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TRANSFORMATION OF SUNFLOWER WHOLE PLANT BY TWIN-SCREW EXTRUSION TECHNOLOGY ACCORDING TO AN AQUEOUS PROCESS: DIRECT APPLICATIONS OF THE FRACTIONS OBTAINED AS BASES FOR INDUSTRIAL PRODUCTS
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Aqueous extraction of sunflower oil is a reasonable environment-friendly alternative to the solvent extraction. It can even be realized directly from the whole plant using the twin-screw extrusion technology. Corotating twin-screw extruder behaves like a chemo-thermo-mechanical reactor. Equipped with a filtration module, it allows to separate extract and raffinate in a continuous mode and in a single step. This only apparatus carries out three essential unit operations: conditioning and grinding of sunflower seeds, liquid/solid extraction and liquid/solid separation. Starting from whole plant is a promising new way of extraction. Thanks to the fibers of the stalk, wringing out the mixing is favoured. The process can also be considered as an original and powerful solution for fractionating and value-adding to sunflower since obtained fractions may have direct applications in industrial products.

INTRODUCTION

Sunflower (Helianthus annuus L.) is cultivated for its seeds high oil content. Oil represents up to 80% of its economic value. The extraction yields in the industrial processes for oil production are close to 100% with very good oil quality [START_REF] Isobe | A new twin-screw press design for oil extraction of dehulled sunflower seed[END_REF]. However, the use of hexane to remove oil from the oily cake meal is an increasingly controversial issue and could be prohibited due to its carcinogenic property [START_REF] Galvin | Toxicity data for commercial hexane and hexane isomers, Technology and solvents for extracting oilseeds and nonpetroleum oils[END_REF]. Consequently, numerous substitution solvents have been considered, among which water.

Aqueous extraction process

Several studies have been devoted to aqueous extraction of oil from various oil-bearing materials such as sunflower [START_REF] Rosenthal | Aqueous and enzymatic processes for edible oil extraction[END_REF][START_REF] Hagenmaier | Aqueous processing of full-fat sunflower seeds: yields of oil and protein[END_REF][START_REF] Southwell | Extraction of oil from oilseeds using the hot water flotation method[END_REF]. Water is used even if it does not mix with oil, which is then only suspended in the water.

Fine crushing of the plant leads to cell disruption. It facilitates soluble compounds diffusion and the oil release. After extraction, centrifugation produces three formulated fractions: the hydrophobic phase (oil-in-water emulsion), the hydrophilic phase and the insoluble phase [START_REF] Rosenthal | Aqueous and enzymatic processes for edible oil extraction[END_REF]. The oil is then recovered after demulsification by extraction using alcohol.

Various factors directly influence the efficiency of the aqueous process. Since the optimal pH value often matches the optimum protein extraction value, aqueous extraction of oil can be considered as a process primarily aimed to solubilize proteins resulting in oil release [START_REF] Rosenthal | Aqueous and enzymatic processes for edible oil extraction[END_REF].

Extraction yield is generally lowered by the remaining structures that resist to the various physical treatments undergone by the raw material. Part of the oil remains captured in the plant matrix.

Twin-screw extrusion

The twin-screw extruder plays an important role in the food industry, for physical and chemical transformation of the matter. Main applications of twinscrew extrusion are usually found in the production of various products such as snacks, cereals and pet food.

Recently, several studies have demonstrated the utility of the twin-screw extruder as a reactor to conduct the extraction of vegetable oil [START_REF] Isobe | A new twin-screw press design for oil extraction of dehulled sunflower seed[END_REF][START_REF] Bouvier | Method and installation for continuous extraction of liquid contained in raw matter[END_REF][START_REF] Lacaze-Dufaure | A twin-screw extruder for oil extraction. I. Direct expression of oleic sunflower seeds[END_REF][START_REF] Lacaze-Dufaure | A twin-screw extruder for oil extraction. II. Alcohol extraction of oleic sunflower seeds[END_REF][START_REF] Kartika | Oil extraction of oleic sunflower seeds by twin screw extruder: influence of screw configuration and operating conditions[END_REF][START_REF] Kartika | Extraction of sunflower oil by twin screw extruder: screw configuration and operating condition effects[END_REF][START_REF] Kartika | Nouveau procédé de fractionnement des graines de tournesol : expression et extraction en extrudeur bi-vis, purification par ultrafiltration de l'huile de tournesol[END_REF]. The extraction efficiency is then improved by the mechanical disruption of the cells in the extruder.

