture (water+meal) (g). GSL and proteins content were measured directly after the treatment.

II.3.5. GSL extraction

Glucosinolates extraction from untreated and pretreated (by grinding or HVED) meal was performed in a 500 mL glass flask under controlled stirring and temperature meaning heat plate magnetic stirrer IKA. Briefly, the solvent (water, ethanol or mixture of both) was first heated at the desired temperature before adding the sample. The extraction was achieved at 500 rpm for 30 min. A volume of 2 mL of liquid was taken every 2 min for analysis (GSL and proteins content), and 2 ml of pure solvent was added to keep the liquid-solid ratio constant during extraction. After extraction and cooling to room temperature, the mixture was filtrated through qualitative filter paper of 5-13 µm (VWR, France). The recovered meal was dried in oven at 75°C for 8h for determination of its protein and GSL content. The impacts of the solvent composition (water/ethanol v/v), temperature (from 20 to 60°C) and liquid-solid ratio (w/w, from 5 to 20) were studied to found the optimal operation conditions allowing selective extraction of GSL. Extraction yield of GSL, YGSL (defined for both sinigrin, YSIN and gluconapin, YGNA), extraction yield of proteins (Ypr), extraction selectivity SGSL (defined for both sinigrin SSIN and gluconapin, SGNA) as purity towards proteins, and total energy consumption (Et) were calculated using Eq. ( 5) -(8): 0 (%) 100
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Where Epr is the specific energy (kJ/kg) consumption due to grinding or HVED pretreaments and Eex is the specific energy (kJ/kg) consumption due to solvent heating during extraction. These parameters were estimated with a watt-meter connected to the heating stirring plate. CGSL is the actual concentration of GSL (sinigrin CSIN and gluconapin CGNA) in solution (µmol/g DM), CGSL0 is the total concentration of extractable GSL from meal, mpr is the actual mass of proteins in solution, mpr0 is the mass of extractable proteins from meal and m is the mass of the mixture (solvent+meal) (g).

To describe the effective diffusivity of glucosinolates, the normalized GSL content B was calculated as follows:

GSL GSL C B C ∞ = (Eq. 9)
Where GSL C ∞ is the concentration of GSL (sinigrin, CSIN or gluconapin, CGNA) at t = ∞ . The value can be estimated from Peleg equation from experimental data according to following equation:

1 1 1 GSL GSL t t C C B ∞ = + (Eq. 10)
Where B1 is a constant.

Assuming extraction medium as a well-stirred limited volume, an analytical solution of the diffusion equation was used to estimate respectively the sinigrin and gluconapin diffusion coefficient D (m²/s) according to the Crank equation [START_REF] Crank | The mathematics of diffusion[END_REF]:
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Where qn are the non-zero roots calculated from Eq. ( 11), t is the extraction time, r is the radius of the spherical particles, and α is the liquid-to-solid ratio. The values of qn (for α > 9) are q1 = 3.1416, q2 = 6.2832, q3 = 9.4248, q4 = 12.5664, q5 = 15.7080 and q6 = 18.8496 [START_REF] Crank | The mathematics of diffusion[END_REF].

II.4. Analysis

II.4.1. Moisture content

The moisture content of seeds and press-cake was determined by drying 5 g of product at 105°C to a constant weight using a moisture analyzer MA160 (Sartorius, Göttingen, Germany).

II.4.2. Oil content

Oil content in seeds and defatted cake was determined by hexane extraction according to international standard ISO 659:2009.

II.4.3. Protein content

The proteins content in the juice (mg/L) was determined using Bradford method [START_REF] Bradford | A rapid and sensitive method for the quantification of microgram quantities of protein utilizing the principle of protein dye binding[END_REF]. A volume of 100 µL of raw juice and 1 mL of Bradford Reagent were mixed. The resulting samples were kept 10 min at room temperature before analysis. The absorbance was then measured at wavelength λ = 595 nm by the UV/Vis UV-6300 PC spectrophometer (VWR, Strasbourg France). The standard calibration curve was constructed using aqueous bovine serum albumin solution (BSA) at different concentrations from 10 to 300 mg/L. Protein content in seeds, defatted cake and residual dry cake was determined using the Kjeldahl method (ISO 5983-2:2009).

