10

11

12

13

14

15

16

17

18

19

20

21

22

23

24
25

Supercritical carbon dioxide extraction of Calendula officinalis: Kkinetic

modeling and scaling up study

Alexis Lopez-Padilla, Alejandro Ruiz-Rodriguez*, Guillermo Reglero and Tiziana Fornari
Institute of Food Science Research CIAL (CSIC-UAM) — CEI UAM + CSIC, Madrid,

28049, Spain;

* Correspondence: alejandro.ruizi@uam.es; Tel.: +34 -910-017-923



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45
46

47
48
49
50
51
52
53
54

Abstract

The extraction of marigold (Calendula officinalis) oleoresin with supercritical carbon
dioxide SCCO2 was carried out in a small scale extraction vessel (2.7x10* m?) studying
different extraction pressures (14, 24 and 34 MPa) and different flow rates (15, 30 and 45
g-min’') at 313 K. Then, using semi-empirical engineering scaling criteria (constant solvent
lineal velocity or constant solvent residence time) and the Broken and Intact Cell (BIC)
model, the scaling up to larger extraction vessels (1.35x10° m?® and 5.16x10° m?) was
theoretically investigated.

According to the BIC model, by keeping constant the COz2 residence time in the different
size vessels a good reproduction of the kinetic behavior should be obtained. Nevertheless,
experimental results did not confirm model predictions, and in fact none of the scaling
criteria studied resulted adequate in the marigold supercritical extraction scaling up. Thus,
using all the experimental overall extraction curves obtained, a new specific correlation was
developed between the Schmidt number (Sc), CO2 mass flow, bed geometry and the
supercritical mass transfer coefficients kya with a good fit (R?> = 0.9767) for scaling up the

supercritical extraction of marigold.

Keywords: Supercritical fluid extraction; Calendula officinalis; Extracts; Scale up
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1. Introduction

Marigold (Calendula officinalis) is an herbaceous ornamental plant native from the south of
Europe. Due to its biological active compounds and its medicinal value it is cultivated all
around the world on commercial scale [1,2]. C. officinalis flower is widely used in traditional
and folk medicine and its extracts possess main biological activities such as anti-
inflammatory, antitumorgenic, antiviral and cicatrizing properties [3—7]. Thus, the
production of marigold extracts rich in bioactive compounds has great interest for different
industries, including cosmetic, pharmacy and the food industry.

Under the concept of green processing, and considering the lipophilic character of most
marigold bioactive compounds, supercritical fluid extraction (SFE) using carbon dioxide
(CO2) is one of the most efficient and promising alternatives to produce marigold extracts.
SFE technology can be awarded as a superior extraction technique for biomolecules because
it is organic solvent free, adequate for thermo-sensitive species, avoid oxidation damage, and

can be applied from analytical scale (grams) to large industrial scale (tons) [8,9].

Regarding marigold SFE, there are many published works providing data about extraction
yield, so as chemical and/or biological characterization of the extracts, obtained at different
process conditions, from analytical to pilot scale. In this sense, Garcia-Risco et al. [10]
studied the SFE of marigold flower on pilot scale with bed extraction volumes of 2x107 m?
and extraction conditions of 14 MPa and 313 K, with CO: flow rates of 1.2x102 kg-s™! and
a total extraction time of 180 min. They reported a global extraction yield of around 3 % as
well as good biological activities of the extracts, suggesting they might be used as a source
of potential antiproliferative agents. Under the same experimental conditions Martin et al.
[11] made the characterization of the extracts and observed a high bioaccesibility and an

improved antioxidant activity after in vitro digestion in the terpene fraction. On the other
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hand, Hamburger et al. [12] described a method for triterpenoid esters purification from C.
officinalis flowers using a combination of SFE and chromatography. The SFE was carried
out on a pilot scale with bed extraction volumes of 7.0 10 m?, at 50 MPa, and 323 K, with
CO:z flow rates of 9.7x1073 kg's! and a total extraction time of 180 min. At the end of the
process, a global yield of 5 % and an extract that contained 85 % faradiol of the total ester
fraction were attained. One work from Baunmann et al. [13] reported the SFE of marigold
from a small scale (bed extraction volumes of 9x10% m?, with temperature and pressures of
323 K and 30, 50 and 68.9 MPa, respectively, with extraction times of 90 — 180 min).The
global yields ranged from 5.5 % to 8.3 %, depending on the extraction pressure. The authors
also studied the effect of scaling up to a pilot plant scale with bed extraction volumes of 7.0
%10~ m®, concluding that a qualitative and quantitative improvement can be obtained by
increasing the pressure and by adding a small amount of an extraction modifier, i.e. 0.5 %
(v/v) of ethanol; nevertheless, the extraction yield decreased when the scale up was made.
An analytical extraction of C. officinalis oleoresin (bed extraction = 1x10° m?, P = 30, 35
and 40 MPa, T = 303, 408, 333, 348 K, extraction time = 240 min, average particle size =
190 — 220 um) was described by Palumpitag et al. [ 14]. The authors recovered 87 % of lutein
fatty acid esters using palm oil as modifier (10 vol.%) and obtained up to 157 mg of free
lutein/g oleoresin after saponification. In the same way, Danielski et al. [4] carried out the
SFE of an oleoresin from marigold flowers coming from Brazil at laboratory scale with global
yields obtained in the range of 2.1 — 3.54 %, authors found that extraction yield were affected
by the origin of the plant and the extraction conditions. Finally, Baratto and Riva [15]
described in their patent application a process to obtain a supercritical CO2 extract from
European origin C. officinalis flowers and its application in cosmetic and pharmaceutical
products. The inventors worked on industrial scale with 170 kg of dried marigold with 5 %

