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Abstract 26 

The extraction of marigold (Calendula officinalis) oleoresin with supercritical carbon 27 

dioxide SCCO2 was carried out in a small scale extraction vessel (2.7×10-4 m3) studying 28 

different extraction pressures (14, 24 and 34 MPa) and different flow rates (15, 30 and 45 29 

g·min-1) at 313 K. Then, using semi-empirical engineering scaling criteria (constant solvent 30 

lineal velocity or constant solvent residence time) and the Broken and Intact Cell (BIC) 31 

model, the scaling up to larger extraction vessels (1.35×10-3 m3 and 5.16×10-3 m3) was 32 

theoretically investigated. 33 

According to the BIC model, by keeping constant the CO2 residence time in the different 34 

size vessels a good reproduction of the kinetic behavior should be obtained. Nevertheless, 35 

experimental results did not confirm model predictions, and in fact none of the scaling 36 

criteria studied resulted adequate in the marigold supercritical extraction scaling up. Thus, 37 

using all the experimental overall extraction curves obtained, a new specific correlation was 38 

developed between the Schmidt number (Sc), CO2 mass flow, bed geometry and the 39 

supercritical mass transfer coefficients kYA with a good fit (R2 = 0.9767) for scaling up the 40 

supercritical extraction of marigold.   41 
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1. Introduction 55 

Marigold (Calendula officinalis) is an herbaceous ornamental plant native from the south of 56 

Europe. Due to its biological active compounds and its medicinal value it is cultivated all 57 

around the world on commercial scale [1,2]. C. officinalis flower is widely used in traditional 58 

and folk medicine and its extracts possess main biological activities such as anti-59 

inflammatory, antitumorgenic, antiviral and cicatrizing properties [3–7]. Thus, the 60 

production of marigold extracts rich in bioactive compounds has great interest for different 61 

industries, including cosmetic, pharmacy and the food industry. 62 

Under the concept of green processing, and considering the lipophilic character of most 63 

marigold bioactive compounds, supercritical fluid extraction (SFE) using carbon dioxide 64 

(CO2) is one of the most efficient and promising alternatives to produce marigold extracts. 65 

SFE technology can be awarded as a superior extraction technique for biomolecules because 66 

it is organic solvent free, adequate for thermo-sensitive species, avoid oxidation damage, and 67 

can be applied from analytical scale (grams) to large industrial scale (tons) [8,9].  68 

Regarding marigold SFE, there are many published works providing data about extraction 69 

yield, so as chemical and/or biological characterization of the extracts, obtained at different 70 

process conditions, from analytical to pilot scale. In this sense, Garcia-Risco et al. [10] 71 

studied the SFE of marigold flower on pilot scale with bed extraction volumes of 2×10-3 m3 72 

and extraction conditions of 14 MPa and  313 K, with CO2 flow rates of 1.2×10-3 kg·s-1 and 73 

a total extraction time of 180 min. They reported a global extraction yield of around 3 % as 74 

well as good biological activities of the extracts, suggesting they might be used as a source 75 

of potential antiproliferative agents. Under the same experimental conditions Martin et al. 76 

[11] made the characterization of the extracts and observed a high bioaccesibility and an 77 

improved antioxidant activity after in vitro digestion in the terpene fraction. On the other 78 



 

hand, Hamburger et al. [12] described a method for triterpenoid esters purification from C. 79 

officinalis flowers using a combination of SFE and chromatography. The SFE was carried 80 

out on a pilot scale with bed extraction volumes of 7.0 ×10-3 m3, at 50 MPa, and 323 K, with 81 

CO2 flow rates of 9.7×10-3 kg·s-1 and a total extraction time of 180 min. At the end of the 82 

process, a global yield of 5 % and an extract that contained 85 % faradiol of the total ester 83 

fraction were attained. One work from Baunmann et al. [13] reported the SFE of marigold 84 

from a small scale (bed extraction volumes of 9×10-6 m3, with temperature and pressures of 85 

323 K and 30, 50 and 68.9 MPa, respectively, with extraction times of 90 – 180 min).The 86 

global yields ranged from 5.5 % to 8.3 %, depending on the extraction pressure. The authors 87 

also studied the effect of scaling up to a pilot plant scale with bed extraction volumes of 7.0 88 

×10-3 m3, concluding that a qualitative and quantitative improvement can be obtained by 89 

increasing the pressure and by adding a small amount of an extraction modifier, i.e. 0.5 % 90 

(v/v) of ethanol; nevertheless, the extraction yield decreased when the scale up was made. 91 

An analytical extraction of C. officinalis oleoresin (bed extraction = 1×10-5 m3, P = 30, 35 92 

and 40 MPa, T = 303, 408, 333, 348 K, extraction time = 240 min, average particle size = 93 

190 – 220 m) was described by Palumpitag et al. [14]. The authors recovered 87 % of lutein 94 

fatty acid esters using palm oil as modifier (10 vol.%) and obtained up to 157 mg of free 95 

lutein/g oleoresin after saponification. In the same way, Danielski et al. [4] carried out the 96 

SFE of an oleoresin from marigold flowers coming from Brazil at laboratory scale with global 97 

yields obtained in the range of 2.1 – 3.54 %, authors found that extraction yield were affected 98 

by the origin of the plant and the extraction conditions. Finally, Baratto and Riva [15] 99 

described in their patent application a process to obtain a supercritical CO2 extract from 100 

