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Industrially oil is produced from seeds after cingh cooking, solid-liquid expression and
eventually a solvent extraction step. The objectivéhis study is to extract the oil from linseed
(40 % oil) with an aqueous process in which organigent use would be excluded.

After solid-liquid expression, the press-cake wassked and mixed with demineralized water in
cake/water ratio of 1/10. High voltage electricacttarges (HVED) (40 kV, 10 kA, 3 ps) were
applied to this mixture at a frequency of 0.5 Heftkze HVED consumed energy was calculated
from electrical voltage and current curves. The sneaments of electrical conductivity, Brix, pH
and viscosity of the liquid phase allowed to chteaze the kinetic of cake extraction at different
intensities of electric field.
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Introduction

Flax plant has been grown since the beginningsviization; it was already used in old Egypt
at the time of the Pharaohs. There are two typesiltiated flax Linum usitatissimuin one is
grown for the seed and the other for fiber produrcti

The whole seed or the oil have been used for egiliposes in Europe and Asia. Nowadays in
Europe, the use of linseed oil in food dependshefdountry: for instance in France, its use is
forbidden since 1908 by Order in Council. In NoAmerica, whole seeds are used in health
foods. Linseed oil is rich in unsaturated fattydacwith single or double bonds. Linseed oil is
classified as a drying oil and therefore has aetarof surface coating applications such as
paints, stains or linoleum. Nowadays linseed orhanly used in industrial applications even if
there is a recent renewal of interest for the ageng nutritional properties of oil and seed [[L; 2
Linseed is flat, oval with a pointed end. It has Hverage dimensions of 2.5 x5 x 1 mm. The
seeds weight range from 3 to 13 mg per seed and aayellow to brown color [3]. Linseed
contains 35 to 45 % of oil and 10.5 to 31 % of emo{4]. Its hull, which accounts for 30 to 39 %
of its weight, contains little protein and oil andmprises four layers. The outer layer contains
mucilage, an heterogenic polysaccharide mixture f&jcilage accounts for about 8 % of the
seed weight [6] but it depends on extraction regiraed can range from 3.5 to 9.4 % [7]. In
aqueous solution, mucilage exhibits high soluhiligpod foam stability and increases the
viscosity; it could be a substitute for usual gused as food industry [8].

In the industry, linseed oil is obtained from theed by cleaning, crushing into flakes, cooking
and either by continuous expression (pressed @kggake) with a screw press or by expression
followed by solvent extraction (extracted oil, défd cake). Linseed presscake is mainly used in
animal feeding.



Because of present ecological issues, industridiiave to reduce or even abandon solvent use.
Therefore non-solvent process is one of our objestiAqueous extraction processes have been
already studied to produce different oils. It altow@ recover oil and protein simultaneously.
There are many different ways of mucilage aqueatsetion from the seed. Some authors have
tested hot extraction [8-10]. Optimum conditions/dndeen determined with an experimental
design: a temperature of 85-90°C, a pH 6.5-7.0 ariB/1-water/seed ratio [9]. Others have
soaked whole seeds in water or sodium bicarboradtgiens (0.05 and 0.10 M for 6 and 12 h)
and have used polysaccharide degrading enzymesThé&fe are two steps in the extraction of
the mucilage: first an hydration of the seed anditage, then a dissolution of the mucilage [12].
Another way to enhance mucilage extraction is tee af high voltage electrical discharges
(HVED). HVED in water produce ultraviolet radiat®nactive species [13] and shock waves
[14]. They may have different applications suctdagradation of organic compounds contained
in water [15], micro-organisms inactivation [16}, extraction of soluble material [17-19]. This
treatment seems to have no effect on the qualiprateins extracted with this method [17].

As the functionalities of proteins must be presdr{temperature constraint), linseed press-cake,
which is produced with a non-thermal process [[{reated with electrical discharges to extract
the different components. The evolution of the ed#ht characteristics of the solid/emulsion
system, the emulsion and the solid residue isitheo&the present study.

Materials and methods

Production of the press-cake

Licensed cultivar of flax Barbara produced in 2@QDécureur S.A., Artenay, France) was used in
the study. Seeds were protected from the lightsdoiied at ambient temperature in paper bags.
Seeds were crushed with a three-cylindrical ralsber (Grenier-Charvet, Saint-Gilles, France).
The seed powder was then pressed with a thermdateduhydraulic press. As protein
functionalities must be preserved, the temperatas fixed at 50°C. The pressure of 12 MPa
was used in accordance with the press capacitysh@rg conditions were optimized in a
previous work in term of oil yield obtained afteoae-hour expression [19].