II.4.4. GSL quantification

The GSL content was determined by reversed phase ion-pair liquid chromatography. HPLC experiments were performed on a Thermo Scientific Dionex Ultimate 3000 Series equipped with Diode Array Detectors (DAD-3000 RS and MWD-3000 RS). A C18 column (Prontosil 250 x 4,6 mm 5.0 µM) was used for the analysis. Mobile phase consisted in an acetonitrile-water solution (45%) with NaH2PO4 at 10 mM and THABr as counterion at 5 mM conditioned at pH 7.0. Analyses were performed with a mobile phase flow rate of 1.5 mL/min, UV wavelength of 229 nm, column temperature of 35°C. Briefly, 20 µL of the sample were injected in the chromatograph, the elution was carried out in isocratic mode. A standard calibration curve was constructed from solutions of standard sinigrin from 0.1 mM to 3.5 mM. Gluconapin content was determined by an internal method using glucotropaeolin as internal standard.

The GSL content in seeds, defatted cake and residual cake were estimated according to the procedure of Whatelet et al. (2004). GSL extraction is carried out by using a methanol-water solution (70:30) at 75°C from 200 mg of product powder.

II.5. Statistical analysis

All experiments were repeated at least three times. Averages of the data and their standard deviations were calculated and presented in figures as error bars. Differences at p < 0.05 were considered to be significant.

III. Results and discussion

III.1. Composition of mustard seeds

Mustard seeds were first analyzed and their composition is presented in Table 1. Results confirmed the richness of seeds in oil (≈34%), proteins (≈28%) and GSL (110 µmol/g DM). HPLC analysis showed that glucosinolates found in brown mustard seeds are sinigrin and gluconapin (figure 3). Sinigrin is present in highest concentration with 89% of the amount of total GSL. This result is similar to that reported by Merah [START_REF] Merah | Genetic Variability in Glucosinolates in Seed of Brassica juncea : Interest in Mustard Condiment[END_REF] for more than 120 species of mustard seeds.

III.2. Oil expression

Figure 4 shows the oil expression kinetics from mustard seeds at 100 bar and 80°C in two consecutives pressing steps. First pressing gives an oil expression yield of around 70%. This yield is higher than those reported in the literature for oil seeds [START_REF] Koubaa | Recovery of Oil, Erucic Acid, and Phenolic Compounds from Rapeseed and Rocket Seeds[END_REF][START_REF] Bogaert | Impact of pretreatments on the solid/liquid expression behavior of canola seeds based on the simplified computational method[END_REF]. This enhancement may be attributed to the seeds preheating before pressing. It induces cells damage facilitating oil expression during pressing. This operation can be assimilated to cooking treatment in the conventional seeds crushing process. Moreover, increasing the temperature during pressing decreases the oil viscosity and enhances its flow through the cake. After 30 min of pressing, the curve reaches a plateau suggesting the formation of an impermeable cake limiting the oil flow. The maximum oil extraction yield that can be reached after infinite extraction time of 1 st pressing was mathematically estimated by using the Peleg model (see insert in figure 4) and it did not exceed 74.6%. Based on this result, we decided to mix the cake and apply a second pressing in the same conditions. By this way, it was possible to reach a global oil extraction of 84%. The obtained press-cake (meal) -whose composition is presented in table 2 -was then used for GSL extraction. Due to its richness in erucic acid (≈40%), the extracted oil is suitable for making many products such as lubricants, surfactants, cosmetics, and many nylon production markets [START_REF] Nieschlag | Industrial uses of high erucic oils[END_REF]Wolff, 1971, Aukema andCampbell, 2011). In the other hand, the phenolic compounds contained in the press cake can be isolated and used for the preservation of many products regarding their interesting antioxidant properties [START_REF] Galanakis | Phenols recovered from olive mill wastewater as additives in meat products[END_REF], Galanakis et al., 2018a,b,).

III.3. GSL extraction

III.3.1. Process optimization

Optimization was performed using grinding as reference pretreatment and followed by liquid/solid extraction. Results were then compared with crude meal (untreated)+optimized extraction and HVED assisted extraction.

III.3.1.1. Effect of solvent composition

The choice of appropriate solvent is a key factor for effective extraction. In this study we used only green solvents (water and ethanol) to replace conventional methanol. For this purpose, the efficiency of sinigrin and gluconapin extraction was evaluated using different water/ethanol mixtures. The extraction kinetics are presented in figure 5. Curves show similar shapes whatever the solvent composition. It can be clearly observed that GSL (sinigrin and gluconapin) are mainly released during the first 5 min. Then GSL extraction increases very slowly demonstrating exponential behavior. Similar behaviors were observed in previous works for the extraction of others biomolecules (polyphenols, proteins) from different green biomasses [START_REF] Mhemdi | Solute and gas assisted mechanical expression for green oil recovery from rapeseed hulls[END_REF]Wang et al., 2018a[START_REF] Wang | Effects of ultrasound treatment and concentration of ethanol on selectivity of phenolic extraction from apple pomace[END_REF].