European origin C. officinalis flowers and its application in cosmetic and pharmaceutical 101 

products. The inventors worked on industrial scale with 170 kg of dried marigold with 5 % 102 

of moisture content and an average particle size between 2 and 5 mm, a pressure range 103 



 

between 60 and 70 MPa, and temperatures comprised between 333 and 343 K, with a total 104 

extraction time of 230 min, reporting a global extraction yield of 3 % (w/w). 105 

Although SFE has been an important field of research within last decades, and a lot of 106 

information about extracting bioactive compounds from natural resources has been published 107 

[16,17], there is a need of more scientific studies about the influence of process variables on 108 

the extraction kinetics, the modeling of extraction curves and, particularly, the progression 109 

of scaling up strategies.  110 

The SFE of solid materials is a semi-continuous process in which extraction time plays a 111 

central role. The mass extracted varies with time and the plot of the extraction yield vs. time 112 

is usually denoted as Overall Extraction Curve (OEC). Nevertheless, not only extraction 113 

yield, but also composition, physicochemical and biological properties of the extract vary 114 

along extraction time [18,19]. 115 

Regarding the OEC modeling, it can be pointed out that a number of kinetic models can be 116 

found at present in specialized scientific literature, including semi-empirical, simplified and 117 

comprehensive phenomenological models [16,20]. In this respect, Campos et al. [21] applied 118 

several models to represent the kinetic behavior of the extraction of marigold oleoresin with 119 

liquid and supercritical CO2. These models include the Sovová model [22], the logistic model 120 

presented by Martínez et al. [23], the desorption model proposed by Tan and Liou [24], the 121 

simple single plate model of Gaspar et al. [25] and the diffusion model proposed by Crank 122 

and presented by Reverchon [17]. Campos et al. [21] applied all these models to represent 123 

experimental OECs, at pressures ranging from 12 to 20 MPa and temperatures from 293 to 124 



 

313 K, and concluded that all models fitted reasonably well the marigold SFE experimental 125 

data. 126 

On the other hand, more limited works are available in the literature regarding SFE scaling 127 

up studies and only a few of them described the five empirical criteria most used for scaling 128 

up processes which comprise keeping constant the following quantities: (i) ratio between the 129 

masses of spent CO2 and biomass, (ii) ratio between CO2 flow rate and biomass weight, (iii) 130 

a combination of both criteria (iv) a combination of both criteria plus the dimensionless 131 

Reynolds number and (v) bed geometrical relationships (height/diameter) [26]. Maintaining 132 

the same solvent linear velocity or the same solvent residence time in extraction vessels of 133 

different size, are criterions frequently investigated [27–30]. Bed geometry is considered an 134 

important factor in industrial extraction processes and the ratio between bed height (L) and 135 

bed diameter (D) has been used to validate some scale up process. For example, Carvalho et 136 

al. [31] and Zabot et al. [19, 22] applied the solvent to feed mass ratio criterion (Q/F) 137 

combined with the bed geometrical ratio (L/D), to compare the kinetic behavior in the SFE 138 

of rosemary (Rosmarinus officinalis) and clove buds (Eugenia caryophyllus), respectively, 139 

and found good results for maintaining the same (Q/F) criterion. On the other hand, Prado et 140 

al. [32] described the SFE scale up process from laboratory to pilot scale of grape seeds based 141 

on L/D ratio and found a good reproducibility of the extraction curves. Recently, Paula et al. 142 

[33] evaluated, at laboratory scale, the effect of bed geometry ratio combined with the 143 

empirical criterions of constant residence time and constant CO2 velocity in the scaling up 144 

SFE process for Baccharis dracunculifolia and found that the second one was a suitable scale 145 

up criterion. And in the same year, Fernández-Ponce et al. [34] considered to keep constant 146 



 

	 and found a suitable OEC kinetic reproduction from small scale to pilot scale 147 

supercritical extraction of Mangifera indica leaves. In general, there is not a single criterion 148 

for SFE scaling up that can be effectively applied to all systems. For example, keeping the 149 

same residence time of the solvent inside the packed bed was successfully applied for the 150 

SFE of E. caryophyllus but did not result adequate for the SFE of vetiver roots [28], showing 151 

that scale up data in SFE has a big variation and sometimes there is no an easy way to find a 152 

generalized conclusion between them. More studies are required to get more information 153 

about the applicability of SFE scale up criteria with different types of raw materials and 154 

taking account that mass transfer behavior could be affected by the origin, species and even 155 

the parts of the plant involved in the SFE process [35,36]. In this respect, as cited above, a 156 

few papers have been published regarding the SFE of marigold from laboratory to pilot or 157 

industrial scale but none of them describe or involve a scaling up process or criteria. In this 158 

work, the supercritical CO2 extraction of marigold flowers was studied using three different 159 

volumes of extraction vessels. The modeling of the extraction curves and the correlation of 160 

parameters obtained were investigated in order to put forward a scaling up strategy.  161 

 162 

 163 

2. Materials and Methods  164 

2.1 Fundamentals 165 

2.1.1 The Broken and Intact Cells model  166 

One of the kinetic models most used to represent the OEC of SFE processes is the Broken 167 

and Intact Cells (BIC) model developed by Sovová [22]. In the BIC model the solid phase is 168 