Twin-screw extruder has been successfully used to conduct a chemo-thermo-mechanical process plus a liquid/solid extraction in sunflower oil extraction [START_REF] Lacaze-Dufaure | A twin-screw extruder for oil extraction. II. Alcohol extraction of oleic sunflower seeds[END_REF][START_REF] Kartika | Nouveau procédé de fractionnement des graines de tournesol : expression et extraction en extrudeur bi-vis, purification par ultrafiltration de l'huile de tournesol[END_REF] and hemicellulose extraction [START_REF] N'diaye | Extraction of hemicelluloses from Poplar, Populus tremuloides, using an extruder-type twin-screw reactor: a feasibility study[END_REF][START_REF] N'diaye | Factors influencing the alkaline extraction of poplar hemicelluloses in a twin-screw reactor: correlation with specific mechanical energy and residence time distribution of the liquid phase[END_REF]. Addition of a solvent can be used to add an extraction agent. However, pressing efficiency can be disturbed by the change in the mixture consistency. In the case of the oil extraction from sunflower seeds, the liquid/solid separation is less efficient with than without solvent [START_REF] Lacaze-Dufaure | A twin-screw extruder for oil extraction. II. Alcohol extraction of oleic sunflower seeds[END_REF][START_REF] Kartika | Nouveau procédé de fractionnement des graines de tournesol : expression et extraction en extrudeur bi-vis, purification par ultrafiltration de l'huile de tournesol[END_REF].

Based on those results, this study aimed to evaluate the new application of the twin-screw extruder as a reactor to conduct simultaneously thermo-mechanical action and aqueous extraction of sunflower oil from whole plant in a single step.

Moreover, the purpose of this study was also to evaluate the potential of the fractions obtained for industrial applications.

MATERIALS AND METHODS

Materials

All trials were carried out using a single batch of sunflower whole plant (8.18% of moisture content, oleic type), which was supplied by La Toulousaine de Céréales (France). Whole plant was previously crushed using a hammer crusher (Electra VS 1, France) fitted with a 6 mm sieve. Its lipid and protein contents were 26.83% and 10.65%, respectively (see Table I). An estimation of the three main cell-wall components (cellulose, hemicelluloses and lignins) in the whole plant was made by ADF-NDF method of Van Soest and Wine [START_REF] Van Soest | Use of detergents in the analysis of fibrious feeds. IV. Determination of plant cell wall constituents[END_REF][START_REF] Van Soest | Determination of lignin and cellulose in acid detergent fiber with permanganate[END_REF]. Fibers content (cellulose and lignins) was 33.06% (see Table I). All solvents and chemicals were analytical grades and were obtained from Sigma-Aldrich, Fluka, Prolabo and ICS (France). 1).

Four barrels (3, 4, 5 and 7) were heated to 80°C by thermal induction and cooled by water circulation. In addition, a filter section consisting of six hemispherical dishes with 1 mm in diameter perforations was outfitted on barrel 6 to enable filtrate collection.

The screw rotation speed (S S ), the sunflower whole plant feed rate (Q S ), and the barrel temperature (θ c ) were monitored from a control panel. 

Experimental

The sunflower whole plant was fed into the extruder inlet port by a volumetric feeder (Clextral 40, France). Deionised water (pH ≈ 6.5) was injected using a piston pump (Clextral DKM K20-2-P32, France) at the beginning of barrel 4 for profile 1 or at the beginning of barrel 3 for profile 2 (e.g. Fig. 2). The extruder was kept running for 20 to 25 minutes before any sampling to ensure the stabilization of the operating conditions (sunflower whole plant feeding flow, temperature and motor intensity). Upon reaching steady state, the filtrate and the cake meal were immediately collected over a period of 20 minutes to avoid any variability of the outlet flow rates. For each test, sample collection was carried out just once. The filtrate and the cake meal were weighed.

The filtrate was treated according to the operating method described in Fig. 3. Oil extraction yield (%) was calculated according to the following formula:
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the output flow rate (kg/h) of the cake meal. L S and L C are the lipid contents (%) of the sunflower whole plant and the cake meal, respectively.

Protein extraction yield (%) was calculated according to the following formula:
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P S and P C are the protein contents (%) of the sunflower whole plant and the cake meal, respectively.

