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“It is change, continuing change, inevitable change, that is the dominant factor in
society today. No sensible decision can be made any longer without taking into
account not only the world as it is, but the world as it will be.... This, in turn, means
that our statesmen, our businessmen, our everyman must take on a science fictional

way of thinking.”

-Isaac Asimov-
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Chapter 1: Introduction

1.1.Background and Motivation

Food materials contain many useful compounds that either get discarded
during processing or not entirely exploited. The generated waste is around 38% of the
original material for fruits or 57% in the case of meat in the United States' and up to
97% of this waste is usually discarded or used as landfill*. Currently there are several
initiatives to use this waste as starting material for other processes like, for example,
the production of bio-hydrogen.*

This food waste still contains many high-value compounds such as proteins,
vitamins or polyphenols. Some of these compounds show favourable health properties
which classifies them as nutraceuticals. A very interesting family of nutraceuticals are
the flavonoids because of their antioxidant properties. Flavonoids are present in small
concentrations in the food matrix. The key to their purification is to bring them into
solution and treat them via different unit operations until the required purity and
composition is met.

The design of the purification process, or processes in general, may be aided
by mechanistic mathematical models’. Process modelling in Chemical Engineering,
Biotechnology or Food Processing is a combination of mass balances, energy
balances, mass transfer and equilibrium models. Some of these models are required in
a specific step of the process (like isotherm models in chromatography) and some of
them are required throughout the process (like solubility giving the maximum
concentration).

The use of these models decreases dramatically the time and money put into a

process design by doing process optimization in-silico, which allows to optimize the



yield and productivity by considering all possible scenarios and not only the ones that
can be deduced from prior experience.

In this work, we apply state of the art models to predict and describe the
behaviour of flavonoids in different steps of the process validating them against
experimentally determined properties. Furthermore, when the experiments show a
different behaviour than the one predicted by the models, we develop new models to
capture this behaviour and statistically analyse its validity. We limit the study to
equilibrium models since good predictions can be made for kinetic phenomena based
on existing models and correlations, but prediction of equilibrium phenomena is less
developed for these molecules.

Below an overview of the molecules this thesis deals with, as well as the

models describing equilibrium properties will be introduced.

1.2. Flavonoids
1.2.1. Definition

Flavonoids are a large group of phytochemicals that are formed by two phenyl
rings joined by a 3-carbon chain (Figure 1). In most cases, that chain is bound through

an oxygen to the first phenyl ring (ring A in Figure 1).

Figure 1: Typical backbone of a flavonoid molecule



Flavonoids are derived from phenylalanine in plant cells® which is used for the
production of p-coumarate, a direct precursor of the flavonoids. Each of the
flavonoid-producing plants has a different pathway that decorates the flavonoid with
different functionalized groups that can vary from a hydroxyl group to a sugar moiety.

A large number of flavonoids have been discovered in a large variety of plants
such as tea, soy, berries, grapes, etc. These flavonoids have been associated to the
beneficial properties that the ingestion of these plants can give and many studies are
being conducted to obtain a better understanding of the influence of said flavonoids
on human health”™"". Besides in-vivo studies on human population many studies in
vitro'? and in different types of animals'’ are being published as well with new
evidence on the beneficial properties of these compounds.

1.2.2. Types

As previously stated, different functional groups define the different
flavonoids. However, in some cases the differences are in the backbone (i.e. a ketone
group in C4 of Figure 1) and based on those changes, the flavonoids are separated into
different subgroups:

1.2.2.1.Major flavonoids. They are the biggest subgroup. Their main molecular

difference from other groups is that the ring B (Figure 1) is bound to the carbon 2 and
this carbon is bound to the ring A through an ether bond. This subgroup consists of
several families (Figure 2) that differ mainly on the ring C. Well-known polyphenols
can be found amongst these families such as kaempferol, quercetin (flavonols),
luteolin, apigenin (flavones), hesperidin, naringin (flavanones), the catechins

(flavanols), delphinidin and pelargonidin (as part of the anthocyanins).



Major Flavonoids

Figure 2: Different types of major flavonoids

1.2.2.2. Isoflavonoids: The polyphenols in this subgroup differ from others in the

binding between rings B and C (Figure 1). In this case, the ring B is bound to ring C
in carbon 3, instead of carbon 2 like the major flavonoids. Isoflavones are part of the
so-called “pythoestrogens”,'* plant chemicals that can cause estrogenic effects due to
their similarity with 17-B-estradiol (also in Figure 3). This subgroup consists of three
families being isoflavones the most important of them with polyphenols like genistein
or daidzein. Pumilanol (isoflavanols) or glyasperin F (isoflavanones) are other

flavonoids that belong to this subgroup.
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Isoflavonoids

Isoflavones Isoflavanols

HO

OH

Isoflavanones

17-B-estradiol

Figure 3: Different types of Isoflavonoids and an estrogen molecule.

1.2.2.3. Neoflavonoids. Neoflavonoids are a rare type of polyphenols (Figure 4).

Their main chemical feature is that the ring B (Figure 1) is bound to the ring C in
carbon 4, instead of carbon 2 (like the major flavonoids) or carbon 3 (like
isoflavonoids). Dalbergin or nivetin are examples of neoflavonoids.

1.2.2.4. Stilbenoids. This last subgroup of flavonoids shares the least resemblance

with the flavan molecule (Figure 1). In stilbenoids (Figure 4) only ring A and B

remain and they are linked by an unsaturated 2 carbon chain which enables geometric

isomerism within the subgroup. The best and most known example of stilbenoids is

trans-resveratrol present in wine.
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Other Flavonoids

Neoflavonoids Stilbenoids

Figure 4: Different types of major flavonoids
1.2.3. Current claims
The influence of flavonoids on health can be classified by the different effects that
flavonoids show."

1.2.3.1. Effects on the cardiovascular system: McCullough et al. shows a clear lower

risk of deaths related to cardiovascular disease with flavonoid intake. '® The studied
flavonoids studied belong to the major flavonoids group, namely anthocyanins,
flavanols, flavones, flavanols. Cassidy et al.'” shows a reduction in the cases of
hypertension with anthocyanin and flavone (apigenin) intake.

1.2.3.2. Effects on the nervous system: Several studies are taking place to identify

flavonoids that inhibit an enzyme responsible for some of the symptoms of

. . 18-20
Alzheimer’s disease

and others are focussing on the their use for improving brain
activity.”!

1.2.3.3. Effects on cancer: Some examples such as quercetin (a flavonol) showed to

lower the risk of lung cancer.” Epigallocatechin gallate (a flavanol present in green
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tea) showed positive effects as an antitumor-promotor in different skin tumors.’

Genistein inhibits growth in breast cancer cells.’

1.3. Correlation of Properties

As shown before, flavonoids are a group of very interesting molecules available in
plants but in order to have a concentrated or even pure compound, a whole process
needs to be designed and optimized. Therefore, reliable models are needed to be able
to simulate the process in silico and optimize it. In most cases, these models are fitted
to experimental data and then interpolated or extrapolated (which brings a higher
uncertainty) to calculate how the different compounds will behave. Models can be
correlative (fitted to data) or predictive (based on molecular properties), being the first
ones more reliable than the second ones in most cases. An overview of correlative
models for properties is given below.

1.3.1. Properties of a mixture of compounds in a (or more) solvent/s

In most steps of a process, the stream to be treated will consist of the target compound
(or compounds) to concentrate or purify and a mixture of other compounds in a
solvent. A way of characterizing the behaviour of a compound in a mixture is by its
activity coefficient. Activity coefficients® are the ratio between the activity of a
compound and its molar fraction which means that they account for the nonideal
behaviour of the compound. Activity coefficient is a concept that applies mainly to
compounds in a liquid phase and it is analogous to the fugacity coefficient in gas
phases.

Several models™ have been developed for the modelling of experimentally calculated
activity coefficients like Margules, van Laar, NRTL (Non-Random Two Liquids) and

UNIQUAC (UNIversal QUAsi-Chemical model), being Margules the simplest and
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UNIQUAC the most complex one”*. All of them fit the experimental data (mostly
Vapour-Liquid Equilibria data) by the regression of interaction parameters and, in
some cases, size related parameters. Those parameters can be used later for the
calculation of activity coefficients in different conditions (mainly molar fraction and
sometimes temperature) than the ones they were regressed from.

These models have rarely been applied to flavonoid mixtures (with some exceptions
2%). The main reason for that is the difficulty of acquiring reliable data. The most
common method to calculate activity coefficients is by measure the concentrations of
each compound during phase equilibria (being VLE the one that is used the most).
The low vapour pressure of the flavonoids and their instability with moderate to high
temperatures™*’ force liquid-liquid and solid-liquid to be the equilibria from which
the calculation of activity coefficients is done.

1.3.2. Partition coefficients between phases.

As previously stated, vapour-liquid equilibria is likely not to be a key part in any
process step. Therefore, only liquid-liquid and solid-liquid will be considered.

In the case of liquid-liquid equilibria, the activity of a compound in a phase is equal to
the activity of the same compound in the other phase. Therefore, an accurate
prediction of the partition coefficient can be made with a working activity coefficient
model.

For solid-liquid equilibria, two very important properties have to be taken into
account:

1.3.2.1. Solubility: Solubility of a solute in a solvent is defined as the maximum

concentration that the solute can reach in that solvent. At said concentration, an
equilibrium is reached between the solute in solution and a newly formed pure solid

phase of the solute.
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A common way to model solubility in literature is to use the relation between the
activity of the solute in the solvent and its melting properties >. This relation can be
used to obtain experimental activity coefficients by fitting such relation to the
experiments.

1.3.2.2. Isotherms: Isotherm is the relation between the concentration in the liquid and

the concentration in the solid phase (a resin) when adsorption occurs on the surface of
that solid phase at a constant temperature. The most widely known isotherm equation
is the one developed by Langmuir®®, with which two very important parameters can
be regressed, namely the affinity constant and the maximum loading of the resin.
Such model has been applied to flavonoids thoroughly in literature”*. Other models,
such as Freundlich are equally used but lack of the mechanistic approach of the

Langmuir model and therefore, the fitted parameters do not have physical meaning.

1.4. Prediction of properties

In most cases, flavonoids are present in small concentrations and interacting with
other components from the plant matrix. This interactions are different from flavonoid
to flavonoid and the process design for one of them might not be suitable for a
different polyphenol. As well, because of their small concentration, the required
experiments to fit the correlative models might be prohibitive due to costs of material
or time. Therefore, it is as well very important the development of models to predict
properties without the need of previous experiments to act as a toolbox for the design
of future processes

An overview of the available predictive models in literature is given below.

1.4.1. Properties of a pure compound

15



Properties of a pure compound refer to those physicochemical or thermodynamic

characteristics of a substance without taking into account its interactions with

molecules of other compounds. Most prediction models are based on group

contribution (GC), which is a method that divides molecular structures into small

groups (-OH, -CH3, etc.) and correlates the different properties to the number and type

of groups that the molecules are made of. The properties of interest can be divided

into physicochemical properties (critical temperature, pressure and volume (T, Pe,

V.), boiling and melting temperature ( Ty, Trn)) or thermodynamic properties (Gibbs

energy and enthalpy of formation (AGy, AHy), enthalpy of fusion and vaporization

(AH™, AH"™), heat capacity (C,) and Hansen solubility parameters (8, 8y, Sp))-

The most renowned GC model is the one of Joback et al.>*. Other models tried to

improve the prediction by adding neighbouring effects,” conformational effects *° or

position effects.’” An overview of some of the models on the basis on the properties

they estimate can be seen in Table 1.

Table 1: GC models for the prediction of pure component properties

Property to estimate

Model

TC: PC, VCa Tba AGf’

Joback et al.’ 4, Marrero and Gani®>>

AH;, AH"

Th Joback et al.34, Wang et al.”’, Jain et al.*® 38, Marrero and
Gani®’

AH™ Joback et al.**, Jain et al.*® **, Marrero and Gani>

AS™ Jain et al.”%

Cp, Joback et al.”*

ds Op, Onhb, Stefanis et al.”’
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1.4.2. Properties of a mixture of compounds in a (or more) solvent/s

As explained in Section 1.3.1, the main property to be considered here would be the
activity coefficient. The most used predictive activity coefficient model is the
UNIFAC model* (UNIquac Functional Activity Coefficient model). This model is
based on the UNIQUAC model with the main difference of instead of considering the
system as a mixture of compounds, the UNIFAC model considers it a mixture of
groups bonded into compounds. This difference allows for the regression of the
interaction parameters between groups from a data set and the application of the same
parameters to another dataset with different compounds (as long as the groups are the
same). Using the vast Dortmund database, the group of Prof. Jiirgen Gmehling“o'43
was able to regress a big set of interaction parameters for a long list of groups.
Another predictive model that deserves mentioning is COSMO-RS (Conductor-like
Screening Model for Real Solvents) which uses quantum chemistry for the calculation
of the chemical potential of a compound in a mixture. While the performance of both
models is similar**, COSMO-RS seems to have a wider applicability than UNIFAC at
the cost of a much higher complexity.

1.4.3. Partition coefficients between phases.

The prediction of partition coefficients between phases relies mainly in having a
working activity coefficient model. Chemical potentials of substances must be equal

in all phases in equilibrium and that can be used to predict the behaviour of

substances.

1.4.3.1. Solubility: As previously stated in Section 1.3.2.1, there is a relation between
the melting properties of a compound and its activity in a solvent when reaching

. .23 . . . .
maximum concentration™. Previously, this relation was described as a way to
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calculate experimental activity coefficients, but if a working activity coefficient
model is provided, the relation can be used for the prediction of solubility values.
1.4.3.2. logP: A very useful property is the partition coefficient of a compound
between two liquid phases, namely 1-octanol and water. The logarithm of this
partition coefficient is called logP and is used as a measure for the hydrophobicity of
said compound. Since logP is a partition coefficient between two liquid phases, it can
be predicted by using an activity coefficient method, however there are simpler GC
methods™® that can give an good estimate saving computational time.

1.4.3.3. logD: LogP is defined as the partition coefficient of the non-charged species
but sometimes, the compound (or a relevant fraction of the total amount of molecules)
will be charged and therefore, logP will not give an accurate description of the
behaviour . For those cases, logD is the property to use since it gives the partition
coefficient as a function of the pH of the solution. LogD GC models tend to be more
computationally intensive since it needs the prediction of the pKa values of the
compound as an input but nonetheless there are several models in literature tackling

this problem and giving good estimates for logD***".

1.5. Application of models

An overview of which models should be used in each step of the process is given
bellow.

1.5.1. Extraction from the raw material

Flavonoids are mostly located in the vacuoles® of the plant cells. As most extraction
processes, the solvent and temperature of use will determine the profile of compounds
that later on, have to be dealt with in the purification steps. To maximize yield of this

step, logP is a key property to consider. The yield of the extraction will be maximized

18



when using a solvent (or mixture of solvents) that have a similar logP to the
compound to be extracted. Another aspect to take into account is the logP of the
contaminants since a lower yield in the extraction but a higher selectivity might help
downstream for the final purification.

1.5.2. Concentration and purification

After the compound has been extracted from the plant matrix, it is advisable to
concentrate it before purifying it. The main difference between the two lies in the
target to achieve in the unit operation. While the main focus of a concentration step is
to increase the concentration of the compound while keeping a high yield, in the
purification step, selectivity is the target.

As a concentration step, liquid-liquid extraction offers a wide range of benefits and
for its design, several of the aforementioned models are needed. The key property to
look at is the partition coefficient between both liquid phases. The prediction of the
partition coefficient is very important for the final solvent selection since a low
affinity for the extraction solvent is just as unwanted as a very high affinity (due to the
need of a back extraction).

As a purification step, it is recommended to opt for solid liquid extraction
(chromatography). Different modes of chromatography can be used (IEC, HIC,
MMC, etc.) depending on different factors such as pK, or logP values. As well, a
great variety of resins can be used to maximize selectivity. For an a priori selection of
resins and conditions there are two main properties that are needed: isotherms and
diffusion coefficients (which can be predicted using models from literature*>"). Both
act as an input for the steric mass action model that describes the adsorption

behaviour of components in the column during the process. It is crucial that the
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isotherm parameters are validated for the conditions of operation (pH, temperature,
solvent (s), salt concentrations, etc.).

1.5.3. Formulation

The compound/s of interest are in solution with an acceptable amount of impurities
and therefore, crystallization is the last necessary step. In this last stage of the process
the main property that will play a role is solubility. Two main conditions are used for
the design of the step, namely temperature and use of anti-solvent. Choosing either of
them relies heavily on the value for solubility at those conditions.

This proposed process and the critical properties needed in each step is summarized in

Figure 5.
logP T, Solubility
. , e
— Extraction Formulation &——»
Froduct
Raw Material
F
¥
Concentration » Purification
Kd pPKy
QiK1 C;
¥ ::l o —————
Yi logP Dap  a 1+ K

Figure 5. Sketch of a process and critical properties in each step.

1.6. Outline of the Thesis
The state of the art before the beginning of this work was gathered together with
a brief guide on the application of the explained models to different steps of the

process (Chapter 1). It is worth to mention that in literature almost no models had
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been applied to flavonoid-like molecules, making the application of models in this
area uncharted territory.

