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ABSTRACT

Two problems related to the efficiency of supeicait CO, extraction were studied in this work.
The first objective was to test the ability of theocess of Instantaneous Controlled Pressure-Drop
(DIC) applied as pretreatment technique to enhatiee supercritical extraction by structure
modification of extracted material. The second ofiye was to introduce the method of measurement
of residence time distribution characteristics itfte laboratory in order to follow the effect obw
direction on axial dispersion in a supercriticalragtor.

Supercritical CQ extraction has received particular attention ie field of natural compounds
separation, because it possesses several advaotegeonventional techniques. However, the larger
scale applications of the method are often inhibibgy high investment costs. Thus, optimization
of process parameters is necessary to reducecimgtd of the method. Pretreatment of the material
before extraction is one of the most important peters, having effect on extraction rate and total
yield. In this work, the process of Instantaneoumtélled Pressure-Drop (DIC) was tested as
a pretreatment method. Amaranth seeds, soybeangraed coffee beans were treated by the DIC
process and extracted by supercritical,O@aterial structure was determined using scanalagtron
microscopy, mercury porosimetry and helium pycnamedodel of broken and intact cells (BIC) and
modified hot ball model were used to evaluate tkiaetion data. The most important effect of
the treatment was observed in the case of soybddrs.porosity of soybeans was considerably
increased by the DIC process and the internal rrassfer rate was enhanced six times. Structure
of amaranth seeds and green coffee beans was mlifiedoby the DIC process, and the extraction
data shows no enhancement. Problem of caffeineaiin related to the presence of water in
the coffee beans is discussed.

Supercritical fluids are more prone to natural @miwn because of their very low kinematic
viscosity. Subsequently, the natural convectiotuarices the extraction rate and yield. There are
several studies concerning axial dispersion in sujpeal extractor evaluated by means of tracer
response technique. However, they deal with théesysSCQ-tracer and do not study the system
during the extraction, which is just the case wh#re density differences may cause natural
convection. In this work, a method of residenceetidistribution was introduced to the laboratory.
Benzoic acid was used as tracer. Several solutes tested; tetracosane was chosen for subcritical
conditions (12 MPa, 25°C), trilaurin was applied satpercritical conditions (12 MPa, 40°C).
Extraction was carried out under downflow and upfloode. Preliminary results have shown a strong
influence of flow direction during the extractionder supercritical conditions, on the other harad, n
effect on the flow pattern was observed at sulsatitconditions. Future studies will be oriented to

verify the preliminary results of this part of therk.



SOUHRN

Disert&ni prace se tyka dvou oblasti studia spojenyctuperkritickou extrakci. Prvnim cilem bylo
studium vlivu modifikace struktury rostlinného madéu na naslednou extrakci superkritickym £0
Druhym ukolem bylo zavedeni metodgi@ni odezvy na stopovaci latku pro ity laboratee tak,
aby tato metoda dale mohla byt vyuZivana ke stoldéwakteru prouthi v superkritickém extraktoru.
Zajem o extrakci superkritickym GQr posledni dob roste, protoZe tato metoda ma mnohé vyhody
oproti klasickym extraénim technikam. Jeji vyuZiti v pmyslovém ngtitku je nicmés ¢asto brzdno
vysokymi investinimi néklady na vysokotlaké #aeni. SniZzeni celkovych nakiadorocesu lze
extrakce a jeji vyek je zpracovani materidlutgul extrakci. Jako alternativni technika
piedzpracovani byla v této praci testovana metodandité rizené expanze (proces DIC). Semena
amarantu, séjové boby a zelené kavové boby bylgcguany procesem DIC a naslédixtrahovany.
Strukturni zrgny v materidlu byly studovany s vyuZitim elektroébe mikroskopu, rtlové
porozimetrie a heliové pyknometrie. K popisu expemtalnich dat byl pouzit matematicky model
extrakce z celych a rozbitych hikna upraveny model difuze z koule. Nejvyrgan efekt Upravy
procesem DIC byl pozorovan u séjovych boblejich porozita po Uprawyrazré stoupla a festup
hmoty v extrahovanycliasticich se zvySil Sestkrat. Struktura semen amararzelenych kdvovych
bohi nebyla procesem DIC nijak ovligna, a ani pibéh extrakce se u takto upravenych batelisil

od pribéhu extrakce u nezpracovaného materialu. V praddvear diskutovana role vihkostiip
extrakci kofeinu z kdvovych bdb

Superkritické tekutiny jsou diky své velmi nizkédinatické viskozé nachylné k firozené konvekci,
kterd ovliviuje piibéh a vygZzek extrakce. Axialni disperze v superkritickém raktoru byla
nékolikrat v literatue studovana metodou sledovani odezvy na stopo&tai, Idata se vSak vzdy
vztahuji na systéniisty SCQ-stopovaci latka, tedy nezahrnuji v 8@mwasreé probihajici extrakci,
pii které pra¢ maze vznikat pirozena konvekce vlivem zin hustoty roztoku. V této praci byla pro
Ucely laboratde vypracovana metodikadteni doby odezvy na stopovaci latku. Jako stopaiaiil
jsme pouzili kyselinu benzoovou. Zkolika testovanych latek pro extrakci byl vybratra&osan pro
pokusy v podkritickych podminkach (12 MPa, 25°QJilaurin pro supekritické podminky (12 MPa,
40°C). Extrakce byla sledovandi poku rozpou&tdla ve sniru a proti smru gravitace. Redkézné
vysledky ukazuji, Ze ip supekritickych podminkéach a probihajici extrageivyrazg projevuje vliv
sméru toku na charakter progwi v extraktoru, zatimco u podkritickych podminednto trend
pozorovan nebyl. Vysledky a hypotézy formulovanéte casti prace je pétba o¥iit dalSim

studiem.



RESUME COURT

La thése présentée concerne I'étude de deux prahkbfms liées a I'extraction supercritique.
Le premier objective a été de tester la capacitprdoedé de la Détente Instantanée Contrélée (DIC),
appliquée en tant que technique de prétraitemdigffi@acité de I'extraction par le CGsupercritique
grace a la modification de la structure du matéeidrait. Le deuxiéme objective a été d’élaborer
une méthode de mesure de la distribution des tetapsejour afin d’observer I'effet de la direction
du flux moyen sur la distribution des temps dewéflans un extracteur supercritique.

L’extraction supercritique attire attention graaex aavantages qu’elle possede en comparaison avec
les méthodes d’extraction conventionnelles. Néanmdes applications de la technique a I'industrie
sont souvent inhibées par les codlts d'investissenheitinstallation de haute pression. Optimisation
des parametres de procédé peut baisser les ctdiig.the prétraitement du produit avant I'extractio
est un des parametres les plus importants quieinfle la cinétique et le rendement de I'extraction.
Dans cette étude, le procédé DIC a été testé dnqgten technique de prétraitement. Les grains
d’amarante, de soja et de café ont été traité®aret extraits par le COsupercritique. La structure
du matériel a été étudiée par la microscopie d@pitjue a balayage, la porosimétrie a mercure
et la pycnométrie a hélium. Les données expérinentant été décrites par deux modéles: le modele
BIC basé sur I'extraction des cellules casséestattes, et le modéle « hot ball » basé sur lasith
dans une sphere. L'effet le plus remarquable aoB&ervé pour les grains de soja. Leur porosité
a augmenté considérablement aprées le traitemerDigaet la vitesse de transfert interne de masse
a augmenté six fois. La structure des grains d'amtar et de café n'a pas été modifiée par
le traitement par DIC, et les résultats de I'exiac ne montrent aucune amélioration.
La problématique de I'extraction de la caféinenaguport a la présence de I'eau a été discutée.

Grace a la viscosité cinématique basse, les fluglgeercritiques inclinent plus a la convection
naturelle, ce qui influence la cinétique et le meént d’extraction. Plusieurs études sont accessibl
concernant la dispersion axiale dans I'extracteupercritigue, évaluée a l'aide des mesures
de la réponse a linjection du traceur dans I'ecterar. Ces travaux étudient le systéme, @Ore-
traceur, mais ils observent pas la réponse per@attaction proprement dite, ce qui est justement
le cas ou la convection naturelle peut se développause des différences de densité. Le butttke ce
étude a été d’élaborer une méthode de mesurerdpdase a l'injection du traceur. L'acide benzoique
a été utilisé comme traceur. Plusieurs solutés atét testés; le tetracosane a été choisi pour
les expériences sous conditions subcritiques (12a,ME5°C), la trilaurine pour les expériences
supercritigues (12 MPa, 40°C). L'extraction a éf@lisée avec le solvant passant dans le sens
de la pesanteur et aussi dans la direction oppdsée résultats préliminaires montrent un effet
significatif de la direction de flux de solvant soconditions supercritiques. Par contre, cet effat
pas été observé sous conditions subcritiques.dsedtats obtenus doivent étre encore vérifiés par u

étude suivante.
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Introduction

INTRODUCTION

Plant extracts have been used since centuriesdépapation of drugs, cosmetics, as colorants, spice
or food additives. Although nowadays the most dbi@ble compounds present naturally in plants can
be synthesised chemically, natural extracts aie rsgghly important especially in medicine and
pharmaceutical industry. Traditional methods ofraotion are distillation, cold pressing or solvent
extraction. Quality of extract is closely relatenl the choice of solvent; conventional solvents,
however, possess several disadvantages, such aglegtivity and destruction of thermally unstable
compounds. Therefore, new extraction techniques laeeng developed to eliminate these
disadvantages.

One of these modern techniques is extraction wigecritical CQ. In comparison with conventional
extraction solvents, supercritical €@ environmentally and health friendly, cheap aad be easily
completely separated from the extract. MoreoveiGHanging extraction pressure and temperature, its
selectivity can be partially changed. Thus, sujticat CO, extraction has received particular
attention in the field of natural compounds sepanathe attention is even intensified by the faloat
rules for the use of chemical agents have becomet secently. Decaffeination of coffee and
extraction of bitter compounds from hops for besvdpction are the most important applications
of supercritical extraction.

Naturally, there are disadvantages of this techmagiwell. The main drawback is represented by high
investment costs of the high pressure installatidgrich often makes the supercritical extraction enor
expensive than conventional techniques, thoughabipgrcosts are not that high. Investment costs can
be hardly reduced, but total costs of the process lie decreased by optimization of process
parameters.

Pretreatment of the material before extractionns of the most important parameters, having effect
on extraction rate and total yield. Beside standarechanical disintegration (milling, flaking,
chopping), alternative techniques of pretreatmeetused in specific cases, such as moisturizing or
enzymatic hydrolysis. In this work, the procesdnstantaneous Controlled Pressure-Drop (DIC) will
be presented and tested as a pretreatment methedprbcess is based on the thermomechanical
processing induced by subjecting a substance |hartiamid to high pressure steam followed by
arapid expansion to vacuum. The rapid pressur@ dauses a bursting evaporation of a part
of the moisture from the bulk of the material, whiblows and breaks the walls of cavities.
The objective of this work is to determine the extef structural changes caused by DIC in vegetable
matrix, and to study the effect of these changethemate supercritical extraction.

Another factor that can influence the extractiote r@nd yield is the presence of natural convedtion
supercritical extractor. Systems with flowing supiical fluids are more prone to natural convetio
as their kinematic viscosity is very low, of abduto orders of magnitude lower that for liquids.

Researchers coincide that at the gravity-assisted (flownflow) the extraction is faster, while umde

-1-
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gravity-opposed flow (upflow), slowing down of ext¢tion was observed. This is caused by density
difference between pure GQGand solute-laden GO resulting in a mixing in the vessel. The
phenomenon has been studied by several authatsfeomine flow pattern in extractor, the method of
tracer response and evaluation of axial dispersias used. However, those studies concerned
systems of pure CQOpassing through inert support in the extractor ths® real behaviour during
extraction has not been described yet, even thtlughnformation is interesting from the scientific
point of view and important for design and optintiaga of when large scale supercritical extractors.
Therefore, the second part of this work conceresflibw pattern in laboratory extractor, specifigall
the introduction of tracer response method to #t@datory and preliminary experiments to test the
method in order to study flow pattern.

This work is based on collaboration of two instdus — Institute of Chemical Process Fundamentals
of Academy of Science of the Czech Republic (ICPE @R) and laboratory LMTAI (presently
LEPTIAB) at University of La Rochelle.



Goals of the thesis

GOALS OF THE THESIS

Two problems related to the efficiency of supeitait CO, extraction are studied in this work.
The first one deals with the pretreatment of exé@denaterial. The objective is to test the abilityhe
process of Instantaneous Controlled Pressure-DRIE)( applied as pretreatment technique to

enhance the supercritical extraction by structuoeification of extracted material. Specific steps a

— to study the effect of the DIC pretreatment of madaterial (soybeans, green coffee beans,
amaranth seeds) on its structure and on the raepafrcritical extraction;

— to describe extraction curves for non-treated ahd-tteated material with a mathematical
model and compared mass transfer parameters ektraection;

— to determine the impact of various DIC conditionstloe extraction rate.

The second problem deals with flow pattern in scipical extractor. The objective is to introdute t
method of measurement of RTD characteristic inoléboratory in order to follow the effect of flow

direction on flow pattern in a supercritical exta@c Specific steps are

— to assemble the apparatus for RTD measurement® atevelop a methodology;
— tofind and appropriate extraction system (natovafrix or solute deposited on inert support);

— to test the method in preliminary RTD measurements.
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1. LITERATURE REVIEW

1.1 Properties of supercritical fluids

A pure component is considered to be in superatititate if its temperature and its pressure are
higher than the critical values. The critical temgtere is the highest temperature at which a gas ca
be converted to a liquid by an increase of pressheecritical pressure is the highest pressumehith

a liquid can be converted to a gas by an increaseliquid temperature. In the supercritical region

there is only one phase possessing some of theniegpof both gas and liquid (Figure 1.1).

350 -
300 -
Supercritical fluid
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Figure 1.1. Phase diagram of £@P — triple point, CP — critical poirfc — critical pressurelc — critical

temperature [1].

A mixture of components is considered to be superar with respect to pressure, temperature or
composition if conditions of state,(T, composition) are beyond the critical point of timéture
(Figure 1.2). With respect to pressure, the cilifont of a mixture is always on the top of theotw
phase area at constant temperature and composttittie mixture. The critical temperature, on the
contrary, does not limit the two-phase region widspect to temperature. Similarly, at constant
pressure and temperature, the critical point inegans not at the maximum value of the two-phase
region with respect to the concentration of onearhpounds [2]. In this theoretical review, only @ur

components will be treated.
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Figure 1.2. Critical points in binary and ternarixares. R® vapour pressure of component 1 [2].

1.1.1 Thermodynamic properties — PVT behaviour

In contrast to liquids, properties of supercritiftalds (SCF) vary strongly with conditions of statnd
these variations are the basis for many applicatid¢hen the critical point is approached, prediio
and even correlation curves are very difficult hessaof the non-classical behaviour in this region.
The models used to predict equilibrium in the sopgecal fluids can be divided into the following

groups [3]:

the Van der Waals family of cubic equations ofes{&.O.S.);

— the virial family of E.O.S;

— the group contribution E.O.S.;

— E.O.S. for associating and polar fluids;

— E.O.S. from theory and computer simulation.
The common feature of equations of state is thay thre constructed by combining separate
contributions resulting from repulsive and attraetiinteractions. If the classification of different
E.O.S. is based on the degree of the volume-expamrsjuation, the equations of state can be simply
divided into cubic (semi-empirical) and non-cubic.
Cubic equations of state are using the repulsikm {& ™) proposed by Van der Waals (Table 1.1).
Various attractive terms (%) have been proposed in the literature. Peng-Robirend Soave-
Redlich-Kwong equations are widely used since thexyuire little computer time and little input
information (only critical properties and an acénfactor) to calculate the generalized parameters.
However, these equations do not predict well ligd@hsities, the generalized expressions are not
accurate for non-hydrocarbons and long-chain mddscluand they are not accurate in the critical

region. The greatest use of cubic E.O.S. is forsphequilibrium calculations involving mixtures.
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Mixtures’ parametera andb are used in equations for pure fluids; they arstmmommonly obtained

using the Van der Waals one-fluid mixing rulesitmfa, b, and combining rules to finaj;, b;.

Table 1.1. Repulsive and attractive terms used.®.&:# - reduced volumen(= b/4V, V — molar volume

(m*/mol) ), « — non-sphericity parameter [4]

Equation zee 7t

repulsive terms

1
Van der Waals 1- 45
1+n+n?-n°
Carnahan-Starling Lsf?
@-nm

1+ @Ba-2n+(Ba® -3a+hp’ -a’p®

Hard Convex Body (HCB)

a-n)®
attractive terms
Van der Waals 2
RTV
Redlich-K a
edlich-Kwon 1
g (V +b)RT?
s a(T)
oave 7(\/ TD)RT
Va(T)

Peng-Robinson [V(V +b) + b(V - b)]RT

Cubic equations of state embody a correspondirig gtaory, which assumes similarity of molecular
size and force constant. Therefore, they are fotoedescribe a situation for which they are not
developed, because supercritical fluid solutiomshéaghly asymmetric in force constant and size.

The non-cubic equations of state have more thealethasis because there is a contribution
of statistical mechanics and computer simulatitrmsyever, the gain of replacement of cubic E.O.S.
by non-cubic one is often only marginal. Non-culgiguations are characterized by the use of
a repulsive term that is based on the Carnahatir§fanr on the HCB expressions (Table 1.1);
attractive term is generally based on a term ddrivem the perturbed hard chain theory or from
the statistical associating fluid theory [4]. Matetailed description of thermodynamic propertiegd an
phase equilibrium at high pressures can be foutiziji4].

Diagram in Figure 1.3 represents the temperatugegure-density relationship in terms of reduced
variables (e.gP/Pc = Pg), applicable to all substances. The supercritiegion lies just abovéz=1.0,
Pr=1.0. At subcritical temperatures, the volume ofjas decreases (i.e. its density increases) with

an increasing pressure until the phase boundagyisimeached and crossed with formation of liquid
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phase. As long as the total density of the mixtie® in the two-phase region, gas phase and liquid
phase coexist at constant pressure. When all dagiedied, further reduction in volume would letad

a rapid increase in pressure due to low comprdiggibf liquids. On the other hand, at supercritica
temperatures, a gas can be compressed to liq@dvdtume without visible changes of phase.
The critical isothermlc has a horizontal tangent at the critical point &atherms in its vicinity
(T>T¢) are flat. Therefore, a very small increase irspuee near critical point, @=1.0-1.2, results in

a dramatic increase in density towards liquid-lkdues. The same increase in pressurégat.5
hardly changes the fluid density. This fact is us@fhen performing SCF fractionation. The density
of a supercritical fluid practically never exceettle density of comparable liquid, regardless of
the pressure.

Based on many solubility measurements, it can éedtthat solvent power of a supercritical fluid
increases with density at given temperature, arid teimperature at given density. The increase in
density enhances solute-fluid interaction. Anotfector enhancing the solvent power is vapour
pressure; the increase in a component vapour pegsshich increases with temperature, decreases
solute-solute interaction.

The influence of temperature on the solubility garwith pressure; at high pressures, the solubility
increases with temperature, at low pressures, pdmture increase causes a decrease of solubility.
This behaviour comes about because at low presgugas critical point), the decrease in densityhwit
increasing temperature is much more important @iiahigh pressures (see Figure 1.3). Therefore,
although the solvent power is enhanced by incretsmgerature, the effect on solubility is negative
due to the decrease in density. The crossover yreess a very important factor when a process

involving solids must be optimized. [4], [2], [1]

30
20

Reduced pressure

05

0.1

Reduced density

Figure 1.3. Reduced pressuRe) — reduced density€) diagrams at various temperaturég)( SCF —

supercritical fluid region, NCL — near critical ieg [1].
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1.1.2 Transport properties

Usually, values of transport coefficients for a gas extremely sensitive to pressure, and therefore
prediction in high-pressure region is required.t@mother hand, small changes in transport pragserti
of liquids with pressure can be disregarded. Thechdaws governing transport phenomena in laminar
flow are Newton’s law, Fick’'s law and Fourier’'s la®roportionality constants of these equations,
viscosity #, diffusion coefficientD and thermal conductivityl, respectively, will be discussed in
following paragraphs. A comparison of general valf@ gas, liquid and supercritical phase is given
in Table 1.2.

Table 1.2. General range of values of density eantsport properties for a gas, a liquid and a sujtieal fluid

Density Dynamic viscosity Diffusivity

(kg/m?) (10° N' s/n) (mm?/s)
Gas 1 0.01 1-10
Supercritical fluid 100-1000 0.05-0.1 0.01-0.1
Liquid 1000 0.5-1.0 0.001

1121 Viscosity

Most of pure liquids, simple mixtures and gasesNew/tonian fluids, thus their dynamic viscosity is
independent on shear stress and velocity gradiadtdepends only on conditions of state.

For a gas, the effect of pressure on the viscagipends on the region BfandT of interest relative to
the critical point. Near the critical state, theaobe in viscosity with temperature at constantqunes
can be very large. Two branches can be observedooinve of viscosity as a function of temperature;
one in which the viscosity rapidly decreases witbréasing temperature (liquid-like behaviour) to
a minimum near the critical point, and the othehewe the viscosity increases with increasing
temperature (gas-like behaviour). Critical valudsseveral gases and liquids are available [5].

Besides, different correlations have been propémeboth pure compounds [6] and mixtures [7].

1.1.2.2 Thermal conductivity

Thermal conductivity of gases is connected withcessty and heat capacity. Under ambient
conditions, thermal conductivity of gases is in taage of 0.01 to 0.025 W/(i); except of higher
values for helium and hydrogen. For most orgawjuitls, the value is in the range of 0.1-0.2 W/(K m)
at temperatures below the boiling point. (Watermamia and strongly polar liquids have higher
values by a factor of 2 to 3; liquid metals and sosilica compounds have very high thermal
conductivities.) Under supercritical conditions, e thconductivity decreases with increasing
temperature, goes to a minimum and then increaghst@mperature. On the other hand, at constant

temperature, it increases with pressure [2].




Literature review: 1.1 Properties of supercrititailds

1.1.2.3 Diffusion coefficient

Diffusion coefficient (diffusivity) as defined byi¢k’s law is a molecular parameter and is usually
reported as an infinite-dilution binary diffusiooefficient. As it can bee seen from Table 1.2sit i

about one order of magnitude higher than for liquéshd two orders of magnitude lower than for
gases. Components of similar structure and moleeugght have also similar diffusion coefficients;

the coefficient decreases with molecular weight. iAgs known from correlations, the diffusion

coefficient is inversely proportional to pressuteanstant temperature. On the other hand, at @onst

pressure, the gas diffusivity increases with poWwrof the absolute temperature [[3].
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1.2 Supercritical CO, extraction of natural matter

More than 130 years ago, Irish chemist Thomas Amsirgave a lecture to the Royal Society,
reporting for the first time that supercritical ifls dissolve some non-volatile solvents. Andrews
described the critical point as the end of the vapoessure curve in a phase diagram. At temp&situr
and pressures above this point, many gases dissehl@n solids and liquids [9]. In 1879, Hannay
and Hogarth had characterised the behaviour ofreupeal fluids in more detail [10]. During

a presentation to the Royal Society, they reporgsdlts from a series of experiments during which
they dissolved solids with a melting point much abohe liquid solvent’s critical point. The solid
remained diffused in the vapour even when theyedhibe temperature to 55°C above the critical point
and considerably expanded the volume. Authors tegdhat “some solutions show curious reactions
at the critical point”. Ferric chloride, for exareplprecipitates from ether just below the critipaint

but it redissolves in the gas when heated by foufive degrees above the critical point. Sudden
decrease in pressure precipitates the solute. fdpeyted that the precipitate from supercriticald

“is crystalline, and may be brought down as a “shawthe gas, or on the glass as a “frost™.
Increasing the pressure redissolved the crystals [1

Chemists continued to experiment with supercritifalds for almost a century, although they
remained something of a curiosity for a long tirmethe 1960’s, a research oriented to separations
with supercritical carbon dioxide (SGOstarted, mainly in Germany [12]. Independentlys&an
researchers studied extraction of plants with, @€ar critical point [13]. Thus, advances in thiveat
extraction of foods were made. For the first timatural products such as coffee, tobacco, tea,azoco
hops, spices and oil seeds could be extracted wtithe use of organic solvents [14].

Nowadays, various applications of supercriticaidduare studied, such as chemical reactions and
synthesis under supercritical conditions, enzymat@&actions, preparation of nanoparticles,
sterilization, drying; however, the extraction angpounds from natural sources remains the most

widely studied application of supercritical fluids.

1.2.1 Supercritical extraction versus conventional techrjues

There are two conventional techniques mostly uswdskparation of compounds from natural
matrices: steam distillation and organic solventraction. The distillation is the most common
process in essential oils production. Plant mdterigut into a still (distillation apparatus) oveater;

as the water is heated the steam passes througtatitematerial and vaporizes volatile compounds.
The vapours flow through a cooler and condense HkacHkiquid, which is then collected in
the separator. The plant material can be also isededirectly in the boiling water (hydrodistillatip
The main shortcoming of the distillation is highmigerature that can cause a transformation

of thermally sensible compounds into undesired prtsd
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The use of organic solvents (the most common isuexpermits to extract lipophilic compounds as
well. However, their selectivity is low and thugjaat from the desired substances, non-volatile
components of high molecular weight such as fatly, @esins, waxes and colouring matters are
co-extracted. Two other shortcomings are the solvesidues in the extract, with the subsequent
toxicological risk, and the long extraction timequéed in most cases for achieving efficient
extractions. In addition, operating temperatureggnic solvents’ boiling points) can be harmful for
thermally unstable compounds. Moreover, both sdlestraction and distillation are hardly feasible
for automation [15]. Efficiency of these classicakthods can be improved using microwaves or
ultrasound assisted extraction. Further, the etitmacprocess can be carried out under reduced
pressure in order to lower the solvent boiling poin

Supercritical fluid extraction (SFE) provides salexdvantages over traditional extraction techrsque
As the density and the solvent power of superalitftuids are close to those of liquids and their
transport properties are close to those of gakey, ¢an penetrate into a porous solid material more
effectively than liquid solvents. Moreover, aftbetextraction, the solute can be easily separabea f
the extract by decrease in pressure, in contrasbmwentional extraction techniques using organic
solvents which are difficult to remove completelsorh the extracts. The solvation power of
supercritical fluid can be manipulated by changingssure and temperature, which enables a selective
extraction. The extraction is fast and feasibledotomation; it can be extended by a direct cogplin

with chromatographic analysis.

Table 1.3. Critical point of some compounds testegdupercritical solvents [16]

Fluid Critical temperature Critical pressure
(K) (10° Pa)
Carbon dioxide 304.25 73.8
Ethane 305.4 48.8
Ethylene 282.4 50.4
Propane 369.8 42.5
Propylene 364.9 46.0
Trifluoromethane (Fluoroform) 299.3 48.6
Chlorotrifluoromethane 302.0 38.7
Trichlorofluoromethane 471.2 44.1
Ammonia 405.5 113.5
Water 647.3 221.2
Cyclohexane 553.5 40.7
n-Pentane 469.7 33.7
Toluene 591.8 41.0
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Different compounds have been examined as SFE rgslv&or example, hydrocarbons such as
pentane and butane, nitrous oxide, sulphur hexéfle@nd fluorinated hydrocarbons [17], [18], [19].
Critical points of some of them are listed in Tahl8. However, carbon dioxide (GQs the most
popular SFE solvent because it is safe, readilylabla and has a low cost. With critical point
at 31.1°C and 7.38 MPa, it allows supercriticalrapiens at relatively low pressures and at neamroo
temperatures, which preserves thermally unstabtgoands [20].

In the text that follows, the term of supercritieadtraction is to be understood as the extractiih w

supercritical C@.