The composition of the obtained linseed press-takgven in table 1. The linseed press-cakes
were stored at ambient temperature in plastic bags.

Seeds Press-cake
Protein 14 20
Qil 40 13
Solid 38 55
Moisture 8 12

Table 1. Composition of seeds and linseed press-eak

Discharge generator

The HVED generator (fig. 1) (Tomsk Polytechnic Usrisity, Russia) can provide 40 kV/10 kA
discharges during a few microseconds in a one-itermber. This generator can be used to
obtain damped oscillations. Voltage sensor (ROSS45/B.3-A-K-A, Ross Engineering
Corporation, Campbell, CA, USA) and intensity sendEARSON 3972, Pearson Electronics



inc., Palo Alto, CA, USA) are related with a®1z sampling system via an oscilloscope
(Tektronix TDS1002, Beaverton, Oregon, USA) and amuisition central (HPVEE 4.01,
Hewlett-Packard, Palo Alto, California, USA). Elecal discharges were applied with a 0.5 Hz
frequency, which is imposed by the generator. Tis&dce between the electrodes was fixed in
this study at 5 mm.
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Figure 1. Schema of the generator.

The electrical discharges (fig. 2) are generatedlbgtrical breakdown in water. Energy is stored
in a set of low-inductance capacitors, which arargad by a high-voltage power supply. Two
stainless steel electrodes are placed inside adridal chamber, which is filled with de-ionized
water. In order to obtain breakdown between the éhawtrodes, the maximum value of the
applied electric fieldE,, should exceed the breakdown electric figlg (En~>En). One can
estimateE, (V.m™) [20] as:
E, = 0.9[$j r+d @

d r
whereUy is the applied voltage (V),is the electrode radius (m) adds the distance between
the electrodes (m).
The breakdown electric fiel&, (MV.cm™) can be estimated by the use of Martin's semi-
empirical formula [21]:
B, = kB0 )
wherek is a constant (MV.6.cm®?), Sis the area of the electrode @mndtes is the effective
time of the applied voltage (us) (fig. 2).
The application of high voltage across the ele@soéads to formation of streamers propagating
from the positive electrode to the negative oneedvbne of the streamers reaches the negative
electrode, fast formation of a discharge channelis This discharge channel, which is then
called leader, is characterized by a plasma witth donductivity (due to the large plasma
electron temperature and density). Also, the lgsgsma density and temperature gradients,
together with the non-elastic properties of theuiliig lead to the formation of shock waves. In
addition to the shock wave formation, intense ligihtission due to collision radiative processes
inside the plasma is produced.
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Figure 2. Typical voltage and current curves measwad during a high-voltage electrical
discharge with a 5-mm inter-electrode distance:
(tes: effective time of the applied voltage= 0.5 ps)

(to: duration between the measure beginning and the eation of the discharge channel)

Process (fig. 3)

Linseed press-cake was reduced in powder by Linseed press-cake
grating. The powder (30 g) and demineralized
water (5 uS/cm), with a water/press-cake ratio of

10/1, were introduced into the discharge generator Crushing
chamber.

Electrical treatments with different duration (Q, 1

5, 15, 30, 60, 80, 130, 220, 660, 1 080, 1640 Powder

pulses) were applied.

The mixture composed of water and powder
became a three-phase system: in addition to ti{éaler==fp | Electrical discharges
water and the solid particles, oil, which was

initially contained into the powder, has partially _ )
transferred in the water to form the emulsion. Solid/emulsion system
This solid/emulsion system is centrifuged at
10 000 g and 20°C during 20 minutes with a fixed , ,
angle rotor centrifuge (JA-10, J2-21M/E Centrifugation
centrifuge, Beckman Instrument, UK). Two phases

are recovered: a solid and an emulsion. . _
All experiments were performed at room Residue Emulsion
temperature and repeated one time.

Figure 3. Extraction process.



