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Abstract in Spanish 

La extraccio n de compuestos bioactivos de alto valor, como la biochanina A, requiere me todos 

sostenibles y eficientes, entre los que destaca la extraccio n con fluidos supercrí ticos (SCFE) 

utilizando dio xido de carbono (CO2). Sin embargo, el disen o de estos procesos demanda datos 

confiables de equilibrio de fases, los cuales actualmente no esta n disponibles para el sistema 

biochanina A + CO2 supercrí tico. Esta tesis tiene como objetivo medir experimentalmente, 

validar y modelar termodina micamente el equilibrio so lido-fluido de la biochanina A en CO2 

supercrí tico a temperaturas cercanas a la ambiente. 

Las mediciones de solubilidad se realizaron mediante un me todo isote rmico dina mico-analí tico 

con una celda de visualizacio n de alta presio n y cuantificacio n por cromatografí a lí quida de alta 

resolucio n (HPLC). Los datos se obtuvieron en tres isotermas (313,15; 323,15 y 333,15 K) y en 

un rango de presio n de aproximadamente 10 a 32 MPa. La confiabilidad de las mediciones se 

evaluo  mediante estimaciones de incertidumbre expandida combinada, el modelo de 

autoconsistencia de Me ndez-Santiago y Teja (MS-T) y la prueba de consistencia termodina mica 

de Valderrama y Zavaleta. 

Las fracciones molares experimentales de biochanina A variaron entre 0,43∙10-6 y 7,89∙10-6 

mol·mol-1. Las isotermas revelaron un comportamiento ano malo, caracterizado por un ma ximo 

de solubilidad entre 14,0 y 16,0 MPa, seguido de una disminucio n abrupta. El ana lisis por 

resonancia magne tica nuclear confirmo  la ausencia de degradacio n estructural, indicando que 

este feno meno se debe a la autoasociacio n del soluto. A altas presiones, la reduccio n del 

volumen libre favorece la formacio n de dí meros mediante enlaces de hidro geno, lo que 

disminuye la volatilidad de la biochanina A y reduce su presencia en la fase supercrí tica. 

La ecuacio n de estado SAFT-VR Mie se empleo  para correlacionar el equilibrio de fases. Aunque 

el modelo monome rico reprodujo adecuadamente datos de equilibrio so lido-lí quido (AARD = 

4,53 %), no logro  describir el comportamiento en CO2 supercrí tico (AARD = 160,37 %), 

evidenciando la necesidad de considerar explí citamente el equilibrio mono mero-dí mero. 

Finalmente, el modelado termodina mico mostro  que la adicio n de etanol como cosolvente 

incrementa significativamente la solubilidad al reducir la autoasociacio n. 

Este trabajo proporciona nuevos datos de solubilidad a alta presio n para la biochanina A en CO2 

supercrí tico y establece una base para el disen o futuro de procesos de extraccio n con fluidos 

supercrí ticos. 
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Abstract 

The extraction of high-value bioactive compounds like biochanin A demands green, efficient 

methods such as Supercritical Fluid Extraction (SCFE) using carbon dioxide (CO2). Designing 

these processes requires reliable phase equilibrium data, which is currently unavailable for the 

biochanin A + SC-CO2 system. This thesis aims to experimentally measure, validate, and 

thermodynamically model the solid-fluid phase equilibrium of biochanin A in supercritical CO2 

at near-ambient temperatures. 

Solubility measurements were performed using a dynamic-analytical isothermal method with 

a high-pressure view-cell and HPLC quantification. Data were collected along three isotherms 

(313.15, 323.15, and 333.15 K) in a pressure range of roughly 10 to 32 MPa. The reliability of 

these measurements was verified through combined expanded uncertainty estimations, the 

Me ndez-Santiago and Teja (MS-T) self-consistency model, and the Valderrama and Zavaleta 

thermodynamic consistency test. 

Experimental molar fractions of Biochanin A ranged from 0.43∙10-6 to 7.89∙10-6 mol∙mol-1. 

Notably, the isotherms revealed anomalous phase behavior: instead of increasing monotonically 

with pressure, solubility reached a distinct maximum between 14.0 and 16.0 MPa, followed by 

a sharp decline. NMR analysis confirmed that no structural degradation occurred, indicating 

this phenomenon is exclusively driven by solute self-association. At higher pressures, reduced 

free volume promotes hydrogen bonding at the C7 hydroxyl group, forming dimers with 

doubled molecular mass and reduced volatility, shifting them out of the supercritical phase. 

The SAFT-VR Mie Equation of State was applied to correlate the phase equilibrium. While 

molecular parameters for the pure monomer were successfully fitted using solid-liquid 

equilibrium data in ethanol and 2-propanol (yielding an AARD of 4.53%), applying this purely 

monomeric model to the SC-CO₂ system resulted in an AARD of 160.37%. The model 

erroneously predicted a continuous solubility increase, proving that explicitly accounting for 

the monomer-dimer equilibrium is necessary to capture the real phase behavior. Finally, 

thermodynamic modeling demonstrated that adding a polar cosolvent like ethanol significantly 

enhances Biochanin A solubility across all conditions by disrupting self-association. 

This work provides high-pressure solubility data for Biochanin A in SC-CO₂, demonstrating the 

critical impact of solute dimerization on phase equilibria and offering a fundamental basis for 

future SCFE process design. 
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Introduction 

The growing concern for food safety and pharmaceutical quality has driven an increasing 

demand for production processes that are safe, energy-efficient, and environmentally 

sustainable [1], [2]. Motivated by these facts, this thesis aims to provide relevant data for the 

design of processes that enable the recovery of biologically significant substances using an 

unconventional solvent and an environmentally friendly method. 

Bioactive compounds are both essential and non-essential compounds found in nature [3], 

which can also be demonstrated to have potential health benefits for humans. Their study has 

led to the identification of new compounds and the development of applications in cosmetics, 

food, and healthcare [4]. Today, natural ingredients such as aloe vera derivatives and olive oil 

are preferred in cosmetics due to their sustainability [5]. They are also used as colorants and 

additives to improve food quality [6]. 

Around 50% of anti-infective and anticancer drugs are derived from bioactive compounds [7]. 

Research on these compounds remains crucial for treating diseases such as cancer, infections, 

diabetes, and cardiovascular conditions, which still lack effective and accessible treatments. 

Oxidative stress has been linked to cardiovascular and neurodegenerative diseases, driving the 

study of antioxidant bioactive compounds [8]. Bioactive compounds have gained interest in 

chemotherapy due to their low toxicity in healthy cells [9]. 

4′-methoxy-5,7-dihydroxy isoflavone, or biochanin A, is a bioactive compound (isoflavone) with 

pharmaceutical properties of interest, including anticancer, anti-inflammatory, 

hepatoprotective, antioxidant, neuroprotective, and antidiabetic activities [10]. The anticancer 

effect of biochanin A extends to various types of cancer, such as bladder, breast, pancreatic, 

prostate, osteosarcoma, and liver cancer [10]. This isoflavonoid is isolated from numerous 

plants, with red clover (Trifolium pretense L.), peanuts, and chickpeas standing out [11], all of 

which are widely consumed foods, making it accessible and cost-effective. 

The extraction of bioactive compounds from plant material can be conducted using a variety of 

extraction techniques. These techniques are classified into traditional and modern methods. 

Traditional methods include Soxhlet extraction, maceration, percolation, turbo-extraction, and 

sonication [12]. However, these approaches are often slow and require large volumes of organic 

solvents, such as n-hexane and chloroform, which pose health risks. Additionally, methods such 

as distillation involve high thermal loads that can degrade thermolabile compounds present in 

plant material, limiting their applicability in the extraction of isoflavonoids like biochanin A. 
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This work proposes the use of an unconventional solvent for the extraction of biochanin A, 

specifically carbon dioxide (CO₂) under supercritical conditions (SC), meaning at a temperature 

(𝑇) and pressure (𝑝) above the critical values of the substance (for CO₂: 𝑇𝑐  = 304.1 K, 𝑝𝑐  = 7.38 

MPa). Carbon dioxide under supercritical conditions (SC-CO₂) can dissolve phytochemical 

compounds from plant substrates without leaving contaminant residues in the final product 

through a process known as supercritical fluid extraction (SCFE). This method enables the 

recovery of highly pure bioactive compounds and prevents unwanted chemical reactions. 

Although the initial investment in SCFE equipment is higher than that required for atmospheric 

pressure extraction techniques, the process itself is relatively simple and easily scalable to an 

industrial level [13]. 

For the economic feasibility study and scale-up of processes using SC-CO₂, it is necessary to have 

information on phase equilibrium, that is, the thermodynamic solubility (𝑦𝑖) of solute i in the 

CO₂-rich phase of the system at temperature 𝑇  and pressure 𝑝 . Additionally, for the design, 

simulation, and optimization of extraction processes, a thermodynamic model is required to 

represent solubility as a function of temperature, pressure, and other parameters fitted from 

experimentally validated data from binary systems. Along with thermodynamic information, 

kinetic studies are also necessary, but they will not be covered in this work. It is important to 

note that there is no solubility information available for the studied system in this work. 

The objective of this thesis is to contribute validated experimental data and models to represent 

the thermodynamic solubility (mole fraction) of the system biochanin A + CO₂ at temperatures 

close to atmospheric. The specific objectives are: (1) to verify the functionality and incorporate 

improvements (if necessary) to the experimental equipment for measuring fluid (F) + solid (S) 

phase equilibria (FSE) available in the Process Thermodynamics Laboratory (LTP) at the 

Department of Chemical and Environmental Engineering (DIQA) at the Universidad Te cnica 

Federico Santa Marí a (UTFSM); (2) to provide experimental solubility data for the biochanin A 

+ CO₂ system concerning pressure (𝑝 < 32 MPa) and operating temperature (313 K, 323 K, and 

333 K); (3) to establish the validity of the experimental data from objective (2) using a 

procedure that considers: (3.1) uncertainty estimation, (3.2) thermodynamic consistency 

evaluation, and (3.3) self-consistency evaluation; and (4) to apply an advanced thermodynamic 

model (specifically, the SAFT-VR Mie equation of state) to correlate solute solubility in SC-CO₂ 

at high pressure, and fit the required model parameters to the validated experimental data from 

objective (3). 
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1. Studied Solute: Biochanin A 

This section provides information on isoflavones, and biochanin A. Section 1.1 presents the 

structure, classification, and general biological functions of polyphenols, with a special focus on 

isoflavones, particularly biochanin A. 

Section 1.2 introduces some of the most important biological activities and the recommended 

dietary intake of isoflavones to understand their relevance to human health. Finally, Section 1.3 

presents different methods for obtaining isoflavones from natural sources to understand the 

advantages of extraction processes for isolating these substances. 

1.1. Structure and Biological Functions  

Biochanin A is a type of polyphenol. Polyphenols are phenolic compounds of plant origin. These 

compounds are produced as a result of the secondary metabolism of plants [14] and are mostly 

found conjugated with sugars (glycosides) [15]. In some cases, they can also be found as 

aglycones. Due to this structure, polyphenols tend to be water-soluble. 

Polyphenols are mainly synthesized through two metabolic pathways: the shikimic acid 

pathway and the acetate pathway [16]. More than 8,000 polyphenolic structures are currently 

known [17], with their common characteristic being an aromatic ring with at least one hydroxyl 

substituent [18]. Polyphenols can be classified into different classes according to their chemical 

structure. 

 

Figure 1.1. Basic structure of flavonoids. 

 

Figure 1.2. Basic structure of an isoflavone. 

Flavonoids are the most extensive class of polyphenols. Their basic structure (Figure 1.1) 

consists of two aromatic rings linked by three carbon atoms. Flavonoids are further subdivided 

based on the position of the carbon in ring C to which ring B is attached, as well as the degree 

of unsaturation and oxidation of ring C. Their subclasses include flavonols, flavones, flavanones, 

flavanols, anthocyanins and isoflavones. 

1

2

3
45

6

7
8

1’

2’
3’

4’

5’
6’

A C

B

1
2

345
6

7
8

A C

1’

2’
3’

4’
5’

6’
B



Departamento de Ingeniería Química y Ambiental 

12 

Isoflavonoids are compounds that differ from other flavonoids by the position of ring B at 

position 3 of ring C, instead of position 2 [14]. This structural modification influences their 

biological properties and chemical behavior. In plants, isoflavonoids function as antioxidants to 

neutralize reactive oxygen species under abiotic stress conditions. Additionally, they participate 

in pathogen defense as phytoalexins, inhibiting microbial growth [19]. They also influence cell 

signaling, regulating essential metabolic pathways for plant development. Isoflavonoids are 

known for their phytoestrogenic activity, as they can interact with estrogen receptors in 

mammals, giving them a relevant role in human health [10]. 

"Isoflavone" is a general term for isoflavonoids that have a carbonyl group at position C4 of their 

basic benzopyran skeleton (15 carbons, C6-C3-C6), with ring B attached at position C3 (Figure 

1.2). These are present in various plant species, especially legumes, and have antioxidant [20], 

[21], anti-inflammatory [20], [22], [23], and potentially anticancer properties [24], [25]. 

Isoflavones are predominantly found in legumes and are one of the main bioactive components 

present in species such as red clover, soybeans, and chickpeas [26] (Figure 1.3 shows some 

isoflavones present in legumes). Global legume production continues to grow, with soybeans, 

chickpeas, and red clovers being prominent crops. For example, global soybean production is 

estimated to reach 418 million tons in the 2024/25 season, 5% more than the previous season, 

with Brazil being one of the main producers [27]. 

  
Compound  R1 R2 R3 R4 

Daidzein  H H H H 

Genistein  H OH H H 

Biochanin A  CH3 OH H H 

Irilone  H OH - OCH2- 

Prunetin  H OH H CH3 

Ononin  CH3 H H glc 

Figure 1.3. Biochanin A (left) and other isoflavones from legumes. 

HO

OH

OCH3

R4O

R2

OR1

R3
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The fate of these legumes varies depending on the crop. Approximately 85% of soybeans are 

processed into meal and oil, a process that generates a large amount of husk as a byproduct. 

This byproduct accounts for up to 8% of grain yield, equivalent to approximately 34 million tons 

of husks during the 2024/25 season. 

Biochanin A, chemically known as 5,7-Dihydroxy-4′-methoxyisoflavone [CAS: 491-80-5] is a 

naturally occurring isoflavone predominantly found in red clover (Trifolium pratense), 

chickpeas (Cicer arietinum), soybeans (Glycine max), and other legumes [28]. Biochanin A has 

shown many potential health-promoting benefits, considering the cumulative evidence that 

indicates its biological activity, which gives biochanin A pharmacological properties, including 

anti-inflammatory [29], antioxidant [30], anticancer [31] and neuroprotective[32]. 

From a physicochemical perspective, the molecular structure of biochanin A features two 

hydroxyl (-OH) groups — at positions 5 and 7 — that play a critical role in its thermodynamic 

behavior. The unhindered hydroxyl at position 7 is particularly susceptible to intermolecular 

hydrogen bonding, raising the possibility of solute self-association under high-pressure 

conditions. As will be discussed in detail in Section 5, this structural predisposition has 

significant implications for the solid-fluid phase equilibrium behavior observed in the present 

work, and constitutes a central element of the thermodynamic interpretation developed herein. 

1.2. Biological Activities and Dietary Intake 

Biochanin A is an O-methylated isoflavone with a broad range of pharmacological properties, 

including anti-inflammatory, antioxidant, neuroprotective, and anticancer activities. Its anti-

inflammatory effects have been linked to the inhibition of key pro-inflammatory mediators, 

reducing oxidative stress and inflammatory responses in various disease models [33]. Notably, 

biochanin A has demonstrated neuroprotective potential in neurodegenerative conditions such 

as Alzheimer’s disease, Parkinson’s disease, and cerebral ischemia. In Alzheimer’s disease 

models, it improved memory and learning deficits, while in Parkinson Disease models, it 

prevented microglial activation and neuronal loss, mitigating behavioral abnormalities [34]. 

Moreover, biochanin A exerts anticancer effects, with evidence suggesting that its chemo 

preventive properties may be mediated through modulation of carcinogen metabolism. 

Additionally, biochanin A has been shown to induce the expression of drug-metabolizing 

enzymes and efflux transporters, suggesting a potential role in drug interactions [35]. Given its 

wide-ranging biological activities, biochanin A holds promise as a therapeutic agent for 

inflammation, neurodegenerative diseases, cancer, and metabolic dysfunctions. 
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Due to the complexity of polyphenols, information on the content and composition of 

polyphenols in foods is often incomplete [36]. Thus, making the daily intake of isoflavonoids 

difficult to estimate and confounds the ability to infer epidemiologic relationships regarding 

health and disease. Nevertheless, it is estimated that in western populations the daily dietary 

intake of isoflavonoids is almost negligible (<1 mg/d) [37]. Table 1.1 provides an estimation of 

the daily dietary flavonoid intake per polyphenol. 

Table 1.1. Estimated daily dietary total and individual flavonoid intakes of U.S. adults aged 19+ [38]. 

Polyphenol Daily Intake, mg/d 

Flavonols 12,9 ± 0,4 

Flavones 1,6 ± 0,2 

Flavanones 14,4 ± 0,6 

Flavan-3-ols 156,5 ± 11,3 

Anthocyanidins 3,1 ± 0,5 

Isoflavones 1,2 ± 0,2 

1.3. Sources of Biochanin A and other isoflavonoids 

The main sources of biochanin A and flavonoids such as genistein, daidzein, and quercetin are 

primarily plants, especially legumes and certain fruits and vegetables. Biochanin A can be 

isolated from red clover [39], soybeans and chickpeas [40]. 

A key consideration prior to selecting any extraction method is the chemical form in which 

isoflavones occur in plant matrices. They are predominantly found as glycoside conjugates (e.g., 

genistin, daidzin, ononin) rather than as free aglycones, and because these conjugates are 

chemically labile, the extraction method must be carefully chosen to preserve their integrity 

[41]. This is particularly relevant for biochanin A, which exhibits poor thermal stability; 

extraction temperatures should not exceed 60°C to avoid significant losses, and temperatures 

above 125°C cause sharp degradation of most glycoside forms [42]. These constraints directly 

condition the choice of extraction technique. 

To extract these flavonoids, conventional solvent-based techniques are often employed due to 

their operational simplicity and capacity to achieve high yields. However, they need large 

volumes of potentially toxic organic solvents, extended processing times, and present risks of 

thermal degradation and residual solvent retention in the final extract [41]. Modern alternatives 

have been developed to address these shortcomings. Ultrasound-Assisted Extraction (UAE) 

uses acoustic cavitation to disrupt plant cell walls and enhance mass transfer at low 

temperatures with reduced solvent consumption — a critical advantage given biochanin A's 
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thermal sensitivity [42]. Microwave-Assisted Extraction (MAE) irradiates plant material to 

release intracellular compounds with minimal solvent use and has demonstrated significantly 

higher total phenolic yields compared to conventional maceration under optimized conditions 

[43]. Pressurized Liquid Extraction (PLE) applies elevated temperature and pressure to 

maintain solvents in the liquid state, enhancing solubility and diffusion rates, and has been 

shown to achieve the highest total isoflavone recoveries among multiple compared techniques 

[44]. 

