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Abstract in spanish

Se realizaron mediciones de isotermas de solubilidad de 2-(3,4-Dimethoxyphenyl)-
5,6,7,8-tetramethoxychromen-4-one  (nobiletina) y  2-methyl-1,4-naphthoquinone
(menadiona) en dioxido de carbono supercritico a temperaturas de (313, 323 y 333) Ky
presiones de (9 a 32) MPa usando una metodologia analitica con recirculacion, con
determinacion directa de la composicion molar de la fase rica en dioxido de carbono usando
cromatografia liquida de alto rendimiento. Los resultados indican que el rango de la
solubilidad de nobiletina medida fue de 107 - 10 mol - mol™* a 333 K y 18.35 MPa a
182 - 10 mol - mol™ a 333 K y 31.40 MPa. Similarmente, la solubilidad de menadiona
medida varié de 630 - 10° mol - mol a 333 Ky 9.72 MPa a 1057 - 10 mol - mol* a 333 K
y 13.43 MPa. La validacién de los datos de solubilidad experimentales se realizd usando tres
enfoques, a saber, estimacion de la incertidumbre combinada expandida para cada punto de
solubilidad a partir de valores de pardmetros experimentales (<23 - 10° mol - mol? y
<111 - 10° mol - mol? para nobiletina y menadiona, respectivamente); consistencia
termodinamica, verificada utilizando un test adaptado de herramientas basadas en la ecuacion
de Gibbs-Duhem y datos de solubilidad obtenidos de modelacién; y auto-consistencia,
demostrada mediante la correlacion de los datos de solubilidad con un modelo semi-empirico
como una funcién de la temperatura, presiéon y densidad de CO2 puro.



Abstract

Isothermal solubility of 2-(3,4-Dimethoxyphenyl)-5,6,7,8-tetramethoxychromen-4-one
(nobiletin) and 2-methyl-1,4-naphthoquinone (menadione) in supercritical carbon dioxide at
temperatures of (313, 323 and 333) K and pressures from (9 to 32) MPa was measured using
an analytic-recirculation methodology, with direct determination of the molar composition
of the carbon dioxide-rich phase by using high performance liquid chromatography. Results
indicated that the range of the measured nobiletin solubility was between
107 - 10° mol - mol* at 333 K and 18.35 MPa to 182 - 10 mol - mol? at 333 K and
31.40 MPa. Similarly, the measured menadione solubility ranged from
630 - 10° mol - mol? at 333 K and 9.72 MPa to 1057 - 10 mol - mol* at 333 K and
13.43 MPa. The validation of the experimental solubility data was carried out using three
approaches: estimation of combined expanded uncertainty for each solubility data point from
experimental parameters values (<23 - 10° mol - mol*? and <111 - 10® mol - mol? for
nobiletin and menadione, respectively); thermodynamic consistency, verified utilizing a test
adapted from tools based on Gibbs—Duhem equation and solubility modeling results; and
self-consistency, proved by correlating the solubility data with a semi-empirical model as a
function of temperature, pressure and pure CO> density.
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Symbols and abbreviations

T

Yi

MWi

Subl

P,

Ai

Asi

Viv
Vs

Csi

temperature K
pressure bar
experimental solubility of component i mol-mol*
molecular weight of compound i kg-mol*
sublimation pressure of the pure solid solute (i=2) bar
pure solid solute molar volume (i=2) m3-mol?
attraction parameter in the PR-E0S J-m%-mol?
size parameter in the PR-E0S (van der Waals co-volume) m3-kmol*

interaction parameter characteristic of each binary pair -

enthalpy J-mol?
Helmholtz free energy J-mol?
Gibbs free energy J-mol?
universal gas constant =8.314/J-K1-mol*

compressibility factor -

area deviation of data point j -

chromatographic peak area of solute i of sample taken from the cell loop in
units of absorbance AU

chromatographic peak area of solute i of sample taken from stock solution in

units of absorbance AU
internal volume of the loop of the equilibrium cell uL
internal volume of the loop of the injector uL
solute i concentration of the stock solution mol-m?3



u standard uncertainty -
Ucomb combined uncertainty -
Ucomb combined expanded uncertainty -

Greek Letters

5( )j relative differences between calculated (y~°) and measured ( ;) solubility
mol-mol*
5(y;) relative root mean square deviation of the solubility of compound i
mol-mol*
p density kg-m3
v specific volume m3-kg?!
a; non-randomness parameter between species i and j of NRTL model -
(e interaction energy parameters between species i and j of NRTL model -
7 fugacity coefficient -

fugacity coefficient of component i in the fluid mixture -

#° fugacity coefficient of component i in the pure solid -

Superscripts

Calc calculated

E excess property

F fluid

S solid

Subscripts

,J molecular species
m mixture
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Acronyms
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SCFE

SLE
HPLC
SCL

G-D

AAD

EoS

PR

WS

NRTL

infinite pressure state
low pressure state
critical property
reduced property

triple point property

polymethoxyflavone
supercritical

supercritical fluid
supercritical fluid extraction
solid-liquid equilibrium
high performance liquid chromatography
sub-cooled liquid
Gibbs-Duhem equation
average absolute deviation
equation of state
Peng-Robinson EoS
Wong-Sandler mixing rules

non-random two liquid activity coefficient model
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Introduction

There is an increasing demand from the public, governments and health and
environmental agencies to produce contaminant-free foods and drugs for human
consumption using processes that are safe, energetically efficient and with little impact to the
environment. Motivated by these facts, this thesis work seeks to contribute with relevant data
for the design of processes involving the recovery of biological interest substances from
reaction mixtures or natural substrates using an unconventional solvent and an

environmentally friendly process.

Chemical compounds extracted from leaves, flowers, fruits, seeds and other vegetal
matrices, known as phytochemicals, are of a high added value for pharmaceutical and food
industry due to their beneficial biological activity for human health (bioactivity).
2-(3,4-Dimethoxyphenyl)-5,6,7,8-tetramethoxychromen-4-one or nobiletin is a flavonoid
that belongs to the polymethoxyflavones (PMFs) and is one of the major components
identified in citrus fruits, specifically abundant with large percentage content in citrus peels
[1]. It has anti-carcinogenic effects and it is an effective anti-inflammatory, anti-diabetic [1],
anti-viral and anti-microbial agent [2]. 2-methyl-1,4-naphthoquinone or menadione, is the
precursor to various types of Vitamin K [3] and it is mainly used as a micronutrient for
livestock and pet foods [4]. Moreover, it is used in the treatment of hypoprothrombinemia
which is associated with a lack of Vitamin K resulting in a tendency to prolonged bleeding
[5-7].

For the recovery of bioactive phytochemical compounds from plant material or from
reaction mixtures there is a broad spectrum of solid—liquid extraction (SLE) techniques.
Classically, SLE techniques can be divided into traditional and recent methods. Traditional
methods include Soxhlet extraction, maceration, percolation, turbo-extraction (high speed
mixing) and sonication. These techniques have been used for many decades; however, they
are very often time-consuming and require relatively large quantities of organic solvents,
such as n-hexane and chloroform which are hazardous for human health. Traditional methods

such as distillation have drawback of requiring high thermal loads which can deteriorate

12



thermolabile compounds present in plant material (thermolabile refers to a substance which

IS subject to destruction/decomposition or change in response to heat).

For the recovery of the selected phytochemical compounds, the use of a non-conventional
solvent for the extraction process is proposed in this work, specifically, an inert gas present
in the atmosphere, carbon dioxide (CO») at supercritical (SC) conditions, i.e., at a temperature
(T) and pressure (p) over the substance critical values (for CO2: Tc = 304.1 K, pc = 7.38 MPa).
SC-CO:z is a fluid capable of solvating phytochemicals compounds from vegetal substrates
which can be recovered at a decompression stage obtaining a contaminant free product in a
process known as Supercritical Fluid (SCF) Extraction (SCFE), which is a fast and efficient
unconventional extraction method developed for extracting analytes from solid matrixes. The
use of SCFE allows selectively isolating high purity bioactive compounds from biological
substrates and avoiding deleterious chemical reactions that are related to the use of
conventional solvents. The only drawback of SCFE is the higher investment costs if
compared to traditional atmospheric pressure extraction techniques. However, the base
process scheme (extraction plus separation) is relatively cheap and very simple to be scaled

up to industrial scale [8].

For the economic feasibility study and scale-up of processes that use SC-CO: it is required
to have information of the equilibrium between phases, i.e., thermodynamic solubility (yi) of
solute i in CO2-rich phase at system T and p. Additionally, for the design, simulation and
optimization of the extraction processes, a thermodynamic model is needed to represent the
solubility as a function of temperature, pressure and other parameters adjusted from validated
experimental data of model binary systems. Together with thermodynamic information,

Kinetic studies are also necessary, but will not be covered in this work.

The objective of this thesis is to contribute with experimental validated information and
models to represent the thermodynamic solubility (mole fraction) of binary systems:
nobiletin + CO2 and menadione + CO> at near room temperature. The specific objectives are:
(1) to verify the operation and to incorporate improvements (if needed) to the experimental

equipment for measuring fluid (F) + solid (S) phase equilibria (FSE) available in the
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Laboratorio de Termodindmica de Procesos (LTP) in the Departamento de Ingenieria
Quimica y Ambiental (DIQA) in Universidad Técnica Federico Santa Maria (UTFSM); (2)
to provide with experimental solubility data (new and that available in the literature) of binary
systems, nobiletin + CO. and menadione + CO», with respect to operation pressure
(p < 32 MPa) and temperature (313 K, 323 K and 333 K); (3) to establish the worthiness of
the experimental information of objective (2) using a procedure that considers:
(3.1) estimation of uncertainties, (3.2) evaluation of the thermodynamic consistency and
(3.3) evaluation of self-consistency; and (4) to select model(s) available in the literature for
the correlation/estimation of the solubility of solutes in SC-CO; at high pressure and to adjust

the required parameters in the model(s) to the experimental information validated in objective

(3).

This work is divided in 6 chapters. In Chapter 1, nobiletin and its family of compounds
(flavonoids) characteristics are described with emphasis on the biological activities that
makes nobiletin beneficial for human health. Similarly, Chapter 2 describes menadione and
its family of compounds (naphthoquinones). Chapter 3 describes SCFs solvent properties
and SCFE process focused on the recovery of natural substrates, its advantages over
conventional separation technologies and SCFE processes with CO> as extraction solvent.
Chapter 4 describes phase equilibrium of solid + fluid mixtures, particularly, the solubility
behavior of solids in a SCF, the different methods for measuring high pressure equilibrium
with emphasis on FSE, how to validate experimental solubility data and procedures for
modeling FSE. In Chapter 5 is presented the experimental methodology used in this work
for measuring solubility data of binary mixtures containing a solid solute in SC-CO.. Lastly,
Chapter 6 presents the results and discussion which are followed by the conclusions and

ongoing work.
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1. First studied solute: nobiletin

This chapter provides information about nobiletin and flavonoid compounds. Section 1.1
introduces the structure, classification and general biological functions of flavonoids, with a
special emphasis on polymethoxyflavones, particularly, nobiletin. Section 1.2 presents some
of the most important biological activities and recommended dietary intake of PMFs to
understand their importance for human health. Finally, Section 1.3 presents two different
ways of obtaining polymethoxyflavones, from natural sources and from chemical reactions,
to provide some insight on the advantage of extraction or chemical synthesis processes for

the isolation of these substances.

1.1 Structure and biological functions

The natural compound that is described in this section, nobiletin, can be classified as a
polyphenol per its structure. Polyphenols are one of the most numerous and widely
distributed groups of substances in the plant kingdom. They are produced as the result of the
secondary metabolism of plants and are frequently found attached to sugars (glycosides,
I.e., any molecule in which a sugar group is bonded through its anomeric carbon to another
group via a glycosidic bond), thus tending to be water-soluble. Occasionally, polyphenols
also occur in plants as aglycones (organic compounds combined with the sugar portion of a
glycoside). Polyphenols arise biogenetically from two main synthetic pathways: the
shikimate pathway (a metabolic route used by bacteria, fungi, algae, parasites and plants for
the biosynthesis of aromatic amino acids) and the acetate pathway (a metabolic route for the
biosynthesis of phenols, prostaglandins, fatty acids and macrolide antibiotics) [9]. More than
8000 polyphenolic structures are currently known; their common feature is an aromatic ring
bearing at least one hydroxyl substituent [10]. Polyphenols can be divided into at least 10

different classes based upon their chemical structure [9].

Flavonoids are the largest class of polyphenols that comprise a diverse group of plant
metabolites with over 10,000 compounds that have been identified until now. However, only
very few of them have been investigated in detail [11]. They have a common structure
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(Figure 1.1), consisting of two aromatic rings linked through three carbon atoms. All
naturally occurring flavonoids possess three hydroxyl groups, two of which are on the ring
A at positions five and seven, and one is located on the ring B, position three (3°, Figure
1.1). The flavonoid subclasses, based on types of chemical structure, include: flavonols,
flavones, flavanones, flavanols, anthocyanins and isoflavones [12] (Table 1.1). They have
several important functions in plants, such as providing protection against harmful ultraviolet
(UV) radiation or plant pigmentation. In addition, they have antioxidant, antiviral and
antibacterial properties [12]. They also regulate gene expression and modulate enzymatic
action [11]. Biochemical actions of flavonoids depend on the presence and position of various

substituent groups, that affect metabolism of each compound.

Figure 1.1. Basic flavonoid structure [13].

Polymethoxyflavone is a general term for flavones (Figure 1.2) bearing two or more
methoxy groups (-OCHz) on their basic benzoc-pyrone (15-carbon, C6—-C3-C6) skeleton

with a carbonyl group at the C4 position.

Figure 1.2. Flavone structure.
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Table 1.1. Subclasses of flavonoids [12].

Subclass Examples of compounds Common Structure

Flavonols Quercetin, kaempferol, myricetin

Flavones Luteolin, apigenin, tangeretin, nobiletin

o]

Flavanones Naringenin, hesperetin

¢
o]
Catechin, epicatechin, epigallocatechin, glausan-3- i @
. OH
o]
@

Flavanols epicatechin, proanthocyanidins .
Anthocyanins Cyanidin, delphinidin, pelargonidin, malvidin EN O
e
Isoflavones Genistein, daidzein

PMFs exist almost exclusively in citrus plants and are one of the major constituents
of citrus peels (Figure 1.3 shows some common citrus PMFs). Current annual worldwide
citrus production is estimated at over 105 million tonnes, with more than half of this being
oranges [2]. For example, total citrus production of the United States (US) was 10.6 million
metric tonnes in 2004—2005 (National Agricultural Statistics Service). Around 34% of these
products were used for juice production, yielding approximately 44% (4-5 billion Ibs. in the
US) of peels as by-products. In some regions of the world, citrus peels like orange or
tangeretin peels have been a traditional medicine for relieving stomach upset, cough, skin
inflammation, muscle pain, and ringworm infections, as well as for lowering blood pressure

[2]. PMFs have been of particular interest due to their documented broad spectrum of
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biological activity, including anti-inflammatory [14-16], anti-carcinogenic [15-18], and

anti-atherogenic properties [19,20].

OCH,

Scutellarein ~ Sinensetin ~ Tangeretin ~ Hexamethoxyflavone  Nobiletin Heptamethoxyflavone

R1 H H H OCH3 H OCHs3
R2 H H OCH3 H OCH3 OCHs
Ra H OCHs H OCHs OCHs OCHs

Figure 1.3. Nobiletin (left) and other citrus polymethoxylated flavones (right) [21].

2-(3,4-Dimethoxyphenyl)-5,6,7,8-tetramethoxychromen-4-one or nobiletin
[CAS: 478-01-3] (Figure 1.3), a PMF, is one of the major components identified in citrus
fruits, specifically abundant with large percentage content in citrus peels of sweet oranges
and mandarin, and it may act in protecting from pathogenic attack taking into account its
antiviral and antimicrobial capacity [2]. Nobiletin has shown many potential health
promoting benefits, considering the cumulative evidences that indicate its biological activity,
which gives to nobiletin pharmacological properties, including, anti-inflammatory

(the most significant), anti-carcinogenic, anti-atherogenic and anti-diabetic [22].

1.2 Biological activities and dietary intake

Recent research data have provided additional supporting evidence that shows that citrus
flavonoids, especially polymethoxyflavones, are directly associated with the inhibition of
enzymes involved in the inflammation process [2]. Nobiletin has a potential
anti-inflammatory effect with fewer side effects than commercial anti-inflammatory steroidal

drugs [15,23]. The anti-inflammatory activities of nobiletin are likely linked to the prevention
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of plague formation during atherosclerosis These findings indicate that nobiletin could be a
novel anti-inflammatory and/or immunomodulatory potential drug. Moreover, nobiletin can
inhibit the proliferation of human prostate, skin, breast and colon carcinoma cell lines
[14,24,25].and it has also shown to have anti-proliferative and apoptotic effects on a gastric
cancer cell line. In an evaluation of 42 flavonoids, nobiletin showed the strongest anti-

proliferative activity against six human cancer cell lines [26].

Although potentially beneficial for human health, the determination of dietary intake of
polyphenols, including flavonoids, is challenging because the formation of flavonoids in
plants is influenced by numerous factors including light, plant genetics, environmental
conditions, germination, degree of ripeness, and processing and storage, as well as species
variety [9], which make it difficult to estimate the flavonoid content in foodstuffs and
confounds the ability to infer epidemiologic relationships regarding health and disease.

Table 1.2 provides an estimation of the daily dietary flavonoid intake by different countries.

Table 1.2. Estimated daily dietary flavonoids intakes by different countries [27].

Flavonoid Country [mg/day] Main dietary sources
F'I:E;\al\?gr?éssl Netherlands 23 Tea (48%), onions (29%), apples (7%)
United States 20-24 Tea (26%), onions (24%), apples (8%)
United Kingdom 26 Tea (82%), onions (10%)
Finland 4 Apples and onions
Spain 5 Tea (26%), onions (23%), apples (8%)
Japan 16 Onions (46%), moloktlz);a(éi;/o), apples (7%), green
Catechins Netherlands 50 Tea (83%), chocolate (6%), apples and pears (6%)
United States 25 Tea (59%), apples and pears (26%)
Flavanones Finland 20 Orange and grapefruit
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1.3 Nobiletin and other flavonoids sources

Nobiletin and other flavonoids can be isolated from natural substrates in which they are
present by extraction and purification processes (Chapter 3). Among natural substrates that
provide large amounts of flavonoids are: citrus fruits, blueberries, blackberries, onions,
peppers, a variety of teas, and also oregano and parsley [12]. Table 1.3 provides flavone
content in chosen foodstuffs. So far, about 30 PMFs have been isolated and identified from
different tissues of the citrus plants [28]. Nobiletin can be isolated from citrus peels or
obtained via chemical synthesis (see synthetic routes of different citrus PMFs in ref. [29]).

Table 1.3. Content of flavones in chosen foodstuffs (mg/100g foodstuff) [12].

