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RESUMEN

TITULO: ESTUDIO DE LA EXTRACCION SUPERCRITICA DE FLAVONOIDES A PARTIR DE RESIDUOS DE DESTILA-
CION DE PLANTAS PRODUCTORAS DE FENIL-PROPANOIDES []

AUTOR: ANDERSON JULIAN ARIAS VELANDIA

PALABRAS CLAVE: EXTRACCION SUPERCRITICA, LIPPIA ORIGANOIDES, LIPPIA GRAVEOLENS, EQUILIBRIO DE FA-
SES, CINETICA, VALORIZARIZACION DE RESIDUOS.

DESCRIPCION:

Las plantas productoras de fenilpropanoides son materia prima de condimentos y aceites esenciales (AE) utiles en aplicacio-
nes industriales. La Lippia origanoidesy L. graveolens son las especies americanas de mayor interés comercial. El proceso de
obtencion de sus AEs deja compuestos bioactivos retenidos en el sustrato; porque las plantas, ademas de los AEs, contienen
en sus estructuras celulares flavonoides como la pinocembrina (Pn). La Pn es un compuesto activo para el tratamiento de la
hemorragia cerebral y la fibrosis pulmonar. Por lo tanto, existe una clara oportunidad con los subproductos de la destilacién de
estas plantas para aumentar las ganancias; esto si ademas de los AEs, se extraen y comercializan oleorresinas ricas en fla-
vonoides. Para valorizar el proceso se requiere caracterizar el sustrato y describir matematicamente las operaciones unitarias
complementarias necesarias para lograr el aprovechamiento integral del material vegetal. De todas las operaciones unitarias
viables para complementar el proceso, este trabajo se enfocé en el estudio de la extraccion con CO> supercritico modificado
con EtOH, debido a la capacidad de la técnica para controlar la solvatacion y la selectividad del COz. Determinar el potencial
de valorizacién de los residuos posdestilados en la produccién conjunta de AE y flavonoides; determinar los limites impuestos
por los equilibrios de fase entre la interaccién soluto, matriz y solvente, y determinar la cinética de extraccién supercritica de
flavonoides y oleorresina son temas que el lector encontrara desarrollados en los capitulos de este libro. El trabajo buscé
contribuir a incrementar la competitividad de la industria de AEs proporcionando elementos de decision relevantes sobre la

viabilidad técnica de la extraccion supercritica para complementar el proceso de extraccion de AEs.

Tesis Doctoral

Facultad de Ingenierias Fisico-Quimicas. Escuela de Ingenieria Quimica. Director: Jairo René
MARTINEZ MORALES. Codirectora: Elena E. STASHENKO.
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ABSTRACT

TITLE: : STUDY OF THE SUPERCRITICAL EXTRACTION OF FLAVONOIDS FROM DISTILLATION RESIDUES OF
PHENYLPROPANOID-PRODUCING PLANTS [l

AUTHOR: ANDERSON JULIAN ARIAS VELANDIA

KEYWORDS: SUPERCRITICAL EXTRACTION, LIPPIA ORIGANOIDES, LIPPIA GRAVEOLENS, PHASE EQUILIBRIA, KI-
NETICS, RESIDUE VALORIZARIZATION.

DESCRIPTION:

Phenylpropanoid-producing plants are raw materials for production of culinary seasonings and essential oils (EOs) useful in
different industries. Lippia origanoides and L. graveolens are the American species of greatest commercial interest in market
due to their phenylpropanoids. In Central-South America, at least 4.000 t/year are produced and sold. The process of obtaining
EOs, leaves behind valuable post-distillation residues because plants also contain flavonoids such as pinocembrin (Pn) in
their cellular structures. Pn is an active compound proven in drugs for the treatment of cerebral hemorrhage and pulmonary
fibrosis. Considering this, industry has a clear opportunity with distillation by-products to increase their profit by extracting and
commercializing flavonoids-rich oleoresin. Evidence that indicates the integration of process stages, beyond distillation and
waste treatment, to increase the profitability was not found in the open literature. Moving in this direction requires characterizing
the substrate and describing mathematically the complementary unit operations necessary to achieve an integral use. Of all
viable unit operations to complement the extractive process, we focus on the study of EtOH-modified supercritical scCO2
extraction due to the process capability to control the solvation and the selectivity of scCO> by tuning the operating conditions
and the polarity modifier. Besides, it is considered human-health and environmentally friendly. To determine the potential
valorization of some post-distillation residues of Lippia species in the joint production of EOs and flavonoids; determining the
limits imposed by the phase equilibria between the solute, matrix, and sc-solvent interaction, and determining the sc-extraction
kinetics of flavonoids and oleoresin are topics that reader will find developed in chapters of this book. The work sought to
contribute to increasing the competitiveness of the EOs industry by providing relevant decision elements on the technical

feasibility of including sc-extraction as a unit operation that complements the EOs extraction process.

Doctoral Thesis

Facultad de Ingenierias Fisico-Quimicas. Escuela de Ingenieria Quimica. Director: Jairo René
MARTINEZ MORALES. Co-director: Elena E. STASHENKO.
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INTRODUCTION

eig

Essential oils (EOs) represented a market of ca. 9 billion USD in the world in 2019. It
is expected to reach 11.19 billion USD by 2022, with an annual growth rate of 8.7 %
from 2016 to 20221l EOs rich in phenylpropanoids thymol and carvacrol are part of
that market and are sold at 82 EUR/kg for thyme EO (Thymus vulgaris, 37 to 55 wt %
thymol and 1 to 6 wt % carvacrol, E[) or ca. 128 EUR/kg for Mediterranean oregano
EOQ (Origanum vulgare, 22 to 65wt % thymol and 18 to 75wt % carvacrol, ), according
to July-August 2019 reports of the European harvests, Iﬂ In the American continent,
phenylpropanoid-rich EOs are produced and exported. They are distilled from some
endemic species of the Lippia genus. EOs of species such as Lippia origanoides (53

to 61 wt % thymol and 44 to 52 wt % carvacrol, EED and Lippia graveolens (0 to 60 wt %

' Verma Preksha. Allied Market Research. Essential Oil Market Size, Share, Essential Oil Industry
Trends. 2016.

2 International Organization for Standardization. ISO 19817:2017 - Essential oil of thyme Thymus
vulgaris L. and Thymus zygis L.], thymol type. 2017.

3 L D’Antuono. «Variability of Essential Qil Content and Composition of Origanum vulgare L. Popu-
lations from a North Mediterranean Area (Liguria Region, Northern Italy)». En: Annals of Botany
86.3 (2000), pags. 471-478. DOI:|10.1006/anbo.2000. 1205.

4 Ultra International B.V. Essential Oils Market Report - Summer 2019. Inf. téc. Spijkenisse: Ultra
International B.V., 2019, pag. 37.

5 Elena E. Stashenko y col. «Lippia origanoides chemotype differentiation based on essential
oil GC-MS and principal component analysis». En: Journal of Separation Science 33.1 (2010),
pags. 93-103. DOI:|10.1002/jssc.200900452.

6 Jairo Martinez, Juliana Agudelo y Elena Stashenko. «Criterio de calidad para Lippia albay Lippia
origanoides en aceites esenciales». En: Vitae. Ed. por Gloria Holguin Martinez. Vol. 18. 2 (2).
Medellin: Vitae., 2011, S295.
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thymol and 0 to 78wt % carvacrol, [F) are sold in international markets between 120-
150 USD/kg [l The prospect is especially promising so that countries in Central and
South America, such as Mexico and Colombia, where the plant is native, can benefit
economically from its commercialization.

EOs are commonly extracted by entrainer effects of steam, which strictly removes
volatile substances from the botanical substrate, leaving retained compounds in the
substrate, such as heavy terpenes, free fatty acids, oleoresins, and pigments, among
others m These solid residues may have a valorization potential depending on the
plants benefits. L. origanoides and L. graveolens, in addition to EOs, contain flavo-
noids in their cellular structures. These minority substances have been co-extracted

with oleoresin through hydroalcoholic or supercritical (sc) extractions [ T4} Depen-

Violeta Acosta Arriola. «Variaciéon en la composicion quimica del aceite esencial de Lippia gra-
veolens, en poblaciones silvestres de Yucatan, y su relacién con factores edafoclimaticos». Tesis
doct. Centro de Investigacion cientifica de Yucatan, 2013, pag. 77.

8 Daniela A. Martinez-Natarén y col. «Essential oil Yield Variation Within and Among Wild Popu-
lations of Mexican Oregano (Lippia graveolens H.B.K.-Verbenaceae), and its Relation to Clima-
tic and Edaphic Conditions». En: Journal of Essential Oil Bearing Plants 15.4 (ene. de 2012),
pags. 589-601. DOI:|10.1080/0972060X.2012.10644093.

Delegacion SADER San Luis Potosi. Crea INIFAP nueva tecnologia para la produccién de oré-
gano resistente a fenémenos climaticos. 2013.

10 H Brogle. «CO2 in solvent extraction». En: Chemistry and Industry 19 (1982), pags. 385-390.
" Suzana Guimaraes Leitdo y col. «Counter-current chromatography with off-line detection by ultra
high performance liquid chromatography/high resolution mass spectrometry in the study of the
phenolic profile of Lippia origanoides». En: Journal of Chromatography A 1520 (oct. de 2017),
pags. 83-90. DOI:[10.1016/J.CHROMA.2017.09.004.

2 LIn Long-Ze y col. «ldentification and quantification of flavonoids of Mexican oregano (Lippia
graveolens) by LC-DAD-ESI/MS analysis». En: Journal of Food Composition and Analysis 20.5
(2007), pags. 361-369. DOI:[10.1016/j.jfca.2006.09.005.

3 E E Stashenko y col. «<Chromatographic and mass spectrometric characterization of essential oils
and extracts from Lippia (Verbenaceae) aromatic plants». En: Journal of Separation Science 36.1
(2013), pags. 192-202. DOI:[10.1002/jssc.201200877.
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ding on the amount of these molecules retained in post-distillation substrate, it is

possible to add value to the process by including a solid-liquid extraction step, as

has already been shown to be convenient for other by-products of the EOs-industry
Ik i

Pinocembrin (Pn) is one of those flavonoids extracted from L. origanoides and L.

graveolens. Pn appears in recent patents as an active compound in medications

for treatment of cerebral hemorrhage m and pulmonary fibrosis E] due to its pro-

ven effectiveness against such ailments [[§°} The amount of Pn in L. origanoides

(30 + 1mg/gpw, Dry Weigh, @ is notably higher than that found in other commercial
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A. Navarrete y col. «Valorization of solid wastes from essential oil industry». En: Journal of Food
Engineering 104.2 (mayo de 2011), pags. 196-201. bOI:/10.1016/J. JFOODENG.2010.10.033.
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2013), pags. 150-159. DOI:[10.1016/J.INDCROP.2013.04.053.
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ment. 2018.
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disease drug. 2019.

Xi Lan y col. «Pinocembrin protects hemorrhagic brain primarily by inhibiting toll-like recep-
tor 4 and reducing M1 phenotype microglia». En: Brain, Behavior, and Immunity 61 (2017),
pags. 326-339. DOI:|10.1016/J.BBI.2016.12.012,
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biological activities». En: BioMed Research International 2013.2013 (2013), pags. 1-9. DOI: 10.
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mation and neuroprotection after traumatic brain injury». En: Brain, Behavior, and Immunity 64
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natural sources (0.6 to 2.5m/gpw, EED and cultures recently identified as promising
for their extraction (15 and 18 mg/gpw, F°). Since Pu is still stable at 200 °C P4, the in-
dustry of L. origanoides and L. graveolens EOs has a clear opportunity with distilla-
tion by-producs to increase their profit by extracting, in addition to phenylpropanoid-
rich EOs, flavonoid-rich oleoresin.

Although at least 4000 t/year of fresh-, dry-plant material and EOs from Lippia spp.
are produced and commercialized by Central America, no evidence was found in
the open literature to demonstrate implementation of process stages beyond disti-
llation and waste treatment to increase economic profit. This is possibly because it
is still necessary to deepen in knowledge of raw matter and description of comple-
mentary extractive stages. From the application area of chemical engineering, it is
possible to contribute providing useful knowledge for decision-making. Process de-
sign, planning, and operation parameters are relevant information obtainable from
this knowledge area that complement the comprehensive extraction process of other
promising ingredients from Lippia spp. Description of EOs composition standardiza-
tion process, determination of valorization potential of some Lippia species in the

joint production of EOs and flavonoids, determination of phase equilibria and kine-

21 Aifeng Li, Ailing Sun y Renmin Liu. «Preparative isolation and purification of three flavonoids from

the chinese medicinal plant Alpinia katsumadai hayata by high-speed counter-current chromato-
graphy». En: Journal of Liquid Chromatography & Related Technologies 35.20 (ene. de 2012),
pags. 2900-2909. DOI:|10.1080/10826076.2011.643523.

22 Norio Yamamoto y col. «Cardamonin stimulates glucose ptake through translocation of glucose
transporter-4 in L6 myotubes». En: Phytotherapy Research 25.8 (2011), pags. 1218-1224. DOI:
10.1002/ptr.3416.

23 Jason Q.D. Goodger y col. «Eucalyptus subgenus Eucalyptus (Myrtaceae) trees are abundant
sources of medicinal pinocembrin and related methylated flavanones». En: Industrial Crops and
Products 131 (mayo de 2019), pags. 166-172. DOI:'10.1016/J. INDCROP.2019.01.050.

24 Xu Yang y col. «Pinocembrind€“lecithin complex: Characterization, solubilization, and antioxidant
activities». En: Biomolecules 8.2 (2018), pag. 41. DOI:|10.3390/b10om8020041.
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tics of sc-extraction of flavonoids are topics developed in this work, and will surely
contribute to increasing competitiveness of EOs-industry in the future.

From the viable unit operations to complement the extraction process of L. origa-
noides EOs, this work limited its scope to study in depth ethanol (EtOH)-modified
scCO, extraction. An efficient extractive process of phenolic compounds from bota-
nical substrates P°| has been demonstrated for antioxidants recovery from different
substrates @ Solvation power and selectivity of the scCO, can be tuned by extrac-
tion conditions and selection of a polar-modifier @ Selectivity is improved by EtOH
addition because its polarity in mixture with scCO, enhance the extraction of aglyco-
nes such as Pn, in comparison with other phenolic compounds and their derivatives

P¥FF'] Furthermore, scCO, extraction is considered environmentally friendly.

25 Beatriz Diaz-Reinoso y col. «Supercritical CO2 extraction and purification of compounds with an-

tioxidant activity». En: Journal of Agricultural and Food Chemistry 54.7 (2006), pags. 2441-2469.
DOI:[10.1021/3j£0528587.
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with supercritical carbon dioxide». En: Journal of Agricultural and Food Chemistry 46.1 (1998),
pags. 13-19. DOI:|10.1021/j£970565n.
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Forschung 195.2 (ago. de 1992), pags. 104-107. DOI:|10.1007/BF01201767.
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dem mass spectrometry». En: Journal of Chromatography A 1217.51 (2010), pags. 7956-7965.
DOI:[10.1016/J.CHROMA.2010.07.020.

29 Markus Ganzera. «Supercritical fluid chromatography for the separation of isoflavones». En: Jour-

nal of Pharmaceutical and Biomedical Analysis 107 (mar. de 2015), pags. 364-369. DOI:/10.1016/
J.JPBA.2015.01.013.

30 Juliana Paes y col. «Extraction of phenolic compounds and anthocyanins from blueberry (Vacci-
nium myrtillus L.) residues using supercritical CO2 and pressurized liquids». En: The Journal of

Supercritical Fluids 95 (nov. de 2014), pags. 8-16. DOI:[10.1016/J.SUPFLU.2014.07.025,
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Tasks inherent to the proposed study would require such a large amount of experi-
ments and sample analysis that two technological strategies were preliminarily de-
veloped. This implied advances in extraction and quantification technologies for our
research group. The first was to reduce the operating costs of the sc-extraction,
which was addressed by modifying the available extraction system to semi-batch
operation, adding a fractionation and CO. recirculation stages. In this way, the ex-
traction capacity was doubled in time and production cost was reduced from 26 to
11 USD/extraction. Chapter [2l mentions the applications of the modified system. Re-
garding the recirculation system, an international patent written by the authors and
granted to the Universidad Industrial de Santander is attached in Appendix [{|The
second technological development was a validated methodology with their figures of
merit for instrumental multi-component quantification of flavonoids in extracts. Given
the number of samples to be processed, an instrumental analysis methodology ba-
sed on UV-Vis spectroscopy and chemometric methods was implemented to avoid
chromatographic separation and to reduce solvent- and time-consumption in quanti-
fication. The methodology was validated and compared with the HPLC-DAD results.
Its application in this work is mentioned in Chapter 4f and summary details of its
implementation are attached in Appendix [2| A manuscript on this subject is being
prepared for submission to an international scientific journal.

Chapter [3| presents a study of potential valorization of solid residues from distillation
of four Lippia chemotypes using sc-extraction. Sc-extraction yields were compared
with results from solid-liquid extraction and another botanical source of pinocembrin.
The effects of extraction conditions over yields were discussed and optimized at pilot
scale. The results of this section were conclusive regarding the potential of each

substrate as a function of the extractable EO and oleoresins. From this section, an

Supercritical Fluids 100 (mayo de 2015), pags. 201-208. DOI:10.1016/J.SUPFLU.2015.02.014.
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article was published in the Industrial Crops and Products Journal, cf. Appendix
In Chapter [4] phase equilibria for the sc-extraction application were studied. Two ap-
proaches were considered, namely, the thermodynamic one, where solubility of Pn
was measured and modeled, and the operational, where solvent, solute, and subs-
trate interactions were measured and modeled. Limits imposed by phase equilibria
will be important in the future basic design of the L. origanoides and L. graveolens
extraction process. A manuscript is currently being prepared for the Journal of Su-
percritical Fluids with this chapter results.

In Chapter[5], the kinetics of oleoresin and flavonoid extraction from Lippia spp. subs-
trates were studied. Here, in addition to the chopped substrates, the effect of their
pelletization on yield and shape of extraction curves was considered. The models
developed will be relevant in future optimization via mathematical simulation and
economic feasibility studies. A manuscript is currently being prepared for the Journal
of Supercritical Fluids with this chapter results.

Although there is no dedicated chapter in this book, the authors took advantage of
the OEs obtained in the step before sc-extraction to study fractional distillation and
to describe the standardization process of L. origanoides EOs. A methodology was
developed to solve and validate a batch distillation model applicable to EOs. This
methodology can be extended to other EOs of industrial interest to support the recti-
fication processes. Detalils of this non-aligned with sc-extraction work were published
in the Computers and Chemical Engineering Journal, cf. Appendix |4} From literatu-
re information, previous work carried out in our research group, and results of this
work up to this point, enough information was collected to propose a configuration of
consecutive unit operations that would achieve a method for making full use of L. ori-
ganoides. Details and descriptions are detailed in an international patent written by
the authors and granted to the Universidad Industrial de Santander, cf. Appendix [5

The author hopes that the reader of the following pages will find useful information
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related to the technical feasibility of sc-extraction of by-products from the Lippia spp.
EOs-industry. The aim is to contribute to the progress of the state of the art and
technological innovation with a holistic approach integrating processes that lead to
making full use of botanical substrates. Other alternatives or complementary extrac-
tion and distillation stages, remain to be studied to complete the process integration.
Only by knowing the mathematical approach and physicochemical parameters that
describe the process will it be possible to plan and optimize an integrated plant. Sc-
extraction is a relatively recent technique and their technological advances together
with the discovery of new applications could increase the demand and their industrial

uses.
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1. STATE OF THE ART

1.1. Lippia origanoides and Lippia graveolens

Lippia origanoides K. (mountain oregano) and Lippia graveolens K. (Mexican ore-

gano) belong to the Verbenaceae family and are aromatic shrubs native to Central

America and the northern region of South America. They are raw materials for the

production of culinary seasonings and essential oils (EOs) enriched in phenylpro-

panoids that are useful in the food, cosmetic, and pharmaceutical industries PP¥]

At least five chemotypes have been distinguished among these two (apparently the

same) species PFF P, which differ in EO composition. L. origanoides is the second

most studied specie of the Lippia genus, preceded by Lippia alba . EOs are obtai-
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ned by steam distillation, which leaves residual plant material that can be valorized.
These plants, in addition to volatile compounds, also contain flavonoids that could be

extracted as demonstrated for other byproducts from the essential oil industry 4,
1.1.1. Essential oils and extracts from L. origanoides and L. graveolens

Composition, bioactivity and applications of EOs  The useful bioactive proper-
ties of “oregano” EOs are widely known. Their benefits are mainly attributed to the
presence of two phenylpropanoids, namely, thymol and carvacrol. Phenylpropanoids
are found throughout the plant kingdom, where they serve as essential components
of a number of structural polymers, provide protection from ultraviolet light, defend
against herbivores and pathogens, and mediate plant-pollinator interactions as floral
pigments and scent compounds. Thymol and carvacrol have aroused interest in com-
mercial applications such as food additive, preservative, or pest control agent, among
others. The most widely known natural sources of thymol and carvacrol are thyme
(Thymus vulgaris) and Mediterranean oregano (Origanum vulgare), both of Eurasian
origin. Thymol and carvacrol contents in the EO of thyme (ISO 19817:2017) are 37
to 55wt % and 1 to 6 wt %, [f}, respectively, and 22 to 65wt % and 18 to 75 wt %, respec-
tively, for Mediterranean oregano H L. origanoides and L. graveolens, meanwhile,
are found in tropical America in various chemotypes. Thymol (53 to 61 wt %) and
carvacrol (44 to 52 wt %) are the main components of the EO of these species .

The bioactivity of Lippia origanoides EO has been studied extensively in recent

Molecules 23.3 (2018). DOI:[10.3390/molecules23030544.

3% Danilo R. Oliveira y col. «<Chemical and antimicrobial analyses of essential oil of Lippia origanoi-
des H.B.K». En: Food Chemistry 101.1 (2007), pags. 236-240. DOI:/10.1016/J.FOODCHEM. 2006 .
01.022]
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years, e.g. are antigenotoxic capacity against UV radiation @ antimicrobial capa-

city due to the presence of compounds that increase or alter the permeability of

the bacterial membrane [''F8, anti-Leishmania capacity with certain limitations of oral

and cutaneous toxicity @ and in vitro antiparasitic capacity against Colossoma ma-

cropomum, with limitations of application in native freshwater fish . The addition of

200 mg kg~ of EO to food stimulated the immune system and improved broiler growth

@. The inclusion of L. origanoides EO in the diet of laying hens improved the time

of oxidative stability of eggs stored at 4 °C 60 days . Among other applications, 2,

recently concluded that L. origanoides EO is an effective and safe preservative of
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Bruna Viana Soares y col. «Antiparasitic, physiological and histological effects of the essential
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Aquaculture 469 (2017), pags. 72 -78. DOI: https://doi.org/10.1016/j.aquaculture.2016.
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cosmetics and orange juice. [} [*¥| and [7}, showed that L. origanoides EQ is a viable

alternative for the control of diseases and pests.

Composition bioactivity and applications of extracts L. origanoides and L.
graveolens, in addition to EOs, also contain flavonoids in their cellular structures.
These minority substances have been co-extracted with the oleoresin obtainable th-
rough hydroalcoholic or supercritical (sc) extractions [Jf4=l Flavonoids have been
detected in quantities of mg/g..s (leaves and stems) for extractions with organic
solvents or scCO:.. E.g., the amount of Pn in the hydroalcoholic extract of L. origanoi-
des phellandrene (LOP) chemotype (30 + 1mg/gpw, Dry Weight, , which is notably
higher than what is found in other commercial natural sources (0.6 to 2.5 m/gpw,
and cultures recently identified as promising for their extraction (15 and 18 mg/gpw,
. Other very common dietary flavonoids identified in extracts are: naringenin, which
is one of the main flavanones obtainable from grapefruit[*¥, galangin, quercetin which
are the most common flavonols in diet; as well as apigenin and luteolin are the most

common flavones [*¥] Flavonoid extraction is frequently performed by conventional

45 Josiana M. Mar y col. «Lippia origanoides essential oil: An efficient alternative to control Aedes

aegypti, Tetranychus urticae and Cerataphis lataniae». En: Industrial Crops and Products 111
(2018), pags. 292 -297. DOI: https://doi.org/10.1016/j.indcrop.2017.10.033.
46 Natalia Rios, Elena E Stashenko y Jonny E Duque. «Evaluation of the insecticidal activity of es-
sential oils and their mixtures against Aedes aegypti (Diptera: Culicidae)». En: Revista Brasileira
de Entomologia 61.4 (2017), pags. 307-311.
47 Maria Alcala-Orozco y col. «Actividad repelente de los aceites esenciales de Elettaria cardamo-
mum, Salvia officinalis y Lippia origanoides Carvacrol contra dos insectos plagas de productos
almacenados». En: 2017. 2017.
48 S Kawaii y col. «Quantitation of flavonoids constituents in Citrus fruits». En: Journal of Agricultural
and Food Chemistry 47 (1999), pags. 3565-3571.
49 ris Erlund. «Review of the flavonoids quercetin, hesperetin, and naringenin. Dietary sources, bio-
activities, bioavailability, and epidemiology». En: Nutrition Research 24.10 (2004), pags. 851-874.
DOI:|10.1016/j .nutres.2004.07.005,
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solvent extraction followed by fractionation methods.

All these molecules posses important antioxidant, photo-resistant and antimicrobial
capacities. Flavonoids contain in their chemical structure phenolic hydroxyl groups
good for iron and other transition metals chelation, which confers them a great an-
tioxidant capacity m Flavonoids are essentials in protection against the oxidative
damage phenomenon and have therapeutic effects in a number of pathologies, in-
cluding ischemic heart disease and arteriosclerosis among others PF°| Several re-
search results have shown the potential applications of Pn in in vitro and in vivo
experiments, furthermore it is nontoxic and non-mutagenic to male Wistar rats within
the 1 to 100 mg/kgueigth . Pn appears in recent patents as an active compound
in medications for treatment of cerebral hemorrhage f?| and pulmonary fibrosis E
due to its proven effectiveness against such ailments . Ming y Towers found that
100 pgpn /ML, exhibited antifungal activity against Candida albicans by interfering
energy homeostasis @ Park y col. found that propolis with the highest amounts of
pinocembrin and galangin (Gn) have inhibition on growth of Streptococcus mutans

P9 In addition to Pn, Gn has also been found in several studies as one of the most

50 B Havsteen. «Flavonoids, a class of natural products of high pharmacological potency». En: Bio-

chemical Pharmacology 32.7 (1983), pags. 1141-1148.

51 William Peres. «Radicais Livres em niveis bioldgicos». En: Pelotas: Ed. Universidade Cat{é}lica

de Pelotas (1994), pags. 49-81.

%2 Meishiang Jang y col. «Cancer chemopreventive activity of resveratrol, a natural product derived

from grapes». En: Science 275.5297 (1997), pags. 218-220.
5 Cecil R Pace-Asciak y col. «The red wine phenolic trans - resveratrol and quercetin block human
platelet aggregation and eicosanoid synthesis: Implications for protection against coronary heart
disease». En: Clinica Chimica Acta 235.2 (1995), pags. 207-219.
54 Dong Sheng Ming y G H Neil Towers. «Antifungal Activity of Benzoic Acid Derivatives from Piper
lanceaefolium». En: 604 (2002), pags. 62-64.

% Yong K Park y col. «Antimicrobial Activity of Propolis on Oral Microorganisms». En: 36 (1998),

pags. 24-28.
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abundant flavonoids in extracts from Mexican oregano, [FF’] It also has been re-
ported as a cancer chemo preventive, antimicrobial, antioxidant and antiviral agent
FFFY Specifically, it has shown growth inhibition of human lung cancer cells f'| and
suppressor activity in human ovarian cancer cells .

Despite the significant amount of flavonoids found in the LOP sc-extract, they are mi-
nority compared to co-extracted compounds such as fatty acids, waxes, pigments,
and resinoids among others 9 In fact, Reverchon describes whole extracts from bo-
tanical plants composition as two families of compounds: essential oils (EOs) and
cuticular waxes (CW) >4, this because some extractive techniques in addition to steam
distillation can also extract volatile compounds by entrainer or solubilization effects.
CW have been reported in several works as the second major family of constituent

after volatile compounds to be extracted. CWs are extracted through a different mass

% A.M. Garcia-Bores y col. « Lippia graveolens photochemopreventive effect against UVB radiation-
induced skin carcinogenesis». En: Journal of Photochemistry & Photobiology, B: Biology 167
(2017), pags. 72-81. DOI:[10.1016/j . jphotobiol.2016.12.014.

57 Teresa Soledad Cid-Pérez y col. Mexican Oregano (Lippia berlandieri and Poliomintha longiflora)
Oils. Elsevier Inc., 2016, pags. 551-560. DOI:10.1016/B978-0-12-416641-7.00063-8.

%  Moon Y. Heo, Su J. Sohn y William W. Au. «Anti-genotoxicity of galangin as a cancer chemopre-
ventive agent candidate». En: Mutation Research - Reviews in Mutation Research 488.2 (2001),
pags. 135-150. DOI:|10.1016/S1383-5742(01)00054-0.

% A Russo, R Longo y A Vanella. «<Antioxidant activity of propolis: role of caffeic acid phenethyl ester
and galangin.» En: Fitoterapia 73 Suppl 1 (2002), S21-9.

60 J.J.M. Meyer y col. «Antiviral activity of galangin isolated from the aerial parts of Helichrysum
aureonitens». En: Journal of Ethnopharmacology 56.2 (1997), pags. 165-169. DOI: |10. 1016/
S0378-8741(97)01514-6!

61 D K Patel y col. «<Pharmacological and bioanalytical aspects of galangin-a concise report». En:
Asian Pacific Journal of Tropical Biomedicine 2.1 (2012), S449-S455. DOI: |10 . 1016 / 52221 -
1691(12)60205-6.

62 Ernesto Reverchon. «Fractional Separation of SCF Extracts from Marjoram Leaves : Mass Trans-
fer and Optimization». En: Journal of Supercritical Fluids 5 (1992), pags. 256-261.
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transfer mechanism @ The outer layer of botanical plants is covered by CWs as a
waterproof to diminish water loss from leaves. Constituents of this wax have been
reported as long chain aliphatic acids, long-chain n-alkanes (n-Cays to n-C3s), olefins
and flavonoids WL Researches that applied discriminant analysis to the compo-
sition of long-chain alkanes extracted from leaves of the Verbenaceae plant family
showed, in average for a sample of seven plants, that the main cuticular waxes (CW)
present in the extracts are: hentriacontane (C31Hes, 17.9 wt %), tritriacontane (CzzHeg,
30.9wt %) and pentatriacontane (CasHzz, 16.1wt %) [F7]

1.1.2. Economic value and potential valorization of extraction process EOs
represented a market of ca. 9 billion USD in the world in 2019. It is expected to reach
11.19 billion USD by 2022, with an annual growth rate of 8.7 % from 2016 to 2022 E]
EOs rich in phenylpropanoids thymol and carvacrol are part of that market and are
sold at 82 EUR/kg for thyme EO or ca. 128 EUR/kg for Mediterranean oregano EO,

according to July-August 2019 reports of the European harvests, H In the American

B. Mira y col. «Supercritical CO2 extraction of essential oil from orange peel. Effect of ope-
ration conditions on the extract composition». En: Journal of Supercritical Fluids 14.2 (1999),
pégs. 95-104. DOI:110.1016/S0896-8446(98)00111-9.

64 Egon Stahl y col. «<Anwendungen verdichteter Gase zur Extraktion und Raffination». En: Verdich-
tete Gase zur Extraktion und Raffination. Springer Berlin Heidelberg, 1987, pags. 82-241. DOI:
10.1007/978-3-662-10763-8_4.

