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1. Introduction

Supercritical fluid extraction using carbon dioxiie obtaining valuable materials from
different plants is widely applied. This technighas several advantages compared to
traditional solvent extraction because carbon diexs non-flammable and non-corrosive,
furthermore the process can be carried out at l@ggure and temperature without damaging
the target components.

To design the extraction process the knowledgeeofam characteristics of the raw
material (moisture content, oil content, particiees density), the packed column (specific
void fraction in bed, specific surface, load volynaad the operation parameters (residence
time, pressure, temperature, solvent flow) is ipemsable. To determine the optimal values

of these parameters process modelling is a usaul t

The aim of this study was to develop a practicalhme for modelling supercritical fluid
extraction, which can be used to describe the medsyield curves in function of time and
the remainder concentration curves in function xdfaetor height, independently from raw
material characteristics and operation paramefgne. number of model parameters to be
adjusted was minimized by determining parametedtspendently from empirical equations

or by applying simple experiments.

2. Literature

By supercritical fluid extraction (SFE) soluble cooments can be extracted from solid
or liquid materials with solvents in the supercatistate. By changing the operating pressure
and temperature the solute solubility can be evealyed in a broad range, thus selective
dissolution and separation are also variable. Gdlgerthe dissolved material is separated
from the solvent by decreasing the pressure oryapmpldifferent separation methods
(adsorption, absorption) at the end of the proc€ssnpared to traditional solvent extraction
processes the products will be free from organieestis and more valuable. In the course of
extraction and separation the inert atmosphereepts\oxidative damages.

The operation costs of supercritical fluid extraotiare low, however, due to the
applied high pressure the investment costs are. MgHurther disadvantage of using
supercritical solvents might be the solute soltpilvhen compared to organic solvents,
because it is less effective.

With its favourable properties, carbon dioxidehis tnost frequently used supercritical
solvent. Environment friendly and “clean” technatsycan be developed with supercritical

carbon dioxide because it does not harm humanhemltich means that it can be used well
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in the production of food, pharmaceutical, and comsr goods. Because of its high density,
carbon dioxide can dissolve relatively large amafrnaterial. Its critical temperature is low
(31.06 C), and therefore the extraction processheaperformed almost at room temperature,

thus the treated material will not be damaged.

Similar curves are obtained in
most cases when plotting the vyield
obtained by supercritical fluid

extraction in function of extraction

Id (%)

time. A general extraction curve cang
be seen in Figure 1. The curves can be

divided into two parts. The first,

linear part (stage 1) is proportional to
h lubil hile th . 0 2 4 6 8 10 12 14 16
the solubllity, while the extraction time (h)

velocity in the second part (stage Il) is Fig. 1. Typical extraction curve
much slower because it is determir:aci

by internal diffusion. In the latter case the egti@ velocity (gradient of the curve) is
decreasing quickly since it is more difficult totaim soluble components from closed inner

cells.

Mathematical models, based on mass balance, all@vcalculation of yield in
function of time and / or the determination of tleeainder concentration in function of the

extractor height in a certain extraction time.

For describing supercritical fluid extraction thevBva modél was chosen for two
reasons. Firstly, it can be widely used to descyieéd and remainder concentration curves
irrespective of the initial soluble material corttesf the raw material, and secondly, the
dimensionless model parameters can be originated frhysical parameters depending on
extraction conditions or packed column characiesdst

The Sovova model assumes that the charge is homogesnd isotropic, and the
soluble material is evenly dissolved in the raw enat. Along the column the particle size
distribution, temperature, and pressure are cofystad pressure drop is negligible. The inlet

solvent is solute free.

! Sovova H, Rate of the vegetable oil extraction with supeicait CO,- I. Modelling of extraction curves
Chemical Engineering Sciend® (1994), 409-414.
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According to the Sovova model
during the grinding process the cells on the
surface will be crushed, amgfraction of the
soluble components becomes free on the
surface and can be extracted by simple
dissolution, which is characterized by the first
stage of the yield curve. The other part of the
soluble components, @) fraction, remains
inside the particles and can only reach the
surface by diffusion, which is characterized
by the second stage of the yield curve. The
Sovova model divides the extraction process
into steps shown in Figure 2. Any of
be the that

determines the velocity of the whole process.

these steps can one

Diffusion of solvent through
the film around the solid
particle,

Streaming of solvent into the
pores of the solid patrticle,

Solution of the soluble
components,

Diffusion of the solute to the
surface of the solid particle,

Mass transfer from the
surface to the fluid bulk
phase.