An emerging class of green solvents, Deep Eutectic Solvents (DES) and their natural 

counterparts (NaDES), have attracted increasing attention due to their biodegradability, low 

toxicity, and ease of preparation [45]. Choline chloride-based DES systems have demonstrated 

superior extraction yields for biochanin A, formononetin, ononin, and sissotrin from chickpea 

sprouts compared to conventional organic solvents, particularly when coupled with UAE to 

exploit synergistic effects of solvent penetration and cavitation [46]. 

Supercritical CO₂ fluid extraction (SCFE-CO₂) utilizes GRAS (Generally regarded as safe) CO₂ 

above its critical point as a green solvent [47]. This approach yields highly pure, solvent-free 

flavonoid extracts at moderate temperatures, preserving bioactivity and complying with 

stringent pharmaceutical and food-safety regulations. Although SCFE-CO₂ demands higher 

capital outlay and meticulous optimization of process parameters to balance yield and 

selectivity, its ecological profile and absence of residual solvents make it the preferred method 

for high-value applications in both the pharmaceutical and alimentary industries [13]. The 

solvating power of supercritical CO₂ can be further enhanced by adding co-solvent modifiers 

such as methanol–water mixtures, broadening its applicability to more polar solutes [48]. 

It should be noted that, despite extensive optimization at laboratory scale, there is currently no 

established methodology for commercializing isoflavone extraction from plant feedstocks. 

Transitioning to industrial processes requires simultaneous evaluation of technical, economic, 

and environmental metrics across multiple candidate extraction technologies — a challenge 

that remains an active area of research [49]. 
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2. Supercritical Fluid Extraction 

One reason for measuring a solute's solubility in SC-CO₂ is to identify the best conditions for its 

extraction from a natural substrate via supercritical fluid extraction (SCFE). This section 

discusses the supercritical state, the supercritical fluid extraction (SCFE) process, and the 

advantages of using CO₂ over other solvents in SCFE. 

2.1. Supercritical Fluid Solvents and Supercritical Fluid Extraction Processes 

A pure substance is said to be in a supercritical state when both its pressure and temperature 

are above their critical values (for CO2: 𝑇𝑐 = 304.1 𝐾, 𝑝𝑐 = 7.38 𝑀𝑃𝑎), as shown in Figure 2.1. 

 

Figure 2.1. Phase diagram for CO2 [50]. 

 

Figure 2.2. Density of carbon dioxide as a function of 
pressure along the selected near-critical and 
supercritical isotherms. 1 - T = 304.13 K; 2 - T = 313.15 
K; 3 - T = 323.15 K [51]. 

As a substance approaches its critical point, the densities of the liquid and gas phases become 

equal, forming a single fluid. Around the critical isotherm, at pressures above the critical value, 

transport properties such as viscosity and diffusivity, as well as density, can be continuously 

adjusted from gas-like to liquid-like with relatively small changes in pressure [52]. Supercritical 

fluids offer two key advantages: their high density, similar to that of liquids, enhances solvency, 

while their high compressibility, akin to that of gases, allows small changes in temperature and 

pressure to significantly alter density. Since solubility depends on density, the solvency of a 

supercritical fluid is easily adjustable, as illustrated in Figure 2.2. Additionally, as shown in Table 

2.1, supercritical fluids exhibit highly favorable transport properties that influence mass 

transfer and solubility. 
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Table 2.1. Comparison of density, viscosity and diffusivity for typical liquid, gas and SCF [53]. 

 Density (kg m-3) Viscosity (cP) Diffusivity (mm2 s-1) 

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 

The intermediate properties of supercritical fluids arise from local molecular clustering. Near 

the critical point, density fluctuations become significant, giving rise to transient, short-range 

ordered structures. These clusters reflect non-ideal behavior and indicate regions of enhanced 

local density. Their formation is driven by attractive intermolecular forces and is associated 

with a growing correlation length. These microstructures influence both thermodynamic and 

transport properties [54]. They help explain the coexistence of gas-like diffusivity and liquid-

like solvating power in SCFs, which is essential for efficient solute solvation and mass transfer. 

Supercritical fluid extraction (SCFE) is an efficient separation technique. It is used to obtain 

natural compounds in food, pharmaceuticals, cosmetics, and chemicals. Its main advantage is 

selectivity, allowing the extraction of substances that are difficult or expensive with traditional 

methods. Moreover, SCFE significantly reduces extraction time, minimizes the consumption of 

organic solvents, and is well-suited for thermo-sensitive compounds [55]. This technique also 

produces cleaner extracts and is considered environmentally friendly, further reinforcing its 

value as an alternative to traditional extraction methods [56]. SCFE operates in two stages: 

extraction and separation, achieved by adjusting the solvent's solvating power under different 

conditions. This process is usually done in batches; so, the raw material (usually ground) is fed 

into the extractor before the process begins. 

Figure 2.3 illustrates a simplified SCFE process using supercritical carbon dioxide (SC-CO₂). 

Pressurized CO₂ at 200–400 bar and at a temperature of 40–60 °C [57] is introduced into the 

extractor, dissolving the target compounds present in the feedstock. The CO₂, laden with the 

extract, is transferred to a separator, where pressure and temperature changes reduce the 

solvent power, causing the solute to precipitate. The solute collects at the bottom of the 

separator. Alternatively, the solvent power can be adjusted by increasing the temperature or 

adding a third substance, depending on the feed characteristics and the process profitability. 

Finally, the gaseous CO2, free from the extract, is recirculated back to the extractor. 
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Figure 2.3. Simplified SCFE process. 

2.2. Supercritical Fluid Extraction Processes with Carbon Dioxide 

SCFE has been explored using various solvents, including propane, n-butane, methylpropane, 

freon (fluorocarbons), nitrous oxide, dimethyl ether, and even water. However, many of these 

solvents present significant drawbacks, such as toxicity, environmental concerns, or the need 

for stringent safety measures. For example, water's critical temperature is nearly 400 °C, 

making it impractical for most applications Table 2.2 shows the critical pressure and 

temperature of various solvents. 

In contrast, CO₂ in its supercritical state (SC-CO₂) has become the most widely used SCF solvent 

due to its favorable properties. It is non-toxic, non-flammable, non-explosive [47]. Carbon 

dioxide is generally regarded as safe by the Food and Drug Administration (FDA) and the 

European Food Safety Authority (EFSA) [58]. Moreover, because CO₂ is gaseous at ambient 

conditions, solvent recovery is straightforward and does not require complex separation steps. 

Its relatively low critical temperature and pressure make it suitable for processing thermally 

sensitive compounds, while also improving energy efficiency compared to other supercritical 

fluids. 

The selectivity of SC-CO2 can be tuned by adjusting operating pressure and temperature, 

allowing for the targeted extraction to certain solutes [59]. Additional advantages—such as 

minimal waste generation, simple solvent recycling, and unique thermophysical and transport 

properties—have sparked growing interest in developing sustainable process alternatives 

based on SC-CO2 [53]. 
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Table 2.2. Apparent physical properties for various supercritical fluids used as solvents [60]. 

Solvent MW / g∙mol-1 𝑇𝑐  / °C 𝑝𝑐  / MPa 𝜌𝑐  / kg∙m-3 

Ammonia (NH3) 17.03 132.2 11.33 225.0 

Water (H2O) 18.02 373.9 22.06 322.0 

Carbon Dioxide (CO2) 44.01 30.9 7.37 467.6 

Acetone (C3H6O) 58.08 235.1 4.64 278.0 

Benzene (C6H6) 78.11 289.0 4.90 277.0 

Ethane (C2H6) 30.07 32.2 4.87 206.2 

Ethanol (C2H5OH) 46.07 240.9 6.06 276.0 

Ethylene (C2H4) 28.05 9.2 5.04 214.2 

Methane (CH4) 16.04 -82.6 4.59 162.7 

Methanol (CH3OH) 32.04 239.4 8.10 275.5 

n-Propane (C3H8) 44.10 96.7 4.25 220.5 

Propylene (C3H6) 42.08 91.9 4.55 230.1 

Thanks to the relatively low operating temperatures, extracts obtained using SC-CO₂ are free of 

solvent residues and retain sensory properties—such as aroma and flavor—very similar to 

those of the original natural source. Moreover, although reaching the supercritical state requires 

a certain energy input, this is largely offset by the minimal energy needed to separate the 

solvent from the extract. As a result, the overall energy consumption is lower compared to 

conventional methods like steam distillation [53]. 

One of the main limitations of supercritical carbon dioxide (SC-CO₂) as a solvent for the 

extraction of bioactive compounds lies in its low polarity. While SC-CO₂ is highly effective for 

extracting non-polar and slightly volatile compounds, its capacity to solubilize polar analytes is 

limited [61]. Consequently, the use of polar co-solvents, such as ethanol or methanol, is often 

required to enhance solvent polarity and improve extraction efficiency [62].  

Since the 1980s, SC-CO₂ has been utilized at the industrial scale for the extraction of a wide 

variety of compounds, including caffeine from coffee and tea, hops, essential oils, flavor and 

fragrance compounds, food ingredients, nutraceuticals, as well as active substances used in 

pharmaceutical and cosmetic formulations [63]. Isoflavones have been successfully extracted 

from soybean meal using SC-CO₂ under a range of conditions, including temperatures between 

40–70 °C and pressures of 30–60 MPa. The addition of aqueous methanol as a co-solvent, at 

concentrations up to 10.2% w/w, significantly improved extraction efficiency, with 80% 

aqueous methanol identified as optimal. Under the best conditions (40 °C, 50 MPa, 9.80 kg/h 

CO₂ flow, 7.8% aqueous methanol), a recovery of 87.3% of the twelve main isoflavones—
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including daidzin, genistin, glycitin and their aglycone, acetyl, and malonyl forms—was 

achieved, as compared to solvent extraction with 70% ethanol [64]. Similarly, SC-CO₂ has been 

used for the extraction of flavonoids from pomelo peel (Citrus grandis (L.) Osbeck), where 

optimal conditions (80 °C, 39 MPa, 85% aqueous ethanol, 49 min extraction) yielded 2.37% 

flavonoids—significantly higher than the 1.51% obtained via conventional solvent extraction 

(CSE). Moreover, flavonoids extracted with SC-CO₂ exhibited enhanced antioxidant activity in 

DPPH, ABTS, and hydroxyl radical scavenging assays. These results highlight the potential of SC-

CO₂ to efficiently extract high-value compounds with functional benefits in the food, 

nutraceutical, and pharmaceutical industries [65]. 
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3. High Pressure Equilibrium 

Experimental solubility data for a solid solute in a SCF is necessary for determining the 

operating conditions under which a particular solute exhibits a preferential partitioning into 

the supercritical phase over other components in a mixture. This information is crucial for the 

initial stages of design and optimization of SCFE processes at both pilot and industrial scales. 

This section begins by examining the solubility behavior of a solid solute in an SCF solvent, 

providing insight into the phenomenological characteristics of the systems under investigation. 

Subsequently, a comprehensive overview of the experimental methodologies employed to 

measure thermodynamic phase equilibrium properties—specifically for high-pressure solid–

fluid binary systems—is presented, along with key criteria for selecting an appropriate 

experimental approach. Two validation strategies for pressure–temperature–composition (𝑝–

𝑇 –𝑦𝑖 ) data in solid–fluid binary systems are then discussed. The section concludes with a 

presentation of the fundamental thermodynamic equations, methodologies, and selection 

criteria used in the modeling of multicomponent fluid phase equilibria. 

3.1. Solubility Behavior of Solids in a Supercritical Fluid 

Solubility refers to the maximum concentration of a compound that can be dissolved in a solvent 

under specific pressure (𝑝) and temperature (𝑇) conditions. This equilibrium state between 

solute and solvent is only achieved when enough of the solute is present in the system and 

equilibrium is established under constant 𝑝 and 𝑇. The solubility of compounds in SC-CO₂ is 

strongly influenced by several molecular characteristics of the solute, including molecular 

weight, degree of branching, number and type of rings, nature and position of functional groups, 

aromaticity, and polarity [66], [67]. 

3.1.1. Effect of temperature and pressure on solubility in SC-CO2 

The solubility of solid solutes in supercritical fluids is highly sensitive to variations in pressure 

and temperature. As pressure increases at constant temperature, the density of SC-CO₂ 

increases, enhancing its solvating power and, consequently, the solubility of the solute. 

Conversely, the effect of temperature is more complex and depends on the pressure regime. At 

lower pressures, increasing temperature tends to decrease solubility due to a reduction in 

solvent density. However, at higher pressures, solubility may increase with temperature 

because the rise in solute vapor pressure outweighs the decrease in solvent density. This 

competing behavior leads to what is known as the temperature crossover effect, where 
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solubility isotherms intersect at a specific pressure. In Figure 3.1 this phenomenon can be 

observed for the binary system naphthalene and SC-CO2. 

 

Figure 3.1. Experimental solubilities for solid naphthalene in supercritical carbon dioxide at 35.0, 55.0 and 60.4 °C 
[68]. 

3.1.2. Effect of molecular interactions and cosolvents on solubility in SC-CO₂ 

Solvation of a solid solute in SC-CO₂ occurs through molecular interactions such as van der 

Waals’ forces, dipole interactions, and hydrogen bonding [69]. Non-polar and slightly polar 

solutes generally exhibit better solubility in SC-CO₂ than polar solutes [70], as CO₂ lacks 

permanent dipoles and primarily engages in weaker intermolecular forces like van der Waals’ 

force and London dispersion forces. The solubility of a solute in a solvent is influenced by the 

similarity of their intermolecular forces, with non-polar solutes dissolving more readily in SC-

CO₂. In contrast, polar solutes, which require stronger interactions such as hydrogen bonding 

or dipole-dipole forces, do not dissolve as effectively in SC-CO₂ due to the solvent's limited 

ability to facilitate these interactions. 

Although CO₂ is non-polar overall, it possesses a quadrupole moment due to the 

electronegativity difference between carbon and oxygen atoms, allowing it to act as a weak 

Lewis acid or base [71]. This property enables CO₂ to interact with functional groups such as 

alcohols, ethers, and carbonyl groups on solute molecules, which can enhance the solubility of 

polar solutes [72]. SC-CO₂ is particularly effective for extracting non-polar and slightly polar 

compounds, including alkanes, terpenes, aldehydes, esters, alcohols, and fats. 
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Figure 3.2. Solubility of xanthines in supercritical carbon dioxide at constant density [73]. 

The influence of solute chemical structure on solubility is clearly demonstrated in Figure 3.2. 

The solubility of low-volatility substances in non-polar supercritical gases tends to decrease 

with increasing molecular weight, polarity, and the number of polar functional groups [73]. For 

larger molecules, the non-polar portion, which correlates with molecular mass, primarily 

dictates solubility. In contrast, for smaller molecules, functional groups exert a stronger 

influence. 

As previously hypothesized, the molecular structure of biochanin A, specifically the unhindered 

hydroxyl group at position 7, favors the formation of molecular aggregates via hydrogen 

bonding. At elevated pressures, the reduction in free volume promotes these solute-solute 

interactions, leading to the formation of dimers. This dimerization effectively doubles the 

solute's molecular weight and increases its effective volume, resulting in a macroscopic 

reduction or stabilization of solubility in the SC-CO2 phase. 

This behavior aligns with the fundamental thermodynamic principles of polymer solubility in 

supercritical fluids, where solubility typically decreases as chain length and molecular weight 

increase [74], [75]. At a molecular level, as the molecular weight rises, solute-solute interactions 

become dominant over solute-solvent interactions. Furthermore, according to Flory’s theory, 

the increase in molecular weight leads to a reduction in the entropy of mixing (Δ𝑆), making the 

dissolution of heavier associated species thermodynamically less favorable [75]. 

These trends are corroborated by several examples in SC-CO2 systems. As illustrated in Figure 

3.3, the solubility of Poly(vinylpyrrolidone) consistently decreases as its number-average 

molecular weight (Mn) increases [75]. For instance, short-chain Poly(vinyl acetate) (MW = 1800 

g/mol) exhibits significantly higher solubility (1% wt.) than its longer-chain counterparts (MW 
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= 5800 g/mol, 0.38% wt.) under identical density conditions [76]. Similarly, the solubility of 

Poly(ethylene glycol) (PEG) is a direct function of molecular weight, where higher molecular 

weight chains require substantially higher threshold pressures to initiate dissolution [74]. 

 

Figure 3.3. Experimental solubility of PVP for (1) Mn = 10000, (2) Mn =24000, and (3) Mn = 58000 in SC-CO2 as a 
function of pressure at different temperatures: ■, 313 K; ●, 323 K; ▲, 333 K; and ⧫, 343 K [75]. 

The solubility behavior of solutes in SC-CO2 can be further enhanced or modified by adding a 

small amount of another fluid, called entrainer, into the solvent. The entrainer could act in two 

ways when added to SC-CO2: as a co-solvent, increasing the solubility of a specific solute or as a 

modifier, changing the properties of SC-CO2 such as polarity, density or viscosity. At the 

molecular level, entrainers enhance solubility through specific interactions. These include 

hydrogen bonding [77], dispersion forces [78], dipole-dipole interactions, and, in some cases, 

the formation of charge-transfer complexes [79]. The local concentration of the entrainer 

around the solute can be significantly higher than its bulk concentration, further amplifying its 

effect on solubilization [77]. 

In addition to specific molecular interactions, entrainers modify the physical properties of SC-

CO₂. Increase in density caused by entrainers is generally small, changes in the solubility 

parameter and phase polarity can substantially enhance solubility [80]. The magnitude and 

nature of the solubility modification depend on the type and concentration of the entrainer, as 

well as on operating pressure and temperature. Furthermore, some entrainers can act as matrix 

modifiers by physically altering the structure of the solid substrate, facilitating the release of 

the solute [78]. This mechanism is distinct from the direct increase of solubility in the 

supercritical phase.  
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The choice of an entrainer in SC-CO₂ extraction is influenced by the polarity and functional 

groups of the solute, as well as the extraction objective. Polar entrainers such as ethanol or 

methanol are commonly used for polar solutes due to their ability to form hydrogen bonds and 

dipole–dipole interactions, enhancing solubility by increasing the polarity of the SC-CO₂ phase. 

In contrast, nonpolar entrainers like alkanes improve the solubility of nonpolar solutes via 

dispersive interactions and increased polarizability of the solvent [81]. Entrainers can also 

modify the density and solubility parameter of SC-CO₂, making it more compatible with the 

target compound [79]. Depending on whether the goal is to maximize solubility or enhance 

selectivity, entrainers are selected for their affinity toward specific solutes. In many cases, 

entrainers with GRAS (Generally Recognized as Safe) status are preferred for applications in the 

food and pharmaceutical industries. 

 

Figure 3.4. Solubility of flavone (○), 6-methoxyflavone (▲) and anthracene (□) as a function of mole fraction of 
ethanol at 333 K and 22 MPa [82]. 

As shown in Figure 3.4, the solubility of flavone, 6-methoxyflavone, and anthracene increases 

with the addition of ethanol to SC-CO₂ at 333 K and 22.0 MPa. This trend reflects the role of 

ethanol as a polar entrainer that enhances solute–solvent interactions, particularly for polar 

compounds. Flavone and 6-methoxyflavone benefit from hydrogen bonding and dipole–dipole 

interactions, resulting in a greater solubility increase compared to the nonpolar anthracene, 

which is less responsive to polarity changes in the solvent phase. 

3.1.3. Solubility of Isoflavones in Supercritical Fluid 

Despite the available data for various isoflavones, there are no reports, to the best of our 

knowledge, concerning the solubility of biochanin A in SC-CO₂. Given its close structural 
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relationship to isoflavones like genistein and daidzein, it is reasonable to anticipate a similar 

solubility behavior. 

