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Abstract

Biomolecules such as amino acids or vitamins have experienced an increased
interest in the industry and academia. However, the purification of these molecules is a
challenging task given by their narrow chemical and thermal stability ranges. In the state-
of-the-art methods, environmentally harmful solvents are still involved. Biodegradable
Aqueous Two-Phase Systems (ATPS) are promising alternatives to conventional systems
containing toxic components since they can prevent biomolecular activity loss by using
water as a solvent. In contrast to classical ATPS, biodegradable ATPS consist of organic

salt (and polymer) as phase formers.

From the thermodynamic point-of-view, the design and application of ATPS for the
purification of biomolecules requires initial and solid knowledge on ATPS equilibria and
the understanding of biomolecule behavior in water. Some of the biomolecules are poorly
water-soluble and this can affect the reliability of experimental measurements. Therefore,
in this thesis, the solubility enhancement by variation of different conditions, e.g. pH or
addition of co-solutes, was studied. The selection of ATPS phase formers relied on two
criteria: efficient formation of ATPS biphasic area and high partition coefficients. The
efforts needed to obtain accurate experimental data were huge, and this was related to
the number of required measurements. Thus, the experimental input was coupled with
the predictive thermodynamic model contribution (electrolyte PC-SAFT). The
biomolecules under investigation were dinitrophenyl amino acids (DNP-AA) and water-

soluble vitamins.

Aqueous solubility data were measured as a function of pH and upon the addition
of covitamins. The predictions are in excellent agreement with these data. The key to the
success was to understand the speciation of the biomolecules in water depending on the
pH/the presence of covitamins. ATPS were characterized using binodal curves and tie-
lines. The partitioning of four DNP-AA and five water-soluble vitamins was carried out in
biodegradable ATPS composed by polyethylene glycol (Mpec = 4000 - 8000 g-mol-1) and
organic salt (NasCitrate, NazTartrate, KsCitrate, KNaTartrate) at 7=298.15 K and p=1 bar.
The highest partition coefficients were obtained in citrate-based ATPS, and Na*-based
ATPS were found to be better than K*-based ATPS. The predictions have proven that,
despite the high complexity of these ATPS, the designed strategies adopted in this work
for the ePC-SAFT modeling can be successfully applied for predicting the partitioning in
such multi-component systems. The experimental work and ePC-SAFT prediction results
have also contributed to a better understanding of the phenomena that rule both the

solubility in water and partitioning in ATPS.

Keywords: vitamins, DNP-AA, low-solubility, ATPS, ePC-SAFT, phase equilibria
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Resumo

Biomoléculas como aminoacidos ou vitaminas tém sido alvo de um interesse
crescente a nivel industrial e académico. No entanto, a purificacdo destas moléculas
constitui ainda um desafio, em parte devido as suas gamas de estabilidade quimica e
térmica muito reduzidas. Nos métodos de ponta, estdo ainda envolvidos solventes
prejudiciais ao meio ambiente. Os sistemas bifasicos aquosos biodegradaveis (ATPS) sdo
alternativas promissoras aos sistemas convencionais que contém componentes toxicos,
pois podem impedir a perda de atividade biomolecular usando a 4gua como solvente. Em
contraste com ATPS classicos, o ATPS biodegradavel consiste em sal organico (e
polimero) como base para o estabelecimento das fases.

Do ponto de vista termodinamico, o desenvolvimento e a aplicagdo de ATPS para a
purificacdo de biomoléculas requer o conhecimento inicial sobre os equilibrios de ATPS e
a compreensdo do comportamento das biomoléculas em agua. Algumas das biomoléculas
sdo pouco soliveis em 4gua e isso pode afetar a confiabilidade das medigdes
experimentais. Com efeito, nesta tese, o aumento da solubilidade por variacdo de
diferentes condi¢des, pH ou adicdo de co-solutos, foi estudado. A selecdo dos componentes
para a formagdo de ATPS baseou-se em dois critérios: obten¢do de maior area bifasica
para os ATPS e elevados coeficiente de particdo. O esfor¢o necessario para obter dados
experimentais de elevado rigor foi substancial, e esteve relacionado com o nimero de
medi¢des necessarias. Assim, a componente experimental foi associada a contribuicao do
modelo termodinamico preditivo (eletrélito PC-SAFT). As biomoléculas sob investigacao

foram aminoacidos dinitrofenilados (DNP-AA) e vitaminas soliveis em agua.

Os dados de solubilidade aquosa foram medidos em funcao do pH e da adicao de
covitaminas. As previsdes apresentam excelente concordancia com esses dados. A chave
para este sucesso foi entender a especiacdao das biomoléculas na agua, dependendo do pH
/ presenca de covitaminas. Os ATPS foram caracterizados usando curvas binodais e linhas
de equilibrio. A particao de quatro DNP-AA e cinco vitaminas hidrossoluveis foi realizada
em ATPS biodegradavel composto por polietileno glicol (Mpec = 4000 - 8000 g - mol1) e
sal organico (NasCitrato, NazTartrato, KsCitrato, KNaTartrato) a T=298,15 Ke p = 1 bar.
Os coeficientes de particao mais elevados foram obtidos no ATPS constituido por citrato,
e 0 ATPS a base de Na* permite alcancar melhores valores do que o ATPS a base de K*. As
previsdes provaram que, apesar da alta complexidade de tais sistemas, as estratégias de
modelacdo adoptadas neste trabalho, para a equacao de estado ePC-SAFT podem ser
aplicadas com sucesso para prever a particio em sistemas de multiplos componentes,
como ATPS. O trabalho experimental e os resultados de previsdo do modelo ePC-SAFT
também contribuiram de forma clara para uma melhor compreensao dos fen6menos que

regem tanto a solubilidade em dgua quanto a particao em ATPS.

Keywords: vitaminas, DNP-AA, pouca solubilidade, ATPS, ePC-SAFT, equilibrio de fases
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Zusammenfassung

Aminosduren und Vitamine erfahren ein zunehmendes Interesse im Bereich der
Wissenschaft und der Industrie. Dennoch ist die Aufreinigung dieser Molekiile immer
noch eine herausfordernde Aufgabe. Haufig werden bei der Aufreinigung von
Aminosauren und Vitaminen umweltschadliche Losemittel eingesetzt. Eine Alternative
dazu stellen bioabbaubare fliissig-fliissig Extraktionssysteme (ATPS) dar. Diese
verhindern den Verlust der biomolekularen Aktivitat da das Hauptlésemittel in diesen

Extraktionssystemen Wasser ist.

Aus Sicht der Thermodynamik benétigt die Auswahl und die Anwendung von ATPS
zur Aufreinigung von Biomolekiilen ein tiefergehendes Verstindnis des ATPS
Phasengleichgewichtes und dem Verhalten der Biomolekiile in Wasser. Aus diesem Grund
wurde im Rahmen dieser Arbeit die Erhéhung der Loslichkeit in Abhangigkeit des pH-
Wertes und der Zugabe von Additiven untersucht. Weiterhin wurde die Auswahl der ATPS
Phasenformer auf der Grundlage von zwei Kriterien durchgefiihrt: Zum einen muss eine
breite Mischungsliicke und zum anderen ein hoher Verteilungskoeffizient gegeben sein.
In dieser Arbeit wurden deshalb eine grofde Anzahl an Experimenten mit einem
pradiktiven thermodynamischen Modell (electrolyte PC-SAFT) gekoppelt. Die in dieser

Arbeit untersuchten Biomolekiile waren DNP -AA und wasserlosliche Vitamine.

Die Wasserloslichkeit dieser Molekiile wurde in Abhangigkeit des pH-Wertes und
unter Zugabe von Co-Vitaminen untersucht. Dabei zeigten die Vorhersagen eine sehr gute
Ubereinstimmung mit den experimentellen Daten. Der Schliissel zu diesem Erfolg war die
korrekte Beschreibung der Speziesverteilung in Abhdngigkeit des pH/Co-Vitamins. ATPS
wurden beziiglich der Bionodalen und der entsprechenden Konoden charakterisiert. Der
Verteilungskoeffizient von vier DNP-AA und fiinf wasserldslichen Vitaminen wurde in
ATPS, bestehend aus Polyethylenglykol (Mpec = 4000 - 8000 g-mol-1) und organischen
Salzen (NasCitrate, NazTartrate, KsCitrate, KNaTartrate) bei T=298.15 K und p=1 bar,
bestimmt. Der grofdte Verteilungskoeffizient wurde in den Citrat-basierten ATPS
bestimmt. Weiterhin wurde nachgewiesen, dass Na*-basierte ATPS einen hoheren
Verteilungskoeffizienten als K*-basierte ATPS aufweisen. Die Vorhersagestrategie welche
in dieser Arbeit entwickelt wurde hat gezeigt, dass auch fiir sehr komplexe Systeme eine
Vorhersage des Verteilungskoeffizienten moglich ist. Weiterhin haben die
experimentellen Ergebnisse und die ePC-SAFT Vorhersagen zu einem besseren
Verstandnis hinter den Effekten, welche die Loslichkeit und den Verteilungskoeffizienten

beeinflussen, beigetragen.

Keywords: Vitamine, DNP-AA, schwerl6slich, ATPS, ePC-SAFT, Phasengleichgewichte
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Introduction

1. Introduction

This chapter addresses the high merit of studying the physicochemical
properties of aqueous solutions containing biomolecules, i.e. amino acid
derivatives and water-soluble vitamins, and selecting biodegradable aqueous
two-phase systems (ATPS) centered on the partitioning of these molecules.
ATPS can assist in the mitigation of the two major problems that often occur
when conventional extraction techniques and solvents are used: loss of
biomolecular activity of the biomolecules and production of harmful waste.
Thus, the present chapter summarizes the last attempts contributing to the
above goals that have been reported in literature. It presents the aim of this
work and the approach used to characterize the biomolecules in their aqueous
solutions, as well as partitioning in biodegradable ATPS. It also covers the
topics related to selection of ATPS appropriate for the separation of considered

biomolecules.
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Introduction
1.1. Motivation and State-of-the-Art

In this chapter, the high importance of studying the physicochemical properties of
biomolecules, including aqueous solubility, as well as their partitioning in biodegradable
aqueous two-phase systems (ATPS) is addressed. Section 1.1.1 provides and explains the
major issues that have been driving the research carried out within this work, while
section 1.1.2 presents the up-to-date knowledge on these issues. Since studies performed
in this work involve many different aspects that must be considered while studying
aqueous systems of high complexity, for clarity enhancement section 1.1.2 is divided into
subsections. At first, the actual knowledge of the physicochemical properties of some
amino acid derivatives and water-soluble vitamins is covered. This includes the
knowledge of physicochemical properties such as density and osmotic coefficients
published in the literature for aqueous solutions of the considered biomolecules, as well
as their solubility in water. The second part of section 1.1.2 is dedicated to Aqueous Two-
Phase Systems (ATPS). It evaluates the past research on the polyethylene glycol (PEG) -
organic salt ATPS that has been so far discussed in the literature. The last part presents
the possible applications of biodegradable ATPS for the partitioning of different
components. Each subsection is followed by presenting the corresponding state-of-the-
art of thermodynamic modeling for correlating or predicting data (if available) from the

scope of these three main topics.
1.1.1. Motivation

Water is the main compound that occurs in humans’ bodies, thus, studying the
behavior of biomolecules in an aqueous environment is of very high merit [9, 10].
However, the physicochemical properties of many biomolecules are often underexplored.
Among different physicochemical properties, the solubility in water is one of the most
important and should be known before planning any experiment or designing the process
in which biomolecules are involved [11-13]. Furthermore, understanding the
mechanisms that rule the solubilization processes is crucial not just for unit operations,
but also for drug-delivery studies, which nowadays are willingly discussed in the
literature [14-16]. Water-soluble vitamins and amino acids are biomolecules that play

important roles in human’s metabolism [17]. On one hand, they are known as essential
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molecules for human health, on the other hand, their application is not limited only to

health-promoting actions such as dietary supplementing.

Besides vital functions, some vitamins are considered as model components for
drugs, and this further points to the high importance of studying different interactions in
their aqueous solutions [18-20]. Recent publications have significantly broadened the
scope of the research on water-soluble vitamins by showing a high interest of using them,
e.g, as precursors for sensing materials, which are readily applied in the field of
environmental protection [21]. Furthermore, the literature proposed vitamins as agents
in the recycling processes of rechargeable power suppliers - Li-ion batteries [22-25].
According to former studies, amino acids were applied to various scientific fields as well,
since they can assist in the synthesis of nanocrystals for sensors and solar cells production
[26, 27] or may be used as biosurfactants in oil recovery or lubricants and cosmetics
production, among others [28-30]. Although using vitamins and amino acids can be
attractive to many scientific areas, there is relatively scarce characterization of their
physicochemical properties and lack of understanding of the phenomena that rule the
separation and purification of these molecules in aqueous environmentally friendly
systems. This strongly limits their “green” production on an industrial scale [31, 32].
“Green” means that the media used to obtain biomolecules of certain purity grades are
not polluting the environment and do not lead to harmful waste production [33-36].
Another aspect is related to the usage of the separation systems that prevent also from

biomolecular activity loss of biomolecules [37, 38].

The lack of solubility data can be observed for both amino acid derivatives and
essential components such as water-soluble vitamins. In some cases, the low availability
of physicochemical data in literature is related to low solubility that drastically decreases
the interest of studying their properties. This is especially notable for cyanocobalamin
(VB12), which is difficult to characterize not just due to its limited solubility but also
through its complex molecular structure [39]. A high structural complexity can lead to a
huge number of possible molecular interactions in the solution and some structural
changes, which can occur in aqueous solutions under variable conditions, and in the
presence of additional components [40-42]. To study the interactions of very complex and
large biomolecules such as proteins, often smaller compounds that share the same

functional groups as macromolecules are introduced to the research[43-46]. Thus,
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2,4-dinitrophenyl derivatives of amino acids (DNP-AA) have been commonly selected to
evaluate the interactions of the amino acid side-chain groups in aqueous environment[43,
46-49]. Being yellow in visible light they are readily detected and analyzed using
spectrophotometry[50].

The experimental procedures used to characterize the aqueous systems composed
of low-soluble components such as some of DNP-AA or water-soluble vitamins, e.g.
riboflavin (VB2), folic acid (VB9), cyanocobalamin (VB12), are usually time-intensive and
challenging[51]. To measure the properties of the solutions (e.g. liquid density or osmotic
coefficients) containing poorly soluble components in a significant concentration range,
enhancing the solubility of biomolecules is of importance. The solubility is usually
improved by variation of the temperature and the pH or by the addition of so-called
hydrotropes [52-56]. It is well known that changing the temperature can significantly
increase the solubility of solutes in solvents[57]. Although the pH also dramatically
influences solubility, the information on pH is often neglected in literature when reporting
aqueous solubility data. If experimental results reported for aqueous solutions are given
without corresponding pH, they are practically worthless. The lack of information on the
pH becomes even more troublesome when trying to unravel the phenomena which rule
the solubilization upon addition of different solubilizers, e.g.,, hydrotropes [58]. The
hydrotropic solubilization is a technique used to increase the solubility of poorly water-
soluble components by the addition of excess amounts of a second solute—the so-called
hydrotrope [53, 59]. According to the literature, such a procedure can lead even to 1000-
to 10000-fold enhancement of solute solubility [52]. The term “hydrotropic
solubilization” can be misused and applied where the same solubility increase can be
achieved by pH shift upon addition of small amounts of an acid or a base (e.g. HCI or

NaOH)[60].

Scarce knowledge on the behavior of DNP-AA and vitamins in aqueous solutions in
the presence of additives is a limiting factor for industrial applications such as process
design and optimization. Knowing the pH-solubility profiles is fundamental for
understanding and controlling the behavior of these compounds in aqueous solutions [60,
61]. Overall, a high experimental input to fully characterize aqueous systems that involve
considered biomolecules is required to fill a great lack of knowledge in the literature.

Some attempts of modeling solubility data with different thermodynamic approaches that
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could reduce the number of experiments needed, have been already taken for relatively
well soluble water-soluble vitamins, namely ascorbic acid (VC), nicotinic acid (VB3acid),
and nicotinamide (VB3amide) [62-66]. However, modeling and predicting the aqueous
solubility of DNP-AA and poorly soluble vitamins using any predictive model has not been
yet reported in literature. Thus, this is still very challenging task. The difficulty in studying
the aqueous solubility of DNP-AA and water-soluble vitamins is the fact that these
molecules can dissociate in water leading to the formation of different ionic species. To
predict the interactions in complex aqueous systems containing biomolecules and their
different ionic species, an appropriate thermodynamic model is required that can cover
important molecular interactions in these multicomponent mixtures. It concerns among

others Coulomb or hydrogen-bonding forces [67, 68].

A thermodynamic model could assist in this study by separating the effects of pH and
cross-interactions on solubility. Activity coefficients are an appropriate indicator for the
interactions, and different models exist in the literature to calculate them [69-73].
Statistical Association Fluid Theory (SAFT)-based models are very often proposed
because of their predictive character and physical background, e.g. Electrolyte Perturbed-
Chain SAFT (ePC-SAFT) [74-76]. Since ePC-SAFT was already very successful for modeling
and predicting various physicochemical properties of different organic components [77-
82], it was also very promising for the purpose of this work. Novel modeling strategies
applied to a thermodynamic model ePC-SAFT and the measurements performed for
experimental validation, could further help in understanding complex problems that
occur in the systems where these biomolecules are involved [83, 84]. This may involve

studies on different separation systems that can be used for the partitioning.

The partitioning in aqueous two-phase systems (ATPS) is a separation technique,
with very low environmental impact, considered as an accurate and very adequate
methodology for purification of biomolecules [85-88]. It could be also used for
partitioning of the components in the present study. This promising and still developing
method for the separation of biomolecules in a gentle and environmentally friendly
condition has great potential for the biotechnological industry [86, 89, 90]. Due to the high
content of water, it provides a mild environment with a rare loss of biomolecular activity
to these kinds of components. Furthermore, the technique offers substantial advantages,

such as biocompatibility, low interfacial tension, high capacity and yield,
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ease of up-scale [91-94]. Although it presents many advantages over other conventional
separation processes, it is still not widely implemented at an industrial level, as the
understanding of the phenomena that rule the partition is highly complex and still under

study.

To date studies have been conducted on the two major types of ATPS: formed by
mixing two solutions of different polymers and of a polymer and a salt. Polyethylene glycol
(PEG), being a biodegradable, low-toxicity, and relatively inexpensive component, is a
widely chosen polymer to form ATPS. It also presents interesting properties such as low
melting point and very low volatility, when compared to other, commonly used, toxic
organic solvents [86, 95]. PEG together with another polymer or salt, can form two
immiscible phases and, as reported in the literature, can enhance protein refolding, and
decrease aggregation [85, 96]. Systems formed by a polymer and a salt are usually more
adopted due to the larger difference in densities, higher selectivity, lower viscosity, and

the lower cost of salts compared to polymers [37].

It has been reported that PEG combined with salts can form very adequate ATPS, for
the partitioning of various compounds - amino acids and their derivatives [97], proteins
[98-101], enzymes [102, 103], proenzymes [104], antibiotics [105-108], among others.
Widely studied salts for ATPS with PEG are phosphates [101, 108-110], and sulfates [101,
111-114]. However, at an industrial level, they can cause environmental pollution. The
environmental risk of classical ATPS formed by polymer and inorganic salt [115-117] can
only overcome by the development, evaluation, and application of new systems based on
biodegradable compounds, so by replacing the inorganic salts with some organic
alternatives, e.g. citrates or tartrates. These salts are commonly used as food additives and

present health advantages [118, 119].

Missing comprehension of the dependencies of the partitioning of biomolecules
such as DNP-AA and water-soluble vitamins on system properties still limits the
application of ATPS at an industrial level. Thermodynamic models able to accurately
predict influences of system properties controlling the partitioning in ATPS would
significantly help as time-consuming and cost-intensive experiments can be reduced to a
minimum extent. However, due to many dependencies of the partitioning behavior in
ATPS, understanding the phenomena which rule the partitioning in these complex

systems and modeling requires much more effort (e.g. availability of data) than in
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conventional separation systems. Both ATPS phases contain high water concentrations,
thus, solubility data of a solute in each phase is not enough to predict the partitioning in
ATPS and cannot be done on the modeling basis already published in the literature for
conventional separation systems in which organic solvents were involved [65].
Biomolecule partitioning in PEG - biodegradable salt ATPS is highly influenced by pH, a
solute can dissociate in ATPS, and both the pH and interactions strongly depend on the
kind and composition (the tie-line length - TLL) of ATPS, as well as on the properties of
ATPS phase formers, e.g. PEG’s molecular weight, type of anion and cation of salt [86, 87].
The modeling and predicting the partitioning of biomolecules in PEG - organic salt ATPS
using any thermodynamic predictive model have not been yet reported in the literature.
Thus, the challenge of predicting the above with a thermodynamic model ePC-SAFT was

a great opportunity to be taken in this work.
1.1.2. State-of-the-Art

This section is divided into three main parts that cover the topics in the scope of the
present work. In the present section, at first, up-to-date knowledge of physicochemical
properties of 2,4-dinitrophenyl derivatives of amino acids (DNP-AA) and water-soluble
vitamins, selected in this work, is presented (I). The second part focus on the current state
of the literature on different biodegradable PEG - salt aqueous two-phase systems (ATPS)
and the availability of the properties of these systems in former publications (II). In the
end, the actual stage of knowledge on the partitioning of different organic molecules in

various biodegradable PEG - salt ATPS is discussed (III).

The elaboration provided in this section involved the current state of the literature
on experimental studies, as well as thermodynamic modeling. The latter was given in

more detail only if it was available in previously published works.

L Physicochemical properties of DNP-AA and water-soluble vitamins

The state of knowledge of solute properties considered in this work is presented in
the following. The experimental data published in literature is discussed separately for
aqueous solutions of DNP-AA and water-soluble vitamins. In the end, the availability of
thermodynamic models that allow accounting for non-ideality of both DNP-AA and water-

soluble vitamin systems is addressed.
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DNP-AA: experimental

A major interest of studying DNP-AA in literature resulted from sharing the same
functional groups by DNP-AA as the macromolecules, i.e. peptides and proteins. Former
publications on DNP-AA focused mainly on the determination of the sequence of amino
acids in peptides and proteins, among others[120-122]. Later works have shown different
applications of DNP-AA e.g. to evaluate the possible cell interactions[123, 124]. More
recent publications used DNP-AA for stereochemical analysis [125, 126]. Besides these
research scopes, DNP-AA were rather poorly characterized in the literature, especially in

terms of their physicochemical properties.

Although physicochemical data for solid DNP-AA are very scarce in literature, the
melting points of DNP-AA T,,, pyp—44 Were studied by Rao et al., Abderhalden et al, and
Rice et al. in the last century, leading to several publications [127-129]. Unfortunately,
other caloric properties such as melting enthalpies AL.H), pnp_a4 and heat capacities
AL,.Cp, pnp—aa have not been determined yet, to the best of my knowledge. Furthermore,
to date, literature has not provided the basic knowledge of the physicochemical
properties of DNP-AA in their aqueous solutions such as liquid density, osmolality, or
solubility in water. Although these data can be very important for understanding DNP-AA
behavior in water, there were some steps taken to unravel the phenomena in DNP-AA
aqueous solutions. Thus, Madeira and Zaslavsky et al. [45] selected DNP-AA to study the
interactions of amino acid side-chain groups in aqueous systems. Ramachandran et al.
presented the work in which dissociation constants pKa required for understanding the
dissociation equilibrium of DNP-AA were provided [130]. Data provided by
Ramachandran et al. [130] have proven that the acid-base character of DNP-AA is
different than of aliphatic amino acids. Ramachandran et al. [130] have listed only a single
pKa value for each DNP-AA, since DNP-AA are acidic, in contrast to amphoteric aliphatic
amino acids. These were very important findings in terms of pH-solubility profiling of

DNP-AA.
Water-soluble vitamins: experimental

Although water-soluble vitamins VC (ascorbic acid), VB2 (riboflavin), VB3acid
(nicotinic acid), VB3amide (nicotinamide), VB9 (folic acid), and VB12 (cyanocobalamin) are

common substances in human’s life, readily applied and discussed in literature due to the
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important role they play in metabolism [131-134], the knowledge of their different
physicochemical properties is relatively scarce. Unfortunately, most vitamins are not
synthesized in the body at all, while only a few (vitamins B3 and D) are synthesized in
inadequate quantities [135, 136]. In contrast to fat-soluble vitamins (A, D, E, K), water-
soluble vitamins (VC, complex B) dissolve in aqueous body fluids [38, 137]. Further,
excess amounts of water-soluble vitamins cannot be stored in the body for later use due
to the constant physiological excretion of body liquids [135]. For these reasons, past
research works from literature focused mainly on a deeper understanding of the
biological functions of water-soluble vitamins and on the design of different methods of
their supply [138-143]. These studies have been mostly carried out for the prevention of
various diseases, as several body dysfunctions are caused by water-soluble vitamin
deficiencies [144, 145]. Some publications have significantly broadened the scope of the
research on water-soluble vitamins by showing a high interest of using them, e.g., like
reported by Zhang et al. as precursors for sensing materials, which are readily applied in
the field of environmental protection [21] or proposed by Poschlad et al. as model
compounds and ligands in new controlled-release and targeting drug delivery systems
[16]. The latter are often evaluated from the anticancer treatment standpoint [14, 15,

146].

Despite the organic components classified as water-soluble vitamins (VC, B-
complex) differ significantly in molecular structure and consequently also in
physicochemical mixture properties, not much attention has been given in literature to
study aqueous solubility of water-soluble vitamins [135, 147]. Additionally, solubility
data provided for each vitamin at a given temperature are very divergent among different
sources. However, Yalkowsky et al. present some data on vitamin aqueous solubility in
different temperature ranges withdrawn from literature [148]. Shalmashi et al. [149]
published solubility in water of VC in the range of T =293 Kand T = 323 K and Gongalves
et al. [150] have shown data obtained for VB3acid in the range of T = 283 Kto T =333 K.
According to Ottaway and Ball (1993), some vitamins are not stable at high temperatures,
T>298.15K[151, 152]. There are some studies that report water-soluble vitamin aqueous
solubility at T=298.15 K and p=1 bar, but these are only a few works among all published
on the topics related to vitamins [148-150, 153-155]. Amongst publications on aqueous
solubility data at T=298.15 K found for vitamins considered in this work, the highest
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number of works is for VC. Aqueous solubility values of VC at T7=298.15 K were published
by Shalmashi et al. [149], Deritter [156], Nixon et al. [157], and Apelblat [158]. However,
the deviations between these solubility data reached even ~100%. The values of solubility
in water obtained for VB3acid and VB3amide at T=298.15 K were reported by Gongalves et
al. [150] and Lange et al. [66], respectively. Aqueous solubility data for VB2 were included
in the book of Dawson et al. [159] and in the publication of Derriter [156]. The solubility
of VB9 in water was published by Wu et al. [155] and Taub et al. [42]. Among the two
vitamins VB2 and VB9, the latter presents the highest deviations if compared with
different literature sources and solubility may vary of order 103 from reported absolute
solubility values in different works. Solubility data at T=298.15 K for VB12 could not be
found in the literature, only aqueous VB12 solubility reported by Freier et al. at T=293.15
K was available. Based on solubility data from the reports and European Pharmacopoeia
terms [57], some of the vitamins are classified as only sparingly water-soluble (e.g.,
cyanocobalamin—VB12) or poorly soluble in water (e.g., riboflavin—VB2, folic acid—
VB9) at T = 298.15 K and at their intrinsic pH. Low-solubility also limits the interest of
studying their physicochemical properties and can be a reason for the high inconsistency
of the solubility values provided in literature as the experimental methodologies for
poorly-soluble compounds are typically coupled with high uncertainty of the
measurements. Although the pH has a significant influence on solubility, the information
on pH is often not provided in the literature when reporting aqueous solubility data. So
far, there are only a few works in which aqueous solubility data of vitamins have been
reported together with the pH of equilibrated solutions. These are mainly studies
reporting the solubility of VB3 (VB3acid, VB3amide) published by Gongalves et al. [150] and
Lange et al. [66], as well as the solubility of VB9 from the articles of Taub et al. [42] and
Wu et al. [155].

Dissociation equilibrium data which help to estimate the pH-solubility profiles,
towards dissociation constant pKa, were published for almost all considered vitamins
using different methods, UV-VIS, a combination of potentiometric and
spectrophotometric techniques, H-NMR, titration, or electrophoresis [160-163]. Although
having dissociation data only does not fully ascertain the solubility at different pH, it gives
an idea of the solubility lines course in pH-solubility profile. Dissociation equations based

on Henderson-Hasselbalch equations, that use pKa and intrinsic solubility [164]
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measurements, were presented in the work of Avdeef [60]. The exception was VB12
which has not been characterized in literature in terms of acid-base behavior in aqueous
solutions yet. Therefore, the pKa values for VC were provided in the work of Brittain et al.
[165], while for VB3acd this data was given by Klingsberg et al. [166]. Dissociation
behavior of VB2 has been discussed in literature, thus pKa data could be withdrawn from
works of Rivlin et al. [167], Michaelis et al.[168], Kuhn et al.[169], and Suelter[170]. The
pKa values for VB9 could be found in studies published by Szakacs et al. using pressure-
assisted capillary electrophoresis [161]. A review of Hofsass et al. [171] on pKa data for
VB9 available in literature [155, 161, 172] confirms that data provided by Szakacs et al.
[161] was a breakthrough to define the previously inaccessible complete set of pKa values
for VBO. Difficulty in obtaining reliable pKa data for VB2, VB9, and VB12, relates to the low
solubility of these vitamins classified according to European Pharmacopoeia terms [57].
Since there has not been any report yet discussing the dissociation behavior of VB12, the
pKa values of VB12 could be only approximated using calculation tools, such as
Chemicalize [173]. In overall, based on data and discussions published in literature (VB2,
VB3acid, VB9, VB12) or approximated with calculation tools (VB12), vitamins considered
in this work are acidic (VC) or amphoteric (VB2, VB3acid, VB9, VB12).

The solubility can be improved by the addition of so-called, in literature,
hydrotropes [53, 54, 59]. To date, at least two vitamins were classified as hydrotropes, VC,
and VB3amide and they have been used to dissolve some active pharmaceutical ingredients

(APIs) [174], as well as vitamins according to table 1.1.

Table 1.1. Aqueous vitamin - hydrotrope systems.

Low water-soluble

vitamin hydrotrope reference

VB2 VB3amide [153, 154,175, 176]
vC [177]
urea [153, 154]
caffeine [176,178,179]

VB9 VB3amide [42]

Thus far, there are just a few publications in the literature that contain other

physicochemical data of aqueous vitamin solutions such as density or osmotic
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coefficients. These are the works published by Banipal et al. and Seng et al. for aqueous
solutions of VC and VB3acid [180, 181]. Also, data on caloric properties such as melting
points Ty, yiramin, Melting enthalpies Aéngl,vitamin, and heat capacities AL, Cpfn,mamm for
water-soluble vitamins are very scarce in literature. Among water-soluble vitamins
considered in this work, a complete set of melting data are available only for VB3acid and
VB3amide, These data could be found in the works of Gongalves et al. [150], Joseph et al.
[182] for VB3acid and in the publication of Laube et al. for VB3amide [65]. For VC, both
T vitamin and AérH,(,)wimmin were available from Schroder et al. [64]. For VB2 and VB9
only Ty, yitamin Were provided in the literature in the works of Lide et al. [183] and Bradley

et al.[184]. The caloric properties of VB12 have not been reported in literature yet.

Thermodynamic non-ideality of DNP-AA and water-soluble vitamins in aqueous

solutions

Thermodynamic models allow describing phase equilibria (in the scope of this
work solid-liquid and liquid-liquid equilibria) by means of activity coefficients of organic
molecules in aqueous mixtures, using melting properties as well (for solid-liquid
equilibrium calculations). So far, different thermodynamic approaches have been
proposed in literature for modeling, and prediction of the properties of multicomponent
systems. These were the Gibbs excess energy (GE) models and equations of state (EOS)

[185, 186].

In GE models the excess Gibbs energy of liquid mixtures could be correlated with
molecular local-composition models like Non-Random Two Liquid (NRTL) of Renon and
Prausnitz [187] or UNIversal QUAsiChemical (UNIQUAC) developed by Abrams and
Prausnitz [188, 189]. The excess Gibbs energy can be also predicted with a semi-empirical
group-contribution model like UNIversal Quasichemical Functional Group Activity
Coefficients (UNIFAC) of Fredenslund and Prausnitz [70, 190, 191]. The relative simplicity
of these models allowed a wide range of applications in literature and was used to model

a significant number of systems and their properties, in a variety of conditions [192-196].

The alternatives to GE models are EOS. The elaboration considering the capabilities
and limitations, current state, and the future of EOS has been recently published in
extraordinary work resulting from the expertise and significant contribution of

Kontogeorgis et al. [197]. One of the EOS appropriate for modeling of solutions containing
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organic molecules is the Cubic-Plus-Association (CPA) postulated by Kontogeorgis et al.
[72]. CPA EOS is the combination of a cubic EOS of Soave-Redlich-Kwong (SRK) with the
association term of the Wertheim theory [198-200]. The SRK contribution allows
accounting for the physical interactions between molecules, while the association term
considers the intermolecular hydrogen bonding as well as solvation effects. Polarity and
quadrupolar interactions are not explicitly involved in CPA [201]. Another highly
recommended in literature EOS for modeling the systems containing complex
components are Statistical Associating Fluid Theory (SAFT) models [202]. SAFT concept
originates from an extension of Wertheim's theory [203-206] to mixtures and it was
derived by Chapman et al. [207, 208]. It accounts for deviations of a real system from the
reference hard-sphere system. The perturbations considered by SAFT can be caused
among others by different interactions, i.e. attractive van der Waals, association, polar and
quadrupolar, and the non-spherical shape of the molecules. This theory was used and
extended by Huang and Radosz [209, 210] who introduced to SAFT a dispersion term of
Chen and Kreglewski [211]. A modification of SAFT, the perturbed-chain SAFT developed
by Grofd and Sadowski [75, 76] resulted from adopting the perturbation theory to the
reference system of hard chains composed by spherical segments. PC-SAFT was already
successfully applied to a variety of multicomponent systems including the ones containing

different organic components of high complexity [212-216].

An alternative to the above-mentioned models might be the approaches based on
conductor-like screening model (COSMO) [71] and their extensions, e.g. conductor-like
screening model for real solvents (COSMO-RS) [217, 218]. However, the reliability of
COSMO-RS models is strongly dependent on the geometry of the molecule [219]. If this is
not represented accordingly, then the large deviations from reality are observed. As

stated by Chemat et al. this can be the limitation for modeling the large molecules [220].

To model electrolyte solutions, the extensions of different models were proposed
in the literature, e.g. the electrolyte NRTL (eNRTL) of Chen [69, 221, 222], the modified
UNIQUAC of Thomsen [223, 224], the modified UNIFAC-Dortmund model of Gmehling
[225, 226], the electrolyte CPA (eCPA) of Inchekel et al. [227], or the electrolyte PC-SAFT
of Cameretti et al. (ePC-SAFT) [74]. Most of thermodynamic models adopted for modeling
electrolyte solutions involve a term for long-range electrostatic interactions besides the

term for short-range interactions. The contribution for electrostatic interactions is
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commonly derived from Debye-Hiickel theory [228]. It describes the interactions in an
ideal solution in which charged species are present. To apply this theory to the non-ideal
electrolyte solutions, the Debye-Hiickel term and the short-range interactions are
considered [229]. In general, the determination of physicochemical properties of the
components under study is possible with any of these models. However, the difference in

the precision of the predictions may differ in a significant manner.

Thermodynamic modeling of DNP-AA properties has not been reported yet.
However, literature presented the modeling that involved amino acids (AA) or peptides
that share the molecular similarity to DNP-AA. To date, the correlating, modeling, and
predicting the behavior of amino acids and peptides in aqueous solutions was done with
different thermodynamic models. Soto et al. measured and modeled the solubility of a
mixture of two amino acids in their aqueous solutions using NRTL [230], while Chen et al.
carried out the modeling of different amino acids and peptides in aqueous solutions using
the electrolyte extension of this model, namely eNRTL [231]. Khoshbarchi and Vera
applied UNIFAC for predicting the activity coefficients of amino acids and peptides in
aqueous solutions [232]. Also, UNIQUAC has shown to be adequate for modeling of amino
acid solubility as reported by Peres et al. [233]. Held et al. [79, 81] have proven that very
reliable predictions of amino acid solubility can be obtained with PC-SAFT and its
electrolyte extension (ePC-SAFT). However, based on the knowledge presented by
Ramachandran et al. [130], it is expected that DNP-AA behave differently in aqueous
solutions than AA, thus thermodynamic properties of DNP-AA are likely to be very
different than of aliphatic parenteral AA (AA involved in DNP-AA structure). Also,
thermodynamic modeling of water-soluble vitamins is relatively scarce in literature.
Among all models above mentioned, CPA EOS has already been evaluated for the
prediction of the solubilities of ascorbic acid and nicotinic acid only in organic solvents
[62], whereas COSMO-RS has been used for calculations of solubilities of these vitamins
in water [64]. SAFT-based models are recommended for such complex systems due to
their predictive nature and physical background on which they are based. Thus, according
to studies reported in literature, Perturbed-Chain (PC-SAFT) was suitable for the
prediction of the aqueous solubilities of nicotinamide [65, 66] and many different organic
components, sugars, amino acids, and APIs [79, 215, 234, 235] in very good agreement to

experimental data.
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IL Phase separation in biodegradable PEG - organic salt ATPS (T=298.15+2 K

and p=1 bar)

Although ATPS have been already reported by Albertson in 1958[236], the research is
still ongoing and the design of new ATPS is attractive for academia and promising for
industry. Prior to the evaluation and application of ATPS, much experimental data is
required. The state of knowledge of biodegradable PEG - organic salt ATPS considered in
this work is presented in the following. Firstly, the experimental data published in
literature is discussed. This involves the physicochemical characterization of ATPS,
namely the availability of biphasic diagrams. Then, the availability of different empirical
equations and thermodynamic models that allow describing phase equilibrium of PEG -

salt ATPS was addressed.

The present work has given more emphasis on PEG - organic salt ATPS that are more
biodegradable, and do not lead to the production of waste that could be inconvenient for
the environment. Additionally, it evaluates ATPS at constant 7=298.15 K and p=1 bar since
such conditions are appropriate for sensitive compounds considered. For this reason, the
following elaboration focus on presenting the current state of knowledge on such
environmentally friendly systems at 7=298.15+2 K and p=1 bar and lists different types
of biodegradable PEG - organic salt ATPS that found an interest in literature.

Experimental data on PEG - organic salt ATPS

A number of revisions has been presented in the literature, in articles or book
chapters that involved different types of ATPS [86, 87, 237-240]. Pereira et al. published
recently a document centered on the novel applications, advantages, and bottlenecks of
ATPS [241]. Most of the available elaborations provided a general knowledge on ATPS or
focused on selecting appropriate media for ATPS, but some of the components chosen for
these systems are questionable regarding environmental protection [242], e.g. ionic

liquids [243-247] or reproducibility, e.g. deep eutectic solvents [242, 248, 249].

Works on ATPS formed by PEG and organic salt have recently found to be very
promising in terms of phase separation and environmental protection [250]. The PEG -
citrate salt ATPS were often studied by different scientific groups if comparing the
research input thorough literature between different PEG - organic salt ATPS. This can be

seen from table 1.2 where different ATPS studied in literature are listed. Vernau and Kula

Page 15



Introduction
[251] characterized liquid-liquid equilibrium (LLE) of ATPS formed by PEG 1550 and

sodium citrate (NasCitrate). Application of higher molar mass PEG can often lead to larger
biphasic region formation, therefore many authors, e.g. Zafarani et al. [252] have further
extended the research of Vernau and Kula [251] by presenting the biphasic diagrams of
systems composed by NasCitrate and PEG of different molar mass [253-256]. High
heterogeneous regions observed in these systems allow decreasing the concentration of
the salt needed to form two immiscible phases. Efficient phase separation in PEG -
NasCitrate systems inspired many authors to evaluate different organic salts, e.g. formates

or tartrates, for the potential phase formers of ATPS.

Table 1.2. Experimental liquid-liquid equilibria (LLE) of PEG - organic salt ATPS at T=298.15+2 K and p=1

bar.

Organic salt MpeG [g-mol1] reference

NasCitrate 400 [257]
1500 [254, 256, 258]
1550 [251]
2000 [255]
6000 [253, 254]
8000 [258]

NazHCitrate 600 [259]
1000 [259]
2000 [259]
4000 [259]
6000 [259]
20000 [259]

KsCitrate 600 [260]
1500 [258]
6000 [253, 261]
8000 [258]

LisCitrate 4000 [262]
6000 [262]
8000 [262]
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(NHa)2HCitrate 2000 [263]
(NHa)sCitrate 2000 [264]
NazSuccinate 6000 [265, 266]
NaFormate 600 [260, 267]
1500 [258,267]
3000 [267]
6000 [265, 267]
8000 [258]
KFormate 600 [260, 267]
1500 [258,267]
3000 [267]
6000 [267]
8000 [258]
NazTartrate 600 [268]
1000 [268]
2000 [268]
4000 [268, 269]
6000 [268]
8000 [268]
KzTartrate 4000 [270]
8000 [258]
KNaTartrate 4000 [270]
Kz20xalate 4000 [270]

Modeling of PEG - organic salt ATPS

For a better understanding of ATPS and to correlate phase composition data,
empirical equations have been proposed in literature. The most common expressions are
equations of Othmer-Tobias [271] and of Bancroft [272] that allow characterizing ATPS
using two adjustable parameters. Besides that, empirical equations are also considered
appropriate for a description of the binodal curve like in the work published by Hu et al.

[273], Tubio et al. [274], or expression proposed by Merchuk et al. [275].
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Other common methods to model phase composition data of ATPS are virial
equations or activity coefficient models. Zafarani-Moattar et al. [252] used an osmotic
virial equation as well as the UNIQUAC activity coefficient model to correlate the phase
behavior of PEG 6000 - NasCitrate ATPS. The authors of the work [252] found that for this
system, a better fit could be obtained with virial model. The tie-lines of the same ATPS
(PEG 6000 - NasCitrate) have been modeled also by Perumalsamy et al. [276] using other
activity coefficient model namely UNIFAC. Also, an extended NRTL model has been used
for modeling of the tie-line compositions of ATPS composed by citrate salt, namely
NazHCitrate [277]. Furthermore, Ketabi et al. used extended UNIQUAC and UNIFAC to
model the tie-lines in a system composed by PEG 3000 and KsCitrate [278]. Zafarani-
Moattar et al. [265] applied NRTL for modeling tie-line data of ATPS composed of PEG

6000 and NazSuccinate or NaFormate.

Although local composition models have presented potential in the modeling of
LLE, they were not lacking the limitations, e.g. applicability to more complex systems.
Therefore, the addition of a new component to ATPS required adopting a separate
modeling procedure if these models were considered. The equations of the local
composition model demand a novel derivation to represent data of more complex
systems. Thus, equations of state are very promising in predicting the phase separation
in ATPS composed of four (or even more) components, namely ePC-SAFT. Reschke et al.
[279, 280] developed the heterosegmented approach for PEG-based ATPS, as well as a
multispecies approach for organic electrolytes. The approach was very successful for
modeling different PEG - organic salt ATPS, but it required a remarkably greater number
of parameters. Since accounting for many more salt species as well as for different PEG
segments leads to a huge computational effort, there is still a challenge to model ATPS

composed by PEG and organic salts with a more accessible and less demanding approach.

IIl.  Partitioning in biodegradable PEG - organic salt ATPS (T=298.15+2 K and
p=1 bar)

Understanding the behavior of different organic molecules in aqueous solutions is of
importance for process design with special attention on separation processes. Separating
a compound of interest among the two aqueous phases has been also considered in the

literature as an appropriate approach to evaluate interactions in water systems [43, 47].
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To study the applicability of ATPS, as well as to unravel the phenomena that rule the

partitioning and different interactions, a high experimental input is required.

The state of knowledge of partitioning in biodegradable PEG - organic salt ATPS is
presented in the following. Firstly, the experimental data published in literature for the
partitioning of different solutes in PEG - organic salt ATPS is discussed. Then, the
availability of models that were used in former studies for correlating the partition

coefficients of different solutes in ATPS is addressed.

Experimental data on partitioning in PEG - organic salt ATPS

Table 1.3 presents an overview of the partitioning data that are available in literature
for different solutes in PEG - organic salt ATPS. It proves the high applicability of these
systems in separating different organic compounds. In general, data measured for solutes
included in table 1.3 have shown that these media can be very appropriate also in terms
of separation efficiency. The partitioning in PEG - biodegradable salt ATPS can be still
optimized by the change of several factors. The works published in literature evaluated
the influence of PEG’s molar mass, pH, ATPS composition (tie-line length, TLL),
temperature, and the presence of displacement agents (e.g. NaCl) [281, 282]. Given the
data presented in table 1.3 there are already few studies in literature on the practical
application of PEG - organic salt ATPS, however, there is still not enough data to unravel

all phenomena which rule the partitioning in ATPS.

Table 1.3. Experimental partitioning of different solutes in PEG - organic salt ATPS at 7=298.15+2 K and

p=1 bar.

ATPS Solute reference

PEG - Citrate immunoglobulin G [283]

bovine trypsin [282]

a-chymotrypsin [282]

a-amylase [284]

phytase [285]

bovine lactoferrin [286]

cephalexin [254]
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phenolic compounds

287
(eucaliptus) [287]

concanavalin A [288]

lactate dehydrogenase [289]

bovine serum albumin [290]

a-lactalbumin [100]

cefazolin [106]

glycomacropeptide [281]

PEG - Tartrate cephalexin [291]
cefazolin [106]

PEG - Succinate bovine serum albumin [98]
catalase [98]

B-lactoglobulin [98]

a-amylase [98]

lysozyme [98]

pepsin [98]

urease [98]

trypsin [98]

PEG-Oxalate lipase [292]

Modeling of partitioning in PEG - organic salt ATPS

Measuring the partitioning of different solutes in PEG - organic salt at different
moderating conditions is usually time- and cost-intensive. Thermodynamic models that
can describe the interactions in aqueous systems could reduce the number of experiments
needed to determine the partitioning. Thus, in literature, at least several models have

been proposed to correlate and describe the partitioning in PEG - organic salt ATPS.

Perez et al. [98] have proposed an extended Pitzer model to describe the LLE and
model partition coefficients of different proteins: bovine serum albumin, catalase, 3-

lactoglobulin, a-amylase, lysozyme, pepsin, urease, and trypsin. The partitioning was
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modeled for ATPS composed by PEG and biodegradable salt, namely NasCitrate,
NazSuccinate, and NazTartrate at T7=295.15 K. This is slightly different temperature value
than chosen in the present work, 7=298.15 K. Edrisi et al. carried out thermodynamic
modeling with extended NRTL and modified UNIQUAC models to correlate cephalexin
partitioning data obtained in ATPS formed by PEG and NazTartrate [291] at T=298.15 K.

This scarcity of works available in literature focusing on modeling the partitioning
in PEG - organic salt ATPS is related to the very high complexity of these systems. One of
the challenges is the fact that organic salts can dissociate forming different species at a
given pH. Thus, to the best of my knowledge, any of the predictive thermodynamic models
has not been totally successful yet in predicting the partitioning of ionizable components
that can also partially dissociate leading to the species formation, e.g. DNP-AA or vitamins,

in these systems.

1.2. Aim of this Work and Approach
1.2.1. Aim of this Work

The aim of this work is to contribute to a better understanding of the behavior of
different biomolecules, DNP-AA (DNP-glycine, DNP-alanine, DNP-valine, DNP-leucine)
and water-soluble vitamins (VC - ascorbic acid, VB2 - riboflavin, VB3acid — nicotinic acid,
VB3amide — pjcotinamide, VB9 - folic acid, VB12 - cyanocobalamin) in their aqueous
solutions. This goal could be achieved through experimental measurements and
thermodynamic modeling contributions. The intention of this work was to lower the lack
of understanding of partitioning in ATPS, so to break the biggest limitation that disable
the implementation of ATPS at industrial scale. The consequence of better understanding
DNP-AA or vitamin behavior in water and ATPS would be a design of new separation
systems and better screening for ATPS applicability. This knowledge would match the
needs of food and pharmaceutical industry. The availability of experimental data was
scarce in literature, thus the measurements carried out in this study were considered as
an essential background to improve the understanding of aqueous solutions. For all the
measurements the value of the standard atmospheric pressure was considered. The
pressure has not been measured, but as the work concerns liquid phases, it does not have
any relevance or cause any changes to the properties from this work. Prior to the

predictions, ePC-SAFT parameters had to be estimated using liquid densities (7T = 298.15
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K - 318.15 K, p = 1 bar) and freezing-point depressions measured in this work. Also, the

modeling and predictions approaches applied to ePC-SAFT were established in this work.

In principal, to improve the understanding of DNP-AA or water-soluble vitamins
behavior in aqueous solutions both the experiments and the ePC-SAFT predictions were

carried out at T=298.15 K and p = 1 bar, to obtain the following:

a) Solubility of DNP-AA and water-soluble vitamins in water, at different pH, and in

the presence of additives (covitamins).

This study has been carried out to find an appropriate method to enhance the solubility
of poorly soluble components such as DNP-AA or some of water-soluble vitamins (VBZ2,
VB9, VB12). It was a very important task of this work since low-solubility often limits the
applicability (DNP-AA, vitamins) and bioavailability (vitamins). A special attention was
given to pH effect. It also involved studying the hydrotropic solubilization. All data have
been determined experimentally and predicted with ePC-SAFT. In general, the solubility
of DNP-AA and water-soluble vitamins in pure water, at different pH and in the presence
of additives were evaluated at T=298.15 K, p=1 bar. However, to present the influence of
temperature on solubility, the two additional aqueous solubility data points for each DNP-
AA were measured in this work: at 7=308.15+0.1 K, p=1 bar and T=318.15+0.1 K, p=1 bar
(only in pure water, without additives). The temperature influence was shown also for
VB3acid gt T = 283.59 K - 332.01 K and for and for VC at T = 293 K - 323 K since these
data were found in literature [149, 150].

b) Biphasic diagrams of PEG (Mpec = 4000 - 8000 g-mol-1) - organic salt (NasCitrate,
KsCitrate, NazTartrate, KNaTartrate) ATPS (T = 298.15 K, p = 1 bar).

This objective relied on defining if ATPS composed of PEG and organic salt are efficient
media for the separation and evaluating how to optimize phase separation efficiency. The
latter allowed to find whether the range of PEG molar mass considered in this work
influences the phase separation in a significant way. At this point, the work was centered
on identifying a way to compensate for the disadvantage in handling more viscous PEG of
Mpec = 8000 g-mol! with advantages for the separation. Also, the salt influence was
studied to understand the dependence on the phase behavior resulting from selecting

salts of different cations (Na*, K*) and anions (Citrate3-, TartrateZ). To better understand
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the non-ideality that can be caused by different interactions, ePC-SAFT predictions were

performed.

c) Partition coefficients of DNP-AA and water-soluble vitamins in ATPS (T = 298.15
K, p =1 bar).

Improving the understanding of the partitioning in ATPS could be done only if numerous
experiments on ATPS were provided. Such measurements had to be carried out in this
work. Partition coefficients allowed estimating the affinity of a solute to the top or bottom
phase of ATPS. This objective relied on evaluating the influence of a solute and phase
forming ATPS components on partitioning. Non-ideality determined with ePC-SAFT was
helpful in finding explanations for a step forward in understanding the phenomena which

rule the partitioning.
1.2.2. Approach

The approach was based on performing experiments and carrying out
thermodynamic predictions with ePC-SAFT to achieve the objectives listed in section 1.2.1
and to better understand the behavior of different organic molecules: DNP-AA (figure 1.1)
and water-soluble vitamins (figure 1.2) in aqueous solutions and in ATPS containing

different phase forming compounds (figure 1.3).

Different physicochemical properties of water solutions were measured in this work:
aqueous solubility, density, osmotic coefficients, phase separation, and solute partitioning
in ATPS. The experimental procedures used for the measurements were built-on the
methods available from the literature [97, 153, 258, 293-295]. To understand the
influence of different factors on the measured properties, some of the experiments were
performed under different conditions, i.e, the pH, temperature, or the presence of
additives. For example, the aqueous solubility of DNP-AA and water-soluble vitamins was
evaluated in pure water, upon addition of pH-adjusting agents, or covitamins. Covitamins
chosen in this work (VB3 and VC) were considered as hydrotropes in previous works in

literature [153, 176, 177].
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Figure 1.1. N-(2,4-Dinitrophenyl) amino acids (DNP-AA) considered in this work; DNP-glycine: N-(2,4-
Dinitrophenyl)glycine, DNP-alanine: N-(2,4-Dinitrophenyl)-L-alanine, DNP-valine: N-(2,4-Dinitrophenyl)-
L-valine, DNP-leucine: N-(2,4-Dinitrophenyl)-L-leucine.
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VB9 VB12

Figure 1.2. Water-soluble vitamins considered in this work; VC: L(+)-ascorbic acid, VB2: riboflavin, VB3acid:

nicotinic acid, VB3amide; nicotinamide, VB9: folic acid, VB12: cyanocobalamin.
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Figure 1.3. ATPS phase formers considered in this work: polyethylene glycol (PEG) and salt anions. The
salts under study containing presented in this figure anions and cations Na*, Mg2* or K* were NazSulfate,

MgSulfate, NasCitrate, KsCitrate, NazTartrate, KNaTartrate.

Once the aqueous solubility of DNP-AA and water-soluble vitamins, as well as basic
physicochemical properties of these molecules in their aqueous solutions were known,
the focus of the work was dedicated to the partitioning of these molecules in ATPS, at
T=298.15 K and p=1 bar. However, prior to this, efficient biodegradable PEG - salt ATPS
were selected. This involved studying the applicability of different organic salts to form
the two phases with polyethylene glycol (PEG) of different molar mass and was done to
evaluate the efficiency in phase separation using biphasic diagrams. Tie-lines, i.e.
equilibrium compositions and binodals were found experimentally. Biphasic diagrams
were used as a pre-selective tool to determine which salts can form ATPS with large two-
phase regions. Therefore, ATPS selected in this work were formed by PEG (Mpec = 4000 -
8000 g-mol1) and organic salts (NasCitrate, KsCitrate, Naz:Tartrate, KNaTartrate). The
systems were characterized using ePC-SAFT pure-component and binary interaction kj
parameters. Only after these procedures, the partitioning in designed ATPS of solutes:
DNP-AA (DNP-glycine, DNP-alanine, DNP-valine, DNP-leucine) and water-soluble
vitamins (VB2 - riboflavin, VB3acid — nicotinic acid, VB3amide — nicotinamide, VB9 - folic
acid, VB12 - cyanocobalamine) was carried out. The partition coefficients were
determined for different ATPS compositions (tie-line length - TLL). The results were

evaluated based on the solute, as well as ATPS phase formers: salt and PEG influence.
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Since obtaining reliable data relied on carrying anumber of time-intensive and
laborious experiments, the experimental framework presented in this document was
further used to validate the predictions obtained with thermodynamic electrolyte PC-
SAFT model (ePC-SAFT based on perturbed-chain statistical associating fluid theory). The
intention of using ePC-SAFT was to predict aqueous solubility, phase equilibria of ATPS,
and partitioning of biomolecules in ATPS. ePC-SAFT pure-component and binary
interaction kij parameters were established through the two novel methods designed in
this work specifically for modeling DNP-AA and vitamins, molecular method (MM, for
DNP-AA, vitamins) and joint-parameter method (J-PM, for DNP-AA). Both MM and J-PM
were designed based on the former approaches found in literature [81, 296]. Caloric
properties needed for aqueous solubility predictions were either taken from literature or

estimated in this work.
1.3. Outline of The Thesis

This document was elaborated to present the new knowledge on solubility and
partitioning of biomolecules acquired based on experimental results and thermodynamic
modeling. Both methods were applied to better understand the phenomena that rule the
behavior of biomolecules in aqueous solutions, thus their solubility in water, and
partitioning in ATPS. Besides that, one of the major intentions of writing this document
was to highlight the importance of designing and optimizing environmentally-friendly
and cost-efficient separation systems that could be appropriate for the partitioning of

biomolecules (DNP-AA and water-soluble vitamins).

The thesis begins by presenting the motivation and actual state-of-the knowledge
under the framework of this study. The introduction highlights the objectives of this work,
as well as the approach that had to be fulfilled to achieve the aim of this work. These
contents are involved in Chapter 1. Chapter 2 was introduced to provide a background on
the major topics, namely: thermodynamic fundamentals, phase equilibria, dissociation
constants, and thermodynamic modeling (ePC-SAFT). Although it required presenting
some basic knowledge, the descriptions were targeted to solve the problems encountered

specifically for the compounds under study.

This work required choosing experimental and modeling methods. Chapter 3 focus

on presenting the materials used in the experiments, as well as the procedures that were
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followed to obtain experimental data. The modeling methods designed in this work to
especially model the solutions containing DNP-AA and water-soluble vitamins are given
in Chapter 4, together with all ePC-SAFT parameters and caloric properties, estimated in

this work or obtained from literature.

The next chapters 5-10 present the results and discussion on the aqueous solubility
of biomolecules, experimental phase equilibria of ATPS, and partitioning of biomolecules
in ATPS. They are divided into two blocks: experimental (chapters 5, 6, 7) and predictions
(chapters 8, 9, 10). Therefore, experimental chapter 5 corresponds to prediction chapter
8, and both cover the discussion on the results of aqueous solubility. Experimental chapter
6 corresponds to prediction chapter 9 and involves a discussion on the results obtained
on phase equilibria of ATPS. Analogous to that, experimental chapter 7 relates to chapter
10, and covers the topic of the DNP-AA and vitamin partitioning in ATPS. Each of the
chapters 5-10 ends up with a conclusion that consist of the most important findings based
on the results obtained experimentally (chapters 5, 6, 7) or with ePC-SAFT (chapters 8, 9,
10).

