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Abstract

The aim of this work was to develop a user-frien@kcel interface to adjust the yields
of an extraction column. Moreover, this program Idosimulate the dynamic
concentration profiles inside the column, being sful teaching tool. The model
comprises non-stationary mass balances for theveeed compounds in both phases
(solid and supercritical C{2 The model was tested by reproducing the extracif two
samples: sesame seeds and coffee beans (averagdodsvof 7.41% and 10.35%,
respectively). These samples were selected to denabe the feasibility of reproducing
processes whose mass transfer limitation is difter€hus, for the sesame seeds, the
extraction process was controlled by both the eslemass transfer and oil solubility,
since the seeds were grinded. On the contrarycdfiee grains, the internal diffusion
controls the extraction as the whole grain is regfii Regarding solubility, a Henry’s
linear relation between solid and €Ebncentration was assumed.

Keywords: Supercritical C¢) Excel interface, oil extraction, decaffeinationpdelling,
natural matrixes.

1. Introduction

Extraction of oil or other compounds from natumaid matrixes is a well-known process
in industry. For decades, it has been successfpiformed by organic solvents,
generating an exhausted solid, which presentsidgusdsamount of solvent, and a liquid
rich in the extracted compound. This solid gengnatuires a purification to remove this
organic residue (due to healthy or quality consitiens) and the obtained liquid could
also need another stage to recover the extractestaswce. Therefore, the conventional
solid-liquid extraction process always needs tvamas: the extraction with the solvent
and a purification with another material agent wergy. For this reason, other solvents
has been considered, being supercritical fluids H}S@e most extended option.
Supercritical fluid extraction (SFE) would have twoain advantages against the
conventional method. The first would be that sditybin the SCF is totally controlled by
pressure and temperature. So, the recovered compaan be completely separated
from the solvent only with a change in these vdeisbThe second would be that as the
solvent is a SCF, only with a depressurization ¢kkausted solid would be clean of
residual solvent. The most common SCF for theseetkdns is CQbecause its critical
point is relative low (7.38 MPa and 31.1 °C) andduse it is non-toxic and non-
flammable [1-3].

This extraction of certain compounds from natueaV material with supercritical GO
(ScCQ) has been thoroughly studied and several arteadade found in literature [4-7].
Sara Spinelli et al[4] studied the SFE with CQOand ethanol as entrainer of phenolic
compounds and flavonoids from brewer’s spent gia®G). They analysed the effect of
temperature, pressure and entrainer concentraifmajning that ScCowith a 60% of
ethanol archives yields of 0.35 mg/g BSG and 0.22gnBSG for phenolic compounds



and flavonoids, respectivelfumit Rai et al[5] assessed the oil extraction from sunflower
seeds varying temperature, pressure, particle deam#ow rate and co-solvent or
entrainer concentration (ethanol). Their result W this extraction reach a yield of
54.37 wt% with a 5% of co-solvertiazuki Nerome et 6] performed a work about the
extraction of pigments from Saffro€(ocus sativus ) with ScCQ and two co-solvents
(water and methanol) obtaining higher yields tharthie conventional process. Thus,
ScCQ has been used successfully to perform extractidmedds, seeds and grains and
with high yields. Moreover, some SFE, such as eofffeans or green-tea decaffeination
are already at industrial scale [8].

Regarding its modelling, there are also a lot ofkscabout it [7, 9, 10]. It is worth
highlighting the work oH. Sovovd9] who develope@ model for ScC@extraction with

3 different solutions, depending on the mass taarighitation In the same wayonur
Dokeret al.[10] studied the modelling of the SFE of oil from sesa®eds with ScCO
They compared two options: Shrinking core model Bnoken and intact cell model,
obtaining that the first would be the best optiorréproduce the extraction (deviations
lower than 8.54% and 14.65% respectively). SimjlaB. Honarvar et al.[11] also
assessed the modelling for the extraction of sesm®ds but comparing three different
equilibrium relations: Henry’s, Freundlich’s anduBauer, Emmet and Teller's. Their
result was that the latter would be the most appateto reproduce the experimental
yields (deviations of 9.84 %, 7.42% and 5.28% resypely). However, all these previous
studies are focused in the reproduction of the mxmmtal data without further
considerations. Therefore, they do not includesihailation of the extracted compound
in both phases, which would be a key factor in ptdeinderstand how extraction is and
how the operational variables affect it.