65 Ernesto Reverchon, Pietro Russo y Alberto Stassi. «Solubilities of solid octacosane and triacon-

tane in supercritical carbon dioxide». En: Journal of Chemical & Engineering Data 38.3 (jul. de
1993), pags. 458-460. DOI:[10.1021/7e00011a034.
66 Hafiz Muhammad Ahmad, Mahmood-Ur Rahman y Qurban Ali. «Plant cuticular waxes: a review
on functions, composition, biosyntheses mechanism and transportation». En: Industrial & Engi-
neering Chemistry Research 12 (2015), pags. 4861-4870.
67 M. Maffei. «Discriminant analysis of leaf wax alkanes in the Lamiaceae and four other plant
families». En: Biochemical Systematics and Ecology 22.7 (oct. de 1994), pags. 711-728. DOI:
10.1016/0305-1978(94)90057-4.
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continent, phenylpropanoid-rich EOs from L. origanoides and L. graveolens are al-
so produced and exported. They are sold in international markets between 120-150
USD/kg H The useful bioactive EOs properties have aroused interest in commercial
applications such as food additive, preservative, or pest control agent, among others.
E.g. multinational food company Du Pont markets Enviva EO, which is thymol- and
cinnamaldehyde-rich EO encapsulated in maltodextrin, as a food product for produc-
tion of pigs and laying hens. The prospect is especially promising so that countries in
Central and South America, such as Mexico and Colombia, where the plant is native,
can benefit economically from its production and commercialization.

The oregano EQOs, as mentioned before, are commonly extracted by entrainer effects
of steam, which strictly removes volatile substances from the botanical substrate, lea-
ving retained compounds in the substrate, such as heavy terpenes, free fatty acids,
oleoresins, and pigments, among others [l These solid residues may have a valo-
rization potential given the retained flavonoids which would still be on the substrate.
Pn and other flavonoids should remain stable during steam distillation process be-
cause there is no variation in the thermogram line of pinocembrin from 50 °C to the
endothermic peak starting at ca. 204 °C for its melting . Not only should Pn and other
thermoresistant flavonoids remain intact during the steam distillation, but the modifi-
cation of the plant material structure during steam distillation would favor subsequent
mass transfer and improve extraction yield as compared with non-distillation substra-
te if an extraction were made with the solid residue% Considering this, the industry
of L. origanoides and L. graveolens EOs has a clear opportunity with distillation by-
products to increase its profit by extracting, in addition to phenylpropanoid-rich EOs,
flavonoids-rich oleoresin.

Another opportunity to increase the profit of this industry is increase the EOs va-
lue through its rectification. The composition variation of the EOs obtained at the

same extraction conditions from the same plants, is due to the vegetative harvest cy-
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cle, the agricultural conditions of the growth and the post-harvest treatment, among
other causes PF° To carry out the formulation of industrial products based on EOs, it
is indispensable to standardize their composition. It may even be of interest to isolate
single, high-purity compounds. This is carried out by separation operations, of which
distillation is one of the oldest and most commonly used [ Fractionation of EOs
by distillation processes, although few in the literature, has been applied in different
ways to increase the economic value of EOs. Although there is nonexposed in this
book, the authors took advantage of the L. origanoides OEs to study fractional disti-
llation and describe its standardization process. Details of this work were published
in the Computers and Chemical Engineering Journal, cf. Appendix[4] A configuration
of consecutive unit operations that would achieve a method for making full use of L.
origanoides is described in an international patent written by the authors and granted

to the Universidad Industrial de Santander, cf. Appendix [5]

1.2. Scalable flavonoid extraction processes

Flavonoids extraction is frequently performed by conventional solvent extraction follo-
wed by fractionation methods. Large amounts of organic solvent and long extraction
periods are drawbacks of this process, which is sometimes assisted with ultrasound

or microwave heating to increase extraction yields. An extraction alternative that has

68 Paula C. Santos-Gomes y Manuel Fernandes-Ferreira. «Organ- and Season-Dependent Variation

in the Essential Oil Composition of Salvia officinalis L. Cultivated at Two Different Sites». En: J.
Agric. Food Chem. 49 (2001), pags. 2908-2916. DOI:/10.1021/JF001102B.

69 |sa Telci, Iorahim Demirtas y Ayse Sahin. «Variation in plant properties and essential oil com-

position of sweet fennel (<i>Foeniculum vulgare<i/> Mill.) fruits during stages of maturity». En:
Industrial Crops and Products 30.1 (jul. de 2009), pags. 126-130. DOI: [10.1016/J . INDCROP .
2009.02.010.

70 Eugeny Y. Kenig y col. «<Modeling of Distillation Processes». En: Distillation. Boston: Academic

Press, 2014. Cap. 10, pags. 383 -436. DOI:|10.1016/B978-0-12-386547-2.00010-7.
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sparked interest is supercritical (sc) fluid extraction. ScCO, extraction can be a very
efficient process for the recovery of vegetable extracts with antioxidant activity | Stu-
dies carried out considering the amount of raw materials, antioxidant activity results,
and operative conditions show the advantages of this technique specially regarding
recovery of antioxidant compounds . Solvation power and selectivity of the scCO,
can be tuned by extraction conditions and selection of a polarity modifier B8l The en-
trainer effects by addition of co-solvents have been observed for botanical materials
when comparing scCO, with solid-liquid extractive techniques using hydro-alcoholic
mixtures, or when water is included as a polarity modifier of scCO,. Selectivity is
improved by EtOH addition because its polarity in mixture with scCO, enhances
extraction of aglycones such as Pn, in comparison with other phenolic compounds
and their derivatives. FFE ScCO, extraction is also considered an environmentally
friendly process that leaves no trace of solvent in the extract.

The main limitations of the industrial-scale implementation of sc-extraction are the
high costs of investment and operation ['7| The alternatives that allow obtaining ex-
tracts at a lower cost are increasing production capacity over time and CO, recircu-
lation. Only a recirculation system can decrease solvent losses to 2 % compared to
100 % of the extraction without recirculation ['?, The convenience of installing additio-
nal valves and separators has also been demonstrated, to carry out the fractionation
process in line with the extraction according to the scCO, solubilities of extract cons-

tituents E] Some research groups have chosen to design and implement devices

71 Luca Fiori. «Supercritical extraction of grape seed oil at industrial-scale: Plant and process design,
modeling, economic feasibility». En: Chemical Engineering and Processing: Process Intensifica-
tion 49.8 (2010), pags. 866-872. DOI:(10.1016/J.CEP.2010.06.001.

2. C A Passey. «Commercial feasibility of a supercritical extraction plant for making reduced-calorie
peanuts». En: Supercritical Fluid Processing of Food and Biomaterials. Ed. por S.S.H. Rizvi.
1.2 ed. London, UK: Blakie Academic & Professional, 1994, pags. 223-243.

73 José M. del Valle, Juan C. de la Fuente y Damian A. Cardarelli. «Contributions to supercritical
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and accessories necessary to improve the systems purchased on the market, as
they propose process improvements based on their results. Such is the case of our
research group that modified an extraction system (Thar Technology, Pittsburgh, PA,
USA, Model SFE-2000-2-FMC50) to operate semi-batch, with a new fractionation
stage and another of recirculation of CO,. Regarding the recirculation system, an
international patent written by the authors and granted to the Universidad Industrial
de Santander is attached in Appendix[i]

Sc extraction is a promising process for obtaining compounds of interest selectively,
but it has the disadvantage that the cost of its study and its implementation on an
industrial scale is high for now. However, it is convenient to carry out studies on its
potential application in new extraction processes while continuing to develop techno-

logies that reduce the production cost.

1.3. Approach to experimental study of process valorization

Theoretically, a certain number of factors have simultaneous effects on a process.
The application of an experimental design is the most effective way to identify and
optimize the significant factors. In a problem like the one that represents the valoriza-
tion of post-distillation solid residues from L. origanoides given the recovery potential
of the bioactive molecules retained in the substrate, the experimental designs help
as overview in the context of the technological limitations of the available methods
or equipment. The experiment’s result range and the effects of the factors on the
observables are relevant results that, contrasted with the benchmarks of the study
objective, provide information for decision-making. The extraction yield and selecti-

vity on extraction process may depend on humidity, particle size (d,), pressure (P),

extraction of vegetable substrates in Latin America». En: Journal of Food Engineering 67.1-2
(2005), pags. 35-57. DOI:/10.1016/J . JFOODENG . 2004 .05. 051,
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temperature (T'), superficial velocity of the solvent (CO, for sc-extraction), the mo-
difier type and percentage (E), and treatment time (¢). Due to the large number of
variables, experimental screening designs are a fundamental approach before stud-
ying in-depth models to describe extraction curves and allow scaling-up, and cost
analysis [

Extractions with sc-fluids depend on the intrinsic nature of the fluid given by tem-
perature and pressure, and some extrinsic characteristics such as type of matrix,
interaction with the interest compound and many other environmental effects. In this
way, greater degrees of freedom can be obtained in sc-extraction than with other
conventional extraction methods, which means that there will be a greater number of
adjustable variables that will make this process unique, sensitive and specific com-
pared to conventional extraction methods [

Based on the scope, all designs can be categorized into two main groups: screening-
and optimization-designs. The most widely used in sc-extraction for screening are
Full Factorial, Fractional Factorial and Plackett-Burman designs. Taguchi design,
Composite Central and Box-Behnken are the common designs for optimization. Choo-
sing a convenient design, performing experimental tests, analyzing and interpreting
the data, are the common stages crucial to carry out a successful experimental de-
sign . Fig. |1/ shows a methodological flowchart proposal based on the state of art
to experimentally develop a modeling and optimization study of variables that govern

the extraction process.

74 Eduardo L.G. Oliveira, Armando J.D. Silvestre y Carlos M. Silva. «Review of kinetic models for

supercritical fluid extraction». En: Chemical Engineering Research and Design 89.7 (jul. de 2011),
pags. 1104-1117. DOI:|10.1016/J.CHERD.2010.10.025.

75 K.M. Sharif y col. <Experimental design of supercritical fluid extraction—A review». En: Journal of
Food Engineering 124 (2014), pags. 105-116. DOI:|10.1016/J. JFOODENG.2013.10.003.

76 Marcel Caude y Didier Thiebaut. Practical supercritical fluid chromatography and extraction. Har-
wood Academic Publishers, 1999, pag. 442.
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Figura 1. Methodology of experimental design.

Usually, preliminary experiments are made to determine experimental error and to
estimate operation intervals of the experimental region. The experimental error can
be assessed through a reproducibility measure as RSD, whose value less than 10 %
is acceptable for bio-separations processes. Although a large number of factors in-
fluence the sc-extraction process, some of these have no significant effect. Screening
for significant effects is the primary objective of experimental designs. Screening de-
signs are used to determine the most important factors and their binary interactions
from all potential factors. These types of design can examine quantitatively, quali-
tatively and simultaneously, related factors [/] Optimization is another experimental
design practice that confirms conditions or optimal region of experiments. The op-
timization approach usually begins with a screening design to select the important

factors and then an optimization design such as those already mentioned. Sharif

77 Bieke Dejaegher e Yvan Vander Heyden. «Experimental designs and their recent advances in
set-up, data interpretation, and analytical applications». En: Journal of Pharmaceutical and Bio-
medical Analysis 56.2 (2011), pags. 141-158.
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y col. included in their review a compilation of experimental designs applied in the
literature to the sc-extraction from 2000 to 2014 [

One of the main aspects that should be considered in sc-extraction is the extraction
optimization. The use of the optimum values for the different variables influencing the
sc-extractions could significantly enhance the recovery or extraction yield of a target
compound. With the aim to effectively optimize these variables, different approaches
have been applied. Those strategies can be grouped in phase equilibrium strategies
and experimental design statistical optimization. Phase equilibrium and mass trans-
fer are not modelling problems; they are limit stages of the process that can justify the
results. Therefore, it is very important to organize the experiments based on these
fundamentals, to contribute to the understanding of the extraction problem. Despite
of the valuable information obtained by phase equilibrium engineering, it is a com-
mon practice to optimize the processes using experimental designs and statistical
modelling ']} The use of experimental designs is one of the most common strategies
when it comes to set up robust extraction methods [

Optimization problems in process design usually coincide with maximizing or mini-
mizing a given objective function. When the function is not known the way to know
the response-value is through direct measurement and experimentation. Commonly
used experimental optimization designs dictate an exact number of experiments ne-
cessary to acquire information about the variables- and their interaction-effect on the
response. With this information, multivariate models are constructed and represen-

ted by a response surface. After that, the optimal conditions predicted by the model

78 Miguel Herrero y col. «Supercritical fluid extraction: Recent advances and applications». En: Jour-
nal of Chromatography A 1217.16 (2010), pags. 2495-2511. DOI:(10.1016/J.CHROMA . 2009 .12.
019.

79 Federica Bianchi y Maria Careri. «Experimental Design Techniques for Optimization of Analy-
tical Methods. Part I: Separation and Sample Preparation Techniques». En: Current Analytical
Chemistry 4.1 (2008), pags. 55-74. DOI:110.2174/157341108783339070.
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are found and validated. The latter is a stage that was found to be scarcely applied
in the consulted literature. An alternative experimental optimization design exist that
does not use an exact number of experiments but follows a specific search pattern.
This is the simplex centroid design (SCD) % The use of SCD in sc-extraction li-
terature is not common, despite the refined methodology that proposes to find the
optimal conditions. Using SCD is not necessary to build a multivariate model to ge-
nerate response surfaces because experiments per se are optimization iterations. To
generate a response surface with the experiments is also possible, but the stage of
optimal conditions validation is not necessary because the design finishes with an
experimental evaluation of the “simplex” that contains them.

In a query made with the Scopus database, only nine articles about sc-extraction
application using SCD were found between 1990-2018 compared to more than 300
found for the conventional response surface methodology. F'}, made the most recent
work consulted in the same period. Most of the articles consulted using SCD carried
out a screening design before the SCD. Among the works consulted, @stands out as
the one with the best experimental approach since consecutively performs the preli-
minary experiments, the screening of the variables and the subsequent optimization-

validation through an SCD.

80  Robin M Smith. «Optimization». En: Chemical process: design and integration. John Wiley &
Sons, 2005. Cap. 3, pags. 35-56.

81 Asghar Safaralie, Shohreh Fatemi y Alireza Salimi. «<Experimental design on supercritical extrac-
tion of essential oil from valerian roots and study of optimal conditions». En: Food and Bioproducts
Processing 88.2-3 (jun. de 2010), pags. 312-318. DOI:|10.1016/J.FBP.2009.02.002.

82 Giovanni Maio y col. «Supercritical Fluid Extraction of Some Chlorinated Benzenes and Cyclohe-
xanes from Soil: Optimization with Fractional Factorial Design and Simplex». En: Analytical Che-
mistry 69.4 (1997), pags. 601-606. DOI:|10.1021/ac960349y.
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1.4. Analytical methodologies for multicomponent quantification of extracts

To study the sc-extraction of minority compounds such as flavonoids from botanical
substrates, it is essential to have a reliable methodology and measurement instru-
ments for their identification and quantification. Since the response monitored in the
sc-extraction experiments are concentration as a function of time, it is convenient to
use analytical methods that avoid chromatographic separation to save solvent- and
time-consumption.

UV-Vis spectrophotometry is considered a simple technique useful for the analysis
and characterization of individual compounds but with limited applications in the field
of complex media analysis. Colorimetric- *°|and Folin-Ciocalteu **| methods use UV-
Vis spectroscopy to quantify flavonoids and phenolic compounds. These methods
have been widely and successfully used in the literature, but do not quantify subs-
tances individually. UV-Vis spectroscopy can be criticized for its low sensitivity and
low selectivity; however, when it comes to real technological solutions engineers
don’t rule it out. Low sensitivity could be irrelevant if there is enough concentration
of analytes in the sample, as is usual for minority compounds in extracts obtained
from promising substrates. And low selectivity caused by overlapping of the extract

constituents spectral signatures can be elegantly circumvented using modern che-

8 Chia-Chi Chang y col. «Estimation of Total Flavonoid Content in Propolis by Two Complementary
Colorimetric Methods». En: Journal of Food and Drug Analysis 10.3 (2002), pags. 178-182.

84 Vernon L. Singleton, Rudolf Orthofer y Rosa M. Lamuela-Raventos. «Analysis of total phenols and
other oxidation substrates and antioxidants by means of folin-ciocalteu reagent». En: Methods in
Enzymology 299 (1998), pags. 152-178. DOI: 10.1016/S0076-6879(99)99017-1. arXiv: [arXiv:
1011.1669v3.
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mometric tools . Most of the related studies reported so far, apply basic che-
mometric procedures with simple mathematical procedures that have shown quite
convincing results. With the application in industrial environments and the advan-
cement of sophisticated and specialized multivariate methods, UV-Vis spectroscopy
can become one more success story of chemometrics along with NIR spectroscopy
]

Multivariate methods estimate concentration of individual substances by transfor-
ming non-selective signals (i.e., absorption spectra) into specific concentration va-
lues for multicomponent mixtures ¥’} To estimate concentration, the spectral signatu-
res of the reference substances are used as model calibration data. This procedure
is known as multivariate calibration and its application requires prior knowledge of
the extract constituents by chromatographic identification or by another analytical
method. Fig |2l shows an example of overlapped spectra in a mixture. The resulting
spectrum is the line fitted to the points. The colored lines are the individual spectra of
the extract constituents. Regression and Curve resolution techniques are the mathe-
matical methodologies usually applied to the absorption spectroscopy data 8, Some

methods most frequently found in literature are Classical Least Squares (CLS), Inver-

8  Dmitry Kirsanov y col. «UV-Vis spectroscopy with chemometric data treatment: an option for on-
line control in nuclear industry». En: Journal of Radioanalytical and Nuclear Chemistry 312.3
(2017), pags. 461-470. DOI:|10.1007/s10967-017-5252-8l.

8  Rolf Manne. «On the resolution problem in hyphenated chromatography». En: Chemometrics and
Intelligent Laboratory Systems 27.1 (1995), pags. 89 -94. DOI: https://doi.org/10.1016/0169-
7439(95)80009-X.

87 Alejandro C. Olivieri y col. «Uncertainty estimation and figures of merit for multivariate calibration
(IUPAC Technical Report)». En: Pure and Applied Chemistry 78.3 (ene. de 2006), pags. 633-661.
DOI:|110.1351/pac200678030633.

8  Victor Abrahamsson, Firas Jumaah y Charlotta Turner. «Continuous multicomponent quantifi-
cation during supercritical fluid extraction applied to microalgae using in-line UV/Vis absorption
spectroscopy and on-line evaporative light scattering detection». En: The Journal of Supercritical
Fluids 131 (ene. de 2018), pags. 157-165. DOI:|10.1016/J.SUPFLU.2017.09.014.
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se Last Squares (ILS) and partial least squares for the regression-techniques family,
and Multivariate Curve Resolution by Alternating Least Squares (MCR-ALS), Para-
llel Factor Analysis (PARAFAC2) and Artificial Neural Networks (ANN) for the family

of Curve resolution techniques.

Figura 2. Analysis of mixture of peaks by multiple regression. Colored bands are
true and measured components. Taken from ﬁ
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There are many examples of the application of multivariate calibration in the literatu-
re for extraction of valuable compounds. E.g. @ employed UV-Vis spectrometry and
multivariate calibration as a rapid and reliable tool for simultaneous quantification of
ternary mixtures of phenolic acids in fruit juice. They employed the same metho-
dology to propose a simple, inexpensive and sensitive kinetic spectrophotometric

method developed for the simultaneous determination of three flavonoids: catechin,

% Rouhollah Khani, Reza Rahmanian y Naser Valipour Motlagh. «UVa€“Visible Spectrometry and
Multivariate Calibration as a Rapid and Reliable Tool for Simultaneous Quantification of Ternary
Mixture of Phenolic Acids in Fruit Juice Samples». En: Food Analytical Methods 9.5 (2016),
pags. 1112-1119. DOI:/10.1007/s12161-015-0287-3.
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quercetin and naringenin, in fruit samples. for their part, applied multivariate cali-
bration to implement a quantitative methodology based on in-line UV-Vis absorption
spectroscopy and on-line evaporative light scattering detection for sc-extraction. The
method was developed to simultaneously quantify in situ the concentration of caro-
tenoids, chlorophyll A, ergosterol and total lipids extracted from microalgae.

Based on the application of the [7'| work, which exposes complex mechanisms in
chemical engineering processes using specifically configured optical measurement
techniques, it will be possible to see many of these methods applied at high-pressure
processes shortly. However, together with technological advances, it is necessary
to overcome the limitations associated with the analytical methodology that allows
developing and validating models with acceptable figures of merit, such as precision,
analytical sensitivity, adjustment, linearity, residual prediction deviation, detection,
and quantification limits. Given the high heterogeneity of the samples to be analyzed,
in some studies, it is necessary to propose strategies to optimize the calibration
and validation data sets as [? did by outlier elimination based on leverage and non-
modelled residuals in spectral data.

The implementation of an analytical methodology for the simultaneous multicompo-
nent quantification of extracts requires the technological measurement tool, a multi-
variate quantification methodology and the validation of the results. The latter treated

with little rigor in the consulted literature.

91 Andreas Braeuer. In situ Spectroscopic Techniques at High Pressure. Ed. por Erdogan Kiran.
1.2 ed. Vol. 7. Amsterdam: Elsevier, 2015, pags. 1-394.

92 Dayane Aparecida dos Santos y col. «Multiproduct, Multicomponent and Multivariate Calibra-
tion: a Case Study by Using Vis-NIR Spectroscopy». En: Food Analytical Methods 11.7 (2018),
pags. 1915-1919. DOI:[10.1007/s12161-017-1099-4.

51


https://doi.org/10.1007/s12161-017-1099-4

1.5. Phase equilibria

The design of processes using sc-solvents is strongly dependent on the phase equi-
librium scenario, which is highly sensitive to changes in operating conditions. There-
fore, phase equilibrium engineering plays a key role in the synthesis and design of
these processes @ Phase equilibrium engineering is the systematic application of
phase equilibrium knowledge to process development [®| This knowledge comprises
data banks, experimental data, phenomenological phase behaviour, thermodynamic
analysis, and mathematical modeling procedures for phase equilibrium process cal-
culations. There is still a considerable lack of data because experimental determina-
tion of phase equilibria in sc-fluids is tedious, time-consuming, expensive and often
even not reported in the literature because the scatter of the experimental values is
big and unacceptable %]

According to Brennecke y Eckert “any really widespread applications of sc-fluid ex-
traction in the future are highly dependent on the ability of engineers to model and
predict phase equilibria in the complex systems represented” (p. 1409, E]) Each
sc-application has a set of specifications and physical restrictions. Rigorous simula-
tions of equilibrium stage separations at near-critical conditions are needed for the
design and optimization of sc-processes. However, equilibrium calculations in the
near-critical region can present serious convergence difficulties @ even more when

it comes to multi-component phase equilibria.

9 Jose L Martinez. Supercritical fluid extraction of nutraceuticals and bioactive compounds. CRC

Press, 2007.

9 Helena Sovovéa, Marie Sajfrtova y Roumiana P. Stateva. «A novel model for multicomponent su-

percritical fluid extraction and its application to Ruta graveolens». En: The Journal of Supercritical
Fluids 120 (feb. de 2017), pags. 102-112. bOI:|10.1016/J.SUPFLU.2016.10.008.

% Joan F. Brennecke y Charles A. Eckert. Phase equilibria for supercritical fluid process design.

1989. DOI:|10.1002/aic.690350902.
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1.5.1. Solute-solvent equilibria  Sc-extracts (solute) from botanical substrates
are mainly constituted by CwWw and other already mentioned minor compounds what
would be by definition a multi-component system. The concentration of the whole
extract in the extraction solvent under equilibrium conditions and enough mass to
saturate is called apparent solubility, an important parameter that controls the ex-
traction kinetics and affects the extract production cost @ For now, it is impossible
to model and predict the true solubility of this complex system, but some authors
have recently addressed the problem by simplifying the system using strategies of
grouping the components into families of molecules. This strategy relies heavily on
experimental information and the modeling of the solubility of binary systems that are
measured in the laboratory from pure substances and are known as thermodynamic
solubility. Similar extracts constituents can be grouped and represented by a single
molecule (pseudo-component) that presumably describe the thermodynamic beha-
vior of their family in a simplified system. E.g. If the object of study are flavonoids but
the main extract components are CW. Therefore, the system can be simplified to three
components, i.e., scCO,, a representative molecule of the CwW (majority compounds),
and other for the flavonoid family (minority and valuable compounds).

Sovova et al. recently considered whether it is appropriate to use the solubility es-
timate of the most abundant long-chain alkane mixture in the extract to model the
solubility of the extract in scCO,. The authors modeled the extraction of mint from ﬁ]
data representing the extract as a mixture of 2 (Cs3 and Cs4), and 3 (Cog, C31 and

Cs3) long-chain alkanes. Although the discussion about the convenience of this ap-

% Helena Sovova. «Apparent Solubility of Natural Products Extracted with Near-Critical Carbon
Dioxide». En: American Journal of Analytical Chemistry 3 (2012), pags. 958-965.

97 Bhupesh C. Roy y col. «Supercritical CO2 Extraction of Essential Oils and Cuticular Waxes
from Peppermint Leaves». En: Journal of Chemical Technology & Biotechnology 67.1 (1996),
pags. 21-26. DOI:[10.1002/ (SICI) 1097-4660(199609)67:1<21: : AID-JCTB522>3.0.C0;2-0.
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proach remains open, they found that changes in modeling of the extraction curve
can be predicted quite well considering solubility of these n-alkanes in the mixture.
In sc-extraction of a mixture of long-chain alkanes, the solubility in scCO, decreases
with increasing length of the carbon chain. Authors also have shown that, if a mixture
of such hydrocarbons should be represented by one component in a model for SFE,
then the carbon chain of that component should be slightly longer than the average
chain length in the mixture P4

In the literature, there are many data about solubility of long-chain hydrocarbons in
sc CO,, but not for the great diversity of flavonoids found in nature. Solubility data
for binary, ternary, or multi-component solid mixtures is still very limited. @, and @
are authors who have compiled solubility data between 2005 and 2017. In summary,
they published a compendium of ca. 600 different solid compounds, most of which
are biological and pharmaceutical compounds. Most of the reported data correspond
to solute-scCO, binary systems, only 36 binary solid systems, five ternaries, and one
quaternary have been investigated until 2017. To get closer to reality, it is still neces-
sary to advance in the knowledge of the multi-component phase equilibrium, its ther-
modynamic description, modeling, and simplification strategies. Section of this
book describes a thermodynamic approach to multi-component modeling proposed
by Sovova, Sajfrtova y Stateva and based on the well-known Parauznitz isofugacity

equation.

% Helena Sovova y Roumiana P. Stateva. «New approach to modeling supercritical CO2 extrac-
tion of cuticular waxes: Interplay between solubility and kinetics». En: Industrial and Engineering
Chemistry Research 54.17 (mayo de 2015), pags. 4861-4870. DOI:10.1021/acs.iecr.5b00741.

99 M Skerget, Zeljko Knez y Maga Knez-Hrng&ig. «Solubility of solids in sub-and supercritical fluids:
a review». En: Journal of Chemical & Engineering Data 56 (2011), pags. 694-719. DOI:|10.1021/
je1011373.

100 Zeljko Knez, Darija Cér y Masa Knez-Hrngig. «Solubility of Solids in Sub- and Supercritical
Fluids: A Review 2010-2017». En: Journal of Chemical and Engineering Data 63.4 (2018),
pags. 860-884. DOI:10.1021/acs. jced.7b00778.
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1.5.2. Sorption equilibria  In addition to solubility, other equilibrium parameters
are relevant when the participation of the substrate in phase equilibria is considered.
Typical extracts are complex mixtures of several interacting solutes, and solute-solute
interactions affect the behaviour of the solubility of a constituent in the mixture as
compared with the solubility of the pure counterpart [ The difference between ap-
parent and thermodynamic solubilities can be explained by the interactions between
solutes in complex extract mixtures as well as their interaction with the substrate.
The maximal extraction yield from a biological tissue may be influenced by physical
entrapment of solutes in the cellular structure, and there is no irrefutable experimen-
tal support to the claim that the yield is also negatively affected by solute-matrix
interactions.

The approach of adopting expressions of adsorption isotherms to model the partitio-
ning between the sample and the extraction phase has been shown to be suitable
and does not necessarily complicate the models mathematically@ made a com-
pilation of such sorption expressions proposed until 2012 and remains valid to this
day. Figure (3| shows a graphic representation of the approaches of the sorption mo-
dels exposed by the authors. Del-Valle and Urrego (dVU) finish their work proposing
a model that, at the cost of adding a new fitting parameter, describes a smooth and
continuous function, universal enough to interpret data on CO, apparent solubility of
volatile substances as well as the apparent solubility of vegetable oils from seeds,

for which it was originally proposed 2l The dVU sorption model is expended in sub-

101 Camilo Pardo-Castafio, Manuel Veladsquez y Gustavo Bolafos. «Simple models for supercritical
extraction of natural matter». En: Journal of Supercritical Fluids 97 (2015), pags. 165-173. DOI:
10.1016/j.supflu.2014.09.044.

102 José M. del Valle y Freddy a. Urrego. «Free solute content and solute-matrix interactions affect
apparent solubility and apparent solute content in supercritical CO2 extractions. A hypothesis
paper». En: Journal of Supercritical Fluids 66 (2012), pags. 157-175. DOI:10.1016/j . supflu.
2011.10.006.
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Figura 3. Comparison of sorption isotherm/isobar models presented in the del Valle
y Urrego work. Taken from @
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1.6. Kinetics of extraction

A number of kinetic mathematical models for sc-fluid extraction have been developed
and proposed in the open literature as discussed in detail in several reviews [P %]
Through matching the models against experimental extraction curves, the model pa-

rameters that are physically meaningful can be determined; in turn they cannot only

104 José M. del Valle y Juan C. de la Fuente. «Supercritical CO2 Extraction of Oilseeds: Review of
Kinetic and Equilibrium Models». En: Critical Reviews in Food Science and Nutrition 46.2 (mar. de
2006), pags. 131-160. DOI:|10.1080/10408390500526514.

105 Zhen Huang, Xiao han Shi y Wei juan Jiang. Theoretical models for supercritical fluid extraction.
2012. DOI:|10.1016/j.chroma.2012.04.032.
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depict the increase in extraction yield as a function of extraction time or solvent-to-
feed ratio, but can also be used to predict large scale extraction curves as functions
of the process variables. From this point of view, simple empirical models are of limi-
ted viability as their adjustable parameters, have no physical meanings and are not
adequate for any predictions, even though they sometimes could deal with sc-fluid
extraction curves very well [

There are various models employed to describe the sc-fluid extraction of oils or other
compounds from plant material. All of them consider that the particles are packed
inside an extractor column. The simplifying assumptions employed by most authors
are: isothermal operation, negligible pressure drop across the extractor, and constant
bed porosity and solid density along extraction. Furthermore, it is usually assumed
that the solute loading in the sc-fluid is low and, therefore, fluid density, axial disper-
sion, and fluid velocity remain approximately constant. Such assumptions reduce the
number of equations necessary to describe the extraction process to mass balances,
equilibrium relations, and kinetics laws [4] Four different models are described in the
Oliveira, Silvestre y Silva work: linear driving force, shrinking core, broken plus intact
cells, and a combination of the broken plus intact cells with shrinking core.

The broken and intact cells (BIC) approach proposed by E] for mass transfer model
of sc-extraction has shown good agreement with experimental results. This model
considers substrate as particles that contain intact and broken cells. It is assumed
that the extraction kinetics is fast or slow depending on whether the mass is trans-

ferred from the broken or intact cells respectively 4l Sovova classified the extraction

106 Zhen Huang. «Mass Transfer Models for Supercritical Fluid Extraction». En: Food Engineering
Series. Springer, 2015, pags. 77-115. DOI:110.1007/978-3-319-10611-3_3.

107 Helena Sovova. «Mathematical model for supercritical fluid extraction of natural products and
extraction curve evaluation». En: The Journal of Supercritical Fluids 33.1 (2005), pags. 35-52.
DOI:|10.1016/J.SUPFLU.2004.03.005.
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curves in four types from A to D, according to the regions of the discontinuous equi-

librium function employed to describe the phase equilibrium stage.