Several studies have investigated the solubility or extraction of isoflavones, either in their 

aglycone (e.g., genistein, daidzein) or glycosylated forms (e.g., genistin, daidzin), in SC-CO₂ 

under various conditions [48], [83], [84], [85]. The inclusion of ethanol or methanol as a 

cosolvent has been shown to significantly enhance solubility and extraction efficiency. Nakada 

et al. [83] reported the solubility of genistin, daidzin, and their aglycones in SC-CO₂ using 

ethanol concentrations ranging from 0 to 15% mol/mol at 313 K and pressures of 15 and 25 

MPa. 

As demonstrated by Nakada et al. [83] the addition of ethanol as a co-solvent dramatically 

enhances the solubility of isoflavones in supercritical carbon dioxide (SC-CO2). In a pure SC-CO2 

system without the entrainer, the solubility of isoflavones such as daidzein and genistein is 

exceptionally low due to the non-polar characteristics of the supercritical fluid. However, the 

introduction of a polar co-solvent like ethanol significantly increases their solubility, a trend 

that is consistently observed to rise as the molar fraction of the entrainer increases. As shown 

in Figure 3.5, this pronounced enhancement effect is predominantly driven by the quantity of 

ethanol added to the system, proving that the presence of a co-solvent is a highly effective and 

necessary strategy to overcome the inherent extraction limitations of pure SC-CO2 when 

processing these compounds. 

  

Figure 3.5. Solubility of daidzein and genistein in SC-CO2 and ethanol binary system at 15 and 25 MPa and at 313 K. 
15 MPa (○); 25 MPa (●) [83]. 
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Similarly, Rostagno et al. [48] and Zuo et al. [85] explored methanol as a modifier, observing 

improved extraction of isoflavones from soybean sources at modifier contents between 5 and 

10% mol/mol. Most studies apply moderate temperatures (313–343 K) and pressures ranging 

from 15 to 60 MPa. These conditions generally enhance solubility by increasing the density and 

solvent power of SC-CO₂, although the use of cosolvents often reduces the need for very high 

pressures. 

  

Figure 3.6. Isoflavones recovery curves at different 

pressure [85]. 

Figure 3.7. Isoflavones recovery curves at different 

modifier concentration [85]. 

Regarding extraction processes, the initial linear portion of extraction curves (typically 

represented as yield or recovery versus cumulative CO₂ consumption or extraction time) has 

been shown to reflect the solubility-controlled regime. In this region, the mass transfer rate is 

high enough that the amount of solute extracted is governed primarily by the equilibrium 

solubility of the compound in SC-CO₂ or the SC-CO₂ + cosolvent mixture, rather than by kinetic 

limitations. This has been noted in the work of Zuo et al. [85], where trends in the slope of this 

initial region correlate with changes in modifier concentration, temperature, or pressure, as 

shown in Figure 3.6 and Figure 3.7. 

3.2. Measuring High Pressure Solid + Fluid Phase Equilibrium 

Numerous methods are available for experimentally studying high-pressure phase equilibria. 

Selecting an appropriate method depends on the components’ properties and the phenomena 

under investigation. A comprehensive review of these techniques, categorized by their sources 

of error and outlining their main advantages and limitations, was published by Dohrn et al. [86]; 

only a summary is provided below. 
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There are two main types of methods for measuring fluid phase equilibria at high pressures: 

analytical and synthetic methods. This classification is based on whether the compositions of 

the equilibrium phases are determined (analytically), or the mixture is prepared with a known 

composition (synthetically) [86]. Analytical methods involve direct composition analysis of the 

coexisting phases. This can be done by sampling and analyzing at ambient pressure or by in-

situ analysis under high pressure. These methods provide detailed information, including tie-

line data, and are suitable for multicomponent systems. However, they require accurate phase 

analysis and are prone to errors during sampling, such as pressure drops, adsorption, or 

incomplete transfer. The main sources of error are related to the precise determination of phase 

compositions. 

Synthetic methods, in contrast, rely on the observation of phase transitions in mixtures of 

known composition. They do not require sampling and are often simpler to operate. These 

methods are useful when phase separation is difficult or when densities are similar. Their main 

limitations include the lack of direct compositional data and the need for precise mixture 

preparation. Additional challenges include detecting phase transitions and determining 

properties such as phase volume or density. 

In general, analytical methods are preferred when the number and nature of equilibrium phases 

are known, while synthetic methods are recommended for exploratory studies of phase 

behavior. Figure 3.8 illustrates the main experimental approaches for measuring fluid phase 

equilibria under high-pressure conditions. 

 

Figure 3.8. Classification of experimental methods for phase equilibria at high pressures [86]. 

In line with the objectives of this thesis, an analytical-isothermal method will be employed to 

measure the thermodynamic solubility of the solute at varying pressures and constant 

temperature. The selection of an analytical method over a synthetic one is justified by the 

availability of prior information regarding the number and nature of the coexisting phases 
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(solid and fluid) which is commonly reported for solid solutes in SC-CO₂. This behavior has been 

particularly observed in compounds belonging to the nobiletin (flavonoid) family [87] and in 

fat-soluble vitamins [88]at temperatures near ambient conditions. 

Analytical-isothermal methods generally comprise three main steps: (a) preparation of the 

mixture, (b) equilibration of the system, and (c) sampling and analysis of the phase 

compositions. Among these, the sampling step is the most critical. When sampling from a sealed 

high-pressure vessel, a pressure drop occurs, altering the total composition of the system. This 

change triggers a new equilibration process, which may shift both the compositions of the 

equilibrium phases and the positions of the phase boundaries within the cell. These effects must 

be carefully considered, particularly when multiple samples are withdrawn. 

Several technical strategies are available to minimize the impact of sampling on the equilibrium 

state of the system [89]. These include the use of large-volume equilibrium cells or small 

sampling volumes obtained through capillaries or specialized valves, which can reduce the 

extent of pressure drop. Alternatively, the system pressure may be maintained during sampling 

by modifying the cell volume (e.g., using a piston or bellows) or by isolating the sample from 

the equilibrium content prior to withdrawal. Another approach involves compensating for the 

sample removal by introducing additional fluid into the cell. When advanced valve systems are 

employed, such as multiport HPLC valves or rapid on-line sample injection (ROLSI™) valves[90], 

the equilibrium cell can be directly connected to analytical instruments, typically 

chromatographic techniques such as HPLC, supercritical fluid chromatography (SFC), or gas 

chromatography (GC). This direct integration prevents exposure of the sample to reactive 

atmospheric components. Moreover, the extremely low dead volume, minimal sample size, and 

immediate flushing with a (preheated) inert fluid help to minimize sample loss and 

contamination. Finally, sampling from a recirculation line has also been shown to reduce errors 

caused by pressure fluctuations during sampling, including those arising from differential 

vaporization [91]. Many of these solutions have been implemented in the solubility 

measurement methodology used in this work as it will be described in Section 4. 

3.3. Validation of Experimental Data 

The quality and precision of physicochemical property data play a crucial role in the 

development, simulation, and economic evaluation of chemical processes [92]. For this reason, 

any study involving the measurement of such data, particularly those related to high-pressure 

phase equilibrium in the context of chemical thermodynamics, must incorporate a rigorous 
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assessment of experimental uncertainty to ensure the reliability of the reported values [87]. In 

the present work, three distinct approaches are employed to validate the experimental results: 

uncertainty quantification of the measurements, analysis of thermodynamic consistency, and 

verification of internal data coherence, as detailed in the subsequent sections. 

3.3.1 Estimation of Measurement Uncertainties 

Measurement uncertainty refers to the parameter associated with the result of a measurement, 

reflecting the dispersion of values measured from the true value, which is unknown [93]. It 

represents the degree of doubt about the validity of the result [94]. Uncertainties of properties 

can be evaluated using two approaches [95]: Type A, based on statistical analysis of repeated 

observations (repetitions), and Type B, based on external information such as calibration data 

or instrument specifications. For thermodynamic properties in phase equilibrium studies (e.g., 

phase compositions, temperature, and pressure) Type A evaluation is generally not suitable. It 

requires significant time and resources and is typically restricted to assessing repeatability of 

limited measurements. Instead, Type B evaluation is preferred. For properties like equilibrium 

temperature and pressure, the standard uncertainty ( 𝑢 ) is commonly expressed as one 

standard deviation, corresponding to a 68.27% confidence level for a normal distribution. This 

value is often estimated based on the experimental setup, measurement methodology, and 

supplementary information from the literature or instrument specifications. 

Solubility in SC-CO₂ depends on several measured variables. The uncertainty in each variable 

propagates to the calculated solubility value, 𝑦𝑖. For this reason, it is necessary to report the 

combined expanded uncertainty, (𝑈𝐶𝑜𝑚𝑏(𝑦𝑖)). This value accounts for the contribution of each 

individual source of uncertainty. 

The uncertainty analysis began with the chromatographic areas, 𝐴𝐶,𝑖   and 𝐴𝑆,𝑖  , obtained from 

HPLC. The uncertainty ( 𝑈 ) was calculated as the standard deviation ( 𝜎 ) of repeated 

measurements divided by the mean area. This provides a relative measure of data dispersion. 

The uncertainty in 𝐶𝑆,𝑖  was also evaluated. It includes instrumental errors from two key sources. 

First, the balance used to weigh the solute mass (𝑚𝑆,𝑖). Second, the volumetric flask (𝑉𝑆,𝑖) used 

for solution preparation. These errors directly affect the accuracy of solute concentration. 

Additional uncertainties were introduced by the 𝑉𝐿𝑜𝑜𝑝   and 𝑉𝐻𝑃𝐿𝐶   devices. The manufacturers 

provided specifications for these errors. They affect the accuracy of volume handling during 

experiments. 
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The density of CO2 𝜌1is calculated using the NIST database [96]. Temperature (𝑇) and pressure 

(𝑝) are used as input variables. The associated uncertainty, 𝑈(𝜌1), reflects the influence of both 

conditions. To estimate this, the isothermal compressibility (𝜅1 ) and the isobaric thermal 

expansion (𝛼1 ) are used. These values are also obtained from NIST [96]. Each coefficient is 

multiplied by the uncertainty of its respective variable, 𝑈(𝑝) or 𝑈(𝑇). This allows evaluation of 

their impact on the calculated density. 

𝑓 = 𝑓(𝑥1, 𝑥2, … , 𝑥𝑛) (3.1) 

ucomb(𝑓) = 𝛥𝑓 =∑|
𝛿𝑓

𝛿𝑥𝑖
| 𝑑𝑥𝑖

𝑛

𝑖=1

 (3.2) 

Ucomb(𝑓) = 𝑘 ∙ ucomb(𝑓) (3.3) 

𝑓%𝐶𝐼 = 𝑓 ± Ucomb(𝑓) (3.4) 

Uncertainty quantification for the solubility of biochanin A in pure CO2 was carried out by both 

methods.  

▪ Approach A: For each set of temperature and pressure conditions, three to five back-to-

back solubility determinations were made. The observed repeatability exceeded 95%, 

demonstrating that the experimental setup and protocol provide highly precise 

measurements.  

▪ Approach B: Both the individual standard uncertainty (𝑢 ) and the combined expanded 

uncertainty (𝑈𝑐𝑜𝑚𝑏  ) were calculated by propagating the known uncertainties of the 

apparatus, the methodological steps, and the measured solubility values. 

3.3.2 Thermodynamic Consistency Test 

Thermodynamic consistency tests are methods used to validate experimental data by ensuring 

they adhere to the fundamental laws of thermodynamics. They are based on the over 

determination of experimental properties measured, according to the phase rule, along 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. Valderrama and Zavaleta [97] described a 

methodology for assessing thermodynamic consistency that combines the G-D equation with 

an appropriate calculation of the compressibility factor (𝑍 ) and the fugacity coefficients of 

solute (𝜙̅2) and CO2 (𝜙̅1) in the supercritical fluid phase using an equation of state (EoS).For a 

binary homogenous gas mixture at constant temperature, the Gibbs–Duhem is written as: 
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𝑍 − 1

𝑃
𝑑𝑃 = 𝑦1𝑑(ln(𝜙̅1)) + 𝑦2𝑑(ln(𝜙̅2)) (3.5) 

The test proposed by Valderrama and Zavaleta [97] states that the left side of Equation (3.5) 

should be equal to the right side of it, within acceptable deviations. Equation (3.5) is 

conveniently expressed in integral form and then arranged to obtain an equation to assess the 

thermodynamic consistency of each individual data point by using the next data point. This 

equation is called the area deviation (Δ𝐴𝑗) and is calculated as: 

Δ𝐴𝑗 =
∫ (𝑦2𝑝)𝑑𝑝
𝑗+1

𝑗
− {∫ [(𝑍 − 1)𝜙̅2]

−1𝑑𝜙̅2
𝑗+1

𝑗
+ ∫ (1 − 𝑦2)[𝑦2(𝑍 − 1)𝜙̅1]

−1𝑑𝜙̅1
𝑗+1

𝑗
}

∫ (𝑦2𝑝)
−1𝑑𝑝

𝑗+1

𝑗

 (3.6) 

According to Valderrama and Zavaleta [97], two stages must be completed to validate the model. 

In the first stage, the selected equation of state (EoS), along with the chosen mixing and 

combining rules, must adequately describe the solubility (𝑦𝑖) for each isotherm. The model is 

considered acceptable if the relative root mean square deviation (RRMSD) between calculated 

and experimental solubility values is within ±20% [98]. The RRMSD is calculated as the square 

root of the sum of squared relative differences between calculated (𝑦𝑖
𝑐𝑎𝑙𝑐) and experimental (𝑦𝑖) 

values, divided by the number of data points (𝑁). If this criterion is not met, it is recommended 

to try a different model. 

The second stage involves verifying the thermodynamic consistency of the data. This is done by 

calculating all (Δ𝐴𝑗) values using Equation (3.6). If 100% of the values fall within ±20%, the data 

set is classified as thermodynamically consistent (TC). If only 75% or more of the (Δ𝐴𝑗) values 

fall within ±20%, the data is considered not fully consistent. If fewer than 75% of the values 

meet this condition, the data is classified as thermodynamically inconsistent. 

3.3.3 Self-consistency Test 

Self-consistency testing is used to evaluate the internal agreement of an experimental solubility 

data set. One challenge in consistency analysis is the dependence on accurate solid solute 

properties, such as critical parameters, acentric factor, molar volume, and sublimation pressure. 

These values are often unavailable, limiting the reliability of equation of state (EoS) models [99], 

[100]. 

The semi-empirical model developed by Mendez-Santiago and Teja (MS-T) [101] offers an 

alternative approach. It correlates solid solubility as a function of temperature, pressure, and 

the density of pure CO₂. This model eliminates the need for detailed solute property data and 
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the specific performance of any EoS. The MS-T model includes three temperature-independent 

adjustable parameters, 𝐴 , 𝐵  and 𝐶 . In this work, the MS-T model is applied according to 

Equation (3.7) to evaluate the self-consistency of the solubility data. The parameters were fitted 

from the experimental data by minimizing the RMSD of the 𝑦𝑖 values calculated by the model 

(Equation 3.8), where 𝑁 is the number of data obtained from sampling. When the model is fitted 

properly, experimental solubility data for various isotherms may collapse onto a single straight 

line when plotted against CO₂ density. This behavior, typically observed for densities ranging 

from half to twice the critical density of CO₂, is considered an indicator of self-consistency [101], 

[102], [103]. 

𝑇[ln(𝑝 ∙ 𝑦𝑖) − 𝐶] = 𝐴 + 𝐵 ∙ 𝜌𝑖 (3.7) 

𝑅𝑀𝑆𝐷 = √
1

𝑁
∙∑(

𝑦𝑖
𝑚𝑜𝑑𝑒𝑙 − 𝑦𝑖
𝑦𝑖

)
𝑗

2𝑁

𝑗=1

 (3.8) 

The density of the CO₂-rich phase is approximated using the density of pure CO₂, due to the low 

solubility of the solid solutes. The accuracy of the correlation decreases for solvent densities 

less than half the critical density [101] (𝜌𝑐,1 = 467.6 kg m-3 [96]), thus limiting its applicability 

to data points obtained at low pressure. This limitation emphasizes the need for caution in 

interpreting results under low solvent density conditions. 

It should be noted that, for the application of this self-consistency test, several assumptions had 

to be made. First, the model considers the system to behave as a dilute solution, assuming that 

the solute concentration in the solvent is sufficiently low (on the order of 10-3 molar fraction) 

to be treated as infinitely diluted. Under this condition, the activity of the solute can be 

approximated by its mole fraction, which greatly simplifies thermodynamic calculation [104]. 

In addition, it is assumed that the adjustable parameters 𝐴, 𝐵, and 𝐶 remain constant for a given 

system over the range of temperatures and pressures studied. Once determined from a set of 

experimental data, these parameters can therefore be employed to predict solubility at other 

conditions within the measured 𝑇 and 𝑝 ranges without requiring readjustment [101]. Finally, 

the approach relies on the applicability of a modified Clausius-Clapeyron equation to estimate 

the sublimation pressure of low-volatility solids. This adaptation is assumed to provide reliable 

estimates under the conditions of interest, although in practice its validity should always be 

checked against experimental data whenever available [101]. 
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3.4. Modeling phase equilibria 

3.4.1. Procedures and Criterions for Modeling Solid + Fluid Phase Equilibria 

For a two-phase system, solid + fluid, of 𝑛 components, the state of thermodynamic equilibrium 

is established when temperature, pressure and molar Gibbs free-energy ( 𝐺𝑖 ) of every 

component i of both phases are equal: 

𝑇𝐹 = 𝑇𝑆  𝑝𝐹 = 𝑝𝑆 𝐺𝑖
𝐹 = 𝐺𝑖

𝑆 (𝑖 = 1,… , 𝑛) (3.9) 

The equality of temperature, pressure, and Gibbs free energy between phases implies equal 

fluxes of heat, momentum, and mass, respectively. In a system at constant temperature and 

pressure (such as those studied in this work) thermodynamic equilibrium is reached when the 

total Gibbs free energy of the system is minimized globally. 

To evaluate equilibrium using only macroscopic, measurable properties, G. N. Lewis (USA, 

1875–1942) introduced the concept of fugacity (𝑓 ). This concept replaces the direct use of 

Gibbs free energy by expressing equilibrium in terms of a modified partial pressure. Fugacity 

(𝑓𝑖̅) is defined as the product of the partial pressure of component i in the mixture (𝑝𝑖) and its 

fugacity coefficient (𝜙̅𝑖  ), as shown in Equations (3.10) and (3.11). This formulation allows 

practical application of the equilibrium condition in real systems where direct Gibbs energy 

measurements are not feasible. 

𝑑𝐺̅𝑖 = 𝑅𝑇𝑑(ln(𝑓𝑖̅)) (3.10) 

𝑓𝑖̅ = 𝜙̅𝑖 ∙ 𝑝𝑖 (3.11) 

As such, the third equilibrium condition of Equation (3.9) is replaced by the equality of 

fugacities of each component i in both phases, as shown in Equation (3.12). 