Modeling of current curves[22]

When a discharge occurs in a RLC series circuetQhm’s law is:
L9 rG-9 - 3)
dt C

wherei is the current (A)q is the electric charge (C) ardty= —i[dlt, L is the circuit inductance

(H), C is the circuit capacitance (F) aRds the circuit resistanc&j.
Equation 3 can be rewritten as:

2
199,599, 9 @)
dt dt C
The solution of the equation 4 has the followingrio
q(t) = Alexp¢-S)[cosli+ g, (5)

where A depends on the initial conditions (C) :2_|T_ is the decay factor T,

2
w= L_lc_(ij is the pulsation (§ andegq is the phase displacement (rad).

2L
By drifting the equation 5, the following equatisnobtained for the current:
i(t)=—%=a@xp(—,[?[ﬂ)D:‘.in@)[ﬂ+¢i ) (6)

wherea depends of the initial conditions (A) ands the phase displacement (rad).
The damped oscillations (fig. 3) in the generategib atty (us), which corresponds to the
duration between the beginning of the measure Bedrnoment when the discharge channel is

created. The oscillations have a perTbetz—ﬂ (us).
w

Analysis
Two types of analysis were performed in this wofke studied the evolution of the physical

properties of the different liquid phases (solidision system and emulsion) and the
composition of the initial and final products (leexl press-cake, solid residue and emulsion).

Physical properties

After the electrical treatment, temperature, eleatrconductivity, Brix and pH are measured on

the obtained solid/emulsion system. After the dkrge separation, electrical conductivity, Brix

and viscosity are measured on the obtained wakemuailsion.

» Concentration measurements were based on Brix @@l®alues obtained using a digital
hand refractometer (ATAGO PR-101, ATAGO Co., Japan)

* pH values were obtained with a pH-meter (MP 220ttlleToledo, Switzerland).

» Electrical conductivity was measured with a congoeter (K610, Consort, Turnhout,
Belgium).

* Viscosity was determined using a rotational viscmnéViscotester 550; Thermo Haake;
Karlsruhe, Germany) with SV/DIN at 20°C. The shesie y was increased from 0.1 $o



1 030 & during 500 s, thery was maintained for 100 s and decreased to Dih $00 s.
Viscosity values are given at the speed of 1 030 s

Composition

* Moisture content of the press-cake, the solid tesidnd the emulsion was determined by
drying samples of each phase overnight using an a&05°C [23].

» Oil content was determined on the dried solid nesigvith hexane according to AFNOR
method [24]. Oil extraction yield is defined as gmrtage of oil extracted on a total oil
extractable basis.

* Protein (N x 5.41) was determined by the Kjeldaktmod with a Blchi digester (426) and a
distillation unit (B-316).

* Sugar content was determined from a 0.05-0.10 muad of the extract. It was diluted to
1 ml and 10 ml of ice-cold anthrone reagent (0.0%Wtv) anthrone in 6.5 N O
containing 1 % (w/v) thiourea) was added to itdaled by mixing. The reaction mixture
was held at 100°C for 10 min and the reaction mecabsorbance was measured at 620 nm.
The total sugar content of the mucilage extraciprgssed as milligrams of D-glucose
equivalents per milliliter of the sample) was céted by multiplying the absorbance
reading at 620 nm by a factor 3.06. [25]

Results and discussion

First, the evolution of the parameters of the mddethe current curves and the relation between
energy ande are presented. Then the effects of this electtieatment on the solid/emulsion
system, the solid residue and the emulsion areextud

Electrical diagnostics

A typical waveform of the discharge current obtdirdter the formation of a discharge channel
is presented in figure 2. The amplitude of the lisge current reachégax= 13 kA at an output
voltage ofUp = 45 kV.

The obtained current curves were modeled on thdlaisry part with the equation 6: the RLC
series circuit consisted of the treatment chamhdrthe charge circuit. The mean values of the
different coefficients obtained in a single expece of 2 500 pulses are presented in the table 2.

Value Standard error

Unmax (KV) 54.9 13.1

I max (KA) 12.3 1.5

to (Us) 4.87 1.18

tefr (US) 2.22 1.17

a eq. 6 1.41 x16 0.43 x14
,B(s'lg eq. 6 1.87 x10 0.22 x16
w (sh eq. 6 2.07 x16 0.13 x16
Oi eq. 6 -0.02 1.89

T (us) 3.03 1.98 x18
Q) eq. 11 22.2 13.9

Table 2. Main results obtained with the model (ecgg) in an experience of 2 500 pulses.