Moreover, curves show that the extraction efficiency is very dependent on the solvent composition. In fact, the extraction yield is inversely proportional to the richness of the mixture in ethanol: the lower is the ethanol percentage the higher is the extraction yield of sinigrin and gluconapin. For instance, after 5 min of extraction the yield of sinigrin attained 39.2, 51.9 and 82.5% in mixtures with ethanol content respectively 100, 80 and 40%. This impact may be related to formation of more hydrogen bonds of GSL having better affinity with water. The impact of ethanol addition on the efficiency of gluconapin -14 -extraction was even more important, because only 6.5% gluconapin were extracted in 100% of ethanol. This result may be very useful if the extraction of gluconapin is not desirable. This Difference between sinigrin and gluconapin diffusivity can easily be explained by their chemical structure: in fact; the presence of one further carbon on its lateral alkyl chain makes gluconapin more apolar than sinigrin.

In the other hand, it was observed than when proportion of water in solvent becomes predominant (>80%), GSL tend to be degraded after around 5 min (figure 6) The degradation is relatively slow and probably due to the residual activity of myrosinase. Extraction in water performed from non-cooked meal have shown that GSL were instantly damaged. It can be supposed that high concentration of ethanol (>40%) blocks enzymes activity while water is a favorable environment for enzymatic reactivation.

Proteins extraction kinetics are presented in figure 7. Proteins were not practically recovered using solvents with high ethanol content (80 and 100%). This leads to a very high selectivity of GSL recovery (> 98%). Proteins extraction can be enhanced by reducing the percentage of ethanol in ethanol/water solution. For instance, the extraction yield of proteins was multiplied by 10 (from 0.7 to 7%) when ethanol content in solution was decreased to respectively 60 and 40%. This should be attributed to higher solubility of proteins in water. Consequently, selectivity of GSL extraction decreases, but remains still high (>92.5%). It can be concluded that ethanol addition to water permits more selective extraction of glucosinolates and preserves better meal proteins. In a previous study [START_REF] Wang | Effects of ultrasound treatment and concentration of ethanol on selectivity of phenolic extraction from apple pomace[END_REF], it was shown that using 50% ethanol and 50% water gives the best selectivity of phenolics extraction from apple pomace.

Among the percentages of ethanol evaluated in this study and considering both the efficiency and the selectivity of extraction, 40% ethanol was the best solvent for sinigrin and gluconapin recovery from mustard meal.

III.3.1.2. Effect of temperature

Figure 8 shows the extraction kinetics of sinigrin and gluconapin at different temperatures. Generally, it can be noticed that higher temperature improves GSL extraction. For sinigrin, increasing the temperature up to 40°C enhanced the extraction kinetics, but the kinetic curves were nearly the same at 40 and 60 °C. The final extraction yield was about 88% for both temperatures. The effect of temperature is more important on gluconapin extraction. For instance, the extraction curves showed an improvement with temperature up to 60°C. Moreover, the diffusion coefficient (table 3) was increased from 2.93 x10 -11 at 20°C to 5.58 x10 -11 at 40°C and 6.16 x10 -11 m²/s at 60°C. This could be explained by the effect of heating on the tissue structure. With increase of temperature from 20 to 60 °C, tissue modifications and cell damage can happen, facilitating GLS extraction. Enhancement of solutes extraction at higher temperatures was shown for different plant materials [START_REF] Mhemdi | Filtration diffusivity and expression behaviour of thermally and electrically pretreated sugar beet tissue and press-cake[END_REF][START_REF] Mokrani | Effect of solvent, time and temperature on the extraction of phenolic compounds and antioxidant capacity of peach (Prunus persica L.) fruit[END_REF][START_REF] Almohammed | Pectin recovery from sugar beet pulp enhanced by high-voltage electrical discharges[END_REF][START_REF] Sato | Effect of temperature and pressure on the extraction of strawberry receptacles with a mixture of supercritical carbon dioxide and entrainers[END_REF]. In the other hand, HPLC analysis (figure 10) showed that GSL remain intact in the range of test temperatures.