Chapter 11 summarizes the contribution to the research that has been added through
carrying out the studies in this work, as well as it shows further insights that should be

considered.
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2. Theoretical Background

Understanding the behavior of DNP-AA and water-soluble vitamins in aqueous
systems requires insight into fundamental knowledge of equilibria. To account
for non-ideality while calculating the thermodynamic properties, the models
based on Equation-of-State (EOS) are relevant. Thus, this chapter involves an
insight into the thermodynamic theory which is behind these approaches. This
is essential knowledge for phase equilibria calculations with EOS. Further, in
the present chapter there is a basic description that covers the dissociation
equilibria theory. In the end, the concept of SAFT-based EOS (ePC-SAFT) to

account for non-ideality is addressed.
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2.1. Thermodynamic Fundamentals

This subchapter presents thermodynamic fundamentals for the modeling using EOS
-based models. EOS are based on the calculation of Helmholtz energy A. In practice, once
the residual Helmholtz energy A™®° is known, then all thermodynamic properties (like
pressure, density, activity coefficients) are reachable. A" is defined with equation (2.1).
According to equation (2.1) fundamental variables for A"®* are temperature T and volume

V. A" stands for the ideal contribution to the Helmholtz energy.

ATeS(T, V) = A(T,V) — A'%(T, V) (2.1)

2.1.1. Chemical Potential and Fugacity Coefficient

The chemical potential y; of component i in a non-ideal fluid mixture is described
according to equation (2.2). In this expression p,; is the chemical potential of the pure
component, R is the universal gas constant, T and p stand for the temperature and
pressure, respectively, and a; corresponds to the activity of component i. The a; in
equation (2.2) can be replaced by relating it with the mole fraction (x;) and the activity
coefficient (y;) of component i. The definition of the activity coefficient that describes the

non-ideality of a system is given in detail in the next section (2.1.2).

wi(T,p,x;) = woi(T,p) + RTlna; = puy;(T,p) + RTInx; + RTIny; (2.2)

Given the definition of the activity coefficient, equation (2.2) can be transformed into
expression (2.3) by substituting y; with the ratio of the fugacity coefficient ¢; at particular
(T, p, x;) conditions and the fugacity coefficient ¢; of the pure component ¢,; at the same

temperature and pressure (T, p).

wi(T,p,x) = koi(T,p) + RTlnx; + RTIn (2-) (2:3)

Poi

According to equation (2.1) A" is dependent on variables (T, V) instead of (T,p) so

further equations are formulated using this condition and follow the expression (2.4).

wi(T,p, %) = W (T, V, x;) (2.4)
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Bilateral subtraction of an ideal contribution to the chemical potential ufd (T,V,x;) from

equation (2.3) leads to expression(2.5).

1 (T! vV, xi) - .u;d (T! v, xi) = MOL'(T) p) - .u;d (T, v, xi) + RTIn (%) (25)

Poi

Introducing equations (2.6) and (2.7):
1oi(T, p) = ui*(T, p) + RTIng; (2.6)
W (T,V,x;) = (T, V) + RT Inx; (2.7)

into equation (2.5) allows the calculation of the residual part of the chemical potential

ui ¢ (T,V,x;) as shown in expression (2.8).
ures(T,V, %) = ((T,p) — f*(T,V)) + RTlng, (28)

Subsequently, the relation with compressibility factor Z presented in equation (2.9) can

be introduced[75].

w(T,p) — u{*(T,V) = RTInZ (2.9)

Implementing expression (2.9) and further conversions lead to equation (2.10) which

allows obtaining fugacity coefficient ¢;.

i (T, V,x;)
Ing; = lR—Tl —InZ (2.10)
Further transformations lead to the expression (2.11) for the residual part of the chemical

potential u; **(T,V, x;) [297].

res a ATGS) a(AreS)

res A~ (”i _ VN . nRT _

ui(T,V,x) = nRT+< ox; =i x| =5, +2-1 (2.11)
TV Xki T.V. Xk

In the present study, the residual Helmholtz energy with respect to the mole number n

r

(molar residual Helmholtz energy, a es:?) and the compressibility factor (Z) are

calculated with ePC-SAFT[74].
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2.1.2. Activity Coefficient and Osmotic Coefficient

The activity coefficient y; of a component i involved in equation (2.2) describes the
non-ideality in solutions. According to equation (2.12) y; is expressed as a ratio of the
fugacity coefficient of component i at the actual conditions (T,p,x;) to the fugacity

coefficient of the pure component at the reference state (T, p)[298].

_ (pi(T! p, xi)

T oup) (212)

If infinitesimal amount of component i is dissolved in aqueous solution, then equation
(2.13) that allows calculating so-called “rational activity coefficient” is more relevant [80,

299].

., T’ , X i
yi = oi(T,p, %) _ Vi (2.13)

P (T x) ¥

The fugacity coefficient at infinite dilution ¢;° and activity coefficient at infinite dilution

y;° can be defined according to equations (2.14) and (2.15), respectively [80]. However,

the condition is that the ratio of the mole fraction j:—l of each pair of components / and k
k

in a mixture (1, k # i) remains constant when x; — 0.

¢ = lim o; (2.14)
Yi = lim y; (2.15)

To describe the non-ideality of aqueous solution the osmotic coefficient ¢ is also
appropriate. The ¢ can be calculated using equation (2.16) in which a;;, and x;, denote

the solvent (water) activity and solvent (water) mole fraction, accordingly[300].

_ In(ay)
B In(xy)

(2.16)

The ¢ can be calculated with the alternative simplified equation (2.17), in which M,
stands for the molecular weight of water (g-mol-1), m; is the concentration of component

i expressed in molality (mol-kg1), and v; denotes the stoichiometric coefficient. This
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expression is widely applied in studies published in literature [80]. This equation has

been used in this work to calculate ¢.

1000 - In(ay)

Mow 2izw Vit

(2.17)

2.2. Phase Equilibria

In this subchapter, the theoretical background for modeling of phase equilibria is
provided. These are solid-liquid equilibrium (SLE) (section 2.2.1) and liquid-liquid
equilibrium (LLE) in ATPS together with the relations required to characterize the solute
partitioning equilibria (section 2.2.2). The conditions and thermodynamic equations
included in the following were used in the present work for parameter estimation of
thermodynamic model. Since the methods of calculating LLE can be accessed from the
literature and have been broadly applied already [301-303], in section 2.2.2 more
attention is paid to the expressions derived in this work specifically for modeling of solute
partitioning. In this work, the modeling was done using equation of state (EOS) predictive
model, namely the Electrolyte Perturbed-Chain Statistical Associating Fluid Theory (ePC-
SAFT). However, as mentioned in section 1.1.2, other models might also be used for
calculating thermodynamic properties of electrolyte solutions, such as EOS [304-307]

or GE-models (excess Gibbs energy models) [69, 218, 308-315].

At thermodynamic equilibrium, the pressure (p), temperature (7) and chemical
potential of component i (¢;) in each coexisting phase (A, B, ..., ) of a system must follow

the conditions presented with equations (2.18) - (2.20).

TA=TBE=..=T"7 (2.18)
pA=pB =..=p" (2.19)
ui =i = =uf (2.20)

From the presented above conditions (2.18) - (2.20), isofugactity criterion can be derived
(2.21). Expression (2.21) where f; corresponds to fugacity of component i is the starting

point for all phase equilibrium calculations performed in this work.

fA=fB=.=fr (2.21)
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2.2.1. Solid-Liquid Equilibrium

In this work, the calculations of equilibrium concerning heterogenous system
containing solute i (DNP-AA or vitamin) in both solid phase (S) and in the liquid phase (L)
were performed based on the isofugacity criterion (f;° = f*) as shown previously in
equation (2.21). The fugacity f;° can be calculated with equation (2.22) and analogically

to that f* is then obtained with equation (2.23).
i =xvifor (2.22)

fit = xivifo; (2.23)

Since in this work it was assumed that in all SLE the solid crystallizes in pure form and
there are no other crystals formed, the fugacity f;; of the pure component is the same as
the fugacity f;° of component i. Thus, x7y; from equation (2.22) equals 1. By means of
isofugacity criterion and the above assumption, x/ can be calculated according to
equation (2.24).
S
xF %% (2.24)
The y} is accessible with ePC-SAFT and its calculation is based on theory provided in
section 2.1.2. ePC-SAFT parameters required for these calculations are estimated in this
work. However, equation (2.24) besides y} still requires knowledge of the quotient of
fugacities of pure component i (DNP-AA or vitamin) in both phases. If knowing the melting
properties of such component, namely melting temperature (7T;,;), melting enthalpy

(AéTng- ), and the difference between liquid and solid heat capacity (AéGCgl’i), then

L,pred

X

could be predicted with equation (2.25) postulated by Prausnitz [316]. The caloric
properties required for these calculations were, in this work, taken from the literature or
estimated.

1 AL HO T AL Cp® . (T, ; T, ;
xiL'pred =—exp l— —C;Tm'l (1 -7 ) - = Rpm'l ( ;,1'1 -1- ln( 7,1:”))] (2.25)
i m,i

Page 34



Theoretical background

The solubility expressed by x.P"*? can be converted to molality m-*"*? using equation
(2.26).
Lpred
Lprea _ %" 1000 (2.26)
i (1 _ xiL,pred) . MO,W

The maximum solubility of a component in the pH-equilibrium solubility profile is limited
by the solubility product Ksp [317]. When a solid being low-soluble ionic compound is in
equilibrium with its ions in saturated aqueous solution, the thermodynamic solubility
product Kspis described by activity of present species i (ion A and counter ion B) according
to equation (2.27) [318]. In this expression the activity coefficients y, and yy are varying

with ionic strength just in a way that K, ;, is numerically constant and stays independent

of ionic strength.

Ksp,en = 1_[ a;’ = (muys)’4(mpyp)'e (2.27)

i

2.2.2. Liquid-Liquid Equilibrium and Partition Coefficient

To fit the binary PEG/salt interaction parameters (kij) of ePC-SAFT EOS, LLE
calculations are performed. Any LLE with n components is calculated through the
isoactivity expression originated from isofugacity criterion. In equation (2.28) y; and y;’
represent the activity coefficients that can be obtained with ePC-SAFT and x; and x/’ are
the equilibrium mole fractions of a component i in the two liquid phases named I and I,
respectively. To calculate the activity coefficients of components in ATPS, ePC-SAFT

requires the parameters of all compounds present in solution.

xiyl = x{'y{! (2.28)

As DNP-AA and water-soluble vitamins are usually present at very small
concentrations, the infinite dilution activity coefficient y;°can be very relevant [319]. The
y;" is defined with equation (2.15) in section 2.1.2. Depending on the pH of ATPS, solutes

DNP-AA or vitamins, can be present as different species in solution. The partition

coefficient at infinite dilution KP"¢%®

¢ of species j is defined as a concentration ratio (in

mole fraction and x{ and x/") of species j in the two phases I (PEG phase) and II (salt
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phase), respectively. This is presented in equation (2.29) in which )/i°°'1 and yioo’” are the
activity coefficients at infinite dilution in the two phases. In this thesis, superscript co

applied for

ijmd'w implicitly refers to the mole fraction-based partition coefficient

obtained with ePC-SAFT (instead of using ijre‘i’x).

o,I1 I

V; x
pred,co _ 7] _ 7
K= VT (2.29)

The charge g of vitamin species is explicitly considered in ePC-SAFT modeling. The ePC-
SAFT pure-component parameters and ki parameters for different species are estimated.

The experimentally measured partition coefficient of component i (DNP-AA or vitamin) is
the total partition coefficient K*"***that is summed over all the DNP-AA or vitamin
species present in ATPS. This value may differ from the ePC-SAFT predicted ijred‘mif pH!

# pHIL. Conversion between the two values requires the species distributions according to
equation (2.30). Due to a difference in pH between the ATPS phases, the species
distributions of each solute species were calculated separately for phase I and II. The
theoretical basis for the species calculation is given in the following subchapter of this
thesis (2.3).
al’
Kipred,oo _ ijred,oo Y (2.30)

1
q;

2.3. Dissociation Equilibrium

The behavior of ionizable organic components such as DNP-AA and vitamins in
aqueous solutions varies with the pH. To estimate the influence of pH on the solute
property such as solubility, some mathematical approaches have been already proposed,
e.g. the Henderson-Hasselbalch (H-H) equation. The principal assumptions behind the H-
H equation are based on the idealized dissociation equilibria. The idealized expressions
describe the dissociation and allow calculating the solubility of poorly soluble DNP-AA
and water-soluble vitamins in aqueous solutions. However, for many compounds,
deviations between the so-calculated solubilities and experimental data are frequently
observed [320]. In this work, the solubility calculations with an idealized H-H-based

approach were used just for the reliability of experimental data evaluation, as well as to
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present a general overview of pH-solubility profiles of different DNP-AA and vitamins. The
EOS-based approach that accounts for non-ideality was introduced to accurately predict
the behavior of these solutes in aqueous solutions. The latter approach was based on

expressions presented in this chapter that involve an activity coefficient.

In section 2.3.1 of the present chapter, possible dissociation mechanisms are
included and further followed by the expressions which allow idealized dissociation-
based solubility calculations [6-8]. At the end (section 2.3.2), the pH dependence on
species fraction of acidic and amphoteric ionizable compound is presented. Similar mass
balance equations for calculating the non-idealized species distribution of weak acid (i.e.

silicic acid) are provided elsewhere [321, 322].

2.3.1. Equilibrium Expressions

DNP-AA and water-soluble vitamins considered in the present work are acidic (DNP-
AA, VC) or amphoteric (VB2, VB3acd, VB9, VB12). To estimate different properties, e.g.
solubility, reliable dissociation mechanisms must be provided. Only then, the solubility
expressions can be derived. Respective transformation of the H-H expression allows
solubility estimation if pH and dissociation constants (Ka or pKa) are known. The H-H-
based solubility equations presented in the following involve acid dissociation constant
Ka (or pKa) which is a quantitative measure of acid strength in a solution and can be
accessed experimentally. The pKa values considered in this work are included in table

2.1[6, 8].
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Table 2.1. Dissociation constants (pKa=-logi0Ka), T=298.15 K [6, 8]. Data obtained from the literature [130,

161, 165-171] or estimated [8]. Most data concerning DNP-AA and vitamins are provided in the literature
[130, 161, 165-171] without precise description of the conditions for pKa determination, thus it is assumed
that the values presented in the table concern the ideal conditions and apply to the infinite dilution (ionic

strength, I - 0).

Compound PKa1 pKa2 pKa3 101(',14 reference
VC 4.17 11.57 [165]

VB2 1.7 6.1 10.2 [167-170,173]
VB3acid 2.07 4.81 [166]
VB9 2.38 3.34 4.7 8.1 [161,171]
VB12 1.82 13.99 [173]
DNP-glycine 2.8 [130]
DNP-alanine 3.5 [130]
DNP-valine 2.9 [8]
DNP-leucine 2.8 [8]

A general description of pKa determination and the H-H-based mathematical
approach to define pH-solubility profiles is widely available in the literature [60, 323-
325]. Thus, this section contains equations derived in the present work that solely
concern DNP-AA and vitamins considered in the current thesis. The values from table 2.1
that for most of compounds were found in the literature are used just for solubility
calculations with an idealized approach. However, this section shows solubility equations
that include thermodynamic dissociation constant pK, ;, (K4 ¢n) and allow accounting on
system non-ideality. K, ., values are not accessible experimentally, thus they can be

estimated in thermodynamic modeling.

Equilibrium in Solutions Containing DNP-AA

A solution of low soluble weak monoprotic acid, such as DNP-AA, can be described
with equation (2.31) where H* stands for the hydrated hydronium ion (H30*) and A- is the

ionized form of this acid.

HA 2 H* + A” (2.31)
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The dissociation constant Kath is the quotient of activities gj of the species j present in
aqueous solution as shown in equation (2.32). It considers the non-ideality of a solution
and can be expressed using concentrations and activity coefficients y; of the species j. The
concentrations of species are presented in the brackets, since both molal fraction x; and
molality m; could apply and x; can be easily converted to molality m; using an expression
analogous to equation (2.26).

[ap+1laa-] _ [H*IAT] yi+va-
[ayal [HA] YHA

Ka,th -

(2.32)

Given the assumption behind the H-H equation that the quotient of activity coefficients
y; of the species j is constant, the Ka for low soluble compound can be expressed solely
with species concentrations according to equation (2.33). This is the foundation of
idealized H-H-based approach [320, 326, 327]. K, is given in the literature at infinite
dilution [303]. According to Lange [328] this approach is appropriate for poorly-soluble
components since their concentrations are close to infinite dilution.

[H*][A™] (2.33)

Ka = Tha

Dissociation constants K, ., and K, are used in this work as a basis for solubility
calculations. At first, the idealized H-H-based approach that uses K, was applied. Then,

the thermodynamic modeling with EOS with K, ,, was carried out.

Equation (2.34) represents an equilibrium between a solute molecule HA (dissolved in
aqueous solution) and its solid (precipitated) form HA(s). Intrinsic solubility expressed
in mol-kg-1 (mé'i) of neutral (unionized) weak acid e.g. DNP-AA, is accessed according to
equations (2.34) and (2.35)[8]. This unit of concentration was considered in the present
work as more convenient for solubility data presentation and was also used in the

literature to describe equilibrium expressions of acidic components [329].
HA(s) = HA (2.34)

mg; = Myy (2.35)
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The sum of all the species concentrations present in the saturated solution defines the

total solubility of component i, m" [mol-kg1], at given pH, according to equation (2.36).
my =myu- + myy (2.36)

These expressions can be transformed into idealized equation (2.37) by substituting

equations (2.33) and (2.35) to equation (2.36).

K
m; = mg, (mH+a+ 1) (237)

Further conversions that use K, = 107PXe and assumption my+=10"PH (activity
coefficient yy+ is neglected in ideal H-H approach)[330] lead to idealized H-H-based
solubility equations (2.38) or (2.39) which contain already pH and pKa.

my = mg (107 PKatPH 4 1) (2.38)
logm{ = logm{; + log (107PKa*PH 4+ 1) (2.39)
To account for non-ideality of a system, the solubility equations (2.40) and (2.41) can be

used. These expressions contain activity coefficients y; that are accessible with a

thermodynamic model.

ml =m}, (’;H—A 10~ PKatntpH 4 1) (2.40)
i\
logm!l = logm; + log (Zﬂ- 107PKaentPH 4 1) (2.41)
, -

Equilibrium in Solutions Containing Diprotic Acidic Vitamins

A solution of a diprotic weak acid such as VC can be described with equilibrium
equations (2.42) and (2.45) and corresponding to them expressions (2.43) - (2.44) and
(2.46) - (2.47) for dissociation constants (K, and K;), respectively[6]. Like in the
previous example, the concentrations are presented in brackets, since both mole fraction
x; and molality m; of the species j could be applied. According to equation (2.42)

deprotonation of VC leads to formation of ascorbate ion HA-. In alkaline aqueous solutions
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further deprotonation to the ascorbate di-anion A2- is observed [331]. Expressions (2.44)

and (2.47) are only valid if the idealized approach is considered.

H,A=H'+HA™ (2.42)
_[H*][HAT] YutYHa-
Ko, tnh = (1, 4] -y (2.43)
_ [HT][HAT]
Key =—mmar— (2.44)
HA= = H* + A% (2.45)
_HTIAPT] yu+yaz
Ko, tn = THAT — (2.46)
_[H*][A%7]
@ = AT (2.47)

Equation (2.48) represents an equilibrium between a solute molecule H,A (dissolved in
aqueous solution) and its solid (precipitated) form H,A(s). Solubility of the neutral

vitamin mé'i from equation (2.49) can be expressed in mol-kg-1.
H,A(s) = H,A (2.48)
méli = mHzA (24’9)
Similar to the previous example, the sum of all the species concentrations present in the

saturated solution defines the total pH-dependent solubility, m¥ [mol-kg-1], according to

equation (2.50).
my = mye- +myg- + My, 4 (2.50)
Finally, the substitution of equilibrium expressions (2.42), (2.45) and (2.47) into equation

(2.48) and appropriate conversions similar to the former example lead to equations

(2.51) and (2.52) which allow idealized solubility calculation.

m} = mb;(107PKazPKay+2H 4 10=PKay +PH 4 1) (2.51)
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logm{ = logmg; + log (107 PKaz~PKay +2PH 4 10~PKay *PH 4 1) (2.52)

If considering non-ideality, the solubility can be calculated according to equation (2.53)

or (2.54).

—PKa,,th=PKqy th+2PH —PKgq,entPH
L L 10 2 1 10 Y ) ]
i 0,i [YHZA ( Ve I ( )
—pK -pK +2pH —pK +pH
10 p az,th p al,th p 10 p al.th- p 2.54‘
logmleogméi+log[yHA( + +1 (254)
) 2 Y 42— YHA™

The two examples presented for an acidic compound show steps that must be taken to
derive solubility equations. The proposed approaches consider ideality or non-ideality of
DNP-AA or water-soluble vitamins in aqueous solutions. Since these expressions at first
require reliable dissociation schemes, further content of this chapter focuses more on the
determination of such reactions for more complex vitamins. Equations that account for
ideality or non-ideality can be derived analogously. The H-H-based solubility equations
must consider all dissociation constants K. The latter approach uses activity coefficient
in expressions for dissociation constant K,.,. To provide a general overview, the

solubility expressions for other water-soluble vitamins are given in the following.

Equilibrium in Solutions Containing Polyprotic Amphoteric Vitamins

As it has been shown in the previous examples, respective conversions allow
obtaining the expressions for idealized H-H-based and non-idealized approaches for any
equilibrium system. The only condition to achieve this is to define reliable equilibrium
equations. According to that, the solubility in water of amphoteric VB3acid can be
expressed with equation (2.57) or (2.58), if the equilibrium of vitamin solution follows

expressions (2.55) and (2.56) [6].

H,X* = H* + HX (2.55)
HX = H"+ X~ (2.56)
logm! = logmg; + log (10P¥a1™PH 4 107PKa;*PH 4 1) (2.57)
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(2.58)

10PKaq,en=PH 4 7PKay . +PH
+ 1

L _ L
logm; = logmg; + log [VHX ( - —
As stated with equations (2.55) and (2.56), the amphiprotic system of VB3acid contains the
three types of species that might be present at equilibrium. Thus, VB3acid can be negatively
charged at the carboxylic functional group (at high pH), positively charged at the pyridinyl
hydrogen (at low pH), or neutral (pH%3.4) [135, 147, 332, 333].

The equilibrium equations (2.55) - (2.57) can be valid also for VB12 if considering
the existence of just two pKa values for this vitamin[6]. The molecular structure of VB12
is very complex and it is expected that VB12 undergoes multi-step dissociation. However,
the simplified mechanism presented in equations (2.55) and (2.56) is accurate enough for
the purpose of this work. Such a statement can be given based on the experimental data

presented further in this thesis.

Equations (2.55) - (2.58) are applicable also to VB2 if considering just its two pKa
values [6]. Therefore, equation (2.55) would correspond to deprotonation within the
isoalloxazine ring of VB2, while equation (2.56) could relate to deprotonation of its ribityl
chain. By means of Chemicalize-Chem Axon online tool [173] and in agreement with the
literature [168], one additional pKa value can be found. The mechanism of VB2
dissociation if three pKa values are involved is presented in equations (2.59) - (2.61).
Consequently, the solubility is then calculated using equation (2.62) or (2.63), if

considering idealized or non-ideality-oriented approach, respectively.

HX* =2 H* + H,X (2.59)
H,X 2 H* + HX™ (2.60)
HX™ = H'+ X*~ (2.61)
logm! = logmg; + log (107 PKas~PKaz+2PH 4 19~PKa;+PH 1 1 PKay~PH 4 1) (2.62)

10_PKa3,th _pKaz,th+2pH lo_pKaz,th+pH

logm{ = logmg; + log [yHZX(

paan ) ]

VH3X+

Y x2- YHX~

(2.63)
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The H-H-based solubility equations can be adjusted to any vitamin system, even if
this requires accounting for many pKa values of the vitamin. Equilibrium equations
(2.64) - (2.67) present several dissociation steps of triacidic monobasic VB9,
corresponding to deprotonation (equations (2.64) and (2.67) within its pteridine ring,
and to deprotonation of the two carboxyl groups (equations (2.65) and (2.66) [161, 171].
Depending on the approach applied for calculations, the pH-dependent solubility of VB9
can be then calculated through equation (2.68) or (2.69) [6].

H,X* = H* + HsX (2.64)
HoX = HY + HyX~ (2.65)
H,X~ = H* + HX*" (2.66)
HX* = H* + X3~ (2.67)

logm! = logm§; + log (107 PKas~PKaz=PKay+3pH 4 1 =PKay=PKa,+2pH 1

2.68
+107PKaz +PH 4 1QPKay PH 4 1) (€58
10~ PKayth—PKaz,th—PKay,tn+3pH
logm; = logmg; + log IVH3X < +
' Vx3-
10~ PKas,th—PKay,tn+2pH N 10~ PKaz,thtpH N 10pKa1,m—pH> N 11 (2.69)
Yuxz2- YH,x~ YH,x+

2.3.2. The pH Influence on the Speciation

Weak electrolytes do not completely dissociate in water; thus, it is expected that
different species of DNP-AA, water-soluble vitamins and organic salts are present in
aqueous solutions. The species distribution of those compounds in aqueous solution
depends on pH. Calculation of the species fraction a; of each type of species j of a
component can be done using pKa (or Ka) values and pH (or [H*]). At pH = pKathe species

fraction of the neighboring species is equal.
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As an example, the species distribution for low soluble monoprotic acid HA (e.g.

DNP-AA) is calculated using equations (2.70) - (2.71) in which @y, and a4- are the species
fractions of HA and A, respectively[8]. This is an idealized approach that can be used for
poorly soluble components. In both equations, K, and [H*] can be replaced by 107PXe and
107PH accordingly. Expression [H*] = 107PH is only an assumption that neglects the
non-ideality. The calculations with equations (2.70) - (2.71) are appropriate for very low

concentrations. This statement is made according to Lange [328].

N [HA]  [H] (2.70)
HAT[A]1+ [HA] ~ [H*] + K, '
g =41 K 2.71)

[A=]+ [HA]  [H*]+K,

If considering non-ideality, the species distribution of DNP-AA is expressed as shown in

equations (2.72) and (2.73)[8]. In these expressions [a,+] = 107PH,

I [ay+]
HA [a +] + Ka,th *VHA (272)
H Y
Ya-
Kath " Yra (2.73)
Ya-
aA— ==
Kath * YHa
+ —_—
[ap+] Ya-

Equations (2.74)-(2.76) might be derived to calculate @; in solutions containing any

polyprotic compound, e.g. amphoteric VB3acid or VB12[7].

_ [HoX*] _ [H]?
X T TH X T+ [HX] + [X-]  [HY) + [H*1K,, + Ko, Ka, (2.74)
_ [HX] _ [H]Ka, .
X T TH X T+ (HX]+ [X-]  [H']? + [H']K,, + Ko K, (2.75)
Q- = [X_] — KalKaz (276)

[HoX*] + [HX] + [X7]  [H*]? + [H*]K,, + Ko, Ky,

If considering the non-ideality, the species distribution of an amphoteric VB3acid or VB12

is expressed as shown in equations (2.77) - (2.79).
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2,412 - YHx
[H+] Y, x+

g+ = (2.77)
S e YD LR S
[aH+]Ka1'th

Ay = 2.78
[aH+]2 ' y];f;Jr + [aH+]Ka1,th + Ka1,thKa2,th )]?;_)_{ ( )

Yux

Kal,thKaz,th ) VX_‘

ag+ ag+iBa, 1,th " A2th " Yy

VH,x+

The species distribution of DNP-glycine and VB3acid as a function of pH can be presented
graphically as shown in figure 2.1. The species shown in figure 2.1 are calculated using an
idealized approach according to equations (2.70) and (2.71) for DNP-glycine and
equations (2.74) - (2.76) for VB3acid, Other equations allowing determination of a; for
more complex systems can be derived analogously to presented in this section examples.
This includes also expressions that may be used to calculate the species distribution of
organic salts, however, in this work at the pH of salt-rich solutions (pH~8), all salts are

considered as fully dissociated [334, 335].

(@) (b)

1.0

~~o0s5

Figure 2.1. Dissociation equilibrium of aqueous solutions containing DNP-glycine (a) and VB32cd (b) as a
function of pH at T=298.15K. The lines represent the molar fractions «; of species j calculated using
equations (2.70) and (2.71) (a) and equations (2.74) - (2.76) (b), as well as dissociation constants (pKa)
from table 2.1 (ideal conditions assumed). Species j: neutral (solid lines), positively charged (dashed lines),

negatively charged (dotted lines). The lines crossover at half-equivalence points, where pH=pK-.
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2.4. The ePC-SAFT Equation of State

Molecular-based models founded on equation of state (EOS) that account for the non-
ideality are often very successful in overcoming the biggest bottlenecks of the idealized
approaches. The Perturbed-Chain SAFT (PC-SAFT) model developed by Gross and
Sadowski [75, 76] is an equation of state based on the Statistical Associating Fluid Theory
(SAFT) of Chapman et al. [207, 208]. Electrolyte PC-SAFT (ePC-SAFT) was introduced by
Cameretti et al. [74] to describe the mixtures containing ionic components and it is an
extension of the original PC-SAFT. The thermodynamic perturbation theory behind
original PC-SAFT is applied to the reference hard-chain system. According to equation
(2.75), the residual Helmholtz energy (a"®*) is calculated from the sum of different energy
contributions resulting from hard-chain forces (a"*), dispersive van der Waals attractions
(a®sP), and hydrogen bonding (a®°°¢). Besides these contributions ePC-SAFT also
involves an expression that describes Coulomb interactions (a‘°™). Since an extensive
description of ePC-SAFT and all mentioned contributions is included in literature [75, 76,

336-339], in this thesis just the principals of ePC-SAFT concept are presented.

a’es = ahc + adisp + qassoc + aion (2.80)

Any component i is characterized by three pure-component parameters: the
segment number (miseg), the segment diameter (o;), and the dispersion-energy parameter
(u;/kg) [75]. Moreover, for associating components the two additional fitting parameters
are implemented: the association-energy parameter (e4ifi/ky), where ky stands for
Boltzmann constant, and the association-volume parameter (k4i5i) [76]. In total, at
maximum five parameters are used to describe a pure component with ePC-SAFT. For an
associating compound such as water, DNP-AA, or vitamin, the number of acceptor/donor
association sites (N{*°°¢) is defined before the modeling [209]. The electrostatic
contribution of a‘™ is based on Debye-Hiickel [340] term according to equation (2.81)
and was introduced to ePC-SAFT by Cameretti et al. [74]. In this equation, k stands for the
Debye screening length, gi is the charge of component i, and y; can be defined according

to expression (2.82).

ion
a

K
IR N N
kgl 12nkBT£leq‘ Ai (2.81)
l
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3 1
wa? 2+ N+ xa) =20+ req) +5(1+ rq;)? (2.82)

Xi=

(
No additional pure-component parameter to account on electrostatic interactions is
considered in ePC-SAFT modeling. Thus, the a’°" expression requires only that the charge

qi is set prior to the modeling [74].

To apply ePC-SAFT to mixtures, combining rules from Berthelot-Lorentz [341, 342]
and Wolbach-Sandler [343] are introduced according to equations (2.83) - (2.86). Using
these expressions for a mixture in which components i and j are present, the mean
segment diameter (o;;), the mean dispersion-energy parameter (u;;), the mean
association-energy parameter (¢%%), and the mean association-volume parameter (x“i%)

can be determined. Also, involving the binary interaction parameter (k;;) between

components i and j can be worthwhile for the modeling of mixtures.

1
u; = m (1—k;p) (2.84)
aB _ L aB AjB
gl]:E.(Sll-I_g]]) (285)
2.0 0 ’
k4B = \[icAiBi . 4B) [ ——— (2.86)
(0; + 95)

The k;; is implemented in case the correction of the cross-dispersion energy in a mixture
is needed. More precisely, it is introduced if the deviations of this energy from the
geometric mean of the pure-component are significant. The k;; can be linearly related to
the temperature T (expressed in K), however, in this work, all k;; are considered as

temperature-independent.
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3. Materials and

Experimental Methods

Missing comprehension of the dependencies of the partitioning of organic
compounds on system properties still limits the application of ATPS at the
industrial level. This chapter provides the materials and methodologies
required to design new ATPS suitable for the partitioning of DNP-AA and
water-soluble vitamins. The results obtained through these procedures allow a
better understanding of solute behavior in an aqueous environment. Thus, the
chapter involves a description of the methodologies used for both solute and
ATPS characterization, as well as of the procedures applied for the evaluation
of solute partitioning. Experimental data acquired through procedures
presented in this chapter are essential for industrial applications. Also,
thermodynamic modeling, namely parameter estimation and validation of

model predictions requires some experimental input.
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3.1. Materials

All chemicals applied for the experiments were used without any further purification.
No additional analyses to confirm the purity were carried in this work. An overview of all
chemicals used in the experiments, together with the names of Suppliers and purities, is
given in table 3.1. The purity of each product was given as declared in certificate of

analysis provided by the respective Supplier.

Table 3.1. Chemical provenance with specification of the Chemical Abstract Service (CAS) and the purity
given in mass fraction of each component. Supplier: SA = Sigma-Aldrich, TCI = Tokyo Chemicals Industry,
PR = PanReac, ME = Merck. Average molar mass MpEgG (Supplier) = 1500 g-mol-! (ME), 4000 g-mol- ! (SA),
6000 g-mol! (SA), and 8000 g-mol-1 (SA).

Compound Abbreviation CAS Supplier Mass Purity

N-(2,4-dinitrophenyl)-Amino Acids (DNP-AA)

N-(2,4-Dinitrophenyl)-L-alanine DNP-alanine 1655-52-3 TCI =20.97
N-(2,4-Dinitrophenyl)glycine DNP-glycine 1084-76-0 TCI =20.99
N-(2,4-Dinitrophenyl)-L-valine DNP-valine 1694-97-9 TCI >0.97
N-(2,4-Dinitrophenyl)-L-leucine DNP-leucine 1655-57-8 TCI =20.97
Water-Soluble Vitamins
L(+)-Ascorbic acid VC 50-81-7 PR >0.99
Riboflavin VB2 83-88-5 SA 20.98
Nicotinic acid VvB3acid 59-67-6 SA =20.98
Nicotinamide vB3amide 98-92-0 SA 20.98
Folic acid VB9 59-30-3 SA =20.97
Cyanocobalamin VB12 68-19-9 SA >0.98
ATPS Phase Formers

Polyethylene glycol PEG 25322-68-3 SA/ME #

Sodium citrate tribasic dihydrate NasCitrate 6132-04-3 SA >20.99
Potassium citrate tribasic monohydrate KsCitrate 6100-05-6 SA >20.99
Sodium tartrate dibasic dihydrate NazTartrate 6106-24-7 SA >0.99
Potassium sodium tartrate tetrahydrate KNaTartrate 6381-59-5 SA >20.99

Page 50



Materials and Experimental Methods

Sodium sulfate anhydrous NazSulfate 7757-82-6 ME >20.99

Magnesium sulfate anhydrous MgSulfate 7487-88-9 SA >20.99
pH-Adjusting Agents

Hydrogen chloride HCI 7647-01-0 ME >20.99

Sodium hydroxide NaOH 1310-73-2 ME >0.99

Potassium hydroxide KOH 1310-58-3 ME >0.85

#The purity of PEG was not declared by SA/M.

The abbreviations provided in table 3.1 were required to improve the readability
of this document. Some of these, especially for N-(2,4-dinitrophenyl)-amino acids, became
widespread terms in previous publications [344, 345]. Shortened names VC and VBx (x=2,
3acid 3amide, 9 127 which in this work refer to water-soluble vitamins are based on vitamin
generic descriptor names (C, B-complex). This nomenclature is in common usage in
literature and connects vitamins of similar biological activity and solubility, rather than
of alike chemical structure [137]. The abbreviation for salts (e.g. Na3C¢Hs07 = NasCitrate;
NazC4H406 = NazTartrate), constituted by a symbol of the cation (e.g. Na*) and long name
of the anion (e.g. Citrate, Tartrate), was introduced for better legibility and
distinguishability. Detailed information about the chemical structure of each compound

can be approached using specification CAS included in table 3.1.

In regard to polymer, table 3.1 contains average molar masses of polyethylene
glycol (PEG) declared by Supplier. A narrow molar mass distribution of PEG allows an
assumption that just one polymer species is present (low polydispersity of PEG). This
statement was made based on an explanation of molar mass distribution of polymers
(including PEG) elaborated by Reschke [346] that was based on distribution theory
published by Hosemann and Schramek [347]. All dilutions and stock solutions were
prepared with deionized Millipore water. The salts used in this work were purchased as
hydrates. The concentrations (wt-%) of PEG and salts were at first pre-determined using
an analytical balance, while the real concentrations were calculated from dried mass of
samples withdrawn from these solutions. This procedure was applied according to the
literature [260, 348, 349]. Drying method (heating or freeze-drying) was chosen based on

physicochemical properties of each compound. More detailed description on that is
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provided in the following section 3.2.2 of this chapter. The pH was adjusted by addition of

HCI, NaOH, or KOH whenever it was required by the experimental procedure.
3.2. Experimental Methods

This subchapter describes methodologies that allowed measuring the solubility of
biomolecules considered in the present work, as well as characterizing ATPS equilibria,
and evaluating the behavior of biomolecules in different ATPS. Section 3.2.1 involves the
experimental setup and analytical procedures to determine the solubility of DNP-AA and
vitamins in water at T = 298.15 K and p = 1 bar, at different pH, and in the presence of

additives (covitamins)[5, 6, 8].

The measurements which assisted in the design of ATPS suitable for the partitioning
of DNP-AA and vitamins were performed according to the methodologies described in
sections 3.2.2 (ATPS Equilibria Characterization) [2, 3] and 3.2.3 (Partition Coefficient
Determination) [1, 3, 4, 7]. Experimental methods for DNP-AA and vitamin solutions
characterization are given in Section 3.2.4 (Density and Osmotic Coefficient

Measurements) [5].
3.2.1. Solubility

The experimental shake-flask method was used to determine the equilibrium
concentrations my (i.e. aqueous solubilities) of DNP-AA (DNP-glycine, DNP-alanine, DNP-
valine, DNP-leucine) and water-soluble vitamins (VC, VB2, VB3acid, VB9, VB12) in water,
at T=298.15%0.1 K and p=1 bar. The technique was applied to measure the solubility in
pure water (aim A), to obtain the pH-solubility profiles (aim B), and to test the influence
of cosolute on solubility (aim C). The solubility measurements were performed according

to scheme presented in figure 3.1.
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Figure 3.1. Procedure applied for solubility determination; Solid lines: measuring the concentration
ml@ [mol-kg1] (steps 1—6) - the equilibrium is verified with pH of saturated solutions (ApH<0.1) taken out

in time intervals (~72h). Dashed lines: further concentration measurements m§2’3"") (steps 2-3—-4-6) -

the equilibrium (m; = m}) is considered as reached if Am;<6% measured in time intervals (~24h).

Step 1: Sample preparation

The samples were prepared accordingly to reach the aims (figure 3.2). The tubes
containing solid DNP-AA or vitamin were filled with water or aqueous solutions
containing additives (NaOH, HCl, covitamins). The weighting of stock solutions of
additives (muc1=0.05-0.5 mol-kgl, mnaon=0.05-0.5 mol-kgl, mvc=0.5-1 mol-kg1,
myp32€id=0.05-0.1 mol-kg1, mygzamide=0.1-0.2 mol-kg1) was done using Mettler Toledo
analytical balance (XS205 Dual Range) with an uncertainty of £0.01 mg. The amount of
DNP-AA or vitamin was not weighted, as the condition in this step was solely to add an
amount that allows having a solid (undissolved DNP-AA or vitamin) and liquid phase in a
tube. The tubes with samples were shaken on a Vortex mixer for 15 min. After the
preliminary tests, this time was considered enough for this step. If after that, the systems

became homogeneous, then more solid DNP-AA or vitamin was added to the solution.
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H,0-HCl  H,0-NaOH _ _
H,0-VC  H,0-VB3a#d H,0-VB3amide

| |
H,0 ¢ H,0 ¢

DNP-AA or DNP-AA or
vitamin vitamin vitamin
(A) (B) ©

Figure 3.2. Sample preparation for different aims considered in solubility experiments; Aims A-C: (A) filling
the tube containing solid DNP-AA (DNP-glycine, DNP-alanine, DNP-valine, DNP-leucine) or vitamin (VC,
VB2, VB3acd, VB9, VB12) with water, (B) filling the tube containing solid DNP-AA (DNP-glycine, DNP-
alanine, DNP-valine, DNP-leucine) or vitamin (VC, VB2, VB3acid, VB9, VB12) with water and adding dropwise
different amounts of aqueous solutions HCl, or NaOH, (C) filling the tube containing vitamin (VB2, VB9,

VB12) with aqueous solution of covitamin VC, VB3acid, or VB3amide,
Step 2: Mixing

Only in the case that the solutions were heterogeneous (solid + liquid), the tubes
were moved to a thermomixer (Thermomixer comfort, Eppendorf) and constantly shaken
(w=800 rpm) at T=298.15+0.1 K for at least 72h. Over incubating time, the samples were
very well protected from light and thoroughly sealed. However, in time intervals (every
12h) the presence of solid-state in the tubes was visually inspected. If within the
incubation time it was found that DNP-AA or vitamin became dissolved in liquid, then
more solid was added to the solution and the incubation continued. If after 72h counting
from the initial incubation time the addition of a solute was still required to keep the
system heterogenous, then after adding more solid the samples were left for at least 24h
in thermomixer and after that inspected again. The solid was added and samples were
incubated until the two phases (solid + liquid) were observed for at least 24h counting

from the moment of each addition.
Steps 3-4: Centrifugation and phase settlement

Subsequently, after incubation, the tubes were centrifuged for 20 min at
w=13.0-103 rpm, T=298.15 K (refrigerated centrifuge 5418 R, Eppendorf). For phase

settlement at isothermal conditions, the samples were placed back into the thermomixer
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and incubated at 7=298.15%0.1 K for at least 6h without shaking. This centrifugation and

incubation times were considered being enough for complete phase separation based on

preliminary tests [6].
Step 5: pH measurements

The pH values of the saturated liquid phase were determined with pH meter (glass
electrode QpH 70, VWR, accuracy of £0.01 pH units). After that, the whole procedure
(incubation with shaking, centrifugation, and phase settlement) was repeated until the pH

did not change of more than pH<0.1.
Step 6: UV- VIS spectrophotometry

When the pH requirement (ApH<0.1) had been met, small aliquots of the saturated
liquid phase were withdrawn with a micropipette (in duplicate) and properly diluted with
water. All the dilutions were prepared by weight using analytical balance (XS205 Dual
Range, uncertainty of +0.01 mg). The concentrations of DNP-AA or water-soluble vitamins
were measured by UV-VIS spectrophotometry (Tecan Microplate Reader Infinite M200
Pro) using the following wavelengths based on the reports from the literature: A r_44 =
362 nm [350, 351], AYE* =270 nm [352], AV = 270 nmm / 445 nm [153, 353, 354],

Veaacia = 270 nm [355], Vs = 280 nm / 360 nm [354, 356], AJ5i% = 360 nm [357].
Calibration curves for all DNP-AA and vitamins were prepared before concentration
analyses. The concentrations of vitamins in pure water and aqueous solutions containing
covitamins or the pH adjusting agents (HCl, NaOH) were determined precisely according
to the procedures previously reported in similar studies [42, 153, 177]. The absorbance
of samples containing VB2 and VB9 in pure water (aim A) was measured at a different
wavelength than in covitamin influence studies (aim C). The reason for using different
wavelengths for VB2 and VB9 solutions in studies with covitamin was related to the
coexistence of maximum peaks for vitamin and covitamin (at the wavelengths chosen for
testing vitamin solubility in pure water). This methodology was already reported in the
literature [42, 153, 177]. To assure that the equilibrium state was reached, the same
samples with supersaturated solutions were shaken in the thermomixer for at least one
additional day. After complete phase separation (as in the previous step), again new
aliquots were withdrawn, diluted with water and the concentrations were determined.

Appropriate dilutions were very important to avoid possible interferences, especially in
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vitamin + covitamin mixtures, or vitamin/DNP-AA + the pH adjusting agent (HCl, NaOH).
The absorbance of a conveniently diluted sample containing water and an additive
(covitamin, HCl, NaOH) was equal to the absorbance measured for pure water. This
requirement has ensured that there were no interferences from an additive (covitamin,

HCI, NaOH) in concentration measurements.

If for several samples measured in different time intervals, the concentration
deviations were lower than 6%, the equilibrium was considered as being achieved (thus,
m; = mr). This value was chosen based on the literature, as well equipment accuracy
(obtained with samples of known concentration) [153]. The deviations between
experimental solubility measurements (m%¢*?) and the arithmetic mean of solubility data
(mbm™mean) measured from a given number of solubility points (NP,,) were calculated

according to equation (3.1) that expresses an average relative deviation ARD%.
< mb-exp >
Lmean
m k

Samples taken from the solutions of different pH were dried in a vacuum drying oven
at T=298.15+0.1 K, p=2%0.1 mbar (Binder VD 53). Solid was characterized by powder
X-ray diffractometer PXRD (Rigaku MiniFlex600, Japan) (Appendix: A6, A7).

ARD% = 100 Z (3.1)
k=

Approximately 5 mg of solid sample was required. The angle 20 range considered for the

analyses was 2°<20<30°.

3.2.2. ATPS Equilibria

ATPS considered in this work were characterized using biphasic diagrams. In this
section, at first, the methodology used to define the liquid immiscibility regions of ATPS
(binodal curves) is presented. Afterwards, the procedure which allows the measurement

of the equilibrium composition of the two phases (defined by tie-lines) is described.
Determination of Binodal Curves

The binodal curve of each ATPS was determined using the cloud point method. The
procedure used for these measurements was based on the methodology reported in the
literature [258, 349]. All weighting was carried out on an Adam Equipment balance model

AAA250L, with an uncertainty of +0.2 mg.
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At first, aqueous stock solutions of PEG with average molar mass Mpeg: 1500, 4000,
6000, 8000 g-mol! (~50 wt-%), and salt: NasCitrate, KsCitrate, NazTartrate, KNaTartrate
(~30 wt-%) were prepared. The concentration of PEG and salt in stock solutions was
measured gravimetrically and calculated from PEG/salt dry mass, obtained using a freeze-
dryer (Scan Vac, CoolSafe 55-4) for PEG, KNaTartrate, and Na:Tartrate, or after
evaporating on a heating plate (Stuart hot plate SB300), for NasCitrate and KsCitrate. After
drying the samples were moved to vacuum desiccator and taken out just for short times

required for weighting.

Different heterogeneous mixtures of known composition of polymer and salt were
prepared in assay tubes by weighting different amounts of PEG and salt stock solutions.
Then the tubes were vigorously shaken in a vortex mixer (VWR, model VV3) for 3 min and
afterwards placed into a thermostatic bath (Techne, Tempette TE-8D) at
T = 298.15 £ 0.2 K for 20 minutes. Known amounts of water were added dropwise to
the tubes until one homogenous phase was reached. After each water addition, the tubes
with samples were again shaken in a vortex mixer for 3 min and located in a thermostatic
bath at T=298.15 * 0.2 K for at least 15 min. Time of shaking and settlement at each step
of this procedure was chosen according to the literature [358]. Each measurement
procedure was repeated until the whole binodal curve was obtained (in average 23 data
points were used to determine one binodal curve) . For the presentation and comparison
of different experimental data, the binodal curves were adjusted to the empirical equation
(3.2) according to Merchuk et al. [275]. In this expression, wg and wp are the salt and PEG
compositions given in mass fraction, respectively, and a, b and ¢ are adjustable

parameters, obtained by nonlinear least squares regression.

5

wp =a-exp(bws® —c-wg?) (3.2)

Determination of Tie-lines

Tie-lines were measured for different feed compositions of PEG - salt ATPS according
to the procedure reported in the literature [258, 349]. For each ATPS at least three (up to
six) tie-lines were determined. All weighting was carried out on an Adam Equipment
balance model AAA250L, with an uncertainty of +0.2 mg. Biphasic systems were prepared
by weight in 15 mL tubes using PEG and salt stock solutions from the previous test

(binodal curve determination). The tubes with samples were shaken thoroughly in a
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vortex mixer for 3 min and afterwards they were left for phase separation for at least 48
h, in a thermostatic bath at T=298.15 * 0.2 K. The duration of mixing and phase clearance
was chosen according to the literature and preliminary experiments carried out in this

work [258, 349, 358].

Subsequently, for each tie-line, samples of top and bottom phases were withdrawn
using a syringe and conveniently diluted with water. Salt concentration was determined
in both phases, at T=298.15 K, by electrical conductivity using a Crison GLP31 Meter with
a platinum conductivity cell Crison 52 93, precise to within £0.5%. Calibration curve was
established by measuring the electrical conductivity of standard solutions with known
salt concentrations (aqueous solutions of NasCitrate, KsCitrate, NazTartrate,
KNaTartrate), within the range 1-4 wt-%. In this range, no PEG interference in the
electrical conductivity measurements was observed. For all measurements, the error
associated with the calculation of the average salt concentration, using the calibration
line, was below 1%. Total salt concentration of each phase was obtained from three
measurements and corrected with the dilution factor (standard deviations were
calculated to be less than 0.2%). Water concentration in the top and bottom phase was
measured gravimetrically after freeze-drying (Scan Vac, CoolSafe 55-4). Samples of the
top phase were withdrawn in triplicate, conveniently diluted with water (1/5), frozen at
T = 255 K for 24 h, and placed into freeze dryer for at least 72h. These conditions were
chosen according to t literature [349]. In all cases, the standard deviation of the average
dry weight was assessed to be less than 0.15%. The PEG concentration was obtained from
a mass balance. Such methodology for obtaining polymer and salt concentration was

reported in at least several publications [258, 295, 349].

The tie-line lengths (TLL) were determined as shown in equation (3.3), where w},,
wi and wl ,wl! are the mass fractions of PEG (P) or salt (S) in the top (I) and bottom (I

phases at equilibrium.

TLL = \/(WFI, — w2 + (wi —wih)? (3-3)

It is very common in literature to provide phase equilibrium compositions of ATPS in
mass fractions and to calculate TLL based on this unit of concentration. Thus, for better

data comparison between data from different sources, phase compositions are given in
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this thesis in mass fractions. However, the mass fractions wi can be converted to mole
fractions xi with equations (3.4) and (3.5). In these equations, vg-+ and vg,- denote the
number of moles of salt ions v; : salt cation (SC*) and salt anion (SA-) into which a salt
dissociates in aqueous solution. While expression (3.4) allows calculation of the mass
fraction of component i: PEG (P) and water (W), equation (3.5) can be used to determine

the mass fraction of ionic species j originated from salt dissociation: SC* and SA-.

Wi
M;
X = Wp Ws Wi (34)
M, (Vsc+ + Vsa-) - M, tm,
Ws
Vi " My
s
Y= w Ws W (3:5)
M—i + (Vsc+ + Vsa-) - ﬁi + M_MV;

In the ATPS studied in this thesis (pH~8), the salts considered as phase formers fully
dissociate leading to the presence of ions Na*, K*, Citrate3-, and Tartrate?- in a solution (the
species fractions Qcitrqre3~ = Apgrirate?- = 0.99). The pH of each ATPS phase was
measured with pH meter (glass electrode QpH 70, VWR, accuracy of +0.01 pH units). For

this analysis, the samples from the top and bottom phases were withdrawn with a syringe.

To verify the reliability of the tie-lines, the correlations widely applied in the literature
[260, 349, 359, 360] suggested by Othmer-Tobias (3.6) [271] and Bancroft (3.7) [272]

were used in this work.

1- ng 1- WISI
log ; =ky+n;-log T (3.6)
P S
wil wi
log <—IM;> =k, +n, -log <_v1v> (3.7)

3.2.3. Partition Coefficient

Measuring partitioning of DNP-AA (DNP-alanine, DNP-glycine, DNP-valine, DNP-
leucine) and water-soluble vitamins (VB2, VB3acid, VB3amide, VB9, VB12) in ATPS was
carried out based on the methodology from the literature [361]. The weighting was done
on an Adam Equipment balance model AAA250L, with an uncertainty of #0.2 mg. All
procedure was performed at T=298.15%#0.2 K, and p=1 bar (controlled with air
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conditioning and a thermostatic bath Techne, Tempette TE-8D). The partition coefficients

were determined as presented in figure 3.3.

3. Mixing on
vortex
t=2 min
T=298.15+0.2 K

4. Centrifugation
t=15 min
w=13, 400 rpm
T=298.15+0.2 K

1. Stock
solutions
preparation

5. Phase

2. ATPS settlement
preparation t=2h
T=298.15+0.2 K

U U UL

6. UV-VIS/
fluorescence
spectrophotometry

Y

R a— A' and A" RFU'! and RFU"
_ S
+ calibr.i Kgxpﬂ Kﬁxp'RFU
Curvesi
\/ ;
A B c xlandx!! ---» K;P*

Figure 3.3. Procedure applied for determination of solute (DNP-AA, vitamin) partitioning in ATPS; Step 1:
preparation of PEG, salt and solute (DNP-AA, vitamin) stock solutions; Step 2: the addition of PEG and salt
stock solutions (A), the addition of solute (DNP-AA, vitamin) stock solution and water to PEG-salt ATPS (B).
Steps 3—5: mixing and establishment of phase equilibrium in ATPS (C). Step 6: measuring the absorbance
and fluorescence of samples withdrawn from the top (/) and the bottom (/I) phase to obtain K

[ Kexp,A Kexp,RF U

;K ); the calibration curves (absorbance of DNP-AA /vitamin solution of known concentration

vs. mole fraction of DNP-AA/vitamin) allow calculation of mole fractions of a solute in each phase and

determination of concentration-based K (K fxl)'x).

Step 1: Stock solutions preparation

ATPS were prepared from aqueous stock solutions containing PEG of different average
molar mass Mpec: 1500, 4000, 6000, 8000 g-moll (~50 wt-%), and salt: NasCitrate,
KsCitrate, NazxTartrate, KNaTartrate (~30 wt-%). The concentration of PEG and salt in
stock solutions was obtained gravimetrically and calculated as described in section 3.2.2.

The aqueous stock solutions of solutes (DNP-AA or vitamin, 0.2 wt-%) were done in 5 mL
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glass tubes by weighting the mass of solid DNP-AA/vitamin and adding an appropriate
mass of water. If necessary NaOH (1-2 drops of mnaon=0.5 mol-kg-l) was added to
completely dissolve DNP-AA/vitamin in water. All stock solutions were well protected

from light and thoroughly sealed.
Step 2: ATPS preparation

At first, PEG/salt stock solutions and water were added to 2 mL Eppendorf tubes
according to the feed composition (wt-%) of the respective tie-lines. All the additions
were done by volume (pL) using an automatic pipette (Multipipette® XStream,
Eppendorf). The amounts of PEG and salt stock solutions added were based on the prior
established volume (pL) - mass (g) relation for each PEG/salt stock solution. The
calibration procedure involved weighing on a balance different amounts of stock
solutions pipetted in the volume unit and then choosing the volume of PEG/salt solution
corresponding to the mass of a solution required to form ATPS. The mass of each
component was calculated from composition expressed in wt-% assuming 1g as the total
mass of ATPS. For each tie-line, six replicates with the same feed composition (PEG, salt,
water) were prepared. Then, different amounts of the solute (DNP-AA, vitamin) stock

solutions (20-100 mg) and water (100-20 mg) were added according to figure 3.4.

ATPS were prepared with an adequate amount of water needed to achieve a total ATPS
mass of 1 g. For this reason, 100 mg corresponding to an addition of a solute solution and
the respective amount of water was subtracted from the total mass of water calculated
for ATPS. Then, 100 mg was total mass of water + solute solution added according to the

scheme shown in figure 3.4.
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Addition of solute and water (in total 100 mg)

100 mg 80 mg 60 mg 40 mg 20 mg

H,0 H,0 H,0 H,0 H,0
20 mg 40 mg 60 mg 80 mg 100 mg
solute solute solute solute solute
solution solution solution solution solution

1 2 3 4 5 6

Initial ATPS composition - 6 replicates:
x mg of PEG

y mg of salt

(z-100 mg) of H,0

Figure 3.4. ATPS preparation: ATPS prepared in 6 replicates containing x mg of PEG, y mg of salt and (z-
100 mg) of water (according to the tie-line composition) are filled with water and solute (DNP-AA, vitamin)
stock solutions. The mass of water and solute added is 100 mg. The total mass of each ATPS after all

additions is 1g.
Steps 3-5: Mixing, centrifugation, and phase settlement

The tubes containing water, PEG and salt, with or without DNP-AA/vitamin, were
vigorously shaken for 2 min on a vortex mixer and right after that centrifuged for 15 min
at w=13.4-103 rpm (Minispin, Eppendorf) to obtain phase separation. This time duration
of both procedures was reported in the literature and confirmed as enough in the present
work with preliminary tests for different solutes [361, 362]. For the next 2h, ATPS were
left at T=298.15 K for total interface clearance. This time was also tested before in the
preliminary tests. During this equilibration time, the temperature 7=298.15 K was
controlled with air conditioning or if necessary, the tubes with ATPS were placed in a

thermostatic bath (Techne, Tempette TE-8D).
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Step 6: UV- VIS and fluorescence spectrophotometry

Samples withdrawn in duplicate from the top and bottom phases of ATPS were
appropriately diluted with water to avoid interferences from PEG and salt. The
absorbance (A4) and fluorescence (RFU = Relative Fluorescence Unit) were determined
spectrophotometrically (Thermo Scientific Varioskan Flash) using UV-VIS spectroscopy
at  APNFE_aa =362nm  [350], AV = 270nm  [354], AV%54ciq = 260nm  [363],

e mide = 260nm  [364], AV =280nm [354], AV¥{S =360nm [357], and
fluorescence spectroscopy at AZSSION = 520 pm, AGXAtOn = 270 nm  [365]. The
measurements were also performed for aliquots of ATPS not containing DNP-AA/vitamin.
The values of A or RFU were equal as obtained for pure water, ensuring that there are no
interferences of PEG and salt in these measurements. The partition coefficients were
obtained using the two ways commonly found in literature: through the slope of the
straight lines from A or RFU measurements corrected with the dilution factor and by the

mean of the calibration curve [1, 3, 4, 7,97, 366-368].

The slope of the straight lines from representation of A’ (or RFU') in the top phase (I)
versus A" (or RFU!") in the bottom phase (II), corrected with the respective dilution
factors (DF, fraction of final volume to initial volume) allowed the determination of
experimental absorbance- (or florescence) based partition coefficient of component i

(KP4 and KPR, respectively). In this work, i corresponds to DNP-AA or vitamin.

KP4 and KPRV were obtained according to equations (3.8) and (3.9), respectively:

A'-DF
exp,A __
K; ~ Al .DF (3:8)
?xp,RFU — RFUI - DF (39)

i ~ RFU" - DF

From calibration curves representing the absorbance of a DNP-AA/vitamin versus the
respective concentrations of DNP-AA/vitamin, it was possible to calculate the mole
fraction of a solute (x/, x/') in each phase (I, II) for different tie-line compositions. The
experimental concentration-based partition coefficient K;*"” at high DNP-AA/vitamin

dilution was determined using equation (3.10).
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X
e _ X (3.10)

Each DNP-AA and vitamin considered in this work, except VB9, is fully present as
just one species in both ATPS phases, and the experimental partition coefficient of

exp,x
K i

component  ( ) is the same as for the respective species j (K;**). In the case of VB,

two species (VB92-, VB93-) will be present at the conditions under investigation (pH ~ 8).
Thus, both species will contribute to the experimental partition coefficient of component
i (K7P). The two species of VB9 (VB9%, VB93-) will be differently partitioned in ATPS
due to a pH difference between the phases. Equation (3.11) allows calculating partition

coefficient of j species K;*”* that is based on experimental partitioning data measured in

this work. Equation (3.11) includes the fractions a} and a}’ of species j in each phase (I -

top, II - bottom). These fractions can be calculated as previously shown in section 2.3.2

(Appendix A1-A2).