Thus, the aim of this work is to develop a usesrfdly Excel interface to adjust the
extraction yields and to simulate the dynamic catre¢ion profiles inside the extraction
column. This interface would be based on a modeb{OE which would be validated for
two of the most studied extraction process, eilgxtraction from seeds (sesame seeds)
and coffee beans decaffeination. Moreover, thissEprogram could be used to simulate
the effect of particle dimeter, volumetric flowggsure and temperature in the extraction.

2. Extraction process and available data

2.1. Extraction process

A typical configuration for a SFE process is shawifrigure 1. It consist of a gas bottle
(T-01), a heat exchanger (H-01), a pump (P-01),etkteaction column (E-01) and an
expansion valve (V-01) and vessel (T-02).
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Figure 1: Process flow diagram of a typical SFE @ees with C@ T-01: gas bottle, H-01: heat exchanger, P-01:
pump, E-01: extraction column, V-01: expansion @aad T-02: expansion vessel.

The operation starts with the conditioning of theam from the bottle T-01 in the heat
exchanger H-01 and in the pump P-01. This staglene in order to transform the gas
into a SCF at the desired operational conditiomeedhis stream is already a SCF, it is
fed to the extraction column E-01 to separate #srdd compound from the solid matrix.
Therefore, the output stream of the column E-Gbiaposed by the SCF and the desired
compound. Finally, it is expanded in the valve VtOXkeparate the extracted compound
from the solvent in T-02 by the transformationtod SCF into a gas due to this pressure
change.

2.2. Availabledata and raw materials

As it as mentioned in section 1, the raw mateaakessed in this work are sesame seeds
and coffee grains, which were selected for twoara$he first is that they are examples
of the most studied SFE process: oil recovering @exhffeination. On the other hand,
the second is related with mass transfer limitatiddenerally, in an oil extraction seeds
are previously milled whereas, in a coffee graioafieination, grains are not physically
pre-treated. Therefore, in the former several stagth a different mass transfer control
are expected (Figure 2-b) and the effect of temperapressure, volumetric flow and
particle diameter can be considered. On the contnarcoffee grains only one stage is
awaited and particle diameter can not be takenantount since they are not milled.

The data from the oil extraction from sesame seate taken fronrOnur Doker et al.
[10], who treated samples of 4 g (56 % of oil) with SeCEbr caffeine extraction, the
data were found itdulya Peker et al[12], who worked with 0.86 g of coffee with a
content of 3.8% of caffeine and humidified SeCO

The whole set of experiments and their operationatlitions are listed in Table 1.

Table 1: Studied experiments and their operatiaualditions.



T P dp? Q&

Experiment  Raw material

°C bar pm ml/min
1 Sesame seeds 50 350 450 2.00
2 Sesame seeds 50 300 450 2.00
3 Sesame seeds 50 250 450 2.00
4 Sesame seeds 50 350 450 2.00
5 Sesame seeds 50 350 890 2.00
6 Sesame seeds 50 350 1180 2.00
7 Sesame seeds 50 350 450 1.00
8 Sesame seeds 50 350 450 2.00
9 Sesame seeds 50 350 450 3.00
10 Sesame seeds 60 350 450 2.00
11 Sesame seeds 60 300 450 2.00
12 Sesame seeds 60 250 450 2.00
13 Sesame seeds 70 350 450 2.00
14 Sesame seeds 70 300 450 2.00
15 Sesame seeds 70 250 450 2.00
16 Coffee grains 40 138 * 1.51
17 Coffee grains 50 103 * 1.51
18 Coffee grains 50 138 * 1.51
19 Coffee grains 50 193 * 1.51
20 Coffee grains 50 138 * 0.68
21 Coffee grains 50 138 * 1.51
22 Coffee grains 50 138 * 4.59
23 Coffee grains 64 138 * 1.51
24 Coffee grains 80 138 * 1.51

10perating temperature2 Operating pressure3 Average particle diameter? Operating flow. *
Variable not considered in this experiment.

3. Extraction theory
3.1. Masstransfer during a extraction from a solid raw material

In Figure 2-a all the steps involved in an exti@tiprocess are shown. First, the desired
compound should be solved by the SCF (step 1).,Tihdiffuses (step 2) in the pores of
the raw material up to reach the solid externalaser Finally, it should go through the
boundary layer (step 3) of the SCF in order to Xteaeted from the solid. The relative
value between these steps affect strongly to tha&ion, as can be seen in Figure 2-b.