Figure 9 shows the proteins extraction kinetics at different temperatures. Enhancement of proteins extraction at higher temperatures is accompanied by lower extraction selectivity of GSL (94% at 20°C and 91.8% at 60°C). However the global earnings in terms of GSL recovering at high temperature seems to be insufficient compared to energy requirements. For instance, extraction of additional quantity of gluconapin (increase on 17.5% at 60°C compared to 40°C) needs considerably higher energy consumption (increase of 75%). An extraction in milder conditions is preferential. Based on the obtained results, an optimal temperature of 40°C was chosen for the subsequent process optimization. 4). For instance, the final extraction yield raised from 66.5% to 88.3% for sinigrin and from 44.6% to 73.7% for gluconapin when L/S ratio increased from 5 to 10. On the other hand, increasing the liquid/solid ratio from 10 to 20 has no significant effect on the extraction of sinigrin and gluconapin due to the free solutes diffusion in the high quantity of solvent.

III.3.1.3. Effect of liquid-solid ratio

The impact of the liquid/solid ratio is less impressive on the extraction of proteins (figure 12). The extraction yield of proteins did not exceed 7% ensuring good selectivity of extraction. Since the liquid solid ratio of 10 gives a good extraction performance and better selectivity, it has been selected for the following experiments.

Finally, the following extraction conditions were selected for the seed meal: 40% ethanol in 10-fold excess (w:w) at 40°C. This protocol has enabled to recover during 8 min respectively 88% and 73.7% of sinigrin and gluconapin with respective selectivity of 92.7% and 92.5%. The energy consumed for the operation was 577 kJ/kg including grinding as pretreatment. About 72% of the total energy was was consumed by solvent heating. Nutritional quality of the residual meal (with a protein content of 36.1%) was preserved. HPLC analysis has revealed the latter contains 15.52 µmol sinigrin/ DM and 3.73 µmol gluconapin/ DM. Thus the meal have been 'detoxified' and can be considered as a 'simple cake' (GSL content fixed between 20 and 35 µmol/g DM). Such meal can be used for animal feeding since its GSL content is consistent with traditional farmers' meal (18.5 µmol/g DM) [START_REF] Labergère | Les tourteaux gras ou tourteaux expeller et leur valorisation en alimentation animale[END_REF].

III.3.2. Influence of pretreatments

III.3.2.1. Grinding

Figure 13 shows the total extraction yield of sinigrin and gluconapin from the untreated and grinded press cake in the optimal extraction conditions previously determined (40% ethanol, 40°C and liquid/solid ratio of 10) at different times. The impact of grinding is impressive. In fact, the extraction yields from untreated press cake did not exceed 20% after 8 min and 40 % after 30 min of extraction for both sinigrin and gluconapin against 88% and 73.7% respectively from the ground meal. Although its efficiency for the extraction of sinigrin and gluconapin, grinding is a high energy consuming operation. In our case it represented 20% of the total energy consumption. Generally, grinding also leads to the high damages of tissues leading to non-selective extraction of targeted molecule. As a result, the extract purification can be technically complicated and very energy costly.

III.3.2.2. HVED assisted extraction

Figure 14 presents the extraction yields of sinigrin, gluconapin, and proteins from the cake pretreated by high voltage electrical discharges (HVED) at U = 40 kV with different number of pulses n. Without electrical pre-treatment (control sample), the extraction yields were only 8% and 16% for gluconapin and sinigrin respectively (n=0). These yields were significantly increased when the cake was treated by HVED. The application of HVED in liquid creates high-pressure waves and bubbles cavitation.

These phenomena leads to fragmentation of solid material and enhancement of extraction [START_REF] Vorobiev | Enhanced extraction from solid foods and biosuspensions by pulsed electrical energy[END_REF][START_REF] Boussetta | Extraction of soluble matter from grape pomace by high voltage electrical discharges for polyphenol recovery: Effect of sulphur dioxide and thermal treatments[END_REF]. Similar trends were previously observed for the extraction of some valuable compounds, including proteins and polyphenols [START_REF] Vorobiev | Enhanced extraction from solid foods and biosuspensions by pulsed electrical energy[END_REF].