1.7. Conclusion

Lippia origanoides K. and Lippia graveolens in addition to volatile compounds, also
contain flavonoids in their celular structure that could be extracted. Considering this,
the industry of L. origanoides and L. graveolens EQOs has a clear opportunity with dis-
tillation by-producs to increase its profit by extracting, in addition to phenylpropanoid-
rich EOs, flavonoids-rich oleoresin. Sc-extraction is a promising process to selecti-
vely obtain flavonoids. Evaluating the potential of its application in the valorization
of solids residues from distillation of Lippia spp. is of great interest. The valoriza-
tion study should be approached from a well-considered experimental strategy that
allows identifying the factors with significant influence, optimizing them, and valida-
ting them within the experimental limits. Implementation of an analytical methodology
for the simultaneous multicomponent quantification of extracts is necessary to achie-
ve good experimental results. Modelling and simulation are important for process de-
sign purposes, particularly of sc-fluid extraction processes. Both, phase equilibrium
and kinetic models have to be rigorously studied to build a reliable mathematical

description of the phenomenon for simulation of sc-fluid extraction processes.
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2. EXPERIMENTAL, MATERIALS AND METHODS

This chapter presents the experimental methodology and the modeling framework
used in the present work. Fig. 4| shows a block diagram that summarizes all the
methodology applied to achieve the results. The methodology is divided into three
study sections. The first section (residues valorization study) focused on studying
and selecting the variables that affect the sc-extraction of post-distillation L. origanoi-
des chemotypes and L. graveolens. In this section, the sc-extraction of each substra-
te was also optimized and the best extracts were identified and quantified by rigorous
chromatographic methods. The second section (study of phase equilibria) was ap-
plied with two approaches, i.e., the phase equilibria between solutes and solvent
(thermodynamic approach) and between solutes, solvent and support matrix (ope-
rational approach). In this stage, chemometrics tools were developed that allowed
processing the large number of samples. Finally, the third section (kinetics study)
delved into the kinetics of extraction joining the results of the phase equilibra with
those of the mass transfer phenomena obtained fitting experimental extraction cur-

ves for the chopped and extruded substrates.

2.1. Plant material

2.1.1. Culture, harvest and distillation  Different experimental lots of L. graveo-
lens and three L. origanoides chemotypes (i.e., thymol-, carvacrol- and phellandrene-
rich chemotypes) were grown at the main campus (7°8'26.41” N 73°7'10.45” W, Bu-
caramanga, Colombia) and Barbosa campus (6°27' N 75°19'59.99” W, Barbosa, Co-
lombia) of Universidad Industrial de Santander during the 2014 to 2016 period. The
harvest collected each three months during these years, was steam distilled to remo-

ve essential oils that are not the subject of this work. A part of the steam distillation
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Figura 4. Block diagram of the methodology divided into three study sections.

residues was separated, dried in the shade and subsequently stored at controlled

conditions. The remaining part of the waste was composted or used as a biofuel for

other distillations.

2.1.2. Pretreatment

Particle size reduction

Once there was enough raw material to make extrac-

tions, all the dried plant material was ground separately for each chemotype. Particle

size was reduced in two steps, first with a chaff cutting machine PE800 Penagos
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(Girén, Colombia) and then with a cutting mill Retsch SM100 (Haan, Germany). For
L. origanoides thymol-rich chemotype, two exit grids were used, 0.5 mm and 2 mm
openings, to use particle size as a variable for the screening design that is discussed
in a following subsection. For the remaining chemotypes, the 2 mm opening exit grid
was used. The chopped material was stored at 22 °C in separate containers for each

chemotype and particle size.

Microstructural disruption A part of the chopped material of L. origanoides
phellandrene-rich chemotype was pretreated in a flat D-type PP85 pellet mill from
Pelletpros® (Dubuque, USA) having exchangeable die openings (2.5 and 4 mm dia-
meter). The extruded material was manually cut into cylindrical pellets having two si-
zes of unitary height (h)-to-diameter (d) ratio, i.e., small pellets (SP, h = d = 2.5 mm)

and large pellets (LP, h = d = 4 mm).

2.2. Sample analysis

2.2.1. Plant material A portable sieve shaker CE Tyler RX-24 (Cleveland, USA)
was used to determine the particle size distribution of the chopped materials. A gas
pycnometer Quantacrome Ultrapyc 1200e (Boynton Beach, USA) was used to de-
termine the density p, (kgm~1) of the solid chopped and extruded substrates using
99.9 wt % nitrogen from Air Liquide (Santiago, Chile). The moisture was measured
gravimetrically by removing water from samples of each post-distillation plant residue
by drying in an WTC Binder convective oven (Tutlingen, Germany) set at 105 °C for
24 h. The total content of extract available in substrates was also measured gravime-
trically by extracting samples using azeotropic ethanol-water mixture to exhaustion
for 24 h (ca. 2 cycles/h) in a 250 mL Soxhlet batch apparatus using 1 : 10 wgyps : Wsoly

ratio.
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2.2.2. Extracts identification

UV spectroscopy A UV-Vis Perkin-Elmer Lambda 10 (Waltham, USA) spectro-
meter (speed 240 nm min—!, smooth: 6) was used to obtain the UV-Vis spectral signal
used in the residues valorization study for the CLS multivariate calibration. A UV-Vis
miniature spectrophotometer (FLAME-S-UV-VIS-ES, 200 to 850 nm wavelengths ran-
ge, 25 um slit, 1:5 nm optical resolution (FWHM), L2 lens type and Sony ILX511b
detector type) was used for the phase equilibria experiments by multivariate cali-
bration. The spectrometer, deuterium and halogen light source (DH-2000-DUV, 190
to 2500 nm wavelength), fiber optic probes (QP455-025-XSR-BX, solarization resist,
180 to 900 nm) and collimator lens (74-UV,5 mm diameter, 10 mm focal length, 200
to 2000 nm wavelength) were obtained from Ocean Optics (Dunedin, USA). A UV
quartz cuvette SIGMA C-9292 (Steinheim, Germany) was also used in the spectros-
copic measurement. The UV spectrum was measured from 200 to 400 nm. This spec-
troscopic measurement setup, coupled to a high pressure visual cell for static solu-
bility measurement, has been used and recently published by Pardo-Castafio and
Bolanos m Absorbance responses for extracts obtained from integral extraction
curves (IEC) were taken at 287 nm in a Shimadzu UV mini-1240 spectrophotometer

(Kyoto, Japan).

Gas chromatography = Chromatographic analysis of fatty acids present in the sc-

extract were performed as follows: 100 mg of extract was saponified with 2 mL of

108 Camilo Pardo-Castario y col. «Solubility of collinin and isocollinin in pressurized carbon dioxide:
Synthesis, solubility parameters, and equilibrium measurements». En: Journal of Chemical and
Engineering Data 64.9 (2019), pags. 3799-3810. DOI:|10.1021/acs. jced.9b00234|

109 Camilo Pardo-Castafio y Gustavo Bolafios. «Solubility of chitosan in aqueous acetic acid and
pressurized carbon dioxide-water: Experimental equilibrium and solubilization kinetics». En: Jour-
nal of Supercritical Fluids 151 (2019), pags. 63-74. DOI:/10.1016/j.supflu.2019.05.007.
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KOH/MeOH 2 N (70 °C, 10 min, stirring). Free fatty acids were derived to FAMEs
using 3 mL of BF3/MeOH (70 °C, 5 min, stirring). FAMEs were extracted with 2 mL of n-
hexane. One uL of the FAMEs was analyzed with a 7890A gas chromatograph (GC)
(Agilent Technologies, Wilmington, DE) equipped with a flame ionization detector
(FID) and a 7683B automatic injector. A fused silica DB23 capillary column (60 m L
x 0.25mm (ID), 0.25 um dp) was used. The oven temperature was programmed as
follows: 50 °C for 1 min, increased to 175 °C at 25 °C/ min, then increased to 230 °C at
4 °C/ min, and kept at 230 °C for 7 min. The injection and detector temperatures were
250 °C and 280 °C, respectively. The carrier gas was hydrogen at 33 cms™!. The split
ratio was 1:50. FAME identification was based on retention times as compared with
those of the standard FAME mixture. Results were expressed as percentage of peak

area without any correction.

Liquid chromatography

UHPLC-ESI(+)-Orbitrap-MS A Thermo Scientific Exactive Plus LC-MS (Palo Al-
to, USA) system equipped with heated electrospray interface and orbitrap detection
was employed for the determination and quantification of the highest-yield extract
from each chemotype at the end of residues valorization study. A Hypersil GOLD
aQ Thermo Scientific (Sunnyvale, USA; 100 mm L x 2.1 mm ID, 1.9 um dp) column
was used. The column temperature was maintained at 35 °C. A 0.2 cm3/ min mixtu-
re of water (4), acetonitrile (B), with 0.5 wt % formic acid each, was used as mobile
phase with the following gradient program: 100 vol % A changed linearly to 100 vol %
B in 8 min, maintained constant for 4 min, returned to 100 vol % A in 1 min and re-
mained unchanged for the last 3 min. The mass spectra were obtained in positive
mode; injection volume: 1 uL; gas temperature: 350 °C; drying gas: 7 L/ min of Ng;
nebulizer gas: 0.3 MPa; capillary voltage: 3.5 kV; mass range 100 to 1100 m/z. Mass

spectra were acquired in the all-ion fragmentation mode for energies of 10, 20, 30 and
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40 eV at the high-energy collision dissociation chamber. Chromatographic and mass
spectrometric data were processed with Xcalibur® software, version 4.0. Compound
identification was based on extracted ion chromatogram (EIC), exact masses, com-

parison with standard compounds, and fragment pattern interpretation.

HPLC with UV-Vis detectors An Agilent Technologies 1260 Infinity (Palo Alto,
USA) chromatograph coupled to a diode array detector (DAD G1315D) and a multi-
ple wave detector (G1365D) was used to validate the inverse multivariate calibration
model by comparing the data obtained by HPLC quantification and the prediction of
the ILS models. The separation of the constituents of the extracts was done ina C18
Gemini Phenomenex column (Torrance, USA), 25cm L x 4.6 mm ID, 5 um d,. Detec-
tion of compounds was at 290 nm. The mobile phase was water (4, 0.5 wt % formic
acid) and acetonitrile (B) with 1 mL/ min volumetric flow and injection volume of 10 pL.
The method was programmed at 0 min: 98 vol % B, at 15 min: 88 vol % B, 15 t0 23 min:
88 vol % B, 46 min: 60 vol % B, 80 to 85 min: 98 vol % B.

Perkin EImer Series 200 HPLC (Shelton, USA) system, coupled to a Series 200 UV-
Vis Detector, was interfaced with an equilibrium cell for measuring the solubility of Pn
in CO,+extract system at different P and 7' conditions. After reaching equilibrium, a
20 uL aliquot of the extract-saturated in CO2-rich phase was loaded into the loop of
a six-port high-pressure injection Rheodyne 7010 valve (Rohnert Park, USA). The
separation of the extract constituents dissolved in the CO,-rich phase was done in a
C18 Symmetry Waters column (Milford, USA), 25cm L x 4.6 mm ID, 5 pm d,. Detec-
tion of compounds was at 289 nm. The column temperature was maintained at 25 °C.
A 1 cm®/min mixture of MeOH (&), water (B), was used as mobile phase with the
following gradient program: 70 vol % A changed linearly to 100 vol % A in 8 min, main-
tained constant for 4 min, returned to 70 vol % A in 1 min and remained unchanged for

the last 3 min.
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2.3. Quantification

2.3.1. Multivariate Calibration = Multivariate calibration is commonly used to de-
termine the concentration of constituents in a mixture of analytes by means of spec-
tral analysis. Here, the concentrations of the analytes are the predictor variables, and
the absorbances at the different wavelengths are the response variables. The mul-
tivariate calibration method was used to transform the instrumental response of the
spectrometers into useful concentration values, even given the several superposi-
tions of the spectra of the L. origanoides and L. graveolens sc-extracts constituents.
This methodology avoided using chemical separation techniques (e.g., chromato-
graphy) for the large number of experimental samples analyzed. The extract spectral
signal was modeled as a sum of contributions from some flavonoids constituents of
the sc-extract of post-distillation substrates. According to E and current studies by
some of the same authors, these are: pinocembrin, galangin, naringenin, luteolin,
and apigenin, which were purchased from Sigma-Aldrich (St. Louis, USA) as high
purity standards (> 98 wt %).

Classical model The scope of the clasical least-squares (CLS) model is rather
limited, since it requires the spectra of all contributing species to be measured or es-
timated from mixture spectra 4 The quantification method assumes a linear additive

signal for the constituents, as represented mathematically by matrix Eq. [T}

r=Sc+e, (1)

where, r (5 x k) is the measured absorbance data matrix (instrumental response of
samples of unknown concentration, espectral value) with j wavelengths selected and
k samples measured (k = 3 for triplicates), S (j x i) is the absorbance matrix of the

pure-components, e.i., the spectra of the ¢ flavonoids that represent the components,
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that absorb UV-Vis radiation, present in the extract at the unit concentration. S is a
matrix constructed from either measured pure spectrum of each standard of the
flavonoids at a known concentration (direct mode) or estimated from the spectra
of mixtures of the extract constituents (indirect mode) m Finally, ¢ (i x k) is the
matrix of samples of unknown concentration and e (5 x 1) is the vector of noise.
To predict matrix concentration ¢, the matrix expression of Eq. |2 is derived from
matrix Eq. [T, where the superscript “+” denotes the pseudo-inverse operation (i.e.,
St = (STS)_1 ST), superscript “T” signifies transpose and hat over c indicates the
ordinary least-squares (OLS) estimate of c¢. The concentrations of all constituents of
samples were obtained by fitting the pure-flavonoids signals S to the spectra of the

measured samples r using OLS fit.

é=8"tr (2)

The direct mode of CLS model was used in the residues valorization study of this
work. A group of 44 wavelengths, which represent the variations in the spectral sig-
nals of the molecules, was conveniently selected to perform the calculations. Sam-
ples of extracts were measured in triplicate. Methanol (MeOH) was used as eluent

of the samples and was supplied by Mallinckrodt Baker Inc. (Phillipsburg, USA).

Inverse model  The inverse least squares (ILS) method was employed to determi-
ne extract flavonoid contents in phase equlibria and kinetics study of this work. The

ILS method has an advantage compared to CLS because it minimizes errors during

110 R D Bautista y col. «Simultaneous determination of diazepam and pyridoxine in synthetic mix-
tures and pharmaceutical formulations using graphical and multivariate calibration-prediction
methods.» En: Journal of pharmaceutical and biomedical analysis 15.2 (1996), pags. 183-92.
DOI:/10.1016/0731-7085(96) 01844-4.
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calibration [T} which is more convenient to deepen the study of thermodynamics and
mass transfer phenomena of the extraction process. The multivariate inverse model

for the prediction sample is:

c=r"b+e, (3)

where b is the j x kK model parameter matrix, i.e., the multiple linear regression coef-
ficients for each selected wavelength. The remaining symbols are as defined before.
The estimate of b is obtained from calibration data, similar to the straight line fit-
ting using in the external calibration methodology, but with data structures of higher

complexity than scalars which is expressed using tensor algebra @:

Ceal = RTb + e, (4)

where the subscript “cal” in ¢ denotes the known concentration of flavonoids in ca-
libration samples, R (i x j x k) is an array that contains the spectra of mixtures of
flavonoids of the calibration samples and e is now a matrix of noise. The interferences
do not play an explicit role in Eq. |4, The ILS allowed to calibrate the flavonoids indivi-
dually from the mixtures of the available or necessary standards for study, regardless
of whether they represented all the constituents of the extract or all the interactions
between the molecules (matrix effect). In other words, ILS can be a highly selective
method for quantification of flavonoids of interest. This is a major advantage over the

CLS, which requires that the number of standards used in the calibration be as close

"1 R. Torralba y col. «Speciation and simultaneous determination of arsenic(lll), arsenic(V), mono-
methylarsonate and dimethylarsinate by atomic absorption using inverse least squares multiva-
riate calibration». En: Spectrochimica Acta Part B: Atomic Spectroscopy 49.9 (ago. de 1994),
pags. 893-899. DOI:10.1016/0584-8547 (94)80078-2.

12 Eugenio Sanchez y Bruce R. Kowalski. «Tensorial resolution: A direct trilinear decomposition».
En: Journal of Chemometrics 4.1 (ene. de 1990), pags. 29-45. DOI:|10.1002/cem. 1180040105.
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as possible to the constituents of the test extract [

As will be seen later in the results section, the phellandrene-rich chemotype was
selected to further study phase equilibria and kinetics of the extraction process. The
major flavonoids of EtOH-modified scCO, extract of L. origanoides phellandrene-rich
chemotype are pinocembrin (Pn) and galangin (Gn). So the ILS method was selecti-
vely applied to those molecules. According to the IUPAC recommendation in 2001,
“selectivity refers to the extent to which the method can be used to determine parti-
cular analytes in mixtures or matrices without interferences from other components
of similar behavior” [%] The interference (Intf), for our purpose, was defined as
the mixtures of flavonoids that remain in a lesser proportion in the extract and the
mixture of cuticular waxes that, although do not absorb the radiation in the UV-Vis
region, contribute to the matrix effect. In this way, the samples of the sc-extract were
represented as the mixture of three constituents, i.e., Pn, Gn and Intf. This approach
allowed to test different sets of data to find a better prediction of concentration com-
paring ILS with HPLC. Since it is not practical and virtually impossible to know the
true value of Intf in the extract, the response factor for the Intf was an optimizable

matrix within the array R. Pure spectra for Pn, Gn and Intf were calculated using

Eq.[Bl

S - (Cca|cg—‘a|)7l Cca|R (5)

Three data sets were prepared for calibration in MeOH as eluent (99.9 wt %, Merck,
Darmstadt, Germany). First data set (DS1) were nine different mixtures of Pn and Gn
standards assessed gravimetrically at: 21.6 and 10.7, 21.6 and 7.5, 21.6 and 4.3,
13 and 6.5, 13 and 4.5, 13 and 2.6, 4.4 and 2.1, 4.4 and 1.5, 4.4 and 0.9 pg/gn,

13 Jdrgen Vessman y col. «Selectivity in analytical chemistry (IUPAC Recommendations 2001)».
En: Pure and Applied Chemistry 73.8 (ago. de 2001), pags. 1381-1386. DOI: |10 . 1351 /
pac200173081381.
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respectively. DS1 does not consider Intf since mixtures were prepared by diluting
standards of Pn and Gn in MeOH. Second data set (DS2) was prepared mixing a fixed
concentration of extract (2.55 mgg™!) with five diferent Pn and Gn mixture assessed
gravimetrically at: 2.8 and 1.3, 5.6 and 2.6, 8.1 and 4.1, 10.8 and 5.5, 13.6 and
7.3 Ug/gqn, respectively. In DS2, the number of moles of Intf remained constants
for all mixtures. Finally, the third data set (DS3) was prepared at three levels (2.6,
7.7 and 12.8 mgeract/8sin) Of €xtract concentration. To measure the UV spectrum of
DS2 and DS3, 100 pyL of the HPLC prepared sample were diluted to 5 mL, because
high concentration solutions cause deviations from linear behavior of absorbance
response. All mixtures were prepared in triplicate.

In summary, 17 calibration mixture-samples in triplicate (51 points), grouped in th-
ree data sets (DS1-DS3) were used for ILS multivariate calibration. The approach to
finding the models that best predict the concentration of Pn and Gn was to test the
different sets of data individually and jointly comparing the results with those obtai-
ned by HPLC. Leave one out (LOO) cross-validation methodology was applied in
order to determine the capability to predict concentration without the information of a
point in triplicate for models. Prediction coefficient Q* was calculated as a measure

of goodness of prediction achieved with the sets of calibration data.
2.3.2. Liquid chromatography

UHPLC-ESI(+)-Orbitrap-MS  The external calibration methodology was emplo-
yed for quantification using calibration curves of available standard substances (i.e.
quercetin, luteolin, naringenin, apigenin, and pinocembrin) to relate concentration

with chromatographic peak area [ The quantification of the molecules for which

14 James N Miller y Jane Charlotte Miller. Statistics and chemometrics for analytical chemistry. Sixth.
Pearson Education, 2010.
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the standard substances were not available, was calculated from a surrogate (i.e.,
kaempferol, Sigma-Aldrich, St. Louis, USA) with the method of internal standard [[™9]

HPLC with UV-Vis detectors = The external calibration methodology was also em-
ployed for quantification in HPLC-DAD to compare results with those calculated by
ILS method. DS1-DS3 were quantified by means of calibration curves of Pn and Gn
standard substances that relate the concentration of the flavonoids in the sample
with the corresponding chromatographic peak area. Each point of the curve was pre-
pared three times from a stock solution containing Pn and Gn at the same mass con-
centration. The concentrations were 12.8, 38.3, 63.8, 102, 127.5, 255.1 and 510 mg g .
Calibration curves were prepared and analyzed at the same chromatographic condi-
tions at which DS1-DS3 were measured.

Values of solubility for Pn + sc-extract + CO, system were calculated using Eq. [6]
™% based on the chromatographic response (A,, peak area) of a CO,-rich phase
sample (Viy = 20 L, from the loop of the equilibrium cell) as compared to the chro-
matographic response of a standard reference solution (Ag, from Vs = 20 uL from the
loop of the HPLC injector), of known concentration (Csz) of nobiletin (for preliminary
experiments) and Pn used for calibration purposes. Properties of CO,, molar mass
(MWeo,) and specific volume at test conditions (vco,) was also necesary and cal-

culated as a function of system temperature and pressure using the NIST database

"5 Luis Cuadros-Rodriguez y col. «Principles of analytical calibration/quantification for the separation
sciences». En: Journal of Chromatography A 1158.1-2 (jul. de 2007), pags. 33-46. DOI:{10.1016/
J.CHROMA.2007.03.030.

116 Karina A. Araus y col. «Solubility of 3-carotene in ethanol- and triolein-modified CO2». En: The
Journal of Chemical Thermodynamics 43.12 (dic. de 2011), pags. 1991-2001. DOI:|10.1016/J.
JCT.2011.07.013.
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2.3.3. Cuticular waxes and Intf The present work did not have the scope of
analytically quantifying, through some instrumental methodology, the co-extracted
compounds such as fatty acids, waxes, pigments, resinoids, among others. The fatty
acid analysis mentioned in subsection[2.2.2) was proposed as a preliminary and ten-
tative identification of that family of molecules in a specific obtained extract. The
analysis sought to confirm the presence of linear long-chain hydrocarbons and their
fatty acids in the sc-extract of the studied substrates. These co-extracted with target
flavonoids molecules, for our practical purposes, were grouped together with the in-
terferences (Intf) previously defined as flavonoids that remain to a lesser extent in
the extract. In this way, samples of the sc-extract were represented for mathematical
purposes as the mixture of three constituents, i.e., Pn, Gn and Intf. Intf was calcu-
lated by material balance and was the difference between the extract mass and the

Pn and Gn mass predicted by multivariate calibration.

2.4. Supercritical extraction and phase equilibria

2.4.1. Superctritical extraction with ethanol-modified CO,

Residues valorization study Before the extraction, the substrates were dried
again on a tray in an Indumegas oven (Bucaramanga, Colombia) set at 60 °C, for

12 h. The drying time was determined with a drying rate plot. Substrates (500 g for

"7 E. W. Lemmon, M. L. Huber y M.O. McLinden. NIST Standard Reference Database 23: Reference
Fluid Thermodynamic and Transport Properties (REFPROP), version 9.1. Gaithersburg, 2013.
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each experiment) were extracted in a one-pass pilot scale modified Thar Instruments
SFE-2000—2-FMC50 equipment (Pittsburgh, USA) at corresponding conditions. The
modified equipment consists of two extraction vessels in parallel (2000 cm? capacity
eachone,d =7.6cm ID, h = 43.9 cm) equipped with heat transfer jackets; two pistons
pumps (P200 for CO, and P50 for EtOH) from Thar Technologies; three separators
(500 cm? capacity) equipped with heat transfer jackets, two of them in series and one
for CO, discharge; an automated, and two manual back-pressure regulator valves
from Thar Technologies. Fig.[5 shows the process diagram for the extraction system.
During the development of this work the author also participated in the design and
implementation of a CO, recirculation system coupled to the above-described pilot
plant of sc-extraction. The details of the implementation of the recirculation system
are shown in the international patent (Appendix [1) written by the author and pre-
sented together with other co-inventors on behalf of the Universidad Industrial de
Santander to the World Intellectual Property Organization (WIPO).

The conditions used in the separators to obtain fractions, were 80 bar and 35 °C in
the first separator Sep1, atmospheric conditions and 20 °C in the second separator
Sep2, conditions similar to those used in a rosemary extraction study m Extractions
were carried out using 99.8 wt % pure CO, from Praxair (Bucaramanga, Colombia)
and industrial-quality EtOH from Suquin (96 %, Bucaramanga, Colombia). For these
experiments, single samples were collected during the time of the extractions. The
extracts from both separators were pooled and most of the solvent was removed
on an R-Style rotary evaporator. The extract was completely cleaned of solvent in
a subsequent stage of convective drying, using nitrogen flow. Dried extract samples

were collected in pre-weighed glass vials and recovered extracts were assessed

118 E Reverchon y F Senatore. «Isolation of rosemary oil: Comparison between hydrodistillation and
supercritical CO2 extraction». En: Flavour and Fragrance Journal 7.4 (1992), pags. 227-230. DOI:
10.1002/££3.2730070411.
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Figura 5. Schematic diagram of supercritical fluid extraction process used in
residues valorization study. The system consists of: CO, pump (1), EtOH pump (2),
mixer (3), heater (4), vessel | (5), vessel Il (6), separator | (7), separator |l (8),
refrigerator (9), CO, feed (10), EtOH feed (11), ABPR (12), MBPR (13), on / off
valves (14) and depressurizer (15).

gravimetrically. Samples were stored at 4 °C in amber vials.

Kinetics study  For each extraction, 20 to 40 g of substrate were loaded into a
extraction vessel (50 cm® capacity, d = 2cm ID, h = 14.7 cm) from Thar Technologies
(Pittsburgh, USA). Vessels were placed in a temperature-controlled air convection
oven from Thar Technologies set at 50 °C. The one-pass system was fed with CO,
+ EtOH (mixture referred, for our purpose, as a pseudo-component m) by means of
two piston pumps from Thar Technologies and the system pressure kept at the set
value of 34 MPa using an automated BP-2080 back-pressure regulator from Jasco
(Tokyo, Japan). Extractions were carried out using 99.8 wt % pure CO, from Air Li-

quide (Santiago, Chile) and Pro-analysis-quality EtOH was purchased from Merck
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(Darmstadt, Germany). The dynamic extraction was carried out during ca. 240 min,
at 20 g/ min of CO, and 3 g/ min of EtOH at 50 °C and 34 MPa (superficial velocity
of m, U = 1.2 mm/s) that was fed in the bottom of the extraction vessel. The extract
dissolved in EtOH were taken in glass vials every 5 min during the first 20 min, every
10 min during the subsiding hour, and every half hour during the subsiding two and
a half hours. Samples for spectroscopic analysis were prepared taking an aliquot
of scEtOH-extract for each point of tha curve and then diluting in MeOH to comple-
te 1 mL in volumetric flasks. scEtOH-extracts were transferred to pre-weighed Petri
dishes and were dried in a convective hot air bath at 50 °C: recovered extracts were

assessed gravimetrically.
2.4.2. Supercritical phase equilibria

Measurement of the thermodynamic solubility = The solubilities of sc-extract in
scCO, (without substrate) were measured using a dynamic-analytical methodology
in a modified version of the experimental apparatus described by, (Fig. @ The ex-
perimental system consists of an stirred, 100 cm® (TharTech, Pittsburgh, USA) view-
cell placed in a temperature-controlled air bath, with an syringe pump (Teledyne
ISCO 260D, Lincoln, USA) to load CO. into the system and adjust system pressure,
and with a gear pump (GAH-T23, Eurotechnica, Bargteheide, Germany) to recircu-
late the CO.-rich phase and aid system equilibration, and to feed samples of the
CO.-rich phase to the HPLC system already coupled to the equilibration system.
The system was complemented in this work by improving the equilibrium cell inter-
face with on-line chromatography by adding a two-position, six-port high pressure
switching valve 7010 Rheodyne (Rohnert Park, USA) to the system. With the new
configuration, the operation of the system was simplified and some valves necessary
for the cleaning and purging of the loop, the injection of the sample and to keep in

equilibrium the cell were dispensed with. The configuration of two six-port valves, in
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the coupling of sc-processes with HPLC, has also been used in the literature for the
determination of explosives in vapor phases and to control the progress of the

reaction of synthetic organic materials %%, among other applications.

Figura 6. Schematic diagram of the experimental apparatus for solubility
measurements. The main components of the system are the (1) CO, feed, (2)
syringe pump, (3) 100 mL view-cell , (4) six-port high-pressure injection valve, (5)
switching valve between the lines of pressurized CO, and mobile phase, (6)
recirculation pump and (7) HPLC-DAD.

119 Ramon Batlle y col. «On-line coupling of supercritical fluid extraction with high-performance liquid
chromatography for the determination of explosives in vapour phases». En: Journal of Chromato-
graphy A 963.1-2 (jul. de 2002), pags. 73-82. DOI:|10.1016/S0021-9673(02)00136-X.

120 Edward D. Ramsey y col. «Interfacing supercritical fluid reaction apparatus with on-line liquid
chromatography: Monitoring the progress of a synthetic organic reaction performed in supercritical
fluid solution». En: Journal of Chromatography A 1388 (abr. de 2015), pags. 141-150. DOI: |10.
1016/J.CHROMA.2015.02.037.
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Sorption equilibrium measurements  Chopped post-distillation phellandrene-rich
chemotype of L. origanoides was extracted using available instruments of a one-pass
pilot scale Thar SFE-2000-2-FMC50 equipment, see section The extraction
vessel was 500 cm? capacity (d = 5.2cm ID, h = 24 cm). The level of charged subs-
trate inside extraction vessel (H) was 1/3 of its h, to avoid channeling effects during
extraction B8, Over extraction vessel the electric jacket maintained the selected +1K
extraction temperature condition. Extraction pressure £0.1 MPa selected for each ex-
periment was maintained through ABPR. For all experiments, CO, flow was set at
20 g/ min, its value was controlled by a P200 pump in the flow mode which uses data
from flowmeter Siemens Sitrans FC Mass 2100 (Munich, Germany) to regulate its
RPM on-line. The P50 pump was operated in the fixed RPM mode, so EtOH flow
was measured gravimetrically. Before dynamic extraction started, 10 minutes of sta-
tic extraction were used. Fractions of equilibrium integral extraction curves (EIEC)
were collected every 5 min during the first 20 min and subsequently every 20 min to
complete 300 min in total. UV absorbance spectrum was measured for each frac-
tion three times. Samples for spectroscopic analysis were prepared taking 20 pL of

scEtOH-extract and then diluting in MeOH to complete 5 mL in volumetric flasks.

2.5. Experimental

2.5.1. Residues valorization study

Extraction reproducibility  Six preliminary experiments with post-distillation subs-
trate of thymol-rich chemotype were carried out to assess reproducibility (RSD <10 %).
Triplicates with two different experimental conditions were performed and the varian-
ce found for these experiments was assumed as the variance of each experiment in

the screening design.
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Screening design  The screening design was also performed only with the thymol-
rich chemotype, so it was assumed that the independent variables of extraction affect
in the same way all substrates studied, since in general terms it is considered that
they come from the same plant. Six extraction variables were studied in the scree-
ning design: pressure (P), temperature (T'), extraction time (), CO, flow (F'), particle
size (dp), and percent ethanol (£). Because the experiments were conducted in the
same extraction vessel, it was preferred to use the variable F' instead of the Uco,.
On the other hand, the variable d, refers to the exit grids opening the mill, not the
real size of the particles. A 2(6-2 fractional factorial design of resolution 4 was emplo-
yed [?1] Table [3 shows the selected levels used, in accordance with the equipment

constraints.

Table 3. Extraction variables values for 26-2 fractional factorial design.

Factors Symbol I130ma|_r11

Pressure, bar P 400 80
Temperature, °C T 60 40
Flow, g/ min of CO, F 50 10
Particle size, mm d, 2 0.5
Extraction time, min ¢ 120 60
Percent ethanol, wt% FE 10 O

Refers to the exit grids opening the mill, not the real size of the particles.