𝑓𝑖̅
𝐹 = 𝑓𝑖̅

𝑆  (3.12) 

There are two primary strategies for solving Equation (3.12): the isofugacity condition and 

direct minimization of the Gibbs free energy. One selects the appropriate method according to 

the system’s characteristics. In the case of a two-component, two-phase mixture, as confirmed 

by visual inspection for the system examined here, there exists only a single Gibbs energy 

minimum. Thus, the isofugacity approach, being the more straightforward, is employed to solve 

the fluid-solid equilibria. In this framework, equality of the fugacities for component 𝑖 in the 

fluid and solid phases is enforced via a 𝜙 −𝜙  approach, where each fugacity is calculated 
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directly from Equation (3.11). The fugacity of component 𝑖 in the fluid phase is then given by 

Equation (3.13). 

𝑓𝑖̅
𝐹 = 𝑦𝑖 ∙ 𝑝 ∙ 𝜙̅𝑖

𝐹  (3.13) 

Assuming the solid phase is a pure solute, solubility is calculated through the McHugh approach 

[105], [106]. As such, 𝑦𝑖 is calculated according to Equation (3.14). 

𝑦𝑖 =

𝑝𝑖
𝑠𝑢𝑏𝑙 ∙ 𝜙𝑖

𝑠𝑢𝑏𝑙 ∙ exp(
𝑉𝑖
𝑠𝑢𝑏𝑙

𝑅𝑇
∙ (𝑝 − 𝑝𝑖

𝑠𝑢𝑏𝑙))

𝑝 ∙ 𝜙̅𝑖
𝐹  

(3.14) 

In Equation (3.14), 𝑝𝑖
𝑠𝑢𝑏𝑙  is the sublimation pressure of the pure solid solute at the equilibrium 

temperature, 𝑉𝑖
𝑠𝑢𝑏𝑙  is the pure solid solute molar volume, and 𝑅 is the universal gas constant. 

Finally, 𝜙̅𝑖
𝐹  is calculated with Equation (3.15), adapted for a multicomponent mixture, where 𝑉 

is the molar volume of the mixture and 𝑛𝑖  are the moles of component i in the mixture. 

ln(𝜙̅𝑖
𝐹) =

ln 𝑓𝑖
𝑦𝑖 ∙ 𝑝

=
1

𝑅𝑇
∙ ∫ [

𝑅𝑇

𝑉
− 𝑛 (

𝜕𝑝

𝜕𝑛𝑖
)
𝑇,𝑉,𝑛𝑗≠𝑖

] 𝑑𝑉

𝑉=
𝑍𝐹𝑅𝑇
𝑝

𝑉=∞

− ln 𝑍𝐹  
(3.15) 

3.4.2. Procedures and Criterions for Modelling Liquid-Solid Equilibrium 

The solubility of a crystalline solid solute in a liquid solvent can be determined from classical 

thermodynamics by equating the fugacities of the solute in both the pure solid phase and the 

liquid mixture phase. Under the assumption of pure solid phase, the solid-liquid equilibrium 

(SLE) is expressed via Equation (3.16). 

ln(𝑥𝑖 ∙ 𝛾𝑖) =
Δ𝐻𝑓𝑢𝑠,𝑖

𝑅
∙ (

1

𝑇𝑚,𝑖
−
1

𝑇
) + Δ𝐶𝑝

𝑓𝑢𝑠 ∙ [
𝑇𝑚,𝑖
𝑇
− 1 − ln (

𝑇𝑚,𝑖
𝑇
)] (3.16) 

The rigorous calculation of solid-liquid equilibrium requires knowledge of the temperature 

dependence of the heat capacity difference between the subcooled liquid and solid phases, 

Δ𝐶𝑝
𝑓𝑢𝑠(𝑇) . However, experimental data for liquid and solid heat capacities as a function of 

temperature are scarce for complex organic molecules such as biochanin A. While group-

contribution methods or predictive correlations exist to estimate Δ𝐶𝑝
𝑓𝑢𝑠(𝑇) , these empirical 

methods introduce additional parameters and significant cumulative uncertainties into the 

thermodynamic model. Furthermore, it is well established that within a narrow temperature 

range far below the critical point, the contribution of the heat capacity term in Equation (3.16) 
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is secondary compared to the dominant driving force of the melting enthalpy (Δ𝐻𝑓𝑢𝑠). As such, 

Equation (3.16) is simplified to: 

ln(𝑥𝑖 ∙ 𝛾𝑖) =
Δ𝐻𝑓𝑢𝑠,𝑖

𝑅
∙ (

1

𝑇𝑚,𝑖
−
1

𝑇
) (3.17) 

The calculation of the activity coefficient 𝛾1requires an accurate description of the liquid-phase 

non-idealities, which in this study is provided by the SAFT-VR Mie equation of state. 

3.4.3. SAFT-VR Mie Equation of State 

SAFT-VR Mie EoS is an improvement to the original SAFT-VR EoS proposed by Gil-Villegas et al. 

[107] which in turn originated from SAFT EoS developed by Chapman et al. [108]. SAFT-VR Mie 

introduced an extra parameter (𝜆 ) to adjust the extent of attractive molecular interactions, 

allowing a more accurate representation of the substance properties [107]. 

In their research, Gil-Villegas et al. explored several potential energy functions (𝑢(𝑟)) using data 

from molecular simulations. These functions included molecules with different attractive 

potentials, such as the square well (Equation (3.18)), which is the potential used by SAFT-HR, a 

model that represents molecular interactions with hard spheres [109], [110]; Sutherland 

(Equation (3.19)), ideal for modeling polar fluids [107]; and Yukawa (Equation (3.20)), capable 

of representing electrolytic and colloidal solutions [107]. They also evaluated the Lennard-

Jones potential, which is a soft-core potential in which both the repulsive and attractive terms 

of 𝑢(𝑟) have a Sutherland-like shape [107]. 

𝑢ℎ𝑠−𝑠𝑞𝑢𝑎𝑟𝑒𝑑 𝑤𝑒𝑙𝑙(𝑟) = {
𝑢 → ∞ ; 0 < 𝑟 𝜎⁄ < 1
−𝜀 ; 1 < 𝑟 𝜎⁄ < 𝜆
0 ; 𝜆 < 𝑟 𝜎⁄

 (3.18) 

𝑢ℎ𝑠−𝑆𝑢𝑡ℎ𝑒𝑟𝑙𝑎𝑛𝑑(𝑟) = {
𝑢 → ∞ ; 0 < 𝑟 𝜎⁄ < 1

−𝜀 (
𝜎

𝑟
)
𝜆

; 1 < 𝑟 𝜎⁄
 (3.19) 

𝑢ℎ𝑠−𝑌𝑢𝑘𝑎𝑤𝑎(𝑟) = {

𝑢 → ∞ ; 0 < 𝑟 𝜎⁄ < 1

−𝜀
exp (−𝜆 (

𝑟
𝜎 − 1

))

𝑟 𝜎⁄
; 1 < 𝑟 𝜎⁄

 (3.20) 

Segment energy (𝜀) analysis provides information on the intensity of nonspecific intersegment 

interactions, represented by the potential 𝑢(𝑟) [107], [111], indicating their minimum energy. 

The segment diameter (𝜎) corresponds to the distance between two segments (𝑟) at which the 

potential 𝑢(𝑟) reaches zero [107], [111], defining the point of tangential contact. When 𝑢(𝑟) is 
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positive, repulsive forces are evident, suggesting a change of sign at 𝑟 = 𝜎, the contact initiation 

point. Interactions between associative sites are modeled by a square-well potential, 

characterized by its depth 𝜀𝐴𝐵 and width 𝜅𝐴𝐵. 

Lafitte et al. [111] employed a generalized version of the Lennard-Jones potential, known as the 

Mie potential (Equation (3.21)), where the exponents for the repulsive and attractive terms of 

𝑢(𝑟) can have different values. This provides greater flexibility for modeling 𝑢(𝑟), allowing its 

use in compounds with complex behavior. 

𝑢(𝑟) = 𝜀 ∙
𝜆𝑟

𝜆𝑟 − 𝜆𝑎
∙ (
𝜆𝑟
𝜆𝑎
)

𝜆𝑎
𝜆𝑟−𝜆𝑎

∙ ((
𝜎

𝑟
)
𝜆𝑟
− (
𝜎

𝑟
)
𝜆𝑎
) (3.21) 

Parameters 𝜆𝑟  and 𝜆𝑎  describe repulsive and attractive forces respectively [111]. 𝜆𝑟  provides 

information about the "central hardness" by determining how rapidly 𝑢(𝑟) rises as interacting 

particles approach the segment core. A high value of 𝜆𝑟 reflects extreme solid-core behavior. In 

contrast, 𝜆𝑎 influences the extent of the attractive forces, with a smaller value implying a more 

gradual decrease as r approaches infinity. The well-known Lennard-Jones potential arises from 

Equation (3.21) by setting 𝜆𝑟 = 12 and 𝜆𝑎 = 6 [107], [111]. 

Adequate representation of a molecule requires determining specific parameters along with the 

number of segments (𝑚). For example, Mejí a et al. [112] employed a Coarse Graining method 

based on the Theory of Corresponding States to identify the appropriate parameters in 

Equation (3.21) and the value of 𝑚 that best fits each molecule. 

The value of 𝑚 plays a crucial role in the physicochemical representation of the molecule. In the 

case of CO₂, due to its non-spherical shape and small size, CO₂ was assigned an 𝑚 value of 2, 

which is supported by experimental data [111]. 

To ensure a consistent representation, the value of 𝜆𝑎 was set to 6 for all species studied. This 

adjustment is because, by setting a value of 6, we are considering a direct proportionality with 

the value of 𝑟6, which is typical of London dispersion forces or Van der Waals dispersion-type 

forces [111].  

Once the value of 𝑚 is established, 𝜆𝑟, 𝜀, and 𝜎 are calculated using the correlations proposed 

by Mejí a et al. [112]. For the calculation of 𝜆𝑟 , Equation (3.22) will be used, where 𝜔𝑖   is the 

acentric factor of compound 𝑖. 𝑎𝑗, 𝑏𝑗, 𝑐𝑗 , 𝑑𝑗, 𝑓𝑗 , 𝑔𝑗  are the constants of the Pade  series, presented 

in Table 3.1, which depend on the value of 𝑚 selected [112]. 
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𝜆𝑟,𝑖 =
∑ 𝑎𝑗𝜔𝑖

𝑗
𝑗=0

1 + ∑ 𝑏𝑗𝜔𝑖
𝑗

𝑗=1

 (3.22) 

To obtain the value of segment energy (𝜀) Equation (3.23) is used to obtain reduced critical 

temperature and Equation (3.24) to finally obtain the segment energy, where 𝑇𝑐,𝑖  is the critical 

temperature of compound 𝑖, 𝑘𝐵  is the Boltzmann constant and 𝛼𝑖 is the equivalent of SAFT-VR 

Mie for the Van der Waals attractive parameter, calculated with Equation (3.25) [112]. 

𝑇𝑐,𝑖
∗ =

∑ 𝑐𝑗𝛼𝑖
𝑗

𝑗=0

1 + ∑ 𝑑𝑗𝛼𝑖
𝑗

𝑗=1

 (3.23) 

𝜀 =
𝑘𝐵𝑇𝑐,𝑖
𝑇𝑐,𝑖
∗  (3.24) 

𝛼𝑖 = (
𝜆𝑟,𝑖

𝜆𝑟,𝑖 − 6
)(
𝜆𝑟,𝑖
6
)

6
𝜆𝑟,𝑖−6

(
1

3
−

1

𝜆𝑟,𝑖 − 3
) (3.25) 

To obtain the segment diameter (𝜎), the reduced liquid density 𝜌𝑖
∗ of compound 𝑖 is calculated 

at a reduced temperature 𝑇𝑟 = 0.7  with Pade  constants (Equation (3.26))[112]. Segment 

diameter is obtained through Equation (3.27) [112], where 𝑁𝐴 is the Avogadro’s number and 𝑣𝑖 

the molar volume at reduced temperature of 0.7, which is calculated with Rackett’s Equation 

(Equation (3.28)). 

𝜌𝑖
∗|𝑇𝑟=0.7 =

∑ 𝑓𝑗  𝛼𝑖
𝑗

𝑗=0

1 + ∑ 𝑔𝑗𝛼𝑖
𝑗

𝑗=1

 (3.26) 

𝜎𝑖 = √
𝜌𝑖
∗|
𝑇𝑟=0.7

∙ 𝑣𝑖|𝑇𝑟=0.7

𝑁𝐴

3

 (3.27) 

𝑣𝑖 = 𝑣𝑖,𝑐 (
𝑝𝑐,𝑖𝑣𝑖,𝑐
𝑅𝑇𝑐,𝑖

)

(1−𝑇𝑟)
2 7⁄

 (3.28) 

Table 3.1. Pade  series constants for the values of the number of segments (𝑚) used, taken from Mejí a et al. [112]. 

𝑚𝑖 = 2 (CO2) 

Constant j = 0 j = 1 j = 2 j = 3 j = 4 j = 5 

aj 8.0034 -22.5111 3.575 60.3129 - - 

bj - -5.2669 10.2299 -6.486 - - 

cj 0.1125 1.5404 -5.8769 5.2427 - - 

dj - -3.1954 2.5174 0.3518 -0.1654 - 

fj -0.0696 -1.944 6.2575 -5.4431 0.8731 - 

gj - -10.5646 25.4914 -20.5091 3.6753 - 
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Table 3.1. Pade  series constants for the values of the number of segments (𝑚) used, taken from Mejí a et al [112]. 
Cont. 

𝑚𝑖 = 6 (Biochanin A) 

Constant j = 0 j = 1 j = 2 j = 3 j = 4 j = 5 

aj 5.9217 -8.0711 0.4264 2.56 - - 

bj  -2.5291 2.1864 -0.6298 - - 

cj 0.1302 1.9357 -6.4591 5.1864 - - 

dj  -3.1075 2.8058 -0.4375 - - 

fj 0.2665 -0.4268 -0.2732 0.6486 - - 

gj   1.7499 -10.137 9.4381 - - 

To solve equations 3.22 to 3.29 properties of CO2 are obtained from NIST [96]. Additionally, the 

critical properties of biochanin A (𝑝𝑐,𝑖 , 𝑇𝑐,𝑖 , 𝑣𝑐,𝑖,), normal boiling point (𝑇𝑏,𝑖) and melting point 

(𝑇𝑚,𝑖) are estimated with group contributions methods developed by Constantinou & Gani [113] 

and Joback-Reid [114]. Critical properties of the studied molecules are presented in Table 3.2, 

along with their molecular weight which were obtained from literature [96], [115]. 

For biochanin A, all molecular parameters (𝑚, 𝜎, 𝜖/𝑘𝑏, 𝜆𝑟) and association parameters (𝜀
𝐴𝐵/𝑘𝑏, 

κ𝐴𝐵) are fit to experimental data of the solute’s solubility in ethanol and 2-Propanol. 

𝜔𝑖 = −
ln (

𝑝𝑐,𝑖  
0.101325

) + 𝑓𝑖
(0)

𝑓𝑖
(1)

 (3.29) 

𝑓𝑖
(0) =

−5.97616(1 −
𝑇𝑏,𝑖
𝑇𝑐,𝑖
) + 1.29874(1 −

𝑇𝑏,𝑖
𝑇𝑐,𝑖
)
1.5

− 0.60394(1−
𝑇𝑏,𝑖
𝑇𝑐,𝑖
)
2.5

− 1.06841(1−
𝑇𝑏,𝑖
𝑇𝑐,𝑖
)
5

𝑇𝑏,𝑖 𝑇𝑐,𝑖⁄
 

(3.30) 

𝑓𝑖
(1) =

−5.03365(1 −
𝑇𝑏,𝑖
𝑇𝑐,𝑖
) + 1.11505(1 −

𝑇𝑏,𝑖
𝑇𝑐,𝑖
)
1.5

− 5.41217(1−
𝑇𝑏,𝑖
𝑇𝑐,𝑖
)
2.5

− 7.46628(1−
𝑇𝑏,𝑖
𝑇𝑐,𝑖
)
5

𝑇𝑏,𝑖 𝑇𝑐,𝑖⁄
 

(3.31) 

Table 3.2. Properties of pure components for carbon dioxide (1), biochanin A - monomer (2) obtained from the 
literature or estimated in this work. 

Property Value 
Source 
(Estimation Method) 

Reference 

Carbon Dioxide    

Molecular Weight (MW1/Da) 44.01 NIST [96] 

Critical Temperature (Tc,1/K) 304.2 NIST  

Critical Pressure (pc,1/MPa) 7.38 NIST  

Acentric Factor (ω1) 0.2252 NIST  
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Table 3.2. Properties of pure components for carbon dioxide (1), biochanin A - monomer (2) obtained from the 
literature or estimated in this work. (Cont.) 

Property Value 
Source 
(Estimation Method) 

Reference 

Biochanin A    

Molecular Weight (MW2/Da) 284.26 - [115] 

Critical Temperature (Tc,2/K) 717.522 Constantinou-Gani [113] 

Critical Pressure (pc,2/MPa) 3.877 Constantinou-Gani  

Critical Volume (Ṽc,2∙106/m3∙mol-1) 835.6 Constantinou-Gani  

Acentric Factor (ω2) 0.7191 Joback [114] 

Fusion Enthalpy Change (ΔH̃fus,2 / J∙mol-1) 44729 Joback  

Melting Temperature (Tm,2 / K) 404.11 Joback  

Combining rules are needed to model interactions between solvents (CO2, ethanol and 2-

Propanol) and solute (biochanin A). These combining rules are detailed in equations (3.32) for 

𝜎1𝑖  , (3.33) for 𝜀  and (3.34) for 𝜆𝑟,1𝑖  , these come from the work of Lafitte et al. [111]. It is 

important to note that the adjustable parameter 𝑘𝑖𝑗  of the SAFT-VR Mie EoS are fitted to the 

experimental data. The interaction parameter between CO₂ and biochanin A (𝑘12) is adjusted 

as function of the form 𝑘12 = 𝐴 + 𝐵 ∙ (1/𝑇 − 1/313.15) . The fit is performed using a mean 

square error minimization approach for the differences between the solubility calculated by the 

SAFT-VR Mie model and the experimental data. 

𝜎𝑖𝑗 =
1

2
(𝜎𝑖 + 𝜎𝑗) (3.32) 

𝜀𝑖𝑗 = (1 − 𝑘𝑖𝑗) ∙

√𝜎𝑖
3𝜎𝑗
3

𝜎𝑖𝑗
3 ∙ √𝜀𝑖𝜀𝑗  (3.33) 

𝜆𝑟,𝑖𝑗 = 3+ √(𝜆𝑟,𝑗 − 3)(𝜆𝑟,𝑗 − 3) (3.34) 

A temperature-dependent segment diameter ( 𝑑 ) is also defined within the SAFT-VR Mie 

formulation (Equation (3.35)). This parameter represents the equivalent repulsive effect that 

the original soft sphere fluid of diameter 𝜎 would have if it were a hard sphere fluid [111]. Its 

combination rule is the same as that of 𝜎 and is presented in Equation (3.36) [111]. 

𝑑𝑖 = ∫ (1 − exp(−
𝑢𝑖(𝑟)

𝑘𝐵𝑇
))𝑑𝑟

𝜎𝑖

0

 (3.35) 

𝑑𝑖𝑗 =
1

2
∙ (𝑑𝑖 + 𝑑𝑗) (3.36) 
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For model representation, the SAFT-VR Mie EoS quantifies the system properties by the residual 

Helmholtz free energy (𝑎𝑟) (Equation (3.37)), which is split into contributions from segment-

segment interactions (𝑎𝑚𝑜𝑛𝑜  ), chain formation (𝑎𝑐ℎ𝑎𝑖𝑛 ) and association (𝑎𝑎𝑠𝑠𝑜𝑐  ) to more 

accurately account for their individual effect and thus quantify the interactions of the segments 

with those of other molecules through weaker, non-specific forces such as induced dipoles and 

London dispersion forces; and they may have one or more association sites that allow them to 

establish links with other chains through strong, short-range, and specific interactions such as 

hydrogen bonds [111]. 