Fig. 2. Steps of supercritical fluid extraction

The mass transfer from solid matrix to surface e&ednined by inner mass transfer

coefficient ks), while from surface to fluid phase by fluid masansfer coefficientk).

3. Experimental and calculation methods

For determining the effects of sample and packéuhwo characteristics and extraction

conditions | have examined more than one hundré@eion experiments on more than ten

different plant materials. The pilot scale extractiexperiments were carried out using the

high pressure extraction equipment (See FigurewBjch was developed then modified

several times by the Chemical Engineering Departmen
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Fig. 3. Supercritical fluid extraction equipment



Modelling of Supercritical Fluid Extraction

In certain cases, during extraction experimentsdessyield curves the remainder
concentration profiles were also determined inv@&mgiextraction time by cut off experiments.
As we had two separators, in some cases fractions@paration was carried out using

different pressures and temperatures in the separat

To describe supercritical fluid extraction the Se&enodel was chosen, which contains
four parameters and S — dimensionless model parameters [4,minimal extraction time
[s], g — soluble fraction on the surface of the partidleykg]). These parameters can be
expressed by physical parameters which depend toacégn conditions and packed column
characteristics. The first step in modelling isdietermine the independent parameters. One
part of the process and raw material charactesiggolvent density, solubility of soluble
components, diffusion coefficient) was calculatgdelnpirical equations, while the other part
(particle size, density of raw material, bulk dépnsinitial soluble material content) was
determined applying simple experiments. From thearpaters obtained this way andrt

model parameters can be calculated.

The rest of the model paramete& ¢) were determined by curve fitting. For fitting
yield curves a computer program was developed. Rimmappropriate cells of the Excel
worksheet the program reads the experimentallyrohted time — yield data pairs, the
previously calculated model paramete®y ¢), as well as the initial values of the model
parameters to be fitted. Based on the model pasmeaind using the appropriate Sovova
equation, the program calculates the yield at #meespoint of time as that of the experimental
data, then writes the results in the right columeanwhile it sums up the squared deviation
of the calculated and measured values, which © ialserted in a given cell. Consequently,
the experimental and calculated curves can bewelibon a diagram. The computer program
was designed in such a way that if the values cdmaters to be fit are changing in the cells,
the program automatically recalculates and corrdassum of squared deviation and the

calculated yield values in the appropriate cells.

The parameters to be fitted were changed by usohge6 Therefore when the Solver
modifies the values of parameters to be fittechmdppropriates cells, the program written in
Visual Basic automatically recalculates the squai®dation. Solver modifies the parameters
to be fit according to the adjusted algorithm unkie sum of squared deviation will be

minimal.

If the remainder concentration profile was also saead during the experiments besides

the yield, the model parameters had to be fitteldoith the yield and concentration curves. In
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these cases the computer program used for thegfitti yield curves mentioned above had to
be slightly modified. The screen of the computergpam is shown in Figure 4. Besides the
experimental yield — time data pairs, the progrdso aeads the remainder concentration —
extraction height data pairs from the worksheettifasmore, the exact time of the extraction
breakdown appears among the input parameters.elkribwledge of the calculated model
parameters, the exact time of breakdown and thialimalue of model parameters to be fitted,
the program calculates the yield and concentraviaies at the same point of time and
extraction height as those of the experimental daiag the required equation of Sovova
model. The squared deviations of the calculatedna@dsured yield and concentration values
were summed up and written in a given cell. Theupaters to be fitted were also changed

using Solver considering the minimal value of thenf squared deviation.

Q= 90.98 Kisérleti értékek Szamitott értékek Kisérleti értékek Szamitott értékek
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Fig.4. Screen of the computer program

4. Results

For the preparation of plant materials with diffgreharacteristics (firmness, initial oil
and moisture content) different types of grindingamines have to be used, which results in
various particle size distribution. To describe plagticle size distribution of different samples
the Rosin-Rammler-Bennett (RRB) model was provebeauccessful. Four different plant
materials including corn germ, pumpkin seeds, chlénflowers, and paprika fruits were
ground using four different types of machines (srbgater mill, beater plate mill, cutting
mill, stone mill, respectively) for size reductiol. was proven that the RRB model was
appropriate for the description of particle sizestdbution irrespective of the grinding
machine type.
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In various plant materials the amount and compmsif soluble materials differ
considerably. The initial amount of the soluble ena influences the shape of the extraction
curves significantly, because even a small amodinhital soluble material can result in
overlapping of the extraction stages (solubilitytrolled, inner diffusion controlled). At this
point the extraction curves can be well describgthk simple Brunnérequation.