1.2.2 Process description

A scheme of an extraction plant is shown in Figu#e The liquid C@from the storage (or bottle) is
pressurized, heated and transferred to the extrastivere it gets loaded according to adjusted
conditions (temperature and pressure). The startiaterial is put into a basket located inside the
extractor that allows fast charge and discharghegextraction vessel. The nature of the matendl a

its pre-processing are parameters that can laiglience the separation performance and they will
be discussed in detail later in this work. On eotabory scale, the extractor is usually immersed in
a water bath to maintain the extraction temperatorestant; industrial plants use a heating agent in
a double jacket extractor. The SC& the exit of the extractor flows through a deptgization valve

to a separator in which, due to the lower presgheegextracts are released from the gaseous medium
and collected. In the case of a larger scale apparahe gaseous GCcan be condensed,

intermediately stored and recycled.

RAW g Co, MAKE-UP
MHTERI.RLl T * <
CONDENSATOR
HEATING COOLING
AGENT
AGENT
—a
=
HEATING EXTRACT
AGENT
STORAGE
'a”
EXTRAGTION SEPARATION

Figure 1.4. General flow diagram of the SF extatprocess (NATex Prozesstechnologie web site).

Up to now, a continuous process providing contisuteeding and emptying of solid materials in
the extractor under high pressure has not beercigmtly brought off. In different research studies
a screw press to pressurize and shift the mathrialigh a high pressure vessel was described but th
technical realization for industrial plants is tdifficult. Therefore, solid materials are extracteg
cascade operation in two or more batch extractongbined in series (Figure 1.5a). The compressed

gas passes the extractors in the sequence 1-2rdi4eymtraction in extractor 1 is finished. This
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extractor is separated from the cycle, decompressegtied, refilled with the fresh material and
added as last one to the sequence which is now-2-3Due to this sequence high extraction yields
are obtained because the pure solvent flow is ctedawith pre-extracted material so that
a concentration difference is present and on theroside, the pre-loaded solvent flow enters the
extractor with fresh material so that the maximumalvent capacity is used.

Although it is not possible to avoid the co-extiaetof some compound families (with different
solubility, but also with different mass transfesistance in the raw matter), it is possible toycaut

an extraction process in order to fractionate ttieaet (i.e. to allow selective precipitation offdrent
compound families). This type of operation calledcfional separation is based on changes in
the solubility of compounds in the supercriticalil in dependence on extraction conditions. There
are two ways to obtain the fractionated extradtilia solubility of compounds can be progressively
enhanced by increasing the pressure in the extractb extract fractions are successively collected
using just one separator; (b) faster way is to dietctly the maximal solubility conditions in
the extractor and to separate the extract in twaenore separators in series operated at different

pressures and temperatures (Figure 1.5.b) [21].

ﬁlglil
Jillil;

a) b)

g »><
T A
fraction 1 fraction 2 fraction 3

i extract
S ¥ oO—@
A
>/

Figure 1.5. a) Cascade operation for extractiosotifl materials; b) multi-step separation of extrac

1.2.3 Potential of SCG; to extract natural compounds

Knowledge of solubility of a solute in supercriti¢iid is crucial. Molecules of C&have no dipole
moment and the fluid is usually regarded as noaspdiut it has also a little affinity for polar atés,
probably due to high quadrupole moment of moleculdsvertheless, the presence of hydroxyl,
amino, and nitro groups is known to diminish thiubiity, especially if two or more of these groups
are present in the solute molecule [1]. To incrébsesolvent power of SGQowards polar molecules,
a liquid co-solvent can be added. Small quantitieBquid solvents (e.g. ethyl alcohol) are readily
solubilized by SC@ When in solution, they modify the solvent powdrSCQO, [22], [23]. This
strategy has the drawback that a larger solventepamuld also lower selectivity of the process;

moreover, since the co-solvent is liquid at atmesighpressure, it will be collected in the separato
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together with extracted compounds. A subsequentegssing is required to eliminate the solvent;
therefore, one of the advantages of the SFE - stiéss operation - is lost.

The solubility of solids and liquids in supercrétidluids has been measured extensively. The early
studies provided by Francis [24] concern solubibfymany classes of organic compounds such as
aliphatics, aromatics, heterocyclics, and compouwnitis a large variety of functional groups in near-
critical liquid CQ. Later, Bartle [25] reviewed experimentally measlrsolubility of single
compounds of low volatility in SCQ together with the temperature and pressure ramjes
the experimental measurements and method employaetérmine the solubility. Up to now, a wealth
of information on the solubility of materials inprcritical CQ has been published in the literature
and it forms an important part of establishing tieehnical and economic feasibility of any
supercritical fluid extraction process. Most of tingestigations on solubility have been concerned
with binary systems consisting of a single solateantact with a single supercritical fluid, solitli
data derived from multicomponent systems have begorted less frequently [26].

As the extraction process has been studied on ddrgr scale since many years, hundreds
of publications have been published. Besides es$enits and vegetable oils, a large spectrum
of compounds with nutritional and pharmaceuticalperties has been isolated from various matters,
such as tocopherols, carotenoids, alkaloids, uregatli fatty acids. Detailed description is outgiuke
scope of this work, it can be found in numerouslisbbd reviews [27], [19], [20], [21], [28]. Apart
from natural products separation, the extractimcess has been applied for example to neutralizatio
and consequent impregnation of paper, the elinonaif pollutants and pesticides from natural matter
[29], the bone tissue treatment (a delipidatiolafes decreases infection effects). The supesddritic
extraction has been also widely used in chemicalyais domain [30].

Besides the experimental work, the accent has paeon mathematical modelling of the extraction

process so that the process could be scaled uptdpic is discussed closer in chapter 1.5.

1.2.4 Operating parameters

Selection and optimization of operating conditioplslys a decisive role in extraction process
industrialization. Although character of compoundse extracted, their molecular weight, polarity
and their localization in plant matrix must be ddesed for every particular case, some general

remarks on the most important factors can be mads h

1241 Temperatureand pressure

As the critical temperature of G@& 31.1°C, it is favourable to work in the rande86-60°C to avoid
degradation of thermally unstable compounds. Amreiase in temperature (at constant pressure)
reduces the density of SGQhus it reduces the solvent power of the superalisolvent; but it

increases the vapour pressure of compounds totkaected.
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However, the most relevant process parameter ixitraction pressure that can be used to tune
the selectivity of the extraction. The general rigethe higher the pressure, the larger the solven
power and the lower the extraction selectivity; roer, it must be noted that the solvent power ef th
fluid is given by its density which is strongly nbnear function of both pressure and temperatase (
discussed in chapter 1.1, see Figure 1.3). Heheeptoper selection requires the use of accurate

tables of SC@properties.

1.24.2 CO,flowrate

Solvent flow rate is a relevant parameter if thecpss is controlled by an external mass transfer
resistance or by phase equilibrium; in this ca$es amount of supercritical solvent feed to
the extraction vessel determinates the extractiate.r The direction of the solvent flow
(gravity-opposite or gravity-assisted flow) canyptadecisive role if natural convection occursha t

extractor; this problem is discussed in chapter 1.4

1.2.4.3 Material pretreatment

If the extraction process is controlled by intermelss transfer resistance, the material pretreatimen
very important factor because it can change sutialignthe diffusion rate within the particles.

Mechanical disintegration is mostly used as madtprigtreatment. For more details see chapter 1.3.

1.2.4.4 Extraction time

Process duration is interconnected with,@0w rate and particle size and has to be propsglgcted

to maximize the yield of the extraction process.

A study of Yin et al. [31] can be cited as an exBng# analysis of the operation parameters of sded

supercritical extraction.

1.2.5Industrial scale applications

Several applications have been fully developed eochmercialized in the food and flavouring
industry and in the pharmaceutical industry: envinentally friendly separation of volatile and lipid
soluble compounds, extraction of high value oisjlation of lipid soluble compounds, extraction of
high grade natural aromas, purification of raw matg, extraction of hop resins, extraction of ggic
reduction of nicotine in tobacco, coffee and teeadffeination, recovery of aromas from fruits, meat,
fish, etc. A terse review on SFE applications indandustry was published recently by Brunner [32].
A quite large number of industrials plants (arod0@) of different sizes has been built during s |

20 years for the extraction of solid material wstlpercritical fluid in a batch mode. Since theearl
1980's till 2005, a total number of about 100 vésdegger than 100 litres in volume have been
ordered for about 50 plants. They are mostly disted in Europe, the USA, Japan, and in the South

East Asian Countries [32].
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The largest industrial application is the decafiéion of coffee beans and tea leaves [33]; thigil

for both investment costs and capacities of thentplaFrom the beginning of the seventies to
the beginning of the nineties, nearly 50% of th@Mtproduction capacity for decaffeination of ceffe
and tea changed to the supercritical extractionga®.

The second largest application is the extractiobitér flavours from hops. In the last twenty year
nearly all producers of hop extracts changed tatipercritical extraction process [34], [35].

Plants for extraction of spice oleoresins, medidisibs and high value fats and oils are much small
compared to the decaffeination plants and hopsaetkin plants, and their introduction into the
industry is slow.

Generally, industrial applications of Sg€&xtraction are limited by high investment costspared to
classical low pressure extraction techniques. @rother hand, operating costs for very large aris
low (Figure 1.6). A continuous operation mode ofrastion (continuous passage of the material
through the extractor) could lower the operatiost€d36]. Nevertheless, it is applicable only when
extraction from liquids is carried out [37]; solidaterials are extracted in batch mode due to ttie la
of satisfactory technologies of continuous feedrchigh pressure equipments. Therefore, in the cas
of vegetable oils, although large quantities of naaterials are treated, the supercritical extractio
remains more expensive than the traditional hexatrction which can be carried out at continuous

mode at atmospheric pressure.

PRODUCTION COSTS vs. PLANT SIZE
{Standard Spice Plants 550 bar}
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Figure 1.6. Production costs of a SFE plant vetiseplant size (NATex Prozesstechnologie web site).

We can conclude, that the supercritical extractian be competitive to the conventional techniques
when large amounts of material are treated (as dstraied by the examples of coffee, tea and hops
plants) or when thermally sensible compounds ol ligtritional value are extracted (e.g. vegetable
oils with a high content of-linolenic acid). These high value products isstdiedn a “green”
treatment are competitive enough to their equivalexxtracted with organic solvents, even when

produced in small quantities.
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1.3 Material pretreatment and internal mass transfer

Internal mass transfer is represented by diffusioside extracted particles to their surface.
The diffusion depends on the initial distributiohthe substances to be extracted within the solid
matrix and on the size of particles and type oftrpggment. To choose optimal method
of pretreatment, first location of the substancesstnbe evaluated; further, it is necessary to know
whether the desired substance is bounded in angichkreaction to the matrix or bounded to
a complex. Generally, the distribution of solut@e&ieds on the type of solute and on biological aspec
(e.g. waxes are deposited on the plant parts fyrfaagetable oils are evenly distributed in seed
endosperm, essential oils are located in well-@effiplant secretory structures [38]).

In our experiments, we provided extraction fromdse@maranth, soybeans, coffee beans), thus, next
lines will concern mainly seeds; however, the téphes of pretreatment, generally, are applicable in

a wide range of natural matrixes and they are egph other extraction techniques as well.

1.3.1 Structure of seeds

A typical seed includes three basic parts: a sead (testa), an embryo and a supply of nutritiémts
the embryo; this supply can be represented by dasperm (which is mostly the case of oil seeds) or
a part of female gametophyte (conifers). Seed® sttarch and triacylglycerols as food reserves for
germination and postgerminative growth of the dagdl The oil is evenly distributed in the seed
endosperm in small, discrete intracellular orgaasetialled oil bodies (Figure 1.7). Isolated oil lesd
have a spherical shape and possess diametersgdngim about 0.5 to 2.0m. They contain mostly
triacylglycerols and small amounts of phospholi@ds oleosins [39]. Reverchon et al. [40] published
micrographs from scanning electron microscopy (SEM)grounded coriander and grape seeds
(Figure 1.7d) and stated that the seed endospensist® of oil-bearing cells “filled with oil” whit
should not be confused with biological cells theg enuch smaller. Shape and size of oil-bearing
structures are characteristic for a given spedieeds. In another study, Reverchon et al. exaimine
grounded rosehip seeds and they found there wasl-bearing structure and the oil was located in
long lignified channels [41]. (On the other hanal d&/alle et al. [42] claimed that oil-bearing
structures are present in rosehip seeds and thgothssised that it might had been the lignifiedkhi
testa what Reverchon et al. observed.) To redueebé#rier represented by rigid inert structures,

different techniques of material pretreatment aedu
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NN ]
ReosS

Figure 1.7. Examples of seed structure. Borage @smusmission electronic microscopy): (a) glanti ag
a whole, where protein and oil bodies within thi, ¢b) gland cell before extraction, (c) glandlcdter
extraction [43]; (d) coriander seed (SEM): brokdrbearing cells after extraction with non-extrattpherical
starch bodies [40] ; (e) rosehip seed structurd[Sifter extraction [41].

1.3.2 Material pretreatment

Supposing that extracted compounds are not chdgnisalinded to the matrix, the diffusion can be
influenced by following pretreatment processes:

1.3.21 Mechanical disintegration

The common experimental observation, which is mottéd to just supercritical extraction, is that
the extraction from whole uncracked seeds is neamjyossible and very low yields are obtained
(virtually no oil is extracted from intact colzaesks, only 3% of oil is extracted from halved peanut
and only 1.3 g oil/kg is extracted from coriandeeds cracked in halves) [42].

Particle size depends both on the original shagkerheological properties of the material (leaves,
needles, seeds) and on technique of disintegraliothe extraction process controlled by internal
mass transfer resistance, particle size becomes/amportant factor because a smaller mean paurtic
size reduces the length of diffusion path of thévestt [21] and increases the interfacial area.
Moreover, size-reduction techniques such as grifdirushing and chopping do not only decrease the

particle size, but also release oil from cells. ytead to a breakage of superficial cells, themsfor
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the amount of released oil is inversely proporticiwathe final diameter of particles. In order to
examine the effect of particle size on extractioeldy samples of defined particle size fraction are
prepared by using a single size-reduction devicese&tworking conditions can be set up to achieve
different milling grades or by separating differesite fractions from grounded mixture by sieving.
However, del Valle et al. [42] pointed out that whbe latter technique is applied, a segregation of
seed parts with different oil contents may occspeeially when seeds with thick and/or hard testa
and small germ are treated. Authors showed thahipsseed fractions of large particles contained
mainly testa fragments, whereas that of small gadicontained mostly seed germ fragments.

Two possible drawbacks, however, may be associatéiti the decreasing particle size.
The production of very small particles by grindiogn produce the loss of volatile compounds; it
limits the degree of material disintegration fosegtial oils extraction. A use of cool medium dgrin
the pretreatment stage can be used to prevenotse [44]; a promising technique is to grind the
matrix under cryogenic conditions, e.g. with liquiirogen. Moreover, if the particles are too small
channelling inside the extraction bed can occupa#t of solvent goes fast through the extractioth be
without contacting the material which causes a losdoth efficiency and yield of the process.
Therefore, mean particle diameter used for extvastranges from 0.25 to 2.0 mm [21].

On the other hand, a reduction in particle sizgoisstrictly required to release the oil from tledi<in
prepressed or flaked seeds, because the cell wadlsother barriers to the mass transfer within

the solid substrate are destroyed by high shesss&s during the pressing and flaking.

To describe internal mass transfer in a particd@egally, the particle is assumed to be a poronsrsp

and a differential equation for a solute diffustmased of Fick’s law is used

*_p izi(ﬁ@j (1.1)
ot reor or

whereD,; represents intraparticle diffusion coefficientirieans an effective diffusivity of the solute in
the porous vegetable matrix. (Effective diffusivisyalso marked. in literature; the term “diffusion
coefficient” applied in this work means exclusivébffective diffusion coefficient”. Description of
internal mass transfer makes a part of the extnagirocess modelling which is discussed in chapter
15)

Migration rate of the solute is therefore relatedheD; value which can be estimated as a function
of the binary diffusion coefficientD;,) of the solute in the solvent, adjusted to qugriife effect

of inner barriers in the substrate
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whereg, is the particle porosity andis the tortuosity of the interconnected pore nekwio the
particle [45]. The value of binary coefficient cha estimated using for example the correlation of
Catchpole and King [46]0Y; as a function of reduced temperature, reduceditgiesitical volume

and molecular weight), particle porosity can beedatned by Hg porosimetry. To estimate the
tortuosity of prepressed oil seeds, Uquiche ef4d] applied a fractal-texture analysis of binary
light-microscopy images. The images are binarizedl the values of fractal dimension and spectral
dimension are evaluated; the tortuosity is caledats a function of these two parameters.

Unlike the approach given above and assuming congtaticle porosity and diffusion coefficient
during the extraction process, Simeonov et al. pt8posed a model where these parameters change
with concentration; to describe such a system,aasthpplied a basic diffusion model wherein the

simultaneous effect of concentration-dependentsiifity and variable porosity was included.

1.3.22 Moisturizing

There is an enhancement of diffusion due to thdliageof cell walls by simple moisturizing the raw
material. The transport of substances through biocéd cell walls can be described as the transport
through various membrane systems. Elementary merabra parts of these systems - consist of
several layers, and lamellas are made of bimoledipid layer. These lipid pillars change with wate
content. If there is not enough water in the systédma pillars close the membrane, making it
impermeable; if enough water is available, the mamb stretches and becomes permeable [2].

This step is particularly important in the caseS@fQ extraction, because SG@oes not cause any
swelling of the material contrary to the organitveat extraction or a distillation where the cehlis

are swelled directly by the solvent. Further, ie ttase of essential oils extraction from leaves and
flowers, steam or boiling solvent cause a disruptid secretory structures containing oils, thus the
mechanical disintegration is not so important.

An example of seed moisturizing is caffeine eximctirom whole coffee beans that cannot be
mechanically pretreated before the extraction (imaee water has a kind of co-solvent role in this
process) [49].

Further, some complex bonds retaining the solutkermatrix can be broken by the moisturizing (this

might be done also by changing pH value).

1.3.2.3 High extraction pressure

The high extraction pressure itself was proved ¢tp Hthe breakage of the cell walls in the case
of almond fruit [50]. High-pressure treatments a cause the formation and destruction of covalent
bonds but have effects on hydrogen, ionic, and dpliobic bonds. Authors presented that
the application of SCOextraction modifies, initially, the cell wall matr in particular pectic
polymers and hemicelluloses. At this initial phadeextraction, the breakage of ionic links within

the pectin structure might increase the porositthefwall, regulating the transfer of oil from timmer
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cell. (Pectins are among the cell wall componenith whe ability to contain the turgor pressure
of the cell.) The breakage of hydrogen bonds betwkemicelluloses and cellulose might also

contribute to increase the porosity of the wall.

1324 Fast CO, pressurerelease

Apart from the constant high pressure imposed omaterial, the sudden release of pressure (rapid
evacuation of the CQOfrom the extractor) was proved to disrupt cell lwaf some natural matter as
well. After it had been successfully applied toimtisgration of bacterial and yeast cells [51], [52]
Gaspar et al. [53] examined an effect of the fastodhpression treatment on subsequent dynamic
SCQ, extraction of essential oils from bracts Gfriganum virensL., specifically the effect

of pre-expansion and post-expansion pressurestiriiee of exposure to high pressure £énd

the decompression rate. They found as the mosiesifia decompression from 7 MPa to atmospheric
pressure, the extent of disruption of glands cairgi oil was strongly influenced by both exposure
time and the rate of decompression. Further, thated that the effect of the fast decompression
pretreatment on the extractability of essential wds greater than that obtained from ambient

mechanical disintegration and similar to that alediby cryogenic comminution.

1.3.25 Enzymatic hydrolysis

Enzymatic hydrolysis is a bioconversion process dfff@rs an option for pre-conditioning of oilseeds
prior-to conventional oil extraction processes.sTpietreatment breaks the seed structure as isopen
up the cell walls by converting the cellulose mialerinto glucose. It also converts the complex
lipoprotein molecules into simple lipid and protemolecules. Therefore, this process helps in
obtaining extra oil from various oilseeds (for exde) soybean, sunflower, canola, rapeseed, mustard,
sesame, peanut). Aqueous enzymatic extractionoth@npromising technique where a hydrothermal
pretreatment is applied prior to oil extractioninactivate the native enzymes present in the allsee
and to loosen their structure, before the enzym@aéatment is applied [54]. Although a simple
centrifugation is often used to separate the lteerail, these methods can be coupled with clalssica

extraction techniques [55].
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1.4 Effects of natural convection in supercritical extactors

Previous chapter dealt with internal mass trandfging the extraction process, now we present the
problem of natural convection in the extractor vahdoncerns external mass transfer.

Natural convection is fluid motion as result of paocy forces induced by density gradient in
a system. A ratio of buoyancy forces to viscougderis presented by the Grashof number; it has
a similar significance for natural convection as Beynolds number has for forced convection (Table
1.4). The density differences are usually causetbimperature differences in the system; however, in
the case of supercritical extraction from solicefixoed, changes in density of the fluid phase éslv

+ solute) can occur at constant temperature arak@watural convection.

Researchers in supercritical fluid extraction galieicoincide in concluding that depending on syste
conditions (pressure, temperature, flow rate) pitevailing mass-transport mechanism in superctitica
fluids (SCF) extraction can be considerably affédbg natural convection. It was early pointed out
theoretically and proved experimentally by Debettedand Reid [56] that buoyancy effects
(differences of density between the fluid at thieiface and in the bulk) cannot be neglected when
dealing with SCF. Near the critical point, propestiof fluids change substantially and are very
sensitive to changes in pressure and temperatugeiplercritical region, density of supercriticalidls

is high, close to liquids, and their dynamic vistgson the other hand, is small. Therefore their
kinematic viscosity is extremely low, about®10¢/s, compared to both liquids (<1@¥/s) and gases
(~10° m?%s), and the Grashof number (see Table 1.4) becdmpsrtant. Proneness to natural
convection is even amplified by low flow velocitiasually used for the extraction.

The phenomenon of natural convection was experitigriroved in numerous studies. Beutler et al.
[57] found the rate of piperin extraction from ttapepper to be accelerated by gravity-assisted
solvent flow (downflow) when compared to gravitypmsed (upflow) solvent flow. They related the
effect of flow direction to higher density of sadiaden SCQ compared to the density of pure
solvent: the heavier solute-laden solvent is eagitiidrawn from extractor bottom than from its top.
The easier flow of solute to solvent outlet leam$igher concentration gradients along the exivacti
bed and thus to higher mass transfer driving fofcsimilar phenomenon was observed by Barton
et al. [58] in a work concerning the extractiorpeppermint oil. Sovova et al. [59], studying the(sC
extraction of grape oil from milled seeds, repottteat the extraction in upflow mode was retarded du
to free convection. Moreover, the extraction regich increased with decreasing interstitial veioci
of the solvent and height of extraction bed.

A strong effect was observed by Stiiber [60] etvlo extracted 1,2-dichlorobenzene from the pores
of an inert sintered metallic pellet. At conditionsar the critical point, the extraction time fd%
recovery of solute under upflow mode almost triptednpared to the time for the same recovery with

downflow of fluid.
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The extraction retardation at low interstitial v@taes in upflow mode is also evident from several
published graphs of extraction yield plotted verpassed solvent [61], where the yields at lower
solvent flow rates are lower than at higher flovesathough the contact time is higher.

Description of natural convection effect on theragtion process provided by the literature is fecus
on two basic concepts relating the phenomenono@htinges in flow pattern described by axial

dispersion and (b) to changes in mass transfeficieett with a flow pattern a priori assumed.

Table 1.4. Definition of used dimensionless numbBrs diffusion coefficient (rfis), D, - dispersion coefficient
(m?/s) ,g - gravity acceleration (nfls k — mass transfer coefficient (m/s); characteristic length (mg — fluid

superficial velocity (m/s)y — fluid density (kg/), v — kinematic viscosity (Afs)

3
Grashof Gr w buoyancy forces / viscous forces
v
ki
Sherwood Sh D mass transfer velocity / diffusion velocity
lu,
Péclet (axial) Pe e flow velocity / diffusion velocity
D
a
Ug |
Reynolds Re % inertial forces / viscous forces
%
Schmidt Sc D diffusivity of momentum / diffusivity of mass

1.4.1 Changes in external mass transfer coefficient

The external mass transfer coefficient characterdissolution of a free solute into the superaitic
fluid during the fast regime of the extraction. @xpress the mass transfer in liquids or gases tigwi
in packed bed contactors at atmospheric pressivekao and Kaguei correlated the Sherwood
number with the Reynolds and Schmidt numbersRi3-3000;Sc=0.5-10000) [62]

Sh=2+11Re" Sc"® (1.3)

However, deviations from the correlation occurlawsflow rates, when the conditions are propitious
to natural convection [63], [64], [65].

In order to account for natural convection effamtsthe dissolution rate, several correlations idiclg
Grashof number have been published [66], [67],.[88] overview of available correlations of mass
transfer in fixed beds and packed columns was ghsefPuiggené [64]. The natural convection is
considered to act on microscale, affecting extenmasgs transfer coefficient, but not the flow patter

Therefore, the flow pattern is assumed to be of glaw or mixed-flow regime and mass transfer
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coefficients are evaluated in dependence on theaidin conditions (pressure, temperature, flow
direction).

The importance of natural convection can be asdelsgehe Grashof number as well as the ratio
Gr/R€. This ratio represents the relative magnitude obyant to inertial forces; only when
Gr/Reé<<1, natural convection can be disregarded, ondter hand, the influence of natural
convection tends to vanish as the Reynolds nurmoeeases. Significant values @f (10-10°) were
found under supercritical conditions [56], [64].

The contributions of forced and natural convectionthe mass transfer can be taken into account
separately [60]. Based on a heat transfer expressioterms of Nusselt numbers proposed by
Churchill [69] , an analogical equation, first appl by Knaff and Schliinder [70], can be used for

the mass transfer

Sh" =|Sho," +Sh" (1.4)

where the plus sign is for assisting (downwardwfioand the minus sign is for opposing flows,
Sheor = f(Re SQ andShyy = f(Sg Gr). Particular expressions 8h:,; andShy, for different conditions
can be found in the literature [60].

Puiggené [64] measured extraction curves of 1,Bldiobenzene deposited on glass spheres under
upflow mode. Two flow patterns were used for datadelling; model expecting the mixed flow gave
better fit to the data that the one expecting tlug flow. Correlation of the experimental data lthse
on eg.(1.4) examined the importance of free comwecand showed a decrease ®fy, with
increasing Reynolds number.

Stuber [60] studied a system of toluene and 1,Bldiobenzene deposited on sintered porous pellets
and focused on the impact of flow direction on masssfer. The extraction was obviously enhanced
under downflow mode, and extraction regime was kmexl to be the one of mixed free and forced
convection. A simple correlation &h= f(Re Sg Gr) was proposed to fit the experimental data.

Later, CFD simulations based on these experimeasalts were provided by Guardo et al. [65]

1.4.2 Changes in flow pattern

Another approach to describe the effect of natocalvection is based on changes in flow pattern.
Dams [71] examined the extraction of naphthalemenfipacked bed in both flow directions. For
the upflow mode he observed deviations of the sphdse concentration profile from the profile
calculated by a plug flow model, and explained thieynflow irregularities induced by natural
convection. He proposed to carry out extractiordeumownflow mode, because bypassing can occur
when the upflow is realized at slow flow velocity. accordance with this hypothesis, Sovova [59]

proposed a model for SFE where the flow pattemtonvnflow mode was represented as plug flow and
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the flow in upflow mode consisted of several patadolvent flows of different velocities in diffare

parts of extraction bed cross-section.