Optimization of extraction conditions  The variables that showed significant in-
fluence in the screening design were experimentally modified according to the sim-

plex optimization method proposed by [, in order to find the extraction conditions

121 N|ST Sematech. e-Handbook of Statistical Methods. 20086.

22 John A Nelder y Roger Mead. «A simplex method for function minimization». En: The Computer
Journal 7.4 (1965), pags. 308-313. DOI:|10.1093/comjnl/7.4.308.
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that produce the highest extraction yield of flavonoids in the selected experimental
space. Few simplex optimization works on sc-extraction are found in the literature.
However, it was considered more convenient approach for optimization because the
search for the optimum is more refined compared to the widely used response sur-
face methodology, and especially because the effects of the variables are already
known from the screening experimental design of the previous stage. The top five
experimental conditions in the screening design were used as initial point of the opti-
mization. Three scalar parameters were specified to define a complete Nelder—Mead
method (i.e., reflection-, expansion- and contraction- coefficient) which were modified

in their load according to the convenience to improve the experimental results.
2.5.2. Phase equilibria study

Thermodynamic solubility

Preliminary experiments and uncertainty To validate the results of the new con-
figuration of the dynamic solubility measurement system (cf. subsection [2.4.2), pre-
liminary experiments were carried out with nobiletin (>0.97 wt %, CHEMOS GmbH,
Regenstauf, Germany), a solute whose solubility is known @ The solubility of solid
nobiletin in scCO, was measured at 313 K and 323 K over a pressure range from
(8.8 to 32.1 MPa). The cell was loaded with approximately 0.5 g of solid solute, then
the residual air is removed by displacement with CO, from a gas cylinder, released
with a vacuum pump and (Welch Vacuum, Skokie, USA), after that, CO, was loaded

using the high pressure syringe pump. With both components loaded in the equili-

123 Adolfo L. Cabrera y col. «Measuring and validation for isothermal solubility data of solid 2-
(3,4-Dimethoxyphenyl)-5,6,7,8-tetramethoxychromen-4-one (nobiletin) in supercritical carbon dio-
xide». En: The Journal of Chemical Thermodynamics 91 (dic. de 2015), pags. 378-383. DOI:
10.1016/J.JCT.2015.08.018.

78


https://doi.org/10.1016/J.JCT.2015.08.018

brium cell, the stirring system was activated, the magnetic bar and the recirculation of
the CO.-rich phase, up to reaching the equilibrium conditions. Using the two sapphi-
re windows, it was verified for the isotherms and for the entire pressure range the
presence of two phases, fluid and solid. Samples of CO,-rich phase were injected
to the chromatograph (cf. subsection for quantification (cf. subsection [2.3.2).
The inherent error in estimates of y, were calculated using the procedure described
by [18, in the Appendix A.

Pinocembrin solubility The solubility of Pn in multicomponent (CO, + Pn + int)
systems was measured at 313 K and 323 K over a pressure range from (8.6 to 32.1 MPa).
The cell was loaded with approximately 0.5 g of solid sc-extract and first temperature
and pressure conditions were set. The operation of the cell to achieve equilibrium
and quantify with the on-line HPLC was performed as mentioned in the previous pa-
ragraph. Typically five measurements were made for each system condition. After
that, CO, was added to the cell using the syringe pump to increase system pressure

as desired up to completing the isotherm at the last pressure measured.

Sorption equilibria

Preliminary experiments and uncertainty |Initially, operation conditions were set
in such a way that mass transport phenomena of the initial part of EIEC were gover-
ned by equilibrium [ The slope of the initial part of the curve represents the value
of the apparent solubility for each compound in the complex mixture. If the solvent
is saturated, it should be observed that the value of the slope will be the same for
different flow rate-to-feed ratios and also show a linear shape & Extractions were
performed setting solvent flows, 20 g/ min for CO, and 2.8 g/ min for EtOH, and var-
ying the amount of substrate loaded (0.04, 0.05 and 0.06 kgs,ps) in the 0.5 L vessel at

50 °C and 34 MPa. Uncertainty from experimental procedures was calculated based
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on error propagation of algebraic operations doing triplicates for all measurements.
This allowed to the estimate slope error associated with experimental work. Error va-
lues correspond to the ¢-student distribution parameter with o = 0.05 and 2 freedom
degrees multiplied by the average standard deviation of all experiments and divided

by square root of 3.

Sorption equilibria experiments Dynamic extraction was used to study phase
equilibrium and its characteristic parameters (i.e., saturation concentration (ys), par-
tition or equilibrium coefficient (K) and transition concentration (zy)) for Pn, Gn and
cuticular waxes CW extractable from post-distillation phellandrene-rich chemotype of
L. origanoides. To study thermodynamic parameters that affect equilibrium (P, 7" and
E), experiments were performed at 18, 26 and 34 MPa values of P; 308, 323 and 338K
values of 7" and from 1.9 to 8.8 wt % of E range. CO, was separated from the extract
during depressurization, but not EtOH. After depressurization, the EtOH-modified
sc-extracts were collected and transferred to pre-weighed Petri dishes. Finally, they
were dried in a forced convective hot air bath at 313 K during 3 h and then assessed

gravimetrically. 7" and ¢ of drying was determined by preliminary experiments.

2.5.3. Kinetics study  Preliminary experiments were carried out with post-distillation
substrate of carvacrol-rich chemotype to assess experimental reproducibility along
the extraction curve (RSD<10%). It was assumed that the variance found for this
chemotype represents the variance of all the data. A 22 factorial design was deve-
loped using P and temperature 7" as variables and CW (ecw) and Pn (epp) yields as
observables. The design consists of four experiments corresponding to interactions
between low (200 bar - 40 °C) and high (460 bar - 60 °C) levels of extraction conditions
and three measurements of central experimental conditions (340 bar — 50 °C) to calcu-
late variance. Finally, d, was studied separately carrying out extractions of the other

two treatments of substrate (SP and LP) to the same conditions of temperature and
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pressure that the central points of the design. The one-way Anova test and methods

of multiple comparisons were applied to these data.

2.6. Mathematical modeling and simulation

2.6.1. Phase Equilibria

Thermodynamic solubility  As discussed in chapter [1]} 8, recently showed that
the main components of the group of CW extracted from botanic material were the
long-chain alkanes. The researchers also have shown that, if a mixture of such hy-
drocarbons should be represented by one component in a model for SFE, then the
carbon chain of that component should be slightly longer than the average chain
length in the mixture % The present work did not have the methodological scope of
identifying CW constituents of scCO, extracts from L. origanoides and L. graveolens
or measuring their solubility in scCO.. To achieve this, it would have been necessary
to couple another detector type (not available) to the equilibrium cell described in
subsection [2.4.2] To overcome the limitation, a widely studied long-chain hydrocar-
bon, i.e., octacosane, was selected to represent the hydrocarbon mixture in model.
Presumably, octacosane (CxgHsg) is in high concentrations present in scCO, extracts
from L. origanoides and L. graveolens and has a slightly longer chain than the hy-
drocarbon that best predict SFE of cuticular waxes from oregano g%

The dense gas approach [% was applied as a thermodynamic model to correlate:

solubility data from literature for octacosane in scCO, (binary system) and measured

124 Filipe Gaspar. «Extraction of Essential Oils and Cuticular Waxes with Compressed CO2: Effect of
Extraction Pressure and Temperature». En: Industrial & Engineering Chemistry Research 41.10
(abr. de 2002), pags. 2497-2503. DOI:|10.1021/1e0108831.

125 John M Prausnitz, Rudiger N Lichtenthaler y Edmundo Gomes de Azevedo. Molecular thermody-
namics of fluid-phase equilibria. Prentice Hall, 1999, pags. 671-749.
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solubility data for pinocembrin in extract-scCO, (multiple solids system). The model
treats the sc-fluid phase as a gas and uses a equation of state (EoS) directly in
the solid-scCO, equilibrium calculations by introducing a solid phase fugacity f;°/

function defined in terms of a phase reference state. Eq. [8|for binary system.

s = ff 7)
P lid
soli S Uso dP
2ld:P280§eXP/P2SQT (8)
fs =y Py (9)

Where £} is fugacity of the solute in the supercritical phase, P5(T) is the sublimation
pressure of the pure solid, 5 is the fugacity coefficient at sublimation pressure, v;°‘
is the molar volume of the solid, ) is the fugacity coefficient and 3, the solubility
(mole fraction) of the solute in the supercritical phase, all at P and T' of the system.

The model considers that the solubility of the gas in the solid is negligible and the
v3°d remains constant. Therefore, the gas can be considered pure and all non-
idealities of system behavior can be completely attributed to the sc-fluid phase. Then,

the mole fraction of the solid component in the sc-phase, can be expressed as:

,Usolid _ ps
ps exp {—2 E;; PZ)}
2
Yo = — (10)
P v

Therefore, the pure solute solubility is a function of its fusion properties and fugacity
coefficient in the sc-phase, and the system 7" and P. The fugacity coefficient o} is
calculated by a thermodynamic model and a mixing rule that for this work were the

standard Peng-Robinson Equation of State with quadratic mixing rules respectively
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(28

For the more complex case of multicomponent solid-CO, equilibria, Sovova y Sta-
teva (2015), following Prausnitz et al (1999), make the assumption known as Lewis
fugacity rule that the fugacity of a component in a mixture is proportional to its mole
fraction. Hence, the fugacity of the i** solute in the solid phase can be calculated

according to:

foh = siff (11)

Where s; is the mole fraction of the i solute in the system and f; is the fugacity of
the pure solute according to P4 The mole fraction of the i** solid component in the
supercritical phase, i.e. its solubility in the SCF at the temperature and pressure of

interest, is then:

vlsolid (P*Pls)
15D [—}

RT
Y2 = Si—
P OF

(12)

Properties of pure CO, were taken from the NIST Standard Database v5.0 1] The
pure component properties for octacosane and pinocembrin are shown in table [4]
The binary interaction coefficients (K;; and I;;) for the systems at different 7" whe-
re used as optimization parameters fitted from experimental data. The binary inter-
action parameters for the octacosane-scCO, system were fitted from solubility data
found in open literature for this binary system. On the other hand, the four binary
interaction parameters to complete the multicomponent system, i.e, parameters for
the pinocembrin-scCO, and pinocembrin-octacosane systems, were fitted from the

pinocembrin solubility data measured in this work, using the best-fitted interaction

126 Ding-Yu Peng y Donald B. Robinson. «A New Two-Constant Equation of State». En: Indus-
trial & Engineering Chemistry Fundamentals 15.1 (feb. de 1976), pags. 59-64. DOI: |10. 1021/
1160057a011.
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parameters for system octacosane-scCO, as input data of the multicomponent mo-
del of Eq.

Table 4. Octacosane and pinocembrin pure component properties

Property Octacosane Pinocembrin
P., MPa 0.9694 3.56007

T., K 842.11 878.121

w, - 1.163 1.677

v® x 10%, m3mol~!  0.4894 0.1848+

T, K 334.15% 465.15%

Psat313K, MPa  7.213 x 10713 4.982 x 10118
Psat 323K, MPa  1.040 x 10~1%" 2.122 x 10108
Psat 333K, MPa  1.278 x 10710" 8.210 x 10108
Psat 343K, MPa  1.356 x 10°%

" Data taken or calculated from [[%7] Parameter P de-
termined by In P3[Pa] = 72.09 — 27004.47/T[K].

T Data calculated using group contribution method of
with the [[2°| correction for T3,.

* Data taken from NIST or ChemSpider Database.

§ Data calculated using Grain method from

Sorption model  Sorption models, have been proposed to describe the transition
between dissolution of free solute and their desorption from substrate. These models
describe how sc-extraction of botanic substrates is controlled first by solute-fluid in-
teraction (solubility) and then by solute-solid interaction (adsorption) @ These mo-
dels can be replaced by simpler semiempirical relationships like those proposed by

32, or[’?] The latter, has been considered as universal enough to interpret the data

131 Motonobu Goto y col. «Modeling Supercritical Fluid Extraction Process Involving Solute-
Solid Interaction». En: JOURNAL OF CHEMICAL ENGINEERING OF JAPAN 31.2 (1998),
pags. 171-177. DOI:/10.1252/jcej.31.171l

132 M Perrut y col. «<Mathematical Modeling of Sunflower Seed Extraction by Supercritical CO2». En:
Industrial & Engineering Chemistry Research 36.2 (feb. de 1997), pags. 430-435. DOI:|10.1021/
1e960354s.
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extraction of plant substrates rewrote the sorption model proposed by del Valle
y Urrego for multicomponent system with i components, Eq.[13

n

!
i = K ; s — K 13
= Kt o s i) (13)

Where three equilibrium parameters characteristic for each component in the mixtu-
re were already described (cf. subsection [2.5.2). e} (go1/kgsubs) iS the gravimetrically
measured yield of component (i) in the EIEC and z; is initial concentration of the sa-
me component in substrate (solid phase) that was calculated from material balance
considerations. Equilibrium parameters were adjusted by fitting to the model of each
IEC.

2.6.2. Extraction kinetics using ethanol-modified scCO,

Mathematical model  The broken and intact cells (BIC) approach proposed by
@, for the mass transfer model of sc-extraction was applied to the extraction curves
data of the kinetics study. This model considers substrate as particles that contain
intact and broken cells. It is assumed that the extraction kinetics is fast or slow depen-
ding on whether the mass is transferred from the broken or intact cells respectively
@. Sovova classified the extractions curves in four types from A to D, according to
the regions of the discontinuous equilibrium function employed to describe the pha-
se equilibrium stage. We selected type D (Y, < 1, X, > 1, K < 1) as extraction type
because, as will be seen later, the initial amount of free solute in the substrates was
not sufficient to saturate the solvent at the beginning of the extraction and was not
greater than z;.

The dimensionless equations used to solve numerically the model were a set of
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ordinary differential equations showed in Eq. [14]
(14a)

dY;
- T =Yi) =y
ax,; 1
=y Ty (14b)
dff:—ll Jy for j=12....n (14c)
T —Tr

Where the dimensionless fluxes are:

Y*—Y _
Jf:% for Xy #X, or Xi=X;, Y<KX, J=0;
otherwise: J, = (X — X;)/6; (15)
and dimensionless equilibrium function:
Y™ (X1> =1 for X1 > X
(16)

Y*(X))=K X, for X; <X,

With initial and boundary conditions:
YJ:XU:l, ngzl—l—F for =0 and =12 ... n; (17)
Y;.1=0 for j=1
(18)

The dimensionless extraction curve is:

F T
&= /YndT
1T J,

To set F, as an adjustable parameter, we modified the model by expressing the solid-
phase mass transfer coefficient (k) in terms of the effective internal diffusivity D/ as
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proposed by del Valle y de la Fuente, 2006.

o D! _ kod, K

© Dy 10Dy (19)
L 10D;5F,

4K

Eqgs.[14[{17|and parameters (K, r, F, k: and, n) were integrated and fitted numerically
using Runge-Kutta method and optimization toolbox in MATLAB Math Works (Natick,
USA) respectively. The approximate solution of the Sovova model was employed
to obtain initial values for the parameters fitting. Simulated extraction curves where
expressed and plotted as e = e(q), where e (kge:/kgsubs) iS the extraction yield and ¢
(kgsoiv/kgsubs) IS the relative amount of the passed solvent. The relationship of these

variables with dimensionless ones are shown in Eq. [20]

e=z,0, q=~7 (20)

Where z,, (kgext/kgsubs) iS the concentration in the untreated solid, ® is dimensionless
yield obtained from Eq. v (kgsoiv/Kgsubs) is the solvent-to-matrix ratio in the bed

and 7 is dimensionless time.

Substrate- and Physicochemical-parameters = The model requires, among other
parameters, the porosity of the extraction vessel (¢), calculated from particle density
(ps), estimated using gas pycnometer (cf. subsection[2.2.1), and bulk density (p1,) es-
timated using gravimetric procedure. The model also requires particle size (d,) of the
substrate; this value was calculated from the experimental particle size mass distri-
bution (cf. subsection which was discretized by means of a normal distribution

function and its characteristic parameters were employed as input data to calculation
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methodology of Sauter mean diameter (S,,q) . For the purpose of this work we
reduce d,, value to the calculated S,,q value as done by , for grape seeds. The z,,
measured by exhaustive extraction (cf. subsection is also required.

The thermodynamic properties of CO, and EtOH pure substances were taken from
the REFPROP program @ The physical properties of the binary CO,-EtOH mixture
(pseudo-component, m) were estimated as follows. The density (pr) was calculated
applying the Predictive Soave-Redlich-Kwong (PSRK) equation of state EoS [%%]im-
plemented by E] in their program developed to teach advanced EoS. MATLAB was
the software to run the calculations. This EoS and mixing rule were chosen according
to the good agreement between experimental and calculated data of the vapor-liquid
equilibrium behavior of the CO,-EtOH mixtures recently reported by [*8 This EoS
was developed as EoS-gE type mixing rule combining the UNIFAC activity-coefficient
model and the SRK EoS. This EoS approach has shown to be easily extended to mix-

tures containing sc-compounds. The three alpha function- and group decomposition-

133 Terence. Allen. Particle size measurement. Chapman y Hall, 1981, pag. 678.
134 Howard G. Barth. Modern methods of particle size analysis. Wiley, 1984, pag. 309.

135 Helena Sovova. «Rate of the vegetable oil extraction with supercritical CO2 (l). Modelling of ex-
traction curves». En: Chemical Engineering Science 49.3 (1994), pags. 409-414.

136 T, Holderbaum y J. Gmehling. «<PSRK: A Group Contribution Equation of State Based on UNI-
FAC». En: Fluid Phase Equilibria 70.2-3 (dic. de 1991), pags. 251-265. DOI: [10. 1016 /0378 -
3812(91)85038-V.

137 Angel Martin y col. «Teaching advanced equations of state in applied thermodynamics cour-
ses using open source programs». En: Education for Chemical Engineers 6.4 (dic. de 2011),
e114-e121. DOI:/10.1016/J.ECE.2011.08.003.

138 Renan Ravetti Duran y col. «Phase Equilibrium Study of the Ternary System CO2+H20+Ethanol
At Elevated Pressure: Thermodynamic Model Selection. Application to Supercritical Extraction of
Polar Compounds». En: The Journal of Supercritical Fluids 138 (ago. de 2018), pags. 17-28. DOI:
10.1016/J.SUPFLU.2018.03.016.
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parameters were taken from the supplementary data of @ The viscosity (u.,) was
estimated using pr calculated and applying the Chung-Ajlan-Lee-Starling’s mixing
rules [*%] The hard-sphere diameters o (3.26192 A for CO, and 4.237 38 A for EtOH),
taken from literature EEZ] that are based on Leonard-Jones’s potential theory and
the ratio between the minimum dual potential energy per Boltzmann constant (¢/k,
500.71 K for CO, and 1291.41 K for EtOH), taken from were also required to
estimate the self-diffusion coefficients of the m dense fluid and subsequently fi,.

The “binary” diffusivity parameter (D), that to be precise is described as (D),
was calculated for a representative solute present in the sc-extract (i.e., octacosane
CogHsg, component 1) in the binary CO,-EtOH mixture (m) and its value was estima-
ted applying the Stokes—Einstein theory using the @ approach and @, modification

for epsilon parameter. u,,, and the normal-boiling molar volumes of the solvent mix-

139 Sven Horstmann y col. <PSRK group contribution equation of state: comprehensive revision and
extension 1V, including critical constants and «a-function parameters for 1000 components». En:
Fluid Phase Equilibria 227.2 (ene. de 2005), pags. 157-164. DOI:|10.1016/J.FLUID.2004.11.
002.

140 Bruce E Poling, John M Prausnitz y John P O’Connell. The Properties of Gases & Liquids - Fifth
Edition. 2001, pag. 803. DOI:[10.1016/0894-1777(88)90021-0. arXiv:jarXiv:1011.1669v3.

141 J. Leite y col. <Measurement and modelling of tracer diffusivities of gallic acid in liquid ethanol and

in supercritical CO2 modified with ethanol». En: The Journal of Supercritical Fluids 131 (ene. de

2018), pags. 130-139. DOI:[10.1016/J.SUPFLU.2017.09.004.

142 Honggqin Liu, Carlos M. Silva y Eugénia A. Macedo. «Unified approach to the self-diffusion coeffi-
cients of dense fluids over wide ranges of temperature and pressured€”hard-sphere, square-well,
Lennarda€“Jones and real substances». En: Chemical Engineering Science 53.13 (jul. de 1998),
pags. 2403-2422. DOI:[10.1016/S0009-2509 (98) 00036- 0.

143 W Hayduk y B S Minhas. «Correlations for prediction of molecular diffusivities in liquids». En: The
Canadian Journal of Chemical Engineering 60.2 (abr. de 1982), pags. 295-299. DOI: 10. 1002/
cjce.5450600213.

144 C. Mantell, M. Rodriguez y E.Martinez de la Ossa. «Measurement of the diffusion coefficient of a
model food dye (malvidin 3,5-diglucoside) in a high pressure CO2+methanol system by the chro-
matographic peak-broadening technique». En: The Journal of Supercritical Fluids 25.1 (ene. de
2003), pags. 57-68. DOI:|10.1016/S0896-8446(02) 00088-8.
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ture (v,,) and the solute (vy,;) are necessary for this calculation. vy, was estimated
using also Chung-Ajlan-Lee-Starling’s mixing rules % employing the pure compound
values of v, (33.32 cm® mol~! for CO,, taken from 24, and 62.52 cm3 mol~! taken from
REFPROP [19) of the mixture. The vy,; (766 cm® mol~!) was estimated using the additi-
ve volume method of[*, using the critical volume for octacosane v, (1873 cm? mol 1)
obtained from Joback’s group contribution method [*¥| The average residence time
of CO, in the extraction vessel (t,), and the specific surface areas per unit volume of
the packed bed (ag) or the solid (a;) were calculated as previously described by @
Finally, values of the external mass transfer k; (Eq. [21), were estimated using the di-
mensionless correlation of [*7] for the Sherwood number (Sh, Eqj22) as a function of

the Schmidt number (Se¢, Eq. and the particle-size-dependent Reynolds number
(Re, Eq.[23).

ke = 5 hf b (21)
P

Sh =0.38Re*#35 /3 (22)

Re :% (23)

Se :“2 lm (24)

145 Gervaise Le Bas. The Molecular Volumes of Liquid Chemical Compounds, from the Point of View
of Kopp. New York: Longmans, Green, 1915.

146 Kevin G Joback y Robert C Reid. «Estimation of pure-component properties from group-
contributions». En: Chemical Engineering Communications 57.1-6 (1987), pags. 233-243.

147 Chung-Sung Tan, Shuen-Kwei Liang y Din-Chung Liou. «Fluidad€”solid mass transfer in a super-
critical fluid extractor». En: The Chemical Engineering Journal 38.1 (mayo de 1988), pags. 17-22.
DOI:|10.1016/0300-9467(88)80049-2.
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3. VALORIZATION OF SOLID RESIDUES FROM DISTILLATION OF LIPPIA spp.
THROUGH THE EXTRACTION OF FLAVONOIDS

Steam distillation of essential oils from Lippia origanoides and Lippia graveolens
leaves behind solid residues that can be valorized. Particularly, flavonoids in post-
distillation substrates could be selectively extracted using ethanol-modified supercri-
tical CO,, as shown in this chapter. One chemotype was selected to conduct pre-
liminary experiments to test extraction reproducibility. With the same chemotype a
2(6-2) fractional factorial screening design was carried out to study the effect of pres-
sure, temperature, time, CO, mass flow, particle size, and percent ethanol on the
extraction yield of cuticular waxes and flavonoids. Once identified the variables ha-
ving significance influence on yields (pressure, time, CO, mass flow, and percent
ethanol) a deterministic optimization (simplex methodology) was applied to identify
experimentally the values maximizing yield for the four substrates studied. A che-
mometric method for estimating flavonoid content by UV-Vis spectroscopy based on
a multivariate calibration model was used to quantify samples during experimental
development. UHPLC-ESI(+)-Orbitrap-MS was employed for the analytical identifica-
tion and quantification of the higher-yield extracts from each substrate. It was found
that it was possible to selectively extract post-distillation chemotypes, that differed
among them in flavonoid initial content and make-up. Results of this section of the
work will facilitate the implementation of scCO, extraction processes to valorize by-

products of the essential oil industry.

3.1. Particle size characterization and drying test

Fig.[7]shows the particle size cumulative curve obtained by sieving the post-distillation

chopped substrate of L. origanoides thymol-rich chemotype. The curves are clearly

91



different from each other, so it is reasonable to use these two aperture sizes as le-
vels of the d, variable in the experimental design. The S,,q estimated for treatments
with 0.5 mm and 2 mm openings in the mill were 0.308 mm and 0.253 mm respectively.
The pre-extraction drying time was set at 120 min, obtained from a drying rate curve
(Fig. |8)) at 60 °C. Following two hours, the moisture content remained constant be-
low 12wt %. In most cases, the water present in the vegetable matrix competes with
the solute to interact with the solvent, decreasing the yield of the extraction process.
For this reason, drying the raw material is recommended @ The dry basis moisture
for all plant material was ca. 13wt % (see Table [11). Generally, the botanical matrix

should have a water content of around 4 wt % to 14 wt %.

100 <
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Figura 7. Cumulative curve of particle size distribution of L. origanoides thymol-rich
chemotype milled with two different grid sizes.

148 Camila G. Pereira y M. Angela A Meireles. «Supercritical fluid extraction of bioactive compounds:
Fundamentals, applications and economic perspectives». En: Food and Bioprocess Technology
3.3 (2010), pags. 340-372. DOI:[10.1007/s11947-009-0263-2.
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Figura 8. Drying curve of post-distillation chopped L. origanoides thymol-rich
chemotype.

3.2. Preliminary extractions

Two different preliminary extraction conditions, i.e., 7.2 kgco, /kgsubs at 40 °C and 200 bar
and 9.6 kgco, /kgsubs at 50 °C and 300 bar, were carried out with three replicates in ran-
dom order on three separate days. The obtained reproducibility RSD values were
7.7 % and 1.9 %, for oleoresin yield of each experimental condition, respectively. In
general, values below 10 % are considered acceptable in extractive techniques of

bio-active compounds.

3.3. Selection of variables that affect the extraction process

Sixteen experiments corresponding to the 2(°=2) fractional factorial design were ca-
rried out in random order for L. origanoides thymol-rich chemotype. Table (5| shows
the values for two different responses: the CW yield (ecw) and the flavonoids extract
yield (eq,), Which is represented as the sum of flavonoids extracted. The two respon-
ses have a high positive Pearson correlation coefficient between them (r = 0.97).

The independent variables may have influenced them in the same way. The results
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from screening design show that yield increases with pressure. The same result
was observed by N. Leitao y col. «Anacardium occidentale L. leaves extraction via
SFE: Global yields, extraction kinetics, mathematical modeling and economic evalua-
tion». En: Journal of Supercritical Fluids 78.July 2016 (jun. de 2013), pags. 114-123.
DOI: 10. 1016/ j . supflu.2013.03. 024 for the Anacardium occidentale extraction,
and Patricia Francisco de Oliveira y col. «Supercritical fluid extraction of hernandul-
cin from Lippia dulcis Trev.» En: Journal of Supercritical Fluids 63.December 2008
(2012), pags. 161-168. DOI: 10.1016/j.supflu.2011.12.003 for Lippia dulcis ex-
traction. It was observed that the highest yield values corresponded to high pressure
and flow domains. The effects of all variables and possible binary combinations were
estimated using the dot product method between the variable levels and results @
Fig.[9]shows the normal probability plots for the confused effects of first- and second-
order for the two different responses, ecwy and eg,. The aligned points correspond
to effects indistinguishable from the experimental error, while those out of alignment
are significant effects. According to the normal probability distribution test, P, F', and
E had effect over both responses, ecw and eg,. The extraction time ¢ influenced only
the extraction yield of CW.Fig complements this analysis with Pareto charts, in
which the individual variances are plotted in descending order. For both responses,
the results show that the changes of F', P and E largely explain the variability. Ho-
wever, with the inclusion of the confused effect (F't and PT) and the effect of ¢, it is
possible to explain more than 80 % of the total variability of the responses.

The analysis of variance (Table [6) confirms the importance of F', P and E variables
on the extraction yields. Although 7" and d,, are important variables in the supercritical
extraction process because they relate directly to the solubility and mechanisms of

mass transfer, their effects were not significant in the experimental space studied.

149 D. Montgomery. Design and Analysis of Experiments. 6.2 ed. New York: Sons, John Wiley y Sons,
2008.
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Table 5. Yield results for 2(5-2) fractional factorial design for sc-extraction of L.

origanoides thymol-rich chemotype.

EXp. P T F dp t E eCWj % €ﬂavT°/o

1 1 -1 -1 -1 -1 -1 60x10% 1.0x107?
» 1 -1 1 1 -1 -1 68x107! 9.8x1072
3 11 -1 -1 1 1 42x107%2 64x10°°
] 1 -1 1 -1 1 1 70x107! 1.0x107!
5 11 -1 1 -1 -1 30x107' 50x1072
6 11 1 -1 -1 -1 80x1072 1.4x1072
7 T -1 1 1 1 -1 18x107" 31x10°?
8 1 -1 -1 1 1 1 42x107' 7.7x10°?
9 11 1 1 1 -1 98x10' 14x107!
10 -1 -1 1 1 1 -1 36x107! 63x1072
11 1 -1 1 -1 -1 1 84x10' 15x107!
12 1 1 1 1 1 1 46x107" 7.9x1072
13 -1 1 -1 1 1 -1 40x10%2 27x10°
14 1 1 1 -1 1 1 38x10" 62x1072
5 1.1 1 1 1 1 17 2.8 x 1071
6 -1 -1 -1 1 -1 1 40x1072 68x1073

" Cuticular waxes yield corresponding to the sum of the extract
obtained from Sep 1 and 2.

T Flavonoids yield corresponding to the sum of the extract obtai-
ned from Sep 1 and 2.

* Experiments selected to start simplex optimization.

The reason for the exclusion of d,, can be explained by how close the S,,4 values
are to each other, i.e., the 0.5 mm and 2 mm openings in exit grids represent a very
narrow range of particle size distribution. Therefore, there is no clear difference in
the effect when one or the other mesh is used during milling. Based on this result,
the optimization extractions should use the 2 mm exit grid opening because with this
size the time that the solids are retained in the mill is shorter, which directly reduces
operating time and thermal degradation of molecules.

In the case of temperature, which is considered one of the most important varia-

bles of the extraction process, experiments were performed in a domain to warrant
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Figura 9. Normal probability plot to identify variablles with effect on (A) cuticular
waxes extraction yield larger than experimental error and (B) flavonoid extraction
yield higher than experimental error.

that the EtOH-modified scCO, mixture is in a single sc-phase [*° Therefore, the-
re were no phase discontinuities of the extractive medium. T is directly related to
the solubility and the crossover pressure. There is always a crossover pressure, but
this depends on the solute. It is a common feature of the pure solutes dissolved in
supercritical fluids @ Crossover pressure is a near-critical pressure in the case of
essential oils, and considerably larger in the case of triglycerides, but in the two cases
it is between 80 bar and 400 bar. For sc-extracts from botanical materials that contain
cuticular waxes (major compounds), in addition to the minor compounds (e.g., flavo-
noids), the crossover pressure is possibly between 100 bar and 300 bar. The shape

of the solubility curves for extract in EtOH-modified scCO, are unknown, and along

150 Kazuhiko Suzuki y col. «Isothermal vapor-liquid equilibrium data for binary systems at high pres-
sures: carbon dioxide-methanol, carbon dioxide-ethanol, carbon dioxide-1-propanol, methane-
ethanol, methane-1-propanol, ethane-ethanol, and ethane-1-propanol systems». En: Journal of
Chemical Engineering Data 35.1 (1990), pags. 63-66. DOI:|10.1021/je00059a020.