In Figure 2-b an extraction curve (yield vs tima)hathree different stages (A, B and C)
is showed. Stage A corresponds to a fast extraptiocess, which means an extraction
with no internal diffusion effect (step 2 in Figu2ea). This stage can take place if the



material has been previously milled or if the esti@ is performed in the external
surface of the solid. On the other hand, stage ®leted with a process in which the
external transport and the internal diffusion haiailar values or with low solubility.
The former can occur when low internal diffusiontgxtherefore when the compound
solves near the external solid surface. FinalBgestC takes place when internal diffusion
controls the extraction, which means that the stiation is done far from the external
solid surface.

*
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Figure 2: Mass transfer steps during an extractiahand their effect in the extraction curve (b)stlubilisation, 2:
internal diffusion of the extracted compound an@@&ernal mass transfer of the extracted compoAneéxtraction
controlled by the external transport, B: extractioontrolled by both: external transport and intehdéfusion and

C: extraction controlled by internal diffusion.

3.2. Solubility in SCF

SCFs have transport properties between liquidsgases, such as densities similar to
liquids and diffusivities closer to gases [1, 2]omdover, changes in the dielectrical
properties are also observed when pressure ancetatape are increased [13]. On the
other hand, temperature and pressure also affetsitde which enhances solving
properties [2]. Therefore, it is confirmed thatwmlity in SCFs is totally controlled by
temperature and pressure (as it was mentionectiiosel)

3.2.1. Co-solvents

Although solubility in SCF is easily controllablé, also has some restrictions. For
instance, ScCghas a low polarity [6, 14], which means that fiecency to extract polar
compounds is low. Therefore, in order to increésasalvent capacity a small amount of
a polar substance (co-solvent) is added to the SGe typical examples of co-solvents
are: ethanol, methanol and water.

3.2.2. Solubility calculations

Solubility in ScCQ can be obtained from the equilibrium conditioreqtial fugacities in
both phases for each compound and using equatfastates [15]. However, these type
of thermodynamic calculations in the simulator wbuatake the model more difficult,
increasing the calculating times and reducing fhy@ealing of the developed program.
Therefore, a direct fitting solubility was usedtims work, similarly as it was done in
previous studies [10, 11].

3.3. Model



The model of the process was done applying a ratresary mass balance for the
recovered compound in both phases. In order tolgyripe modelling it was assumed

that (1) the bed porosity remains constant, theth@e are no diffusional transport along
the length of the column and that (3) the soluaiie follows a Henry's relation. The

balance for the SCF is shown in Eg. ( 1 ) andHerdolid in Eq. ( 2).

8Cscr 1 [ u 8Csc .

&Fzg. -7 6F+K-a-(CSCF—CSCF)] (1)
dc 1
=1 [-Ka (Cscr — Cscp)] (2)

WhereCs.r corresponds to the equilibrium concentration ofek&acted compound in
the SCF calculated by a Henry's relation with tlenaentration in the solidC():
C;CF = H . CS'

Regarding the mass transfer between both phasegobal coefficient from the
equilibrium concentration and the concentratiothie SCF phase was used. In order to
include the three possible stages defined in seétib, it was defined as a function of the
times (Eqg. ( 3)) when the change between thegestakes places (Figure 2-b).

Kerr - (;)
P SCF SCF 1+ e_(t_tcl) kS ‘ dg ( 3 )

- 1+ elt=tc;) 1+ e~ (t=tc;)
WhereF is a correction factor in order to include the st&g

These times of change between stages would badh&ibg times and they would be a
reverse function of the mass easy to extract. Tiausjould be a function of that mass
whose extraction would be controlled by a shorenmal diffusion and external mas
transport. Andé would be related with an extraction dominated Xigmial transport.

3.3.1. Resolution

The model formed by Eq. (1) and ( 2 ) constitieset of partial differential equation.

This set was discretised by the orthogonal collonabn finite elements method,

obtaining a set of ordinary differential equatidre latter was solved by the Runge-
Kutta’s method with 8 order of convergence [16].