 

considered to be comprised by broken and intact cells and thus the total extractable material 169 

is distributed as easily accessible solute, which is available on the surface of the broken cells, 170 

and difficultly accessible solute which is confined in the intact part of the cells. Furthermore, 171 

in the BIC model it is assumed that temperature and pressure are constant during the whole 172 

extraction time, particle size and solute distribution are uniform in the packed bed, the void 173 

fraction is constant during the extraction, and axial dispersion can be neglected (plug flow is 174 

supposed). Then, three different extraction periods are distinguished: 175 

1. The constant extraction rate (CER) period, in which the extraction rate is constant and 176 

determined by the convective solvent film resistance. 177 

2. The falling extraction rate (FER) period, in which the intra-particle diffusion starts to 178 

become important and thus, the extraction rate drops rapidly. At the end of this period, 179 

all the readily accessible solute has been removed from the vegetal matrix. 180 

3. The diffusion controlled (DC) period, in which mass transfer is mainly dominated by 181 

diffusion film resistance inside the solid vegetal particles. 182 

The BIC model equations to calculate the cumulative mass of extract (m) as a function of 183 

time (t) in the different periods are the following [22]: 184 

CER period:      tZYQm  )exp(1*                                                (1) 185 

FER period:      )exp(* ZZttYQm wCER                                         (2) 186 

DC period:   



































 

















o

k

SI

CERo
oSI X

X

m

ttWQ

Y

WX

W

Y
Xmm

)(
exp1

*
exp1ln

*
     (3) 187 

where:   188 

s

YASI

Q

km
Z



)1( 

                                                                      (4) 189 



 

)1( 


Q

km
W XASI                                                                      (5) 190 

 












ko

kSICERo

o
W XX

XmttWQX

WX

ZY
Z

/)(exp
ln

*
                                  (6) 191 

FXm oSI                                                                         (7) 192 

ZQY

XXm
t koSI
CER *

)( 
                                                                (8) 193 

	 / ∗

                                                (9) 194 

The mass ratio of the extracted material at the bed outlet ( 	 in CER period is given by: 195 

                                                                       (10) 196 

Consequently, the extraction rate at CER period is: 197 

                                                                        (11) 198 

Process parameters required to apply BIC model are the bed porosity (), mass (F) and 199 

density (s) of the raw material, CO2 density () and mass flow rate (Q). Additionally, the 200 

solubility of the extract in the supercritical solvent (Y*) and the global extraction yield (Xo) 201 

have to be determined to apply the BIC model. Parameters which are optimized according to 202 

the experimental kinetic data are the intra-particle solute ratio (Xk) and the fluid phase and 203 

solid phase volumetric mass transfer coefficients, kYA = kf  ao and kXA = ks  ao. kf and ks are, 204 

respectively, the fluid and solid mass transfer coefficients and ao is the particles surface area 205 

(ao= 6(1-)dp
-1). The ready accessible solute (Xp) is calculated as the difference (Xo - Xk). 206 

2.1.2 Scaling up criterions 207 

Despite extraction temperature and pressure are crucial to establish the thermodynamic 208 

boundaries of the extraction process, affecting fundamentally the supercritical solvent density 209 



 

and the solubility and diffusivity of the solutes, the CO2 flow (i.e. the solvent velocity through 210 

the extraction cell) is a determining factor regarding mass transfer. Of course, mass transfer 211 

is also greatly influenced by bed geometry and packing, since these variables determine the 212 

mass ratio of extracted material to spent CO2 at bed outlet. 213 

The objective of scaling up the SFE of solid materials is to reproduce the OEC in extraction 214 

vessels of different shape and/or capacity. In general, extraction vessels are cylindrical and 215 

thus length (L) and internal diameter (D) of the cylinder are the variables which characterize 216 

bed geometry. Yet, thermodynamic process variables, temperature and pressure, are 217 

maintained the same in the different volumes vessels. Furthermore, particle size, bed density 218 

and porosity, are intended to be preserved in SFE process scaling up. Thus, the key request 219 

is to determine the CO2 flow rate necessary to attain the same OEC in the different scale 220 

systems. 221 

Among different approaches, two engineering rules of thumb are often applied in SFE 222 

processes to estimate the relation between the CO2 mass flow rate (Q) and the bed geometry 223 

[29,37,38]. One of these criteria is keeping the same solvent velocity ( ) in the different scale 224 

vessels 1 and 2: 225 

                                                          (12) 226 

Equation (12) was obtained considering that the same temperature and pressure (same CO2 227 

density) are preserved in the different scale experiments 1 and 2, and that the cross-flow area 228 

of each cylindrical extraction vessel is given by 42DA  .  229 



 

The second scaling up criteria usually used is keeping the solvent residence time ( ) 230 

constant, which is calculated as the ratio between the mass of CO2 fit in the extraction vessel  231 

D /4  and the CO2 flow mass rate (Q): 232 

                                                               (13) 233 

Considering, as in previous case, that the same temperature and pressure are preserved in the 234 

different scale experiments, the residence time criterion requires that: 235 

                                                     (14) 236 

 237 

2.2 Plant material  238 

Dried marigold (Calendula officinalis) flowers with a moisture content of 11.8 % were 239 

obtained from Murciana Herboristería (Murcia, Spain). According to supplier, the origin of 240 

marigold plant was Egypt. Flowers were ground in a grind Premil 250 (Lleal S.A., Barcelona, 241 