I

a

exp,x __ jrexp,x ]
K; = K; "l (3.11)

]

3.2.4. Density and Osmotic Coefficient

To characterize DNP-AA and vitamin aqueous solutions, both properties liquid
density and osmolality were used. The technique used for density measurements is based
on the principle of the oscillating U-tube technique, in which densities are determined
through the differences in frequencies of oscillation. The osmolality that is a measure of
the total number of all particles present in a solution is determined through the difference
in the freezing point between a solution and pure solvent (water) [369]. These
experimental measurements are thvery relevant for thermodynamic modeling. The

methodologies used for each property are presented in the following.

Density measurements

In this work, the densities of aqueous solutions containing DNP-AA or vitamin were
carried out using Anton Paar density meter (DMA 4200 M) with maximum uncertainty of
+1.5 kg-m-3. Samples for the analysis were prepared gravimetrically using Mettler Toledo

analytical balance (XS205 Dual Range) with an uncertainty of #0.01 mg. Before the
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measurements, the equipment was calibrated with air and deionized water. Liquid

density was determined from the mean value of at least three replicates.

Densities of ternary solutions water - DNP-AA - NaOH were determined at p=1 bar
and T=298.15 K - 318.15 K. The samples were prepared by dissolving different amounts
of solid DNP-AA (DNP-glycine, DNP-alanine, DNP-valine, DNP-leucine) in aqueous
solutions (mpnp-aa<0.015 mol-kg-1) which contained NaOH in concentrations required for

complete DNP-AA dissolution (mnaon<0.038 mol-kg1).

Densities of binary solutions water - vitamin were determined at p=1 bar and
T=298.15 K. The samples were prepared by dissolving different amounts of solid vitamin
(VC, VB2, VB3acid, VB9, and VB12) in water. The final vitamin concentrations varied
strongly for freely soluble (mvc<1.49 mol-kg1), sparingly soluble (mvs32€id<(0.14 mol-kg1,
myB12<0.006 mol-kg1) and very low soluble (mvs2<0.001 mol-kg1, mvs9<0.01 mol-kg1)
vitamins. Due to the limited solubility of VB2 and VB9, the homogenous samples with
fully dissolved vitamin were obtained with KOH solution (mkon=0.5 mol-kg-1) added
dropwise. A negligible amount of KOH in solution allowed to increase the solubility of VB2
and VB9 without changing the species kinds present in the aqueous system (ApH<1). The
pH of VB2 and VB9 solutions was controlled with pH meter (glass electrode QpH 70, VWR,

accuracy of £0.01 pH units).
Determination of Osmotic Coefficients

In this work, the osmolality of water - vitamin binary systems was measured using
a freezing-point depression Gonotec osmometer (FP Osmomat 010, Knauer, Germany).
During the measurements, the apparatus cools the sample and measures the temperature
with a thermistor. An ideal 1 mol-kg-1 aqueous solution has the osmolality of 1 Osmol-kg-
land freezes at T =-1.858° C. The apparatus uses this dependency and displays the result

in mOsmol-kg-1.

The samples for the measurements were prepared gravimetrically on Mettler Toledo
analytical balance (XS205 Dual Range, uncertainty of +0.01 mg) by dissolving water-
soluble vitamin (VC, VB3acid, VB12) in water (mvc<0.85 mol-kg-1, mvp32cid<(0.12 mol-kg1,
mye12<0.0086 mol-kg1). The equipment was calibrated using certified (Knauer) 400
mOsmol and 850 mOsmol standard NaCl solutions (v=2). The baseline was set by

measuring the osmolality of pure water. These calibrating procedures were repeated also
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in between the measurements to ensure the highest accuracy, as well as to exclude any
baseline drifts of the equipment. Tubes with 50ul of the sample were in sequence placed
inside the osmometer, measured, and the displayed results in mOsmol-kgl were
recorded. Each sample in this experiment was measured at least three times and the mean
value was considered. This method allowed measuring osmotic coefficients with
ARD%<2. Similar accuracy has been already reported in the literature for different solutes

[370].

The osmotic coefficient (¢) was calculated from experimental osmolality (osm),
according to equation (3.12) [81]. The expression involves the initial molality of the
vitamin in each solution (m) and the number of species into which the components
present in the solution can dissociate (v). To model neutral vitamins, VC, VB3acid and VB12

were in these calculations considered as molecular non-dissociated species (v=1).

osm
¢ = e (3.12)

Moreover, since the solubility of DNP-AA and other vitamins used in the present work,
namely VB2 and VB9, is very low and their solutions could not reach the detection limit
for osmolality tests (the osmolality of solutions containing different vitamin
concentrations ~ osmolality of pure water), the measurements for DNP-AA, VB2, and VB9

systems were not considered.
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4. Modeling Methods and

their Accuracy

This chapter presents the electrolyte PC-SAFT (ePC-SAFT) EOS modeling
strategies found in this work and used to accurately characterize the pure
components and their interactions in aqueous solutions. Thus, the modeling
methods: Molecular Method (MM) and Joint-Parameter Method (J-PM), both
introduced in this work for the modeling of different organic components, are
presented. The description of the modeling methods is accompanied by an
overview of the parameters established in this work and the accuracy
calculations based on experimental data. The chapter also shows literature

data on melting properties that are necessary for solubility calculations.

Page 67



Modeling Methods and their Accuracy
4.1. ePC-SAFT Parameter Estimation

This subchapter provides ePC-SAFT parameters and evaluates modeling accuracy.
As explained in subchapter 2.4, ePC-SAFT requires five pure-component parameters to
characterize an associating component. An additional parameter, namely binary
interaction parameter kij, can be optionally used to describe the interactions in a mixture
containing this component. In the present work, two main methods were applied to
estimate ePC-SAFT pure-component parameters and binary interaction parameters ki:
Molecular Method (MM) and Joint-Parameter Method (J-PM). These two modeling
approaches were built on the conceptions from the literature and have been designed in
this work specifically for the modeling of DNP-AA and vitamins. The principals of the
modeling approaches for MM and ]J-PM from this work have an origin in strategies
published by Held et al., as well as by Hiibner and Lodziak et al. [79, 80, 296, 303]. The
conception adopted to J-PM was also used by Knierbein & Wangler et al. and Greinert et
al. for modeling of a-chymotrypsin and 1,3-bisphospho-D-glycerate, respectively [371,
372].

In the present study, the MM relied on fitting the parameters to experimental data
like in the works published by Held et al. [79, 80, 303], butitincluded also novel modeling
procedures adopted for the purpose of this work. These new procedures considered
interactions of negatively charged components (DNP-AA, vitamins) in aqueous solutions
and the dissociation equilibrium. The ]J-PM proposed in this work shared the similarity to
the approach designed by Hiibner and Lodziak et al. for connecting the parameters, but it
did not follow the same idea used for obtaining each parameter. The reason for applying
different procedures to J-PM than in the method published by Hiibner and Lodziak et al.
was related to a different character of connected molecules. The J-PM has joint the
parameters of two components of different type: aromatic DNB considered as non-
associating compound (three ePC-SAFT pure-component parameters) with associating
aliphatic amino acid (five ePC-SAFT pure-component parameters), while the original
work published by Hiibner and Lodziak et al. relied on connecting the sets of parameters
of the same kind molecules (associating amino acids). In the J-PM solely the two of ePC-
SAFT pure-component parameters miseg and o; were joint and no deviation to the

dispersion energy was assumed.
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By means of these two modeling methods, MM and J-PM, it was possible to estimate
pure-component parameters of neutral and charged DNP-AA, vitamins, as well as DNB
and salt ions. The methods allowed estimating also the binary interaction parameters ki,
e.g. between a solute (DNP-AA or vitamins) and ions of ATPS phase forming components.
Besides that, the present study used some sets of ePC-SAFT parameters published
previously in the literature (water, PEG, salt ions, amino acids, VB3amide) [79, 303, 338,
373-375]. The major reason for using the two different modeling methods was related to
a distinct data available before the modeling (experimental or ePC-SAFT parameters). For
example, ePC-SAFT parameters for most of water-soluble vitamins were not available in
the literature, so they were fitted using the MM. The J-PM was designed for homological
series of DNP-AA. From the molecular standpoint, DNP-AA molecule (DNP-glycine, DNP-
alanine, DNP-valine, DNP-leucine) is composed by DNB (dinitrobenzene) group
connected with a given amino acid chain (aliphatic amino acid, AA: glycine, alanine, valine,
leucine). Thus, already established ePC-SAFT parameters for AA [79] could be joint with
parameters for DNB estimated within this work, leading to new set of parameters for

DNP-AA.

Since the procedures behind modeling methods used in this work are rather
complex, more detailed explanation of the two modeling methods: MM and J-PM and their
evaluation is described in detail in sections 4.1.1 and 4.1.2, accordingly. These two
methods were used to obtain ePC-SAFT parameters from the current study. Table 4.1 and
table 4.2 present a general overview of all ePC-SAFT pure-component and binary
interaction kij water (between water and a given molecule) parameters for neutral (non-
charged) and charged components that were estimated in this work or taken from the

literature.
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Table 4.1. ePC-SAFT pure-component parameters and binary interaction parameters with water of neutral

molecules considered in this work: dinitrophenyl amino acids (DNP-AA), aliphatic amino acids (AA),

dinitrobenzene (DNB), water-soluble vitamins, PEG, and water. The parameters listed were obtained using

Molecular Method (MM), Joint-Parameter Method (J-PM) or they were taken from the literature.

M m;sed oi Ui/kB gAiBi/ ks KAIBi N assoc kij water Ref
Component o ~
fgmol'] [ A K] K] [ o aemsy ow
TW[8
DNP-glycine 241.16 9.2035 2.8636 21696 2598.06 0.039 2/2 ]_PM[ ]
TW[8
DNP-alanine 255.18 9.8187 2.9612 287.59 3176.6 0.082 2/2 I_PM[ ]
TW[8
DNP-valine 283.24 11.8391 2.9945 306.41 3183.8 0.039 2/2 ]_PM[ ]
TW[8
DNP-leucine 297.26 12.6577 3.0501 330 3600 0.02 2/2 ]_PM[ ]
glycine 75.07 4.8495 2.327 21696 2598.06 0.039 1/1 -6.12:102 [79]
L-alanine 89.09 5.4647  2.5222 287.59 3176.6 0.082 1/1 -6.12-102 [79]
L-valine 117.15 74851  2.5888 306.41 3183.8 0.039 1/1 -7.57-102 [79]
L-leucine 131.17 8.3037 2.7 330 3600 0.02 1/1  -6.30-102 [79]
TW[8
DNB#3 168.11 4.354 3.4001 340.002 3.00-10-2 MM 18]
™
VC 176.13 11.7082  2.367 353.442 2600.675 0.039 1/4 -1.80-102 MM [5]
TWI5
VB2 376.36 15.9238 2.63 150.315 2548.107 0.034 5/5 -4.70-10-2 MM [5]
VB3amide 122.12 4.6485 1.7143 166.25 1056.2 0.002 1/1 1.64-102% [65]
TWI5
VB3acid 123.11 8.0883  2.3522 209.045 1088.56 0.002 3/1 -3.90-102 MM [5]
TW[6
VB9 441.40 16.7167 2.6907 152.016 2379.471 0.034 8/4 MM L6]
™
VB12 1355.37 21.8544 4.05 34645 2136.56 0.01 23/6 -2.11-102 MM [5]
PEG Mpec-0.050 2.9 204.6 1799.8 0.02 2/2 -1.35-101 [374]
water 18.02 1.2047 #4 35395 2425.67 0.045 1/1 [373]

#1 Association Scheme: acceptor/donor

#2 fitting method in this work: MM (Molecular Method), J]-PM (Joint-Parameter Method)

#3DNB=1,3-dinitrobenzene
#4gi=2.7927 + 10.11-exp(-0.01775-T[K]) - 1.417-exp(-0.01146-T[K])
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Table 4.2. ePC-SAFT pure-component parameters and binary interaction parameters with water of charged

molecules considered in this work. The parameters listed were obtained using Molecular Method (MM),

Joint-Parameter Method (J-PM) in this work (TW) or they were taken from the literature.

M mised i ui/ks gAiBl / kg )ABL Ngssoc ki yarer Ref.
Component o - qi
[gmolt]  [-] [4] [K] [K] [-] #1  (T=298.15K) #2
. TW[8]
DNP-glycine- 240.16 9.204 2.8635 216.96 2598.06 0.039 2/2  -2.29-102 -1 1P
. TW(8]
DNP-alanine- 254.18 9.819 2.9611 287.59 3176.6 0.082 2/2  -2.22-102 -1 1P
: TW[8]
DNP-valine- 282.24 11.839 2.9944 306.41 3183.8 0.039 2/2  -2.09-102 -1 1P
. TW(8]
DNP-leucine- 296.26 12.658 3.05 330 3600 0.02 2/2 -4.75-103% -1 1P
TW[6]
VB2+ 377.36 15924 263 150315 2548107 0.034 5/5 -5.80-102 1
TW[6]
VB2- 37536 15924 2.63 150315 2548107 0.034 5/5 -6.10-10% -1
. TW[7]
VB 3acid- 122.11 8.0883 2.3522 209.045 108856 0.002 3/1 -6.30-10% -1 =
TW[6]
VB9+ 44240 16.717 2.6907 152.016 2379.471 0.034 8/4 -1.60-102 1
TW[6]
VBY- 440.40 16.717 2.6907 152.016 2379.471 0.034 8/4 -1.60-102 -1 .
TW[6]
VB9Z 43940 16.717 2.6907 152.016 2379.471 0.034 8/4  -4.00-102 -2
TW[6]
VB93- 43840 16.717 2.6907 152.016 2379.471 0.034 10/2  -3.20-102 -3
Citrate3 189.09 1.000 4.46 250 -2.2687-101 -3 [375]
TW[7
Tartrate 148.07 1.000 4.49 200 -2.002-10* -2 71
[303,
OH- 17.01 0416 1.6401 2444.756 -2.5-101 -1 338]
[303,
Na* 2299 1.000 24122 646.05 4.60-10+ 1 338]
[303,
K+ 39.10 1.000 29698 271.052 1.9972-101 1 338]

#1 Association Scheme: acceptor/donor

#2 fitting method in this work: MM (Molecular Method), J]-PM (Joint-Parameter Method)

Table 4.3 contains the binary interaction parameters between different species (neutral
and charged) present in multicomponent aqueous systems considered in this work. Since,
the two methods described in the following sections of this thesis (MM, ]J-PM) were used
to model both neutral and charged components, for a better ordination, tables 4.1 - 4.3
are already given in this subchapter. Besides that, the tables contain association schemes

that were established before the modeling since they are independent of the modeling
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approach used. The method of their estimation is described in the following. The

association schemes are required for most of the components considered in ePC-SAFT

modeling in this work.

Table 4.3. ePC-SAFT binary interaction parameters kij between components in ATPS. The parameters listed

were obtained using Molecular Method (MM) or they were taken from the literature.

Component Na* K* OH- Citrate3-  Tartrate? PEG i‘iﬁ
303, 375],
Na+* - - 0.649 -1 -1 0 [TW[7] MN}
K+ - - 1 0.237 -0.3 0.34 [SOS]BZTAW[S]
Citrate3 - - 0.1 TW[7] MM
TartrateZ - - 0.07 TW[7]MM
DNP-glycine- 0.15 0.4 - - 0.015 TW[8]MM
DNP-alanine- 0.15 0.4 - - -0.035 TW[8]MM
DNP-valine- 0.15 0.4 - - -0.033 TW[8]MM
DNP-leucine 0.15 0.4 - - -0.026 TW[8]MM
VB2- 0 - 0.39 0.29 0.142 TW[7]MM
VB3acid- 0 - 0.48 0.1 0 TW[7]MM
VB3amide 0 - 0 -0.25 0 TW[7]MM
VB9 0 - 0.92 0.6 0.159 TW[7]MM
VB93- 0 - 0.95 0.45 0.11 TW[7]MM
VB12 -0.2 - -0.168 -0.08 0 TW[7]MM

#1 fitting method in this work: MM (Molecular Method)

Before the modeling the association schemes Ni#sso¢ of each associating component
i (DNP-AA, vitamin) were assigned (table 4.1 and table 4.2). Also, prior to the parameter
estimation the charge gi of each charged component was set as shown in table 4.2. For
water, the 2B association model has been used according to the literature [373]. Even
though the 2B model is less realistic than the 4C model, the 2B model has been
recommended in the literature for modeling thermodynamic properties of biological

solutions [79, 293].

The association schemes of DNP-AA and vitamins were set as a compromise

between the best modeling result and the counted numbers of possible acceptor and
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donor sites. The decision on choosing the same number of donor sites as acceptor sites
and equal scheme for all DNP-AA was taken based on association scheme (1/1) published
for parent aliphatic AA by Held et al. [79]. Because of the high structural diversity of the
considered vitamins, a high number of different kinds of interactions exist for every
vitamin, and the association schemes were set for each molecule individually. For this
purpose, available online tools which characterize the molecules through chemical
structure analyses, e.g., Chemicalize [173] or PubChem database [376] were used.
Analyzing the vitamins with these tools yielded the number of association sites that are
compared in table 4.4. For VB12, the molecule was too complex for the molecular

structure analysis and the result could not be obtained with Chemicalize.

Table 4.4. Comparison of association sites (A=acceptor/D=donor) assigned to vitamins in this work (TW)

with schemes obtained using online tools Chemicalize [173] and PubChem database [376].

Component Chemicalize PubChem T™wW
vC 5/4 6/4 4/1
VB2 9/5 7/5 5/5
VB3acid 3/1 3/1 3/1
VB9 12/6 9/6 8/4
VB12 n.a. 21/9 23/6

Overall, it can be observed that the association sites that were set to the vitamins are
generally in good agreement to the association sites obtained by counting the

theoretically maximal acceptor and donor sites using Chemicalize or PubChem database.

Further, the association schemes of both VB2 and VB9, for charged species: VB*, VB-, and
VB2-, were set equal to the scheme of the neutral pendants VB (neutral). For VB9 (possible
four dissociation steps, section 2.3.1), a different association scheme was required for the
species VB93-. On the one hand, the donor sites of VB93- were reduced by two (4 — 2)
compared to neutral VB9. On the other hand, two new acceptor sites were considered (8
— 10) compared to neutral VBO. lllustration of this mechanism in simplified form is shown
in figure 4.1. This was found to be required to quantitatively model the pH-dependent
solubility of negatively charged VB9 at pH > 6.5 (VB93- not negligible).
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Non-charged: VB9 Charged: VB93
o o] o o]
Two HB donor sites are lost
E I Two HB acceptor sites are gained : :
O, NH

One HB donor site is lost

HoN N Lo . H>N
2 AN One HB acceptor site is gained 2
N | = NH
N
(o]

Figure 4.1. Influence of the different species on the association scheme of VB9 (neutral VB9 vs ionized

species VB93) according to the dissociation steps postulated by Szakacs et al. [161].

4.1.1. Molecular Method (DNP-AA, Vitamins)

The methodology of MM for estimating the pure-component and binary interaction
parameters ki was applied for neutral and charged water-soluble vitamins, as well as for
saltions and negatively charged DNP-AA. Different physicochemical properties were used
to estimate ePC-SAFT parameters, e.g. liquid density, osmotic coefficients, solubility. For
fitting the parameters of the compound to experimental data, the objective function is
minimized with a Levenberg-Marquardt algorithm (the damped least-squares method) as
shown in equation (4.13). In this expression y, is the property and NP, stands for the
number of data points. The superscripts in y, express the origin of data: ePC-SAFT

modeling (mod) and experimental (exp).

yn NPy Jmod 2 (4.13)
OF = 22 <1 - <yexp> >
n=1k=1 k

The accuracy of modeling results is evaluated in this work using an average
relative deviation expressed in % (ARD%) or an average absolute deviation (AAD). Both
can be calculated according to equations (4.14) and (4.15), respectively. While equation
(4.14) was applied for evaluation of the modeling results in which experimental p and ¢
were used, expression (4.15) was applied to calculate the deviations in modeling of
ternary LLE data. In equation (4.15) the number of tie-lines, phases and components is

represented by |, m and n, accordingly.
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NP,,
ymod
ARD% =100 g ) |1~ (yexp) ‘ (4.14)
k=1 k
1 11
i=1 z=1 k=

Fitting pure-component parameters and kij to p and ¢: vitamins (neutral) and

organic salt ions

The pure-component and ki parameters for neutral vitamins considered as
associating components (table 4.1), as well as for non-associating Tartrate?- (table 4.2),
were fitted to solubility-independent experimental densities p and osmotic coefficients ¢.
Regarding vitamins, experimental data required for the fitting were found in the literature
only for VC and VB3 [180, 181]. Data for tartrate salts are widely available, thus, the
parameters for Tartrate?- were established by fitting them to experimental p and ¢ of
binary water - NazTartrate solutions reported in the literature [269, 377]. Since the
experimental description of vitamin properties is relatively scarce in the literature, both
p and ¢ measurements were carried out in the present study according to procedures
described in section 3.2.4. Experimental p and ¢ of aqueous vitamin solutions and ARD%
for this modeling are included in the Appendix (A3). As an example, the outcome after the
application of this modeling method can be also evaluated based on data shown in figure

4.2(a-c).

For a better visibility, the densities of aqueous solutions containing VC are plotted
in a separate figure 4.2b. The highest average relative deviation among experimental and
ePC-SAFT modeled densities was ARD%=0.16 (VC). This result is still of high accuracy.
Among all vitamins studied in this work, VC is the most soluble and liquid densities of
water + VC have been already reported in the literature for a wide range of concentrations
[180]. It can be observed from figure 4.2(b) that literature data and data from this work
are in good agreement. The lowest ARD% between PC-SAFT and experimental liquid
densities was calculated for water + VB2 solution (ARD%=0.0007). This is because ePC-

SAFT parameters for VB2 were fitted solely to densities of binary systems water - VB2.
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Figure 4.2. Application of MM to obtain ePC-SAFT pure-component and kij water parameters for neutral
vitamins; The parameters were fitted to densities p (a,b) and osmotic coefficients ¢ (c) of binary systems
water-vitamin. They are plotted versus vitamin molality mvitamin, at T = 298.15 K, p = 1 bar. Full symbols:
data from this work for VC (#), VB2 (%), VB3 (s ), VB9 (A), and VB12 (= ). Open symbols: data from the
literature for VC (<), VB3 (©), refs [180, 181]. Lines: ePC-SAFT modeling using parameters from table 4.1.

Osmotic coefficients of water — VB2 were not accessible experimentally due to the very
low solubility of VB2. The same procedure was applied to another practically insoluble
vitamin VB9. Nevertheless, at very low concentrations, osmotic coefficients of aqueous
solutions containing uncharged components are very close to one. For this reason, ¢vs
and ¢vBy were assumed to be one at maximum VB2 and VB9 molality (i.e., at the solubility
limit at 7=298.15 K). This assumption was an additional condition in the parameter fit for
VB2 and VB9. Even addition of KOH to VB2 and VB9 solutions did not allow for reliable

experimental osmotic coefficients. The lowest ARD% of modeled osmotic coefficients
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(ARD%=0.9) was observed for the most soluble vitamin studied in this work (VC). To

accurately describe the interactions in aqueous solutions containing organic salts, e.g.
NazTartrate, introducing an additional kij (beside kij water) between salt cation (e.g. Na*)
and salt anion (e.g. Tartrate?-) was very relevant (table 4.3) [375].

The results of the modeling obtained with parameters from table 4.2 and table 4.3
for aqueous solutions containing Tartrate?- are presented in figure 4.3(a-b). They are in
good agreement to experimental data [269, 377]. The parameters for Na* were already
available in the literature [303, 338]. The average relative deviation (ARD%) between
experimental and ePC-SAFT modeled densities yields ARD%=0.38. The deviations
between experimental and modeled osmotic coefficients (ARD%=3.46) are also

acceptable as experimental uncertainty is in the same order of magnitude.
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Figure 4.3. Application of MM to obtain ePC-SAFT pure-component and ki parameters for TartrateZ .
Parameter fitting to (a) densities p and (b) osmotic coefficients ¢ of binary water — Na;Tartrate system vs
molality of NazTartrate Mmyq, rartrate; at T=298.15 K, p = 1 bar. Points: experimental data from the literature

[269, 377]. Lines: ePC-SAFT modeling (parameters from table 4.2 and table 4.3).

The relevance of introducing kij between the salt ions (table 4.3) can be also
confirmed with the results of modeling carried out for other salts, e.g. containing K* and
organic anion (Citrate3-, Tartrate?-) as presented in figure 4.4(a-b). Since the parameters
for K* and Citrate3- have been already published in the literature [303, 338, 375] and the
parameters for Tartrate?- were estimated in this work as shown in the previous example
(figure 4.3), the only parameter fitted in this step was kij between K* and organic anion.
Experimental data used for this modeling were p and ¢ of binary systems: water -

KsCitrate and water - KzTartrate [378-380]. The deviations of experimental and obtained
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with ePC-SAFT for densities (water - K:Tartrate: ARD%=1.73; water - KsCitrate:

ARD%=0.26) and osmotic coefficients (water - KzTartrate: ARD%=4.35; water - KzCitrate:

ARD%=4.45) were of reasonable magnitude.
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Figure 4.4. Application of MM to obtain ePC-SAFT pure-component and kij parameters for K;Tartrate and
KsCitrate. Parameter fitting to (a) densities p and (b) osmotic coefficients ¢ of binary water - K;Tartrate
(¢) and water - KsCitrate (®) system. Results plotted against molality of K.Tartrate m,rqrtarte and
KsCitrate my,citrates at T = 298.15 K, p = 1 bar. Points: experimental data from the literature [378-380].
Lines: ePC-SAFT modeling (parameters from table 4.2 and table 4.3). The range of msat for modeling of ¢
was adjusted to the msar that could be possibly found in the salt-rich phase of ATPS. According to binodal

data it can be assumed that msar in bottom phase is >10 wt-% [2].

Fitting kij between water and charged species of vitamins and DNP-AA

Each binary interaction kij water parameter for charged DNP-AA or vitamin species
(table 4.2) was adjusted to a single experimental solubility data point measured
at T = 298.15 K and p = 1 bar. The kijwater was not treated as an independent variable.
Rather, it was found to depend on the kind of species. The kijwater accounted simultanously
for the thermodynamic non-ideality with activity coefficients of the species and
thermodynamic constants K, ;, according to Lange et al.[381]. For this modeling, a pH
was chosen at which only the respective species was present exclusively or (in the case of
VB9) where the species j was at high content (a; —»1). The thermodynamic basis for the
calculation of solubility equilibria with ePC-SAFT has been given in section 2.2.1. It is

important to mention that equations (2.25) and (2.26) (for the conversion x5 to m§) were
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used to predict the solubility m" of component i at the pH at which mF = m§ (m} is the
intrinsic solubility). At this pH, just neutral species are present in the solution and
solubility mk can be predicted using parameters fitted to solubility-independent
properties (figure 4.2). At pH at which also charged species are expected, the solubility
m? of component i (DNP-AA or vitamin) can be predicted according to solubility
equations (2.41), (2.54), (2.58), (2.63), and (2.69). To account for solubility change over
pH, the values of thermodynamic dissociation constants K, , need to be estimated(table
4.5). This can be done using solubility equations (2.41), (2.54), (2.58), (2.63), (2.69). Thus,
aqueous solubility m¥ and corresponding pH are substituted in these expressions with
experimental solubility data. Then, the activity coefficients of the species ij and intrinsic
solubility m} (calculated according to equation (2.25) and (2.26)) are introduced.
A comparison of K, and K, allows the conclusion that the behavior of DNP-AA in
aqueous solutions might have greater deviations from ideality than of vitamins in aqueous

solutions.

Table 4.5. Dissociation constants (Ka and K, ), T=298.15 K. Ka values were calculated from pKa reported
in the literature [6, 8, 130, 161, 166-171, 173] or estimated [6, 8]. pKa for this calculation are included in
table 2.1. K, ., were calculated from solubility equations (2.41), (2.54), (2.58), (2.63), (2.69).

Compound Ka, Koy th Ka, Kay tn Ka, Kaz n K, k

as agth
VB2 2.00-102 7.94-102 7.94-107 2.00-107 6.31-10-11 6.31-10-11

VB3acid 8.51-10% 2.24-10-2 1.55-10> 6.31-10°

VB9 417-10% 2.24.103% 4.57-10*% 9.02-10°> 2.00-10> 3.16:107 7.94-10° 6.31-10°

DNP-glycine 1.58-10-3 1.00-10-*
DNP-alanine 3.16-10#4 5.60-10->
DNP-valine 1.26:10 1.40-10-5

DNP-leucine 1.58:103 3.50-10+*

In this modeling, the kijwater was the only parameter fitted for charged species. The
pure-component parameters for charged species were assumed to be equal to their
neutral pendants. The molar masses M of each species were corrected by the number of
protons (added or removed compared to the neutral species). The charge g of each

charged species was considered explicitly in the Debye-Hiickel energy contribution a‘"
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to a"®® (equation (2.80)). The association schemes for charged molecules were chosen
according to the procedure provided already in this chapter. This modeling was
performed using single experimental data points and the major purpose of the procedure
used for the parameter fit was to later predict the whole pH-solubility profile at a given
pH range (approximately 2<pH<7). This could be done only while having the parameters
established for each species (table 4.2). Thus, the accuracy (expressed in ARD%) of the
method considered in the perspective to its application is evaluated just in the following

chapter 8.

Fitting kijto ATPS: components in ATPS

The ki helps describing the non-ideality caused among others by interactions in
ATPS between the components forming the system (PEG - salt ions), as well as of
interplay of a solute (in this work species of DNP-AA and vitamin) with PEG and with salt
ions. The liquid-liquid equilibrium (LLE) and partition coefficients data required for this
modeling were obtained according to the methods described in sections 3.2.2 and 3.2.3.
The modeling procedure of LLE using isoactivity criterion and methodology applied for

partition coefficient determination have been provided in section 2.2.2.

The kij values between PEG and salt ions (Na*, K*, Citrate3:, Tartrate?) were
estimated by fitting them just to one tie-line (TL) of each selected ATPS. In total, three
ATPS (and accordingly to this just three TL in total) were used for the fitting. ATPS
considered for the modeling contained PEG (Mpec = 4000 g-mol-1) and salt (NasCitrate,
KsCitrate, NazTartrate). Since at the pH of ATPS (pH~8), all salts considered in the present
work are solely present as fully dissociated spherical species, methodology for LLE
modeling accounts in this thesis just for fully dissociated salt species and homosegmented
PEG. This conventional strategy used in this work (instead of more complex approach
from the literature [280]) allows later predicting the LLE and can be applied for
partitioning predictions with more reasonable computing time. A very high
computational effort related to ePC-SAFT copolymer approach from the literature [280]
was the factor that has limited further application of this approach in this work for
predicting the partitioning of complex molecules, such as DNP-AA and vitamins that

dissociate into different ionic species in ATPS.
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To eliminate additional effects (e.g. precipitation) during the partitioning that

might be induced by higher solute concentration, aqueous solute solution added to ATPS
contained low concentration of DNP-AA or vitamin. For this reason, modeling of
partitioning involved the activity coefficient at infinite dilution (section 2.2.2). At pH of
ATPS (pH~8), the partitioned solutes considered in this work are present as differently
charged species. According to Lange [328] the dissociation equilibria of components at
infinite dilution can be calculated with pKa (Ka) values (widely available in the literature).
This means, that in this particular case equations (2.74) - (2.76) may be used to calculate
species distribution of DNP-AA. Based on pKa data included in table 2.1 and theoretical
basis given in sections 2.3.1 - 2.3.2, at this pH range, DNP-AA are negatively charged and
present as DNP-AA- (q = -1, apyp_aa-=1). The two pKa values for DNP-AA (namely, DNP-
valine, DNP-leucine) provided in table 2.1 were adjusted to experimental pH-dependent
solubility data. The fitting was done in a way that the pH-solubility profiles calculated with
H-H equations (section 2.3.1) match experimental data measured at different pH values.
A more complex situation regarding the species presence is observed for vitamins due to
the higher variety of their pKa values (table 2.1). The mean charges of all vitamin species

occurring in ATPS at given pH can be depicted in figure 4.5.

Gmean (vitamin)

2 -

3 NP R PR [ P SR R N
012345678 91011121314

pH

Figure 4.5. The mean charge gmean of all vitamin species in aqueous solution (calculated from the ionic
distribution using pKa. values from table 2.1) as a function of pH. Lines: dashed - VB3 (gray - VB3amide black
- VB3add), solid - VB2, dashed-dot - VB9, dotted - VB12. The pH range in ATPS is shown as vertical lines: PEG
- NasCitrate (gray), PEG - NazTartrate (black). The thickness of the vertical lines represents the range of pH
in considered ATPS (Appendix, A4).
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The data in figure 4.5 were calculated using equations derived as presented in section
2.3.2 Thus, based on pKa values vitamin species kinds present in ATPS are VB2, VB3acid-,
VB3amide, VB92- VB93- VB12.

The non-ideality caused by interactions between a solute and ATPS phase formers
was described with ePC-SAFT pure-component parameters and ki parameters fitted just
to one K** of vitamins and DNP-AA partitioned in two (for vitamins) or three (for DNP-
AA) PEG 6000 - salt (vitamins: NasCitrate, Naz:Tartrate, DNP-AA: NasCitrate, KsCitrate,
NazTartrate) ATPS. The kij was fitted just to K;** obtained in one TL of ATPS (the one
closest to the binodal curve). In all, only two (for vitamins) or three (for DNP-AA) K;P*
values for each component were used in this modeling. It is important to mention that all
kij between components present in ATPS were introduced solely to improve the
description of the interactions that can occur in ATPS. Also, like the previously described
fitting method, the accuracy (expressed in AAD for LLE and ARD% for experimental and

predicted K) of the methods considered in the perspective to their application is evaluated

just in the following chapters of this thesis (chapters 9 and 10).
4.1.2. Joint-Parameter Method (DNP-AA)

The pure-component and kij water parameters for neutral DNP-AA included in table
4.1 were estimated using the Joint-Parameter Method (J-PM). The ]-PM has been designed
in this work specifically for the modeling of these compounds. The sets of ePC-SAFT
parameters for neutral DNP-AA were acquired by combining ePC-SAFT parameters of
amino acids (AA; table 4.1) published previously by Held et al [79] and ePC-SAFT
parameters for dinitrobenzene (DNB; estimated in this study and listed in table 4.1). The
parameters for DNB were modeled in the present work using experimental data taken
from the literature (liquid densities p, vapor pressures p) [382, 383]. The results of DNB
modeling that followed the fitting procedure described already in the previous section

(4.1.1) are presented in the Appendix (A5).

In the J-PM the number of segments of DNP-AA (mi) is the number of segments of AA
and DNB summed together. The segment diameter (oi) is an arithmetic average of
segment diameters of AA and DNB. As mentioned at the beginning of section 4.1, also
association schemes were changed (AA: 1/1, DNP-AA: 2/2) in order to account for

additional donor and acceptor sites and this is related to the presence of aromatic ring in

Page 82



Modeling Methods and their Accuracy

DNP-AA structure. The dispersion energy (ui), the association-energy parameter (4,
the association-volume parameter (xAiBi), are assumed to be the same as for AA. The

binary interaction parameters with water (kijwater) for DNP-AA were set to zero.

The J-PM overcomes the problem related to the unavailability of reliable
experimental data for low-soluble DNP-AA. Due to poor solubility, the osmotic coefficients
could not be measured in this work as the detection limits for this technique have not
been met. However, another solubility-independent physicochemical property - liquid
density, was used to characterize the solutions containing DNP-AA. The densities of water
- NaOH - DNP-AA solutions were measured in this work at 7=298.15 - 318.15 K according
to the procedure provided in section 3.2.4. Nevertheless, density data was not enough to
obtain reliable parameter sets with MM and was used just for validation of ePC-SAFT

parameters obtained with J-PM. The results of the validation are presented in figure 4.6.
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Figure 4.6. Validation of pure-component parameters fitted with J-PM: densities p of ternary solutions:
water - NaOH - DNP-AA vs. mole fractions of DNP-AA (xpne-aa) + NaOH  (XnaoH),
at T=298.15K[e], T=308.15K[A],and T=318.15 K [®], p=1 bar. Symbols: experimental, solid lines: ePC-
SAFT modeling using parameters from table 4.1 and table 4.2.

ePC-SAFT parameters used to calculate the density of these ternary solutions are included
in table 4.1 (DNP-AA, water) and table 4.2 (Na*, OH-). The experimental density data and
ARD% values for the modeling are included in the Appendix (A3). The highest deviation
calculated with equation (4.14) for densities measured at the temperature range of
T=298.15 - 318.15 K was ARD%=0.08 (water - DNP-leucine - NaOH). The average value
of relative deviation (ARD%=0.05) calculated for all amino acids together was equal for

each temperature considered in this test (7=298.15 K, T=308.15 K, and T=318.15 K).
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4.2. Caloric properties

Melting properties necessary for SLE modeling that were taken from the literature or
estimated in this work are listed in table 4.6. For DNP-AA and the least soluble vitamins
among all considered in this study, namely VB2, VB9, and VB12, it was not possible to find

all required melting properties in the literature.

Table 4.6. Melting properties of DNP-AA, DNB, and vitamins, obtained from the literature, or estimated in
this work (TW).

AL HO AL Cp0
Component Ty [K] [k;;mrg’f] []/E:nci?ly-nl‘(l)] Ref.

DNP-glycine#1 478.15 27.02 n.a. TW, [127, 128, 130]
DNP-alanine#1 451.15 25.49 n.a. TW, [127-130]
DNP-valine#1 458.15 25.89 n.a. TW, [127-129]
DNP-leucine#! 476.15 269 n.a. TW, [127, 128]
DNB 363 17.36 60.84 [384-386]
VC#2z 465.15 29.12 43 TW, [64]
VB2#1 553.15 31.25 n.a. TW, [183]
VB3acid 509.91 28.2 38 [150, 182]
VB3amide 401.15 28 78.12 [65]
VB9#1 523.15 29.56 n.a. TW, [184]
VB12#1 665.15 37.58 n.a. TW, [387]

#1 AL HD ; calculated in this work (TW) with Walden Rule (AL Hyp, ; = A%,.Sp, ;-AT,, ;) using an established
value AL.S9 = 56.5 ]/(mol-K)
#2 Aot Cpm® estimated in this work (TW) using solubility data in T = 293.15-323.15 K.

While melting points T,,; were in general available in the literature for all

components considered in this work, the melting enthalpies AL.H) ; needed to be

i
estimated in this work using Walden Rule [388]. This method relies on the estimation of
AL HY, using the average value of melting entropies of some organic compounds (among
others 1,3-chloronitrobenzene which has a similar structure as DNB). Walden Rule has
been used in previous solubility studies and it seems to be appropriate also for the
purpose of this work [82]. The reason for obtaining data with this technique is the

difficulty in getting reliable experimental melting enthalpy data. Also, according to

observation reported in the previous publication for DNP-AA, some molecules can course

Page 85



Modeling Methods and their Accuracy

decomposition while melting [129]. This inconvenience is also expected to occur for

vitamins [151, 389-392]. The change of heat capacity AéTCpfnli could be provided only for
VC, VB3acid gnd VB3amide, That is, for all four DNP-AA, VB2, VB9, and VB12 the value had to
be neglected in the modeling. AéGCfn,i was fitted with ePC-SAFT to experimental

solubility data in temperature range T = 293.15-323.15 K from the literature [149].
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5. Experimental Aqueous

Solubility of Biomolecules

This chapter presents experimental aqueous solubility results measured for
DNP-AA and vitamins. For the correlation and evaluation of experimental data
approaches based on the theoretical basis from chapter 2 were used. These
were the H-H equation-based solubility equations derived for the studied
components and expressions for the species distribution calculations. In the
following, the effects on solubility in water caused by different factors (pH,

temperature, covitamin presence) were discussed.
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5.1. Experimental Results: Amino Acid Derivatives

This section presents experimental solubility results which were obtained for DNP-
AA (DNP-glycine, DNP-alanine, DNP-valine, DNP-leucine) at constant temperature
T=298.15 K+0.1 K and pressure p=1 bar, according to the methodology given in section
3.2.1. The discussion given in the following sections 5.1.1-5.1.2 covers the evaluation of
the solubility of a homologous series of DNP-AA (section 5.1.1) and shows the pH
influence on the course of experimental solubility curves of DNP-AA (section 5.1.2). The
results of the measurements of DNP-AA solubility in water (7=298.15+0.1 K and p=1 bar)
accompanied by ARD% values, with and without the usage of pH-adjusting agents, are
presented in Appendix (A6). Additionally, section 5.1.3 provides a reasoning of studying
in this work the solubility of DNP-AA at constant temperature (7=298.15 K+0.1 K) by
providing a brief comparison of temperature vs pH effect on solubility. Data required for

this analysis are also included in Appendix (A6, table A6.3).

Experimental measurements were an essential part of the present work that allowed
achieving the objectives of the study. This subchapter refers to experimental data
measured in this work that for clarity reasons were placed into Appendix (A6). The
discussion presented in the following uses the figures based on the results of multiple
measurements that were grouped into tables A6.1, A6.2, and A6.3, in the Appendix (A6).
It was done according to the scheme shown in figure 5.1 that has been provided with the
intention to facilitate finding the experimental background of data plotted and discussed

in the next sections (5.1.1, 5.1.2, 5.1.3).

Solubility in water at T=298.15 K and p=1 bar
——— DNP-glycine (Appendix, table A6.1)

DNP-alanine |:> pH-dependent solubility at T=298.15 K and p=1 bar
DNP-valine (Appendix, table A6.2)
~ DNP-leucine Solubility at T=308.15 K, p = 1 bar and T=318.15K, p = 1 bar

(Appendix, table A6.3)

Figure 5.1. Experimental solubility data measured for DNP-AA in this work plotted in figures and discussed

in subchapter 5.1 (Appendix).

5.1.1. Intrinsic Aqueous Solubility at Constant Temperature

At first, DNP-AA solubility measurements were performed without the addition of

any acidity or basicity modifier (i.e. HCl, NaOH). The pH values of DNP-AA saturated
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solutions were = 3. At this pH, an aqueous solution of DNP-AA contains neutral and
negatively charged species j (in this case j are neutral DNP-AA or charged DNP-AA-). Each
species of DNP-AA can differently behave in aqueous solution and thus lead to a difference
in the experimental solubility value of DNP-AA, m5yp_44, that has been defined by
expression (2.36). For a better understanding of DNP-AA solubility, very relevant at this
point is to obtain equilibrium concentrations of DNP-AA in solutions where only neutral
species occur. The solubility of neutral species of DNP-AA, called intrinsic solubility
(mé‘DNP_AA), is defined with the previously shown equation (2.35). Intrinsic solubility
data allows better solubility comparison within the DNP-AA homologous series since a
saturated solution of each DNP-AA reaches different pH when being at equilibrium.
Otherwise, the differences in DNP-AA experimental solubility m5yp_44 caused by the pH

effect could lead to wrong assumptions.

In this work, experimental solubility data mky,_,4 (Appendix, A6) and pKa values
from table 2.1 substituted to solubility equation (2.38) based on idealized H-H equation
allowed calculating the molality of neutral DNP-AAi.e.m{ ,yp_a4 if solely neutral species
(DNP-AA) are present in the solution at equilibrium. The results of m§ ,yp_44 calculations

are included in the Appendix (table A6.4) and are graphically presented in figure 5.2.

3.5
3.0
25
2.0
1.5
1.0

T 1T T Tl

0.5

L -1
mg pnp-aa/MmMol-kg

s

DNP-glycine DNP-alanine DNP-valine DNP-leucine

i

Figure 5.2. Intrinsic aqueous solubility of DNP-AA m{ ,yp_44. Intrinsic solubility was calculated from
experimental solubility data obtained in this work at T=298.15 K and p=1 bar and pH=3.42 (DNP-glycine),
pH=3.09 (DNP-alanine), pH=3.17 (DNP-valine, DNP-leucine) (Appendix, A6.4). The calculations were
performed using experimental solubilities, pKa values from table 2.1, and solubility equation (2.38). ARD%

of experimental solubility data <5.1.
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Based on figure 5.2 the trend of DNP-AA solubility (assuming the same trend of
mé,DNP—AA and méNP—AA at constant pH) is the fOHOWing: mgNP—alanine> mLL)NP—valine >
mf,NP_glycine and M5y p_jeucine- Undoubtedly, DNP-alanine is the most soluble among the

four studied DNP-AA. However, which DNP-AA from the two least soluble (DNP-glycine
or DNP-leucine) has higher solubility, is not clear enough from inspection of figure 5.2.
The difficulty results from the fact that the differences in the solubility of these two DNP-
AA are within experimental uncertainty (ARD%x<5.1). If comparing the results obtained
in this work for DNP-AA with solubility data reported in the literature for aliphatic AA [81,
393, 394], it can be deducted that DNP-AA do not follow the same solubility trend as AA,

. L L L L . s
1.e. My1ycine< Mi_aianine < Mi-valine < ML -leucine- Besides that, the solubility of each DNP-

AA is also of lower magnitude than for its parent aliphatic AA.

Possibly, the differences in solubility of DNP-AA are related to the molecular
structure of the compound and the melting properties values (provided in table 4.6),
which if different, will lead to different solubilities. More precisely, both melting points
and solubility can be influenced by the intermolecular forces. Higher melting points result
from stronger intermolecular bonds and this can mean that breaking them during
dissolving can be also more troublesome. If the aqueous solubility trend of DNP-AA
(decreasing m5yp_44) follows the reverse trend of melting properties (increasing
Tnpnp-a4), then DNP-alanine should be the one which dissolves easiest in water (the
lowest Ty, pyp-a4)- DNP-AA considered in this work with a second lower Ty, pyp—aa is
DNP-valine. In fact, this trend fits the result presented in figure 5.2. Melting properties
and the solubilities of DNP-glycine and DNP-leucine are too alike to conclude if they follow

this relation.

Even if there is some correlation in the trends of both properties T, pyp-44 and
mEyp_aa, the reason of lower mhyp_ 44 (if comparing to mk, of aliphatic AA) lies mostly
in lower similarity of DNP-AA to solvent (water) than it is for aliphatic AA - water.
Nonpolar solutes dissolve better in nonpolar solvents, and in contrast to that polar solutes
dissolve better in polar solvents [57]. The presence of the aromatic dinitrophenyl group
in DNP-AA structure may likely influence the intermolecular forces in a way that
dissolving DNP-AA in water is more difficult than dissolving aliphatic AA in water. For this
reason, in that case, the similarity to the solvent (water) seems to play a major role. This

can be explained by the hydrogen bonding of the molecule. A proof that the similarity of a
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compound to solvent more probably relates to DNP-AA solubility can be provided if
comparing the melting temperature of each DNP-AA (T, pyp-a4 ) and its parent aliphatic
AA (T, 44)- Each of these aliphatic AA has much higher melting temperature if comparing
it to DNP-AA. However, parent aliphatic AA have higher solubility than DNP-AA. This
comparison is based on melting data published for L-alanine and glycine by Chua et al.
[395] and solubility data reported in the literature [168-170]. However, based on
observations from this section, the conclusion is the following; if T,,, ; data is given for a
separate group of homological compounds e.g. DNP-AA or AA series, then there can be
found some indirect correlation for each series. Possibly this behavior originates from the

presence of similar molecular interactions influencing both properties.
5.1.2. Influence of pH on Aqueous Solubility

The solubility of DNP-AA changes with pH in a way that the presence of ionized
molecules (charged DNP-AA) with the pH increase of a solution, leads to an increase of
DNP-AA solubility m5yp_44. This observation is based on figure 5.3 that shows
experimental pH-dependent solubility data measured according the procedure from
section 3.2.1 (Appendix, table A6.2). The pH-dependent theoretical solubility curves of
DNP-AA were calculated using an idealized H-H-based approach by means of intrinsic
solubility m§ pyp_aa (obtained using experimental data like described in the previous
section 5.1.1), pKa values from table 2.1, and solubility expression (2.38) that is based on

H-H equation.

Figure 5.3 shows that there is a different acid-base character of DNP-AA if comparing
it to aliphatic parent AA. These parent AA (glycine, alanine, valine, leucine) are known to
be amphoteric[373, 393, 394, 396], while DNP-AA behave just like acids. Thus, the
solubility of DNP-AA decreases at very low pH values. Also, Ramachandran et al. report
that there are just single pKa values for each DNP-AA [130]. According to the species
distribution calculations performed using equations (2.70) and (2.71), around pH~6 all
DNP-AA are solely present in an aqueous solution as negatively charged (DNP-AA-)
species (figure 2.1).
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Figure 5.3. Experimental solubilities m&yp_ 44 as a function of pH, determined at T=298.15 K and p=1 bar.
The symbols: experimental data measured in this work (Appendix, table A6.2), the lines: pH-solubility
curves calculated with H-H-equation-based expression (2.38); DNP-glycine (dashed), DNP-alanine (dotted),
DNP-valine (dashed-dotted), DNP-leucine (solid).

5.1.3. Combined pH and Temperature Effect on Aqueous Solubility

The pH effect is often neglected in studies that report solubility data. In contrast to
this, the temperature at which data have been determined is usually provided. The main
purpose of this work was to study the solubility of DNP-AA at constant temperature
T=298.15+0.1 K and p=1 bar. However, just to provide an idea of the importance of pH
effect, figure 5.4 presents a comparison of solubility increase after pH and temperature
change. Since solubility data of DNP-AA could not be found in the literature, only for the
purpose of this comparison, the two additional aqueous solubility data points for each
DNP-AA were measured in this work: at T=308.15£0.1 K, p=1 bar and 7=318.15%0.1 K,
p=1 bar (without additives). The procedure was analogous to the description provided in

section 3.2.1. These data are also included in Appendix (table A6.3).

Page 92



Experimental Aqueous Solubility of Biomolecules

15— 35—
a 208.15 K L b 298 15K
‘-}2’ L ‘_E) 30 _—
—_ - 25 -
S 10 E f
£ g 20+
~ o ~ o
p 2 15
g £ i 298.15K
3 5| 298.15K = 0
g 318 15 K g ~ Stk
—'EO 308.15 K JED 5
29815K m 59815K30815K W
0 0
pH.3.42 3.16 301 . pH: 309 2. 7 275 4.0 4.5
35~ 15
L c d 208.15 K
- 30f R -
o L 298.15 K 2
= o25( o
S _ S 10k
£ E
£ 20 £
2 15+ g
¢ 100 298.15 K 8 5 298.15K
s g 318.15K
L8 - 318.15K L& 308.15 K
. 5@315K3°B15K ﬁ S 29815K ’*‘
0 0
pH: 317 3. 2.87 4.0 4.5 pH.3.17 3.08 2.92 4.0

Figure 5.4. Influence of pH and temperature on experimental solubility m%yps_44 of DNP-AA (a - DNP-
glycine, b - DNP-alanine, c - DNP-valine, d - DNP-leucine). White bars: data obtained at 7=298.15 Kand p=1
bar, without any additive at pH of the saturated solution (pH ranged from 3.09 - 3.42). Light gray bars: data
obtained at T=308.15 K, p=1 bar and T=318.15 K, p=1 bar, without any additive at pH of the saturated
solution (pH ranged from 2.75 - 3.16). Dark gray bars: data obtained at 7=298.15 K and p=1 bar, pH=4 and
pH=4.5 (for better comparison between each DNP-AA), using solubility curves from figure 5.2 (calculated

with equation (2.38) based on experimental solubility and pKa values from table 2.1).

The main conclusion from figure 5.4 is that just a slight DNP-AA solubility increase is
observed when changing the temperature of 10 K or 20 K. However, if the pH of DNP-AA
solution increases only of 0.5 units (from pH = 4 to pH = 4.5), then more than a double
increase of the DNP-AA solubility is obtained. Besides that, if the solutions are not
buffered, then dissolving more acid leads also to a decrease in pH. Thus, increasing the
temperature allows to dissolve more DNP-AA, but also leads to the pH change (as shown
in figure 5.3 such pH change also causes DNP-AA solubility decrease). For this reason, if

the measurements are performed at different temperatures and in non-buffered DNP-AA
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solutions, the two effects of pH and temperature are coupled and hard to separate. These
are the reasons why the temperature effect on DNP-AA solubility has not been further
studied in this work and all the measurements were performed at constant temperature

T=298.15+0.1 K.
5.2. Experimental Results: Water-Soluble Vitamins

This section provides the results of experimental aqueous solubility obtained for
water-soluble vitamins VC, VB2, VB3acd VB9, VB12, at constant temperature
T=298.15%0.1 K and pressure p=1 bar, according to the methodology given in section
3.2.1. The results are presented in the Appendix (A7) and accompanied by ARD% values.
The discussion included in the following at first involves the evaluation of the vitamin
solubility in saturated aqueous solutions without pH adjustment (5.2.1). In further
sections, it also presented the influence of different factors on vitamin solubility such as
pH (5.2.2), temperature and pH combined (5.2.3), and the presence of covitamin (5.2.4).
The combined temperature and pH effects are based on a comparison of VC, VB2, and VB3
solubility data obtained in this work at T=298.15 K with solubilities reported in the
literature [148-150] at different temperatures than in the present study.

This subchapter refers to experimental data measured in this work that for clarity
reasons were placed into Appendix (A7). The discussion presented in the following uses
the figures based on the results of multiple measurements that were grouped into tables
A7.1,A7.2,and A7.3, in the Appendix (A7). It was done according to the scheme shown in
figure 5.5 that has been provided with the intention to facilitate finding the experimental

background of data plotted and discussed in the next sections (5.2.1, 5.2.2, 5.2.3, 5.2.4).

(Appendix, table A7.1)

VB3acid pH-dependent solubility at 7=298.15 K and p=1 bar
soluble (Appendix, table A7.2)

VBaamlde
vitamins - “ . .
/L Solubility upon addition of covitamin at T=298.15 Kand p = 1 bar
VB12 (Appendix, table A7.3)

Figure 5.5. Experimental solubility data measured for water-soluble vitamins in this work plotted in figures

Ve |:> Solubility in water at 7=298.15 K and p=1 bar
\ ~ VB2
water

and discussed in subchapter 5.2 (Appendix, A7).
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5.2.1. Intrinsic Aqueous Solubility at Constant Temperature

At first, the vitamin solubility measurements were performed without the addition
of acidity or basicity modifier (i.e. HCl, NaOH). The pH values of vitamin saturated
solutions ranged from pH=1.93 to pH=5.75 (Appendix, table A7.1). Analogically to the
reasoning given already in section 5.1.1 (concerning DNP-AA), for a better understanding
of vitamin solubility, very relevant at this point is to consider equilibrium concentrations
for vitamin neutral species in solutions where only these occur. Intrinsic solubility data

allow better solubility comparison within different vitamins.

In this work, experimental solubility data m%;,,,.; (Appendix, table A7.1) and pKa
values from table 2.1 substituted to accordingly transformed H-H-based solubility
equations from section 2.3.1 allowed calculating the intrinsic solubility of vitamin
MG pitamins SO the solubility if solely neutral vitamin species are present in the solution at
equilibrium. Upon the pKa values from table 2.1 and calculations of species distribution
performed based on section 2.3.2, only the three vitamins VC, VB3acid, and VB12, were
present in their saturated solutions (VC: pH=1.94, VB3acid: pH=3.42, VB12: pH=5.55) as
solely neutral species. Thus, in this case, experimental solubility measured for VC, VB3acid,

and VB12 is intrinsic solubility.

The species distribution calculated for VB2 at non-adjusted pH of saturated solution
showed that although this vitamin can exist in aqueous solution at pH=5.68 as both
neutral and charged species (q=0, g=-1), experimental solubility value measured for VB2
is quite alike to intrinsic solubility value. Experimental value for VB2 is assumed to be
close enough since ARD% between them (ARD%max between mbz, and calculated m§ 5,
<4.08) is in the range of experimental uncertainty (ARD%<5). Thus, experimental

solubility value measured for VB2 can be also be treated as intrinsic solubility.

More troublesome situation than in above cases concerns VB9, which in its saturated
solution (pH=4.28) was present almost solely as charged species (qg=-1, g=-2). Since VB9
is only marginally soluble in water (mbgzy = 1.07 - 10~* mol - kg™1), a higher experimental
deviation is expected. This can be confirmed with a high divergence in experimental
solubility values reported in the literature [148]. The experimental solubility deviation
from calculated intrinsic solubility (mf,zo = 4.16 107> mol - kg™') is higher than

ARD%=4.08, however, the calculations performed with equation (2.68) strongly depend
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also on reliability of pKa values. Besides that, still a need of trustworthy experimental
solubility value is of importance. For this reason, the assumption that intrinsic solubility

of VB9 m{ 5o~ 0 was in this case feasible.

Experimental aqueous solubility data for all considered vitamins, which were
measured in this work at 7=298.15+0.1 K and p = 1 bar, together with the corresponding
pH values, are given in the Appendix (table A7.1). mé’vitamm plotted in in figure 5.6 were
calculated with equations based on idealized H-H-based expressions (section 2.3.1) using
pKa data (table 2.1). Experimental solubility values mk;, ..., measured for VC, VB2,
VB3acid VB12 in pure water were comparable with calculated intrinsic solubility values
MG pivamin (ARD% <4.08 between experimental My, and calculated mg.iramin)-
Although ARD% between experimental m{ o and calculated mg 5o for VB9 = 4.08, the
assumption that m§ 3o = 0 was made since VB9 is just marginally soluble. According to
figure 5.6 and common terms used in literature to describe the solubility in water, just
one vitamin studied in this work (VC) is freely soluble. While VB3 and VB12 can be still
classified as sparingly soluble, VB2 and VB9 are already considered as practically
insoluble. More precisely, the order of vitamin solubility is the following mf¢ > M{gzacia

> Mpp1, > Mg, > mbpe (assuming the same trend of Mg,y qmin and M5 min at constant

pH).
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Figure 5.6. Intrinsic solubility of vitamins m ,;;qmi determined in pure water at T=298.15 K and p=1 bar
(Appendix, A7.1). ARD%¢<r<4.56. pH of saturated solutions: pH=1.94 (VC), pH=5.68 (VB2), pH=3.42
(VB3acid), pH=4.28 (VB9), pH=5.55 (VB12).
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The solubility trend (figure 5.6) could be correlated to melting points if compounds
belonged to homologous series. Since molecular structures of vitamins diverge a lot, it is
rather not expected that the melting properties will show a correlation with solubility
data of each vitamin. Namely, it seems not possible to find out the solubility trend of
vitamins (considered in this work) based on melting data. According to table 4.5 the
melting temperatures of vitamins follow the order Ty, yp12> Tinvp2 > Tmvee > Tmve3acia >
T vc- This trend fits the previously given observation for DNP-AA (section 5.1.1) that
smaller molecules with polar bonds and with lower melting temperatures, have also
higher solubility (VC, VB3acid) than the big ones (VB12). Thus, more possible is that one of
the factors that rule water-soluble vitamin solubility is the complexity of molecular
structure, as well as the presence of hydroxyl- and carbonyl groups and different
interactions (e.g. hydrogen bonding). The latter, namely hydrogen bonding, is in general

convenient for aqueous solubilization.
5.2.2. Influence of pH on Aqueous Solubility

In this work, experimental data on pH-dependent vitamin solubility in water was
obtained at T=298.15+0.1 K and p=1 bar according to the procedure described in section
3.2.1. The results of measurements are included in Appendix (table A7.2). The three
amphoteric (VB2, VB3acid, VB9, and VB12) and one acidic (VC) water-soluble vitamins
were considered. The solubility of vitamins changes with pH in a way that the presence of
charged species after the pH increase (amphoteric, acidic vitamin) or the pH decrease
(amphoteric vitamin) leads to the improved vitamin solubility mZ%;, ,...... This observation
can be seen in figure 5.7 that presents experimental pH-dependent solubility data

measured in this work.