The main focus of the work was on green tea catechins and soy isoflavones.
From the beginning, their molecular similarities made clear that group contribution
models was the obvious way to reduce complexity by having a universal validated
model that could be applied to all flavonoids of interest. Experimental solubility
values were determined at different temperatures and different percentages of ethanol
in water (Chapter 2). Different predictive models were compared and validated but
the activity coefficient model Mod-UNIFAC showed a bad prediction of the
experimental solubility values.

Being activity coefficients a key property in the design and optimization of a
process, it was very important to have a validated and predictive model for activity
coefficients. Therefore an extensive bibliographic work was done and solubility
values of flavonoids were gathered in a database (410 datapoints). That database was
used for the regression of new interaction parameters for the Mod-UNIFAC model
with a new definition of groups more applied to polyphenols. Those parameters were
regressed and validated in what is called Modified PolyPhenols-UNIFAC or MPP-
UNIFAC (Chapter 3).

With a good understanding on the thermodynamics in solution, the next step of
the work needed to be about the equilibrium with a resin. A set of food-grade resins
was tested for their suitability to separate catechins from caffeine using green tea as a
starting material (Chapter 4). Using regressed parameters from preliminary
experiments, a model-based Design of Experiments (DoE) was developed to
determine the conditions at which experiments should be performed to minimize the

error and guarantee the validity of the model at different ratios of the compounds of
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interest. As well, since multicomponent Langmuir isotherm model was used, the
regressed parameters have a physical meaning and can be used as criteria for resin
selection.

While green tea is a mainly aqueous solution, okara, the solid residue from the
soy milk production needs to be pretreated before adsorption. This pretreatment
requires the extraction of the flavonoids from the fibrous matrix and can be done by
the use of different solvents. As seen throughout this work, several properties of the
flavonoids do not behave ideally for mixtures of ethanol and water: solubility has a
maximum for 0.5-0.6 ethanol molar fraction (Chapter 2 and a great number of cases in
Chapter 3), isotherms are flatter for such ethanol fractions than for pure water or pure
ethanol (Chapter 5). Therefore, it was decided to perform the extraction of okara with
water and use that extract as the inlet for the adsorption. Adsorption isotherms were
measured (Chapter 5) showing an almost linear behaviour, typical of small
concentrations. In some cases it was observed a non-linearity that was further studied
and explained as adsorption of isoflavones on top of already adsorbed proteins. This
phenomenon occurred only with not very hydrophobic isoflavones on resins that were
very hydrophobic. Moreover, a linear relation was discovered between the logarithm
of the slope of the isotherm and the logD value of the compound, giving a very clear
outlook into possible predictability of the isotherms for isoflavones.

To apply this knowledge to higher concentrations, where the isotherms become
non-linear, a more thermodynamically sound method needed to be applied. Therefore
a lattice model was developed (Chapter 6) in which the surface of the resin was
divided into sites and the molar fraction in the adsorbed phase was defined as fraction
of occupied sites. Based on that definition and a few more thermodynamic relations,

experimental activity coefficients in the adsorbed phases could be determined.
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Subsequently, a simple activity coefficient model was applied for the fit and one
interaction parameter was regressed per compound. In this case, as it happened in the
previous chapter, a linear relation was discovered between the logarithm of
equilibrium constant and the logD value. Moreover, the regressed interaction
parameters showed a linear correlation with the logD values of the compounds in
equilibrium.

This way we have shown the dependence of isotherm equilibrium parameters on
the logD value, setting the ground for further study on this relation and the
development of fully predictive adsorption models for polyphenol-like molecules onto

food-grade resins.
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Nomenclature

Latin symbols

Cp Specific Heat Capacity at Constant Pressure (J K™ mol™)

HIC Hydrophobic Interaction Chromatography

IEC Ion Exchange Chromatography

MMC Mixed Mode Chromatography

P Pressure (bar)

T Temperature (K)

A" Molar volume (cm’® mol™)

Greek symbols

AG Gibbs Energy (J mol™)

AH Enthalpy (J mol™)

AS Entropy (J mol™)

o Liquid Viscosity

dd, Op, Onb, Ot Hansen Solubility Parameters (dispersion, polar, hydrogen
bonding and total respectively) (MPa'?)

Superscripts

fus Fusion

vap Vaporization

Subscripts

b Boiling

C Critical

f Formation

m Melting
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Chapter 2: Model comparison for the prediction of Green Tea Catechins

Solubility in ethanol/water mixtures

Abstract:

This chapter evaluates some of the most used solubility models and their applicability
to antioxidants, namely, the family of catechins. From the list of possible catechins,
the main four were selected for this study: epicatechin, epigallocatechin, epicatechin
gallate, and epigallocatechin gallate. Both the enthalpy of fusion and melting
temperature were measured experimentally for these four molecules and compared
with the values obtained using predictive methods. Solubility measurements for
mixtures of water and ethanol were performed with high throughput experimentation
at the temperatures of 293 and 303 K. The experiments show a strong nonideal
behavior in both pure and mixed solvents. A comparison of different models was
performed, identifying the advantages and disadvantages of each model and their
performance in this particular case. Finally, the NRTL-SAC model was found to be

the most accurate model for predicting solubility, with an RMSE of 0.550.

Published as: Model comparison for the prediction of the solubility of green tea
catechins in ethanol/water mixtures Méndez Sevillano, D.; Van Der Wielen, L. A. M.;
Trifunovic, O.; Ottens, M.,. Industrial and Engineering Chemistry Research 2013, 52,

(17), 6039-6048.
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2.1. Introduction

The term nutraceutical has been used in the past decade to define a group of drug-like
molecules present in our diet with health-related properties. These molecules are
usually present in small amounts and immersed in complex multicomponent mixtures.
Well-known components such as peptides, antioxidants, vitamins, etc. are examples
of nutraceuticals.

Of the diverse set of nutraceuticals, antioxidants have received increasing attention in
the past few years because of their claimed health properties. Catechins are one
example of antioxidants that can be found in food products such as cocoa and tea
(especially green tea). Green tea has the highest concentration of these antioxidants,
which is around 30-42% of the dry weight (dw). The family of green tea catechins
consists of 21 different molecules but the four epimers in Figure 1 account for 93%
(dw) of them with epigallocatechin gallate (EGCg) having the highest concentration,
46% (dw)."

The special interest in these molecules is because of the wide range of health benefits
they could provide®. The numerous hydroxyl groups in these molecules can scavenge
free radicals, which prevents damages on a cellular level. Because of this scavenging
effect, catechins have been identified with benefits that range from
antiarteriosclerotic’ to antitumorigenic.*

Because antioxidants are such potentially valuable molecules, physicochemical and
thermodynamic properties are needed for the design of concentration and purification
processes.” © Solubility is one of the most important properties for such design.
Especially for molecules that contain hydrophobic and hydrophilic groups such as
antioxidants, data and proper models are scarce. In these cases, solubility in mixed

solvents can have a major impact on design.
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Figure 1. Main compounds in the family of catechins.

The aim of this study was to investigate the behavior of a class of nutraceuticals,
namely, the catechins, in pure and mixed solvents and to test the performance of
relevant models. These components originate from food-industry products and are
meant for use in the food industry, so their possible solvents are limited to food-grade

solvents: water and ethanol.

2.2.Theoretical Background
2.2.1. State of the art for Solubility Modelling

2.2.1.1. Solubility Calculation Using Melting Properties. At multiphase equilibrium,

the fugacity of each component is the same in all phases. Using well-known basic
thermodynamic equations and assuming a unique pure solid phase, one can calculate

activity coefficients using Equation 1.”

- AHSL (T=Tp, Acgt T T—Tpm,
Xi¥i _exp{RT:ni( T l)+ R lna_( T l) 1]
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This equation has been further simplified throughout literature by neglecting the
contribution of ACp,iSI, but doing so can lead to errors for compounds with high
melting temperatures. Another simplification that has proven to decrease these errors
for substituted aromatic compounds®, is to assume ACp,iSl = AH;"/Ty1 which leads to

Equation 2.

x;yl = exp [AL‘SI (ln L)] (2]

RTm; \" Tm;
However, this simplification proved to be less accurate for non-substituted aromatic
molecules (i.e. benzene, naphthalene, etc.)

Activity coefficients are usually modelled by G* models like UNIFAC (universal
functional activity coefficient)’"*. This model has proven to be successful for small
biomolecules, but it has rarely been applied in cosolvency predictions. The UNIFAC
model is considered to be predictive, although not entirely, because it does not require
any experimentation for the calculation of properties but uses parameters that have
already been regressed from a vast database of equilibria. The non-random two-

1415 model is another model that has

liquid-segment activity coefficient (NRTL-SAC)
gained importance in the field. This model does require experimental data for the
components although it can be used fairly accurately to predict properties based on
the activity coefficients given by the model.

In addition, other G* models and other activity coefficient models are of importance
in the field such as the conductor-like screening model for realistic solvents
(COSMO-RS)'® and the conductor-like screening model-segment activity coefficient
(COSMO-SAC).". These models show good performance when the quantum
properties can be calculated, but they require these properties for proper performance.

Another method of calculating these activity coefficients is by means of an equation

of state (EoS) such as perturbed-chain polar statistical associating fluid theory (PCP-

32



SAFT)," but again, quantum and/or electrostatic properties are needed for proper
performance.

2.2.1.2. Solubility Calculations from Excess Solubility Models. Excess solubility of a

component in a mixture can be defined as the difference between the true value of
solubility and the value resulting by presuming that solubility is an ideal property. It

can be calculated with Equation 3.

Inxf, =Inx;m —X;x;Inx;; [3]
Assuming that the equilibrium occurs at infinite-dilution, based on the typically low

solubility values of drug-like molecules, Equation 3 can be written as Equation 4.

Inxf, = Iny’, — X%’ Inys [4]

An activity coefficient model can be used for the calculation of the excess solubility.
This type of approach requires the solubilities in pure solvents if a value of the true
solubility is needed.

Based on the described simplification, several authors have developed excess
solubility models including Ellegaard et al."” and Gude et al.** These two models
express the interaction between solute and solvent(s) by means of interaction
parameters in different manners, and the model of Ellegaard et al. includes an activity
coefficient contribution that is not present in Gude et al.

2.2.1.3. Solubility Calculation from Correlations. Several correlations have been

developed in the literature for cosolvency equilibria. The most famous is the log-
linear model.*! Throughout the literature, several authors have added different
polynomial terms to this model for a better fit.”> ** One of these models worth
mentioning is that developed by Jouyban et al.,** who used more than 100 different
equilibria of drug-like compounds in binary or ternary solvents at different

temperatures to fit their model. (Appendix section)..
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2.2.2. Models Used in This Work.

Despite the vast number of models available, only four of them were chosen for
comparison in this work. This selection was mainly based on the importance,
simplicity (fewer parameters to regress) and convenience for programing of the
models. These criteria align with the aim of the work, which was to provide a useful
approach to a broader chemical engineering audience.

Several group-contribution (GC) models were used for the prediction of properties in
this study. For most of the models, the property was calculated by the addition of the
different contributions of the groups plus a zero term. The divisions of the groups
were similar in all of the models, but some presented a second or even a third order of
complexity by accounting for proximity or conformation effects. UNIFAC,” " on the
other hand, calculates activity coefficients with a complex set of equations using
volume, surface and interaction group parameters (Appendix section). Melting

228 Hansen solubility parameters® and activity coefficients (Modified

properties,
version of the UNIFAC model, Mod-UNIFAC) °"* have been calculated with GC
models in this study.
Non-GC models were used as well. They describe the property of a component by
parameters that account for either the entire molecule or segments of it as in the
NRTL-SAC' ' which is widely used for solubility predictions in both pure and
mixed solvents.”>?
A short description of each model is provided next.

Wang et al.*® developed a GC model that takes neighbouring molecules into

account for the prediction of the temperature of fusion. The model considers

neighbouring molecules for the selection of the groups and some conformation effects
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(i.e., para, meta, and ortho conformations). A drawback of this specificity is the lack
of groups for uncommon conformations.

Jain et al.” developed a GC model that takes into account the chemical composition
and three-dimensional configuration of each group for the prediction of enthalpies of
melting. The entropy of melting is calculated from the chemical and conformational
characteristics of the molecule (e.g., number of symmetry axes). The melting
temperature is directly calculated from these two values. For the prediction of the
melting enthalpy, every group is considered for the type of bond that is formed with
the nearby groups (i.e., sp3 or sp2). An extension of the method was later published*
with an extension of the number of groups and further contributions (apart from bonds
formed) such as aromaticity.

Marrero and Gani’’ developed a GC model for the prediction of different
thermodynamic properties such as boiling, critical, and melting properties. The
method has three levels of definition: The first accounts for the groups that form the
molecule. The second and third are for effects due to neighbouring molecules on the
small (i.e., isobutyl group) and large (i.e., fused aromatic rings) scales, respectively.

The NRTL-SAC'" '° model is an activity coefficient model based on the NRTL
model. In the original model, equilibrium is described by interaction parameters. In
the NRTL-SAC model, interactions are divided into four types or segments
(hydrophilic, polar repulsive, polar attractive, and hydrophobic), and the interaction
parameters are already built in the model. The only parameter that is needed is the
contribution of each of the forces in each molecule. As these segments are conceptual
and not physicochemical groups, the contribution of each of the segments cannot be

extrapolated to other molecules. Equations can be found in the Appendix, section .
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Mod-UNIFAC'*" is the most used GC activity coefficient model. This model is a
modification of the original UNIFAC model, which was based on the universal
quasichemical (UNIQUAC) model. Three contributions are taken into account: size,
surface, and interaction. Groups are sorted into families with similar characteristics,
and whereas surface and volume are characteristics of a group, interactions are
between families, and the values are the same for each group that is member of the
family. Equations can be found in the Appendix, section .

Stefanis et al.”’ developed a model for the prediction of Hansen parameters. This
model, similar to that of Jain et al.>>, presents two levels of characterization: definition
and effects due to neighbouring groups.

Jouyban®® developed a purely empirical model for the prediction of excess
solubilities for solubility in two or three solvents. It requires the input of the Hansen
parameters of the solute and solvents and shows good performance for a moderate
range of temperatures, even though it is optimized for 25 °C. Equations can be found
in the Appendix, section .

Gude et al.” used an activity coefficient model for the excess solubility in mixed
solvents. This model requires the input of only two parameters, the solvent—solvent
interaction parameter and the solvent-solvent—solute parameter. Equations can be

found in the Appendix, section.

2.3. Materials and Methods

2.3.1. Materials.

Epicatechin (EC), Epigallocatechin (EGC), Epicatechin gallate (ECg) and
Epigallocatechin gallate (EGCg) standards were purchased from Nacalai USA Inc.

(San Diego CA). Caffeine was purchased from Merck. Ethanol HPLC grade and
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milli-Q water were used for the mixed solvents. Acetonitrile from Sigma was used for
the HPLC mobile phase and the green tea stabilizer solution (20% Acetonitrile in
water).

2.3.2. Solubility Experiments.

High-Throughput (HT) technology was used for the solubility experiments. A trend
toward the implementation of HT techniques is being established for the
measurements of the properties of drugs®™ because of the advantages of such
techniques. Key advantages include small well volumes, easy handling and easy
automation. A broader set of experiments is possible with reduced use of sample and
time.

The experiments were carried out in 800 pl flat-bottom 96 well-plates (UNIPLATE
Whatman INC, NJ, USA). The desired amount of compound was accurately placed in
the vials by pipetting a volume of a stock solution of known concentration in 50%
ethanol (v/v) in water. The plate was left to dry in an oven at 30 °C until the solvent
had fully evaporated.

A volume of solvent (or mixture of solvents) was then placed in the vial, and the
well-plate was left stirring for 24 h. The temperature and stirring speed (1000 rpm)
were controlled (Thermomixer Comfort, Eppendorf, Hamburg, Germany) and
evaporation was prevented by sealing the plate with an aluminium seal (adhesive foil
for microplates. VWR Scientific, Radnor, PA, USA). Turbidity was measured at a
visible wavelength (610 nm, Infinite Pro series UV plate reader, Tecan Ltd.,
Mannedorf, Switzerland) to detect nondissolved particles. The presence of these
particles shows that the point of saturation has been reached. A sample of the solution

was filtered and the volume of that filtered solution was diluted in green tea stabilizer
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solution [250 mg/L Ascorbic Acid, 250 mg/L sodium ethylenediaminetetraacetic acid
(Na-EDTA), 10% (v/v) acetonitrile in water] and read in the HPLC.

2.3.3. Differential Scanning Calorimetry (DSC).

Melting properties were measured with a differential scanning calorimeter (DSC-7,
Perkin-Elmer, Wellesley, MA). Amounts from 2 to 5 mg of sample were heated at a
rate of 10°C/m while measurements of heat flow were made.