of moisture content and an average particle size between 2 and 5 mm, a pressure range
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between 60 and 70 MPa, and temperatures comprised between 333 and 343 K, with a total
extraction time of 230 min, reporting a global extraction yield of 3 % (w/w).

Although SFE has been an important field of research within last decades, and a lot of
information about extracting bioactive compounds from natural resources has been published
[16,17], there is a need of more scientific studies about the influence of process variables on
the extraction kinetics, the modeling of extraction curves and, particularly, the progression
of scaling up strategies.

The SFE of solid materials is a semi-continuous process in which extraction time plays a
central role. The mass extracted varies with time and the plot of the extraction yield vs. time
is usually denoted as Overall Extraction Curve (OEC). Nevertheless, not only extraction
yield, but also composition, physicochemical and biological properties of the extract vary
along extraction time [18,19].

Regarding the OEC modeling, it can be pointed out that a number of kinetic models can be
found at present in specialized scientific literature, including semi-empirical, simplified and
comprehensive phenomenological models [16,20]. In this respect, Campos et al. [21] applied
several models to represent the kinetic behavior of the extraction of marigold oleoresin with
liquid and supercritical CO2. These models include the Sovova model [22], the logistic model
presented by Martinez et al. [23], the desorption model proposed by Tan and Liou [24], the
simple single plate model of Gaspar et al. [25] and the diffusion model proposed by Crank
and presented by Reverchon [17]. Campos et al. [21] applied all these models to represent

experimental OECs, at pressures ranging from 12 to 20 MPa and temperatures from 293 to
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313 K, and concluded that all models fitted reasonably well the marigold SFE experimental
data.

On the other hand, more limited works are available in the literature regarding SFE scaling
up studies and only a few of them described the five empirical criteria most used for scaling
up processes which comprise keeping constant the following quantities: (i) ratio between the
masses of spent CO2 and biomass, (ii) ratio between CO2 flow rate and biomass weight, (iii)
a combination of both criteria (iv) a combination of both criteria plus the dimensionless
Reynolds number and (v) bed geometrical relationships (height/diameter) [26]. Maintaining
the same solvent linear velocity or the same solvent residence time in extraction vessels of
different size, are criterions frequently investigated [27-30]. Bed geometry is considered an
important factor in industrial extraction processes and the ratio between bed height (L) and
bed diameter (D) has been used to validate some scale up process. For example, Carvalho et
al. [31] and Zabot et al. [19, 22] applied the solvent to feed mass ratio criterion (Q/F)
combined with the bed geometrical ratio (L/D), to compare the kinetic behavior in the SFE
of rosemary (Rosmarinus officinalis) and clove buds (Eugenia caryophyllus), respectively,
and found good results for maintaining the same (Q/F) criterion. On the other hand, Prado et
al. [32] described the SFE scale up process from laboratory to pilot scale of grape seeds based
on L/D ratio and found a good reproducibility of the extraction curves. Recently, Paula et al.
[33] evaluated, at laboratory scale, the effect of bed geometry ratio combined with the
empirical criterions of constant residence time and constant CO2 velocity in the scaling up
SFE process for Baccharis dracunculifolia and found that the second one was a suitable scale

up criterion. And in the same year, Fernandez-Ponce et al. [34] considered to keep constant
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(?) and found a suitable OEC kinetic reproduction from small scale to pilot scale
supercritical extraction of Mangifera indica leaves. In general, there is not a single criterion
for SFE scaling up that can be effectively applied to all systems. For example, keeping the
same residence time of the solvent inside the packed bed was successfully applied for the
SFE of E. caryophyllus but did not result adequate for the SFE of vetiver roots [28], showing
that scale up data in SFE has a big variation and sometimes there is no an easy way to find a
generalized conclusion between them. More studies are required to get more information
about the applicability of SFE scale up criteria with different types of raw materials and
taking account that mass transfer behavior could be affected by the origin, species and even
the parts of the plant involved in the SFE process [35,36]. In this respect, as cited above, a
few papers have been published regarding the SFE of marigold from laboratory to pilot or
industrial scale but none of them describe or involve a scaling up process or criteria. In this
work, the supercritical COz extraction of marigold flowers was studied using three different
volumes of extraction vessels. The modeling of the extraction curves and the correlation of

parameters obtained were investigated in order to put forward a scaling up strategy.