On the other hand, the optimization problem relatgth the adjustment of the
experimental extraction curves was solved by twéhoas. The first was the Simplex-
Nelder-Mead’s method to obtain an initial solutmirnthe problem. Finally, this solution
was re-optimized applying the Broyden—Fletcher—-@old-Shanno’s method. The
objective function was the Absolute Average Dewiat{A.A.D.) between the simulated
and experimental yields (Eq. (4 )).

n

1 |x — X;

A.A.D.=Z—-M-1OO (4)
=n Xipxp

4. Resultsand discussion
4.1. Pressure and temper atur e effect: solubility changes



From Figure 3 the effect of temperature and pressain be observed. Figure 3.a - b show
the evolution of the extraction yield for oil frosesame seeds and caffeine from coffee
beans, respectively. It can be observed that, dtn processes, the yield increases with
pressure. This behaviour agrees with the discussisaction 3.2 since density rises with
pressure (from 834 kgfat 50 °C and 250 bar up to 899 k§kih 50 °C and 350 bar). So,
solubility also should grow with pressure.

On the other hand, in Figure 3.b-c the role of terafure in oil extraction and coffee
beans decaffeination is shown, respectively. Foexiraction, a decrement in the yield
can be observed due to the reduction of density ¢afubility) with temperature (from
834 kg/nt at 50 °C and 250 bar up to 737 kg/an 70 °C and 250 bar). Behaviour that
also agrees with section 3.2. Moreover, it is rédalle that at 250 bar and 70 °C the stage
B appears because of the low solubility (see se&ith). However, for the decaffeination
an increment in the yield was observed, althougtsithe decreased with temperature.
This deviation from the expected evolution can xglaned by the co-solvent [12]. As
the operation is performed by a mixture of Se@0d water, there will be a partition
coefficient of caffeine between the two phasessToefficient is defined as the ratio of
the caffeine concentration in the SCF and its dgquiim concentration in water, which
has been found that increases with temperaturiglatpnessures.
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Figure 3: Effect of the operating temperature amelgsure in a SCF extraction. (a) Effect of the agiag pressure in
the oil extraction from sesame seeds at 50 °C, nnland 45Qm. (b) Effect of the operating pressure in théesaé

extraction from coffee beans at 50 °C and 1.51 miL/(a) Effect of the operating temperature in tlileegtraction

from sesame seeds at 250 bar, 2 mL/min and#bQd) Effect of the operating temperature in th#ane extraction
from coffee beans at 138 bar and 1.51 mL/min. Y:S3vhulated extraction yield {gractedgsampd. Y-EXP:

experimental extraction yield dgactedgsamplg-

4.2. Particlediameter and flow effect: masstransfer changes



In Figure 4.a-b the variation in the extraction@ieith the volumetric flow is shown for
a caffeine and oil extraction process, respectivielypoth cases, the yield increases with
flow since mass transfer is enhanced. Howeveretisea significant difference between
them. In the oil extraction, all the curves tetma similar value of yield, which means
that the improvement in mass transfer only makesefathe process. While in
decaffeination the yield is also increased. Theeipancy would be related with the fact
that in oil extraction the seeds has been prewomdled and a certain amount of oil is
free to be recovered. In contrast, in decaffeimeti® extraction is performed to the whole
grain and there is a real mass transfer limitaitiotine boundary layer (see section 3.1).
Regarding the particle diameter, its effect in diilerecovering is shown in Figure 4.c,
where it can be checked that the lower de parti@deneter is, the greater extraction is
obtained. This dependence is related with its effedhe external and internal mass
transfer. So, a low diameter means more exchamfgcsy which enhances the external
mass transfer, and less way to diffuse inside ohid.s

tmin

Figure 4: Particle diameter and volumetric flow effe (a) Role of the volumetric flow in the oil extion from sesame
seeds at 50 °C, 350 bar and 4&. (b) Role of the volumetric flow in the oil caffeifrom coffee beans at 50 °C and
138 bar. (c) Role of the particle diameter in thleextraction from sesame seeds at 50 °C, 350 bdrzamL/min. Y-
SIM: simulated extraction yield dgractedgsamplig. Y-EXP: experimental extraction yield:{gxctedgsamplg.

4.3. Fittings

In Figure 3 and Figure 4 the simulated behaviodh wie model is shown and the A.A.D.
of all the adjustments is arrayed in Table 2. is thble, it can be seen that the average
deviation for sesame oil extraction and decaffeamatwere 7.41% and 10.35%,
respectively. The fact that the deviation was gneia decaffeination was expected since
it was performed with a co-solvent and its effeaswot taken into account separately in
the model. All in all, all de deviations are relally low and it can be checked that the
simulation agrees with the experimental data. Scan be concluded that the approach
developed in section 3.3 can reproduce the expatahgields, including the effect of all
the operational variables. The fitted parameteferagas their regression coefficients are
listed from Table 3 to Table 7.