2.3.4. HPLC Analysis.

Analysis was performed by HPLC (DIONEX IC-3000) on a C18 column (Luna 5 pm
Phenyl-Hexyl, Phenomenex, Aschaffenburg, Germany) using acetic acid in
acetonitrile (2% v/v) and acetic acid in 20 mg/L. EDTA in water (2% v/v) as mobile
phases and read at a wavelength of 278 nm with a photodiode array detector
(DIONEX PDA-3000). In the resultant chromatogram (figure 2), the eight catechins
plus important compounds from green tea such as gallic acid, theobromine or caffeine

can be quantitatively determined.
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Figure 2. HPLC chromatogram of green tea catechins (gradient elution with

water/acetonitrile, 30 °C)

38



2.3.5. Regression Analysis.
Because part of the aim of this work was to compare the performance of the most
relevant models from the literature, the fit of the models was measured using the root-

mean-square error (RMSE).

l exp?2
Smin(Inx§* —Inxg )

N

RMSE = \/ [5]

Experimental values are plotted against calculated ones for each model, as a visual
help to show the performance of the models. Values of R* can be found in each plot.

The complex models detailed in the Appendix were programmed using the computer
software MATLAB (Version 7.11.0.584 MathWorks, Inc., Natick, MA). This

program was used as well for the calculation of all regressions and comparisons.

2.4. Results and Discussion

2.4.1. Solubility Profiles.

In Figure 3, solubility (in terms of molar fraction) is plotted against the solute-free
ethanol molar fraction for the four epimers and at two different temperatures. For a
temperature of 293 K, maxima are observed for all epimers for solute-free ethanol
molar fractions from 0.6 to 0.8. For 303 K, on the other hand, solubility follows a

linear trend, and the maxima shift to pure ethanol in most cases.
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Figure 3. Solubility profiles of different solute-free concentrations of ethanol for the
four main catechins at temperatures of 293 K (black squares) and 303 K (white
circles). Trend lines (solid for 293 K and dashed for 303 K) are plotted to guide the

eye.

For a better understanding of the nonideal behavior of the catechins in the mixed
solvents, the ideal solubilities in the mixed of the solvents (dependent on the
experimental solubility in each of the pure solvents) has to be subtracted. As a result,
the excess solubility (according to Equation 3) is plotted against the solute-free molar

fraction of ethanol. (Figure 4)
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Figure 4. Excess solubility profiles of different solute-free concentrations of ethanol
for the four main catechins at temperatures of 293 K (black squares) and 303 K (white
circles). Trend lines (solid for 293 K and dashed for 303 K) are plotted to guide the

eye.

As seen in Figure 4, the solubilities of all catechins appear to exhibit a convex curve
despite the convexity or concavity of their behavior in Figure 3. This is due to the
shape of the ideal solubility curve from Equation 4. Because of its concavity, all four
molecules show a convex-shaped excess solubility. For both sets of solubility values,
the behavior of the epimers is similar to that reported for other amphiphilic molecules
like lamotrigine, clonazepam or diazepam®* or even amino acids®. In addition, the
nonideal behavior in the measured range seems not to be strongly influenced by the

temperature. As seen in the previously mentioned experiments the maximum
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solubility occurs when the polarities of the solute and mixture of solvents are closest
to each other.

2.4.2. Melting Properties.

The melting points were calculated from DCS experiments. Heat flow was plotted
versus temperature, showing a peak for the temperature equal to the melting
temperature. The enthalpy of fusion was calculated from the area beneath the peak. In
all four cases, a reaction (probably oxidation) occurred after or during the melting of
the compound.

Predictive GC models for the melting properties, such as those developed by Jain®*°,
Marrero and Gani®’ and Wang et al.,*® are present in the literature and their
performance was tested as well.

Table 1. Comparison of Melting Temperatures (7,,) of Epicatechin, Epigallocatechin,

Epicatechin Gallate and Epigallocatechin Gallate

Experimental values Predicted values

T (K) This Shiet | Parket | Wang | Marrero | Jainet

work al.® al.3® etal.”’ etal.?’ al.?®
EC 526 509 525 409 514 507
EGC 493" - - 429 533 553
ECg 542 509 - 438 571 637
EGCg 503" - 429 451 585 676

*Value used for calculations of the different models further on.

In the case of melting temperature, as can be seen in Table 1, every catechin showed a
melting point within the range of 490-550 K. The experimental values suggest that the
introduction of the gallate group stabilizes the molecule because gallated molecules

show a higher melting point than their nongallated counterparts (7mgce™ Tmec and
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Tmiecce > TmEece). On the other hand, the effect of the extra hydroxyl group in EGC
and EGCg seems to have the opposite effect.

In the case of the predicted values, no model was entirely precise. The four models
investigated in this work predict the increase of the melting point with molecular
weight but fail to predict the decrease that the epigallomers (EGC and EGCg) show in
comparison with their corresponding epimers (EC and ECg, respectively). Of all of
the models, that of Marrero and Gani®’ shows more congruence with the experimental
results.

As previously stated, the enthalpy of fusion is not directly measured but, rather, is
calculated from the area beneath the melting peak. For ECg and EGCg, baseline
separation was almost achieved between the two phenomena, whereas for EC and
EGC, this was not the case. The value of the enthalpy of fusion is not sufficiently
precise, because of the oxidation of part of the material before melting.

As Table 2 shows, the experimental value for EGCg is consistent with the literature,
whereas as previously discussed, EC and EGC present lower values than expected.
Literature values are available for EC,” and because the reported temperature is
consistent with the experimental one, the reported value for AH,, was used from here

on.
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Table 2. Comparison of Melting Enthalpy Values (4H, kJ/mol) of Epicatechin,

Epigallocatechin, Epicatechin Gallate and Epigallocatechin Gallate.

AH,, Experimental values Predicted values
(kJ/mol) This work Shietal.” | Marrero etal.”’ | Jain et al.”
EC 11.198 56.682" 47.089 40.310
EGC 22.830 - 53.568 44.020
ECg 63.290" - 77.041 60.050
EGCg 58.039" 63.215 83.520 63.760

+ Value used for calculations of the different models Turther on.
Table 2 also shows that, whereas the best performance for the gallate epimers (ECg
and EGCg) was obtained with the Jain model, for the previously discussed EC value,
the Marrero model was more precise. Consequently, the value for the 4H,, of EGC
was 53.568 J/mol.

The gallate epimers show the same trend in enthalpy of fusion as in melting
temperature and that trend is not predicted with any of the models. This difference in
the prediction of the models can be explained by an underestimation of the
contribution parameter of the group aC-COO- to the enthalpy of fusion in the model
of Marrero®’.

2.4.3. Performance of the Different Models.

2.4.3.1. G* models. The performance of two models is compared. Regressed

parameters of the latter can be found in table 3:
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Table 3. NRTL-SAC Regressed Parameters (1;;) for Different Temperatures

Compound X Y Y" Z
T=29315K

EC 0.243 0.767 0.000 0.744

EGC 0.268 0.799 0.000 0.726

ECg 0.260 1.316 0.000 1.006

EGCg 0.323 0.946 0.000 1.307
T=303.15K

EC 0.363 1.013 0.000 0.000

EGC 0.253 1.031 0.000 0.000

ECg 0.272 1.542 0.000 0.000

EGCg 0.137 0.861 0.000 0.000

2.4.3.2. Excess Solubility Models. The clear drawback of this type of model is that

excess solubility is not a useful property without the values of the solubilities in the

pure solvents, which have to be determined experimentally. Jouyban model uses

Hansen Parameters than can be predicted by the use of the Stefanis et al.”’ model

(Table 4)

Table 4. Hansen Parameters Predicted with Stefanis et al.’

dp 34 Shb O
Compound

MPa? | MPa'? | MPa” | MPa'”
EC 22.76 6.78 41.55 47.86
EGC 23.18 8.42 48.94 54.80
ECg 25.48 12.25 54.74 61.61
EGCg 25.89 13.88 62.13 68.72
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In addition to the previously explained drawback of excess solubility models, the
model of Gude et al.”® does not include a temperature dependence. To account for this
deficiency, different parameters were regressed for the different temperatures. The
value for Ay ethanol Used was 1.55, as recommended in the original publication and the

regressed values of Cj; are listed in Table 5.

Table 5. Regressed Ternary Interaction Parameters for the Model Developed by Gude

et al.”” at Different Temperatures

Ci EC EGC ECg EGCg

293K |[7.144 |5.750 |8.301 [4.590

303K [ 10.309 |5.030 |[9.735 |2.895

Two trends can be observed in Table 5: Whereas the values of Cijl seem to decrease
with temperature for the epigallomers (EGC and EGCg), the other epimers (EC and
ECg) behave oppositely. These two different behaviours of epigallomers and
nonepigallomers were observed, as well, for melting properties.

2.4.3.3. Discussion of the Performance of the Different Models. A summary of the
RMS error values is displayed in Table 6. For every model, the number of regressed
parameters is also included. In the case of excess solubility models, as previously
explained, the values of solubility in pure solvents are needed for the model to
produce meaningful calculations, but because they are determined experimentally and

not regressed, they are not shown.
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Table 6. RMS Error Values for the Different Models

RMS n
Mod-
UNIFAC 1901 0
NRTL-SAC 0.550 16
Jouyban et al. | 0.762 0
Gude et al. 0.625 8

n: number of parameters regressed.

In the case of activity coefficient models, the performance of Mod-UNIFAC is quite
poor for low solubility values (In x; < —6). This behavior can be caused by a wrong
performance of the model when the solvent consists mainly of water, because those
are the values for which the solubility is low. The NRTL-SAC model shows an
exceptional error value, comparable with those in the literature' (0.027 to 1.007).

For excess solubility calculations, both models perform remarkably well. The fact that
solubility parameters were predicted with one model and applied to a different one

does not affect the performance. On the other hand, the model gives a good fit when

only one parameter per equilibrium was regressed.

2.5. Conclusions

A set of experimental solubility values for the four main catechins in water, ethanol,
and their mixtures has been presented. Experimental values of melting properties for
most compounds were reported whereas for others, the values were calculated from

predictive models.
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The performance of different GC methods for predicting properties such as melting
temperature, melting enthalpy or solubility parameters was compared with
experimental values, showing agreement between them.

A study of the most significant models used for drug-like solubility predictions and
modelling was carried out and four models were chosen for their use in this work. The
performance of those models was compared with the experimental values and with the
rest of the models.

Models for the prediction of excess solubility showed, on average, a better fit than
those based on activity coefficient calculations, as is clearly shown by the model of
Jouyban et al.* This model performed with a good RSM error without the need for
any regression but the molecular configuration. Nonetheless, the NRTL-SAC model is
the one that fits the experimental data best, and since the parameters have been
regressed, it can be used for other calculations in which activity coefficients of these
components are needed. However, because the list of polyphenols is rather vast but
the number of groups that comprises them is not that large, it would be interesting to
develop a UNIFAC-like activity coefficient model with parameters regressed from
solubility data because such a model will be extremely useful for the design of
industrial processes for the separation, concentration, and purification of these

nutraceutical compounds.
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Appendix I: GF Models:

I.A. Mod-UNIFAC Model: Modified version of the UNIFAC model’"*. The activity

coefficient is the sum of a combinatorial part and a residual part (Equation A1):
In(y:) = {In(yi )} + {in(ri")} =

{1-v/+mW) -5q;[1- ot in (Z—)]} +{Zev? @) — m (L)} (A1)
where the parameters for the combinational part are calculated according to the

equations A2-A6.

, ri3/4
Vi =—t, [A2]
Z]x]r]
i
vi= Ljxjrj A3
_ 4
T S [A4]
—y,®p A5
T Z Uk k [ ]
—yu®0 [A6]
qi = k k

and the parameters for the residual contribution are calculated according to the

equations A7-A10.

gm‘an

(i) = Q1 = IS O Prm) — Tom 5 [A7]
O, = g [A8]
W= exp (_ anm+bn7,;T+can2) [A10]

IB — NRTL-SAC model: The NRTL-SAC model is the combination of the NRTL

14, 15

model with segment theory. The molecule is divided into four types of segments:

hydrophobic (X), polar attractive (Y+), polar repulsive (Y—), and hydrophilic (Z). The
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interactions between these segments are already defined in tables. Only four

parameters characterize each molecule, namely, the contributions of each of these

segments. As in the UNIFAC model, there is a combinatorial part and a residual part

In(y;) = {In(y{)} + {In(yF)}

[Al1]

The combinatorial part is calculated from the Flory-Huggins equation for the

combinatorial entropy of mixing.

In(yf) = {ln (%) +1-—7Y %}

= Ziri,l
_ Xy
i = Tyryxg

ln(yf) =Yk Til [ln(rilc) - ln(Fl-lf)]

Z'X'G"T" x1G:
ln(FilC) — ZjXjGjitji L ( ;
2jxjGji Yk XkGrl
2jxj1GjiTji x11Gil
In(rs) = 2O | g _xutu_ (o
’ XjxpjGji Yk Xk, Gkl
LIS

x. =
T S Tixgrig

Xi1 = WL

=

] XITil
 —aiTi

Gji =e "It

2j x}'GﬂTﬂ)
2k Xk1Grl

_ XjxjiGjitit

Yk Xk 1GRl

)

[A12]

[A13]

[A14]

[A15]

[A16]

[A17]

[A18]

[A19]

[A20]

Capital letters in a subscripts represent components, whereas lowercase letters

represent segments.
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Appendix I1: Excess Solubility Models:

IIA — Model Developed by Jouyban et al.**: This is an empirical model based on the

Jouyban-Acre model** in which the compound-dependent constants are related to the

Hansen parameterszg.

0g Xr = fel0g Xer + fus10g Xur + (22) [A08 45 (Bac — 8a)? + Ar8ps(8pc -
2 1 C. W( [ W)
(Spw) + Azahs(dhc - 6hw)2_ + (%) [A35ds ((Sdc - adw)z + A46ps ((Spc -

2 1 cfw (fe=fw)?
(Spw) + A56hs(6hc - 6hw)2_ + (W) [A65ds(6dc - de)z + A76PS(6PC -

5 .
5pw) + A85hs(6hc - 6hw)2_ [Azl]

The model has nine characteristic constants (Table A1) that can be fitted for different
conditions. The values reported in Table A1 are appropriate for water + cosolvent

mixtures.

Table Al. Specific parameters needed for Jouyban model in the case of water-

cosolvent solubility.

Ay | A A, Az Ay As Ag As Ag

0 0.606 0.013 -8.696 | 0.37 | 0.013 | 9.277 | -0.461 | 0.017

IIB — Model developed by Gude et al.”’: This model characterizes the system by two

interaction parameters: one for cosolvent-solvent interactions and a=one for

cosolvent-solvent-solute interactions=’.
Inxf =Inr =% Inr; +7, (2= ¥, )+ 3, ¥ [Ax x (1 + Cy)] [A22]
i jr Ty i\ J 7 jAtajit jr jli

where subscripts j and | relate to solvents and subscript i relates to the solute.
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Nomenclature

Ao-As

cnm

Ciji
dw:
EC:
ECg:
EGC:

EGCg:

"

Q. Q

=

model constants for Jouyban et al.>* model in Equation A21.
solvent-cosolvent interaction parameter in Equation A22.

UNIFAC group interaction parameter between groups n and m (K) in Equation
A10.

UNIFAC group interaction parameter between groups n and m in Equation
Al0.

UNIFAC group interaction parameter between groups n and m (K') in
Equation A10.

ternary interaction parameter from Equation A22.

dry weight.

epicatechin.

epicatechin gallate.

epigallocatechin.

epigallocatechin gallate.

volume fraction in Equation A21.

auxiliary property for component i in Equations Al and A4.

Gibbs energy.

interaction energy between segments i and j in Equations A16, A17 and A20.

relative van der Waals surface area of component i in Equations A1 and A4.
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Ok relative van der Waals surface area of group & in Equations A6 and AS.

Fil contribution of segment i to molecule / in Equations A12 to A20.

r total contribution of segments of the molecule / in Equations A12 to A20.

7i relative van del Waals volume of the component i in Equations A2, A3 and
AS.

R ideal gas constant (8.314 J/(mol K)).

R’ Coefficient of determination.

Ry relative van der Waals volume of the group & in Equation AS.

RMS Root mean square.

T temperature.

Vi auxiliary property for component i in Equation A1 and A3.

Vi empirically modified Vi-value in Equation Al and A2.

X mole fraction in the liquid phase.

Xi molar fraction of segment i in the mixture in Equations A16 and A18.

XiJ molar fraction of segment i in pure component J in Equations A17 and A19
hydrophobic interaction for the NRTL-SAC model.

Xm group mole fraction of group m in the liquid phase in Equations A8 and A9.
polar attractive interaction for the NRTL-SAC model.

Y polar repulsive interaction for the NRTL-SAC model.

Z hydrophilic interaction for the NRTL-SAC model.

Greek letters
i nonrandomness parameter between segment i and j in Equation A20.
Y activity coefficient.

I°  group activity coefficient of group i in the mixture in Equations from A15 to
Al7.

I group activity coefficient of group i in pure / in Equations from A15 to A17.
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l—*k(i)

group activity coefficient of group & in the pure substance i in Equation Al.

) solubility parameter.

ACSlp difference between the liquid and solid molar heat capacities.