The pH-dependent theoretical solubility curves shown in figure 5.7 were calculated
by means of intrinsic solubility mg ;;amin (Section 5.2.1), pKa values from table 2.1, and
solubility expressions from section 2.3.1 that are based on idealized H-H equation. These
results are only valid if no additional vitamins are added to the saturated water + vitamin
solutions, i.e. just for binary water + vitamin systems. In general, reasonably accurate
description of the pH-solubility profiles of vitamins under investigation can be obtained
using idealized H-H-based solubility equations and the pKa values presented in this work

(table 2.1). However, despite a good agreement between experimental and theoretical
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solubility profiles for most vitamins (VC, VB3acid, VB9, and VB12), the VB2 solubility

profiles calculated with equation (2.57) do not match the experimental data at pH > 5.5.
Equation (2.57) was derived in case amphoteric VB2 has just the two pKa values reported
in the literature (table 2.1; pKa =1.7 and pKa =10.2) [167]. There might be many reasons
for the unexpected experimental solubility profile of VB2 [170]. However, one simple
argument might be the existence of one additional pKa value as explained in section 2.3.1.
By means of Chemicalize - ChemAxon online tool and confirmed with the literature [168,
173] one additional pKa value (pKa=6.1) applied to equation (2.62) enables the accurate

description of experimental VB2 solubility data.
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Figure 5.7. Experimental vitamin solubilities m%;,,,.;, as a function of pH, measured at T=298.15 K, p=1
bar.a-VC,b-VB2,c,d- VB9, e-VB3acd, f- VB12. Data from this work (black squares) or from the literature
(open symbols) [40, 42, 155, 156]. Dashed lines represent theoretical pH-solubility curves estimated with
idealized H-H-based solubility equations (section 2.3.1). Special case: VB2 with pKa 1.7 and 10.2 (dotted
line), pKa 1.7, 6.1, and 10.2 (dashed line). Solubility profile of VB9 is presented at two scales, normal (for

better visibility in which region a significant increase of solubility is expected) and logarithmic (for better

data comparison between different sources).
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Incomplete and possibly inconsistent data on aqueous solubility of vitamins is the
biggest problem emerging in literature. For VB9 some solubility data are already
published in the literature, however, deviations between data found in different sources
are large and reach ARD%=300 [42, 148, 155, 156]. This might be related to the fact that
VB9 is practically insoluble in water and measuring very low solubilities is accompanied
with high relative uncertainties. Anyhow, using the pKa values from the literature [161,
171] and idealized H-H-based solubility equation (2.68) allows calculating a reasonably
accurate pH-solubility profile for VB9. This profile matches the experimental data
reported elsewhere at T = 298.15 Kand p = 1 bar [156], as well as data measured in this

work.
5.2.3. Combined pH and Temperature Effect on Aqueous Solubility

The pH effect is often neglected when studying the effect of temperature on
solubility. The present work is focused on the aqueous solubility of vitamins at constant
temperature 7=298.15+0.1 K and p=1 bar. However, both pH and temperature can
influence vitamin solubility. There are some data available in literature measured at
different temperatures than 7=298.15 K. Nevertheless, studies on temperature influence
on vitamin solubility are relatively scarce in literature and involve just the solubility of
VC, VB3acid, and VB2 among all considered in this work. Additionally, in these publications,
only solubility data for VB3acid has been reported together with the pH of saturated

solutions.

In this section, solubility data at different temperatures obtained from the literature
[148-150] for VC, VB3add, and VB2, have been compared to experimental solubility
measured in this work at 7=298.15+0.1 K. The temperature influence on the solubility of
the two most soluble vitamins (VC, VB3acid) is presented in figure 5.8. According to figure
5.8, and as expected, the increase in solubility of VC and VB3acid upon increasing the
temperature is observed. By increasing the temperature of 25 K, namely from T=298.15 K
to T=323 K, it is possible to double the solubility of VC and VB3acid, The temperature can
influence the pH of aqueous solution during the solubilization. This was confirmed in the
literature for VB3acd solubility [150]. The same observation was made in section 5.1.3
based on experimental aqueous solubility of DNP-AA (Appendix, table A6.3). In the work
published by Gongalves et al. [150] the increase in temperature of 34 K (from T=298.15 K
to T=332.01 K) led to a lower pH of 0.3 unit (from pH 3.42 to pH 3.12). This can be related
- pageto0
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to the fact that more acid dissolved in the aqueous solution after increasing the
temperature, leads to the higher hydrogen ion activity (leading to alower pH value). Thus,
the major drawback of solubility data for VC that was taken from the literature and
presented in figure 5.8 (gray bars) is lack of the pH measured for saturated solutions. The
pH effects observed for each vitamin considered in this work have been already discussed

in section 5.2.2.

& 323K
o 3+
-
5 L
E 2
~_ “[298.15K
t
JE> 1
B 323K
298.15K
0 — 1
VC VC vB3acid vB3acid
pH: 1.94 n.a. 3.42 3.22

Figure 5.8. Temperature influence on VC and VB3aid aqueous solubility mb. and mf ;4.4 based on data
determined in this work at T=298.15 K and p=1 bar (white bars) and data from the literature [149, 150] at
T=323 K and p=1 bar (gray bars), pH of vitamin saturated solutions provided under the figure. Data from

the literature measured for VC has not been accompanied by pH values of saturated solution.

One of the reasons for studying the influence of pH on the aqueous solubility of
vitamins raised from the observation presented in figure 5.9. It shows the pH and the
temperature effects on VB2 solubility using data measured in this work and from the
literature [148]. Data reported in the literature at 7=310.15 K have not been accompanied
by the pH of saturated solution and this is the major drawback for this evaluation.
However, approximately double solubility increase can be observed when changing the
pH of a solution of 1 pH unit (from pH=5.68 to pH=6.68) than if increasing the
temperature of 12 K (from 7=298.15 K to T=310.15 K). The same solubility enhancement
of VB2 caused by pH or temperature can be observed by changing the pH of only ~0.5 pH
units (from pH=5.68 to pH=6.15) or after increasing the temperature from 7=298.15 K
(data from this work) to T=310.15 K (data from the literature [148]). The solubility

calculations for each pH increase were obtained with idealized H-H-based solubility
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equation (2.62). Increasing the pH over changing the temperature could be especially

beneficial for other vitamins, e.g. VB9 that can undergo some structural changes if
exposed to the heat [389, 397, 398]. Probably due to a temperature sensitivity found in
the literature for VB9, there is no VB9 solubility data that could allow evaluating the

combined pH and temperature influence on VB9 solubility.

1.0~ 298.15 K

0.6
310.15 K 298.15K
| 208.15K

0.4

o, | mmol-kg

L

m,

0.2

pH 5.68 n/a

Figure 5.9. Combined pH and temperature effect on VB2 aqueous solubility mb g, based on data determined
in this work at T=298.15 K and p=1 bar (white bars), data from the literature at 7=310.15 K and p=1 bar
(light gray bar)[148], and data calculated from experimental solubility and pKa values from table 2.1 using
idealized H-H-based solubility equation (2.62) (dark gray bars). While temperature values are provided
above the bars, the values of pH of saturated solutions are given under the bars. The pH value corresponding

to solubility data point obtained from the literature [148] has not provided.
5.2.4. Influence of Covitamin on Aqueous Solubility

Some solubility data of vitamins with coexisting vitamins, so-called covitamins [399,
400], are already available in the literature at high covitamin concentrations [42, 153,
154, 175-177]. Covitamins might show a hydrotropic behavior [175]. To cover all the
possible effects (resulting from the pH and cross-interactions), solubility data at a wide
range of covitamin concentration were required in addition to the few existing literature

data.

The aqueous solubility of poorly water-soluble vitamins (VB2, VB9, and VB12) at
T=298.15 K and p=1 bar upon addition of better-soluble covitamins (VC, VB3acid, VB3amide)
was measured according to the procedure described in section 3.2.1 and these data are

included in Appendix (table A7.3). These data are accompanied by the corresponding pH
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of the solutions and ARD% values. The concentrations of covitamins used in this study

were: Mygsgeia = 0.05 — 0.1 mol - kg™, mypsamize = 0.1 — 0.2 mol - kg™, my, = 0.5 —
1 mol - kg™. The pH values of vitamin saturated solutions mixed with covitamins ranged
from pH~2 to pH~6 (pHvB2+covitamin = 1.91-6.43, pHvB9+covitamin =5.32-6.00, and
pHvB12+covitamin=3.43 -6.4). Figure 5.10 shows experimental solubilities of VB2 (figure
5.10a), VB9 (figure 5.10b), and VB12 (figure 5.10c), upon addition of VB3acid VB3amide or

VC, to the respective aqueous vitamin solutions.
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Figure 5.10. Experimental aqueous solubility of vitamins VB2 (a), VB9 (b), and VB12 (c), measured in this
work at T=298.15 K and p=1 bar in pure water (white bars) and upon addition of covitamins VB3acid (light
gray bars), VB3amide (dark gray bars), and VC (patterned bars). Additional solubility data point for VB9

(mvBsamide = 0.91 mol-kg!) was taken from the literature [42]. The numbers above the figures are the pH

values of the saturated solutions.
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In general, the solubility of vitamins is related to the concentration of covitamin
introduced to vitamin solution and to the covitamin and vitamin types itself. Based on the
data presented in figure 5.10, it can be observed that covitamin VB3amide strongest
enhances the solubility of VB2, VB9, and VB12. About a 5-fold higher concentration of
covitamin VC than VB3amide js required to increase the solubility of VB2 to the comparable
level. The advantage of using VB3amide gyer VC is better highlighted in figure 5.11 where
the experimental solubility obtained in this work is joint with data available from the
literature. The solubility enhancement levels upon addition of covitamins vary, and they
can be very different for each vitamin. The same concentration of covitamin VB3amide
(mvB3amide= 0.91 mol-kg'1) added to aqueous solutions of VB2 and VB9, leads to about 100-
fold solubility enhancement of VB9, while for VB2, a 15-fold increase is observed.
Moreover, covitamins VC and VB3acd added at comparable concentrations have less

influence than VB3amide on VB2, VB9, and VB12 solubility.

=

o
|

<

/ mmol-kg”
o
o
I
o

=

o
|
<&

L
VB2
T

m
g
o

|
<

o
o
L 4
Y

0.0 0.5 1.0 15 2.0
m / mol-kg™

covitamin

Figure 5.11. Experimental aqueous solubility of VB2 upon addition of covitamins VB3amide (diamonds) and
VC (circles), at T=298.15 K and p=1 bar. Black symbols - this work, white symbols - literature [153, 177].
The pH of solutions from this work (black symbols) are provided in figure 5.10. The pH of solutions from
the literature: pH~6.4 for VB2 + VB3amide - white diamonds (involves all these data since the pH has not been
precisely specified for each solution); pH=1.8 for VB2 + VC - white circle. Note that data from reference
[153] was reported at T = 303.15 K, however this causes only slight deviation to the solubility at
T=298.15 K.

The dissimilarities in the effects of covitamins on vitamin solubility enhancement are

possibly related to the differences in the interplay of different factors, e.g. pH and
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interactions. The so-called (in the literature) “hydrotropes” might cause pH changes that
strongly influence molecular interactions, species distribution, or even both. The strength

of these factors is evaluated in detail in section 8.3 of this work.
5.3. Conclusion

In this chapter, the aqueous solubility of four DNP-AA, namely DNP-glycine, DNP-
alanine, DNP-valine, and DNP-leucine, as well as five vitamins VC, VB2, VB3acid VB9, VB12,
has been experimentally evaluated, at T = 298.15 K and p = 1 bar. The results of pH-
dependent solubility obtained after addition of HCl or NaOH have been presented.
Intrinsic aqueous solubilities and pH-solubility curves were determined using
experimental data, pKa values from the literature, and idealized H-H-based approach.
Additionally, the influence of pH and temperature, as well as the combined effect of these
two factors on DNP-AA and vitamin solubility in water, were considered in the present
study. In the end, the enhancement of aqueous solubility of low-soluble vitamins (VB2,
VB9, and VB12), at T = 298.15 K and p = 1 bar, after the addition of covitamins (VC,
VB3acid, B3amide) was discussed.

In regards to DNP-AA, the solubility trend observed was as following m5yp_4ianine™>
MpNp-vatine > MHNp—giycine AN MPyp_ioycine- This was rather unclear which DNP-AA
from the two least soluble (DNP-glycine or DNP-leucine) has higher solubility since the
difference in solubility of DNP-glycine and DNP-leucine was within the experimental
error. The aqueous solubility trend of DNP-AA (decreasing m%yp_44) follows the reverse
trend of melting properties (increasing T, pyp-44)- Based on data from the literature for

aliphatic AA, the solubility trends observed for DNP-AA and AA do not match (mglycme<

MY _ granine < My —vatine < Mr—leucine)- Also, the solubility of each DNP-AA is of lower
magnitude than for its parent aliphatic AA. The difference between DNP-AA and aliphatic
amino acids is also in the dissociation equilibrium. In contrast to aliphatic amino acids
that are amphoteric, DNP-AA are acidic components. Thus, a decrease of the pH leads to a

lower DNP-AA solubility, while an increase of the pH enhances the solubility of DNP-AA.

A slight DNP-AA solubility increase is observed when changing the temperature of 10
K or 20 K (from T=298.15 K to T=318.15 K). In contrast to that, if the pH of DNP-AA
solution increases of 0.5 units (from pH=4 to pH=4.5), there is more than a double

increase of the DNP-AA solubility. In non-buffered DNP-AA solutions, the increase of
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temperature causes the improvement of aqueous solubility of DNP-AA, however, due to
dissolving more of acidic DNP-AA leads also to a decrease in the pH. For this reason, it is
very important to consider the pH effect while studying the temperature influence on

DNP-AA solubility in non-buffered aqueous solutions.

The observed trend of vitamin solubility in water is the following mb.> mbg2,.i4 >
mbgi, >mbg, >mkg,. The melting properties could not be correlated with solubility data
of each vitamin since the molecular structures of vitamins are very diverged. Thus, it was
not possible to find the solubility trend of vitamins based on melting data. The vitamins
considered in this chapter were either acidic (VC) or amphoteric (VB2, VB3acid, VB9, and
VB12). This means that in all cases, an increase in pH could enhance the solubility of a
vitamin. Except for VC, the solubility was improved by decreasing the pH. Curves obtained
with pKa values from the literature and idealized H-H-based solubility equations have

shown a very good fit for the pH-dependent experimental data obtained for vitamins.

Based on data from the literature, by increasing the temperature of 25 K, namely
from T=298.15 K to T=323 K, it is possible to double the solubility of VC and VB3acid, Also,
a double VB2 solubility increase can be observed when changing the pH of a solution of 1
pH unit. The same solubility enhancement of VB2 caused by pH or temperature can be
observed by changing the pH of only ~0.5 pH units or after increasing the temperature
from T=298.15 K to T=310.15 K. However, the temperature can also influence the pH of
vitamin aqueous solution during the solubilization. This was confirmed with solubility
data published in the literature since an increase in temperature of 34 K could lower the
pH of VB3acid solution of 0.3 unit. Thus, in this evaluation, the importance of studying the

combined pH and temperature effect was highlighted.

Studies on the influence of different covitamins VC, VB3acid, and VB3amide, on poorly
soluble vitamins VB2, VB9, and VB12, have shown that the solubility of vitamins is related
to the concentration of covitamin introduced to vitamin solution and to the covitamin and
vitamin type itself. It has been observed that covitamin VB3amide the strongest enhances
the solubility of VB2, VB9, and VB12. To increase the solubility of VB2 to the comparable
level, about a 5-fold higher concentration of covitamin VC than VB3amide was required. It
was found that the same concentration of covitamin VB3amide gdded to aqueous solutions
of VB2 and VB9, can lead to about 100-fold solubility enhancement of VB9, while for VB2,
a 15-fold increase was observed. Besides that, covitamins VC and VB3acid gdded at
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comparable concentrations have less influence than VB3amide on VB2, VB9, and VB12

solubility. Based on these results, it could be concluded that different covitamin effects on
the enhancement of vitamin solubility are possibly related to the differences in the
interplay of different factors, e.g. pH and interactions. Overall, it was proven that the so-

called in literature “hydrotropes” can cause pH changes that strongly influence molecular

interactions, species distribution, or even both.
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6. Experimental Phase

Equilibrium of ATPS

This chapter presents the experimental phase equilibria measured for
different ATPS formed by non-toxic compounds, namely PEG and organic salts.
For the correlation and evaluation of experimental data, widely applied in the
literature equations such as Merchuk, Othmer-Tobias, Bancroft were used.
Based on experimental results, in the following, the influence of using PEG of

different average molar mass and salt type on ATPS phase forming is discussed.
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6.1. Experimental Results: ATPS Diagrams

Experimental binodal and tie-line data for PEG - organic salt ATPS were measured in
this work at T=298.15 K and p=1 bar. Experimental equilibrium concentrations, as well as
the tie-line lengths (TLL) determined according to equation (3.3), were included in
Appendix (A8). The results of the measurements are in this subchapter evaluated in terms
of the effects resulting from the presence of different components in ATPS. As such, these
have an influence on ATPS phase formation. Thus, sections 6.1.1 and 6.1.2 involve the
discussion centered on the application of different average molar mass of PEG (section

6.1.1) and salt type (section 6.1.2) in ATPS.

The results of the experiments performed in this study were placed into Appendix
(A8) for clarity reasons. The discussion presented in the following uses the figures based
on the results of multiple measurements that were grouped into tables A8.1, A8.2, A8.3
and A8.4, in the Appendix (A8). It was done according to the scheme shown in figure 6.1
that has been provided with the intention to facilitate finding the experimental

background of data plotted and discussed in subchapter 6.1.

PEG 4000 — NasCitrate
¥ PEG 6000 — NaCitrate
PEG - PEG 8000 — Na,Citrate *
Citrate salt

ATPS ——— PEG 4000 - K;Citrate
PEG 6000 — K;Citrate

PEG 8000 — K;Citrate *

Binodal data, 7=298.15 K and p=1 bar
(Appendix, table A8.1)

Tie-line data, 7=298.15 K and p=1 bar
(Appendix, table A8.2)

PEG 4000 — KNaTartrate
PEG 6000 — KNaTartrate

Binodal data, 7=298.15 K and p=1 bar

PEG — .
— PEG 8000 — KNaTartrate (Appendix, table A8.3)
Tartrate salt
ATPS Tie-line data, T=298.15 K and p=1 bar

R

PEG 4000 — Na,Tartrate
PEG 6000 — Na,Tartrate

(Appendix, table A8.4)

Figure 6.1. Experimental binodal and tie-line composition data measured in this work plotted in figures
and discussed in subchapter 6.1 (Appendix, A8). Symbol (*) indicates data that was taken from literature
and used in this work [258].

Experimental data presented in sections 6.1.1 and 6.1.2 were correlated using

empirical expressions such as Merchuk equation (3.2) [275], Othmer-Tobias equation
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(3.6) [271], and Bancroft equation (3.7) [272]. Binodal curves were obtained by fitting the

parameters of Merchuk equation to experimental data. These adjustable parameters are
given in table 6.1. Based on coefficient of determination values (r?20.999) included in
table 6.1, Merchuk equation was very successful in correlating experimental binodal data.
The results of this fitting are graphically presented in sections 6.1.1 and 6.1.2. Despite the
availability of binodals for PEG 8000 - NasCitrate and PEG 8000 - KsCitrate ATPS in the
literature, some points of the binodal data were measured also in this work [258]. Since
they agree with the previous study, the tie-line data for these two ATPS were cohered
from the literature [258]. Othmer-Tobias and Bancroft correlations were used to verify
the reliability of the tie-lines in (liquid-liquid) equilibrium (LLE) as suggested in the
literature [114, 349, 401, 402]. Adjustable parameters obtained from the Othmer-Tobias
and Bancroft equations are given in table 6.2. The application of both equations gives good
linearity of the LLE data (figure 6.2, figure 6.3). This can be confirmed with coefficient of
determination values (average r220.997) included in table 6.2. Thus, the results of
experimental data correlation with these equations prove high measurement reliability

obtained in the present work.

Table 6.1. Number of data points used to determine each binodal curve (NP), together with the adjustable
parameters (a, b, and c) obtained from the Merchuk equation (3.2), and respective coefficients of

determination (r?). TW - parameters fitted in this work.

ATPS NP a b c r? ref

PEG 4000 - NasCitrate 27 0.84+0.01 -5.15%0.07 595+ 23 0.9994 TW [3]
PEG 6000 - NasCitrate 32 0.87+0.01 -5.51+0.07 700 £ 19 0.9995 TW [3]
PEG 8000 - NasCitrate 25 0.955£0.028 -573+£0.17 581 +29 0.9993 TV[VZE;]]
PEG 4000 - KsCitrate 14 1.41+0.07 -586x0.11 224+21 0.999 TW [2]
PEG 6000 - KsCitrate 16 1.51+0.07 -6.24%0.12 281+18 0.999 TW [2]
PEG 8000 - KsCitrate 14 1.38+0.08 -6.17+0.13 348 £ 34 0.999 TW [2]
PEG 4000 - KNaTartrate 14 1.33+£0.04 -5.67%0.07 177 £ 15 0.9995 TW [2]
PEG 6000 - KNaTartrate 18 1.10+£0.06 -4.92+0.09 264 +18 0.999 TW [2]
PEG 8000 - KNaTartrate 17 1.24+£0.05 -5.54%0.10 31217 0.9993 TW [2]
PEG 4000 - Na:Tartrate 45 1.048+0.009 -5.36 £0.067 314 £13 0.9994 TW [7]
PEG 6000 - Na:Tartrate 28 1.037 £0.01 -5.66%0.063 418 £ 20 0.9995 TW [7]
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Table 6.2. Adjustable parameters ni, k1 and nz, k2 obtained using equations of Othmer-Tobias equation

(3.6) and Bancroft equation (3.7), respectively, together with the corresponding coefficients of
determination (r?). Experimental data used for adjusting the parameters was measured in this work [2-4,
7] or taken from the literature (PEG 8000 - Citrate Salt) [258]. NP - number of experimental data points

used to determine the parameters. TW - parameters fitted in this work.

Othmer-Tobias Bancroft
ATPS ref
NP ni k1 r? nz k2 r?
PEG 4000 - NasCitrate 12 14663 -0.6043 09966 0.6812 0.4259 0.9941 TW [3]
PEG 6000 - NasCitrate 12 1.3939 -0.5841 09999 0.7305 0.4285 0.9995 TW [3]
. TW [4],
PEG 8000 - NasCitrate 10 1.6677 -0.6473 09894 0.5983 0.4024 0.9857 [258]
PEG 4000 - KsCitrate 6 1.7721 -0.5426 0.9992 0.5706 0.3242 0.9991 TW [2]
PEG 6000 - KsCitrate 6 1.2578 -0.3143 0.9999 0.8084 0.2735 0.9999 TW [2]
| TW [4],
PEG 8000 - KsCitrate 6 1.6861 -0.5092 09183 0.5506 0.3354 0.9138 [258]

PEG 4000 - KNaTartrate 6 17183 -0.4483 0.9986 0.5701 0.2874 0.9980 TW [2]
PEG 6000 - KNaTartrate 6 1.8025 -0.5231 0.9997 0.5462 0.3147 0.9994 TW [2]
PEG 8000 - KNaTartrate 6 1.8450 -0.5790 0.9993 0.5520 0.3312 0.9996 TW [2]
PEG 4000 - NazTartrate 12 1.7373 -0.6964 0.9946 0.5488 0.4233 0.9942 TW[7]

PEG 6000 - Na:Tartrate 12 1.6757 -0.6533 0.9902 0.5941 0.4059 09886 TW[7]
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Figure 6.2. Linearization of the liquid-liquid equilibrium data obtained with Othmer-Tobias (a) and
Bancroft (b) equations using experimental data measured in this work at 7=298.15 K and p=1 bar for ATPS
formed by KNaTartrate and PEG: PEG 4000(e), PEG 6000(®), and PEG 8000 (A).
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Figure 6.3. Linearization of the liquid-liquid equilibrium data obtained with Othmer-Tobias (a) and
Bancroft (b) equations using experimental data measured in this work at T=298.15 K and p=1 bar for ATPS

formed by PEG 4000 (P) and organic salt (S): NasCitrate(e), KzCitrate(®), Na:Tartrate( V), KNaTartrate
(A).

6.1.1. PEG Influence on ATPS

The binodal data for ATPS composed by PEG of different average molar mass
(Mpec: 4000, 6000, 8000 g-mol-1) and organic salt (NasCitrate, KzCitrate, NazTartrate, and
KNaTartrate), at 7=298.15 K and p=1 bar, are graphically presented in figure 6.4. The
binodal curves were calculated with the Merchuk equation using the adjustable

parameters from table 6.1.
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Figure 6.4 compares binodals obtained for different ATPS in terms of PEG’s

molecular weight used. Among all systems considered in this thesis, a slightly higher
“working area” was obtained when PEG of higher molecular weight was used. This means
that PEG 8000 has better two-phase forming ability (with organic salts considered and
water) than PEG 6000 and PEG 4000. Thus, among all ATPS studied in this work, systems
composed by PEG 8000 and biodegradable salt can be considered as the most efficient

ATPS regarding the phase separation.
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Figure 6.4. Binodal experimental data (in mass fraction, w) measured at 7=298.15 K and p=1 bar for ATPS:
PEG (P) - NasCitrate (a), PEG (P) - KsCitrate (b), PEG (P) - NazTartrate (c), and PEG (P) - KNaTartrate (d).
ATPS formed by PEG of different molar mass: PEG 4000(e), PEG 6000(®), and PEG 8000 ( A). Lines were

calculated using Merchuk equation (3.2) and parameters from table 6.1.

The behavior of PEG in aqueous solution observed in figure 6.4 can be explained with
physical properties of its chain and interactions, e.g. hydrogen bonding [403]. However, it
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can be seen in figure 6.4 that the difference in the position of the two-phase regions for
ATPS formed by PEG of average molar mass ranged from Mpec = 4000 - 8000 g-mol! is
not significant. Thus, less viscous aqueous solutions of lower molar mass of PEG (e.g. PEG
6000 or PEG 4000) can be more convenient for the application of ATPS than more viscous
solutions of PEG 8000[404]. This is especially important if considering an industrial scale

application of ATPS.
6.1.2. Salt Influence on ATPS

The binodal data for ATPS composed by PEG (PEG 4000, PEG 6000) and organic salts
(NsCitrate, KsCitrate, NazTartrate, and KNaTartrate), at 7=298.15 K and p=1 bar, are
plotted in figure 6.5. The binodal curves were calculated with the Merchuk equation using

adjustable parameters from table 6.1.

Figure 6.5 compares binodals obtained for different ATPS in terms of the kind of
organic salt used. Among all systems considered in this thesis, the highest “working area”
was obtained if NasCitrate was used. This means that NasCitrate has better two-phase
forming ability (with PEG and water) than any other salt used in this work (KsCitrate,
NazTartrate, and KNaTartrate). The salts have followed the order regarding the two-
phase region formation (the largest - the lowest): NasCitrate, NazTartrate, KsCitrate,
KNaTartrate. However, the biphasic area for the ATPS formed by PEG and KsCitrate was
just marginally higher than for PEG — KNaTartrate. The differences in PEG mass fractions
(within a range shown in figure 6.5) between these two ATPS were 2% in the regions of
low PEG or low salt concentrations. Undoubtedly, based on data plotted in figure 6.4
(section 6.1.1) and figure 6.5 presented in this section, the salt effect has higher influence
for binodal curves position than that of the PEG’s average molar mass, in the range of Mn
considered in this work. It is of importance, however, to unravel which of the two salt

constituents: anion or cation contributes more to the observed salt effect.
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Figure 6.5. Binodal experimental data (in mass fraction, w) measured in this work at 7=298.15 K and p=1
bar for ATPS: PEG 4000 - organic salt (a) and PEG 6000 - organic salt (b). ATPS formed by different salt:
NasCitrate(e), KsCitrate(®), NazTartrate(' V), KNaTartrate (A). Lines calculated using Merchuk equation

(3.2) and parameters from table 6.1.

The anion effect on PEG (Mpec = 4000 and 6000 g-mol-1) - sodium salt (NasCitrate,
NazTartrate) ATPS are presented in figure 6.6 where additionally the tie-lines measured

in this work are plotted (Appendix, A8).
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Figure 6.6. Binodal and tie-line experimental data (in mass fraction, w) measured in this work at T=298.15
K and p=1 bar for ATPS: PEG 4000 - organic salt (a) and PEG 6000 - organic salt (b). ATPS formed by

different salt: NasCitrate (®) and Na:Tartrate (V). Binodal curves are calculated using Merchuk equation

(3.2) and parameters from table 6.1. The open points (O,V) refer to the feed and equilibrium composition.
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Through the comparison of the biphasic regions (figure 6.6) influenced by the presence

of different salt anion, citrate salt (NasCitrate) is more efficient than tartrate
(NazTartrate). This means that more salt is needed to form ATPS composed by tartrate
salt. However, in this case, the effect caused by a different number of sodium salt cations
cannot be separated from the anion effect. This means that since the anion also
determines the number of cations present in salt, the case presented in figure 6.6 is not

enough to draw general and irrefutable conclusions on anion effect.

The cation effect on PEG (Mpec = 4000 and 6000 g-mol-1) - organic salt (NasCitrate,
KsCitrate, and NazTartrate, KNaTartrate) ATPS is presented in figure 6.7 and figure 6.8
where additionally the tie-lines measured in this work were plotted (Appendix, A8). By
the comparison of the two-phase regions influenced by the presence of different citrate
salt cations (figure 6.7), sodium cation (NasCitrate) is more efficient in terms of biphasic
region formation than potassium (KsCitrate). This means that more salt is needed to form
ATPS composed of potassium salt. This observation can be confirmed also with figure 6.8
which evaluates cation influence on LLE of PEG - NazTartrate and PEG - KNaTartrate

ATPS.
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WPEG 6000 /
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Figure 6.7. Binodal and tie-line experimental data measured in this work at 7=298.15 K and p=1 bar for
ATPS: PEG 4000 - organic salt (a) and PEG 6000 - organic salt (b). ATPS formed by different salts:
NasCitrate(e) and KsCitrate(M). Lines are calculated using Merchuk equation (3.2) and parameters from

table 6.1. The open points (0,0) state for the feed and equilibrium composition.
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Figure 6.8. Binodal and tie-line experimental data measured in this work at 7=298.15 K and p=1 bar for
ATPS: PEG 4000 - organic salt (a) and PEG 6000 - organic salt (b). ATPS formed by different salts:
NazTartrate( V) and KNaTartrate (A). Lines are calculated using Merchuk equation (3.2) and parameters

from table 6.1. The open points (V,A) state for the feed and equilibrium composition.

The presence of two sodium cations in a salt (NazTartrate) used to form ATPS is more
advantageous for the two-phase forming than the presence of one sodium and one
potassium cation in a salt (KNaTartrate). The system composed of PEG and salt
KNaTartrate of the same anion as of Na:Tartrate, but with just one sodium and one
potassium cation leads to a lower biphasic area than for ATPS formed by Na:Tartrate.
Based on figure 6.6, figure 6.7, and figure 6.8, the cation effect of a salt is larger than the
anion effect. Undoubtedly, sodium salts are more advantageous in terms of biphasic

region formation of ATPS.
6.2. Conclusion

This chapter presents the evaluation of experimental biphasic diagrams measured for
different ATPS formed by PEG (average molar mass Mpec: 4000, 6000, 8000 g-mol-1) and
biodegradable salt (NsCitrate, KsCitrate, NazTartrate, and KNaTartrate), at T=298.15 K
and p=1 bar. Widely applied equations of Merchuk, of Othmer-Tobias, and of Bancroft
were used for the correlation and evaluation of experimental data. The influence of PEG
of different average molar mass, as well as a salt type on ATPS phase forming, has been

discussed.
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Using the Merchuk equation it was possible to accurately correlate experimental
binodal data. Further, Othmer-Tobias and Bancroft correlations applied in this work
prove high reliability of measured tie-line composition for each ATPS in this work. The
highest biphasic regions were observed for PEG of higher molar mass and for salts that
contain sodium cation and citrate anion. This was found by the comparison of the size of
two-phase regions related to the presence of different salt cations in citrate salt
(NasCitrate, KsCitrate). Among the two ATPS formed by PEG and citrate salt (NasCitrate
or KsCitrate), the system formed by PEG and KsCitrate had a smaller two-phase region.
This means that more salt is needed to form ATPS composed of KsCitrate than for ATPS
formed by NasCitrate. Thus, it was found that among all ATPS considered, the system
formed by PEG 8000 and sodium citrate had the highest biphasic area. Even though PEG
of higher molar mass (e.g. PEG 8000) can be more beneficial for ATPS phase formation,
the solutions containing PEG 8000 are more viscous and this can be a drawback for
industrial application. For this reason, PEG molar mass should be chosen based on the

possible application of ATPS rather than just on the size of the biphasic region.

Additionally, it was found that salt influence on phase equilibria of ATPS is much
higher than PEG influence. However, the effects caused by anion and cation of salt
(NasCitrate, NazxTartrate) on the ATPS phase forming could not be separated and thus, it
was not possible to conclude which of these two effects is stronger. The reason for that is
a fact that the salt influence relies not only on the kind of cation but also on the number of
cations present in a molecule. Since the number of cations attached to a molecule depends
on the valence of anion, it can be assumed that both cation and anion type can influence
the phase formation of ATPS in a comparable manner. However, the system composed of
PEG and KNaTartrate having one sodium and one potassium cation, led to a noticeable
lower biphasic area than it was found for ATPS formed by PEG and NazTartrate with two

sodium cations.
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7. Experimental Partitioning

of Biomolecules in ATPS

This chapter presents experimentally determined partition coefficients for
DNP-AA and water-soluble vitamins in PEG - organic salt ATPS. The influence
of solute properties, as well as phase formers, have been evaluated in terms of
the partitioning in ATPS. Data shown in this chapter proves the merit of
replacing inorganic salts by organic biodegradable alternatives that can form
ATPS. The effects on partitioning in ATPS originating from the presence of
different cation and anion type of salt and different PEG molar mass are

discussed.
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7.1. Experimental Results: Amino Acid Derivatives

The partition coefficient (K) of amino acid derivatives (DNP-AA) in ATPS formed by
PEG of Mpec = 4000 - 8000 g-mol! and biodegradable salt NasCitrate, KsCitrate, or
KNaTartrate depends on DNP-AA properties, especially on their behavior in aqueous
solutions and the interactions with phase forming compounds. This involves both the
charge state of DNP-AA at given pH and the molecular structure of DNP-AA (e.g. a different
number of methylene groups in DNP-AA homological series). The charge state of DNP-AA
in ATPS is influenced by the concentration and the properties of all system constituents.
The effects ruling DNP-AA partitioning are coupled and hard to separate, however, the
choice of different salt anion and cation of salt or molar mass of PEG can be treated as a

general requisite for choosing the more efficient ATPS.

In this chapter, the influence of DNP-AA properties on experimental K is covered in
section 7.1.1. Further experimental results for studying salt and PEG influence on K of
DNP-AA are presented and discussed in sections 7.1.2 and 7.1.3, respectively. Since the
deviations between absorbance-based K5+ ,, and mole fraction-based K57x , were
found in this work to be under the experimental uncertainty levels (ARD%<5),

partitioning data are in the present chapter denoted as Kpnp»_,,. All experimental data

involved in subchapter 7.1 are provided in Appendix (A9).

The results of the experiments performed in this study were placed into Appendix
(A9) for clarity reasons. The discussion presented in the following uses the figures based
on the results of multiple measurements that were grouped into tables A9.1, A9.2, and
A9.3, in the Appendix (A9). This was done according to the scheme shown in figure 7.1
that has been provided with the intention to easier find the experimental background of

data plotted and discussed in subchapter 7.1.
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PEG 4000 — NasCitrate
PEG 6000 — Na,Citrate
PEG— PEG 8000 — Na,Citrate

Partitioning at 7=298.15 K and
p=1 bar (Appendix, table 9.1)

Citrate salt

ATPS PEG 4000 - K3C!trate :> Partitioning at 7=298.15 K and
PEG 6000 - K;Citrate p=1 bar (Appendix, table 9.2)

PEG 8000 — K;Citrate

DNP-glycine
SNPIAR ~ DNP-alanine
i DNP-valine

DNP-leucine

O

PEG 4000 — KNaTartrate

PEG 6000 — KNaTartrate ::> Partitioning at T=.298.15 K and
p=1 bar (Appendix, table 9.3)

PEG -
Tartrate salt
ATPS

PEG 8000 — KNaTartrate

Figure 7.1. Experimental partitioning data measured in this work for DNP-AA, plotted in figures and

discussed in subchapter 7.1 (Appendix, A9).

7.1.1. Solute Influence on Partition Coefficient

The partitioning of DNP-AA in ATPS can be influenced by different solute properties,
e.g. its charge and molecular structure, as well as by interactions of a solute with phase
formers. The latter depends on ATPS composition that in this section is expressed with
tie-line length (TLL). All experimental results presented in section 7.1.1 were obtained at

T=298.15 K and p=1 bar and are included in Appendix (A9).

The charge of DNP-AA

The pH of ATPS (pH ~ 8, Appendix A4) can change the charge of DNP-AA[8]. The
species charge of DNP-glycine at pH of the two ATPS phases (PEG - citrate salts: ApHphases
< 0.25; PEG - tartrate salt: ApHphases < 0.05) can be deduced from figure 2.1a from section
2.3.2. Figure 2.1a shows the species distribution of DNP-glycine as a function of pH that
can be calculated based on its pKa value (table 2.1). The species distribution data for DNP-
AA are also provided in Appendix (A1). The charge of other DNP-AA, namely DNP-alanine,
DNP-valine, and DNP-leucine, at pH of ATPS, may be found using similar plot to figure 2.1a
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and pKa values from table 2.1. In sum, each DNP-AA studied in this work is fully present
as just negatively charged species (q = -1; apyp_aa- = 1) in both phases of ATPS: PEG
(PEG 4000, 6000, 8000) - biodegradable salt (NasCitrate, KsCitrate, KNaTartrate).
Consequently, the experimental partition coefficient K x»_ 4, measured for DNP-AA is the
same as for the respective species (Knp_ia = Konp_aa- )- Since there is just one type of
the species present in both phases, in this case, a difference in pH of ATPS phases
(ApHphases < 0.25) should not have influence on Kyy/p_ 44 - It is also important to mention

that ApHphases of each ATPS studied was not noticeably changed by using PEG of different

molar mass, but it was more influenced by changing the anion of a salt.
The molecular structure of DNP-AA

In this work, the homologous series of DNP-AA such as DNP-glycine, DNP-alanine,
DNP-valine, and DNP-leucine were considered. DNP-AA have aromatic dinitrophenyl
group connected with amino acid group. Since these DNP-AA differ just of the side-chain
amino acid group, it is expected that any change within this polar group can influence the
behavior of DNP-AA in ATPS. Also, polar group of DNP-AA is responsible for interactions
e.g. hydrogen bonding of whole DNP-AA molecule in aqueous solution. The results of DNP-
AA partitioning in ATPS formed by PEG 4000 and organic salt (NasCitrate, KsCitrate,
KNaTartrate) are presented in figure 7.2. For a better comparison, figure 7.2 contains
partitioning data obtained in three ATPS of similar TLL (ARD% < 0.7). TLL were calculated
according to equation (3.3). All DNP-AA studied are partitioned mostly to the top PEG-
rich phase. The highest K values were observed for DNP-leucine and the lowest for DNP-
glycine. According to experimental data (subchapter 5.1) the partitioning trend

exp exp exp exp
KDNP—leucine > KDNP—valine > KDNP—alanine > KDNP—glycine does not match the order of
i3 ; L L L L :
SOIUblhty In water (mDNP—alanine> MpNp-valine ~ MpNp-giycine and mDNP—leucine)' but it
follows the sequence of molar mass Mn of DNP-AA (Mpyp_ieucine > Mpnp-vatine >

MDNP—alanine > MDNP—glycine)'
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Figure 7.2. Experimental partition coefficients of DNP-AA (K;x5_,,) measured at T=298.15 K and p=1 bar
in ATPS formed by PEG 4000 and biodegradable salt: NasCitrate (white bars, TLL = 0.334), KzCitrate (gray
bars, TLL = 0.337), KNaTartrate (dark gray bars, TLL = 0.333). The feed and equilibrium composition for a

given TLL are provided in Appendix (A8).

Combined effects: the molecular structure of DNP-AA and ATPS composition

Since the difference between the homological DNP-AA considered in this work lies
in the number of methylene groups in the molecule, the side chains of DNP-AA are the
sites that determine the partitioning of these DNP-AA. In the literature, Zaslavsky has
reported the estimated average number of methylene groups n(CHz) of amino acids
(table 7.1) [88]. This is experimentally determined value rather than the real number of
CH2 groups in the amino acid molecule and has been established to express the relative

hydrophobicity of amino acids.

Table 7.1. Relative hydrophobicity, n(CHz) for aliphatic AA proposed by Zaslavsky [88].

Amino Acid n(CHz)
glycine 241.16
alanine 255.18
valine 283.24
leucine 297.26
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Figure 7.3 presents the influence of n(CHz) on partitioning of DNP-AA. A linear correlation
between the relative hydrophobicity and partitioning was obtained after linear regression
(average r2=0.999). These lines were provided just to guide the eye and to show the trend

of partitioning data. An increase of n(CHz) improves partition coefficient of studied DNP-

AA.

Figure 7.3. Logarithm of experimental partition coefficients of DNP-AA (In

DNP-alanine (A), DNP-valine (¥), DNP-leucine (W) at 7=298.15 K and p=1 bar, plotted against average
number of n(CH:) [88]; ATPS formed by PEG (a-b: PEG 4000, c-d: PEG 6000) and biodegradable salt
(NasCitrate: solid line, KsCitrate: dotted line, KNaTartrate: dashed line); The lines are obtained after linear
regression (average r2=0.999 for all TL and ATPS considered in this work) and applied just to guide the eye
and improve the readability. The feed and equilibrium composition for a given TL are provided in Appendix

(A8).
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Both figure 7.2 and figure 7.3 present the same trend that points out that PEG - NasCitrate
can be considered as the most efficient for DNP-AA partitioning (with the highest
Kpnp-aa )- The lowest values of partition coefficients can be observed for ATPS composed

by PEG and KNaTartrate.

Since the interactions of DNP-AA with ATPS phases depend on the system
composition, the most useful representation can be done by plotting partitioning data
against TLL. As shown in figure 7.4 the partition coefficient of all DNP-AA increases when

the TLL increases.
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Figure 7.4. Logarithm of experimental partition coefficients ot DNP-AA (InKjxp_44 ): DNP-glycine(®),

DNP-alanine (A ), DNP-valine (¥), DNP-leucine (M) at T=298.15 K and p=1 bar, plotted against TLL of ATPS
formed by PEG 6000 and biodegradable salt - NasCitrate (a): solid line, KsCitrate (b): dotted line, or
KNaTartrate (c): dashed line. The lines were obtained after linear regression (average r?=0.999 for all TL
and ATPS considered in this work) and were applied just to guide the eye and improve the readability. The

feed and equilibrium composition for a given TL are provided in Appendix (A8).
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Figure 7.4 shows only TLL regions at which it could be possible to measure the
partitioning with reasonable accuracy. The lines presented in figure 7.4 were included
just to show the trend of experimental data and to guide the eye. This way of presenting
partitioning data (at just certain range of TLL, as data points, and using the line to guide
the eye) was also used in the literature [405-409]. The low regions of TLL might also not
be of interest for industrial applications as it is very hard to keep systems of low TLL at
their heterogenous state at which the two phases are present (the two-phase system of
low TLL can become homogenous i.e. one-phase system after addition of a solute or after

a slight change of the temperature or pressure).

In this work, InK/xF,_, , plotted against TLL exhibited the linear trend (if using

linear regression r2> 0.99 for all DNP-AA and ATPS from this study), however, it might be
that the linearity of InK x>_,, is only valid at a narrow range of TLL considered in this
work. Thus, it is possible that at TLL outside of this range, e.g. at very low TLL or very high
TLL, a significant deviation from the non-linearity is present [410, 411]. Such a non-linear
behavior, when InK;*” was plotted over TLL, has been already observed in the literature,
for example for human serum albumin partitioned in different PEG - salt ATPS [407].
However, at certain TLL ranges some linearity was also observed [407]. Since measuring
data at very low TLL may be coupled with high experimental uncertainty, in this work the
trend lines were not extrapolated to the regions where no experimental data could be
provided. Also, the lines obtained with linear regression were added only for better
readability of the results [405-409]. The values of InK;\»_,, obtained in this work at a
certain TLL range (and relatively far from TLL = 0) were insufficient for an accurate
estimation of InK;\,_,, observed at TLL ~ 0. Thus, to avoid wrong assumptions, all

figures presenting InK;x5_,, versus TLL only show partitioning data at TLL that could

be confirmed with experimental results carried out in this study.

It is suggested in some publications that K;” can be described using InK = «a -
TLL + b correlation, and that a linear extrapolation of InK;*? toward TLL reaches the
value of zero at TLL = 0 (I nK;? = 0 if K;*"=1) [97, 350]. However, experimental results
obtained in the literature for different solutes (e.g. proteins) partitioned in ATPS (also PEG
- salt) and plotted in figures as InK;*? or K*"versus TLL, do not fully ascertain an

assumption that minimum InK;”” approaches zero with the linear trend [407-409, 412-
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414]. Also, in this work the values of intercept calculated only using the range of
experimental data (InK = a-TLL + b) for PEG 6000 - NasCitrate ATPS were # 0
(intercepts: b =0.07 for DNP-glycine, 0.14 for DNP-alanine, 0.20 for DNP-leucine, and 0.21
for DNP-valine). Thus, based on experimental data, the trend lines of InK** versus TLL
do not necessarily reach the origin of the figure if a straight line is extrapolated to TLL =

0.

The values of InK/™" calculated from experimental K;** could be positive (if
component has affinity to the top phase) or negative (if component has affinity to the
bottom phase). In former publications, aniexp calculated from experimental data at lower
TLL are far from being zero, especially if the component has an affinity to the bottom
phase [406, 409]. Negative and positive anl.exp for different components were reported
in the literature[406, 409]. In this work, both variants (negative and positive values of
aniexp) were also observed, however, the case when the molecule was partitioned to the
bottom phase (VC, Appendix A.10) was not further considered due to very low K.’
obtained in preliminary tests. Thus, ATPS studied in this work were not considered as
appropriate media for an efficient separation of VC. Also, the alternating Kvegp datapoints

did not allow a correlation and respective conclusion on its behavior in ATPS.

The dependence observed in figure 7.4 can result from higher hydrophobicity of
the phases when more PEG and salt is added to a system. An increase of salt concentration
influences the ionic strength and can result in the k;\,_,, improvement [95, 415]. Also,
changing PEG concentration can impact K;\,_,, through hydrophobic PEG - DNP-AA
interactions or increased cross-association forces[95]. To eliminate additional effects in
partitioning that might be induced by higher solute concentration, aqueous solute
solution added to ATPS contained low concentration of DNP-AA (mpnp-aa < 0.008 g-mol-1).
This means that each ATPS of total mass equal to 1 g contained at maximum = 0.2 mg of
DNP-AA. The solubility of DNP-AA was low enough to assume that this approach has been
appropriate (since just low concentrations of DNP-AA can be found in aqueous solutions).
Koo _ 44 Was determined after linear regression from the slope of straight lines (r2~0.999)
obtained by plotting the absorbance/fluorescence/concentration of the top (y axis)
versus bottom phase (x axis). All data were collected from the samples containing

different concentrations of a given DNP-AA in ATPS.
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The following sections (7.1.2 and 7.1.3) evaluate in more detail salt and PEG
influence on the partitioning using the relation between k;,-_,, and TLL, since the way of
data presentation shown in figure 7.4 is the most convenient and frequently found in
literature[350, 368, 416-418]. This is especially valuable for comparing the partitioning
in different ATPS.

7.1.2. Salt Influence on Partition Coefficient

Selecting biodegradable salts for ATPS that could be also appropriate for DNP-AA
partitioning requires experimental partitioning data. The results of DNP-AA partitioning
in ATPS composed by PEG and salt, at 7=298.15 K and p=1 bar, are included in Appendix
(A9). Partition coefficients determined for DNP-AA in a system formed by PEG 8000 and
salt (organic and inorganic) are shown in figure 7.5. This figure proves the merit of
replacing environmentally inconvenient salts (Na2S04 and MgS04) with more convenient
and non-toxic organic salts (NasCitrate, KsCitrate, KNaTartrate). Na2S0O4 can be
successfully replaced with biodegradable NasCitrate leading to very comparable
partitioning of DNP-AA, while KNaTartrate allows similar outcomes as MgSOa. In general,
the favorable trend observed for DNP-AA partitioning in ATPS composed by PEG and
NasCitrate (the highest K;x»_,,) proves that the presence of sodium cation in a molecule
is more beneficial for DNP-AA partitioning than potassium (for citrates) or magnesium
(for sulfates). Citrate-based salts may cause higher repulsion to DNP-AA species than the
tartrate-based salt KNaTartrate due to presence of higher valency in citrate (-3) over
tartrate (-2). Thus, the citrate anion could be more convenient than tartrate. However, it
is not possible to fully ascertain the reasons of that behavior being based on figure 7.5

only.
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Figure 7.5. Logarithm of experimental partition coefficients of DNP-AA (InKjx»_,, ): DNP-glycine (a), DNP-
alanine (b), DNP-valine (c), DNP-leucine (d), at T=298.15 K and p=1 bar, plotted against TLL of ATPS: PEG
8000 and inorganic salt (open symbols, dotted lines) or PEG 8000 - organic biodegradable salt (closed

symbols, solid lines). Inorganic salts: Na2S04 (©), MgS04 (3%). Organic salts: NasCitrate(e), KsCitrate(®),

KNaTartrate (A). The lines were obtained after linear regression (average r2=0.999 for all TL and ATPS
considered in this work) and were applied just to guide the eye and improve the readability. The feed and
equilibrium composition for a given TL are provided in Appendix (A8). The diagram shows only TLL regions

at which it could be possible to measure the partitioning with reasonable accuracy.

7.1.3. PEG Influence on Partition Coefficient

A higher affinity to the upper PEG-phase was observed for all DNP-AA considered.
Aqueous solutions containing PEG of different average molar mass can have also different
physicochemical properties, such as density or viscosity. However, introducing PEG of
different average molar mass may also influence its ability of binding solutes (e.g. through

hydrogen bonding interactions). For this reason, it is of importance to study the PEG's
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molar mass effect on DNP-AA partitioning in ATPS. Experimental partitioning data in
ATPS composed by PEG 4000, PEG 6000, and PEG 8000 and biodegradable salt
(NasCitrate, KsCitrate, KNaTartrate) were measured in this work at 7=298.15 K and p=1
bar and the results can be found in Appendix (A9). These data are also plotted in figure

7.6.

The major conclusion based on data plotted in figure 7.6 is that the average molar
mass range of PEG (Mpec = 4000 - 8000 g-mol-1) used in the experiment leads to very
comparable partitioning results. Based on the examples shown in figure 7.6, PEG 4000
seems to be slightly more advantageous for DNP-AA partitioning than other PEGs.
However, in most cases, the differences resulting from the usage of different average
molar mass PEG are within an experimental error. The influence of PEG molar mass within
the range of Mpec= 4000 - 8000 g-mol-! is much smaller from the salt effect on DNP-AA

partitioning presented in the previous section (7.1.2).
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Figure 7.6. Logarithm of experimental partition coefficients of DNP-AA (InK x5_,, ) at T=298.15 K and

p=1 bar, plotted against TLL of ATPS formed by PEG: PEG 8000 (open symbols and dotted lines), PEG 6000
(solid symbols and solid lines), or PEG 4000 (half open symbols and dashed lines), and biodegradable salt:
NasCitrate (a-b), KsCitrate (c-d), or KNaTartrate (e-f). The lines are obtained after linear regression (average
r2=0.999 for all TL and ATPS considered), applied just to guide the eye and improve the readability. DNP-
AA partitioned in ATPS: DNP-glycine (PEG 8000 o, PEG 6000 e, PEG 4000 @), DNP-alanine (PEG 8000 A,
PEG 6000 A, PEG 4000 &), DNP-valine (PEG 8000 v, PEG 6000 v, PEG 4000 V), DNP-leucine (PEG 8000 o,
PEG 6000 m,PEG 4000 ). The feed and equilibrium composition for a given TL: Appendix (A8). The diagram

shows only TLL regions at which it could be possible to measure the partitioning with reasonable accuracy.
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7.2. Experimental Results: Water-Soluble Vitamins

The partition coefficient (K) of water-soluble vitamins in ATPS formed by PEG of
average molar mass Mpec = 4000 - 6000 g-mol! and biodegradable salt NasCitrate or
NazTartrate depends on the properties of these vitamins, especially on their behavior in
aqueous solutions and the interactions with phase forming compounds. This means that
both the charge of vitamin at given pH and the molecular structure of vitamin must be
considered. As previously mentioned for DNP-AA in section 7.1, the charge state of a
solute in ATPS, is influenced by the concentration and the properties of all system
constituents. Water-soluble vitamins are classified based on their biological function, so
their molecular structures and properties strongly differ from each other. Selecting the
more efficient ATPS in terms of solute partitioning requires extensive studies on the
effects that can rule vitamin partitioning and that are caused by introducing to ATPS e.g.

different salt anion and cation of salt or PEG of different molar mass.

Sodium salts were chosen based on the previous results, the LLE (chapter 6) and
partitioning of organic solutes (DNP-AA, subchapter 7.1). The selection criterium for salt
was based on former observation that biphasic regions of ATPS formed by NasCitrate
were larger than in the systems composed by KsCitrate or KNaTartrate. Also, higher
Kpnp_4q Were obtained in PEG - NasCitrate ATPS. However, there was not enough
evidence for a good comparison of anion effect in terms of partitioning in ATPS, thus, also
in this evaluation the salts of two anions were involved: Citrate3-and Tartrate?-. PEG's
molar mass was selected based on the former results, but also on the view of possible
future application in industry. Although PEG of Mpec = 8000 g-mol-! has shown to be an
efficient media for the two-phase formation (chapter 6), its properties might cause
difficulties in handling of the system. Therefore, the application of ATPS formed by PEG of
Mpec = 8000 g-mol-! can be limited by its viscosity. In this context, more preferred ATPS
could be formed by lower PEG’s molar mass, e.g. Mpec = 4000 g-mol-l. The importance

and influence of this factor on vitamin partitioning was evaluated in this subchapter.

Section 7.2.1 of this document presents experimental data and discusses the influence
of the properties of water-soluble vitamins on experimental K. Further sections (7.2.2 and

7.2.3, respectively) evaluate an impact of salt and PEG on partitioning of water-soluble

exp,A

vitamin» And mole

vitamin in ATPS. Since the deviations between absorbance-based K
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exp,x
vitamin’

fraction-based K were in this work under the experimental uncertainty levels
(ARD% < 5), partitioning data are in the following sections of this document denoted as

K2 . Experimental data involved in subchapter 7.2 are provided in Appendix (A10).

vitamin®

The results of the experiments performed in this study were placed into Appendix
(A10) for clarity reasons. The discussion presented in the following uses the figures based
on the results of multiple measurements that were grouped into tables A10.1 and A10.2
in the Appendix (A10). It was done according to the scheme shown in figure 7.7 that has
been provided with the intention to facilitate finding the experimental background of data

plotted and discussed in subchapter 7.2.

PEG 4000 — Na,Citrate

PEG -
Citrate salt
ATPS

Partitioning at 7=298.15 K and
p=1 bar (Appendix, table 10.1)

PEG 6000 — NasCitrate

%

VB2
VB3acid
water-
soluble VB32mide
vitamins VB9
VB12

N

PEG 4000 — Na,Tartrate

PEG —
Tartrate salt
ATPS

|:> Partitioning at T=298.15 K and
p=1 bar (Appendix, table 10.2)

PEG 6000 — Na,Tartrate

Figure 7.7. Experimental partitioning data measured for water-soluble vitamins in this work, plotted in

figures and discussed in subchapter 7.2 (Appendix, A10).

7.2.1. Solute Influence on Partition Coefficient

The partitioning of water-soluble vitamin in ATPS can be influenced by its different
properties, e.g. the charge and molecular structure. In general, various interactions which
are occurring in ATPS between a solute and phase forming components determine
vitamin affinity to each phase. The latter depends on ATPS composition that in this section
is expressed with tie-line length (TLL). All experimental results presented in section 7.2.1
were obtained at T=298.15 K and p=1 bar and are included in Appendix (A10).
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The charge of water-soluble vitamin

The pH of ATPS (pH~8, Appendix A4) can change the charge of vitamin [6, 7]. The
presence of different vitamin species at pH of the phases (PEG - NasCitrate:
ApHphases < 0.25; PEG - NazTartrate: ApHphases < 0.05) in ATPS formed by PEG of Mpkc =
4000 - 6000 g-mol! and biodegradable salt NasCitrate or NazTartrate can be deduced
from figure 4.5. It results from calculations of ionic distribution using pKa values from
table 2.1. ApHphases for each ATPS considered in this evaluation do not noticeably change
by using PEG of different molar mass, but it is much more influenced by changing the

anion of a salt.

Based on figure 4.5, at pH~8 the water-soluble vitamins are negatively charged
(VBZ-, VB3acid- VB9Z-, VB93-) or neutral (VB3amide, VB12). At this pH, both VB2 and VB3acid
exist solely as single-negatively charged species (q = -1). Others, VB3amide and VB12 are
present exclusively as neutral species. Almost all vitamins studied in this work (except
VB9) are fully present as just one type of species in both phases of considered ATPS. Thus,
the partition coefficient KfiJICmein determined from the experimental measurements for
vitamins VB2, VB3acid YyB3amide and VB12, is the same as for the respective species
(K itumin = Kivitamin )- Since there is just one type of the species present in both phases
(molar fractions in both phases a; vitamin ® 1), in this case, a difference in pH of ATPS phases

K ExP

(ApHphases < 0.25) should not have an influence on K, ;,,..... . The species distribution of

each vitamin partitioned in ATPS of pH~8 is provided in Appendix (A2).

More complex situation is observed for VB9, which at pH of ATPS can be present
as a mixture of species VB92- and VB93-. Furthermore, a difference in pH of the phases
ApHphases < 0.25 for PEG - NasCitrate influences distribution of VB9 species between the
phases (aygg,- =0.41 and aypg3— = 0.59 at pH = 8.25 of the bottom phase;
Qypg— = 0.31and aypg3_ = 0.69 at pH = 8.45 of the top phase). In contrary, ApHphases of
ATPS formed by PEG and NazTartrate reached very low level (ApHphases < 0.05). Thus, it
can be assumed that there is the same VB9 species distribution in both phases (ARD%
between the species distribution of VB92- and VB93- < 5 %).