Vegetable Flavones [ug/100g]

Kohlrabi 1.3
Red grapes 1.3
Lemons 1.9
Chicory 2.85
Celeriac 3.90
Green pepper 471
Artichokes 9.69
Fresh parsley 216.15
Dried oregano 1046.46
Dried parsley 4523.25

20



2. Second studied solute: menadione

This chapter provides information about vitamin K family, particularly, menadione.
Section 2.1 introduces the structure, classification and general biological functions of K
vitamins, with a special emphasis on menadione. Section 2.2 presents some of the most
important biological activities and recommended dietary intake of vitamin K to understand
their importance for human health. Finally, Section 2.3 presents two different ways of
obtaining vitamin K, from natural sources and from chemical reactions, to provide some
insight on the advantage of extraction or chemical synthesis processes for the isolation of

these substances.

2.1 Structure and biological functions

The natural compound that will be described in this section, menadione, can be classified
as a quinone per its structure, specifically, a naphthoquinone. Quinones are widely-
distributed aromatic compounds present throughout nature that can be found in several
families of plants, fungi, algae and bacteria. They are classified into benzoquinones,
anthraquinones and naphthoquinones according to their main chemical core [30].
Naphthoquinones are compounds present as secondary metabolites of plants and
microorganisms that confer activity in various biological oxidative processes and represent
a chemical defense used by many plants [31]. They are highly reactive organic compounds,
used as natural or synthetic dyes whose colors range from yellow to red. Naphthoquinones
are structurally related to naphthalene (Figure 2.1a) and are characterized by their two
carbonyl groups in the 1,4 position, and as such, are named 1,4-naphthoquinones (Figure
2.1Db).

(o]
:
a b

Figure 2.1. Chemical structure of naphthalene (a) and 1,4-naphthoquinone (b) [32].
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Naturally occurring 1,4-naphthoquinones are widely distributed in nature, especially
in several families of higher plants besides also being present in algae, fungi, some animals
and as products of metabolism in some bacteria [30,33].

2-methyl-1,4-naphthoquinone, or menadione [CAS: 58-27-5] (Figure 2.2a), also
called vitamin Kz [7] and all derivatives that qualitatively exhibit the biological activity of
2-methyl-3-phytyl-1,4-naphthoquinone, or phylloquinone [CAS: 84-80-0] (Vitamin Ki)
(Figure 2.2c), are called K Vitamins. These vitamins function as a cofactor for the
y-carboxylation of specific glutamic acid residues of the precursor protein of prothrombin,
converting the protein to biologically active prothrombin [34], which is a coagulation
(clotting) factor that is needed for the normal clotting of blood. The K vitamins found in
nature are phylloquinone (with a 2'E,7’R,11’'R  configuration [32]) and
2-methyl-3-polyprenyl-1,4-naphthoquinone, or Menaquinone-n [CAS: 863-61-6]
(Vitamin K2) (Figure 2.2b), abbreviated MK-n, for n being the number of prenyl residues,
which is found in nature with side chains of 4 — 13 prenyl residues and usually exhibits the
all-trans configuration. In a study performed in rats, it was found that menadione is released
from phylloquinone in the intestine and converted to menaquinone-4 in tissues after being
reduced; thus, menadione is a catabolic product of phylloquinone and circulating precursor
of tissue menaquinone-4 [3]. In the organism, menadione is distributed over many tissues,

but very rapidly eliminated. Only a small part of menadione is converted to menaquinone-4.

0 )
1'."
) )
b

a

0]
(0]

c

< <
H CH; H CH;

Figure 2.2. Vitamin K family structures: menadione (a), menaquinone-n (b) and phylloquinone (c) [32].
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2.2 Biological activities and dietary intake

The biological function of all forms of vitamin K is to act as a cofactor for the
posttranslational carboxylation of certain protein-bound glutamate residues, which are
converted into gamma-carboxy glutamate (Gla). These Gla residues form calcium-binding
sites which are essential for the activity of the proteins in which they are found [35]. Vitamin
K activity is exhibited by 2-methyl-l1,4-naphthoquinones substituted at position 3
(see Figure 2.2) with a phytyl group (phylloquinone) or a multiprenyl side chain (the

menaquinone series) [36].

Menadione and other naturally occurring quinones have shown antineoplastic activity
(i.e., that inhibits or prevents the growth and spread of tumors or malignant cells) with ICs
(half maximal inhibitory concentration) values of 0.04-25 uM essayed in various cancer cell
lines [37]. This quantitative measure indicates how much of a drug or other substance is
needed to inhibit a given biological process (or component of a process, i.e. an enzyme, cell,

cell receptor or microorganism) by half.

The daily dietary intake of vitamin K is mainly (90%) in the form of phylloquinone
(green vegetables and plant margarines). The daily vitamin K requirement of a healthy human

is generally estimated at 1 — 2 pg/kg of body weight [32].

2.3 Menadione and other vitamin K sources

Menadione can be chemically synthesized from the oxidation of 2-methylnaphtalene or
2-methyl-1-naphtol using conventional organic solvents and SC-CO; [38-41]. The use of
SC-CO; as the solvent medium in the synthesis allows to obtain a solvent free reaction
product. A common process for the production of menadione is the oxidation of
2-methylnaphthalene with, e.g., CrOs or H2O: in acetic acid or Na2Cr.Oy7 in sulfuric acid [32].
Since menadione is an intermediate compound of fast elimination, it cannot be isolated from
natural substrates. The other vitamin K can be obtained from leafy vegetables

(phylloguinone) [42] and fermentation products such as cheese (menaquinone-n) [43].
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3. Supercritical fluid extraction

One of the motivations for measuring solubility data of a solute in SC-CO: is to determine
the optimal conditions for its recovery from a natural substrate using SCFE. This chapter,
describes the SCF state, the SCFE process and the convenience of using CO; in SCFE instead

of other solvents.

3.1 Supercritical fluid solvents and supercritical fluid extraction processes

A substance is called to be in the state of supercritical fluid when both variables,
temperature and pressure, exceed the critical point values (for CO.: T = 304.1 K,
pc = 7.38 MPa) as illustrated in Figure 3.1.
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Figure 3.1. Carbon dioxide pressure—temperature phase diagram.

When a substance reaches its critical point, the densities of the vapor phase and the liquid
phase become equal, thus forming a single fluid. Along a near-critical isotherm (between T¢
and 1.2 T¢) [44], the density, transport properties (such as viscosity and diffusivity), and other
physical properties (such as dielectric constant and solvent strength), can be varied in a
continuum from gas-like to liquid-like with relatively small changes around the critical

pressure. Specifically, these fluids display twin advantageous properties of having high
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density (liquid-like), offering high solvency, as well as high compressibility (gas-like),
offering large variability of solvency by small changes in temperature and density, as
illustrated in Figure 3.2, and consequently, high selectivity of separation (offering high
purity). Also, the SCF state has very favorable transport properties, such as high diffusivity

and low viscosity as compared in Table 3.1.

EHHY
SIK

\\,.-—--""'_'__'-____MR

denaity (Kgim?)

400 K

a0 1] ] B 110 130 B0 170
pressure (bar)

Figure 3.2. Carbon dioxide density variation with pressure and temperature [45].

Table 3.1. Comparison of density, viscosity and diffusivity for typical liquid, gas and supercritical fluid [45].

Density / kg-m Viscosity / cp Diffusivity / mm?.s!
Gas 1 0.01 1-10
SCF 100-1000 0.05-0.1 0.01-0.1
Liquid 1000 0.5-1.0 0.001

SCFE has emerged in the last thirty years as a highly promising environmentally
benign technology to produce natural extracts with high potency of active ingredients — such
as flavors, fragrances, spice oils and oleoresins, natural colors, nutraceuticals or herbal
medicines — for the food, cosmetics, and pharmaceutical industries. The SCFE technique
ensures high consistency and reliability in the quality and safety of the bioactive heat-
sensitive botanical products because it does not alter the delicate balance of bioactivity of
natural molecules. SCFE is a two-step process involving extraction and separation by varying
the solvating power of the solvent at different conditions. The feed, generally ground solid,

is charged into the extractor.
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Figure 3.3 shows a schematic SCFE process using SC-CO; for the recovery of an oil
extract: SC-CO: is fed to the extractor through a high-pressure liquid CO2 pump, usually
between 100—400 bar and 40 to 60 °C (as indicated by Melo et al. [46] after comparing 543
publications on SCFE from vegetable raw materials from 2000 to 2013). The extract-laden
CO2 is sent to a separator (60—120 bar) via a pressure reduction valve. At reduced temperature
and pressure conditions, the extract precipitates out in the separator due to reduction in its
solvent power. Alternatively, it is possible to reduce the solvent power of the extractant in
the separator, not only by reducing the pressure, but also by increasing the temperature or
adding a third substance, depending on the nature of the feed and process economics. For
example, for coffee decaffeination, either hot water is pumped to the separator or the extract-
laden CO- is passed through a bed of activated charcoal to remove caffeine from the CO>
stream. The extract-free CO, stream leaving the separator is then recycled to the extractor.
In the case of liquid feed, the extractor is modified into a column through which feed and

SC-CO: are fed either co-currently or concurrently.

SC-CO2 + Qil a a Gaseous CO2

— 11| La— -
Extractor Raw materials Separator Chiller
Extract —=
Heater Pump
‘ = —_
Compressed CO2 Liquid CO2 |

Figure 3.3. Supercritical Fluid Extraction process using carbon dioxide for the recovery of an oil extract.
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3.2 Supercritical fluid extraction processes with carbon dioxide

Several solvents are used in SCFE. In fact, any solvent can be used as a supercritical
solvent; however, the technical viability (critical properties), toxicity, cost, and solvation
power determine the best-suited solvent for an application. Nowadays, among the various
substances possible as a SCF solvent (Table 3.2), SC-CO: at near-ambient temperatures is
one of the most desirable SCF solvent for extraction of natural products as it is non-toxic,
inexpensive, non-flammable, non-corrosive and non-polluting. Its near-ambient critical
temperature (31.1 °C) makes it ideally suitable for thermally labile natural products. It is
generally regarded as safe (GRAS) by U.S Food and Drug Administration (FDA) and
European Food Safety Authority (EFSA) [47] and yields contamination-free, tailor-made
extracts having superior organoleptic profile and enhanced shelf life (i.e., the length of time
that a substance may be stored without becoming unfit for use, consumption, or sale). Also,
various advantages, i.e., the generation of minimum wastes, its usability as a solvent medium,
easy separation of solutes for the recycling of solvent and unique thermo-physical and
transport properties of SC-CO., have given impetus to the development of several alternative
SC-CO2-based processes.

Table 3.2. Critical properties of various solvents [48].

Solvent MW / g-mol T/ K pc/ MPa pel kg-m3
Carbon dioxide (COz2) 44.01 304.1 7.38 469
Water (H20) 18.02 647.3 22.12 348
Methane (CHa) 16.04 190.4 4.60 162
Ethane (C2He) 30.07 305.3 4.87 203
Propane (C3Hs) 44.09 369.8 4.25 217
Ethylene (C2Ha) 28.05 282.4 5.04 215
Propylene (CsHe) 42.08 364.9 4.60 232
Methanol (CHsOH) 32.04 512.6 8.09 272
Ethanol (C2HsOH) 46.07 513.9 6.14 276
Acetone (C3HsO) 58.08 508.1 4.70 278
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Since CO: is a gas at low pressures, there is no solvent residue in the extracts obtained
with SC-CO; and they are very close in smell and taste to those in nature. In addition, the
energy required for attaining supercritical state (for p. = 73.8 bar) is more than compensated
by the negligible energy required for solvent recovery from the extract, resulting in less
energy requirements than in traditional steam distillation (SD) or solvent extraction (SE). For
example, a comparison of different extraction methods for the extraction of oleoresin from
dried onion showed that the yield after SC-CO; extraction was 22 times higher than that after
SD. During this century, SC-CO, may very well qualify as the most preferred considering
the current environmental concerns, regulations, and cost effectiveness that are driving the
proactive stance of the industrial sector in the development of environmentally friendly
processes.

SC-CO2 has successfully been used in many application at industrial scale since the
1980s, including the extraction of caffeine from coffee and tea, extraction of hops, natural
products like essential oils, flavors, fragrances, food ingredients, nutraceuticals,
pharmaceutical and cosmetic active principles [49], and more. SC-CO; has successfully been
used for the extraction of nobiletin (and other flavonoids) and fat-soluble vitamins closely
related to the menadione. For example, Lee et al. (2010) [50] used SC-CO; to extract PMFs
from Citrus depressa Hayata; their results showed that the optimal temperature and pressure
for selective SCFE of nobiletin with SC-CO> were 80 °C and 30 MPa, respectively, and the
nobiletin yield of SCFE was 7% greater as compared with conventional SE method.
Schneidermann et al. (1988) extracted vitamin K1 from commercial soy protein-based and
milk-based powdered infant formulas by using SCFE with CO, at 55 MPa and 60 °C for

quantification. They achieved a recovery greater than 94%.
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4. Solid + fluid phase equilibria at high pressures

Obtaining experimental solubility data of a solid solute in a SCF is a necessary step to
determine the process conditions at which a certain solute in a mixture has a preference over
other solutes to be in a greater concentration in the supercritical phase, and is the first step in

the design and optimization of a SCFE process at a pilot or industrial scale.

In this chapter, it is established the solubility behavior of a solid solute in a SCF solvent
(phenomenology of the systems studied), followed by a description of the different
experimental methods for measuring thermodynamic phase equilibrium properties,
particularly for solid + fluid binary systems at high pressure and the basic criterions for
selecting a suitable experimental method for a system. Consecutively, three methods for
validating p-T-y; data of solid + fluid binary systems are described. Lastly, the fundamental
thermodynamic equations, procedures and criterions for modeling multicomponent fluid

phase equilibria are given.

4.1 Solubility behavior of solids in a supercritical fluid

Phase equilibrium information is critical in designing and assessing separation processes
under supercritical conditions. Solute solubility in SC-CO; (and any other SCF solvent)
depends markedly on the operational conditions of pressure and temperature. This is
illustrated in Figure 4.1 for the changes in solubility in SC-CO of two simple phenolic
compounds such as benzoic acid (a and b) and salicylic acid (c and d) as a function of system
pressure, for different temperatures (a and c), and as a function of system temperature, for
different pressures (b and d). In both cases, the molar fraction of the solute in a saturated
SC-COz phase (y2) increases monotonously with CO. pressure because, under supercritical
conditions, density increases with pressure with the result of a reduction in intermolecular
distance between CO. molecules, thus contributing to enhanced solute—solvent interactions
(i.e., solvation). The effect of system temperature on solute solubility is more complex than
the effect of system pressure. Indeed, there are two main effects on the solubility in SC-CO>
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when T increases isobarically [51]: the density and solvent power of CO> decrease, and the

vapor pressure and volatility of the solute increase.
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Figure 4.1. Solubility of (a, b) benzoic acid and (c, d) salicylic acid in supercritical CO; as a function of (a, c)
system pressure (lines indicate solubility isotherms at noted temperatures) or (b, d) system temperature (lines

indicate solubility isobars at noted pressures) [52].

These two effects have opposite consequences in solubility that decreases when solvent
power decreases and increases when solute volatility increases. Depending on which of these
two effects dominates, solubility decreases, remains constant, or increases as T increases
isobarically. Density effects dominate near the critical point, where CO is highly
compressible and experiences large changes in density thus from moderate changes in T. On
the other hand, vapor pressure effects dominate away from the critical point, where CO3 is
less compressible and density changes moderately thus from large changes in T. There is an
intermediate pressure, the so-called crossover pressure [53], where the density and vapor
pressure effects are similar, and the solubility remains constant when temperature changes.
For benzoic acid, the crossover pressure between 50 °C and 60 °C is ca. 16 MPa, and the
crossover pressure decreases as the temperature decreases (Figure 4.1a). Thus, at ca.

10 MPa, the solubility of benzoic acid decreases as the temperature increases.
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The solubility of solids in a SCF will also depend strongly on the type of solvent. The
fluids used as solvents can be classified in compounds of high T¢, such as long chain alkanes
and polar compounds like water or methanol, and compounds of low T, usually condensable
gases like CO> and propane. The main differences in this classification correspond to the
selectivity and solvent power. Compounds of high T. operate at high temperatures
(from 500 to 700 K), have a very good solvent power and are capable of solubilizing
compounds of high molecular weight. However, they have low selectivity in multicomponent
mixtures and are not suited to work with thermolabile compounds. On the other hand, low T¢
compounds have affinity for compounds with low molecular weight and low polarity. For
solutes of importance in the pharmaceutical and food industry, which are frequently natural
compounds, it is necessary to use a low temperature in solubility measurements and
extraction processes to avoid a possible chemical degradation of the solutes. This can be used
to justify the utilization of a low Tc solvent, such as CO>, instead of a high T solvent, as a
SCF for the isolation and purification of phytochemical compounds like menadione and
nobiletin. Lastly, the solubility of a solute in a SCF can be modified by adding another
compound to the SCF, called an entrainer, which acts as a co-solvent or an anti-solvent, in a
small amount, usually below 5% mol-mol™. By doing so, the solid solubility is altered by a

change in polarity.

4.2 Measuring high pressure solid + fluid phase equilibrium

There exists a wide variety of methods and techniques available for experimental studies
of phase equilibria at high pressures. To decide which method is suitable for a specific case
it is necessary to consider the properties of the components and the phenomena that will be
investigated. A complete review on the different techniques, classified per the error sources
of the different methods, with their main advantages and limitations was made recently
(2012) by R. Dohrn and collaborators [65] and only a brief description is given in what

follows.

There are basically two main types of methods for measuring fluid phase equilibria at
high pressures: the analytical methods and the synthetic methods. This classification is based

on whether the compositions of the equilibrium phases are determined (analytically) or the
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mixture has been prepared (synthesized) with precisely known composition [54]. The
characteristic error sources of all analytical methods are related to the precise determination
(analysis) of the compositions of the coexisting phases, either by sampling or by composition
determination under equilibrium pressure. The main challenges of all synthetic methods are
the precise preparation of the investigated mixture, detection of a phase transition, and
determination of additional properties needed for the evaluation of the raw data. In general,
the analytic methods are recommended for systems in which the number of phases present
and its nature (at the studied conditions of temperature and pressure) are known, while
synthetic methods are recommended for exploratory analysis of phase behavior in terms of
the number and type of the phases present in equilibrium. A summary of the different
methods for measuring high pressure fluid phase equilibria is depicted in Figure 4.2,

Analytical methods Synthetic methods

With sampling Without sampling With phase transition Without phase transition

Isothermal
Isobaric

Spectroscopic

Isobaric Gravimetric

Isabaric/isothermal Others

Figure 4.2. Classification of experimental methods for phase equilibria at high pressures [54].

Per the objectives of the present thesis, an analytical-isothermal method will be used for
measuring thermodynamic solubility at different pressures at constant temperature. The
reason for using an analytical method instead of a synthetic method is that there is evidence,
from previous information, of the number and nature of the phases present, solid + fluid, for
solids solutes in SC-COg, specifically, compounds of the family of nobiletin (flavonoids)

[55,56] and fat-soluble vitamins [57,58] at near room temperatures.