AH"  fusion enthalpy (J/mol).

v number of structural groups of type & in molecule i in Equations Al, A5, A6
and A9.

Tij binary interaction parameter between segment i and j in Equations Al2 to
A20.

Or fraction of the total contribution of segments of compound / in Equations A12
and A14

Y.m UNIFAC group interaction parameter between groups n and m in Equation A7
and A10.

Superscripts

¢ solute-free.

o0 infinite dilution.

C combinatorial.

E €XCesS.

1 liquid phase.

R residual.

Subscripts

c cosolvent (ethanol in most cases).

d dispersion, for solubility parameters.

hb hydrogen-bonding, for solubility parameters.

i component.

m melting.
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p polar, for solubility parameters.

S solute.

t total, for solubility parameters.
W water.
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Chapter 3: MPP-UNIFAC, A Predictive Activity Coefficient Model for Polyphenols

Abstract

Modified UNIFAC (Mod. UNIFAC) is a proven model for the prediction of activity
coefficients of molecules in non-ideal mixtures. However, Mod. UNIFAC is often not
accurate when hydrogen bonding or strong hydrophobic interactions are present. An
interesting group of molecules called polyphenols presents both types of interactions and
therefore, Mod. UNIFAC predictions are not always accurate. A polyphenol-specific
UNIFAC-based method (MPP-UNIFAC) has been developed in this study for its
application on polyphenol-like molecules. Interaction parameters were regressed from 411
solubility data points from polyphenols in literature showing a good fit. The average error
of the fit is 0.094 log units, better than the average value for Mod. UNIFAC (0.5 log
units). Moreover, the model was validated against three datasets that were not used for
the regression giving more accurate predictions than the Mod. UNIFAC it was developed

from.

Published as: MPP-UNIFAC, a predictive activity coefficient model for polyphenols.
Méndez Sevillano, D.; van der Wielen, L. A. M.; Hooshyar, N.; Ottens, M., Fluid Phase

Equilib. 2014, 384, 82-88.
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3.1.Introduction

Polyphenol is a vast concept that groups different types of molecules. These molecules
consist of two or more phenyl rings with a number of hydroxyl groups attached to them.
Besides these hydroxyl groups, they can have any type of group attached to it. The type of
polyphenols that this work focuses on is flavonoids.

Flavonoids consist of two phenolic rings connected by a three-carbon and one-oxygen
chain that forms a third ring fused to the first one. The name of this type of polyphenols

comes from the similarities between their backbone to the molecule flavan (Figure 1).

0]

Figure 1: Molecular structure of flavan.

The non-aromatic ring can change by either the substitution of one of the alkane groups
for a ketone group, the presence of double bonds or even the substitution of the entire ring
by a saturated 2-carbon chain (i.e. stilbenoids). All flavonoids have a number of hydroxyl
groups attached (either to the aromatic rings or the non-aromatic one). Other attached
groups can be glucose molecules, methyl ethers, gallic esters, etc.

Flavonoids can be classified in different groups based on the conformation of the three
rings that form the backbone of the molecule '. That classification can be found in Figure

2.
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Figure 2. Classification of flavonoids.

Part of the importance of these molecules are the health benefits that some of them show.

Flavanones such as naringenin or hesperidin show lowering of high cholesterol levels,

some studies relate isoflavones with reduction of hot flushes® or colon cancer® and
catechins from green tea show how to reduce obesity and certain types of cancer.’

Such polyphenols are usually present in food sources in very small concentrations.

Therefore, their separation and purification entrails complex processes such as liquid-

liquid extraction, solid-liquid extraction, crystallization, etc. In order to design and model
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these processes, specific physicochemical and thermodynamic properties of the
polyphenols are needed which would require costly and lengthy experiments.

A large number of properties can be predicted a priori using activity coefficients. Activity
coefficients have proven to be a powerful tool for the prediction of the behavior of a wide
range of components in different kinds of mixtures. These activity coefficients can be
either modelled with models such as NRTL-SAC ° or predicted with models such as
UNIFAC .

UNIFAC (UNIQUAC Functional-group Activity Coefficients) is a group contribution
model for activity coefficients fully based on the UNIQUAC model ®. The difference
between these two models is based on the interaction parameters. In the case of
UNIQUAC, they are regressed from experimental data while in the case of UNIFAC, they
are calculated with the contribution of the different molecular subgroups. Even though the
interaction parameters between those groups have been regressed from experimental data,
they can be applied to molecules not considered in the original dataset. The strength of
UNIFAC lies on its prediction capability without the need of previous experimental effort
and therefore, it is thoroughly used in industry and found in the open literature. Later on,

the Modified UNIFAC model ° (and its later revisions and extensions '*">

) was developed
to improve the performance of the original model.
Mod. UNIFAC has proven its usefulness in the prediction of properties for small and

. . 14,15
medium sized molecules ™

. However, it has shown rather inaccurate predictions when
the studied molecules are either too large or present strong van der Waals forces, such as
hydrogen bonding or weak ones, such as z- interactions '°. Méndez Sevillano et al. '’
showed how the prediction of Mod. UNIFAC was most inaccurate for smaller activity

coefficient values, typically related to mixtures in which attractive forces being present,

such as hydrogen bonds. These challenges have been overcome in the past by the
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extension and/or redefinition of new and specific groups in cases like ionic liquids '® or
polymers .

The aim of this work is the development and validation of a mod-UNIFAC-based activity
coefficient model, MPP (Modified Poly Phenol) UNIFAC, specific for polyphenols. A
new set of 9 groups and 16 subgroups has been defined to its application to polyphenols
and interaction parameters have been regressed from literature solubility data.
Furthermore, the model has been validated by comparing its prediction to experimental

datasets not used for the regression.

3.2. Theoretical framework

Activity coefficients in literature are calculated from different types of equilibrium
properties (VLE, LLE, SLE, etc.). Due to the high melting point of polyphenols, they are
mostly found in a solid state and solubility is the most commonly published equilibrium
data. From solubility data, activity coefficients can be calculated based on Equation 1.
This equation is derived from basic well-known thermodynamic relations assuming a

unique pure solid phase.

fus p_r N ACLYS T—Ty,,
vl = AH; (T Tml) Pi I _ (_mt)
X;y; = exp { R - + A In T - [1]

This equation can be further simplified considering In(T/Ty;) equal to (T-Tpn;)/T 20

leading to Equation 2.

fus
xiyt = exp [ (1n .| 2]

RTm, Tim,

Mod-UNIFAC calculates activity coefficients taking into account two contributions: the
combinatorial and the residual. The first one accounts for the difference in size and shape

of the groups while the second one accounts for the possible interactions between them.
In(y)) = In(y{) + () [3]
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Each of the contributions can be calculated with Equations 4 and 5.
In(rf) = 1=V =) +5q: |1 = % + In (7)) [4]
() = Ziv [In(r) (1) (5]

as a function of the following variables and the matrix vlgi), a descriptor of the different

groups that form the molecules present in the equilibrium.

1

L
Vi= Zj:ijrj 7l
T [8]
=Y R, [9]
4 = X, Q 0]
() = Q [1 = (S O WPiam) = Em et [11]
where:

6, = % [12]
W= exp (_ anm+bn7,;T+can2) [14]

The calculation of F,Ei) is similar to T}, but, while the second represents the group activity
of the group & in the mixture, the first accounts for the group activity of the group £ in the
molecule i.

This model needs certain inputs for a correct performance:

-Conditions: temperature and mole fractions of all components need to be supplied at

different parts of the model (Equations 6-8 and 13-14).
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-Combinatorial parameters: they are present in the first part of the model and they
account for non-ideal behaviours caused by differences in size (Rx) and surface area (Qx)
of the group (Equations 9-12).

-Residual parameters: The variable W,,,,, accounts for interaction between groups (n and
m in this case) which is a polynomial equation of the temperature (Eq. 14). Each of the
constants of that polynomial equation is a parameter specific for each interaction between

groups.

3.3. Materials and methods

3.3.1. Selection of dataset

As previously mentioned, the goal of the set of parameters regressed in this work is to
offer a more accurate prediction of flavonoids behavior in mixtures. Furthermore,
UNIFAC is a non-electrolyte activity coefficient, so fully charged groups are not
modelled by it. The developed model LIFAC?' deals with this issue by defining charged
groups as different ones. However, the data gathered is not enough for determining the
interaction parameters needed for two extra needed groups (COO  and O" ). In order to
follow that restriction, a group from the aforementioned classification (Figure 2) has to be
left out: the anthocyanins. As well, phenolic acids are not used for this work due to their
protonation in presence of water.

All data consider for this study can be found in Table 1
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Table 1: Literature data used for the regression

Temperature | Number of
Molecules Solvents Reference
Range (K) data points
Rutin Ethanol, water 293.2-313.2 33 “
Luteolin Ethanol, water 293.2-313.2 33 >
Apigenin Ethanol, water 293.2-313.2 33 =
Methanol, ethanol, 1-
Hesperetin butanol, acetone, water, 288.2-323.2 56 25,26
ethyl acetate
Naringin Water 279.2-348.2 7 -
Epicatechin Water, ethanol 293.2-303.2 10 1
Epigallocatechin Water, ethanol 293.2-303.2 12 1
Epicatechin
Water, ethanol 293.2-303.2 12 Y
gallate
Epigallocatechin
Water, ethanol 293.2-303.2 11 Y
gallate
Quercetin Water 298.6-355.1 4 -8
Daidzein Water 293 1 9
Puerarin Methanol, acetic acid 293.2-333.2 35 30
Methanol, ethanol, 1-
propanol, 2-propanol,
Resveratrol butanol, pentanol, 278-318 163 31,32

hexanol, ethyl acetate,

acetone and water
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The solubility of a total of 13 phenolic compounds is considered in a total of 11 solvents
(pure and mixed). The studied temperature range is from 278 to 355 K and there is a total
of 411 data points.

Three zones are distinguishable within the dataset, the first one comprises polyphenols
with a relatively high solubility in the solvents they are dissolved in, the second consists
of moderately hydrophobic polyphenols in equilibrium with high molar fractions of water
and the third one is made by highly hydrophobic polyphenols in equilibrium with water.
3.3.2.  Melting properties

Experimental activity coefficients can be calculated from the solubility mole fractions by
Equation 2 and the melting properties of the solute. Melting points of polyphenols can be
found in literature / databases often but melting enthalpies are rarely published for this
type of compounds. Therefore, Marrero and Gain model ** was used for the prediction of
the melting properties that were not bibliographically available.

In order to determine the accuracy of the model to the dataset of this work, a comparison
was made between the predicted melting temperatures and the published ones. Figure 3

shows a pareto plot for this comparison.
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Figure 3. Pareto plot of the prediction of the melting temperature for the studied
molecules. Straight line represents 0% error in the prediction, dashed lines represent 10%

crror.

Average error of the prediction for the melting point is 10.14%, which proves the
accuracy of the model for this case. Since in most cases the enthalpy of fusion for these
compounds is not known, is expected error is the one reported in the original manuscript
15.7%. Values of the experimental and predicted melting temperatures and enthalpies can
be found in the Appendix.

3.3.3. Group definition

Due to the limited amount of data available in literature, there cannot be a large set of
groups since that would increase the number of parameters regressed and, as well,
decrease their reliability. New groups have to be introduced since Mod-UNIFAC cannot
describe the groups cyclic ether or ketone (-Ocyc- or =COgyc- 1n this work).

The grouping of subgroups was done according the lines on Mod-UNIFAC with the

exception of the groups CH=C,. and C=Cy.. Those two subgroups were combined with
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the rest of the alkanes in group 1 since having them in a different group did not improve
the fit considerably and added 18 more parameters more to regress.

3.3.4. Calculation of size and volume-related parameters

As previously explained in Section 2 of this chapter, Mod-UNIFAC uses three types of
parameters: size related, volume related and interaction parameters. In the original
UNIFAC the size and volume related parameters (R and Qi) were calculated from the
Van der Waals radii of the different groups following the instructions in Bondi ** while
the interaction parameters were regressed. One of the changes in Mod-UNIFAC was the
regression of Ry and O instead of its calculation. This was possible because of the vast

library of equilibria that was used for the regression but due to the limited amount of

available data in this case it has been decided to calculate Ry and Oy from Bondi’s method

3% as in the original UNIFAC. The calculated values can be found in Table 2.

Table 2: Ry and O parameters.

Group Subgroup Ry Qx
CH; 0.9011 0.8480
CH; 0.6744 0.5400
1 CH 0.4469 0.2280
C 0.2195 0.0000
CH=C,. 0.8886%* 0.6760*
C=Cqyc 0.6605* 0.2440*
2 H,O 0.9200 1.4000
3 OH 1.0000 1.2000
aCH 0.5313 0.4000
! aC 0.3652 0.1200
5 aC-OH 0.8952 0.6800
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6 -O- 0.3428* 0.2960*
7 -CO- 0.7713* 0.6400*
-COO- 1.0020 0.8800
’ -COOH 1.3013 1.2240
9 glucose ring 5.5773* 5.0360*
Cyc stands Tor cyclical and a for aromatic. * Parameters calculated in this WOrK.

3.3.5. Optimization

The minimizing function is shown in Equation 15.
F = ¥¥(Iny&P — Iny®) [15]
where N is the number of data points. The error of the fit can be calculated directly by

Equation 16

1/2
Error (logunits) = % (Zlf(ln Y. —1In )/iexp)z) [16]

The optimization routine was implemented and performed in MATLAB (Version
7.11.0.584 MathWorks, Inc.) using Isqcurvefit with randomly distributed starting values.

Regressed parameters were consistent after several runs

3.4. Results

3.4.1. Regression of parameters

The parameters to be regressed are the interaction parameters, namely dmn, bnm and cpmn in
Equation 14. Due to the limited set of data and the small range of temperatures studied in
this work, it has been decided to keep all by, and ¢ parameters at zero and, therefore,
presume the interaction between groups to be temperature independent.

A matrix is built with the 70 possible interaction parameters. This number is achieved by
considering self-interaction parameters to be zero as in the original and modified

UNIFAC. The total number of parameters is (number of groups)” - number of groups
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which would yield a total number of 72. However, there are no equilibria within the
dataset that represents interaction between the groups 8 and 9 so those two parameters
(asg and aq g ) are left out of the study. Moreover, the interactions of groups 2,3 and 7 with
group 8 (a2, asgand a7gand their symmetric counterparts) have been found not to be
present in enough equilibria to fully support the regressed values and therefore, should be
recalculated once more data is available. An overview of the recurrence of the different
interactions within the dataset can be found in Table 3

The optimization yielded the parameters shown in Table 3. Those parameters have the

same order of magnitude as the reported values for the Mod. UNIFAC model '°.

Table 3: Interaction parameters and number of interactions between groups.

Groups interacting | Number of
. . dnm dmn
n m Interactions
1 2 719 -346.4 162
1 3 936 65.13 -446.7
1 4 2378 1399 -457.4
1 5 1189 1784 -475.4
1 6 783 714.7 532
1 7 729 523.1 -859.8
1 8 100 858.8 -423.7
1 9 232 -466.9 -808
2 3 178 290.8 -436.6
2 4 516 338.5 -133.0
2 5 258 -217.1 -9.355
2 6 151 -1126 -617.8
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2 7 158 -87.84 -520.3
2 8 19 1885 (1) -755.2 (1)
2 9 37 -694.6 -395.8
3 4 600 552.5 4141
3 5 300 -529.7 557.8
3 6 206 -366.5 -363.8
3 7 165 -302.4 1058

3 8 19 905.2 (1) 624.9 (1)
3 9 68 -837.7 420.2
4 5 600 1779 1666
4 6 412 1251 866.3
4 7 330 1133 -965.4
4 8 38 245.8 -206.1
4 9 136 -1631 -597.0
5 6 248 1089 1032

5 7 258 20122 1225

5 8 27 -415.9 1025

5 9 75 -950.1 526.4
6 7 203 -594.5 -6586
6 8 27 112.9 742.0
6 9 75 2134 0

7 8 4 137.3 () 151.3 ()
7 9 75 1721 4154

Parameters with (T) need to be further validated with a bigger set of data
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Figure 4 shows a pareto plot with a comparison between experimental activity coefficients
and the ones given by the model with the parameters in Table 3. Figure 4 shows the three
zones discussed in Section 3.1 of this chapter as well. The fit is good and the error of the
fit is 0.0943 log units, which is lower than the average error for the UNIFAC model (0.5
log units *°).

Moreover, as previously discussed in literature,’® solubility data is highly dependent on
the crystal conformation and in some cases important differences exist between solubility
measurements of the same components by different sources >’ which emphasizes even

more the accuracy of the model.