2. Materials and Methods

2.1 Fundamentals

2.1.1 The Broken and Intact Cells model

One of the kinetic models most used to represent the OEC of SFE processes is the Broken

and Intact Cells (BIC) model developed by Sovova [22]. In the BIC model the solid phase is
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considered to be comprised by broken and intact cells and thus the total extractable material
is distributed as easily accessible solute, which is available on the surface of the broken cells,
and difficultly accessible solute which is confined in the intact part of the cells. Furthermore,
in the BIC model it is assumed that temperature and pressure are constant during the whole
extraction time, particle size and solute distribution are uniform in the packed bed, the void
fraction is constant during the extraction, and axial dispersion can be neglected (plug flow is
supposed). Then, three different extraction periods are distinguished:

1. The constant extraction rate (CER) period, in which the extraction rate is constant and
determined by the convective solvent film resistance.

2. The falling extraction rate (FER) period, in which the intra-particle diffusion starts to
become important and thus, the extraction rate drops rapidly. At the end of this period,
all the readily accessible solute has been removed from the vegetal matrix.

3. The diffusion controlled (DC) period, in which mass transfer is mainly dominated by
diffusion film resistance inside the solid vegetal particles.

The BIC model equations to calculate the cumulative mass of extract (m) as a function of
time (1) in the different periods are the following [22]:
CER period: m=QY * [1 — exp(—Z)]t (1)

FER period: ~ m=QY *[t —t.rexp(Z, —2)] (2)

DC period: m=m, {X 0 — %ln{l + {exp[%) - 1} exp{m(tmc—:?_t)}(i—:ﬂ} (3)

where:

Mg, Kya0
= oL YAP 4
Q (1 - g)ps ( )
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The mass ratio of the extracted material at the bed outlet (Y.5z) in CER period is given by:

M=
Yopp = ——CER (10)
QtcEr

Consequently, the extraction rate at CER period is:

Mcgr = Ycer@Q (11)
Process parameters required to apply BIC model are the bed porosity (&), mass (F) and
density (ps) of the raw material, CO2 density (p) and mass flow rate (Q). Additionally, the
solubility of the extract in the supercritical solvent (Y*) and the global extraction yield (Xo)
have to be determined to apply the BIC model. Parameters which are optimized according to
the experimental kinetic data are the intra-particle solute ratio (Xk) and the fluid phase and
solid phase volumetric mass transfer coefficients, kya = kr - 8o and kxa = ks - @o. krand ks are,
respectively, the fluid and solid mass transfer coefficients and ao is the particles surface area
(a0= 6-(1-£)-dp"). The ready accessible solute (Xp) is calculated as the difference (Xo - X).
2.1.2 Scaling up criterions

Despite extraction temperature and pressure are crucial to establish the thermodynamic

boundaries of the extraction process, affecting fundamentally the supercritical solvent density
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and the solubility and diffusivity of the solutes, the CO2 flow (i.e. the solvent velocity through
the extraction cell) is a determining factor regarding mass transfer. Of course, mass transfer
is also greatly influenced by bed geometry and packing, since these variables determine the
mass ratio of extracted material to spent CO2 at bed outlet.

The objective of scaling up the SFE of solid materials is to reproduce the OEC in extraction
vessels of different shape and/or capacity. In general, extraction vessels are cylindrical and
thus length (L) and internal diameter (D) of the cylinder are the variables which characterize
bed geometry. Yet, thermodynamic process variables, temperature and pressure, are
maintained the same in the different volumes vessels. Furthermore, particle size, bed density
and porosity, are intended to be preserved in SFE process scaling up. Thus, the key request
is to determine the CO2 flow rate necessary to attain the same OEC in the different scale
systems.

Among different approaches, two engineering rules of thumb are often applied in SFE
processes to estimate the relation between the CO2 mass flow rate (Q) and the bed geometry
[29,37,38]. One of these criteria is keeping the same solvent velocity (v) in the different scale

vessels 1 and 2:

G- (ﬁ)z (12)

Q2 D,

Equation (12) was obtained considering that the same temperature and pressure (same CO2
density) are preserved in the different scale experiments 1 and 2, and that the cross-flow area

of each cylindrical extraction vessel is given by A = zD? /4 .
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The second scaling up criteria usually used is keeping the solvent residence time (tg)
constant, which is calculated as the ratio between the mass of COz fit in the extraction vessel