The analytical isothermal methods have three fundamental steps: a) preparation of the

mixture, (b) system equilibration, and (c) sampling and analysis of the phase compositions.
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The third step is the most critical. Sampling from a closed high-pressure vessel leads to a
pressure drop and to a change in the total composition. Therefore, a new equilibration step is
initiated that results in changed compositions of the equilibrated phases as well as a changed
level of the phase boundaries in the cell. Both must be carefully considered if more than one

sample is taken.

There are several technical options to avoid negative feedback of sampling on the state
in the equilibrium cell [59]. Using a large equilibrium cell or taking small samples through
capillaries or special valves reduces the pressure drop. Alternatively, the pressure in the
equilibrium cell can be kept constant during sampling by reducing the cell volume using a
piston or a bellows, by blocking off the content of the cell from the sample before
withdrawing it, or by adding one or more components to the equilibrium cell during
sampling. When special valves are used, such as high performance liquid chromatography
(HPLC) multiport valves or systems such as the rapid on-line sample injector (ROLSI™)
valves [60], the equilibrium cell can be directly coupled to analytical equipment, usually
using chromatographic methods such as HPLC, supercritical-fluid chromatography (SFC),
or gas chromatography (GC). This direct coupling can prevent contact of the sample with
potentially reactive substances or gases in the atmosphere. Furthermore, the extremely low
dead volumes, low sample volumes, and immediate flushing with a (preheated) inert fluid
counteract the incomplete removal of the sample from the valve. Finally, sampling from a
recirculation line [61] can prevent errors related to the pressure drop during sampling, such
as differential vaporization. Many of these solutions have been implemented in the solubility

measurement methodology used in this work as it will be described in Chapter 5.

4.3 Validation of experimental data

The reliability and accuracy of physicochemical property data has an impact on the
modeling, design and optimization of processes [62], and also affects the estimation of costs
on a project. Consequently, it is relevant in any research involving measurements of
physicochemical data, in particular properties of high pressure phase equilibria in chemical

thermodynamics, to include estimation of uncertainties in order to assess the accuracy of the
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data reported [63]. In this investigation, three methodologies are used for validating the
experimental data, namely, estimation of uncertainties of measurement, evaluation of the
thermodynamic consistency and self-consistency of the data which are described in what

follows.

4.3.1 Estimation of uncertainties of measurement

Uncertainty is the quantitative parameter used to estimate the dispersion or closeness of
the value measured from the true (but unknowable) value [64]. Uncertainties of properties
can be estimated using two approaches [65]: (A) by a probability distribution from a defined
large number of repetitions, or (B) by propagation of uncertainties using the available
information, combined with common scientific sense based on previous experience. For
thermodynamic properties of phase equilibria (e.g., sets of compositions of phases,
temperature and pressure), approach (A) most of the time is inappropriate, considering the
dimension of the effort and cost associated, and is limited to verify the repeatability
(a type of precision equal to one minus the standard deviation) of a few measures [62].
Consequently, approach (B) is preferred for thermodynamic properties of phase equilibrium
data. For properties like equilibrium temperature and pressure the standard uncertainty (u) is
calculated with one standard deviation (68.27% of level of confidence for a normal
distribution). Generally, the standard deviation may be estimated from the type of
experimental apparatus, methodology and other sources of information from literature,

among others [65].

In this work, the uncertainty for each mole fraction can be assessed with the combined

uncertainty (Ugm, ), an arrangement that quantifies the propagation of the individual standard

uncertainties of each variable or constraint, appropriately combined and weighted, which
defines the mole fraction (inherent error). For a property f that is calculated as a function of

n variables x; as in Equation (4.1), the inherent error Af is calculated with Equation (4.2)

where dx. corresponds to the uncertainty of variable X,. The combined expanded
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uncertainty,U ..., Equation (4.3), is defined as the product of the combined uncertainty with

a number (k, coverage factor) greater or equal to one (e.g., 1.645 for 90% of level of
confidence for a normal distribution). Note that the definition of all elements for the
combined uncertainty in approach (B) is in most of the cases unrealizable, and therefore
uncertainties declared for a given set of experimental values are estimations of the real

dispersion. The level of confidence or confidence interval (Cl) of the experimental results

f%c| [65], Equation (4.4), is evaluated with U g,y .

f=1f(x,%,.X,) 4.1)
Ugomp (F) = Af = .an: g—): -dx; (4.2)
Ucomb(f): k'ucomb(f) (4.3)
f%CI = f iUcomb(f) (4.4)

The estimation of uncertainties for the solubilities of nobiletin and menadione in SC-CO>
are performed using both approaches A and B and are explained as it follows: Approach (A).
From three to five consecutive measures of solubility of either solute in SC-CO; at similar
temperature and pressure are completed for every condition. Results indicate that the
repeatability is above 95%, which is adequate to verify the precision of the experimental

apparatus and methodology used. Approach (B). The standard (U ) and combined expanded
(Ucomb) uncertainties are estimated using the available information for the apparatus,

experimental methodology and measured values (see Table 6.2 for details).

4.3.2 Thermodynamic consistency test

Thermodynamic consistency tests are supplementary tools to evaluate the reliability of a
data set (e.g., temperature, pressure and phase compositions at equilibrium), based on the

over determination of experimental properties measured, according to the phase rule, along
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with the use of the Gibbs—Duhem (G-D) equation to generate values of any one of these
properties and to compare them with the laboratory results [66]. Particularly, for
experimental solubility of a solid solute dissolved in SC-COy, i.e., temperature, pressure and
solute mole fraction in COz-rich phase at equilibrium, Valderrama and Zavaleta [67]
described a simple methodology for evaluating the thermodynamic consistency that

combines the G-D equation with an appropriate calculation of the compressibility factor
(z") and fugacity coefficients of the solute (Eﬁ; ) and CO; (g?ﬁf ) in the supercritical fluid

phase using an equation of state (EoS) (Section 4.4 describes how these properties are
calculated at thermodynamic equilibrium). The G-D equation for a binary homogeneous gas

mixture at constant temperature can be written as:

{ZFp_l}dpz yld(lngﬁf)+y2d(ln55§) (4.5)

The test proposed by Valderrama and Zavaleta [67] states that for a data set to be
considered consistent, the left side of Equation (4.5) should be equal to the right side within
acceptable deviations (explained in the next paragraph). Equation (4.5) can be conveniently
expressed in an integral form and be further arranged to obtain an equation to assess the

thermodynamic consistency of an individual data point (j) by using the information of the
next data point (j+1). This equation is called the area deviation (AAJ-) and is calculated as

follows:

j+1

[(p-y,) {j@ "-1) d¢z+j (1-v,) v.+(2 —1)-¢7f]_1d¢7f}

AAJ.=J

(4.6)

j+l L
[ (p-y,) " dp
i

According to Valderrama and Zavaleta [67] there are two stages in the test that have to
be completed. The first stage is to verify that the EoS with the mixing and combining rules

selected to model the FSE for each isotherm properly represent Y;, i.e., with the optimized

36



fitting parameters the square root of the sum of relative differences between calculated

(y7*) and measured ( ¥;) solubility (5(v), =(v"™ -, )_/yij ) squared and divided by the
J

number (N) of data points (5(y; ) = \/Z;ilé(yi )T/N , relative root mean square deviation)

[65] is within £20%. To try a different model (TDM) is recommended if this condition is
unfulfilled.

The second stage is to analyze the values of all AAJ- calculated with Equation (4.6) and

to check that all of them are within £20% to declare the experimental data set

-thermodynamically consistent- (TC). In case that only the 75% of the calculated values of

AAJ- verify the condition of +20%, the data set is defined as -not fully consistent- (NFC).

If less than 75% of the calculated values of AAj verify the condition of £20%, the data set is

considered -thermodynamically inconsistent- (T1).

4.3.3 Self-consistency test

Some issues about the consistency test are mainly related to the performance of the
equation of state and the lack of information for the solid solute such as, critical parameters,
acentric factor, molar volume, and sublimation pressure required for calculations with an EoS
[68,69]. The semi-empirical model proposed by Mendez-Santiago and Teja (MS-T) [70] is
used to correlate the solid solute solubility as a function of temperature, pressure and pure
CO: density, removing the restriction aforementioned, data of solute properties and
performance of equations of state. The adjustable parameters included in the model are
temperature independent, therefore, an appropriate representation of solute solubility,
temperature and pressure versus CO> density could result in a collapse of all the experimental
data on one straight line for a range approximately from half to twice of the CO> critical
density for a wide range of temperatures, representing a self-consistency test for an

experimental solubility data set [68,69,71]. This kind of uncertainty assessment could be
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referred to as precision, because it can be classified as the measure of the deviation from a
fitted curve (representing the expected physicochemical relation among properties) for an
experimental data set [65].

The self-consistency of the experimental solubility data reported in this work is evaluated
with the MS-T model [70], according to Equation (4.7), with three adjustable parameters,
A, Bi and Ci. Using multivariable linear regression of the experimental data, the best-fit
parameters Aj, Bi and C; are assessed. The density of the CO2-rich phase in Equation (4.7)
is replaced with the density of the pure CO., because of the low solubility of the solid solutes.
According to Mendez-Santiago and Teja, the fact that (after fitting the experimental data to
the model) all solubility isotherms collapse to a single line makes this model a powerful tool
to determine the self-consistency of experimental data. This technique is used in this work to

identify questionable data sets or data points in our analysis.

T[In(p-y;)-C |=A+B;-p, 7

4.4 Modeling solid + fluid phase equilibria

4.4.1 Procedures and criterions for modeling solid + fluid phase equilibria

The state of thermodynamic equilibrium of a two-phase system, fluid + solid, of n

components, is established when the temperature, pressure and molar Gibbs free-energy of

every component i (Gi ) of both phases are equal:

TFLT P ep =6 (etn) @)

The equality of temperatures, pressures and Gibbs free-energies indicates an equal flux of
heat, momentum and moles between one phase and the other, respectively. For a system at

constant temperature and pressure (as the systems studied in this work) the state of
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equilibrium is attained when the total Gibbs free energy of the system reaches a global
minimum. With the purpose of determining the state of equilibrium of a system using only
macroscopic measurable properties, G. N. Lewis (USA, 1875-1942) replaced the Gibbs free

energy equilibrium condition for the concept of a modified partial pressure, called fugacity

(?.) , Equation (4.9), which is calculated as the product of the partial pressure of component

i in the mixture (pi) and the fugacity coefficient (¢. ) as in Equation (4.10).

dG =RTdInf, (4.9)

fi=¢-p (410)
Therefore, the third equilibrium condition of Equation (4.8) is replaced by the equality of
fugacities of each component i in both phases as in Equation (4.11).

fo =1 (4.11)

There are two approaches for solving Equation (4.11), the isofugacity and the G
minimization approaches. Based on the conditions of the system, one of these approaches
needs to be selected for solving the FSE. For a binary mixture with only two phases, as
verified visually for the systems studied in this work, there is only one minimum in the Gibbs
free energy, consequently, the simpler method is selected for solving the FSE, that is, the
isofugacity method. The equality of fugacities of component i between the fluid and solid
phases is represented using a ¢ — ¢ approach, in which the fugacity of component i in both
phases is calculated directly from Equation (4.10). The fugacity of component i in the fluid

phase is calculated as:

f=vpd @12)

The fugacity of solute i in the solid phase can be calculated with two different approaches,
namely, the McHugh [72] and Kikic [73] approaches. The McHugh approach is selected for
calculating the fugacity of nobiletin in the solid phase, while the Kikic approach is used for

menadione. The reason for using a different model for calculating the solubility of each solute
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in SC-CO: is for learning only, since both equations give similar results by using different

parameters. Assuming that the solid phase is a pure solute [68], from the equality of

fugacities, Equation (4.11), Y; is calculated according to Equation (4.13) for the case of

nobiletin, and Equation (4.14) for menadione.

pSubI -exp \772S ( p— pSubl )
2 R-I- 2

e,

Y, = (4.13)

In Equation (4.13), p* is the sublimation pressure of the pure solid solute at the

equilibrium temperature, V,” is the pure solid solute molar volume, and R is the universal gas

constant.
S
Y, = f5_2|:
2 (4.14)

In Equation (4.14), ¢25 is the fugacity coefficient of the pure solute, which is obtained

using Equation (4.15).

AH

Equation (4.15) relates the fugacity coefficient of the solid solute to the fugacity
coefficient of the sub-cooled liquid (SCL) at equilibrium temperature and pressure. The only

data which are required for calculating the fugacity coefficient of the pure solid phase, are

the heat of fusion at the triple point (AHtp), the triple point temperature (Ttp) and the fugacity

coefficient of the pure solute in the sub-cooled liquid phase ( ZSCL) at T and p.

Finally, ¢

is calculated with Equation (4.16), where V is the molar volume of the

mixture and N; are the moles of component i in the mixture.

40



y,-p RT V== \Y sn,

. _ZFRT
ng -t L[ !ﬂ_n[&oj ]dV—InZF (4.16)
TV,

To solve Equation (4.16), it is necessary to use an EoS with proper mixing and combining
rules that will be given in the following section.

4.4.2 Equations of state

Phase equilibrium of a fluid phase can be modeled using an equation of state, i.e.,
a thermodynamic relation between the volumetric properties of the system, namely,
temperature, pressure and volume. Since equations of state describe mathematically the
physicochemical behavior of a fluid, they can be used to obtain fundamental properties for
the design of separation processes, such as, vapor pressures, densities, critical properties,
fugacities, among others. To extend the applicability of an EoS from a system of one
component to a mixture it is necessary to introduce the so-called mixing rules, which

introduce a composition dependence to the parameters of the EoS.

In this work, the Peng—Robinson (PR) EoS [74] with the Wong—Sandler (WS) mixing
rules [75] is used to calculate the fugacity coefficients of the solid solute and the solvent in

the fluid phase [76]. For a single component, the PR-EQOS is described in Equations 4.17-21.

Io:vR—Tb R +b)ib(\/—b) i
a - 0.457235[ RZTCZ ja(Tr) (4.18)
b = 0.077796( Rp-lc-c ) (4.19)
oT,)=[1+F (1—Tr°'5)T (4.20)
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F =0.37646 +1.542260—0.26992 (4.21)

For mixtures, the WS mixing rules for parameters a and b (a, and b,,) are as follows:

a, =h, [Z Y {ﬂ + Agy) J (422)

) 2% (b_;r]”

- 1 / a.
b, _ (b—%) :E[bi+bj]— :’T'(l—kij) (4.23)
1—2 Yidy _Am(y) ij
bRT ORT
Q = 0.34657 24)
E E E
Ax(y) = Ao (y) = Go (y) (4.25)

E
The excess Gibbs free energy Go (Y) is calculated with the Non Random Two Liquid
(NRTL) [77] activity coefficient model as follows:

E

Go (X) - 7,,Gz 4 7,,G12 (4.26)
RT Y, +Gay, Y,+Grny,

G G

R_flf =€exp [_alzrlz] R.Zl_l =€exp [_a121-21] (4.27)

In Equation (4.27), parameters 7, and 7, are temperature dependent and &, is a
non-randomness parameter. The model parameters, (klz, Ay, Ty, Tyand pZS“b')for nobiletin

and (k13 , 013, Ty3 and T3 ) for menadione, are calculated using an algorithm which minimizes

the average absolute deviation (AAD) of the solubility which is calculated as:

(4.28)
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5. Materials and methods

This chapter describes the materials, experimental equipment and methodology used in
this work for measuring the thermodynamic solubility of nobiletin and menadione in
SC-CO..

5.1 Materials

For the determination of the solubilities in SC-CO> of the solutes studied in this work,
the following chemicals were used: nobiletin (0.97 mass fraction purity or w/w) was from
CHEMOS GmbH (Regenstauf, Germany), menadione (0.98 w/w) was from Sigma-Aldrich
(Saint Louis, Missouri, USA), and low pressure (5.7 MPa) carbon dioxide (0.9999 w/w) was
from AGA-Chile S.A. (Santiago, Chile). In Table 5.1 were summarized the specifications of

the chemical samples used in this work.

Table 5.1. Specification of chemical samples.

Chemical name Source Initial_mass fraction Purification Final mass fraction Analysis
purity / kg-kg* method purity / kg-kg* Method
Carbon dioxide AGA-Chile S.A. 0.9999 None 0.9999 None
Nobiletin CHEMOS GmbH 0.97 None 0.97 None
Menadione Sigma-Aldrich 0.98 None 0.98 None
Acetonitrile Tedia 0.999 None 0.999 GC®
Methanol Merck KGaA 0.999 None 0.999 GC®
Water Merck KGaA 0.99999 None 0.99999 GC®
@Gas Chromatography
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5.2 Experimental equipment

The experimental equipment used for measuring solubility of the solutes in SC-CO-
(see Figure 5.1) consists of a stirred, 50 cm® (Thar-Tech, Pittsburgh, PA) view-cell placed
in a temperature-controlled air bath, a syringe pump (Teledyne ISCO 260D, Lincoln, NE)
used to load CO into the system and adjust system pressure, and a gear pump
(GAH-T23, Eurotechnica, Bargteheide, Germany) to recirculate the CO2-rich phase and aid
system equilibration. The equilibration system is coupled to a HPLC, for detecting the mole
fraction of the solute in the fluid phase, that consists of an L-7100 pump, L-7350 oven, and
L-7455 photodiode array detector (Hitachi LaChrom, Tokyo, Japan). The closed loop is
contained in an acrylic box (the air bath in Figure 5.1) to maintain the temperature of the

system constant.

Figure 5.1. Experimental analytic system. (1) CO, (2) syringe pump, (3) air bath (dotted line), (4) recirculation
pump, (5) equilibrium cell, (6) six-way high pressure valve, and (7) high performance liquid chromatograph.
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To feed samples of the CO2-rich phase to the HPLC coupled to the equilibration system,
to determine the solubility, a six-way high pressure sampling valve (Rheodyne 7010,
Rohnert Park, CA) is used. The sample is taken from a 20 pL sample loop (inside (6) in
Figure 5.1). The cell, the recirculation pump and the sampling valve form a closed loop and,
because of the recirculation flow, it can be considered that the sample loop has the same
temperature, pressure and composition than the fluid mixture in the cell. The equipment and
methodology used in this work is a modification of the analytic setup of de la Fuente et al.
(2006) [78] and it was first described in the undergraduate thesis in chemical engineering of

Roberto Canales at UTFSM [79] which is available online at https://catalogo.usm.cl. The

experimental equipment and procedure was validated [80] by measuring solubility isotherms
of B-carotene in SC-CO> and comparing the results with those of literature and it was found
that the new setup improved equilibration time from twelve to eight hours and standard errors
of solubility measurements from an average of 37% to 24% (for carotenoid pigments) thanks
to the incorporation of a recirculation pump A complete description of the equipment and
the methodology used in this work can be found in reference [79] and only a brief description

of the methodology is given in the next section.