15T E. H. Chimowitz y R. J. Pennisi. «Process Synthesis Concepts for Supercritical Gas Extraction in

the Crossover Region». En: AIChE journal 32.10 (1986), pags. 1665-1676. DOI: |10.1002/aic.
690321010,
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Figura 10. Pareto chart for (A) cuticular waxes extraction yield response, (B)
flavonoids extraction yield response.

with it the crossing pressure. However, the behavior of the extraction of flavonoids in
equilibrium may be similar to what was reported for naringenin[153, and quercetin [59]
both flavonoids constituents of the extracts. The experience showed that solubility in-
creased with increasing pressure and temperature. No crossing pressure trend was
observed in the experimental region studied by both research groups. It has been
observed that the solubility of the pure minor component is not directly related to the

equilibrium of the extraction of the mixed substances [, but presumably the extrac-

152 Gonzalo A Nufiez, José M del Valle y Juan C de la Fuente. «Solubilities in Supercritical Carbon
Dioxide of (2E,6E)-3,7,11-Trimethyldodeca-2,6,10-trien-1-ol (Farnesol) and (2S)-5,7-Dihydroxy-
2-(4-hydroxyphenyl)chroman-4-one (Naringenin)». En: Journal of Chemical & Engineering Data
55.9 (sep. de 2010), pags. 3863-3868. DOI:|10.1021/je900957v.

153 Amparo Chafer y col. «Solubility of quercetin in supercritical CO2 + ethanol as a modifier: Mea-

surements and thermodynamic modelling». En: Journal of Supercritical Fluids 32.1-3 (2004),
pags. 89-96. DOI:[10.1016/j .supflu.2004.02.005.
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Table 6. Analysis of variance for two monitored responses

Source Cuticular waxes yield, (ecw) Flavonoids yield, (ecw)
SS df MS F —test p-value SS df MS F-test p-value

F 1.18 1 1.18 256.5 0.004 0.03 1 0.03 964.4" 0.001
P 0.86 1 0.86 186.8° 0.005 0.02 1 0.02 744.9° 0.001
E 0.23 1 0.23 49.3° 0.020 0.01 1 0.01 248.5" 0.004
Ftand PT 0.20 1 0.20 43.0° 0.023 4.4 %1073 1 44 %1073 143.7° 0.007
t 0.16 1 0.16 34.2° 0.028 31x107% 1 31x107% 102.6 0.01
PFandTt 0.14 1 0.14 30.7° 0.031 25x107% 1 25%x107% 81.1° 0.01
FFEandTd, 0.11 1 0.11 23.1° 0.041 3.6 x1073 1 3.6 x 1073 117.5" 0.008
dp 0.03 1 0.03 74 0.113 1.2x107% 1 12x107% 405" 0.02
T 0.03 1 0.03 6.7 0.123 42 x107* 1 42 x107* 13.8 0.06
Pd,andtE 0.03 1 0.03 6.7 0.123 6.2x 107 1 6.2 x107* 20.3° 0.04
PtandTF andd, B 0.02 1 0.02 4.6 0.165 73x107* 1 73x107* 23.8° 0.04
PFEanddyt 0.02 1 0.02 3.4 0.208 1.2x1073% 1 1.2 x 1073 40.9 0.02°
TFE and Fdp, 0.01 1 0.01 2.9 0.229 39x107% A 30x107* 12.6 0.07
Error 0.01 2 0.00 6.1x10™° 2 31x10°°
Total 3.01 15 0.078 15

" The F value for the effect is greater than the critical value Fyigica = 18.5.

tion of flavonoids in the equilibrium increases directly proportional to 7" and P, at least
above the crossing pressure region for two of the target components in our extracts.
Marleny D.A. Saldafa y col. «Apparent solubility of lycopene and g-carotene in su-
percritical CO2, CO2A +A ethanol and CO2A +A canola oil using dynamic extraction
of tomatoes». En: Journal of Food Engineering 99.1 (jul. de 2010), pags. 1-8. DOI:
10.1016/J.JFO0DENG.2010.01.017, observed a similar behavior in their study about
the extraction of 5-carotene and lycopene from the skin and pulp of tomato. It is pos-
sible that the explanation of the lack of significance of the temperature may be due
to the fact that the pressure range was wide and, on the contrary, the temperature
interval was narrow for the experiments, restricting the possibility of significance of
temperature. As the influence of 7" was not significant, the temperature remained at

50 °C for subsequent experiments.
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3.4. Empirical search for optimal extraction conditions

Based on the analysis of variance (Table [6), the experimental space comprising the
variables F, P, E and t was selected to find the extraction conditions favoring the
response increases through the simplex method . The five experiments that had
higher yields in the fractional factorial design (i.e., vertices 1-5 in tables were
used to construct the first simplex (S1). Tables show the consecutive experi-
ments for the optimization, using extraction eg, as observable, from thymol-rich (LOT),
carvacrol-rich (L0OC) and phellandrene-rich chemotypes (LOP) of L. origanoides and
L. graveolens (LG) post-distillation material. After these experiments were repeated,
the lowest observable datum was discarded, and the coordinates of the new vertex
were calculated according to Eq. [25] Where V. is the centroid, which is the average
of the responses of the vertices not rejected, b is a factor that determines whether the
next vertex corresponds to a reflection (b = 1), an expansion (b > 1), a contraction

(0 < b < 1), or a contraction with change of direction (—1 < b < 0).

V(i+n+j) == Vc + b (VC - Vp) (25)

To illustrate the methodology of deterministic optimization used in the work, the ex-
perimental sequence applied to the thymol-rich chemotype is described as follows
(Table [7). The first rejected vertex was 5, because its yield was the lowest of the five
points that made up the S1. Using b = 1 a reflection was calculated to obtain the
conditions of vertex 6. Vertex 6 slightly increased the response; so, another vertex of
S1 was rejected, i.e., vertex 4. Reflections continued until vertex 9, where the yield
was high, so a contraction (b = 0.6) was applied. In vertex 10 the extract yield de-
creased, and an expansion (b = 1.3) was applied to calculate vertex 11. In vertex

14 a reflection of vertex 13 was carried out from the S9 to produce vertex 14, one of
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Table 7. Optimization conditions and results using the simplex method for L.
origanoides thymol-rich chemotype.

Vertex P,bar F,g/min t,min E,wt% ecw,% e, % Simplex Vertex rejected

1 400 50 120 10 1.2 0.22

2 400 50 120 0 0.92 0.13

3 400 50 60 10 0.88 0.16

4 80 50 120 10 0.76 0.13

5 400 50 60 0 0.74 0.12 St

6 134 31 106 11 0.78 0.12 S2 5
7 417 24 46 3 0.48 0.042 S8 4
8 132 47 113 9 0.80 0.14 S4 7
9 359 45 66 2 0.84 0.13 S5 6
10 438 33 46 1 0.56 0.09 S6 8
11 160 46 106 9 1.0 0.14 S7 10
12 220 45 90 8 1.0 0.17 S8 9
13 154 32 101 3 0.76 0.11 89 3
14 449 54 52 11 1.2 0.17 S10 13
15 307 43 92 5 1.2 0.15 S11 2
16 112 62 130 11 0.5 0.08 Si12 12
17 334 53 139 13 0.98 0.18 S13 16
18 420 60 144 12 0.68 0.13 S14 17
19 380 40 96 8 1.1 0.19 Si15 18
20 307 60 120 5 1.2 019 Si6° 11

" Vertex of S16 are 1, 14,15,19 and 20.
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Table 8. Optimization conditions and results using the simplex method for L.
origanoides carvacrol-rich chemotype.

Vertex P,bar F,g/min t,min E,wt% ecw,% e % Simplex Vertex retained

1 323 50 90 8 1.01 0.04

2 323 50 90 8 0.85 0.04

3 350 27 90 11 1.39 0.06

4 400 45 120 10 1.46 0.11

5 300 50 60 5 0.85 0.03

6 398 36 135 14 1.09 0.10 St 1,2,3,4

7 412 29 128 13 1.01 0.06 S2 2,3,4,6

8 323 50 90 8 0.75 0.03 S3 2,3,4,6

9 372 64 128 9 1.14 0.08 S4 2,4,6,8

10 423 47 146 12 1.21 0.11 S5 2,4,6,9

11 400 25 118 13 0.63 0.07 S6 2,4,6,10
12 379 54 126 10 1.24 0.15 S7 2,4,6,10
13 438 43 152 13 1.48 0.15 S8 4,6,10,12
14 416 53 137 10 1.29 0.12 S9 4,10,12,13
15 393 50 121 9 0.91 0.12 S10 4,12,13,14

Table 9. Optimization conditions and results using the simplex method for L.
origanoides phellandrene-rich chemotype.

Vertex P,bar F,g/min ¢,min E,wt% ecw,% en % Simplex Vertex retained

1 100 50 60 10 0.25 0.18
2 200 40 120 8 0.42 0.32
3 300 60 60 5 0.14 0.10
4 400 45 90 10 0.69 0.50
5 220 65 60 12 0.68 0.35
6 460 55 105 8 1.03 0.49 St 2,3,4,5
7 340 43 128 14 1.44 0.72 S2 2,4,5,6
8 432 58 75 12 0.99 0.33 S3 4,5,6,7
9 455 46 109 11 0.91 0.48 S4 4,6,7,8
10 444 56 118 12 0.88 0.47 S5 6,7,8,9
11 411 48 97 11 0.65 0.47 S6 6,7,8,9
12 427 52 108 11 0.69 0.53 S7 6,7,8,9
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Table 10. Optimization conditions and results using the simplex method for L.
graveolens.

Vertex P,bar F,g/min t,min FE,wt% ecw,% e % Simplex Vertex retained

1 250 40 120 10 0.23 0.006

2 250 60 90 8 0.32 0.009

3 420 60 90 8 0.30 0.008

4 350 50 90 9 0.27 0.008

5 420 40 120 10 0.30 0.010

6 415 58 86 5 0.33 0.012 St 1,2,3,4

7 369 54 98 9 0.23 0.006 S2 1,2,4,5

8 247 56 89 8 0.25 0.008 S8 1,2,4,5

9 243 54 104 9 0.26 0.007 S4 1,2,4,7

10 209 50 102 9 0.35 0.011 S5 1,6,7,8

11 329 53 98 9 0.29 0.009 S6 1,6,8,9

12 269 52 137 9 0.38 0.011 S7 1,6,8,9

13 373 48 115 9 0.22 0.005 S8 1,6,8,9

14 406 43 140 10 0.34 0.009 S9 1,6,8,12
15 424 56 119 8 0.34 0.013 S10 1,6,12,13
16 438 52 110 9 0.56 0.027 S11 6,12,13,14
17 444 54 116 9 0.19 0.008 S12 6,13,14,15
18 442 61 92 8 0.30 0.012 S13 6,14,15,16
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the high-yield experiments that remained until the end of optimization, as well as the
subsequent vertex 15. For vertices 16, 17 and 18 the calculated reflections modified
the variables, but the response was always lower than the last vertex in S11. This
result showed that the new conditions calculated with the last simplex were moving
away from the high yield space. Finally, vertices 19 and 20 were calculated and expe-
rimented, their responses were very similar with high yields. In consequence, it was
decided to stop the optimization at S16. The vertices 1, 14, 15, 19 and 20 (S16) had
the higher yields in the explored experimental space for post-distillation substrate of
thymol-rich L. origanoides. The values of the responses of these experiments we-
re not significantly different. Any of these conditions affords relatively high flavonoid
amounts from the substrate. However, practical considerations make some condi-
tions more favorable than others. Vertex 1 conditions, for example, use high values
of P, t and E to get the best results, but vertex 14 conditions are operationally mo-
re favorable because using the same CO, and EtOH consumption, two extractions
are possible in the same time. Accordingly, we found that the higher-yield extraction
conditions for this substrate corresponded to vertex 15 with the lowest values of P
(307 bar) and E (5 %), moderate values of ¢ (96 min) and F' (43 g/ min). The same
treatment of the extraction conditions was done for the optimization of the rest of L.
origanoides chemotypes and for L. graveolens. Fig. [11]is a graphical representation
of the results of the simplex optimization for all substrates. The 3D scattering plot of
bubbles mapped with colors presents the results of optimization of substrates A-D,
locating the bubbles according to the extraction conditions of the experiment where
q = Ftsubs~!. Bubble sizes are proportional to ecw that varies from 0.2 % to 1.5 %.

The gray scale changes according to eg,, which varies from 0.005 % to 0.72 %.
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Figura 11. 3D Scattering plot of bubbles mapped with colors that shows results of
the simplex optimization for extraction of L. origanoides chemotypes and L.
graveolens. The bubble sizes are proportional to the extraction yield of cuticular
waxes that varies from 0.2 % to 1.5 %. The colors varies according to the extraction
yield of flavonoids between 0.05 % to 0.72 %. A. L. origanoides carvacrol-rich
chemotype; B. L. origanoides thymol-rich chemotype; C. L. origanoides
phellandrene-rich chemotype and D. L. graveolens.
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3.5. Fitting multiple linear regression models

It is common in experimental screening and optimization designs that the response
surface methodology be used to graphically interpret the effects of the variables that
affect the response. Using experimental data from the screening design and optimi-
zation for L. origanoides thymol-rich chemotype, given that it is the chemotype that
has both sets of experiments, different linear models with multiple combinations of
the variables were tested. The best regression model found for the extraction yield

of cuticular waxes is:

ecw = —1.80 +3.6 x 1073P +2.75 x 1072F +3.16 x 1072t + 1.96 x 10°F

+207x10°PF —6.06 x 107°P%2 —3.23 x 107*F? — 1.68 x 10%¢?

and its statistical adjustment parameters are: R* = 0.91, R;, = 0.87 and RMSE =
0.13. In the same way, the best regression model found for the extraction yield of

flavonoids is:

ey = —0.43 +1.07 x 1072t +4.23 x 10°°PF +2.44 x 1075 F¢

+125x 10°*FE +261 x1077P?2—-3.1x10°F? +6.19 x 107%

and its statistical adjustment parameters are: R* = 0.91, R;,, = 0.89 and RMSE =
0.02.

To obtain these models, first a selection was carried out using statistical software
Statgraphics Centurion XV. More than 10.000 possible combinations of variables
were tested to determine the best models for each response. Fig. [12] shows the res-
ponse surface for the best models found. Fig. (A) corresponds to the model that
explains 91 % of variability of Cw extraction yield. The slope indicates a strong influen-

ce of pressure and CO; flow on the extraction yield. These two variables are directly
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connected to mass transfer mechanisms occurring in the extraction. At higher pres-
sures the (CO, + EtOH) mixture increases its density and solvent power. However,
the extraction of waxes is enhanced, and the increase in extract mass does not ne-
cessarily represent an increase in the extracted flavonoids. There is a narrow region
in the graph defined by the flow between 40 g/ min and 60 g/ min where the extrac-
tion yield is high. These values correspond to the experimental flow region where
the residence time of the CO, in the extraction tank was adequate to promote the
mass transfer mechanisms (diffusion and convection) and disfavor the phenomenon
of axial dispersion. Fig. shows the response surface for the model that repre-
sents 89 % of the variability of the yield of extraction of flavonoids. The yield increased
with the increment of these variables, this time in a linear manner for the pressure

and a slightly quadratic effect for the flow.

3.6. Spectroscopic characterization

Fig. exemplifies the predicted concentrations of the flavonoids by decomposing
the spectral signal of the extract obtained with the conditions of vertex 20 for the
thymol-rich chemotype of L. origanoides i.e., pinocembrin 75.4 mg/ge., naringenin
28.1 mg/gex:, and luteolin-apigenin 67 mg/ge.:. The concentrations of luteolin and api-
genin could not be determined individually due to the great similarity of their UV-Vis
spectra at the 44 wavelengths selected to perform the multivariate calibration. This
is a difficulty that the CLS method cannot overcome; it will not be able to establish
differences between the molecules from the input information. A variation of CLS,
i.e., the inverse method ILS, instead of using the spectral signals as input informa-
tion, predicts the individual spectra of the molecules from known concentrations of
the analytes in mixture, including signal overlapping. Despite this disadvantage of
CLS, the method is convenient for the purposes of this section of the work, since

the objective is to monitor the sum of the flavonoids in the extract, i.e., to quantify
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Figura 12. Surface response for: A. cuticular waxes extraction yield; 92 min
extraction time and 5wt % ethanol, B. flavonoids extraction yield; 92 min extraction
time, 5wt % ethanol.
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the spectral signal according to the flavonoids that are likely to be found in the ex-
tracts. There are other methods, in addition to the multivariate approaches, such as
the zero-crossing method or the classic univariate method, but also because of the
high spectral superposition in extracts of botanical material, they are not suitable for
the simultaneous determination of the flavonoids. Other graphical methods such as
those used by RD Bautista y col. «Multicomponent analysis : Comparison of various
graphical and numerical methods». En: Talanta 40.11 (1993), pags. 1687-1694. DOI:
10.1016/0039-9140(93)80085- 6/ and Bautista y col., |«Simultaneous determination
of diazepam and pyridoxine in synthetic mixtures and pharmaceutical formulations
using graphical and multivariate calibration-prediction methods.», to predict flavonoid
concentrations, require regions in the spectrum where the derivatives of most of the
signals are zero, but for the target compound the derivative is greater than zero in

the required zone, which is clearly a limitation for complex mixtures.

3.7. Content of CW and flavonoids in the post-distillation substrates

The results of the Soxhlet and sc-extraction (Table [ 1)) showed that the post-distillation
substrates contained considerable amounts of cuticular waxes, flavonoids and pi-
nocembrin. These are high levels compared to other residues in the essential oil
industry and even with plants identified as potential for commercial sources of
pinocembrin such as seeds of Alpinia katsumadai Hayata with 2.5 gp,, /kgsubs (1] and
two sub-species of Eucalyptus preissiana trees with 15 gp,, /kgsubs @nd 18 gp,, /KEsubs .
According to the experiments, L. origanoides phellandrene-rich chemotype showed
the higher-yield results compared with all substrates studied cf. C in Fig. [T 1] Results
of table are common yields values for the scCO, extraction of botanical mate-
rials % Although the post-distillation substrate of the L. origanoides phellandrene-
rich chemotype is the residue with the highest recovery potential for EtOH-modified

scCO, extraction, its yield of essential oil extraction (1 % to 1.5 %) is the lowest with
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Figura 13. Absorption electronic spectra of sample vertex 20 (-) and its
corresponding prediction (- -). Predicted flavonoid content: 170.5mgg~!.
Pinocembrin 75.4 mg/g.,. extract. naringenin 28.1 mg/g...extract. and luteolin +

apigenin 67 mg/gex

Table 11. Constituents of extracts from Soxhlet and sc-extraction

Soxhlet extraction Sc-extraction Dry Basis Moisture
Substrate
ECW, Eflv, €Pn, ECW, Eflv, €Pn, A[d %
gCW/kgsubs gflv/kgsubs an/kgsubs gCW/kgsubs gflv/kgsubs an/kgsubs ’
LOP 192 55 31 14 7 4 12
LOT 174 20 15 12 2 1 14
Loc 195 29 23 15 2 1 13
LG 69 6 5 6 0.3 0.2 14
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very low content of phenylpropanoids as compared to L. graveolens (1 % to 3 %),
carvacrol-rich (3.6 % to 4.4 %) and thymol-rich (2.4 % to 3.1 %) L. origanoides che-
motypes Bfl

These results show that the sc-extraction with the conditions studied, leaves behind
a considerable amount of extract that is still retained in the matrix. However, the
EtOH-modified csCO, extraction turned out to be considerably more selective for
some chemotypes in the extraction of the target compounds (i.e., aglycones) when
compared with the Soxhlet extraction. Flavonoid extraction selectivity using supercri-
tical extraction (50 %) was almost twice higher than the Soxhlet counterpart (28 %).
The same behavior has been observed for other botanical materials when compa-
ring scCO, with solid-liquid extractive techniques using hydro-alcoholic mixtures, or
when water is included as a polarity modifier of CO, . Experiments on phase
equilibrium could help to understand the phenomenon of mass transfer and lead to
increase extraction yields of scCO, extraction considering the potential of the subs-
trates with respect to the content of flavonoids available in the substrate and the

advantageous selectivity offered by this extractive technique.

3.8. Identification and quantification of obtained in higher yield extracts

Phenolic composition of the higher-yield extracts of L. graveolens and L. origanoides
chemotypes (UHPLC-ESI(+)-Orbitrap-MS with positive ionization mode) were sum-
marized in Table [12] including molecular formula, calculated and experimental m /=
values and error (6 ppm). A total of 15 phenolic compounds, including flavones, flava-
nones, flavonols and flavanonol identified by comparison of MS spectra and retention
times with those of available standards, were found as constituents of the extracts.
Whereas, the investigated substrates contain mainly the same types of phenolics,
differences in amounts of individual substances of the scCO, extracts were detec-

ted. A group of unidentified compounds with molecular weight around 600 Da, with
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the longest retention times among the extract constituents, were also detected. They
are probably related to chlorophyll pigments and cuticular waxes present in the ex-
tract. The phenolic compounds found in this work are similar to those reported by
Leitédo y col., |«Counter-current chromatography with off-line detection by ultra high
performance liquid chromatography/high resolution mass spectrometry in the study
of the phenolic profile of Lippia origanoides», in their study of ethanolic extracts of a

L. origanoides thymol-carvacrol chemotype.

Table 12. Composition of EtOH-modified scCO, extracts from post-distillation
residues (UHPLC-ESI(+)-Orbitrap-MS analysis). A. L. origanoides carvacrol-rich
chemotype; B. L. origanoides thymol-rich chemotype; C. L. origanoides
phellandrene-rich chemotype and D. L. graveolens.

[M+H]+ Hg/MEext £ s (n = 3)

Compound Formula J ppm
Experimental Calculated A B C D

Taxifolin 1 CisH1207; 305.06557  305.06548 0.3 0.19+£0.02 020002 006001 <LODS$
Eriodictyol T CysH120s 289.07121 289.07105 0.57 49+0.2 3.6+03 0.44+0.10 0.08+0.01
Quercetin "+ CisH10O7 303.05047 303.05044 0.12 1.00 +0.07 <LOD 0.16 £0.01 <LOD
Luteolin # CisH1oOs 287.05556 287.05529 0.92 0.46 £0.07 0.434+0.07 0.06+0.01 0.072+ 0.003
Naringenin * CisH120s  273.07629 273.07621 028 46+02 55406 1.06 £0.05 0.27 4 0.04
Hesperetin t CisH140s 303.08631 303.0862 0.35 0.77+0.01 1.724+0.08 0.064+0.01 0.056 + 0.004
Apigenin * CisH10Os 271.06064 271.06042 0.82 0.14+0.01 0.44+0.02 <LOD 0.046 + 0.004
Chrysoeriol Ci6H120s 301.07066 301.07036 0.99 1.3+0.1 23+0.1 0.04 £0.01 0.063 +0.002
Dimethylated flavone  C47H{4,O; 331.08123 331.08106 0.5 0.23+0.01 0.75+0.02 0.01+0.01 <LOD
Pinocembrin " CisH1204 257.08138 257.08132 0.2 0.67 +=0.04 2.0+0.2 483+10 79+£03
Cirsimaritin Ci7H140s 315.08631 315.08605 0.83 2.34+0.04 35+0.1 0.05+£0.01 0.50+0.02
Sakuranetin CiH1405 287.0914 287.09132 0.28 3.10£0.29 4.8+0.1 1.4240.08 4.8+03
Galangin T CisH100s 271.06064 271.06051 0.49 <LOD <LOD 7.2+£0.2 0.444+0.03
Methylated galangin T CygH{2Os 285.07575 285.07563 0.42 <LOD <LOD 41+0.2 <LOD
Methylated apigenint  CyH;205 285.07575 285.07687 0.37 0.15+0.02 0.66+0.05 <LOD <LOD

" quantified with calibration curve.

T tentative identification based on mass spectrum and fragmentation pattern
* confirmatory identification with certified standard substances

§ Limit of detection

3.9. Conclusions

The results of this work are conclusive in respect to the potential of each distillation
residue studied to afford valuable byproducts that permit increasing the profitability
of the extraction process of essential oils from Lippia origanoides and Lippia graveo-

lens. The residue of L. origanoides phellandrene-rich chemotype is the byproduct
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with the highest industrial recovery potential followed by the thymol-rich, carvacrol-
rich chemotypes and finally, L graveolens. Flow, pressure, time, and percent ethanol
have a significant effect on the global extraction yield and flavonoid extraction yield
of L. origanoides and L. graveolens using supercritical CO,. The interval of tem-
peratures chosen in this work did not significantly affect both extraction responses.
The d,-range that was obtained from two grids (0.5 mm and 2 mm opening) used in
the chopper is not significant in the extraction yield responses. The best experimen-
tal conditions found for the scCO, extraction are 307 bar, 5 % ethanol, 96 min and

43 g0,/ min under the specifications of the extraction system used.
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4. PHASE EQUILIBRIA OF scCO, EXTRACTION OF L. ORIGANOIDES
POST-DISTILLATION RESIDUES

The distillation residue of L. origanoides phellandrene-rich chemotype (LOP) is a by-
product with high industrial recovery potential. The EtOH-modified scCO, extract
from LOP contains valuable flavonoids such as pinocembrin and galangin. To optimize
their selective sc-extraction, multi-component phase equilibria of CO,, extract cons-
tituents and support matrix are necessary. This chapter provides data and modeling
through a study with two fundamentally experimental approaches i.e., phase equili-
bria between extract constituents and scCO, (thermodynamic approach), and phase
equilibria between extract constituents, scCO, and support matrix, which takes into
account the solutes-matrix interactions (operational approach). Analytical tools such
as HPLC-DAD coupled to a high-pressure equilibrium cell and multivariate calibra-
tion (ILS) based on UV spectroscopy were employed and developed to quantify off-
and on-line the phase equilibria data. ILS avoided the need to use chromatography to
separate the flavonoids to estimate their concentration from extracts obtained expe-
rimentally. Measurements were at different P, T"and E. Phase equilibria parameters
were generated by fitting data to semi-empirical or thermodynamic models. Influence
of sc-extraction conditions on phase equilibria was discussed. Lower temperatures
decrease solubility of cuticular waxes without significantly affecting flavonoid solu-
bility. The total oleoresin content readily available in chopped post-distillation L. ori-
ganoides is not enough to saturate the scCO, stream in the operational approach.
E and P significantly affected operational solubility when sc-extraction was contro-
lled by equilibrium. The phase equilibria data were useful to delimit mass transfer

phenomena in the subsequent study of extraction kinetics.
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4.1. Constituents of the EtOH-modified scCO, extract of the LOP

Chapter [3]showed that the distillation residues of LOP turned out to have the greatest
potential for flavonoids recovery. Fig. |14/ shows a truncated chromatographic profile
of EtOH-modified scCO, extract from LOP that focuses on their major and valuable fla-
vonoids i.e., pinocembrin (Pn, peak 1) and galangin (Gn, peak 2). The chromatogram
also shows peaks of smaller height corresponding to other phenolic compounds re-
ported in Table [12] Those unnumbered peaks in the chromatogram are the called
“interferences” (Intf) that absorb in the UV-region, (cf. subsection [2.3.1). Fig.
also shows, in a reflection plane, the chromatogram of Pn and Gn standards in mix-

ture at 50 ug mL~1, to confirm their presence in the extract through retention times

comparison.
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Figura 14. Chromatographic profile obtained by HPLC-DAD of EtOH-modified
scCO; extract from post-distillation residues of L. origanoides phellandrene-rich
chemotype. (1) pinocembrin tg = 55.7 min and (2) galangin tg = 56.2 min standards
at 50 ug mL~1 in reflection plane.

Despite the significant amount of flavonoids found in the LOP sc-extract, they are mi-

nority compared to co-extracted compounds such as fatty acids, waxes, pigments,
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and resinoids among others 4 Figure shows the distribution of some of tho-
se compounds (wt %) according to the fatty acids analysis mentioned in subsec-
tion [2.2.2] Although the present work did not have the scope to quantify using GC-
FID beyond fatty acids, apparently the n-hexane saponified fraction contained mainly
long-chain n-alkanes (n-Cas to n-Css, ca. 60 wt %), since it is widely known that the
main co-extracted molecules belong to that family . Researches that applied dis-
criminant analysis to the composition of long-chain alkanes extracted from leaves
of the Verbenaceae@ plant family showed, in average for a sample of seven plants,
that the main cuticular waxes (CW) present in the extracts are: hentriacontane (C31Hg4,
17.9 wt %), tritriacontane (CsszHes, 30.9 wt %) and pentatriacontane (CzsH72, 16.1 wt %)
4,

Multicomponent phase equilibria of complex solutes, such as sc-extracts, are gene-
rally assessed by simplifying the study system. Therefore, similar constituent subs-
tances of the extract usually are grouped and represented by a single molecule
(pseudo-component) that presumably describes the thermodynamic behavior of its
family in the system. The object of our study was valuable flavonoids due to their
biological properties, but the main components of sc-extracts are CuW. Therefore, the
system was simplified to three components, i.e., scCO,, a representative molecule
of the CW (majority compounds), and the flavonoid family (minority and valuable com-
pounds).The purpose of simplifying a family into a molecule to represent the extract
constituents, is to know the solubility limits of molecules in the hypothetical case that
the whole extract is a mixture of two pseudo-components, the matrix effect does not
interfere and the scCO. is saturated (thermodynamic solubility).

In sc-extraction of a mixture of long-chain alkanes, the solubility in scCO, decreases

with increasing length of the carbon chain. Sovova et al. have shown that, if a mixture

154 [ ippia genus belong to Verbenaceae family
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of such hydrocarbons should be represented by one component in a model for SFE,
then the carbon chain of that component should be slightly longer than the average
chain length in the mixture [4F8] On the other hand, an experimental oregano sc-

extraction conducted in equilibrium indicated that the exit wax concentration was

08)1 24

similar to the solubility of pure n-heptacosane (Co7Hsg) in scCO, P44 For the present
study, the octacosane (Oct, CogHsg) was conveniently chosen to represent the Cw
family. This is because 0ct solubility in scCO, has been widely reported and has
a slightly longer chain than the best alkane predictor of scCw extraction of oregano.
The molecule selected to represent the flavonoids family was Pn as it is the main

flavonoid in the sc-extract.

CUTICULAR WAXES

Ci4:0 I
13%\

Long chain n-alkanes
n-Cys to n-Css
ca. 60%

FATTY ACIDS
Saturated Fatty Acids
MonoUnsaturated Fatty Acids

PolyUnsatutrated Fatty Acids

Figura 15. Distribution of cuticular waxes (wt %) constituent of sc-extract from
post-distillation L. origanoides phellandre-rich chemotype.

4.2. Thermodynamic solubility of sc-extract constituents in scCO,

4.2.1. Solubility of CW in scCO-

Solubility of the binary system 0ct-scCO,  The Oct solubility data were taken
from the experimental work of Mark A. McHugh, Andrew J. Seckner y Thomas J.
Yogan. «High-pressure phase behavior of binary mixtures of octacosane and car-

bon dioxide». En: Industrial & Engineering Chemistry Fundamentals 23.4 (mayo de
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1984), pags. 493-499. DOI: 10.1021/1100016a020; |. Swaid, D. Nickel y G.M. Sch-
neider. «NIR&€"spectroscopic investigations on phase behaviour of lowa€”volatile
organic substances in supercritical carbon dioxide». En: Fluid Phase Equilibria 21.1-
2 (ene. de 1985), pags. 95-112. DOI:110.1016/0378-3812(85)90062-7; Reverchon,
Russo y Stassi, |«Solubilities of solid octacosane and triacontane in supercritical car-
bon dioxide» and Thierry Chartier y col. «Solubility, in Supercritical Carbon Dioxide,
of Paraffin Waxes Used as Binders for Low-Pressure Injection Molding». En: Indus-
trial & Engineering Chemistry Research 38.5 (mar. de 1999), pags. 1904-1910. DOI:
10.1021/1ie980552¢. Table [13] shows experimental data used in this work. The 0Oct
solubility in scCO, is from 1.9 x 107° to 440.5 x 10~° molo;/molco, for conditions bet-
ween 313 to 343K and 9 to 45 MPa.