𝑎𝑟 = 𝑎𝑚𝑜𝑛𝑜 + 𝑎𝑐ℎ𝑎𝑖𝑛 + 𝑎𝑎𝑠𝑠𝑜𝑐  (3.37) 

𝑎𝑚𝑜𝑛𝑜  refers to both the repulsive and attractive interactions between the segments within the 

system. That is, the attractive interactions are modeled as perturbations of the repulsive effect 

by expressing them up to the third order, as detailed in Equations (3.38) and (3.39) [111], where 

𝑎1,𝑖𝑗 , 𝑎2,𝑖𝑗  and 𝑎3,𝑖𝑗  are the perturbation terms representing attractive forces, which are 

determined according to Lafitte et al. [111]. This implies that not only the direct repulsive forces 

between the segments are considered, but also how the attractive interactions modify this 

repulsive dynamics to a specific degree. This approach allows to more accurately capture the 

complexity of molecular interactions and their effects on the system properties [111]. 

𝑎𝑚𝑜𝑛𝑜 = 𝑎𝑚∑ 𝑦𝑖𝑚𝑖
𝑁

𝑖=1
 (3.38) 

𝑎𝑚 = 𝑎ℎ𝑠 +∑ ∑ 𝑦𝑖𝑦𝑗
𝑁

𝑗=1
(
𝑎1,𝑖𝑗

𝑘𝐵𝑇
+

𝑎2,𝑖𝑗
(𝑘𝐵𝑇)

2
+

𝑎3,𝑖𝑗
(𝑘𝐵𝑇)

3
)

𝑁

𝑖=1
 (3.39) 

𝑎ℎ𝑠  is calculated as described in Equation (3.40), where 𝜌𝑠  is the total number density of 

spherical segments (Equation (3.41)) and 𝜁𝑙   are functions that are described as a reduced 

density of mixture, whose expression is shown in Equation (3.42) [111]. 

𝑎ℎ𝑠 =
6

𝜋𝜌𝑠
[(
𝜁2
3

𝜁3
2 − 𝜁0) ln(1 − 𝜁3) +

3𝜁1𝜁2
1 − 𝜁3

+
𝜁2
3

𝜁3(1 − 𝜁3)2
] (3.40) 

𝜌𝑆 = 𝜌𝑁𝐴∑ 𝑥𝑖𝑚𝑖
𝑁

𝑖=1
 (3.41) 

𝜁𝑙 =
𝜋𝜌𝑠
6
(∑ 𝑥𝑠,𝑖𝑑𝑖𝑖

𝑙
𝑁

𝑖=1
) (3.42) 

𝑥𝑠,𝑖 is defined as the molar fraction of segments of component 𝑖, and its expression is presented 

in Equation (3.43). 
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𝑥𝑠,𝑖 =
𝑚𝑖𝑦𝑖

∑ 𝑚𝑘𝑦𝑘
𝑁
𝑘=1

 (3.43) 

The 𝑎𝑐ℎ𝑎𝑖𝑛 term accounts for the contribution of intramolecular covalent bonds to the residual 

free energy (𝑎𝑟) by employing a two-segment RDF. To incorporate the effects of attractive forces 

between segments and their impact on spatial arrangement, 𝑎𝑐ℎ𝑎𝑖𝑛  utilizes second-order 

perturbation terms applied to the hard-sphere RDF, following a logic comparable to the 𝑎𝑚𝑜𝑛𝑜  

modeling [111]. This relationship is formalized in Equation (3.44). 

𝑎𝑐ℎ𝑎𝑖𝑛 = −∑𝑦𝑖(𝑚𝑖 − 1) 𝑙𝑛𝑔𝑖𝑖
𝑀𝑖𝑒(𝜎𝑖𝑖)

𝑁

𝑖=1

 (3.44) 

Furthermore, 𝑔𝑖𝑖
𝑀𝑖𝑒(𝜎𝑖𝑖)  is detailed in Equation (3.45), where 𝑔𝑑,𝑖𝑖

ℎ𝑠 (𝜎𝑖𝑖)  represent the hard-

sphere fluid RDF at the tangential contact point between segments of the same molecule (𝑟 =

𝜎𝑖 ), as derived in Equations (3.46) and (3.47) [111]. The perturbation terms 𝑔1
𝑀𝑖𝑒(𝜎𝑖𝑖)  and 

𝑔2
𝑀𝑖𝑒(𝜎𝑖𝑖) , also calculated at 𝑟 = 𝜎𝑖  , are intrinsically linked to the 𝑎

𝑚𝑜𝑛𝑜   perturbation terms, 

with 𝑔1
𝑀𝑖𝑒(𝜎𝑖𝑖) and 𝑔2

𝑀𝑖𝑒(𝜎𝑖𝑖) mirroring the structures of 𝑎1,𝑖𝑗 and 𝑎2,𝑖𝑗, respectively [111].  

𝑔𝑖𝑖
𝑀𝑖𝑒(𝜎𝑖𝑖) = 𝑔𝑖𝑖

𝐻𝑆 ∙ exp [
𝜀𝑖𝑖
𝑘𝐵𝑇

∙ (
𝑔1,𝑖𝑖
𝑀𝑖𝑒(𝜎𝑖𝑖)

𝑔𝑑,𝑖𝑖
ℎ𝑠 (𝜎𝑖𝑖)

) + (
𝜀𝑖𝑖
𝑘𝐵𝑇

)
2

∙ (
𝑔2,𝑖𝑖
𝑀𝑖𝑒(𝜎𝑖𝑖)

𝑔𝑑,𝑖𝑖
ℎ𝑠 (𝜎𝑖𝑖)

)] (3.45) 

𝑔𝑖𝑖
ℎ𝑠(𝜎𝑖𝑖) = exp

(

 
 
−ln(1 − 𝜁𝑥  ) +

42𝜁𝑥 − 39𝜂𝜁𝑥
2 + 9𝜁𝑥

3− 2𝜁𝑥
4

6(1− 𝜁𝑥)3
+
𝜁𝑥
4 + 6𝜁𝑥

2 − 12𝜁𝑥
2(1 − 𝜁𝑥)3

∙ (
𝜎𝑖
𝑑𝑖
)
 

−

3𝜁𝑥
2

8(1 − 𝜁𝑥)2
∙ (
𝜎𝑖
𝑑𝑖
)
2

+
−𝜁𝑥

4 + 3𝜁𝑥
2 + 3𝜁𝑥

6(1− 𝜁𝑥)3
∙ (
𝜎𝑖
𝑑𝑖
)
3

)

 
 

 (3.46) 

𝜁𝑥 =
𝜋𝜌𝑠
6
∑∑𝑥𝑠,𝑖𝑥𝑠,𝑗𝑑𝑖𝑗

3

𝑁

𝑗

𝑁

𝑖=1

 (3.47) 

The 𝑎𝑎𝑠𝑠𝑜𝑐   represents the contribution from association sites that enable compounds to 

aggregate into dimers or polymers through specific interactions [109]. Calculating 𝑎𝑎𝑠𝑠𝑜𝑐  

requires the identification of associative groups within the molecule and their corresponding 

association scheme. A group is classified as associative if their molecules can establish strong, 

directional, and specific bonds—such as hydrogen bonds—which markedly influence 

thermodynamic behavior and phase equilibria. These interactions result in a higher degree of 

molecular organization and intensity compared to non-associative fluids, where forces are 

primarily dispersive and less directional [116]. 
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Regarding the molecules, both the solid solute and the co-solvent ethanol possess associative -

OH groups. In the specific case of biochanin A, both hydroxyl groups are treated as active 

association sites. In contrast CO2 is considered a non-associating species (𝑎𝑎𝑠𝑠𝑜𝑐 = 0).  

Following the framework defined by Lafitte et al. [111], the -OH groups can be modeled either 

with a 2B or 4C association scheme. The former accounts for one donor and one acceptor site, 

both on the hydroxyl group in carbon 7, as it is unhindered by other functional groups. 4C 

scheme accounts for four distinct sites: one on each hydrogen (H) and the other ones the 

oxygens’ lone pairs of electrons (e). Consequently, since CO2 is inert, Equation (3.48) is used to 

determine the mole fraction of unassociated sites for the solute (𝑋𝐴,𝑖) [111]. 

𝑋𝐴,𝑖 =
−1+ √1+ 8𝜌𝛥𝐴,𝑖,𝐵,𝑗

4𝜌𝛥𝐴,𝑖,𝐵,𝑗
 (3.48) 

The term Δ𝑎,𝑏,𝑖,𝑗   represents the association bond strength between site 𝐴  of compound 𝑖  and 

site 𝐵  of compound 𝑗 . It is calculated with Equation (3.49), where 𝑔𝑑
ℎ𝑠(𝑑𝑖𝑗)  is a function 

described in Equation (3.50). The association bond strength is a function of the bonding energy 

volume (𝜅𝐴𝐵 ). While 𝜅𝐴𝐵  is a fundamental parameter in the EoS, it is not always provided 

directly. Instead, it is frequently derived through simplified expressions, such as the one 

proposed by Lafitte et al [111] (Equation 3.51), which calculates 𝜅𝐴𝐵  based on the cutoff 

distance 𝑟𝐴𝐵
𝑐  and the association range 𝑟𝐴𝐵

𝑑 . 

Δ𝑎,𝑏,𝑖,𝑗 = 𝑔𝑑
ℎ𝑠(𝑑𝑖𝑗) ∙ [exp (

𝜀𝐴𝐵
𝑘𝐵𝑇

)]𝜅𝐴𝐵𝜎𝑖𝑗
3  (3.49) 

𝑔𝑑
ℎ𝑠(𝑑𝑖𝑗) =

1

1 − 𝜁3
+ 3

𝑑𝑖𝑖𝑑𝑗𝑗

𝑑𝑖𝑖 + 𝑑𝑗𝑗
∙

𝜁2
(1 − 𝜁3)2

+ 2(
𝑑𝑖𝑖𝑑𝑗𝑗

𝑑𝑖𝑖 + 𝑑𝑗𝑗
)

2

∙
𝜁2
2

(1 − 𝜁3)3
 (3.50) 

𝜅𝐴𝐵 =
4𝜋𝑑𝑖𝑗

2

72(𝑟𝐴𝐵
𝑑 )

2
𝜎𝑖𝑗
3
(

ln (
𝑟𝐴𝐵
𝑐 + 2𝑟𝐴𝐵

𝑑

𝑑𝑖𝑗
)(6(𝑟𝐴𝐵

𝑐 )3 + 18(𝑟𝐴𝐵
𝑐 )2𝑟𝐴𝐵

𝑑 − 24(𝑟𝐴𝐵
𝑑 )

3
) +

(𝑟𝐴𝐵
𝑐 + 2𝑟𝐴𝐵

𝑑 − 𝑑𝑖𝑗)(22(𝑟𝐴𝐵
𝑑 )

2
− 5𝑟𝐴𝐵

𝑐 𝑟𝐴𝐵
𝑑 − 7𝑟𝐴𝐵

𝑑 𝑑𝑖𝑗 − 8(𝑟𝐴𝐵
𝑐 )2 + 𝑟𝐴𝐵

𝑐 𝑑𝑖𝑗 + 𝑑𝑖𝑗
2 )

) (3.51) 

These numerical values for 𝜀𝐴𝐵 𝑘𝐵⁄   and 𝜅𝐴𝐵  are essential for calculating the total association 

contribution 𝑎𝑎𝑠𝑠𝑜𝑐 , where the number of site types (𝑤𝑖) and the frequency of each type (𝑛𝑎𝑖) 

within the molecule must be explicitly defined. 

𝑎𝑎𝑠𝑠𝑜𝑐 =∑[𝑥𝑖∑(𝑛𝑎,𝑖 ∙ (ln 𝑋𝑎,𝑖 −
𝑋𝑎,𝑖
2
+
1

2
))

𝑤𝑖

𝑎=1

]

𝑁

𝑖=1

 (3.52) 
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Once all residual free energy (𝑎𝑟) contributions are established, solubility can be determined 

by applying the fundamental condition of phase equilibrium. The SAFT-VR Mie model utilizes 

the isofugacity criterion to define the thermodynamic equilibrium between the solid solute and 

the supercritical phase. This condition, which ensures no net mass transfer occurs between 

phases, is expressed by Equation (3.53). 

𝑦𝑖𝜙̅𝑖𝑝 = 𝑝𝑖
𝑠𝑢𝑏𝑙 ∙ 𝜙𝑖

𝑠𝑢𝑏𝑙 ∙ 𝑒𝑥𝑝 (
𝑉𝑖
𝑠𝑢𝑏𝑙

𝑅𝑇
∙ (𝑝 − 𝑝𝑖

𝑠𝑢𝑏𝑙)) (3.53) 

In this context, 𝑉𝑖
𝑠𝑢𝑏𝑙represents the molar volume of the solute in its solid state, estimated here 

via the Immirzi-Perini group contribution method [117]. The fugacity coefficient of the solute 

in the supercritical phase, 𝜙̅𝑖  is derived from 𝑎
𝑟as shown in Equations (3.54) and (3.55). 

The solute's sublimation pressure, 𝑝𝑖
𝑠𝑢𝑏𝑙 ,was calculated using the Grain-Watson method [118], 

with results summarized in Table 3.3. Due to the typically low values of 𝑝𝑖
𝑠𝑢𝑏𝑙  , the fugacity 

coefficient at the sublimation point (𝜙𝑖
𝑠𝑢𝑏𝑙) is assumed to be unity. 

𝑧 = 1 + 𝜌1
𝜕𝑎𝑟

𝜕𝜌1
 (3.54) 

𝜙̅𝑖 = exp(𝑎
𝑟 + 𝑧 − 1 +

𝜕𝑎𝑟

𝜕𝑦𝑖
− 𝑦1

𝜕𝑎𝑟

𝜕𝑦1
− 𝑦𝑖

𝜕𝑎𝑟

𝜕𝑦𝑖
+ ln 𝑧) (3.55) 

Physical properties of the solute were estimated through various GC methods (Constantinou-

Gani, and Immirzi-Perini) [114], [117], [119]. This predictive approach was necessary because 

experimental data for boiling points ( 𝑇𝑏  ), melting temperatures ( 𝑇𝑚,𝑖 ) and sublimation 

pressures (𝑝𝑖
𝑠𝑢𝑏𝑙) are often difficult to obtain due to thermal degradation risks and the high cost 

of specialized equipment. 

In these dilute binary systems, the mole fraction of the solute (𝑦𝑖 ) is generally below 0.01 

mol·mol-1. Consequently, the properties of the supercritical phase are nearly identical to those 

of pure CO2, allowing for the simplified representation of the system pressure through Equation 

(3.56). 

𝑝 = 𝑧𝑅𝑇𝜌1 (3.56) 

Next, a 2 by 2 system of equations is defined, where 𝑦𝑖  and 𝜌1  are the unknown variables, 

restricted by Equations (3.53) and (3.56) for the binary system. The system was solved using 

the Clapeyron.jl package [120] in the coding language Julia. 
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Table 3.3. Physical properties of the solute required for modeling with the Statistical Theory of Association of 
Variable Range Fluids with Mie potential energy equation of state (SAFT-VR Mie EoS). 

     𝑝𝑖
𝑠𝑢𝑏𝑙 (c) /MPa 

i Compound 𝑉𝑖
𝑆(a) / cm3∙mol-1 𝑇𝑚,𝑖(d) / K 𝑇𝑏,𝑖  (b) / K 313 K 323 K 333 K 

2 
Biochanin A 
(Monomer) 

205.17 404.11 698.46 2.34∙10-12 8.67∙10-12 4.03∙10-11 

5 
Biochanin A 

(Dimer) 
410.34 - 838.03 2.73∙10-17 1.48∙10-16 1.07∙10-15 

(a) Calculated with Immirzi-Perini method. 

(b) Determined with Constantinou-Gani Method. 

(c) Estimated with Grain-Watson method. 

(d) [121] 

The primary advantage of the SAFT-VR Mie EoS lies in its ability to provide a more rigorous 

description of real repulsive and attractive molecular interactions compared to the empirical a 

and b parameters used in cubic equations of state [111]. Furthermore, this framework allows 

for the prediction of phase behavior in CO2 + solute systems beyond the experimental conditions 

studied. This is achieved using only a single binary interaction parameter 𝑘𝑖𝑗  for experimental 

fitting. 

Previous studies have successfully implemented the SAFT-VR Mie model to characterize the 

solubility of organic compounds, specifically dichlone derivatives, in supercritical CO2. For 

instance, Morales-Dí az et al. [122] demonstrated that SAFT-VR Mie offered superior predictive 

performance with an average absolute deviation of 25.61%, outperforming the SAFT-HR model. 

Similarly, Schulz et al. [123] found that SAFT-VR Mie surpassed solubility models based on 

Molecular Connectivity Indices (MCI). 
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4. Materials and Methods 

The materials, experimental equipment and methodology used in this work for measuring the 

thermodynamic solubility of biochanin A in pure and ethanol-modified SC-CO2 are presented in 

this section. 

4.1. Materials 

The solubility measurements in supercritical CO₂ employed the following reagents: biochanin 

A provided by Xi'an International Healthcare Factory Co., Ltd. and carbon dioxide provided by 

AGA-Chile S.A. Table 4.1 presents detailed specifications for each of these chemical samples. 

Table 4.1. Specification of chemical samples. 

Chemical Name Source 
Initial mass fraction 

purity, kg∙kg-1 

Purification 

method 

Final mass fraction 

purity, kg∙kg-1 

Analysis 

Method 

Carbon dioxide AGA-Chile S.A. 0.9999 None 0.9999 None 

Biochanin A 
Xi'an International 

Healthcare Factory 

Co., Ltd 

0.9900 None 0.9900 HPLC 

Acetic Acid Merck KGaA 0.998 None 0.998 GC 

Methanol Tedia Company LLC 0.999 None 0.999 GC 

Water Scharlau 0.9999 None 0.9999 GC 

Ethanol Merck KGaA 0.999 None 0.999 GC 

2-Propanol Merck KGaA 0.999 None 0.999 GC 

4.2. Experimental Equipment 

The apparatus employed for solubility measurements in supercritical CO₂ (Figure 4.1) 

comprised a 100 cm³ view-cell placed in a temperature-controlled air-bath (Thar-Tech, 

Pittsburgh, PA) equipped with an internal stirrer, a Teledyne ISCO 260D syringe pump (Lincoln, 

NE) for CO₂ charging and pressure control, and a GAH-T23 gear pump (Eurotechnica, 

Bargteheide, Germany) to recirculate the CO₂-rich phase and promote equilibrium. The 

recirculation loop was housed within an insulated acrylic enclosure to ensure constant 

temperature conditions. Sampling of the fluid phase for solute quantification was performed via 

a Perkin Elmer Series 200 HPLC (Shelton, CT) system, coupled to a series 200 UV-Vis detector. 