The partition coefficient of VB9 species can be calculated with equation (3.11). This

requires species distribution of VB9, calculated at pH of ATPS phases (a! and

aj,vitamin

a}’vitamin), as well as experimental partition coefficients, measured in this work at
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T=298.15 K and p=1 bar. The K> of vitamin species (j = VB9%, VB93-), and the

j,vitamin

experimentally determined Kb . of VB9 in ATPS composed by PEG 6000 and
NasCitrate, are presented in figure 7.8. These data can be also found in Appendix (table
A10.1). Through electrostatic interactions, the more negatively charged species VB93-
tend to partition towards the more basic phase (in this case - PEG-rich). This trend has
been already reported in the literature [85]. It is then expected that VB93- will have higher

KZP than VB92- in ATPS considered in the present study.

j,vitamin
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Figure 7.8. Partition coefficients of VB9 species (open symbols: K2 ) and VB9 (black symbols:

j,vitamin

KZP ) in ATPS: PEG 6000 - NasCitrate, at different TL compositions, T = 298.15 K and p = 1 bar. Open

vitamin

symbols & (VB9%) and A (VB93-) represent calculated K" with equation (3.11). Full symbols e (VB9)

vitamin,j
are experimental data points for VB9 (total, contains VB92- and VB93-) measured in this work. Data plotted

in this graph is given in Appendix (table A10.1).
The molecular structure of water-soluble vitamin

In this evaluation, several vitamins that belong to the B-complex water-soluble
vitamins group were chosen: VB2, VB3acid, VB3amide, VB9, VB12. These vitamins were
classified to the B-complex group based on their biological function and not the molecular
structure. The results of vitamin partitioning in ATPS formed by PEG 4000 and organic
salt (NasCitrate, NazTartrate) are presented in figure 7.9. For a better comparison, figure
7.9 contains partitioning data obtained in the two ATPS (PEG 4000 - NasCitrate, PEG 4000
- NazTartrate) of similar TLL (ARD%<0.7%). TLL were calculated according to equation

(3.3). All vitamins studied are partitioned mostly to the top PEG-rich phase.
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The partition coefficients of vitamins do not only depend on charge (on their

species distribution), and thus not only on electrostatic interactions. The strong pH-
dependency of the partition coefficients shown previously in figure 7.8 is caused by the
presence of different VB9 species. However, the pH and thus electrostatic interactions are
not dominating vitamin partitioning for those vitamins that are exclusively present as one
species in the ATPS [7]. This can be seen in figure 7.9 if comparing partitioning of VB3acid
and VB3amide, VB3acid gt pH of considered ATPS exists as negatively charged species (q=- 1,
QAypsacid— = 1), while VB3amide j5 in these ATPS neutral (q=0, @yp3amide = 1). If these two
vitamins are partitioned in ATPS under study, just slightly different K;;Zmin are observed.
The highest K ;. values were obtained for VB12 and the lowest for VB2. The
partitioning trend K, 55, > Ky b > K, 55 > K, 5> also do not really follow the sequence of
molar mass Mn of vitamins (Myg1, > Mygg > Myps, > Mypaacia > Mypzamide)- Since the

differences in K%*P

vitamin Of VB32¢d and VB3amide are close to the experimental error, VB3 in

the trend given above refers to both forms of VB3 (acid and amide).
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Figure 7.9. Experimental partition coefficients of vitamins (K, ;-..;, ) measured at T=298.15 K and p=1 bar
in ATPS formed by PEG 4000 and biodegradable salt: NasCitrate (white bars, TLL = 0.298) and Na:Tartrate
(gray bars, TLL = 0.302). The feed and equilibrium composition for a given TLL are provided in Appendix

(A8).
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The partition coefficient can be influenced by steric entropic effects of the vitamins. VB3
is the smallest vitamin with the lowest molar mass over all studied in this work
(M, g3acia- = M, gzamiae =122.11 g-mol1). According to data shown in figure 7.9 the
highest K determined in this work for PEG 4000 - biodegradable salt was found for VB12.
This behavior can be explained by different effects relating to the vitamin properties, e.g.
the size. VB12 which is neutral in PEG - NazCitrate and PEG - NasTartrate ATPS, is
structurally the most complex and the largest vitamin of all water-soluble vitamins
(Myg1, =1355.37 g'mol-1). The high values of K 5/, can be related to the fact that large
molecules possess larger areas of interactions with the components forming the ATPS
[85, 87]. These effects are often discussed in literature when the partitioning of large
molecules e.g. proteins is studied [87, 419]. Besides the fact that large molecule of VB12
might have more interactions with PEG due to its size, it can have also stronger
interactions due to the presence of functional groups (hydrophobic interactions to PEG,

or even hydrogen-bonding effects between PEG and VB12).
Combined effects: the molecular structure of vitamin and ATPS composition

Changing PEG and salt concentration influences the partitioning of vitamins in

ATPS in a way that higher are expected with increasing TLL[7]. This means that

D
Kvitamin
since ATPS composition has an influence on the distribution of a solute, it can impact the
interactions between the solute and phase forming compounds. This behavior is

illustrated in figure 7.10.
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Figure 7.10. Logarithm of experimental partition coefficients of vitamins (InK ;> . ): VB2(e), VB3acid(m),
VB3amide('¥), VBO(#), VB12 (A) at T=298.15 K and p=1 bar, plotted against TLL of ATPS formed by PEG
6000 and biodegradable salt - NasCitrate (a) and Na:Tartrate (b). The lines were obtained after linear
regression (average r2=0.998 for all TL and ATPS considered in this work) and were applied just to guide
the eye and improve the readability. The feed and equilibrium composition for a given TL are provided in

Appendix (A8).

Figure 7.10 shows only TLL regions at which it was possible to measure the partitioning
with reasonable accuracy. The lines presented in figure 7.10 were included just to show
the trend of experimental data and to guide the eye. This way of presenting partitioning
data (at just certain range of TLL, as data points, and using a linear regression trend to

guide the eye) was also used in the literature [405-409]. The reasoning of that was in

KExP

detail discussed in the previous section 7.1.1. In this work, InK ;, ... ..

. Plotted against TLL
exhibited the linear trend (if using linear regression r2 > 0.99 that did not include critical
point at TLL = 0, but only experimental data, for all vitamins and ATPS from this study),
however, it might be that the linearity of anfi’;Zmin is only valid at a narrow range of TLL
considered in this work. If this is valid that at TLL = 0 the InK_ ;> . reaches also zero,
then the intercepts calculated for experimental data in this work would certainly prove
the non-linearity of InK, ;> . versus TLL trend. The values of intercept calculated only
using the range of experimental data (InK = a - TLL + b) for PEG 6000 - NasCitrate ATPS
were # 0 (intercepts: b = 0.02 for VB12, 0.06 for VB3acid, 0,18 for VB3amide, 0,34 for VB2

and 0.45 for VB9).
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Increasing the salt concentration impacts the ionic strength and can lead to higher K [95,
415]. Altering PEG concentration might also influence K through hydrophobic PEG -
vitamin interactions or increased cross-association forces [95]. Figure 7.10 presents
K;F . obtained in ATPS formed by PEG 6000 and salt: NasCitrate or NazTartrate. The
partitioning trend observed in figure 7.10, namely K, 5", > K, 5o > K, s > K, 5b, agrees
with the trend that has been found from the previous figure 7.9. To eliminate additional
effects in partitioning that might be induced by higher solute concentration, aqueous

solute stock solution added to ATPS contained low concentration of vitamin according to

their limited solubility (i.e. 0.001 <myitqmin < 0.016 mol-kg1). This means that each ATPS

KEXP

vitamin values

of total mass equal to 1 g contained = 0.2 mg of vitamin at maximum. Also,
were determined after linear regression from the slope of straight lines (r?=0.998)
obtained by plotting the absorbance/fluorescence/ concentration of the top (y axis)
versus bottom phase (x axis). All data were collected from the samples containing

different concentrations of a given vitamin in ATPS (0.004 wt-% - 0.02 wt-%).

The following sections (7.2.2 and 7.2.3) evaluate in more detail salt and PEG
influence on the partitioning using the relation between Kff;ﬁmm and TLL, since this data

presentation is very convenient and frequently found in literature [350, 368, 416-418].
7.2.2. Salt Influence on Partition Coefficient

Selecting biodegradable salt for ATPS that could be also appropriate for vitamin
partitioning requires experimental partitioning data. The partitioning results obtained in
ATPS composed by PEG and different salts, at T=298.15 K and p=1 bar, are included in
Appendix (A10). Partition coefficients K.;,- . determined for DNP-AA in a system
formed by PEG 6000 and PEG 4000 and salt (organic and inorganic) are shown in figure
7.11. The previous results obtained for DNP-AA have shown that the presence of sodium
cation in a molecule is more beneficial for DNP-AA partitioning than potassium (for
citrates). However, the conclusion regarding the advantage of using citrate anion over
tartrate anion for the partitioning of DNP-AA has stayed rather uncertain. Based on figure
7.11 the higher Kb . values are observed for vitamins partitioned in ATPS containing

citrate salt.
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Figure 7.11. Logarithm of experimental partition coefficients of vitamins (InK%." . ): VB2, VB9, VB12

vitamin
(a,c), VB3acid VB3amide(h d), at T=298.15 K and p=1 bar, plotted against TLL of PEG - salt ATPS: PEG 4000 (a-
b) or PEG 6000 (c-d) + NasCitrate (closed symbols, solid lines) or NazTartrate (open symbols, dotted lines).
Vitamins: VB2(®,0), VB3acid(l, O0), VB3amide( ¥ /), VBI(®, <), VB12 (A,A). The lines were obtained after
linear regression (average r2=0.998 for all TL and ATPS considered in this work) and were applied just to

guide the eye and improve the readability. The feed and equilibrium composition for a given TL are provided

in Appendix (A8).

This is also in agreement with the conclusion regarding DNP-AA from the previous section
(7.1.2). Thus, ATPS composed by PEG and NazTartrate do allow only lower K> . values
of vitamins compared to ATPS formed by PEG and NasCitrate. This partitioning behavior
might be related to the fact that the citrate-based salts cause higher repulsion to the
vitamin species than the tartrate-based salts The reason for that is the presence of higher

valency in citrate (-3) over tartrate (-2). In general, it can be concluded that the highest

K. b .. values are expected in a system formed by NasCitrate.
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7.2.3. PEG Influence on Partition Coefficient

Experimental partitioning data in ATPS composed by PEG 4000 or PEG 6000 and
biodegradable salt (NasCitrate, NazTartrate) were measured in this work at 7=298.15 K

and p=1 bar. Figure 7.12 presents the effect of PEG molar mass on K> ..

The results plotted in figure 7.12 can be found in Appendix (A10). A higher affinity to the
upper PEG-phase was observed for all vitamins considered in this evaluation (VB2,
VB3acid yB3amide, VB9, VB12). Introducing PEG of molar mass in the range selected in this
evaluation (Mpec = 4000 g-mol-! or 6000 g-mol-1) influences the partitioning of vitamins.

Using PEG of different average molar mass impacts its ability of binding solutes e.g.

K EXP

vitamin. Measured in ATPS

hydrogen bonding interactions. However, the values of
formed by PEG 4000 are just slightly higher than their pendants in ATPS formed by PEG

6000. Similar behavior has been already reported in this work for DNP-AA (section 7.1.3).

KEXP

The lower PEG molar mass can lead to the improved K, ; ..., - In general, it can be

concluded that the highest K,° . values are expected in a system formed by PEG with

vitamin

rather lower molar mass (preferably average Mpec < 4000 g-mol-1).
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Figure 7.12. Logarithm of experimental partition coefficients of vitamins (InK%.> . ): VB2, VB9, VB12

vitamin
(a,c), VB3acid, YB3amide(h d), at T=298.15 K and p=1 bar, plotted against TLL of PEG - salt ATPS: PEG 4000
(closed symbols, solid lines) or PEG 6000 (open symbols, dotted lines) + NasCitrate (a-b) or NazTartrate (c-
d). Vitamins: VB2(®,0), VB3add(m, O), VB3amide( ¥ V), VBI(#, &), VB12 (A,A). The lines were obtained
after linear regression (average r2=0.998 for all TL and ATPS considered in this work) and were applied just
to guide the eye and improve the readability. The feed and equilibrium composition for a given TL are
provided in Appendix (A8). The diagram shows only TLL regions at which it could be possible to measure

the partitioning with reasonable accuracy.

7.3. Conclusion

In this chapter, the experimental partitioning results of DNP-AA (DNP-glycine, DNP-
alanine, DNP-valine, DNP-leucine) and water-soluble vitamin (VB2, VB3acid, VB3amide, VB9,
VB12) in ATPS composed by PEG (Mpec = 4000 - 8000 g-mol-1) and NasCitrate, KsCitrate,
or KNaTartrate (for DNP-AA), as well as PEG (Mpec = 4000 - 6000 g-mol-1) and NasCitrate
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or NazTartrate (for vitamins), at T= 298.15 K and p= 1 bar, were presented and discussed.

All solutes partitioned in this work had a higher affinity to the upper PEG phase.

Experimental partition coefficients K;** determined in this work follow the trends:
Konp-teucine > Kop-vatine > Kpnp—atanine > Konp—giycine for DNP-AA and Ky 57, > Kypo >
Ky g5 > K5 for vitamins. Partitioning trends for DNP-AA and vitamins do not follow the
solubility trends from chapter 5: Mpyp_gianine™ MBNp-vatine > MPNP-giycine and
MEnpteucine (for DNP-AA) and Mypaamige > Mypaacia > Mip1z > Mipz > Mgy (for
vitamins). This means that different factors that rule the behavior of solutes in aqueous

exp

solutions are predominating in the partitioning. The highest K;”* values were obtained in

systems formed by PEG of lower molar mass, namely PEG 4000, and of NasCitrate.

The partitioning was evaluated in terms of solute and ATPS properties. The latter
involved the choice of different concentrations and type of phase forming components.
This evaluation relied on selecting PEG of different molar mass as well as salt anion and
cation to form ATPS. Partitioning data was correlated with TLL (obtained previously for
each ATPS as explained in chapter 6). A linear correlation between InK and TLL for all
DNP-AA and vitamins partitioned in ATPS was observed. This proves that k;*” depends

on the concentration of all ATPS components.

It has been found that K/*? of DNP-AA and vitamins in ATPS strongly depends on
many factors, and thus, it was hard to separate for an independent evaluation of each
influence. These factors involved the properties of solutes, their molecular structures, and
the composition of ATPS itself. The latter includes the concentration of phase formers, as
well as their properties, e.g. molar mass of PEG, or type of salt. Since the charge of solute
changes depending on the pH, the impact of this factor on K/** was also studied. In this
chapter, it was concluded that the charge of solute never should be neglected, and it is
highly recommended to use the charge as an initial evaluation factor for studying the

partitioning in ATPS in any future work.

Additionally, the water-soluble vitamins are classified as B-complex according to
their biological function, not molecular structure. There is not a unique conclusion saying
which factors have predominance in ruling the partitioning of all water-soluble vitamins.
Every vitamin in this evaluation needed to be treated individually and required high
experimental input. The non-ideality in the behavior of DNP-AA and vitamins in aqueous
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solutions that was shown in chapter 4 (e.g. according to liquid density data), can be
afterward reflected also in K*? divergences. Indeed, the non-ideality of DNP-AA aqueous
solutions was reported as less diverged among each DNP-AA solution than among each

vitamin aqueous solution. This consequently revealed in the partitioning studies.

ATPS considered in this work have pH~8 and ApHphases<0.25. The highest ApHphases
was observed for ATPS formed by PEG and citrate salt (NasCitrate, KzCitrate) and for both
ATPS ApHphases*0.25. In contrary, ApHphases of ATPS composed by PEG and Na:Tartrate
reached a very low level (ApHphases<0.05),

Based on species distribution data obtained using pKa values, in pH~8 of ATPS,
DNP-AA considered in this study are only present as negatively charged species (-1),
whereas vitamins are fully prevalent as neutral (VB12, VB3amide) or negatively charged
(VB2-, VB3acid-) species. All these compounds exist in studied ATPS as one type of species
in both ATPS phases. Thus, ApHphases=0.25 in PEG - NasCitrate ATPS does not influence the
K" of these compounds in any significant way. An exception is VB9, which in pH~8
occurs as a mixture of two species VB92- and VB23-. In PEG - citrate salt systems, ApHphases
influences the partitioning of VB9 species. The difference in VB9 distribution of the
species between PEG - citrate salt ATPS phases is non-negligible and leads to a different
K*P value of each VB9 species at the same ATPS composition (water, PEG, salt). On the
contrary, the difference in the K/ values of VB9 species in PEG - tartrate ATPS was
smaller than 5%. This resulted from ApHphases that was too small to change VB9 species

distribution significantly.

The partitioning of the homologous series of DNP-AA follows the trend of their Mn
(Mpnp-teucine > Mpnp-vatine > Mpnp-atanine > M pnp—giycine)- This finding was expected as
the polar side-chain is the only part in the molecule which differs for selected in this work
homologous DNP-AA series. For this reason, the side-chain determines the interactions of
these DNP-AA in aqueous solutions. Moreover, it could be proven that there is a linear
dependency between InK;** and the relative hydrophobicity of amino acids expressed as
n(CHz) by Zaslavsky [88]. Since all selected DNP-AA have the same charge (-1) in ATPS
considered there must be other effects involved that predominate their partitioning.

Possibly deciding factors involve the interactions of side-chain amino acid groups with

ATPS phase forming components and take part in hydrogen bonding.
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In contrast, ;¥ determined for vitamins do not completely follow the trend of Mn.

The highest K/** were observed for vitamins of the largest molecule such as VB12 and
VB9, but this dependency does not match VB2 and VB3 relation (K;*” to Mn). This
confirms the fact that the partitioning of vitamins in ATPS can be ruled by many effects

e.g. the molecular structure, electrostatic interactions with phase formers, complex

formation, or hydrogen bonding, among others.
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8. Predicting Aqueous

Solubility of Biomolecules

Knowing the solubility in an aqueous environment is of crucial importance
for life sciences and process design, but still experimental solubility data of
DNP-AA and vitamin is rather limited or non-available in literature. Thus, to
fully characterize the non-ideality caused by different interactions in aqueous
DNP-AA and vitamin solutions, the availability of a predictive thermodynamic
models, e.g. ePC-SAFT, is an urgent need. In this chapter, the solubility
predictions obtained with novel prediction strategies, designed in this work for
DNP-AA and vitamins, are discussed. The effects on aqueous solubility caused
by different factors (pH, temperature, covitamin presence) were also

considered by the model and evaluated in the following.
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8.1. Approach

In this work, novel ePC-SAFT strategies were designed for predicting the solubility of
DNP-AA and water-soluble vitamins in water. Thus, this section provides an introduction

that is essential for a further discussion of prediction results. It provides a description of

strategies that allowed predicting the intrinsic solubility (mZ?"°?), as well as solubility at

different pH and upon addition of covitamins (m;"*"*®) . The intrinsic solubility of DNP-

AA and vitamins was predicted with ePC-SAFT at T=298.15 K and p=1 bar. While the

L,pred . . . . .
values of mof for some vitamins have been predicted also in a wider temperature

range, namely T = 293 - 323 K (VC) and T = 283.59 - 332.09 K (VB3acid), m*P"*? were
predicted only at T = 298.15 K and p=1 bar. ePC-SAFT pure-component and binary
interaction parameters required for these predictions have been included in table 4.1 and
table 4.2. The methodologies used for the parameter estimation can be found in section

4.1.

Predicting the intrinsic solubility of DNP-AA and vitamin

At first, the intrinsic aqueous solubility méfre‘iof DNP-AA (DNP-glycine, DNP-alanine,
DNP-valine, and DNP-leucine) and water-soluble vitamins (VC, VB2, VB3acid, VB9, and
VB12), at T=298.15 K and p=1 bar, was predicted with ePC-SAFT as presented in figure
8.1. The melting properties required to solubility equation (2.25) have been shown in
table 4.6. The activity coefficients of neutral species y were predicted using ePC-SAFT
pure component and binary interaction kij (with water) parameters from table 4.1. The
solubility values predicted with ePC-SAFT were validated using data included in Appendix
(A6 and A7). The same strategy has been used to predict the intrinsic solubilities of
vitamins VC and VB3acid at a wider range of temperatures, namely T = 293 - 323 K (VC)
and T = 283.59 - 332.09 K (VB3acid), The reliability of these predictions was evaluated
using data reported in the literature [149, 150].
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Figure 8.1. Prediction of intrinsic solubility mlgfred of DNP-AA and vitamins with ePC-SAFT. Solubility

equation (2.25) postulated by Prausnitz [316] requires melting properties (table 4.6) and y} that is

predicted with ePC-SAFT using pure-component and binary interaction parameters and association

L,pred
0,i

L,pred

can be converted into m;

schemes from table 4.1. Solubility expressed as x, using equation (2.26).

Predicting the pH influence on DNP-AA and vitamin solubility

The pH-dependent solubility m*"** of DNP-AA and poorly soluble vitamins VB2,
VB9, and VB12, was predicted at 7=298.15 K and p=1 bar. The strategy relied on
predicting activity coefficients ij of DNP-AA or vitamin species with ePC-SAFT and
introducing them to the respective solubility equations from section 2.3.1. The
predictions of activity coefficients of the species ij were done using ePC-SAFT pure-
component and binary interaction parameters from table 4.1 and table 4.2. They were
fitted according to the description provided in section 4.1.1. Intrinsic solubility mgfred
required for each of these expressions, i.e. (2.41), (2.54), (2.58), (2.63), and (2.69), was
obtained as described in figure 8.1. The dissociation constants Ka given in table 4.5 were
also required (pKan=-logKasm). The solubility values m*"*? predicted with ePC-SAFT
were validated using data included in Appendix (A6 and A7) as well as from the literature

[40, 42, 155, 156]. This strategy was used to characterize the behavior of DNP-AA and

vitamins in aqueous solutions of different pH. Figure 8.2 and figure 8.3 can help to

understand the non-ideality caused by different interactions in such solutions and to
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relate the presence of species (DNP-AA or vitamins) with solubility since both species

distribution and solubility are pH-dependent.
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Figure 8.2. Behavior of acidic DNP-leucine in aqueous solution: the pH-solubility profile (a) and the pH-
dependent species distribution a; (b). The species j are neutral DNP-leucine and negatively charged DNP-
leucine . This scheme presents an ideal system. The pKa is taken from table 2.1 and corresponds to the pH
at which @pyp—icucine= *pNP—-leucine—= 0-5. At pH < 2.8 pH neutral molecules of DNP-leucine (dash-dot
line in figure b) are in majority in a solution, while at pH > 2.8 mostly negatively charged DNP-leucine- (solid
line in figure b) are present. The non-ideality caused by different interactions between water and DNP-
leucine species is predicted with ePC-SAFT pure-component parameters and binary interaction parameter

ki (solid arrows in figure a). The kij between the species was not considered (dotted arrow in figure a).
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Figure 8.3. Behavior of amphoteric VB2 in aqueous solution: the pH-solubility profile (a) and the pH-
dependent species distribution a; (b). The species j presented in the figure are neutral VB2, positively
charged VB2+, and negatively charged VB2-. This scheme presents an ideal system. The pKa is taken from
table 2.1. At pH = 1.7: aygy= ayg,+ = 0.5, at pH = 6.1: ayp,= ayp,- = 0.5. At pH < 1.7 VB2+ (dashed line in
figure b) are in majority in a solution, while at pH > 6.1 mostly VB2- (dash-dot in figure b) are present. At
isoelectric point (p/) VB2 is neutral. The non-ideality of a mixture of water and VB2 species is predicted
with ePC-SAFT pure-component parameters and binary interaction parameter ki (solid arrows in figure a).
The ki between the species was not considered (dotted arrows in figure a). At a certain pH, the salt is going
to be formed. The pH ranges at which salt formation can occur where not considered in this work, however,

the solubility product can be calculated as explained in section 2.2.1.

Figure 8.2 shows the behavior of acidic DNP-leucine in water caused by pH change, and
their influence on solubility. At pH<pKa value of DNP-leucine (table 2.1, pKa=2.8), there
will be neutral molecules prevalent, while at pH > pKa value the negatively charged DNP-
leucine- will be in majority present in the solution. This difference in species distribution

influences the solubility in a way that a change in the pH of a solution of only one pH unit,
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e.g. from pH=3 to pH=4, leads already to the 4-fold increase of solubility. This is according
to experimental data (Appendix, A6) and has been already discussed in section 5.1. Based
on pKa value from table 2.1, at pH=5 the species fraction of negatively charged DNP-
leucine” apyp_ieucine- €quals 0.994. This means that at this pH, interactions mostly
between negatively charged species and water may contribute to the observed solubility
behavior of a component. Thus, binary interaction parameter kij values that help
describng not only the non-ideality of neutral DNP-leucine and water mixtrues, but also
in this case, negatively charged DNP-leucine- with water were crucial for solubility

predictions.

Figure 8.3 shows the behavior of VB2 in water caused by pH change, and their influence
on solubility. For simplification, it presents the behavior of VB2 only at pH<8. Since VB2
is an amphoteric component, the isoelectric point pI = 3.9 (calculated based on data from
table 2.1) corresponds to the pH at which VB2 has minimum solubility in water. Above
this point occurs the formation of negatively charged species of VB2, below the point - the
opposite - i.e. positively charged species of VB2. The presence of charged species relates
also to the increase of solubility if comparing to solubility observed if just neutral species
are present. VB2 is present in majority as charged species at pH below its pK,; value, as
well as above its pK,, (according to table 2.1, pK,; = 1.7, pK,, = 6.1). Thus, kijvalues are
used in ePC-SAFT to characterize the non-ideal behavior of different species, i.e. neutral
or positively and negatively charged, in aqueous solution. This non-ideality can be caused
by different interactions of these species with water. Having these kijjvalues is the key to
the accurate predictions of VB2 solubility, especially at the pH of a solution at which

besides neutral molecules, also the charged ones are present.

Predicting the covitamin influence on vitamin solubility

The aqueous solubility miL’pre‘i of poorly soluble vitamins VB2, VB9, and VB12, under
the influence of covitamins VC, VB3acid, and VB3amide, was predicted at T=298.15 Kand p=1
bar. The strategy relied on predicting activity coefficients ij of vitamin species (in a
mixture with covitamins) with ePC-SAFT and introducing them to the respective
solubility equations from section 2.3.1. The predictions of activity coefficients of the
species ij were done using ePC-SAFT pure-component and binary interaction

parameters from table 4.1 and table 4.2. The activity coefficients )/]-L of neutral molecules
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(in the mixture with covitamins) were used to predict the intrinsic solubility values

L,pred

my; (analogously to figure 8.1). The dissociation constants Kam were taken from table
4.5. In the end, the values of m{;fre‘i, ij, and pKawm could be introduced to solubility

equations (2.58) - for VB12, (2.63) - for VB2, or (2.69) - for VB9, leading to the vitamin

solubility prediction (in a mixture with covitamin) as a function of pH.
8.2. Prediction Results: Amino Acid Derivatives

This section presents the predictions of aqueous solubility that were obtained with
ePC-SAFT for four DNP-AA (DNP-glycine, DNP-alanine, DNP-valine, and DNP-leucine), at
T=298.15 K and p=1 bar. The pure-component ePC-SAFT parameters for neutral DNP-AA
were included in table 4.1. They were estimated with designed in this work Joint-
Parameter Method (J-PM) as described in section 4.1.2. The binary interaction parameters
of neutral DNP-AA and water were set to zero. The pure-component parameters for
charged DNP-AA- (q=-1) based on the parameters fitted for neutral species were included
in table 4.2. The pure-component and binary interaction parameters for DNP-AA- were
estimated according to the procedure included in section 4.1.1. The solubilities predicted
with ePC-SAFT were validated by experimental data obtained in this work at = 298.15 K
and p=1 bar and provided in Appendix (A11).

The present subchapter 8.2 is divided into two sections. Section 8.2.1 evaluates the
ePC-SAFT predictions of DNP-AA solubility in pure water at constant temperature
T=298.15 K and p=1 bar. Section 8.2.2 presents the ePC-SAFT solubility predictions
obtained for DNP-AA as a function of pH. The observations included in sections 8.2.1 and
8.2.2, can be compared with conclusions obtained based on experimental DNP-AA
solubility data in sections 5.1.1 and 5.1.2, accordingly. ARD% determined after the
comparison of data predicted with ePC-SAFT to experimental solubility data are included

in the Appendix (A11).
8.2.1. Intrinsic Aqueous Solubility at Constant Temperature

The intrinsic solubility of DNP-AA was predicted at T=298.15 K and p=1 bar
according to equation (2.25) using the parameters from table 4.1 and melting properties
from table 4.6. The results of ePC-SAFT predictions of DNP-AA intrinsic solubilities are

shown in figure 8.4. Intrinsic solubility that was based on experimental data presented
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was previously evaluated in section 5.1.1 (figure 5.1). Figure 8.4 compares these data with

the results of ePC-SAFT predictions discussed in this section.

It can be seen in figure 8.4 that ePC-SAFT was able to predict DNP-AA solubility in

water accordingly to the trend observed in section 5.1.1.
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Figure 8.4. Intrinsic aqueous solubility of DNP-AA m{ ,yp_4s at T=298.15 K and p=1 bar. ePC-SAFT
solubility mlal'gyveg_AApredictions (striped bars) were done according to approach described in section 8.1
and compared with intrinsic solubility values m§ ,yp_44 calculated from experimental solubility data (non-
patterned bars). Experimental solubility was obtained in this work at pH=3.42 (DNP-glycine), pH=3.09
(DNP-alanine), pH=3.17 (DNP-valine, DNP-leucine) (Appendix, A6). The calculations based on experimental
data were performed using experimental solubilities, pKa values from table 2.1, and solubility equation

(2.38), and they were plotted previously in figure 5.1. ARD% of experimental solubility data <5.1; ARD%
between predictions and experimental-based data < 8.76 (Appendix, A11).

Thus, ePC-SAFT predicts that the solubility trend (assuming the same trend of intrinsic

solubility mé:g;,eg_ 14 and total solubility of a component mf,’,z\’,;e_dA 4 at constant pH) for DNP-

Lpred L,pred L,pred L,pred . .
AA DNP—alanine> mDNP—valine mDNP—glycine > mDNP—leucine is different from the

SOlubility trend of aliphatic AA (mglycine< mll:—alanine < mll:—valine < m]i—leucine) [811 393,

394]. This agrees with solubility trend obtained based on experimental data. The

. . - L,pred Lypred 0/ e
difference in solubility between My DNP—glycine and Mo pNp—teucine Was ARD%~1. Also,

. s . L L
small deviation between experimental mg pyp_giycine a0 Mg pyp—ieucine Was observed

(ARD%~1). This means that based on solubilities predicted with ePC-SAFT, it is still
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difficult to fully ascertain which of the two DNP-AA: DNP-glycine or DNP-leucine, is more
soluble. However undoubtedly, DNP-alanine is the most soluble among four studied DNP-

AA and the same result was obtained experimentally and predicted with ePC-SAFT.

ePC-SAFT very accurately predicted the solubilities if referring them to intrinsic
solubilities obtained based on experimental data. The lowest ARD% between
experimental data-based and predicted with ePC-SAFT solubilities was observed for DNP-
leucine (ARD% = 2.02), while the highest was found for DNP-glycine (ARD% = 8.76). This
is a very good result considering low aqueous solubility of DNP-AA studied in this work
(Appendix, A6). Predicting the behavior of DNP-AA in pure water required only ePC-SAFT
pure-component parameters of DNP-AA (kij between neutral species and water were set
to zero) that were fitted by joining parameters for associating AA already established as
well as applied in several different works [78, 79, 81, 371, 420], with parameters for non-
associating DNB (J-PM) (Appendix, A5). Since this modeling method was enough to later
accurately predict DNP-AA solubility, developed in this work modeling method (J-PM)
and prediction approach, can be considered very advantageous in terms of describing the
non-ideal behavior of DNP- AA in water. Thus, ePC-SAFT accordingly predicts the non-
ideality caused among others by different interactions (listed in section 2.4) of DNP-AA in

aqueous solutions.
8.2.2. Influence of pH on Aqueous Solubility

The pH of aqueous solution influences the charge of DNP-AA and through this also its
solubility. According to figure 2.1 presented in section 2.3.2 and figure 8.2 shown in
section 8.1, at pH < 5 all considered DNP-AA are present as neutral and negatively charged
species. The species fractions can be calculated as explained in section 2.3.2. At pH = 6
DNP-AA are solely present as negatively charged species in a solution. Figure 8.5 shows
the solubility of uncharged DNP-AA (intrinsic solubility) and solubility at pH 6.4 of DNP-
AA (q=-1). Approximately double increase of solubility was predicted with ePC-SAFT for
DNP-glycine, DNP-valine, and DNP-leucine when changing the pH from the pH value of

each saturated solution (without an addition of a base) to pH=6.4.

Figure 8.5 compares experimental data-based solubility and solubility predicted with
ePC-SAFT (Appendix, A11). Very low deviations between these solubility values were

observed proving a great success of the predictive approach designed in this work. The
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highest deviation (ARD%) between solubility predicted with ePC-SAFT and experimental

data-based values at pH 6.4 was observed for negatively charged DNP-alanine
(ARD%=1.1). The difference in non-ideal behavior of the species depends among others
on the interactions of DNP-AA with water (kij). The binary interaction parameters kij for
neutral species were set to zero. For negatively charged DNP-AA kij were fitted to
solubilities measured at pH at which DNP-AA are solely present as negatively charged
species (q=-1; apyp_aa- = 1) accounting simultaneously for the thermodynamic non-
ideality towards activity coefficients (yj") and thermodynamic dissociation constants
(Kath). The latter was done according to Lange et al. [381]. The solubility can change due
to intermolecular hydrogen bond formation and factors like the polarity of a molecule,

namely according to the principle that solutes dissolve better in alike solvents [57].

Al !

DNP-glycine DNP-alanine DNP-valine DNP-leucine

Figure 8.5. Intrinsicaqueous solubility of DNP-AA (apyp_aa = 1) at pH=3.42 (DNP-glycine), pH=3.09 (DNP-
alanine), pH=3.17 (DNP-valine, DNP-leucine) (white bars) and solubility of DNP-AA at pH = 6.4 at which
apnp—aa— = 1 (gray bars), experimental data-based (non-patterned bars) and predicted (patterned bars)

solubility, m5yp_a4, at T=298.15 K and p=1 bar (Appendix, A11). ARD%<2.92.

Due to low solubility of DNP-AA, it was not possible to evaluate the deviations from
non-ideality in DNP-AA aqueous systems based on experimental osmotic coefficients ¢.
The concentrations of DNP-AA were too low to reach detection limits of the apparatus to
perform the measurements of ¢ (section 3.2.4). Thus, the non-ideality of these solutions

could be evaluated using activity coefficients ij obtained with ePC-SAFT. Based on the
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results of the predictions, DNP-AA solutions deviate from ideality, thus, activity

coefficients of the species ij obtained with ePC-SAFT were different than unity. The
values of y]-L > 1 imply that DNP-AA exhibit positive deviation from Raoult's law since the

activity of DNP-AA (species) is higher than its (species) mole fraction. Thus, strong
repulsive forces may dominate in aqueous solutions containing low soluble DNP-AA
(according to European Pharmacopoeia terms - very slightly soluble [57]). The deviations
from non-ideality were observed in figure 4.2(c) (experimental osmotic coefficients ¢) for
another low soluble component, namely VB12, while for more soluble VB3acid and VC -
the deviations were negative. Also, the ratios of activity coefficients of neutral DNP-AA
species to activity coefficients of charged DNP-AA species ij were found to be higher than
unity. The increase of DNP-AA solubility was observed when increasing the pH through

an addition of basic agent (mnaon < 0.035 mol-kg1).

Since aqueous solubility values predicted by ePC-SAFT were very accurate (if
comparing them to experimental data-based intrinsic solubility values), it proves that
ePC-SAFT accounts on the non-ideality caused among others by different interactions
(described in section 2.4) that occur in these aqueous DNP-AA systems and that rule the
solubility of DNP-AA in water. For this reason, the approach designed in this work to
predict the solubility at different pH can help to understand the behavior of DNP-AA in

water in the presence of acidity or basicity agents.
8.3. Prediction Results: Water-Soluble Vitamins

In this work, solubilities in water of vitamins: VC, VB2, VB3acid VB9, and VB12, at
T=298.15 K and p=1 bar were predicted with ePC-SAFT. The parameters used for these
predictions were fitted according to the description provided already in subchapter 4.1.
The pure-component and binary interaction ePC-SAFT parameters for neutral vitamin
species can be found in table 4.1, while the parameters for charged vitamin species were
included in table 4.2. Aqueous solubilities predicted with ePC-SAFT were validated by
new experimental solubility data at 7= 298.15 K and p= 1 bar given in this thesis in
Appendix (A7) and discussed in subchapter 5.2.

The present subchapter is divided into four sections. Section 8.3.1 shows the
evaluation of ePC-SAFT predictions of vitamin solubility in pure water at constant
temperature T = 298.15 K (for all vitamins considered in this work). Knowing the pH-
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solubility profiles of vitamins is fundamental for understanding and controlling their
behavior in aqueous solutions. Thus, section 8.3.2 presents a discussion on pH-solubility
profiles predicted with ePC-SAFT for low soluble VB2 and VB9, at T = 298.15Kand p =1
bar. These results were compared to the pH-solubility profiles obtained with idealized H-
H-based equations. The solubility of vitamins can be influenced by temperature, thus, ePC-
SAFT predictions have been performed also in wider range of temperatures, namely
T = 283.59 K- 332.01 K (VB3acid) and T = 293 K - 323 K (VC). Temperature effect was
evaluated in section 8.3.3 and validated with experimental data taken from the literature
[149, 150]. In the end of this subchapter, also ePC-SAFT predictions of solubility
enhancement of poorly soluble VB2, VB9, and VB12, upon addition of covitamins VC,
VB3acid and VB3amide gre addressed (section 8.3.4). ARD% values determined after the
comparison of data predicted with ePC-SAFT to experimental solubility data were

included in the Appendix (A12).
8.3.1. Intrinsic Aqueous Solubility at Constant Temperature

The intrinsic aqueous solubilities of acidic (VC) and amphoteric (VB2, VB3acid, VB9,
VB12) vitamins were predicted with ePC-SAFT using equation (2.25) at T=298.15 Kand
p = 1 bar. The activity coefficients ij required in this equation were predicted using the
parameters for neutral species included in table 4.1. Melting properties needed for these
predictions were taken from table 4.6. The results of ePC-SAFT predictions, accompanied

with experimental data, are given in Appendix (A12) and are presented in figure 8.6.
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Figure 8.6. Intrinsic solubility of vitamins mﬁ‘vimmin at T=298.15 K and p=1 bar. ePC-SAFT predictions
(patterned bars) were performed according to description from section 8.1 and compared with intrinsic
solubility determined based on experimental data (non-patterned bars, presented previously in figure 5.4).
Experimental data measured at pH of saturated vitamin solutions in pure water: pH=1.94 (VC), pH=5.68
(VB2), pH=3.42 (VB3acd), pH=4.28 (VB9), pH=5.55 (VB12) (Appendix, table A7.1). Intrinsic solubility was
predicted with ePC-SAFT using equation (2.25) and melting properties from table 4.1. ARD% between
predictions and experimental-based data < 4.56 (Appendix, A12).

The trend of vitamin solubility mb.>mb 5., > MEg, > mbg, > mbg, (assuming the
same trend of mé'vimmin and mk;, ..., at constant pH) was already discussed in detail in
experimental section 5.2.1. For all vitamins considered in this study, ePC-SAFT allowed
quantitative predictions of their aqueous solubilities at T = 298.15 K and p=1 bar. The
highest deviation between measured and predicted solubility (ARD% = 4.13) was
observed for the least soluble vitamin (VB9). However, this ARD% value is still very small
and leads to the conclusion that ePC-SAFT can excellently predict the solubilities of even
such complex components at T= 298.15 K. This is a very good result for such complex
vitamin molecules, especially since solubility data have not been used for ePC-SAFT
parameter estimations. Overall, the approaches designed in this work for ePC-SAFT
parameter estimation (MM, section 4.1.1) and for predicting the intrinsic solubility of
vitamins in water can accurately characterize the non-ideality caused among others by

different interactions (listed in section 2.4) that occur in these vitamin systems.
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8.3.2. Influence of pH on Aqueous Solubility

Depending on the pH, also charged vitamin species can be present in aqueous
solutions in addition to the neutral species. To describe the non-ideality that is caused
among others by molecular interactions, according to the pH (and thus according to the
vitamin’s charge), ePC-SAFT was applied in this work. The ePC-SAFT parameters for
differentionic species of the two low soluble vitamins VB2 and VB9 have been determined
(table 4.2). VB12 was not included in this step since the solubility of VB12 is not expected
to be pH-dependent in the range 4 < pH < 12 (based on figure 5.5).The ePC-SAFT
parameters for the charged vitamin species were determined as explained in section 4.1.1.

The predicted pH-solubility profiles of VB2 and VB9 are presented in figure 8.7.

The pH change was experimentally induced upon adding HCI or NaOH. This might
not only cause the desired pH change, but it also might influence the electrostatic
interactions involving the vitamin. However, only very low concentration of NaOH or HCl
was used [in the range of several millimoles per kilogram water: VB12:
mnaoH < 0.41 mmol-kg1 (at pH =7.81); VB2: mnaon < 0.02 mmol-kg! (at pH = 6.87)]. This
concentration does only marginally influence the ePC-SAFT predictions, while pH is
changed dramatically. This in turn causes species change of the vitamin, which ultimately
induces formation of non-neutral vitamin species and thus causes strong electrostatic
interactions. The species distribution affects aqueous solubility of vitamin as shown in an
example for VB2 in figure 8.3. In this work, the presence of added H* or Na* ions was not
considered in the ePC-SAFT predictions shown in figure 8.7. The vitamin solubilities at
different pH values were calculated according to the description presented in subchapter
8.1 using equations (2.63) and (2.69). Intrinsic solubility values required in these
equations were calculated with equation (2.25). Based on the results presented in figure
8.7, the ion-specific ePC-SAFT parameters for the charged vitamin species allow
accurately matching the experimental data as well as the idealized H-H-based lines for

VB2 and VB9. Thus, the ePC-SAFT parameters of the vitamin species are validated.
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Figure 8.7. ePC-SAFT predictions of pH-solubility (m%;;,,..n) profiles for VB2 (a) and VB9 (b) at T=298.15
Kand p=1 bar (M) and experimental solubility data measured in this work (O) (Appendix, A7). The vitamin

solubilities at different pH values were predicted using equations (2.63) and (2.69). The dashed lines
represent the calculations using the idealized H-H-based equations (2.62) and (2.68).

8.3.3. Influence of Temperature on Aqueous Solubility

Both pH and temperature can change the solubility of the vitamin. ePC-SAFT
predictions allowed separating the pH and temperature effects on vitamin solubility.
Thus, in this section, the temperature effect could be evaluated independent of the pH (in
contrast to the experimental section 5.2.3 in which combined pH and temperature effect
must be considered). The temperature dependence on the solubility of the two most
soluble vitamins considered in this work has been studied. ePC-SAFT predictions were
performed at T = 283.59 K - 332.01 K for VB3acid and T = 293 K - 323 K for VC.
Experimental data for validation of the predictions were taken from the literature [149,

150].
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According to figure 8.8, and as expected, the solubility of VC and VB3acid increases

with increasing temperature. ePC-SAFT allows accurately predicting the solubility of
VB3acid within the range of T = 283.59 K - 332.09 K (ARD% = 2.82). VB3acid is one of the
most stable molecules against air, light, acids and alkalis, among other water-soluble
vitamins[135]. VCis a very unstable compound concerning air and light, and thus thermo-
induced degradation could occur at higher temperatures during solubility experiments.
For VC, ePC-SAFT over predicted experimental solubility at temperatures higher than
T=298.15 K. This might be caused by decomposition and questionable solubility data
which cannot be described by the model (e.g. decomposition) [392] or by the need of
temperature-dependent binary interaction parameters. Although an effective method,
use of the latter is not within the scope of this work. In sum, these deviations might be due
to model inaccuracies or due to the use of harmful experimental conditions (nonharmful:
pH~pH of uncharged vitamins, stable around room temperature, protection from light,

protection from air by using well-sealed vials).

10.0 —

1.0+
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L
vitamin

30 31 32 33 34 35 36
1000-T" /K

Figure 8.8. Temperature influence on aqueous vitamin solubility mZ%;,,in. €PC-SAFT predictions are
represented by lines, experimental validation are symbols. Black symbols - (®) VC and (e®) VB3acid: this

work (Appendix, A7), open symbols - (¢) VC and (©) VB3add: literature [149, 150]).

Most probably, deviations between predicted and experimental solubilities have been
caused by pH effects, which were not considered by ePC-SAFT while predicting the VC
solubility at different temperatures. Unfortunately, further evaluation using ePC-SAFT
could not be carried out since the pH values were not provided in the work from which

experimental data was withdrawn [149]. Nevertheless, the reasoning presented in the
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following may explain why the pH effect can be considered the most likely factor causing
these deviations. The pH influence on solubility of different natural components (acidic,
basic, amphoteric) has been discussed in section 2.3.1 and in the literature[60]. The pH of
VC solutions is expected to decrease for higher solubility, which forces the total solubility
of VC to decrease. It can be seen in figure 8.8 that the deviation between measured and
predicted solubilities of VC increases gradually with increasing solubility. To include this
effect into the ePC-SAFT predictions, dissociation equilibria are required. Unfortunately,
the pH values of equilibrated solutions are not known, which does not allow fully
unravelling the reasons of VC solubility deviations of PC-SAFT predictions. Nevertheless,
this example proves that the knowledge on the pH influence of vitamin solutions on
solubility data is of high importance, and this has been addressed in the previous section

8.3.2.
8.3.4. Influence of Covitamin on Aqueous Solubility

The aqueous solubilities of poorly water-soluble vitamins (VB2, VB9, and VB12) at
T = 298.15 K and p = 1 bar upon addition of better-soluble covitamins (VC, VB3acid,
VB3amide) were predicted with ePC-SAFT following the methodology presented in
section 8.1. The pure-component parameters and binary interaction parameters of
vitamins required for the predictions were listed in table 4.1 and table 4.2. Melting
properties were taken from table 4.6. The ePC-SAFT predictions are presented in the
following. The results are divided into two parts: the first part deals with solubility upon
addition of vitamins that change pH without modifying the species distribution
dramatically, while the second part deals with solubility upon addition of covitamins that
change the pH strongly so that the species distribution is dramatically modified. The
solubility predictions upon addition of covitamins were validated against experimental

solubility data (Appendix, A7).

To evaluate if a given concentration of covitamin will cause minor or major species
change, the pH value of water - vitamin - covitamin solution must be known. The species
distribution can be calculated based on examples shown in section 2.3.2. Since the
formation of different species has an influence on aqueous solubility, thus, solubility data

can be used for the comparison of the effect caused by species distribution change.
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(Figure 8.9, continued on next page)
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pH 5.55 6.4 6.4 3.46 3.43
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Figure 8.9. The effect of pH (species distribution) and interactions on solubility m%;,..in of VB2 (a), VB9
(b),and VB12 (c). Nonpatterned bars: experimental data obtained in pure water (white) and in the presence
of covitamins VC (black bars), VB3acid (light gray), VB3amide (dark gray), at T7=298.15 K and p=1 bar. Data
from this work (Appendix, A7) or (*) from the literature [177]. Below the graphs the pH of saturated
solutions and concentration of covitamin m,,yitqmin are given. Patterned bars: solubility calculated at the
pH corresponding to saturated solutions of water-vitamin-covitamin solutions with the H-H-based eq.
(2.62) for VB2, (2.68) for VB9, (2.57) for VB12; data calculated at the pH of saturated solutions of water-

vitamin-covitamin. Dashed lines were added to guide the eye.

Figure 8.9(a-c) presents the evaluation of calculated (patterned bars) and
experimental (nonpatterned bars) aqueous solubility of three low soluble vitamins VB2,
VB9, and VB12, in the presence of covitamins VC, VB3acid, and VB3amide, At first, the
solubility of a vitamin at the pH corresponding to the solution containing vitamin and
covitamin was calculated using idealized H-H-based solubility equations (2.62) for VB2,
(2.68) - VB9, and (2.57) - VB12. These equations do account only on the pH effect, so they
can be used to estimate the pH influence in water-vitamin-covitamin solutions.
Afterwards, the so-calculated value (patterned bars in figure 8.9) was compared with the
intrinsic solubility of a vitamin (white bars in figure 8.9) and experimental solubility

(nonpatterned bars in figure 8.9).
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If the solubility of a vitamin calculated with the H-H-based solubility equation at a
given pH was comparable with the intrinsic solubility of a vitamin (ARD%<5), then the
minor species change was assumed as described in the following “Addition of Covitamin
Causing Only Minor Species Change”. In this case, the pH effect has no significant influence
on the solubility of vitamin, and an idealized H-H-based equation would be unsuccessful
in estimating experimental solubility (nonpatterned bars in figure 8.9). If the solubility of
a vitamin calculated with the H-H-based solubility equation (patterned bars in figure 8.9)
equals intrinsic solubility (white bars in figure 8.9), but it is different than the
experimental value (nonpatterned bar in figure 8.9), then it can be assumed that
interactions are a deciding factor influencing the solubility. The solubility is accessible
with ePC-SAFT that accounts for interactions. Thus, equation (2.25) postulated by
Prausnitz [316] can be used. Based on figure 8.9, it is expected that this situation
(solubility influenced by minor species change) applies to VB2 mixed with VB3acid
(MyB3acia=0.05 - 0.1 mol-kg1; light gray bars), as well as to VB12 in the presence of
covitamins VB3acd (myps,.q0 = 0.05 - 0.1 mol-kg?; light gray bars) and VB3amide
(MmyB3amide = 0.1 - 0.2 mol-kg-1; dark gray bars).

If the solubility of a vitamin calculated with the H-H-based solubility equation at a
given pH was significantly higher than the intrinsic solubility of this vitamin (ARD%>5),
then the second case can apply as described in the following “Addition of a Covitamin
Causing Major Species Change”. Further, if the solubility of a vitamin calculated with the
H-H-based solubility equation (patterned bars in figure 8.9) is different than intrinsic
solubility (white bars in figure 8.9), but it equals the experimental value (nonpatterned
bar in figure 8.9), then it can be assumed that the pH effect is a deciding factor influencing
the solubility. Based on figure 8.9, this situation was observed only for VB9 in the presence
of lower concentration of VB3amide (myps...... = 0.1 mol-kgl; dark gray bars). The
solubility obtained with the H-H-based equation can lead to a similar result like the
experimental value. However, the so-calculated solubility is an idealized value, thus, using
ePC-SAFT that accounts for non-ideality could be more relevant. This means using
equation (2.25) and a respective solubility equation that accounts on the pH, namely
(2.63) for VB2, (2.69) - VB9, or (2.58) - VB12. A more detailed explanation is provided in
subchapter 8.1.
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If the solubility of a vitamin calculated with the H-H-based solubility equation (patterned
bars in figure 8.9) differs from intrinsic solubility of a vitamin (white bars in figure 8.9),
as well as from the experimental solubility value (nonpatterned bars in figure 8.9), the
combined effect of interactions and the pH must be considered. It can be observed from
figure 8.9 that this case applies to the mixtures of VB2 with VB3amide (myg3qmige = 0.1 -
0.2 mol-kg1; dark gray bars) and VC (my. = 0.5 -1.42 mol-kg1; black bars), as well as of
VB9 with a higher concentration of VB3amide (m,ps ... = 0.2 mol-kg-1; dark gray bars). In
this case, the idealized H-H-based equation would be unsuccessful in estimating the
solubility, thus, the solubility is accessible with ePC-SAFT. Equation (2.25), Kath and a
respective solubility equation, namely (2.63) for VB2, (2.69) - VB9, or (2.58) - VB12, allow
accounting on interactions and the pH. A more detailed explanation is provided in section

8.1.

Addition of Covitamin Causing Only Minor Species Change

This part presents and discusses solubilities of poorly water-soluble vitamins upon
addition of covitamin, which causes pH changes of equilibrated vitamin solutions. The
experimental and ePC-SAFT prediction results of VB2 and VB12 aqueous solubility upon
addition of covitamins VBacid and VB3amide gre shown in figure 8.10. However, these pH
changes do only slightly modify species distribution as shown with gray areas in figure
8.10(b,d), and pH effects on solubility are not expected. Thus, solubility changes are
mainly governed by molecular interactions. Figure 8.10 shows experimental solubilities
of VB2 (figure a-b) and of VB12 (figure c-d) upon addition of VB3acid or VB3amide tg the

respective aqueous vitamin solutions.

Based on the solubility data presented in figure 8.10, it can be observed that the
covitamin VB3amide strongly enhances the solubility of VB2 and VB12. Using ePC-SAFT
pure-component and binary interactions parameters listed in table 4.1 allowed accurate
solubility predictions for several water + vitamin + covitamin systems. Prediction means
that no additional binary parameters between the vitamin and the covitamin were
introduced to obtain results shown in figure 8.10. ePC-SAFT allows reasonably predicting
solubilities of VB12 in the presence of both covitamins, VB3acd (ARD% = 6.89) and
VB3amide (ARD% = 3.76), in the range of covitamin concentrations considered in this study.
Moreover, an excellent result is observed for the solubility prediction of VB2 upon

addition of covitamin VB3acid (0 <mp5,.4,< 0.1 mol-kgl; ARD% = 2.04). That is, ePC-SAFT
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predictively describes the non-ideality caused by different interactions between the

covitamin and the saturated vitamin in the aqueous solutions. The prerequisite for this
excellent result is the fact that the addition of covitamin does not change the pH in a way

that the new species distribution would lead to a significant solubility impact.
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Figure 8.10. ePC-SAFT solubility m%;,,min predictions (patterned bars) and experimental aqueous vitamin
solubility (nonpatterned bars) of VB2 (a-b) and VB12 (c-d), at T=298.15 K, p=1 bar, measured in pure water
(white bars), upon addition of VB3acd (light gray bars) or VB3amide (dark gray bars) (Appendix, A7 and A12).
The numbers above figures (a) and (c) are pH values of the saturated solutions. Figures (b) and (d) show
experimental aqueous solubility upon addition of VB32cid ( A: myp3,4.:4=0.05 mol-kg-1and A: myp34.i4=0.1
mol-kg1), and VB3amide (®: myp34miqe=0.1 mol-kg'tand €: mygsamiqe=0.2 mol-kg1) as a function of pH.

Dashed lines: theoretical solubility calculated with idealized H-H-based equations (2.57) and (2.62).

[t can be observed for VB2 and VB12 in the pH-solubility profiles (figure 8.10) that the pH
has no significant influence on vitamin solubility in the pH range studied (3.43 < pH < 6.4

for VB12 and 3.36 < pH < 5.68 for VB2). According to these pH-solubility profiles, mainly
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the neutral vitamin species are present in the considered pH ranges. This demonstrates
that the pH change does not cause the observed solubility increase shown in figure 8.10(a,
c). Moreover, it can be concluded that in this case, the addition of the covitamin
solubilizers relies on hydrotropic solubilization mechanism instead of pH-induced

solubility increase.

Addition of a Covitamin Causing Major Species Change

This part presents and discusses solubilities of poorly water-soluble vitamins upon
addition of covitamins that modify pH of saturated vitamin solutions. These pH changes
significantly modify species distribution, and thus, pH effects on solubility are expected
on top of the possible solubilizing effects that are based on molecular interactions. As
shown in the previous part (addition of covitamin causing only minor species change),
ePC-SAFT allows predicting the non-ideality caused among others by molecular
interactions induced by the addition of covitamin at a specific pH. Further, based on the
ion-specific parameters of the vitamin species (table 4.1 and table 4.2), ePC-SAFT allows
capturing the pH-dependent interactions between vitamin species and water correctly.
This finally allows predicting the vitamin solubility upon addition of covitamins that

modify the species distribution significantly by pH changes.

The pH-change-induced species distribution also causes modification of molecular
interactions between vitamin and covitamin, as the vitamin will not be present as the
same species upon pH change. ePC-SAFT pure-component and binary interaction
parameters used for predictions are listed in table 4.1 and table 4.2 for different vitamin
species. No additional binary parameters between the two vitamins were introduced. The
predictions were validated by experimental solubility data of VB2 upon addition of VC
and VB3amide a5 well as the solubility data of VB9 in mixture with VB3amide, These data are
provided in Appendix (A7). The influence of two different covitamins, VC and VB3amide on

the solubility of VB2 is shown in figure 8.11.

It can be observed from figure 8.11(a) that VB3amide jncreases VB2 solubility more
than VC. Figure 8.11(b) illustrates that covitamins VB3amide and VC cause a pH change
(gray area) that causes formation of different species. Thus, the observed solubility
increase upon addition of the covitamins is a function of pH and of molecular interactions.

Figure 8.11 proves that the methodology applied for these predictions (section 8.1) allows
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reasonably accurate VB2 solubility predictions upon addition of covitamin VC (ARD% =
14.5). To obtain such results, ePC-SAFT parameters were assigned to different vitamin

species (table 4.1 and table 4.2).

00 05 1.0 15 20 0 1 2 3 4 5 6 7
m / mol-kg™ pH

covitamin

Figure 8.11. ePC-SAFT predictions (solid lines) and experimental validation (symbols) of aqueous VB2

solubility m&p, upon addition of covitamins M gpitamin, at T = 298.15 K and p = 1 bar. Figure (a): black
symbols ¢ and ® - this work (Appendix, A7), white symbols ¢ and © - literature[153, 177]; ¢ and < -
addition of covitamin VB3amide, ® and © - addition of covitamin VC; the pH according to experimental data

(Appendix, A7); pH = 5.68 if my = 0 mol-kg1; predictions using the ePC-SAFT parameters from table 4.1
and table 4.2. Figure (b): experimental (Appendix, A7); ®: Myg3amige= 0.1 mol-kg! or ®: Myp3amige= 0.2

mol-kg1; ®: my-= 0.5 mol-kg! or ®: my-= 1 mol-kg; dashed line was calculated with idealized H-H-based

equation (2.62). Note that data from ref. [153] reported at T=303.15 K and these cause only slight deviaton
to the solubility at T=298.15 K[5].

The values of aqueous solubility shown in figure 8.11 were predicted with ePC-
SAFT at pH adequate to the value that was measured in equilibrated solutions (with or
without a covitamin). These pH values of equilibrated solutions with the corresponding
vitamin solubilities are provided in Appendix (A7). To study the interplay of different
factors influencing VB2 solubility upon addition of VB3amide gsolubility data of VB2
measured in a wide range of covitamin concentration (0 <mvssamide< 1.8 mol-kg-1) have
been taken from the literature [153] and presented in figure 8.11(a). The solubility values
from the literature were obtained at a slightly different temperature (5 K difference)
compared to that in this work. This difference was neglected as it causes only a slight

deviation in solubility of VB2[5]. Unfortunately, the authors of the literature data have not
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reported the pH values of the saturated solutions. Rather, pH 6.4 was assumed in that
work for all samples. Considering the pH-solubility profile of VB2 (figure 5.5 and scheme
presented in figure 8.3), only a slight deviation from pH 6.4 might cause a significant
solubility change. Nevertheless, ePC-SAFT was used to predict the solubility upon
addition of VB3amide agssuming pH 6.4. The predictions were successful with reasonable
accuracy (ARD% =9.35) by using the methodology described in section 8.1, i.e. by using
the parameters for different vitamin species listed in table 4.1 and table 4.2. The
composition of the total VB2 content at pH 6.4 can be calculated as explained in section
2.3.2. In the future, more precise reports on the pH values are desirable to further
decrease the ARD% values. ePC-SAFT overpredicted VB2 solubilities at very low VB3amide
molality (figure 8.11). The reason behind is that experimental measurements of VB2
solubility at low VB3amide molality have been performed at pH#6.4 (namely, pH 5.68),
while ePC-SAFT was used to predict the solubility of VB2 at pH 6.4.