The soluble material content of plant materialsugb in different types of machines
varied in a wide range (8 - 49 %). The suitabiliythe Sovova model for describing the

extraction curves was proven irrespectively ofiahibil content.

The oil from corn germ can be obtained by pressiflie extraction of corn germ
samples with similar composition but different abntent (unpressed, once-pressed,
twice-pressed) was compared. In the case of presmegles the solid phase mass transfer
coefficient showed a higher value, which can belarpd by the damage of cells due to

pressing.

The extraction of paprika samples with differenitiah oil content (5-28 %) was
compared. The yields differed significantly becaakéhe different initial oil content. In this
case the extraction efficiency was compared, wiimhid be defined as the quotient of the
yield obtained using supercritical carbon-dioxided aof the yield obtained by Soxhlet-
extraction withn-hexane. The increase of the oil content of samiptes 5 % to 10 % had a
positive effect on the extraction efficiency, whisbove this oil content (10-28 %) no
significant effect was observed. The extractioricefhcy curves of paprika samples with
different initial oil content were also comparedpairs and the same positive effect of olil
content was observed in the range of 5-10 %.

It is a well known fact that raw materials havebwexplored before the extraction. The
most frequently used method is grinding, howevee, particle size in which the grinding
process results is important. Particle size digtidm achieved by grinding is one of the main
parameters of the following extraction. The exi@actefficiency was compared for paprika
samples with different particle sizes (0,1 — 1,5)nWhen decreasing the particle size, an
increase in extraction efficiency could be observidte positive effect of smaller particle size
is due to the following two reasons. One of thertheg the smaller particle size results in a
higher extraction rate as a consequence of andaseren mass transfer. The other reason is
that the inaccessible part of soluble material bex accessible and therefore the grinding

leads to an increase in the final yield.

2Brunner G., Mass Transfer from Solid Material in Gas Extracti@erichte der Bunsen-Gesellschaft fir
Physikalische Chemi@8 (1984), 887-891.
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Plant materials after harvesting usually have ré&atale moisture content which in most
cases is removed by a gentle drying process. Tiséirex moisture content has a significant
effect on the solubility of components in supercait carbon dioxide (depending on the
polarity of the soluble components in a positivenegative way). It was examined what effect
the moisture content (2,8 — 24 %) had on the etitraefficiency using paprika samples. The
presence of water decreased the solubility ofroitarbon dioxide. The increasing moisture
content resulted in a decrease concerning extraefficiency and in a significant increase
concerning minimal extraction time. The extractmfnfresh paprika samples with extremely
high moisture content (85%) was also carried oghtriafter harvest but in this case the

extraction was not feasible.

The yield and the necessary extraction time demamgiderably on the solubility of
components in supercritical solvents, which camloglified within a wide range by changing

the extraction pressure and temperature.

The effect of extraction pressure (250 — 450 baay whown using calendula in the
extraction. As the rise in pressure increases tihabsity of soluble components in carbon
dioxide, the efficiency of the extraction improwesh the application of higher pressures. By
increasing the pressure the mass transfer coefticighe solid phaseékd increased, while the

model parameterr() indicating the minimal extraction time decreasgphificantly.

The extraction of the same paprika sample was ezhrout at different extraction
temperatures (50 °C, 80 °C). At a higher extractemperature the yield and the extraction
rate increased, which can be attributed to an as&reén solubility and a higher mass transfer
in the solid phase. At the same time, the uppempésature limit was determined by the
maximum temperature restricted by the heat serigibil the extracts.

When choosing the solvent flow, we have to consitler transport capacity of the
pump, the distribution from the extractor, the ratalissolution, and the necessary residence
time for reaching the apparent solubility. For csiog the optimal value, it is necessary to
know the effect of solvent flow. To examine theeeff of solvent flow on the extraction
process, corn germ pressed one time was extrapprag different flow rates (4 — 11 kg/h).
The mass transfer coefficient in the fluid phasgeased, while with the increase in solvent

flow the minimal extraction time significantly deased.