A high-pressure, six-port sampling valve (Rheodyne 7010, Rohnert Park, CA) equipped with a 

20 µL loop was employed to introduce aliquots of the CO₂-rich phase into the HPLC for solubility 

analysis. Because the view-cell, recirculation pump, and sampling valve are interconnected in a 

closed loop, and maintained under constant recirculation, the loop itself equilibrates to the 

same temperature, pressure, and composition as the fluid inside the cell.  
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Validation of the apparatus was conducted by measuring the binary system ethanol + CO2 

equilibrium isotherms and comparing them with literature data. The standard errors in CO2 

composition was between 0.1% and 0.6% for the solute mole fraction (x₁) and between 0.1% 

and 1.6% for the supercritical phase (y₁). 

A full account of the equipment and methodology is available in reference [124], while only a 

concise overview is provided in the following section. 

 

Figure 4.1. Schematic diagram of the experimental apparatus used to measure high-pressure phase equilibrium 
[125]. 

4.3. Experimental Methodology 

4.3.1. High Pressure Solid + Fluid Experiment 

The solubility of the solute in SC-CO₂ was determined using a dynamic-analytical approach [87]. 

First, the equilibrium cell was charged with an excess amount of solute (typically 2.5–3.0 g, 

adjusted according to expected solubility) to ensure saturation of the supercritical phase. Any 

residual air was then purged by displacing it with CO₂ from a high-pressure cylinder, aided by a 

Welch vacuum pump (Skokie, IL). Subsequently, CO₂ was introduced into the cell via a Teledyne 

ISCO syringe pump to reach the target pressure. Once both solid and fluid phases were present, 

as confirmed visually through the view-cell’s dual sapphire windows at each temperature and 

pressure condition, magnetic stirring and recirculation of the CO₂-rich phase were initiated to 

achieve equilibrium. The solubility isotherm was constructed by incrementally increasing the 

system pressure via additional CO₂ injection until the desired final pressure was attained [126]. 

To generate isotherms at different temperatures, the entire procedure was repeated using the 

new thermal set-point. 
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4.3.2. Sampling and analysis of carbon dioxide rich phase 

Before withdrawing samples of the CO₂-rich phase from the equilibrium cell to quantify the 

dissolved solute, the chromatographic response of a stock solution with a known concentration 

of biochanin A was established for calibration purposes. This was performed by directly 

injecting aliquots of the stock solution into the HPLC using a syringe. Each injection was 

repeated at least five times to obtain an average response with a repeatability of approximately 

95%. Calibration was verified daily to ensure the reliable performance of the HPLC system. 

The solute content in aliquots taken from the cell was analyzed using the slightly modified 

isocratic HPLC method of Robert et al. [127]. The mobile phase consisted of a 30:70 v/v mixture 

of HPLC-grade water from Scharlau (Barcelona, Spain) containing 0.1% glacial acetic acid from 

Merck KGaA (Darmstadt, Germany) and HPLC-grade methanol from Tedia Company LLC (Ohio, 

USA), delivered at a flow rate of 1.0 mL·min⁻¹. A reverse-phase C18 column (4.6 mm inner 

diameter × 25 cm length, 5 µm particle size; Waters Symmetry, Waters, Milford, MA) packed 

with 5-µm stationary phase particles was maintained at 30 °C in the column oven. Biochanin A 

was detected at a wavelength of 260 nm. For calibration, a standard solution containing 50 

µg·mL⁻¹ of biochanin A was prepared in the mobile phase, starting from a stock solution of 1000 

µg·mL⁻¹ biochanin A in methanol.  

After temperature, pressure, and phase equilibrium were reached in the cell (typically after 

eight hours of equilibration) [128], samples were withdrawn using a six-way valve with the 

recirculation pump turned off. The withdrawn aliquots were sufficiently small (20 µL) so as not 

to disturb the equilibrium. At least five replicate injections were performed for each 

experimental condition, achieving a repeatability of ~95%. After each run, the sample loop was 

flushed with supercritical CO₂ to avoid contamination with mobile phase of the HPLC between 

measurements. 

4.3.3. Low Pressure Solid + Liquid Experiment 

The solubility of biochanin A in pure ethanol and 2-propanol was measured at atmospheric 

pressure and temperatures ranging from 35 to 60 °C (35, 40, 45, 50, 55, and 60 °C). Briefly, 1.0 

mL of solvent was placed in a 2 mL Eppendorf tube and thermostated in a Thermomixer 

(Thermo Scientific, USA) at the desired temperature under continuous stirring (1000 rpm). 

Biochanin A was added incrementally until a persistent solid phase was observed. The 

suspension was stirred for 3 h and then allowed to settle for 30 min to ensure solid–liquid 

equilibrium. 
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A 0.10 mL aliquot of the clear supernatant was withdrawn, diluted with the corresponding 

solvent, and analyzed by HPLC using an external calibration curve. If complete dissolution 

occurred after equilibration, additional solute was added and the procedure was repeated until 

excess solid remained present. The concentration of the saturated liquid phase was taken as the 

equilibrium solubility. All measurements were performed in triplicate and are reported as mean 

values ± standard deviations. 

4.3.4. Solubility quantification 

The solubility values ( 𝑦ᵢ ) were determined using Equation (4.1) [126], where the 

chromatographic signal—expressed as the peak area (𝐴ᵢ ) corresponding to a 20 μL aliquot 

(Rheodyne, Rohnert Park, CA) withdrawn from the equilibrium cell loop (𝑉ᵢᵥ)—was compared 

against the peak area (𝐴ₛᵢ) obtained from a 20 μL aliquot (Vₛ) of a calibration stock solution of 

known concentration (𝐶𝑠2) injected through the HPLC loop. The calculation also required the 

molar mass of CO₂ (𝑀𝑊1) and its specific volume at the experimental conditions (𝑣1), which 

were estimated as functions of temperature and pressure using the NIST database [96]. In 

applying Equation (4.1), it was assumed that the density of the mixture is equal to that of pure 

CO₂, an approximation considered valid for solute mole fractions below 1·10⁻³ mol·mol⁻¹. 

𝑦𝑖 = (
𝐴𝑖 𝑉𝐼𝑉⁄

𝐴𝑆𝑖 𝑉𝑆⁄
) ∙ 𝐶𝑠𝑖 ∙ 𝑣1 ∙ 𝑀𝑊1 (4.1) 
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5. Results and Discussion 

5.1. Biochanin A in Liquid Solvents 

This section presents the solubility data obtained for the solid + liquid systems: biochanin A + 

Ethanol and biochanin A + 2-Propanol. Table 5.1 reports the solubility as a function of 

temperature at a constant pressure of 1 atm, along with the standard deviation of the data. The 

increase in solubility with temperature is expected for a crystalline solid in organic solvents. 

Table 5.1. Experimental molar fraction of Biochanin A (2) solubility in ethanol (3) and 2-Propanol(4) as a function 
of system temperature from 35°C to 60° at 1 atm. 

  Ethanol 2-Propanol 

𝑝 / atm 𝑇 / K 𝑥2 / mol∙mol-1 𝜎2 / mol∙mol-1 𝑥2 / mol∙mol-1 𝜎2 / mol∙mol-1 

1.00 308.15 0.00246 6.17∙10-6 0.00250 1.42∙10-5 

 313.15 0.00287 7.82∙10-6 0.00265 1.60∙10-5 

 318.15 0.00336 2.07∙10-5 0.00308 3.59∙10-6 

 323.15 0.00403 2.89∙10-5 0.00375 5.31∙10-5 

 328.15 0.00545 4.67∙10-5 0.00501 4.39∙10-6 

 333.15 0.00653 2.79∙10-5 0.00605 3.21∙10-5 

5.2. Biochanin A in Supercritical Carbon Dioxide 

This section presents the experimental solubility data obtained in this work for the fluid + solid 

system: CO2 + Biochanin A, 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. 

5.2.1. Solubility in Supercritical Carbon Dioxide 

Isothermal solubility for the system (CO2 + biochanin A) at temperatures of 313, 323 and 333 K 

as a function of pressure are reported in Table 5.2 and presented graphically in Figure 5.1. The 

estimation of the standard and combined expanded uncertainties was conducted using the 

information gathered from the experimental setup, the established methodology, and the 

recorded measurements. The outcomes of this estimation are compiled in Table 5.2, which 

includes data for temperature, pressure, and the individual mole fraction measurements. 

Details regarding the uncertainty estimation methodology for all variables and properties of 

biochanin A in SC-CO₂ are provided in Table 5.3. 
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Figure 5.1. Molar fraction of biochanin A (2) (solubility, y2) in supercritical CO2 (1)-rich phase as a function of system 
pressure (p) at temperatures 313 K (□, —), 323 K (○, —∙—) and 333 K (△, ——) K. Error bars represent the 
uncertainties informed in Table 5.2. 

Results indicate that solubility started from 𝑦2  = 0.430 µmol·mol-1 at 𝑇  = 333.15 K and 𝑝  = 

10.922 MPa and increased up to 𝑦2 = 7.89 µmol·mol-1 at 𝑇 = 333.15 K and 𝑝 = 13.702 MPa. As 

depicted in Figure 5.1, the solubility profiles exhibit an anomalous behavior. Typically, 

isothermal solubility in supercritical fluids increases monotonically with pressure due to the 

continuous rise in solvent density. In contrast, this system shows a sharp initial growth followed 

by a pronounced and unexpected decline, displaying a distinct solubility maximum around the 

14.0–16.0 MPa range for all studied isotherms. Additionally, a temperature crossover region is 

observed at lower pressures, particularly between the 313.15 K and 323.15 K isotherms. 

Given the highly unconventional nature of this non-monotonic trend, a series of rigorous 

methodological verification steps were implemented to systematically eliminate potential 

sources of experimental error. First, to ensure strict thermodynamic equilibrium, the system 

equilibration time was significantly extended from the standard 4 hours to 48 hours. Second, 

the interval between consecutive sampling injections at a fixed pressure was increased from the 

standard 30-minute HPLC runtime to a full hour to rule out transient concentration gradients 

within the cell. Third, to prevent carryover or accumulation effects, the equilibrium cell was 

thoroughly washed, and blank supercritical CO2 injections were performed to verify that the 

system was completely solute-free prior to reloading. Lastly, external lines and connections 

located outside the temperature-controlled cell, which were susceptible to ambient 
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temperature drops, were thermally insulated to prevent premature solute precipitation during 

sampling. 

Table 5.2. Experimental molar fraction of biochanin A (2) solubility (𝑦2) in supercritical CO2 (1)-rich phase as a 
function of system pressure (𝑝) or density of pure CO2 (𝜌1) at temperatures (𝑇) of (313, 323 and 333) K. 

𝑇 / K 𝑝 / MPa 𝜌1 / kg m-3 𝑦2∙106 / mol∙mol-1 𝑈𝑐𝑜𝑚𝑏(𝑦2)∙106 / mol∙mol-1 

313 14.781 776.25 3.604 0.391 
 18.082 819.48 3.775 0.568 
 22.446 860.39 4.099 0.529 
 26.086 886.10 3.172 0.358 
 27.594 895.20 3.017 0.487 
 31.417 916.73 2.597 0.371 
     

323 10.202 408.01 1.691 0.275 
 14.876 694.11 5.756 0.761 
 17.846 753.29 4.985 0.733 
 18.323 761.08 4.975 0.620 
 22.553 811.38 4.306 0.541 
 24.892 832.43 4.023 0.556 
     

333 10.922 349.45 0.430 0.073 
 13.702 543.63 7.893 1.102 
 18.719 700.39 6.643 0.886 
 23.062 764.23 5.335 0.915 
 27.345 806.86 4.000 0.556 

  29.884 828.23 3.628 0.578 

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

a 0.90 level of confidence. 

Furthermore, while the experimental measurements exhibit relatively large combined 

expanded uncertainties, the non-monotonic trend remains statistically robust. An analysis of 

the uncertainty boundaries reveals that the lower limits of the data points at the solubility peaks 

do not overlap with the upper limits of the measurements recorded at high pressures. Together, 

the high reproducibility of the measurements across the modified protocols and the statistical 

separation of the error bars confirmed that the observed solubility drop is an intrinsic 

thermodynamic phenomenon rather than an experimental artifact or measurement noise. 
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Table 5.3. Estimation of the combined expanded uncertainty for molar fraction of biochanin A (2) (𝑦2 ) in 
supercritical CO2 (1)-rich phase, 𝑈𝐶𝑜𝑚𝑏(𝑦2), based on the contributions of properties and variables measured and 
calculated [126]. 

Property, Variable 
Type of Uncertainty 
(Level of confidence 

/ %) 
Uncertainty 

Contribution 
to 𝑈𝑐𝑜𝑚𝑏(𝑦2) / 

% 

Temperature 
(313 ≤ T ≤ 333) K Standard u(T) = 0.1 K - 

Pressure 
(10.202 ≤ p ≤31.417) MPa Standard u(p) = 0.01 MPa - 

Chromatographic Area for sample of 
Biochanin A dissolved in CO2 
(218323 ≤ A2 ≤ 6936099) AU 

Standard u(A2) = 3500 AU 1 

Chromatographic area for stock solution 
(11701948 ≤ AS2 ≤ 13519213) AU Standard u(AS2) = 3500 AU 12 

Volume of sampler loop of the 
equilibrium cell 
(VIV = 20 µL) 

Standard u(VIV) = 2 µL 13 

Volume loop of the HPLC injector 
(VS = 20 µL) Standard u(VS) = 2 µL 13 

Concentration of stock solution 

CS2= 
𝑚2

𝑉𝐼𝑉∙𝑀𝑊2
 

CS2 = 0.183 mol∙cm-3 
Combined 

𝑢𝑐𝑜𝑚𝑏(𝐶𝑆2)

𝐶𝑆2
=
𝑢(𝑚2)

𝑚2

+
𝑢(𝑉𝑉𝐹)

𝑉𝑉𝐹
 60 

Mass of biochanin A dissolved in 
methanol 
m2 = 0,052 g 

Standard u(m2) = 0.0001 g - 

Volume of flask to dissolve Biochanin A in 
methanol 
VVF = 50 cm3 

Standard u(VVF) = 0.08 cm3 - 

Specific volume of CO2 
V1 = f(T,p) 
(4.80 ≤ V1 ≤ 12.59) x10-5 m3∙mol-1 

Combined 
𝑢𝑐𝑜𝑚𝑏(𝑉1)

𝑉1
=
1

𝑉1
∙
𝜕𝑉1
𝜕𝑇
| ∙ 𝑢(𝑇) + |

1

𝑉1
∙
𝜕𝑉1
𝜕𝑝
| ∙ 𝑢(𝑝) 1 

Volumetric expansibility of CO2 

𝛼1 = |
1

𝑉1
∙
𝜕𝑉1
𝜕𝑇

 

(0.0041075 ≤ α1 ≤ 0.0440610) K-1 

- NIST - 

Isothermal compressibility of CO2 

𝛽1 =
1

𝑉1
∙
𝜕𝑉1
𝜕𝑝
| 

(0.0056513 ≤ β1 ≤ 3005400) MPa-1 
- NIST - 

Molar fraction of Biochanin A in CO2-rich 
phase 

𝑦2 = (
𝐴2 𝑉𝐼𝑉⁄

𝐴𝑆2 𝑉𝑆⁄
) ∙ 𝐶𝑆2 ∙ 𝑉1 ∙ 𝑀𝑊1 

(0.430 ≤ y2 ≤ 7.893)∙10-6 molmol-1 

Combined expanded 

𝑈𝑐𝑜𝑚𝑏(𝑦2)

1.645 ∙ 𝑦2
=
Δ𝐴2
𝐴2

+
Δ𝐴𝑆2
𝐴𝑆2

+
Δ𝑉𝐼𝑉
𝑉𝐼𝑉

+
Δ𝑉𝑆
𝑉𝑆
+
Δ𝐶𝑆2
𝐶𝑆2

+
Δ𝑉1
𝑉1

 
- 

The non-monotonic solubility profile observed across all three isotherms is consistent with a 

progressive shift in the dominant intermolecular interactions as pressure increases. At lower 

pressures (below ~14–16 MPa), the rapid rise in SC-CO₂ density enhances its solvating power, 

driving an increase in the dissolved molar fraction of biochanin A. Beyond this threshold, 

however, the trend reverse sharply. It is hypothesized that the reduction in free volume at 

elevated pressures brings solute molecules into closer proximity, likely creating conditions 

favorable for hydrogen bonding via the unhindered hydroxyl group at position 7. The 
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consequent formation of associated species — possessing larger effective molecular mass and 

lower volatility than the free monomer — might diminish the affinity of biochanin A for the 

supercritical fluid phase, producing the observed solubility decline. Notably, the solubility 

maximum shifts from approximately 16.0 MPa at 313.15 K to approximately 14.0 MPa at 333.15 

K (Table 5.2), suggest that higher temperatures might require less compression to overcome the 

entropic penalty of association, which would align with the endothermic nature of hydrogen 

bond disruption. The potential nature and stoichiometry of these hypothesized associated 

species are further examined in Section 5.4, where structural evidence from the 

chromatographic profiles and thermodynamic modeling are presented. 

5.2.2. Characterization of the Structure of Biochanin A 

To confirm the chemical stability and structural integrity of the solute during the high-pressure 

experiments, Nuclear Magnetic Resonance (NMR) analyses were conducted on the biochanin A 

samples both before and after exposure to the supercritical equilibrium phase. The resulting 

NMR spectrum (Figure 5.2) showed no structural alterations, shifts, or degradation products, 

verifying that the solid phase remained unequivocally as biochanin A throughout the process. 

This structural preservation is crucial for the thermodynamic interpretation of the system. It 

demonstrates that the stabilization or reduction in molar solubility observed at elevated 

pressures (as shown in Figure 5.1) is driven exclusively by physical phenomena—such as 

density-dependent solute self-association and reversible dimerization—rather than any 

chemical transformation or decomposition of the monomeric species. 

 

Figure 5.2. Biochanin A NMR spectrum before (top) and after (bottom) undergoing equilibrium with SC-CO2. 
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5.3. Data Validation 

Upon completion of the experimental measurements, the semi-empirical model proposed by 

Mendez-Santiago and Teja (MS-T) was fitted to the solubility data for biochanin A using 

Equation (5.1). This regression resulted in an Average Absolute Relative Deviation (AARD) of 

33.30% for the set of measurements. These deviations are attributed to the inherent 

mathematical constraints of the MS-T model, as detailed in Section 3.3.3. The self-consistency 

results are graphically represented in Figure 5.3, following the linear expressions: 

𝑇[ln(𝑦𝑖𝑝) − 18.04] = −5673.77 + 1.63 ∙ 𝜌1 (5.1) 

As illustrated in the plot, most of the data points for biochanin A exhibit a strong linear trend, 

particularly at solvent densities exceeding 600 kg∙m-3. This alignment across different 

isotherms suggests that the high-pressure measurements are mutually consistent and follow 

the fundamental thermodynamic behavior expected in supercritical systems. However, the data 

analysis revealed that 2 out of 18 experimental points for biochanin A did not conform to the 

expected linear trend. Since these points could not be validated for self-consistency, they were 

excluded from the final model regression. 

 

Figure 5.3. Representation of 𝒚𝒊, 𝝆𝟏 and T in a two-dimensional array: 𝑻·[𝒍𝒏(𝒚𝒊·𝒑)−𝑪𝒊] versus 𝝆𝟏(T,p). The symbols 
represent the experimental data of biochanin A (2) at 313 K (□), 323 K (○) and 333 K (△). 