The energy consumed by the motor was determined according to the two following formulas:
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P is the electric power (W) supplied by the motor. U is the motor operating voltage (i.e. 460V). I is the intensity (A) of the current feeding the motor. Cos φ is the theoretical yield of the extruder motor (i.e. 0.95). S max is the maximum screw speed (i.e. 600 rpm).

S Q P SME = = = =
SME is the specific mechanical energy (W.h/kg) consumed by the motor per weight unit of the sunflower whole plant.

Analytical methods

Moisture contents were determined according to the French standard NF V 03-903. Ash contents were determined according to the French standard NF V 03-322. Solid oil contents were determined according to the French standard NF V 03-908. Oil contents of the hydrophobic phases were calculated after demulsification of the oil-in-water emulsions using a mix of ethanol and diethyl ether (3/1) [START_REF] Mechling | Mise au point d'un réacteur multitâches adapté à la production des composés oléophiles à partir des milieux réactionnels issus des graines oléagineuses[END_REF]. Oil contents of the hydrophilic phases were calculated by liquid/liquid extraction using a mixture of chloroform and methanol (1/2) according to the method developed by Bligh and Dyer [START_REF] Bligh | A rapid method of total lipid extraction and purification[END_REF]. Protein contents were determined according to the French standard NF V 18-100. An estimation of the three cellwall components (cellulose, hemicelluloses and lignins) contents in the solids was made by the ADF-NDF method of Van Soest and Wine [START_REF] Van Soest | Use of detergents in the analysis of fibrious feeds. IV. Determination of plant cell wall constituents[END_REF][START_REF] Van Soest | Determination of lignin and cellulose in acid detergent fiber with permanganate[END_REF]. Pectin contents of the hydrophobic and hydrophilic phases were estimated using the quantitative determination of galacturonic acid according to the colorimetric method of Blumenkrantz and Asboe-Hansen [START_REF] Blumenkrantz | New method for quantitative determination of uronic acids[END_REF]. Hemicellulose contents of the hydrophobic and hydrophilic phases were estimated using the quantitative determination of total sugars according to the colorimetric method of Dubois et al. [START_REF] Dubois | Colorimetric method for determination of sugars and related substances[END_REF] and with calibration starting from xylose solutions. Determinations were performed in duplicate for all these standard methods.

Thermopressing

The cake meal was subjected to thermopressing at 180°C or 200°C, at 300 bars and for 1 minute between two aluminium plates covered grease-proof paper, using a heated hydraulic press (model MAPA 50, Pinette Emidecau Industries, France). The produced panels were 130 mm × 130 mm squares.

Mechanical properties

A 5-kN H5KT (JFC, France) universal testing machine fitted with 100 N load cell was used to assess the flexural properties of the test specimens according to the French standard NF EN 310. The test specimens were 130 mm long and 30 mm wide. Their thickness was measured at three points with an electronic digital sliding caliper having a 0.01 mm resolution and the mean value (t) was recorded to calculate their volume and section. All specimens were weighed to calculate mean apparent density (d).

These bars were then used to measure flexural properties of the material: flexural strength at break (σ max ) and Young's Modulus of elasticity (E f ). The test speed was 3 mm/min and the grip separation was 100 mm. Test specimens were cut, and equilibrated at 25°C and 60%RH for at least two weeks before being tested.

RESULTS AND DISCUSSION

Use of a co-rotating twin-screw extruder with filter allows the aqueous extraction of sunflower oil from whole plant. Wringing out the mixing is possible thanks to the natural abundance of fibers in sunflower stalk.

A previous study had already shown that the oil extraction was also possible starting from the whole seeds [START_REF] Ph | Aqueous extraction of sunflower oil by twin-screw extruder: feasibility study, influence of screw configuration and operating conditions[END_REF]. Nevertheless, no filtrate was obtained without addition of fibers upstream from the filtration module. Two lignocellulosic residues were tested successfully: the wheat straw and the sunflower depithed stalk. Consequently, the use of sunflower whole plant has to be privileged because of a simplified and easier aqueous process.

As already shown during previous works [START_REF] Ph | Aqueous extraction of sunflower oil from whole plant by twin-screw extruder[END_REF], screw configuration, screw rotation speed and whole plant input flow rate affect directly the efficiency of liquid/solid separation. However, compression of vegetable matter is imperfect and does not allow an effective separation of the two phases. Lixiviation of oilseeds is also incomplete.