However the evolution of the extraction yield versus the number of pulses depends on the target molecule (in our study sinigrin and gluconapin). In fact, it can be seen that gluconapin yield increased linearly with pulses number. For sinigrin the behavior is quite different. The extraction yield increased up to n = 350 pulses and it remains nearly constant for higher number of pulses. Applying 350 pulses allowed the recovery of 97.2% of sinigrin but only 63.9% of gluconapin. Increasing the pulses number up to 500 pulses led to extract 74.8% of gluconapin. In these conditions, the effective time treatment was 5 ms and the residence time of meal in the chamber was 500 s (≈ 8 min). Temperature of the liquid medium increased linearly with the number of pulses from 31°C to 43°C after 500 pulses.

Therefore results show there is no need to add further extraction operation since the target molecules (sinigrin and gluconapin) were efficiently extracted and the electric treatment corresponds finally to an extraction in water with a ratio L/S 5 at 30-40°C. It can be noticed that glucosinolates were not damaged during the HVED treatment despite an extraction in water, which contradicts to the previous results (grinding+extraction in water). This may be attributed to the effect of the electrical treatment on myrosinase. Indeed some previous works dealt with the efficiency of electrical treatment as alternative technology on the inactivation of enzyme and microorganisms instead of conventional thermal processing methods. The intensity and the number of pulses are the main factors influencing the enzyme activity [START_REF] Qin | Inactivation of microorganisms by pulsed electric fields of different voltage waveforms[END_REF][START_REF] Martín-Belloso | Enzymatic Inactivation by Pulsed Electric Fields[END_REF][START_REF] Zhao | Pulsed Electric Fields for Inactivation of Endogenous Enzymes in Foods[END_REF]. A reduction of 70% of residual activity of polyphenoloxidase from apple juice have been obtained by combining pulsed electric field (PEF) treatment at 38.5 kV/cm and heating at 50°C [START_REF] Sanchez-Vega | Enzyme inactivation on apple juice treated by ultrapasteurization and pulsed electric fields technology[END_REF]. Therefore it can be speculated that residual activity of myrosinase have been decreased by the application of HVED, allowing extraction in water in which glucosinolates are highly solubles.

Obtained results have also shown that HVED treatment is more selective for the extraction of smaller molecules since yields of proteins extracted during HVED application were two times lower in compare to grinding reaching only 3.2% in 350 pulses. Grinding makes solutes more available for diffusion due to high cells damage and 4% of proteins were immediately extracted in 40% ethanol.

HVED extraction were performed on crude meal and its fragmentation were ruled with the number of electrical discharges. Until 200 pulses, the meal fragmentation was not efficient enough to facilitate the extraction of proteins due to their high molecular weight, compared to small molecules like sinigrin and gluconapin, which can be easily diffused with minimal cells damage, and only 1.5% of proteins were extracted after 50 discharges. On the other side, the extraction in HVED chamber took place initially around 30°C while optimal solid/liquid extraction was performed at 40°C. This shows higher selectivity of the HVED process towards proteins compared to the grinding in optimal conditions (96.8% vs 92.7%). Table 5 sums up the main performances obtained for each process. The efficiency of HVED for the extraction of biomolecules from agriculture products has been recently claimed. For example, many studied revealed that HVED treatment enhances the extraction of phenolic compounds from different raw materials such as grape pomace (Barbara et al., 2015) and olive kernels (Rosello-Soto et al., 2015) in comparison to other physical, thermal and mechanical treatments.

Finally, analyzes carried out after HVED with n=350 pulses (EHVED = 233.3 kJ/kg) have shown that the residual cake contained only 6.8 µmol/g DM of GSL (2.0 and 4.8 µmol/DM of sinigrin and gluconapin respectively). It can be claimed that meal was fully detoxified by HVED treatment and can be used for animal feeding. Obtained extract was also analyzed and resultants showed that sinigrin and gluconapin were intact after the electrical treatment (figure 15).

Conclusions

GSL (sinigrin and gluconapin) can be effectively and selectively recovered from mustard seeds after defatting by pressing and following extraction of grinded meal in ethanol water solution at 40°C, with 40% of ethanol and a liquid/solid ratio of 10. Application of HVED (40kV, up to 500 pulses) instead of grinding allowed recovery 97% of sinigrin and 75% of gluconapin. Compared to grinding, HVED assisted extraction is more rapid (5 min at n=350 vs. 8 min), more efficient (97% vs 87%) and less energy costly (233 kJ/kg vs. 577 kJ/kg). In addition, HVED assisted extraction is more selective because only 2.3% of proteins were co-extracted with GSL. HVED can be considered as an alternative green process for the intensification of extraction of GSL since no additional organic solvent was needed. The nutritional quality of the residual cake after extraction has been conserved with high protein content and very low concentration in GSL, being thus considered as a « simple zero » cake very suitable for animal feeding. The obtained extract rich in sinigrin and gluconapin biologically active may be used as sustainable biopesticide to replace harmful chemical pesticides. Plate press,7hydraulic fluid out,8-pressure sensor, 9-temperature probe, 10-balance. 