As highlighted by Mendez-Santiago and Teja [101], Equation (3.7) exhibits limitations under 

low-density conditions. Consequently, solubility data points with 𝜌1 values below 550 kg∙m-3 

may require alternative correlations to overcome the predictive deficiencies of the model and 
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verify their consistency. Nevertheless, accurately representing the pressure and temperature 

behavior of pure substances near the critical point is already a complex task [129]; this difficulty 

is significantly amplified in mixtures, even when the solute is highly dilute. Furthermore, the 

scatter observed may indicate higher experimental uncertainty at elevated temperatures or the 

onset of more pronounced dimerization effects that the linear MST model cannot fully capture. 

The thermodynamic consistency test [97] utilized the solubility results modeled with the SAFT-

VR Mie equation of state (detailed in Section 3.4.3) to calculate the absolute area deviations 

(Δ𝐴1𝑖), which are necessary to evaluate the thermodynamic integrity of each isotherm. These 

results are summarized in Table 5.4. 

Table 5.4. Thermodynamic consistency test results for the equilibrium CO2 (1) + Biochanin A (2). 

j 

𝑝 / 
MPa 

𝛿(𝑦𝑖)𝑗 / 

% 
(𝛥𝐴1𝑖) / 

%  

𝑝 / 
MPa 

𝛿(𝑦𝑖)𝑗 / 

% 
(𝛥𝐴1𝑖) / 

%  

𝑝 / 
MPa 

𝛿(𝑦𝑖)𝑗 / 

% 
(𝛥𝐴1𝑖) / 

% 

𝑇 = 313 K 
 

𝑇 = 323 K 
 

𝑇 = 333 K 

Biochaninin-A 

1 14.78 44.9% 0.29%  10.20 99.6% 6.71%  10.92 -96.6% 5.45% 

2 18.08 -2.8% 0.81%  14.88 81.1% 5.74%  13.70 -96.8% 7.50% 

3 22.45 -65.3% 2.35%  17.85 38.8% 1.01%  18.72 43.9% 2.59% 

4 26.09 -198.1% 2.39%  18.32 31.1% 1.36%  23.06 -92.7% 5.82% 

5 27.59 -253.0% 1.76%  22.55 -70.4% 2.25%  27.35 -376.4% 3.60% 

6 31.42 -430.7% 1.74%   24.89 -144.9% 0.50%   29.88 -592.2% 0.71% 

(a) 𝛿(𝑦𝑖)𝑗 = (𝑦𝑖
𝑐𝑎𝑙𝑐 − 𝑦𝑖)𝑗 𝑦𝑖 ,𝑗⁄ : Individual relative deviations (j) between the calculated (𝑦𝑖 ,𝑗

𝑐𝑎𝑙𝑐) and measured (𝑦𝑖,𝑗) values of the 

solute solubility (𝑖). 

(b) (Δ𝐴1𝑖)𝑗: Fraction of individual area deviation (𝑗). 

The Δ𝐴1𝑖  values for all experimental data points were found to be below 7.498%, suggesting a 

generally high level of consistency. However, it was observed that in 17 out of 18 solubility 

measurements for biochanin A, the absolute relative deviations (|𝛿(𝑦𝑖)| ) exceeded the 20% 

threshold, indicating that thermodynamic consistency could not be verified in those specific 

instances. 

The apparent contradiction between the low area deviations (all 𝛥𝐴₁ᵢ  < 7.5%) and the high 

individual relative deviations (|𝛿(𝑦ᵢ) |   20% in 17 out of 18 data points) warrants careful 

interpretation. The thermodynamic consistency framework proposed by Valderrama and 

Zavaleta [97] is built upon two sequential requirements: first, that the selected equation of state 

adequately describes the solubility isotherms within ±20% RRMSD (Stage 1); and second, that 

the Gibbs-Duhem integral deviations fall within acceptable limits (Stage 2). The Stage 1 

criterion presupposes that the reference EoS is capable of representing the essential physics of 
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the system under evaluation. In the present case, however, the experimental solubility profile is 

non-monotonic — a behavior that a standard monomeric equation of state is structurally 

unable to capture. This limitation is not a property of the data, but a consequence of the 

thermodynamic phenomenon driving the system: the formation of associated species in the 

supercritical phase, proposed in Section 5.2.1 and evidenced by the emergence of secondary 

chromatographic signals at elevated pressures (Tables 5.9–5.11).  

When the Stage 1 criterion cannot be met because the reference model is inadequate for the 

system, the large 𝛿(𝑦ᵢ) values produced in Stage 2 are an artifact of the model's failure, not an 

indicator of data quality. This interpretation is supported by the low area deviations (𝛥𝐴₁ᵢ ), 

which confirm that the integral form of the Gibbs-Duhem equation is satisfied locally between 

consecutive data points along each isotherm, demonstrating internal coherence of the 

measurements.  

Taken together, the low procedural uncertainties, the high measurement repeatability ( 95%), 

the strong linear trend in the MS-T self-consistency plot at densities above 600 kg·m-3, and the 

physically coherent behavior of the data across all three isotherms provide robust evidence that 

the experimental measurements are reliable, even in the absence of formal thermodynamic 

consistency verification under a monomeric framework. 

 



Departamento de Ingeniería Química y Ambiental 

58 

5.4. Solubility Modeling 

5.4.1. SAFT-VR Mie Equation of State 

The SAFT-VR Mie EoS was employed to correlate the experimental solubility isotherms of 

biochanin A in supercritical carbon dioxide. The application of this framework required the 

prior determination of the molecular and association parameters for biochanin A. These 

parameters were fitted through the regression of experimental solubility data obtained from 

biochanin A + ethanol and biochanin A + 2-propanol systems. Consequently, the pure-

component parameters for the selected alcohols were independently fitted using available 

literature vapor pressure data. The source code utilized for these regression routines is detailed 

in Appendices A and C. 

The molecular and self-association parameters for ethanol and 2-Propanol, namely the segment 

number (𝑚), segment diameter (𝜎), dispersion energy (𝜀𝑎𝑠𝑠𝑜𝑐/𝑘𝐵), Mie repulsive exponent (𝜆𝑟), 

association energy (𝜀𝑎𝑠𝑠𝑜𝑐
𝐴𝐵  /𝑘𝐵) and bonding volume (𝜅𝑎𝑠𝑠𝑜𝑐

𝐴𝐵 ), were fitted simultaneously using 

experimental vapor pressure data from Ambrose & Sprake [130]. A 2B association scheme was 

used for the fit of both solvents, yielding low deviations with an AARD of 1.497% for ethanol 

and 0.317% for 2-propanol. The model fit is shown in Figure 5.4. 

 

Figure 5.4. Vapor pressure (log10(P/Pa)) as a function of temperature (T / K) for ethanol and 2-propanol. 
Experimental data obtained from Ambrose & Sprake [130]. 

The molecular and self-association parameters for biochanin A—𝑚 , 𝜎 ,𝜀/𝑘𝐵 , 𝜆𝑟 , 𝜀
𝐴𝐵/𝑘𝐵  and 

𝜅𝐴𝐵—were fitted using experimental solid-liquid equilibrium (SLE) solubility data from the 
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binary systems biochanin A + ethanol and biochanin A + 2-propanol across a temperature range 

from 308.15 K to 333.15 K at atmospheric pressure. 

Two association schemes were considered for the parameter fit of biochanin A, 2B and 4C, the 

fitted parameters for each scheme are presented in Table 5.5. The 4C association scheme was 

selected over the 2B scheme to model biochanin A because its optimized SAFT-VR Mie 

parameters are more consistent with the physical and chemical nature of the molecule. This is 

consistent with the presence of two hydroxyl groups on the molecule (see Figure 1.3), 

presenting 2 donor and 2 acceptor sites. 

The 4C scheme yields a softer repulsive exponent, whereas the 2B scheme results in an 

unusually steep repulsion that is less representative of complex organic fluids. Furthermore, the 

association volume obtained with the 4C scheme  provides a much more reasonable spatial 

range for hydrogen-bonding interactions compared to the excessively small, non-physical value 

derived from the 2B scheme. Combined with a more realistic association energy and chain 

length, the 4C scheme accurately captures the multi-site associative behavior and steric 

complexity of the biochanin A molecule without relying on artificial parameter values. 

Table 5.5. Molecular and association parameters obtained for Biochanin A (2) with association schemes 2B and 4C. 

Association Scheme 𝑚 / - 𝜎 / Å 𝜀 /𝑘𝐵 / K 𝜆𝑟 / - 𝜀𝐴𝐵/𝑘𝐵/ K 𝜅𝐴𝐵  / Å3 

2B 9.5268 2.5414 213.141 23.2819 3620.63 0.01290 

4C 14.113 2.5199 144.045 10.9082 2644.29 0.31813 

The 2B association scheme regression resulted in an AARD of 6.15% for ethanol and 11.60% 

for 2-propanol, and a combined AARD of 8.88%. The 4C association scheme regression resulted 

in an AARD of 3.66% in ethanol and 5.40% in 2-propanol, culminating in a total combined AARD 

of 4.53%. The experimental data and deviation for each point is reported in Appendix B. The 

quality of the 4C fit is visually demonstrated in Figure 5.5. The optimized parameters for both 

the liquid solvents and the solid solute are summarized in Table 5.6. 

Table 5.6. SAFT-VR Mie equation of state parameters for CO2 (1), biochanin A (2), ethanol (3) and 2-Propanol (4), 
determined using the Coarse Granulation (CG) method by Mejí a et al. [112] and fitted to experimental data. 

i Compound 𝑚 / - 𝜎 / Å 𝜀 /𝑘𝐵 / K 𝜆𝑟 / - λa / - 𝜀𝐴𝐵/𝑘𝐵/ K 𝜅𝐴𝐵  / Å3 

1 CO2 2.000 2.8363 195.396 14.6989 6 - - 

2 Biochanin A 14.113 2.5199 144.045 10.9082 6 2644.285 0.31813 

3 Ethanol 1.940 3.2098 247.245 8.0632 6 2725.085 0.97871 

4 2-Propanol 1.964 3.2831 241.172 8.0713 6 3071.149 0.68899 
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Figure 5.5. Solubility (x2∙103 / mol∙mol-1) of biochanin A in ethanol and 2-propanol as a function of temperature 
(308.15 to 333.15 K) at 1 atm. 

Once the pure fluid and solute parameters were established, the cross-interaction parameter 

(𝑘12) for the binary CO2+ biochanin A system was optimized against the high-pressure solubility 

measurements obtained in this work. To accurately reflect thermal dependencies over the 

operational range, 𝑘12  was regressed as a temperature-dependent function, as defined in 

Equation (5.2). The code used for the regression of parameters A and B is available in Appendix 

D. 

𝑘12 = 𝐴 + 𝐵 ∙ (1/𝑇 − 1/313.15) (5.2) 

The regressed parameters for Equation (5.2) along with their corresponding deviations are 

reported in Table 5.7. The application of this single temperature-dependent binary interaction 

parameter yielded an overall modeling AARD of 160.37% for the biochanin A solubility, with 

individual isothermal deviations reaching up to 592.24% at 333.15 K. As visually illustrated in 

Figure 5.6, the SAFT-VR Mie framework fails to capture the qualitative phase behavior of the 

system. While the model predicts a continuous, monotonic increase in solubility driven by the 

rising density and solvating power of supercritical CO2, the experimental data reveals a 

prominent solubility maximum between 14 and 18 MPa, followed by a non-monotonic decline 

at higher pressures. 

Phenomenologically, the discrepancy becomes critical at higher pressures. While the theoretical 

model predicts a continuous, exponential increase in solubility driven by solvent density, the 

experimental data exhibits an anomalous behavior: the solubility plateaus or even slightly 
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decreases at pressures above 20 MPa. The model, even when utilizing temperature-dependent 

binary interaction parameters (𝑘12), is inherently incapable of reproducing this inflection. 

Table 5.7. Regressed parameters for the temperature-dependent binary interaction function, discrete 𝑘12  values, 
and corresponding average absolute relative deviations (AARD%) for the CO2 (1) + biochanin A (2) system. 

i Compound A / - B / K AARD (a)/ % 

2 Biochanin A -0.687627 236.12 160.37 

𝑇, K 𝑘12 , -  AARD (a)/ % 

313.15 -0.13606 165.8% 

323.15 -0.14561 77.6% 

333.15 -0.15459 276.3% 

(a)AARD = (100 𝑁⁄ ) ∙ ∑ (𝑦𝑖
𝑚𝑜𝑑𝑒𝑙 − 𝑦𝑖

𝑒𝑥𝑝)
𝑗
(𝑦𝑖
𝑒𝑥𝑝)

𝑗
⁄𝑁

𝑗=1  

This severe discrepancy can be fundamentally justified by the underestimation of the 

phenomenon of solute self-association. As previously hypothesized in Section 1.1 and Section 

5.1.1, the molecular structure of biochanin A features hydroxyl groups at positions 5 and 7, 

rendering it highly susceptible to hydrogen bonding. At elevated pressures (  18 MPa), the 

reduction in free volume brings solute molecules closer together, shifting the equilibrium 

toward the formation of reversible dimers. Dimer formation would drastically increase the 

effective molecular volume and reduce the apparent vapor pressure of the solute, phenomena 

that would counteract the solvating power of the highly compressed supercritical CO2. 

 

Figure 5.6. Modelling of the isothermal solubility of biochanin A (2) in supercritical CO2 (1) as a function of system 
pressure at 313 K (□, —), 323.15 K (○, —∙—), and 333.15 K (△, ——). Lines represent the isotherms calculated by 
means of the SAFT-VR Mie.  
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Although the SAFT framework inherently accounts for molecular self-association, the model 

struggles to capture the non-monotonic solubility behavior or high-pressure inflections often 

observed in these systems. This limitation primarily stems from two intrinsic simplifications 

within the first-order Wertheim perturbation theory (TPT1) mapped onto the SAFT-VR Mie EoS. 

First, the local density at the bonding site is approximated using the radial distribution function 

of a non-associating reference fluid. This approximation fails in highly compressible, high-

pressure regimes where density fluctuations drastically alter the local molecular packing 

around active sites [131]. Second, TPT1 strictly prohibits the formation of closed cyclic 

structures and intramolecular bonding. For multifunctional molecules with complex spatial 

architectures, such as biochanin A, the competitive equilibrium between intramolecular 

shielding and the formation of highly stable, cooperative cyclic dimers represents a dominant 

thermodynamic driver [132]. By forcing association into purely open, linear oligomers, the 

model imposes a topological constraint that underestimates the true aggregation state of the 

solute, thereby missing the macroscopic solubility inflections driven by localized molecular 

clustering. 

To quantitatively assess the magnitude of this underestimation and isolate the physical impact 

of aggregation, a phenomenological boundary-case analysis was conducted. By forcing the 

equation of state to evaluate a hypothetical fully-associated state (pure dimer), it becomes 

possible to map the theoretical limits of the system's phase behavior. The phase behavior of a 

hypothetical pure dimer form of biochanin A was modeled with SAFT-VR Mie EoS. The EoS was 

employed to model solubility isotherms at 313.15, 323.15 and 333.15 K. The sublimation 

pressure of the dimer was estimated using the Grain–Watson method [118] while its molecular 

parameters were extrapolated from those of the monomer. 

The transfer of SAFT-VR Mie parameters from the biochanin A monomer to its dimeric form is 

based on the segment identity principle inherent to the SAFT framework. Assuming that the 

dimer is composed of the same fundamental chemical segments as the monomer, the 

interactions associated with each segment are considered invariant. Consequently, the segment 

diameter, the segment dispersion energy, and the repulsive exponent were kept constant. The 

increase in molecular size was accounted for by doubling the chain length parameter and 

molecular weight, thereby reflecting the structural duplication of the molecule. 

For the dimeric species, all association parameters were set to zero. This assumption considers 

that the self-association sites responsible for dimer formation become fully saturated upon 
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aggregation, leaving no available sites for additional hydrogen bonding or association 

interactions. In addition, the binary interaction parameter, (𝑘𝑖𝑗), was set to zero due to the lack 

of experimental data required for its estimation. This approach isolates the effects of dispersion 

and repulsion arising from the extended molecular chain while avoiding the introduction of 

unverified association and interaction parameters. The set of parameters employed in the 

calculations is presented in Table 5.8. 

Table 5.8. SAFT-VR Mie molecular parameters of Biochanin A dimer species. 

Compound 𝑚 / - 𝜎 / Å 𝜀 /𝑘𝐵  / K 𝜆𝑟 / - 𝜀𝐴𝐵/𝑘𝐵/ K 𝜅𝐴𝐵  / Å3  

Biochanin A 
(Dimer) 

28.226 2.5199 166.89 12.619 - - 

As shown in Figure 5.7 the monomer model predicts solubility values approximately two to 

three orders of magnitude higher than the non-associating dimer model across the entire 

pressure range. Both models successfully capture the characteristic crossover pressure region 

between 15 MPa and 20 MPa. However, the non-associating dimer model severely 

underpredicts the experimental data. This underestimation is a direct consequence of the 

strictly predictive approach—extrapolating parameters and setting 𝑘𝑖𝑗 = 0 fails to account for 

the necessary dispersive cross-interactions between the solvent and the extended dimeric 

structure. 

 

Figure 5.7. Molar fraction of biochanin A (2) monomer and dimer form in supercritical CO2 (1)-rich phase as a 
function of system pressure (𝑝) at temperatures 313 K (□), 323 K (○) and 333 K (△) K. Lines represent SAFT-VR Mie 
modelling. 
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Ultimately, while evaluating the dimer as an isolated entity is quantitatively inaccurate, the 

systematic high-pressure deviations in the baseline model indicate that the standard SAFT-VR 

Mie association framework does not capture the full physical extent of molecular aggregation. 

The forced dimeric prediction was modeled to phenomenologically demonstrate the severe 

thermodynamic impact of an increased effective volume and reduced solute volatility upon 

association. Furthermore, the inability of the model to capture the experimental decrease may 

not rely solely on the underestimation of the association fraction. It is critical to consider the 

influence of highly the solid sublimation pressure. Since the vapor pressure of biochanin A was 

estimated utilizing predictive correlations rather than direct experimental measurements, any 

inherent deviations in these estimated properties could significantly propagate through the 

equation of state, further skewing the phase equilibrium calculations at elevated pressures. 

Driven by these associative constraints, the overall solubility of biochanin A in pure 

supercritical CO2 remains remarkably low, making the utilization of a polar cosolvent a practical 

necessity to enhance mass transfer rates. To overcome this limitation, the introduction of 

ethanol was evaluated. For the modeling of the cosolvent system, the previously adjusted 

parameters for ethanol were employed. The binary interaction parameters between the 

cosolvent and the solute (𝑘23) and between the cosolvent and CO2 (𝑘13) were both set to zero. 

 

Figure 5.8. SAFT-VR Mie Molar fraction modelling of biochanin A (2) in supercritical CO2 (1)-rich phase as a function 
of system ethanol (3) molar fraction at 23 MPa. Temperatures 313 K (□), 323 K (○) and 333 K (△) K. 

The results demonstrate that the addition of ethanol significantly enhances the solubility of 

biochanin A across all investigated conditions. As depicted in Figure 5.8, at a constant pressure 

of 23 MPa, the solubility increases monotonically with the ethanol mole fraction (𝑥3 ). This 
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enhancement exhibits a synergistic effect with temperature; the solubility difference between 

the pure supercritical CO2 system (𝑥3 = 0) and the 5% ethanol mixture is substantially greater 

at 333 K than at 313 K. 

Furthermore, the solubility isotherms at 40°C, 50°C and 60°C (Figures 5.9, 5.10, and 5.11, 

respectively) illustrate that this beneficial effect persists across the entire pressure range. 