5.3 Experimental methodology

5.3.1 Starting up the experiment

To measure the solubility of either solute (menadione or nobiletin) in SC-CO; a
dynamic-analytical methodology [63] was used. It consists in the following: first, the
equilibrium cell is loaded with the solute (usually 0.2 to 2.0 grams, depending on the
solubility) with a sufficient amount to ensure complete saturation in the supercritical phase,
then the residual air is removed by displacement with CO2 from a gas cylinder, released with
a vacuum pump (Welch Vacuum, Skokie, IL) and, after that, CO, is loaded into the
equilibrium cell using the high-pressure syringe pump. With both components loaded in the
equilibrium cell, the stirring system, i.e., the magnetic bar, and the recirculation of the

COq-rich phase, are activated to reach the equilibrium conditions. By using the two sapphire

45


https://catalogo.usm.cl/

windows of the view-cell, it is verified, for every condition of T and p, the presence of two
phases, fluid and solid. The solubility isotherm is completed by adding CO- to the cell to
increase the pressure and attaining new equilibrium conditions up to reaching the required
final pressure [81]. Additional isotherms are obtained repeating this procedure using another

initial temperature.

5.3.2 Sampling and analysis of carbon dioxide rich phase

Prior to sampling the COz-rich phase from the cell and determine how much of the solute
dissolved in the COy, it is necessary to obtain the chromatographic response of a stock
solution of a known concentration of the solute of interest to compare it with the one that will
be obtained from a sample taken from the cell. This is done by injecting an aliquot of the
stock solution directly to the HPLC by using a syringe. This is repeated at least three times
to obtain an average value with a repeatability of 95%. This procedure is done every day to
check the correct performance of the HPLC. The solute content of aliquots sampled from the
cell, was determined using a slightly modified version of the isocratic HPLC method of
Robert et al. [82]. For the HPLC analysis of nobiletin [83], the mobile phase used
1 cm®-min of a 40:60 v/v (volume fraction) mixture of HPLC-grade acetonitrile from Tedia
(Fairfield, OH) and HPLC-grade water from Merck KGaA (Darmstadt, Germany), and a
reverse-phase, 4.6-mm (inner diameter) wide, 25-cm long, C18 column (Waters symmetry
column, Waters, Milford, MA) packed with 5-um (diameter) particles of stationary phase.
The solute was detected at a wavelength of 470 nm. Stock solutions containing
Cs = 0.044 mg-cm™ of nobiletin in acetonitrile were prepared and injected for calibration.
Similarly, for the HPLC analysis of menadione [84], the mobile phase used 1 cm3-mint of a
70:30 v/v mixture of HPLC-grade acetonitrile from Tedia (Fairfield, OH) and HPLC-grade
water from Merck KGaA (Darmstadt, Germany), and a reverse-phase, 2.0-mm
(inner diameter) wide, 25-cm long RP-18 HPLC column from Merck KGaA
(Darmstadt, Germany) packed with 5-pm (diameter) adsorbent beads. The solute was
detected at a wavelength of 300 nm. Stock solutions containing Cs = 0.1 mg-cm™ of

menadione in methanol were prepared and injected for calibration.
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After equilibration of temperature, pressure and composition, which is considered to take
place after eight hours [80], as verified in this work, a sample (aliquot) is taken from the cell
using the six-way valve. This is done with the recirculation pump turned off. The aliquot
taken from the cell is sufficiently small to not alter the equilibrium significantly and continue
measuring at the same condition of temperature and pressure (replicas). At least five replicas
are taken at each condition with a repeatability of 95%. After the injection, the sample loop
gets loaded with the mobile phase of the HPLC, and it should be cleaned before making
another measurement, otherwise, the mixture in the cell would get contaminated. This
cleansing is accomplished by closing the four valves that form the closed loop and then

injecting SC-COz to the sample loop with the syringe pump.

5.3.3 Solubility quantification

Values of y; are calculated using Equation (5.1) [81] based on the chromatographic
response (units of absorbance), peak area Ai, of Viv = 20 pL-aliquot (Rheodyne,
Rohnert Park, CA), from the loop of the equilibrium cell, as compared to the chromatographic
response (peak area Asi) of a Vs = 20 pL-aliquot (Rheodyne, Rohnert Park, CA), from the
loop of the HPLC injector, of a stock solution of known concentration (Cs;) of the solute used
for calibration purposes, and properties of CO2, molar mass (MW1) and specific volume at
test conditions (vi) calculated as a function of system temperature and pressure using
NIST [85] database. From Equation (5.1) it is assumed that the density of the fluid mixture
is the same as the density of pure CO>, which is a very good approximation when the solute

present in the SC-COz is in a mole fraction below 1-10° mol-mol™.

A'/Vlv
= —L—=|.C. -V, - MW,
Yi [ASi/VsJ si' V1 1 (5.1)
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6. Results and discussion

This chapter presents the experimental solubility data obtained in this work for the binary

fluid + solid systems: CO + nobiletin and CO, + menadione, that was validated with the

estimation of uncertainties and the evaluation of the thermodynamic consistency and

self-consistency of the data. First, the experimental results for both systems, with their

corresponding uncertainties are presented, followed by the thermodynamic consistency and

self-consistency test results.

6.1 Nobiletin in supercritical carbon dioxide

Isothermal solubility for the system (CO. + solid nobiletin) at temperatures of

(313, 323 and 333) K as a function of pressure are reported in Table 6.1 and represented

graphically in Figure 6.1 [63] (Appendix A).

Table 6.1 Experimental molar fraction of nobiletin (2) (solubility, y-) in supercritical CO2 (1)-rich phase as a
function of system pressure (p) or density of pure CO, (p1) at temperatures (T) of (313, 323, and 333) K.

T/K p/MPa p1lkg-m3
y2 -108 / mol-mol? Ucomb(y2) -10° / mol-mol*
313 17.97 819.0 114 14
21.93 856.7 126 16
28.22 899.1 141 18
323 18.09 758.6 109 14
21.79 804.4 138 18
27.87 855.7 154 20
31.03 876.8 164 21
333 18.35 694.1 107 14
21.95 751.6 152 19
27.92 813.4 179 23
32.40 839.6 182 23

u(T) = 0.1 K, u(p) = 0.001 MPa. Combined expanded uncertainties for molar fraction of nobiletin, Ucomb(y2), were

estimated with a 0.90 level of confidence.

48



250

200

-1

5
E
° 4
£ 150
=
o
<
N
100 4
50 T T 1 T T T T
16 18 20 22 24 26 28 30 32

pl MPa

Figure 6.1. Molar fraction of nobiletin (2) (solubility, y-) in supercritical CO, (1)-rich phase as a function of
system pressure (p) at temperatures of at 313 K (e, ); 323 K (m, — —) and 333 K (A, —-). Error bars
represent the uncertainties informed in Table 6.1. Lines represent correlation of Mendez-Santiago and Teja
[86].

The standard and combined expanded uncertainties were estimated using the available
information for the apparatus, experimental methodology and measured values. Results are
included in Table 6.1 for temperature, pressure and each individual value of the mole
fraction. Table 6.2 details the methodology used to estimate the uncertainties for all variables

and properties measured in this work for nobiletin in SC-CO. (the methodology for
menadione is equivalent). The values of the U, (y,) in Table 6.1 differ from the ones

published [63], because the estimation of the uncertainties of the volumes of the sample loops
(u(Viv) and u(Vs) in Table 6.2) were equal to 2 pL (information provided by the
manufacturer), while in this work the volumes were measured with an uncertainty of 0.2 pL
with the method of Devoe et al. [87].

Results for nobiletin indicate that solubility started from y, = 107-10° mol-mol™? at
T =333 K and p = 18.35 MPa and increased up to y> = 182-10° mol-mol* at T = 333 K and
p = 31.40 MPa (the highest pressure measured). At constant temperature, the solubility
showed an increase with pressure, driven by the increment in the CO> density and its positive

effect over the solvent power.

49



Table 6.2. Estimation of the combined expanded uncertainty for molar fraction of nobiletin (2) (solubility, y»)
in supercritical CO; (1)-rich phase, Ucomn(Y2), based on the contributions of properties and variables measured
and calculated [81].

e Type of uncertainty - . Contribution to
Property, Variable (Level of confidenca | %) Uncertaity Wowaly) / %
Temparatura | _ r
(132 TLBHE Standard ufT}=01K
Pressure | _ |
(1797 < p £ 31.40) \Ba, Standard uf pj=0.01 MPa
Chromatographic area for sample of nobiletin . . R
diszolved in CO» Standard ulA,)=3500 AU 1
(3773630 £ 4, £11390338) AU :

Chromatographic area for the stock solution \_ax T
(344727 < Ay £ 375559) AU Standard u{Ay)=3500AU L
Vehmne of sampler loop of the aquilibrium cell _
Fom20uly Standard u||__ V., _|| =2l 13
Volume loop of the HPLC injector 1_
20l Standard ufVg)=2 L 13
‘Concentration of stock solution

C..= m Combined uCocrb{_CS.‘._} _ u{n’” u{_v\'r b 50

317 =

Vig - MW, (68.27) C;: m, V\r

Cer=0.10935-10" mol-cm”

Massz annblletm dizzolved in acetonitrile st 4 ulm ) =0.0001 g

m=22mgz VL

Volume of flazk to disselve nobiletin in . R

acetonitrile Standard u( V| =0.08 cm’

Fip =30 em’ ' :

Specific voluma of CO: { b

B W, av, ¢ av, ‘
v.=f(Tp) C”'“b“fd Boems | 1-=L._1.u1}r|.+ i-—]-u{pb 1
L L J (68.27) v, v, ar 'S 3,0 VY

(4.89 = £ 6.34) %107 m mol

Volumatric expansibility of CO:

1 3'."]
==L - NIST

v, T
(000446 = @ 0101 B
Teothermal compressibility of CO:

1 E'."]

= —. 2 NIST
v, ap

(0.00065 < £, < 0.00283) MPz"
Molar fraction of nobiletin in CO.-rich phase

B

¥ =r“q;-’.vr\'l_c v MW Combinad UM{K’ A‘_ﬂ‘. A‘ﬂ‘:\:_ﬂi"'{r\' AV, _AG, Ay
lALw ) R (50) 1645-y, A, A, V., W G, vy

(10722 182) -10° mol ol

' Area umits_

An enhancement in the solubility values of nobiletin with the temperature at isobaric
condition was observed, indicating that increasing the solute vapor pressure overwhelmed
the reduction in CO density. As seen in Figure 6.1, an inversion in the isothermal response
was detected for solubility data at the lowest value of pressure measured, the behavior shifted
around 18 MPa (temperature crossover), from a negative effect of temperature on solubility
(the increasing in the solute vapor pressure with the temperature cannot balance the
decreasing in the CO> density) to a positive effect. In addition to solubility data of nobiletin
reported in this contribution, there is no information in literature about solubility of nobiletin
or any other PMFs in SC-CO». As a reference, the solubility of flavone (the backbone of the
nobiletin molecule) in SC-CO; at T = (308.2 and 318.2) K [56] is approximately 3.7 times
higher when is compared with the solubility of nobiletin at T = 313.2 K and pressure range
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from (17.97 to 28.22) MPa. The lower values in solubility of nobiletin are due to the presence
of the six methoxy groups that contribute to increase its molar mass and polarity relative to
flavone, which affect negatively over the solvent power of the SC-CO- [51].

6.2 Menadione in supercritical carbon dioxide

Isothermal solubility for the system (CO: + solid menadione) at temperatures of
(313, 323 and 333) K as a function of pressure are reported in Table 6.3 and represented
graphically in Figure 6.2 [88] (Appendix B) along with solubility data published by Knez
and Skerget (2001) [57] and Johannsen and Brunner (1997) [58].

Table 6.3. Experimental molar fraction of menadione (3) (solubility, ys) in supercritical CO; (1)-rich phase as
a function of system pressure (p) or density of pure CO; (p1) at temperatures (T) of (313, 323, and 333) K.

Menadione (3)

T/IK p/ MPa p1/kg-m3

y3 -10% / mol-mol-* Ucomb(ys) -10¢ / mol-mol-!
313 10.32 650.0 833 78
14.13 765.7 888 79
17.61 815.1 874 77
19.58 835.8 924 82
22.41 860.5 893 79
25.72 884.3 882 78
30.67 913.5 887 78
323 9.87 368.7 792 80
15.36 785.8 928 83
20.38 788.9 908 81
21.90 805.5 1091 94
26.41 845.4 910 80
333 9.72 273.5 630 57
13.15 514.9 934 111
13.43 531.2 1057 95
17.17 668.8 982 84
20.53 732.0 914 103
24.24 778.6 937 79

u(T) = 0.1 K, u(p) = 0.001 MPa. Combined expanded uncertainties for molar fraction of menadione, Ucomn(y3), were
estimated with a 0.90 level of confidence.
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Figure 6.2. Molar fraction of menadione (3) (solubility, ys) in supercritical CO; (1)-rich phase as a function of
system pressure (p) at temperatures of at 313 K (e, ——); 323 K (m, — —) and 333 K (A, — -). Error bars
represent the uncertainties informed in Table 6.3. Open symbols represent the solubility of menadione in
supercritical CO; reported by Knez and Skerget [57] at 313 K (o, ——), 333 K (g, — —) and 353 K (A, — -),
and those of Johannsen and Brunner [58] at 313 K (0, —). Lines represent the trend.

Results indicate that solubility started from y; = 630-10® mol-mol™? at T = 333 K and
p =9.72 MPa and increased up to y3 = 1091-10° mol-mol* at T = 323 K and p = 21.89 MPa.

It can be seen from Figure 6.2a that, for the data measured in this work, at pressures higher

52



than 21.90 MPa at 323 K and 17.17 MPa at 333 K there was a fall in solubility, probably
because of an obstruction on the recirculation loop from solute accumulation in the line that
reduced drastically the recirculation flow. Consequently, true equilibrium condition was

probably not reached for these points.

Comparing our results with those of literature, as it can be seen in Figure 6.2b, the
solubility of menadione in SC-CO> measured in this work does not coincide with previous
results of Johannsen and Brunner at 40 °C, nor those of Knez and Skerget at 40 or 60 °C.
It is important to notice that literature data does not provide an estimation of inherent errors
of measurements. Knez and Skerget found that the solubility of menadione in CO2 was in the
range 160-10~° mol/mol at 353 K and 8.5 MPa to 4070-10° mol/mol at 313 K and 25.3 MPa.
Figure 6.2 shows that at constant pressure there is an increase in the solubility with
decreasing temperature for isotherms 313 K and 353 K. At 333 K solubility takes an unusual
course, with an average of 2963-10°° mol/mol and no clear dependence of the solubility to
pressure or density, as it remains relatively constant, except at 14.9 MPa where it drops
drastically. Johannsen and Brunner solubility measurements of menadione in SC-CO; at
313 K are in the range of 5990-10°® mol/mol at 26 MPa to 6680-10° mol/mol at 28 MPa.
These results are about 50 to 60 % higher than those of Knez and Skerget at 313 K.

Discrepancies between literature data for binary systems of pure minor lipids, such as
[3-carotene, tocopherols and fat soluble vitamins (like vitamin K) have been attributed to the
purity of the samples and the limitations of the experimental techniques used, such as the
lack of a high pressure window on the extraction cells used, lack of attainment of equilibrium
and solute loss during depressurization or due to entrainment (the entrapment or carrying of
one substance by another substance) [89]. An extensive report of variation of solubility
behavior between different authors, experimental techniques used, causes of solute loss, etc.,
can be found on reference [90].

53



Table 6.4 provides a comparison between the techniques used, purity of solute, operating
conditions, number of measurements and standard deviation, to determine the source of the
discrepancies of the equilibrium data. The lack of recirculation of the CO: rich phase could
explain the great differences between literature data and this work, because of an
accumulation of the solute in the sample collector, which can be expected at low flow rates.
On the contrary, micro recirculation, used in this work, minimizes solute accumulation on
the sampler and the time required for reaching thermodynamic equilibrium. Also, as we have
found during research of other solid solute + SC-CO> binary systems, when recirculation
flow gets reduced (which can be seen through the cell windows) because of the accumulation
of solute in the capillaries, chromatograms area peaks, for a same temperature and pressure
condition, are considerably higher (up to 800%) compared to measurements in normal
operating conditions. This could explain the higher values of solubilities reported in
literature. This situation can be detected by doing replicas of each measurement, to avoid the

report of doubtful data, as it was done in this work.

Table 6.4. Comparison between experimental methodologies used by different authors for measuring the
solubility of menadione in supercritical carbon dioxide.

Author Method Recirculation Phase_r Soll_Jte Relative Std. Average N° of
Separation Purity Dev. measurements
This work Z”a'y“?' COz-tich phase 8 [h] 98% <5% 5
ynamic
Knez & Skerget static- 0 i 0
[57] analytic no 1[h] 98% 0.2-15.6 % 2
Johannsen & static- - 0 0
Brunner [58] analytic no Unspecified 98% <5% 5

6.3 Thermodynamic consistency test

In order to assess the thermodynamic consistency of the solubility data of this work, pure
component properties of nobiletin and menadione were needed to be estimated, while CO-
properties were taken from NIST database [85].
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All pure component properties used in this work are summarized in Table 6.5 along with

the method used for their estimation. For the solid solutes, the Joback [91] group contribution

method was used to estimate the pure solid molar volume, critical temperature and pressure,

and saturation pressure at the reduced temperature of 0.7 (for calculating the acentric factor)

[48] when literature data was not available. The sublimation pressure (for nobiletin) was

included as a fifth optimization parameter [68], along with the four binary interaction

coefficients (ki2, a1z, T12, T21), common to both solutes, included in the combination rules of

PR + (WS + NRTL).

Table 6.5. Pure component properties for carbon dioxide (1), nobiletin (2) and menadione (3) from literature

or estimated in this work.

Source

Property Value (Estimation Method) Reference
Carbon dioxide (1)

Molecular weight (MW1, Da) 44,01 - -
Critical temperature (T¢,1, K) 304.2 NIST [85]
Critical pressure (pc,1, MPa) 7.38 NIST [85]
Acentric factor (w1) 0.2252 NIST [85]
Nobiletin (2)

Molecular weight (MW2, Da) 402.40 - -
Critical temperature (T2, K) 1256 Joback [48,91]
Critical pressure (pc,2, MPa) 1.54 Joback [48,91]
Acentric factor (wz) 1.1884 Definition -
Molar volume (VZ5 -108, m3/mol) 1067.5 Joback, assumed equal to critical volume [48,91]
Menadione (3)

Molecular weight (MW3, Da) 172.18 - -
Critical temperature (Tc3, K) 639.58 Literature [57]
Critical pressure (pc,3, MPa) 46.53 Optimized from data -
Acentric factor (ws) 0.6226 Optimized from data -
Triple point temperature (Tip, K) 379.3 fsnﬁ?)‘;'ﬁafjf:me‘j equal o fusion [48]
Heat of fusion at triple point (AHt, J-molt) 21488 Joback, assumed equal to fusion [48]

temperature
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Table 6.6 contains results for the first stage, with values for the selected optimization

parameters and the corresponding o (yi) calculated for each isotherm. Deviations between

modeled and measured data sets of nobiletin and menadione were 5(yi) < 12%, verifying

the test condition that it should be lower than 20%, and therefore was confirmed that the

combination PR + (WS + NRTL) was appropriate to represent the FSE.