Solubility modeling for 0ct  Since the pure solid solutes solubility in scCO is
directly related to the pure solvent density, in addition to thermodynamic modeling,
the experimental data were assessed according to the Mendez-Santiago and Teja
equation (MS-T, Janette Méndez-Santiago y Amyn S Teja. «The solubility of solids in
supercritical fluids». En: Fluid Phase Equilibria 158-160 (1999), pags. 501-510. DO!I:
10.1016/s0378-3812(99) 00154-5):

B+ Cpy

In (ysaP) = A+ T

(26)

where T, y,.1, p1 and P are temperature, mole fraction of solute in the scCO, phase,
pure CO, density (gL~1) and pressure (MPa), respectively. In Eq.[26}, the CO, density
was from the NIST Standard Database v5.0 [ Parameters A, B and C were deter-
mined by correlating experimental data with a least squares method. The calculated
values were 29.74, —13664.51 and 3.26 for A, B and C' respectively. Table [14] shows
deviation between experimental data and correlation results. Calculated solubility

values are shown in Fig[T6]
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For the thermodynamical approach, the solubility of binary system 0ct (3) in scCO,
(1) was determined from the thermodynamic relationship for solid-liquid equilibrium
at constant temperature and pressure as was discussed in subsection[2.6.1] The fu-
gacity coefficient ¢} was calculated using standard Peng-Robinson Equation of State
with quadratic mixing rules. The method employs two binary interaction coefficients,
ie. (K13 = K3z and I3 = I3), as adjustable parameters from experimental data
of Table [13] The rest of the solute parameters, necessary for the calculation, were
calculated or taken from literature. Their values are shown in Table [4] Estimated pa-
rameters for the cubic equation of state model are shown in Table [14|and calculated

values are shown in Fig[T6]
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Figura 16. Solubility of octacosane-scCO, binary system as function of pressure
and temperature. (a), (o), (¢) and (=) are experimental data for 313, 323, 333 and

343 K respectively. The dashed lines, with the same color code for temperatures, are
the solubility values calculated by MS-T correlation. Continuous lines are the
correlation results calculated by the Peng-Robinson EoS.

The deviations between experimental data and correlation results were calculated

118



with Eq. 27|

N

100
AARDY% = -~ >

exp calc
ysol,i — Ysol,i

exp

ysol,i

(27)

where N is the data number per isotherm. Eq [27] is the absolute average relative
deviation of the difference between experimental and calculated values.

In general, the thermodynamic model using PR-EoS fitted better the experimental
data than MS-T correlation. Comparatively, PR-EoS was better for the 313 and 323K
isotherms, while the MS-T correlation was better for the 333 and 343 K isotherms.
The lack of fit of the thermodynamic model at high temperatures is possibly due
to the phase change, since the melting point of Oct is 334 + 1 K. Thus, the solubi-
lity predictions for 343 K are outside the scope of the model, which is derived from
equilibrium assumptions in solid-scCO, systems. For our purpose, it is not possible
to use the models separately, since two or more solutes cannot be correlated with
density-based models because these were derived for binary systems solute-scCO.
P4 Therefore, the thermodynamic model with the temperature restriction to the mel-

ting point was used in the subsequent analysis.
4.2.2. Solubility of the multi-component system LOP extract and scCO,

Preliminary experiments to validate methodology = Before measurement of the
complex extract-scCO, system, preliminary tests were carried out with a molecule
already reported in literature. Subsection [2.4.2]shows the details of the measurement
system and the methodology used. Because the entire measurement system was
first assembled to carry out this work, a solute with known solubility was used to
compare reported data with those obtained for new system. The selected solute
was nobiletin, a flavonoid whose solubility was measured using the same in-line

configuration of an equilibrium cell coupled to HPLC-DAD [23 Both, the solubility
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measurement system reported by Cabrera y col. and the new system, belong to
the LTP research group of Technical University Federico Santa Maria of Valparaiso,
Chile. Fig. [17 shows the reported and measured values with the uncertainty for the
solubility of nobiletin in scCO, for selected conditions of 18, 22 and 28 MPa and 313
and 333 K.
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Figura 17. Comparison of nobiletin-scCO, solubility reported in literature and
measured in this work. Blue bars are values reported by Adolfo L. Cabrera y col.
«Measuring and validation for isothermal solubility data of solid
2-(3,4-Dimethoxyphenyl)-5,6,7,8-tetramethoxychromen-4-one (nobiletin) in
supercritical carbon dioxide». En: The Journal of Chemical Thermodynamics 91
(dic. de 2015), pags. 378-383. DOI: 10.1016/J.JCT.2015.08.018, the red ones are
values measured in this work. (A) Data for 313 K, (B) Data for 333 K.

In Figure [17] the average solubilities measured with the new system are lower than
those reported by , as well as their uncertainties. Possibly due to the effect of the
new sampling valve circuit and the improved chromatographic reproducibility of the

new chromatograph. Four of the six measured data had no statistically significant

difference with the reported data of Cabrera y col., «Measuring and validation for|

isothermal solubility data of solid 2-(3,4-Dimethoxyphenyl)-5,6,7,8-tetramethoxychrormen-

4-one (nobiletin) in supercritical carbon dioxide». The trend of increasing solubility

with pressure was maintained proportionally for both temperatures in the new mea-
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surements. Preliminary measurements showed results consistent with those repor-
ted, so the new system was cleaned of nobiletin and loaded with the object study

extract.

Solubility of extracted Pn in scCO,  To the best of our knowledge, the solubility
of the Pn-scCO, binary system has not yet been measured. The scope of our work
was not to measure the solubility of this binary system, rather it was limited to mea-
suring the solubility of Pn in mixture with coextracted substances and scCO,, i.e. in
the extract-scCO, system. Instead of pure Pn, the equilibrium cell was loaded with
LOP sc-extract containing ca. 200 mgp,/g..:- We assumed that such amount of extract
contained enough Pn to saturate the scCO. in the hypothetical case that only Pn was
solubilized. Solubility values in scCO, for three flavanones and four flavones, availa-
ble in literature, were used to calculate the minimum amount of extract to be loaded.
Table[15|shows experimental data measured in this work. The solubility values found
for Pn were between 4.5 x 107° to 33.5 x 107° molp,/molco, for conditions between
313 to 323K and 9 to 32 MPa.

Fig. |18 shows the results of the solubility measurement for Pn in the context of the
reported values for other flavonoids derived from the flavone and flavanone skele-
ton. Judging by visual inspection, the increase of hydroxyl groups and their posi-
tion in the structure affect scCO, solvation capacity. Thus, for anthoxanthins mea-
sured all but one by the same research group (cf. Fig. [T8B), the molecules with
two hydroxyl groups (7,8 dihydroxyflavone and chrysin) in their structure are less
soluble than those with a single group (3-hydroxyflavone). Flavone and flavano-
ne, molecules without hydroxyl groups, have the highest solubility in their families.
The non polar character of CO, favors solubility of molecules with fewer surface
areas formed by hydroxyl groups. In the flavanone group (cf. Fig. [T8A), however,
the reported solubility for 6-hydroxyflavanone, a molecule with a single hydroxyl

group, is smaller than the Pn and naringenin values. This leads us to think that
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Figura 18. Data (symbols) and MS-T correlation (lines) of: (A) three flavanones
(flavanone [%%] 6-hydroxyflavanond™?|, Naringenin™’) and (B) four anthoxanthins
(flavond™?], 3-hydroxyflavone™?] 7,8 dihydroxyflavone®] and chyrisin™') solubilities
in scCO, binary system. Pinocembrin data measured in extract-scCO, system mix.
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there is a difference between measured and real magnitudes, possibly due to the
measurement methods used by the two research groups. Although both methods
are dynamic, the methodology used by Nufez, del Valle y de la Fuente, |«Solubili-
ties in Supercritical Carbon Dioxide of (2E,6E)-3,7,11-Trimethyldodeca-2,6,10-trien-
1-ol (Farnesol) and (2S)-5,7-Dihydroxy-2-(4-hydroxyphenyl)chroman-4-one (Narin-
genin)», and followed in this work, does not introduce a constant CO, flow into the
system and has the analytical measurement coupled online, while methodology used
by Masaki Ota y col. «Measurement and correlation of flavanone, tangeritin, nobile-
tin, 6-hydroxyflavanone and 7-hydroxyflavone solubilities in supercritical CO2». En:
Journal of Supercritical Fluids 128 (oct. de 2017), pags. 166-172. DOI:|10. 1016/ .
supflu.2017.05.024, introduces small amounts of CO, into the system and the so-
lute must accumulate in a trap to be analyzed separately. The magnitude difference
is probably because a methodology is better at achieving equilibrium conditions than
its counterpart.

The range of solubility values found for Pn were slightly higher than those reported
by Nufez, del Valle y de la Fuente, «Solubilities in Supercritical Carbon Dioxide of
(2E,6E)-3,7,11-Trimethyldodeca-2,6,10-trien-1-ol (Farnesol) and (2S)-5,7-Dihydroxy-
2-(4-hydroxyphenyl)chroman-4-one (Naringenin)»| for naringenin, a flavanone with
one more hydroxyl group than Pn. This fact, although probable, was not necessa-
rily expected, since Pn was measured in mixture with CW. To have found a lower Pn
solubility than that reported for naringenin would have been justified by the presen-
ce of waxes that reduce the occupation potential of clusters of sc-fluid molecules
solvating Pn. Therefore, our remarks might be a manifestation of entrainer effects

of the co-extracted substances, as was observed in extraction of theobromine and
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theophylline from mate tea leaves and capsaicinoids from jalapeno pepper F67¢|
To be sure, it is still necessary to know the solubility of the Pn-scCO, binary system,
which will probably be very close to the naringenin solubility, as Professor Mishima’s

group found for the solubilities of 3-hydroxyflavone and 7,8 dihydroxyflavone [54/9]

Solubility modeling of the ternary system: scCO{", Pn® and 0ct®  As men-
tioned above, the multicomponent phase equilibria of complex solute, such as LOP
extract in scCO,, are assessed by simplifying the system. To model the LOP extract-
scCO, system, CWs were represented by a single component (0ct) and flavonoids
by Pn. The pseudo-component mole fractions, 0.79 and 0.21 for Oct and Pn respec-
tively, were calculated by the composition results from chromatography to calculate
the mass of Pn and subtracting the amount of extract used in the analysis for the
mass of Oct.

The solubility model of the scCO,™), Pn® and 0ct® ternary system was calculated
from the thermodynamic framework of subsection The fugacity coefficients we-
re calculated using standard Peng-Robinson Equation of State with quadratic mixing
rules. The method used the two binary interaction parameters (K3 and I3) fitted for

the 0ct-scCO, binary system, cf. table The four binary interaction coefficients

162 Marleny D A Saldafa y col. «Extraction of Purine Alkaloids from Maté (/lex paraguariensis) using

supercritical CO2». En: J. Agric. Food Chem. 47 (1999), pags. 3804-3808.

163 J. M. Del Valle, M. Jiménez y J. C. De la Fuente. «Extraction kinetics of pre-pelletized jalapefio
peppers with supercritical CO2». En: Journal of Supercritical Fluids 25.1 (2003), pags. 33-44.
DOI:|110.1016/50896-8446(02)00090-6.

164 Hiroki Uchiyama y col. «Solubilities of Flavone and 3-Hydroxyflavone in Supercritical Carbon Dio-
xide». En: Journal of Chemical & Engineering Data 42.3 (mayo de 1997), pags. 570-573. DOI:
10.1021/3je9603990.

165 Kiyoshi Matsuyama y col. «Solubilities of 7,8-Dihydroxyflavone and 3,34€7,48€",5,7-
Pentahydroxyflavone in Supercritical Carbon Dioxide». En: Journal of Chemical & Engineering
Data 48.4 (jun. de 2003), pags. 1040-1043. DOI:/10.1021/je030129z.
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between Pn-scCO, (K, and I;,) and Pn-Oct (K53 and I,3) were used as adjustable
parameters from experimental data of Table [15 The solute parameters were cal-
culated or taken from literature, and their values are shown in Table 4, Estimated
parameters for the solubility modeling of ternary system are shown in Table [T6] The
data predicted by the model are shown with lines in Fig [T9]

The model predicted a considerably higher solubility of 0ct at 323 K than at 313K,
while the change in temperature did not significantly affect the solubility value of Pn.
Given that the solubility of Pn in the ternary system is less sensitive to the increase
of temperature than of Oct, the extract obtained from LOP extraction processes at
temperatures close to the critical point would contain fewer CWs, which enhances
the product. This solubility results have a direct impact on the rate, yield, design,
and economy of the extraction process of LOP. If, on the other hand, the sc-extract
fractionation was the study case to concentrate the flavonoid-rich fraction, the best
option is to carry out the anti-solvent precipitation process at higher temperatures,
favoring the wax solubility over that of the flavonoids [*¢7[8]

4.3. Phase equilibria of multi-component EtOH-modified scCO, extraction

As discussed in Chapter|[3] pressure (P) and percentage of ethanol (£), among other

variables, have a significant effect on flavonoids extraction yield from LOP. These va-

166 David Villanueva Bermejo y col. «High catechins/low caffeine powder from green tea leaves by
pressurized liquid extraction and supercritical antisolvent precipitation». En: Separation and Puri-
fication Technology 148 (2015), pags. 49-56. DOI:/10.1016/j .seppur.2015.04.037.

167 Abel Torres y col. «Perspectives on the Application of Supercritical Antisolvent Fractionation Pro-
cess for the Purification of Plant Extracts: Effects of Operating Parameters and Patent Survey».
En: Recent Patents on Engineering 10.2 (2016), pags. 88-97.

168 Arturo Bejarano, Pedro C Simdes y José M Del Valle. «Fractionation technologies for liquid mixtu-

res using dense carbon dioxide». En: Journal of Supercritical Fluids 107 (2016), pags. 321-348.
DOI:[10.1016/j.supflu.2015.09.021.
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Figura 19. Solubilities of pinocembrin, octacosane and CO, in model ternary
systems for LOP samples at different pressures and temperatures. (A) System at
313K, (a) are the measured solubilities for Pn; (B) System at 323 K, (e) are the
measured solubilities for Pn. The dashed and continuous lines, are the solubilities
values calculated applying Peng-Robinson equation of state for 0ct and Pn
respectively.

riables, together with the matrix-solute interaction, govern equilibrium and must be
taken into account when studying the system with an operational approach, closer
to the real extractive process. In the previous section, the thermodynamic limita-
tions of the solute extracted from LOP were determined. In this section, we set out
to find limitations of the extraction process, using a dynamic equilibrium extraction
approach that included solute-matrix interaction and co-solvent effect. The first step
was to establish a reliable methodology to quantify the flavonoids in the extract. With
a validated analytic methodology and results of the previous section, characteristic
parameters that describe the sorption equilibria of the solute from the matrix to the

EtOH-modified scCOs, in the extraction process were calculated.

4.3.1. Multivariate calibration and its validation = Dynamic equilibrium extraction
curves were constructed by quantifying the extract composition at the output of the

process and plotting it as a time function. Processing such amount of data requires
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a quick and effective analytical method that allows quantifying a large number of ex-
perimental samples. Avoiding chromatographic separation saves test expenses and
time. Spectroscopy-based methods that employ multivariate calibration to decompo-
se the spectral signal have worked well to solve the problem cf. subsection 2.3.1]
Using well-trained models, these methods can estimate individual concentrations for
multi-component mixtures, with certain analytical limitations, as expected when tech-
nologies are simplified. These methods are convenient to generate thermodynamic
data, insofar as it is possible to validate the data predicted by the model with the data

obtained by a reliable technique such as HPLC.

Samples calibration and quantification  To validate the quantification metho-
dology, different data sets were used to calibrate the method in order to study its
influence on prediction. The sc-extract samples were represented for our purposes
as mixtures of three constituents, i.e., Pn, Gn and Intf. Intf was defined as the mix-
ture of flavonoids that remain in a lesser proportion in the extract and the cuticular
waxes that, although do not absorb in the UV region, they contribute to the matrix
effect, cf. subsection[2.3.1] The first data set (DS1) were nine different mixtures of Pn
and Gn standards. DS1 does not consider Intf since the samples only contain flavo-
noids. Second data set (DS2) was prepared mixing a fixed concentration of extract
(2.55 mg g~1) with five different mixtures of Pn and Gn standards. In DS2, the moles of
Intf remained constants due to the fixed amount of extract that was mixed with the
flavonoid standards. Finally, the third data set (DS3) was prepared at three concentra-
tions (i.e. 2.6, 7.7 and 12.8 mgeutract/8sin Of €xtract in MeOH). Calibration samples were
prepared in triplicate and measured on both an HPLC-DAD (cf. subsection[2.2.2) and
a miniature UV-Vis spectrophotometer (cf. subsection[2.2.2). The external calibration
methodology was employed for quantification in HPLC-DAD by means of calibration
curves of Pn and Gn standard substances, cf. subsection Table [17] shows the

statistical estimators of the calibration curve for HPLC-DAD.
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Effect of the sample calibration data sets on prediction using ILS  The ap-
proach to finding the ILS model parameters, that best predict Pn and Gn concentra-
tion, was to remove model training data sets and compare ILS prediction with HPLC-
DAD results. The HPLC analysis results, and concentration estimated through the
calibration curves in table [17, were taken as reliable estimated concentrations for
comparison of methodologies. Fig.[20| shows the prediction comparison between the
two quantification methodologies when DS1, DS2, and DS3 are used to calibrate the
ILS model. The symbols deviation from the solid lines, on the ordinate axis, shows
the discrepancy between the data predicted by the ILS model and those estimated
by HPLC analysis. The lack of fit of the multivariate calibration model is remarkable
for the prediction of Pn concentration. The RMSE statistics, 0.22 and 0.06 ug g~ for
Pn and Gn respectively, are considerably larger than those obtained for HPLC (cf.
table [17), especially for Pn.

22-A 10-B

17 4

12 4

Conc. estimated by ILS model (ug/g)
Conc. estimated by ILS model (ug/g)

2 % 1'2 1'7 2'2 0 ' é ' 4'1 ' 6'3 ' é ' 1'0
Conc. estimated by HPLC calibration (ug/g) Conc. estimated by HPLC calibration (ug/g)
Figura 20. Comparison between estimated concentration using DS1, DS2, and DS3
for ILS model training and HPLC results. (A) Pinocembrin, (B) Galangin, (CJ) data
set for flavonoids standard mixture (O) data set of extract enriched with flavonoids

standards, (/\) data set of extract diluted at different concentration. Solid lines are a
projection of the concentration prepared for the calibration samples.

Analysis of the RMSE separately for each data sets showed that the model thus
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Figura 21. Comparison between estimated concentration using DS2, and DS3 for ILS
model training and HPLC results. (A) Pinocembrin, (B) Galangin, (O) data set of
extract enriched with flavonoids standards, (A\) data set of extract diluted at different
concentration. Solid lines are a projection of the concentration prepared for the
calibration samples.

calculated, had a better estimate of DS1 (0.25 and 0.08 ugg~! for Pn and Gn respec-
tively) compared to DS2 (0.43 and 0.12 ygg~! for Pn and Gn respectively) and DS3
(0.65 and 0.09 ugg~* for Pn and Gn respectively). This is not entirely convenient for
calculating the concentration of flavonoids in sc-extracts since the presence of intf
increases the prediction error. LOP sc-extracts are mainly composed of molecules
that, although they do not absorb in the UV region, interfere with the sample spectral
response. Consequently, a new model was fitted by excluding DS1 from the training
data. Fig.[21]shows the prediction comparison between the two quantification metho-
dologies when DS2, and DS3 were used to calibrate the ILS model. This time the
calculated data was aligned with the real concentrations of the calibration samples
obtained by HPLC and RMSE values (0.09 and 0.04 g g for Pn and Gn respectively)
improved considerably. These values are already in the same order of magnitude of
error using HPLC, which comparatively makes them better than those obtained with

the calibration that included DS1.
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Therefore, it was observed that the absence of Intf in the calibration data sets ne-
gatively affects model accuracy. DS1 was considered as sample calibration to have
selective information about UV spectra interaction between Pn and Gn. This informa-
tion was thought to help the model distinguish between the two flavonoids whose
spectra are relatively similar. However, when DS1 was included as training data, the
model did not achieve good results for samples containing Intf. The presence of
Intf strongly affects UV spectra of samples. For our practical purposes, Intf was
calculated by material balance and was the difference between the extract mass and
the Pn and Gn mass. Estimating the mass of Intf in this way means that the waxes
co-extracted with flavonoids, which do not absorb in the UV region, are the major
constituents. However, we assumed that the spectral responses of Intf minority
constituents that absorb in the UV were proportional to their mass calculated from
the material balance. Considering Intf in the model we improved the estimation of
Pn and Gn concentration but nothing is known about the Intf concentration due to
the difficulty of measuring all the molecules that compose it. The precision obtained
with the model thus arranged was considered acceptable to measure apparent or
operative solubility in scCO..

Leave one out (LOO) cross-validation methodology was applied in order to determine
the capability to predict concentration without the information of a point in triplicate for
models. Consequently, prediction coefficient, i.e., Q* was calculated as a measure
of goodness of prediction achieved with the sets of calibration data. () for Pn and Gn
were 0.943 and 0.953 respectively, sufficiently satisfactory values. The determination
coefficient for Pn and Gn in Fig. [21] were R? = 0.994 and R? = 0.994, respectively.
Figures of merit to multivariate calibration were calculated based on Karl S. Booksh
y Ziyi Wang. «Extension and application of univariate figures of merit to multivariate
calibration». En: Handbook of Environmental Chemistry 2 (1995), pags. 209-227.
DOI:10.1007/978-3-540-49148-4-7: Selectivity = 0.478 and 0.225, LOD = 0.877
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and 1.470 pyg g, sensitivity = 0.788 and 0.470 gaupg !, BYAARD = 4.9 and 17.1 for

Pn and Gn respectively.

4.3.2. Sorption equilibria of LOP in the EtOH-modified scCO, extraction

Solvent saturation experiments  The experimental errors found for preliminary
equilibrium integral extraction curves (EIEC) were 6 % and 11 % for Pn and Gn res-
pectively. Fig. 22| shows three EIEC, at the same extraction conditions, for different
flow rate-to-feed ratios (i.e., 0.6, 0.5 and 0.4 kgson /kgsubs min). The flow rate-to-feed
ratio was modified by varying the amount of substrate loaded keeping the solvent
flow constant (cf. subsection[2.5.2). Fig. 22| shows that the uncertainty lines and the
slope of the curves tend to overlap for the values of 50 and 60 g of substrate. For
subsequent experiments, 50 g..,s was added to the extraction vessel, since adding

more substrate did not cause the solvent to dissolve more extract in the process.
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Figura 22. Experimental curves, at the same extraction conditions, for different
amounts of the loaded substrate. ((J) 0.04 kgsups, (O) 0.05 kgsups @and (A) 0.06 kgsubs
(ie., 0.6, 0.5 and 0.4 kg kgt min~" flow rate-to-feed ratio). Extractions at 50 °C and
34 MPa
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Sorption equilibria measurements  Table 18| shows the process conditions and
extraction yields at 120 kg, /kgsubs (i.e., ecw, epn, and eq,) from the measured EIEC
in the present work. Fig [23| shows the effects of 7', P and E' in the shape of some
EIEC of table

4.2 A 4.2 4.2 1 6.7 Wt%
A 34 MPa B 338 K C ’
—~ 3.5 4 3.5 A ~ 3.5 A
2 = g 2 5.7 W%
5 2.8 22.8 o o 2.8
> o
=51 | %2& BT S SO
S s~ 2~ 1.9 wivh
£14 A g£1l.4 A & 1.4 4
o
0.7 4 0.7 4 0.7 4
0 & T T | 0o T T T | 0 <& T T T |
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
q (kgsolv/kgsubs) q (kgsolvlkgsubs) q (kgsolvlkgsubs)

Figura 23. EIEC of pinocembrin versus specific solvent (EtOH-modified scCO,)
consumption. (A) Pressure variation at 338.2K and ca. 5.6 wt % EtOH, (B)
Temperature variation at 340 bar and ca. 4.5wt % EtOH and (C) Cosolvent variation
at 260 bar and 338.2K

Judging by a visual inspection of the EIEC of Fig. the change of E had a greater
effect on ep,,, compared to the effect of P and 7" on the same dependent variables.
It is well known that addition of cosolvent to scCO, increases interactions between
solutes and the solvent mixture, such as hydrogen bonding, clustering or complex for-
mation that enhance the extraction yields of molecules with chemically active groups
97 The polar character of Pn, whose chemical structure includes two hydroxyl
groups, favors its molecular interactions with the EtOH-modified scCO,. The effect
of E was even greater for Gn, whose structure includes three hydroxyl groups, and

was smaller for the whole extract, which is mainly made up of non-polar long-chain

169 Simon S. T. Ting y col. «Solubility of naproxen in supercritical carbon dioxide with and without
cosolvents». En: Industrial & Engineering Chemistry Research 32.7 (2005), pags. 1471-1481.
DOI:10.1021/1e00019a022.

170 John M Walsh, George D lkonomou y Marc D Donohue. «Supercritical phase behaivior: the en-
trainer effect». En: Fluid Phase Equilibria 33 (1987), pags. 295-314.
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hydrocarbons % when the same curves were analyzed for those solutes (curves
not shown). The selectivity of equilibrium sc-extraction towards Pn (ep,/ecw) and
Gn (eqn/ecw) also increased with E especially at higher pressures and lower tem-
peratures because those conditions decreased the eqw. This is consistent with the
thermodynamic solubility behavior for the Pn, 0ct and scCO, ternary system, as the
Oct solubility decreased with temperature, while Pn solubility remained almost the
same, cf. Fig. [19] In addition to the molecular interactions between cosolvent and
solute, interactions between cosolvent and matrix help improve diffusion by reducing
the matrix’s ability to retain the solute (swelling effect, Saldana y col., |«Apparent
solubility of lycopene and /3-carotene in supercritical CO2, CO2A +A ethanol and
CO2A +A canola oil using dynamic extraction of tomatoes»).

The ANOVA for yields of Table[18|showed that effects of £ and P were the significant
factors on extraction yiels, when data were analyzed as a response surface design
without interactions between factors. P had a greater effect than T for all yields as it
has a greater influence on the solvent mixture density. Increasing 7" decreases den-
sity, causing solubility to decrease. However, density is not the only thermodynamic
determinant of solubility. Increasing 7" can also increase the solute sublimation pres-
sure wich improves mass transfer from the available solid to the solvent. Depending
on P, T can have a direct or inverse relationship with solubility. According to the
ternary system’s simulation results (our reference frame cf. Fig. [19), the crossover
pressure would be between 10 and 15 MPa, an interval below our current experimen-
tal space. The increase in sublimation pressure due to the increase in temperature
did not have a significant influence on yields.

One of the required properties to transform EIEC data in sorption isotherms/isobars
is the solute initial concentration (x;;). This value is usually taken from the horizontal
asymptote at the end of the IECs. Since the partitioning of the solute between the

substrate and the sc-solvent affects the extraction yields, it is important to decide
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which asymptote from all possible experiments should be taken as z;cw, xijps, and
Tjan- This occurs in cases where there is a fraction of strongly bound solutes that
are not released from a solid matrix in the final stages of a sc-process [*?} The choi-
ce is not considered trivial since, on the one hand, the fit of the extraction kinetic
models depends on the value of z;;, and on the other hand, the initial concentration
of solute depends only on the plant substrate. So z;; should be the same to model
all experiments with the same substrate. Abrahamsson, Jumaah y Turner have ad-
dressed the problem by correlating the z;; values with their maximum experimental
value and the co-solvent fraction used during extraction. That approach works for
their practical purposes, but it causes the phase equilibrium effects to be confused
between the proposed correlation and the Langmuir’s isotherm used to describe par-
titioning. To stay close to physical reality, the =;; values in this work remained cons-
tant between sorption curves (i.e., rijcw = 126 gcw/Kgsubs, Tijpn = 22.5 gpn/kgsubs @and
Tian = 4.9 gon/kgsubs)- IN this sense, the sorption model used must be able to des-
cribe solvent saturation if this occurs, as well as the amount of solute tightly bound
to the substrate that distributes between the solvent and the solid phase until full
extraction of the post-distillation botanical substrate. The known sorption model that
best overcomes these limitations was proposed by del Valle y Urrego, |«Free solute
content and solute-matrix interactions affect apparent solubility and apparent solu-
te content in supercritical CO2 extractions. A hypothesis paper»| (dVU, cf. Ec.[13),
which is based on the idea of Perrut y col., «Mathematical Modeling of Sunflower
Seed Extraction by Supercritical CO2»| sharp transition model and fits in a conti-
nuous line to the shapes of the experimentally observed smooth sorption curves. z;;
Values were obtained by averaging the yields of the Soxhlet exhaustive extraction
(cf. Table and the preliminary exhaustive sc-extractions, carried out under high
extraction conditions.

Something evident from visual inspection of Fig. [22 the succeeding EIEC and sor-
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ption curves was the non-linearity in the section of the curves dominated by solubility,
i.e., the first part of the EIEC or the horizontal line with constant solvent concentration
value in isotherms/isobars curves (cf. Fig. [3). This is an indication that the solvent
has the ability to dissolve more solute before reaching its saturation concentration,
but the amount of extract available in the matrix and the matrix-solute interaction pre-
vent it. In general terms, it was observed that most of the experiments did not reach
saturation concentration of the solvent, which are values greater than any measured
operational solubility. Based on the above, to fit the dVU smooth equilibrium function
to the CW data, thermodynamic solubility of Oct in scCO, binary system at 7" and P
experimental conditions were fixed as y,cw-value. For all experiments, y&le s greater
than ygcw (cf. Tableand cp. columns 9 and 10).

Due to the differences between the y&l¢ and the slope measurements of the first data
with the origin in EIECs, it is reasonable to suppose that the CW concentration in the
matrix (z;cw) is less than the transition concentration (zcw). However, by adding the
second data to calculate slopes, some values were very close to those previously
calculated, which is a characteristic of solvent saturation. For this reason, fixing a
rycw-value arbitrarily greater than z;cw was discarded as a strategy to reduce the
number of fitting parameters. However, the dVU equation was rewritten to calculate
rycw as a relative parameter of z;cw. In this way, if the best-fitted result is a value
less than unity, there would be indications of solvent saturation, even if it were only
in the initial extraction stage (cf. § in Table notes). In addition to the zcw term,
two other properties were used as fitting parameters: the partition coefficient (Kcw)
and the n-value (ncw). Table shows the best-fitted sorption parameters for Cw
which for this study describe equilibrium of the whole LOP sc-extract. The table also
shows the RMSE-values whose order of magnitude can be compared with the v, cw-
values to size the fitting error. In experiments where evidence of solvent saturation

was found (i.e., zycw < jcw), the fit parameters were recalculated using the yqcw-
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value measured from the EIEC slope and not the y¢ic-value. This, while reducing the
goodness of fit, describes better the reality. Recalculation did not show a significant
change in the other equilibrium descriptors, i.e., Kcw and zcw.