101 I
1053
Epicatechin + Ethanol/Water
9 Epigallocatechin + Ethanol/Water
104 7 Epicatechin gallate + Ethanol/Water
-a Epigallocatechin gallate + Ethanol/Water
E Hesperetin + Acetone+Ethanol+Ethy Acetate+ /'
103 Methanol+Butanol ,° .
-a Luteolin + Ethanol/Water
E Naringin + Water P
102 Rutin + Ethanol/Water ,°
-a Puerarin + Methanol/Acetic Acid
J Resveratrol + Methanol+Ethanol+1-propanol+
O 101 ] 2-propanol+Butanol+Pentanol+Hexanol+
< -a Ethyl Acetate+Acetone+Ethanol/Water +
LEL = Acetone/Water
- 100 E
o E
S gt
= 10 .
107 -
10°
Apigenin + Ethanol/Water
Hesperidin + Water
1 0—4 Luteolin + Ethanol/Water
Quercetin + Water
Resveratrol + Ethanol/Water Hesperetin + water
-5 Epicatechin + Ethanol/Water Daidzein + water
10 ||||I'I'I'I| ||||I'I'I'I| ||||I'I'I'I| ||||I'I'I'I|_—I'I'ITI'II|_I'I'I1TI'II|_I'I'I11'I'I'I|_I'I'I

10° 10* 10° 10* 10" 10° 10" 10° 10° 10 10° 10°
yexperimental
Figure 4: Pareto plot of the performance of the model. The straight line represents the
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diagonal on which model and experiments have the same value. Dashed lines represent
typical Mod-UNIFAC error of 0.5 log units. The experimental space is divided into three
areas and the equilibria present in each is stated in the figure.

3.4.2. Validation

For the validation of the model described in this work, three datasets not previously used
for the regression were chosen: genistein in water 3 and salicylic acid in ethanol and
xylene *. As previously stated in Section 3.1 of this chapter, phenolic acids were not
included in the study due to their protonation in the presence of water. However, that
protonation does not occur in the presence of ethanol or xylene and therefore, they are
eligible for the study.

Figures 5 and 6 show the performance of the model in comparison to experimental values
and values predicted with Mod. UNIFAC method. In the case of salicylic acid, the
prediction of this work is accurate in both solvents while the one done with Mod.
UNIFAC underestimates the solubility in xylene by at least one order of magnitude while
MPP-UNIFAC delivered an accurate prediction.

In the case of the solubility of genistein, the molecule cannot be properly defined with the
existing groups from Mod. UNIFAC. The closest approximation uses the group -CH,-CO-
defining the molecule with a surplus of two hydrogen atoms. Even though the molecule
definition is not the correct one, the prediction delivered by Mod. UNIFAC is accurate.
The prediction delivered by MPP-UNIFAC, having a correct representation of groups, is

closer to the experimental data.
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Figure 5: Comparison between experimental solubility of salicylic acid in ethanol (red

squares) and in xylene (blue squares), prediction made by MPP-UNIFAC (full lines) and

prediction made by mod-UNIFAC (dashed lines).
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Figure 6: Comparison between experimental solubility of genistein in water (squares),
prediction made by MPP-UNIFAC (full lines) and prediction made by mod-UNIFAC

(dashed lines).
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3.5. Conclusions

An extensive bibliographic search was done to gather solubility data from polyphenols in
water or organic solvents. These data were used to regress new interaction parameters
applicable for the case of polyphenols in a new model called MPP-UNIFAC. The model
proved to fit accurately the data used for the regression with a lower error than the
average error that Mod. UNIFAC shows on average (0.5 log units). This method was
validated against three experimental datasets from literature showing better predictions in

all three cases than Mod. UNIFAC.

Nomenclature

a aromatic when applied to the definition of groups.

anm  UNIFAC group interaction parameter between groups n and m (K).
bum  UNIFAC group interaction parameter between groups n and m .

cam  UNIFAC group interaction parameter between groups n and m (K™ ).

cyc  cyclical when applied to the definition of groups.

Fi auxiliary property for component i.

qi relative van del Waals surface of the component i.
Ok relative van der Waals surface area of the group £.
7 relative van del Waals volume of the component i.

R ideal gas constant (J/mol K).
Ry relative van der Waals volume of the group £.

T temperature (K).

Tmi temperature of melting of component i (K).
Vi auxiliary property for component i.
vy empirically modified Vi-value.
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Xi mole fraction in liquid phase.

Xk group mole fraction of group m in the liquid phase in Equation 12 and 13.
Greek letters
Vi activity coefficient (-).

ACp,iﬁ’S’1 difference between the heat capacity of the solid phase and of the liquid phase at
equilibrium for component .

AH;"™* enthalpy of solid-liquid transition of component i (J/mol).

r* group activity coefficient of group & in the mixture.

Fk(i) group activity coefficient of group k& in the pure substance i.

Om area fraction for group m in equation 11 and 12.

Vi number of structural groups of type k in molecule i.

WYom  UNIFAC group interaction parameter between groups # and m in 11 and 14.
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Appendix

Table Al. Experimental and predicted melting points of the different polyphenols used in

this work.
Predicted
Experimental
melting
Name melting References
enthalpy
temperature (K)
(k3/mol) ¥

Rutin 464 0 115.355
Luteolin 603 o 49.820
Apigenin 633 = 44811
Hesperetin 505 - 41.828
Naringin 439 4 83.199
Epicatechin 526 1 54.944
Epigallocatechin 493 1 59.479
Epicatechin gallate 542 1 84.255
Epigallocatechin gallate 503 H 89.773
Quercetin 589 s 56.731
Hesperidin 535 40 63.855
Daidzein 596 i 49.057
Puerarin 523 8 77.559
Resveratrol 527 ¥ 54.952
Genistein 571 4 55.536
Salicylic acid 432 >0 26.592

78



References

(1) Ververidis, F.; Trantas, E.; Douglas, C.; Vollmer, G.; Kretzschmar, G.; Panopoulos,
N., Biotechnology of flavonoids and other phenylpropanoid-derived natural
products. Part I: Chemical diversity, impacts on plant biology and human health.
Biotechnol. J. 2007, 2, 10, 1214.

(2) Jeon, S.-M.; Kim, H. K.; Kim, H.-J.; Do, G.-M.; Jeong, T.-S.; Park, Y. B.; Choi, M.-
S., Hypocholesterolemic and antioxidative effects of naringenin and its two
metabolites in high-cholesterol fed rats. Transl. Res. 2007, 149, 1, 15.

(3) Williamson-Hughes, P. S.; Flickinger, B. D.; Messina, M. J.; Empie, M. W.,
Isoflavone supplements containing predominantly genistein reduce hot flash
symptoms: A critical review of published studies. Menopause 2006, 13, 5, 831.

(4) Verheus, M.; Van Gils, C. H.; Keinan-Boker, L.; Grace, P. B.; Bingham, S. A_;
Peeters, P. H. M., Plasma phytoestrogens and subsequent breast cancer risk. J.
Clin. Oncol. 2007, 25, 6, 648.

(5) Cabrera, C.; Artacho, R.; Giménez, R., Beneficial Effects of Green Tea—A Review.
J. Am. Coll. Nutr. 2006, 25, 2, 79.

(6) Chen, C.-C.; Crafts, P. A., Correlation and Prediction of Drug Molecule Solubility in
Mixed Solvent Systems with the Nonrandom Two-Liquid Segment Activity
Coefficient (NRTL-SAC) Model. Ind. Eng. Chem. Res. 2006, 45, 13, 4816.

(7) Fredenslund, A.; Gmehling, J.; Michelsen, M. L.; Rasmussen, P.; Prausnitz, J. M.,
Computerized design of multicomponent distillation columns using the UNIFAC
group contribution method for calculation of activity coefficients. Industrial and
Engineering Chemistry Process Design and Development 1977, 16, 4, 450.

(8) Abrams, D. S.; Prausnitz, J. M., Statistical thermodynamics of liquid mixtures: A new
expression for the excess Gibbs energy of partly or completely miscible systems.
AIChE J. 1975, 21, 1, 116.

(9) Weidlich, U.; Gmehling, J., MODIFIED UNIFAC MODEL. 1. PREDICTION OF
VLE, h**E, AND gamma ** infinity. Industrial and Engineering Chemistry
Research 1987, 26, 7, 1372.

(10) Gmehling, J.; Li, J.; Schiller, M., A modified UNIFAC model. 2. Present parameter
matrix and results for different thermodynamic properties. Ind. Eng. Chem. Res.
1993, 32, 1, 178.

(11) Gmehling, J.; Lohmann, J.; Jakob, A.; Li, J.; Joh, R., A Modified UNIFAC
(Dortmund) Model. 3. Revision and Extension. Ind. Eng. Chem. Res. 1998, 37, 12,
4876.

(12) Gmehling, J.; Wittig, R.; Lohmann, J.; Joh, R., A Modified UNIFAC (Dortmund)
Model. 4. Revision and Extension. /nd. Eng. Chem. Res. 2002, 41, 6, 1678.

(13) Jakob, A.; Grensemann, H.; Lohmann, J.; Gmehling, J., Further Development of
Modified UNIFAC (Dortmund): Revision and Extension 5. Ind. Eng. Chem. Res.
2006, 45, 23, 7924.

(14) Joh, R.; Kreutz, J.; Gmehling, J., Measurement and Prediction of Ternary
Solid—Liquid Equilibria. J. Chem. Eng. Data 1997, 42, 5, 886.

(15) Domanska, U.; Zawadzki, M.; Krolikowski, M.; Gonzélez, J. A., Phase equilibria
and excess molar enthalpies study of the binary systems (pyrrole + hydrocarbon,
or an alcohol) and modeling. Fluid Phase Equilib. 2014, 361, 0, 116.

(16) Hahnenkamp, I.; Graubner, G.; Gmehling, J., Measurement and prediction of
solubilities of active pharmaceutical ingredients. /nt. J. Pharm. 2010, 388, 1-2, 73.

79



(17) Méndez Sevillano, D.; Van Der Wielen, L. A. M.; Trifunovic, O.; Ottens, M., Model
comparison for the prediction of the solubility of green tea catechins in
ethanol/water mixtures. Industrial and Engineering Chemistry Research 2013, 52,
17, 6039.

(18) Hector, T.; Gmehling, J., Present status of the modified UNIFAC model for the
prediction of phase equilibria and excess enthalpies for systems with ionic liquids.
Fluid Phase Equilib. 2014, 371, 0, 82.

(19) Zhong, C.; Sato, Y.; Masuoka, H.; Chen, X., Improvement of predictive accuracy of
the UNIFAC model for vapor-liquid equilibria of polymer solutions. Fluid Phase
Equilib. 1996, 123, 1-2, 97.

(20) Neau, S. H.; Flynn, G. L., Solid and Liquid Heat Capacities of n-Alkyl Para-
aminobenzoates Near the Melting Point. Pharm. Res. 1990, 7, 11, 1157.

(21) Mohs, A.; Gmehling, J., A revised LIQUAC and LIFAC model
(LIQUAC*/LIFAC¥*) for the prediction of properties of electrolyte containing
solutions. Fluid Phase Equilib. 2013, 337, 0, 311.

(22) Peng, B.; L1, R.; Yan, W., Solubility of Rutin in Ethanol + Water at (273.15 to
323.15) K. J. Chem. Eng. Data 2009, 54, 4, 1378.

(23) Peng, B.; Yan, W., Solubility of luteolin in ethanol + water mixed solvents at
different temperatures. J. Chem. Eng. Data 2010, 55, 1, 583.

(24) Xiao, M.; Yan, W.; Zhang, Z., Solubilities of Apigenin in Ethanol + Water at
Different Temperatures. J. Chem. Eng. Data 2010, 55, 9, 3346.

(25) Liu, L.; Chen, J., Solubility of Hesperetin in Various Solvents from (288.2 to 323.2)
K. J. Chem. Eng. Data 2008, 53, 7, 1649.

(26) Ferreira, O.; Pinho, S. P., Solubility of Flavonoids in Pure Solvents. Ind. Eng. Chem.
Res. 2012, 51, 18, 6586.

(27) Pulley, G. N., Solubility of Naringin in Water. Industrial & Engineering Chemistry
Analytical Edition 1936, 8, 5, 360.

(28) Srinivas, K.; King, J. W.; Howard, L. R.; Monrad, J. K., Solubility and solution
thermodynamic properties of quercetin and quercetin dihydrate in subcritical
water. J. Food Eng. 2010, 100, 2, 208.

(29) Zhao, C.; Wang, Y.; Su, Y.; Zhang, H.; Ding, L.; Yan, X.; Zhao, D.; Shao, N.; Ye,
X.; Cheng, Y., Inclusion complexes of isoflavones with two commercially
available dendrimers: Solubility, stability, structures, release behaviors,
cytotoxicity, and anti-oxidant activities. Int. J. Pharm. 2011, 421, 2, 301.

(30) Wei, D.; Zhang, X., Solubility of puerarin in the binary system of methanol and
acetic acid solvent mixtures. Fluid Phase Equilib. 2013, 339, 0, 67.

(31) Sun, X.; Peng, B.; Yan, W., Measurement and correlation of solubility of trans-
resveratrol in 11 solvents at T=(278.2, 288.2, 298.2, 308.2, and 318.2) K. The
Journal of Chemical Thermodynamics 2008, 40, 4, 735.

(32) Sun, X.; Shao, Y.; Yan, W., Measurement and Correlation of Solubilities of trans-
Resveratrol in Ethanol + Water and Acetone + Water Mixed Solvents at Different
Temperatures. J. Chem. Eng. Data 2008, 53, 11, 2562.

(33) Marrero, J.; Gani, R., Group-contribution based estimation of pure component
properties. Fluid Phase Equilib. 2001, 183-184, 183.

(34) Bondi, A., Van der waals volumes and radii. J. Phys. Chem. 1964, 68, 3, 441.

(35) Kan, A. T.; Tomson, M. B., UNIFAC prediction of aqueous and nonaqueous
solubilities of chemicals with environmental interest. Environ. Sci. Technol. 1996,
30, 4, 1369.

80



(36) Klamt, A.; Eckert, F.; Hornig, M.; Beck, M. E.; Biirger, T., Prediction of aqueous
solubility of drugs and pesticides with COSMO-RS. J. Comput. Chem. 2002, 23,
2,275.

(37) Srinivas, K.; King, J. W.; Howard, L. R.; Monrad, J. K., Solubility of Gallic Acid,
Catechin, and Protocatechuic Acid in Subcritical Water from (298.75 to 415.85)
K. J. Chem. Eng. Data 2010, 55, 9, 3101.

(38) Wu, J.-G.; Ge, J.; Zhang, Y .-P.; Yu, Y.; Zhang, X.-Y., Solubility of Genistein in
Water, Methanol, Ethanol, Propan-2-ol, 1-Butanol, and Ethyl Acetate from (280 to
333) K. J. Chem. Eng. Data 2010, 55, 11, 5286.

(39) Shalmashi, A.; Eliassi, A., Solubility of Salicylic Acid in Water, Ethanol, Carbon
Tetrachloride, Ethyl Acetate, and Xylene. J. Chem. Eng. Data 2007, 53, 1, 199.

(40) Bandyukova, V. A.; Sergeeva, N. V., Rutin in some cultivated plants. Chem. Nat.
Compd. 1976, 10, 4, 535.

(41) Kaneta, M.; Sugiyama, N., The Constituents of <I>Arthraxon hispidus Makino,
Miscanthus tinctorius Hackel, Miscanthus sinensis Anderss</I>, and
<I>Phragmites communis Trinius</I>. Bull. Chem. Soc. Jpn. 1972, 45, 2, 528.

(42) Li, B.; Robinson, D. H.; Birt, D. F., Evaluation of properties of apigenin and [G-
3H]apigenin and analytic method development. J. Pharm. Sci. 1997, 86, 6, 721.

(43) Bikiaris, D.; Papageorgiou, G. Z.; Stergiou, A.; Pavlidou, E.; Karavas, E.; Kanaze,
F.; Georgarakis, M., Physicochemical studies on solid dispersions of poorly water-
soluble drugs: Evaluation of capabilities and limitations of thermal analysis
techniques. Thermochim. Acta 2005, 439, 1-2, 58.

(44) Castillo, J.; Benavente, O.; Del Rio, J. A., Naringin and neohesperidin levels during
development of leaves, flower buds, and fruits of citrus aurantium. Plant Physiol.
1992, 99, 1, 67.

(45) Ice, C. H.; Wender, S. H., Quercetin and its Glycosides in Leaves of Vaccinium
myrtillus. J. Am. Chem. Soc. 1953, 75, 1, 50.

(46) Scarborough, H., Observations on the nature of vitamin P and the vitamin P potency
of certain foodstuffs. The Biochemical journal 1945, 39, 3, 271.

(47) Coward, L.; Barnes, N. C.; Setchell, K. D. R.; Barnes, S., Genistein, daidzein, and
their .beta.-glycoside conjugates: antitumor isoflavones in soybean foods from
American and Asian diets. J. Agric. Food Chem. 1993, 41, 11, 1961.

(48) Li, Y.; Yang, D. J.; Zhou, W.; Chen, S. B.; Chen, S. L., Recrystallization of puerarin
using the supercritical fluid antisolvent process. J. Cryst. Growth 2012, 340, 1,
142.

(49) Roberti, M.; Pizzirani, D.; Simoni, D.; Rondanin, R.; Baruchello, R.; Bonora, C.;
Buscemi, F.; Grimaudo, S.; Tolomeo, M., Synthesis and Biological Evaluation of
Resveratrol and Analogues as Apoptosis-Inducing Agents. J. Med. Chem. 2003,
46, 16, 3546.