1421 Measurement of axial dispersion

It must be pointed out that all presented conchssian the flow pattern are based solely on extracti
rate and concentration profiles. To study the phemn properly, a more direct observation of flow
pattern simultaneously with the extraction is neaeg

Deviations from plug flow can be easily revealed @&valuated in terms of axial dispersion by the
method of response to tracer injection. The axgpetsion is usually expressed with the axial Récle
number, which is less than 2.0 for liquids and grethan 2.0 for gases. The literature focusing on
dispersion in packed beds under supercritical BystEs sparse in comparison to that available for
liquid and gaseous systems. All studies presentedxt paragraphs deal with €&s the solvent.

Tan and Liou [72] were the first to present exteaglispersion data under supercritical conditions.
They measured dispersion coefficients for methamlses in supercritical carbon dioxide passing
through three sizes of glass bead}s.5, 1.0 and 2.0 mm). The supercritical fluid s and flow
rates were varied and resulted in values of thenBleég number ranging from approximately 0.4 to 30.
The corresponding Péclet numbers ranged from 0.2.70 Their results demonstrated a slight
dependence of Péclet number on particle size, andxpected, a strong correlation of the dispersion
coefficient with interstitial velocity.

Catchpole et al. [73] performed the measurementispersion coefficients of squalene, benzoic acid
and oleic acid at different conditions (313-333 10-30 MPa,Re = 2-80) in columns packed with
glass beads or ball bearings of variable diam@tee. tracer was injected to the system by a six-port
valve and detected by UV detector; the majorityhaf experimental apparatus was housed in a water
bath in which the temperature was controlled. Resuére expressed in the form of axa = f (Re),
column diameter, particles size and flow direcfjbarizontal and vertical position of the testinge

and showed no significant influence of these patarseon the Péclet number. In the case of small
particles, authors found the axial Péclet numbervgel than literature gas and liquid-phase data
at ambient conditions. For the large particles, thkies were in agreement with the literature data
obtained under supercritical conditions.

Later, Ghoreishi and Akgerman [74] used a simitgregimental arrangement to measure the axial
dispersion coefficient of hexachlorobenzene (at dd@mns in the range of 298-323 K,
82.7-27.58 MPa, solvent flow rate 120-160 mi/h)siRes showed that the axial dispersion coefficient
increases with increasing temperature and flow eatd decreasing pressure. The values of the
experimental Péclet number were found between tfmrskquid and gases. The dependence on the
flow direction was not measured in the work.

In the study of Funazukuri et al. [75], the axiabpersion coefficients obtained at supercritical

conditions under both upflow and downflow mode,hwdtcetone as a tracer (313.2 K, 11-35 MPa)
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were compared with the values obtained for differerganic solvents at atmospheric pressure.
No influence of the flow direction was found at stgitical conditions.

In all presented cases, the radial dispersion &edheat transfer resistances were neglected in
the models due to geometry of used columns andandensity of the fluid. In most cases, the value
of the Reynolds number is higher than 0.1, thug;haeical dispersion can be assumed to dominate
over molecular diffusion. On the contrary, for tbever flow rates (approximatelRe< 0.1,Pe< 2),
applied for example at some environmental processes as soil treatment, diffusion dominance was
observed [76].

The presented studies [71], [72], [73], [74], [7TB]6] have in common that the measurements were
carried out in a pure solvent of constant densitiyich was not affected by small amount of used
tracers. Therefore, the natural convection coulddawelop and the flow direction does not seem to
affect the flow pattern. However, no data are amd to us on axial dispersion measured in theseour
of the supercritical extraction. Such measuremevdsld show if a natural convection exists in
extraction bed under upflow mode. They would aledidate flow irregularities caused e.g. by

imperfect flow distribution at the entrance of extion bed.

1.4.3RTD — background information

Element of fluid an amount of fluid small with respect to vesseksbut large with respect to

molecular size, such that it can be characterizedrdlues of (macroscopic) properties such as
temperature, pressure, density and concentration.

Age (of an element of fluid): length of time, from gntthat an element of fluid has been in a vessel a
a particular instant.

Residence timdof an element of fluid): length of time that aleraent of fluid spends in a vessel
(i.e. from entry to exit); a residence time is ge,abut the converse is not necessarily true.

Residence-time distributiofRTD or E(t)): relative times taken by differenements of fluid to flow

through a vessel, a spread in residence times léads statistical treatment, in the form
of a distribution; whether or not there is a spraadesidence times has important implications for
reactor (or contactor) performance.

To find the E(t) curve from the concentration cuiseto change the concentration scale such that

the area under the curve is unity

E=C

Ty J(;E(t)dt=1 (1.5)

whereC; is concentration of tracer at the exit of the e&sM is amount of tracer injected to the vessel

(kg or mol, depending on the concentration urity, volumetric flow rate of the fluid (ifs) [77].
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Dispersion model

Dispersion (of longitudinal dispersion) can be diésd as a diffusion-like process superimposed on
plug flow that causes that the pulse of traceragses it passes through the vessel. It is repesken
by dispersion coefficienD,, (m’/s), the larger the coefficient is, the more thésgus spreadD.,=0
means plug flow. Dimensionless grolR,/uL can be also used to characterize the dispersion in
the vessel of length, with superficial velocity of the fluid.

Two moments are directly linked by theory B, and D,/uL: the mearnt,eqn and the variance”

defined as
tCdt t2Cdt
! > tCa , { , D.tCA, ,
tmean: . 0 ZC-At- ; g = I, _tmean DW_tmean (16)
det 1 det 1
0 0

In a closed vessel with a large deviation from plogv, the dispersion coefficient can be evaluated

using expression

2 2
2_ 0° _ Dy Dax -uL/D

o, = =2 -2 1-e ax 1.7

° ot 2 ( uLj ( uL [ ] (3.7)

where® signifies relation to dimensionless time

o= . (1.8)

E curve can be converted to
Eo =tmeanE (1.9)

The area undergeurve plotted versugtmeanis unity.
Response curves for close vessels with large dewifitom plug flow (i.e.D/uL>0.01) can be found

in Levenspiel [77].
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Figure 1.8. Tracer response curves for closed iease large deviation from plug flow [77].
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1.5 Mathematical modelling of supercritical extractionfrom natural

matter

Course of extraction is graphically expressed bycafled extraction curve, which is usually
dependence of mass of extract on time or on amolusblvent passed through the extractor. Shape
of the extraction curve is generally very variahial depends on extraction conditions as well ast pla
character and sample pretreatment (some examples literature are shown in Figure 1.9). Most
of authors tend to describe mathematically thepeeixental data, therefore, numerous models have

been proposed, both applicable just in some speaibtases and more universal ones.
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Figure 1.9. Examples of extraction curvascocaine from coca leavelg8]: extraction at different flow rates
for a particle size distribution between 150 an@ Ii; b) oil from olive husk [79]: T=313 K. U~6 x10-4 m/s:
A - P=12 MPap - P=15 MPap - P=18 MPa. U~0.1x10-4 m/a- P=12 MPam - P=15 MPas - P=18 MPa;

c) volatile oil from coriander seedq80]: yields obtained for different SFE conditiopsessure and temperature
(A—90 bar/40°Cp — 90 bar/50 °Cp — 100 bar/40 °C ana — 150 bar/40 °C) for a mean patrticle size
of 0.6 mm and a flow rate of 1.10 kg/h; mean phatsize @ — 0.4 mm,A— 0.6 mm, x — 0.8 mm) using 90 bar,
40 °C and a flow rate of 1.10 kg/h; and flow rate<{0.79 kg/hA— 1.10 kg/h# — 1.56 kg/h) for 90 bar, 40°C

and 0.6 mm of mean particle size.

Three different approaches that have been propsetitie mathematical modelling of SFE will be
discussed:

— empirical
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— based on heat and mass transfer analogy

— differential mass balances integration
The last approach is mostly applied, because wiges the most proper analysis. Comparison of
the three approaches can be found in work of Estjut¢ al. [79], who fitted the models to

experimental data obtained for olive husk oil S@&itraction.

1.5.1 Empirical approach

15.1.1 Adsorption analogy
Naik [81] showed that extraction by liquid @Of several vegetable materials (clove, cardamom,
ginger) conformed well to the Langmuir-like empaliequation:

Y, t

Yy=_—= 1.10
B+t (1.10)

where Y is the extraction yieldf is the extraction timeB is an adjustable constant aivd is

the asymptotic extraction yield.

1512 Chemical reaction analogy
An assumption that the rate of extraction is propoal to the concentration of extracted soluté ilef
the vegetable particlex was used by Nguyen et al. [82]. A kinetic constarwas used instead of

the mass transfer and equilibrium relationshighmdifferential equation

(;1( = -k x (1.11)
Applying the initial conditionx(t=0)=%,, the equation was integrated, the kinetic constaas
expressed as a function of the diffusion distanue the diffusion coefficient was evaluated from
experimental data. Authors found a strong deperalehthe extraction rate on the particle size which
confirmed the controlling role of internal diffusio

So and McDonald [83] extracted rapeseeds with hexawdl presented a two stage washing/desorption
model with kinetic constant for each stage; siméipproach was used by Khandiah and Spiro [84] for
supercritical extraction from ginger rhizomes.

Although the empirical approach can interpolatedkgerimental results, it does not take into actoun
interactions between the solute and the soluteixnaguilibrium relationships in the system nor mas
transfer mechanisms. Therefore, it cannot be usedafscale-up, nevertheless the estimation of
the equation parameters may be useful for prediatixtraction curves for the same solute-solvent

system within the range of conditions used in thetermination.
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1.5.2 Approach based on heat and mass transfer analogy

SFE is considered analogical to heat transfer phenon where every single vegetable particle is
described as a hot ball cooled in a uniform meditihe initial solute distribution within particles i

assumed to be uniform, therefore the analogy of hed mass transfer can be taken in account,
applying Fick's second law of diffusion and the HReu transforms. The mass balance across

an internal surface of the particle is expressed as

% _p iﬂ(ﬁ@j (1.12)
ot rzar\ or

whereD; is the diffusion coefficient of the solute in thghere. The analytical solution of the equation
(1.12) was published by Crank [85]. This so cahed ball model was applied to SFE by Bartle et al.
[86]; it is explained in detail in chapter 3.3. Thethors explained deviations from the model
predictions qualitatively in terms of particle skagsolubility limitation and a non-homogeneous
distribution of the solute within the material. Thdel was later modified with respect to the dffec
of solubility on the extraction [87].

Reverchon et al. [88] applied the hot ball moddEeeaed by including an external film resistance on
the extraction of essential oil of various plamtgfjoram, basil, rosemary). Intraparticle diffusiwas

found to be the controlling stage for all the amaly matrices.

1.5.3 Approach using differential mass balance integratio

Mass balance models have been widely used to bestre behaviour of fixed bed during solid-liquid
operations like absorption/desorption, chemicattiea and extraction. To simplify the description,
they usually assume constant solvent density awd rfite along the bed and neglect axial dispersion.

The extract is mostly considered as a single comgou

A general model of extraction in packed bed cafobhed among others in
. . . y=y(h
Reverchon’s review [27]. The model consists of maksnce equations T( ]

completed with an equilibrium expression. For thdraction bed as

schematized below, two independent mass balancdsecaritten:

oy ay
Up=2 +gp=2
Pon " at

%:O v

+@1-¢£)ps p (1.13)

0X .
@a- 5),055 = —k8,0,(x—X) (1.14) h=0

| —»

where y

Q specific surface of particles (1/m)

h axial coordinate along the bed (m)
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Ks internal (solid-phase) mass transfer coeffic(ems)
t extraction time (s)
U superficial solvent velocity (m/s)

solute concentration in the solid phase (kgfkcaw material)

X* concentration at the solid-fluid interface whichassumed to be in equilibrium with
the fluid phase (kg/kg of raw material)

y solute concentration in the fluid phase (kggkgolvent)

e void fraction of the extracted material (-)

System of equations (1.13) and (1.14) can be satuederically with initial condition$=0, y=0 and
X=Xq (Wherey, is the initial concentration of the solute in t@lvent) and boundary conditidr=0,
y(0,H)=0. To define the solid-fluid phase equilibrium ddsing solid matrix interaction, a linear

relationship is usually used in modelling
y =KX (1.15)

whereK is the mass partition coefficient of the extraetvieen the solid phase and the fluid phase at
equilibrium, it is supposed to be a function ofgu@re and temperature only. Mostly, the external
mass transport resistance (solute — solvent) idigilglg compared to the internal mass transfer
resistance; therefore, it can be presumed thatdmeentration in the bulk of solvent is equal to
the equilibrium concentration on particle surfaeey=y .

When a system of porous particles with the soltappted in pores is described, and if it can be
assumed that the solid has no affinity for theitigthe driving force for the extraction procesd We
represented by the equilibrium solubility of thduse in the fluid phase. Such a situation can be
described by the shrinking core model [89]. The etadight be applicable especially in extraction
from seeds, as their oil content is usually highw& can neglect the matrix-solute interactiong, an
the seed structure can be described by porouslparti

If the concentration profile along the extractedtipke is required, equation (1.12) can be used as
a solid phase mass balance for porous sphericéiclpar whereD; is the effective intraparticle
diffusion coefficient. In the case of extractioorr leaves, Goto et al. [90] used the mass balace f

a single slab-like particle, including porositythé leafs

ac. d%c ac
=D i _(1- e
-5,

~1 =D, 1.16
ot Do (1.16)

B

with w as the leaf coordinate andas the concentration in the pores of the leaf.
In equation (1.14), the groupa, /(1-¢) depends on the geometry of particles throkgh. As this

group is dimensionally equal to 1/s, it is possiblelefine the internal diffusion tinte
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t = (1_5)
kg

(1.17)

It is so called characteristic time for the exti@ttprocess, i.e. the theoretical time necessaexti@ct
all solute on condition that the extraction proceatinitial velocity.

Therefore, equation (1.11) can be rewritten as

0X 1

ot ot

(x=X) (1.18)

Further, assuming uniform rate of extraction altdmgextraction bedy/oh=const.), the time remains
the only variable and a system of ordinary difféis@nequations obtained this way can be solved
numerically by the method of Runge-Kutta. Anothengification, neglecting of the accumulation
of the extract in the fluiddfy/ot=0), allows a simple analytical solution of the gdesh.
To estimate internal diffusivitid;, Reverchon [27] introduces the relation

| 2

t =y 1.19
Uy (119)

proposed by Villermaux [91] for dynamic modelling tinear chromatography for the case
of simultaneous diffusion and adsorption in porpadicles having a single porosity (see chaptel) 3.2
Lack [92] used an analogy with drying process tscdbe the supercritical extraction. The first part
of the extraction was assumed to be analogicahaditst drying stage of a wet material, where the
humidity from the surface is being evaporated féegpending on the properties of the drying air.
Consequently, the slow part of extraction is cdhgtbby diffusion analogical to the diffusion ofeth
humidity from inside of the wet material.

Inspired by this analogy, Sovova [93] proposed aehof broken and intact cells. The model assumes
that a part of the solute, which is initially dejted in plant structures and protected by cell syal
deliberated during a mechanical disintegration led taterial. This solute situated in the area
of broken cells close to the particle surface &d¢fore directly exposed to the solvent, whilstdbee

of the particle still contains intact cells with damaged cell walls. The model results into three
extraction periods — period of fast extraction atessible oil, transient stage and slow period
controlled by the diffusion. Detailed descriptiohtlee model is given in chapter 3.1. The model was
applied on the extraction of the grape oil [59] asataway oil [44]. Experimental results were
provided with different extraction conditions antfeet of milling grade and flow direction was
examined. The slow down of the extraction obserwedhe upflow operation was explained as
a consequence of natural convection and channefiitige bed. Later, the author proposed a general

model approach [94] applied to seed oil and esseaii extraction. The first extraction period is
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described considering different types of phase liqguim with and without solute interaction with

matrix and different flow patterns, mainly with akdispersion.

1.5.4 Material structure and solute location in the mathenatical modelling

Optical or scanning electron microscope can beiegpd visualize the structure and to adapt thel use

mathematical model to the given system. This amprosas used for example by Reverchon and
Marrone [40] in the extraction from seeds. SEM iem@f disintegrated particles were taken and
the fraction of the free solute containing cellssvaetermined graphically and used as one of model
parameters.

Micro-scale model proposed by Zizovic et al. [95¢arporates closer botanical aspects of extracted
material. Mass balance equations are extendedduy aalled Source and Transfer term (ST) which

describes essential oil transfer from specifices@ey structure to supercritical fluid phase.

This chapter gives just a brief review on mathecadtmodelling of SFE; for each individual case,
the degree of simplification or extension of thedeloapplied must be considered. A more detailed

description exceeding the scope of this work cafobed in the literature. [27], [40], [96].
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1.6 DIC process — Instantaneous Controlled Pressure Do

The DIC process was developed in the laboratory AM{Laboratire maitrise des technologies
agro-industrielles, presently LEPTIAB) at the Unsity of La Rochelle [97] and issued from

the earlier theoretical study of Allaf concerningpansion by alveolation [98].

1.6.1 Principle of the process

The process is based on the thermomechanical gingesduced by subjecting a substance partially
humid to high pressure steam followed by a rapighesion to vacuum (about 5 kPa, valve opening
time of 0.2 s). Generally, the operating presssrdower than 20 bar, hence the temperature in
the autoclave is lower than 200°C, and the heagiargpd ranges from seconds to minutes. The rapid
pressure dropAP/4t > 2.510° Pa.§) causes a bursting evaporation of a part of thistme from
the bulk of the material, which blows and breake thalls of cavities. The degree of structural
changes depends strongly on the nature of theetteanaterial as well as on conditions
of the treatment. The auto-vaporization as an adii@iiransformation induces also instantaneous
cooling of the material in the autoclave.
Temperature and pressure histories of one DIC cgodeshown in Figure 1.10. Successive steps
of the process are the following:
a) at the beginning, the material is placed in an @at@ (see DIC set up schema in chapter 2)
that is at the atmospheric pressure;
b) an initial vacuum is installed in the autoclave amder to improve the penetration
of the heating fluid through the material and thognhance heat transfer;
c) saturated steam is injected to the autoclave;
d) fixed pressure is maintained in the autoclave fiixed period of time;
e) steam feed is cut off and the valve connectingab®clave to a vacuum tank is opened
rapidly which results in an abrupt pressure drogheautoclave

f) and (g) the valve is closed and the atmospheéssorre is installed

A similar process, steam explosion, has been usedpfetreatment of biomass containing
lignocellulosic structures [99]. It results in adnglysis of glycosidic bonds in the hemicelluloses,

to a lesser extent, in the cellulose. It also leada cleavage of hemicellulose-lignin bonds. Umlik
the steam explosion the DIC process does not @seetbase to atmospheric pressure but the pressure
drops to vacuum. Therefore, to reach the same degfedestruction, temperature applied on

the material may be lower in the DIC process.
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Figure 1.10. Temperature and pressure historylifiaprocessing cycle. ppressure in autoclavey pressure

in vacuum tank,  temperature in autoclavep Temperature of product.

1.6.2 Theoretical background

Although many applications of the DIC process hbgen tested and experimental studies have been
performed since last 20 years, the theoreticaldaséhe process have been proposed quite recently.
As no classic thermodynamic theory was found apjatepto describe the phenomena observed, Allaf
proposed a specific theory of instantaneity [100hich was recently extended by Allaf and Al
Haddad [101].

Further, the problem of pressure-drop rate waseblomxamined [102]. If we neglect pressure losses
in the valve and connecting pipe, the connectiotwéen the autoclave and vacuum tank can be
simulated by an orifice. The flow through an osfics sonic if the ratio of the pressures after and
before the orificeg, is equal or lower than the valgdg

yI(y-1)
2 j (1.20)

Be :(y—+1

Due to very low pressure in the vacuum tank, thisdition is fulfiled for a great deal
of the expansion. For this period, the dischargéhefautoclave happens at the sonic velocity in the
pipe exit. Approximating the autoclave dischargedan orifice towards the constant presspye
neglecting friction loses in the pipe and assuntitaj the temperaturg, in the autoclave is constant

during the pressure-drop, the pressure in the Ew®aan be expressed in a form of exponential
function of time:

[ -t vV [(y+1) (M,
= ook = || X—= 1.21
pA pl ex ktheorj theor a\/( 2 j }'RTA ( )
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where
a orifice area
Kiheor characteristic time (s)
My molar mass of gas
pi initial pressure in the autoclave
R gas constant
Vv volume of the autoclave
Y ratio of the specific heat at constant presaageconstant volume=C,/C,

The theoretical pressure drop-rate at the beginaiitige expansion is equal to

dpa _ P

= (1.22)
dt t=0 ktheor

Theoretical and experimental pressure historiephntted in Figure 1.11. The rate of valve opening
manifest itself at the beginning of the expansidme Tevaporation of the water condensed in
the autoclave, starting at the pressure of abol BPa, increases considerably the amount
of the discharged fluid and hence the deviatiothefexponential function. In the case of air, thisre

no evaporation, thus the curve shape is close @écefponential one except of the very beginning

which is influenced by the final rate of valve opan

600 600
b)
pa/kPa pa/kPa
400 400
200 200
0 Q ; Y L0 ; O — .
0 0.5 1 15 2 0 10 20 30

t/s t/s

Figure 1.11. Pressure-drop history in autoclave@éuphick line) and vacuum tank (lower thick lireennected
with different openings: (a) 80 mm, (b) 6mm. Thédthin line stands for exponential curves thadtife

the beginning of the expansion. The dashed thaitin(@) stands for pressure drop of compresseflaR]

1.6.3 Applications
The DIC process has been already applied for drgingegetable materials [103], fish [104] and

pharmaceutical products,[105], drying/texturatidtOg], treatment of archaeological waterlogged

wood [107], rice expansion, inactivation of micrganisms, DIC treatment by microwaves [108] and
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also extraction of volatile compounds like essérdits [109], [110]. Numerous patents have been
applied [97], [111].
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2. EXPERIMENTAL

2.1 Impact of structure modification on SCO, extraction

2.1.1 Material

— commercial amaranth seeds

— soybeans, type Sapporo, provided by INRA Surgénes)ce

— green coffee beans, type Arabica, Ethiopian origimchased from local markets
Plants containing volatile compounds (such as agomlants with essential oils) had to be avoided,
because these compounds would be partially lostarDIC process. Therefore, we focused on seeds,
containing mostly vegetable oilSoybeanswere chosen as model material because they contain
relatively high amount of oil (~20%). Amaranth seeahd coffee beans were chosen from the practical
point of view.Amaranth seedis perspective for its high nutrition value ané ffresence of squalene
[112]. Decaffeination ofcoffee beansis one of the most important industrial applicasioof the
supercritical extraction [49]. Extraction from wkdbeans is selective for caffeine, but the protess

slow. The aim of this work was to enhance the ekitva by structure modification of beans.

2.1.2 Experimental procedure

One part of seeds was treated by DIC process (septer 2.1.4), the other part was used as
a reference sample. From each part, samples ofewdem¢ds and milled seeds were prepared and
extracted (2.1.3). To complete the material chergstics, in the case of soybeans and coffee beans,
textural properties were analyzed (2.1.5) and gs&#e analysis of milled samples was carried out
(2.1.6). Total content of extractable solute wateheined by solvent extraction (Randall extraction,
see chapter 2.17). Extracts from coffee beans waeaé/sed by high pressure liquid chromatography

to determine caffeine content (2.18).

2.1.3SCQO, extraction

2131 Experimental apparatus

The SFE experiments were carried out in the ICPFCRSaboratory.

CO; i
3

Figure 2.1. Schematic diagram of the extractioraagios.
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The material was placed in a cylindrical extradttetween layers of glass beads to improve the sblven
flow distribution. Carbon dioxide was pumped by @vessor (1) from pressure bottle into a surge
tank (2) where it was maintained at a set presshe introduced through a shut-off valve (3) to
a capillary immersed together with the extractoy i@ a water bath (5), preheated this way and
supplied to the extractor. The solute-laden,dwing out of the extractor was expanded to
atmospheric pressure in a heated micrometer (&evdlhe oil was collected in a U-tube (7). During
the extraction, the U-tube was replaced and weiglieggular intervals to determine the evolution
of the extract amount. Constant solvent flow rateswnanually maintained by setting of micrometer

valve and controlled by gas meter (8).

2.1.3.2 Extraction conditions

The extraction pressure and the temperature ofvétter bath were maintained at 28 MPa and 40°C in
all runs with soybeans and amaranth seeds, and R4 ahd 50°C in all runs with coffee beans.
The constant solvent flow of 0.5 L/min (expanded,C®as adjusted by the metering valve and
measured using a gas meter at the outlet of thebe)-fThese conditions are in the range of extnactio
conditions used in the literature to extract vepletails [41] and caffeine from coffee [113]. The

pressure of 28 MPa is the limit pressure that eaadhieved by used apparatus.

The milled beans and all amaranth samples (4.03%.Were extracted in a 12-ml extractor with

an inner diameter of 8 mm and the whole beans (125 g) in a 150-ml extractor of 33 mm inner

diameter.

2.1.4DIC treatment

2141 Experimental apparatus

DIC experiments were carried out at the LMTAI ladtory.

Figure 2.2. DIC set-up.
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The DIC set-up is shown in Figure 1. It consistaofautoclave (1), a reservoir under a vacuum (2),
a water ring vacuum pump (3) and a trap (4). TheL18utoclave is separated from the 1600 L
reservoir by a butterfly valve with a diameter &02mm and opening time of 200 ms. Saturated
vapour (S1) is supplied through the valve (V1). Pnessure in the autoclave is controlled manually
by this valve. Saturated vapour (S2) heats thectaute by means of a double jacket. The atmospheric
pressure is adjusted after a DIC cycle through rd ¢&3). The vacuum pump installs a vacuum
of about 5 kPa in the reservoir. The reservoirdsled by tap water (W1) circulating in a double
jacket. Condensate can be removed through the (#apequipped with a system of valves.
The autoclave and reservoir are equipped with materm and pressure transducers. Several
thermocouples are mounted in the autoclave for éeatpre measurements of material and steam.

The treated material is enclosed in a perforateal sbntainer with a diameter of 175 mm.

2.1.4.2 Conditions of the treatment

a) Amaranthus seed
Before the DIC treatment itself, a part of amarastBeeds was soaked in water at room temperature
for 1 hour, then softly dried in an oven at 45°C fohour and stored in a refrigerator at 4°C for
24 hours, the other part was treated dry. Thenreat of samples was carried out at 0.6 MPa for
1 minute. After the expansion the samples wereddaite45°C and stored in a refrigerator in plastic
bags.

b) Soybeans
Before the DIC treatment, decorticated soybeang weaked with water at 70°C for 15 minutes, then
dried softly in an oven at 45°C for 1 hour and etbin a refrigerator at 4°C for 24 hours. Homogenou
moisture distribution within the material, necegdar the subsequent DIC treatment, was obtained in
this way. The treatment of samples consisted of-mimeite treatment at 0.3 MPa followed by
2 minutes at 0.7 MPa. After the expansion the samplere dried at 45°C and stored in a refrigerator
in plastic bags.

c) Coffee beans
Beans were moisturized to a water content of 27.&l86 basis), then stored in a refrigerator at 4°C
for 24 hours. The DIC treatment of samples wasiedrout at 0.5 MPa for 45 seconds. After
the expansion the samples were dried at 45°C anedsin a refrigerator in plastic bag.

d) Study of DIC conditions effect on soybeans
A set of DIC treatments of soybeans at differemtspures (0.117-0.68 MPa) and times of treatment
(0.6-3 min) was carried out to investigate theuefice of DIC conditions on the extraction rate.
The conditions of the treatment were selected usugfactor experimental design (see later).
The beans were not moisturized in these runs;ahgkes were dried at 45°C after the DIC treatment

and stored in a refrigerator in plastic bags.
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2143 Experimental design

Experimental design is an efficient way how to opte a process with a reduced number
of experimental runs.

COST method (Changing One Separate Factor at a),Taoesisting of fixation of all factors except
one to find an influence of this factor on the ms& response, request a lot of experimental rbos, t

it is expensive, and does not provide informatibow optimum conditions if there are interactions
between parameters. On the other hand, experimeldgsign idea proposes reduced number
of experiments with systematic variation of allttas. Statistic analysis of results obtained witése
runs permits to determine optimal conditions of thvecess, as well as particular effect of all
parameters on the response (e.g. extraction yéeld Xheir interactions.