The apparent solubility data measured from the EIECs comparable to those obtained
by the thermodynamic framework in section 4.2l were those that reached solvent sa-
turation. According to the results, there is a discrepancy to consider between these
values in Table[T8] Beyond the differences due to the use of co-solvent, it seems that
Oct is not the long-chain hydrocarbon that best represents LOP-CW, since it exceeds
solubility predicted from the thermodynamic framework compared to the measured
value. Possibly a longer hydrocarbon chain, which has a lower solubility in scCO, will
better represent this magnitude for the study case. The present work did not have the
scope to measure the CW distribution in the LOP sc-extract since other analytic techni-
ques than UV-Vis spectroscopy were not used. Therefore, the selection of long-chain
hydrocarbon was carried out considering previous works with similar botanical subs-
trates and the availability of experimental data found in the open literature. A better
selection would be possible if the CWw distribution and some saturation concentra-
tion values were known. For this, the most convenient would be to make preliminary
measurements at different pressure points of at least one isotherm, either of the
substrate or the extracted solute. Preliminary experiments with the substrate should
preferably be at a condition close to the critical point, where solvent saturation is favo-
red because the extract is less soluble, and less interaction with the matrix occurs. To
predict reliable solubility values with the simplifying approach of grouping by families
of molecules, it is still necessary to deepen in the thermodynamic parameterization
of distributions that would represent the composition of the extracts in the model. If
research on modeling the multicomponent extraction of botanical substrates conti-
nues, advances in the state of the art regarding parameterization and selection of

molecule distributions may soon be published.
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The cw equilibrium parameters in the Table [18| are of paramount importance in pro-
cess optimization via mathematical simulations. Calculating these parameters from
the extraction conditions is mathematically desirable and can be achieved through
correlating experimental data. A regression model selection was applied to find the
best correlation between the extraction variables and the equilibrium parameters.
The independent variables used in the regression model selection were individual,
transformed, and algebraically-combined extraction conditions, intuitively proposed
based on the model’s structures that correlate solubility of pure solids in scCO,. CO,
density, a thermodynamic property derived from the extraction conditions, was also
included due to its linear relationship with the logarithm of solubility. Table 9] shows
the best-correlated models with their statistical and fit descriptors. For all cases ex-
cept Kcw, the best correlations were achieved by transforming the dependent varia-
ble into the product logarithm of the equilibrium parameter, and one of the extraction
conditions, i.e., E for yscw, T for xzycw, and P for a proposed constant related to the
partition of minority compounds in the extract. This last parameter will be discussed
later. The determination coefficients (R?) for yscw understood as the slope of the line
between the first EIEC data with the origin whether saturation has been reached or
not, and zcw explain more than 93 % of data variability. The Mallows C'p statistic,
a measure of model bias, shows low values close to the number of model coeffi-
cients, indicating that the models are relatively accurate estimating true regression
coefficients, and predicting future responses. With Cp = 14.5, the z,cw correlation is
the model with the highest statistical bias. Kqw was the equilibrium parameter that
showed the worst correlation results. The best independent variables for this model
managed to explain only 57 % of the variability. There is still a percentage of varia-
bility that cannot be explained from the extraction conditions that is possibly related
to the strong intermolecular forces of matrix, solute, and solvent interactions in sc-

extraction or the mass transfer effects, difficult to discriminate from the EIEC[??| With
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this result, it would be difficult to estimate a Kcw value from correlations to simulate
the IEC. Intermediate values within the limits of data in Table [18| require additional
supporting evidence.

Up to this point, only the CWs equilibrium has been studied, which for this study re-
presents the equilibrium of the whole LOP sc-extract, but the molecules of interest are
the minority flavonoids. Depending on the approach, modeling sorption equilibrium
for minority compounds in a multi-component extraction also requires the fitting of
one or more parameters associated with the individual compounds. Given the con-
venience of keeping a small number of fitting-parameters in the models, we employed
a constant dependent on the extraction conditions to represent the flavonoids parti-
tion in the extract to describe Pn and Gn sorption curves. The idea was to use a single
partitioning constant for the sorption curves of minority compounds in multicompo-
nent extraction (Kj;) that when multiplied by the CW concentration (e¢.y;;, modeled
from the dVU equilibrium equation) predicted the flavonoids concentration. The equi-
librium parameters of minority compounds in this approach could be rewritten from
the equilibrium parameters of CW and Ky ; (not to be confused with K, the partitioning

constant between the substrate and the extracting solvent) as follows:

Ysi = Ks\iys|CW (28)

K; = KyiKow (29)

Ty = Lt|ew Lili (30)
Tijcw

Where i is the counter of minority compounds of the multi-component extraction (Pn,
and Gn for this study case), and z;, is the initial concentration of i in the substrate.
The fitting of K;-value was made by minimizing the RSD between the experimental
and calculated data of ¢;. Results are shown in Table [18] Fig. [24] shows the sorption
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curves for CWw and the two minor compounds, i.e., Pn and Gn of the LOP sc-extract
obtained at 308.2K, 18 MPa and 4.2 wt % of EtOH. The line close to the experimental
data shows how well this approach represents the equilibrium behavior of minority
compounds in the extraction. The experimental errors (RM SE;) are also shown in
Table and can be compared with the K;y,cw product to dimension the error
magnitude. Table [T9 show the independent variables that best correlate K; with
the extraction conditions. The best correlation explains more than 80 % of the data

variability for K;. This is a considerably good result considering the indirect way of

measuring it.
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Figura 24. Sorption isotherms/isobars curve for sc-extract of LOP at 308.2 K, 18 MPa,
4.2 wt % of EtOH and 300 min. (CJ) are data of sc-extract or Cw, (O) are data for Pn
and (A) are data for Gn

In the state of the art, it has been conveniently sought to reduce the number of fitting
parameters from experimental data of simpler binary systems. However, parameters
such as solubility of pure compounds do not provide sufficient information about the
multicomponent extraction from botanical substrates [??| This is due to the mixture
complexity and the main role of the substrate in extraction. Binary solubility provides

more information about the equilibrium of more soluble solutes and higher initial
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concentration substrates, such as sc-extraction of seeds. If the apparent solubility is
compared with the thermodynamic one for a specific compound, its composition in
the extracted mixture must be considered. To do this, the authors have multiplied the
apparent solubility, calculated from the first slope of the IEC, by the initial concentratio
fraction between CW and the substance of interest (z;cw/xi;) before comparing it
with thermodynamic solubility measured for the pure substance [ This “corrected”
solubility as a product of the apparent solubility and the reciprocal partition coefficient
of minority compounds (ysk|;) is shown for Pn and Gn in Table . Values for ykpn,
higher by ca. an order of magnitude than y&i°, show the entrainer effects of the co-
solvent. On the other hand, y.kcn values ca. two orders of magnitude higher than
y&le, also show entrainer effects of co-extracted substances.

Some more suitable data to compare solubility values are those shown in Table [20]
It compare experimental solubility results obtained from the thermodynamic frame-
work with the measured sorption curves at 323 K. The Oct predicted solubility for the
quaternary system was greater than the apparent solubility for the whole Cw at points
where solvent saturation presumably occurs. A value closer to reality observed from
sorption curves would have been ca. 1 ghydrocarbon/k8solv, Which could be achieved
using a longer chain length hydrocarbon, as already mentioned. However, from this
work, it was not possible to generate evidence that a single long-chain hydrocarbon
can represent a distribution of Cw at all extraction conditions. The state of the art
is still in its first steps on this topic, and it will be some time before agreeing on the
methodology for selecting the family representative substance or the thermodynamic
parameters associated with Cw distributions. Contrary to the solubility values obtai-
ned from the thermodynamic framework, the apparent solubility 3, cw (that would be
better called “operational solubility” in Table[20) does not increase with pressure. This
is due to its dependence on the other equilibrium parameters, mainly on ¢ cw, which

dictates the amount of free solute available to saturate solvent when matrix interac-
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tion is irrelevant and the extraction is entirely governed by solubility. The ycw-values
in Table 20| would also increase with pressure if it had been worked with a substrate
with higher extract availability. The high interaction of solid matrix which do not allow
to reach saturation also promotes less CW solvation in the sc-solvent, making extrac-
tion more selective towards flavonoids, which, in contrast, increased ca. 2x due to
the co-solvent entrainer effect. Under certain conditions the optimal extraction pro-
cess does not depend on “thermodynamic” solubility as intuitively thought; instead, it

is the interaction of all actors what influences the extraction of the target substance.

4.4. Conclusions

The mathematical approach and the parameters necessary to describe the phase
equilibria of the post-distillation residues of LOP multi-component EtOH-modified sc-
extraction were performed and calculated in this work for the following extraction
conditions range: 308 to 338 K, 18 to 34 MPa and 2 to 9 wt % EtOH. Pinocembrin
solubility of the multi-component LOP extract-scCO., system was measured and mo-
deled through a thermodynamic framework that group cuticular waxes in a pseudo-
component represented by the thermodynamic properties of octacosane. Sorption
isotherm/isobar curves were measured and modeled using the thermodynamic so-
lubility of octacosane as saturation concentration parameter of the dVU equilibrium
model. The prediction of solubility for octacosane in the thermodynamic framework
oversizes the solubility measured from the sorption curves that managed to saturate
the solvent in the extraction stage governed by the solubility, so a longer chain linear
hydrocarbon would be more convenient for the modeling thus proposed. It is possible
to describe the sorption equilibria of minority compounds from the equilibrium para-
meters of cuticular waxes and the partition coefficients of minority compounds in the
extract (K;). The strong interaction of the solute with the matrix, in addition to avoi-

ding saturation of the solvent at the early stages of sc-extraction, is also responsible
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for the increase in selectivity towards flavonoids with pressure.

142



Table 13. Octacosane (CagHsg) solubility data in scCO,. y5® x 10° molg.; /molco,

313K’ 333K
P,MPa ¢® - P MPa 32° - P MPa 32°- P,MPa 2®,- P,MPa ¢&®,- P,MPa 2%, -
9.0 1.9 13.0 9.1 22.5 16.7 16.0 412 28.0 139.8 40.0 237.1
9.5 2.8 14.0 9.6 27.5 171 20.0 78.7 32.0 1745 44.0 262.3
10.0 4.8 15.0 10.3 24.0 103.5 36.0 211.6
11.0 6.0 18.0 13.0

323 KT 343 K$
P,MPa 42 - P MPa 4° - P,MPa 4® -  P,MPa ® - P ,MPa 2 - P MPa 42 -

125 210 188 633 205 774 16.2 279 27.0 1742 31.0 254.9
126 20.3 202 702 229 945 18.1 50.3 27.0 180.3 33.0 270.6
13.6 325 202 69.8 25.1 103.2 200 871 271 180.7 359 3195
136 325 214 75.0 30.1 109.0 24.0 158.6 28.1 200.1 42.0 4071
13.8 326 215 76.1 376 1022 204 777 281 191.3 448 440.5
14.1 327 229 816 444 841 23.0 116.1 28.9 194.6

16.0 493 245 838 489 79.1 24.2 123.2 309 249.0

16.8 545 254 850 489 798

17.9 61.7 262 855

—+

+

w

Data taken from Ernesto Reverchon, Pietro Russo y Alberto Stassi. «Solubilities of solid octacosane and tria-
contane in supercritical carbon dioxide». En: Journal of Chemical & Engineering Data 38.3 (jul. de 1993),
pags. 458-460. DOI:[10.1021/je00011a034

Data taken from Mark A. McHugh, Andrew J. Seckner y Thomas J. Yogan. «High-pressure phase behavior of
binary mixtures of octacosane and carbon dioxide». En: Industrial & Engineering Chemistry Fundamentals 23.4
(mayo de 1984), pags. 493-499. DOI: 10. 1021 /11000162020 and I. Swaid, D. Nickel y G.M. Schneider. «NI-
Ra€"spectroscopic investigations on phase behaviour of lowa€”volatile organic substances in supercritical car-
bon dioxide». En: Fluid Phase Equilibria 21.1-2 (ene. de 1985), pags. 95-112. DOI: 10.1016/0378-3812(85)
90062-7/

Interpolated data from |. Swaid, D. Nickel y G.M. Schneider. «NIRa€”spectroscopic investigations on phase
behaviour of lowa€"volatile organic substances in supercritical carbon dioxide». En: Fluid Phase Equilibria 21.1-
2 (ene. de 1985), pags. 95-112. DOI: |10 . 1016 /0378 - 3812(85) 90062 - 7| Thierry Chartier y col. «Solubility,
in Supercritical Carbon Dioxide, of Paraffin Waxes Used as Binders for Low-Pressure Injection Molding». En:
Industrial & Engineering Chemistry Research 38.5 (mar. de 1999), pags. 1904-1910. DOI:|10.1021/ie980552¢
and Mark A. McHugh, Andrew J. Seckner y Thomas J. Yogan. «High-pressure phase behavior of binary mixtures
of octacosane and carbon dioxide». En: Industrial & Engineering Chemistry Fundamentals 23.4 (mayo de 1984),
pags. 493-499. DOI:[10.1021/11000162020

Data taken from Thierry Chartier y col. «Solubility, in Supercritical Carbon Dioxide, of Paraffin Waxes Used as Bin-
ders for Low-Pressure Injection Molding». En: Industrial & Engineering Chemistry Research 38.5 (mar. de 1999),
pags. 1904-1910. DOI:|10.1021/1e980552e|and I. Swaid, D. Nickel y G.M. Schneider. «NIRa€”spectroscopic in-
vestigations on phase behaviour of lowa€”volatile organic substances in supercritical carbon dioxide». En: Fluid
Phase Equilibria 21.1-2 (ene. de 1985), pags. 95-112. DOI:|10.1016/0378-3812(85) 90062-7.
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Table 14. Fitted adjustable parameters for correlating octacosane solubility in scCO,
with the Peng-Robinson Equation of State (PR-EoS) and quadratic mixing rules.
Comparison of the goodness of fit between the thermodynamic model and the
semi-empirical correlation of MS-T.

PR-EoS correlation, MS-T correlation,

Temperature, K Pressure range, MPa Ko, — I»,— Ne°. Data AARDY% AARD %
313 9-27.5 0.061 -18.24 10 22.7 74.8
323 12.5-48.9 0.042 -7.01 26 5.7 31.5
333 1644 0.055 -5.81 8 17.1 10.5
343 16.2—-44.8 0.079 -4.85 19 28.5 22.4

Table 15. Pinocembrin solubility in scCO, measured in mixture with the co-extracted
compounds from the sc-extraction of post-distillation residues of LOP

ex

Temperature, K Pressure, MPa 5™ x 10~ %molp, /molco,

313 8.6 4.8
12.1 13.4
15.0 18.8
17.2 29.0
20.5 29.5

323 19.9 17.7
22.0 21.7
25.1 25.5
27.2 29.3
30.3 31.5
32.1 33.3
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Table 16. Fitted adjustable parameters for correlating solubility of the ternary
system using PR-EoS and quadratic mixing rules.

Temperature

Parameters 313K 323K

Best-fitted parameters
K-parameter for CO,-Pn interaction (K12, —) 0.348 0.378

I-parameter for CO,-Pn interaction (113, —) -0.010 -0.008

K-parameter for Pn-Oct interaction (K3, —) -0.004 0.006

I-parameter for Pn-Oct interaction (I3, —) -0.006 -0.001

Sublimation pressure (P*** x 10, MPa) 0.518 2.147
Application range and goodness of fit

Pressure range (MPa) 8.5-20.5 19-32

Number of data 5 6

Average absolute relative deviation (AARD, %) 16.3 3.7

Table 17. Statistical estimators of the Pn and Gn calibration curves using HPLC-DAD.

Estimator Pinocembrin  Galangin
Determination coefficient (12, -) 0.9997 0.999
Limit of Detection (LOD, pugg™1) 0.15 0.32
Response factor (Slope, pgg=tau™?!) 12.2 30.9
Intercept (ugg1) 46 143
Root Mean Squared Error (RMSFE, -) 0.01 0.02
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Table 19. Correlation between equilibrium parameters and extraction conditions of
EtOH-modified scCO, extraction of LOP.

Equilibri . Coefficient-value Statistical and fit descriptors
quilibrium parameters Correlation
A B C D CpMallows R? AARD%

cw solubility” ]n(chwE) =A+BlE+C/T 2.53 1.42 -999 - 3.7 94.6 11
CW transition concentration In(zycw?) = A+ BP + CInE + D(p/T) 12.2 1.01x1072 122 -611 14.5 93.6 2.1
CW partitioning Kew = A+ BP+C(p/T) 1.12x 107 -2.6x10"° 0.285 - 1.2 57.7 75
K, partition for Pn ln(]x"s‘pnP) = A+ B(p/T) + Cysjow + DInzyew  -21.8 1147 0.537 4.04 6.6 81.1 14
K partition for Gn In(KyenP) = A+ B(p/T + Cygew + DInzycw  -31.5 1597 0.609 5.44 2.1 81.4 19

“ Itis understood as the value of the slope between the origin and the first data of the IEEC, whether saturation has been reached or not.

Table 20. Solubilities of cuticular waxes, octacosane and pinocembrin in scCO, and
EtOH-modified scCO, obtained from the thermodynamic framework and the
sorption curves at 323K

Extraction conditions Cuticular Waxes Octacosane Pinocembrin
P’ MPa E! wt % ys\CVV: gCW/kgsoIv Z/OctTgOct/kgC02 ys|0ct: gOct/kgsnlv yPnT an/kgC02 ys\Pn: an/kgsnlv
18 8.1 1.31% 2.79 1.04 0.14 0.23
18 8.9 1.22% 2.79 0.94 0.14 0.25
26 4.3 1.22 5.66 0.91 0.15 0.24
26 54 1.58 5.66 1.18 0.15 0.30
34 2.6 0.86 8.32 0.66 0.16 0.16
34 4.9 0.99 8.32 0.76 0.16 0.19

" Solubility in EtOH-modified scCO, from sorption data.
T Solubility in scCO, from thermodynamic framework for ternary system.
¥ Preasumible solvent saturation: z; >
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5. KINETICS OF scCO, EXTRACTION OF POST-DISTILLATION LI/PPIA spp.
RESIDUES

In chapter [3] the potential of post-distillation residues of L. origanoides as on indus-
trial source of pinocembrin and the advantage in selectivity of EtOH-modified scCO,
extraction were studied. In this chapter we focus on the oleoresin extraction kine-
tics, continuing with the idea of taking advantage of sc-extraction selectivity to obtain
an extract enriched in pinocembrin. The proper description of the process extraction
stage is essential for the scale-up of laboratory data for industrial design purposes.
The extraction kinetics of the different post-distillation chemotypes of L. origanoides
were studied. With the post-distillation residue of LOP, changes in kinetic parameters
due to the P and T were measured. The effect of pelletization on the phenomena of
mass transfer in extraction was also studied. This study of the variables that affect
the phenomena of equilibrium and mass transfer in the sc-extraction, aimed to es-
tablishing the limits of the extractive technique. Extractions were simulated with the
BIC model proposed and modified by Sovova, «Mathematical model for supercritical
fluid extraction of natural products and extraction curve evaluation». The physico-
chemical and kinetic parameters were estimated and fitted to the experimental data.
The results confirmed the selectivity of EtOH-modified scCO, extraction towards pi-
nocembrin. The substrates interact differently in extraction at the same extraction
conditions. Pelletization improved parameters of the model related to mass transfer,
but compaction made it difficult to transfer mass from the pellet core. Inhomogenity in
the extraction flow limited information on the flow pattern that control the extraction.
The sc-extraction selectivity has great usability potential in fractionation stages after
hydro-alcoholic extractions that are projected to have higher extractive yields. The
results of this work contribute to the AEs industry by improving profit by extracting

valuable by-products that remain in the matrix after the distillation process.
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5.1. Physical properties and model parameters

5.1.1. Substrate properties  Table 21| presents properties of substrates used for
this section. The porosities of the extruded substrates, i.e., SP and LP, are close to
each other, although for LP the porosity is slightly higher because p; is greater and py,
is lower than corresponding values for SP. As expected, the porosities of the extruded
substrates were lower and the values of ps and p, were higher than those found for
chopped substrates. Dry-based moisture (M) values were considerably lower for SP
and LP because the extrusion process reduces the water content in the substrate
by evaporation. The initial concentrations of cuticular waxes (x,cw) and pinocembrin
(xupn) in the substrates also decrease when the extrusion process is applied to the

chopped substrate.

Table 21. Substrate properties of post-distillation residues of L. origanoides
chemotypes and L. graveolens

Property Loc® LOoT  L¢~ Lop  spf Lp#
Porosity (e, -) 0.75 0.70 0.77 0.68 043 0.47
Solid density (ps, kg m~3) 1068 1024 1053 1051 1359 1401
Bulk density (py, kg m~3) 264 305 238 338 773 739
Particle size (d,, mm) 0.31 031 031 031 25 4
Dry basis moisture (M4, %) 13.3 14.0 144 123 56 438

CW initial concentration (z,, gcw/kgsubs) 128 114 45 126 92 110

" Chopped substrate
T L. origanoides phellandrene-rich chemotype small pellets, 2.5 mm
* L. origanoides phellandrene-rich chemotype large pellets, 4 mm

5.1.2. EtOH-modified scCO, mixture properties = The physical properties of the
EtOH-modified scCO, mixture were calculated as described in subsection [2.6.2]
Their estimated values for the extraction conditions of 340 bar, 50 °C, 11wt % F and
3.3 x 107* kgeon /s, Were: U = 1.2mms™ L, p,, = 843gcm=3 and p,,, = 1.03 x 107* Pas.

The physical parameters of binary diffusion (D,.)were 1.64 x 1072 m2s~! for CogHsg
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and 3.18 x 10~2m?s~! for Pn. These values were used to model the IEC of: chopped
material from post-distillation Lippia spp., central points of the 22 design of L. origa-
noides phellandrene-rich chemotype and the pelletized substrates of L. origanoides
phellandrene-rich chemotype. Values at extraction conditions with different P and T',

for the experimental factorial design, are shown in Table [23]

5.2. Experimental integral extraction curves

5.2.1. Uncertainty and preliminary extractions Preliminary experiments for L.
origanoides carvacrol-rich chemotype carried out at the extraction conditions of 340 bar,
50 °C, 11wt% E and 3.3 x 107* kg /s, showed an average-RSD to ecw of 12 %
and to ep, of 7.6 % for IEC points. These values were considered acceptable for
the extraction of botanical material. The experiments were carried out with the sa-
me methodology for the rest of the curves of the study. Fig. shows the prelimi-
nary IEC with the error bars corresponding to the standard deviation for each point
of the curve. The highest confidence intervals found with the ¢-student test were
+5.9 gcw/kgsubs @and £0.7 gp,, /kgsubs fOr ecw and ep,, respectively, the lowest interval

values were +3.8 gcw /kgsubs and +0.2 gp,, /kgsubs fOr ecw and ep,, respectively.

5.2.2. Experiments with post-distillation substrates of L. origanoides chemoty-
pes and L. graveolens L. origanoides carvacrol-rich (LOC) and phellandrene-rich
(LOP) chemotypes were the substrates with the highest yield in the extraction of Cw at
q = 260 kgson/kgsubs (Cf. Table [22), followed by the thymol-rich chemotype (LOT) and,
L. graveolens (LG). The decreasing order of substrates yields found in this section is
the same found for exhaustive Soxhlet extraction and the simplex optimization results
used in the previous study of the substrates valorization, cf. subsection LOC and
LOP contained the highest amount of CW available in the matrix (i.e., 195 and 192 g kg *

respectively), and the sc-extraction recovered more CW from them. The yields were
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Figura 25. Preliminary integral extraction curve with standard deviation intervals for
EtOH-modified scCO, extraction of L. origanoides carvacrol-rich chemotype

as high as those found at ¢ = 20 kgsov /kgsubs IN the study of the substrates valori-
zation of Chapter 3] because the values for flow and surface velocity of the solvent
were increased in this section. Therefore, the residence time (t,) of the solvent in
the extractor decreased, and the external mass transfer resistance (O.) increased
because ¢, is indirectly proportional to ©, @

LOP was the substrate with highest yield in the extraction of Pn. The extraction yields
for LOC and LOT were very similar to each other and slightly lower than that for LOP.
LG was the substrate with the lowest yield for pinocembrin extraction, with a consi-
derably lower recovery than that achieved for L. origanoides chemotypes. There is
no apparent methodological reason that explains the discrepancy in the yields for L0
and LG. In fact, similar values were expected between substrates since L. graveo-

lens is considered a synonym for L. origanoides according to phylogenetic studies
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[ The variation in the composition of the extraction products obtained at the same
extraction conditions from the same plants has also been observed in the extraction
of essential oils, where the variation in their compositions is explained by the cycle

of the vegetative harvest, the conditions of agricultural growth and the post-harvest

treatment, among other causes €9 L.OP and LOT are the substrates for which greater
selectivity was obtained in sc-extraction towards Pn. On the other hand, LG and LOT
are the substrates for which the sc-extraction achieved greater selectivity towards Pn
compared to the Soxhlet extraction. These facts led us to assert that, despite being
the same plant, each substrate interacts differently with the same extractive solvent,
possibly because the composition and concentration of the constituents of the ex-
tract in the matrix are different as shown in the identification and quantification of
flavonoids present in the substrates (cf. Table [12). If solutes interact differently with
each substrate, it would also be convenient to study in detail the phase equilibria
and seasonal variations in the composition of the constituents of the L0OC, LOT and LG

extract before delving into the planning of the industrial operation.

Table 22. Yields and selectivity of Soxhlet and sc-extraction from post-distillation
substrates of L. graveolens and chemotypes of L. origanoides

Selectivity to Pn, (ep,/ecw)

Substrate ‘P cow, , /
gprn/Kgsubs  8cw/Kgsubs  Sc-extraction  Soxhleth extraction

LOC 5.3 35.0 0.15 0.12

LOP 6.6 33.7 0.20 0.16

LOT 5.1 26.3 0.19 0.09

LG 1.8 11.8 0.15 0.07

71 Nataly O’Leary y col. «Species delimitation in Lippia section Goniostachyum (Verbenaceae) using
the phylogenetic species concept». En: Botanical Journal of the Linnean Society 170.2 (sep. de
2012), pags. 197-219. DOI:[10.1111/3.1095-8339.2012.01291 . x.
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5.2.3. Experimental design  Table 23| shows experimental design results. Yields
reported were those reached at 240 kg1, /kgsuns iN the extraction curves. ANOVA for
ecw showed that effects of P (—4.43, p-value = 0.22), T (10.61, p-value = 0.053) and
PT (—1.42, p-value = 0.63) were not significant (p-value < 0.05) in the sc-extraction
of L. origanoides phellandrene-rich chemotype. ANOVA for ep,, on the contrary, sho-
wed significant effect for T' (2.46, p-value= 0.03) but not for P (—0.014, p-value= 0.98)
and PT (—0.89, p-value= 0.16) in the sc-extraction of pinocembrin from L. origa-
noides phellandrene-rich chemotype. Contrary to the results of the ANOVA for L.
origanoides thymol-rich chemotype (cf. Table [), the temperature in this case was
the only variable that had significance in the extraction yield, although only for ep,, as
response variable. This confirms the hypothesis exposed in subsection[3.3|where the
lack of temperature significance was explained because the pressure range chosen
in the fractional factorial design in Table |3| was wide. The recovery of pinocembrin
increased by 5 % when the extraction was performed at 460 bar and by 11 % when
the extraction was performed at 220 bar, as a result of an increase of 20 °C in the
temperature. That behavior is typical of processes that take place above the cros-
sover pressure and are controlled by solubility. The crossover pressures for natural
compounds are above the critical pressure (73 bar) of CO, but usually below 200 bar,

particularly in the case of some flavonoids such as naringenin [’} quercetin [=53], ca-
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techin [[7, epicatechin [7%] ascorbic acid [ and pigments like beta carotene 2479,
among others. Initially in the IEC (for short extraction times) the process depends
on the solubility of the constituents in the sc-solvent and the external mass transfer
from substrate to the sc-solvent. In the end (at higher extraction times) the recovery
no longer depends on the solubility but on the internal mass transfer in the substrate
and the partition of the pinocembrin between the sc-solvent and the post-distillation
substrate. The mass transfer parameters improve by decreasing the diameter of the
particles, increasing the surface velocity of the sc-solvent, increasing the temperatu-
re or decreasing the pressure, which is consistent with our observations.

Depending on extraction conditions pinocembrin yield varied from 3.5 t0 7.0 gp,, /kgsubs
(recoveries from 11 to 23 % based on the Pn content obtained by Soxhlet extraction,
cf. Table[11). This is a lower range of values than that obtained with hydroalcoholic
extraction for the same plant according to the results of Long-Ze y col., |«ldentifica-
tion and quantification of flavonoids of Mexican oregano (Lippia graveolens) by LC-
DAD-ESI/MS analysis», for L. graveolens (0.5 to 9.16 gp,/kgsbs) and of Stashenko
y col., |«Chromatographic and mass spectrometric characterization of essential oils

and extracts from Lippia (Verbenaceae) aromatic plants», for L. origanoides (0.05 to

172 Felycia Edi Soetaredjo y col. «Catechin sublimation pressure and solubility in supercritical carbon
dioxide». En: Fluid Phase Equilibria 358 (nov. de 2013), pags. 220-225. DOI:/10.1016/J.FLUID.
2013.08.012.

73 Felycia Edi Soetaredjo, Suryadi Ismadiji y Yi-Hsu Ju. «Measurement and modeling of epicatechin
solubility in supercritical carbon dioxide fluid». En: Fluid Phase Equilibria 340 (feb. de 2013),
pags. 7-10. DOI:[10.1016/J .FLUID.2012.12.005.

174 Tzu-Chi Wang y Po-Chao Chang. «Measurement and Correlation for the Solid Solubility of Anti-
oxidants Sodium I-Ascorbate and Sodium Erythorbate Monohydrate in Supercritical Carbon Dio-
xide». En: Journal of Chemical & Engineering Data 60.3 (mar. de 2015), pags. 790-794. DOI:
10.1021/je5009153.

175 AJ. Jay, D.C. Steytler y M. Knights. «Spectrophotometric studies of food colors in near-critical
carbon dioxide». En: The Journal of Supercritical Fluids 4.2 (jun. de 1991), pags. 131-141. DoOI:
10.1016/0896-8446(91)90042-5|
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Table 23. Experimental results of EtOH-modified scCO, extraction of
post-distillation L. origanoides phellandrene-rich chemotype (U = 1 mms™t,
E =3wt% EtOH, ¢ = 240 kg /kgsubs) -

Exp P, T, Py fm X 10°, ke x 10°, Do x 10° for CogHsg, ecw, €Pn, Selectivity to Pn,
bar °C gcm™3 Pas ms~? m2s~1 gcw/Kgsubs  EPn/KEsubs (epn/ecw)

1 220 40 819 9.98 2.23 1.59 21.2 3.5 0.17

2 220 60 737 8.05 3.06 1.92 33.2 6.9 0.21

3 460 40 914 11.9 1.96 1.58 18.2 4.4 0.24

4 460 60 861 10.2 2.51 1.86 27.3 6.0 0.22

5 340 50 843 10.3 2.24 1.64 35.5 6.2 0.17

6 340 50 843 10.3 2.24 1.64 33.2 6.5 0.20

7 340 50 843 10.3 2.24 1.64 30.9 7.0 0.23

30 gpn/kgsubs)- INCreasing the flow rate in the sc-extraction can still improve the per-
centages of pinocembrin recovery; however, it is not technically feasible to achieve
the yield values of the hydro-alcoholic extraction given the nature of the CO,-EtOH
mixture purchased with the mixture of H,O-EtOH. The results of the extraction sho-
wed a considerable amount of pinocembrin that the sc-extraction leaves retained
in the substrates. Therefore, in the planning of the extraction process, solid-liquid
extraction should be considered as more convenient than sc-extraction, since the re-
covery rates of the substances of interest are higher. The process selectivity, which
cannot be exploited during extraction, can be exploited by adding a fractional sepa-
ration stage to the process, where the different solubility values and concentration
levels of molecules in the sc-solution are used to concentrate the fractions in families

of compounds 2

5.2.4. Particle size experiments  The sc-extractions yields reached 110 kg, /kEsubs
assuming a constant standard deviation (s = 0.4 for ep, and s = 2.4 for ecyw) for par-
ticle size treatments as shown in Table One-way ANOVA showed that there is a
significant differences between treatments of particle sizes for ep,, (p-value = 0.0006)
and ecw (p — value = 0.007). Two methods of multiple comparisons were applied to

identify difference between treatments: Fisher’'s Least Significant Difference (LSD)
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method and Tukey’s Honest Significant Difference (HSD) test with a confidence level
of 95 %. Intervals calculated by LSD and Tukey HDS for sc-extraction yields sho-
wed that all treatments were different from each other when ep, was the response.
When ecw was the response, both methods showed differences between CM and
the other two treatments, i.e., SP and LP. Fig. [26| shows the means and LSD inter-
vals for 95 % confidence of flavonoids and cuticular waxes extraction yields with the

different substrate treatments.

Table 24. Experimental results for Soxhlet and sc-extraction of chopped and
pelletized L. origanoides phellandrene-rich chemotype (U = 1mms™, E = 3wt%
EtOH, ¢ = 110 kgson /Kgsubs)-

Sc-extraction, z £ t(p.052)s/y/n  Soxhlet extraction

Substrate
€Pn, ECW, €Pn, ECW >
an/kgsubs gCW/kgsubs an/kgsubs gCW/kgsubs
CMofLoP 54411 27+ 6 31 192
SP 25+1.1 18+6 17 140
LP 3.7£1.1 19+6 22 169
0F 3 6f g .

271 i I E ]
L | 5+ .