Further, the influence of the covitamin VB3amide on the solubility of VB9 has been
investigated. Figure 8.12 illustrates that the addition of VB3amide changes pH values of

saturated VB9 solutions significantly (sharp solubility increase region).
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Figure 8.12. ePC-SAFT solubility predictions mbz, (patterned bars) and experimental aqueous solubility
(nonpatterned bars) of VB9, at T = 298.15 K, p = 1 bar. (a): measured in pure water (white bars) or upon
addition of VB3amide (gray bars); solubility of VB9 in pure water and in the presence of covitamin
Mypzamide= 0.1 mol-kg! (Appendix, A7) and Myp3amide=0.91 mol-kg! [42]. (b): VB solubility measured
upon addition of myg34mige=0.-1 mol-kg! (®), dashed lines were calculated with idealized H-H-based

solubility equation (2.68).
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The pH of the resulting solutions (pH shift from 2.86 to 5.4) unambiguously indicates that
a significant pH-induced solubility increase in this pH range is expected. VB9 solubility
upon addition of VB3amide jn the specific range of covitamin concentration
(mvB3amide=0-0.91mol-kg-1) was predicted with reasonable accuracy (ARD% =4.23) using

the methodology explained in section 8.1.

The main observation based on the results provided in this part confirms the fact
that the pH effect cannot be neglected when the phenomena which rule the vitamin
solubilization are studied. The so-called “hydrotropes” [59] might cause pH changes that
strongly influence (i) molecular interactions, (ii) species distribution, or (iii)even both.
Different covitamins (VB3amide and VC) are considered as solubilizers for VB2 or VB9, and
the predominating factor influencing the solubility is related to the concentration of
covitamin. At low VB3amide concentrations, solubilities of VB2 and VB9 follow the pH-
solubility curves calculated with idealized H-H-based equations (2.62) and (2.68). This
means that at low VB3amide concentration, a similar effect on VB2 and VB9 solubility is
expected as when adding sodium hydroxide to the vitamin solution. Clearly, NaOH is not
considered as a hydrotrope, and the solubilizing effect induced by the addition of a low
concentration of VB3amide js just a pH-induced solubility increase. Examples presented in
this section prove that at low covitamin concentrations, pH effect is a deciding factor for
solubility enhancement. Above a certain covitamin concentration, namely, minimum
hydrotrope concentration, the interactions become successively more important and
finally dominate the observed solubility increase. This does not mean that pH effects are
becoming negligible at high covitamin concentrations. It was shown that this fact can be
accessed by ePC-SAFT solubility predictions. ePC-SAFT considers many interactions
which probably occur in the aqueous vitamin system at different covitamin concentration.
However, it was not possible to accurately predict solubilities of vitamins upon addition
of covitamins mentioned in this part, without accounting for the pH. Moreover, the
concentration at which the interactions are predominant is different for each covitamin.
The solubility enhancement levels also vary, and they can be very different for each
vitamin. Thus, the same concentration of VB32mide (myg3amide= 0.91 mol-kg1) leads to about

100-fold solubility enhancement of VB9, while for VB2, a 15-fold increase observed.
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8.4. Conclusion

In this chapter, the results of aqueous solubility predictions of four DNP-AA, namely
DNP-glycine, DNP-alanine, DNP-valine, and DNP-leucine, as well as five vitamins VC, VB2,
VB3acid, VB9, VB12, carried out using thermodynamic model ePC-SAFT were presented

and discussed. Designed in this work ePC-SAFT strategies allowed predicting the intrinsic

solubility (mgfrEd), as well as solubility at different pH and upon addition of covitamins

Lpred
i

(m ). The intrinsic solubility of DNP-AA and vitamins was predicted with ePC-SAFT

at T = 298.15 K and p = 1 bar. For some vitamins, namely VC and VB3acid, the values of

mé:?md have been predicted also in a wider temperature range, namely T = 293 - 323 K

(VC) and T =283.59 - 332.09 K (VB3acid), Solubility values at different pH of a solution and
upon addition of covitamins m,"”"*? were predicted at T = 298.15 K and p=1 bar. ePC-
SAFT pure-component and binary interaction parameters kj (only one kij between water
and each solute, i.e. DNP-AA or vitamin) estimated with approaches applied in this work,
namely Joint-Parameter Method and Molecular Method, were used to predict the activity
coefficients required for ePC-SAFT solubility predictions. These parameters, together
with melting properties, as well as dissociation constants pKa, were already provided in

chapter 4.

It has been observed that ePC-SAFT allows quantitative intrinsic solubility prediction
of DNP-AA and vitamin solubilities in water at T = 298.15 K and p=1 bar with parameters
fitted previously for neutral species to solubility-independent data. ePC-SAFT accurately

. .1s L,pred L,pred L,pred
described the solubility trend of DNP-AA mpyp_0ianine™ Mpnp—vaiine > MpNp—giycine >

L,pred
DNP-leucine

L
mg

that is different than experimental solubility trend observed for aliphatic AA
lycine< M[—alanine < ML—vatine < Mi—eucine [81, 393, 394]. Also, the solubility trend
obtained for vitamins mb > mb 5 ,.iq > Mbp12 > mbp, > mbpg (assuming the same trend of
MG pivamin A0 Mbirqmin at constant pH) fully agrees with experimental data from section
5.2. Overall, the approaches applied in this work for ePC-SAFT parameter estimation and
for predicting the intrinsic solubility of DNP-AA and vitamins in water can accurately
characterize the non-ideality. Such behavior can be caused by different interactions that

occur in these aqueous systems and involve neutral molecules (noncharged) of DNP-AA

or vitamins.
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Depending on the pH, DNP-AA and vitamins can be present in aqueous solutions also
as charged species. Since the solubility in water strongly depends on pH-dependent
species distribution, ePC-SAFT predictions of the pH-solubility profiles of four DNP-AA, as
well as of the two low soluble vitamins VB2 and VB9, at T = 298.15 K and p = 1 bar, have
been done and the results were presented and discussed in this chapter. Prior to the
predictions, previously estimated ePC-SAFT parameters for charged species (chapter 4)
were required. Thermodynamic dissociation constants pKath were estimated according to
Lange et al. [381] simultaneously with ePC-SAFT activity coefficients of the species )/]-L,
using the intrinsic solubility and one experimental solubility data point measured for each
solute. This allowed to obtain quantitative predictions of whole pH-solubility profiles of
DNP-AA, namely DNP-glycine, DNP-alanine, DNP-valine, DNP-leucine, as well as vitamins
VB2 and VB9. The success of ePC-SAFT lays in a fact that in contrast to the mass-balance-
based Henderson-Hasselbalch equations, ePC-SAFT explicitly accounts for the

interactions involving vitamin species at a certain pH.

Both factors the pH and the temperature may influence the solubility of a vitamin.
ePC-SAFT predictions allowed separating the pH and temperature effects on vitamin
solubility. Thus, the temperature dependence on the solubility of the two vitamins VB3acid
and VC was predicted with ePC-SAFT and discussed. It was found that ePC-SAFT can
predict the temperature influence on VB3acid solubility, between T = 283.59 K and T =
332.09 K, with high accuracy if comparing predicted results to experimental VB3acid
solubility data. Besides this success, the deviations were observed between ePC-SAFT and
experimental VC solubility at increased temperatures (7 = 293 K - 323 K). Among all
vitamins studied in this work, VC is the least stable against air and light and it is the most
acidic vitamin. Thus, the observed deviations might be caused by different effects that are

not included in the model (e.g., decomposition, pH effect).

The modeling and prediction strategies designed in this work allow also to predict
vitamin solubility in the presence of covitamins at any desired pH. The influence of
covitamins VB3acid, YB3amide, or VC, on solubility of vitamins VB2, VB9, or VB12, was
predicted with ePC-SAFT at T = 298.15 K and p = 1 bar. The predictions were in accurate
agreement to the experimental data, and they were classified into systems with minor and
major species distribution change caused upon adding covitamin. In both considered

system classes, predictions were found to be in accurate agreement with experimental
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data without a need of introducing any additional parameter (minor species change: VB12
+ VB3amide, VB12 + VB3acid and VB2 + VB3acid; major species change: VB2 + VC, VB2 +
VB3amide, VB9 + VB3amide), This work revealed adding covitamins at low concentration
mainly has an impact on solubility by a pH change. At a certain covitamin concentration
(specific for each vitamin + covitamin system), the molecular interactions become more
important than the pH. Thus, predicting the solubility in a wide range of concentrations
requires considering both molecular interactions and pH effects. This also raises some
issues about the definition of “hydrotropes”, which are considered in literature to be
solubility enhancers for many components. Based on the results obtained in this work, it
is recommended to not assign hydrotropic effects to components that increase solubility
by changing mainly the pH of a solution in a sense that also NaOH would be denoted a

hydrotrope according to this definition.
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9. Predicting Phase
Equilibrium of ATPS

This chapter presents the predictions of phase equilibria for different ATPS
formed by PEG and biodegradable salts. The predictions were performed using
ePC-SAFT that allows an accurate description of non-ideality caused by
molecular interactions between the phase forming components. The results
were compared with experimental data and presented in terms of the accuracy
obtained for ATPS composed by PEG of different average molar mass and salt
type. The results presented in this chapter are an essential component for
further applications, e.g. for ePC-SAFT predictions on the partitioning of
different solutes in ATPS. They were obtained using an approach that was
designed to describe the interactions between ATPS phase formers and

considered homosegmented PEG chain and spherical ions constitution.
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9.1. Approach

ATPS  considered in the ©present work were formed by PEG
(Mpec = 4000 - 8000 g-mol-1) and biodegradable salts, namely NasCitrate, KsCitrate,
NazTartrate, or KNaTartrate. According to a description provided in section 2.3.2, at the
pH of ATPS from this study (pH~8), all considered salts are fully dissociated. Thus, the
presence of cations Na* and K*, as well as anions Citrate3-, Tartrate?-, in ATPS is expected.
Predicting phase equilibria of ATPS containing PEG and biodegradable salts have been
carried out in this work with ePC-SAFT thorough an accurate description of molecular
interactions between the phase forming components, at T = 298.15 K and p = 1 bar. The
predictions were performed on a theoretical basis of isoactivity criteria presented already
in section 2.2.2. Experimental basis for the modeling and validation of the predictions was
included in Appendix (A8). The interactions in ATPS that have been considered by the
model are presented in figure 9.1. The non-ideality caused among others by these
interactions was characterized with activity coefficients predicted using ePC-SAFT pure-

component parameters and binary interaction kij parameter.

ATPS

Figure 9.1. Interactions between components present in ATPS considered by ePC-SAFT in this work. Binary
interaction parameter ki was used to help describing the non-ideality caused by these interactions, among

others.

In this work, the conventional approach has been followed and a homo-segmented
PEG chain and spherical salt species of fully dissociated salt were considered [303].
Although ePC-SAFT copolymer approach proposed in the literature by Reschke et. al
[280] was successful in modeling phase equilibria of PEG - organic salt ATPS, it was also
very complex. The complexity of this copolymer modeling strategy was related to splitting

PEG into two segment types and then accounting for their molecular interactions with salt
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and water. This means that many sets of parameters, i.e. the pure-component as well as

kij parameters, were required for the modeling using a copolymer approach (one set for
each segment of PEG and for every salt species). A very high computational effort related
to ePC-SAFT copolymer approach from the literature [280] was also the factor that has
limited further application of this approach to predicting the partitioning of complex
molecules, such as DNP-AA and vitamins that dissociate into different ionic species in
ATPS. Since predicting the partitioning of DNP-AA and vitamins was one of the main
objectives of this work, the conventional approach that uses just single set of pure-
component parameters and one kij with water for PEG and for each salt ion (in this case
Na+*, K*, Citrate3-, Tartrate?-) was applied. Thus, to model ATPS composed by PEG and salt
required only three sets of pure-component parameters and ki with water (one for PEG,
one for cation, and one for anion). Using more conventional strategy simplified the
modeling and allowed the predictions (i.e. LLE and further - partition coefficients) with
reasonable calculation time and numerical stability. The pure-component parameters and
kijwith water for PEG were included in table 4.1 (PEG) and table 4.2 (saltions). They were
taken from the literature [303, 338, 373-375] or fitted in this work to density and osmotic
coefficients (section 4.1.1) [7]. The binary interaction parameters between phase formers
(water, PEG, salt ions) were given in table 4.3. These parameters were either found in the
literature [375] or adjusted in this study according to a description from section 4.1.1[7,

8].

Worth to note is that these results only aimed at determining the interaction
parameters between phase formers in ATPS as listed in table 4.3. The ePC-SAFT predicted
equilibrium compositions were not used as input for further prediction of the partition
coefficients, and rather the experimental equilibrium compositions were applied for this

purpose.
9.2. Prediction Results: ATPS Diagrams

Different PEG’s molar mass and salt type are the factors that can influence phase
equilibria of ATPS. These effects were already discussed in section 6.1 and the conclusions
were drawn based on experimental data (Appendix, A8). The purpose of this section (9.2)
is to evaluate the capability of ePC-SAFT to predict phase diagrams of PEG - organic salt
(NasCitrate, KsCitrate, or KNaTartrate) ATPS, at T = 298.15 K and p = 1 bar. The following
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sections present exemplary figures that show the results obtained with ePC-SAFT for

ATPS composed by PEG of different molar mass (9.2.1) and salt type (9.2.2).

Accuracy of the predictions was evaluated based on average absolute deviation (AAD)
calculated according to equation (4.15). Experimental data used in this validation are
included in Appendix (A8). AAD for different compositions of all ATPS considered in this
study are listed in table 9.1. The average value of all AAD values calculated for both phases
of different ATPS was equal to 0.025 which is a common result for predicting LLE in

literature [98, 280].

Table 9.1. ePC-SAFT predictions of ATPS equilibrium compositions - average absolute deviation (AAD) for
all ATPS considered in this work (T = 298.15 K, p = 1 bar) [7]. AAD between predicted and experimental
values were calculated according to equation (4.15) from tie-line composition given in mass fraction

(Appendix, A8).

e Mol Wl
NazCitrate PEG 4000 12 0.0303 0.0007 0.0155
NazCitrate PEG 6000 12 0.0336 0.0246 0.0292
NazCitrate PEG 8000 6 0.0447 0.0494 0.0471
Na;Tartrate PEG 4000 12 0.0218 0.0323 0.0271
Na;Tartrate PEG 6000 12 0.0169 0.0359 0.0264
KsCitrate PEG 4000 6 0.0220 0.0087 0.0154
KsCitrate PEG 6000 6 0.0059 0.0161 0.0110
KsCitrate PEG 8000 6 0.0418 0.0106 0.0262
KNaTartrate PEG 4000 6 0.0262 0.0221 0.0241
KNaTartrate PEG 6000 6 0.0357 0.0241 0.0299
KNaTartrate PEG 8000 6 0.0338 0.0178 0.0258

*Np - number of experimental data points used for validation of the predictions

9.2.1. PEG Influence on ATPS

Table 9.1 has shown already that ePC-SAFT can predict equilibrium compositions of
ATPS formed by different PEG molar mass (Mpec = 4000-8000 g-mol-1) with reasonable
accuracy. One example of prediction results for ATPS PEG - NasCitrate for two different
PEG molar mass (Mpec = 4000-6000 g-mol-1) is presented also in figure 9.2 that illustrates
reasonable prediction results compared to experimental data. Conclusions resulting from
experimental data (including data plotted in figure 9.2) on PEG influence on ATPS have
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been already drawn in section 6.1.1. Based on table 9.1 the deviations (AAD) calculated
for both phases of ATPS are higher for ATPS composed with PEG 6000 - NasCitrate (AAD
=0.0292) than for ATPS formed by PEG 4000 - NasCitrate (AAD = 0.0155). The same trend
was observed for PEG (Mpec = 4000 - 6000 g-mol-1) and KNaTartrate. However, all these

AAD values are similar to the ones found in literature (copolymer approach) for LLE
predictions of PEG - organic salt ATPS [280]. This means that ePC-SAFT conventional
approach used in this work for predicting the non-ideality caused by interactions in ATPS
composed by PEG of different molar mass and a salt is enough accurate to be a background

for further applications (e.g. predicting the partitioning).
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Figure 9.2. ATPS containing PEG of MpEG = 4000 g-mol-! (a) or MpEG = 6000 g-mol-! (b) and NasCitrate at
T=298.15 K, p=1 bar (concentration given in mass fraction, w). The equilibrium compositions were
presented as symbols: © ePC-SAFT; e experimental (Appendix, A8). Dotted lines: tie-lines predicted with
ePC-SAFT. Solid lines (binodals, tie-lines): experimental (Appendix, A8).

9.,2.2. Salt Influence on ATPS

According to AAD values presented in table 9.1, ePC-SAFT was able to predict LLE
for ATPS formed by PEG and different salts with similar accuracy. Figure 9.3 and figure
9.4 present the equilibrium concentration of PEG plotted against the equilibrium
concentration of the salt (figures a) or salt ions (figures b). These two figures were used
to evaluate ePC-SAFT predictions, while the conclusions based on the involved
experimental data were already drawn in section 6.1.2. Figure 9.3 illustrates predictions

of cation influence on phase-forming ability in ATPS. At first general conclusions can be
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made based on figure 9.3a on which mass fractions of PEG 6000 and salt NasCitrate and

KsCitrate are plotted, i.e. ePC-SAFT can capture the effect caused by changing the salt
cation and keeping the salt anion constant. The AAD values from table 9.1 have already
shown that among the two systems considered (PEG 6000 - NasCitrate and PEG 6000 -
KsCitrate), better accuracy of the predictions was achieved for ATPS formed by PEG and
KsCitrate. However, in both cases, ePC-SAFT predicted the LLE according to the trend
observed in the evaluation of experimental data (section 6.1.2). Thus, the higher biphasic

area was predicted for PEG 6000 - NasCitrate ATPS.
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Figure 9.3. ATPS containing PEG and citrate salts, at 7=298.15 K and p=1 bar. Concentration in figures a-b
is given in mass fractions w of: PEG to salt (a) and PEG over the salt anion (b); The equilibrium compositions
of PEG 6000 - citrate salt ATPS are presented as symbols: ePC-SAFT predictions © (NasCitrate) O
(KsCitrate), experimental data (Appendix, A8): e (NasCitrate), M (KsCitrate); PEG 6000 - NasCitrate:
experimental binodal and tie-lines (solid lines), predicted tie-lines (dotted lines); PEG 6000 - KsCitrate:
experimental binodal and tie-lines (dashed lines), predicted tie-lines (dotted lines). For better visibility
figure (b) does not present experimental tie-lines for PEG 6000 - NasCitrate since they would overlap the

predicted lines.

Since figure 9.3a allows only to compare “a total” salt effect, figure 9.3b was presented for
the comparison of the cation influence on phase formation of ATPS. Consequently, figure
9.3b shows the equilibrium concentration of PEG against the equilibrium concentration
of Citrate3-. Since ePC-SAFT successfully predicted the effects caused by the presence of
different salts in ATPS, also the cation effect could be captured. Figure 9.3(a-b) shows a
decrease in the two-phase area when only the cation effect is evaluated (figure 9.3b). This
might result from the cation molar mass, as mentioned already in a discussion included
in section 6.1.2. Smaller ion Na* (compared to K*) of a salt, leads to a higher size of the
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two-phase region. From the application perspective, using a salt of smaller size cation

would be favorable since then less of salt is required to form the two-phases. Thus, the
success of ePC-SAFT in predicting this behavior is especially important if this model was

applied for selecting phase forming compounds.

ePC-SAFT predictions were evaluated also in terms of salt influence constituted of
different anion and same cation. The observations could be made based on the results

shown in figure 9.4 for ATPS formed by PEG 6000 and salts NasCitrate and NazTartrate.
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Figure 9.4. ATPS containing PEG and sodium salts, at T=298.15 K and p=1 bar. Concentration in figures a-
b is given in mass fractions w of: PEG to salt (a) and PEG over the salt cation (b); The equilibrium
compositions of PEG 6000 - citrate salt ATPS are presented as symbols: ePC-SAFT predictions ©
(NasCitrate) O (NazTartrate), experimental data (Appendix, A8): e (NasCitrate), M (Na:Tartrate); PEG
6000 - NasCitrate: predicted tie-lines and experimental binodals (solid lines), PEG 6000 - NazTartrate:
predicted tie-lines and experimental binodals (dashed lines). For better visibility figures do not present

experimental tie-lines since these data would overlap the predicted lines.

Similar to the previous example (figure 9.3) the equilibrium concentration of PEG is
plotted against the equilibrium concentration of “a total” salt in figure 9.4a. Figure 9.4b
that shows the equilibrium concentration of PEG against the equilibrium concentration of
Na* was introduced to allow studying the anion effect. ePC-SAFT was able to capture the
difference in the size of the biphasic area for both systems. ePC-SAFT predictions were in
agreement to experimental data (discussed in experimental section 6.1.2) and showed
that ATPS formed by PEG 6000 and NasCitrate has a larger two-phase area. The effect
observed on figure 9.4 and almost quantitative ePC-SAFT predictions of LLE may relate to

the accurate description of electrostatic interactions by ePC-SAFT. In this case, Tartrate?-
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can bind only two ions Na*, while Citrate3- can connect with three Na*. This was accounted

for by the model.

The prediction results presented in this section prove that ePC-SAFT through an
accurate description of the non-ideality caused by interactions in ATPS (schematically
shown in figure 9.1) can capture the effects related to the presence of different salt in the
system. It is important to note that the success of ePC-SAFT depends on the pure-
component parameters (water, PEG, salt ions) and binary interaction parameters kij with
water (water <& PEG, water < salt ions) which were not fitted to LLE data prior to the
predictions. These parameters were either available in the literature or they were
estimated based on LLE-independent properties of binary aqueous systems (i.e. liquid
density or osmotic coefficient) and can be used for predicting other physicochemical
properties (e.g. solubility). The binary interaction parameters between phase forming
components of ATPS (salt ions < PEG; salt ions: Na*, K*, Citrate3-, Tartrate?-) were taken
from the literature or fitted only to a single experimental LLE data of ATPS formed by PEG
4000 and salt i.e. NasCitrate, KzCitrate, Naz:Tartrate (in detail elaborated in section 4.1).

9.3. Conclusion

In this chapter, ePC-SAFT predictions of phase equilibria at 7=298.15 K and p=1 bar
in ATPS formed by PEG of different molar mass Mpec = 4000 - 8000 g-mol-! and
biodegradable salts, namely NasCitrate, KsCitrate, Naz:Tartrate, or KNaTartrate were
evaluated. These results only aimed at determining the interaction parameters between
phase formers in ATPS. The predictions were done on a theoretical basis of isoactivity
criteria using the ePC-SAFT approach that accounts for a homo-segmented PEG chain and
spherical species of fully dissociated salts. It required ePC-SAFT pure-component and
binary interaction parameters kij with water that were either available from the literature
or were previously fitted in this work to LLE-independent properties of aqueous binary
solutions, e.g. density and osmotic coefficients. The non-ideality caused by interactions
between phase forming components (saltions < PEG) was expressed with help of ki fitted
as described in chapter 4 only to a single experimental LLE data point from three ATPS

(PEG 4000 - NasCitrate, PEG 4000 - KsCitrate, and PEG 4000 - NazTartrate).

The results of ePC-SAFT predictions have been compared to experimental data and

the absolute average deviations AAD were calculated. Based on AAD values, ePC-SAFT
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was capable to accurately predict the LLE of ATPS under study. The overall AAD obtained

from the comparison of predicted and experimental equilibrium mass fractions of ATPS
components in all considered ATPS (both phases, different tie-lines) was equal to 0.025
(2.5 wt%) which is a common result for predicting LLE in literature. The predictions were
also evaluated in terms of the ability of ePC-SAFT to capture the effects on phase equilibria
resulting from selecting PEG of different molar mass and type of cation and anion of a salt.
ePC-SAFT successfully predicted the effects on the size of the two-phase area caused by
the presence of PEG of different molar mass, different salts in ATPS, and related to this
cation and anion effect. Almost quantitative ePC-SAFT predictions of LLE may relate to
the accurate description of different molecular interactions considered by ePC-SAFT, e.g.
electrostatic interactions that are very important when predicting the behavior of ionic
species in ATPS. The ePC-SAFT approach proposed in this work for predicting the LLE of
ATPS was accurate enoough to be a background for further applications (e.g. predicting

the partitioning).
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10. Predicting the
Partitioning of

Biomolecules in ATPS

This chapter shows the results on partition coefficients predicted with ePC-
SAFT for DNP-AA and water-soluble vitamins in PEG - biodegradable salt
ATPS. Thermodynamic models able to accurately predict influences of system
properties that control the partitioning in ATPS can reduce time-consuming
and cost-intensive experiments to a minimum extent. Characterization
presented in the previous chapters that involve DNP-AA, water-soluble
vitamins, as well as ATPS physicochemical properties, was considered
background for the application addressed in the present chapter, that consists
of predicting the partitioning of these solutes in ATPS. The capability of ePC-
SAFT to predict the influence of solute properties, as well as phase formers, with
designed in this work ePC-SAFT approach have been evaluated by comparing

partition coefficients predicted with the model to experimental data.
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10.1. Approach

The number of experiments can be reduced by predicting accurately the partition
coefficient. However, even having an extensive database of experimental partition
coefficients (K), it is not possible to unravel the phenomena that are behind the
partitioning with only K values. In this work, ePC-SAFT was capable to predict K
qualitatively, but also by separating different effects that rule the separation it helped in
evaluating which effects dominate in the partitioning of different solutes. This was done
using activity coefficients y;° that were predicted with ePC-SAFT for different
components, separated in the two phases of ATPS. Partition coefficients K”"°***of DNP-
AA (DNP-glycine, DNP-alanine, DNP-valine, DNP-leucine) and water-soluble vitamins
(VB2, VB3acid, yB3amide, VB9, VB12) were predicted with ePC-SAFT in ATPS formed by PEG
(Mpec = 4000 - 8000 g-mol-1) and biodegradable salt (NasCitrate, KzCitrate, NazTartrate,
KNaTartrate), at T=298.15 Kand p = 1 bar. The theoretical background for the ePC-SAFT

partitioning approach designed in this work was provided in section 2.2.2.

DNP-AA and water-soluble vitamins in aqueous solutions of pH~8 (pH of ATPS) can
be present as species with different charge states, and additionally, these species can have
different partition coefficients in ATPS. Since DNP-AA and water-soluble vitamins are
usually present at very small concentrations, the ePC-SAFT partitioning approach was

based on predicting the infinite dilution activity coefficient y;° of DNP-AA or vitamin
species in the two phases of ATPS. Introducing y;* to equation (2.29) allows calculating
the partition coefficient of the species j (ijred'oo). As mentioned in section 2.2.2
experimental partition coefficient of component i (DNP-AA or vitamin) Kiexp corresponds
to the total partition coefficient K’"**“that involves all the DNP-AA or vitamin species

present in ATPS. Thus, K?"*** may differ from the ePC-SAFT predicted ijred'w if pH! #

pH' (I - top phase and II - bottom phase of ATPS). Conversion between K’"*** and

ijred’oo was provided with equation (2.30) and requires the species distributions. The

species fraction calculations were presented in section 2.3.2.
ePC-SAFT pure-component and binary interaction ki parameters with water used for

predicting the partitioning have been included in table 4.1 and table 4.2. They were
obtained either from the literature [65, 303, 338, 373-375] or estimated in this work
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based on physicochemical properties, i.e. density and osmotic coefficients (the modeling
procedures were explained in subchapter 4.1). Their fitting did not involve experimental
partitioning data. The applicability of ePC-SAFT parameters listed in table 4.1 and table
4.2 was already evaluated in terms of predicting the aqueous solubility of DNP-AA and
vitamins, as well as the LLE in PEG - biodegradable salt ATPS (chapters 8 and 9). It
showed good accuracy if comparing to experimental data. Thus, the results presented in
the following part of this work validate the relevance of using these parameters also for

predicting the partitioning in ATPS.

Predicting the partitioning of DNP-AA and water-soluble vitamins in PEG - salt ATPS
with ePC-SAFT requires a description of non-ideality caused by interactions between the
components present in ATPS. The binary interaction parameters kij between ATPS
forming components (PEG, water, salt ions) included in table 4.3 were already applied in
this work for predicting the LLE of PEG - biodegradable salt ATPS (chapter 9). These kj;
were either taken from the literature [375] or fitted in this work according to the
procedure provided in section 4.1.1. The kij values between the solutes (DNP-AA,
vitamins) and ATPS phase formers were estimated prior to predicting the partitioning

and listed in table 4.3. The fitting of these parameters was explained in section 4.1.1.

The following sections 10.1.1 and 10.1.2 explain further ePC-SAFT partitioning
approach by focusing on predicting the partitioning of specific neutral or charged
components, i.e. DNP- AA and water-soluble vitamins, in ATPS of pH~8. Thus, section
10.1.1 is centered on predicting the partitioning of amino acid derivatives - DNP-AA,

while section 10.1.2 on predicting the partition coefficients of water-soluble vitamins.

10.1.1. Amino Acid Derivatives

DNP-AA (DNP-glycine, DNP-alanine, DNP-valine, DNP-leucine) tend to partition to
the top PEG-rich phase of PEG (Mpec = 4000 - 8000 g-mol!) - biodegradable salt
(NasCitrate, KsCitrate, KNaTartrate) ATPS. To accordingly predict the partitioning of DNP-
AA in ATPS with ePC-SAFT, the dissociation equilibrium of these molecules in aqueous
solutions must be known. Thus, the evaluation of equilibrium expressions for ionizable
components is required. Since this is an essential background also for the previously
showed calculations (e.g. solubility), the description of dissociation equilibrium of DNP-

AA has been already included in this document (section 2.3.1). Based on figure 4.5, at the

Page 191



Predicting the Partitioning of Biomolecules in ATPS

pH~8 DNP-AA are solely present as negatively charged species (DNP-AA-) in aqueous
solution (charge g=- 1). The species fraction calculations for DNP-AA species (neutral

DNP-AA and charged DNP-AA-) were shown in section 2.3.2.

ePC-SAFT binary interaction parameters from table 4.3 that were needed to describe
the non-ideality caused by interactions in ATPS, have been assigned according to figure
10.1. The pure-component parameters of charged DNP-AA (DNP-AA) are given in table

4.2. The predictions of partition coefficients were evaluated based on experimental data

provided in Appendix (A9).

ATPS

Figure 10.1. Interactions between components present in ATPS (ATPS phase formers PEG, H20, salt
species; DNP-AA species). Fractions of DNP-AA and salt species are pH-dependent. Lines represent the
interactions that can occur in ATPS (solid lines: the interactions considered in ePC-SAFT modeling within
this work; dotted lines: theoretically possible interactions if neutral DNP-AA are present in ATPS - not

considered in ePC-SAFT modeling carried in this work).

10.1.2. Water-Soluble Vitamins

In this work, vitamins (VB2, VB3acid, VB3amide, YB9, VB12) are mostly partitioned to
the top PEG-rich phase of PEG (Mpec = 4000 - 6000 g-moll) - biodegradable salt
(NasCitrate, NazTartrate) ATPS. To accordingly predict the partitioning of vitamins in
ATPS with ePC-SAFT, at first the dissociation equilibrium of vitamins in aqueous solutions
must be known. Thus, the analysis of equilibrium expressions for ionizable components
in their water solutions is needed. This is an essential background required also for the
previously shown calculations (e.g. solubility). The description of dissociation
equilibrium of vitamins VB2, VB3acid, VB9, VB12 partitioned in ATPS has been already
included in this document (section 2.3.1) or provided in the literature (VB3amide)[381].
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Based on figure 4.5, at pH~8 of ATPS vitamins considered in this work are present as

neutral (VB3amide, VB12) or negatively charged species (VB2-, VB3acid- VB9Z- VB93-).

The binary interaction parameters from table 4.3 (needed additionally besides
ePC-SAFT pure-component parameters) helped describing the non-ideality caused
among others by different interactions in ATPS and were assigned according to figure
10.2. The pure component parameters of water-soluble vitamins partitioned in ATPS are
given in table 4.1 and table 4.2. The predictions of partition coefficients were evaluated

based on experimental data provided in Appendix (A9).

ATPS

Figure 10.2. Interactions between components present in vitamin partitioning in the ATPS considered in
this work (ATPS phase formers PEG, H20, salt species; vitamin species). Fractions of vitamin and salt depend
on pH. Solid lines: the interactions considered in this work for ePC-SAFT modeling; dashed lines:
theoretically possible interactions between different vitamins species (neutral, negatively, or positively
charged) present in aqueous solution - for simplification not considered in ePC-SAFT modeling; dotted
lines: interactions which could be considered by ePC-SAFT if positively charged species were present in

solution.

10.2. Prediction Results: Amino Acid Derivatives

The predictions of partition coefficient KXo, of DNP-AA (DNP-glycine,
DNP- alanine, DNP-valine, DNP-leucine) in ATPS: PEG (Mpec = 4000 - 8000 g-mol-1) -
biodegradable salt (NasCitrate, KsCitrate, KNaTartrate) were performed using ePC-SAFT,

Page 193



Predicting the Partitioning of Biomolecules in ATPS

at T=298.15 K and p = 1 bar. The pure-component and binary interaction kij parameters

required for ePC-SAFT were given in table 4.1, table 4.2, and table 4.3.

The accuracy of the predictions was evaluated based on experimental data measured
in this work and included in Appendix (A13). ARD% between experimental and predicted

partition coefficients were calculated using equation (4.14) and are listed in table 10.1. It

shows that ePC-SAFT allows predicting K2 o>, of DNP-AA with reasonable accuracy. In
overall, ePC-SAFT the most precisely predicts partition coefficients for DNP-leucine
(ARD% in average = 1.85) and for ATPS composed by PEG and NasCitrate (ARD% values
on average = 6.48). The highest ARD% values were observed for DNP-glycine (ARD% on
average = 6.93) and for ATPS composed by PEG and KsCitrate (ARD% on average = 11.16).

Table 10.1. ePC-SAFT prediction accuracies for partition coefficients KgﬁﬁfA of DNP-AA in ATPS
considered in this work (T=298.15 K, p=1 bar). Average relative deviations ARD% between predicted and
experimental values were calculated according to equation (4.14) from experimental partition coefficients

Kpnp—aa (Appendix) at different TLL.

ARD%

NasCitrate + KsCitrate + KNaTartrate +
PEG PEG PEG PEG PEG PEG PEG PEG PEG
4000 6000 8000 4000 6000 8000 4000 6000 8000
DNP-alanine 6.49 4.88 3.62 7.78 6.08 3.86 10.48 14.41 15.17
DNP-glycine 5.54 7.73 6.22 25.50 22.42 20.41 4.45 7.27 12.83
DNP-valine 7.25 3.29 13.96 13.48 5.37 8.10 3.80 4.69 4.46
DNP-leucine 7.86 4.06 6.89 9.51 6.76 4.67 4.38 8.01 11.02

DNP-AA

The success of ePC-SAFT (average of all ARD% values = 8.68) relies on a good
description of non-ideality caused by different interactions present in ATPS. The
partitioning of DNP-AA can be influenced by 1) electrostatic interactions resulting from
partitioning of charged components in ATPS, 2) molecular size of DNP-AA, 3) other
interactions of DNP-AA with phase formers (e.g. hydrogen bonding, hydrophobic
interactions). These factors are dependent among others on PEG molar mass, salt type,
ATPS composition expressed as tie-line length (TLL) that has been defined with equation
(3.3). The non-ideality caused by different interactions is described by ePC-SAFT with

help of the binary interaction parameters (ki).
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Since in ATPS of pH~8 DNP-AA is present solely as negatively charged DNP-AA-

species, only the interactions between the charged form of DNP-AA (i.e. DNP-AA-) and
ATPS phase formers were considered in the modeling and partitioning predictions. The
kij between charged DNP-AA- and ATPS phase forming compounds were estimated in this
work (table 4.1: water, table 4.3: salt ions, PEG). The procedure used for the ki estimation

was explained in section 4.1.1.
10.2.1. Solute Influence on Partition Coefficient

Figure 10.3 shows the results of ePC-SAFT predictions obtained for different DNP-
AA in ATPS formed by PEG of Mpec = 6000 g-mol-! and NasCitrate, at T=298.15Kand p =
1 bar. The accuracy of partitioning predictions in this ATPS, as well as in the systems
formed by PEG of different molar mass (Mpec = 4000 g-mol-! and Mpec = 8000 g-mol-1) and
other organic salts (KsCitrate, KNaTartrate), was evaluated based on experimental data
measured in this work (Appendix, A9) and can be read from table 10.1. DNP-AA
partitioned in the systems considered in this work (pH ~ 8) are fully present as
negatively charged DNP-AA- species. For this reason, ePC-SAFT predictions were
performed using the pure-component and binary interaction kij parameters for ionic
species of DNP-AA, i.e. DNP-AA-, from table 4.2 and table 4.3, and were assigned according
to figure 10.1.

ePC-SAFT allows not just qualitative, but also the quantitative prediction of K2y,

for DNP-glycine, DNP-alanine, DNP-valine and DNP-leucine. DNP-leucine of higher molar
mass than DNP-glycine has higher affinity to the top PEG phase than DNP-glycine. This
trend can be accordingly predicted with ePC-SAFT. It can be seen that the partitioning

order of DNP-AA in ATPS considered: Kgﬁﬁzucme > Kg;ﬁfa”ne > Klz))lzef’(i;(:zolanine >
Kﬁ;ﬁ,‘f‘;ycine do not match the trend of DNP-AA (DNP-AA-) solubility in water

MPNp—atanine > MBNP—valine > MBNP—leucine ANd méNP—glycine (according to sections 7.1.1
and 8.2.1). This means that different interactions rule the solubility of DNP-AA in water
and partitioning of DNP-AA between the two phases of ATPS. The behavior of DNP-AA
during the partitioning confirms the relationship found in the discussion coupled to
experimental results in section 7.1.1. Thus, the highest KX1°>% was observed for DNP-

leucine of the lowest molar mass among all considered in this work (Mpyp—_icucine >
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Mpnp—vatine > MpNp—aianine > M pnp—giycine)- This effect could be captured by ePC-SAFT

accordingly.

DNP-AA
B
o

K
w
o

—
o o
I;llllllllllllll

DNP-glycine  DNP-alanine DNP-valine  DNP-leucine

Figure 10.3. Partitioning of different DNP-AA in PEG 6000 - NasCitrate ATPS (TLL = 0.427; wp = 0.18 and
ws = 0.126; Appendix A8) at T=298.15 Kand p = 1 bar. Patterned bars are ePC-SAFT predictions of partition

coefficient KX1e»%  (in ATPS of pH~8: total partition coefficient K2r"%, = partition coefficient of species

DNP-AA-KPre®* ). Non-patterned bars represent experimental data Kgx»_,, (Appendix, A9).

One of the most decisive factors for the partitioning trend of KX, can be DNP-AA
hydrophobicity that in this case may vary with the number of methylene groups n(CHz)
present in the molecule. The effect of n(CHz) on the hydrophobicity has been already
evaluated in the experimental section 7.1.1 presented in this document. Figure 10.4
presents partitioning data predicted with ePC-SAFT in terms of n(CHz) estimated by
Zaslavsky [88]. It shows a reasonable accuracy (table 10.1) of ePC-SAFT predictions in
comparison to experimental data. ePC-SAFT was capable to predict that the highest
partition coefficient can be obtained for DNP-leucine of the highest n(CHz) among the four
DNP-AA studied, while the lowest partition coefficient was predicted for DNP-glycine of
the lowest n(CHz). It also proves the ability to capture the effect on n(CHz2) on partitioning

by showing the highest values of Kg;,i,d_’fA for a system composed by PEG and NasCitrate

and the lowest K21e>%  for ATPS formed by PEG and KNaTartrate. This is in agreement

with the observations provided based on experimental data in section 7.1.1.
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InK onp-aa / -

n(CH,) n(CH,)

Figure 10.4. Logarithm of partition coefficients of DNP-AA: DNP-glycine (®,0), DNP-alanine ( A, A), DNP-
valine (V¥,V), DNP-leucine (M,0) at T=298.15 K and p=1 bar, plotted against average number of n(CHz)
[88] in ATPS formed by PEG 4000 and biodegradable salt (a - NasCitrate: solid line; b - K3Citrate: dotted line,

KNaTartrate: dashed line). The open points represent predicted with ePC-SAFT InK25>% . The lines that

connect InKZye>%, are applied just to guide the eye and distinguish the trends caused by selecting different

salt. Closed points present experimental data measured in this work. The feed and equilibrium composition

for a given TL are provided in Appendix (A8).

The interactions of DNP-AA with ATPS phases depend on the system composition,
thus plotting data against TLL is very common. As presented in figure 10.5 the partition
coefficient of all DNP-AA increases when the TLL increases. The diagram shows only TLL
regions where it was possible to measure the partitioning with reasonable accuracy, as
well as to validate the predictions. The lines in figure 10.5 were included just to show the
trend of predicted data and to guide the eye. The low regions of TLL might also not be of
interest for industrial applications as already mentioned in experimental section 7.1.1.
Only an accurate description of non-ideality caused by interactions between a solute i.e.
DNP-AA (in this case negatively charged species DNP-AA-) and phase formers (water, PEG,
Na*, K*, Citrate3-, Tartrate?) with ki parameter allows predicting the K g;ﬁfA (at pH ~

. ppred,co _ ;,pred,o
8: KDNP—AA - KDNP—AA‘ :
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Figure 10.5. Logarithm of partition coefficients of DNP-AA (closed points: experimental InKj\%_,,, open

points: InK2r*%, predicted with ePC-SAFT): DNP-glycine(®,0), DNP-alanine (A, A), DNP-valine (V¥,V),
DNP-leucine (®,0) at T=298.15 K and p=1 bar, plotted against TLL of ATPS formed by PEG 6000 and

biodegradable salt - NasCitrate (a): solid line, KsCitrate (b): dotted line. The lines that connect ang,CiﬁfA

were applied just to guide the eye and improve the readability. The feed and equilibrium composition for a

given TL are provided in Appendix (A8)..

Figure 10.6 presents activity coefficients ygy,_44 Of four studied DNP-AA predicted with
ePC-SAFT in both ATPS phases, in the top phase (figure 10.6a) and in the bottom phase
(figure 10.6b). Each phase was considered in this evaluation as a separate aqueous
solution - PEG or salt-rich, and the trends of y3y,_44 in PEG (Mpec = 6000 g-mol-1) -

NasCitrate ATPS were compared among the four DNP-AA studied.
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Figure 10.6. Activity coefficient of DNP-AA: y%p»_,, in top phase (a) and y;a_,, bottom phase (figure b)
of ATPS predicted with ePC-SAFT for DNP-glycine(e,0), DNP-alanine (A, A), DNP-valine (V¥,V), DNP-
leucine (W,0) at T = 298.15 K and p = 1 bar, plotted against TLL of ATPS formed by PEG 6000 and
biodegradable salt - NasCitrate. Open points: top phase, closed points: bottom phase. The species fraction
apnp-aa—=1 at pH ~ 8, thus Yp\p_aa = Yonp—aa-)- The lines that connect ypyp_44 Were applied just to guide
the eye and improve the readability. The feed and equilibrium composition for a given TL are provided in

Appendix (A8). The diagram shows only TLL regions at which the predictions were carried out.

Figure 10.6a and figure 10.6b show that in each ATPS phase the highest ypyp_44 Were
found for DNP-leucine, while the lowest y5yp_44 Were predicted for DNP-alanine. The
trend of Ypnp_aianine < YpNP—vatine < YDNP—giycine < YDNP—leucine that represents the
non-ideality of DNP-AA in considered ATPS can be compared with non-ideality behavior
of DNP-AA in water. This impacts e.g. solubility, discussed already in subchapters 5.1 and
8.2 (Mpnp—atanine™ MBNP—valine > MBNP—giycine AN MPyp_ ey cine)- Aqueous solubility of a
component is inversely proportional to its activity coefficient in water at saturation y}
(theoretical background, subchapter 2.2). Even though, DNP-AA partitioned in ATPS are
present only at small concentrations (mpnp-aa < 0.008 g-mol1), the trend of ypyp_44 still
follows the above-mentioned relation. Also, the water fraction in ATPS is high (at TL
studied in this work for PEG 6000 - NasCitrate ATPS: wy,, = 0.69), thus, it is expected
that the interactions between a solute and water have a strong contribution to the value
of yonp—aa- Likely the trend of Yy p_a4 for different DNP-AA, obtained separately in each
ATPS phase for DNP-AA, depends strongly on DNP-AA interactions with water.

However, if comparing yoou»_,, with youn_,,, although the bottom (II) phase

contains higher water fraction than the top phase (/) in all ATPS studied in this work, the

values of y5%%_,, are much higher than of y%»_,,. This means that even though the
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interactions of DNP-AA in water may have a very strong influence on DNP-AA behavior in
aqueous solution, the partitioning in ATPS cannot be explained using the solubility in
water. A difference of DNP-AA solubility in the two phases (mpgxp_i4 = Menp_aa aS the
ApHphases<0.25 in ATPS from this study is relatively small) does not correspond to
Kpnp—aa- Thus, the interactions DNP-AA & PEG and DNP-AA < salt must be considered
as factors ruling the separation of DNP-AA between the two phases. In this case, the ratio
between yg?\',g_AA and yg?\;lp_AA is useful for the evaluation of partitioning (equation
(2.29)). Higher yg?\',g_AA observed in figure 10.6b than yg’,\’,g_AA in figure 10.6a, obtained
for the same DNP-AA, can mean that the repulsive interactions of negatively charged
species of DNP-AA- with Citrate3- have a very strong effect on the partitioning. These
interactions depend on the concentration of salt and are stronger if there is a higher salt
concentration in the bottom phase (achieved by increasing TLL in this work). Hence, it
was found that for all four DNP-AA partitioned in considered ATPS of different TLL, the
increase of TLL leads to an increased values of y5y_ 4, in the (II) bottom phase (repulsion
from Citrate3-) and decreased values of y[‘,’?\;ﬂ,_ 44 1N the (I) top phase (attraction to PEG).

However, figure 10.7 is more relevant to compare these effects.

10000.0 W
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Figure 10.7. Activity coefficient of DNP-AA y},_,, in top phase (open symbols) and yr_ , , bottom phase
(closed symbols) of ATPS predicted with ePC-SAFT for DNP-alanine (A, A) and DNP-leucine (M,0) at
T=298.15 K and p=1 bar, plotted against TLL of ATPS formed by PEG 6000 and biodegradable salt -
NasCitrate. The species fraction apyp_ss-=1 at pH ~ 8, thus Yyp_aa = Yonp—aa-- The lines that connect
Yonp—aa Were applied just to guide the eye and improve the readability. The feed and equilibrium
composition for a given TL are provided in Appendix (A8). Logarithmic scale was introduced for better data

comparison.
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Figure 10.7 shows the trend for DNP-alanine and DNP-leucine partitioned in ATPS
formed by PEG 6000 and NasCitrate (for a better comparison, in the same ATPS as in the
previous figure 10.6); however, it is also valid for the other two DNP-AA considered in
this work, namely DNP-glycine and DNP-valine. Based on this diagram the repulsive
interactions of DNP-AA with components in the bottom (salt-rich) phase are much
decisive than the interactions causing the attraction of DNP-AA to the upper (PEG-rich)
phase. Thus, it can be observed from figure 10.7 that with a change of TLL toward higher

values, the increase of y;ya_,, is much more significant (steeper) than the decrease of

y;’\',IP_AA (alot smaller change in y5yp_44 is observed in the top phase than in the bottom).
This means that mostly repulsive interactions DNP-AA - Citrate3- in the bottom phase
might be dominating in increasing the value of K2x%>%, in the range of TLL studied in this

work for different ATPS.

Figure 10.6 and figure 10.7 were shown in this section mostly to allow finding a
reason for the affinity of DNP-AA to the top phase and to point out the importance of
studying the solute interactions with PEG and salt in partitioning. The two following
sections 10.2.2 and 10.2.3 were introduced to present ePC-SAFT predictions of DNP-AA
partitioning, as well as to evaluate the effects related also to the usage of different salt and

PEG molar mass in ATPS in which these components were separated.
10.2.2. Salt Influence on Partition Coefficient

The results of ePC-SAFT predictions of DNP-AA partitioning in ATPS formed by PEG
(Mpec = 4000 g-mol1) and biodegradable salt (NasCitrate, KsCitrate, KNaTartrate) are
presented in figure 10.6. The accuracy of prediction results obtained for partitioning in
these ATPS, as well as in the systems formed by PEG of different molar mass (Mpec = 6000
g-mol-! and Mpec = 8000 g-mol-1) and organic salts (NasCitrate, KzCitrate, KNaTartrate)
can be read from table 10.1. DNP-AA partitioned in the systems considered in this work
(pH ~ 8) are fully present as negatively charged DNP-AA- species. For this reason, ePC-
SAFT predictions were performed using the pure-component and binary interaction ki;

parameters for ionic species of DNP-AA, i.e. DNP-AA-, from table 4.2 and table 4.3.

The relation of partition coefficient of DNP-AA to different tie-line compositions

(TLL) can be accurately predicted with ePC-SAFT, thus, the values of partition coefficients
of DNP-AA predicted with ePC-SAFT K21e%%  were similar (ARD%: table 10.1) to
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experimental partition coefficients K;\._ ,,- Based on figure 10.8, the model was capable
to capture an increase of partition coefficient caused by the usage of salts composed by
Citrate3- and Na* (more advantageous over K*, Tartrate?-) as ATPS formers. It predicted
the increase of K| g;,;d_'fA values caused by the increase of the salt concentration related to

the changes in ionic strength.

- 70
2 I
S 60 -
220 ' 50 L
2 @ T
515 540 B
o 230
210 z[
x x 20
5 I 10
ol 1 ol 1 v
020 025 030 035 040 045 020 025 030 035 040 045
TLL TLL

Figure 10.8. Salt influence on the partitioning of DNP-alanine (a) and DNP-leucine (b), in different PEG
4000 - biodegradable salt (NasCitrate - ®,0; KzCitrate - M, O; KNaTartrate - A, A) ATPS compositions (TLL),
at T=298.15 K and p=1 bar. The open symbols represent ePC-SAFT predictions of Kg;,ific:A (at certain TLL
values), the closed symbols are experimental data K y»_,, measured in this work (Appendix, A9). In ATPS
of pH~8: total partition coefficient KZvar%, is equal to K2 var, . The lines connecting the open points were
applied only to guide the eye and to better distinguish the trends of the points predicted in different ATPS:
PEG 4000 - NasCitrate - solid line, PEG 4000 - KzCitrate — dotted line, PEG 4000 - KNaTartrate — dash-dotted

line.

The results that have been shown in figure 10.8 for PEG (Mpec = 4000 g-mol-1) -
KNaTartrate ATPS are even more remarkable knowing that no kij was fitted to
experimental data obtained in any PEG - KNaTartrate system. Even though, ePC-SAFT
was capable to almost quantitatively predict K2y a",. The positive kijbetween DNP-AA-
and salt cation (according to table 4.3: kij between DNP-AA- and Na* = 0.15; ki between
DNP-AA- and K* = 0.4) has pointed out that to describe well the behavior of DNP-AA- in
ATPS, the attractive forces of negatively charged DNP-AA- with positively charged salt

cation (Na*, K*) must be considered in the modeling. Additionally, the more positive kijfor

DNP-AA- and Na* may result from stronger repulsion between DNP-AA- and Na* if
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comparing to DNP-AA- and K*. This might explain the better affinity of DNP-AA- to the

upper PEG phase in ATPS composed of sodium salt (figure 10.8).

Figure 10.9 helps to understand the interactions that rule the partitioning in ATPS
formed by PEG and different salt (NasCitrate, KzCitrate, KNaTartrate). This evaluation is
based on activity coefficient y5yp_44 predicted with ePC-SAFT in the two ATPS phases. It
can be seen that higher values of y5a_,, in the bottom phase of ATPS were found in
systems composed by PEG and NasCitrate than in the ones formed by PEG and
KNaTartrate. Also, increasing the TLL leads to an increase of ysya_,,. This behavior can
reflect in higher values of KP%>%  that were obtained in the system in which NasCitrate
is present. It might be related to stronger repulsive interactions of Citrate3- toward DNP-
AA- species (in comparison to Tartrate?). The reverse was observed for ysy._,, in the

top phase, in which y5%",_, , decreases together with an increase of TLL. Smaller y.s_ 44

(if comparing it to yyn_,4) can indicate the preference of DNP-AA- to partition into the

top phase and the attractive interactions of DNP-AA with PEG.

Very small difference in trends of y»_, 4 observed in figure 10.9 for ATPS composed
of PEG and biodegradable salt - NasCitrate, KsCitrate, or KNaTartrate, might allow a
conclusion that concentration of salt in the top phase is too low to show the difference in
Yok, ., obtained for ATPS formed by different salt. Thus, in this case, only yx=_, ,can be
partially used as a non-ideality factor for salt selection. Figure 10.9 allows an observation
that yyoa_,, in ATPS formed by PEG and NasCitrate were higher than in the system
composed by PEG and KsCitrate. Based on kij between DNP-AA- and salt cations, Na* and
K+, the attractive interactions DNP-AA- ¢ K* might be stronger than DNP-AA- < Na*.
However, the electrostatic interactions are not the only driving force in the partitioning
of molecules in ATPS that should be considered. In many cases, other influences may
dominate e.g. molecular size, as well as different interactions of DNP-AA with phase
formers, e.g. association, hydrogen bonding. ePC-SAFT by accounting on all these

interactions was capable to predict partitioning with reasonable accuracy.

Page 203



Predicting the Partitioning of Biomolecules in ATPS

1 y E
~ S~
s | 2 1000 |-
8¢ 8z F
S e C
| 100 1 | 1 | 1 | 1 | 1 |
020 025 030 035 040 045 020 025 030 035 040 045
TLL TLL

C 10000 —
: d ././/..V».. ............. caeee .
100 : .

E_ 0//./4 ..... T 2 il
C ek
\' [ A s = \l B
§ § 1000 |-
o B 2 -
85 8% ks
&~ 10 .__é“—~ =~ B @\Q\B&K@
C S\Q\M\Q B Bl
C R - . e -
| 1 | 1 | 1 | |‘D| ] 100 | 1 | 1 ] 1 ] 1 | 1
025 030 035 040 045 025 030 035 040 045
TLL TLL

Figure 10.9. Activity coefficient of DNP-alanine (figures a, c) and DNP-leucine (figures b, d) in the top phase
Yo _aa (open symbols) and in the bottom phase ygun_,, (closed symbols). Predictions were done at
T = 298.15 K and p = 1 bar with ePC-SAFT in ATPS formed by PEG 4000 (figures a-b) or PEG 8000 (figures
c-d) and biodegradable salt: NasCitrate (e,0 and solid lines), KzCitrate (M,0 and dotted lines), or
KNaTartrate (A, A and dashed lines), plotted against different tie-line compositions TLL. The species
fraction apyp_a4-~1 at pH ~ 8, thus Yyp_aa = Yonp—aa—- The lines that connect y5yp_44 Were applied just
to guide the eye and improve the readability. The feed and equilibrium composition for a given TL are

provided in Appendix (A8). Logarithmic scale was introduced for better data comparison.

10.2.3. PEG Influence on Partition Coefficient

A higher affinity to the upper PEG-phase was predicted with ePC-SAFT for all DNP-AA
considered. The results of ePC-SAFT predictions of DNP-AA partitioning in ATPS formed
by biodegradable salt (NasCitrate) and PEG (Mpec = 4000 and 6000 g-mol-1), at T=298.15
K and p = 1 bar, are presented in figure 10.10. Due to the fact that only insignificant
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differences in KX1o"%, related to using PEG of different molar mass were expected (based

on experimental data from section 7.1.3), figure 10.10 was introduced only to show the
capability of ePC-SAFT to predict how strong are the effects caused by different PEG’s
molar mass. The intention was to evaluate if ePC-SAFT can compare the influence on
partitioning caused either by selecting PEG of different molar mass or type of salt
according to experimental data. Although these were only the expectations, the values

predicted with the model matched well data obtained through the measurements

Appendix, A9). ePC-SAFT accurately predicted small change of KF7¢%*% caused by the
g DNP-AA

decrease of PEG molar mass. The accuracy of the predictions obtained in these ATPS are

shown in table 10.1.
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Figure 10.10. PEG molar mass influence on the partitioning of DNP-alanine (a) and DNP-leucine (b) at
different ATPS compositions (TLL), at T=298.15 K and p=1 bar. ATPS formed by PEG 4000 or 6000 (PEG

4000 of MpEG = 4000 g-mol-! - dotted line and symbols ®,0; PEG 6000 of MpEG = 6000 g-mol-! - solid line

and symbols A, A) and NasCitrate. Lines and open points: ePC-SAFT predictions K?7e* (in ATPS of

DNP—-alanine

Kpred,oo
DNP—alanine

= partition coefficient of species DNP-AA- KPre%® ). The

pH~8: total partition coefficient DNP—alanine

lines connecting the open points were applied only to guide the eye and to better distinguish the trends.

exp
KDNP—alanine

Closed points: experimental data measured in this work (Appendix, A9).

DNP-AA at pH ~ 8 of ATPS are only present as negatively charged DNP-AA- species.
Thus, ePC-SAFT predictions were performed using the pure-component and binary
interaction kij parameters for ionic species of DNP-AA, i.e. DNP-AA-, from table 4.2 and
table 4.3. The accurate description of high DNP-AA- affinity to the PEG phase required
introducing negative kij values for most of the DNP-AA- (DNP-alanine-, DNP-valine-, DNP-
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leucine-). The more negative kij can be related to strong attractive forces between DNP-
AA- and PEG, however, none of the ki values fitted in this work involves solely the effects
related to electrostatic interactions. The ability of binding solutes by PEG can be also
related to the formation of hydrogen bonding interactions. However, it was found that
Yono_aa in the top PEG-rich phase are only slightly higher and yjyh_,, are not
significantly lower when DNP-AA- is partitioned in ATPS formed by PEG of Mpec = 8000
g-mol-! (the range of molar mass for comparison Mpec = 4000 - 8000 g-mol-1). Also, the
influence on ypyp_44 of DNP-AA partitioned in ATPS formed by PEG of Mpec = 4000 g-mol-
1 and Mpec = 8000 g-mol! was insignificant (ARD% < 5). The difference in values of
Yot _aand youd_ ., when using PEG’s molar mass of Mpec = 4000 g-mol-! or Mpec = 6000
g-mol-! was even lower for y%s_,, and almost unnoticeable for y;o»_,,. Therefore, the

Yok and yguh_,, that confirm the above observations were presented in Appendix
(A13), instead of using the figures on which data obtained for ATPS formed by different
Mpec of PEG could be difficult to distinguish.