Highest oil extraction yield obtained is 64.9% (trial 2). Residual oil content of raffinate is then 13.15% instead of 26.83% in whole plant (see Table II). Aqueous extraction process also results in a co-extraction of various water-soluble substances contained initially in the whole plant: proteins, pectins and hemicelluloses. Raffinate is on the contrary richer in insoluble proteins and fibers (45.64% for cellulose and lignins instead of 33.06% in whole plant). and Q F are the flow rates of water and filtrate (kg/h), respectively. -L F is the lipid content (%) of the foot of the filtrate. -P F is the protein content (%) of the foot of the filtrate. -R C ' and R P ' also take into account the lipid and protein contents of the foot of the filtrate.

The cake meal could be used for animal feeding but it is also possible to use it to make value-added materials by thermopressing. Panels obtained have mechanical characteristics comparable with those of other similar materials (see Table III). They could be used as inter-layer sheets for pallets in the handling and storage industry or for their soundproofing properties. Moreover, their hydrophobic character makes them more resistant to water. Clear of its foot, the extract is reorganized by centrifugation in three fractions (see Table IV): a higher hydrophobic phase (density of 0.972 for trial 2), a hydrophilic phase (density of 1.008 for trial 2) and a lower hydrophobic phase (density of 1.030 for trial 2). Hydrophilic phase is the major fraction (80.8% of the supernatant for trial 2). It contains proteins (23.34% dry weight), ashes (20.64% dry weight) but also pectins and hemicelluloses. These two last polysaccharides originate from pith and head on the one hand, from stalk on the other hand. After concentration of organic substances by ultrafiltration, it is possible to fractionate hydrophilic phase to produce proteins, pectins and hemicelluloses separately. Proteins are collected by isoelectric precipitation, pectins and hemicelluloses by alcoholic precipitation [START_REF] Rosenthal | Aqueous and enzymatic processes for edible oil extraction[END_REF]. These three water-soluble molecular families can be used for their surface-active properties. Pectins are also good gelling agents largely used in the food industry.

Higher hydrophobic phase is an oil-in-water emulsion (12.1% of the supernatant for trial 2). Lipids represent 77.31% of its dry residue. Its stability is ensured at interface by natural surface-active agents also extracted during the process, phospholipids and proteins [START_REF] Ph | Aqueous extraction of sunflower oil by twin-screw extruder: feasibility study, influence of screw configuration and operating conditions[END_REF][START_REF] Ph | Aqueous extraction of sunflower oil from whole plant by twin-screw extruder[END_REF].

Lower hydrophobic phase is a second oil-in-water emulsion. It is denser than the hydrophilic phase and accounts only for 7.1% of the supernatant for trial 2. Its oil content is only 60.16% of the dry residue because its stability is ensured not only by phospholipids and proteins but also by pectins and hemicelluloses.

Demulsification is obtained by alcoholic extraction for both hydrophobic phases but it is easier with ethanol/ether mixture (3/1). The oil produced is edible but it is also possible to use it for non food applications like biolubricants.

Hydrophobic phases can also be used without any modification for the manufacture of paintings and cosmetics or for surface treatments.

CONCLUSION

Simultaneous mechanical action and aqueous extraction in a single twin-screw extrusion step and in a continuous mode is a promising and cleaner alternate technology for oil processing of sunflower whole plant.

The natural abundance of fibers in sunflower stalk makes the liquid/solid separation in the reactor possible. New value-added uses of the cake meal as a mixture of lignocellulosic fibers and proteins can be considered. Its transformation into agromaterials was carried out successfully by thermopressing.

The hydrophobic and hydrophilic phases resulting from the aqueous extraction may also have direct industrial applications in various fields as biolubricants, paintings, cosmetics and natural surface-active agents.

Figure 1 :

 1 Figure 1: Schematic twin-screw extruder configuration (θ c = 80°C for thermal induction).

  double-thread screw. -C2F = conveying double-thread screw. -C1F = conveying simple screw. -BB = bilobe paddle-screw. -DM = monolobe paddle-screw. -CF1C = reversed simple screw. -The numbers following the type of screw indicate the pitch of T2F, C2F, C1F and CF1C screws and the length of BB and DM screws.

Figure 2 :

 2 Figure 2: Screw configurations of twin-screw extruder.

FiltrateFigure 3 :

 3 Figure 3: Flow-sheet of the filtrate treatment after the aqueous extraction process.

Table I :

 I Chemical composition of the sunflower whole plant (% dry weight).