Spain) to particles sizes in the range from 175 to 1340 m, with a mean particle size of 541 242 

m, measured by light scattering with a laser diffraction system Mastersizer 3000 (Malvern 243 

Instruments Ltd., Malvern, UK), equipped with the Aero S dispersion unit at 0.5 bar of 244 

dispersion pressure. The plant material density (s) was determined using a helium 245 

pycnometer Ultrapyc 1200e (Quantachrome, Florida, USA) and resulted to be 1409 kg·m-3. 246 

Samples were packed and stored at room temperature until utilization. 247 

2.3 Chemical 248 

Ethanol absolute (99.5 % of purity) was purchased from Panreac (Barcelona, Spain). CO2 249 

was supplied by Carburos Metalicos, S.A. (Madrid, Spain) with a purity of 99.9 %. 250 

2.4 Supercritical fluid extraction 251 

Calendula officinalis extractions were carried out using three cylindrical extractor vessels of 252 

different capacities which were integrated in two supercritical extraction plants. Each plant 253 



 

comprises a recirculation system where CO2 is condensed, pumped up to the desired 254 

extraction pressure and heated up to the desired extraction temperature.   255 

One pilot supercritical plant (Figure 1a) is from Thar Technology (model SF2000; Pittsburgh, 256 

Pensilvania, USA) with the possibility of being operated using two extraction vessels, namely 257 

vessel A (VA) of 2.7×10-4 m3 (small scale experiments) and vessel B (VB) of 1.35×10-3 m3 258 

(medium scale experiments). CO2 flow is measured using a flow meter from Siemens AIS 259 

(Model: Sitrans FC Mass 2100 DI 1.5, Nordborgvej, Denmark). The SFE device has a 260 

computerized PLC-based instrumentation, including a separator with control of temperature 261 

and pressure, where decompression up to recirculation pressure takes place. The pressure in 262 

the extraction cell is controlled (± 0.1 MPa) by an automated back pressure regulator (BPR) 263 

valve. Temperature is adjusted by electric heating and controlled by ± 2 K.  264 

The other semi-industrial scale supercritical plant is from Zean Consultores S.L. (Madrid, 265 

Spain) with an extraction vessel namely C (VC) of 5.19×10-3 m3 of capacity (large scale 266 

experiments). The equipment comprises a LEWA LDE1 pump (LEWA GmbH, Leonberg, 267 

Germany) with a maximum CO2 flow rate of 146.93 kg·h-1. The pressure in the extraction 268 

vessel is controlled by an automated BPR valve (RCV 2945) from Badger Meter Inc. (Tulsa, 269 

USA). The cyclonic separator has a capacity of 1.57×10-3 m3 with temperature and pressure 270 

control from Link Industrial S.L. (Rubi, Spain). The cooling system connects the CO2 pump 271 

and the CO2 recirculation system with two chillers Huber UC100T Advanced from Peter 272 

Huber Kältemaschinenbau GmbH (Offenbur, Germany). A heating bath Huber Hotbox 273 

HB120 from Peter Huber Kältemaschinenbau GmbH (Offenbur, Germany) is connected on-274 

line with the Heat Exchanger unit. The plant also comprises a demister unit with 1.5×10-2 m3 275 

of capacity from Proycon Pirineo S.L. (Huesca, Spain) designed to separate liquid or solid 276 

particles from the outgoing stream before driving CO2 to the storage tank and on-line 277 

connected with an activated carbon filter with a capacity of 5×10-2 m3. The semi-industrial 278 



 

supercritical device has a PLC-based instrumentation and control from Invensys S.L. 279 

(Madrid, Spain). A scheme of Zean supercritical plant is given in Figure 1b. 280 

2.4.1 Small scale experiments 281 

Kinetic behavior was studied in a small scale vessel (VA), packed with 0.090 kg of grinded 282 

marigold flowers. OECs were obtained at 313 K and pressures of 14, 24 and 34 MPa, with a 283 

CO2 flow of 5.0×10-4 kg·s-1. Furthermore, additional OECs were obtained at constant 284 

pressure (14 MPa) and temperature (313 K) and CO2 flows of 2.5×10-4, 5.0×10-4 and 7.5×10-285 

4 kg·s-1, respectively. Extraction conditions of all OECs which were carried out in VA are 286 

summarized in Table 1. 287 

The first sample was collected after 15 min of extraction, second data point at 30 min, and 288 

the rest of the data were collected at intervals of 60 min until 180 min and the last one was 289 

collected at 270 min of total extraction time. Additionally, at 14 MPa, 313 K and 5.0×10-4 290 

kg·s-1 CO2 samples were collected in the separator until the vegetal material was completely 291 

extracted (750 min).  292 

In all experimental assays the supercritical stream was decompressed at 5.4 MPa (i.e. the 293 

recirculation system pressure) in the separator. The different samples were collected with 294 

ethanol which was eliminated at low temperature (313 K) in a rotavapor R210 (Büchi 295 

Labortechnik AG, Flawil, Switzerland). 296 

2.4.2 Medium scale experiments 297 

VB was used with 0.445 kg of ground marigold flowers, see Table 2. Extraction pressure and 298 

temperature were 14 MPa and 313 K, and the CO2 flow rate was set to 6.0×10-4 kg·s-1 or 299 

12.3×10-4 kg·s-1 according to the results of the scaling criterion adopted (Eq. 12 or Eq. 14, 300 