Increasing the ethanol content systematically shifts the solubility curves upward, indicating 

that equivalent solubility levels can be attained at lower operational pressures. 

From a physicochemical perspective, this behavior is attributed to the higher polarity of ethanol 

relative to supercritical CO2. The cosolvent increases the overall polarity of the fluid phase, 

promoting stronger intermolecular interactions—specifically hydrogen bonding—with the 

polar functional groups of biochanin A. This specific interaction disrupts potential solute self-

association and reduces the affinity mismatch between the solid solute and the solvent phase, 

thereby maximizing solvent power. 

 

Figure 5.9. SAFT-VR Mie molar fraction modelling of biochanin A (2) in supercritical CO2 (1)-rich phase as a function 
of system pressure (𝑝) at 313 K and ethanol (3) molar fraction 0.00 (—), 0.01 (---), 0.03 (— ∙ —) and 0.05 (∙∙∙∙∙). 

This predicted cosolvent effect is highly consistent with the experimental observations reported 

by Nakada et al. [83] for structurally related isoflavones (daidzein and genistein). Their 

experimental data demonstrates a comparable, significant increase in solubility for genistein 

and daidzein upon the addition of ethanol to supercritical CO2. This agreement supports the 

hypothesis that polar cosolvents effectively enhance the solvation of polyphenolic compounds 
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through specific interactions, providing further validation for the model's predictive capability 

within this chemical class. 

 

Figure 5.10. SAFT-VR Mie molar fraction modelling of biochanin A (2) in supercritical CO2 (1)-rich phase as a 
function of system pressure (𝑝) at 323 K and ethanol (3) molar fraction 0.00 (—), 0.01 (---), 0.03 (— ∙ —) and 0.05 
(∙∙∙∙∙). 

 

Figure 5.11. SAFT-VR Mie molar fraction modelling of biochanin A (2) in supercritical CO2 (1)-rich phase as a 
function of system pressure (𝑝) at 333 K and ethanol (3) molar fraction 0.00 (—), 0.01 (---), 0.03 (— ∙ —) and 0.05 
(∙∙∙∙∙). 
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5.4.2. Chromatographic Evidence and Molecular Structure Analysis 

This subsection presents the experimental chromatographic profiles obtained for the binary 

CO2 + biochanin A system, displaying three representative chromatograms for each isotherm 

evaluated at low, intermediate, and high operational pressures (Tables 5.9, 5.10 and 5.11). 

Table 5.9. Evolution of the experimental HPLC chromatographic profiles for the binary CO2 (1)+ Biochanin A (2) 
system at 313.15 K under low, intermediate, and high operational pressures. 

𝑇 / K 𝑝 / MPa HPLC Chromatograms 

313.15 

10.600 

 

 

14.843 

 

 

19.384 

 

As the operational pressure increases within each isotherm, the peak area corresponding to the 

biochanin A monomer undergoes a relative decrease compared to the preceding low-pressure 

conditions. Concurrently, an emergence and gradual growth of secondary and tertiary signals 

are observed across all evaluated temperatures. This coordinated peak evolution is consistent 
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with mass conservation during solute self-association. The reduction in macroscopic free 

volume likely drives a fraction of the monomers to engage in self-association, thereby altering 

their chromatographic affinity and shifting their elution order. 

Table 5.10. Evolution of the experimental HPLC chromatographic profiles for the binary CO2 (1)+ Biochanin A (2) 
system at 323.15 K under low, intermediate, and high operational pressures. 

𝑇 / K 𝑝 / MPa HPLC Chromatograms 

323.15 

10.193 

 

 

18.343 

 

 

24.946 

 

Furthermore, the quantitative magnitude of these additional peaks indicates that this 

phenomenon represents a significant structural shift rather than a minor trace effect. At a 

system temperature of 40 °C, the secondary and tertiary signals account for approximately 20% 

of the main monomer peak area—a relative contribution that systematically increases with 
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rising temperature, registering 22% at 50 °C and peaking at 25% at 60 °C under the highest-

pressure conditions. 

Table 5.11. Evolution of the experimental HPLC chromatographic profiles for the binary CO2 (1)+ Biochanin A (2) 
system at 333.15 K under low, intermediate, and high operational pressures. 

𝑇 / K 𝑝 / MPa HPLC Chromatograms 

333.15 

13.666 

 

 

18.712 

 

 

27.408 

 

While the chromatographic evidence presented in Tables 5.9–5.11 is strongly consistent with 

the progressive formation of associated species at elevated pressures, definitive structural 

characterization of these eluting complexes requires complementary analytical techniques. 

High-Performance Liquid Chromatography coupled to Mass Spectrometry (HPLC-MS) is the 

most direct approach: by providing molecular weight information for each chromatographic 
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peak, it would confirm whether the secondary and tertiary signals correspond to species with 

masses consistent with biochanin A dimers (𝑀𝑊  ≈ 568.52 Da) or higher-order aggregates. 

High-pressure Nuclear Magnetic Resonance (HP-NMR) spectroscopy, performed in situ within 

the supercritical CO2 phase, would offer complementary evidence by monitoring changes in the 

chemical shift of the C7 hydroxyl proton and the aromatic protons as a function of pressure — 

shifts indicative of hydrogen bonding and 𝜋 –𝜋  stacking interactions, respectively. Similarly, 

High-Pressure Fourier Transform Infrared (HP-FTIR) spectroscopy would allow tracking of the 

O-H stretching frequency (~3200–3600 cm-1) and the carbonyl stretching band (~1630 cm-1) 

as pressure-dependent markers of association state. These experimental directions are 

identified as targets for future work, as they would provide the molecular-level evidence 

necessary to unambiguously establish the stoichiometry and geometry of the biochanin A 

associates. 

Table 5.12 outlines the three-dimensional conformation and solvent-accessible surface of 

biochanin A. The molecule features a rigid, planar benzopyran core. This planar geometry 

promotes parallel π – π stacking interactions  within the crystal lattice. This stacking causes 

aromatic ring overlap at close contact distances. [133], [134]. This molecular packing increases 

the sublimation enthalpy (Δ𝐻𝑠𝑢𝑏𝑙  ). The increased sublimation enthalpy raises the energy 

required to disrupt the solid matrix. This crystalline stability reduces the solute escaping 

tendency into the fluid phase, explaining the overall low solubility of biochanin A. 

The hydroxyl group at the C7 position projects into the fluid and remains accessible for 

intermolecular association. At low pressures, the free volume of supercritical CO2 keeps the 

biochanin A molecules separated. Beyond the 15–18 MPa threshold, the reduction in free 

volume forces the rigid aromatic structures into closer proximity. Under this alignment, the C7 

hydroxyl groups cross the proximity threshold for hydrogen bonding. This transition triggers a 

shift toward fluid-phase self-association, forming reversible dimeric or trimeric complexes. This 

intermolecular aggregation reduces the polarity of the effective species in solution and 

diminishes its affinity for the supercritical solvent phase. This structural shift reduces the solute 

volatility, explaining the experimental non-monotonic solubility drop observed at elevated 

pressures. 
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Table 5.12. 3D representation of the molecular structure of each solute in its lowest energy (most stable) 
conformation, generated with Avogadro software [135] and displayed from different angles using UCSF ChimeraX 
[136], [137]. Atoms are color-coded for carbon (gray), hydrogen (white), and oxygen (red). The surface area 
corresponds to the surface excluded by the solvent. 

 Biochanin A 3D Structure 

View 1 

 

View 2 

 

View 3 
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Conclusion 

The isothermal solubility of the bioactive flavonoid compound, 5,7-dihydroxy-4'-

methoxyisoflavone (biochanin A), dissolved in supercritical carbon dioxide at T = (313.15, 

323.15 and 333.15) K and pressures ranging up to 32.0 MPa was successfully measured using a 

dynamic-analytical method. The three experimental solubility datasets were comprehensively 

validated through a rigorous procedure that allowed the estimation of the combined expanded 

uncertainty (𝑈𝑐𝑜𝑚𝑏) for each individual mole fraction (𝑦2), the evaluation of the thermodynamic 

self-consistency via the semi-empirical Me ndez-Santiago and Teja (MS-T) density-based model, 

and the determination of thermodynamic consistency using the Valderrama and Zavaleta test. 

The validation procedure indicated that the measured solubility values were highly precise, 

yielding low procedural uncertainties and confirming strong internal self-consistency at solvent 

densities above 600 kg∙m-3. However, the thermodynamic consistency test highlighted 

limitations inherent to highly dilute systems, as individual deviations frequently exceeded the 

standard 20% validation threshold. Additionally, Nuclear Magnetic Resonance (NMR) 

spectroscopic analysis confirmed that the solute retained absolute chemical and structural 

integrity, establishing that no thermal or chemical degradation occurred during the high-

pressure experimental runs. 

The solubility behavior of the investigated biochanin A + CO2 system exhibited a unique 

solubility profile that deviated significantly from standard, monotonic density-driven trends. 

Instead of continuously increasing with pressure, the molar fraction of biochanin A reached a 

prominent solubility maximum between 14.0 and 16.0 MPa across all three isotherms, followed 

by a sharp solubility drop at higher pressures. This non-monotonic behavior was justified by 

physical solute-solute self-association in the fluid phase. At elevated operational pressures, the 

severe reduction in fluid free volume brings the rigid, planar aromatic structures of biochanin 

A into close proximity, facilitating hydrogen bonding via the hydroxyl group at the C7 position 

to form heavier, less volatile molecular dimers that precipitate out of the supercritical phase. 

Thermodynamic modeling using the advanced SAFT-VR Mie Equation of State (EoS) further 

substantiated this physical phenomenon. Pure-component and association parameters for 

biochanin A were successfully regressed using solid-liquid equilibrium data in alcohol 

modifiers, where a 4C association scheme yielded an excellent fit (AARD = 4.53%). However, 

when applied to the high-pressure binary CO2 system, the standard monomeric SAFT-VR Mie 

framework failed to capture the solubility drop, yielding an overall AARD of 160.37% because 
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it does not explicitly account for competitive fluid-phase dimerization. Initial modeling within 

a dimeric framework verified that capturing this monomer-dimer chemical equilibrium is 

fundamentally necessary to reproduce the true non-monotonic solubility curve. Finally, 

modeling of the ternary system confirmed that the addition of an ethanol cosolvent acts as a 

highly effective operational strategy, structurally disrupting these solute-solute self-association 

networks via preferential solute-cosolvent hydrogen bonding and dramatically enhancing 

extraction yields. 

Ongoing Work 

A natural progression of this research could involve a more comprehensive thermodynamic 

modeling approach aimed at capturing and quantifying the hypothesized self-association of 

biochanin A. One promising direction would be the systematic exploration of alternative 

Equations of State better suited to associating systems, evaluating their descriptive and 

predictive capabilities against the currently employed SAFT-VR Mie framework. To address the 

limitations inherent in extrapolating dimeric properties from monomeric parameters, 

advanced computational chemistry methods — such as Density Functional Theory (DFT) or ab 

initio molecular dynamics simulations — could be integrated into the parameter estimation 

workflow. These approaches would offer rigorous, non-empirical estimations of key dimer 

molecular properties, including optimized geometry, effective molecular volume, and 

dispersion energies, without relying on the segment-identity assumptions discussed in Section 

5.4.1. 

On the experimental side, investigating the phase behavior of biochanin A in supercritical CO2 

modified with ethanol as a polar cosolvent may provide further insight into the self-association 

mechanism. Systematic solubility measurements in the ternary CO2 + biochanin A + ethanol 

system could help assess whether the cosolvent preferentially disrupts solute-solute hydrogen 

bonding at high pressures — thereby attenuating the solubility decline — or whether it acts 

primarily by enhancing the overall solvating power of the supercritical phase. The experimental 

data generated from such a study would serve as a meaningful benchmark for the refined 

thermodynamic models described above. Collectively, these directions may yield a more 

complete mechanistic picture of the intermolecular forces governing the solubilization of 

complex isoflavones in supercritical fluids, potentially informing the optimization of 

sustainable extraction processes within the broader context of green chemistry applications. 
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Appendices 

Appendix A: Julia Code for ethanol (3) and 2-Propanol (4) SAFT-VR Mie molecular 
parameter fit. 

 

 

Figure A.1. Julia code for fitting molecular parameters of ethanol (3) and 2-Propanol (4) from vapor pressure data 
from Ambrose & Sprake [130]. 
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Figure A.2. Julia code for fitting molecular parameters of ethanol (3) and 2-Propanol (4) from vapor pressure data 
from Ambrose & Sprake [130] (cont.). 
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Figure A.3. Julia code for fitting molecular parameters of ethanol (3) and 2-Propanol (4) from vapor pressure data 
from Ambrose & Sprake [130] (cont.). 
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Appendix B: Comparison of Experimental Data and SAFT-VR Mie Calculations. 

Table B.1. Experimental vapor pressures of ethanol (3) and corresponding values calculated using the SAFT-VR Mie 
equation of state. The relative percentage error is also reported. 

𝑇 / K 𝑝𝑒𝑥𝑝 (a) / Pa  𝑝𝑐𝑎𝑙𝑐/ Pa 𝛿(𝑝𝑖)
(b) / % 

292.8 5726 5529.30 3.44% 

296.8 7269 7121.11 2.03% 

298.9 8205 8093.54 1.36% 

301.3 9430 9366.23 0.68% 

306.5 12566 12637.81 0.57% 

309.8 14981 15160.09 1.20% 

312.4 17200 17479.18 1.62% 

316.4 21109 21550.45 2.09% 

320.5 25914 26539.83 2.42% 

324.2 31047 31834.66 2.54% 

327.8 36760 37692.75 2.54% 

332.0 44584 45650.38 2.39% 

336.0 53267 54385.84 2.10% 

339.7 62572 63653.77 1.73% 

343.7 74032 74928.34 1.21% 

348.1 88763 89218.95 0.51% 

350.6 97821 97909.01 0.09% 

351.1 100121 100096.37 0.02% 

351.5 101518 101429.07 0.09% 

351.6 102151 102029.60 0.12% 

352.3 104983 104705.35 0.26% 

355.5 118719 117697.31 0.86% 

359.0 135519 133296.95 1.64% 

362.8 155824 151957.81 2.48% 

366.6 179321 173134.77 3.45% 
(a)[130] 
(b) 𝛿(𝑃𝑖) = (𝑃𝑖

𝑐𝑎𝑙𝑐 − 𝑃𝑖) 𝑃𝑖⁄  
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Table B.2. Experimental vapor pressures of 2-Propanol (4) and corresponding values calculated using the SAFT-VR 
Mie equation of state. The relative percentage error is also reported. 

𝑇 / K 𝑝𝑒𝑥𝑝 (a) / Pa  𝑝𝑐𝑎𝑙𝑐/ Pa 𝛿(𝑝𝑖)
(b) / % 

325.5 26540 26323.75 0.81% 

329.9 33044 32945.27 0.30% 

333.9 40017 40026.90 0.02% 

337.2 46612 46706.05 0.20% 

340.2 53371 53535.21 0.31% 

342.9 59931 60133.32 0.34% 

345.3 66601 66815.56 0.32% 

347.5 73286 73495.22 0.29% 

349.6 79997 80162.26 0.21% 

351.6 86822 86923.72 0.12% 

353.3 93175 93195.23 0.02% 

355.1 100079 99978.88 0.10% 

356.1 104266 104084.61 0.17% 

358.2 113416 113023.96 0.35% 

359.7 120046 119479.26 0.47% 

361.1 126573 125800.32 0.61% 

362.4 133218 132213.52 0.75% 
(a)[130] 
(b) 𝛿(𝑃𝑖) = (𝑃𝑖

𝑐𝑎𝑙𝑐 − 𝑃𝑖) 𝑃𝑖⁄  

Table B.3. Experimental solubilities of biochanin A (2) in ethanol (3) and corresponding values calculated using the 
SAFT-VR Mie equation of state. 

𝑇 / K 𝑥2 / mol/mol 𝑥2
𝑐𝑎𝑙𝑐  / mol/mol 𝛿(𝑥2)

(a) / % 

308.15 0.00246 0.00234 4.95% 

313.15 0.00287 0.00287 -0.04% 

318.15 0.00336 0.00352 -4.59% 

323.15 0.00403 0.00430 -6.85% 

328.15 0.00545 0.00525 3.56% 

333.15 0.00653 0.00641 1.95% 
(a) 𝛿(𝑥𝑖) = (𝑥𝑖

𝑐𝑎𝑙𝑐 − 𝑥𝑖) 𝑥𝑖⁄  

Table B.4. Experimental solubilities of biochanin A (2) in 2-Propanol (4) and corresponding values calculated using 
the SAFT-VR Mie equation of state. 

𝑇 / K 𝑥2 / mol/mol 𝑥2
𝑐𝑎𝑙𝑐  / mol/mol 𝛿(𝑥2)

(a) / % 

308.15 0.00250 0.00222 11.23% 

313.15 0.00265 0.00269 -1.80% 

318.15 0.00308 0.00327 -5.95% 

323.15 0.00375 0.00396 -5.67% 

328.15 0.00501 0.00480 4.09% 

333.15 0.00605 0.00582 3.68% 
(a) 𝛿(𝑥𝑖) = (𝑥𝑖

𝑐𝑎𝑙𝑐 − 𝑥𝑖) 𝑥𝑖⁄  
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Appendix C: Julia Code for fitting SAFT-VR Mie molecular parameters of biochanin A (2) 

from solid-liquid equilibrium data in ethanol (3) and 2-propanol (4). 

 

 

Figure C.1. Julia code for ethanol (3) and 2-Propanol (4) molecular parameters fit. Used Clapeyron.jl package. 
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Figure C.2. Julia code for ethanol (3) and 2-Propanol (4) molecular parameters fit. Used Clapeyron.jl package (cont.). 
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Figure C.3. Julia code for ethanol (3) and 2-Propanol (4) molecular parameters fit. Used Clapeyron.jl package (cont.). 
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Figure C.4. Julia code for ethanol (3) and 2-Propanol (4) molecular parameters fit. Used Clapeyron.jl package (cont.). 
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Figure C.5. Julia code for ethanol (3) and 2-Propanol (4) molecular parameters fit. Used Clapeyron.jl package (cont.). 
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Appendix D: Julia Code for CO2 (1) + biochanin A (2) binary interaction parameter 
function fit. 

 

 

Figure D.1. Julia code for CO2 (1) + Biochanin A (2) binary interaction parameter (k12) function parameter fit. Used 
Clapeyron.jl package. 
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Figure D.2. Julia code for CO2 (1) + biochanin A (2) binary interaction parameter (k12) function parameter fit. Used 
Clapeyron.jl package (cont.). 
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Figure D.3. Julia code for CO2 (1) + biochanin A (2) binary interaction parameter (k12) function parameter fit. Used 
Clapeyron.jl package (cont.). 
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Appendix E: Julia Code for CO2 (1)+ biochanin A (2) thermodynamic consistency test. 

 

 

Figure E.1. Julia code for CO2 (1) + biochanin A (2) system thermodynamic consistency test. Used Clapeyron.jl 
package. 
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Figure E.2. Julia code for CO2 (1) + biochanin A (2) system thermodynamic consistency test. Used Clapeyron.jl 
package (cont.). 
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Figure E.3. Julia code for CO2 (1) + biochanin A (2) system thermodynamic consistency test. Used Clapeyron.jl 
package (cont.). 
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