Table 2: A.A.D. of the adjustments.



A.A.D.

Experiment
%
1 6.89
2 3.62
3 8.90
4 6.62
5 10.54
6 4.49
7 16.94
8 6.32
9 6.29
10 7.14
11 3.48
12 4.95
13 9.49
14 8.93
15 6.68
16 7.82
17 6.75
18 7.75
19 18.89
20 10.09
21 14.61
22 6.68
23 15.17
24 5.38
Average
Seeds 7.41
Average
Beani 10.35

4.3.1. Equilibrium constant

In Table 3 and Figure 5.a the calculated valueshefequilibrium constant and its
regression coefficient for sesame oil are showrthénsame way, in Table 4 and Figure
6.a for caffeine. For sesame oil, it can be chethatlits behaviour agrees with the theory
showed in section 3.2. So, an increment in temperajenerated a lineal decrement in
density (Figure 5.b) and a lineal diminution of #mubility. However, for caffeine there
is a discrepancy. In Figure 6.b it can be seendbasity decreases logarithmically with
temperature but the solubility grows exponentiéifigure 6.a). In parallel, solubility is
also increased exponentially with pressure (Figbr® though density tends to a
maximum (Figure 6.d). This deviation could be methagain with the fact that water is
used as a co-solvent and, at the operating condjt@and increment in temperature and
pressure would enhance the solubility and the etitra (section 4.1).
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Figure 5: Sesame oil equilibrium constant evolutivith temperature and pressure (a) and changes @ avith

temperature and pressure.

Table 3: Fitted sesame oil equilibrium constant.

H (dimensionless)

P(bar)
T(eC)
250 300 350
50 6.24E-04 1.38E-03 2.11E-03
60 5.45E-04 1.17E-03 1.94E-03
70 5.07E-04 9.84E-04 1.87E-03
R? 0.96 0.999 0.94
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Figure 6: Caffeine equilibrium constant evolutioithwtemperature (a) and pressure (c) and change&ci@Q density

with temperature (b) and pressure (d).

Table 4: Fitted caffeine equilibrium constant.

H (dimensionless)

80



T(2C) P(bar)
40 1.14E-03 103  2.62E-03
50 3.87E-03 138  3.87E-03
64 9.56E-03 193  9.44E-03
80 2.41E-02
R? 0.97 0.991

4.3.2. Masstransfer coefficient

The external and internal mass transfer coeffisiéot sesame oil are showed in Figure
7 and Table 5. The obtained evolution with the flamd particle diameter was the
expected result for both coefficients. Therefohe, éxternal coefficients grows with the
former and decreases with the latter. Regarding ithernal coefficients, it was
independent from the flow and it decreases withtigdar diameter. In addition, the
correction factor for stage B (F) is also listed able 5. Its behaviour was also the awaited
result, decreasing with pressure and particle diame
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Figure 7: Sesame oil external mass transfer depenydevith flow (a) and particle diameter (b) and imal mass
transfer evolution with particle diameter (c).

Table 5: Fitted sesame oil external and internabsmaansfer coefficients, including the correctfantor (F) for

stage B.
ks as (min‘l) Kscrrascr (min‘l)
dp(um) dp(pm)
450 5.00E-02 450 6.5
890 1.95E-02 890 4.5
1180 1.00E-03 1180 4.0

1300



R? 0.95 0.95

kscr-ascr (min™)

Q(mL/min)
1 2.18
2 6.50
3 8.36
R? 0.9995

F (dimensionless)

P(bar) dp(um)
300 0.68 590 0.08
250 0.32 1180 0.07

On the other hand, for caffeine the global massstea coefficient was calculated (Table
6 and Figure 8) because during its extraction tmdystage B was observed. So, the fact
that its evolution with flow tends to a maximum Jebe correct since flow only
enhances the external mass transfer.
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Figure 8: Caffeine global mass transfer coefficidapendency with flow.

Table 6: Fitted global mass transfer coefficientdaffeine.

K-a (mint)
Q (mL/min)
0.68 1.15
1.51 1.17
4.59 1.20
R? 0.995

4.3.3. Breakingtimes

The calculated values for the braking timesghd &2) are shown in Figure 9 and Table
7. As it was mentioned in section 3.1, the paramset®uld be a reverse function of mass
able to be extracted. Therefore, teguld decrease with pressure and flow and increase



with temperature and particle diameter, tending tminimum and maximum value,
respectively. Being this behaviour the obtainedrduthe optimization.
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Figure 9: Breaking time evolution with temperaturelgressure (a), particle diameter (b) and volureefiow (c).