(mD?Lep/4) and the CO2 flow mass rate (Q):

nD%Lep
4Q

(13)

t R —
Considering, as in previous case, that the same temperature and pressure are preserved in the

different scale experiments, the residence time criterion requires that:
2= @
Q2 D, L,
2.2 Plant material
Dried marigold (Calendula officinalis) flowers with a moisture content of 11.8 % were
obtained from Murciana Herboristeria (Murcia, Spain). According to supplier, the origin of
marigold plant was Egypt. Flowers were ground in a grind Premil 250 (Lleal S.A., Barcelona,
Spain) to particles sizes in the range from 175 to 1340 um, with a mean particle size of 541
um, measured by light scattering with a laser diffraction system Mastersizer 3000 (Malvern
Instruments Ltd., Malvern, UK), equipped with the Aero S dispersion unit at 0.5 bar of
dispersion pressure. The plant material density (ps) was determined using a helium
pycnometer Ultrapyc 1200e (Quantachrome, Florida, USA) and resulted to be 1409 kg-m™.
Samples were packed and stored at room temperature until utilization.
2.3 Chemical
Ethanol absolute (99.5 % of purity) was purchased from Panreac (Barcelona, Spain). CO2
was supplied by Carburos Metalicos, S.A. (Madrid, Spain) with a purity of 99.9 %.
2.4 Supercritical fluid extraction

Calendula officinalis extractions were carried out using three cylindrical extractor vessels of

different capacities which were integrated in two supercritical extraction plants. Each plant
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comprises a recirculation system where CO:2 is condensed, pumped up to the desired
extraction pressure and heated up to the desired extraction temperature.

One pilot supercritical plant (Figure 1a) is from Thar Technology (model SF2000; Pittsburgh,
Pensilvania, USA) with the possibility of being operated using two extraction vessels, namely
vessel A (Va) of 2.7x10* m? (small scale experiments) and vessel B (Vg) of 1.35x10 m?
(medium scale experiments). CO2 flow is measured using a flow meter from Siemens AIS
(Model: Sitrans FC Mass 2100 DI 1.5, Nordborgvej, Denmark). The SFE device has a
computerized PLC-based instrumentation, including a separator with control of temperature
and pressure, where decompression up to recirculation pressure takes place. The pressure in
the extraction cell is controlled (+ 0.1 MPa) by an automated back pressure regulator (BPR)
valve. Temperature is adjusted by electric heating and controlled by + 2 K.

The other semi-industrial scale supercritical plant is from Zean Consultores S.L. (Madrid,
Spain) with an extraction vessel namely C (Vc) of 5.19x10° m® of capacity (large scale
experiments). The equipment comprises a LEWA LDE1 pump (LEWA GmbH, Leonberg,
Germany) with a maximum COz flow rate of 146.93 kg-h'. The pressure in the extraction
vessel is controlled by an automated BPR valve (RCV 2945) from Badger Meter Inc. (Tulsa,
USA). The cyclonic separator has a capacity of 1.57x10~ m® with temperature and pressure
control from Link Industrial S.L. (Rubi, Spain). The cooling system connects the CO2 pump
and the COz recirculation system with two chillers Huber UC100T Advanced from Peter
Huber Kiltemaschinenbau GmbH (Offenbur, Germany). A heating bath Huber Hotbox
HB120 from Peter Huber Kéltemaschinenbau GmbH (Offenbur, Germany) is connected on-
line with the Heat Exchanger unit. The plant also comprises a demister unit with 1.5x102 m?
of capacity from Proycon Pirineo S.L. (Huesca, Spain) designed to separate liquid or solid
particles from the outgoing stream before driving CO2 to the storage tank and on-line

connected with an activated carbon filter with a capacity of 5x102 m®. The semi-industrial
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supercritical device has a PLC-based instrumentation and control from Invensys S.L.
(Madrid, Spain). A scheme of Zean supercritical plant is given in Figure 1b.

2.4.1 Small scale experiments

Kinetic behavior was studied in a small scale vessel (Va), packed with 0.090 kg of grinded
marigold flowers. OECs were obtained at 313 K and pressures of 14, 24 and 34 MPa, with a
CO2 flow of 5.0x10* kg-s™. Furthermore, additional OECs were obtained at constant
pressure (14 MPa) and temperature (313 K) and CO> flows of 2.5x104, 5.0x10™* and 7.5x10-
4 kg-s!, respectively. Extraction conditions of all OECs which were carried out in Va are
summarized in Table 1.

The first sample was collected after 15 min of extraction, second data point at 30 min, and
the rest of the data were collected at intervals of 60 min until 180 min and the last one was
collected at 270 min of total extraction time. Additionally, at 14 MPa, 313 K and 5.0x10*
kg-s™ CO2 samples were collected in the separator until the vegetal material was completely
extracted (750 min).

In all experimental assays the supercritical stream was decompressed at 5.4 MPa (i.e. the
recirculation system pressure) in the separator. The different samples were collected with
ethanol which was eliminated at low temperature (313 K) in a rotavapor R210 (Biichi
Labortechnik AG, Flawil, Switzerland).

2.4.2 Medium scale experiments

Ve was used with 0.445 kg of ground marigold flowers, see Table 2. Extraction pressure and
temperature were 14 MPa and 313 K, and the COz flow rate was set to 6.0x10™* kg's! or

12.3x10* kg-s™! according to the results of the scaling criterion adopted (Eq. 12 or Eq. 14,
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respectively). Samples at 15, 30, 60, 120, 180 and 270 min of extraction were collected in
the separator with ethanol, and the solvent was eliminated at 313 K in the rotavapor.