As the total capacitance of the capacitor for tharge circuit, iSC = 0.20uF, one can estimate
the self-inductancé, the resistanc®, the impedanc& of the total electrical circuit and the
phase displacemem® between the current and the voltage signal froeng$timated period of
the current oscillation$ = 3.03us:

1( 1
L—E[QJZ+’82]D1.1S uH 7)
R=24L00.430 (8)
1 2

y :\/RZ +(La)——] 04.82Q 9)

Cw

La)—i
® =tan’ % 00.47 (10)

The energy dissipated (J) into the solid/emulsion system is equal to:
Q=2Z [eos() []i*(t) Celt (11)
0

The evolution of the different parameters of thedslowas studied during this long
experimentation.

The only one, which evolves, was (fig. 4), the time of tension application for tdescharge
apparition. This evolution is due to the modificatiof the solid/emulsion system. In the same
time the pulse energy decreases (fig. 5). Thisues @ the decrease of the voltage during the
creation of the streamers [13].
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Figure 4. Evolution of te; Figure 5. Evolution of Q (eq. 11) the energy
during one experience. of one pulse during one experience.

There is a relation betweegs and the energy: the longertig, the lower is the initial voltage of
the damped oscillations and then the lower is gheutated energy (fig. 6).

The sum of the applied energy (fig. 7) increasesenamd more slowly during experimentation:
this is due to the decreaseQf
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Figure 6. Relation betweerigs and Figure 7. Energy cumulatedQcumulated
Q the energy of the pulse. during one experience.

Based on a linear regression, we obtain the folgwnodel for the evolution @ (fig. 4):
ty =t + pl, (12)
wheret; is the duration for the creation of the dischaagéhe experience beginning (1 ysjs

the number of pulses arqd(lO3 ps/pulse).
Another model is obtained for the evolution®ffig. 5):

Q=Q0@XP( —p] (13)

I

whereQo is the energy applied at the experience begin(0g75 J) and, is the decay factor
(1 845 pulses).
This model allows to expre§&umulated(fig. 7) as:

chmulated = (23 |j— pl:El_ ex{_rﬁJJ (14)

Extraction effects

The results presented in this part were obtainedgpfication of different number of pulses on
the mixture composed of water and powder.

Evolution of the solid/emulsion system

The pH of the solid/emulsion system is almost camistiuring the treatment (6220.2). The
temperature of the solid/emulsion system increesggdarly by 1.5°C for 100 pulses.

The electrical conductivity of the solid/emulsiorsem is almost constant (1.4 mS/cm) until 220
pulses. Then it increases regularly to 2.3 mS.éon 1 640 pulses (fig. 8).

In the same time the concentration of the solut®m@lso almost constant (2.8 g/100 g) until
30 pulses. Then the concentration increases régulatil 600 pulses and stabilizes to almost
5 ¢/100 g.
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Figure 8. Evolution of electrical conductivity andBrix of the solid/emulsion system
after electrical treatment.

Effect of centrifugation

There is an evolution of the repartition of thegarot at the end of centrifugation. During a first
period of time (0-80 pulses) the mass of the residwconstant: the mucilage stands close to the
hull particles and absorbs water. After 100 pules,mass of solid residue decreases (fig. 9).
Such behavior in two parts was already describedhfe water extraction of mucilage from
whole white mustard seed [12].

In our case, under 80 pulses, the electrical digesaare ineffective to extract the mucilage. It
stays close to the hull particles and traps a gyaantity of water, which is recovered with the
solid residue. After 80 pulses, the mucilage exibadbegins and the residue contains less water.

of the solid residue (g)

Part of solid residue
after centrifugation (%)
H
N
o
Mass of the component

1 5 15 30 60 80 130 220 600 1020 1640

Number of pulses

Figure 9. Evolution of the composition of residue I{ : water, m: dry matter) and
the repartition of the solid/emulsion system aftecentrifuge separation.



Physical characteristics of the emulsion after cenfugation

The electrical conductivity of the emulsion has edinthe same evolution as the electrical
conductivity of the solid/emulsion system: it isnstant (1.7 mS/cm) before 220 pulses, then it
increases regularly to 2.3 mS/cm for 1 640 pulses.

In the same time the concentration of the emulssoalso almost constant (2.9 g/100 g) until
30 pulses. Then the concentration increases régulatil 600 pulses and stabilizes to almost
4.9 g/100 g. This is also the same evolution astmeentration of the solid/emulsion system.