	Ashes	6.46
	Lipids	26.83
	Proteins	10.65
	Cellulose	23.93
	Hemicelluloses	7.83
	Lignins	9.13
	2.2 Twin-screw extrusion	
	Experiments were conducted on a Clextral BC 45
	(France) co-penetrating and co-rotating twin-screw
	extruder. It was built with seven modular barrels, 200
	mm in length each, and different segmental screw
	elements, each 50 and 100 mm in length (e.g. Fig.

Table II :

 II Operating conditions and main results of sunflower whole plant aqueous extraction experiments conducted with the Clextral BC 45 twin-screw extruder (θ c = 80°C).

	Trial	1	2	3
	Operating conditions			
	Profile	1	1	2
	S S (rpm)	34	60	60
	Q S (kg/h)	5.8	5.0	5.8
	Q W (kg/h)	20.5	20.3	20.0
	Filtrate			
	Q F (kg/h)	15.5	15.8	14.7
	Foot content (%)	4.5	6.5	8.6
	Foot of the filtrate			
	Moisture (%)	66.13	68.27	67.01
	L F (% dry weight)	22.63	44.33	46.06
	P F (% dry weight)	14.05	12.77	13.56
	Cake meal			
	Q C (kg/h)	10.8	9.6	11.1
	Moisture (%)	62.60	65.75	65.69
	L C (% dry weight)	14.33	13.15	15.61
	P C (% dry weight)	7.25	6.72	7.45
	Oil extraction yield			
	R C (%)	60.2	64.9	58.3
	R C ' (%)	56.6	53.2	44.9
	Protein extraction yield		
	R P (%)	49.3	54.9	49.9
	R P ' (%)	43.6	46.3	39.9
	Energy consumed			
	I (A)	23.3	14.8	16.0
	P (W)	567.3	644.6	702.1
	SME (W.h/kg)	97.5	128.5	120.3
	Q W			

Table III :

 III Comparison of the mechanical characteristics of different industrial and experimental materials obtained by thermopressing.

	Isorel ® Laminated board	Maize cob	Cake meal 1
	t (mm)	12.0	0.9	3.2±0.1	3.9±0.2 2 3.9±0.1 3
	d	0.30	0.67	1.20±0.04	1.09±0.05 2 1.04±0.04 3
	σ max (MPa)	1.1	14.7	11.7±1.0	11.3±0.9 2 11.5±0.5 3
	E f (GPa)	0.02	1.45	1.78±0.11	2.11±0.16 2 2.22±0.17 3
	1 Cake meal from sunflower whole plant: 14.46% dry
	weight of oil content; 8.02% dry weight of protein
	content; 45.68% dry weight of fibers content (cellulose
	and lignins); 4.39% of moisture content. -2 180°C, 300
	bars and 1 minute for thermopressing conditions. -3
	200°C, 300 bars and 1 minute for thermopressing
	conditions.				

Table IV :

 IV Chemical composition of the three phases contained in the supernatant and extraction yields for lipids and proteins.

		Higher hydrophobic phase	Hydrophilic phase	Lower hydrophobic phase
	Outlet flow	2.6 4	11.1 4	1.0 4
	rates (kg/h)	1.8 5	11.9 5	1.0 5
	Moisture	74.14 4	97.26 4	80.29 4
	(%)	70.84 5	97.64 5	79.63 5
	Ashes	2.58 4	27.66 4	6.72 4
	(% dry weight)	1.92 5	20.64 5	6.51 5
	Lipids	78.48 4	30.60 4	58.45 4
	(% dry weight)	77.31 5	5.33 5	60.16 5
	Proteins	17.04 4	22.16 4	15.85 4
	(% dry weight)	15.03 5	23.34 5	14.98 5
	Pectins	0.69 4	11.69 4	10.22 4
	(% dry weight)	nd 5	nd 5	nd 5
	Hemicelluloses	0.76 4	8.28 4	9.22 4
	(% dry weight)	nd 5	nd 5	nd 5
	Oil yields	36.0 4	6.4 4	7.6 4
	(%)	32.8 5	1.2 5	10.4 5
	Protein yields	19.7 4	11.6 4	5.2 4
	(%)	16.0 5	13.4 5	6.5 5
	4 Trial 1. -5 Trial 2. -nd = non determined.