Table 7: Breaking timescftand t2) adjustment.

T (mm)
T(2C
P(bar) (5¢)
60 70
300 89 97 105
250 166 180 220
350 60 62 63
R? 0.93 0.95 0.93
te2 (min) te2 (min)
dp(um) Q(mL/min)
450 62 1.00 140
890 130 2.00 62
1180 150 3.00 40
R? 0.995 R? 0.97
ta (mm)
P(bar)
300 30

250 36




4.4. Simulation of theinternal behaviour

Once the optimization has been finished, a sintatiith the calculated parameters can
be done. In Figure 10.b the simulation of the sb&tiaviour inside the column is shown.
It can be checked that the calculated result agnetbsthe expected evolution. So, a
decreasing concentration profile for each timebtimed up to reach a minimum at 90
min, when internal diffusion controls. In the samay, the liquid profile inside the
column was also simulated (Figure 10.b). Obtainaggin, a decreasing concentration
with time (due to solid exhaustion) up to anoth@&mimum at 90 min. These simulation
would be useful to understand how the extracti@mtess is and to estimate would the
composition of the solid at any time and any poivitjch would be one of the main
variables to decide to stop the process.
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Figure 10: Internal behaviour of the liquid (a) asdlid (b) simulation in experiment 1.

5. Excd interface consider ations

As it was remarked in section 1, an easy-undergtgd¥excel interface has been
developed to adjust the experimental data of a|@BEess. This interface also simulates
the behaviour inside the column in both phases (&&Fsolid), allowing to the user to
analyse the effect of the operational variabless phogram (for Excel 32 bytes and with
a detailed manual about it) is free-availablétip://hpp.uva.es/software/

In addition, it was concluded in section 4 thas thiogram can be used to adjust the SFE
of caffeine and oil. However, it could be used vétty other solid or solvent since it was
based on a general model for a solid extractiocgs®es. This last statement would be
true as long as the bed porosity can be assumeda@sstant and the equilibrium follows
a Henry’s relation. Regarding this last limitatidncan be overcome by the addition of
Excel programing. So, if the user would be intexdsin analysing a SFE with a
thermodynamic solubility calculation, they only leaw include these calculations in the
Excel sheet and given the solution in the Cellha& $olubility. In the same way, the
parameters of the thermodynamic expression caretiged as fitting parameters.

6. Conclusions

In this work the modelling for SFE processes hasnbassessed, developing a free
available Excel interface. The model was succdysfdlidated with two different



samples, sesame seeds and coffee beans (averdggodsvof 7.41% and 10.35%,
respectively). Moreover, the model could reprodineeeffect of temperature, pressure,
particle diameter and flow in all the cases andptingsical sense of the fitted parameters
was checked. Finally, the model was also ablernwlsite the behavior of the SCF and
the solid inside the column, which constitutes efwigool for understanding or teaching
the process and taking operational decisions.
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Nomenclature

Acronyms

A.A.D.: Average Absolute Deviation.
SCF: supercritical fluid.

SFE: supercritical fluid extraction.
ScCQ: supercritical CQ

BSG : brewer’s spent grain.
Subindex and superindex

Y-EXP: experimental extraction yield.
Y-SIM: simulated extraction yield.
Greek letters and symbols

E: porosity of the bed, dimensionless.
Cs: concentration of the compound in the solid phagémnk

Kscr - ascr: external mass transfer coefficient multiplied bg #8pecific exchange area,
-1
min™.

ks - ag: internal mass transfer coefficient multiplied by pecific exchange area, min
K - as: global mass transfer coefficient multiplied by #pecific exchange area, rin
Cscr: equilibrium concentration in the SCF, kg/m

Cscr: concentration of the in the SCF, kg/m

H: equilibrium constant between the solid and the SiRensionless.

F: correction factor for stage B, dimensionless.

u: SCF velocity in the column, m/min.



L: length of the column, m.

z: coordinate along the length of the reactor, dinamnisss.
t: operating time, min.

tc, & t.,: breaking times, min.

Xipyp - €Xperimental value of the fitted variable in th@esment “".

Xiqy- SiMmulated value of the fitted variable in the exmpent “".

n: total number of experiments, dimensionless.
T: operating temperature, °C.

P: operating pressure, bar.

Q: volumetric flow, mL/min.

dp: particle diametenm.
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