Figures caption

  Energy and time save are the big advantages of HVED assisted extraction as compared to the conventional one. This work is aimed to perform a green extraction method for the selective recovery of GSL from mustard defatted seed meal. The proposed extraction process is based on the use of green solvents (water and ethanol) and the application of HVED technology. The objective is to maximize the extraction of GSL without co-extraction of proteins that should be preserved in the meal. Grinding was used as a reference treatment for comparison. The extraction yield, the selectivity of extraction and the energy consumption were considered for process optimization.
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 11 Figure 11 presents kinetics of sinigrin and gluconapin extraction (40°C, 40% ethanol) at different L/S

Figure 1 :

 1 Figure 1 : Global valorization diagram of brown mustard seeds Figure 2 : Experimental set-up used for pressing. a) acquisition computer & control panel, b) boiler, c) Plate press, 1-pressing chamber, 2-cylinder, 3-plug, 4-ring, 5-filter, 6-hydraulic fluid in, 7hydraulic fluid out, 8-pressure sensor, 9-temperature probe, 10-balance. 

Figure 3 :

 3 Figure 3 : HPLC chromatogram of glucosinolates in mustard seeds. Retention times of sinigrin and gluconapin are respectively 5.45 min and 6.98 min. Retention time of glucotropaeolin as internal standard is 8.01 min. Initial pics from 1 to 2 min correspond to impurities due to matrix.

Figure 4 :

 4 Figure 4 : Evolution of oil yield Yoil versus time. Pressing was performed at 100 bars and 80°C for 80 min. Insert presents the relation t/Yoil versus t according to Peleg model. Maximum oil yield is estimated from the reverse of slope, i.e. 74.6%.

Figure 5 :

 5 Figure 5 : Sinigrin (a) and gluconapin (b) extraction kinetics in different ethanol/water mixtures: 40% ethanol, 60% ethanol, 80% ethanol and 100% ethanol. Extraction conditions: 40 °C, 10 g of solvent per g of sample and stirring at 500 rpm.

Figure 6 :

 6 Figure 6 : Degradation of a) sinigrin and b) gluconapin during extraction with pure water and 20% ethanol.

Figure 7 :

 7 Figure 7 : Kinetics of proteins extraction in different ethanol/water mixtures: 40% ethanol, 60% ethanol, 80% ethanol and 100% ethanol. Extraction conditions: 40 °C, 10 g of solvent per g of sample and stirring at 500 rpm.

Figure 8 :

 8 Figure 8 : Sinigrin (a) and gluconapin (b) extraction kinetics at different temperatures: 20, 30, 40, and 60°C. Extraction conditions: 40% ethanol, 10 g of solvent per g of sample and stirring at 500 rpm. Insert is t/CSIN plotted versus t according to Eq. (10) (Peleg model).

Figure 9 :

 9 Figure 9 : Proteins extraction kinetics at different temperatures: 20, 30, 40 and 60°C. Extraction conditions: 40% ethanol, 10 g of solvent per g of sample and stirring at 500 rpm.

Figure 10 :

 10 Figure 10 : HPLC chromatograms of glucosinolates extracted from defatted mustard meal at a) 20°C, b) 40°C, c) 60°C. Extraction conditions: 40% ethanol, 10 g of solvent per g of sample and stirring at 500 rpm.

Figure 11 :

 11 Figure 11 : Sinigrin (a) and gluconapin (b) extraction kinetics at different liquid-solid ratio (w:w): 5, 10, 20 Extraction conditions: 40°C, 40% ethanol.

Figure 12 :

 12 Figure 12 : Proteins extraction kinetics for different liquid-solid ratios (w:w): 5, 10, 20. Extraction conditions: 40% ethanol, 40°C and stirring at 500 rpm.

Figure 13 :

 13 Figure 13 : Comparison of sinigrin and gluconapin extraction yields after different times for ground (filled areas) and untreated (shaded areas) meal.