Central composite experimental design was appliedhis work to determine DIC effect (time
of treatment, pressure) of experimental runs td fine influence of DIC on the mass transfer in
soybeans during supercritical extraction. This glesises response surface method and mathematical
modeling is based on second-order polynomial fonsti Hence, the response is a function of two

factors in our case
n=f(X,X,) (2.1)

and it is expressed as

n n n-1 n
”=ﬂ0+ZIBixi+ZIBiix2i+Z Zﬂijxixi"'g
i=1 i=1 =1 j=2
> (2.2)

wherep; , pi et p; are regression coefficients aXdare the factorsn is number of factors anedis
random error. The experimental points correspood tb
1. complete factorial experimental design with poiats corners of the square (the square
represents the studied region of conditions),
2. central points are used to estimate the variamgedducibility) of experiments,
3. axial points, markeda-and 4, complete the points of factorial experimentaligiesind allow
evaluation of quadratic effects of factors. Valdex@aepends on number of factorand it is

calculated as

a=32" (2.3)

with value ofa = 1.41 corresponding to two factors.
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factor 2 4
[0;+0]
o ENH [+1;41]
[-0;0 0:0] [+;0]
T fa, {15
: [0;-o] :
=1 +1 g

factor 1

Therefore, the number of experimental runs cormedipg to two factors (parameters) can be

determined as"2 2n +ny = 12 (Table 2.1) (number of central poings4 was applied in this work).

Table 2.1. Experimental conditions of DIC appliedsmybeans

exp. run t pressure
(min) (10° Pa)
1 0,59 4
2 1 2
3 2 4
4 3 2
5 1 6
6 2 1.17
7 3.41 4
8 3 6
9 2 4
10 2 6.83
11 2 4
12 2 4

2.1.5 Textural properties analysis

Textural properties of the extracted materials wagtermined by mercury porosimetry in the range
0.1-400 MPa (AccuPyc 1330, Micrometrics, USA) andlium pycnometry (AutoPore 9600,
Micrometrics, USA). Measurements of all tested sSaspvere tripled to confirm reproducibility of
the results, and pore-size distribution curves waotted. Bulk and skeletal density determined by

the porosimetry and helium pycnometry, respectivelyere used to calculate the porosity

-43 -



Experimental: 2.1 Impact of structure modificatmmSCO2 extraction

of the materials. Measurements were kindly perfatrog Dr. O. Solcova and Mrs. H. Snajdaufova
from ICPF AS CR.

Scanning electron microscopy type JEOL 5410LV (CEBentre commun d’analyse of University in
La Rochelle) was employed to examine the intertaictire of soybeans. Samples were put on
a stand and covered by adhesive carbon under vad®mtential difference of electron acceleration of

20 kV was applied.

2.1.6 Disintegration characteristics

Disintegration was carried out using a coffee gemaldjusted to constant degree of milling. Grahe si
analysis of milled material was made using a setaridardized sieves of mesh diameter 1, 0.63, 0.5,
0.315 and 0.2 mm. Mass of sieved samples variedeaet 4 and 10 g. The sieved fractions were
weighed and average values of limiting mesh diaraeiere used as fraction particle diameters. For
the largest fraction, particle diameter of 1.25was used with respect to real size of particles.

Void fraction of packed bed of solid particles hrettwo used extractors was determined by means
of graduated cylinders of approximately the sananeter as the extractors and of volume of 5 and

40 ml. Void fraction was calculated as

gzvvoid :1_ m/ps (24)
V V.

total total

where m is mass of material in the cylinders is bulk density of beans determined by mercury

porosimetry, an 5 corresponds to volume of the graduated cylindeBsand 40 ml.

2.1.7 Randall extraction

This method was used to determine the total comteslute (oil) in the material.

21.71 Experimental apparatus

The Randall modification of the standard Soxhletraotion (also called the Soxtec method or
the submersion method) submerges the sample imndadiolvent, reducing the time needed for
extraction. It is a 2-step process: in the firspst thimble containing the test portion is imradrsto
the boiling solvent. The intermixing of matrix withot solvent ensures rapid solubilization
of extractables. The thimble is then raised abbeesblvent and the test portion is further extichttye

a continuous flow of condensed solvent to remoeerést of extract.

Extraction was realised on device VELP ScientifsR 148.
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Figure 2.3. Randall extraction apparatus (lefthesna of the two extraction steps - immersion anshivey
(right).

2.1.7.2 Extraction conditions

Samples of milled soybeans with a mass of 7-10 gevpdaced in paper thimbles and extracted for
5 hours in 80 ml of boiling hexane (69°C), thersdd with condensed solvent for 15 minutes. Whole
coffee beans were soaked in water up to water nbife40 wt.% and samples of 15.7-19.2 g were
extracted for 5 hours in 80 ml of boiling chlorafof61°C), then rinsed for 15 minutes.

Samples of milled coffee beans of 3-4 g of weightaevextracted for 3 hours in 80 ml of hexane, then
they were rinsed for 30 minutes.

Low pressure evaporation, provided by Buchi Rotavap-114 and ILMVAC vacuum pump, was
applied to remove the solvent at pressure of 20@rnamd temperature of water bath of 40°C.
The extract was weighted regularly until constaaight; it was kept in an exsiccator to cool down to

room temperature before each weighing.

2.1.8 HPLC Analysis

Analysis was performed on a HPLC device (WatrexhByavith a reversed phase column Nucleosil
C18 (25&:8mm, 5 um, Watrex Praha). The mobile phase codsaftenixtures of acetonitrile: water
(25:75, viv), the flow rate was 1 ml/min, analysias carried out at room temperature. Retention time
of caffeine was found 12.6 min. DAD-UV detection2&2 nm was applied. External standard method
was used for identification and quantification aeffeine; pure caffeine (anhydrous,99% (HPLC);
Fluka) was used as standard. The injection voluae 10 ul.
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2.2 Impact of natural convection in solvent on SCQ extraction

2.2.1 Experimental procedure

Experimental apparatus described in chapter 2.22 wsed to measure residence time distribution
(RTD) under subcritical and supercritical condisq2.2.3). A thermoregulatory box was constructed
to maintain constant temperature of test sectitsncharacteristics can be found in chapter 2.2.4.
Benzoic acid was chosen as tracer in all experismép2.5). To study RTD during extraction,

experiments were carried out with both natural ve&gle material containing solute, and with a solute
deposited on inner glass beads. Milled soybeans wsed as natural material. Two different solutes

were deposited on glass beads (2.2.6).

2.2.2 Installation

Experimental apparatus is shown schematically guife 2.4.

1 2 ®

Figure 2.4. Experimental set-up for RTD measurement

Carbon dioxide was supplied from a pressure battld compressed to the required pressure by
a syringe pump (1) (model 260D, Teledyne ISCO, USAWwas introduced through a micrometer
valve (2) to the experimental section consistingigfport valve (3), saturator (4) and extractor. (5
The experimental section was placed in a thermdéabmy box (6) and maintained at constant
temperature by hot air. Benzoic acid (BA) was usea tracer and placed in the saturator. The closed
loop of the saturator was kept pressurized with, @Dobtain saturated solution of BA in S¢Cat
given conditions. A solution of BA in SGQvas injected to the extractor from the sample lbgp
switching the six-port valve. Extractor was filladth either glass beads or milled vegetable mdteria
placed between two layers of glass beads. Inletoatidt capillary of the extractor were long enough
so that the flow direction could be switched froowthflow to upflow easily without dismantling the

installation.
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The fluid stream flowing out of the extractor wasalyzed atn=230 nm by a UV/VIS detector (7)
equipped with a high pressure resistant microdef.6 um in volume (pressure limit of 20 MPa).
The fluid phase leaving the detector was expandetbient pressure in a heated micrometer valve
(8) and the extract was collected in a U-tube (&)nstant pressure of 12 MPa was maintained by
the pump and solvent flow (0.5+0.1ml/min and 1.@+fl/min) was adjusted with the micrometer
valve at the outlet, the flow rate was verified &ygas meter (10) (taking into account actual
temperature and pressure). The response of thetdetwwas transformed to a digital output and
analysed by chromatography software ECOMAC (v. 8. HCOM Ltd, s.r.0.).

2.2.3 Extraction conditions

Experimental runs with subcritical G@vere carried out at room temperature and presdut2 MPa,;
extractor of 4 ml in volume (80 mm in height andhé& in diameter) was used, tracer was placed in
a column of 7.5 ml in volume (150 mm in height &hdm in diameter). Total length of capillaries
connecting the extractor to the six-port valve #reddetector was 130 cm, their diameter was 1 mm.
Experimental runs at supercritical €@ere carried out at 40°C and pressure of 12 Mida;time,

the larger column of 7.5 ml in volume was used xsaetor and the tracer was placed in the 4 ml
column. Total length of capillaries connecting gxractor to the six-port valve and the detectos wa
130 cm, their diameter was 1mm. To examine the flattern without extraction, glass beads of 2 mm
in diameter were filled into the extractor. To stutie flow pattern during the extraction process,
either milled soybeans containing vegetable oijlass beads coated by a thin layer of a solute were
used. As all solutes used in this work, except tegane, are waxy solids, the coating was made in
a water bath by immerging glass beads to meltedtesnl Hexadecane {§ls;) in mixture with
dotriacontane (§Hes) Was treated this way as well; pure hexadecaqaidj was deposited on small
pieces of glass wool and evenly distributed ingkieactor filled with glass beads.

Note: As noticed in later experiments with trilayrihe even deposition of waxy solids on glass bead
could be reached as well if small amounts of tH&l sre just put regularly between layers of glass
beads along the extractor. As the solute melts muagplied pressure and partially dissolves in

the SCQ, after depressurization we could observe thab#zals were evenly coated with the solid.

2.2.4 Thermoreqgulatory box

Dimensions of the box are 60 x 70 x 80 cm. It iden&rom particleboard (8mm of thickness) with
two walls made from plexiglass (6 mm of thicknes)e thermoregulation is assured by a hot air
ventilator (AEG VH 227, Stiebel Eltron) connectedat control circuit using one thermocouple. Time
dependent evolution of temperature at four placdbe box, measured under simultaneous fluid phase
flow of 1 ml/min at pressure of 12 MPa) is showiTable 2.2. The temperature at the detector can be
assumed to be the same as at the outlet of thebleoause the detector was placed in the immediate

vicinity of the box and connecting capillaries werevrapped with foam plastic.
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Table 2.2. Temperature profile in the thermoreguiatbox: T1 — extractor (control circuit thermocdelp

T2 - tracer column (saturator), T3 — entrance/exkifluid phase to the box, T4 — entrance/exit af fluid to

the detector

t T1 T2 T3 T4

(min) °C) °C) °C) °C)
2 39 32 32 40
5 40 36 37 42
10 40 375 37 41
25 40 385 37 40
40 40 39 37 40
60 40 39 37 40

2.2.5Tracer characteristics

Solubility of benzoic acid in supercritical G@an be found in the literature [114], [115]. Rough
estimation of solubility at 40°C (temperature usedhis work), can be made based on the data for
45°C. Published data show that there is the reaEsolubility (crossover pressure) at approxirgatel
17 MPa (Figure 2.5). Therefore, at the extractisespure of 12 MPa, an eventual temperature drop in
capillaries at the exit of the thermoregulatory besuld not cause any clogging by precipitated
benzoic acid, because its solubility increases witlhreasing temperature. This is important from

the experimental point of view.

15

12

mg /g CO2
(o]

o L L L L L L L
10 12 14 16 18 20 22 24 26
pressure (MPa)

Figure 2.5. Solubility of benzoic acid in Sg&t 45°C @) and 55°C A): blue points - [115], red points — [114].
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Figure 2.6. Benzoic acid UV/VIS spectrum in 100%phuric acid.€ - molar absorptivity coefficient (1/mol.cm)
[116].

2.2.6 Solutes characteristics

Tetracosane (£Hsq)

Solubility data at 37°C are available in [117].

Trilaurin (CsgH7406)

Solubility data for 40°C can be found in [118]; arelation based on Chrastil's equation is avagdabl
in [119].

[ ]
a) b) A
~ 8 L A 24 +
O A A o)
o 8 18
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> 4 A 3 12 1
= S
6 6 .
|
5 0 I
12 14 16 18 8 12 16 20 24
pressure (MPa) pressure (MPa)

Figure 2.7. a) solubility of tetracosane in S&D37°C [117], b) solubility of trilaurin in SGt 40°C:
m - [118], A - [119].

Tables of solubility data can be found in Annexgi@closed on the CD support).
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3. MATHEMATICAL MODELS

3.1 Model of broken and intact cells (BIC)

This model [93] assumes that close to the surfaegetis a region of broken cells whose walls were
damaged by mechanical pretreatment. Extractiorasiiyeaccessible oil from this region is fast and
depends in particular on the oil solubility in thepercritical fluid. On the other hand, the pagticbre
contains intact cells whose mass transfer resistemhigh. Therefore, the extraction from intadtsce

is much slower.

The model solves the mass balance in the packeddagtor; the system of equations is similar to
equations (1.7) and (1.8)

()4
_ps(l_g)fz\](x,y) (31)

ot

oy ay
—+ pU -+ = J(X, 3.2
pfat P ah (x,y) (3.2)

wherex is the solute concentration in the solid phasékgaw material)y is the solute concentration
in the solvent phase (kg/kg solvent),is the density of the solid phase (kdyrandp is the density

of the solvent (kg/f). J is the mass transfer rate (kg&nduring the extraction defined as
J(X>x,y) =ka,0(y, —Y)

(XS %, Y) =Ko DX (3.3)

Assuming that the solubility of the solute in SCi® low, we can consider the amount of solute in
the solvent in the extractor to be negligible inmparison with the amount of solute present
in the material; therefore, the first term in €8,2) can be neglected. (We can do this simplifacatn

the case of vegetable oils, however, the first tehould be taken into account when highly soluble
solutes, such as some essential oils, are concgriibéén, initial and boundary conditions are
determinedx(h, t =0) =xo; y (h=0,t) = 0.

Analytical solution of the model was found introth@dimensionless variables

X y =kf7a0h

r=—; Y=1-—-; z

34
Xk yr u ( )

where x, is the initial content of solute in intact cellkg(kg raw material),y, the solubility
of the solute in the supercritical fluid (kg/kg @Ok the external mass transfer coefficient (m/s),

a, the specific surface (1/m).
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The dimensionless mass transfer rate defined as

390r,Y) =kJ;X’py; (3.5)
f~0 r

is then assumed to be a productYofand a functionf(r) varying for the fast and slow period

of extraction:

)= FO)Y: freD=1 f(re1)="sPk, (3.6)
KoY,

Model leads to three extraction periods. In th@ahfast period the rate of extraction is constamd

determined by the solubility and solvent film réasige. As the particles at the reactor inlet loalse

the accessible solute, the transition period stamflecting the exhaustion advancing through

the extraction bed. At the end of this period, adtessible solute has been removed from the bed.

Then, only the solute captured in closed cellsxisaeted during the third period controlled by slow

diffusion to particle surface through intact tissnside the particles.

4
e
an q. q
fast transition slow
extraction period extraction

Figure 3.1. Three periods of an extraction cunienéhsionless amount of extraeplotted versus dimensionless

amount of solvend.

The process is represented by extraction curve evhibe extraction yield is plotted versus
the extraction time or the mass of solvent paskeaugh the extractor per unit mass of extracted
material (Figure 3.1). The amount of extracorresponding to each extraction period is expesy

eg. (3.7), derivation of the solution in detail danfound in [93]
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e=qy,[1-expt-2)] q<dp
e=y, [q_qm exp(ZW _Z)] m Sq<qn (37)
o= =t In(L+[expWy /v, )~ xpW (e - )1} 9z,

0

whereq, and g, representing the amount of solvent at the beggaimd at the end of the transition

period respectively are expressed as

- X0 = X
=x "X 3.8
Um v, Z (38)
g =q +Lin Xt =X expW /y,) (3.9)
w Xo
Zy _ Yo ) XeXAW(@-0,)]- %, (3.10)
Z W)% XO_Xk

Z and W are parameters related to the mass transfer werspland solid phase, respectively.
Dimensionless axial coordinai®g/Z indicates the position of the boundary between &msl slow

extraction in the extraction bed and varies inrdrege of 0-1.

q'(l-€)ps '
= K& (3.12)
qd-e)

Mass transfer parameters for the fast and the @wtnaction period can be evaluated by fitting
the model to experimental data. The flux from brokells to bulk solvent is described by volumetric
external mass transfer coefficidghy whereay is the specific surface (particle surface areaypér
volume of extraction bed). Similarly, the flux froimtact cells is characterised by volumetric ingrn
mass transfer coefficielta,. The third evaluated parameter is the volumetactfon of broken cells

in the particlesy, =1-x /Xy, depending generally on the grade of disintegnatio

3.2 Approximation of effective diffusion coefficient

The third part of the extraction curve correspogdio the slow extraction can be approximated by

exponential dependence

E=1—Cexr{@j :1—Cexr{—£j (3.13)
X, l1-¢ t;
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wheret; is the characteristic time of extraction which tenexpressed also as

| 2
t, = ,ua (2.19)
| is the volume-to-surface ratio for the particldse(characteristic particle dimension). The paramet
1 depends on the shape of extracted particles ¢t/8dbs, 1/2 for long cylinders and 3/5 for spkgre
These values were suggested by Villermaux [91]dymamic modelling of linear chromatography
under assumption of simultaneous transient diffusiod instantaneous adsorption in porous particles
having single porosity. The approximation was apln supercritical extraction by Reverchon [61].
Approximate relationship between the internal diffity and effective mass transfer coefficient
results from egs. (3.13) and (1.19)

D, =l<5—""‘);1|2 (3.14)
1-¢

3.3 Hot ball model

Hot ball model proposed by Bartle et al. [86] issé@d on the diffusion in a sphere. Therefore,
the extracted particles are assumed to be spherittainitially uniformly distributed solute diffusg
through the matrix analogously to the heat diffnsand the solute concentration in the solvent is
assumed to be close to zero. Unlike the BIC modethvis well applicable in the situations where
some of the solute is readily accessible to theeswl on particle surface, the hot ball model is
suggested for a matrix which contains small quiastiof extractable solute. In such a case, dukeo t
small quantity of solute with respect to the laageount of solvent, the solute solubility does muwitl

the mass transfer in the fluid phase. The time iégece of extraction yield is described by equation

e 6 < 1 —D-nznztj
&) -6 1 Jobinirt (3.15)
( JHB 7-[2 z ? F{ rz

Xo n=1 N

wheree is the dimensionless extraction yields the extraction time, is the radius of the sphere and
Xo is the initial solute content in the plant (ilee textraction yield at infinite time).

However, as the extraction proceeds in the packeddactor, the solvent saturates progressively wit
the solute and the concentration of solute in thl& bannot be considered to be zero. Moreovehef t
surface of particles is covered by an amount oesgible solute, this solute dissolves preferemtiall
and its solubility in the solvent limits the exttian. Thus, the model was later modified with refpe
to the effect of solubility on the extraction [87he concentration of the solute in the fluid ig no
anymore assumed to be zero, but is finite and whined by the rate of loss of solute out of the iratr

It is considered to be proportional to the conaitn in the matrix at the surface and the partitio
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coefficient is assumed to be proportional to thielsbty of the solute in the fluid. Equation (3L

therefore modified

(hr ?

w a] .2

Lej =63 ") ey 0 Dl (3.16)
X0 Jug n hr(hr =1) +a, r

wherehr is the parameter depending on the flow rate, @adear matrix and solute, its solubility in

the fluid and the temperature aaghre roots of the equation
acot@) =1-hr (3.17)

For high values ofir the model converges to the simple hot ball modgl (3.15)) and the lower

the value ohr is, the larger solubility limitation occurs duritige extraction process (Figure 3.2).

3.4 Comparison of hot ball model and Villermaux approxmation

Comparison of hot ball model, Villermaux approxiioatand modified hot ball model is given in
Figure 3.2. Curves are calculated for a random fnsgtem: diffusivityD; = 5.10™ mé/s, particle
diameter = 0.5 mm. Number of termsused for sum calculation in hot ball models aSdbe curve
shape at the very start; in the case of simple datt model, the higher value of, the closer
the extraction yield is to zero at= 0. In all calculations in this work, the valué m= 1000 was
employed.

Unlike the approximation of Villermaux, the curveedicted by the simple hot ball model is steep at
the beginning; this predicted initial velocity isogressively slowed down when modified hot ball
model with decreasindir is applied. Therefore, the value ©f evaluated from the beginning
of the experimental curve by the approach of Mifiaux will be always much higher that the one
issued from the simple hot ball model fit for theare experimental data; the extraction curve should

be treated as complete as possible.
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elx,

100

t (h)

———hr5

—-——hrl ———hr3

hot ball Villermaux
— == hr50 ———hr 100

———hr10 ———hr30

Figure 3.2. Comparison of models applied for exiomcof whole beans. (Data calculated with Matlaing
egs. 3.13-3.17)
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4. RESULTS AND DISCUSSION

4.1 Impact of seed structure modification on SCQ extraction

Three types of seeds were tested in this work: amtarseeds, soybeans and green coffee beans.

Experimental data can be found in Annexe 1 (endasethe CD support).

4.1.1 Amaranth seeds

Amaranth seeds are small and protected by a rigildwhich is difficult to remove. When treating

whole seeds by DIC process the hull stayed comfwleether the seeds were moistened before
the treatment or not), and negligible yield of sadusent extraction was observed. To obtain
the amaranth oil, hard seeds have to be disintedjras the seeds resisted to a coffee grinderse u

a poppy seed mill and obtained a very fine powdeere majority of the oil was deliberated and then
extracted in the fast linear period. Thereforesunh case, mechanical destruction of seeds sedmes to
the most efficient pretreatment technique, and mohér enhancement of extraction rate can be

brought by the DIC pretreatment.

4.1.2 Soybeans

Note: Samples of non-treated beans and DIC-tra¢ens were prepared as described in chapter 2.
In section 4.1.2, if not stated otherwise, the t&MC treatment” means the treatment for 1 minute a
0.3 MPa followed by 2 minutes at 0.7 MPa.

4.1.2.1 Porosity and pore-size distribution

Scanning electron microscope (SEM) was employedxtmine the internal structure of soybeans
(Figure 4.1). In comparison to non-treated matewaich is rather compact and homogeneous,
the internal structure of the DIC-treated mateisasubstantially destroyed by the bursting moisture
evaporation during the DIC treatment (see microgsap and c¢). The largest pores of order
of magnitude from 1 mm to 0.01 mm represent ab8u¥dlof the seed cross-section area (estimated
graphically from the micrographusing a grid).

Non-homogeneities in structure destruction can oastseen on micrograph which represents a dry
soybean treated by DIC at 0.2 MPa for 4 minuteds ™an be caused by position of beans in
the reactor bed or by varying permeability of bearface to the vapour. When a bean is soaked with
water before the DIC treatment and hence the nreisti homogenously distributed in the bean,
occurrence of these irregularities is reduced.@nother hand, the soaking of beans does not {ysual
change the inner structure, as seen when comparicigpgraphsa andb, and has no influence on

the final extraction yield, as will be shown funthe
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2.0mm : Y : 2.0mm

Figure 4.1. SEM micrographs (50x). (a) non-treaegbean, (b) non-treated soaked soybean, (c) soybea
treated by DIC at conditions stated in 2.2.3, @)bean treated by DIC at 0.2 MPa/4 min.

The mercury porosimetry and helium pycnometry wesed consequently to evaluate pore size

distribution of smaller pores (less than58) and material density (Table 4.1).

Table 4.1. Density and porosity of raw soybeanssadbeans treated by DIC (1 minute of treatmeftaMPa
followed by 2 minutes at 0.7 MPa)

bulk density ps skeletal densitypgy percentage of small

(glent) (glent) pores (1 -ps /psk ) (%)
non-treated beans 1.218 1.243 2.1
DIC-treated beans 0.903 1.124 19.6

Good reproducibility of the pore-size distributicarves for both cases of treated and non-treated

material is evident from Figure 4.2. Both distribat curves are bidispersive, i.e. there are two
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predominating sizes of pores: the smaller oneb®ftadius about 100 nm and the larger ones of 5-50
um. The smallest pores of radius less than 10 nnme went influenced by DIC treatment but
the number of larger pores grew considerably. Toeease was about tenfold for 100 nm pores and

even thirtyfold in the case of pore radius aboufutD

0.4

0.1 )
a b
0.08 |
03 |
—~ -~
=.0.06 =
()] (@)
o O o02t
Ke] o
S 0.04 S
ie] ©
0.1 |
0.02
0 L L 0 L I
1 10 100 1000 10000 100000 1 10 100 1000 10000 100000

ri (nm) ri (nm)

Figure 4.2. Pore-size distribution curvesgore radius). (a) non-treated soybeans; (b) Dé¢@ted soybeans.

This trend however cannot be generalized becawsdt@ treatment results in different structure
modification depending on material internal struetand conditions of the treatment.

The structural changes of beans caused by DICniszdt manifest themselves by particle size
distribution obtained by sieve analysis. In Figdr8a, particular distributions of several samples o
sample mixtures are presented. Reproducibilityhefdrain size analysis was tested on a DIC treated
sample (Figure 4.3b); the average deviation from ritean value was found 7.8 %. Although all
samples were milled using the same conditions difngy the DIC-treated milled material consists
of smaller particles than the non-treated matefzpecially the particles larger than 1 mm are
practically missing in the DIC-treated material ishin the non-treated material they represent more
than 10 wt.%. Changes in rheological propertiethefmaterial make soybeans treated by DIC more
porous and brittle in comparison with tough and enoompact raw material. Therefore, they can be

milled more efficiently.
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Figure 4.3. Particle size distribution. (a) compani of non-treated beans (blue columns) and Dé@d beans

(red columns); (b) reproducibility of grain sizeadysis.

4122 Extraction yield and kinetics

Solvent extraction

Total extraction yield was determined by Randatraotion with hexane. Experiments were tripled,
average value was found 0.193 kg/kg raw beansdortreated samples and 0.222 kg/kg raw beans
for DIC-treated samples; therefore, there is aneimee in extraction yield caused by the DIC pracess
This increase is related to the internal structooalification; it can be observed in the case of $CO

extraction as well, as shown further.

Supercritical extraction

Extraction data were obtained as a set of expetah@oints Q, E), whereE is the mass of extract
obtained with the mass of solve®. To compare experiments with different solid feld

dimensionless extraction yielwas plotted (Figure 4.4) against the dimensiontgssunt of solvent

q.

_Q
TN

E
. e= N (4.1)
Figure 4.4 shows extraction data for milled (a) anle (b) soybeans. Although the measurements
were being performed within time space of 10 montik content in beans was not affected by
the storage as proved by several repeated extnachis.
Good reproducibility was reached in the case ofeahibeans. In the case of whole beans, differences
in curve shape are more obvious and even emphagdigetb the picture scale. Experimental error is
caused partly by the extraction apparatus; theeedmall irregular hold-up of oil in the micrometer
valve, which affects the weighed amount of oil ecled in the U-tube. Unlike milled beans, from

which large amounts of extract are obtained andhibid-up is negligible, the small yields from
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the whole beans are more burdened with this eforeover, biological tissue is not a homogeneous

material, and particular solute content and digtrdn through a plant part may vary.
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Figure 4.4. SC@extraction of milled (a) and whole (b) soybeansieBpoints - non-treated beans; red points -

DIC-treated beans; open points - impact of soaking.