 

respectively). Samples at 15, 30, 60, 120, 180 and 270 min of extraction were collected in 301 

the separator with ethanol, and the solvent was eliminated at 313 K in the rotavapor. 302 

2.4.3 Large scale experiments 303 

Large scale experiments were carried out in extraction vessel VC with 1.708 kg of marigold 304 

flowers as can be observed in Table 2. The extraction pressure and temperature were identical 305 

to those used for scaling studies (14 MPa and 313 K) in vessels A and B. The CO2 flow rate 306 

was set to 21.2×10-4 kg·s-1 according to the constant linear velocity criterion (Eq. 12) or to 307 

46.8×10-4 kg·s-1 considering the constant residence time scaling criterion (Eq. 14). The 308 

extracts were collected from the separators at 60, 120, 180 and 270 min of total extraction 309 

using ethanol which was evaporated after in a rotavapor. 310 

 311 

3. Results and Discussions 312 

3.1 Apparent density and porosity of the packed beds 313 

Table 2 shows the geometrical characteristics of the different extraction vessels, together 314 

with the mass of marigold used in each one. The mass of grinded marigold flowers (solid 315 

density s = 1409 kg·m-3) loaded in each extraction vessel was calculated in order to preserve 316 

the same apparent density (app = 333 kg·m-3) and porosity ( = 0.763) in the three packed 317 

beds. The vessel loading was carried out using the same protocol, and the calculated amount 318 

of vegetal material satisfactory filled the corresponding extraction vessel.  319 

3.2 Small scale OECs  320 

The overall yields are reported in Table 1 and correspond to 313 K and 270 min of extraction 321 

time. The shape of the OECs obtained at different pressures and solvent flow rates are shown 322 

in Figure 2. Extraction yield was calculated as the ratio between the mass extracted (m) and 323 

the mass of grinded calendula flowers feed into the extraction vessel (F).  324 



 

As expected, extraction yield increases with increasing pressure at constant temperature (T = 325 

313 K) and constant CO2 flow rate (Q = 5.0×10-4 kg·s-1). This behavior is due the increase of 326 

the supercritical solvent density, which enlarges the solubility of the solutes and thus 327 

enhances the extraction rate. However, slight increase of global yield was observed when 328 

pressure raised from 24 to 34 MPa (from 6.11 % to 6.28 %). Additionally, the effect of CO2 329 

flow rate on the global yield was important when Q increased from 2.5×10-4 to 7.5×10-4 kg·s-330 

1 at 14 MPa (extraction yields were 4.56 and 6.11 %, respectively).  331 

In general, the extractions yields of Calendula officinalis attained in this work were 332 

considerably higher than those obtained by Campos et al. [11], which were lower than 2.5 % 333 

for marigold flowers from Brazil at 313 K and pressures in the range 12-20 MPa and large 334 

extraction times (higher than 270 min). One reason could be the different origin of marigold 335 

plant, but also the lower Q/F ratios used by Campos et al. (0.46-0.70×10-3 s-1) in comparison 336 

with those used in this work (2.78-8.33×10-3 s-1).  337 

3.3 Solubility determination 338 

Solubility data is essential information for understanding the supercritical extraction process. 339 

Accordingly, the solubility of the solute in supercritical CO2 (Y*) is usually a parameter in 340 

SFE kinetic models, as is the case for the BIC model. 341 

The thermodynamic concept of solubility refers to the amount of a pure compound which 342 

can be dissolved in supercritical CO2 at a given temperature and pressure. There are many 343 

methods proposed [39] for the experimental determination of the solute solubility (static, 344 

dynamic and chromatographic methods) and also theoretical approaches have been proposed 345 

for solubility prediction, minimizing experimental efforts and costs [40]. When the solute is 346 

a multicomponent mixture such in the case of vegetal extracts, the concept of apparent 347 

solubility is utilized which is usually determined considering the kinetic data of the initial 348 

period of the OEC. In this period, the accessibility of the extractable material results in a 349 

constant extraction rate period and hence, the slope of the linear behavior (extracted mass vs. 350 



 

mass of CO2) is used to calculate the apparent solubility of the vegetal oleoresin at the 351 

temperature and pressure extraction conditions [29,42–45].  352 

In this work the solubility of marigold extracts in supercritical CO2 was determined at 313 K 353 

and 14 MPa using the first stages of the OECs obtained with the different solvent flow rates. 354 

Figure 3 shows these data plotted as mass of marigold oleoresin extracted vs. mass of spent 355 

CO2. As can be observed in the figure, the data fit a good linear behavior (R2 = 0.9086) for a 356 

CO2 mass load lower than 0.8 kg. This means that in the first stage of the OECs obtained for 357 

the supercritical solvent was saturated with the marigold extractable material and thus, the 358 

slope of this linear trend is given in Figure 3 can be considered a reasonably estimation of 359 

marigold solubility. Then, Y* was calculated to be 0.0032 kg of marigold extract per kg of 360 

CO2 at 313 K and 14 MPa. This value is reasonably in accordance with the value reported by 361 