2.4.3 Large scale experiments

Large scale experiments were carried out in extraction vessel Vc with 1.708 kg of marigold
flowers as can be observed in Table 2. The extraction pressure and temperature were identical
to those used for scaling studies (14 MPa and 313 K) in vessels A and B. The CO: flow rate
was set to 21.2x10* kg's! according to the constant linear velocity criterion (Eq. 12) or to
46.8x10* kg-s! considering the constant residence time scaling criterion (Eq. 14). The
extracts were collected from the separators at 60, 120, 180 and 270 min of total extraction

using ethanol which was evaporated after in a rotavapor.

3. Results and Discussions

3.1 Apparent density and porosity of the packed beds

Table 2 shows the geometrical characteristics of the different extraction vessels, together
with the mass of marigold used in each one. The mass of grinded marigold flowers (solid
density ps = 1409 kg-m™) loaded in each extraction vessel was calculated in order to preserve
the same apparent density (papp = 333 kg-m™) and porosity (¢ = 0.763) in the three packed
beds. The vessel loading was carried out using the same protocol, and the calculated amount
of vegetal material satisfactory filled the corresponding extraction vessel.

3.2 Small scale OECs

The overall yields are reported in Table 1 and correspond to 313 K and 270 min of extraction
time. The shape of the OECs obtained at different pressures and solvent flow rates are shown
in Figure 2. Extraction yield was calculated as the ratio between the mass extracted (m) and

the mass of grinded calendula flowers feed into the extraction vessel (F).
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As expected, extraction yield increases with increasing pressure at constant temperature (T =
313 K) and constant COz flow rate (Q = 5.0x10™* kg-s™). This behavior is due the increase of
the supercritical solvent density, which enlarges the solubility of the solutes and thus
enhances the extraction rate. However, slight increase of global yield was observed when
pressure raised from 24 to 34 MPa (from 6.11 % to 6.28 %). Additionally, the effect of CO2
flow rate on the global yield was important when Q increased from 2.5x10 to 7.5x10™ kg-s”
l'at 14 MPa (extraction yields were 4.56 and 6.11 %, respectively).

In general, the extractions yields of Calendula officinalis attained in this work were
considerably higher than those obtained by Campos et al. [11], which were lower than 2.5 %
for marigold flowers from Brazil at 313 K and pressures in the range 12-20 MPa and large
extraction times (higher than 270 min). One reason could be the different origin of marigold
plant, but also the lower Q/F ratios used by Campos et al. (0.46-0.70x10 s™!) in comparison
with those used in this work (2.78-8.33x103s™).

3.3 Solubility determination

Solubility data is essential information for understanding the supercritical extraction process.
Accordingly, the solubility of the solute in supercritical CO2 (Y*) is usually a parameter in
SFE kinetic models, as is the case for the BIC model.

The thermodynamic concept of solubility refers to the amount of a pure compound which
can be dissolved in supercritical CO2 at a given temperature and pressure. There are many
methods proposed [39] for the experimental determination of the solute solubility (static,
dynamic and chromatographic methods) and also theoretical approaches have been proposed
for solubility prediction, minimizing experimental efforts and costs [40]. When the solute is
a multicomponent mixture such in the case of vegetal extracts, the concept of apparent
solubility is utilized which is usually determined considering the kinetic data of the initial
period of the OEC. In this period, the accessibility of the extractable material results in a

constant extraction rate period and hence, the slope of the linear behavior (extracted mass vs.
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mass of COz) is used to calculate the apparent solubility of the vegetal oleoresin at the
temperature and pressure extraction conditions [29,42-45].

In this work the solubility of marigold extracts in supercritical CO2 was determined at 313 K
and 14 MPa using the first stages of the OECs obtained with the different solvent flow rates.
Figure 3 shows these data plotted as mass of marigold oleoresin extracted vs. mass of spent
COz. As can be observed in the figure, the data fit a good linear behavior (R? = 0.9086) for a
COz2 mass load lower than 0.8 kg. This means that in the first stage of the OECs obtained for
the supercritical solvent was saturated with the marigold extractable material and thus, the
slope of this linear trend is given in Figure 3 can be considered a reasonably estimation of
marigold solubility. Then, Y* was calculated to be 0.0032 kg of marigold extract per kg of
COz at 313 K and 14 MPa. This value is reasonably in accordance with the value reported by
Danielski [46] at 313 K and 20 MPa (0.0028 kg/kg) which was used by Campos et al. due to
the lack of solubility data [11].

3.4 Total extractable material

In order to apply BIC model, the total amount of extractable material (Xo) at a given extraction
temperature and pressure, has to be determined. Then, a kinetic experiment was carried out
at 313 K and 14 MPa extending extraction time until the vegetal material loaded in the
extraction vessel was exhausted. Figure 2 shows the OEC obtained in vessel A with a CO2
flow rate of 5.0x10"* kg-s™!. After 750 min of extraction, the amount of material recovered in
the separator was lower than 0.1 % of the total material extracted. In view of that, the value
of Xo was estimated to be 0.1 % higher than the total yield obtained after 750 min of extraction
(Xo =0.0745 kg/kg).