(50) Nordstrém, F. L.; Rasmuson, A. C., Solubility and Melting Properties of Salicylic
Acid. J. Chem. Eng. Data 2006, 51, 5, 1668.

81



82



Chapter 4: Resin Selection for the Separation of Caffeine from Green Tea Catechins

Abstract

This work focuses on the selection of a resin from a defined set of macroporous polymeric
resins for the decaffeination of catechins from green tea. High-throughput
experimentation and design of experiments is used for retrieving thermodynamic data
about the interaction of the different components with the resins. A multicomponent
Langmuir isotherm model is used to describe the adsorption and parameters are regressed
with high accuracy. These parameters are subsequently used for the definition of criteria
to calculate a weighted resin score. The optimal resin is Diaion 20HP with a score of
90.50%, mainly due to its good selectivity for caffeine over catechin (3.021). Based on
this good, but not too high, selectivity, a counter-current adsorption process is suggested,
like Simulated Moving Bed chromatography, in order to maximize the productivity of the

decaffeination of the tea at minimum economic costs.

Published as: Resin Selection for the Separation of Caffeine from Green Tea Catechins.

Sevillano, D. M.; van der Wielen, L. A. M.; Hooshyar, N.; Ottens, M., Food and

Bioproducts Processing 2014, 92, (2), 192-198.
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4.1. Introduction

Tea is a highly popular beverage, especially in countries like China or India. The beverage
is an infusion of the leaves of the plant Camelia sinensis. Different types of teas are made
by different processing ', with green and black tea the most widespread types. The main
difference between them is the level of oxidation of the leaves of the plant before the
brewing. This oxidation is kept to a minimum in green tea in order to maintain the high
concentration of antioxidants in the plant.

An interesting group of antioxidants that can be found in green tea is called catechins
(Figure 1). Catechins belong to a group of polyphenols called flavanols and can be found
in green tea in percentages from 30 to 42% (dw) . Even though they are mostly known
for their presence in tea, catechins can be found in small quantities in such diverse food

sources as coconuts, cocoa, peach or vinegar.

OH
(-)-Epicatechin (EC) (-)-Epigallocatechin (EGC)
OH OH
OH OH
OH OH
OH OH
OH OH

(-)-Epicatechin gallate (ECg) (-)-Epigallocatechin gallate (EGCqg)
Figure 1. Main components of the family of catechins
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Catechins have been related to several health benefits throughout literature. In a recent
review ° the state of the art of clinical evidence on green tea catechins is shown and there
seems to be enough evidence to conclude the positive effects of green tea in breast and
ovarian cancer. As well, it helps lowering the cholesterol level and it stimulates daily
energy expenditure. Liu et al. (2005) 4 reported that both black and green tea are able to
inhibit the entrance of HIV1 into cells.

Besides polyphenols, green tea contains other components such as proteins, aminoacids,
sugars and caffeine. Caffeine is mainly known for its presence in coffee beans and it acts
as a stimulant drug. Caffeine has proven to cause several conditions related to the central
nervous system such as insomnia °, irritability ® and heart palpitations ’ when consumed in
large quantities. Due to these effects in the human body it is desirable to decaffeinate
both tea beverage and tea extracts.

Decaffeination is a well-known industrial process most used by the coffee industry. The
most known methodologies involve supercritical CO, extraction (supercritical fluid
extraction or scFE) ® or extraction with organic solvents (liquid-liquid extraction or LLE)
like chloroform, dichloromethane 9, etc. While for the coffee case, the only interest is to
reduce the amount of caffeine in either the coffee or the coffee bean, the challenge for tea
is different since catechins and caffeine behave in a similar manner. Because of this
feature, during the extraction of caffeine, catechins are extracted as well, which decreases
the yield of the process. Furthermore scFE and LLE require either the use of costly
supercritical equipment for the operation or organic solvents (harmful in some cases)..
Solid phase extraction offers some advantages with respect to the discussed methods
above. These advantages are mainly the non-toxicity and the ease of recovery (when
compared to LLE) and a more economic process (in comparison with scFE). Some work

has been done toward the use of macroporous resins for the adsorption of polyphenols and
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decaffeination, but a thorough study is lacking for the commercially available food-grade
resins.

This work focuses on fast resin selection based on the information given by interaction
parameters regressed from a small set of experiments. Adsorption behavior of catechins
and caffeine are measured on different commercially available food-grade macroporous
resins. Isotherms are shown for the different main components and modelled with a
multicomponent isotherm model. The regressed parameters are later used for the

calculation of selectivity and capacity and based on that, a resin selection is performed.

4.2. Materials and methods

4.2.1. Materials.

Freeze-dried green tea extract was obtained from UNILEVER. Epicatechin,
Epigallocatechin, Epicatechin gallate and Epigallocatechin gallate (EC, ECG, ECg and
EGCg respectively) were obtained from Nacalai USA, Inc. with a purity of 98% or
higher. Caffeine was purchased from Merck. Methanol, formic acid and acetonitrile
(purchased from Sigma-Aldrich) and mili-Q water are used as solvents.

4.2.2. Characterization of the green tea.

A good characterization of the main components is important in order to quantify the
different influences in the adsorption. However, in high throughput experimentation
analytics tend to be the bottleneck of the experimental process and it is crucial to analyse
the key components of the system accurately and in the shortest time possible.

EC, EGC, ECg, EGCg and caffeine were analysed with by UHPLC (Ultimate 3000,
Thermo Scientific, USA) based on the protocol described by Zhao et al. (2011) inacC18
column (Acquity UPLC HSS column, 1.8pum, 2.1mm x100 mm Waters, Milford, USA).

Mobile phase A (0.1% formic acid in milli-Q water) and mobile phase B (0.10% formic
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acid in acetonitrile) were run through the column with a constant flow of 0.7 ml/min with
the following profile of solvent B: 0 min — 5%, 7 min — 16.5%, 7 min — 45%, 7.5 min —
45%, 7.5 min — 5% and 8.5 min — 5%. Most of the peaks showed baseline separation at a

wavelength of 270 nm. An example is shown in Figure 2.
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Figure 2: Chromatogram of a green tea sample (solid black line, left axis) and profile of

solvent B during the analysis (red dash line, right axis)

In Figure 2 it can be seen that the peaks of EC and EGCg are not fully resolved. Because
of this, a deconvolution of the peaks was performed by fitting them to two Gaussian
curves.

The concentration of the target components of green tea is as follows (in % dry weight)
EC: 1.71, ECG: 7.23, ECg: 3.81, EGCg: 13.29 and Caffeine: 7.29.

4.2.3. Resins.
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Seven different food-grade macroporous resins were used. From the AMBERLITE™
XAD™ series, the resins selected were 761, FPX66, 4, 16, 1180N and 7HP while from
DIAION™, the resin selected was HP20. FPX66 was purchased from Dow Chemicals
while the rest were purchased from Sigma-Aldrich.

4.2.4. Isotherm characterization.

In order to design a process, both kinetics and thermodynamic equilibrium are important.
Since diffusion coefficients can be predicted quite precisely with several models in

-1 "the main experimental challenge lies in measuring adsorption equilibria, or

literature
isotherms, as they cannot be easily predicted a priori. Because of the inherent
multicomponent nature of the mixture, the multicomponent Langmuir equation was used
1 (Equation 1) for modelling and prediction of the adsorption behavior of the different

species.

_ Qm,iKiCeq,i

qi = 143 KCoq [1]

C.q,i represents the concentration in the liquid bulk of species i at equilibrium conditions
(mg/L), q;is the load of species I (Mmg/gresin), Qm,i represents the maximum load (Mg/gresin)
and K the equilibrium constant (L/mg). This equilibrium constant is a measure of the
affinity of the component for the resin.

The load of a component is the amount of that component that has been adsorbed onto the

resin. Equation 2 is used for its calculation.

Cini,i—Ceq,i
g = ety 2]

Myesin

Cini and Ccq represent the concentration in the bulk at initial and equilibrium conditions,
respectively (mg/L), min represents the mass of resin in contact with the bulk (g) and V

the volume of solution (L).
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Due to the high surface area, complete saturation of the first layer of adsorption is likely
not to happen. It is expected then, that the regression of Qn,; will yield parameters with a
high uncertainty and consequently, influence the precision of the obtained K;. Because of
that, it was decided to calculate a theoretical maximum capacity and regress only the
affinity parameter (K; ).

4.2.5. Maximum capacity determination

In order to theoretically calculate the maximum capacity of a layer of a component on a
resin it is necessary to compare the molecular area with the surface area of the resin.
While the web-tool Chemicalize '® was used for calculating the maximum projection area,
the total surface area of the resin has to be determined experimentally. This property is
usually given by the manufacturer but as seen in e.g. Ku and Lee (2000) '’ these values
are not always accurate so an experimental determination was done by the BET method
(see Section 4.2.8).

Equation 3 was used for the calculation of the theoretical capacities.

_ SAMW,i

Qm,i [3]

Am,i

where S, represents the surface area (m®/g-resin), My, ; the molecular weight of
component i (mg/mol) and Ay, ; is the molecular area of component i (m*/mol).

In the calculation of this parameter, several assumptions are made: adsorption is non-
specific and in a monolayer. Moreover, molecules are adsorbed occupying the largest area
possible and all available space of the resin surface.

4.2.6. Batch uptake experiments

Experiments were done in Multiscreen Filter Plates (Millipore USA) with the aid of the
robotic liquid handling system Tecan FreedomEvo 200 (Tecan Group Ltd. Switzerland) in

pipetting and washing steps. Resin was applied into the filter plate with the aid of Titan
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96 Well Resin Loader (Radleys, UK) and methanol was pipetted in each well for
preventing drying of the resin. After two washing steps with methanol and ethanol
respectively, an equilibration step with water was performed and then different
concentrations of stock solution and pure components solution and mili-Q water are
pipetted in the wells so that different concentrations are achieved in each well. Green Tea
Stock solution is prepared by dissolving 8% (w/w) of freeze-dried green tea powder in
mili-Q water, then centrifuged and filtered through a WHATMAN 0.2 um filter. Stock
solutions of each standard are each 1 g/L pure standard in mili-Q water. Different
volumes of green tea stock solution and standard stock solutions are mixed in order to
maximize the ratios of catechins and caffeine at which the model is valid. These ratios are
shown in Section 4.2.7.

The filter plate is stirred at 50 rpm for 60 min (initial batch uptake experiments showed an
equilibration time of approximately 30 min) and its content is centrifuged onto a deep
well plate (VWR International, USA) for posterior UPLC analysis.

4.2.7. Design of experiments (DoE)

Prior the experiments described in this work, a set of batch uptake experiments was done
with 8% green tea stock solution (as described in Section 4.2.6) in order to calculate a
preliminary set of Langmuir parameters.

Once the parameters were regressed, they were used in the same equation (Equation 1) to
simulate the same experiment with different ratios of the components in solution. The
results of the simulation were used for regressing new parameters and calculate their
standard deviation. The ratios of the 12 simulations that yielded the minimum standard
deviation were used for the actual experiments and the volumes used for the experiments

are shown in Table 1
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Table 1. Volumes of stock solutions in each experiment (in pl)

Green Tea EC EGC ECg Caffeine

Well 1 240 240 60 0 60
Well 2 160 160 160 0 120
Well 3 240 60 120 0 180
Well 4 140 106 70 142 142
Well 5 185 46 138 46 185
Well 6 50 150 0 200 200
Well 7 86 343 0 0 171
Well 8 200 0 267 0 133
Well 9 55 218 163 0 164
Well 10 185 46 92 92 185
Well 11 0 450 150 0 0

Well 12 109 54 54 220 163

4.2.8. BET method

A small sample of each of the resins is dried in vacuum for 16 h at 373 K. Once the

sample is dried, an adsorption experiment is performed using N, at 77K until saturation is

reached and then the calculation of the surface area follows from the saturation of the

resin.

4.2.9. Resin selection procedure

The goal of this work is to investigate the difference in affinity of catechins and caffeine

to industrial macroporous adsorption resins, and choose an optimal resin for a tea

decaffeination process. In order to make a quick resin screen, it is important that both the

experimentation, modelling and selection time should be kept to the minimum.
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Modelling time can be easily reduced by choosing a simple model to describe the
isotherms like the Multicomponent Langmuir (Equation 1). The parameters regressed by
this model (Kjand Q) give us information about the behavior of the tea components
with the selected resins.

A correct decision on which criteria will be considered for the selection is just as
important as the modelling itself. Luckily, the model provides us with meaningful
parameters that can be used for having a numerical insight into the performance of the
resin.

Based on this specific system, it would be preferred to have a fractionation of the tea into
different fractions: a caffeine-rich one, and one or more catechin-rich fraction. A possible
way in which resins can be evaluated is by comparison of the selectivity or the capacity of
the resin. Both magnitudes will be accounted for according to Equations 4-7.

4
_ Hcat \/Ei

Scatcaff = Kears [4]
Seaf.cat = e 5]
Capeq, = 222mt [6]
Capcasr = Qmecarf [7]

S means selectivity, Cap represents the capacity, Ny is the total number of catechins,
represent the sum and IT the product.

Equations 4 and 5 describe the selectivity factor of the catechins over caffeine and
caffeine over catechins, respectively. The selectivity of the catechins is calculated by the
geometrical mean of their affinity values. Equation 6 describes the average capacity of the
resin for catechins while Equation 7 describes the capacity of the resin for caffeine. In this

case the capacity of the catechins has been calculated by the arithmetical mean of the
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capacities.

The selectivity from Equations 4 and 5 is mutually exclusive. If the selectivity of
catechins over caffeine (Equation 4) is lower than unity, the selectivity of caffeine over
catechins (Equation 5) is taken into account and the same otherwise. The capacity follows
the same rule, if the selectivity of the resin for catechins is higher than for caffeine, the
capacity for catechins (Equation 6) is used and the same case for caffeine.

Since saturation of the resin was not accomplished in any of the experiments, the values
of Qm; are calculated theoretically (as shown in Section 4.2.5) and therefore, taken less
into consideration.

Following this reasoning, the weighing factors for each of the influences are 0.8 for
selectivity and 0.2 for capacity.

Since Equations 4-7 are not normalized, a normalization has to be done using Equation 8

in order for it to be used in the resin selection.

criterion

[8]

Resin Score = ), weight *
Z 9 maximum value of the criterion

An schematic block diagram that explains the entire resin selection methodology can be

found in Figure 3.
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Figure 3: Schematic block diagram of the resin selection methodology used.

4.2.10. Error Calculation

Two types of errors have been taken into account in this work: errors related to
measurements and errors related to regressed parameters.

For the calculation of the error due to the measurements the error propagation Equation 9

1
has been used.'®
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au

o = 2(2) o [9]
where o represents standard deviation, U is the property that is being calculated and i is
one of the experimental measurements that this property is calculated from.

The errors related to regressed parameters were taken from the covariance matrix
calculated from the Jacobian given by the fitting function.

Computer software MATLAB (Version 7.11.0.584 MathWorks, Inc.) was used for

modelling and regression.

4.3. Results and discussion
4.3.1. Determination of maximum capacity.
The values obtained from the BET experiment are shown in Table 2.

Table 2: Surface area of the selected resins

XAD- XAD- XAD- | Diaion | XAD-
XAD-4 THP 761 16 20HP | 1180N FPX66
Experimental
surface area 862 405 232 877 618 597 914
(m’/g)
Manufacturer
surface area 725 450 200 800 600 600 700
(m’/g)

As it can be seen in Table 2, most of the values are close to the values specified by the
manufacturer. However, FPX66 appears to have a much higher surface area compared to
the provided information from the manufacturer. Regardless this information, all of them
present a very high surface area. From these values, the maximum capacities can be easily
calculated as previously explained in Section 4.2.7, following Equation 3. The resultant

values can be found in Table 3.
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Table 3: Q,, parameter from the multicomponent Langmuir equation for different

components and resins

o XAD- | XAD- | XAD- | Diaion | XAD-
(male | XAD-4 FPX66

&s 7HP 761 16 20HP | 1180N
resin)

EC 5385 | 253.0 | 1449 | 5470 | 3861 | 373.0 | 571.0
EGC 5376 | 252.6 | 1447 | 547.0 | 3854 | 3723 | 5700
ECg 6425 | 3019 | 1729 | 653.7 | 460.6 | 4450 | 6812
EGCg | 6532 | 3069 | 1758 | 6646 | 4683 | 4524 | 692.6

Caffeine | 4602 | 2162 | 1239 | 4682 | 3299 | 3187 | 487.0

4.3.2 Regression of the affinity parameters.
From the batch uptake experiments described in Section 4.2.4, Equation 1 was used for

the modelling of the data. The fitting yielded an affinity parameter per combination of

component-resin and a measure of the uncertainty of this parameter. All of them are listed

in Table 4
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Table 4: K parameter and its standard deviation from the multicomponent Langmuir

equation for different components and resins

XAD- | XAD- | XAD- | Diaion | XAD-
K (l/g) | XAD-4 FPX66
7HP 761 16 20HP | 1180N

0.0212 | 0.0937 | 0.4685 | 0.0324 | 0.0747 | 0.1587 | 0.0600

EC + + + + + + +

0.0062 | 0.0239 | 0.0353 | 0.0071 | 0.0220 | 0.0158 | 0.0058

0.0162 | 0.0706 | 0.3103 | 0.0145 | 0.0446 | 0.1001 | 0.0431

EGC + + + + + + +

0.0021 | 0.0073 | 0.0960 | 0.0015 | 0.0042 | 0.0032 | 0.0014

0.0134 | 0.2110 | 1.4282 | 0.1252 | 0.3653 | 0.7057 | 0.1687

0.0114 | 0.1223 | 0.0883 | 0.0169 | 0.0590 | 0.0507 | 0.0117

0.0126 | 0.1462 | 03673 | 0.0251 | 0.0768 | 0.1488 | 0.0460

EGCg + + + + + + +

0.0018 | 0.0140 | 0.0114 | 0.0018 | 0.0057 | 0.0048 | 0.0015

0.0299 | 0.0779 | 1.4178 | 0.0943 | 0.2971 | 0.4901 | 0.1242

Caffeine + + + + + + +

0.0035 | 0.0091 | 0.0405 | 0.0055 | 0.0208 | 0.0148 | 0.0037

A display of the goodness of fit of the model can be seen in Figure 4.
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Figure 4: Experimental loading is plotted against calculated one with the

Multicomponent Langmuir model for XAD 761, one of the 7 resins. Dashed line, the case

Of qcalculated:qexperimental .