Danielski [46] at 313 K and 20 MPa (0.0028 kg/kg) which was used by Campos et al. due to 362 

the lack of solubility data [11].   363 

3.4 Total extractable material  364 

In order to apply BIC model, the total amount of extractable material (Xo) at a given extraction 365 

temperature and pressure, has to be determined. Then, a kinetic experiment was carried out 366 

at 313 K and 14 MPa extending extraction time until the vegetal material loaded in the 367 

extraction vessel was exhausted. Figure 2 shows the OEC obtained in vessel A with a CO2 368 

flow rate of 5.0×10-4 kg·s-1. After 750 min of extraction, the amount of material recovered in 369 

the separator was lower than 0.1 % of the total material extracted. In view of that, the value 370 

of Xo was estimated to be 0.1 % higher than the total yield obtained after 750 min of extraction 371 

(Xo = 0.0745 kg/kg). 372 

3.5 BIC model fitting of small scale OECs 373 

BIC model was used to represent the experimental data obtained in the small scale VA 374 

extraction vessel (see Table 1 and Figure 2). Table 3 shows the optimal mass transfer 375 

coefficients (kYA and kXA) for each of the five OECs. The intra-particle solute ratio (Xk) was 376 



 

optimized as a unique value for all the OECs. The resulted value (see Table 3) indicates that 377 

only around 40 % of the extractable material is easily accessible. Also is included in Table 3 378 

the average absolute relative deviation (AARD) of each OEC fitting (< 6.62 %). Figure 2 379 

shows with dashed lines the BIC model fitting achieved. 380 

For the sake of comparison, the values of the mass transfer coefficients obtained are 381 

compared with those reported by Campos et al. [21] for the BIC modeling of marigold OEC 382 

at 313 K and 15 MPa, which were kYA = 0.08×10-2 s-1 and kXA = 0.001×10-3 s-1. The lower 383 

values obtained in the work of Campos et al. (2005) are in accordance with the lower yields 384 

obtained and can be explained by both the lower apparent solubility and Q/F ratios used.  385 

At constant temperature (313 K) and CO2 flow rate (5.0×10-4 kgs-1) the kYA and kXA values 386 

increase with increasing pressure and accordingly, higher extraction rates (MCER) are 387 

obtained. At the three pressures investigated, the mass ratio of the extracted material at the 388 

bed outlet (YCER) is rather close to marigold oleoresin apparent solubility (i.e. the solvent is 389 

saturated with marigold extractable material), which was calculated as indicated in section 390 

3.3 at 14 MPa (Y* = 0.0032 kgkg-1). At pressures of 24 MPa and 34 MPa, the Y* values were 391 

considered fitting parameters and the optimal values (see Table 3) resulted very close to the 392 

slope of the corresponding OEC from t = 0 to t = 15 min, which were 0.0039 and 0.0050 393 

kgkg-1, respectively. 394 

Regarding the effect of solvent flow rate, as expected, the kYA values increase with increasing 395 

Q at constant pressure and temperature, and lower tCER values are obtained. While YCER is 396 

very close to the extract apparent solubility, as mentioned before, increased solvent flow rates 397 

resulted in higher extraction rates (MCER) and thus, the time in which ends the falling 398 

extraction rate period (tFER) is shorter. 399 

3.6 SFE scaling up study  400 

3.6.1 BIC model prediction for marigold SFE scaling up 401 



 

The BIC model was used to assess whether the solvent constant velocity (Eq. 12) or the 402 

solvent constant residence time (Eq. 14) were suitable criterions to calculate the CO2 flow 403 

rate (Q) required for scaling up from vessel A to vessels B and C (scaling factors VB/VA = 404 

4.95 and VC/VA = 19.04, respectively). The extraction conditions of the OEC target to be 405 

reproduced were 313 K, 14 MPa and 2.5×10-4 kg·s-1 (VA). Bed porosity was kept constant ( 406 

= 0.763) for all BIC simulations. The Q values calculated from Eq. (12) and (14) are given 407 

in Table 4 for each scaling case (VB and VC). 408 

As can be observed in Table 4, tCER is the same for all predictions regardless of the criterion 409 

applied to calculate Q. Nevertheless, the ratios (MCER)B/(MCER)A and (MCER)C/(MCER)A are 410 

equal to the corresponding scaling factors only when Eq. (14) was used to calculate Q. That 411 

is, according to the BIC model, the criterion given by Eq. (14) is suitable for marigold SFE 412 

scaling up from small scale (VA) to both larger scales (VB and VC). Furthermore, it can be 413 

observed in Table 4 that the tFER values obtained in the OEC simulations are similar only in 414 

the case of preserving the same residence time in the different scale units. That is, using Eq. 415 

(14) to Q scaling up and according to BIC simulation, the easy accessible material is 416 

completely extracted in around 73 min regardless the vessel scale.  417 

The results of BIC simulation of the OECs at 313 K and 14 MPa in vessel B and vessel C 418 

with the different calculated Q values are depicted in Figures 5 (VB/VA = 4.95) and 6 (VC/VA 419 

= 19.04), respectively. Grey lines in the figures correspond to BIC simulation when Q is 420 

calculated according to Eq. (12), while black lines correspond to the use of Eq. (14). As can 421 

be observed for both vessel scales, black lines are the ones that fit reasonably well the 422 

experimental small scale OEC. Furthermore, in both cases, BIC model predicts that the CO2 423 

flow rate calculated according Eq. (12) (constant solvent lineal velocity) provides a 424 

significant delayed extraction. 425 

3.6.2 Experimental marigold SFE scaling up 426 



 