Extraction data of milled material (Figure 4.4ak k@ standard shape, which distinguishes fast and
slow extraction period. Whole DIC-treated beansvesr (Figure 4.4b) describe only the slow
extraction period, as expected, because the beares mot disintegrated thus no accessible oil was
supposed to be on their surface. On the other hamigktreated beans curves consist of the two
periods. The initial fast extraction is probablyedto a small amount of easily accessible oil on
the surface of decorticated beans. The oil wouldsbeely wiped off during DIC treatment and
therefore the extraction data of DIC-treated matadrrespond only to the slow extraction period.

As already reported, soybeans were soaked in whéfore the DIC treatment to obtain
a homogenously moisturized sample and hence toowapthe effect of the instantaneous pressure
drop. As reported by open points in Figure 4.4ke #welling has no significant impact on
the extraction rate, which corresponds with neglegstructure change (Figure 4.1 a, b). The cufve o

non-treated beans shows lower content of easilgssdgle oil on the surface; a part of oil was
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probably washed out by water during the soaking.alceleration of extraction rate is observed on
the slow part of the curve, in contrast to DIC-teghbeans (the slight variance between the two set
of points corresponding to DIC-treated beans idiwithe limits of experimental error). Although
there is no obvious improvement of extraction beling, it has an indirect positive effect, because

the added moisture improves the homogeneity oétfeet of the DIC treatment.

Model with broken and intact cells

Determination of model constants:

When applying the BIC model, particles are assutoembnsist of a compact core covered with a layer
of oil. Their internal porosity is not taken intocaunt; therefore, to characterize the core, balksiy
value from Hg porosimetry was used instead of saktensity.

Similarly, void fraction is based only on the pasitof particles in the extraction bed, not accigt
for the pores opened to the surface, for simplifica Void fraction was calculated as described in
chapter 2; measurements were tripled, the averalgey are listed in Table 4.2.

To express mean particle size of a sample, Sawdan miameter (i.e. the diameter of ideal spherk wit

the volume/surface ratio equal to the one of théighes) is calculated as

\/
d32 = = 62\ (42)

wheren is the number of fractionk of particles with diameted, , V and A correspond to particles
volume and surface, respectively.

In the case of milled sampleds, was calculated from their particle size distribng. To calculate
the mean diameter of whole beans, we assumedhthaturface and the volume of a halved soybean

correspond to hemi-ellipsoid

v =2t

(4.3)

A=ra?+ 2 sinte+ rac ; e= 1-2&
e C

A set of 20 beans was used to gain average valudsnensionsa andc, for both non-treated and

DIC-treated beans. Samples were considered tostgnsiely of halved beans; presence of fragments

and whole beans was neglected.

A value of oil content in beans] was fixed the same in all calculations; howewggnerally,

the choice of total amount of extract is debatalilbe value depends strongly on technique

of extraction, solvent used for the extraction #m@pretreatment of material. This shows up alemfr

comparison of hexane extraction yields for raw Beand DIC-treated beans (see above, solvent
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extraction). Assuming that in both cases, the ektra was efficient enough to extract the most
of soluble compounds, we see that “total” oil comteorresponding to DIC-treated beans exceeds
the “total” value for raw beans. As the supercaitiextraction data tend to lower yields than those
obtained by Randall extraction, we preferred to imseur models asymptotic values of exponential
curves fitted on the slow period of extraction ddthe average asymptotic values for non-treated and
DIC-treated samples were found 0.145 and 0.205ikék@ of raw beans respectively. The value
corresponding to DIC-treated beans was used in caleulations and it was assumed that all
extractions would gradually reach this “maximalf cbntent. However, it must be pointed out, that
this value results from particular DIC conditionsed in this work and should not be generally
considered as absolute oil content.

The oil solubility 0.007 g/g COwas used in all calculations, it was obtained froonrelation of

del Valle and Aguilera [120]
y =[exp(40.361-18708/T + 2186840/ T?) (0.001p)"*"** + 2.7]/ p (4.4)

Carbon dioxide density = 899.3 kg/mwas calculated using Altunin and Gadetski equatiostates
[121] for extraction pressure 28 MPa and tempeeadds3.15 K.

Table 4.2. Constants of soybeans applied for miogell

Ps € Xo Yr dsz
(g/cms) ) (kg/kg beans) (kg/kg COy) (mm)
non-treated 1.218 0.57 0.34
milled beans
DIC-treated 0.903 0.45 0.26
0.205 0.007
non-treated 1.218 0.42 2.88
whole beans
DIC-treated 0.903 0.47 3.67

Data evaluation

Slopes of linear part of extraction curves werel@atad and compared with the solubility value.
In the case of milled beans, the slopes of theafiqart of extraction curves were close to 0.0@6 g/
of CO,, which is within the interval given by eq.(4.4grte the solution in the extractor was almost
saturated due to relatively large residence tinasti{e flow rate of expanded G@f 0.5 |/min,

superficial velocity at given SGQdensity in the small extraction column is abow 2m/min).

In the case of non-treated whole beans, the aveslage of the linear part of extraction curves was
only 0.0034 g/g C@ this can be explained by a substantially dectasatact surface of whole beans

in comparison with milled beans. Mass transfer p&tars are given in Table 4.3.
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Table 4.3. BIC model coefficients for extractionsofybeans

NN Iy k<ao Ks D,
(1/s) ) (1/s) (m/s) (m?s)
non-treated 1.7.10° 0.67 43.10 5.6. 10" 1.9.10"
milled beans  —— — — 281F | 085 | 26 10 2.1.10° 5.3. 107
non-treated 3.10° 0.058 5.8. 10 4.9.10° 1.4.10°
whole beans —— — — : 0 3.4.10 4.0.10° 15.107
a —D; calculated using eq.(3.14)
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Figure 4.5. Extraction curves of non-treated (ldoets) and DIC-treated soybeans (red points)dfittg BIC

model: (a) milled beans, (b) whole beans.

The volumetric external mass transfer coefficilag, describing the mass transfer from the layer
of extracted oil on the surface of particles durithge fast extraction period, does not change
substantially by DIC treatment. The slight incre@sgrobably related to the increase in the surface
of the particles in the case of DIC-treated matdigsae below). The value daq is irrelevant in

the case of whole DIC-treated beans because omlgithv extraction period occurs.

Concerning the second extraction period, a larfferdnce can be seen between the non-treated and
DIC-treated material. The volumetric internal masssfer coefficienksa, is substantially increased

by the DIC treatment. This parameter however dep@mdparticle size. The specific surface area is

expressed as

_1-¢
A

(4.5)
and characteristic particle dimensiois for a spherical particle of diametéequal tod/6. The Sauter

mean diameter was used and the internal mass dramsfefficient k¢ was calculated from

the volumetric coefficient according to
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d32

601-¢) (40

ks = kg
The ks values in Table 4.3 show acceptable agreementeleetvwnilled and whole beans, both for
non-treated and DIC-treated material. The masssfiearis about six times faster than in the case
of non-treated material. This improvement of exioac kinetics by DIC treatment is in agreement
with the increased porosity of the material asused above, because the penetration of the solvent
into the material as well as the extraction of solaut of the material is easier. The importance
of the largest pores for extraction kinetics desesawith increasing degree of disintegration
of the vegetable material as the large pores aseayed by milling. The size of particles is mostly
smaller than 1 mm after milling (Figure 4.3a). Ag Eextent of the improvement is similar for milled
and whole beans, we can conclude that micropoeemach more important for the extraction kinetics
improvement than large pores.

The increase in the volumetric fraction of brokeiscr, corresponds to the results on particle size
analysis showed above, because the volumetricidractf broken cells and the amount of easily
accessible oil in milled material increases withcréasing particle size. Evidently, the value
of parameterr, is strongly influenced by the grinding whose refrcibility must be guaranteed in
order to provide reproducible extraction resultglividual size fractions obtained by sieve analysis
could serve for the extraction as material of dafirand reproducible particle size. However, in
thecase of material rich in oil, as soybean isretie a risk that a part of easily accessible ail o
particle surface will stick to the sieves. To avaidlecrease in extraction yield reproducibility, we
chose not to sieve the material before the extracti

In the case of whole beans, each experimental as fitted by the BIC model separately (Figure
4.5b) because of slight differences between extraadata. Despite the differences, trend of both
curves is obvious. Whilst the curves correspondm@IC-treated samples are rather linear, curves
corresponding to non-treated material show sinsteape as for the milled material. Average values
of mass transfer parameters are listed in Table B&ter agreement of the BIC model with
experimental data was reached in the case of eatett material than for the DIC-treated one.

Using the approximation given by eq. (3.14) andpssing that the extracted particles are spherical,
the internal diffusivity was calculated from the saaransfer coefficients evaluated for the slowt par
of the extraction curve (Table 4.3, Villermaux). eThdifference of approximately one order
of magnitude can be seen between Ehevalues for milled and whole beans. The mass teansf
coefficientks which varies only slightly for milled and wholedres Thus, the mass transfer coefficient
is a better characteristic of the mass transfanfbeans than the diffusivity. With respect to thetf
that the value of diffusivity for a rigid cellulaissue is reported to be in the range of orders
of magnitude from 18 to 10" m%s it is obvious that the values calculated for Bi€ated whole

beans are too high. This differencelinis probably caused by inaccurate description efititial part
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of extraction curve, simulated in the case of wHadans, by the simplified relationship derived by
Villermaux. [122]. Besides, the whole beans areideal spheres as assumed. The surface of beans
after the DIC-treatment is not smooth and theiicidht interfacial area is therefore larger tharuigo

correspond to measured valuedgf

Hot ball model

To fit better the extraction data of whole beankesg the extraction is controlled predominantly by

internal diffusion, we applied the hot ball modesed on diffusion in a spherical particle.

DIC-treated beans

Extraction data of whole beans treated by DIC wiited by both simple and modified hot ball
models using equations (3.15) and (3.16) and difusoefficients were found by the least square
method. When maodified hot ball model is applieds toefficienthr, representing the solubility
restriction to the extraction from the particletdsbe found so that the model curve shape is dlwse
the shape of plotted extraction points. Applying tralue ofhr in the range from 1 to 60, a set
of diffusion coefficients was evaluated for a fixezlue ofhr by fitting the data with the modified hot
ball model. The best fit was achieved with the eabf hr = 25 for both curves, average value
of correspondindp; is presented in Table 4.4. and Figure 4.6.

In view of results, the simple hot ball model (8dL6)) is discarded for further use, because it chmt
provide a satisfactory fit. It is probably due teetfact that the model simplifies the system when
assuming the concentration at the bulk to be Zéence it predicts the curve shape corresponding to
a fast extraction at the beginning (which is notn&d down by any solubility limitation), followed/b

a decelaration. Our data, however, do not demdestray fast extraction at the very start.

Concerning the difference between values evalustechot ball models and value issued from

the approximation of Villermaux, we can refer te tomparison of models in Figure 3.2.

Table 4.4. Coefficients evaluated for whole soylseaith hot ball model

aDi bDi m Ip
(m%s) (m%s) (kg/s. kg CQy) )

non-treated beans 2.2.10* 0.00067 0.048
DIC-treated beans 1.1.10° 3.9.10°

a —D; calculated from simple hot ball model, eq.(3.15)

b —D; calculated from modified hot ball model, eq.(3.16)
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Figure 4.6. Extraction yield of DIC-treated samplds fitted by simple hot ball model (--) and modifiadt
ball model (-).

Non-treated beans

The initial shape of extraction curves for nonte€abeans indicates a fast extraction of a small
amount of oil present probably on particle surfadde assumed that its extraction occurs
simultaneously with the slow diffusion from the fiee described by eq. (4.7), until it is depleted.
Thus, the initial part of extraction curve as fuoetof time is assumed to be a straight line with
the slopem equal to the product of equilibrium concentratmnthe solute in the solvent* and

the specific flow rate’”. The two parts of the curve were described as

E:y*q't=mt for mi<r,
XO
o o 4.7)
—= (] +r, for m>r,
Xo Xo HB,m

Optimal value ohr = 64 was found for both curves and diffusion cieefht D; (Table 4, hot ball) was
evaluated together witlm andry, by fitting the calculated curve to the experimédta.

To conclude, the values of diffusion coefficientsleated by the modified hot ball model correspond
better toD; determined for the milled beans than those giverthle approximation of Villermaux.
The diffusivities for non-treated beans are veryilsir, the diffusivity for the whole DIC-treated dres

is too large but after compensation for rough beamface it would decrease. To describe
the extraction from non-disintegrated beans, thdifieal hot ball model is more appropriate than
the BIC model.
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Figure 4.7. Extraction yield of non-treated samjl&$ fitted by the modified hot ball model (-).

4.1.2.3 Impact of DIC conditions on the extraction rate

The impact of DIC conditions on the extraction rai@s tested on a set of 8 experiments. Samples
were treated at conditions stated in the pictuffgign4.8, initial humidity of samples were kept thee

of the raw material. As a different batch of soyieaas treated here, extraction yields are slightly
higher than those found in previous experimentgspéEmental points are interlined here just todrett

distinguish curves shapes to guide the eye, no maaieapplied.)
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q

—o—1.(2min/0.4MPa) ——2.(2min/0.4MPa) ---e---3.(2min/0.12 MPa)
4.(3min/0.6 MPa) ---e---5.(1min/0.2 MPa) ---e--- 6. (2min/0.68 MPa)
---e---7.(35s/0.4 MPa) ---e--- 8. (1min /0.6 MPa) a  non-treated

Figure 4.8. Impact of DIC conditions on the exti@ttrate.
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Although the effect of changes in conditions of DEC process on the extraction yield has been
reported previously [123], our results could nohfaon or disprove this fact. In comparison with
non-treated beans, we can see the same enhandenetitaction rate as reported above for milled
beans. However, if we estimate the experimentabrefrom a comparison of two red curves
corresponding to samples treated at same conditiifferences between two random curves are
mostly not significant enough. Moreover, compargagnple 4 and 7 which can be considered to be
treated at limiting conditions within the set ofpeximental runs, we can see practically no diffeeen
in the slope of the slow extraction period; itrigorobable.
Thus, there is probably a coupling of experimemtaibrs of the two used installations that made
impossible the deeper study of this part of workvéttheless, we can state that

— for all applied conditions of DIC process, the agtion was enhanced in comparison with

the raw material;
— although an effect of pressure on the extracti@idyivas not proved, there is an obvious

increase in extraction yield in the pressure rdngma 0.2 to 0.68 MPa.

4.1.3 Green coffee beans

4.1.3.1 Maoisturizing of coffee beans

In order to extract caffeine from coffee beans,dbans are moisturized before the extraction, tsscau
there are several limitations to the use of purgbaa dioxide for this purpose. As the pure
supercritical C@ is not able to extract polar compounds, a poladifies must be used to do that.
Caffeine is a polar compound and it has been prdivadthe presence of water in the system coffee
beans-SC@increases the extraction yield. Moreover, it isllvi@own that when extractions are
carried out with organic liquid solvents, the mateis soaked and moistened by the solvent which
enables better diffusion of extracted compoundsutjin cell walls; but on the other hand, any similar
effect does not occur when the supercritical, @used as a solvent. Mass transfer through tlhe ce
walls in this case is substantially slowed downe Plermeability of cell walls increases when waser i
added to the system Sg€offee; diffusivity values in such a system diffesm those of caffeine in
pure water barely of about one order of magnitu®]. Caffeine diffusion coefficient in SG@as
been studied by several authors, it varies aroih§ @’/s for moistened whole beans. However,
polarity and bad permeability are not the only abl&s to caffeine extraction from coffee beansnpeve
more polar methylenchloride, used as a solvenhoisable to extract the caffeine from dry whole
beans, the extraction is feasible only from moistebeans. McHugh and Krukonis claimed that water
added to a coffee bean disrupts chemical bondsdogrcaffeine in a chlorogenic acid structure
present in the bean [49]. To prove that these baedsease activity of caffeine, authors compared
a theoretical amount of solvent necessary to exaiathe caffeine from beans (knowing the solupili

of caffeine at given conditions) with a real valssued from experiments; the real amount was higher
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than the theoretical one, which proved that thé&ega# bounded in beans does not dissolve as much as
the free caffeine in water.

In practice, the green coffee beans are soake@ierwefore extraction, the water content variesfr
40-50 wt.%. Peker et al. [124] reported that théewaontent in beans increases with time of soaking
until it reaches a value of around 40 wt.% (coroesiing to about 12 hours of soaking), further
soaking does not change the water content suletgniio prevent a depletion of water when long
extractions are carried out, the supercritical, @@tering to the extractor can be moistened as well
In our experiments, both whole and milled beansewmbistened before the extraction so that the
water content reaches 20 wt.% (value based on emnd) recalculated to dry matter, the humidity is
about 27%, as initial humidity in raw beans wasnfb®.7% (drying kiln at 105°C, 24 h)). Water
coming out from the extractor does not cumulatdéextract, but it is leaving with the gaseous,CO
The water solubility in SC@at given conditions (24MPa, 50°C) is 2.9 mg/g.CRut as stated by
Reverchon et al. [125], the real amount of watawileg the extractor is smaller than it theoreticall
should be. The authors found that the water coritetiite extract of sage was independent on the size
of extracted particles and its extraction curvduastion of specific solvent flow rate is lineam{ike

the curve corresponding to oil extraction and depen on the extraction rate), thus, some kind
of bonding between water and the matrix influenpesbably the final equilibrium concentration
of caffeine in SCQ If we take into account this conclusion, we ctatesthat the water content of 20%
as used in this work was sufficient regarding ® dmount of solvent consumed for both whole and
milled beans. All experimental data in this worle (iextraction yields) were related to mass of raw

(non-soaked) beans and used for the modelling uh@eform as well.

4.1.3.2 Porosity and pore-size distribution

Coffee bean is not as compact as soybean; thestisssomehow rolled inside the bean, creating
cavities within the bean. When contacted with moest the bean tissue swells up and fills these
cavities. However, unlike soaked soybeans, ther® isicrease in particle size, as can be seen when
comparing Sauter mean diameters of raw (non-soakedns and DIC-treated (soaked) beans
(see Table 4.6, the value df, for DIC-treated beans was found even slightly lowean for raw
beans, but this difference is just an experimesttiadr due to the choice of the representative sampl
in fact, the bean does not “shrink” when it is s#)k Roethe et al. [126] carried out an analysisof
and soaked beans by scanning electronic microseogethey concluded that the transport of caffeine
dissolved in the water inside the coffee beangddiged predominantly through cell walls and only
about 3% of the mass transfer take place in pores.

As issued from porosimetry results (Figure 4.9, prosity increased remarkably on the level of ver
small pores, however, these pores are not signififx the extraction rate increase. On the other
hand, the number of large pores (5-50 um) did notease by the DIC process. It should be

emphasized that in accord with Hg porosimetry rukbe beans were dried before the porosity
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measurement; therefore, regarding to conclusiomsitaboaking stated above, however important
the increase in porosity after the DIC procese#pécially when very small pores are concerned), it

probably looses its importance at the moment wherbeans are soaked in water.

Table 4.5. Density and porosity of extracted coffeans

bulk density ps

skeletal densitypsy

percentage of small

(g/cn) (g/cn) pores (1 -ps/psk) (%)
non-treated material 1.246 1.337 0.68
DIC-treated material 1.117 1.099 ~0
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Figure 4.9. Green coffee beans non-treated (-d)tegated by DIC at 0.5 MPa/45 s (---).

Unlike the soybeans, milled coffee beans sample® weepared by sieving the milled material in
order to obtain well defined particle size disttiba in all samples. The ratio was settled as fdip

10% fraction of particles >0.63mm, 40% fractiorDd#3-0.5mm, 30% fraction of 0.5-0.315mm a 20%

fraction of 0.315-0.2mm in diameter.

4.1.3.3 Extraction rate and caffeine analysis
Unlike the soybean extracts, consisting of vegetalllin the case of both milled and whole beahe (t

composition was not analysed in detail, but vigydiere was no difference between extracts), eoffe
beans do not give the same result. Although theaeixtfrom milled beans was oily, similar to
the soybean oil with addition of green pigmentsthia case of whole beans, a white powder was
obtained. In view of the fact that supercriticaltragtion of whole green coffee beans had been
described in the literature as highly selective daffeine (and the green coffee beans treatment is
the most important industrial application of SGfxtraction), an HPLC analysis of caffeine confant

our extracts from milled and whole beans was ocaraet as well, beside the total extraction yield

observation.
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Milled beans

Extraction curves of milled beans (Figure 4.10)éhavcharacteristic shape corresponding to fast and
slow extraction period; the BIC model was appliediéscribe the extraction rate. The same methods
were used to evaluate material constants as fdresmg. Solubility of the extract in Sg@t given
conditions (24MPa, 50°C) is in the range of 0.002608 kg/kg CQ@ (calculated with the correlation
proposed by del Valle, eq. 4.4), average value.@@® kg/kg CQ was chosen for the modelling; this

value corresponds to average slope of linear exdraperiod of our extraction curves as well.

Table 4.6. Constants of coffee beans applied fatetiog.

Ps € Xo Yr dsz
(g/cm3) () (kg/kg beans) (kg/kg CO,) (mm)
. non-treated 1.246
milled beans DIC-treated 1117 0.66 0.102 0.005 0.48

To give a better idea about how the extraction g@s#in real time, in the case of milled beans,
the value olg=100 corresponds approximately to the extractiom tof 300 min (this is a rough value,
exaction time corresponding tajavalue varies slightly as the feed of materialia éxtractoN is not
constant for all runs (2.5-3.8 g) agdQ/N). Parameters used for the BIC model are statéchbie
4.7.

Table 4.7. Model coefficients for milled coffee bsa

Krag Mo Kso Ks D,
milled beans (1/s) () (1/s) (m/s) (m%s)
(BIC model) | non-treated | 1.67.10° 0.7 2.33.10 | 5.49.10 2.64.10°
DIC-treated | 1.67. 10 0.74 2.67.10 | 6.27.10 3.01. 10"
a —D; calculated using eq.(3.14)
0.12
0.09
© 0.06 /
0.03
0
0 30 60 90 120
q

Figure 4.10. Extraction curves of non-treated (fgats) and DIC-treated (red points) milled begn$BIC

model.
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Three extraction runs corresponding to extractimmf milled beans treated by DIC are plotted in
order to show a good reproducibility of extractibeta. Similarly to soybeans, there is no change in
coefficient kiay, because this coefficient depends on the solyhilft the free solute in the SGO
Neither the parametar change significantly, as the particle size disititm was constant in all
extraction runs with milled beans, anyway, it carsken that the free solute fraction increasettsfig
with the DIC treatment. Next columns of the tablove the conclusion already made from
porosimetry analysis results: the DIC process dussinfluence significantly the mass transfer in
the material during the extraction.

Results of HPLC analysis shows that the final catregion of caffeine in the extract from milled
beans is about 8%. Due to very small increase iraexweight between two successive points of
extraction curve, we could not analyze the extfacteach experimental point separately; hence,
concentrations were evaluated generally for anrehkeof several successive samplings. Identically
for non-treated and DIC-treated material, the feample analysed by HPLC (i.e. corresponding to
the beginning of extraction curve) is characterized a low concentration of caffeine (order
of magnitude of 10 mg/g of extract), but with theansition to the slow extraction period
the concentration increases of about one order agnitude. Obviously, the total extraction rate

decreases, but the extraction of caffeine itseitioaes at the same velocity (see later).

Whole beans

The yields of total extract from whole beans arevghin Figure 4.11. As a larger-capacity extractor
and larger feeds were applied for whole beans etidra(23.8-25.2 g), corresponding dimensionless
amounts of solvery are lower than those at milled beans extractios.rit means that at the flow rate

of CO, of 0.5 I/min, the value af=10 corresponds to approximately 4.6 h of extractio

0.0045
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A A
0.003 - a
A
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Figure 4.11. Extraction curves of non-treated (gamts) and DIC-treated (red points) whole beans.
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HPLC analysis results confirmed that the caffeiggresents the majority in the extract from whole
beans. Unlike the milled beans the concentrationaffieine in the extract from whole beans stayed
constant (order of magnitude of 1fhg/g of extract). Average value was found 700 8 h&y/g

of extract, thus the result is burdened with anadrtgnt experimental error caused by very small
extraction yields (total amount of extract per mvas about 0.9 g, extract increase between two
successive experimental points was in the rang8.002-0.02 g). There is a difference between total
content of caffeine in the extract from non-treatad DIC-treated beans (61.4% and 72.6%
respectively), but we consider this difference ®odomparable to the experimental error explained
above.

If we compare caffeine contents in extracts fromlledi and whole beans, we can deduce some
conclusions about water influence in the extracpoocess. Extraction of oil from broken cells ig no
limited in any way by the presence of water angritceeds in the same time as the extraction
of caffeine. On the other hand, as soon as thed@idn process reaches intact cells diffusion of oi
through cell walls soaked with water becomes diffiand subsequently, concentration of caffeine as
the main polar compound becomes more importartdridtal extract.

Figure 4.12 shows extraction yield of caffeine esolely, for both milled and whole beans as

a function mass of solvent (values related to raanis feed).
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Figure 4.12. Extraction curves caffeine in noniedgblue points) and DIC-treated (red points) lsean

() milled beans, /) whole beans.

The data for milled and whole beans samples ageeewell no matter if the DIC pretreatment took
place or not. There is visible decrease of exwactate at the end of milled beans curves. Thisbean
caused partially by the diffusion control alreadycuarring at the end of extraction, as it is usually
observed when oil is extracted from beans, butetlh®mlso the fact that the water content in beans
decreases slowly during the extraction which catiseslecrease in amount of caffeine extracted from

beans. (Let's admit for a while, in contrast witle ttonclusions stated at the beginning of the enapt
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that the water is extracted from beans at the aahsate corresponding to its solubility in SC@

this case, the depletion of water would correspadgtt to these last points of curves. Anyway,
accepting the conclusions that there is an interacdtf water with the matrix towards the end
of the process decreasing the equilibrium conceoiraf water in the SCf we can suppose that
the material still contains some water till the eoidextraction allowing the caffeine extraction,
although the rate of extraction might be slowed rlow

All points in Figure 4.12 follow the same trendthé beginning; this fact shows that in our case,
the extraction rate of caffeine was not limiteddiffusion but the process was controlled by the low
solubility of caffeine in the solvent. Extractiorould be controlled by diffusion if we could increas
the solvent flow rate in the extractor; unfortumgtehe installation we used for this work cannot
assure higher flow rates.

For this reason, evaluation of diffusion coeffiteemvas not possible, but we were able at least to
estimate a partition coefficient (partition of thaffeine between the G@nd the water in a bean)
characterising the phase equilibrium between theaeted particle and the solvent and to compare it
with literature values.

The slope of the linear part of extraction curvdetted in Figure 4.12 varies in the range
of (1.4-2.0).10 g/g CQ. And yet, solubility of free caffeine in SG@t the same extraction conditions
is of about one order of magnitude higher that t1i$3], therefore we can see the impact
of the caffeine interaction with matrix. Peker btf424] described the extraction from whole bebys

means of a model with only one parameter — equulibipartition coefficienm defined as

a caffeineconcentraionin SCQ,
caffeineconcentraibn in waterin a bean

(4.8)

This coefficient can be roughly estimated for oatadas well, considering that the concentration
of caffeine in SCQ is given by the slope of linear part of extractioarves, the concentration
of caffeine in beans is about 1 wt.% and the wetetent is 20 wt.%.

_le00™

=0.0032 (4.9)
1/20

Peker et al. found values ofat temperature of 50°C as follows: 0.0054 for 1dPBa and 0.0215 for
19.3 MPa.