It can be seen that the model fits the data points with great accuracy, proving the validity

of the parameters for the experimental range investigated. Error bars display the

magnitude of the experimental error calculated with Equation 9.

4.3.3. Criteria, resin scores and comparison.

Following the reasoning outlined in Section 4.2.9 for resin selection, a numerical value is

calculated as a measure of the suitability of the resin for each of the criteria. These values

are shown in Table 5.
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Table 5: Values for the different criteria in each resin.

XAD- XAD- Diaion XAD-
XAD4 1 pp 761 | *APIC) pomp | 1gon | FPXOO
S(catcaty | 0.519 1.534 0.371 0.370 0.330 0.412 0.539
S(caf,cat) 1.927 0.652 2.698 2.705 3.021 2.425 1.856
Cea 592.9 278.6 159.6 603.3 4251 410.7 628.7
Coart 460.2 216.2 123.9 468.2 329.9 318.7 487.0
The resin score (according to Equation 8) can be seen in Figure 5.
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Figure 5: Weighted resin score for each of the resins (highest indicates best).
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The highest ranked resin, as seen in Figure 5, is Diaion 20HP with a weighted resin score
of 90.50 %. All resins, but one (XAD-7HP), show a higher affinity for caffeine than for
catechins. In the case of XAD-7HP the selectivity (and hence, resin score) is not that high
in comparison with the rest.

The aim of this work is to present a new methodology for a quick resin selection. The
methodology is exemplified with the separation of catechins and caffeine in the green tea.
Having an optimal resin selected, brings us to the next step of large scale process
development. Different modes of operation can be used, i.e . the Batch Chromatography
mode or counter-current Simulated Moving Bed chromatography mode.'” The latter can
be used to improve the economics of the separations process, by reducing eluent use and
resin inventory at the same productivity.

Simulated moving bed has proven to be applicable to similar systems like separation of
oligosaccharides,”® amino acids,?' or even proteins ** and it would be a suitable technique
for purification and decaffeination of catechins from green tea at large scale. However, the
detailed design and economical evaluation of the large scale process lies beyond the scope

of the present study and is material for a future publication.

4.4. Conclusion

This study shows a methodology for selection of resins based on their thermodynamic
properties. Optimized batch uptake experiments designed by DoE were performed using
high-throughput equipment in order to minimize both the experimental and analytical
time. Isotherms were measured and modelled using the multicomponent Langmuir
equation with an good fit.

Accurate parameters were regressed for all four catechins and caffeine. The parameters

were studied and compared using different criteria. These criteria were analysed and
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assigned a weight factor as a function of its importance. From the addition of the different
normalized and weighted criteria, a resin score was calculated. The resin Diaion 20HP
was chosen based on their similarly high resin score (90.50%) in comparison to other
commercially available macroporous resins.

The criterion that influenced the score of this resin the most was its selectivity of

catechins over caffeine.
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Chapter 5: Mechanism of Isoflavone Adsorption from Okara extracts onto Food-

Grade Resins

Abstract

Okara is a by-product of the soy-milk industry containing valuable phytochemicals,
called isoflavones, amongst other components (i.e. proteins, sugars, fibers, etc.). As a
waste product, okara is an interesting source material for obtaining valuable chemicals
and knowledge of the behavior of such components in their complex matrix is a key
step for the design of a purification process. Six commercially available macroporous
polymeric resins are investigated to measure and model the equilibrium properties of
the adsorption of isoflavones, proteins and total solids onto these resins. A new model
is evaluated in which adsorption of isoflavones onto a protein layer is proposed
describing the system isoflavones-resin XAD 4 better than a linear isotherm model.
The parameters for both the linear model and the bilayer model are regressed and
reported with their accuracy and correlated to the hydrophobicity of each of the

1soflavones.

Published as: Mechanism of Isoflavone Adsorption from Okara Extracts onto Food-
Grade Resins. Méndez Sevillano, D.; Jankowiak, L.; van Gaalen, T. L. T.; van der
Wielen, L. A. M.; Hooshyar, N.; van der Goot, A.-J.; Ottens, M.,. Ind. Eng. Chem.

Res. 2014, 53, (39), 15245-15252.
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5.1. Introduction

Okara is the by-product of the soy milk production. Typically, the use of 1 kg of
soybeans produces 1.5 kg of this by-product with a very high moisture content around
80% '. Soybeans contain a net of insoluble fibers, which remains after the soymilk
extraction and becomes, as well, a major component of the okara. In addition to
insoluble fibers, proteins and lipids >, okara contains smaller molecules like sugars
or polyphenols "* as well. Amongst these small molecules, there is a class of
molecules of special interest because of its health related properties: the isoflavones.
These molecules have shown to exhibit estrogen-like activity > which could be
beneficial for hormone regulation. Isoflavones belong to the flavonoid family of the
polyphenols, mainly found in soy and other plants of the fubaceae family °. There are
three types of isoflavones (Daidzin, Genistin and Glycitin) and within each type, there
are four possible configurations (aglycones, glucosides, acetyl -esters and malonyl-
esters). These 12 types of isoflavones are presented in Figure 1. The isolation of these

components from the by-product okara is therefore of interest.
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R {see table

OH

OH

Full name below) Abbreviation
Daidzein Ag Ae-DD
Daidzin G G-D
Acetyl-Daidzin Ae Ac-D
Malonyl-Daidzin M M-D
Full name I ﬁ:{:'::]h * Abbreviation
Glyeitein Ag Ag-Gl
Glveitin G G-Gl
Acetyl-Glyeitin Ac Ac-Gil
Malonyvl-Glyeitin M M=Cal
Full name TARER (AN Abbreviation
below)
Genistein Ao Ar-Gi
Genistin G G-G
Acetyl-Genistin Ac Ac-G
Malonyl-Genistin M M-G
[ Ap A M
O O O
DJ\ DMOH
Formula H HO
HO "1 Ho " HO i
HO HO

Figure 1: Isoflavones present in soy.

The first step towards purification of isoflavones is to bring them in solution. Previous

work has shown that isoflavones are soluble, and therefore can be extracted using
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different solvents such as acetonitrile, genapol ® X-080, methanol and ethanol "> 7'°,
Furthermore, latest experiments with water at different pH and increased temperatures
have shown promising results ''. A particular challenge of the extraction process with
co-solvents is the high water content of okara which will sharply increase the usage of
co-solvent if a high co-solvent fraction is needed. As well, the end product should be
suitable for human consumption. Therefore, it is preferred to use only food-grade
solvents: water and ethanol.

Based on the aromatic backbone of the molecules the next logical separation would be
one based on hydrophobicity. Previous work shows the applicability of macroporous
polymeric resins to other polyphenols 12 or to isoflavones from other sources than

-9, 13
okara "

obtaining purities up to 58%. A resin can be packed in a column
facilitating the adsorption and elution without the need of a further solid-liquid
separation method. In literature, the performance of resins for certain compounds is
investigated through trial-and-error approach and reported. However, optimization of
a process using thermodynamic models and a deeper understanding of the
thermodynamics of adsorption would result in an optimal process and process
understanding. In other cases in literature, the adsorption has been investigated with
pure compounds, which is not enough for understanding the different interactions that
will take place in the complex system of choice.

This paper focuses on the adsorption step of the purification process of the
isoflavones from an okara extract. This study considers the understanding and
modelling of the thermodynamic behavior of the different molecules, or groups of

molecules, with a total of 6 food-grade resins of choice. The hypothesis of bilayer

adsorption is tested in all different scenarios and compared to linear isotherm
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behavior. All isotherms have been modelled and the regressed parameters are given
with a proper error analysis of their values giving their accuracy.

5.2. Materials and methods
5.2.1. Chemicals.

Isoflavone standards for the UPLC protocol were obtained from Nacalai USA, Inc.
with a purity of 98% or higher. Methanol, formic acid and acetonitrile (purchased
from Sigma-Aldrich) and mili-Q water were used as solvents. Six different food-grade
macroporous resins were used. From the AMBERLITE™ XAD™ series, the resins
selected were 761, 4, 16, 1180N and 7HP, while from DIAION™, the resin selected
was HP20. All of them were purchased from Sigma-Aldrich.

5.2.2. Okara production.

An ASC50 soymilk system (ProSoya Inc., Ottawa, Canada) was used to produce
approximately 3kg okara with a moisture content of 79% by mixing soybeans and
water in a ratio of 1:7. The slurry was heated at 105°C for 3 minutes before separation
of solids (okara) and liquid (soymilk) by a filter centrifuge'.

5.2.3. Okara extract production

Clear okara extracts were produced at alkaline pH (10) with subsequent precipitation
of the proteins at pH 4.5. 40 g of crude okara was mixed with deionized water to
achieve a liquid-to-solid ratio of 20 to 1, including the water present in the okara. The
pH was adjusted with 1M NaOH to pH 10. The mixture was placed in a shaking water
bath at 50°C for 1h. After extraction of the soluble compounds under the described
conditions, the liquid was separated from the fibrous residue by means of an Amicon
stirred cell 8400 (Millipore, Massachusetts, USA). A Whatman filter paper no. 1 was
placed at the bottom of the Amicon equipment and air pressure was applied. The

samples were filtrated until no more extract passed the filter. The extract was
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collected in a tube and the pH adjusted with 1M HCIl to pH 4.5. The mixture was left
standing for 30min for particles to settle before centrifugation at 18.000 x g for 30min
with a Sorvall Legend XFR centrifuge (Thermo Scientific, USA). The clear extract
was separated from the protein pellet by decanting it through a Buchner funnel. The
clarified extract containing the isoflavones was used for adsorption/desorption
experiments.

5.2.4. Isoflavones quantification

Isoflavones were analysed with by UHPLC (Ultimate 3000, Thermo Scientific, USA)
based on the protocol described in literature '* in a C18 column (Acquity UPLC BEH
column, 1.7um, 2.1x50 mm Waters, Milford, USA). An example of a chromatogram

is shown in Figure 2.
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time (min)
Figure 2: Chromatogram of an extract of okara using abbreviations given in Figure 1.

Dashed arrows indicate isoflavones not identified in this study (Ac-Gl and Ac-G).
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5.2.5. Protein quantification

A Coomassie (Bradford) Protein Assay Kit was used for the quantification of proteins
1. Samples were compared to a BSA calibration line for quantification.

5.2.6. Dry mass determination

Dry mass determination was done by weight difference. 10 ml of sample was taken to
dryness in an oven at 40° C. The measurements of the dry mass yielded the solid
content in solution. The amount of unquantifiable solids was calculated by subtraction
of the known amount of proteins and isoflavones from the solid content.

5.2.7. Batch uptake experiments

Batch uptake experiments were carried out as follows. A known amount of resin
(around 0.02 g) was mixed in a 96 deep well plate with 1 ml of okara extract at
different dilutions. The resin was previously washed with methanol and equilibrated
with mili-Q water. The deep-well plate was left stirring overnight at 600 rpm to
achieve equilibrium. Samples of the starting solutions as well as the equilibrium
solutions were taken and analysed by both, the UHPLC and the Bradford method. The

adsorbed amount was calculated from the measurements according to Equation 1.

(C'. 'n't'al_c', equ'l'br'um)
Qi — \%i, initi i ilibri 174 [1]

Myresin

Where Q; represents the concentration of component i in the solid (mg/g-resin), C; is
the concentration of the component 1 in the initial (or equilibrium) solution (mg/L),
Myesin, the mass of resin material (g) and V' is the for volume of the solution in the well
(L). Elution with 75% (w/w) ethanol/water was done to prove the applicability of

Equation 1. Mass balances closed within the experimental error.
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5.2.8. Error Calculation

Two types of errors have been taken into account in this work: errors related to
measurements, and errors related to regressed parameters.

For the calculation of the error due to the measurements the error propagation

Equation 2 has been used. '°

o0 = (@) o2 + () o+ )

Where o represents the standard deviation, U is the property that is being calculated,

and x, y, etc. represent the different experimental measurements that this property is
calculated from.

The errors related to regressed parameters were taken from the covariance matrix
calculated from the Jacobian given by the fitting function (Isqcurvefit).

The computer software MATLAB (Version 7.11.0.584 MathWorks, Inc.) was used

for modelling and regression.

5.3. Results and discussion

5.3.1. Loading experiments

Table 1 shows the initial concentrations of the major isoflavones present in the okara
extract. In soy, 12 isoflavones have been identified (Fig. 1). However, both Ac-Gl and
Ac-G were not identified in the okara extract, which is in line with previous research'
719 Ac-D, Ag-Gl, and M-Gl were present in such low concentrations that we chose
to concentrate our study on the main isoflavones present in the extract as listed in
Table 1. The purity of those seven isoflavones together in the mixture was 0.51% and

will be named from hereon as total isoflavones.
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Table 1: Composition of okara extract

Compound Concentration in the
extract (mg/L)
G-D 6.191
G-Gl 1.325
G-G 4.969
M-D 4.225
M-G 5.641
Ag-D 2.492
Ag-G 1.190
Proteins 292.8
Unidentifiables 4900

As only ethanol and water can be used as solvents, it is preferred to use water as a
loading solvent, and a mixture of ethanol-water as an eluting agent. This knowledge is

2021 and rules of thumb but not on actual

based on experience with similar molecules
data for isoflavones. Therefore, a screening of the adsorption behavior of the
isoflavones dissolved in different solvents was performed prior to actual adsorption
experiments. The okara extracts were produced with ethanol in water ratios ranging
from 0%-80% (w/w). Higher ethanol concentrations in the mixtures were not possible
to achieve due to the moisture that the okara holds. The affinity of isoflavones in

different ethanol-water okara extracts onto one of the resins (XAD 761) is shown

Figure 3.
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Figure 3: Isotherms for the total isoflavones at different ethanol mass fractions of
okara extract with resin XAD 761. The surface is shown to guide the eye.

The slope of the isotherm is a good indication of the affinity of the compound for the
resin it is adsorbing onto. Figure 3 shows that the slope of the isotherm was largest for
water based solutions and it decreased with the increase of ethanol until a mass
fraction of 0.5-0.6 in which the minimum is located. For higher ethanol fractions the
slope increases again.

The difference (even with the closest one, the 20% ethanol) is big enough to choose
water as the preferred solvent for the adsorption of isoflavones.

The adsorption of the different isoflavones and proteins on the selected resins was
studied extensively. For a better understanding, the behavior of the different types of

isoflavones is displayed to compare those with the other compounds of their group
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(Figure 4). Most of the compounds behave in all the resins similarly. In Figure 4, resin

XAD 761 was chosen for clarity.
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Figure 4: Different isotherm behavior of the isoflavones in adsorption of the water-

based extract with resin XAD 761.A: Glucosides, B: Aglycones, C: Malonyl esters

and D: daidzin-based isoflavones. Lines represent the linear isotherm the data has

been fitted to.

In the three groups (aglycones, glucosides and malonyl esters) the genistin form

presents always a higher slope than the daidzin one. G-Gl is the only glycitin form

taken into account and therefore the only glycitin-based type to be discussed. Its slope

is considerably lower than any of the other forms, which indicates a lower affinity for

the resin and/or a higher affinity for the solvent. The comparison of adsorption

between different groups is shown in Figure 4-D. The malonyl ester has the lowest

affinity, possibly because it is charged at the pH of the experiment. The slope of the

113



aglycones is the highest due to their hydrophobicity, which is higher than the one of
the glucosides.