Evolution of the rheological comportment

The following experience was done on the emulsabtained after centrifugation: the shear rate
y was increased (0.1'sl 030 &, 500 s), then maintained (1 036, s100s) and decreased

(1 030 §-0.1 §*, 500 s). Viscosity values are given fgr=1030s' and, for the increase and
decrease of/, a model is proposed for the curves f (y).

From 0 to 30 pulses the emulsion viscosity at 1€3@ig. 10) is constant= 17 mPa.s). Then
from 30 to 600 pulses, viscosity increases to 4a.5P

There is a linear relationship between the conaéntr of the emulsion (Brix) and the viscosity
(fig. 11): u = a[Brix +b, wherea (12.68 mPa.s.°BriX) andb (-18.81 mPa.s) withf = 0.88.

The molecules, which increase the concentratioorease the viscosity: this is due to the
extraction of mucilage. Either the measure of thecentration in the solid/emulsion system or
the viscosity of the emulsion allow to evaluate tigcilage extraction.
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Figure 10. Evolution of viscosity of the Figure 11. Relation between viscosity and
emulsion after centrifugation. Brix of the solid/emulsion system @)
and the emulsion ¢ ).

The rheology of emulsions exhibits a pseudo-pldstitavior:

r=Kp" (15)
whereK (Pa.§) andn are defined as the consistency index and the diimeless flow behavior
index, respectively and is the shear stress (Pa).

From O to 30 pulsesk andn are constant (fig. 12). The value mois around 0.9: the emulsion

has a quasi-Newtonian comportment. After 30 pulses, value ofn decreases to 0.6: the
emulsion exhibits then a rheofluidifiant comportrmen



The behavior of the emulsion is modified during jhelecreases (fig. 13K andn increase and
decrease less than previously: the emulsions Hageaghixotropic comportment.
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Figure 12. Evolution of the parameters Figure 13. Evolution of Ky ., /Ky (¢) and
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Ky »,ny ,reefer toK (n) for increasing shear rate
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Composition of the emulsion and of the residue

As soon as the powder is introduced in the watgr 1#), almost 17 % (4.8 g) of the dry matter
of the product transferred into the liquid phase.mbre evolution was noticed before 80 pulses.

Then an exponential extraction phase began angestiopetween 600 and 1 080 pulses: 42.8 %
(11.9 g) of the dry matter was extracted.

For the solid residue extraction a lag phase gfl6es was also observed.
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Figure 14. Evolution of the dry matter repartition in liquid phase ¢ )
and solid residue @) during the electrical treatment.



As soon as the powder was introduced to the wéterls), the 26 % (1 g) of the oil transferred
into the liquid phase. No additional oil was exteatbefore 30 pulses. The second extraction of

oil occurred between 30 and 220 pulses. Even aft40 pulses, 26 % (1 g) of the initial oil
retained inside the solid residue.
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Figure 15. Percentage of the initial oil present itthe solid residue
after electrical treatment.

The first extraction (0-30 pulses), which is venjak, was due to the action of the water and not
to the action of electrical discharges.

As 26 % of the oil is transferred into the emulsarly with the action of water, a short (or no)
treatment and a centrifugation could be use toaektthis part of oil, which would be easily
recovered because the obtained emulsion is noillizgabby the presence of mucilage. Then a
further electrical treatment could be applied ttraot the mucilage and the remaining oil.

Oil present in the solid residue (%)

o

Conclusion

This work has allowed knowing where the differeoimponents of linseed press-cake went
during this extraction process enhanced by eledtdischarges.

The modeling of the current curves has allowedaioutate the different characteristics of the
electrical circuit and the applied energy. The treta between the time of apparition of the
discharge and the applied energy was expressed.

The mucilage begins to be extracted after 80 pul8eBrix measure on the solid/emulsion
system allows to predict the viscosity value of éineulsion and to assert mucilage is extracted.
A lag phase (0-30 pulses) was determined for thexraction: electrical discharges seem to
have no effect on the extraction during this periddis could be used to do a first treatment
(electrical discharges (less than 30 pulses) andriftegation) and continue the electrical
treatment with the solid residue and fresh water.

The mucilage removal is very efficient with theatecal discharges, and may be valorized due
to its interesting proprieties. The residue obtdia#er electrical treatment contains 26 % of the
initial oil and could be treated with others tecjues of extraction.
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