€cws kg CW/kgsubs

18 i | E
15 - Chopped Pelletized | 2 B Chopped Pelletized ]

0.31 25 4 0.31 25 4

dp, mm dp, mm

Figura 26. Confidence intervals of the LSD method for substrate treatments. (A)
cuticular waxes extraction yield, (B) flavonoids extraction.
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Apparently, pelletizing decreases the extraction yield of flavonoids and cuticular wa-
xes. However, despite the lower extraction rates and yields of pellets compared to
CM, it is possible that an optimized pelletizing treatment has the potential to improve
the extraction. This was commented by Sielfeld, del Valle y Sastre, 2019, in their
study of antioxidant extraction from pelletized rosemary in which the same results
were obtained. We also consider that the pretreatment applied to the LOP did not de-
velop optimally, since there are indications that the operating temperature when the
pellets were forming exceeded the heat resistance of oleoresin components. This
was visually observed during the pellet formation process and was subsequently
confirmed with the values found for the Soxhlet extraction yield and the M, of the
substrates, which were considerably lower compared to the values found for the con-
trol substrate, i.e., CM of LOP. (cf. Table 24]and[21). For sp, the substrate subjected to
the greatest shear and compaction stresses, the yields were even lower than those
found for LP.

The internal structure determining mass transfer within the pellet is the result of the
destruction induced by shear stresses to cell walls and other barriers in plant tissues
for mass transfer "%, and substrate compaction 7’| The destruction of internal mass
transfer barriers affects extraction rates positively because solutes are released from
cells, but compaction affects them negatively by decreasing the internal porosity of

the solid substrate m The extraction yield worsening with pellets compared to

176 José M. del Valle y col. «Microstructural effects on internal mass transfer of lipids in prepressed
and flaked vegetable substrates». En: The Journal of Supercritical Fluids 37.2 (abr. de 2006),
pags. 178-190. DOI:|10.1016/J.SUPFLU.2005.09.002.

177 Jose M. del Valle y Jose M. Aguilera. «Effects of Substrate Densification and CO2 Conditions
on Supercritical Extraction of Mushroom Oleoresins». En: Journal of Food Science 54.1 (ene. de
1989), pags. 135-141. DOI:|10.1111/j.1365-2621.1989.tb08586. x.

178 Edgar Uquiche, José M. del Valle y Ménica Ihl. «Microstructure-Extractability Relationships in the

Extraction of Prepelletized Jalapefio Peppers with Supercritical Carbon Dioxide». En: Journal of

Food Science 70.6 (mayo de 2006), €379-e386. DOI:|[10.1111/j.1365-2621.2005.tb11442.x.
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the chopped control material can be attributed almost exclusively to the increase in
particle size. When the particle size increases, the specific surface area decreases,
which negatively affects the exchange of mass between the solid and fluid phases;
scCO, has to "travel a longer way"to reach and dissolve solute within the particle, and
return to the surface of the particle [% In contrast of mass yield results, pelletizing
the substrate increased the volumetric yield of cuticular waxes, from 9.2 kgcy /m3

subs

for CM of LOP to 13.8 kgcw/m3,. for SP and 14.2 kgcw/m3 . for LP. That represents

ca. 52 % increase in yield, which is especially convenient when the volume of the

extractor vessel is a limitation of the productive capacity.

5.3. Mathematical modeling and simulation of EtOH-modified scCO, extrac-

tions

5.3.1. Extraction of chopped post-distillation Lippia spp. residues Fig.
shows experimental data and modeled curves for post-distillation Lippia spp. The four
curves were fitted simultaneously to the BIC model of Sovova, «Mathematical model
for supercritical fluid extraction of natural products and extraction curve evaluation»
(cf. Egs.[14). The shape of these extraction curves suggested a type-D equilibrium
partition as expected for low initial solute contents. As was shown in the previous
chapter (cf. Chapter [4), the post-distillation substrate does not have enough solute
to saturate the solvent in the initial stage of extraction. Before fitting the structural and
equilibrium parameters of the Sovova complete model, we estimated the values of
the parameters using the approximate model proposed by the same author to obtain
values close to the real ones and used them as seeds of the numerical method to

solve the system of differential equations. We fixed z, at values of Table and k¢

79 Caroline Sielfeld, José M. del Valle y Federico Sastre. «Effect of pelletization on supercritical CO2
extraction of rosemary antioxidants». En: The Journal of Supercritical Fluids 147 (mayo de 2019),
pags. 162-171. DOI:/10.1016/J.SUPFLU.2016.04.010
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at estimated values of Table [25/to obtain seeds for K, r, F,. The seed for number of
mixers (n, flow pattern) was calculated according to the degree of axial dispersion in
the extraction bed. We estimated the axial dispersion coefficient (D,,) using Eq.
described by José M. del Valle y col. «Mass Transfer and Equilibrium Parameters
on High-Pressure CO2 Extraction of Plant Essential Oils». En: Food Engineering
Series. Springer, 2011, pags. 393-470. DOI: 10 . 1007 /978-1-4419-7475-4_17,
depending on the dimensionless number of Peclet for the particle (Pep, Eq and
for the packed bed (Pey,, Eq[33) to decide between the plug flow and the ideal mixture

flow pattern.

Dac  0.53Pé

= P (31)
Dy, 1+ 42.8(L/d2)
d
Pep =ReSc = & (32)
D
UL
P pr—
€L DaXG (33)

Where L is the height of the extraction vessel, U is the superficial velocity of the
solvent, and d,, is the diameter of a sphere with the same surface-to-volume ratio of
the particle. The axial dispersion in the extraction vessel can be neglected if the Pep,
is above 100[™® This was the case in our experiments (Pe;, ranged from 109 to 125).
Consequently, we fixed the scCO, extraction curves with high n-value considering

that n = 10 is enough to simulate plug flow (when there is no axial dispersion) for

type-D curves[]

180 Motonobu Goto, Bhupesh C. Roy y Tsutomu Hirose. «Shrinking-core leaching model for
supercritical-fluid extraction». En: The Journal of Supercritical Fluids 9.2 (1996), pags. 128 -133.
DOI:https://doi.org/10.1016/S0896-8446(96)90009- 1.

181 E. Reverchon. «Mathematical Modeling of Supercritical Extraction of Sage Qil». En: AIChE Jour-
nal 42.6 (1996), pags. 1765-1771. DOI: 10.1002/aic.690420627.
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Figura 27. Integral extraction curves for post-distillation Lippia spp. d, experimental
data; m, model prediction.

The next step was the simultaneous simulation of extraction curves using the com-
plete model equations. First, setting n to a high value and k; at the estimated value
of Table 25| and subsequently including % and n as fit parameters. Table [25]summa-
rizes values of model parameters, including best-fitting values of K, » and F, and the
goodness of fit for each extraction curve. Our extraction curves corresponded to the
so-called equilibrium extraction curves whose value for the dimensionless external
mass resistance coefficient (©,) is less than 0.2 (6, = 0.015). For this reason, we
believe that the best-fitted parameters associated with equilibrium (i.e., K and r) are
very close to reality.

When k; and n were included as fit parameters, the goodness of fit of the model
improved considerably. k; and n are parameters directly related to the solvent flow

and its fit to unreal values (cf. estimated and best-fitted k; parameter in Table
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shows a physical meaning different from that described by the Sovova model and
which is compensated by affecting the terms related to the flow pattern. This led us
to think that our simulation incorrectly describes the flow pattern possibly because
in the experiments there was inhomogeneity of the flow due to channeling of the
solvent in the bed or to the damage of the sintered frit that distributes the solvent in
the cross section of the extractor. A consequence of these results is that from our
work it is not possible to extract information concerning the flow pattern in the sc-
extraction of L. origanoides studied. To obtain better estimates of these parameters,
more experimental curves should be made by increasing the scale together with ©,

and T" values.

Table 25. BIC model parameters for extraction curves of post-distillation
chemotypes of Lippia spp.

Parameter LoC LOT LOP LOG
Estimated parameters
External mass transfer coefficient (k; x 105, ms™1!) 2.2 2.1 2.2 2.2
Axial dispersion coefficient (D, x 105, m?s71) 2.2 2.1 2.2 2.2

Specific surface area per unit volume of extraction bed (ag, m™') 4807 5807 6274 4392
Best-fitted parameters

Partition coefficient (K, —) 0.043 0.043 0.097 0.137

Grinding efficiency (r, —) 0.17 0.15 0.18 0.16

Microstructural factor, (F, x 107, —) 5.9 3.4 9.1 16

External mass transfer coefficient, (k; x 10°, s71) 0.048 5.0 0.022 0.025
Goodness of fit

Average absolute deviation (AAD, %) 0.6 2.5 1.5 1.0

Determination coefficient (R?, —) 0.9996 0.988 0.997 0.999

5.3.2. Experimental design with L. origanoides phellandrene-rich chemotype
Fig. shows experimental data and modeled curves for post-distillation L. origa-
noides phellandrene rich chemotype at the pressures and temperatures of the ex-
perimental design. The five curves were fitted simultaneously to the BIC model of
Sovova [ Egs. keeping constant structural parameters r and F. for all curves.

Table [26] summarizes values of model parameters, including best-fitting values of K
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and k; for each experiment.
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Figura 28. Integral extraction curves for post-distillation L. origanoides phellandrene
rich chemotype. d, experimental data; m, model prediction.

The results of this simultaneous modeling show best-fitted values for structural para-
meters (i.e. r and F) different from those previously estimated and shown in the Ta-
ble [25] (cf. LOP synonymous with P340-T50 in Table [26). The difference between both
estimations is that, for experimental design curves, the parameters were kept cons-
tant for all curves. The parameter » decreased four percent and £, despite main-
taining the same order of magnitude, also decreased by almost half. This indicates
that the effective diffusivity of extract in the plant matrix is even lower than estimated
in the previous section and than binary diffusion coefficient in high-pressure EtOH-
modified CO,. The simultaneous adjustment of the experimental design curves also
showed different values for K" and k; for the curve comparable with LOP in Table [25]

K decreased but k; increased at the same order of magnitude of estimated values in
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Table 26. BIC model parameters for experimental design extraction curves of
post-distillation L. origanoides phellandrene-rich chemotype. P, pressure (bar); T,
temperature (°C). Best-fitted » = 0.14. Best-fitted F,, = 5.3 x 10~

Parameter P340-T50 P220-T60 P220-T40 P460-T60 P460-T40
Estimated parameters

External mass transfer coefficient (k; x 10°, ms™!) 2.2 3.1 2.2 25 2.0

Axial dispersion coefficient (D, x 10%, m2s~1) 2.2 2.7 2.3 2.2 2.0
Best-fitted parameters

Partition coefficient (K, —) 0.030 0.031 0.105 0.067 0.102

External mass transfer coefficient, (k; x 105,s7!) 5.0 6.3 0.003 0.02 0.0013
Goodness of fit

Average absolute deviation (AAD, %) 5.9 7.2 5.1 2.1 3.7

Determination coefficient (R?, —) 0.93 0.92 0.98 0.997 0.99

Table [26], which we assume are closer to reality. For the P220-T60 curve, it was also
found that the fit led to a k¢-value closer to the estimated one, however, as for the
P340-T50 curve, the simulation had a lower goodness of fit. The shape of these two
curves suggests that the model is not representing well the stage controlled by the
internal mass transfer, which it does well for the rest of the curves, but moving the
ke-values away from reality. As in the previous section, it is not possible to conclude
about the flow pattern of the experiments, since when the fitted k¢-values are close to
those estimated, the prediction of the stage controlled by £, decreases considerably.
Besides, low capacity of the models to fit data in the last zone of the extraction curve
is possibly due to swelling of agglomerates in the bed depending on the extraction

conditions in cases where there is some dissolved ethanol in the sc-phase[®3]

5.3.3. Extraction of chopped and extruded material  Fig. shows experimen-
tal data and modeled curves for pellets of post-distillation L. origanoides phellandrene-

rich chemotype at 340 bar, 50 °C and 11 wt %. The three curves were fitted simulta-

182 Tarek Fahmy y col. «Modifier effects in the supercritical fluid extraction of solutes from clay, soil,
and plant materials». En: Analytical Chemistry 65.10 (mayo de 2002), pags. 1462-1469. DOI:
10.1021/ac00058a026!
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neously to the BIC model of Sovova @ Egs. [14] keeping constant r for SP and LP.
Table 27| summarizes values of model parameters, including best-fitting values of K,

F, and k; for pellets of L. origanoides phellandrene-rich chemotype.
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Figura 29. Integral extraction curves for pellets of post-distillation L. origanoides
phellandrene-rich chemotype. d, experimental data; m, model prediction.

Parameter K had similar values for all extractions curves (cf. Table[27). The resulting
F, value indicates that the inner microstructure of L. origanoides pellets resulted in
an effective diffusivity about 3 orders of magnitude higher than the binary diffusion
coefficient. On the other hand, the resulting F. value for LOP is two orders of magni-
tude lower than for pellets (cf. Table [27), thus suggesting that pelletization improves
the inner mass transfer coefficients. Finally, the values of » were approximately the
same for LOP and pellets considering results of previous section. Since the micros-
tructural factor increased due to pelletization, then, we can assume that the effect of

cell disruption exceeded that of compaction as found by Sielfeld, del Valle y Sastre,
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«Effect of pelletization on supercritical CO2 extraction of rosemary antioxidants», in

their study already commented above.

Table 27. BIC model parameters for extraction curves of pellets of post-distillation L.
origanoides phellandrene-rich chemotype

Parameter SP,25mm LP,4mm LOP
Estimated parameters
External mass transfer coefficient, (k; x 10°, s™* 1.5 1.3 2.2
Axial dispersion coefficient (D, x 10°, m?s~1) 2.3 2.1 2.2
Specific surface area per unit volume of extraction bed (ap, m~!) 1193 692 6274
Best-fitted parameters
Partition coefficient (K, —) 0.11 0.08 0.10
Grinding efficiency, (r, —) 0.14 0.14 0.18
Microstructural factor, (F. x 107, —) 830 830 9.1
External mass transfer coefficient, (k; x 10°, s71) 0.058 0.16 0.022
Goodness of fit
Average absolute deviation (AAD, %) 3.7 25 1.5
Determination coefficient (R2, —) 0.996 0.997 0.997

5.4. Conclusions

The kinetics of EtOH-modified scCO, extraction of oleoresin from residues of L. ori-
ganoides distillation were studied partially. Through the study of the kinetic extraction
of L. origanoides chemotypes, it was observed that the solutes retained in the matrix
after the distillation process interact differently with the matrix when the extraction
is carried out. This is because the initial contents and the families of molecules that
constitute oleoresin are different among chemotypes. The chemotypes with the grea-
test potential for the extraction of pinocembrin from residues of L. origanoides are
LOC and LOP. By modifying the extraction conditions of the best chemotype (i.e., LOP),
the EtOH-modified scCO, extraction only managed to extract up to 23 wt % of extrac-
table oleoresin, a value easily surpassed by other industrial extractive processes.
The comparative advantage of selectivity of EtOH-modified scCO, extraction can be

better exploited in post-extraction fractionation to enrich oleoresin in pinocembrin.
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Pelletizing increases the volumetric yield of the extraction and also improves the in-
ternal mass transfer of the broken cells near the walls of the pellet. However, the
effect of compaction made mass transfer difficult in the pellet inner part. The kine-
tic parameters of the extraction related to equilibrium were found for the Sovova,
«Mathematical model for supercritical fluid extraction of natural products and extrac-
tion curve evaluation» model. However, due to inhomogeneity in the flow during the
experiments, the parameters related to the flow regime should be re-estimated from

new experiments that conveniently also could change scale.
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6. CONCLUSIONS AND PERSPECTIVES

6.1. From the process engineering point of view

The industry of culinary seasonings and essential oils (EOs) of the Lippia origanoi-
des and Lippia graveolens phenylpropanoid-producing plants, used as raw materials
for food, cosmetics, and medicines, can increase their profits by taking advantage
of their by-products and improving the quality of their products. Achieving this im-
plies delving into different areas of knowledge within which Chemical Engineering
acts as an integrator to determine the technical and economic feasibility of the pro-
cesses and their modifications. Simulation, optimization, and analysis of processes
are, among others, the areas of Chemical Engineering that lead the generation of
designs with which implementation of new stages in the industrial extractive pro-
cess would materialize coherently. Authors sought with this work to contribute to the
advancement of this industry by achieving, with a holistic approach, the integrated
extraction and rectification process that leads to the full use of the substrates and
generate quality products. The patent in the Appendix |5]is tangible proof as it could
be considered as the seed of the complete conceptual design of the process.

Continuing with the advancement of the next step basic design, the authors studied
two process units, i.e., fractional distillation and supercritical (sc)-extraction. These
added to steam distillation have the potential to integrate and improve the industry
profits. Details and mathematical descriptions are topics of discussion in the Appen-
dix [4| and the Chapters of this manuscript, respectively. Despite being the minority
of the process units proposed in the conceptual design, it is an advance that will
contribute to consolidating a plant design described via mathematical simulation as
close to reality as possible. The studies and mathematical descriptions of the other

operating units are necessary to complete the information that provides relevant de-
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cision data on the technical feasibility of the integral use of L. origanoides and L.
graveolens. In our research group, some colleagues are currently carrying out stu-
dies aimed at complementing the process units of steam distillation, fractionation,
and solid-liquid extraction, to name a few works.

Regarding the post-distillation residues of L. origanoides and L. graveolens, this
work is conclusive about their valorization potential. Results of the Soxhlet- and
sc-extraction showed that these substrates contained higher amounts of cuticular
waxes, flavonoids, and pinocembrin (Pn) in comparison with other residues in the
EOs industry and even with plants identified as potential commercial sources of Pn
such as seeds of Alpinia katsumadai or leaves of Eucalyptus preissiana. The resi-
due of L. origanoides phellandrene-rich chemotype is the byproduct with the highest
industrial recovery potential followed by the thymol-rich, carvacrol-rich chemotypes
and finally, L graveolens. The temperature of the steam distillation process did not
significantly affect the availability of the compounds of interest in the substrate when
comparing the extraction results with those published for the same substrates without
distillation pretreatment. Therefore, it is convenient to add solid-fluid extraction sta-
ges after the steam distillation process since discarding the post-distillation residue
loses the oleoresin benefits. Regarding sc-extraction, which was the unit extractive
operation studied in-depth, in comparison with Soxhlet extraction it is more selective
but leaves behind a considerable amount of solute retained in the substrate. This is
a disadvantage compared to conventional solid-liquid extraction widely used for the
same purposes. In the subsequent study of phase equilibria and kinetics extraction,
it was explained and managed to increase selectivity towards flavonoids, but perhaps
it was not enough to gain a place after substrate distillation. Probably the greatest
benefit of sc-extraction is in a later stage fractionating the extract. We will have to
wait for studies about solid-liquid extraction and fractionation of the extract to find

out.
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6.2. From the advances in extraction and quantification

Given the need to reduce the costs of sc-extraction and the opportunities for tech-
nological innovation that this technique allows, through interdisciplinary work, it was
possible to reduce the experiment operating cost. The available extraction system
Thar Instruments SFE-2000—-2-FMC50 was modified to operate semi-batch and with
CO,, recirculation. Fractionation and recirculation stages (cf. Appendix[1) were added
to the system. The extraction capacity was doubled in time and production cost was
reduced from 26 to 11 USD/extraction.

A validated methodology with their figures of merit for instrumental multicomponent
quantification of flavonoids in extracts was developed and applied to the measure-
ment of sorption equilibria. This instrumental analysis methodology based on UV-Vis
spectroscopy and chemometric methods (multivariate calibration using CLS and ILS
models) avoided chromatographic separation and reduced solvent and time consum-
ption in quantification of Pn and galangin (Gn) in extracts. RMSE of the higher accu-
racy ILS model (0.09 and 0.04 ugg™! for Pn and Gn respectively), built using training
data sets and comparing results with those of HPLC-DAD, was of the same order of
magnitude of error found for HPLC (0.01 and 0.02 ugg~! for Pn and Gn respectively)
when the data that did not contain cuticular waxes (CW) from the extract was remo-
ved from the training data set. CW in sc-extracts are mainly composed of molecules
that, although they do not absorb in the UV region, interfere with the sample spec-
tral response. The precision obtained with the model thus arranged was considered
acceptable to measure apparent or operative solubility in scCO.. In addition to the
quantification of flavonoids that absorb in the UV region, it is convenient to deepen
the development of methodologies to quantify CW to obtain data that help to describe,
as close to reality as possible, the complementary unit operations of the extracti-
ve process of EOs from botanical substrates. The same multivariate spectroscopic

methodology developed in this work can be used to analyze Raman spectra or the
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infrared region, with which there would already be a breakthrough.

6.3. From the supercritical-fluids state of the art

For the EtOH-modified scCO, extraction of L. origanoides and L. graveolens resi-
dues, the flow, pressure, time, and percent EtOH have a significant effect on the
global- and flavonoid-extraction yield. The d,-range that was obtained from two grids
(0.5 mm and 2 mm opening) used in the chopper is not significant in the extraction
yield responses. Despite that the interval of temperatures chosen in the residues va-
lorization study did not significantly affect the global- and flavonoid-extraction yields,
in the study of phase equilibria, it was observed that the solubility of Pn in the ternary
system scCO, + Pn + octacosane (Oct) is less sensitive to the increase in temperatu-
re than that of Oct. Therefore, the extract obtained from the extraction processes at
temperatures close to the critical point contain less CWs, which improves the product.
The best experimental conditions were found for each substrate under the specifi-
cations of the extraction system used. Best extraction conditions for L. origanoides
pellandrene-rich chemotype residue (LOP), the substrate whose extract was the one
with the highest yield, were 307 bar, 5 % ethanol, 96 min and 43 g¢o,/ min.

Pinocembrin solubility of the multi-component LOP extract-scCO, system was mea-
sured and modeled through a robust thermodynamic framework that group CuWs in a
pseudo-component represented by the thermodynamic properties of 0Oct. Sorption
isotherm/isobar curves were measured and modeled for global extract using the ther-
modynamic solubility of Oct as saturation concentration parameter of the del-Valle
Urrego sorption model (dVU). The prediction of solubility for 0ct oversizes the so-
lubility measured from the sorption curves, so a longer chain linear hydrocarbon
would be more convenient for the modeling thus proposed. We describe the sorption
equilibria of minority compounds such Pn and Gn from the equilibrium parameters

of the dVU for CwWs through a new proposed parameter called partition coefficients
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of minority compounds in the extract (K;). The strong interaction of the solute with
the matrix, in addition to avoiding saturation of the solvent at the early stages of
sc-extraction, was responsible for the increase in selectivity towards flavonoids with
pressure.

Through the study of the extraction kinetics of L. origanoides chemotypes residues,
it was observed that the solutes retained in the matrix after the distillation process
interact differently with the matrix when the extraction is carried out. By modifying
the extraction conditions of the best chemotype (i.e., LOP), the EtOH-modified scCO,
extraction only managed to extract up to 23 wt % of extractable oleoresin, a value
easily surpassed by other industrial extractive processes. The comparative advanta-
ge of selectivity of EtOH-modified scCO, extraction can be better exploited in post-
extraction fractionation to enrich oleoresin in Pn. Pelletizing increases the volumetric
yield of the extraction and also improves the internal mass transfer of the broken cells
near the walls of the pellet. However, the effect of compaction made mass transfer
difficult in the pellet inner part. The kinetic parameters of the extraction related to
equilibrium were found for the Sovova, |«Mathematical model for supercritical fluid
extraction of natural products and extraction curve evaluation»| model. However, due
to inhomogeneity in the flow during the experiments, the parameters related to the
flow regime should be re-estimated from new experiments that conveniently also

could change scale.

6.4. From the academic training

The author assumes that the doctoral training objective that he sought to achieve
when developing this work was fulfilled and presents for consideration of the evalua-

tors the following academic products as evidence:

International patents
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= WO02018069778 entitled “System for recirculating supercritical carbon dioxide,

which uses an integrated device for liquefying and storing the fluid”

= W02018122654 entitled “Method for making full use of Lippia origanoides”

Scientific articles published

= Optimization of flavonoids extraction from Lippia graveolens and Lippia origa-
noides chemotypes with ethanol-modified supercritical CO, after steam disti-
llation. (2020). in “Industrial Crops and Products”, 146, 112170.

= Dynamic modeling and experimental validation of essential oils fractionation:
Application for the production of phenylpropanoids. (2020). in “Computers and
Chemical Engineering”, 135, 106738.

Manuscripts under review by co-authors

= Multicomponent solubility and equilibrium partition of Lippia origanoides solid
distillation residues and its supercritical extract in presence of CO, and EtOH.

It will be submited to “Journal of Supercritical Fluids”.

» Supercritical fluid extraction of agroindustrial Lippia origanoides residues: ef-
fect of chemotypes, extraction conditions and pelletization in two approach for
modeling multicomponent mass transfer kinetics. It will be submited to “Journal

of Supercritical Fluids”.

Manuscript in preparation

= Metodologia validada para la medicion instrumental multicomponente de flavo-

noides en extractos de plantas con sus respectivas figuras de mérito.
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(57) Abstract: The present invention relates to a recirculation device comprising a four-pass heat exchanger capable of liquefying
carbon dioxide and storing same in the same device, a water-operated cooling subsystem being coupled to this exchanger, wherein
the carbon dioxide from any process, at known pressure and temperature conditions, enters the specialy designed exchanger, which
exchanger removes heat so that the CO2, a a constant pressure, can be liquefied and stored in liquid state in the same device. In this
way, it ispossible to recover CO2 gas,
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(57) Resumen: Lapresente invencion consiste en un dispositivo de recirculacion que consta de un intercambiador de calor de cuatro
pasos que escapaz de licuar diéxido de carbono y almacenarlo en el mismo dispositivo; que tiene acoplado a este intercambiador un
subsistema de refrigeracion  operado con agua; donde el diéxido de carbono proveniente de cualquier proceso a condiciones conocidas
de temperatura y presion ingresa al intercambiador especiamente disefiado que se encarga de retirar el calor para que el CO; a una
presion constante pueda ser licuado y almacenado en estado liquido dentro del mismo dispositivo. De esta manera esposible recuperar
el co2 gaseoso, para que este pueda volver a ser presurizado y usado nuevamente en la aplicacion.
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SISTEMA DE RECIRCULACION DE DIOXIDO DE CARBONO SUPERCRITICO QUE
USA UN DISPOSITIVO INTEGRADO DE LICUADO Y ALMACENAMIENTO DEL
FLUIDO

ESFERA TECNOLOGICA

La presente invencion consiste en un dispositivo de recirculacion que consta de un
intercambiador de calor de cuatro pasos que es capaz de licuar diéxido de carbono y
almacenarlo en el mismo dispositivo; que tiene acoplado a este intercambiador un
subsistema de refrigeracion operado con agua; donde el didxido de carbono
proveniente de cualquier proceso a condiciones conocidas de temperatura y presion
ingresa al intercambiador especialmente disefiado que se encarga de retirar el calor
para que el CO2 a una presion constante pueda ser licuado y almacenado en estado
liqguido dentro del mismo dispositivo. De esta manera es posible recuperar el C02
gaseoso, para que este pueda volver a ser presurizado y usado nuevamente en la

aplicacion.

ESTADO DE LA TECNICA

Se conoce de la invencidn, la solicitud de patente japonesa JP2004249175A con fecha
de prioridad 2003-02-18 y fecha de Publicacion 2004-09-09 titulada "IMPREGNATION
TREATMENT METHOD FOR RECOVERING AND RECYCLING CARBON DIOXIDE
AND PRODUCT WHICH IS SUBJECTED TO IMPREGNATION TREATMENT BYTHE
METHOD" del inventor Keiichi Kikuchi Mitsuhiro Ohashi Itsuro. Esta invencion
describe la impregnacion de sustancias en un material; a diferencia de la invencion
gue nos ocupa como nueva que esta diseflada para diferentes procesos
fisicoquimicos que involucran al diéxido de carbono como materia prima vy
especificamente para un proceso extractivo que se lleve a cabo en condiciones
supercriticas, pero puede ser aplicado a otros procesos que requieran recircular CO2.
Este antecedente comprime el diéxido de carbono licuado o supercritico y lo almacena
en un tanque, el didxido de carbono puede ser licuado o supercritico derivado de un
calentamiento de los tanques de almacenamiento. EIl antecedente no contempla el
enfriamiento del gas; mientras que en la nueva invencion el diéxido de carbono
proveniente del proceso supercritico a condiciones conocidas de temperatura y

presion, ingresa al intercambiador que se encarga de retirar el calor para que el CO2
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a una presién constante pueda ser licuado y almacenado en estado liquido dentro del

mismo equipo.

Ademas, el antecedente utiliza un aparato de separacion de gas para la eliminacion
de los componentes sélidos; mientras que la nueva invencion cuenta con una etapa
de limpieza que consiste en hacer pasar el fluido por filtro de material poroso y por
lechos de carbon activado y zeolita funcionalizada para que los residuos queden

capturados en la superficie del material absorbente.

La patente estadounidense US20030161780A1 con fecha de prioridad 2001-10-17
denominada "RECYCLE FOR SUPERCRITICAL CARBON DIOXIDE" del Inventor
Henry Howard John Billingham es un antecedente que esta disefiado para que la
etapa de purificacion y recirculacion funcione de manera continua, utilizando un
bypass que devuelve la corriente de CO2 limpia y liquida nuevamente a las etapas de
limpieza y compresion, gastando recursos energéticos aln cuando la aplicacion no
esté en operacién. La presente invencién no opera de manera continua sino que el
fluido es almacenado en un tanque integrado de licuado. El suministro de CO2 en la
invencién se provee por demanda, solamente mientras la aplicacién esté funcionando,
lo que también proporciona libertad para escoger elflujo de operacion de la aplicacion.
Este antecedente US20030161780A1 utiliza un complejo sistema de columnas de
destilacion, lecho de absorcion y oxidante catalitico para purificar el CO2 que fluye con
contaminantes; mientras que la nueva invencién emplea un solo sistema de lecho
empacado para realizar la funcidon especifica de separacion de particulas y retencion
de impurezas. Ademas, el antecedente contempla el uso de un compresor y al menos
dos bombas para preparar elfluido para la aplicacién, a diferencia de la invencion, que
no contempla el uso de compresor, sino que el CO2 es licuado a una temperatura
constante para ser succionado posteriormente por la misma bomba de la aplicacion.
La presion recomendada para operar el antecedente esta a la mitad de la presién que

funcionaria con la invencion.

Otro antecedente es la patente US6960242B2 con fecha de prioridad 2002-10-02
denominada "CO2 RECOVERY PROCESS FOR SUPERCRITICAL EXTRACTION"
del inventor Kelly Leitch Gavin Hartigan Robert D'Orazio donde el diéxido de carbono

recirculado no se almacena en estado liquido como en la nueva invencién. La
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refrigeracion del antecedente no opera con agua y en el antecedente, el proceso de
reciclo esta compuesto por dos etapas: una de alta y otra de baja presién; a diferencia

de la invencidn que integra en una etapa la licuefaccion y almacenamiento del fluido.

REVELACIONES DE LA INVENCION

Si bien existen en el estado de la técnica otros aparatos con una funcionalidad similar,
no existe ninguna solucién tecnoldgica que integre en un dispositivo los dos procesos
de licuado y almacenamiento en una sola etapa de recirculacién con las caracteristicas
de la presente invencion. En el sistema estan presentes todos los detalles de
recirculacion de CO2 tales como limpieza del solvente, licuado y almacenamiento, pero
de forma integrada. De esta manera se supera el prejuicio de separar las etapas de
licuado y almacenamiento porque la invencion es un dispositivo que permite realizar
estas dos etapas en una sola. El resultado de aplicar este desarrollo no altera las
caracteristicas del producto de la aplicacién, asi que las ventajas de la técnica se

mantienen.

Adicionalmente, la invencién proporciona libertad para escoger el flujo de operacién
en la aplicacion, pues, el suministro de CO2 se provee por demanda solamente

mientras la aplicacidon esta funcionando.

El nuevo desarrollo soluciona el problema técnico de la recirculacion del didxido de
carbono. Adicionalmente, no se han observado dispositivos que puedan enfriar y
contener el fluido en el mismo equipo. 