The SFE of marigold was experimentally carried out in vessels VB and VC with the CO2 flow 427 

rates calculated according Eq. (12) or Eq. (14) and given in Table 4. The OECs obtained in 428 

each case are represented in Figure 4 (VB) and Figure 5 (VC), respectively. Despite BIC model 429 

predicts that Eq. (14) should be adequate for Q scaling up in both larger scale vessels, 430 

experimental data show important discrepancies.  431 

In the case of VB, similar OEC was obtained at the initial stages of the extraction when the 432 

solvent flow rate was the one provided by Eq. (14), but experimental results deviates from 433 

BIC model (and from the small scale experimental OEC) for increasing extraction time. 434 

Furthermore, the solvent flow rate obtained with Eq. (12) resulted in an OEC with significant 435 

lower yields, in comparison with BIC predictions and with the small scale experimental OEC.  436 

On the other hand, the opposite tendency is observed when scaling from VA to VC. The solvent 437 

flow rate calculated using Eq. (14) resulted in significant larger yields than those obtained in 438 

VA, while the OEC obtained using Eq. (12) is quite similar to the small scale experimental 439 

OEC. 440 

3.6.3 Correlation of experimental data for scaling up 441 

The theoretical fundamentals of the mass transfer correlations, which relate Sherwood (Sh) 442 

with Reynolds (Re) and Schmidt (Sc) dimensionless numbers [47], were used in order to 443 

assess a relation between the fluid phase mass transfer coefficients (kYA) and the solvent flow 444 

rate (Q) of all experimental OECs obtained in this work for marigold SFE. The Sc number 445 

was included to take into account the most important physicochemical parameters of the 446 

extraction which depend on temperature and pressure: 447 

	
	

                                                                      448 

(15) 449 

 and  are, respectively, the solvent density and viscosity, and  is the 450 

diffusion coefficient of marigold oleoresin in supercritical CO2 which was calculated 451 

following the general correlation recently proposed by López-Padilla et al. [48].  452 



 

Figure 6 show the correlation obtained (R2 = 0.9767) which also include vessel geometrical 453 

dimensions (D and L). As can be observed in the figure, it satisfactory takes into account the 454 

variation of some process variables, such as pressure and solvent flow rate, at constant 455 

extraction temperature. Nevertheless, it has to be pointed out that other important variables, 456 

such as particle diameter (dp) and bed porosity (), were kept constant in all OECs used in 457 

the development of this correlation. The effect of dp and , and the potential extension of this 458 

type of correlation to other vegetal raw materials is in progress, in order to set a practical 459 

methodology for solid vegetal raw materials scaling up in the context of the different scale 460 

SFE units available in our pilot plant. 461 

 462 

4. Conclusions  463 

SFE curves of C. officinalis at different extraction pressure, temperature and CO2 mass flow 464 

were measured at small scale, and were adequately represented by the BIC model. The model 465 

was then used to assess the accuracy of scaling up criteria. According to BIC model the 466 

constant CO2 residence time criterion should provide good estimation of the CO2 mass flow 467 

for both scaling factors of 4.9 and 19. Nevertheless, experimental results do not agree with 468 

the theoretical prediction: while the constant CO2 residence time criterion looks quite 469 

satisfactorily for a scaling factor of 4.9, the constant CO2 velocity was the criterion suitable 470 

for a larger scaling factor of 19. 471 

The mass transfer coefficients in the supercritical fluid phase (kYA) of all extraction curves 472 

obtained in the different size cells and applying different extraction pressure, temperature 473 

and CO2 mass flow rate were satisfactorily correlated (R2 = 0.9767) in terms of the CO2 flow 474 

rate (Q), the extraction cell geometric parameters (diameter D and length L) and the 475 

dimensionless Schmidt number (Sc). This correlation should be tested in terms of parameters 476 

which were kept constant in this work, such as porosity and/or particle size. 477 

 478 
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Table 1. Total extraction yield (extraction time = 270 min) obtained in the SFE of Calendula 653 

officinalis at 313 K and different pressures and CO2 mass flow rates and extraction vessels 654 

with a bed porosity of  = 0.763. 655 

 656 

Run order Scale Q × 104 (kg·s-1) P (MPa) Yield (%) 

1 VA1 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 VA5 5.0 34 6.48 

6 VB1 6.0 14 3.08 

7 VB2 12.3 14 4.15 

8 VC1 15.5 14 4.77 

9 VC2 47.0 14 7.38 

Extraction vessels volume: VA1 to VA5 = 2.7×10-4 m3; VB1 and VB2 

= 1.3510-3 m3; VC1 and VC2 = 5.19×10-3 m3. 

 657 

  658 



 

Table 2. Geometrical characteristics of the cylindrical extraction vessels used in this work 659 

and mass of grinded marigold flowers loaded in each extraction vessel. 660 

 661 

 VA VB VC 

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 (m2) 0.00145 0.00353 0.00899 

Volume, V (m3) 0.00027 0.00135 0.00519 

Mass loaded, F (kg) 0.090 0.445 1.708 

   662 



 

Table 3. Optimal parameters obtained in the OEC fitting (BIC model) of the small scale 663 

(vessel VA) marigold SFE at 313 K and different CO2 flow rates and extraction pressures. VA 664 