3.5 BIC model fitting of small scale OECs

BIC model was used to represent the experimental data obtained in the small scale Va
extraction vessel (see Table 1 and Figure 2). Table 3 shows the optimal mass transfer

coefficients (kva and kxa) for each of the five OECs. The intra-particle solute ratio (Xk) was
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optimized as a unique value for all the OECs. The resulted value (see Table 3) indicates that
only around 40 % of the extractable material is easily accessible. Also is included in Table 3
the average absolute relative deviation (AARD) of each OEC fitting (< 6.62 %). Figure 2
shows with dashed lines the BIC model fitting achieved.

For the sake of comparison, the values of the mass transfer coefficients obtained are
compared with those reported by Campos et al. [21] for the BIC modeling of marigold OEC
at 313 K and 15 MPa, which were kva = 0.08x1072 s' and kxa = 0.001x107 s!. The lower
values obtained in the work of Campos et al. (2005) are in accordance with the lower yields
obtained and can be explained by both the lower apparent solubility and Q/F ratios used.

At constant temperature (313 K) and CO: flow rate (5.0x10™* kg-s™) the kva and kxa values
increase with increasing pressure and accordingly, higher extraction rates (Mcer) are
obtained. At the three pressures investigated, the mass ratio of the extracted material at the
bed outlet (Ycer) is rather close to marigold oleoresin apparent solubility (i.e. the solvent is
saturated with marigold extractable material), which was calculated as indicated in section
3.3 at 14 MPa (Y* =0.0032 kg-kg™'). At pressures of 24 MPa and 34 MPa, the Y* values were
considered fitting parameters and the optimal values (see Table 3) resulted very close to the
slope of the corresponding OEC from t = 0 to t = 15 min, which were 0.0039 and 0.0050
kg-kg!, respectively.

Regarding the effect of solvent flow rate, as expected, the kva values increase with increasing
Q at constant pressure and temperature, and lower tcer values are obtained. While Ycer is
very close to the extract apparent solubility, as mentioned before, increased solvent flow rates
resulted in higher extraction rates (Mcer) and thus, the time in which ends the falling
extraction rate period (trer) is shorter.

3.6 SFE scaling up study

3.6.1 BIC model prediction for marigold SFE scaling up
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The BIC model was used to assess whether the solvent constant velocity (Eq. 12) or the
solvent constant residence time (Eq. 14) were suitable criterions to calculate the CO2 flow
rate (Q) required for scaling up from vessel A to vessels B and C (scaling factors Ve/Va =
4.95 and Vc/Va = 19.04, respectively). The extraction conditions of the OEC target to be
reproduced were 313 K, 14 MPa and 2.5x10 kg's! (Va). Bed porosity was kept constant (&
= 0.763) for all BIC simulations. The Q values calculated from Eq. (12) and (14) are given
in Table 4 for each scaling case (Vs and Vc).

As can be observed in Table 4, tcer is the same for all predictions regardless of the criterion
applied to calculate Q. Nevertheless, the ratios (Mcer)s/(Mcer)a and (Mcer)c/(Mcer)a are
equal to the corresponding scaling factors only when Eq. (14) was used to calculate Q. That
is, according to the BIC model, the criterion given by Eq. (14) is suitable for marigold SFE
scaling up from small scale (Va) to both larger scales (Ve and Vc). Furthermore, it can be
observed in Table 4 that the trer values obtained in the OEC simulations are similar only in
the case of preserving the same residence time in the different scale units. That is, using Eq.
(14) to Q scaling up and according to BIC simulation, the easy accessible material is
completely extracted in around 73 min regardless the vessel scale.

The results of BIC simulation of the OECs at 313 K and 14 MPa in vessel B and vessel C
with the different calculated Q values are depicted in Figures 5 (Vs/Va =4.95) and 6 (Vc/Va
= 19.04), respectively. Grey lines in the figures correspond to BIC simulation when Q is
calculated according to Eq. (12), while black lines correspond to the use of Eq. (14). As can
be observed for both vessel scales, black lines are the ones that fit reasonably well the
experimental small scale OEC. Furthermore, in both cases, BIC model predicts that the CO2
flow rate calculated according Eq. (12) (constant solvent lineal velocity) provides a
significant delayed extraction.

3.6.2 Experimental marigold SFE scaling up
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The SFE of marigold was experimentally carried out in vessels Vs and Vc with the CO2 flow
rates calculated according Eq. (12) or Eq. (14) and given in Table 4. The OECs obtained in
each case are represented in Figure 4 (VB) and Figure 5 (Vc), respectively. Despite BIC model
predicts that Eq. (14) should be adequate for Q scaling up in both larger scale vessels,
experimental data show important discrepancies.