Table 6.6. Results for the first stage of the consistency test for solid + fluid equilibria of CO; (1) + Nobiletin
(2) and CO; (1) + Menadione (3): Optimal values of parameters for the Peng-Robinson equation of state

(pﬁ“b', for nobiletin only) with Wong-Sandler mixing rule (ki) and Non-Random Two Liquid model

(0ui, 1, Tiz) for the correlation of the solubility of solute i (y;).

Nobiletin
T/K k12 12 T12 121 p2Si!t / MPa 5(y) 1%
313 0.876 0.074 22.97 10.19 2.9-10°% 6.62
323 0.867 0.085 21.12 10.57 2.7-1016 7.01
333 0.856 0.075 19.43 11.09 3.1.10°% 11.9
Menadione
T/IK kis 013 T13 31 S(y,)! %
313 -0.5155 0.0924 5.9078 1.5356 3.20
323 -0.5042 0.0953 7.2113 1.6122 6.55
333 0.0579 0.1264 5.1901 3.0692 11.0

For the second stage, the PR + (WS + NRTL) was used to calculate the fugacity
coefficients of both components in the fluid phase to apply of the consistency test. Individual

calculations of area deviations (j) were assessed with Equation (4.6) and are listed as

absolute values (|AA|J_) in Table 6.7. In addition, for each data point (j) in Table 6.7, the

absolute value for the relative deviation between solute solubility calculated from
PR + (WS + NRTL) and the experimental measured value, 5(yi)j, are included. Results
listed indicate that at T = (313, 323 and 333) K, the |AA|J values were < (18.9, 17.2, and 17.0)
% for nobiletin and < (5.2, 8.0, and 14.0) % for menadione, therefore all measured isotherms

are thermodynamically consistent, per the criteria established for the test.
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Table 6.7. Results for the second stage of the consistency test for solid + fluid equilibria of CO (1) + Nobiletin

(2) and CO2 (1) + Menadione (3) using Peng-Robhinson equation of state with Wong-Sandler mixing rule and

Non Random Two Liquid model: Assessed values of the absolute relative deviation (‘5(% ),—‘) and area

deviation (|AA|J_ ) for individual solute solubility data points ( Y;) according to Equation (4.6).

Nobiletin
T/K=313K T/K=323K T/K=333K
j p/ ‘5(3/2)1-‘/ |AA|j/ p/ ‘5(y2)j |AA|j/ p/ ‘5(y2)j |AA|1/
MPa MPa MPa
% % 1% % 1% %
1 17.97 0.33 18.9 18.09 0.32 17.2 18.35 0.31 17.0
2 21.93 115 14.3 21.79 9.05 13.6 21.95 14.8 16.6
3 28.22 0.14 27.87 0.10 135 27.92 0.22 9.22
4 31.03 10.7 31.40 18.6
Menadione
T/K=313K T/K=323K T/K=333K
j p/ ‘5(y3)j‘/ |AA|] / p/ ‘5(y3)j‘ |AA|j/ p/ ‘5(y3)j‘ |AA|j/
MPa MPa MPa
% % 1% % 1% %
1 10.32 10.1 0.66 9.87 0.13 7.99 9.72 21.6 13.96
2 14.13 0.06 5.16 15.36 6.58 5.72 13.15 6.16 6.11
3 17.61 461 4.90 20.38 0.01 6.56 13.43 16.2 4.30
4 19.58 1.09 3.08 21.89 19.6 - 17.17 0.10 -
5 22.41 1.09 3.89
6 25.72 0.00 0.84
7 30.67 5.32 -
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Table 6.8 summarizes the thermodynamic consistency test results, including literature
data of menadione solubility. Calculations for correlating the solubility with the
PR + (WS + NRTL) model and for evaluation of the thermodynamic consistency of the
equilibrium data were performed using MATLAB™ algorithms based on the codes

developed by Martin et al. (2011) [92] which are available online.

Table 6.8. Consistency Test Results for solute + supercritical CO equilibrium.

Nobiletin
T/IK ND 5(y;) Max |AA|J /% Result Reference
313 3 6.62 18.9 TC
323 4 7.01 10.7 TC This work
333 4 119 18.6 TC

Menadione
T/K ND 5(y;) Max |AA|J /% Result Reference
313 7 3.20 5.16 TC
323 4 6.55 7.99 TC This work
333 4 11.0 14.0 TC
313 6 10.7 14.70 TC
333 9 >20 - TDM [57]
353 6 >20 - TDM
313 6 >20 - TDM [58]

6.4 Self-consistency test

Using multivariable linear regression of the three isothermal solubility data sets of
nobiletin and menadione in SC-CO> informed in Tables 6.1 and 6.3, the best-fit parameters
of MS-T model in Equation (4.7) were estimated for assessing the self-consistency or

precision of the solubility data. Results of the optimization are presented also in Equations

(6.1) and (6.2). The root mean square deviations were &(Y,)=3.2 % and 5(y,)=18.6 %.
The projection -r[m( p- yica'c) - Ci] VErsus rl(T, p) (Figure 6.3), confirms that most of the

experimental data falls on a single straight line, behavior observed by Mendez-Santiago and

Teja [70], a graphical verification of the self-consistency for both experimental data sets.
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Figure 6.3. Representation of solute molar fraction (solubility, y;) in supercritical CO, (1)-rich phase, CO;
density (p1) and temperature (T) in a two-dimensional arrangement (upper) and three-dimensional arrangement

(lower), T.[In(p.yi)-CiJ versus I’l(T,p) and T-[In(p-yi)-ci] versus I’l(T,p) versus T,

respectively. Symbols represent experimental results measured in this work (Tables 6.12 and 6.3). Nobiletin
(2) at 313 K (@); 323 K (m) and 333 K (A); Menadione (3) at 313 K (O); 323 K (J) and 333 K (A). Straight
lines represent the Mendez-Santiago and Teja correlation with constants according Equations (6.1) and (6.2).
Nobiletin: A, = -6872.0 K; B, = 24962 K-m3-kg! and C, = 23.0331, with 5(Y,)<3.2 %:;

Menadione: A; = -4835.4 K; B3 = 1.0139 K-m3-kg™ and C; = 22.4218, with 5(y,) <186 %-
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Conclusions

The isothermal solubility of two solid compounds, 2-(3,4-Dimethoxyphenyl)-5,6,7,8-
tetramethoxychromen-4-one (nobiletin) and 2-methyl-1,4-naphthoquinone (menadione)
dissolved in supercritical carbon dioxide at T = (313, 323 and 333) K and pressures lower
than 31.40 MPa was obtained by a direct analytic recirculation methodology. The six
solubility data sets (three for each compound) were validated using a procedure that allowed
the estimation of the combined expanded uncertainty for each value of the experimental
solute mole fraction in the CO2-rich phase value, to verify for every isothermal data sets their
thermodynamic consistency (reliability of data), and to evaluate the self-consistency
(a kind of precision) of the measured solubility. The validation procedure for the solubility
data of the solute + CO- systems indicated that the combined expanded uncertainty of the

solubility was < 23-10 mol-mol* for nobiletin and < 111-10° mol-mol* for menadione;

that every isotherm for both systems was thermodynamically consistent (AAJ. <20%); and

that the self-consistency of nobiletin and menadione is SC-CO>, assessed with the MS-T

equation, were 5(y,)=3.2% and 5(y,)=18.6 %.

The solubility behavior of the studied systems corresponded, in general, with the
tendencies expected (Section 4.1) for solid solutes in SC-CO; in the p-T region where only
the solid and fluid phases are present; particularly, a monotonous increase in the molar
fraction of the solute in the saturated SC-CO> phase was observed with increasing pressure
(density effect) for all nobiletin data and the 40 °C isotherm of menadione. The temperature
effect, on the other hand, was clearly observed for nobiletin with the presence of a crossover
around 18 MPa; as for menadione, due to dispersion in the results, it was not possible to
clearly determine the location of the crossover since many data points deviate significantly
from the trend. Consequently, additional measurements are recommended for the 50 °C and
60 °C isotherms as their solute solubility trend lines are practically equal. Lastly, comparison
with literature data (available only for menadione) showed great differences between authors,
however, the data measured in this work has more value than literature data due to the

validation procedure and the more reliable experimental methodology.
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Ongoing Work

A continuation of this work will be to systematically evaluate the relationship between the
solute structure and solubility in CO», starting from menadione and continue with different
new derivatives, synthesized by performing structural changes to the basic chemical structure
of menadione (core molecule). The changes included in this future study will consider side
chain variations, e.g., length and grade of chain branching, number of rings, position and type
of substituents in the molecules considering the possible change in the solubility in

supercritical CO2 due to these variations of the core molecule.

The data generated with this study will be correlated with computational approaches, such
as molecular simulations, to develop a semi-empirical model for the prediction of the
solubility using molecular descriptor obtained from molecular simulations. This information
could explain and identify the molecular and electronic characteristics that define the

solubility levels of the derivatives in SC-COa.
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ARTICLE INFO ABSTRACT
Argile MTOTE lathermal salubility of 2-{34-Di methocyphenyl)-5 67 8-tetramethmey chromen -4-one [ nobilstin} in
Recsived 17 June X015 supenmitic] carbon dioxide at temperatures of (313, 373 and 3303) K and pressures from (18 to 31)

R bn rewinsd fxrm 31 July 2015
Acceprad 17 Aegest 2015
A llabebe curdlive: 24 despey 2005

MPa was mezsured using an analytic-rednoul ation method alogy, with dinect determination of the malar
mmpasition of the @rbon dioxide-rich phase by using high performanae liquid chromamgraphy. Results
indicaed that the range of the measurd solubility of nobilstin was from 107 <107 mal - mol~" at
T=333 K and 1235 MPa to 182 - 107° mal - mal™ at T'= 333 ¥ and 31.40 MPa, with 2 s=mperature cnos-

Lz peenacts: over aound 18 MPa The validsfion of the experimental salubility das was caried out by using three
m approaches, namely, estimation of ined expanded unc y fiar each solubility data point from
Smpeoirical cartn diaside ﬂpﬂ'nmta]pmnhﬂisﬂ 107 mal - mal~" § thermody namic mnsisency, verified utlzing
Ditsparsion a test adapted from ook baed on Cibbs=Duhem squation and solvhility mode] ling results; and,
Muasedling el soonsistenoy, proved by comelating the solubility data with 2 semi-smpirical made] 2= 2 function of
temperaune, presurne and pore OO, density.

& 2015 Elsevier Ltd. All rights reserved.

1. Introsdise tion nevnupecsl ar aned for low-mol ecular-wei ght sctive prindi ples (bioactive

Flavomodds are pol yphe nolic compounds with a structere based
on flavome (2-phenyl-4H -chromen-4-one |, 3 badtbome of 15 car-
bone arranged in a three rings skeleton, G=—G=_Ca (figure 1A) with
multiple sulstituent groups |1 Mobiletin (2-(3 4 Dimethaoyphe
iyl 56,78 tetramethox yehrome n-d-one | il strated in fig ure 18, 2
Mavomnoid that belongs to the polyme thiyllavones (PWFL is ome of
the mjor oom ponents. identified in citrus fruits, $pecifically sbun-
dant with large percentage content in citrus peels |2, and it may
act in protecting from pathogenic attack taking into sccount its
amtiviea] and anvtimicrobisl expacity | 3] Nobiletin has shown many
potentisl health promoting benefits, considering the cumulstive
evidences that indicate its biological activity, which gives to
nabiletin pharmascalogicsl  properties,  including,  anti-
inflammatory (the most significant), anti-carcinogenic, anti-viral,
anti-a therogenic and anti-dishetic |1

Supercritical (5C) Fluid extraction (SCFE) i an environmentally
friendly techmology ised to recover andior purily high-value

= Cormspedading 2 wilhar. Tel : +56 (32) 2165422 1; Gor: +55 (32) DE5HTE.
E-mail sudfwes: juandsla fesnmalucm o (). & L Fesne).

oz ko fad carg 0 O B0 A5 ] o i S 0B DAE
DO N 65 1 40 2005 Eluevier Lrdl AN sy resennsd

compounds, such x5 the PMF nabiletin) from bislogical matrices
The solvent used i 3 compresed imert gas shove i s corme spodding
critical temperature [ T.) and critical pressure (p), which conders a
near-liquid density and 3 near-gas visooity and self-diffushity.
Carbon digstide [00,) (T.= 3041 K, p_= 738 MPa) st supereritical
conditions. (5C-C05) i able to isolate high-purity bicsctive com-
poinls aveiding thermal damage, becaise the ope ration tempera-
tre in 4 SCFE process i alightly sbove T, of 00 Furthemmare,
there i o decompression stage, At low pressure, whene the OOy
gas releases the extract, remaining it free of contamination OO0z
is an inert substance There e i ute x5 2 sohent prevents wnde-
sirable side chemical resctions |4 . Lee et al |5 used SC-00q, pure,
and plus a modifier (2 solution of aquesis methanol or e thamal | to
extract PMFs from Qe depresa H The auhors studied experi-
mentally the global yields and the mncentration of nobiletin in
the extract &5 2 function of the modifler composition, extraction
temperature and pressure, O0o fow rate, and particle size, with
thee aim o find the optimal extraction conditiond

Appropriate mass trander models for 2 SCFE process of PMFs
from vegetal subsirates (eg, based on mas balance equations
for thin sections. of 3 packed bed) would facilitate the design, a3
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well a5, the defindtion and optimization of operational conditons
for commercial processe s with 5C-00; The development of models
and scale-up of SCOFE procesdes require experimental infomation
of physicochemical and transport properties from laboratory and
pilot plant in order to support and adapt a general model to a
specific process. Among others, thermodynamic constraing such
a4, sohute salubility and edrsction selectivity have to be estsh-
lished for each solute or group of solutes |6 The relisbility and
socuracy of physicochemical property data impact on the mod-
elling dedign and simulstion of chemical proceses, taking into
scoount the present cpacity and high performande of computs-
tional tooks to reproduce complex and large chemical processes,
aned specifie physicochemical phenamens |7) In arder to xvaid
doubt shout the validity of experimental physicochemical data
meaxswred in laboratory, in particulsr properies of phase equilibria
im chsemical thermodymamic, umncer tainties should be included neg-
ularly &5 a part of the experimental information in order to assess
the sccuracy of the data reponted.

Accuracy is a qualitative conept defined x5 the “clotensss of
agreament be tween the mesult of 3 mexsure ment 2nd the “mexsiir-
and™ |8, therefore, uncertainty is the quantitative parameter wed
o estimate the dispersion or cloeness of the value me xiured from
the trwe (but unkiswable) value [5) Unersintes of properties
can be estimated using two approaches |10, (A) by a probability
distribution from a defined large number of repetitions, or (B) by
propagation of whoertsinties uing the svailsble information, com-
el with commaon scientific sense based on previous experience.
For thermodynamic properties of phase equilibria (eg. sets of
compisitions of phases, temperature and pressure), spproach (A)
mist of the time is insppropriste, considering the dimension of
the effort and oot asocisted, and is limited to verily the repeats-
bility (a rype of precision) of a few mexsures | 7). Approach (B) is
prefermed For properties like equilibrium tempe rature and pres-
sure the standard uncertainty (u) is calowlated with one standard
devistion (6R27E of level of confidence for 2 normal distribution).
Generally the standard deviation may be estimated from the nype
of experimental spparatus, methodology and other sources of
information from litersture, among others. The uncerainty e

each mole fraction cm be xsessed with the combined wne rtainty
(Upomel 40 arrangement that quantifies the propagation of the
inividual standard uncertyinties of each vardable or oonstraing
appropristely eymbined and weighted, which defines the mole
fraction The combined expanded uncertainty (Urmme) is defined
& the prodiet of the comibvined uncertainty with & number (cove -
age (actor) greater or equal to one (&g, 1645 for S0 of level of
confidence for a normal distribution) Note that the definition of
all elements for the combined uncertainty in approsch (B) is in
mist of the cases unrealizable, and therefore uncertsinties
declared for a given set of experimental valwes are estimations of
thee resl dispersian

Thee rrrund yuanmi € oddi s ency et are supplementary ool to
evaluste of reliability of 2 data set (eg, tempersture, pressure
andl phase compoatitions st equilibriuem), based on the over deter-
mination of experimental properies messured, according to the
phate rule, slong with the uwse of the Gibls-Dubem equation o
gemerate values of any one of these properties amnd to compare
them with the Labor story results |11 Particul sy, for experimen-
tal solubility of a solid solute dissohved im SC-00;, ie., bemperature
(T pressure () and solute mole fraction in COx-rich phase (y2) at
equilibrium, Vakderramsa and Zxvalets |12] deseribed a2 simple
methodalogy that combines the Gibbs-Dulsem criteria with an
appropriste calculation of fugadty coelficients at high pressure
eduilibria fluid (F) + solid (5) using an edquation of state with mix-
ineg andd combination rules

Some isse s abouwt the consistency test are mainly related to the
performance of the equation of state and the Lack of indmation
for the solid solute such a8, critical parameters, acentric (actor,
malar volume, and sublimation pressure [13,14. Semi-empiricl
madels proposed by Mender -Santizgs and Teja |15) and Chrastil
|16] are frequently used to correlate the solid solute solubility as
a function of temper sture, pressure and pure 00; density, remov-
ing the resriction albrementioned, data of solute properties amd
performance of equa tionds of sate The three sdjustable parameters
inchided in asch model are inde pendent of temper sture, there fore,
an appropriate representation of Solwte solwhility, tem peratre and
presture versus Oy density could result in a collapse of sl the
experimental data on ome straight line for 2 range approcimately
from hall to twice of the O ditical density, representing 4 seli-
consistency test for an experimentsl solubiity data  set
| 13,14, 17). This kind of uncertainty assessment could be redemed
&5 precision, because it can e clssified a5 the mexsure of the devi-
ation from a fitted curve (representing the expected phy s cochem-
ical relstion among properties) for an experimental data set [10)

The objective of this work is to contribute with experimental
solubdlity data of nobiletin in SC-00; and drive the study shout
thee dli speeer i oon off vairi able s e proerties me asired from their true
(unkmineable) values, considering a systematic procedure that
inchudes: [ i) estimation of uncertainties; (i) thermodynamic con-
sistency ted; (iii) seli-consistency test

2. Esgee rirmveniLal
2.1 Mareriak

Mo letin (> 0097 mass fraction purity, CAS: 478-01-3) was from
CHEMOE GmbH (Regenstauf, Germany)l and low  pressure
(5.7 MPa) carbon dimide (09999 mass fraction purity) was from
AGA-Chile SA (Santisga, Chilel For the HPLC analysis |18), the
maobile phase uwsed a 40:60 mixture of HPLC-grade soetonitrle
Tedia (Fairfield, OH) and HPLC-grade water from Merck KGaA
(Darmetadt, Germany), and & reverse-phade, df-mm (inmer dism-
eter) wide, 25-cm long, Cy column (Waters symmetry ool wmn,
Waters, Millord, MA) packed with S-pm (dismeter) particles of
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TABLE 1
Speciicaing of chammical 5 mpdes.
Chemacal name _ Ssarce Irinial mass dracion perifig kg ' Pesficason meshed  Final mass dracion periefig kg ' Analysis Meshed
Cabon ik ACA-ChleSA  0.569 = 055 Fiane
Hebemn CHEMOS QmbH 0.9 i as7 Kot
prasees Tl L i e o
Waner Merck BGak LT o L) o
& G- g Chiam o pls.
stationary phate In taible | were summarized the specifications of o p o

the chemical samples wied in this work.