In the designing stage of an industrial scale teldgy installation, several test
experiments are carried out in smaller scale egemn{laboratory scale, pilot scale),

however, the extraction processes can change ddfegent size equipment.
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To explore how the extractor size influences th@eeesses, the same paprika samples
were extracted using equipment with different ecttom volumes (5 L, 80 L). The model
parameters were examined in both cases and a nowar halue ofg model parameter
(soluble material fraction in the surface of thetigkes) could be observed in the 80 L
extractor. As the same samples were processedyreage in the soluble material fraction on
the surface means a decrease in the easily adeessiterial fraction, which can be explained
by changes in the packed column structure and flowl (raw material consistency, solvent

distribution, creation of solvent channels).

One disadvantage of supercritical carbon dioxidiaas in principal it solves non-polar
components but applying co-solvents the solubdftpolar components can be enhanced.

By the addition the co-solvent ethyl alcohol infelient concentrations (0 %, 5 %,
10 %) the effect on the extraction was examinedplgcessing African marigold. The
co-solvent influenced the yield and the compositéithe extracted materials. By increasing
the amount of co-solvent, the minimal extractiomei decreased and the mass transfer

coefficients in the solid and fluid phase showedlight increase.

Exploration of raw materials can be also carriatlinside the extractor. One possible
way to do this is the application of ultrasoundeTiitrasound generator placed inside the
extractor fractures the cells. The effect of ulkasd on the extraction was examined by
processing another African marigold sample. The esaifrican marigold samples were
extracted first with and then without applying atound. Examining the extraction curves it
could be observed that ultrasound had a positiveceon the extraction rate. With the
application of ultrasound not only the final yidddt the mass transfer coefficient in the solid

phase also increased. It can be explained by tteHat ultrasound fractured the cell wall.

Generally, when we carry out extraction experirmgnte can evaluate the real
processes in the extractor only by evaluating tieédycurve. However, applying a simple
method beside the yield, | managed to determingdhminder concentration in the case of
paprika and once-pressed corn germ samples bygutti the extraction process at different
extraction times. It was proven that the Sovova ehegbpropriately described both the yield

and the remainder concentration with the same nuatt@imeter values.

In the case of paprika extraction the yield arel ridémainder concentration of certain
components (carotene, capsaicin, water) were adfermdined, which helped to better

evaluate the extraction of these components. Thkessary physical parameters (solubility,
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mass transfer coefficient, etc.) for modelling westimated. The Sovova model was shown

to fit well to describe the yield and remainder camtration curves of certain components.

The extraction efficiency of water was very lowhelT'minimal extraction time was
more than ten times longer than in the case ofteaeoprobably because of the much lower
internal mass transfer coefficient. This might Belained by bound water in the cells of the

solid matrix.

Examining the yield curves, it could be observeat #xtraction efficiency was much
higher in the case of capsaicin than of carotehe. minimal extraction timer() of carotene

is almost three times longer than that of capsaicin

Considering the differences in capsaicin and casxtraction, fractionated separation
was carried out where carotene and capsaicin weparated in one extraction step. The
pressure (160, 200, 240 bar) and temperature (8558°C) in the first separator were
changed and the separation rate was examined fotiow 3 full factorial experimental
design. Evaluating the results of the experimem¢sign the best separation conditions were
determined at 200 bar pressure and 55 °C temperitine first separator.

5. Theses

1. I have proven that the particle size distributidivarious crushed plant materials with
different oil and moisture content (pumpkin seedrncgerm, paprika, marigold)
processed using different types of grinding machiteeater plate mill, cross beater
mill, cutting mill, stone mill) can be well descet by the Rosin-Rammler-Bennett
(RRB) model. | determined the parameters (charnatiemarticle size, uniformity
factor) of the RRB model for the above mentionedigle size distributiorj2, 4].