In the case of Vs, similar OEC was obtained at the initial stages of the extraction when the
solvent flow rate was the one provided by Eq. (14), but experimental results deviates from
BIC model (and from the small scale experimental OEC) for increasing extraction time.
Furthermore, the solvent flow rate obtained with Eq. (12) resulted in an OEC with significant
lower yields, in comparison with BIC predictions and with the small scale experimental OEC.
On the other hand, the opposite tendency is observed when scaling from Va to Vc. The solvent
flow rate calculated using Eq. (14) resulted in significant larger yields than those obtained in
Va, while the OEC obtained using Eq. (12) is quite similar to the small scale experimental
OEC.

3.6.3 Correlation of experimental data for scaling up

The theoretical fundamentals of the mass transfer correlations, which relate Sherwood (Sh)
with Reynolds (Re) and Schmidt (Sc) dimensionless numbers [47], were used in order to
assess a relation between the fluid phase mass transfer coefficients (kva) and the solvent flow
rate (Q) of all experimental OECs obtained in this work for marigold SFE. The SC number
was included to take into account the most important physicochemical parameters of the

extraction which depend on temperature and pressure:

SC — Ucoz
pPcoz Dm-coz

(15)
Pco> and pco, are, respectively, the solvent density and viscosity, and Dy _cp, is the
diffusion coefficient of marigold oleoresin in supercritical CO2 which was calculated

following the general correlation recently proposed by Lopez-Padilla et al. [48].
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Figure 6 show the correlation obtained (R? = 0.9767) which also include vessel geometrical
dimensions (D and L). As can be observed in the figure, it satisfactory takes into account the
variation of some process variables, such as pressure and solvent flow rate, at constant
extraction temperature. Nevertheless, it has to be pointed out that other important variables,
such as particle diameter (dp) and bed porosity (&), were kept constant in all OECs used in
the development of this correlation. The effect of dp and &, and the potential extension of this
type of correlation to other vegetal raw materials is in progress, in order to set a practical
methodology for solid vegetal raw materials scaling up in the context of the different scale

SFE units available in our pilot plant.

4. Conclusions

SFE curves of C. officinalis at different extraction pressure, temperature and CO2 mass flow
were measured at small scale, and were adequately represented by the BIC model. The model
was then used to assess the accuracy of scaling up criteria. According to BIC model the
constant COz residence time criterion should provide good estimation of the CO2 mass flow
for both scaling factors of 4.9 and 19. Nevertheless, experimental results do not agree with
the theoretical prediction: while the constant CO: residence time criterion looks quite
satisfactorily for a scaling factor of 4.9, the constant COz velocity was the criterion suitable
for a larger scaling factor of 19.

The mass transfer coefficients in the supercritical fluid phase (kya) of all extraction curves
obtained in the different size cells and applying different extraction pressure, temperature
and CO2 mass flow rate were satisfactorily correlated (R> = 0.9767) in terms of the CO> flow
rate (Q), the extraction cell geometric parameters (diameter D and length L) and the
dimensionless Schmidt number (Sc). This correlation should be tested in terms of parameters

which were kept constant in this work, such as porosity and/or particle size.
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653  Table 1. Total extraction yield (extraction time = 270 min) obtained in the SFE of Calendula
654  officinalis at 313 K and different pressures and CO2 mass flow rates and extraction vessels

655  with a bed porosity of £=0.763.

656
Run order Scale Q x 10*(kg's') P (MPa) Yield (%)
1 Vai 2.5 14 4.56
2 Va2 5.0 14 5.61
3 Va3 7.5 14 6.11
4 Va4 5.0 24 6.28
5 Vas 5.0 34 6.48
6 Va1 6.0 14 3.08
7 VB2 12.3 14 4.15
8 Vi 15.5 14 4.77
9 Ve 47.0 14 7.38
Extraction vessels volume: Va; to Vas =2.7x10* m*; Vg, and Vg,
=1.35x10” m’; Ve and V2 = 5.19%107 m’.
657

658



659

660
661

662

Table 2. Geometrical characteristics of the cylindrical extraction vessels used in this work

and mass of grinded marigold flowers loaded in each extraction vessel.

Va \': Ve
Internal diameter, D (m) 0.043 0.067 0.107
Length, L (m) 0.188 0.383 0.570
L/D ratio 4.372 5.716 5.327
Cross-flow area, A (m?) 0.00145 0.00353 0.00899
Volume, V (m?) 0.00027 0.00135 0.00519
Mass loaded, F (kg) 0.090 0.445 1.708




663  Table 3. Optimal parameters obtained in the OEC fitting (BIC model) of the small scale
664  (vessel Va) marigold SFE at 313 K and different CO2 flow rates and extraction pressures. Va

665 =2.7x10"*m?* F=0.090 kg; £=0.763; Xo = 0.0745; Xk = 0.0450.