22 Apparanis and progedise

The solubility of solid nobietin in 50200, was meaxsured at
13K DIK, and 333 K and over 3 pressure range fram (17.97 to
31.40) MPa using 4 dynamic-analytical methodalogy a5 described
im Araus et al [19). The experiment al system consists of an stirmed,
SOem® (Thar-Tech, Pittsburgh, PA) view-cell plied in a
temper atune-control led air bath, a syringe pump (Teledyne SO0
2600, Linmln, NE) to load OO, into the system and adjust system
presure, and with 2 gear pump (GAH-T23, Furotednics, Bargte-
heide, Germany) to recirculate the COo-rich phate. aid system
equilibration, and to feed samples of the CO-rich phase to the
HPLC system coupled to the equilibration system_ The HPLC system
consists of an L-7100 pump, L-7350 oven, and L-7455 photodiode
armay detector (Hitachi LaChrom, Tokyo, Japan). The methodal ogy
el el 1o assess the solubility of nobdletin in SC-00 initi stes with
the cell losded with spproximately 02 g of solid solute, then the
residual sir it removed by displacement with OOy from a g cylin-
der, relexsed with 2 vacuum pump and {Welch Vacuum, Skokie, 1L),
alter that, 00, was lasded inte the equilibrium cell using the high-
pressure syringe pump. With bot b components loaded in the squi-
librium cell, the stirring system was adivated, the magnetic bar
and the recirculstion of the COy-rich phase, up to reaching the
equilibrium mnditions. Using the two sapphire windows of the
view-cell, it was verified for the three isotherms and for the entire
presure range the presence of two phased, (huid and solid Valwes
of y; were calculated using equation (1) [19] based on the chro-
matographic response (peak area Ag) of Wy = 20 pl-aliquot (Kheo-
dyme, Rolmert Park, CA)L from the loop of the equilibrium cell, as
compared bo the diwomatographic reiponde (peak sres Ag) of 2
V= 20 pl-aliquot (Rheodyne, Rohmert Park, CA )L from the loop of
the HPLC injeaor, of a stock solution of known comnentration
(Cz) of the solute (nobiletin used for calibration purpdsed, and
properties of 00y, molar mass (MW,) and specific volume ot test
conditions (@) calculasted a5 & function of system temperature
amed pressure using NIST |20] database

(A
Az (¥,

¥z g Wy M, (1)

3. Resulis and disew ssion
3.1 Experimental solubility auilib i dai

Isothermal solubility for the system (OO0 + salid nobileting at
temperastures of (313 323 and 333)K &5 2 fimction of presure
are reported in table 2 and represented graphically in fgure 2
Results indicate that solubility stared from yp=107 - 10°°%
mol.mal~" at T=333K and p= 1835 MPa and incressed up to
¥2= 182 . 10" mol . mol™ 5t T= 333 K and p= 31 40MPa | the high-
st pressure mexsured) At constant temperature the solubility
showed an increste with the prestune, driven by the incne ment

Expoe simmeenral mmasde Sracwion of s nobdlerin (2] (soabdliny, ) in ssperoivical 00
[Mich phase a5 3 Mescvion of syswm peesane (8] or desciy of pare O0s (] &
nemperamares (313, 323, and 33360

NE MR pCfg-m Y Hobilein (2)
Fi 0ol -mod " U i 0 e - e
313 1797 E180 14 £
3193 E56F 125 =
383 g0 141 -]
333 1R09  TSEE 1] &£
LTS B4 133 =
3787 8557 154 &
L0 ETES 154 @
333 1835 ESdd w7 £
3185 TSIE 152 &
3752 3134 173 =
3240 385 152 kil

T O K, ) = 0D 0 BAPS. Gty Birdll o W el el Grmhes e mmaddde fra o of
:nunh,l.hu}g;w et e wiith 2 0090 bewel] of cordidenne.

im the 00 density and its positive effect over the salvent power.
An enhancement in the dolubdity valwes of nobile tin with the tem-
perature af isobarc condition was observed indicating that
imcrea sing the solute vapour pressune ovenwhelmed the reduction
i 00, density_According to fgure 2 aninversionin the isathermal
resporse was detected for solubility data st the lowestvale of pres-
sure measured, the behaviour shifted arownd 18 MPa | be mper sture
crisdover), from a negative effect of tempersture on sodubility [ the

120 : e et

I..I i emnl :
'

*
b
]

1D

¥

R ]

FICURE 2. Mole fras siom of nabdlesin | 7} (sobubilivy, y,}in sapercvical OO, [ 1}-6ch
a5 5 3 Besraceion of Sy s precvum (p) af Demperaree s of ar 313 K@, — ) 33K
[ — —)and 333K [ &, - -} Erms bars mp ‘ d il
1. Spmibals reg pevimernal realts d i rhis wirls s e poesen
e cormlarion of Mende Santage and Teja.
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TABLE 3
Escimarion of dhet comiitensd et pamsde d oy or Ml Sracwion of nobdlerin (2] [ sodabiliny, yy) in sepsnosivical OOy [ 1]-rich plhse, Uy ] Besed on dee conmibaions of
prperes and variables mea sared and caloabid | B]
Frisperty, Varidde Type of W RNy U nry (Conmibution 1o com Bired
L] of confidence) X} exparded wnotmainny of p; f
e Srandard &)= 01K -
(335 Ty BINK
Fressure Srandard ] = L0 M -
[ITST p & 3140) MFa
area fior samphe of nobilein disuded in OOy Srandard ) = F00ALT 1
[STTEES0 G Ay & 11390TIE) MF
Ol csgraphic ama i dhe Sk solurion Srandard g | = JE0AL 4
(FHTT 4 Agg 4 ITEEE) A
Vodume of sampler kop of the aquiliriam ol Srandard V)= 2l iF
(W= 20 il
Viodumt bosp of g HPLC injecor Srandard Vi) = Il iF
cﬂ;wumm Comibieed il 18
P i Sl s )
Cigm Q1635 - 107 mad - o *
s of nobilein dssohed in acenndTie Srandard ] = LD -
iy =22y
Viodumt of flask 1o dknodve nobilasn in aceondrie Srandard ¥ i) = DS’ -
Vig=S0om*
St I ¢ b of (O, Comibireed S W iy 1
=T (6837} e SN -
(450 o 534 10 m® - d
Vilumenis eopralding of 00y - T -
2y (o T (DDOME e, 5 OLICISHE!
ol ¢ompresibiling of OOy - NIST* -
Bio= | (LSS 5§ 5 QOOET) MR
Ml Sracviad of mabdberin bn O0y-rich (Ciribeire i roSad P = e+ e -
phasers = () -Ca- w MW, (007 < pas 2] e}
107l - ™!
* Afea mnin.
& jm).
imcreasing in the dolute vapour pressore withithe temperatiure can- ABLE 4

ot balance the decreasing in the C0; density ) to a positive effect.

Li et al |2 isclated flavonoids in peel sweet oranges (Citrus
sinensis L) and identified nine hydroosylated podyme thoodlaones
(DHPMFs), two polymethoxychalcones (PMCs) and seven PMFL
In addition tosolubility data of nobiletin reported in this contribu-
tion, there i o informa ton in literature about solubility of others
PMFs in SC-00;, particularly for sinensetin (2-(3 4-Dime thayphe
nyl}5,6.7-trimethoxychrome n-d-one) and tangeretin (5,67 8-tet
fame they-2-[ 4 e thesyphieny | -4H- 1-benzopyran-4-one)  with
a similar pesitive bioactive elfect and industrial interest x5 thoese
of moibil etin, and with only a methixy group of differe nce. As a rel-
erence, the solubility of Mavone (the backbone of the nobiletin
maleculs) in SC-C0, st T= (3082 and 3182)K |21 & approxi-
mately 3.7 times higher when is compared with the solubility of
nobiletin at T= 3132 K and pressure range from (1757 to 2823)
MPa. The lower values in solubdlity of noliletin are due to the pres-
ence of the six methoxy groups that contribute to increase its
Mol ar mass and polarity relative to svone, whichaffect negatively
over ithe solvent power of the 5C-00 4.

3.2 Dispersion of variahles and measured properties fram their frue
[umtkrave ble) valus

3.2.1. Estismation of uncentainties

Approach (AL From three to five conseaitive mexiures of solu-
bility of nobiletin in SC-00; at similar temper sture and pressure
were completed. The sverage value for each tempe ratune and pres-
sure condition is informed in table 2 Results indicated that the

[Prame: commpomaitet panparies o ca e ol | 8t macl mclbelbriin (2) o ot Mirsramare
o & S i ol veerk.

Propsmy Value SO # et e

Estimation

Martad

Do et [ 1)
Mok mazs [ M, YD} YT, -
Cifirical vempemmre | T, K IMIT  MET ja]
Cifirical paressmre [ , JPa 1E MET
AT G [ ) 0mST  MET
Mabil s (2]

Mok mazs [ MY} 0040 - -
Cifiricall vempe @ e | T ) 1255 Jaback 51|
Coivical pressmre (g < JWPa 1.54 Jback
Acemric G (e .24 Definigion
Coirical volume (V- 10F)m* - ma"} 10675 Jdback

repestsbility is above 95X, sdequate to verily the precision of the
e perimental apparatus and methodology uied
Approsch (BL The standard amd combined epanded tncertsin-
ties were eatimated wiing the svailable information for the appars-
s, experimental methodology and mexsured vahes Results are
imchoded in table 2 for tempers tune, predsure and esch individisl
value of the mode fraction Table 3 detsils the methodology wed
o estimate the wncertainties for all varisbles and properies mes-
sured in this work_ Results for the combined expanded wnce rtainty
of the mole frad ionof nobiletin U (y.) £ 77 - 10 mal . mal-")
are consistent with asessments reported in previous contribution
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using the same experimental apparatus and methodology |191
From table 3 the numencal valwes indicate s5 the major contribae-
i 00 Ugpes[ ¥z | appros mately 76%, corme sponding to the sum of
uncertainties for the wolumes of sampile loop of 20 L in equilib-
riwm cell and HPLC injector. The standard uncertainty for vol ume
of each loop wis estimabed 24 <2 jil seoonding to the manuls couner
(Rheodyme, Rohnert Park, CAL In this work no further mesiune-
ment of sample loops volumes have been made to evaluate its
uncertxinty. In onder to present in 3 graphical format the wncer-
Lainties estimated im talde 2, in fGgure 2 ermor bars ane incuded.

322 Thermaodymaric consiiency fest

The experimental results were analysed wsing the procedure to
evaluste of themodynamic @msistency for the (high-presure
Thuid + salid) solubility of binary mixtures proposed by Valderama
and Zavalets | 12| ising valwes previously alculated for the
ity coefficients of the solute () and OO, (3 ) in the superditical
Muid-rich phase at constant bemperature, in order to assess for an
inddividual data point () the area deviation [ A4) evaluating the
integrals by wsing the information for the next dats point (j+ 10

AR

For OO the NIST Standard Database v5.0 |20 was used. For nobd-
letin the Joback group contribution method was used to estimate
the molar voheme, critical tem pera ture and presane, and 8 hics-
o pressune at the reduced temperature of 07 [26). The aenttc
factor of nobdetin was calaulated from it definition. The sublima-
g pressiine wid included x5 a fifth optimizstion parameter [13),
along with the four binary interaction coefficients (k2 % Tia Tn)
inchuded in the combination rules of PR+ (WS+NETL)L Table 5
conitai nd results for the first stage, with valwes for the five slected
optimiz stion parame ters (Kg, %2 T, T and ) and the corre-
spanding RMSD, cakculated for esch isothe rm_ Deviations between
madelled and mesured dats set of nobiletin were EMSD, < 12X,
verifying the test condition that it has to be lower than 20, and
therefore was @nafirmed that the combination PR+ (WS + NRTL)
W appropriated to represent the FEE

For the second stage. the PR + W5 + NRTL ) was used to calou-
late the fugacity coelficients of both @mpomnents in the fuid phase
inorder to apply of the oons sency test | ndividusl caleulstions of
ares deviations were aseised sooonding to equation (1) amd are
listed a3 sbsolute vahes in table 6 In addition, for eadh data point

I e i e T R R e et

2

Flivadp

where Z¥ is the compressibility [actor of the huid mixture. In onder
to ealciilate the thiee parameters needed in equation (21 §7. 3.
and 77, using the experimental values, the (uid + solid) equilibria
(FSE] at high-pressure was represented using 3 4-4 approach
assuming that the solid phase was a pure solute |13 ], with the salid
solubility caloulated scconding equation (3}

P exp |ghp - P2

where £ is the sublimution pressure of the pure solid solute st
equilibrium tempersture, U is the pure salid solwte malar volume,
and R is the universal gas constant.

Acconding to Valderrama and Zavaleta |12] there are two stages
im thee esst chat huave o be completed. The fiststage is to verily that
the equation of state (EaS ) with the mixing rules selected to model
thve FSE for esch isotherm properly represent yo, .2, with the opti-
mized fitting parameters the square root of the sum of relative dil-
ferences between calculsted (¥5°°) and messured solubility
sqquared divided by the number (N) of data points (relstive oot
mean squane deviation, RMSD,) [10] i within $20% Totry a differ-
ent model (TDM) i recommended il this condition is unfulfilled.
The secomnd 4txge i to anslyze the vales of 51 A4 calculted with
equation (2] and to check that all of them are within + 208 in onder
o declare the experimental data set -thermodynamically
condiatent- (TCL In cate that anly the 755 of the ol sted valwe
of A4y verily the oomnditon of $20%, the daty set is defined 28 -mot
fully consistent- (NFCL For a fraction lower than 75X, the data
set i considerad -thermody namically inconsitent- (T1)

The Peng-Robinson (PR) equation of state |22 withWong-San-
dler (WS) mixing rules [23] with the Mon Random Twe Liquid
madel (NRETL) for the calculstion of the excess Gibls energy |24)
(PR + (WS + NETL)) was used in this work to calculste the fugacity
coefficients of both components in the flhid phase |25) Properties
of pure components, O0x and solid nobiletin, are listed in table 4

imtalde & the absolute valwe for the relative devistion between
nobiletin solubility calculsted from PR+ (WS + NETL) and the
experimentsl mexiured value (|&5]) & induded Redults lised
indicate that at T=(313, 323 and 333K the |AA| values are <
(189, 172 and 17.00% respectively, therefore il messured iso-
thee i are thermodymnanmically cons sent, sooording to the oriteria
eatablished for the test

323 Self-consistency fest

The correlation of Mendez-Santiago and Teja |15] was selected
inorder to evalwate the seli-consistency of the experimental solu-
bility data of nobsiletin, sccording to equation (4, with three adjus-
table parameters, A, B and T

Tlinfp ) -C] = A+B-p, (4)

Using multivarishle linear regression of the experimentsl valuwes
shinwn in Lable |, the best-fit parameters A, B and C wene ksedgad
Acmrding to Mendez-Santiago and Teja [15] in equation (4) the
density of the CDp-rich phase was replaced by the density of the
pure (D, becaise of the kw solubility of nobile tin_ For the em per-
ature and pressure conditions maxiuned in this work, the range for

density of 0, was approximately from 630 kg -m™" (at
T=333K amd 1835MPa) to 900kg . m? (at T=313K and

TABLE 5
R galrs for rhee firsTsmge of the TS o (i + o] apilibata of J00
[ 1]+ Biobihesin (2]]: Oprimal walees of paramee s S D Feng-Robdrmn sqmation of
ST [ el W ioneg -5 e 1 W e 5 amed e et T Lol mccled
(85 Ty g Ty} B0 it coamellanfion of rhe sobbiiny of mobdlesin [y ]

P MPa EAMGLR
140 ™ 1
PR AT 7.0
ERE 12

L1 Lo i Tz T

313 oEms =Ter ) 1257 (R
33 DEET DOES LN 0sT
333 OEES [=Terkd 1943 .o

* maesmy =T o - =] Y
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TAELE &

Reals for The sevond Tage of rhe ¢ onskamncy Tesr for | B + solid] equiliyia of |00 (1] + Mobilerin [ 2] ] msing s Peng-Robinon equarin of 55 with Woag-Sandler mbving

ke atedl Nl Bamdomn Tond Ligeid medel: Acoesond valess of the abeodene mbdve deviaSon JAx|] and ama deviaton (AA] B infvida] sbiain siebdny So podns ()

acconding i eqearion (7).
T =313 K T =333K = TIK
B e AdJX BMFa [T AR B Lard/x AdJE
1797 03 125 15.08 o3 172 1835 o3 17.0
1593 ns 143 nm o [ET 2185 142 166
1837 ol 7 ol 115 752 oz 9.2
INE w7 3040 126
Ay = iy — ")y
mal - mal~" ) to verily for the three sothermal data sets their ther-
madynamic consistency (reliability of data), and to evaluste the
. self-consistency (a kind of precision) of the measured solubility.
wt
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FIAME 3 Repessnmdon of mode frambon of robdein (2) (sdebding p) in
swpercrisical OOy | T}-rich phase, OOy densivy (p, ] and emperamne (T} In 3 Sree-
dimer ol G e ment, TN - ¥y — O werses p, (T, werses T -
S i e in this work, T=313K (@) T=323 K (W) and
T=333K (&) The smight plane e Mender Santage and Tela
cormlaion with CMEENSE, A=-E372K; B= 2496K -m" - kg ' and C=I13.0
[ EMS, o Q23XL

2872 MPa). that oivers the suggested process conditions for SC-00
extraction of biaactive compounds from vegetal matrices |6] The
three isothermal solubility data sets of nobiletin in SC-00; were
s b0y clesber i fue the best- 1t val wes for the parameters inequation
(4L The results obtsined for the sdjustsble parameters ane
A= ~GETZ K, B= 2496K - m" - kg~ and C =238, with deviations
verifi ed by the corresponding value of BMSD, < 0223, onfirming
the sell-comistency of the solubility data of nobiletin in SC-00
In figure 2, the results from the correlation were induded for the
three isotherms, wiene an appropriste sgreemen between experi-
mentsl and calculsted solubility is observed for the density rangs
oomidered in this work. Figure 3 illustrates a three-dimendional
representation of TInp ) = C] versus p [T, p) versus T, defining
1 gingle plane whee the thes dsts sats of dothe rmal sal ubility val-
wes measured (of Table 2) of nobiletin collapse. From a two-
dimensional point of view, the projection Tlin(p. y.) = O] versus
(T, ), confirms that all experimental valued are on 4 dingle
straight line, behaviour observed by Mender-Santisgn and Tejs
|15} and the graphical verification of the seliconsistency for the
experimental dats set

4. Conclissions

The isothermal solubility of solid 2-(3,4 Dimethaxyphenyl)-5,
6,7 8- tetramethasy chromen-4-one (nobiletin dissolved in super-
critical carbon dimstide at T=({313, 323 and 333)K and presures
lower than 3140 MPa was measured by a dired analytic-
recirculation methadology. The three salubility data sets were
validsted using 4 procedure that allvwed the estimation of the
ool ned e xpanded wncert inty for eachvalwe of the experime ntal
nobiletin maole fraction in the OOy rich phase vale (£77 . 100%
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Appendix B. Published data of menadione solubility in SC-CO..
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This wark repaorts the solubility of memadione | 2-methyl-14-naphthoquinone) and dichlone [(23-
dichl ano-1.4-naphthoquinone)) in SuperCriticl (5C) @rbon dimdde ((0:) & 313, X3, and 333 K and
(71-33) MPa A Cibbs-Duhemn test wax applisd 0 2soee the thermodynamic consishency of experi-
meental data wsing the Peng -Robins on squation of state with Wong-Samd ler micing mul & o represent the
sol ubil ity and the non-rand om twe-lquid mode] to compaute Gibhes® exoees free snengy. In addi tion, the
sal ubility of menadione and dichlone in 80007 at 313 Kand 95 MP3, 2 sol ubility cmmection bya change
in the density of 9C-(0; a5 compared ta this reference mndition (580 kgjm™).and a 5o ubility crrectian
by a change in atwo hute temperature omparad to 313 K werne etimated wsing Chrastil's squation. The
sal uhil sty of dione at the rek e amditions was 33 Hmes higher than that of dichlone (3055
vemes 375 mg kg~ solutsfit0z) H bath C0; density and sysem absalute temperature had
anomalousty smaller effedts on the solubility of menadione than dichlone, so that menadione was anly
42 itimes meore saluble in SC05 than dichlone at the sxtreme conditions of 333 K and I3 MPa (3460
werme 831 mg kg~ ! solube () for which p — 8511 kgfm™. The anomalous behavior of the sol ubility of
menadione in SE00, wa impuisd o ecperimental difilies (soluie predpitabion reslting in e
hloddng, saturation of HPLC detertar signal) associated with high solubility values (=05 « 07 M
fraction) that may have been also responsible for thermod ynamically inmnsisient results neported by
others in literature. We comparned the solubilities in SC<(0h of menadione and dichlone with those for
several solutes sharing the same malsouls core | 14-naphthogquinone) and aondudsd they arenegativey
imipaicied by palar and non-palar substibents, bot that thess negative steric and paolarity effecs ould be
jpartially compensaied by a non-polar alefin substituent, or ameliorated by distandn g substitutions from
tthe crbonyl groups.