10.3. Prediction Results: Water-Soluble Vitamins

Different non-ideality character in the behavior of vitamins in their aqueous solutions
that was shown in 4.1.1 (e.g. in liquid density data), reflects also in expected partition

coefficient divergences among the vitamins. In this work, the partition coefficients

K%Z%:lof water-soluble vitamins VB2, VB3acid, VB3amide, VB9, VB12 in ATPS composed by
PEG (Mpec = 4000 - 6000 g-mol1) and biodegradable salt (NasCitrate or NazTartarte)
were predicted using ePC-SAFT. The partitioning was studied at T = 298.15 Kand p = 1
bar and since ATPS at pH~8 were considered, it involved neutral (VB3amide, VB12) or

negatively charged vitamin species (VB2-, VB3acid) VB92-, VB93-).

The procedure that has been applied for ePC-SAFT parameter estimation was
provided in section 4.1.1. ePC-SAFT pure-component parameters and the binary
interaction parameters kijrequired for the predictions were given in table 4.1, table 4.2,
and table 4.3. Overall, using these parameters enabled to predict the partition coefficients

with reasonable accuracy. The deviations expressed as ARD% were calculated with

Kpred,oo

equation (4.14) and provided in table 10.2. They were based on predicted K, ;.. and

K ExP

experimental K ;..

(Appendix, A10) of vitamins considered in this work, in different

ATPS. Among the vitamins partitioned in ATPS studied, ePC-SAFT the most precisely

Page 206



Predicting the Partitioning of Biomolecules in ATPS
predicted partitioning of the charged form of VB3acid (VB3acid- ). ARD% obtained for

VB3acid-jn all ATPS considered in this study equals on average 4.1. A very reasonable value
was determined also for VB3amide (ARD% = 5.8 on average in all ATPS). Moreover, the best
accuracy of ePC-SAFT predictions was found for ATPS formed by PEG 6000 and NasCitrate
(on average for all vitamins ARD% = 4.28). ARD% calculated for VB12 in all ATPS was on
average = 12.1 and this is the highest value among all vitamins. It is still a very good result
if considering the structural complexity of VB12 and the number of possible interactions.
Similar ARD% was observed for partitioning in PEG 4000 - NazTartrate ATPS and the
average value determined for all vitamins is ARD% = 12.86. It is also acceptable because
the highest ARD% was calculated for the partitioning of very complex molecules, like

VB12 or the charged form of VB2 (VB2-).

Table 10.2. ePC-SAFT prediction accuracies of partition coefficients K”~* of five water-soluble vitamins
in each ATPS considered in this work (T = 298.15 K, p = 1 bar). Average relative deviations ARD% between
predicted and experimental values were calculated according to equation (4.14) from experimental

partition coefficients K> . (Appendix, A10) and predicted K2,¢%% at different TLL.

itamin vitamin
ARD%

Vitamin PEG 6000 + PEG 4000 + PEG 6000 + PEG 4000 +

NasCitrate NasCitrate Na:Tartrate NazTartrate
VB3amide 5.92 2.44 9.89 5.16
VB12 5.94 16.01 4.79 21.61
VB3acid - 2.77 1.84 4.40 7.38
VB2- 2.82 4.38 5.66 22.79
VB92- 3.48 7.15 441 10.89
VB93- 4.80 9.96 8.60 9.33

The number of ePC-SAFT binary interaction parameters (<4) between species and

pred,o
Kvitamin

ATPS phase formers used for the prediction of is lower than the number of
parameters used only for data correlation, e.g. with Extended Chen-NRTL (6 interaction
parameters)[421]. Also, high deviations of Extended Chen-NRTL of ~ 30% between the
experimental and correlated data have been much reduced with ePC-SAFT (table 10.2).
This is a very important advance as using these parameters, ePC-SAFT can also purely

predict the partitioning behavior in similar systems with reasonable accuracy.
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Partitioning behavior of vitamins can be influenced by many factors affecting the
separation in ATPS, i.e. temperature, vitamin interactions originating from its charge at
pH of ATPS or molecular structure, and physicochemical properties of the vitamin. It may
depend on vitamin size, shape, and be affected by the presence of different functional
groups, specific bonding sites, surface hydrophobicity, among others [88, 422]. According
to literature, the mechanisms ruling the partitioning of biomolecules in ATPS might be
related to the interactions, e.g. the van der Waals, hydrophobic, hydrogen bond, and ionic
forces [423]. In general, the interactions of vitamin with phase formers can be impacted
by ATPS composition, salt type, or PEG molar mass [1-4, 424]. Therefore, the effects on
the partition coefficient of vitamins at T = 298.15 K and p = 1 bar considered in the
following sections 10.3.1, 10.3.2, 10.3.3, were grouped into the solute, salt, and PEG

influences on vitamin partitioning, respectively.
10.3.1. Solute Influence on Partition Coefficient

The partitioning of the water-soluble vitamin in ATPS can be influenced by its
different properties, e.g. the charge and molecular structure. Different interactions which
are occurring in ATPS between vitamin and ATPS phase forming components determine
vitamin affinity to each phase. The latter depends on ATPS composition that in this section
is expressed with tie-line length (TLL). In this section, the effects that may dominate in
the partitioning of each water-soluble vitamin considered in this work are discussed. The
evaluation was done based on ePC-SAFT partitioning predictions carried at 7=298.15 K

and p=1 bar.

The molecular structure and charge of water-soluble vitamin

Figure 10.11 shows the results of ePC-SAFT predictions obtained for different
vitamins VB2, VB3acid, VB3amide VB9, and VB12, in ATPS formed by PEG of
Mpec = 6000 g-mol-! and NasCitrate (figure 10.11a) or NazTartrate (figure 10.11b), at
T = 298.15 K and p = 1 bar. The accuracy of partitioning predictions in these ATPS, as
well as in the systems formed by PEG of Mpec = 4000 g-mol-1 and biodegradable salt
(NasCitrate or NazTartrate) was evaluated based on experimental data measured in this

work (Appendix, A10) and included in table 10.2.

Based on the results presented in figure 10.11 and included in table 10.2, ePC-SAFT

was very successful in predicting the partitioning of different vitamins in ATPS formed by
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PEG and biodegradable salt, i.e. NasCitrate and KzTartrate. The trend KFpeo® > KPEEY® >

d, d, d, . . . .
KD e e > Kl peones > Klps"" was matching the experimental data. This outcome is

even more remarkable knowing that the properties of each vitamin considered in this
evaluation differ a lot and their classification to B-complex class is also not based on
molecular structure (more attention to the classification of vitamins was given in

subchapter 3.1).
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Figure 10.11. Partitioning of different vitamins in PEG 6000 - NasCitrate ATPS - figure a (TLL = 0.369; wp
= 0.163 and wg = 0.114; Appendix, A8) and in PEG 6000 - Na:Tartrate - figure b (TLL = 0.375; wp = 0.195

and wg = 0.110; Appendix, A8) at T = 298.15 K and p = 1 bar. Patterned bars are ePC-SAFT predictions of

partition coefficient K2/¢%% Non-patterned bars represent experimental data K52 . (Appendix, A10).

The pH of ATPS can influence the charge of vitamin (table 2.1). Therefore, the
results shown in figure 10.11 relied on the accurate partitioning predictions of different
vitamin species: negatively charged (VB2-, VB3acid -, VB92-, VB93-) or neutral (VB3amide
VB12), present in the ATPS considered in this work (pH ~ 8). The influence of dissociation
on vitamin partitioning behavior in ATPS has been discussed in more detail in
experimental section 7.2.1. However, it is important to remind that at these conditions
VB2 and VB3acid exist solely as single-negatively charged (-1) species. Others, VB3amide and
VB12 are present exclusively as neutral species. In contrast, VB9 can be present as the two
species, VB92- and VB93-. Therefore, ePC-SAFT partitioning predictions for VB3amide and
VB12 required pure-component, and kij with water parameters for neutral species of
vitamins from table 4.1, while for VB2, VB3acid and VB9, the pure-component and ki with
water parameters of the species VB2-, VB3acid- VB92-, VB93- from table 4.2 were applied.

Page 209



Predicting the Partitioning of Biomolecules in ATPS
For vitamins VB2, VB3acid that are charged at pH ~ 8 of ATPS, the total partition

Kpred,oo

coefficient of the component (K;,,.:.,) was predicted with ePC-SAFT using the partition

. . . . pred,c0 __ pred,o pred,co __ pred,oo :
coefficient of the respective species, Kz, = Kyp,~ and K, g5, .0 = K pasrig—- This

strategy could be applied as the species fractions ayg,- ® 1 and aypgzacia- = 1. In

contrast, to obtain K75c®® in ATPS formed by PEG and NasCitrate the predictions of

red,co red,co . . .
K5392- and K5393_ were required. They were carried out separately for each species.

This procedure was used for the two reasons: at pH ~ 8 VB9 can be present as VB92- and
VB93- and the difference in pH of the phases (in this work: PEG - citrate salts: ApHphases <
0.25; PEG - tartrate salt: ApHphases < 0.05) can change the values of VB92- and VB93-

distribution in aqueous solution (each phase of ATPS). Therefore, these species can be

Kpred,oo

differently distributed between the phases. To predict KZpe®®, the value of K”7¢5™

VB92~

pred,o
KVB93‘

distribution of VB9 in the two phases of ATPS (Appendix, A2) calculated according to the

was introduced into equation (2.30). This equation required the species

description provided in section 2.3.2.

The importance of introducing the above procedure can be explained using figure
10.12. This diagram presents activity coefficients of vitamins y .., in ATPS. For a better

comparison with figure 10.11, data shown in figure 10.12 was obtained in the same ATPS

as KP7°%% values shown in figure 10.11. It is very important to mention that figure 10.12
presents the results of y,;;,min Predicted at pH~ 8 of ATPS. The pH does not change the
properties of the pure component itself but has an influence on its charge state - and
therefore also on the interactions of this component in ATPS. This can be confirmed when
comparing ePC-SAFT parameters included in table 4.1 and table 4.2. Thus, the description
given under figure 10.12 for most of the vitamins studied (VB2, VB3acid, VB3amide, B12)
refers only to the general nomenclature of vitamins used in this work and does not
indicate the name of the ionic species. This is valid if the vitamin at pH~ 8 is fully present
as only one type of species. Another proceeding was required for VB9 in this evaluation.
The study of partitioning that has been carried out for VB9 involved the partitioning of
the two VB9 species VB92- and VB93-. Since these two species define all the interactions
(in total) of VB9 in an aqueous solution of pH~8, it was more reasonable to treat them

separately in terms of activity coefficients predictions (as y, g2~ and ¥, 93-). According to

table 4.1 and table 4.2, the pure-component ePC-SAFT parameters of VB9, VB9%-, VB93-
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are the same. The difference lays in the values of binary interaction parameter kj
estimated for each species. Therefore, both VB92- and VB93- contribute to unraveling the

partitioning behavior of VB9 for which comparing y; 4.~ and y,/34s- plays a key role.

The results of ¥,;;4min Predicted with ePC-SAFT and shown in figure 10.12 can be
compared with the partitioning predictions of vitamins of VB2, VB3acid, VB3amide and VB12

pred,o
Kvitamin

shown in figure 10.11. According to equation (2.29), the is expressed as the ratio

betweeny - (represented by gray bars) and y . . (white bars). The highesty o

to y,fft’flmin ratios were observed for VB12 while the lowest for VB2 (figure 10.12). This

also explains the highest K ic'* and the lowest K¥ne>* values in figure 10.11. Also, these

ratios were smaller for vitamins partitioned in ATPS formed by PEG 6000 and

NazTartrate, if comparing it to ATPS composed by PEG 6000 and NasCitrate. This has an
influence on higher K?.°%% obtained in PEG 6000 and NasCitrate ATPS. Equation (2.29)

vitamin

is enough to predict the partitioning of most of the vitamins studied in this work (VB2,
VB3acid, YB3amide and VB12). For VB9 additional contribution must be considered. Since
VB92- and VB93- are differently distributed between the phases and their partitioning
strongly depends on the species distribution in each phase, the values of y; ;.- and yz93-

are also different. Thus, in case of VB9, equation (2.30) corrects the fraction of activity

11

coefficients with the ratio of species distribution calculated for VB9?- («a vB92-)
or for VB93- (a‘I,Ing_ and a‘I,ng_). It can be observed from figure 10.12 that the species of
VB9 in the system formed by PEG 6000 and NasCitrate differ each other more than in ATPS
formed by PEG 6000 and NazTartrate. This result can be explained with electrostatic
interactions (PEG - citrate salts: ApHphases < 0.25; PEG - tartrate salt: ApHphases < 0.05) of
each VB9 ion with salt ions (Na*, Citrate3-, Tartrate?-) present in ATPS. Therefore, higher

KPre® were obtained in ATPS formed by PEG 6000 and NasCitrate (figure 10.11).
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Figure 10.12. Activity coefficient of vitamins VB2 (yyg,-), VB324d (y¢gaaciq-), VB3amide (ygn.. .40), VB9

VB2
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VB9?
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VB12

(Vyoz- and ¥, 593-), and VB12 (yyp,,) in top phase (white bars) and bottom phase (gray bars) of ATPS PEG
6000 - NasCitrate ATPS - figure a (TLL = 0.369; wp = 0.163 and wg = 0.114; Appendix, A8) and PEG 6000 -
NazTartrate - figure b (TLL = 0.375; wp = 0.195 and ws = 0.110; Appendix, A8), predicted with ePC-SAFT at
T=298.15Kand p=1bar (pH ~ 8, Appendix, A4). The feed and equilibrium composition for a given TL are

provided in Appendix, A8. Logarithmic scale was introduced for better data comparison.

Combined effects: the charge of vitamin and ATPS composition

The behavior of VB9 in PEG 6000 and NasCitrate is presented in figure 10.13 and
was introduced to compare the partitioning of VB9 species at different TLL of ATPS
(Appendix, A10). Similar diagram for the partitioning of VB9 species in PEG and
NazTartrate ATPS is not presented (data points were overlapping) since the pH difference
observed for ATPS composed by PEG and NazTartrate (ApHphases < 0.05) did not lead to a
significant species distribution change (ARD% between the species distribution of VB92-
and VB93- < 5 %). Based on the results presented already in figure 10.12, it was expected
that the pH difference between the phases of PEG and NasCitrate influences more the
partitioning of VB9 than does in PEG - NazTartrate ATPS. The interactions of vitamins
with ATPS phases depend on the system composition, thus plotting data against TLL like
itis shown in figure 10.13 is very common. Figure 10.13 shows only TLL regions where it
was possible to measure the partitioning with reasonable accuracy and validate the
predictions. The lines were included just to show the trend of predicted data and to guide
the eye. The low regions of TLL might also not be of interest to industrial applications as

already mentioned in experimental section 7.1.1.
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As presented in figure 10.13 the partition coefficient of VB9 increases when the

TLL increases. Only an accurate description of non-ideality caused by interactions
between a solute i.e. vitamin (in this case negatively charged species VB92- and VB93-) and
phase formers (water, PEG, Na*, K*, Citrate3-, Tartrate?-) with help of kij parameter allows
predicting the K75 (at pH ~ 8: Kﬁ;gf'_oo and K},’;;;’:w). The procedure used for predicting
the partitioning of VB9 was accurate enough (according to table 10.2) to predict partition
coefficients very well over a wide range of TLL as shown in figure 10.13. The ARD% values
presented in table 10.2 prove that ePC-SAFT can very accurately predict the partitioning
of VB9 species in PEG 6000 - NasCitrate (ARD% < 4.8). Reasonable predictions with

ARD% values < 10.89 are observed for VB9 partitioning in all other systems considered in

this work.
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Figure 10.13. Partitioning of VB9 species in ATPS PEG 6000 - NasCitrate at different TL compositions, at T
= 298.15 K and p = 1 bar. VB9 species: Kypg (®,0), Kypg2- (<, ®), Kypos- (A, A). Closed symbols:

experimental data K,z and calculated K7, and K7 with equation (3.11) (Appendix, A10); open

symbols: ePC-SAFT predictions of K‘fggf‘_wand K‘f;;g‘_wand calculated KZhe®“with equation (2.30); Open

symbols (ePC-SAFT) were connected using trend lines only to guide the eye (dashed lines - K/pe®*, solid

. red, red,
lines - K75 ®and KP7¢5™

VB9 vpo3— )- Logarithmic scale was introduced for better data comparison.

According to a description provided in section 7.2.1, the K‘fggz_and K‘fggg_ were calculated

exp

with equation (3.11) from experimental K, ;o and VB9 species distribution at pH of ATPS

phases (section 2.3.2). The K*"¢¢*and Ké’red *

VB9Z- pos~ were predicted with ePC-SAFT using pure-
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component and binary interaction parameters kij with water from table 4.2 and kj
between ATPS phase forming components from table 4.3. All these parameters were fitted
as explained in section 4.1.1. The non-ideality caused by interactions between negatively
charged species (VB9% and VB93-) and phase-forming components was predicted by ePC-
SAFT using kij (besides ePC-SAFT pure-component parameters). These kij were fitted to

one partitioning data point for each species (K--F,_, K, ). One data point means one

vB92~’ "'vB93
tie-line data point in the ATPS. In total only the two experimental points were required:
K, 5 measured in PEG 6000 - NasCitrate and K5 in PEG 6000 - NazTartrate, in order to
predict the partitioning of VB9 species in ATPS formed by PEG of Mpec = 4000 g-mol-1
and Mpec = 6000 g-mol-! and NasCitrate or NazTartrate, over different TLL. Solely the two
VB9 species were considered while describing the interactions of VB9 (species) - PEG and

VB9 (species) - salt ions, since just VB92- and VB93- are expected in ATPS of pH~8. The

ed,»©

pred,o
K 92~

VB9~ were obtained by introducing K;’; and K‘%ed'm into equation (2.30). Based on

93—
the literature, more negatively charged molecules tend to partition into the more basic
phase (in this case - PEG) [85]. It is then expected that VB93-will have higher K than VB9%-
in ATPS considered in the present study (K zq3- > K/593-). This behavior was observed in
this work, and it corresponds to the very big kij value between the multi-valent VB9 species

and organic anions (table 4.3).

The non-ideality and thus also some interactions that rule the partitioning of VB9
can be evaluated toward activity coefficients of VB9 species (¥ q2- and v pq3-) predicted
in PEG 6000 and NasCitrate ATPS (figure 10.14). The increasing trend of y; 2 and v pq3-
in the bottom phase over different TLL can be related to the repulsive interactions of
negatively charged species of VB9 with salt anion (Citrate3-). The values of ylglgz_ and
y;i;glz_ in the two phases are significantly higher than ofy&oé;_ and y&oégg_. Also, it is visible
that the difference between activity coefficients in the top and bottom phases is higher for
VB3-. Lower values ofy‘gg3_than y‘ggz_may explain the higher affinity of VB93- to the top

phase (if comparing to VB92).
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Figure 10.14. Activity coefficient of VB9 species y, 4.~ (¢, #) and y, 43 (A, A) in top phase (open
symbols) and bottom phase (closed symbols) of ATPS predicted with ePC-SAFT at T=298.15Kandp =1
bar, plotted against TLL of ATPS formed by PEG 6000 and biodegradable salt - NasCitrate (pH ~ 8, Appendix,
A4). The lines that connect different values of y; 42—, as well as y, 43—, were applied just to guide the eye
and improve the readability. The feed and equilibrium composition for a given TL are provided in Appendix

(A8). Logarithmic scale was introduced for better data comparison.

Combined effects: the molecular structure and charge of vitamin and ATPS

composition

The partition coefficients of vitamins do not only depend on charge (on their species
distribution), and thus not only on electrostatic interactions. The strong pH-dependency
of the partition coefficients shown previously in figure 10.13 is caused by the presence of
different VB9 species. However, the pH and thus electrostatic interactions are not
dominating vitamin partitioning for those vitamins that are exclusively present at one
species in the ATPS [419]. This can be seen in figure 10.15, as the monovalent VB3acid- has
just slightly higher K values than the neutral VB3amide, Different effects have been already
discussed in detail section 7.2.1, i.e. molecular structure of water-soluble vitamin and
combined effects related to the molecular structure of vitamin and ATPS composition.
Similar observations could be found based on ePC-SAFT predictions. However, towards
the activity coefficient predictions, it is possible to compare the non-ideality caused by

different effects ruling the partitioning.
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Figure 10.15. The partitioning of vitamins VB2 (®,0), VB3zcid (B ,0), VB3amide (¥ V), VB9 (<, 4), VB12
(A, A), in ATPS PEG 6000 - biodegradable salt (figure a: NasCitrate, figure b: NazTartrate), at T = 298.15 K
and p = 1 bar, at different TL compositions (Appendix, A8). Closed symbols: experimental data (Appendix,

A10), open symbols: ePC-SAFT predictions. VB9: K%, _and K 7*._ calculated with equation (3.11). Open

symbols were connected using trend lines only to guide the eye: solid lines - showing trends of ePC-SAFT
pred,co

predictions; dotted lines - trends of K, calculated with equation (2.30) using ePC-SAFT predictions of

d, d, . . . .
K‘fggz_mand K‘f;;_w. Logarithmic scale was introduced for better data comparison.

Based on activity coefficients y,;;,min Predicted with ePC-SAFT for each vitamin in
the two phases of ATPS and shown in figure 10.16, it is possible to evaluate the non-
ideality caused by the effects dominating the partitioning. For a better overview, these
data are also included in Appendix (A14). In general, the three situations were observed
when predicting the partitioning of vitamins at different TLL. The most observed in this
work (since this one was already found for DNP-AA) was the increase of activity coefficient
in the bottom phase and decrease in the top phase. This trend is observed in figure
10.16(a-b) for VB3acid and VB3amide, The possible reason for that might be the repulsive
interactions of vitamin and salt ions and the attractive interactions of vitamin to PEG.

Increasing the concentration of both PEG and salt over TLL leads to an increase of

KP7e%% (figure 10.15).

vitamin

Other behavior in ATPS present VB2 (figure 10.16c) and VB9 (figure 10.14).
Therefore, it was found that in both the top and bottom phases of ATPS considered in this
work, the values of y; ,ninincrease together with an increase of TLL. The common

property of both VB2 and VB9 is that these solutes pose the lowest solubility of all studied
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in this work. Their molecules have structures (subcomponents) that may define the

interactions of ATPS phase forming components with vitamin.

In the case of VB2 this is dimethyl isoalloxazine ring and ribitol, while for VB9 this
is aromatic pteridine ring, para-aminobenzoic acid, and glutamate (section 2.3). The
increasing trend of y;;,minin both phases can mean that in both phases different

interactions are competing. However, in the end the repulsive interactions from the

bottom phase are enough strong to lead to the KZpe®*> 2.24 and KPpe*> 5.32 in the

range of TLL studied in this work (Appendix, A8).

The last case was observed for VB12 (figure 10.16d) and shows a decrease of yy312
over increasing TLL in both ATPS phases. The results of ePC-SAFT predictions shown in
figure 10.16d confirmed that the assumption used in the literature when correlating K of
proteins in ATPS with Wilson model wrongly states that the partitioning can be explained
solely in terms of electrical effects [425]. The high values of K can be related to the fact
that large molecules possess larger areas of interactions with the components forming the
ATPS[85, 87]. Thus, such large molecules e.g. proteins or VB12, might just have more
interactions with PEG due to their size and presence of many functional groups [87, 419].
In ATPS considered in this work, VB12 is present solely as neutral species. Therefore,
electrostatic interactions of VB12 and ATPS phase forming components are not significant
in predicting the partitioning. A high affinity of VB12 to the PEG-rich phase can result
from hydrophobic interactions to PEG or hydrogen-bonding effects between PEG and
VB12 [87, 419]. All these effects are considered explicitly in ePC-SAFT predictions.
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Figure 10.16. Activity coefficient of vitamins VB3add (figure a: yyp3aciq-), VB32mide (figure b: ¥yg3amiqe)s VB2
(figure c: yyg,-), and VB12 (figure d: yyg4,) in top phase (open symbols) and bottom phase (closed symbols)
of ATPS predicted with ePC-SAFT at T =298.15 K and p = 1 bar, plotted against TLL of ATPS formed by PEG
6000 and biodegradable salt - NasCitrate (pH ~ 8, Appendix, A4). The lines were applied just to guide the
eye and improve the readability. The feed and equilibrium composition for a given TL are provided in

Appendix (A8). Logarithmic scale was introduced for better data comparison.

Changing PEG and salt concentrations influences the partitioning of vitamins in ATPS
in a way that higher K are expected with increasing TLL (figure 10.12). Increasing the salt
concentration impacts the ionic strength and can lead to K improvement [95, 415].
Altering PEG concentration might also influence K through hydrophobic PEG - vitamin
interactions [95] or increased cross-association forces. The ATPS composition influence
expressed as TLL on the partitioning of different vitamins was accurately predicted with

ePC-SAFT. The salt and PEG influence in terms of different salt type and PEG molar mass,
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as well as the concentration of both, are discussed in the following sections 10.3.2 and

10.3.3, respectively.
10.3.2. Salt Influence on Partition Coefficient

The results of ePC-SAFT predictions of water-soluble vitamin partitioning in ATPS
formed by PEG (Mpec = 6000 g-mol-1) and biodegradable salt (NasCitrate and NazTartrate)
are presented in figure 10.17. The accuracy of prediction results obtained for the
partitioning of VB2, VB3acid, VB3amide, VB9, and VB12 in these ATPS, as well as in the
systems formed by PEG of Mpgc = 4000 g-mol! and organic salts (NasCitrate and
NazTartrate) can be seen in table 10.2. Vitamins considered in this work (pH ~ 8) and
separated in ATPS under study were present as neutral (VB3amide, VB12) or negatively
charged vitamin species (VB2-, VB3acid VB92-, VB93-). For this reason, ePC-SAFT
predictions shown in this section were obtained with the pure-component and binary

interaction kij parameters for neutral and ionic species from table 4.1, table 4.2, table 4.3.

The partition coefficient of vitamins at different tie-line compositions (TLL) can be

accurately predicted with ePC-SAFT, thus, the K7¢*% _predicted with ePC-SAFT were

vitamins

similar (ARD%: table 10.2) to experimental K:.F Based on figure 10.17, ePC-SAFT

vitamins*
was capable to capture an increase of the partition coefficient caused by the usage of salts

Kpred,oo

vitamins WEre observed

composed by NasCitrate as ATPS formers. Therefore, the higher

for vitamins partitioned in ATPS containing Citrate3- and Na*. On the contrary, ATPS

pred,o
Kvitamins

to ATPS formed by PEG and NasCitrate. ePC-SAFT predicted the increase of K2yor%,

formed by a salt of PEG and NazTartrate did allow only lower values if compared

caused by the increase of the salt concentration related to the changes in ionic strength.
Similar observations were found previously for DNP-AA (section 10.2.2). One of many
possible reasons for this partitioning behavior might be related to the fact that the citrate-
based salts cause higher repulsion to the vitamin species than the tartrate-based salts due

to the presence of higher valency in citrate (-3) over tartrate (-2).
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Figure 10.17. Salt influence on the partitioning of VB32id (a) and VB12 (b), in different PEG 6000 -
biodegradable salt (NasCitrate - ®,0; Na;Tartrate - ¥,V) ATPS compositions (TLL), at T=298.15 K and p=1

pred,co
Kvitamin

bar. The open symbols represent ePC-SAFT predictions of (at certain TLL values), the closed

symbols are experimental data K ;> . measured in this work (Appendix, A10). The lines connecting the

open points were applied only to guide the eye and to better distinguish the trends of the points predicted
in different ATPS: PEG 6000 - NasCitrate - solid line, PEG 6000 — NazTartrate — dashed line.

A comparison of the results of ePC-SAFT predictions obtained for VB9 in ATPS formed

by PEG and NasCitrate or NazTartrate is presented in figure 10.18. Data KZpe™ plotted in

this figure calculated with equation (2.30) based on ePC-SAFT predictions of K*"¢%*and

VB9?~

Kpred,oo

vpo3- and species distribution (@ypg2-, @yges- in each phase) showed a good match to

experimentally obtained values in this work (Appendix, A10). According to data
presented in table 10.2, this procedure allowed ARD% < 8.6 in ATPS considered in figure
10.18. The values of Kje®™ were higher in ATPS formed by PEG and NasCitrate what

agrees with a trend observed experimentally.
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Figure 10.18. Salt influence on the partitioning of VB9 in different PEG 6000 - biodegradable salt
(NasCitrate - ®,®; NazTartrate - ¥,V) ATPS compositions (TLL), at T = 298.15 K and p = 1 bar. The half-

Kpred,oo

open symbols represent the values K pe™™ calculated based on ePC-SAFT predictions of K73

VB92~ and

Kpred,oo

yBos— (at certain TLL values), the closed symbols are experimental data K, 5o measured in this work

(Appendix, A10). The lines connecting the half-open points were applied only to guide the eye and to better
distinguish the trends of the points predicted in different ATPS: PEG 6000 - NasCitrate - solid line, PEG 6000

- NazTartrate - dashed line.

The values of kjj found in this work for negatively charged and neutral vitamins can have
the following importance in studying their partitioning behavior in ATPS. For negatively
charged vitamins one rather very positive ki was required between each pair vitamin -
anion (independent of Mpec), and a slightly positive ki was applied to a pair vitamin - PEG
(independent of Mpkc). Obviously, strong repulsion occurs between charged vitamin and
the species (especially the organic anions) present in the salt phase. For neutral vitamins
one ki was required between each pair vitamin - salt ion (while no parameter was
required for vitamin - PEG). For VB3amide just one binary interaction parameter was
introduced (vitamin - Tartrate?-). This means that solely with parameters available in
literature it was possible to predict KZpewr™  of VB3amide in ATPS composed by PEG
(Mpec = 4000 - 6000 g-mol-1) and biodegradable salt NasCitrate with deviations ARD% <

5.92 or NazTartrate with deviations ARD% < 9.89. This is a very good result in the

meaning that ePC-SAFT could quantitatively predict K2 pe e of VB3amide in ATPS formed
by different salt (and PEG) without introducing any additional binary parameters.
Figure 10.19 helps to understand the non-ideality in ATPS and thus also to estimate the

interactions that may dominate in vitamin partitioning in ATPS formed by PEG and
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biodegradable salt (NasCitrate, NazTartrate). This evaluation is based on activity

coefficient v min predicted with ePC-SAFT in the two ATPS phases. Figure 10.19,
independently of the salt used (NasCitrate, NazTartrate) leads to similar general
observations on the Y, j;4min trends over TLL as provided in the discussions that
concerned figure 10.14 and figure 10.16 given in the previous section 10.3.2. Therefore,
also the reasons for this behavior provided in the previous evaluation can apply. The lines
that connect y,;;qmin Predicted with ePC-SAFT in the two ATPS: PEG 6000 - NasCitrate
and PEG 6000 - NazTartrate were used only to guide the eye and improve the readability.

Thus, it is visible that the general trends obtained in these two ATPS are similar. The

. . [o'e} . OO'I OO'II .
difference in y,;;qmin 1ays in the lower values of ¥,;/,min a0d V,i/gmin 0 Systems formed

by PEG 6000 - NazTartrate than in PEG 6000 - NasCitrate.
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Figure 10.19. Activity coefficient of vitamins VB2 (figure a: yyg,-), VB32dd (figure b: y\‘;’Bgacm_), VB3amide
(figure ¢: ¥yp3amide) VB12 (figure d: yygy,), and VB (figure e: y; 5,02, figure f: y;5,05-) in top phase (open
symbols) and bottom phase (closed symbols) of ATPS predicted with ePC-SAFT at T=298.15Kandp =1
bar, plotted against TLL of ATPS formed by PEG 6000 and biodegradable salt - NasCitrate - ®,0 or
NazTartrate - ¥,V (pH ~ 8, Appendix, A4). The lines were applied just to guide the eye and improve the
readability - PEG 6000 - NasCitrate - solid line, PEG 6000 - Na;Tartrate — dashed line. The feed and
equilibrium composition for a given TL are provided in Appendix (A8). Logarithmic scale was introduced

for better data comparison.
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10.3.3. PEG Influence on Partition Coefficient

PEG molar mass (4000 g-mol-! or 6000 g-mol-1) influences K values. A higher affinity
to the upper PEG-phase was predicted with ePC-SAFT for all vitamins considered in this
evaluation, i.e. VB2, VB3acid VB3amide VB9, and VB12. ePC-SAFT parameters from table 4.1,
table 4.2 and table 4.3 were used in this evaluation. The results of ePC-SAFT predictions
of vitamin partitioning in ATPS formed by biodegradable salt (NasCitrate) and PEG (Mpkc
=4000 and 6000 g-mol1), at T=298.15 K and p = 1 bar, are presented in figure 10.20.

pred,co
Kvitamin

Due to the fact that only small differences in related to using PEG of different
molar mass were expected (based on experimental data from section 7.2.3), figure 10.20
was introduced only to show the ability of ePC-SAFT to predict the strength of influences
caused by selecting different PEG’s molar mass. The intention of presenting figure 10.20
was similar to the one given already in section 10.2.3 (DNP-AA) and relied on evaluating
if ePC-SAFT can capture the differences resulting from introducing PEG of different molar
mass to ATPS according to experimental data (although these differences are expected to
be very low). Though these were only the expectations, the values predicted with the

model matched reasonably well data obtained through the experiments (Appendix, A10).

The accuracy of the predictions obtained in these ATPS was shown in table 10.2.
Similar to the previous section 10.2.3, the difference in activity coefficients y,;;qminin €ach
phase was very low, therefore to avoid overlapping partitioning data points obtained in
ATPS of different molar mass, the values of ¥,;;4min Were included in Appendix (A14) -
instead of using the figures. These data confirm that for most vitamins considered in this
study, the values of . ,min predicted in ATPS of Mpec = 4000 and 6000 g-mol! were
difficult to distinguish. It means that selecting PEG in this range of Mpec leads to an
insignificant effect on water-soluble vitamin partitioning in ATPS and v, amin

(comparable non-ideality).
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Figure 10.20. PEG molar mass influence on the partitioning of VB3acid (a) and VB9 (b) at different ATPS
compositions (TLL), at T=298.15 K and p=1 bar. ATPS formed by PEG 4000 or 6000 (PEG 4000 of MPpEG =

4000 g-mol! - dotted line and symbols ®,0; PEG 6000 of MpeG = 6000 g-mol-! - solid line and symbols A,
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A) and NasCitrate. Lines and open points: ePC-SAFT predictions The lines connecting the open

points were applied only to guide the eye and to better distinguish the trends - PEG 6000 - NasCitrate -
solid lines, PEG 4000 - NasCitrate - dashed lines. Closed points: experimental data K:;,> . measured in this

vitamin
work (Appendix, A10).
10.4. Conclusion

This chapter presented the results of partitioning predictions of four DNP-AA (DNP-
glycine, DNP-alanine, DNP-valine, and DNP-leucine), as well as five water-soluble
vitamins (VC, VB2, VB3acid, VB9, VB12) in PEG - biodegradable salt ATPS. The predictions
were carried out using thermodynamic model ePC-SAFT and concerned the partitioning
in ATPS composed by PEG (Mpec = 4000 - 8000 g-mol-1) and NasCitrate, KsCitrate, or
KNaTartrate (for DNP-AA), as well as PEG (Mpec = 4000 - 6000 g-mol-1) and NasCitrate or
NazTartrate (for vitamins), at 7= 298.15 K and p= 1 bar. The results obtained with ePC-
SAFT showed good accuracy if comparing to experimental data. It was predicted that all
solutes under study have a higher affinity to the upper PEG phase of ATPS considered.

This agrees with the observations that were previously found based on experimental data.

ePC-SAFT predictions presented in this chapter confirmed that the number of
experiments can be reduced if the partitioning approach designed in this work is applied.
In this work, ePC-SAFT was capable to predict K qualitatively, but also by separating

different effects that rule the separation it helped in evaluating which effects dominate in
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the partitioning of different solutes. This is an outstanding result for practical ATPS
application, since even having an extensive database of experimental partition
coefficients (K) values is not enough to unravel the phenomena that are behind the
partitioning. The success of the present study was achieved based on non-ideality
evaluation, toward activity coefficients y;° that were predicted with ePC-SAFT for

different solutes, separated in the two phases of ATPS.

The initial base for studying the partitioning in ATPS was a good description of
dissociation equilibrium. The solutes considered in this work, i.e. DNP-AA and water-
soluble vitamins, in aqueous solutions of pH~8 (pH of ATPS) can be present as species
with different charge states, and additionally, these species can have different partition
coefficients in ATPS. At pH~8 of ATPS the solutes considered in this work are present as
neutral (VB3amide, VB12) or negatively charged species (DNP-glycine, DNP-alanine-, DNP-
valine, DNP-leucine;, VB2-, VB3acid-' VB92-, VB93-). Since DNP-AA and water-soluble
vitamins are usually present at very small concentrations, the ePC-SAFT partitioning

approach was based on predicting the infinite dilution activity coefficient yf" of DNP-AA

or vitamin species in the two phases of ATPS.

Predicting the partitioning of DNP-AA and water-soluble vitamins in PEG - salt ATPS
with ePC-SAFT requires a description of interactions between all components in ATPS.
The interactions lead to non-ideality that is described by ePC-SAFT with help of the binary
interaction parameters (kij). The interactions between a solute (neutral or charged) and
water, as well as between ATPS phase formers were described using partitioning-
independent data, e.g. liquid density, osmotic coefficients, or solubility. The kij between
DNP-AA or vitamin species and ATPS phase formers were fitted to one experimental K
data point. Estimating the binary interactions parameter kij required for each DNP-AA

only three experimental data points Kjxp_,4 while for each vitamin just two

values were needed.

. ex
experimental K b .

Using ePC-SAFT pure-component and binary interaction kij parameters allowed

.. . oy . pred,o pred,oo pred,o
predicting the following partitioning trends Kp\p " oucine = Kpnp-vatine = KpNp-atanine >

Kpred,oo

pred,o pred,o pred,o
DNP—-glycine K > K > K,

pred,oo pred,oo
and K5, VB9 vesamide > Kvpzacia > Kvgz ~ that matched the

previous observations found based on experimental data. The partitioning can be

influenced by 1) electrostatic interactions resulting from partitioning of charged
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components in ATPS, 2) molecular size of DNP-AA or vitamin, 3) other interactions of

DNP-AA or vitamin with phase formers (e.g. hydrogen bonding, hydrophobic
interactions). These factors are dependent among others on PEG molar mass, salt type,
ATPS composition expressed as tie-line length (TLL) that has been defined with equation
(3.3). ePC-SAFT was able to accurately predict the partitioning of DNP-AA or vitamin in
ATPS containing PEG of different molar mass and type of a salt. It showed that the highest
partition coefficient can be obtained in ATPS formed by PEG of lower molar mass (in this
work, Mpec = 4000 kg-mol-1) and salt with ions Na* and Citrate3- over K* and Tartrate-.

The same observation was found based on experimental data.

One of the decisive factors for the partitioning trend of Kiuvar%, can be DNP-AA
hydrophobicity that in this case vary with the number of methylene groups n(CHz2)
present in the molecule. ePC-SAFT predicted that the highest partition coefficient can be
obtained for DNP-leucine of the highest n(CHz) among the four DNP-AA studied, while the
lowest partition coefficient was predicted for DNP-glycine of the lowest n(CHz). It also
proved the ability to capture the effect on n(CHz2) on partitioning by showing the highest
values of KF15%% for a system composed by PEG and NasCitrate and the lowest K2ro"%

for ATPS formed by PEG and KNaTartrate. Studying the effects that rule the partitioning

of vitamins was much more complex.

Based on ePC-SAFT predictions the three different effects on activity coefficients y;” of
DNP-AA or vitamin could be found. The most common trend observed in this work was
the increase of activity coefficient in the bottom phase and decrease in the top phase. This
behavior was observed for all considered DNP-AA, VB3acid and VB3amide, The possible
reason for such non-ideality might be the repulsive interactions of vitamin and salt ions
and the attractive interactions of vitamin to PEG. Increasing the concentration of both PEG
and salt over TLL, leads to the increase of Kipre‘i’oo. Other behavior in ATPS was seen for
VB2 and VB9. Therefore, it was found that in both top and bottom phase of ATPS
considered in this work, the values of y,;;4min increase together with an increase of TLL.
These molecules have structures (subcomponents) that may define the interactions of
ATPS phase forming components with vitamin and thus contribute to the non-ideal
behavior of a solute in ATPS. Increasing trend of y,j;;minin both phases can mean that in
both phases different interactions are competing. The last case was observed for VB12

(figure 10.16d) and shows a decrease of y;3,, over increasing TLL in both ATPS phases.
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This effect might be related with the effects related to the molar mass of VB12 and the

presence of many functional groups in a molecule. In ATPS considered in this work, VB12
is present solely as neutral species. Therefore, electrostatic interactions of VB12 and ATPS
phase forming components are not significant in predicting the partitioning. A high
affinity of VB12 to PEG-rich phase can result from hydrophobic interactions to PEG or
hydrogen-bonding effects between PEG and VB12. All these effects are considered

explicitly in ePC-SAFT predictions.
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11. Summary and Outlook

The intention of this work was to decrease the great lack of understanding of
partitioning in ATPS, thus, to break the biggest limitation that disables the
implementation of ATPS at industrial scale. This chapter provides the answers
to the needs and questions of the current research. It presents new knowledge
acquired based on the experimental and thermodynamic studies carried out in
this work. This concerns physicochemical properties of aqueous solutions
containing biomolecules, i.e, DNP-AA and water-soluble vitamins, and
selecting biodegradable aqueous two-phase systems (ATPS). It summarizes the
attempts done in this work and shows the new contribution into understanding

the behavior of DNP-AA and vitamins in aqueous solutions.
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This thesis was focused on studying the behavior of biomolecules in aqueous
solutions. It was important from the perspective of science and could contribute to
decreasing the lack of understanding of the phenomena that rule the biomolecule
solubility in water and its partitioning in biodegradable PEG - organic salt ATPS. The
biomolecules considered in this work were DNP-AA: DNP-glycine, DNP-alanine, DNP-
valine, and DNP-leucine, and water-soluble vitamins: ascorbic acid (VC), riboflavin (VB2),
nicotinic acid (VB3acid), nicotinamide (VB3amide) folic acid (VB9), and cyanocobalamin
(VB12). It was also the intention of the present study to add value to the research by
introducing several thermodynamic modeling approaches designed specifically for
predicting aqueous solubility, as well as phase separation and solute partitioning in ATPS.

This was done to allow decreasing the number of experiments required in future studies.

The main objectives involved studying 1) the solubility of DNP-AA and vitamins in
pure water, at different pH, and in the presence of additives (covitamins), 2) the phase
equilibrium of ATPS formed of PEG and organic salt at T = 298.15 K and p = 1 bar, and
3) the partitioning of DNP-AA and vitamins in PEG - organic salt ATPS at T=298.15 Kand
p = 1 bar. The solubility of DNP-AA and water-soluble vitamins in pure water, at different
pH and in the presence of additives were evaluated at T = 298.15 K, p = 1 bar. However,
just to provide an idea of the importance of pH effect and additive contribution into the
solubility enhancement, the two additional aqueous solubility data points for each DNP-
AA were measured in this work: at T = 308.15+£0.1 K, p=1 bar and T = 318.15+0.1 K, p=1
bar (only in pure water, without additives). The temperature influence on solubility was
evaluated also for vitamins, namely for VB3acid at T = 283.59 K - 332.01 K and for VC at
T=293K-323K,and VB2 at T=310.15 K, based on data found in literature.

Experimental measurements were carried out using different methods found in
the literature and adjusted to the purpose of this work. Therefore, aqueous solubility was
determined with the shake-flask method and spectrophotometry UV-VIS. The phase
diagrams involving binodals and tie-line compositions were obtained with the cloud point
method (binodals) and the procedures from the literature that involved conductivity
measurements and freeze-drying (equilibrium concentrations). Experimental
methodologies for studying the partitioning in ATPS were adopted from previous
publications, but the concentrations of DNP-AA and vitamins in the two-phases have been

acquired with UV-VIS and fluorescence spectrophotometry based on the preliminary
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studies performed in this work. Density and osmotic coefficients were obtained with the
oscillating U-tube density meter and freezing point depression osmometer only for the

thermodynamic modeling purpose.

Electrolyte PC-SAFT (ePC-SAFT) with Debye-Hiickel electrostatic contribution was
chosen for modeling and predictions of different physicochemical properties of DNP-AA
and vitamins and their partitioning in ATPS. This involved liquid-liquid and solid-liquid
equilibria calculations. ePC-SAFT pure-component and binary interaction parameters of
DNP-AA and water-soluble vitamins were estimated with different modeling strategies
and used to accurately characterize the pure components and the non-ideality of their
mixtures caused by interactions in aqueous solutions. The modeling methods: Molecular
Method (MM) and Joint-Parameter Method (J-PM) were designed in this work specifically

for the modeling of DNP-AA and water-soluble vitamins.

Molecules selected in this work DNP-AA, water-soluble vitamins, organic salts
forming ATPS, may partially dissociate in aqueous solutions leading to the formation of
different species of which presence depends on pH. For this reason, the study of the pH
influence on the speciation was required. The charge of the components had to be
considered while discussing experimental results and for the modeling and predicting the
properties with ePC-SAFT. The pH change can influence the solubility of DNP-AA and
vitamins. Thus, knowing the pH-solubility profiles is fundamental for understanding and
controlling the behavior of these compounds in aqueous solutions. Dissociation constants
Ka obtained from literature and intrinsic solubility data measured in this work were
introduced to the Henderson-Hasselbalch-based solubility equations to obtain pH-
solubility profiles. Similar equations but accounting for the non-ideality (deviations from
Raoult’s Law) and involving fitted in this work thermodynamic dissociation constants
Kam, were derived to estimate the solubility with ePC-SAFT. A comparison of Kath and Ka
allowed the conclusion that aqueous solutions containing DNP-AA and vitamins deviate
from ideality, which is directly related to the fact that the activity-coefficient ratio

between the species present in these systems is not unity.

The results of ePC-SAFT solubility predictions were in line with experimental data
determined in this study. In regard to the solubility of DNP-AA, the trend observed was

L L L L EPI
Mpnp-alanine” MDNP-valine ~ mDNP—glycine and MpNp-leucine: However' it is rather

Page 231



Summary and Outlook

uncertain which DNP-AA from the two least soluble, i.e. DNP-glycine or DNP-leucine, has
higher solubility. The reason for that relates to the insignificant difference in solubility of
DNP-glycine or DNP-leucine (within the experimental error). The aqueous solubility
trend of DNP-AA (decreasing m5yp_44) follows the reversed trend of melting properties
(increasing Ty, pyp-aa)- Based on data from the literature for aliphatic AA, the solubility

L L L
trends observed for DNP-AA and AA do not match (mgycine< Mi_gignine < Mi-vatine <

ML _oucine)- Also, the solubility of each DNP-AA is of lower magnitude than for its parent
aliphatic AA. The difference between DNP-AA and aliphatic amino acids is also in the
dissociation equilibrium. In contrast to aliphatic amino acids that are amphoteric, DNP-
AA are acidic components. Thus, a decrease of the pH leads to a lower DNP-AA solubility,
while an increase of the pH enhances the solubility of DNP-AA. Regarding the vitamin
solubility in water the following trend was observed mb.> mbgs,0iq > Mbgip > mbg, >
mkgo. The melting properties could not be correlated with solubility data of each vitamin
since the molecular structures of vitamins are very divergent. The vitamins considered in
this thesis were either acidic (VC) or amphoteric (VB2, VB3acid, VB9, and VB12). This
means that in all cases, an increase in pH leads to an enhancement of vitamin solubility.

Except for VC, the solubility can be improved by decreasing the pH.

The temperature effect on DNP-AA and vitamin solubility was only briefly outlined
since the pH effect or the presence of additives have shown to be much more powerful in
enhancing the solubility of low soluble DNP-AA and vitamins. However, as expected the
solubility of all considered DNP-AA and water-soluble vitamins VC and VB3acid increases
together with an increase of the temperature. As an example, only slight DNP-AA
solubility increase was observed when changing the temperature of 10 K or 20 K (T =
298.15 K - 318.15 K). In contrast, if the pH of DNP-AA solution increased only of 0.5 units
(from pH =4 to pH = 4.5), then more than a double increase of the DNP-AA solubility was
found. Similar conclusions were obtained for vitamins. Thus, the alternative to the
temperature moderation was addition of covitamins (VC and VB3) to solutions containing
low-soluble vitamins. This phenomenon has been already called in literature as
hydrotropic solubilization and involves not only VC and VB3, but also different molecules
able to dissolve many poorly soluble compounds, e.g. Active Pharmaceutical Ingredients
(API). Studies carried out in this work on the influence of different covitamins VC, VB3acid,

and VB3amide, on poorly soluble vitamins VB2, VB9, and VB12, have shown that the
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solubility of vitamins is related to the concentration of covitamin introduced to the

vitamin solution and to the covitamin and vitamin type itself. Covitamin VB3amide hag
shown the highest potential over VC and VB3acid in enhancing the solubility of VB2, VB9,
and VB12. To increase the solubility of VB2 to the comparable level, about a 5-fold higher
concentration of covitamin VC than VB3amide was required. When adding the same
concentration of covitamin VB3amide tg aqueous solutions of VB2 and VB9, lead to about
100-fold solubility enhancement of VB9, while for VB2, a 15-fold increase was observed.
It was found that there can be different covitamin effects ruling the enhancement of
vitamin solubility. This possibly is related to the differences in the interplay of different
factors, e.g. pH and interactions. Overall, it was proven that the so-called in literature
“hydrotropes” can cause pH changes that strongly influence molecular interactions,

species distribution, or even both.

ePC-SAFT allowed quantitative solubility prediction of vitamin VB2, VB9, VB12, upon
addition of covitamins VC and VB3 (VB3acid, VB3amide), The predictions were classified into
systems with minor and major species distribution change caused upon adding covitamin.
In both considered system classes, predictions were in accurate agreement with
experimental data without a need of introducing any additional parameter (minor species
change: VB12 + VB3amide VB12 + VB3acid and VB2 + VB3acid; major species change: VB2 +
VC, VB2 + VB3amide, VB9 + VB3amide), This work revealed that adding covitamins at low
concentration mainly has an impact on solubility by a pH change. At a certain covitamin
concentration (specific for each vitamin + covitamin system), the molecular interactions
can overcome the importance of the pH effect. Thus, predicting the solubility in a wide
range of concentrations requires considering both molecular interactions and pH effects.
This also raises some issues about the definition of “hydrotropes” given in literature.
Based on the results obtained in this work, it is not recommended to assign the term of
“hydrotrope” to components, but rather to use the term of “hydrotropic solubilization”.
Adding the covitamin at certain concentration leads to an increase of solubility by
changing mainly the pH of a solution and even NaOH would be denoted a hydrotrope

according to this definition.

Once the properties of DNP-AA and water-soluble vitamins were known (based on
the experiments and predictions), the partitioning of these compounds in biodegradable

PEG - organic salt was considered. Prior to this, the measurements and modeling of
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experimental biphasic diagrams was carried out. ATPS under study were composed of
PEG (average molar mass Mrec: 4000, 6000, 8000 g-mol-l) and biodegradable salt
(NsCitrate, KsCitrate, NazTartrate, and KNaTartrate), at 7=298.15 K and p=1 bar. Using
equations of Merchuk, of Othmer-Tobias, and of Bancroft, it was possible to accurately
correlate experimental binodal and tie-line composition data. Experimental data was also
used for a validation of ePC-SAFT model predictions. The overall AAD obtained from the
comparison of predicted with ePC-SAFT and experimental equilibrium mass fractions of
ATPS components in all considered ATPS (both phases, different tie-lines) was equal to
0.025 (2.5 wt%) which is a common result for predicting the LLE in literature. Almost
quantitative ePC-SAFT predictions of LLE may relate to the accurate description of non-
ideality of mixtures caused by different molecular interactions considered by ePC-SAFT.
The largest biphasic regions were observed for ATPS formed by PEG 8000 and NasCitrate.
This is an important finding in terms of the efficiency of phase separation in ATPS, since
for ATPS of smaller biphasic area (e.g. PEG - KsCitrate) more salt is needed to form ATPS.
However, the solutions containing PEG 8000 are more viscous and this can be a drawback
for industrial application. Salt selected to form ATPS has a stronger effect on phase
separation and this influence relies not only on the kind of cation but also on the number
of cations present in a molecule. However, the evaluation presented in this work has
proven that ATPS phase forming compounds should be chosen based on a compromise
between both the consumption of chemicals and partitioning efficiency, thus the practical

industrial application insight.

The last part of this work involved partitioning of DNP-AA (DNP-glycine, DNP-
alanine, DNP-valine, DNP-leucine) and water-soluble vitamins (VB2, VB3acid, B3amide
VB9, VB12),at T=298.15 Kand p = 1 bar, in ATPS. Since the measurements were not only
carried out in PEG (Mpec: 4000, 6000, 8000 g-mol-1) - organic salt (NsCitrate, KsCitrate,
NazTartrate, and KNaTartrate) ATPS, but also in PEG (Mpec: 8000 g-mol-1) - inorganic salt
(NazSulfate, MgSulfate) ATPS, data shown in this work could prove the merit of replacing
inorganic salts to organic biodegradable alternatives. The partition coefficients of DNP-
AA measured in PEG 8000 - NazSulfate ATPS were very similar to data determined in PEG
8000 - NasCitrate ATPS. The highest partition coefficients K;*” values were obtained in
systems formed by PEG of lower molar mass, namely PEG 4000, and of NasCitrate. A linear

correlation between Ink;*? and TLL for all DNP-AA and vitamins partitioned in ATPS was
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observed. Thus, K depends on the concentration of all ATPS components. Experimental

exp : ; : . exp exp
K; determined in this work follow the trends: K, \p_ioucine > Konr—vaiine =

exp exp exp exp exp exp . .
Kpnp—atanine > Kpnp-giycine for DNP-AA and Ky, > Kypg > Kypz > Kyp, for vitamins.

Partitioning trends for DNP-AA and vitamins do not follow the solubility trends:
mf)NP—alanine> méNP—valine > mgNP—glycine and m%)NP—leucine (fOI‘ DNP'AA) and mIL/B3amide
> mbpagcia > M1, > mbg, > mbpg (for vitamins). This means that different phenomena
rule the solubilization and partitioning of DNP-AA and vitamins in aqueous systems, thus,

distinct types of interactions may dominate in controlling both properties.

ePC-SAFT predictions presented in this work confirmed that the number of
experiments can be reduced if the partitioning approach designed in this work is applied.
ePC-SAFT could accurately predict both solubility and partitioning in ATPS, although it is
expected that different factors rule these behaviors. The quantitative predictions of DNP-
AA and water-soluble vitamin partitioning in PEG - biodegradable salt ATPS were
obtained after considering all interactions through introducing ki between DNP-AA and
phase formers (water, Na*, K*, PEG) that describes the non-ideality of the mixtures. In this
work, ePC-SAFT was capable to predict the partition coefficients qualitatively. By
separating different effects that rule the separation it helped in evaluating which effects
may dominate in the partitioning of different solutes. This is an outstanding result for
practical ATPS application, since even having an extensive database of experimental
partition coefficients values is not enough to unravel the phenomena that are behind the
partitioning. The success of the present study was achieved based on non-ideality
evaluation, towards activity coefficients y;° that were predicted with ePC-SAFT for

different solutes, separated in the two phases of ATPS.

The partitioning of DNP-AA and water-soluble vitamins can be influenced by 1)
electrostatic interactions resulting from partitioning of charged components in ATPS, 2)
molecular size of DNP-AA or vitamin, 3) other interactions of DNP-AA or vitamin with
phase formers (e.g. hydrogen bonding, hydrophobic interactions). These factors are
dependent among others on PEG molar mass, salt type, ATPS composition expressed as
tie-line length (TLL). The partitioning of DNP-AA and water-soluble vitamins depends on
pH in a way, that in aqueous solutions of pH~8 (pH of ATPS) can be present as species
with different charge states, and additionally, these species can have different partition

coefficients in ATPS. At pH~8 of ATPS the solutes considered in this work are present as
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neutral (VB3amide, VB12) or negatively charged species (DNP-glycine, DNP-alanine-, DNP-
valine, DNP-leucine;, VB2-, VB3acid-' VB92-, VB93-). Since DNP-AA and water-soluble
vitamins are usually present at very small concentrations, the ePC-SAFT partitioning
approach was based on predicting the infinite dilution activity coefficient y;° of DNP-AA
or vitamin species in the two phases of ATPS. The present work also confirms that the side
chains of amino acids, namely the number of methylene groups and related to this
hydrophobicity, mainly determine the partitioning of DNP-AA (the highest - DNP-leucine,
the lowest - DNP-glycine). The partition coefficients that were accurately predicted with
ePC-SAFT followed the reversed order of aliphatic amino acid solubility (the highest -
glycine, the lowest - leucine), rather than the sequence of DNP-AA solubility (the highest
- DNP-alanine).

Based on ePC-SAFT predictions the three different effects on activity coefficients y;”of
DNP-AA or vitamin could be found. The most common trend observed in this work was
the increase of activity coefficient in the bottom phase and decrease in the top phase (all
considered DNP-AA, VB3acid and VB3amide), The possible reason for such non-ideality might
be the repulsive interactions of vitamin and salt ions and the attractive interactions of
vitamin to PEG. Other behavior in ATPS was seen for VB2 and VB9. Therefore, it was found
that in both top and bottom phase of ATPS considered in this work, the values of ¥,3; gmin
increase together with an increase of TLL. Some molecular structure features might be
the reason of such behavior. Increasing trend of y,;;4minin both phases can mean that in
both phases different contributions are competing. The non-ideality trend observed for
VB12 is different from the two previous behaviors. It shows a decrease of yy5,, over
increasing TLL in both ATPS phases. This effect might be related with the effects related
to the size of VB12 and the presence of many functional groups in a molecule. In ATPS
considered in this work, VB12 is present solely as neutral species. Therefore, electrostatic
interactions of VB12 and ATPS phase forming components might not be significant in
predicting the partitioning. A high affinity of VB12 to PEG-rich phase can result from
hydrophobic interactions to PEG or hydrogen-bonding effects between PEG and VB12. All

these effects are considered explicitly in ePC-SAFT predictions.

This elaboration, although being significant contribution to the understanding the
solubilization of DNP-AA and water-soluble vitamins and their partitioning in ATPS,

opens at least several research lines to new possible topics that could finally allow
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implementing ATPS in industry. This could be among others the application or design of
different methods able to unravel the solubility and partitioning behavior at the molecular
level. Such a deep understanding of solubility and partitioning would allow better
screening for the possible solubilizers or separation systems. It could be also beneficial
from the perspective of designing and optimizing novel ATPS. However, the screening for
new systems could be done as well using approaches for ePC-SAFT modeling and
predictions provided in this work. These approaches might be further applied for
predicting the solubility and partitioning in different ATPS. A very important issue that
should also be considered in future research is the recovery of partitioned solutes from
the ATPS phases. Since the present thesis provides already theoretical, experimental, and
modeling background, it can contribute to the scale-up of the partitioning in ATPS. This
could be done by performing further experiments on a Mixer-Settler. Another aspect that
should catch the attention of scientific research is related to gaining a better
understanding and improvement of the dynamics of partitioning (the present work
provides just a “stationary” approach to partitioning). This could be done through
performing the simulations of separation and by building or applying the tools which

could be beneficial in the design and optimization of a process.
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A1. Species fractions of DNP-AA

Table A1.1 Species fractions of DNP-AA calculated with idealized approach according to a procedure from

section 2.3 (T=298.15 K, p=1 bar).