Another possibility to compare our data is giventbg work of Roethe et al. [126] — concentration
of caffeine in SC@evaluated from their extraction data (extractiarried out at 20MPa and 60°C) is
rather in agreement with our results, but in vidwaat that they used higher water content in beans
(50 wt.%) the value of partition coefficient woute about 0.01. We can conclude from these two

comparisons that our results are roughly of theesaragnitude as the values reported in the litezatur
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Solvent extraction

In view of the fact that extracts from whole andled beans are of different character, different
organic solvents were used for Randall extractidiied beans were extracted by hexane (which is
mostly used for evaluation of oil content in seedd)ole beans were soaked with water and extracted
with more polar chloroform to obtain the caffei@nly raw beans non-treated by DIC were extracted,
extraction yields for milled and whole beans wasfth 16.2 wt.% a 2.02 wt.% respectively (related to
mass of raw beans). Asymptotic value determinethfextraction curves of milled beans (10.2%)
differs from the yield obtained by Randall extraatimore than in the case of soybeans; it might be
that a part of oil stayed stuck of sieves during thilled sample preparation. Different selectivity

of SCQ and chloroform caused probably the yield diffeeeircthe case of whole beans.

4134 Conclusons

Finally, we can sum up the conclusions about tHeé prietreatment and the extraction of coffee beans
as found in this work. Number of pores large enot@have an influence on the extraction rate in
beans does not change by the DIC treatment, mareasave know from the literature, mass transfer
in beans takes place mostly through cell walls.réfoee, due to the soaking of beans in water agplie
generally before the extraction, cell walls becan@e permeable and the extraction is subsequently
enhanced just by the soaking, without regard td@ pretreatment of beans.

Extract from milled beans consists of vegetableaoii coefficients of mass transfer are equal for
non-treated and DIC treated beans. When whole baangxtracted, the extraction of oil becomes
impossible due to the presence of water in beassidi and the caffeine is extracted preferentially;
unfortunately, we could not compare mass trangfefficients for caffeine in whole and milled beans,
because the extraction of caffeine in our experisevas limited by low solubility of caffeine in
SCQ. So even if there were any changes in the intestnatture of beans, their influence could not

appear in this case.
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4.2 Impact of natural convection in solvent on SCQ extraction

The aim of this work was to introduce the methodnméasurement of RTD characteristic into
the laboratory to be able to follow the effect W direction on axial dispersion in a supercritica
extractor. First results and conclusions are statdtlis chapter; they are not final, but will serio

development of the method and further studies dfirah convection at supercritical conditions.

Experimental data can be found in Annexe 2 (endlasethe CD support).

4.2.1 Choice of the method

Benzoic acid (BA) was chosen as a tracer; fluidspreaturated with BA was injected to the extractor.
BA is slightly soluble in liquid and supercriticBlO,. Thus, an input of low tracer concentration in
the fluid phase gives a reasonable response afdteetor, and we do not take the risk that theomarr
microcuvette in the detector will be blocked bycta precipitation if its solubility changes due to
potential pressure and temperature instability.ZBanacid had been already applied as a tracer in
supercritical experiments [73].

We tested both pulse and step input. Step expetimas found to be inconvenient, because it results
in higher concentrations of benzoic acid passimgutph the microcuvette of the detector, which we
want to protect from any potential blockage. Putgrit was chosen, though it must be noted that we
have not reached yet satisfactory reproducibititgoncentration of pulses. The injection of thedra

iIs manual, by switching the dosing valve, therefibre effect of opening/closing the valve is more
important shorter the injection is. Two-second ¢tign applied in experiments at subcritical
conditions was replaced by ten-second injectionsupercritical experimental runs in order to

eliminate the influence of the valve switching, the reproducibility stayed low.

4.2.2 Sequence of procedures

While the thermoregulation of the test section Waisig constructed to allow the work at superctitica
conditions, preliminary experiments at room tempe® i. e. in liquid phase (12 MPa, temperature in
the range of 23 to 27°C) were carried out.

Firstly, the detector and the injection system wested, then the flow pattern in the extractdedil
with inert glass beads was observed. Two flow ratese compared and flow rate of 1 ml/min was
chosen for further experiments. Results are disclisssection 4.2.4.

As the main idea for which these preparative ste@#ge been realized is to discover the effect
of natural convection in real extracted systems, ribxt step was to test the method on a vegetable
material. We avoided plant parts containing esaertils that could absorb the UV rays, and
the choice was limited to seeds, because vegetébleonsist of esters of fatty acids absorbingtlig

of shorter wave lengths than the tracer. Hencehesnys were milled, loaded to the extractor between

two layers of glass beads and extracted. A sefiéicer injections in the range from 2 to 30 s was
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applied in both flow directions, but the responseswot detected. The tracer was completely adsorbed
on the vegetable matrix; the limit of saturatiorsw@t reached even after a series of long injestion
Thus, the use of real extractable material wasadidl and the idea of a solute deposited on ah iner
support was adopted.
The choice of the model solute should conform feifgy conditions:

— to be “invisible” in UV radiation

— to be soluble in C¢ but not too much, so that the feed placed ingkigactor would be

sufficient to assure constant extraction rate duaiththe course of peak elution.

— to enable even distribution along the extractay.(@eposition on inert glass beads)
Aliphatic hydrocarbons do not absorb UV rays arartholubility in the CQas well as their physical
properties depends on the length of the chain. Hoog-chain hydrocarbons were extracted at
subcritical conditions: €Hs4, CigHas, CoHa2 and G4Hso. The first one is liquid at normal conditions,
the others are waxy solids that can be easily ohedted deposited on glass beads filled into
the extractor.
In order to examine a possible decrease in extractite due to mixing with an almost insoluble wax,
the hydrocarbons were melted together withHgs (at ratio 1:1). The liquid hexadecane was either
melted with the wax or deposited on small pieceglass wool and evenly distributed in the extractor
filled with glass beads. However, as we can sddgire 4.13 in the case of hexadecane, the mixing
with wax had almost no influence on the extractiate; similar result was obtained with,8s,.
Curves are expressed in terms of volume of liqaldent supplied by the pump; therefore, at floverat
of 1 ml/min, the axis corresponds to the time ofraotion as well. Although the space time is
relatively short, about one hour should be resefeedach experimental run, because of long tails

of peaks and time necessary for manipulation.
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Figure 4.13. Extraction of aliphatic hydrocarbogssbbcritical CQ (12 MPa, room temperature ~ 25°C).
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We can see that only tetracosangylfic,) fulfils the condition of suitable extraction ratewas chosen

for further experiments. Thus, the residence tinsgridution with simultaneous extraction in liquid
phase was measured using pure tetracosane adadehosited on glass beads by coating. See results
in section 4.2.4.

(Note: Solubility of tetracosane of 0.9 mg/g of L®as evaluated from the extraction curve (see
Figure 4.14). Compared to the solubility correspogdo the nearest conditions to those used in this
work that can be found in the literature, our vakienuch lower. (Furuya [117] reported the soluili

of 6.76 mg/g of C@at 37°C and 12.9 MPa; see Annexe 2.) This mightduesed partially by lower
temperature and pressure applied in this workjgllgrby accumulation of the solute near expansion
valve. Although the valve is heated, the tempeeainrthe capillary near the valve might have been
influenced by the adiabatic cooling of the stresamsing deposition of a thin layer of precipitated
waxy solid on walls of capillary. It must be notelkat the feed of solute into the extractor wag onl
about 0.2 g and the solubility is low, hence eveslight deposition would change substantially the

extraction yield.)

0.08

0.06

0.04 /
0.02 A

y = 0.0009x

E@©

CO, (9)

Figure 4.14. Linear part of the extraction curveCafHs, extracted at 12 MPa / 25°C.

When the thermoregulatory box was finished, wetetlhithe measurements under supercritical
conditions (12 MPa, 40°C).

The difficulties with deposition of £Hs, in capillaries and the microcuvette of the detecémnained

at supercritical conditions as well; therefore, were searching for another possible solute whose
melting point would be lower and then it would riock the capillaries if sudden pressure and

temperature drops occurred. Trilaurin (lauric atiglyceride) was chosen; generally, vegetable oils
consist of esters of triglyceride of fatty acidslatirin makes a part of them. Its behaviour at

supercritical conditions was observed in a higlsguee cell with sapphire windows. Temperature was
set at 40°C, pressure was gradually increased L MPa as the cell was filled with G8upplied by

the pump. Initially waxy solid started to melt aMPa, at 12 MPa all feed was completely melted.
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After slow decompression, trilaurin stayed liquahd it solidified slowly while the cell was being
cooled. Therefore, no precipitation of solid showdcur when dealing with the compound at
conditions used in this work — 12 MPa and 40°C. tha other hand, due to the liquid character
of trilaurin at supercritical conditions, it caroW down slowly through the vertically placed extoac
which could block the exit capillary, especially evhthe extractor is operated under downflow mode.
Hence, RTD measurements were carried out firsttyujoflow mode when a part of solute was

extracted, then the extractor was switched to dimmniode. See results in 4.2.5.

4.2.3 Data treatment

In this first approach, conclusions are based anmpawison of experimental data by means of moments
and E-curves. Following simplification is assumfadw pattern in all parts of the test section excep
the extractor (i.e. six-port valve and capillaregsl mm in diameter) is supposed to be the plug flo
Hence, the resulting flow pattern corresponds &flbw pattern in the extractor. This assumption is
evidently disputable. However, it is acceptable thoe purpose of this work, where only a simple

comparison is made of RTD characteristics measumdédr upflow and downflow mode is made.

The raw data supplied by the detector were treiatedveral steps (see Annexe 2):

— baseline of the peak was reduced to zero

— as the plug flow is considered in capillaries, thmee passed from the tracer injection to
the start of the peak was reduced by the periodesponding to the passage through
capillaries at the inlet and outlet of the extracto

— concentration of the tracer was evaluated usingdeatrBeer’s rule. Molar absorptivity of
benzoic acid at atmospheric pressure was applietiéoestimation.

—  momentsmean 6%, (06)° Were evaluated from the data using eq. (1.6) ard) (

— residence time distribution (or E curve) was calted (eq.(1.5)) and plotted against time

4.2 .4 Experiments at subcritical conditions

4.24.1 Flow pattern in the extractor without extraction

Extractor of 4 ml in volume (diameter 8 mm, len§tbm) filled with glass beads of 2 mm in diameter
was used in all runs. Experiments were carriecabtwo flow rates — 0.5 ml/min and 1 ml/min.

Void fractione in the extractor is 0.42 (determined by weighing beads, glass density of 2600 kij/m
was used). Therefore, the space tirmis 4.64 min and 2.32 min at flow rate of 0.5 andhtImin,

respectively. Superficial velocity of the fluid pwais
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= V2 =% =2 cm/min for volumetric flow rate Iml/min
d 08
4 4

and Reynolds numbers is

2 [0.008[84596

3
Re= Y92 _ 610 =285
n 791010°

Where d is extractor diameter, and densjtyand viscositys correspond to 12 MPa and 25°C
(p=845.96 kg/m, calculated from the Altunin and Gadetskii equatid state, ang=7.91.10° Pa.s,).

In the case of 0.5 ml/miny=cm/min and Re=14.2. Thus, laminar flow occurs irthboases.
Two-second injection of tracer was applied.

Curves in Figure 4.15 correspond to measuremampflow and downflow mode at two different flow
rates; average values of moments are listed ie #8. Unfortunately, values of moments are strpngl|
burdened with peak tailing, which is probably caldey mixing of the fluid at both ends
of the extractor top and bottom where the flow diten changes sharply from 1 mm in capillary to
8 mm in the extractor. Hence, the calculated vabi¢s.,,are much longer than extractor space time;
on the other hand, peak maximums are rather ctosket space time value. The differences in peak
height are related to bad reproducibility of corication of tracer in injected amount. It is a commmo

feature of all these preliminary experimental ruargj the problem should be solved in future work.

0.45
0.3
L
0.15
0
0 5 10 15 20
t (min)

Figure 4.15. RTD data obtained with pure G®flow rate 0.5 ml/min (---) and 1 ml/min (—) uerddownflow

(blue) and upflow (red) mode. Extractor of 8 mmdiameter and 8 cm in length, filled with glass tsead

Anyway, several conclusions can be made. The gcthows that there is no significant difference
between upflow and downflow mode when the flow ratel ml/min is set. On the other hand,

at the flow rate of 0.5 ml/min, the me&Ranis shorter for downflow mode. As there is only thee
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CO, and the tracer present in the extractor, we camgine that the changes in flow pattern in
the extractor are caused by changes in density wWiesolvent is laden with the tracer. The flow is
faster at the downflow mode, on the contrary, whkiem fluid flows upwards, a mixing probably

occurs. This situation could be in the future mtatklather by a compartment model with two ideally
mixed vessels. Although the tracer is not idealtditds to change flow pattern itself), its use is
acceptable when higher flow rate is applied. Tleeefthe flow rate of 1 ml/min was chosen for

further experiments in this work.

Table 4.8. Moments evaluated for subcritical ctads (12 MPa, 25°C). Extractor of 8 mm in diamedad 8

cm in length, filled with glass beads

mode fmean(MiN) ¢ (min?) 6o ()

downflow
pure CO,/ 0.5 ml/min 8.73 55.92 0.67
upflow 9.43 66.10 0.74

downflow
pure CO, / 1 mi/min 14.04 222.38 1.13
upflow 14.48 235.44 1.12
extraction of CyHsp / downflow 12.82 181.24 1.10
1 mi/min upflow 23.51 509.08 0.92

4242 Flow pattern in the extractor with simultaneous extraction

The residence time distribution with simultaneoxsaetion in liquid phase was measured using pure
tetracosane as a solute deposited on glass bdaslgxiraction was carried out under both upflow and
downflow mode in the 4 ml extractor, with the floate of fluid phase of 1 ml/min and two-second
injection. In Figure 4.16, the curves are plottegether with the ones corresponding to experimental
runs without extraction; moments calculated from ttata have been already listed in the Table 4.8.
Again, peaks are burdened with long tails, diffeemnin height and elution time of peak are related
experimental error, so we should not rely much aicudated moments. Visually, there are no
significant differences neither between experimeatsied out without extraction not those obtained
with simultaneous extraction.

It must be taken into account that the kinematscaesity of supercritical fluids is lower than thalue

for liquids. Therefore, the effect of natural coatien reported for supercritical G@night not occur

at such extent when subcritical €@ven near its critical temperature) is used.
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0.45

0.3

0.15

t (min)

Figure 4.16. RTD data obtained during the extractibC,4Hsowith subcriticakliquid) CO,, 1 ml/min (—)
compared with the data without extraction at fl@terl ml/min (---) under downflow (blue) and upfl¢red)

mode. Extractor of 8 mm in diameter and 8 cm imgthrilled with glass beads.

4.2 .5 Experiments at supercritical conditions

Trilaurin is more soluble in SCQhan tetracosane, therefore, a larger extractar.®fml in volume
(diameter 8 mm, length 15 cm) was used to allovindrigeed of solute. Feed of solute varied around
1 g; thus, at the flow rate of 1 ml/min and theubdlty of about 5.38 mg/g CO(see Annexe 2),
I.e. 3.86 mg/ml SC@ the extractor can be operated for more than 4shpar charge. Preliminary
experiments showed that the laborious depositiothefsolute on glass beads was not necessary.
When a reasonable amount of solute (~1g) is ewdistyibuted between glass beads, and then it melts
under applied pressure and partially dissolveshn $CQ, after depressurization we observe that
the beads were evenly coated by the solid.

Experiments were carried out at 12 MPa, 40°C aow fiate of 1 ml/min. The test section was placed
in hot air heated thermoregulatory box. The extiaatas filled with glass beads of 2 mm in diameter.
The space time is 4.35 min, superficial velocity of the fluid peis 2 cm/min and Re=30.4, with
p=718.9 kg/m andy=5.73.10 Pa.s. Ten-second injection was applied.

The data are presented in Figure 4.17. The averalges of calculated moments are listed in Table
4.9. It should be stressed again that in this figgproach we rely rather on visual comparison
of curves, in order to determine whether thereame differences in flow pattern when the solvent
flow direction is switched from down to up. Momerdse calculated to give us a rough tool to
compare the data, but they are very sensible tg faits of peaks. Therefore, here again the values
of tmean @re much higher than space time. A more appraprizthod of data evaluation has to be

found.
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When comparing RTD for upflow and downflow with@xtraction, we can see that there is a long tail
of peak in upflow mode. The explanation could beghme as proposed for runs liquid GDslower
flow rate - that the tracer is not ideal but affedself the flow pattern in the vessel; the ndtura
convection occurs in the vessel under upflow mode @ changes in density. Further, as shown in
detailed picture, the beginning of peak elutionnit constant, significant retardation is obvious
especially under downflow mode. Moreover, peak mmaxns correspond to times higher than space
time, in contrary to experiments without extracti@xplanation of this behaviour during extraction
could be a kind of temporary interaction of the 2ma acid with the melted trilaurin in the column.
We did not observe the same effect in the caset@fdosane under subcritical conditions, but ithhig
stay solid under lower temperate. This is just jpadtigesis to verify, because we have not examined ye
the behaviour of tetracosane under high pressure.

Anyway, Figure 4.17 shows an obvious increase énntiean and dispersion of peaks measured with
simultaneous extraction, both under downflow anflowp mode. The higher degree of dispersion
of peaks under upflow mode is obvious. (This iscantrast with the table, where dimensionless

variance was calculated to be the same for botlowEnd downflow mode.)

Table 4.9. Moments evaluated for supercritical éoors (12 MPa, 40°C) at flow rate 1 ml/min. Extraicof 8
mm in diameter and 15 cm in length, filled withggddeads

mode tnean(MiN) 6” (min?) 6o’ (-)
downflow
oure CO, 6.30 4.01 0.10
upflow 10.23 56.64 0.53
. L downflow 14.83 42.77 0.20
extraction of trilaurin
upflow 26.33 152.13 0.20

Nevertheless, beside the natural convection rekat@thanges in density due to the dissolution ef th
solute, three other phenomena occur probably m d¢hge : a) the presence of the tracer itself may
cause differences in density and subsequently @singflow pattern; b) there might be an interactio
of the tracer with the solute resulting in retaioiatof peak elution, c) it has to be kept in mititht
trilaurin used as solute melts under high pressume it probably partially dribbles from through
the layer of glass beads in the direction of gyavit can have positive influence on downflow
extractions and negative influence, on the othedhan upflow extractions. This fact would surely
affect the RTD data.
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Figure 4.17. (a) RTD data obtained during the exima of trilaurin (—) compared with the data ofrp.CO
(---) at flow rate of 1 ml/min under downflow (bluand upflow (red) mode. Extractor of 8 mm in diaeneand
15 cm in length filled with glass beads. (b) Detdipicture.

4.2.6 Perspectives

— Rate of saturation of the fluid with tracer candmother factor affecting the reproducibility.
In this work, closed sample loop was used, i.g@s itonnected to the fluid stream just at
the moment of injection. Generally, imperfect tiggs of the installation, which is totally
negligible when the fluid is continuously fed intbhe installation by a pump, can be
of importance if the fluid of high pressure stagisain the loop for a long time, such as in our
case of one-hour long runs. By opening the valvesgure is balanced, but the concentration

in capillaries connecting the valve to the columithviracer does not change as quickly and
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can vary from one experiment to another. Hencepp With the fluid flowing continuously at
low flow rate will be used in the future work tcsase constant concentration at the injection.
Effect of tracer on the flow pattern could be ehated by decreasing the concentration in
the injected pulse. It could be done by a splihefinjection.

Any possible interaction of tracer with the solutbould be checked out. Possibility
of experimental error in this case has to be \etifis well. High pressure cell can be used to
observe the behaviour of all used compounds andrttigtures with tracer under supercritical
conditions in order to determine their state anskpiade interactions.

Homogeneous distribution of the solute along theagkor during the extraction is another
goal. It might be achieved finding a porous inegtenial to trap the trilaurin and avoid the
dribbling or a solute that stays solid at supdgaitconditions. Contribution of the rest of the
test section to the final response should not Iggented. Convolution of the data is a solution
to better characterize the flow inside the extnacto

Appropriate model to describe experimental dattoide found. To start off, we propose
a model with two ideal mixers and plug flow, whigleems to describe well the form
of measured RTD curves. If there are any interastioof tracer with the solute,

the adsorption/desorption term should be incorgadratto the model.

4.2.7 Conclusions

Based on preliminary data, rough conclusions caméee:

As showed by experiments at different flow rateshwiit extraction, the tracer itself can
influence the flow pattern in the extractor by ohiag the density of the passing solvent.
At subcritical conditions, the limiting flow ratehen this effect of tracer occurs is lower then
at supercritical conditions. This can be explaifgdthe fact that due to lower kinematic
viscosity, the supercritical fluid is more pronenttural convection.

No significant effect of flow direction on flow gatn was observed in liquid Gd@owing at

1 ml/min. On the contrary, when supercritical cdiotis were applied, the mixing in
the column related probably to the presence oftraesulted in peak tailing under upflow
mode.

Flow pattern measured during the extraction cared under supercritical conditions
depends significantly on the flow direction. Pea&gesponding to upflow are more dispersed
in comparison to the downflow mode which indicatestural convention occurring in
the extractor. Besides the natural convection edlaio changes in density, increase in
the mean residence time related probably to theetranteraction with the solute was

observed.

-85 -



Conclusions and future work

CONCLUSIONS AND FUTURE WORK

The presented work deals with two problems conuettiethe efficiency of supercritical extraction

processes.

Impact of structure modification on SCO, extraction

The objective was to test the ability of the preces Instantaneous Controlled Pressure-Drop (DIC)
applied as pretreatment technique to enhance theraitical extraction by structure modification
of extracted material.

Three types of seeds were tested: amaranth seeglseasis and green coffee beans. The most
important effect of the DIC treatment was obserivetthe case of soybeans.

Beans were treated by the DIC process and sampledled and whole beans were extracted with
supercritical C@ Structure of beans was determined using scarglggiron microscopy, mercury
porosimetry and helium pycnometry.

Soybeanswere decorticated, treated by the DIC processki{isgan hot water, then treatment for

1 minute at 0.3 MPa followed by 2 minutes at 0.7dyIAand extracted with supercritical €@t

28 MPa and 40°C. In comparison to non-treated nahtehich is rather compact and homogeneous,
the internal structure of DIC-treated soybeans sdsstantially destroyed by the bursting moisture
evaporation during the DIC treatment. The porositys increased considerably: pores of order
of magnitude from 1 mm to 0.01 mm represent ab8uolof the seed cross-section area, the increase
of about tenfold for 100 nm pores and even thitt/for 10 um pores. The smallest pores of radius
less than 10 nm were not influenced by the DICtineat. Also, DIC-treated beans are much more
brittle which results in finer milling and conseaqulg, in increased extraction yield.

Extraction of milled soybeans was well describedthg BIC model. The external mass transfer
coefficient does not change substantially by th€ Beatment. On the other hand, the internal mass
transfer coefficient is about six times higher tihathe case of non-treated material.

Extraction of whole beans was better describedhbyntodified hot ball model. An increase in value
of internal diffusion coefficient for DIC-treatedeéns of about one order of magnitude was observed,
which proves again, that the DIC pretreatment Ie &dbenhance the rate of slow extraction contdolle
by diffusion.

Green coffee beansere treated by the DIC process (moisturizingntineatment for 45 s at 0.5 MPa)

and extracted with supercritical G@t 24 MPa and 50°C. Number of pores large enoadiave an
influence on the extraction rate in coffee beadsndit change after the DIC treatment. Extracticia da
of milled beans were described by the BIC modelm@aring mass transfer coefficients, we can
conclude that the DIC process does not influengeifstantly the mass transfer in the material dgrin

the extraction, which corresponds with porosimegsults.
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Character of extract is different when milled beand whole beans are extracted. Extract from milled
beans consists of vegetable oil; on the other hatén whole beans are extracted, the extraction
of oil becomes impossible due to the presence @émia bean tissue and the extraction is highly
selective for caffeine. We could not compare maasster coefficients for caffeine in whole and
milled beans, because the extraction of caffeineun experiments was limited by low solubility
of caffeine in SCQ So even if there were any changes in the intestraicture of beans, their
influence could not appear in this case. Futurekwasuld include measurements at higher flow rates
so that the solvent could not reach the point tfraion with caffeine.

Amaranth seedare protected by a rigid hull difficult to removend negligible extraction yield is

observed when whole seeds are treated. The DI@neaa had no effect on compactness of the hull.
Very fine grinding had to be applied to disintegrdihe rigid seeds and it seems to be a method
effective enough to liberate most of the oil froeeds which, indeed, does not require any other
pretreatment.

The effect of changes in conditions of the DIC ggscon the extraction yield could not be evaluated
due to experimental error. However, for all appleeahditions of the DIC process, the extraction was

enhanced in comparison with the raw material.

We can conclude that the DIC process can be applgeed pretreatment technique to enhance
extraction controlled by internal diffusion. This for example the case of vegetable materials which
cannot be, for various reasons, mechanically dighated before the extraction. Hence,
the enhancement of extraction kinetics will resulincrease of effectivity of the process making th
one cheaper and thus more interesting for large sqplications.

The success of the technique depends on the naitendracted material. Unfortunately, we did not
obtain good results with green coffee beans, whighst the case of material extracted in largéesca
and without mechanical pretreatment. Neverthelaggercritical extraction has been already applied
in laboratory scale on wide range of materials iffecent character, and although extracts obtained
this way may be of better quality than those exéddy conventional methods, the larger scale
applications of these results are often inhibitest py process costs. Thus, from this point of yiew
the DIC process as a promising technique of pretreat may help to introduce some laboratory

results to practice.

Impact of natural convection on SCQ extraction

The objective was to introduce the method of mesmant of RTD characteristic into the laboratory
of supercritical extraction in order to follow theffect of flow direction on flow pattern in

a supercritical extractor.
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Experimental apparatus was assembled. Benzoic wagd used as tracer. Preliminary extractions
of real vegetable material (milled soybeans) shotedak inapplicable for further studies, becauge th
tracer was completely adsorbed on the matrix. Therethe idea of solvent deposited on an inert
support was adopted. Glass beads were chosen asgpert. Tetracosane was chosen as solute and
applied in experiments at subcritical conditionatdr, in experiments at supercritical conditions, i
was replaced by trilaurin due to frequent blockagfesapillaries.
RTD measurements carried out in the extractor lbertical conditions showed that the tracer itself
can influence the flow pattern in the extractordmanging the density of the solvent. Hence, at flow
rate of 0.5 ml/min (of compressed g@nd under upflow mode, a mixing in the extragiosbably
occurs. At higher flow rate (1 ml/min), the effesis not observed. Extraction of tetracosane at
12 MPa and room temperature (~25°C) was carriedrobbth upflow and downflow mode, but no
effect on the flow pattern was observed.
A strong influence of flow direction during extremt was observed under supercritical conditions
(trilaurin was extracted at 12 MPa and 40°C). Paatsesponding to upflow are more dispersed in
comparison to the downflow mode which indicatesuradt convention occurring in the extractor.
Beside natural convection related to changes irsiledue to the dissolution of the solute, other
phenomena may interconnect:

- flow pattern may be affected by the presence ofttheer itself that causes differences in

density;
- an interaction of the tracer with the solute resglin retardation of peak elution;
- trilaurin used as solute melts under high pressum@ it probably partially dribbles from
through the layer of glass beads in the directibgravity. This would accelerate downflow

extractions and inhibit, on the other hand, upfldractions.