Figure 14 :

 14 Figure 14 : Evolution of the yields of GSL (YSIN and YGNA) (a) and proteins (b) during the HVED treatment versus the pulses number and the energy input. HVED treatment was performed at U = 40 kV.

Figure 15 :

 15 Figure 15 : HPLC chromatogram of glucosinolates extracted from defatted mustard meal a) without grinding in optimal extraction conditions b) after HVED treatment at 40kV and 350 pulses.
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 3 Figure 3 -HPLC chromatogram of glucosinolates in mustard seeds. Retention times of sinigrin and gluconapin are respectively 5.45 min and 6.98 min. Retention time of glucotropaeolin as internal standard is 8.01 min. Initial pics from 1 to 2 min correspond to impurities due to matrix.
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 456789101112131415 Figure 4 -Evolution of oil yield Yoil. Pressing was performed at 100 bars and 80°C for 80 min. Insert presents the relation t/Yoil versus t according to Peleg model. Maximum oil yield is estimated from the reverse of slope, i.e. 74.6%.

  

II.3.4. Pre-treatments and GSL extraction

  

		( ) t oil Y t	=	1 oil Y	∞	t	+	0 1 B	(Eq. 2)
	Where	( ) Y t and oil oil Y ∞ are respectively the yield of oil recovered at the moment t and for an infinite
	extraction time, B0 is the constant coefficient.				
	II.3.4.1.Grinding						
		model described by Eq. 2:						

Table 1 -

 1 Global composition of mustard seeds of variety Etamine

	Crop year	Glucosinolates (μmol/g DM) sinigrin gluconapin	Protein content (%)	Oil content (%)	Moisture (%)
	2016	102.03 2.63	13.18 0.30	25.98 0.09	33.8 0.3	6.4 0.2
		(100) *		(29.6)	(33.7)	
	2017	94.71 1.13	10.87 0.13	28.09 0.03	33.9 0.5	6.7 0.3
	*Bold values are supplier claimed data.			

Table 2 -

 2 Global composition of the defatted seed meal

	Crop	CSIN (µmol/g DM)	CGNA (µmol/g DM)	Protein content (%)	Moisture content (%)	Oil content (%)
	2016	139.47	18.38	35.76	7.1	8.70
	2017	128.84	14.79	40.77	7.4	8.44

Table 3 -

 3 Influence of temperature of extraction on diffusion coefficient of sinigrin and gluconapin

	Temperature (°C)	20	30	40	60
	Sinigrin				
	R²*	0.9991	0.9994	0.9994	0.9997
	SIN C ∞ (µmol/g DM)	104.70	110.08	126.10	125.54
	D (m²/s)	5.33 x10 -11	5.75 x10 -11	7.36 x10 -11	7.29 x10 -11
	Gluconapin				
	R²	0.9947	0.9816	0.9979	0.9987
	GNA C ∞ (µmol/g DM)	7.71	10.37	13.86	16.45
	D (m²/s)	2.93 x10 -11	4.48 x10 -11	5.58 x10 -11	6.16 x10 -11

*Correlation factor for linear regression from

Peleg model (Eq. 10) 

Table 4 -

 4 Impact of ratio liquid/solid on diffusion coefficient of sinigrin and gluconapin

	Ratio liquid to solid	5	10	20
	Sinigrin			
	R²	0.9989	0.9994	0.9994
	C ∞ (µmol/g DM)	95.42	126.10	124.75
	D (m²/s)	4.66 x10 -11	7.36 x10 -11	6.69 x10 -11
	Gluconapin			
	R²	0.9964	0.9979	0.9973
	C ∞ (µmol/g DM)	9.41	13.86	13.70
	D (m²/s)	3.15 x10 -11	5.58 x10 -11	5.29 x10 -11

Table 5 -

 5 Performances of processes used for the extraction of GSL

	Extraction process	Diffusion (without pretreatment)	Grinding + diffusion	HVED assisted extraction
	Pretreatment duration	-	30 s	3.5 ms
	Liquid to solid ratio	10		5
	Solvent	Eau/ethanol 60/40 (v:v)	water
	Temperature	40°C		30°C
	Extraction duration	30 min	8 min	5.8 min
	YSIN/YGNA (%)	43.4/41.4	88.3/73.7	97.2/63.9
	SSIN/SGNA (%)	92.7/92.4	92.9/91.6	96.8/95.6
	Et	542 kJ/kg	577 kJ/kg	233 kJ/kg
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