& 2016 Esevier BV, All mights reserved.

1. Introdiset o

cancer |7HL Mensdions can be syntletized by the o dation of 2-
methylnsphthalens or Z-methyl-1-naphthel wsing comventionsl

There exist a wide range of quinone derivatives | 1] that have
demostrated biol opicsl setiviry, mainly 2 antisdants [1—1) The
positive effect on human health of mensdione (2-methyl-14-
naphthoquinene o vitamin K, Fiz. 1) has prompted its study by
the phamaceutical industry. Menadions is 2 Bi-soluble vitamin
that is wed x5 an antiemorthagic Factor |5). 2 precursor of vita min
K that is transformed to mensquinone-d and de posited in brain
tisse 6], and & promising oncogenic sgent against mammalian

= Cormspanding auther. feenids Expana 1630, Valparaiss, Chile.
E-masl aiapss: juan Selafueme@usme] (JC de L Fose).

bt R cdad.aargl 1000 05} Nukd 20 S5 04001
03753200 100 Eluewier BV ANl rights ressnnsd

organic solvents, and supercritical carbon dioxide [5—12 |
SuperCritical (5C) carbon disside (00y) i commonly used ax
solvent in bological (eg. extraction of antisdidants from natwral
matrices) and pharmaceitical (&g, chromatographic purification)
[processes ol mear-ri tical tempe ratune (T — 30485 K in the case of
COn [13]L due to its interesting liquid-like density and solvent
power, and gas-like transport properties (low visomity and high
difusivity). Prevention of the rmal damage to compounds dissolved
in the gaseous phase st mear-emdmonamental temperatine, sase
precipitation of dissolved solutes by simple depressurization, amd
comvenient chemical properties (&g nontoicity, monflammability)
make SC00h an excellent alternative to @fventionsl of ganic
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solvents | 13] There are two previous studies on the solubility of
menadione in 5C-00p. Johannsen and Brunner |14] messured its
solubility at 313 K and 22—32 MPa as part of 2 study on the solu-
bility of Bit-soluble vitamins in 5C-00: Knez and Skerget | 15 re-
orted Sl whility Sotherms at 313, 333, and 353 Kand 8—30 MPa as
part of 2 comparative study on the solubility of vitamins Dy, Dy, and
K3 in supercritical 002 and propane. As discussed later, results of
these b Stindies are contradi coony. Valderrama and Zsvaleta | 16]
proposed a methodology to discen good from questiomnasble
experimental data on solwte solubility in SC-C0y that will be
applied in this study. Their themodynamic consictency el wes
the Gilshs-Drde m equation for solid-gas phase equilibris |17 ], and
redquires the fugacity coefficient of the solid solute in the gaseous
phate 25 3 function of Sysem presure, sydem temperature, and
ﬂusdtﬂl'q.lm’me ol wbe in the C0xrich phate The method was
previouesly applied to analyze the consistency of experimental data
Tor the slubility of amother Fat-sohble v tamin | f-carobene) in 5C-
OOy |18
J&Lemna]m&uqummsﬂ-ﬂmefmd
small structursl changes in chemicals on the solubility in SC-000
st wwilll e v el clwernica | Spivthesis, sodishdl ity mea sk eme nits, and
malecular simulations. In its first stages the project will use
menadione and dichlone (23-dichloro-14-naphthoquinens, Fig 1)
&5 base structures to which different substituents will be sttached
These chemicl changes will alter the sze, polarity, and halogen
oomtent of the mol ecules. Toestablisha baseline for solubilities, this
work will messure and model the solubility of me nadione and
dichlone in 3C-00y at 313, 323, aned 333 K, and 7—33 MPa

2. Material and meth ods
21 Maerials

Talble | summarizes the source and purity of the solutes and
solvent wsed in soluwhility messwre ments, and of solvents wed in
chromatographic analysis Mensdione, dichlone, and 00, were
used in e sts without further purification

23 Measuring the solubility of menadione and dichlone in C0z

The solubility of menadions of dichlone in SC-00p was
mexsured usng the experimentsl equipment and dynamic-
analytical method of Araus et al [15) The experimental system
consigts of 3 S0cn, stirred, high- pressure view-cell {Thar-Tech,
Pittsburgh, PA) placed in 2 tempe ratune-controded air bath, 2 sy-
ringe pump (Teledyne IS00 2600, Lincoln, NE) to load O0; into the
system amd sdjust system pressure, and 2 gear pump (GAH-T23,
Eurstechmnica, Bargteheids, Gemany) to redroulate the O0-rich
phase, sid system equilibration, and feed samples of the OOy rich
phase i the HPLC system aupled to the equil ibration system The
HPLC system consicts of 4 L- TI00 pismp, L-7350 oven, and L- 7455
phetodiade array detector from Hitachi LaChrom | Tokyo, Japan) Te
dhete rmine sl wte sol ubility in SC- 00, the equilibe um cell is losded
with approximately 2 g of menadions or didhlone, residual air is
evaciabed with a vaorm pumgp (Welch Vacuum, Skokie, ILL, 00y is
loaded g the high-presure syringe pump, and Demper st
sl presie are adjisted 1o the required initial vahses With the
salute and OO loaded in the squilibeum cell the magnetic stiming
{bar) and redreulstion of the COo-rich phase were activated wp to
resching equilibrium. After reaching equilibriem, & fwo-way, six-
port injedion valve Rheodyne 7010 (Rohnert Park, CA) equipped
with a sampling loop of V; = 20 pL that interfaced the equililration
system with the HPLC apparatus, was used b sample the OO0 rich
phase The molar fradion of solute (component 2) in the OO0y
[component 1) phase was estimated using Eq. (1):

A _(Vc)_(ﬂwl ) 1
e (2) () (2. g
wihere A;is the chromatographi c area for the tested sample, Vewsa Vi
are the volumes of sampling loops of the injection valves of the
HPLC and high-pressure view-cell, respectively, MW; is the mo-
lecular weight of OOy (4401 gimol) py i the density of CDy at
el ibra tion tempe ratire and presine (ool ted v ng NIST |20]
mu:].uucsumwaﬂmmrmmmmmm
to calibrate the HPLC (chromamgraphic area As) The solubility
isotherm was completed by sdding OO, to the cell to inmarse the
pereasre and vt ning mew equil i wm conditons up to readying
the required final pressure. Additional isotherms were obtained
repesting this procedure wsing another initisl temperatune.

The isocratic HPLC method of by Hu et al [21] with small
madifications was used to determine the solute content in SC-002
Separation was carmied owt 30 °C in & reverse-phase 2-mm (inmer
mmw]mne_um]ug.mmmmamﬁmnmmm
(Darmstadt, Germany) packed with S-um (diameter) adsorbent
besds, wsing 1 cmfmin of 3 7030 (vjv) mixture of methanol and
water x5 the maobile phase_ Solute was detected at 3 wavelength of
300 . Solutions containing C; — 01 mgjem? of menadione or
dichlone in methanol were pre pared and injected for calibration.

Five measrements of solubility data in SC-00; were made at
313, 323, or 333 K and T1-32.6 MPa Combined standand un-
certainties were calculsted wsng the methodology of Araus et sl
|19, which inclided the relative inlerent emor dSociated b in-
dhependent variables such a5 pressure, temperature, and others In
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this work, solubility data are presented with 2 95% level of onii-
demce as proposed by Chirico et al [22] with a coverage Baor of
196 to obvtin the combined epnded uncertsinty (..

2.3 Testing themmodymamic consistency of experimental data

Thee thermodynamic condsendr test used in this work regquires
i) solubility data a5 2 function of temperature and pressure, i) an
Exqqueation of State (EaS ) with a mixing nule 1o represent solubility
s and eofi e the Rigacities of the solute in the two phases, and
iii) a relstionship defining the modynamic consisency hased on
the fundamental Gilsbes Dulem equation

The Gibls-Duhem equation e wo consecutive sperimental
data points (i and i+ 1] can be written a5 fallows | 17:

Ay =4, @

wihere the two terms can be computed using experimental infor-
mation, By (2], or from estimated hgacities that represent the

phase equilibrium, g (2b);
B+l

s [ L ana (23)
[

+1

1
Al -Jr’ ;ﬁ_vmnf —L sV, {2b)
@ -mel ] i -T)ed

In itheese equation, pis the system preswre, ¥ is the mole frac-
tiom of the sol ute {compoment 2] in the OO0y (component 1) phase,
¢}'isﬂuﬁgdwmﬂdmﬂmwj'hmsmﬁ!.
and 2 is the @mpressibility (aotor of the gas mixture caloulated
using an EaS with proper mixing and oombining rules.

Term AL can be computed following representation of the phase
equilibriem using 2 6—¢ approach, and asuming that the solid
phase is pire solute 1n thiswork, the Perg-Robinson (PR) |21] EdS
with the Wong-Sander (WS) [24)] mising mule with the s
Gilihs free energy being using the Mon-Random Two-
Liggusid (NRTL) model | 25] (PR + (WS 4 NRTL)) was isbed 0o compste
&Y and &Y using the procedure outlined by Cabrera et al |26] Four
Iimary interaction parameters (ky, 4. T, Ty ) were best-fitted to
the solid-gas equilibriem dats. 1n cases of solid-ges equilibrizm,
wihere the solid phase i ssumed to be pure solute, the solubility
(2l i caleulsted x5 a function of the fugacity melficent of the
sohute (component 2) for both phases, as follows:

2 -ﬁ. @)

InEq. (3163 can be computed as bllows |27]:

In & = Inef™ +°22 (- 7). @

that relates it to the fugacity coslficient of the Sub-Cooled Liquid
(5CL) at sbsohute temperasture T. The only data required for calou-
Nt thee Tugacity aoelficientof the pure solid phase ane the beatol
fustin (AH, ) and sbssolute tempersture (T) at the triple paint and
the coefficient of the pure solute in the sub-coaled lquid
phase (457 at Tand p, which can be also calculated wsing PR-EaS.

The beat-fiting method was the obe of Brent |28 that mini-
mipes the Root Mean Square De v ation (RMSDy) of experimentsl ax
avmpared to prediced vales:

RMSDY = %i (1 -’é:)z. (5)

where N is the number of experimentsl dats points, ¥, i an
experimental m.nrﬂﬁ‘:"‘isiummaﬂi'guhﬂludum.

Pure compomnent properties needed lor calcul ations sudy 25 the
cfitical temperatune snd critical pressure (T, P and scentric Botor
{ w) of OOy and menadione wene those published by Knez et sl [ 15
On the other hand, the critical properties of dichlone were esti-
mated using Jobadks method |29, and its s wis ectimated wsing
Piteer’s vapor pressune correlation |29) Results are reported in
Table 2.

This mnsistency analysis was applied suthor-by-author and
isotherm by-isotherm. For esch individisl point, it i pesible to
estimate a prediction error, Eq. (6a) In sddition, for each pair of
neghbors | and i +1 {consecitive pressures tested L, it is possible to
estimate a percent differerse between AL and AL a5 shiwn in Eq.
(&)L To identily the thermodynamically inconsistent value when
this difference excesded a threshold, the @mparion between AL
and &, was repeated deleting one of the two at 2 time; the ther-

ly inmnsistent term was the one that, if deleted,
allowed this difference to remain within an scceptable interval in 2
percent hasis Peroent errors for asch experimental point and each
pair of s ghibetnr lata puiai it whe e e apeactivel y estimated s foll ows:

A = 100 (I-J’ij,am (6a)
%4 = 100 (1_:.;;). (6t)

2.4 Madeling of salubility dara

The methodology to estimate the best-fit the parameters of the
equation of Chrastil | 30] toexperimentsl solubility data detailed by
Valenzuels et al. |31] was applied Chrastils equation, Eq (7]
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Table 2

IPoar TN VT [P et s T cariben dhooride (1), e nadione, and dichions (2 foan B mre of eimaed in this werk.

Progsmy Valoe Sowrce (estimarion mmedhod) Rodemmnoe
Carbun daide | 1)

Iadnsla r e (AW, D) L] - -
Criscal temperasre (T, , Ki AT ST sundard mience dubae |
(i piremare [ By, WP} T3 NS o el e i Ll |2
A enris Gaomer (s} sl HIEST st reard s feaenoe b i |
M radiore [ 1)

Il e rhr (S, Da ) TLiE - -
{Critcall vesmpet ramare | T 5, K) BA5E Limeranme: 1E]
Crithcall pire-gure [ p.s, MPa} -] (Oyptimiiza s fram da -
A eniric G (e ) QasIs Limarane: LE]
Tk puint e (T, K) a3 ok, 2 o eual i fskon Tempe o mre =
Hiean of fexsion ot wipl: podnt (8 Hy, | md ') 1,485 Jodack, assumed equal o enthalpy of fusion 12
Diachadairat: (2

Iadnnla rwee i (MW, DR DT - -
Crithca e ramore: [ T; 5, K) b Joback 12
Critheall pregoare | p,s, MPa) E41 Jodack =
Ao s omedr () QE3ES Desfininian 12
Tiiple puint eIt (T, K F= Ik, 3 s el w feshan T o e 12y
e o Hession ar wriple pding (AHy, ] mad ') B, B0 ek, o wvernend eyl o anthalpy of fesbon E= |

predicts the solubility of a solute in SC-00; (we. mg kg™ solutef
O] &5 a function of three parameters: i) the solubility st a refer-
ence @ndition (wh, mg ke solutejC0,), ii) a comection fsctor
dhepee muckineg o the density d‘x{mmm’lm iid) & maTec-
tion ctor de pending on sbsolute temperature (T, K) of the system
(3]

log(wy) = log( wg) + [I'—IJhS(J#) ‘1%(;'_ ’;E)
g

wihere wl i the slubility of the slete st pressure P* and tem-
perature T° (2 is the density of OO at the reference conditions |P®
and T¥), k i an association member describing the member of 00
il ecules forming 4 solvate @mplex with a single sol ute molecule,
AH i the tovtal e st {va porizstion and dsolition) reqned to form
the sohate mmples, and B is the universl gas constant
(LD00E3 14 K] moel ™ K7L Prior & modeling, solubility data (y
malfmol = 10°) were expressed a5 weight fractions (w,, mg kg~
sl ube)i00;) weing By (8):

IR

wivere MWy = 4401 is the molecul ar weight of OOz and MW is the
malecular weight of the solute (MW = 17211 gimal for mens-
dione, and MW — 27704 gimal for dichlone).

The parameters of ihe Eq. | 7) were estimated wsing T - 31315 K
and P — 0.5 MPaas reference conditions, whe re the density of pure
OOy i p? = SE0.01 kegfm?. For best-fitting of By (7], we condidened
that the dissolved solute did not affect the density of its mixnere
with OOy that was obtained wsing MIST standard reference dats-
basie foer pine OO |20 High sl whility data (0001 ws p; > 100 gim?
Sail e 00 were discanded becaire this condition does mot apply
for 2 slute solubility above 100 g/m® [30) Best-fit parameters of
Eq. [ 7) were selected by minimizing the sum of sverage mean emor
for the thies iothems (considering valid dats points only) kg
Solver function of Excel™

Finally, the percent Absolute Average Relative Deviation (%
AARD) was computed using By (9) o evaluste the fitting of the
Chrastil's model to aach solubility i sotherm messured in this work:

L
M-EE
N =l

’ _?'.if‘. (©)

3. Resmills

All experimental data point on sol uhility of menadione in SC-
00 measure in this work for e sch isotherm was analfed in order
o remove those valees B of the overall trend (outsiders) Talde 3
reports selecied solubility data messured e menadione at 313,
323, and 333 K and 9. 7—307 MPa The Coeffi dents of Variation (V.
percent ratio of standard deviation o sverage) for quintuplets
ramged from 372 o 5295 Fig. 2 shows that the solubility of
mrveruslione inSC-000 mexsured in thi s waork doss rot od ndde with
previous resulis of Johannsen and Brunmer | 14)] at 40 °C. nor thase
of Knez and Skerget | 15] at 40 or 80 °C 'With the only exoeprion of
thee slisbility isotherm of Knez and Skergst |1 5] st 40 °C, thers was
2 moderate effect of system pressaure on the ol whility of me nadions
in SC-00; at either 40 or 60 °C. The largest effect was due to the
experimental method with Johannsen and Brunmer |1 4] reporting
the i vt oo vl tie s el thi & weork the lowest Dats of Johanmnden
andd Brunmer | 14 | showed limited trends (large scattering) because
the authors selected a very namow range of experimental
comditions.