We conclude that the method of RTD measurementiprergritical extractor was appliedhd tested.
Preliminary results show strong effect of flow dtien on flow pattern during supercritical extracti

Future work will be oriented to verify presentegbthesis.
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Nomenclature

NOMENCLATURE

Latin letters

ksdo

Mw

pA !pl

QO <2« TP

-

orifice area (rf) (chapter 1.6); dimension of hemi-ellipsoid (mj.(&.3)); roots of eq.(3.17)
specific surface (particle surface area per uritme of extraction bed) (1/m)
adjustable constant of Langmuir-like equatign (-

solid phase concentration (kgjirdimension of hemi-ellipsoid (m) (eq.(4.3))
concentration of solute in pores of a leaf (Ky/m

Sauter mean diameter (m)

binary diffusion coefficient (Afs)

internal (effective) diffusion coefficient (#s)

dispersion coefficient (ffs)

dimensionless extraction yielek-E/N (-); excentricity of hemi-ellipsoid (m) (eq.(4.3))
amount of extract (kg)

axial coordinate of an extraction column (m)

parameter of modified hot ball model

kinetic constant of eq. (1.2)

external (solvent phase) mass transfer coeffi¢ia/s)

internal (solid phase) mass transfer coeffic{ems)

time constant in eq.(1.21) (1/s)

mass partition coefficient of the solute betweba solid phase and the fluid phase at
equilibrium (-)

volumetric external mass transfer coefficiens)1/

volumetric internal mass transfer coefficiens1/

particle volume-to-surface ratio (m)

molar mass of gas (kg/mol)

solid feed (kg)

pressure and initial pressure in the autoclav€ (Dstallation) (Pa)

pressure in the vacuum tank (DIC installatid®a)(

absolute pressure (Pa)

dimensionless amount of solvegtQ/N (-)

specific solvent flow ratey'= Q'/N (1/s)

amount of solvent (kg)

solvent flow rate (kg/s)

radius of a spherical particle (m); radial cooede in eq.(1.12)

-89 -



Nomenclature

I volumetric fraction of broken cells in disintaggd particles (-)

R gas constant (J/mol.K)

—

extraction time (s)

o+

characteristic time (s)

T absolute temperature (K)

U superficial solvent velocity (m/s)

\% volume of the autoclave (DIC installation)3m

Viotal volume of graduated cylinder (void fraction maasuents) (1)

w leaf coordinate (m)

W parameter of slow extraction period in BIC mo@gl

X solute concentration in the solid phase (kgéwg material)

Xo initial solute content in the material (kg/kg ravaterial)

Xk initial content of solute in intact cells (kg/kaw material)

X* concentration at the solid-fluid interface whiishassumed to be in equilibrium with the fluid

phase (kg/kg of raw material)

y solute concentration in the solvent phase (kgt{gent)

Yr oil solubility in supercritical C@at given conditions (kg of oil’lkg G

y* equilibrium concentration of the solute in théveat (kg /kg of solvent)

Y extraction yield (kg); dimensionless variableB6€ model (-) (chapter 3.2)
Y., asymptotic extraction yield (kg)

z dimensionless variable of BIC model (-)

z parameter of fast extraction period (-)

Greek letters

Y ratio of the specific heat at constant presaageconstant volumesC,/C, (-)
& void fraction of the extracted material in extia columns (-)

&p particle porosity (-)

p solvent density (kg/fh

Ds solid density (bulk density measured by Hg panasiy) (kg/nf)

Dsk skeletal density (measured by He pycnometry) (Rg/m

K constant depending on the shape of extractetlesr{-)

T tortuosity of the interconnected pore networkha particle (-)
Abbreviations

BIC (model of) Broken and Intact Cells

DIC Détente Instantannée Controlée (Instantan€aumsrolled Pressure-Drop)
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Nomenclature

ICPF AS CR Institute of Chemical Process Fundantgntdacademy of Science of the Czech

Republic

LEPTIAB Laboratoire d’Etude des Phénomeénes de Sfeahet de I'Instantanéité: Agro-industrie
et Batiment

LMTAI Laboratire Maitrise des Technologies Agro-ustrielles

RTD Residence Time Distribution

SCGO Supercritical Carbon Dioxide

SFE Supercritical Fluid Extraction
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1. Teoreticka ast

v v, s

Latka se nachazi v superkritickém stavu tehdyi jejil teplota vySSi nez kriticka teplota a tlakSgy
nez kriticky tlak. V oblasti nad kritickym bodemistuje latka pouze v jedné fazi a oZog se jako
superkriticka tekutina. Hustota a rozp@a$tschopnost superkritickych tekutin je blizka Kapam,
ale zarove se vyznauji nizkou kinematickou viskozitou, coZ jim uninge snadsji proniknout
porézni strukturou. Lze je tedy debvyuZzit mimo jiné pro extrakci latek z rostlinnyctateriat.

Ve srovnani s klasickymi metodami ziskavani rosfloh extrakt, jimiZ jsou destilace vodni parou a
extrakce organickymi rozpowstly, je pouziti superkritického GOjako rozpoudidla SetrwjSi

k termolabilnim latkdm (kriticka teplota G@e 31,1°C). Je to levné a netoxické rozp&dist, které
Ize od vysledného extraktu ogid prostym snizenim tlaku pod kritickou hodnotuitikky tlak CG; je
7,38 MPa) Cistym CQ Ize extrahovat nepolarni a staolarni latky, pro extrakci polarnich slozek je
nutné pidat v malé koncentraci polarni modifikator (eegtji etanol).

V laboratornim n¥titku byla studovana rozpustnost a optimalni exinalpodminky u Siroké Skaly
nutricné a farmaceuticky vyznamnych slozek, hapkoferofi, karotenoid, alkaloidi a nenasycenych
mastnych kyselin. V gimyslovém ndtitku je nejvyznam&si odstraiovani kofeinu z kdvovych baéb
a cajovych listi a piprava extrakt z chmele pro pivovarnictvi. Objem zpracovavanégay je

v téchto gipadech vysoky a vysokeé firovaci naklady na extraki z&izeni jsou pak kompenzovany
pomerné nizkymi provoznimi naklady procesu. V mnohem mendinsiitku jsou v pémyslu
zastoupeny extrakce silic a latek vyznamnych pnonézeuticky pimysl, neb@ zde je objem
zpracovavané suroviny mensi.

Zefektivreni samotného procesu extrakce by vedlo ke snisdkdvgych naklad, a tim k jeho lepSimu
vyuZziti v pramyslovém mdtitku. Zakladnimi parametryfpoptimalizaci procesu jsou tlak a teplota, p
které extrakce probiha, délka extrakce a v nepostadt Uprava materialuipd extrakci. Neasgjsi
metodou pipravy materidlu je mechanické rodmeni, tj. mleti, krajeni, drcenéi vlockovani.
Dochazi pi ném ke zmenseni velikostiastic, a tudiz ke zkraceni difuzni drahy rozpédiat v castici

a ke zvySeni mezifdzového rozhranni. Navicisenpchanickém rozstnéni narusi biiky na povrchu
¢astic,¢imz dojde k uvolani ¢asti extrahované slozky, kterd bylavpdre v téchto buikadch uzaiena.
Je ovdem mit na paittin Ze je-li velikoste¢astic [Filis mala, nize dochazet ke ztgatekavych sloZzek
extraktu (zvladt pri extrakcich silic) a dale ke kanalkovani v prostaxtraktoru, tedy ke snizeni
efektivity a celkového v¢¥ku procesu.

DalSimi metodami Upravy materidlu jsou fi&fad vihieni, zmisobujici nabobtnani materiélu
a zvySeni prostupnosti beémych stén, nebo enzymaticka hydrolyzaii které dochazi k rozkladu

hemicelulézy bu&né stny. Na tento rozklad fite mit vliv i samotny vysoky tlak aplikovany
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na material. Row¥ rychlé uvolgni tlaku CQ pri odtlakovani extraktoru se ukazalo jakoigpb
naruSeni struktur obsahujicich olej.

Prvni ¢ast této prace se zabyva prétazkou vlivu pedzpracovani materialu na ¥yek a kinetiku
extrakce. Pro Upravu materialu byl pouzit proceanakitétizené expanze - DIC (z francouzského
Détente Instantannée Controlée). Technika je zabbha termomechanickém efektu vyvolaném tim,
Ze produkt pechazi velmi rychle ztlaku vodni péargkolika bafi do vakua. Tento ipchod je
termodynamicky nerovnovaznyméjdm, ktery ma dva efekty. Na jedné s#aje to zvysSené
mechanické nafti, které vede k destrukci b&mych struktur a uvokmi &kavych latek, na str&n
druhé dochazi k ochlazeni produktu tim, Ze jdeiabadickou expanzi. Toto ochlazentibe zastavit
degradaci termicky nestabilnich latek v materiBltibéh zpracovani je nasledujici : material je vioZzen
do autoklavu, péateni ustaveni vakua zatuje lepSi kontakt materidlu a vodni pary, ktera je
do autoklavu naslednvpustna; po uéitou dobu probihd dBv za zvySeného tlaku a poté je velmi
rychle oteven ventil spojujici autoklav s rezervoarem vakua autoklavu prudce poklesne tlak
na hodnotu kolem 5 kPa; ventil je pot&bpzaven a nasleduje navrat na atmosféricky tlak.

Cilem prace bylo zhodnotit strukturni &ny v takto upraveném materidlu a jejich vliv ngegiup
hmoty Ehem superkritické extrakce za pouZziti matematick@bdelovani extrakce.

Druha ¢ast prace seénuje vlivu sngru toku na pirozenou konvekci v superkritickém extraktoru.
Na rozdil od kapalnych systénmayji superkritické tekutiny&sSi sklon k pirozené konvekci, nelto
jejich hustota je blizka kapalinAm a zarp\ejich dynamicka viskozita je nizka, vyzngi se tedy
extrémrg nizkou kinematickou viskozitou v porovnani s kageahi i plyny (~10° m’s). Grashofovo
gislo, charakterizujici stupeptirozené konvekce, je pro superkritické tekutinymviebysoké.Rada
studii tykajicich se extrakce z rostlin poukazugerozdily ve vyZku mezi pokusy prov&dymi pfi
toku ve smiru a proti smiru gravitace.

Stupei prirozené konvekce Ize vyhodnotit z&éfani axialni disperze v extraktoru metodou odezvy
na stopovaci latku. V literate existuji studie zabyvajici sesifanim axialni disperze v superkritickém
extraktoru pi toku rozpoudtdla ve srdru ¢i proti sneru gravitace. Autth se shoduji v tom, Zze sm
toku rozpou&tdla nema vliv na miru axialni disperze v extraktariemér je treba bréat v Gvahu fakt,
Ze tato mdfeni byla provaéha véistém CQ, nikoli pri sowasrE probihajici extrakci, afgozena
konvekce zpsobena rozdilnou hustotou tekuté faze se tedy nlenmhbjevit. Cilem této prace bylo
sestaveni experimentélni aparatury a vypracovaribdikg na ngfeni odezvy v superkritickém
extraktoru pro Gely laboratde, které umozni vyhodnotit axialni disperzi pouwasrg probihajici

extrakci.
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2. Popis experimentalni prace

Vliv modifikace struktury rostlinného materialu na extrakci superkritickym CO ,

Jako modelové materialy byly pouZity séjové bolalené kavové boby a semena amarantu.

Cast semen bylaipd extrakci upravena procesem DIC, zbytek byl ggakio srovnavaci vzorek.
Byly pripraveny dva typy vzoik— celd a mletd semena. Vzorky byly extrahovangsgugickym CQ

a zarové byla provedena analyza jejich struktury metodoaktebnové mikroskopie, rtové
porosimetrie a heliové pyknometrie. U mletych vZoblylo mefeno rozdleni velikosti¢astic metodou
sitové analyzy. Extrakty z kavovych biokbyly navic analyzovany vysokotlakou kapalinovou
chromatografii pro zjighi obsahu kofeinu. Pro stanoveni celkového obsddéje @ semenech byla
pouZita extrakce organickym rozpotdlem Randallovou metodou. Extkal data byla proloZena
dvéma matematickymi modely, pomoci nichZ byly vyhodsmoc a porovnany koeficientyrgstupu
hmoty Ehem extrakce.

Zpracovani procesem DIC

Materidl je vloZen do koSe z perforované oceli dstim do autoklavu (1) o objemu 18 fitrAutoklav
je kiidlovym ventilem (V2) odden od vakuové nadrze (2). Nasycend vodni péra jESfijvadkna
do autoklavu tak, aby byl dosaZzen poZadovany #aktoklav samotny je roe ohfivdn nasycenou
parou (S2). K nastoleni atmosférického tlaku v i@aw slouzi ventil V3. Vakuum v nadrzi je
zaji¥ovano vy¥vou (3), nadrz je chlazena vodou (W1). Kondenzdadrze 1ze odstranit ot&anim
ventilu V4. Pomoci manoméita term@lanki je mozno sledovat tlak a teplotu v autoklavu i&drgi

vakua.

N
OF I

g1 V1 @@ V3
.
=

Y

2

Obr. 1. Schéma aparatury procesu DIC.

Superkriticka extrakce

Oxid uhlicity z tlakové lahve jeerpan vysokotlakynterpadlem (1) do zasobniku (2), ve kterém je

udrzovan pozadovany tlak, a daieg uzaviraci ventil (3) veden do extraktoru (4¢aleeho ve vodni
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lazni (5) vyhraté na zadanou teplotu. Kegeltati CQ dochazi jiz ve vstupni kapfid pondené
rovreéz do laze. Tekuta faze (CO+ extrakt) je z extraktoru odvéeka do expanzniho ventilu (6), kde
dochézi k uvolani tlaku, CQ unika jako plyn a extrakt je zachytavan ve U-tcul§iv). Pravidels
béhem extrakce je U-trubice vazZena, aby bylo moZedwmlat pirustek extraktu. Ritok rozpou&tdla

je nastaven n¢ mikrometrickym expanznim ventilem a je ¢én na piitokoneru (8).

CO: z
3

Obr. 2. Schéma aparatury superkritické extrakce.

Vzorky semen amarantu a sojovych ddlyly extrahovany f tlaku 28 MPa a teplét40°C, vzorky
kavy @i tlaku 24 MPa a 50°C. U vSech pokusyl nastaven fitok 0.5 I/min (objem plynného GQxi
laboratorni teplat ~25°C). Mleté vzorky a vzorky amarantu byly extraény v extraktoru o objemu
12 ml a vnitnim piiméru 8 mm, na celé boby pak byl pouZit extraktor ¢epiu 150 ml a vninim

praméru 33 mm.

Vliv prirozené konvekce rozpougidla na extrakci superkritickym CO,

Pro (ely studia axialni disperze v superkritickém extoak byla sestavena aparatura préreni
odezvy na stopovaci latku. Pokusy byly pras@d pri podkritickych podminkach (12 MPa,
laboratorni teplota ~25°C) aipsuperkritickych podminkach (12 MPa, 40°C). Jakapevaci latka
byla pouZita kyselina benzoova.

Popis aparatury

Oxid uhlicity z tlakové lahve j&erpan vysokotlakynterpadlem (1) oddlenym od zbytku aparatury
uzaviracim ventilem (2). Samotna testovaci jednaetkesklada z davkovaciho ventilu (3), kolonky,
ve které je uloZzena stopovaci latka (4), a extrak{b). Stdla poZadovana teplota je z#&jigtuloZzenim

v boxu vyhivaném horkym vzduchem. Né&&t stopovaci latky (roztok kyseliny benzoové
v superkritickém Cg se provadi fepnutim davkovaciho ventilu; odezva je sledovana\MI/
detektorem vybavenym vysokotlakou mikrokyvetougid vinové délce 230 nm. Extraktor je naghn
sklerenymi kulickami nebo rostlinnym materidlem. Za detektorem fjeisgn vyhiivany expanzni
ventil (8), kde dochazi k poklesu tlaku na atmadsk§r tlak. Extrakt a stopovaci latka jsou

zachytavany v U-trubici, gtok plynného CQ®je ode&itan na piitokoneru.
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7

I

Obr. 3. Schéma aparatury préieni odezvy na stopovaci latku.

3. Prehled pouzitych modeah extrakce

K popisu extraknich dat byly pouZzity dva modely — model extrakceelych a rozbitych buk
(model BIC, Broken and Intact Cells) a model ,hat'bzaloZeny na difuzi z koule.

Model BIC vychazi z jedpokladu, Ze na povrchidstic, které vznikly mechanickym rozménim
surového materialuipd extrakci, se nachazi vrstva Bkinjejichz stny byly mechanickou Upravou
poSkozeny. Extrakce latek z této vrstvy je rychl&agisi pouze na rozpustnosti extrahovanych slozek
v rozpoustdle. Naopak extrakce z nepoSkozenychékunjadrucéstice je brzéha velkym odporem
burg¢nych struktur proti festupu hmoty, je tediizena diflzi a je velmi pomala. Model BIC popisuje
tiéi periody extrakce: rychlou géateini, p‘rechodovou a pomalou fazi. Pomoci modelu Ize vyhtidno
koeficienty [festupu hmoty ib rychlé a pomalé extrakci. Z koeficientitegtupu hmoty lze zhruba
odhadnout difuzni koeficient.

Model ,hot ball“ vychazi z popisu difize z koule.t®o praci je pouzita jeho modifikace, ktera
zohlediuje moznost nenulové koncentrace na povrchu exteatyeh ¢astic, tedy faktor omezeni

extrakce rozpustnosti dané slozky v rozp&ligt Z modelu Ize vyhodnotit difuzni koeficient.

4. VVysledky a diskuse

Vliv modifikace struktury rostlin na superkritickou extrakci
Experimenty byly provathy na fech typech semen — na semenech amarantu, na gojbepech
a zelenych kavovych bobech. NejlepSich vysteolido dosazeno vifpadt séjovych bob.

Semena amarantisou mala a jsou chréna velmi odolnou slupkou. Uprava procesem DIC tuto

slupku nenarusila, a extrak vytzek byl téndt zanedbatelny. Jedinodiinou metoda se ukazalo byt
velmi jemné mleti; vtom ifjpact ovSem dojde k uvolmi ténet veSkerého oleje uZiip mleti,

a jakeékoli dalSi zpracovani semen amaramnéd gxtrakci je tedy zbyiaé.

So6jové bobybyly upraveny procesem DIC (Wéni ve vod, ohfev 1min gi tlaku 0.3 MPa, poté 2 min
pii tlaku 0.7 MPa) a extrahovany superkritickym £ tlaku 28 MPa a teplet40°C.
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Z vysledki ziskanych pomoci elektronového mikroskopu, Hg-pimnetrie a He-pyknometrie plyne,
Ze upravou bab procesem DIC doSlo k vyraznym &mam v jejich struktte. Rivodns kompaktni
materidl se po Upré&vstal velmi poréznim, vzniklé pory o velikosti BOmm tvdi 19 % pirezu
bobu, zastoupeni pdo velikosti kolem 100 nm vzrostlo asi desetkrgyoum velikosti okolo 10um to
bylo az ticetkrat. Se zvySenou porozitou souvisétisv kiehkost materialu, ktera se projevilia mleti,
kdy za stejnych podminek mleti byla tigadt upravenych bab dosazena menSipneérna velikost
castic.

Celkovy obsah extraktu v bobech byl zji$tRandallovou extrakci hexanem.af&rny obsah pro
neupraveny material byl zj&t 0,193 kg/kg materialu a pro upraveny materia®,Rg/kg materialu.
Tento néiist extrakniho vygZzku je vsouladu se zvySenou porozitou, a byl pozam
i u nasledujicich pokusse superkritickym C©

Data ziskana z extrakce SE¢®yla vynesena ve tvaru zavislosti mnoZstvi extrakéa proteklém
mnozstvi rozpoustla, hodnoty na osach v obr. 4 jsoteyedeny na bezrozmmy tvar vydlenim

hmotnosti navazky materialu v extraktoru. Extrakjemostlinny olej.
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Obr. 4. Extrakni kiivky mletych (a) a celych (b) s6jovych bintModie — neupravené bob§erverg — boby

upravené procesem DIC.
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Extrakéni data mletych bab (Obr. 4a) vykazuji standardni tvar, tedy rychlootgieeni periodu
popisujici extrakci dale piistupného oleje a naslednou pomalou periodou pjdgigxtrakci z vnitku
castic. V gipadt celych boli se vyskyt vrstvy dafe pistupného oleje na povrchu rfegdpoklada,
nicmére z obr. 4b je vidt, Ze utité malé mnoZzstvi oleje na povrchiepi jen bylo. Vys¥étlenim je, Ze
povrch byl poSkrabanipmechanickém odstii@vani slupky bobu. P procesu DIC, kde dochéazi
ke kontaktu s vodni parou, byl tento olej smyt,tprextrakni kiivky upravenych boib vykazuji uz
jen pomalou periodtizenou difuzi zastic.

Extrakce z mletych soOjovych bdbbyla popsdna modelem BIC, &hoz byly vyhodnoceny dva
koeficienty frestupu hmoty — objemovy koeficientgstupu hmoty v tekuté fazi, charakterizujici
piestup hmoty na rozhrani rozpoiri latka/rozpoustllo a souvisejici s rozpustnosti latky
v rozpoustdle, a objemovy koeficientipstupu hmoty v tuhé fazi, souvisejici s difGznifagtupem
hmoty uvnit ¢astice. Z vysledk plyne, Ze rychlostiestupu hmoty v tekuté fazi se Gpravou procesem
DIC neznéni, zatimco rychlostiiestupu hmoty uvnittastic vzrostla u upravenych hiobestkrat. Toto
zjisteni je v souladu s vysledky pozorovani strukturrdokn bohi viivem Upravy procesem DIC.
Extrakce z celych séjovych balbyla popsana modelem ,hot ball“, ghoz byl vyhodnocen difuzni
koeficient. Steja jako u mletych bol doSlo po Upra¥ procesem DIC ke zrychlenigstupu hmoty
v extrahovanych¢asticich; difazni koeficient pro upravené boby jei& vySSi &8z pro boby
neupravené.

Na séjovych bobech byl déle testovan viizmych podminek DIC na supekritickou extrakci. Rbzdi
mezi nandifenymi daty byly bohuZel stejnéh@du jako experimentalni chyba, proto nemohl byt
vyhodnocen pozadovany z#vNicmére Ize konstatovat, Ze jakkoli byly nastaveny podmgipkocesu
DIC, extrakini data vZzdy ukazovala zrychleni pom&éti v porovnani s daty pro neupravené boby.
Zelené kavové boby byly upraveny procesem DIC ggfti vodou, ofev 45 s pi tlaku 0.5 MPa)
a extrahovany superkritickym G@xi tlaku 24 MPa a teplét50°C.

U zelenych kavovych bdibse vliv Upravy DIC na strukturu materialu neprdjeRorozita se zvysila
pouze na urovni velmi malych pioo velikosti kolem 10 nm, které nemaji vyznamny via zvySeni
rychlosti extrakce.

Na rozdil od séjovych bab kdy v pipads mletych i celych bob byl extraktem rostlinny olej,
u kavovych bob se charakter extraktliSil. Extrakt z mletych bob je stejié jako u séjovych boib
tvoien olejem, z celych bdbse v3ak jiz olej neextrahuje a extrakt ma chardkilého prasku, jehoz
podstatnowtast tvdi kofein. Stej@ jako u pimyslovych extrakci, i v nasich laboratornich pokilse
byly boby ged extrakci navikeny vodou. Kofein je totiz polarni latka, kterdveeslald nepolarnim
CO, nerozpousti, a je tedy nutno do systéniiglgt polarni sloZzku. Navic se praymbdobré voda
podili na naruSeni chemickych vazeb, kterymi jeekozachycen v rostlinné matrici. Vy&ienim,
pro¢ se z celych babneextrahuje olej, BZe byt pré¢ ptitomnost vody, ktera brani hydrofobnimu
oleji pronikat extrahovanowéstici. U ziskanych extraktjsme provedli analyzu vysokotlakou

kapalinovou chromatografii zat€lem stanoveni obsahu kofeinu. Vysledky ukazujiy Extraktech
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z mletych bol tvori kofein asi 8%, zatimco extrakty z celych bakbsahuji vice nez 60% kofeinu.
Extrakini data a vyhodnocené koeficientyeptupu hmoty v extrahovanyalésticich ukazuji, ze
Upravou materidlu procesem DIC nedoSlo ke zrychéatrakce. Tento vysledek je ve shadtim, Ze
struktura bob se po Uprav nijak vyrazré nezngnila. Navic se v literatie uvadi, Ze {) extrakci

I 2

z kavovych bob probih& penos hmoty ¥éstici z fevaznécasti grestupem fes bugcné sény a jen
malacast gipada na pestup pory. Extrakce je tedy usnada uz samotnym naré@nim boli, které
zpasobi, Ze rostlinné struktury nabobtnaji a stanoprepustijsi, bez ohledu na to, zda byl material
oSeten procesem DIC nebo ne. Koeficientgstupu hmoty samotného kofeinu jsme bohuZzel nemohli
ze ziskanych extrg&kich dat vyhodnotit, nelfodiky nizké rozpustnosti kofeinu v rozpotdie byla
jeho extrakcdizena pra¥ rozpustnosti. Vliv Upravy materidlugqul extrakci by se tudiz nemohl nijak

projevit, ani v pipads, Ze by rjaky byl.

Vliv pFirozené konvekce rozpou&tdla na superkritickou extrakci

Odezva na stopovaci latku byla sledovatiaqku rozpou&tdla extraktorem ve séru a proti smiru
gravitace. Data v podébnagti (mV) ziskana z UV/VIS detektoru bylafgpaitena na absorbanci
a pomoci Lambert-Beerova zakong@yedena na koncentraci stopovaci latky. Odtud bypectena
stredni doba prodleni a rozptyl piku a vyhodnocentiibisse dob prodleni E(t) pro jednotlivé pokusy.
Pokusy byly nejprve provédy pri podkritickych podminkach (12 MPa, ~25°C) s extom&m
naplrtnym pouze inertnimi sklénymi kulickami. Porovnéni vysledk pro dva tzné pitoky
ukazuje, Ze $ nizkém pfitoku (0,5 ml/min stléeného C@ je charakter proughi ovlivnén
ptitomnosti stopovaci latky.rPtoku vzhiru byla totiz pozorovana&tsi disperze piku, kterd ukazuje
na promichavani uvritextraktoru vlivem rozdil hustoty rozpoustla zpisobenych fitomnosti
stopovaci latky. Po zvySenigpoku na 1ml/min se tento efekt jiz neprojevuje.

DalSim krokem byla volba extrahovaného systéniueRrakci z girodniho materialu (konkrétrslo

0 extrakci oleje z mletych soéjovych higbse ukazalo, Ze stopovaci latka je zcela adsorizovéa
material, proto byla pro dalsi pokusy zvolena alévni moZznost — naneseni vybrané extrahované
latky na inertni skle¥né kulicky. Pro pokusy v podkritické oblasti byl vybranrédosan, ktery pak
byl v pokusech za superkritickych podminek nahragéurinem.

Méieni odezvy na stopovaci latkihem extrakce za superkritickych podminek (12 MRECH
ukazalo vyrazny rozdil v disperzi piku ve srovnamiysledky pro tok rozpou&tla pesdcisté sklegné
kulicky. Pri toku proti sndru gravitace navic dochazi k velkému rozmyti pikaZz naznauje, Ze
charakter prouthi je opravdu ovlivéin piirozenou konvekci v extraktoru. U pokusa podkritickych
podminek se tento efekt neprojevil, coz je Whtelné tim, Ze fi téchto podminkach je COesg
kapalny a kapaliny nejsou tolik nachylné ke vznfkirozené konvekce jako superkritické tekutiny.
DalSim studiem jeféba oviit, nakolik se na pozorovaném rozmyti piku projeadlejSi jevy, tedy jiz
zmirgny vliv pfitomnosti samotné stopovaci latky a dale moznéasiégxtrahované latky po naplni

z kulicek (trilaurin je za pouZzitych podminek kapalny).
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Obr. 5. Porovnani distribuce dob prodleni dat zigkh kEhem extrakce tetrakosanu podkritickym (kapalnym)
CO,, (—) s daty odpovidajicimi pokais bez extrakce (---Xerverg — tok proti smiru gravitace, moig — tok
ve snéru gravitace. Ritok stlaeného CQ (12 MPa, 25°C) je 1 ml/min. Extraktor otpnéru 8 mm a délce 8 cm
byl naplrén sklegnymi kulickami.
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Obr. 6. Porovnani distribuce dob prodleni dat zigkh kthem extrakce trilaurinu superkritickym G@—)
s daty odpovidajicimi pokim bez extrakce (---Xervers — tok proti sndru gravitace, moigt — tok ve swru
gravitace. Aitok stlateného CQ@ (12 MPa, 25°C) je 1 ml/min. Extraktor ojonéru 8 mm a délce 15 cm byl

naplrén sklergnymi kulickami.
5. Zawr
Tato prace se zabyva&a problémy souvisejicimi ilmnnosti procesu superkritické extrakce.