= 2.7×10-4 m3; F = 0.090 kg;  = 0.763; Xo = 0.0745; Xk = 0.0450. 665 

 666 

 P = 14 MPa P = 24 

MPa 

P = 34 

MPa 

Run order 1 2 3 4 5 

Q ×104 (kg·s-1) 2.5 5.0 7.5 5.0 5.0 

CO2
* (kg·m3) 763.2 763.2 763.2 872.5 930.2 

Y* (kgkg-1) 0.0032 0.0032 0.0032 0.0038** 0.0049** 

kYA × 102 (s-1) 0.420 0.570 0.940 0.97 1.50 

kXA × 103 (s-1) 0.010 0.021 0.027 0.039 0.055 

tCER (mim) 15.98 11.78 7.14 5.10 2.40 

tFER (mim) 72.34 40.08 25.75 30.3 22.17 

YCER (kg/kg) 0.0031 0.0028 0.0029 0.0036 0.0048 

MCER × 107 

(kg·s-1) 
7.68 14.2 21.8 18.3 24.3 

AARD*** (%) 6.62 3.67 2.06 2.47 5.06 

* [49] 667 
** fitting parameter 668 

*** ∑ 	 	 	

	
 669 

 670 

 671 

672 



 

Table 4. Marigold SFE scaling up (BIC model predictions) at 14 MPa and 313 K from the 673 

small extraction vessel (VA) to two larger scale vessels (VB and VC) preserving bed porosity 674 

( = 0.763). CO2 flow rates were calculated according to Eq. (12) (equal CO2 linear velocity) 675 

or Eq. (14) (equal CO2 residence time) scaling criteria.  676 

 677 

 VA VB VC 

    Eq. (12) Eq. (14) Eq. (12) Eq. (14) 

Run order 1 6 7 8 9 

L/D 4.372 5.716 5.716 5.327 5.327 

Q ×104 (kg·s-1) 2.5 6.0 12.3 15.5 47.0 

v ×104 (m·s-1) 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 

tFER (min) 72.3 145.3 73.1 221.6 72.9 

MCER ×107 (kg·s-1) 7.68 19.2 38.0 49.7 145 

Fitting of the experimental OEC: 

kYA × 102 (s-1) 0.42 0.45 0.35 0.33 0.75 

kXA × 103 (s-1) 0.010 0.003 0.007 0.010 0.134 

AARD* (%) 6.62 11.4 8.02 10.3 6.62 

 678 

* ∑ 	 	

	
 679 

  680 



 

Figure 1. Schematic diagram of Thar SFE pilot and semi industrial plants (1a = laboratory 681 

and pilot plant; 1b= semi-industrial plant). Nomenclature: A, B and C are extraction cells 682 

with volumes of = 2.710-4 m3, B= 1.3510-3 m3 and 5.19×10-3 m3, respectively; D= CO2 683 

storage tank; E= CO2 Pump; F= Heat Exchanger; G= Automatic BPR Valve; H= Cyclonic 684 

Separator; I= BPR Valve; J= Pass valves; K= Condensers; L= Cooling System; M= Demister; 685 

N= Filter; P= Manometers; Q = Volume indicator; R= Flow meter; (···) Dotted line means 686 

PLC control; (---) Dashed lines means recycling. 687 
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Figure 2. Overall extraction curves obtained using vessel VA (2.7×10-4 m3) and 0.090 kg of 694 

marigold flowers. Extraction temperature was 313 K and total extraction time was 270 min. 695 

() 14 MPa, 2.5×10-4 kg·s-1; () 14 MPa, 5.0×10-4 kg·s-1; () 14 MPa, 7.5×10-4 kg·s-1; () 696 

24 MPa, 5.0×10-4 kg·s-1; () 34 MPa, 5.0×10-4 kg·s-1. Dashed lines represent the BIC model 697 

fitting. 698 
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Figure 3. Total extractable material (Xo) and marigold solubility (Y*) in supercritical CO2 at 704 

313 K and 14 MPa. Data represent the OECs obtained at 313 K and 14 MPa in VA (2.7x10-4 705 

m3) with different CO2 flow rates Q = () 2.5×10-4 kg·s-1, () 5.0×10-4 kg·s-1 and () 706 

7.5×10-4 kg·s-1. 707 
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Figure 4. Marigold SFE scaling up at 313 K, 14 MPa and constant bed porosity ( = 0.763) 713 

from VA to VB (scaling factor = 4.95). Grey and black lines represent BIC predictions using 714 

the criterions of keeping constant solvent velocity (Eq. (12)) and by keeping constant 715 

residence time (Eq. (14)), respectively: (---) CER period; () FER period; () DC period. 716 

Symbols represent experimental data: () laboratory scale VA, Q = 2.5×10-4 kg·s-1; () pilot 717 

scale, VB, using Eq. (12); () pilot scale, VB, using Eq. (14). 718 
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Figure 5. Marigold SFE scaling up at 313 K, 14 MPa and constant bed porosity ( = 0.763) 722 

from VA to VC (scaling factor = 19.08). Grey and black lines represent BIC predictions using 723 

Eq. (12) and Eq. (14), respectively: (---) CER period; () FER period; () DC period. 724 

Symbols represent experimental data: () VA, Q = 2.5×10-4 kg·s-1; () VC, Eq. (12); () VC, 725 

Eq. (14).  726 
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Figure 6. Correlating the fluid phase mass transfer coefficients kYA of marigold experimental 732 

OECs with process parameters (Q and Sc number) and vessel geometrical constants (D and 733 

L). () VA, 14 MPa; () VA, 24 and 34 MPa; () VB, 14 MPa; () VC, 14 MPa. 734 
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