666
P =14 MPa P =24 P=34
MPa MPa
Run order 1 2 3 4 5
Q x10* (kg-s™) 2.5 5.0 7.5 5.0 5.0
peo2” (kgrm?) 763.2 763.2 763.2 872.5 930.2
Y* (kg'kg™) 0.0032  0.0032  0.0032  0.0038" 0.0049"
kva x 102 (s) 0.420 0.570 0.940 0.97 1.50
kxa x 103 (s) 0.010 0.021 0.027 0.039 0.055
tcer (mim) 15.98 11.78 7.14 5.10 2.40
trer (mim) 72.34 40.08 25.75 30.3 22.17
Yeer (kg/kg) 0.0031  0.0028  0.0029 0.0036 0.0048
M(le;:_ll)w 768 142 218 8.3 24.3
AARD™ (%) 6.62 3.67 2.06 2.47 5.06
667  *[49]

668 ™ fitting parameter

calculated yield— experimental yield

669  “AARD = %z

experimental yield
670
671
672



673  Table 4. Marigold SFE scaling up (BIC model predictions) at 14 MPa and 313 K from the
674  small extraction vessel (Va) to two larger scale vessels (Vs and Vc) preserving bed porosity
675 (£=0.763). CO2 flow rates were calculated according to Eq. (12) (equal COz linear velocity)

676  or Eq. (14) (equal COz2 residence time) scaling criteria.

677
Va VB Ve
Eq.(12) Eq.(14) Eq.(12) Eq.(14)
Run order 1 6 7 8 9
L/D 4372 5716 5716 5327 5327
Q x10*(kg's™) 2.5 6.0 12.3 15.5 47.0
v x10* (m-s™) 2.25 2.25 4.58 2.25 6.85
tr (min) 10.6 21.8 10.6 32.1 10.6
tcer (min) 15.98 15.98 15.98 15.98 15.98
trer (min) 72.3 145.3 73.1 221.6 72.9
Mcer x107 (kg-s™) 7.68 19.2 38.0 49.7 145
Fitting of the experimental OEC:
kva x 10% (s 0.42 0.45 0.35 0.33 0.75
kxa x 107 (s™) 0.010 0.003 0.007  0.010  0.134
AARD" (%) 6.62 11.4 8.02 10.3 6.62
678

experimental yield—calculated yield
experimental yield

679  “AARD = %2

680



681  Figure 1. Schematic diagram of Thar SFE pilot and semi industrial plants (1a = laboratory
682  and pilot plant; 1b= semi-industrial plant). Nomenclature: A, B and C are extraction cells
683  with volumes of = 2.7x10* m?, B= 1.35x10 m® and 5.19x10” m?, respectively; D= CO2
684  storage tank; E= CO2 Pump; F= Heat Exchanger; G= Automatic BPR Valve; H= Cyclonic
685  Separator; = BPR Valve; J=Pass valves; K= Condensers; L= Cooling System; M= Demister;
686  N= Filter; P= Manometers; Q = Volume indicator; R= Flow meter; (:--) Dotted line means

687  PLC control; (---) Dashed lines means recycling.
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703

Figure 2. Overall extraction curves obtained using vessel Va (2.7x10* m*) and 0.090 kg of

marigold flowers. Extraction temperature was 313 K and total extraction time was 270 min.

(M) 14 MPa, 2.5x10* kg-s!; (A) 14 MPa, 5.0x10* kg-s’!; (@) 14 MPa, 7.5x10* kg-s™'; (LJ)

24 MPa, 5.0x10* kg-s™!; (A\) 34 MPa, 5.0x10* kg-s!. Dashed lines represent the BIC model

fitting.
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712

Figure 3. Total extractable material (Xo) and marigold solubility (Y*) in supercritical COz at

313 K and 14 MPa. Data represent the OECs obtained at 313 K and 14 MPa in Va (2.7x10*

m?) with different CO> flow rates Q = (M) 2.5x10* kg's!, (A) 5.0x10* kg's™! and (@)

7.5%10* kg-s!.
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Figure 4. Marigold SFE scaling up at 313 K, 14 MPa and constant bed porosity (¢ = 0.763)
from Va to Vs (scaling factor = 4.95). Grey and black lines represent BIC predictions using
the criterions of keeping constant solvent velocity (Eq. (12)) and by keeping constant
residence time (Eq. (14)), respectively: (---) CER period; (—) FER period; (——) DC period.
Symbols represent experimental data: (M) laboratory scale Va, Q =2.5x10* kg-s™'; (A) pilot

scale, Vs, using Eq. (12); (A) pilot scale, Vs, using Eq. (14).
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722 Figure 5. Marigold SFE scaling up at 313 K, 14 MPa and constant bed porosity (¢ = 0.763)
723 from Va to Vc (scaling factor = 19.08). Grey and black lines represent BIC predictions using
724  Eq. (12) and Eq. (14), respectively: (---) CER period; (—) FER period; (——) DC period.
725  Symbols represent experimental data: (M) Va, Q = 2.5x10* kg's™!; (O) Ve, Eq. (12); (@) Vc,

726  Eq.(14).
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732 Figure 6. Correlating the fluid phase mass transfer coefficients kva of marigold experimental
733  OECs with process parameters (Q and Sc number) and vessel geometrical constants (D and
734 L). (D) Va, 14 MPa; (A) Va, 24 and 34 MPa; (H) Vs, 14 MPa; (@) Vc, 14 MPa.
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