V prvni ¢asti byl studovan vliv modifikace struktury rostiého materialu na superkritickou extrakci,

konkrétré vliv Upravy materidlu procesem okamZzitizené expanze (DIC) na rychlost a &Agk
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extrakce superkritickym CQO Technika DIC byla aplikovana na semena amarasiigvé boby
a zelené kavové boby.

NejvyrazrgjSi zmena struktury byla pozorovana u sojovych bodyhodnocenim extrakich dat bylo
zjisténo, Ze extrakce z vitku extrahovanychtastic (tedytizena difazi) byla vyrazn urychlena
v piipact bobi predem zpracovanych technikou DIC. Naproti tomu dstn@k semen amarantu
a zelenych kavovych bdbnebyla touto technikou ovliv¥na, znény se neprojevily ani na rychlosti
extrakce zastic. Vliv menicich se podminek procesu DIC ndlgh superkritické extrakce nemohl
byt vyhodnocen, jelikoZz rozdily mezi nafenymi daty pro jednotlivé pokusy byly fadu
experimentélni chyby.

Zawrem miZzeme konstatovat, Ze technika DIGiza byt s vyhodou pouZita pro Upravu materialu
pied extrakci vdch pipadech, kdy je mibéh extrakce ovlivan diflzi v extrahovanyckasticich.
V praxi to mize byt gipad, kdy dany material néite byt, z iznych divoda, upraven mletim a musi
se extrahovat vcelku.

Druhacgast prace shrnuje prvni vysledkygieni odezvy na stopovaci latku v superkritickémagttru
za elem ukeni stupd axialni disperze. Vramci této prace byla sestavaparatura, vybrana
stopovaci latka a extrahovany systém (extrahovatia Inanesend na inertni skieé@ kulicky)

a provedenaipdl®Zna néteni pro otestovani futkosti metody.

Méteni byla provagha kEhem extrakce ip superkritickych a podkritickych podminkach a odez
na stopovaci latku byla porovnana pro tok rozpmli&tve sniru a proti smru gravitace. Bylo
zjisténo, Ze pi superkritickych podminkéach je disperze piku ogemnohem vyraz§si pri toku proti
smeru gravitace nez ip toku po smiru gravitace. Dochazi zde tedy prapddobre ke vzniku
ptirozené konvekce vigledku rozdii hustoty rozpoustlla podél extraktoru. U pokiiss podkritické
oblasti jsme podobny jev nepozorovali.

Je nutno zd@raznit, Ze ziskané vysledky jsou pouzediEZzné, v navaznosti na tuto praci bude

probihat dal3i studium problematiky.
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RESUME

1. Etat de I'art

On parle de fluide supercritique lorsqu'un fluidet ehauffé au-dela de sa température critique
et lorsqu'il est comprimé au-dessus de sa pressitiue. Au-dessus de ces valeurs, le fluide B&xi
que dans une seule phase. La densité et la capheitkssolution des fluides supercritiques sont
proches a celles des liquides, mais en méme terapsfluides possédent une viscosité cinématique
tres basse ce qui leur permet de pénétrer dansstdestures poreuses plus facilement. Cette
caractéristique, permet l'utilisation des fluidegpercritiques lors des extractions des composés
contenus dans les plantes.

En comparaison avec des méthodes classiques dotral’hydrodistillation et I'extraction par
solvants organiques), I'extraction par C€upercritique posséde de plusieurs avantages Rutres,
I'extraction se fait sans dégradation des comp@gafis fait que la température critique de &3t

de 31,1°C), par ailleurs, le G@st d'une part pas trop couteux et d'autre pavh-toxique car il
peut étre facilement séparé de I'extrait par umgpkd décompression. L'utilisation de €fur permet
d’extraire les composés apolaires et Iégéremeratingst pour obtenir des composées polaires, il est
nécessaire d’ajouter un modificateur polaire @lgi le plus souvent de I'éthanol).

Au niveau de laboratoire, la solubilité et les dtinds optimales ont été étudiées pour certains
composés de haute valeur ajoutée en nutrition etplearmacie, tels que les tocophérols,
les caroténoides, les alcaloides et les acides igsadurés. Parmi les applications industrielles
de I'extraction supercritique, les plus importangest la production du café décaféiné et les dstrai
du houblon utilisés dans la brasserie. La quaniiténatériel traitée est assez grande dans ces cas,
les colts d'investissement sont donc ainsi comepaéles frais de fonctionnement relativement bas.
L'extraction des huiles essentielles et des conmpeséir I'industrie pharmaceutique n’est pas aussi
représentée au niveau industriel, parce que latij@au matériel traité est plus petite que darsades

du café et du houblon.

Une augmentation de I'efficacité de I'extractiorpercritique pourrait rendre le procédé moins cher
et donc plus intéressant pour des applicationssiniglles. Les principaux paramétres d’optimisation
du procédé sont les conditions d’extraction, céslire la pression et la température, puis la durée
d’extraction et non en dernier lieu le prétraiteinele la matiére primaire avant l'extraction.
La technique de prétraitement la plus répanduelaestésintégration mécanique représentée par
le broyage, I'’écrasement ou la floculation. Elleyarque une diminution de taille des particuleqaat
conséquent un raccourcissement du parcours desidiffldans les particules et une augmentation
de l'interface. De plus, pendent la désintégraties,cellules a la surface des particules sonséesma

et une partie du soluté, initialement enfermé daass cellules, est libérée. Néanmoins, il faut noter

gu’'avec des particules trop fines deux inconvési@mparaissent — une perte des composeés les plus
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volatiles (ce qui est important surtout pour I'extion des huiles essentielles) et une création
des canaux (chanelling) dans I'extracteurs quideslis rendement et I'efficacité du procédé.

Les méthodes alternatives de prétraitement sonepample I'humidification qui rend le matériel
gonflé et les parois cellulaires plus perméables, I'tiydrolyse enzymatique qui provoque
une décomposition des parois cellulaires. La hapiession elle-méme peut participer
a la décomposition. La décompression rapide deréieteur a prouvé aussi une capacité de rompre
des structures végétales contenant I'huile.

La premiére partie de la thése concerne justertedfatide prétraitement du matériel sur le rendemen
et la cinétiqgue de l'extraction. Le procédé de btaelnstantanée Contrélée (DIC) a été appliqué
comme une technique de prétraitement. Le procédéase sur un effet thermomécanique induit
lorsque le produit passe rapidement d’'une presd@wapeur d’eau de quelques bars vers le vide.
Ce passage qui met le systeme en déséquilibre ddgrramique a deux effets principaux, d’'une part
une contrainte mécanique élevée qui conduit adténtent des cellules et la libération de molécules
volatiles et d’autre part un refroidissement intedi¢ au fait que I'extrait soit libéré sous forme
gazeuse dans un réservoir sous vide, ce qui pelergtbpper toute réaction de dégradation thermique.
La description du procédé est suivante : un édlantest placé dans la chambre de traitement ou
le vide primaire est ensuite instauré par ouverdeela vanne de détente qui relie la chambre
de traitement au réservoir & vide. Cette premidse sous vide permet d’assurer un meilleur contact
du matériel avec la vapeur d’eau saturée qui estiieninjectée dans la chambre de traitement.
La pression de consigne est maintenue constantdgapeta durée de traitement (fixée au départ)
et puis, l'instauration de vide (~5kPa) par détesgeétablie d’'une fagon quasi-instantanée. Ensuite
la vanne de détente est fermée et la pression plr@ngque est rétablie dans la chambre de traitement
La deuxieme partie de la thése concerne la comrectaturelle dans un extracteur supercritique.
A la difference des liquides, les fluides supelguiés inclinent plus a la développement
de la convection naturelle, parce que leur deresitéproche a celle des liquides, mais leur viséosit
dynamique est basse, ce qui fait que leur viscogimatique est énormément basse en comparaison
avec les liquides et les gaz (<167/s). Ainsi, le nombre de Grashof qui caractérisedavection
naturelle est tres grand pour les fluides supéjoss. Plusieurs études expérimentales montrent des
différences en rendement trouvées pour les exm&deréalisées avec I'écoulement du solvant dans
le sens de la pesanteur et dans le sens opposite.

L'effet de la convection naturelle peut étre évadupartir de I'étude de la dispersion axiale mesuré
par la méthode de réponse a l'injection du traatams I'extracteur. Les publications concernant
I'étude de la dispersion axiale dans des conditgupercritiques ont examiné 'effet de la direction
d’écoulement du solvant. Aucun effet n'a été caésta cepandant il faut noter que toutes
les expériences ont été réalisées avec dy P@We et aucune extraction n'‘a eu lieu pendant
les expériences, donc la convection naturelle s pu se développer. Cette étude a pour le but

de développer au sein de laboratoire une insttiagxpérimentale pour mesurer la réponse
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a l'injection du traceur qui permettra d'évaluerdegré de la dispersion axiale dans I'extracteur

pendant I'extraction supercritique.

2. Matériel et Méthodes

L'effet de la modification de structure des végétaxisur I'extraction supercritique

Les tests ont portés sur trois grains différems:grains d’amarante, de soja et les grains vertaifi.

Une partie des grains a été traitée par le prof8ae le reste a été gardé comme le témoin. Deux
types d’échantillons ont été préparés — les graioges et les grains entiers. Les échantillonsétént
extraits par le C@supercritique, la structure interne des graingéaobservée par la microscopie
électronique a balayage, la porosimétrie & mereuta pycnométrie a hélium. Pour le matériel broyé,
I'analyse des tailles des particules a été faites kbxtraits des grains de café ont été analysés par
la chromatographie en phase liquide a haute pediocen (HPLC) pour déterminer la concentration
de caféine. Le contenu total en huile a été détermpar extraction par solvant organique en utitisan
la méthode d’extraction de Randall. Deux modéleshéraatiques ont été appliqués pour traiter
les données expérimentales ; les coefficientsatestert de masse pendant I'extraction ont été léalcu
a partir de ces modéles.

Traitement par le procédé DIC

Le matériel est placé dans un panier d'acier pérft introduit dans la chambre de traitement
de volume de 18 litres (1). La chambre de traitdrastliée avec le réservoir a vide (2) par urmenea

de détente (V2). La vapeur saturée sert premi@mera chauffer le matériel sous la pression
demandée (S1), et en méme temps la chambre demeait elle-méme est chauffée par la vapeur

circulant dans sa double enveloppe (S2).

N

2

Figure 1. Le dispositif expérimental du procédé DIC

La restauration de la pression atmosphérique danksdmbre de traitement est faite par la vanne V3.

Le réservoir a vide est lié & une pompe a vidd est refroidi par I'eau (W1). Le condensat est
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récupéré par la vanne V4. La température et lssigmeslans la chambre de traitement sont suivies par
le systéme des thermocouples et des manomeétres.

Extraction supercritigue

Le CQO, sortant d’'une bouteille & pression est comprimé ye pompe a haute pression (1).
Un réservoir (2) sert a maintenir la pression camst Puis le fluide est introduit dans I'extractét)

par une vanne d'arrét (3). L'extracteur avec leiltzame d’entrée est placé dans un bain-marie (5)
maintenu a la température d’extraction. Le,@8t donc préchauffé déja dans le capillaire. Lsldl
ala sortie de l'extracteur passe par un expandélr La décompression vers la pression
atmosphérique aboutit a la séparation de I'exttaits un U-tube (7) et le G@ous forme gazeuse
s'échappe. Le poids de I'extrait est déterminé liégement pendant I'extraction; le débit de sotvan

est réglé par une vanne micrométrique et contrétéip débitmetre (8).

CO. i
3

Figure 2. Le dispositif expérimental de I'extractipar CQ supercritique.

Les grains d’amarante et de soja ont été extraits gression de 28 MPa et 40°C, ceux du café
a 24 MPa et 50°C. Le débit de solvant de 0,5 l/fden CQ gazeux a la température de laboratoire
~25°C, pression atmosphérique) a été fixé pouesolas expériences. Les échantillons broyés ont été
extraits dans un extracteur de 12 ml en volume @8 en diamétre ; pour les grains entiers,

un extracteur de 150 ml de 33 mm en diamétre at#is®.

L'effet de la convection naturelle dans le solvargur I'extraction supercritique

Un dispositif expérimental construit pour I'étude ld dispersion axiale dans I'extracteur supecgréi

est schématisé sur la Figure 3. Les expériencesgténealisées sous les conditions subcritiques (12
MPa, température de laboratoire ~25°C) et supiepeeis (12 MPa, 40°C). L’acide benzoique a été
employé comme traceur.

Description du dispositif expérimental

Le CO, sortant d'une bouteille & pression est comprintéupg pompe a haute pression (1) qui peut
étre séparée du reste de linstallation par uneneagiarrét (2). La section de test est constituée
de la vanne de commutation (3), la colonne aveatakeur (4) et I'extracteur (5). La température est
maintenue constante par un box chauffé par I'aliudh(6). L'injection du traceur (solution de I'aeid

benzoique dans le GBupercritique) est réalisée par la vanne de coatiout la réponse est analysée
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par le détecteur UV/VIS équipé d’'une micro-cuvetsistante a haute pression. La longueur d’onde
de 230 nm a été utilisée pour la détection. L'etzar est rempli de billes en verre de 2 mm
de diamétre ou de matériel végétal. La décompnesgocs la pression atmosphérique est réalisée par
la vanne d’expansion (8). L'extrait et le traceontsrécupérés dans un U-tube, le débit dy G&zeux

est mesuré par un débitmetre.

1 2 ®

o
©

7

I

Figure 3. Le dispositif expérimental pour I'étudedispersion axiale.

3. Modélisation de I'extraction

Deux modeles mathématiques ont été appliqués pruire les données expérimentales — modeéle de
'extraction des cellules cassées et des celludactes (model BIC ; Broken and Intact Cells)
et modele « hot ball » basé sur la diffusion daressphere.

Modele BIC présume qu'a la surface d'une particdlen grain ayant subit une désintégration
mécanique, il y a une région de cellules casséeslapaésintégration. Extraction de la région
des cellules cassées est rapide et sa vitessgpapdigue de la solubilité du soluté dans le sol\Ret
contre, I'extraction de la région des cellules détea est trés lente, elle est contrdlée par lasigh

de lintérieur des cellules. Le modéle décrit trpé&riodes : une période rapide initiale, une périod
de transition et une période lente finale. Desfamenfts de transfert de masse pour I'extractignda

et lente peuvent étre évalués a partir du modéecdefficient de diffusion peut étre estimé a parti
du coefficient de transfert de masse.

Modele « hot ball » décrit le transfert de massesdae sphére. Dans cette these, une modification
du modele est utilisée — a la difféerence du modsgiginal, le modele modifié tient compte
de la limitation de I'extraction par la solubilithi soluté dans solvant. Ca se traduit par I'efigt q

la concentration du soluté a la surface des p#cm’'est pas forcément zéro. Le coefficient

de diffusion est évalué a partir de ce modéle.
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4. Résultats et Discussion

Trois grains différents ont été testés: les grali@narante, de soja et les grains verts de café.
Les meilleurs résultats ont été obtenus pour ke axiraits.

Les grains d’'amarantsont petits et enveloppés dans une écorce ridigetraitement par le procédé

DIC n’a pas désintégreé I'écorce, et le rendementedéraction a été négligeable. Le broyage tras fi
parait pouvoir étre la seule méthode de prétraiemificace; naturellement, a part de ce broyage qu
libére la plupart d’huile, aucun autre prétraitem@&nst nécessaire.

Les grains de sojant été traités par DIC (humidification dans I'e&naitement a 0,3 MPa pendant
1 minute suivi par 2 minutes a 0,7 MPa) et extqaéisCQ supercritique a 28 MPa et 40°C.

Y

Les résultats obtenus par la microscopie électueniq balayage, la porosimétrie a mercure
et la pycnométrie a hélium montrent que la strectles grains a été considérablement changée par
le traitement par DIC. Le matériel initialement quant est devenu plus poreux. En effet, les pores
de taille de 1-0,01 mm représentent environ 19%ladsection du grain, le nombre des pores
de diamétre d’environ 100 nm a augmenté dix fomrpges pores de diametre d’environ 10 pum,
une augmentation allant jusqu'a trente fois anétée. Une fragilité élevée liée a cette augmenntati
de porosité s’est manifestée pendant le broyager; [ps mémes conditions de broyage, les particules
plus fines ont été obtenues dans le cas des draités par DIC.

Le contenu total de I'extrait a été déterminé pexttaction de Randall par I'hexane. Les valeurs
moyennes de 0,193 et 0,222 kg/kg de grains ontaigées respectivement pour les grains non-traités
et traités par DIC. Cet accroissement correspomxdchangements de structure des grains et il a été
observé aussi pendant I'extraction supercritique.

Les données obtenues par I'extraction (les coudbestraction) sont présentées sur la figure 4,
la masse d'extrait est tracée en fonction de mdsssolvant. Les valeurs sont présentées sous forme
non dimensionnelle (divisées par la masse de reht#rargé dans 'extracteur). L'extrait est unddaui

de soja.

Les courbes d’extraction des grains broyés (Figlaeont une forme standard, c’est-a-dire il y a
la période initiale rapide qui correspond a I'egtian de 'huile libérée des cellules cassées,isyar

la période lente décrivant I'extraction de I'ingui des particules. Dans le cas des grains enbiense
suppose pas la présence de I'huile libre sur léaseirdes grains, mais on observe quand méme
une courte période rapide pendant I'extraction gtasns non-traités (Figure 4b). Puisque les grains
ont été décortiqgués avant tout autre traitementsleurface a été rayée ce qui explique la présence
d’une petite quantité d’huile. Par contre, pendarntaitement par DIC, cette huile a été probablegme
emportée par la vapeur ce qui fait que la périaghéde n’existe pas dans le cas des grains trages p
DIC.

L'extraction des grains broyés a été décrite pandeléle BIC, deux coefficients de transfert de mass

ont été évalués — le coefficient volumétrique dmdfert de masse en phase fluide qui caractérise
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le transfert de masse des cellules cassée vervignt et se relie a la solubilité du soluté, etspu
le coefficient volumétrique de transfert de masselase solide qui est en relation avec la diffusio
au sein des particules. L’exploitation des réssitabntre que la vitesse de transfert de massease ph
fluide ne change pas par le traitement par DIC, quaitre la vitesse de transfert de masse dans
les particules a augmenté de six fois apres l¢etm@int. Cette constatation est en accord avec

les changements de structure des grains.
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Figure 4. Les courbes d’extraction des grains B ¢g$ et des grains entiers (b). Bleu — grainstraités,

rouge — grains traités par DIC.

L'extraction des grains entiers a été décrite panddel « hot ball », et le coefficient de diffusio été
évalué. De la méme maniére que dans le cas dess dmaiyés, le transfert de masse dans les padicule
a été accéléré apres le traitement par DIC; leficaait de diffusion a augmenté d’environ un ordre
de magnitude.

Au-deld, I'effet des différentes conditions de teaient par DIC a été testé sur les grains de soja
broyés. Malheureusement, les différences entresséees des données expérimentales ont été

de méme grandeur que l'erreur expérimentale. Petbe caison, I'effet n’ pas pu étre évalué, mais on
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peut quand méme constater que quoi quelles sdiest conditions de traitement de DIC,
une augmentation de la cinétique d’extraction petidapériode lente est observée.

Les grains de cafént été traités par DIC (humidification par eaajtement a 0,7 MPa pendant 45 s)

et extraits par C@supercritique a 24 MPa et 50°C.

Aucun effet significatif du traitement par le prdééDIC sur la structure du café n'a été constate.
La porosité a augmenté seulement au niveau des gerges petite taille (environ 10 nm) qui ne sont
pas significatifs pour I'augmentation de la cingggl’extraction.

A la différence des grains de soja, ou la mémeehaligté extraite a partir des grains broyés aiesi b
que des grains entiers, la composition des extdcaiteafé dépend de broyage. L'extrait des grains
broyés est constitué de 'huile, par contre a padis grains entiers, I'extrait est obtenu souméor
d’'une poudre blanche, dans laquelle la caféineésgmite la majorité. Les grains ont été humidifié
avant I'extraction, parce que la caféine est unpmmsé polaire qui ne se dissout pas dans lg¢ CO
apolaire. L’adition d’'un modificateur polaire, caligest I'eau dans ce cas, dans le systeme est
nécessaire. De plus, I'eau aide probablement a nentgs valences chimiques existantes entre
la caféine et la structure de la matrice végétalhsence d’huile, dans les extraits obtenus &rpar
des grains entiers, peut étre expliquée justenaeptdsence d’eau qui empéche I'huile (hydrophobe)
de traverser la structure du grain. Les extralitermus ont été analysés par la chromatographie
en phase liquide & haute performance (HPLC) powraéner le contenu de caféine. Dans les extraits
des grains broyés la caféine représente environ |8, contre les extraits des grains entiers
contiennent plus que 60% de caféine.

Les courbes expérimentales d’extraction et les fioisfits de transfert de masse montrent que
I'extraction du café n'a pas été affectée par BEtement par DIC, ce qui est en accord avec
les résultats de porosimetrie. De plus, on peuwtvep dans la littérature que le transfert de masse
pendant I'extraction des grains de café s’effestugout a travers des parois cellulaires et seuleme
une petite partie correspond au transfert danspdees. Alors, I'extraction est déja facilitée par
I’humidification qui provogque un gonflement du méé et une perméabilité des parois cellulaires
élevée, indépendamment du traitement par DIC. Mathesement, les coefficients de transfert
de masse correspondant a la caféine pure n'onétpadéterminés car I'extraction de la caféine a été
limitée par la faible solubilité de la caféine déa<£ O supercritique. De ce fait, on peut conclure que,
méme si il y avait un effet de la modification deusture par DIC sur I'extraction de la caféine,

cet effet ne pourrait pas se manifester dans nosriences.

L'effet de la convection naturelle dans le solvangur I'extraction supercritique

La réponse a l'injection du traceur dans I'extracta été observée sous I'écoulement du solvant dans
le sens de la pesanteur et dans le sens oppoait€pbnse du détecteur sous forme de tension (mV)
a été transformée a I'absorbance et la concentratiété calculée a partir de I'absorbance parila lo

de Lambert-Beer. Puis, la distribution des tempséjeur E(t) a été déterminée, et deux moments ont
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été calculés — la moyenne des temps de séjour\etri@nce. Tout d’abord, les expériences ont été
réalisées sous conditions subcritiques (12 MPaCfCR%lans I'extracteur rempli seulement par
les billes en verre, sans le soluté. Les résuttatsnus pour deux différents débits de solvant reant
gu'avec le débit plus faible (0,5 ml/min de €€mpressé) le caractére d’écoulement est affeaté p
la présence du traceur. Le taux de dispersion ipipsrtant a été observé pour I'écoulement contre
le sens de gravitation, ce qui signifie qu’il y @ mélange dans I'extracteur causé par des difféeenc
de densité provoquées par la présence du traceuyph&noméne disparait lorsque le débit est plus
élevé (1 ml/min). Ensuite, il a fallu choisir lest¢gme d’extraction. Tout d’abord, I'extracteur & ét
rempli par le matériel végétal (grains de soja Bs)y mais tout le traceur injecté a été adsorbé sur
la matrice, on a du donc choisir une solution akéve — un soluté déposé sur les billes en verre
inertes. Tetracosane choisi pour les expérienceggime subcritique a été ensuite remplacé par
trilaurine pour les essaies sous conditions suibigrees.

La mesure de réponse a l'injection du traceur paintlextraction sous conditions supercritiques
(12MPa, 40°C) a montré qu’l y avait une différencensidérable de dispersion des pics
en comparaison avec les pics correspondant audflugolvant par les billes en verre pures. Quand
le flux en contre sens de la pesanteur a été impasdispersion du pic de réponse a été trés large
ce qui indique la présence de la convection ndéudzns I'extracteur. Cet effet n'a pas été observé
sous conditions subcritiques ce qui peut étredawint expliqué, parce que le &3t liquide sous ces

conditions et les liquides n’'inclinent pas autatd aonvection naturelle que les fluides supenuis.

0.45

0.3

0.15

t (min)

Figure 5. Distribution des temps de séjour souslitioms subcritiques : comparaison de I'écoulenpamtdant
I'extraction de tetracosane (—) avec le flux parbdles en verre pures (---). Rouge — flux danselies
de la pesanteur, bleu — flux dans le sens oppaségesanteur. Débit de @Eompressé (12 MPa, 25°C) est

1 ml/min. Extracteur de diameétre de 8 mm et de Ueg de 8 cm a été repli par les billes en verre.

-119 -



Résumé

0.3

40 60 80

t (min)

Figure 6. Distribution des temps de séjour souslitioms supercritiques : comparaison de I'écoulenpemdant
I'extraction de trilaurine (—) avec le flux par lbsles en verre pures (---). Rouge — flux dansdas
de la pesanteur, bleu — flux dans le sens oppaségesanteur. Débit de @Eompressé (12 MPa, 25°C) est

1 mil/min. Extracteur de diamétre de 8 mm et de Uenig de 15 cm a été repli par les billes en verre.

Dans le travail a venir, il faut vérifier I'impomae de l'effet des phénomenes secondaires sur
la dispersion des pics. C’est premierement 'afietraceur et puis la possibilité que la trilauyigei
d’ailleurs fond sur conditions imposées, déposédesibilles, ruissele doucement dans I'extracteur

ce qui par conséquent influence le caractére dléoment.

Conclusions

Les travaux présentés concernent deux problemea liéfficacité de I'extraction supercritique.

La premiére partie est une étude de I'effet deddifitation de structure des végétaux sur I'extoarct
supercritique, concrétement de l'effet du traitememar le procédé DIC sur la cinétique
et le rendement de I'extraction par le £&percritique. La technique a été appliquée sis types

de grains — grains d’amarante, de soja et de café.

Le changement le plus remarquable de la strucntegnie a été observé pour les grains de soja,
et la cinétique d’extraction a partir de l'inténmiedes particules (donc contrdlée par diffusion)
a augmenté considérablement apres le traitememI@arPar contre, aucun changement structural n'a
été observé pour les grains d’amarante et de leafitesse d’extraction n’a pas changé non plusspr
le traitement par DIC. L'effet des conditions ditfates de DIC sur le cours d'extraction n'a pas pu
étre évalué car les différences entres les ségievaleurs mesurées ont été de méme grandeurgjue le
erreurs expérimentales.

Pour conclure, on constate que le procédé DIC pg appliqué en tant que technique

de prétraitement du matériel avant I'extractionsdbas cas ou I'extraction est contrélé par diffasio
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au sein des particules. En pratique, il s’agit paemple de I'extraction des matériaux qui, pour
des raisons différentes, ne peuvent pas étre brayast I'extraction et donc doivent étre extraits
en morceaux entiers.

La deuxieme partie de la these résume les résualéata mesure de réponse a l'injection du traceur
dans un extracteur supercritique réalisée afin aliéer la dispersion axiale dans I'extracteur.
Un dispositif expérimental a été construit, le égs¢ d’extraction (un soluté déposé sur les billes
en verre inertes) a été choisi et les expérienadsnaires ont été réalisées pour tester la nuitho

Les mesures sous conditions subcritiques et sufiguers ont été effectuées pour la direction
d’écoulement dans le sens de la pesanteur et daen$ opposite. Sous les conditions supercritiques
le pic de réponse est beaucoup plus dispersé darmsld’écoulement contre le sens de gravitation
gu'au sens de gravitation. Il est donc probable lqueonvection naturelle se développe, grace aux
différences de densité du fluide le long de l'estiear. Ce phénoméne n'a pas été observé sous
conditions subcritiques. Néanmoins, il faut notere des résultats présentés sont préliminaires.

Une étude plus profonde de cette problématiqua esliser.
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