Thermodynamic consistency tests were performed to the solu-
bility data for each isotherm and each referene. Table 4 reports
valses for the optimization parameters and the oornesponding
RMSDy estimated for each data set. The maximal allowable ermor in
predictions of solubilities wsing the PR + (W5 + NRTL) framework,
T this work, was 505, with predictions exhibiting lirger dsmep-
ancies being discarded from analyss If the PR 4 (WS 4 NETL)
mode] fits || LAY | < 50%) less than 855 of the experimental points
in amy given isotherm, one should Try 2 Different Mode] (TOM) to
represent it Furthe muore, the maximal allowable discne pemcy e
tween AL and A7 for twe consecutive data points i and (i+1) was
20% Solubility sotherms for which [EAY)| = 50% for esch data
point and |XAA| = 0K fof esch pair dimmmemulu
considered to be Thermodynamically Consistent (TCL If less than
15% of the experimental data points in an sotherm meed to be
discarded, the Eotem is considerad o be Not Fully Conditent
(NFCL Finally, if the 155 threshold for discrded data points is
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Table3

Experimental molar fracion of menafisre (7] (sdubiling ¥y} in Soperorisal OOy (1 }-rich phase 25 2 fonoion of syssm absdore wmp

T " AR} A gm Yy ¥zl = 107l el =1y U seatlpabi -« 5 il mmed 1y

313 1032 00 OLE00 0373
1413 T&ET 033 0392
1751 B k- =2 0335
1958 E6S 0573 OL40E
2241 LS OLEE4 0354
BT 3 [=F- -t 0355
JET Ins oans o3al

323 25T I=RT [l o3sa
1538 TEHEE o3 o411
H03E TS (L2 [<F ta}]
P ¥ HES oasl O4ATS
541 BG4 Q9T [sEi ]

333 a7z 1835 Q.7E0 Q2E0
1315 SM9 ok =) D440
1343 5H2 OLEE0 Q455
1747 BERE OL54E 0431
ms3 70 0963 [oF i)
2434 TEE 1.ms o410

‘EMN=0alk

B s = 000 MPa

© The denesing of e OO (9 ) wias estimaned ming MST =

o e 0% [30] ar T and p

‘cmmuumkthumwhmmuMaMMﬁm_

exveeded, the Eothem & conddersd to be Themodynamical by
I stent (T1L

Theer madyr mic i y for m d solubility of mens-
dione in SC-00; is higher in this than previsusly reparted waorks
(Supplementary Material containg details on this thermodyma mic
consistency analysis | Talie 5 shows that the data of ol fnse n and
Brunmer | 14 ] is thermodynamically incons sent becwse 3% of the
data points need to be discarde d to comply with our criteria_ In the
case of Knez and Skerget |15), the 313 K isotherm is thermaody-
namically consistent but the one that at 333 K is thermaodynami-
cally inconsistent| 17% of the data points need tobe discarded) Our
three jsotherms are thermodymamically @nsistent Because of
tremds in Fig. 2 and resulis in Table 5 we did mot a thempt to modiel
our data together with literature data for the solubility of mens-
dione in 5C-000.

The best-fit parameters of Chrastils model spplied to the solu-
bility data of mensdione in SC-00p in Table 3 are reported in
Talbile 6, where the estimated TAARD for sol ubility sotherms were
0.79% for 313 K 2.84% for 323 K and 0U96X for 333 K_Fig 3 displays
the data points together with the model predictions, where a dight
imcrement in solubility is olserved wiven system temperature o
O density increase.

An equivalent work to that for menasdione was carried lor the
solubility data of dichlone in SC-0D;. Table 7 presents solubdlity
data selected st 313, 323, and 333 K and 71—32.6 MPa 0 vahoes for
quintuplet measurements of the solubility of dichlone in SC-00;
ranged from 42.9 to 468 de pending on system anditions Table 5
shows also the resuts of the thermodynamic consisency best
perormed to real solubility data of dichlone in SC-00;, wiene 96X
of thise are thermodynamically consistent (Supplementary
Material contains detsils on this thermodynamic oonsistency
analysis] A single thermodynamical by inoons shent data point was
identified at 40 °C that represented 143X of all me ssurements st
bt e er atune. This dota was modeled wsing O astil's equation
Al the e ot-fitting valies of mode] parameters are reported alioin
Talvle 6. The mode] fivted the solubility of didslone in 5C-00y wedl,
with TAARD values being 5.51% for 313 K 725K for 323 K, and
1360% for 333 K Fig 3 (below) @mpares data and model pre-
dictions for the solubdlity of dichlone in SC-00, which increased a5
either system temperatre or 00, density increased. These results,
compared with those to mensdione wnder equival ent temper st

and pressure conditions (Fig 3, above ), shiw that the presence of
two chioride groups had 2 negative effect on the solvent power of
SC-0032, 48 expacted.

Table 6 alo inchedes Chrastils parameiers for the sol ubility in
SC-00; of 2 series of compounds closely related to menadiomne and
dhi chilone [derivatives of 1 4-naphthogquinone) tht a5 presented in
Fig. I. Valenruela et al |3I]hﬂ-‘l~ﬁ'mu‘l anlulyility data for 14-
naphthoquinone from several sources We re-fitbed this data us-
ing the procedure sutlined by Valenruels et sl |11] because we
identified two other data sources in literature |3031) that wene
relevant o our Study. Ouwr analyss indicated that Marcenein et al.
|33 |, Schmitt and Reid | 34], and Zha ng et 2l |35] re pored mstwsily
mnsistent data (sverage mean emor of logw) for all solubility
inotherms below 02, wnbisced predictions ) that was modeled wsing
Ohrastil's equation (valwes of besi-fitting parameters informed in
Table 61, wieress dta of Rodrigues ot a1 [32] and Ngo et al |36]
was inconsistent. Indesd experimental messurements of Rodri-
gues et al [32] were consistently abwwve predictions made wsing
midbel par ameters in Table 6, wiheress expe riments | messurements
of Ngo et al. [36] were consistently below predictions made wsing
tivese same parameters. 1t is relevant noting that Valenzuels et al.
|31 e meosbed that Mgo et sl |36 | enderestimated the solwhility of
1 A~ naphithodpuine me in SC-00,

Rodrigues et al. [12) mexswred 2 solubility isotherm of plum-
bagin im SC-00; at 313 K and 73—-135 MPa, wheness MWaroemsm
et al |33 measired ako its solubility st 308, 318, and 328 K amd
9.1—243 MPa. Talle & informs the best-fit values of Chrastil’s pa-
rameters b these data The same a5 in the came of 14-
naphthoquinone, eperimental data of Rodrigues et al [312] at
313 K was above values predicted using the parameters in Table &
for T = 313 K. confirming that the method of these auf hors may
slightly overpredia the slubility of Ld-naphthogquinone de-
rivatives in SC-C0p. 1t is relevant to point out that parameters in
Table & for plumbagin do not coincide with those informed by
Ml oemeio et Al |33 | We realired that thee wene mistakesin the
estimation of concentrations in SC-00; (in gl as required by
Chrastils model ) from the equilibrium molar fractions st 318 and
328 K. which was possibly responsible lor ermors in the bea-fitting
procedure.

Rodrigues et al. [32] measured also a solubility isotherm for
juglone ot 313 K and 83136 MPa, whereas the group of de Soue
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Fig. 2 Change:s in thue sofbiliny of manafion in Ssperorkical 00y 25 2 fanoton of 003
diemesiny ax (A] 35 K and (8] 33 K mpored by (8] Jobanmoen and Bramner [14], (4]
Mner ex al [ 15], and ) his ok Bars signal e sncewaingy of ser eqerimencl
ek Al SIS

Talde 4

[Razanvs o vhe firsy age ofvhe corclrancy nes for solid + flokd i (00 +

PR + (WS + NIRTL ) ayoa o of stare (g, @g #13 21) ior dhe conrelariom of the solublivy |y} for e tne-.-dlmﬁlm. ;

parameters best-fitted to these data The same 25 in the caesof 14-
naphthoquinone and plumbagin, experimental data of Rodrigues
etal |32) st 313K was sbave valies predicted using the parameters
in Tabile 7 for T =313 K, 25 expected il their method shightly over-
predicts the solubility of 1,4-naphithogu none dedvatives in5C-00;
It is relevant topoint ot that parameters in Table & for juglone do
it coincide with those informed by Marcensino et al |37 because
these authors made mistakes also in estimating concentrations in
SGO0; (in gL, a5 required by Chrasti’s model) from the aquilib-
rium malar fractions st 318 and 328 K

Rodrigies et al |32 also messured solubility sotherms in SC-
C0y at 313 K of lswsone (B4-152 MPa) and lapachol
(90210 MP2) and Table & informs the best-fit values of their
salubility at 313 K and 9.5 MPa and parameter [k — 1) of Chrastil’s
madel 1t is important pointing out that a high-pressure [ 17.4 MPa)
outlier was identified in the case of Lywsone that was not consid-
ered in the best-fitting procedure, and that valwes of w for lawsone
and lapachol may slightly overpredict the true solubilities of these
compoinds inSC-000 at 313 K and 9.5 MPa a5 obde rvedin the @es
of Ld-naphthoguinone, plumbagin, and juglons

Talle & suggests that the solubility of 14- and
dherivative s at the selected reference oondi tions (313 K and 95 MPa)
is high dbor Ld-napthoguinone, mensdione, and juglomne,
intermediate-high for plumbagin, intermediate-low for dichlone
ansd lapaschenl, and low Tor Ixwsome. Table 6 suggects aloo that the
effect of OOy density (and system pressure) is comparable for
sl bt st menadione. Given valwes of (k 'l]lrhmmm
and 4.5, an increase in pressre from 3.5 to 30 MPa (p= 912 6kg/m’
&t 313 K and 30 MPa) would result in an increase in solubility of
2N —769% (the solubility of menadione incresses only 145 under
equivalent conditions ). Finally, Table & suggests also that the effect
of fysem slsolute temperatune s comparable for all solides but
Wﬂ.]mﬁmavﬂmu\fmdﬂjﬂmmm
WD and 2500 K, an increase in temperature from 313 o 333 K
keeping O0, density constant (increxsing the pressure from
S5MPaat3 13K i 144 MPa 21333 K) would result in an inorexse in
solubility of 55—200% (the solubility of menadione incrasses only
16% wder agquivalent anditions).

4. Discusion

The e perimental methadology wed in this work repons data
which are thermodynamic consistent for the system of me nadions
and dichlone in SC-00p (Table 5) However, solubilities of mens-

3 i

cliowre aredl (s + Sachil Onpitirna | vl o jpa e ers o the

Solure Mol param ser EEL 333K 333K
Jurmsen and Bronner [14]  Nezand Skerger(15]  Thiswork  Thiswork  Koezand Slerger]15]  This work
Menafione kg 053 = T —O4TER -09535 [T
i3 —OO3T LTS L4 o —ooan o4z
3 oo 1348 S.TE 50459 pEEES SE111
. — 0T 15423 1558 ET o 51587 35151
I0° EMAD, [Eg (5)] 326 7 13 a1 470 128
Dichilore: b 05437 05563 05534
iz LIS 02733 03033
s 4931 50636 S4TT4
i 3E35 FEETH 3805
10° BMSD, [ B (5] 24 133 54

alin mextined its solubility in SC-000 at 308, 318, and 328 K and
93244 MPa |37] Table & informs alio the valwes of Chrastils

dione in SC-00p are confined o 2 nall e rimental regon that
suggests minimal effea of system conditions om it (Table 3, Fig 31
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This relates to small walues of (k — 1) (below 2) and 0434 AHJR
(below 1000 K) that make mensdione very different from 14-
naphtoquinone and other derivatives presented in Table 6 We
believe these sbnormalites relabe to experimental restrictions of
e systems we used 1o mexsune solubd ity in SC-002 (&g, blocking
of tubing with precipi ted solute, saturation of the signal of the
HPLC detector) that make it unreliable for solue sol whilities above
05 « 1077 mal/mol Typically, we complete 3 whole salubility
isotherm with a single load of the equilibrium cell, but when
measuring the sotherms b menadione we were forced to do
several, partly becae of malfunctions caused by the blocking of
lines For these rexsons, we do not fee] fully confident of & xperi-
mental values for the solubility of menadione in SC-C0y informed
i Tuble 3, beyond the order of magnitude 1t is apparent, however,
that there are intrinsic dificulties in measuring the solubility of
menadiome in 5C-00; &8 attested by thermodynamic i noonsistency
of experimentsl results informed by Johannsen and Brunmer |14)]
amd Kner and Skerget |15] (Table 51 Indesd, Trupej et al |38)
recently mexsired the solubility of menadione in SC-00p and
found that it was lower than reported by both johannsen and
Brinmer | 14, and Knez and Skerget | 150 They clsimed that there
was some methododogical proliems with these prior mexsure
ments, and in the specific case on Knez and Skerget |15] the
experimental system was modified to get this improved meaxsune-
ments that are closer to the values reported in Table 3.1t &
important, however, stating that experimenital data of Trupej et al.
|38 exhibited considerable scattering, the same 1 in prior mes-
surements (Fig 11 and that the soluhility declined for large pres-
sures sbiwve 20 MPa, confirming the trend of limited effect of OOy
dengity on solubility that can be concluded from Fig 3 and the
small value of (k - 1) for menasdione in Table 6. For fulure meas-
suremenis, it i remmmended seleding compounds whise solu-
bilities are  below the upper limit mentioned above
{5 « W0 molimal L

It is & well-kmown fact that the sire and polarity of 2 sodute
determine its solubility in 5C-00;, which can be analyzed at an

by concstse it dat set MFC = nex folly corciaent dara s, TIM = try a dilferent EoS moaded aned,

———-- A0
—d— e
S L

Selubility (5, mg kg' menadiona/CO,)
3
L ]
Y
%
Y

Solubility (S, mgkg” dichlona/CO,)

Timacsfom, of (0 deminy. Chose d 5y : ¥ al da poines and Hnes
predicion of Ch@sl's model wing bes-fimed parameer waiss The open symbad
sigmka dan poinrSar was Sermodysamically sk

arbitrary reference condition (eg. 313 K and 9.5 MPa), in our
particular case by analyring differences between values of w3 in
Tabsle 6. In addition, vahes of parameter (k - 1)relste to differe noes
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in solvation of 2 given sohute by OOy molecules in that 3 decreasng
number suggests increxsed impediments for 00 molecules o
apprasch and solvate it Dandge o sl [33] wrote 3 seminal
contribution stating the effect of structural features of hydrocar-
bk, aloohils, phemnols, aldehydes, & thers, esters, amines, and mitro
ocompimnds on Bimitations toor enhaneeme ntsin their solubility in
SC-C0p, that were summarized by Lique de Castro et al_|40] as a
list of conditions warranting misdbility in CD; of organic com-
pounds a5 a function of the number of carbon stoms, brandying
and rype and member of functionsl growps Dngeneral, the sol ubility
in SC-C0p of 2 solute in 2 homologous seres of compounds de-
creases a5 the moleadar weight or the polarity of the com pound
inresses. The effect of the chemial structure of 14-
nuphthoquinone dervatives (Fig. 1) on their solubility in SC-00y
wizs analyzed in this work, and from Table 6, the elffect of different
substituent growps suchas methyl, ydrosyl chiorde, and olefin on
the solubility in SC-00; st 313 K and 9.5 MPa of 2 single molecule
core (14 naphthoguinens) can be scertained The differences in
salubility between 14-naphtoquinone and mensdione (Table &)
suggest that a me thyl group (in position Ry, Fig 1) dimi nishes sol-
ubility de to steric and mas effed Furthermore, 2 dmilar e fect
was abserved in dichlone a5 compared o Ld-naphthoguingmne
where the hwo chlorine atoms decrease solubility due to these
steric and mass efects, and an additionsl polarefact The negative
elfect of polarity in solubility can be concluded by the re placement
of a methyl group in position By of menadione by a lydrooyl group
in Lrwsome that decresses wh by approximately 16 times (Table &)
Hydmsoyl groups influence vegatively the solebility in 5C-00 evwen
whenithe y are not nextto carbomy] groups in, &g, position Ra in the
case of plumbaegin and juglone_ In this parti aular case, the negative
steric effect produced by an additionsl methyl group at R in
plumbaegin has a relatively minor effed on the solubility in S5C-00
(WS diminishes sbout 3.5 times) and solvation (k decresses only
absiviet 9%) &5 compared to juglons The relative patition of the y-
ooyl amd carbsomy] growps is also important 25 can be ascerts ined
by comparing Lwsone (hadraod in position By next to a carbonyl,
Fig 1) and juglone (hydmsyl in posiion Ry swey from the

o e Ot [30] an Tamd

oar irandlar Sracodn o e e, Do ) whine egimaned with 2 095 el of condi dence:

carbomyls, Fig. 1] in Table 6; w decreases about 19 times and k
decresies about 67 when this polar and bulky hdrasod group
approaches the carbonyls possibly inte fierng with their eventisl
sl vartion by O mod ecihes. The negative impact on the sol whility in
SC-00n and solvation of a hydromoy] near & ooyl group in, &g,
position Ry in the case of lawsone and lapachal, can be partially
compensated by a non-polar olefin grouwp in the position R (lapa-
chial) degpite the increase in moleculsr weight, because this hy-
drocarsom Subrtitue nt Iined 00 malecudes with the emd result
of an increase of BB in wh and an increase of 43X in k for lapachol
a5 mpared to Liwsomne.

It is also a well-known et that solute solubility in SC-C0, is
highly dependent on system conditions, which can be analyred
using a model such a5 the one of Chrastl [30) In this particular
mode | the magnitude of the effed of system pressure (00; densty)
on soluhility isgiven by parameter [k — 1) whidh in the cse o 14-

s derivatives (3.0 « k< 55) predicts an incrase
in solubility of 3- 68 times wiven i nassing system pressare from
9.5 to 30 MPa st 313 K (that causes an incresse in 00y density of
sbout 50% from 580 to 912 kg/m'l In Chrastils model, the
magn itude of the efect of sysem sbsolute temper sture on Solu-
bility is given by parameter 0434 AH[R, wihich in the case of 14-
nathoquinone and derivatives (19 < AH < 4.8 k] fmol) predicts an
imsremse in solubility of 15-t0-3 times when increasng tempsers-
ture from 313 to 333 K while keeping 00, density mnstant st
580 kgfm' (that requires an increase in system presure from
9.5 MPa at 313 Ko 144 MPa st 333 KL

In conclusion, this work exemplified the wse of experimental
and data analysis protocels to measure and model solute (mens-
dione, dichlone) solubility in SC-00;. Data analysis protocols
induded testing thermodynamic @nsistency and besi-fivting
Chrastil model o non-fully consistent experimental data
collected by us and reported in literature_This work also concluded
that small differences in substituent groups (methyd, olefin, hy-
drosyl, halogen) and their position when asttached to a single
malecule core | L 4-naphthogquinome] may have large effects on the
solubsility in SC-C0; by chargng the pol arity and molecular wei ght
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of the compound. Because the expermental device and procedure
used in this work proved to be adequate only to measure sol ubil-
ities below thoswe o 1d-naphthoquinone and mensdione st
313—333 K and T1—33 MPa (2 < 05 = 077 modificstions
introduced by chemical synthesis to menadione and dichlone
should be simed b increasing molecular weight andjor polant
This can be done sdding bulky (olefin, phemd) andjor polar (-
drasyl, amine, halogen) substituents to the L4 naphithodqui mone
maolecular core analyzed in this work. This chemical symthesis
effort will candidate solutes to our program aimed at
rela ting solubility in SC-00; and dvemical gructre.
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