DNP-alanine DNP-glycine DNP-valine DNP-leucine
i q=0 g=-1 q=0 g¢g=-1 q=0 gq=-1 q=0 g=-1
1 099 0.01 0.98 0.02 1.00 0.00 099 0.01
2 093 0.07 086 0.14 097 0.03 093 0.07
3 0.56 0.44 0.39 0.61 0.76  0.24 0.56 0.44
4 0.11 0.89 0.06 0.94 0.24 0.76 0.11 0.89
5 0.01 099 0.01 099 0.03 097 0.01 0.99
6 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
7 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
8 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
9 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
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A2. Species fractions of water-soluble vitamins

Table A2.1 Species fractions of vitamins calculated with idealized approach according to a procedure from

section 2.3 (T=298.15 K, p=1 bar).

vC VB3acid VB2
pH
q=0 gq=-1 gq=-2 qg=+1 q=0 g¢g=-1 q=+1 g=0 g¢g=-1 gq=-2
1 1.00 0.00 0.00 0.92 0.08 0.00 0.83 0.17  0.00 0.00
2 0.99 0.01 0.00 0.54 0.46  0.00 0.33 0.67  0.00 0.00
3 0.94 0.06 0.00 0.10 0.88 0.01 0.05 0.95 0.00 0.00
4 0.60 0.40 0.00 0.01 0.86 0.13 0.00 0.99 0.01 0.00
5 0.13 0.87 0.00 0.00 0.39 0.61 0.00 0.92 0.08 0.00
6 0.01 0.99 0.00 0.00 0.06 094 0.00 0.55 0.45 0.00
7 0.00 1.00 0.00 0.00 0.01 0.99 0.00 0.11 0.89 0.00
8 0.00 1.00 0.00 0.00 0.00 1.00 0.00 0.01 098 0.01
9 0.00 1.00 0.00 0.00 0.00 1.00 0.00 0.00 0.94 0.06
VB9 VB12
pH
q=+1 q=0 q=-1 q=-2 q=-3 q=+1 q=0 q=-1

1 0.96 0.04 0.00 0.00 0.00 0.00 0.83 0.17

2 0.70 0.29 0.01 0.00 0.00 0.00 0.33 0.67

3 0.14 0.58 0.27 0.01 0.00 0.01 0.05 0.95

4 0.00 0.15 0.70 0.14 0.00 0.13 0.00 0.99

5 0.00 0.01 0.32 0.67 0.00 0.61 0.00 0.92

6 0.00 0.00 0.05 0.95 0.01 0.94 0.00 0.55

7 0.00 0.00 0.00 0.92 0.08 0.99 0.00 0.11

8 0.00 0.00 0.00 0.54 0.46 1.00 0.00 0.01

9 0.00 0.00 0.00 0.11 0.89 1.00 0.00 0.00
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A3. Experimental physicochemical properties (density, osmotic coefficient)

Table A3.1 Experimental densities (pe**) of NaOH + DNP-AA aqueous solutions. Data were measured by
Student (under the supervision) [a] and included in the publication of Wysoczanska et al. [8]. Data were

measured according to a description from section 3.2.4. xi are mole fractions [-].

exp k 3
PNaoH+DNP—aa [KEMP]
XNaOH+XDNP-AA X NaOH X DNP-AA T=298.15 K T=308.15K T=318.15K

DNP-Alanine

3.26E-06 1.46E-06 1.80E-06 997.1 994.1 990

7.08E-07 4.08E-07 3.00E-07 997.1 994.1 990.3
2.47E-05 2.10E-05 3.70E-06 997.2 994.2 989.8
5.06E-04 3.62E-04 1.44E-04 998.7 995.6 991.8
7.22E-04 5.29E-04 1.93E-04 999.3 996.3 992.4
8.38E-04 6.06E-04 2.32E-04 999.7 996.6 992.8

DNP-Glycine

3.59E-05 0.00E+00 3.59E-05 997.3 994.3 990.4
4.83E-04 3.37E-04 1.46E-04 998.6 995.6 991.7
7.31E-04 5.44E-04 1.87E-04 999.3 996.3 992.4
1.01E-03 8.16E-04 1.99E-04 999.7 996.6 992.7
DNP-Valine
3.28E-07 0.00E+00 3.28E-07 997.1 994.1 990.3
1.60E-05 1.24E-05 3.58E-06 997.1 994.1 990.3
8.96E-04 6.73E-04 2.24E-04 999.9 996.8 992.9
7.76E-04 5.95E-04 1.80E-04 999.5 996.4 992.6
5.58E-04 4.22E-04 1.37E-04 998.8 995.8 991.9

DNP-Leucine

6.96E-04 4.99E-04 1.97E-04 999 995.9 992
7.75E-04 5.62E-04 2.13E-04 999.3 996.3 992.4
8.85E-04 6.07E-04 2.78E-04 999.7 996.6 992.7

uncertainty: +1.5 kg-m-3 (p), +0.1 K (T), +0.05 bar (p).

Page iii



Appendix

Table A3.2 Experimental densities (pe*) of aqueous vitamin systems at different mole fractions of vitamins

(xi; [-]); T=298.15 K, p=1 bar. Data were measured according to a description from section 3.2.4.

vC VB2 VB9

Xi piexp [kg-m3] Xi piexp [kg-m3] Xi piexp [kg-m3]

8.34E-03 1028.17 5.53E-06  997.06 1.00E-04  999.03

1.52E-02 1051.10 1.08E-05  997.11 1.07E-04  999.03

2.09E-02 1069.90 1.20E-05 997.11 2.60E-04  1000.00

2.62E-02 1086.24 2.04E-05  997.18 2.66E-04  1000.30
2.76E-04  1000.00
5.02E-04  1003.37
7.64E-04  1005.86

VB3 VB12

Xi pierp [kg-m-3] Xi pierp [kg-m3]

5.60E-04 998.27 1.29E-05  997.15

1.06E-03 999.35 411E-05 997.82

1.07E-03 999.51 8.68E-05  998.82

1.70E-03 1000.84 8.76E-05  998.87

1.77E-03 1001.05 1.15E-04  999.43

2.48E-03 1002.52 1.16E-04  999.43

2.50E-03 1002.64

uncertainty: +1.5 kg-m-3 (p), 0.1 K (7), +0.05 bar (p).
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Table A3.3 Experimental osmotic coefficients (¢:*) of aqueous vitamin systems. Data were measured

according to a description from section 3.2.4. xiare mole fractions [-].

\Y VB3
Xi (pimeas Xi ¢imeas
0.0113 0.876 + 0.008 0.0011 0978 =+ 0.012
0.0151 0.864 =+ 0.007 0.0013 0963 + 0.012
*0.0032 0.181 0.0014 0963 + 0.012
0.0015 0.959 + 0.012
0.0018 0941 =+ 0.011
0.0021 0912 =+ 0.011
VB12
Xi d)imeas
0.0001 1.091 <+ 0.017
0.0002 1.099 = 0.016
0.0004 1.183 =+ 0.017

*data point from literature, ref. [181].
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A4. Experimental pH of ATPS phases and influence on vitamin species
fractions

Table A4.1 Species fractions in PEG - NasCitrate of water-soluble vitamins calculated with idealized
approach according to a procedure from section 2.3 (T=298.15 K, p=1 bar). pH of the phase was calculated
as an average of pH measured at >3 tie-lines of all PEG - NaszCitrate ATPS under study. The deviation

between each measurement was <5%.

top phase pH 8.45

vitamins VB3amide VB12 VB2 VB3acid VB9
0 1.00 1.00

-1 0.98 1.00

-2 0.02 0.31
-3 0.69
bottom phase pH 8.25

vitamins VB3amide VB12 VB2 VB3acid VB9
0 1.00 1.00 0.01

-1 0.98 1.00

-2 0.01 0.41
-3 0.59

Table A4.2 Species fractions in PEG - NazTartrate of water-soluble vitamins calculated with idealized
approach according to a procedure from section 2.3 (T=298.15 K, p=1 bar). pH of the phase was calculated
as an average of pH measured at >3 tie-lines of all PEG - NasCitrate ATPS under study. The deviation

between each measurement was <5%.

top phase pH 7.7

vitamins VB3amide VB12 VB2 VB3acid VB9
0 1.00 1.00 0.02

-1 0.97 1.00

-2 0.00 0.71
-3 0.28
bottom phase 7.75

vitamins VB3amide VB12 VB2 VB3acid VB9
0 1.00 1.00 0.02

-1 0.97 1.00

-2 0.00 0.69
-3 0.31
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A5. DNB modeling
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Figure A5.1 ePC-SAFT modeling of dinitrobenzene (DNB); left figure: density of DNB over temperature,
ARD% between experimental and predicted data = 0.4; right figure: vapor pressure of DNB over
temperature, ARD% between experimental and predicted data = 4.84. Symbols: experimental data from the

literature [381,382], Lines: ePC-SAFT modeling. ePC-SAFT parameters are provided in table 4.1.
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A6. Experimental solubility of DNP-AA

Table A6.1 Experimental solubility (m% e, mol-kg1) of DNP-AA in water at T7=298.15+0.1 K K and p=1 bar.
ARD% calculated with equation (4.14). Data were measured by Student under the supervision of

K.Wysoczanska [a] and included in the publication of Wysoczanska et al. [8]. Data measured according to a

procedure from section 3.2.1.

DNP-alanine DNP-glycine

pH mbexp [mol-kg-1] ARD% pH mbexp [mol-kgl] ARD%
3.09 0.002487 4.32 3.42 0.00134 3.98
DNP-valine DNP-leucine

pH mbexp [mol-kg-1] ARD% pH mbexp [mol-kg-] ARD%
3.17 0.001818 3.87 3.17 0.000895 4.32

Table A6.2 The pH-dependent solubility (m% e», mol-kg1) of DNP-AA measured at 7=298.15 K+0.1 K and
p=1 bar. ARD% calculated with equation (4.14). Data were measured by Student under the supervision of

K.Wysoczanska [a] and included in the publication of Wysoczanska et al. [8]. Data measured according to a

procedure from section 3.2.1.

DNP-alanine DNP-glycine

pH mbexp [mol-kg1] ARD% pH mbexp [mol-kg1] ARD%
1.87 0.001065 5.1 2.35 0.000617 4.78
4.1 0.015196 3.7 3.97 0.003607 3.87
6.37 0.053080 4.32 6.23 0.019651 3.29
DNP-valine DNP-leucine

pH mbexp [mol-kg1] ARD% pH mbexp [mol-kg1] ARD%
2.23 0.001139 4.37 2.29 0.000644 5.01
3.87 0.007155 4.21 3.95 0.004124 4.56
6.60 0.018402 3.54 6.45 0.004408 4.32
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Table A6.3 Temperature influence on experimental solubility (m e», mol-kg1) of DNP-AA in water. Data
were measured by Student under the supervision of KWysoczanska [a] and included in the publication of

Wysoczanska et al. [8]. ARD% calculated with equation (4.14).

T=308.15K T=318.15K
DNP-AA pH mbexp [mol-kgl]  ARD% pH mbexp [mol-kgl] ARD%
DNP-glycine 3.16 0.00182 5.43 3.01 0.0029 4.54
DNP-alanine 2.97 0.00314 3.43 2.75 0.00562 3.45
DNP-valine  3.05 0.00283 5.02 2.87 0.00514 4.89
DNP-leucine 3.08 0.001693 5.23 2.92 0.0029 5.42

uncertainty: 0.1 K (T)

Table A6.4 Intrinsic solubility of DNP-AA (m!, mol-kg1) at T=298.15+0.1 K K and p=1 bar calculated using

experimental solubilities from table A6.1. Data were calculated according to section 2.3.1.

DNP-AA m&[mol-kg]
DNP-alanine 0.003051
DNP-glycine 0.000259
DNP-valine 0.000635
DNP-leucine 0.000255
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A7. Experimental solubility of water-soluble vitamins

Table A7.1 Experimental solubility (m” e, mol-kg1) of water-solule vitamins in water at 7=298.15+0.1 KK
and p=1 bar. ARD% calculated with equation (4.14). Data measured according to a procedure from section

3.2.1.

vitamin pH mbexp [mmol-kg1] ARD%
VC 1.94 1691.9 0.59
VB3 3.42 140.1 1.2
VB2 5.68 0.2058 1.05
VB9 4.28 0.1069 1.26
VB12 5.55 9.6449 0.95

Table A7.2 The pH-dependent solubility of water-soluble vitamins (mZ e, mol-kg-1) measured in this work;
T=298.15£0.1 K, p=1 bar. ARD% calculated with equation (4.14). Data measured according to a procedure

from section 3.2.1.

VC VB2 VB3
pH mbexr ARD% pH mb exp ARD% pH mbexr ARD%
194 1.8262 3.56 2.08 0.00027 3.82 3.42 0.1401 2.27
3.64 23682 3.54 431 0.00022 4.76 3.61 0.1567 2.12
398 3.1317 3.98 5.68 0.00021 2.05 4.89 0.3022 2.56
591 0.00025 3.89 5,59 0.7290 2.64

6.57 0.00067 2.98
6.93 0.00126 3.54

VB9 VB12
pH mkL exp ARD% pH mb exp ARD%
4.28 0.00011 4.15 5.55 0.00964 3.95
4.70 0.000168 4.98 6.38 0.00952 4.54
535 0.00021 5.03 6.58 0.00957 3.98
576 0.00095 4.78 7.81 0.00931 4.23

6.07 0.00272  4.67
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Table A7.3 Experimental aqueous solubilities of poorly-soluble vitamins (m

L,exp
vitamin (1)’

mol-kg-1) upon

addition of different vitamin additives (My;rqmin(2)); T=298.15£0.1 K, p=1 bar. Data measured according to

a procedure from section 3.2.1. ARD% calculated with equation (4.14).

L.exp

Vitamin (1) Vitamin (2) Myitaminz)y  PH Myitamin(1) ARD%
- 0 5.68 0.000206 2.05
0.1 6.36 0.000420 4.98
VB3amide
0.2 6.43 0.000727 4.23
VB2 0.05 3.44 0.000227 5.08
VB3acid
0.1 3.36 0.000253 4.27
0.5 2.23 0.000481 4.23
VC
1 191 0.000813 5.01
- 0 4.28 0.000107 4.15
VB9
VB3amide 0.1 5.32 0.000732 4.29
- 0 5.55 0.009645 3.95
0.1 6.4 0.014123 3.56
VB23amide
VB12 0.2 6.4 0.019749 4.32
0.05 3.46 0.010263 3.45
VB3acid
0.1 3.43 0.011379 3.89
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A8. ATPS composition (binodals, tie-lines)

Table A8.1 Experimenal binodal data obtained at T7=298.15+0.2 K, p=1 bar for PEG - NasCitrate and PEG -

KsCitrate ATPS, according to a procedure from section 3.2.2. The values were provided in mass fractions, w

[-].

PEG 4000 - NasCitrate PEG 6000 - NasCitrate PEG 8000 - NasCitrate*
WPEG Wsalt WPEG Wsalt WPEG Wsalt
0.5675 0.0055 0.4653 0.0123 0.4505 0.0116
0.5393 0.0075 0.4553 0.0139 0.3327 0.0309
0.5098 0.0095 0.4190 0.0173 0.2211 0.0517
0.4394 0.0163 0.3996 0.0198 0.1551 0.0684
0.4215 0.0190 0.3779 0.0227 0.1818 0.0609
0.4023 0.0214 0.3548 0.0264 0.1311 0.0754
0.3626 0.0267 0.3368 0.0287 0.0236 0.1236
0.3496 0.0283 0.3288 0.0298 0.0537 0.1072
0.3422 0.0296 0.3232 0.0312 0.0985 0.0891
0.3242 0.0329 0.3089 0.0343 0.0669 0.1010
0.2934 0.0371 0.2974 0.0361 0.4296 0.0154
0.2819 0.0414 0.2805 0.0393 0.3881 0.0237
0.2421 0.0497 0.2556 0.0440 0.3135 0.0323
0.2215 0.0568 0.2319 0.0488 0.3434 0.0291
0.2019 0.0623 0.2233 0.0512
0.1672 0.0709 0.2185 0.0520
0.1443 0.0807 0.2143 0.0538
0.1375 0.0823 0.1977 0.0588
0.1310 0.0856 0.1642 0.0682
0.1238 0.0876 0.1573 0.0717
0.1068 0.0937 0.1434 0.0757
0.0769 0.1074 0.1190 0.0843
0.0613 0.1150 0.0998 0.0899
0.0344 0.1321 0.0954 0.0919
0.0216 0.1415 0.0777 0.1003
0.0109 0.1547 0.0625 0.1065
0.0065 0.1645 0.0565 0.1101

0.0462 0.1160

0.0312 0.1230

0.0255 0.1279

0.0208 0.1318

0.0067 0.1490
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PEG 4000 - KsCitrate PEG 6000 - KsCitrate PEG 8000 - KsCitrate*
WPEG Wesalt WPEG WPEG Wealt WPEG
0.4494 0.0378 0.4165 0.0416 0.4542 0.0327
0.3670 0.0504 0.3110 0.0591 0.3544 0.0459
0.3308 0.0563 0.2787 0.0659 0.2755 0.0612
0.2548 0.0743 0.2481 0.0722 0.2084 0.0792
0.2396 0.0809 0.2174 0.0818 0.1797 0.0854
0.2006 0.0920 0.1961 0.0873 0.1198 0.1067
0.1905 0.0960 0.1809 0.0922 0.1127 0.1103
0.0282 0.1774 0.1579 0.1013 0.0160 0.1673
0.1291 0.1213 0.0090 0.1911 0.0352 0.1566
0.0737 0.1471 0.0220 0.1727 0.0440 0.1501
0.1522 0.1090 0.0256 0.1672 0.2246 0.0754
0.0061 0.2141 0.0533 0.1482 0.0086 0.1710
0.0709 0.1408 0.4151 0.0359
0.0989 0.1257 0.3113 0.0526
0.1327 0.1107
0.1482 0.1037

*these data were measured only the valiation of binodal curve previously reported by Silverio et al. [258].
The standard uncertainties (u) for mass fraction, temperature and pressure are u(wi)=0.002; u(7)=0.2K,
u(p)=0.05 bar.
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Table A8.2 Experimenal tie-line data obtained at T=298.15+0.2 K, p=1 bar for PEG - NasCitrate and PEG -
KsCitrate ATPS, according to a procedure from section 3.2.2. The values were provided in mass fractions,

w [-]. Tie-line length (TLL) was calculated with equation (3.3).

PEG 4000 - NasCitrate

feed top phase bottom phase
WPEG Wsalt WPEG Wsalt WPEG Wsalt TLL
0.1361 0.0942 0.228 0.054 0.0185 0.146 0.218
0.143 0.0989 0.2585 0.0479 0.0104 0.158 0.260
0.1501 0.1041 0.2864 0.0411 0.0051 0.171 0.298
0.1584 0.1097 0.3143 0.0354 0.0023 0.184 0.334
0.1674 0.1159 0.341 0.0295 0.0009 0.1972 0.368
0.1831 0.1268 0.3801 0.0249 0.0001 0.2193 0.418

PEG 6000 - NazCitrate

feed top phase bottom phase
WPEG Wsalt WPEG Wsalt WPEG Wsalt TLL
0.1349 0.0946 0.252 0.0451 0.0103 0.1489 0.253
0.1431 0.1005 0.2799 0.0392 0.0049 0.1618 0.290
0.1492 0.1046 0.2998 0.0361 0.0025 0.1718 0.316
0.1558 0.1093 0.3201 0.031 0.0013 0.1813 0.341
0.1631 0.1144 0.3425 0.0279 0.0005 0.1929 0.369
0.1798 0.126 0.3889 0.0212 0.0001 0.2161 0.427

PEG 8000 - NazCitrate*

feed top phase bottom phase
WPEG Wsalt WPEG Wsalt WPEG Wsalt TLL
0.1091 0.1027 0.193 0.062 0.014 0.15 0.199
0.1201 0.1105 0.242 0.051 0.005 0.17 0.266
0.1305 0.1206 0.286 0.041 0.002 0.188 0.320
0.1397 0.1299 0.319 0.035 0.0005 0.204 0.361
0.1498 0.1382 0.345 0.029 0.0001 0.222 0.395

PEG 4000 - KsCitrate

feed top phase bottom phase
WPEG Wsalt WPEG Wsalt WPEG Wsalt TLL
0.1642 0.1393 0.2959 0.063 0.0049 0.2327 0.337
0.1688 0.1431 0.3167 0.058 0.0033 0.2421 0.363
0.1787 0.152 0.348 0.052 0.0016 0.2576 0.403

PEG 6000 - KsCitrate

feed top phase bottom phase
WPEG Wsait WPEG Wsalt WPEG Wsalt TLL
0.1754 0.1412 0.3329 0.0531 0.0029 0.2445 0.381
0.1806 0.1453 0.3465 0.0515 0.0019 0.2536 0.399
0.186 0.1496 0.3594 0.0482 0.0012 0.2621 0.417
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PEG 8000 - KsCitrate*

feed top phase bottom phase
WPEG Wsalt WPEG Wsalt WPEG Wsalt TLL
0.1188 0.1255 0.193 0.088 0.013 0.19 0.207
0.1295 0.145 0.28 0.064 0.006 0.21 0.310
0.1404 0.1645 0.334 0.054 0.001 0.239 0.381
0.1502 0.1842 0.384 0.046 0.0002 0.267 0.443
0.1593 0.2036 0.418 0.042 0.0002 0.304 0.493

*literature data that were reported by Silverio et al. [258].
The standard uncertainties (u) for mass fraction, temperature and pressure are u(wi)=0.002; u(7)=0.2K,
u(p)=0.05 bar.

Table A8.3 Experimenal binodal data obtained at T=298.15+0.2 K, p=1 bar for PEG - NazTartrate and PEG
- KNaTartrate ATPS, according to a procedure from section 3.2.2. The values were provided in mass
fractions, w [-]. Data for ATPS composed of PEG and NazTartrate were obtained with Student [b] and

included in publication of Wysoczanska et al. [7].

PEG 4000 - Na:Tartrate PEG 6000 - Na:Tartrate
WPEG Wsalt WPEG Wsalt
0.4257 0.0261 0.0473 0.1355
0.4240 0.0282 0.4085 0.0266
0.3448 0.0413 0.0088 0.1690
0.3082 0.0487 0.0151 0.1617
0.2986 0.0506 0.0216 0.1537
0.2701 0.0571 0.0457 0.1321
0.2251 0.0699 0.0687 0.1245
0.2343 0.0692 0.0043 0.1811
0.2032 0.0768 0.0090 0.1700
0.1944 0.0799 0.4416 0.0233
0.1831 0.0838 0.4296 0.0241
0.1805 0.0848 0.3707 0.0319
0.1565 0.0935 0.3554 0.0348
0.1650 0.0907 0.4361 0.0227
0.1585 0.0930 0.2895 0.0456
0.1549 0.0943 0.2423 0.0580
0.1419 0.0998 0.1814 0.0753
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0.1382 0.1017 0.1625 0.0818
0.0156 0.1755 0.1376 0.0917
0.4312 0.0260 0.1180 0.1003
0.0202 0.1685 0.0235 0.1488
0.4515 0.0256 0.0529 0.1308
0.0251 0.1648 0.0619 0.1267
0.0419 0.1521 0.0803 0.1175
0.0493 0.1468 0.0939 0.1110
0.0564 0.1420 0.0074 0.1716
0.0636 0.1398 0.1027 0.1064
0.0637 0.1390 0.1159 0.1010
0.0713 0.1349
0.0793 0.1306
0.0855 0.1275
0.0942 0.1234
0.1048 0.1175
0.1056 0.1176
0.1162 0.1116
0.1315 0.1058
0.1349 0.1036
0.1422 0.1005
0.1502 0.0973
0.4270 0.0262
0.0063 0.1895
0.0054 0.1986
0.0054 0.1921
0.0033 0.2055
0.0052 0.1945

Page xvi



Appendix

PEG 4000 - KNaTartrate PEG 6000 - KNaTartrate PEG 8000 - KNaTartrate
WPEG Wialt WPEG Wialt WPEG Wsalt
0.4881 0.0315 0.3409 0.0522 0.3139 0.056
0.4186 0.0399 0.371 0.0475 0.4053 0.0391
0.3795 0.0464 0.3698 0.0477 0.3613 0.0479
0.3402 0.0562 0.2361 0.0799 0.3018 0.0584
0.3164 0.0609 0.2024 0.0913 0.3101 0.058
0.2732 0.0693 0.1157 0.127 0.2213 0.0791
0.2338 0.0829 0.1732 0.1001 0.1821 0.0914
0.2199 0.0879 0.1548 0.11 0.0215 0.1709
0.1938 0.0976 0.0212 0.1875 0.0954 0.1251
0.0349 0.1825 0.0178 0.1855 0.0941 0.1254
0.0656 0.1624 0.108 0.1294 0.1575 0.1001
0.1006 0.1412 0.0806 0.1447 0.1514 0.1022
0.0203 0.1978 0.1479 0.1112 0.0179 0.1739
0.1477 0.1169 0.0325 0.1702 0.3245 0.0532
0.3605 0.0474 0.0469 0.1526
0.3052 0.061 0.4094 0.0387
0.3231 0.0575 0.0684 0.143
0.0578 0.1572

The standard uncertainties (u) for mass fraction, temperature and pressure are u(wi)=0.002; u(7)=0.2K,
u(p)=0.05 bar.
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Table A8.4 Experimenal tie-line data obtained at T7=298.15+0.2 K, p=1 bar for PEG - NazTartrate and PEG
- KNaTartrate ATPS, according to a procedure from section 3.2.2. The values were provided in mass
fractions, w [-]. Data for PEG - Na;Tartrate ATPS were obtained with Student [b] and included in publication

of Wysoczanska et al. [7]. Tie-line length (TLL) was calculated with equation (3.3).

PEG 4000 - Na:Tartrate

feed top phase bottom phase

WPEG Wsalt WPEG Wsalt WPEG Wsalt TLL

0.1806 0.0933 0.2396 0.0661 0.0248 0.1696 0.238
0.1866 0.0975 0.2608 0.0607 0.0169 0.1805 0.272
0.1924 0.1018 0.2834 0.0544 0.0127 0.1880 0.302
0.1985 0.1060 0.3030 0.0505 0.0092 0.1957 0.328
0.2044 0.1102 0.3218 0.0467 0.0057 0.2067 0.354
0.2103 0.1144 0.3399 0.0429 0.0041 0.2134 0.377

PEG 6000 - Na:Tartrate

feed top phase bottom phase

WPEG Wsalt WPEG Wsalt WPEG Wsalt TLL

0.1755 0.0951 0.2654 0.0520 0.0071 0.1830 0.290
0.1802 0.0987 0.2852 0.0481 0.0048 0.1906 0.315
0.1849 0.1021 0.3014 0.0450 0.0035 0.1965 0.334
0.1898 0.1056 0.3199 0.0417 0.0022 0.2046 0.357
0.1951 0.1096 0.3341 0.0394 0.0014 0.2127 0.375
0.1979 0.1126 0.3437 0.0374 0.0009 0.2185 0.388

PEG 4000 - KNaTartrate

feed top phase bottom phase
WPEG Wsalt WPEG Wsalt WPEG Wsalt TLL
0.1618 0.1226 0.2264 0.0849 0.0154 0.2112 0.246
0.1683 0.1268 0.2540 0.0749 0.0097 0.2273 0.288
0.1747 0.1339 0.2856 0.0658 0.0039 0.2430 0.333

PEG 4000 - KNaTartrate

feed top phase bottom phase
WPEG Wsalt WPEG Wisalt WPEG Wsalt TLL
0.1636 0.1165 0.2265 0.0821 0.0123 0.2061 0.248
0.1721 0.1231 0.2643 0.0710 0.0056 0.2248 0.301
0.1781 0.1281 0.2866 0.0641 0.0025 0.2363 0.332

PEG 8000 - KNaTartrate

feed top phase bottom phase
WPEG Wsalt WPEG Wsalt WPEG Wsalt TLL
0.1505 0.1141 0.2159 0.0797 0.0053 0.1942 0.240
0.1587 0.1204 0.2535 0.0693 0.0016 0.2134 0.290
0.1700 0.1295 0.2901 0.0609 0.0008 0.2298 0.335

The standard uncertainties (u) for mass fraction, temperature and pressure are u(wi)=0.002; u(7)=0.2K,
u(p)=0.05 bar.
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A9. Partitioning of DNP-AA in ATPS

Table A9.1 Experimenal partition coefficients of DNP-AA K;ﬁ;’f“ obtained according to a procedure from
section 3.2.3 in ATPS composed by PEG (4000, 6000) and NasCitrate, at T7=298.15+0.2 K, p=1 bar. Data for
PEG 8000 - NasCitrate were obtained with Student [b] and included in publication of Wysoczanska et al. [4].

exp,A
KDNP—AA [']

TLL DNP-glicyne DNP-alanine DNP-valine DNP-leucine

PEG4000 - NasCitrate

0.218 5278 + 0.079 5984 + 0.104 8423 + 0.140 11.252 + 0.122
0.260 6.641 =+ 0.038 7.863 + 0.042 11.840 + 0.140 15903 =+ 0.138
0.298 7984 + 0.159 9.476 = 0.112 14.858 + 0.160 21.656 =+ 0.154
0.334 9.844 =+ 0.147 11.752 + 0.154 18339 + 0.130 29456 + 0.205
0.368 11.402 + 0.140 15380 =+ 0.065 25416 *= 0.148 38548 =+ 0.128
0.418 17875 + 0.074 | 22436 =+ 0.244 | 40.150 =+ 0.215 66.591 =+ 0.227
PEG6000 - NasCitrate
0.253 5623 = 0.077 7114 £ 0.104 9.971 =+ 0.109 13470 =+ 0.082
0.290 6.769 =+ 0.043 8.675 = 0.079 12530 + 0.098 17.800 =+ 0.097
0.316 8349 <+ 0.000 10.177 + 0.127 15.881 =+ 0.125 23.080 * 0.152
0.341 9.611 =+ 0.049 12.488 + 0.120 18561 =+ 0.128 30.000 =+ 0.207
0.369 11.347 + 0.152 15.178 + 0.154 | 24.744 = 0.133 37.738 + 0.169
0.427 17576 + 0.156 | 24858 =+ 0.143 | 41508 + 0.191 69.258 + 0.193
PEG8000 - NasCitrate
0.266 7.25 = 0.01 845 0.04 1346 =+ 0.03 1736 = 0.03
0.320 9.87 = 0.03 1212 +* 0.08 20.02 = 0.03 26.86 +* 0.01
0.361 12.76 + 0.04 1595 = 0.08 27.73 # 0.08 38.39 +# 0.06

The standard uncertainties (u) for mass fraction, temperature and pressure are u(wi)=0.002; u(7)=0.2K,
u(p)=0.05 bar.
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Table A9.2 Experimenal partition coefficients of DNP-AA Kgmf“ obtained according to a procedure from

section 3.2.3 in ATPS composed by PEG and KsCitrate, at T=298.15+0.2 K, p=1 bar. Data were obtained with

Student [b] and included in publication of Wysoczanska et al. [4].

exp,A
KDNP—AA [-]

TLL DNP-glycine DNP-alanine DNP-valine DNP-leucine

PEG4000 - KsCitrate

0.337 842 £ 0.01 10.53 +# 0.01 1735 + 0.03 24.04 + 0.02

0.363 9.18 * 0.01 128 + 0.05 20.21 = 0.04 305 +# 0.04

0.403 12.77 0.03 16.6 +* 0.03 29.01 = 0.03 47.23 =+ 0.13
PEG6000 - KsCitrate

0.381 952 = 0.04 1149 = 0.03 18.7 + 0.05 2899 + 0.08

0.399 10.58 +# 0.06 14.07 =+ 0.04 22.79 = 0.01 36.02 + 0.02

0.417 12.72 + 0.08 15.88 = 0.02 278 +# 0.17 453 0.12
PEG8000 - KsCitrate

0.310 6.39 + 0.17 8.01 = 0.01 12.72 + 0.01 16.52 = 0.04

0.381 9.75 0.03 1331 = 0.04 21.04 = 0.03 30.57 = 0.05

0.443 1535 = 0.04 1999 + 0.08 3714 + 0.12 54.02 = 0.20

The standard uncertainties (u) for mass fraction, temperature and pressure are u(wi)=0.002; u(7)=0.2K,
u(p)=0.05 bar.
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Table A9.3 Experimenal partition coefficients of DNP-AA Kgmf“ obtained according to a procedure from

section 3.2.3 in ATPS composed by PEG and KNaTartrate, at T=298.15+0.2 K, p=1 bar. Data were obtained

with Student [b] and included in publication of Wysoczanska et al. [4].

exp,A
KDNP—AA [-]

TLL DNP-glicyne DNP-alanine DNP-valine DNP-leucine

PEG4000 - KsCitrate

0.246 3.76 * 0.01 455 =+ 0.01 6.58 0.01 8.21 + 0.01

0.288 4.64 = 0.01 553 = 0.01 855 = 0.01 11.04 + 0.02

0.333 568 = 0.01 718 + 0.01 11.68 =+ 0.01 1533 + 0.08
PEG6000 - KsCitrate

0.248 39 £ 0.02 448 = 0.01 649 =+ 0.02 839 +# 0.01

0.301 481 = 0.01 58 = 0.02 8.87 = 0.03 11.75 0.01

0.332 541 = 0.01 6.77 * 0.01 1052 =+ 0.02 1448 + 0.01
PEG8000 - KsCitrate

0.240 349 £ 0.01 423 = 0.01 584 + 0.01 7.16 + 0.01

0.290 428 = 0.01 507 = 0.03 7.73 % 0.01 9.76 =+ 0.01

0.335 553 = 0.01 7.09 £ 0.03 10.54 = 0.01 14.61 + 0.02

The standard uncertainties for mass fraction, temperature and pressure are u(wi)=0.002; u(7)=0.2K,
u(p)=0.05 bar.
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Table A9.4 Experimenal partition coefficients of DNP-AA Kgmf“ obtained according to a procedure from

section 3.2.3 in ATPS composed by PEG 8000 and inorganic salt (NazSulfate, MgSulfate), at T=298.15+0.2 K,

p=1 bar.
Kpnip aal-]
TLL DNP-glicyne DNP-alanine DNP-valine DNP-leucine
PEG8000 - NazSulfate
0.262 6.863 + 0.098 7999 + 0.152 | 13.354 =+ 0.206| 17.851 + 0.254
0.294 8557 + 0.074| 10490 =+ 0.043| 16946 =+ 0.189 | 24107 =+ 0.265
0.336 11.603 + 0.220 | 13327 + 0.232| 23575 = 0.246 | 34.097 + 0.320
0.368 14369 + 0.243 | 16794 + 0.135| 29398 = 0.294 | 45222 =+ 0.445
0.389 18301 + 0.193 | 22134 + 0.262| 36345 + 0350| 61153 =+ 0.599
PEG8000 - MgSulfate
0.279 4161 =+ 0.042 4842 + 0.066 7333 = 0.047 9.272 + 0.107
0.308 4852 = 0.074 5788 + 0.058 9.188 =+ 0.107 | 11952 =+ 0.175
0.333 5971 + 0.031 7634 + 0.031| 11.806 * 0.059| 16475 =+ 0.069
0.361 7.518 = 0.085 9.887 + 0.082| 16.285 + 0.181| 23.010 + 0.288
0.396 8937 + 0.136| 11883 =+ 0.136| 20938 + 0.180| 30613 =+ 0.327

The standard uncertainties for mass fraction, temperature and pressure are u(wi)=0.002; u(7)=0.2K,
u(p)=0.05 bar.
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A10. Partitioning of vitamins in ATPS

exp,A
Kvitamin

Table A10.1 Experimenal partition coefficients obtained according to a procedure from section
3.2.3 in ATPS composed by PEG and NasCitrate, at T7=298.15+0.2 K, p=1 bar. Data were obtained with
Student [b] and included in publication of Wysoczanska et al. [7].

Kexp,A [_]

vitamin

TLL VB2 VB3acid VB3amide VB9 VB12

PEG4000 - NasCitrate

0.218 | 2.205 +0.098 2.828 +0.119 2.710 +0.114 5.438 +0.232 7.013 +0.313
0.260 | 2.380 +0.109 3.276 +0.140 3.117 £0.135 6.480 £0.277 9.612 +0.437
0.298 | 2.571 +0.124 3.714 +0.170 3.412 +0.158 7.544 +0.325 13.559 +0.583
0.334 | 2.843 +0.131 4.296 +0.193 3.927 +0.163 8.926 +0.384 17.179 +0.763
0.368 | 3.054 *0.135 4.879 +0.214 | 4.423 +0.185 10.996 +0.477 23.664 +1.073
0.418 | 3.352 +0.149 6.101 +0.257 5.190 +0.258 15.095 +0.645 39.971 +1.728

PEG6000 - NasCitrate

0.253 | 2.367 +0.106 2.989 +0.127 2.878 +0.124 5.877 +0.249 8.339 +0.354
0.29 2.501 +0.111 3.413 +0.154 3.309 +0.138 6.951 +0.308 10.845 +0.484
0.316 | 2.675 *0.116 3.700 +0.163 3.530 +0.156 8.082 +0.348 12.854 +0.557
0.341 | 2.825 +0.133 4.325 +0.186 3.882 +0.163 9.841 +0.410 15.804 +£0.722
0.369 | 2.976 +0.131 4.786 +0.210 4.301 +0.194 10.508 +0.456 21.790 +0.978
0.427 | 3.354 +0.147 5.959 +0.262 5.270 +0.222 14.304 +0.617 34.727 +1.902

The standard uncertainties (u) for mass fraction, temperature and pressure are u(wi)=0.002; u(7)=0.2K,
u(p)=0.05 bar.
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exp,A
Kvitamin

Table A10.2 Experimenal partition coefficients obtained according to a procedure from section
3.2.3 in ATPS composed by PEG and NazTartrate, at T=298.15+0.2 K, p=1 bar. Data were obtained with
Student [b] and included in publication of Wysoczanska et al. [7].

sitemin 1]

TLL VB2 VB3acid VB3amide VB9 VB12

PEG4000 - Na:Tartrate

0.238 1.886 +0.096 2.025 +0.089 2.124 +0.099 2.695 £0.114 5.978 +0.269
0.272 2.165 +0.105 2.332 +0.100 2.602 +0.122 3.272 +0.241 7.930 +0.343
0.302 2.331 +0.111 2.561 +0.111 2.845 +0.123 3.636 +0.154 10.514 +0.457
0.328 | 2.463 +0.113 2.819 +0.124 3.218 +0.144 4.043 +0.172 13.165 +0.598
0.354 2.680 +0.130 3.041 +0.130 3.475 +0.148 4.350 +0.183 16.107 +0.746
0.377 | 2.765 +0.141 3.231 +0.138 3.802 +0.164 4.751 +0.199 19.279 +0.832

PEG6000 - NazTartrate

0.290 2.028 *0.115 2.175 +0.103 2.380 +0.106 2.996 +0.126 6.402 +0.283
0.314 2.201 +0.108 2.386 +0.110 2.636 +0.132 3.473 +0.147 8.291 +0.354
0.334 | 2.302 +0.118 2.578 +0.111 3.002 +0.128 3.563 +0.151 10.174 +0.450
0.357 2.384 £0.125 2.738 +0.119 3.224 +0.143 3.861 +0.161 11.021 +0.485
0.375 2.536 +0.111 2.897 +0.136 3.470 +0.291 4.051 +0.169 13.763 +0.585
0.388 2.650 +0.121 3.061 +0.139 3.744 +0.167 4.334 +0.182 15.823 +0.670

The standard uncertainties (u) for mass fraction, temperature and pressure are u(wi)=0.002; u(7)=0.2K,
u(p)=0.05 bar.
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Table A10.3 Theoretical partition coefficients of VB9 (K} 54) obtained according to sections 2.3.2 and 3.2.3
in ATPS composed by PEG and NasCitrate and PEG and NazTartrate, at T=298.15+0.2 K, p=1 bar. The species
at pH~8 of ATPS are VB92-and VB93-,

PEG 6000 + NasCitrate PEG 4000 + NazCitrate

Ky iemin TLL K(-2) K(-3) Ky iomin TLL K(-2) K(-3)
5.88 0.253 4,38 6.94 5.44 0.218 4.05 6.42
6.95 0.290 5.18 8.21 6.48 0.260 4.83 7.65
8.08 0.316 6.02 9.54 7.54 0.298 5.62 8.91
9.84 0.341 7.33 11.62 8.93 0.334 6.65 10.54
10.51 0.369 7.83 12.41 11.00 0.368 8.19 12.98
14.30 0.427 10.66 16.89 15.10 0.418 11.25 17.82
PEG 6000 + Na:Tartrate PEG 4000 + Na:Tartrate

Ky iomin TLL K(-2) K(-3) Ky iiomin TLL K(-2) K(-3)
3.00 0.225 3.10 2.76 2.70 0.276 2.79 2.49
3.47 0.258 3.59 3.20 3.27 0.301 3.39 3.02
3.56 0.289 3.69 3.29 3.64 0.321 3.76 3.35
3.86 0.315 3.99 3.56 4.04 0.344 4,18 3.73
4.05 0.342 4,19 3.74 4.35 0.363 4,50 4.01
4.33 0.365 4,48 4.00 4,75 0.376 492 4.38
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Table A10.4 Experimental partition coefficients of VC obtained according to section3.2.3 in ATPS composed
by PEG and NasCitrate and PEG and Na:Tartrate, at T=298.15+0.2 K, p=1 bar. Data were obtained with
Student [b], however they were not further considered.

Kexp,A [_]

vitamin

TLL vC

PEG 4000 - NasCitrate

0.218  0.645 £0.002
0.260  0.624 +0.009
0.298  0.628 +0.012
0.334 0.611 #0.006
0.368 0.610 =0.015
0.418  0.634 +0.010

PEG 6000 - NasCitrate

0.253  0.649 =£0.007
0.29 0.641 +0.011
0.316  0.652 £0.015
0.341 0.638 £0.009
0.369 0.614 +0.012
0.427  0.628 +0.013

exp,A
vitamin [-]

TLL vC

PEG 4000 - Na:Tartrate

0.238 0.830 +0.010
0.272  0.792 +0.008
0.302 0.765 £0.008
0.328 0.735 %0.006
0.354 0.728 £0.027
0.377  0.710 #0.020

PEG 6000 - Na:Tartrate

0.290  0.857 %0.007
0.314 0.810 *0.021
0.334  0.803 =%0.008
0.357 0.819 £0.015
0.375  0.757 0.024
0.388  0.745 =£0.017

The standard uncertainties (u) for mass fraction, temperature and pressure are u(wi)=0.002; u(7)=0.2K,
u(p)=0.05 bar.
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A11. Reliability of ePC-SAFT solubility and density predictions (DNP-AA)

Table A11.1 ARDY% for predicted with ePC-SAFT intrinsic solubility of DNP-AA mghr | at T=298.15 K

and p=1 bar. ARD% calculated with equation (4.14).

DNP-AA ARDY% (Mg a4
DNP-alanine 0.19
DNP-glycine 8.76
DNP-valine 7.76
DNP-leucine 2.02

Table A11.2 ARD% for predicted with ePC-SAFT density of DNP-AA at T=298.15 K, T=308.15K, and 318.15
K, and p=1 bar. ARD% calculated with equation (4.14).

d
ARD% (p}yp—aa+naoH

Aqueous system (T=298.15K) (T=308.15K) (T=318.15K)
water + DNP-glycine + NaOH 0.04 0.04 0.04
water + DNP-alanine + NaOH 0.04 0.04 0.04
water + DNP-valine + NaOH 0.04 0.04 0.05
water + DNP-leucine + NaOH 0.08 0.08 0.08

A12. Reliability of ePC-SAFT solubility predictions and modeling of density
and osmolality (vitamins)

Table A12.1 ARD% for predicted with ePC-SAFT intrinsic solubility of vitamins m2*7¢%  at T=298.15 K

0,vitamin

and p=1 bar. ARD% calculated with equation (4.14).

vitamin ARD%(mghret )
VC 2.57
VB2 3.28
VB3acid 1.62
VB9 4.56
VB12 0.20
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Table A12.2 ARDY% for predicted with ePC-SAFT solubility of vitamins m-27¢% at T=298.15 K and p=1
bar. ARD% calculated with equation (4.14).

Vitamin system m;rzndadxitive % ARD
mlpred
VB2 + VB3amide 2 93t
VB2 + VB3acid 0.1 204
VB2+VC 14 1450
VB9 + VB3amide 0.2 423
VB12 + VB3amide 0.2 376
VB12 + VB3acid 0.1 6.89

Table A12.3 ARD% for predicted with ePC-SAFT temperature-dependent solubility of vitamins mifz;f:in

at T=298.15 K and p=1 bar. ARD% calculated with equation (4.14).

L,pred

vitamin ARD% (M, amin)
Ve 29.24
VB3acid 2.82

Table A12.3 ARD% for modeled with ePC-SAFT density (7=298.15 K and p=1 bar) and osmotic coefficient

of vitamins.
% ARD
vitamin  p; ¢i
VC 0.16 0.90
VB2 0.00 na.
VB3 0.02 0.99
VB9 0.04 na.

VB12 0.01 1.61

@]
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A13. Partitioning of DNP-AA predicted with ePC-SAFT (partition coefficient
accuracy + activity coefficient)

Table A13.1 Activity coefficients of DNP-AA predicted using ePC-SAFT in two phases of ATPS, y(I) - top and

y(1I) - bottom. ARD% are the values calculated with equation (4.14) based on experimental K;I’f,’;;_AA and

predicted partition coefficients Kg,f,f,d_AA (calculated as Kg,f,id_AA= y(11)/ y(D)).

DNP-alanine DNP-glycine

PEG 4000 - NasCitrate

TLL v y{n ARD%(K) y() ydan ARD%(K)
0.218 9.91 53.93 9.05 95.80 466.79 7.67
0.26 8.40 62.51 5.34 82.10 529.47 2.90
0.298 7.27 71.90 4.34 72.17 593.19 2.96
0.334 6.36 81.53 9.15 64.05 653.55 3.66
0.368 5.63 91.96 6.11 57.80 714.71 8.46
0.418 4.75 111.85 4.92 49.87 823.57 7.61

PEG 6000 - NasCitrate

TLL Y1) v ARD%(K) v() y{ai ARD%(K)
0.253 8.59 58.30 4.65 84.46 504.29 6.20

0.29 7.45 66.85 3.42 74.16 563.62 12.28
0.316 6.77 73.64 6.95 67.91 607.53 7.16
0.341 6.16 80.46 4.58 62.68 649.63 7.85
0.369 5.57 88.95 5.17 57.36 698.84 7.37
0.427 4.59 108.99 4.50 48.71 808.95 5.51

PEG 8000 - NasCitrate

TLL Y() yan ARD%(K) ) Yan ARD%(K)
0.266 9.10 71.30 7.23 88.39 589.62 7.99
0.32 7.22 84.53 3.41 7167 67121 5.11
0.361 6.15 97.89 0.22 62.11 748.52 5.56

PEG 4000 - KsCitrate

TLL Y@) yan ARD%(K) Y Yan ARD%(K)
0.337 6.71 66.93 5.21 60.32 391.64 22.89
0.363 6.05 71.21 8.03 5539  404.50 20.46
0.403 5.22 77.98 10.09 49.07  418.90 33.15

PEG 6000 - KsCitrate

TLL Y@ yan ARD%(K) Y Yan ARD%(K)
0.381 5.57 71.99 12.46 51.97  406.10 17.91
0.399 5.24 76.46 3.66 4936  416.68 20.22
0.417 4.94 80.18 2.13 4715  425.01 29.14
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PEG 8000 - KsCitrate

TLL Y y(an ARD%(K) Y Yan ARD%(K)
0.31 7.20 59.24 2.77 64.45 374.71 9.01
0.381 5.52 71.27 3.04 51.38 409.90 18.18
0.443 439 82.76 5.76 42.58 431.15 34.03

PEG 6000 - KNaTartrate

TLL Y y(an ARD%(K) Y Yan ARD%(K)
0.25 9.57 46.20 6.06 86.45 342.18 5.26
0.29 8.28 51.31 12.00 76.32 366.02 3.36
0.33 7.09 57.74 13.39 66.70 396.75 4.72

PEG 6000 - KNaTartrate

TLL Y() Yan ARD%(K) () Yan ARD%(K)
0.116 9.51 46.21 8.44 86.47  347.62 3.08
0.123 7.84 52.43 15.32 72.86 37744 7.71
0.128 7.02 56.78 19.46 66.32 398.39 11.03

PEG 8000 - KNaTartrate

TLL y() y(i ARD%(K) () y(I) ARD%(K)

0.24 9.99 46.29 9.55 91.30 361.28 13.39

0.29 8.27 51.29 22.38 77.14 382.43 15.83

0.335 6.91 55.67 13.57 65.75 397.31 9.27
DNP-valine DNP-leucine

PEG 4000 - NasCitrate

TLL Y@) Yan ARD%(K) Y@ van ARD%(K)
0.218 23.17 161.95 17.03 454.42 4188.96 18.07
0.26 19.23 193.44 15.05 361.93 5078.79 11.76
0.298 16.31 229.70 5.21 295.42 6106.02 4.56
0.334 13.98 268.75 4.84 243.46 7212.91 0.58
0.368 12.16 312.84 1.27 203.73 8464.95 7.79
0.418 10.00 401.30 0.09 158.01 10987.33 442

PEG 6000 - NasCitrate

TLL Y@ Yan ARD%(K) Y@ Yan ARD%(K)
0.253 19.62 176.76 9.66 37238  4620.89 7.88
0.29 16.68 209.14 0.04 304.83 5534.95 2.01
0316 14.96 235.93 0.69 265.80 6291.90 2.57
0.341 13.41 263.71 5.91 231.66 7078.12 1.85
0.369 11.97 299.64 1.20 200.00 8094.30 7.24
0.427 9.56 388.10 2.24 149.02 10612.21 2.82
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PEG 8000 - NazCitrate

TLL Y Yan ARD%(K) v van ARD%(K)
0.266 21.01 227.23 19.64 403.90 6037.23 13.90
0.32 16.15 281.28 13.00 292.34 7567.50 3.63
0.361 13.45 338.57 9.23 232.31 9198.57 3.14

PEG 4000 - KsCitrate

TLL Y Yan ARD%(K) v van ARD%(K)
0.337 15.36 229.90 13.71 274.16 6159.27 6.55
0.363 13.85 249.15 11.00 236.08 6709.48 6.82
0.403 11.52 281.60 15.73 190.38 7627.64 15.17

PEG 6000 - KsCitrate

TLL Y@ Yan ARD%(K) Y@ Yan ARD%(K)
0.381 12.36 252.89 9.38 20894  6814.89 12.51
0.399 11.53 274.02 4.26 191.06 7415.25 7.75
0.417 10.77 291.97 2.47 174.92 7925.99 0.03

PEG 8000 - KsCitrate

TLL Y@ Yan ARD%(K) Y@ Yan ARD%(K)
0.31 16.58 194.63 7.69 302.53 5172.77 3.50
0.381 12.25 248.23 3.69 206.53 6696.01 6.06
0.443 9.41 304.44 12.90 146.79 8283.27 4.46

PEG 6000 - KNaTartrate

TLL Y() Yan ARD%(K) Y@ Yan ARD%(K)
0.25 22.45 138.09 6.50 435.11 3504.41 1.90
0.29 19.02 157.67 3.05 35539  4039.36 2.95
0.33 15.94 182.70 1.84 285.11 4732.50 8.28

PEG 6000 - KNaTartrate

TLL Y@) Yan ARD%(K) Y@ van ARD%(K)
0.116 22.20 137.20 4.79 430.34 3489.96 3.34
0.123 17.83 160.91 1.75 328.52 4140.68 7.27
0.128 15.71 177.76 7.54 280.61 4608.22 13.41

PEG 8000 - KNaTartrate

TLL Y@ Yan ARD%(K) Y@ van ARD%(K)
0.24 23.35 135.25 0.79 458.60 3459.44 5.36

0.29 18.84 154.67 6.21 352.56 3987.98 15.90
0.335 15.40 172.65 6.36 27396  4474.63 11.80
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A14. Partitioning of vitamins predicted with ePC-SAFT (partition coefficient
accuracy + activity coefficient)

Table A14.1 Activity coefficients of vitamins predicted using ePC-SAFT in two phases of ATPS, y(I) - top

and y(II) - bottom. ARD% are the values calculated with equation (4.14) based on experimental Kfﬁzmin

pred
Kvitamin

(calculated as KP1¢% = y(1I)/ y(1)).

and predicted partition coefficients itamin

VB2 VB3acid
PEG 4000 - NasCitrate
TLL v() y(I) ARD%(K) v() y(I) ARD%(K)
0.218 275.86 618.09 1.61 1.51 4.13 3.47
0.260 296.72 738.09 4.52 1.43 4.62 1.15
0.298 322.16 893.06 7.82 1.36 5.16 1.81
0.334 360.82 1079.17 5.20 1.32 5.72 0.76
0.368 410.71 1308.50 4.32 1.30 6.34 0.14
0.418 526.89 1815.32 2.79 1.28 7.52 3.71
PEG 6000 - NasCitrate
TLL v() y(I) ARD%(K) v() (1) ARD%(K)
0.253 280.94 654.08 1.64 1.43 4.35 2.04
0.290 305.88 787.65 2.96 1.37 4.85 3.97
0.316 331.80 909.13 2.43 1.33 5.25 6.28
0.341 361.21 1043.23 2.24 1.31 5.65 0.29
0.369 407.94 1231.70 1.46 1.29 6.15 0.37
0.427 550.83 1733.22 6.19 1.28 7.34 3.67
PEG 4000 - Na:Tartrate
TLL v() y(I) ARD%(K) v() y(I) ARD%(K)
0.238 282.70 536.95 13.99 1.32 2.73 2.38
0.272 299.79 611.28 15.22 1.28 2.90 2.68
0.302 321.41 668.15 19.62 1.25 3.01 5.92
0.328 349.24 735.45 25.92 1.23 3.14 9.47
0.354 381.73 838.83 26.66 1.22 3.30 10.77
0.377 420.04 908.43 35.31 1.21 3.40 13.05
PEG 6000 - NazTartrate
TLL v() y(I) ARD%(K) v() y(I) ARD%(K)
0.290 290.19 650.83 5.24 1.28 3.08 10.68
0.314 312.66 705.60 1.57 1.25 3.15 5.50
0.334 335.25 755.66 1.32 1.24 3.23 1.24
0.357 366.96 829.76 4.33 1.22 3.33 0.60
0.375 396.32 910.33 9.43 1.22 3.43 2.66
0.388 418.12 974.41 12.04 1.22 3.51 5.72
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VB3amide VB12
PEG 4000 - NasCitrate
TLL v() y(I) ARD%(K) v() y(i) ARD%(K)
0.218 1.11 2.98 0.61 0.07 0.37 20.39
0.260 0.99 3.14 1.80 0.04 0.36 13.51
0.298 0.90 3.26 5.94 0.03 0.34 16.32
0.334 0.82 3.32 2.80 0.02 0.31 9.14
0.368 0.76 3.37 0.13 0.01 0.28 12.51
0.418 0.68 3.41 3.36 0.01 0.22 15.05
PEG 6000 - NasCitrate
TLL v() y(I) ARD%(K) v() y(I) ARD%(K)
0.253 1.01 3.13 7.38 0.05 0.39 7.18
0.290 0.92 3.25 6.64 0.03 0.38 1.11
0.316 0.86 3.31 8.72 0.03 0.35 6.40
0.341 0.81 3.35 6.54 0.02 0.33 6.21
0.369 0.76 3.37 3.72 0.01 0.29 1.04
0.427 0.66 3.41 2.50 0.01 0.23 13.74
PEG 4000 - Na:Tartrate
TLL v() y(I) ARD%(K) v() (1) ARD%(K)
0.238 0.98 2.38 14.60 0.04 0.19 18.57
0.272 0.91 2.47 4.12 0.03 0.19 21.37
0.302 0.85 2.50 3.53 0.02 0.18 24.97
0.328 0.80 2.55 1.06 0.02 0.17 22.81
0.354 0.76 2.58 2.07 0.01 0.16 22.70
0.377 0.72 2.58 5.58 0.01 0.15 19.26
PEG 6000 - Na:Tartrate
TLL v() (1) ARD%(K) v() y(I) ARD%(K)
0.290 0.91 2.64 21.90 0.03 0.21 0.79
0.314 0.85 2.63 17.10 0.03 0.20 5.67
0.334 0.81 2.64 8.38 0.02 0.19 7.32
0.357 0.77 2.64 6.66 0.01 0.17 5.58
0.375 0.74 2.63 3.01 0.01 0.16 1.95
0.388 0.72 2.62 2.31 0.01 0.15 7.40
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VB9 (2) VB9 ()
PEG 4000 - NasCitrate
TLL v() y(i) ARD%(K) v() y(i) ARD%(K)
0.218 417.65 1685.80 0.36 0.60 3.70 3.72
0.260 442.55 2227.07 4.25 0.59 4.82 7.75
0.298 479.45 3014.84 11.89 0.61 6.33 16.24
0.334 540.68 4090.93 13.79 0.66 8.22 18.09
0.368 629.17 5604.54 8.74 0.76 10.73 8.53
0.418 825.72 9645.46 3.88 0.90 17.01 5.46
PEG 6000 - NasCitrate
TLL v() y(I) ARD%(K) v() y(I) ARD%(K)
0.253 42211 1837.79 0.55 0.61 4.19 1.45
0.290 459.32 2462.94 3.55 0.63 5.42 4.03
0.316 499.09 3096.85 3.06 0.66 6.58 5.20
0.341 552.90 3866.25 4.62 0.73 7.93 6.50
0.369 632.08 5070.83 2.48 0.79 9.91 0.60
0.427 897.07 8924.71 6.64 1.06 15.94 11.03
PEG 4000 - Na:Tartrate
TLL v() y(I) ARD%(K) v() (1) ARD%(K)
0.238 419.72 1161.40 0.76 0.50 1.50 19.42
0.272 443.84 1397.36 7.00 0.51 1.71 10.21
0.302 477.76 1587.74 11.66 0.54 1.86 1.64
0.328 520.69 1823.19 16.29 0.57 2.04 4.00
0.354 572.94 2207.78 14.38 0.61 2.29 5.86
0.377 636.78 2481.95 20.71 0.66 2.45 14.83
PEG 6000 - Na:Tartrate
TLL v() y(I) ARD%(K) v() y(I) ARD%(K)
0.290 438.98 1524.29 12.02 0.59 1.95 20.61
0.314 47491 1712.86 0.37 0.61 2.07 5.74
0.334 512.17 1891.53 0.18 0.64 2.18 3.94
0.357 565.10 2168.10 3.96 0.68 2.34 3.00
0.375 614.69 2484.69 3.56 0.72 2.52 5.95
0.388 654.31 274797 6.34 0.76 2.65 12.34
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