2. | examined how moisture content, particle size, mmighl oil content influences the
extraction efficiency of paprika. | establishedtthalecrease in particle size resulted in
extraction efficiency increase. | managed to pritna the moisture content within the
range from 7 to 17 % had no significant effect, lel@bove 18 % it had a negative
effect on the extraction efficiency. | developednavel method: | used different
mixtures of paprika parts (seed and pericarp) t@angk the oil content of the same
paprika sample. | proved that the oil content hgabsitive effect on the extraction
efficiency in the range from 5 % to 10 % while &dhno effect above this ranfig 7,
18].

3. In the case of the extraction of unpressed, onessgd, and twice-pressed corn germ,

| determined the mass transfer coefficient in thie@gphase. Comparing mass transfer
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coefficients, | proved that in the case of pressauples a higher value of solid phase
mass transfer coefficient could be achieved, whieRkplained by the damage of the
cells under pressing].

| determined the effect of extraction conditionsef§sure, temperature, solvent flow)
on supercritical fluid extraction for the paramstef the Sovova model and on the
physical parameters derived from the model parasieteexamined the fitted model
parameters and the derived physical parameters) aadfirmed that an increase in
pressure resulted in an increase in solubility emdhass transfer coefficient in the
fluid phase, and a decrease in minimal extractioe.tl proved that a higher yield and
extraction rate could be achieved at a higher teatpee which might be due to an
increase in solubility and mass transfer coefficiarthe solid phase. | established that
with an increase in solvent flow the minimal extraic time decreased significantly,
while the mass transfer coefficient in the fluidaph increased to a great extentl?7,
19].

| compared extraction experiments with and witheqplying ultrasound and fitted the
Sovova model to the extraction curves. | confirmiéet higher mass transfer
coefficient could be achieved in the solid phaséheyapplication of ultrasound which
could be explained by the fracture of the innel stelicture caused by ultrasoufid.

| developed a new method for determining the redeirconcentration profile in a
pilot scale extractor for paprika and corn gernramtion. | fitted the Sovova model to
the yield and the remainder concentration profilsing the same model parameters. |
determined the model parameters and the mass dracséfficients in the solid and
fluid phases[2, 8, 14, 20-22] Besides the paprika oil yield and remainder
concentration, | fitted the Sovova model to theldyiand remainder concentration
curves of certain components of paprika (capsamamtene, water), and proved that
the model was suitable to describe these compankntie case of paprika oil and
other components | determined the mass transfdfideats in the solid and fluid
phases.

| developed a new method for the extraction anctifvaation of paprika oil using two
separators connected in series. In the first segasapaprika oil product could be
obtained which was rich in carotene, while in teead one the paprika oil product
was rich in capsaicin. | also determined the opitisegaration conditions within the
examined rangfl1, 15]

| determined how the extractor size (scale up fpolot scale to commercial scale)

influenced the supercritical fluid extraction ofppika and what effect it had on the
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Sovova model parameters and physical parametersrederfrom the model

parameters. | established that the soluble matéaation on the surfaceq) was

significantly smaller using larger extractor volsneAs the same sample was
processed in these experiments, a decrease inothbles material fraction on the
surface means a decrease in the easy accessildaahfaaction, which | explained by
the changes in the packed column structure and flow (raw material consistency,
solvent maldistribution, creation of solvent chdsheand the remainder charge

inhomogeneity proved this explanation in the cdgadustrial scale unifll, 15, 17]

6. Applications

Several applications of supercritical fluid extrantare already well known. In the food
industry supercritical fluid extraction processes ased to produce consumer goods and to
eliminate harmful flavour and odour componentsthim pharmaceutical industry supercritical
solvents are used for extracting natural active mmments from herbs. In the cosmetic
industry fatty and unctuous materials, natural @its, and odour materials are produced by
supercritical fluid extraction. Besides the aboventioned applications, the process has been
successfully used for cleaning polluted soil or teaster. In the chemical industry, among
others, it is effectively used for the regeneratibspent oil, active carbon, or catalysts.

For efficient and economical applications we, hogrevhave to know the effects of
sample characteristics, packed column charactsjsind their optimal values, because they
can highly affect the quality and quantity of threghucts.

Before launching a new technology, we can use nlindeb determine the probable yield
and remainder concentration curves, which are sacgdor the realization of economical
operation. In my thesis, | presented the relatigndietween several physical parameters
(characteristics of sample and packed column, exdra conditions), and the model
parameters of the process. The effects of someiqahysarameters can be approximated
without performing experiments which reduces thember of usually expensive test

experiments.
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