A common way to quantify the hydrophobicity is to determine the logarithm of the
partition coefficient between 1-octanol and water, the so-called logP-value. However,
logP does not account for charged species, therefore, logD was used in this work.
LogD is the value of logP as a function of pH. The values are shown in Table 2. When
combining the information provided in Table 2 and Figure 4 it can be clearly seen that
a higher the value of log D coincides with a steeper slope of the isotherm, which both
points in the direction of higher hydrophobicity

Table 2: LogD values of most common isoflavones for a pH of 4.5. >

Aglycones Glucosides Malonyl esters
Genistin 3,08 0,81 -0.02
Daidzin 2,73 0,46 -0.31
Glycitin 2,57 0,3 -0.56

Besides a different behavior of the isoflavones in a resin, individual isoflavones
behave differently in different resins. This difference in behavior can be due to
chemical and/or physical properties of the resin such as porosity, surface area, surface
chemistry, and pore diameter. Due to the many possible comparisons, only total
isoflavones and total proteins behavior are shown in Figures 5 and 6. For a more-in-
detail comparison, all isotherms have been modelled and their regressed parameters

tabulated in Tables A1-A3 (Appendix) and Table 3.
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Figure 5: Isotherms of total isoflavones of the water-based okara extraction for the 6

resins studied in this work. Lines represent the linear isotherm the data has been fitted

to.

Figure 5 shows that all isotherms present linear or close to linear behavior. Diaion

20HP is the resin with the steepest slope.
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Figure 6: Isotherms of total proteins of the water-based okara extraction for the 6

resins studied in this work. Lines represent the linear isotherm the data has been fitted

to.
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The results for the total proteins can be seen in Figure 6. All isotherms present a close
to linear behavior and, like in Figure 5, Diaion-20HP is the one with the steepest
slope.

5.3.2.Modeling

Since the concentrations in this work are rather low in comparison with the large
surface area of the resins, and based on the experimental results shown in Figures 4-6,
it was decided to use linear isotherms as a model for fitting.

It can be observed in Table A3 (Appendix) that the value of the slope for the total
unidentifiables is between 0.009 and 0.023 which is more than 10 times lower that the
value for the slope for isoflavones (from 0.14 to 1.8). This shows the high affinity of
this type of resins for isoflavones and proteins in comparison to non-phenolic
compounds.

Unfortunately, some of the parameters from Table A1-A3 (Appendix) present a large
error when fitted to a linear isotherm (specially the parameters from XAD 4) which
might point to a model different from linear isotherm model. As mentioned at the
beginning of this section, concentrations of the isoflavones are small in comparison
with the surface area of the resin, which makes saturation effects an unlikely cause of
non-linearity. However, the existence of an interaction between proteins and
isoflavones is plausible and their interaction and complexation has been reported in

. 23-25
literature

. Therefore, the adsorption of isoflavones on top of already adsorbed
proteins is not unlikely. Moreover, when plotting the slope of the linear isotherm for

each experiment versus the amount of adsorbed protein (Figure 7), a clear trend is

observed. As well, a sketch of this interaction is shown in Figure 8.
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Resin
Protein
Isoflavones

Figure 8: Sketch representing the bilayer model with distinctive affinity parameters

(K) given and zoom in of the isoflavone-protein-resin complex showing the scale of
the different components.

For all isoflavones, an increase in the amount of adsorbed proteins, decreases their
affinity for the resin. In the case of proteins, the effect is opposite, the higher the
amount of adsorbed proteins, the higher their affinity is.

A simplified model for this system can be developed in which a linear adsorption is
presumed in both systems: isoflavone-resin and isoflavone-protein. Equation 3

represents the well-known Langmuir Equation for isotherms.

Amax,iK1iCeq,i
P — —‘ i 2 3
Qeqi =~ KiiCogs [3]

in which Kj; represents the affinity coefficient (L/gesin) , ¢mas.; the maximum capacity

3L
1

(mg/gresin) and C,y; the concentration (mg/L) of species “i” in the liquid at
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equilibrium. When the concentration of the species is really small, Equation 3 can be
simplified to Equation 4 by presuming that K;;Ceqi<< 1.

Qeq,i = Gmax,iKiiCeq,i [4]
In both systems (isoflavone-resin and isoflavone-protein), qmax.i is @ function of the
protein adsorbed. In the case of the isoflavone-resin system, qmax.i decreases linearly
with the amount of adsorbed protein, since the amount of available resin is lower
when protein is adsorbed. In the case of the system isoflavone-protein, qmax i increases
linearly with the amount of protein adsorbed onto the resin. Taking this into
consideration, Equation 5 is the one used for the system isoflavone-resin while

Equation 6 is the one used for the isoflavone-protein system.

Qeqisr = (@maxi — AQeqp)K1iCeq: [5]
Qeqi/p = AQeqpKipCeq,i [6]
Where “a” represents a surface parameter for proteins and “p” stands for proteins.

Equation 7 can be used for the entire system by combining Equations 5 and 6, and it
can be simplified further to Equation 8.

Qeqi = [(Kipa — K;;0)Qeqp + KiiGmaxi]Ceqi [7]
Qeqi = (Ki/pQeqp + Kijr)Ceqi [8]
In this context Kj, relates to the affinity of the isoflavone for the protein in
comparison with the affinity of the isoflavone for the resin. This parameter will be
negative when the affinity for the protein is lower than the affinity for the resin. Kj;
relates directly to affinity of the isoflavone for the resin. When Equation 8 is applied

to proteins, instead of isoflavones, it becomes Equation 9.

— Kp/rCeap
Qeap = 1-Kp/pCeq,p K

The parameters have been regressed for the system and are displayed in Table 3.
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Table 3: K, and Ky, parameters from Equation 8 and 9. Bold numbers represent the

equilibria for which Equation 8 is preferred to Equation 4.

G-D G-Gl G-G M-D M-G Ag-D Ag-G Proteins
Kip | -0.0225 | -0.0145 | -0.0236 | -0.0060 | -0.0077 -0.256 -0.38 0.0142
[L/ | £0.0075 | +0.0047 | £0.0085 | +0.0019 | +0.0031 | +0.076 +0.44 +0.0028
4 Kir 0.440 0.298 0.484 0.191 0.231 3.95 5.7 0.182
L/ | £0.071 +0.046 +0.081 +0.016 +0.027 +0.83 +5.3 +0.017
gresin]
Kip | -0.017 -0.017 -0.019 -0.0046 -0.012 -0.041 -0.0073 -0.016
L/ +0.016 +0.016 +0.019 | +0.0084 | +0.014 +0.067 +0.058 +0.011
16 Kir 0.49 0.48 0.54 0.304 0.42 1.16 0.89 0.491
L/ +0.13 +0.13 +0.15 +0.066 +0.11 +0.57 +0.49 +0.061
gresin]
Ky, | -0.027 -0.036 -0.036 -0.0121 -0.029 -0.080 -0.131 -0.050
XAD | [/ | 0011 | #0016 | 0.020 | £0.0072 | £0.017 | +0.055 | +0.076 | 0.011
mg]
1180
N Kir 0.486 0.56 0.65 0.328 0.56 1.45 2.12 0.711
L/ | +0.079 +0.13 £0.15 +0.051 +0.13 +0.45 +0.65 +0.054
resin]
Ki, | -0,0021 | -0,0073 | -0,0012 | -6.7E-4 | -9.7E-4 | 0,0018 0,0104 | -0,0218
[(L/ | £0.0017 | £0.0018 | +£0.0019 | +6.5E-4 | +£0.0013 | +0.0043 | +0.0072 | +0.0075
761 Kix 0,157 0,179 0,183+ | 0,0830 = 0,126 0,385 0,415 0,779
L | £0.014 | #0019 | 0016 | 0.0051 | =0.010 | =0.043 | £0.070 | +0.055
resin]
Kip | -0,0053 | -0,0074 | -0,0059 | -3.2E-4 | -0,0022 -0,010 -0,010 -0,026
[L/ | £0.0035 | £0.0034 | +0.0063 | +0.0014 | £0.0046 | +0.021 +0.036 +0.012
THP | Ky, 0,218 0,182 0,314 0,126 0,241 0,70 0,93 0,684
[L/ +0.028 +0.031 +0.053 +0.011 +0.037 +0.18 +0.31 +0.074
grcsin]
Kip 0,063 -0,09 0,176 0,0890 0,199 0,23 N/A -0,07
Diaio | I/ | #0.027 | +0.15 | +0.072 | £0.0075 | +0.062 | =0.33 +0.13
n mg]
>OHP Kir 0,57 3,1 0,66 0,253 0,44 5,6 N/A 2,8
[L/ +0.23 +1.6 +0.58 +0.059 +0.49 +2.9 +1.2

grcsin]

N/A: Not enough data points for a meaningful regression
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As seen in Table 3, this approach yields lower errors even though in some cases they
are still significant.

The assumption of linear isotherms for proteins and isoflavones is strengthened by the
calculation of the surface coverage. Okara protein is assumed to be beta-conglycinin’
with a molar weight of 150 kDa and a maximal projection area of 3.326 10° A
(properties calculated using YASARA 13.3.12). Properties from the resin are taken
from Mendez Sevillano et al. (2014)"%. The protein coverage never surpassed 1% of
the total surface of the resin, having 0.84% as a maximum value for the experiments
with XAD 761 (the resin with the lowest surface area).

Two models have been studied, the one described by Equation 4 (linear model) and
the one described by Equation 8 (bilayer model). The bilayer model shows a better fit
than the linear model (Figure 7) but it uses one more parameter so their comparison is
not as easy as comparing fits. Akaike Information Criteria (AIC) *° can be used to
compare different models with different amount of regressed parameters. The model
that obtains the minimum AIC value is the more likely to describe the system.

In this work it has been considered that the bilayer model is the one closest to describe
the adsorption if its AIC value is 2 units below the AIC of the linear model (as it is
accustomed for comparisons with different parameters®’). Equilibria in which that
occurred have been bolded in Table 3. The bilayer model describes the experiments
well with resins XAD 4 and Dianion 20HP and in a lesser extent with the other resins.
Those two resins exhibit a higher hydrophobicity as it can be seen from their higher
K, for aglycones (the most hydrophobic isoflavones). This higher hydrophobicity of
these resins might drive the less hydrophobic isoflavones to adsorb onto the adsorbed
proteins, thereby making the bilayer model a more accurate description of the actual

adsorption.
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The regressed parameters for the different compounds are correlated to their logD

(Table 2) in Figure 9.
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Figure 9: Slope of the linear isotherm of the isoflavones (Table A1) vs. logD of all of
the isoflavones for three resins (left). K, and Ky, (Table 3) vs. logD of all of the
isoflavones for XAD 4. Lines are shown to guide the eye.

Figure 9 shows a clear relationship between the equilibrium constants and the logD of
each isoflavone species of the solution which points at hydrophobicity as the main

driving force in this system.

5.4. Conclusion

Batch adsorption has been carried out on different resins using the extract of okara (of
different ethanol / water mixtures) and several food-grade macroporous polymeric
resins. The content of each isoflavone, proteins and dry mass has been analysed for
those samples yielding isotherms for each of those compounds/ group of compounds.
The isotherms are modelled by regressing parameters that give affinity information
crucial for the understanding of the different interactions that take place in this
complex mixture and how to use them for the optimization of a process. A model is
proposed and developed based on observed data by which isoflavones form a bilayer

adsorbing onto proteins as well as on the surface of the resin. Akaike criterion shows
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enough evidence for the formation of a bilayer in adsorption. This bilayer model is
proved for the equilibria of all isoflavones with resin XAD 4 and the proteins with all
the resins but Diaion 20HP. Regressed parameters and their accuracy is reported.
Moreover, hydrophobicity is shown to be an important factor to drive the process in
both types of adsorption: when polyphenols adsorb onto the resin and when they
adsorb onto a protein layer. The regressed thermodynamic parameters (K ;, Kj;,and
Kix ) clearly correlate with the hydrophobicity of the molecules. This finding can be
used in future work for the development of a predictive model in which the properties

of the solute and of the resin are taken into account.
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Appendix

Table Al: Slopes of the different isoflavones for each resin [L/gyesin]

XAD-4 XAD 16 | XAD XAD 761 | XAD Diaion
1180N THP 20HP
0.239 0.360 0.305 0.1416 0.179 1.08
G-D +0.027 +0.036 +0.034 +0.0056 | +0.010 +0.12
0.162 0.342 0.263 0.1055 0.118 2.20
G-Gl +0.017 +0.037 +0.045 +0.0092 | +0.010 +0.46
0.268 0.395 0.393 0.1736 0.267 2.00
G-G +0.029 +0.043 +0.053 +0.0063 | £0.018 +0.31
0.1436 0.270 0.248 0.0782 0.1237 0.92
M-D +0.0077 | £0.020 +0.020 +0.0020 | +£0.0039 | +0.14
0.169 0.326 0.356 0.1188 0.224 1.91
M-G +0.011 +0.032 +0.045 +0.0040 | +£0.013 +0.33
1.18 0.82 0.822 0.401 0.618 7.50
Ag-D +0.22 +0.13 +0.131 +0.015 +0.055 +0.75
1.18 0.83 1.03 0.509 0.851 8.12
Ag-G +0.26 +0.10 +0.17 +0.027 +0.092 +1.60

Table A2: Slopes of the different groups of isoflavones for each resin [L/gesin]

XAD-4 XAD 16 | XAD XAD 761 | XAD Diaion
1180N 7HP 20HP
Total 1.23 0.82 0.89 0.430 0.674 7.62
Aglycones | £0.21 +0.12 +0.15 +0.176 +0.614 +0.65
Total 0.241 0.372 0.331 0.1508 0.199 1.44
Glucosides | £0.027 +0.039 +0.041 +0.0063 | £0.013 +0.16
-ll\-/(l);?olnyl 0.1573 0.300 0.300 0.0986 0.1695 1.31
+0.0095 | +£0.026 +0.030 +0.0029 | £0.0071 +0.21
esters
Table A3: Slopes of the major compounds of okara extract [L/gresin]
XAD-4 XAD 16 | XAD XAD XAD Diaion
1180N 761 7THP 20HP
Total 0.220 0.369 0.349 0.1409 0.209 1.58
Isoflavones +0.015 +0.036 +0.039 +0.0048 | +£0.011 +0.20
0.259 0.404 0.468 0.633 0.537 2.48
Total Proteins | £0.014 +0.026 +0.037 +0.029 +0.034 +0.73
Total 9.45e-3 1.38e-2 1.45e-2 2.27e-2 1.02e-2 2.32e-2
Unidentifiables | £7.3e-4 | £1.1e-3 +1.1e-3 +1.8e-3 +7.9e-4 | £1.8e-3
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Chapter 6: A Thermodynamic Lattice Model Describing Adsorption of Phytochemicals

onto Macroporous Polymeric Resins

Abstract

Adsorption is an important mechanism that is used widely for purification or concentration in
several fields. One growing field is that of nutraceuticals, which are products derived from
food sources that have health-related properties. This work shows the development of a
thermodynamically consistent adsorption model for the four main catechins (nutraceuticals
from tea) onto macroporous polymeric resins made from polystyrene divinylbenzene, using a
lattice of available adsorption sites. Infrared spectroscopy measurements were performed in
order to properly characterize the resin. In addition activity coefficients in the interphase were
calculated for the four compounds and modelled with the Margules model. The fit is good
(0.26 log units) and the regressed parameters are reported with their accuracy. These
parameters can be used for the calculation of the equilibrium constants. All regressed and
calculated parameters were correlated to the logD value of the compound and show linearity
(R? 0f 0.9989 and 0.9881) indicating that hydrophobicity is a dominant driving force for the

adsorption of catechins on polystyrene divinylbenzene resins.

Submitted as: A Thermodynamic Lattice Model Describing Adsorption of Phytochemicals

onto Macroporous Polymeric Resins. David Méndez Sevillano, Sumit Sachdeva, Luuk A.M.

van der Wielen, Nasim Hooshyar, Louis C.P.M. de Smet and Marcel Ottens to Langmuir.

129



6.1. Introduction

Adsorption is a widely used mechanism for removal, concentration or purification of target
compounds from a liquid or gaseous stream. Production of pharmaceuticals', bulk
chemicals?, treatment of waste water’, etc. often rely on adsorbents for their key processing
steps. This thorough use of adsorbents has driven research from engineering or empirical
models to more mechanistic ones in an attempt to understand and predict the behavior of
target substances with the sorbent of choice.

Adsorption is currently being studied for its application in the field of nutraceuticals.
Nutraceuticals are compounds present in our diet with positive health-related effects®. These
compounds are mostly found in plants and are often present in waste streams of food industry
that can be valorise by their recovery. An interesting family of antioxidants are the
polyphenols, because of their health-related properties which is the result of a variety of
benefits including lowering cholesterol levels®, obesity or certain types of cancer®,

Research on concentration or purification of polyphenols from complex streams has focused
on their adsorption onto macroporous polymeric resins’ . These resins offer some clear
advantages such as very high surface area, low cost and food-grade status. Most of these
resins are styrene-divinylbenzene polymers and therefore, hydrophobicity is likely to be one
of the main driving forces for the adsorption. However, very little mechanistic knowledge has
been gathered about this interaction. Moreover, the impossibility of direct measurements at
the interphase makes the determination of important thermodynamic properties, such as

activity coefficients, challenging to measure, and therefore, model.
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OH
(-)-Epicatechin (EC) (-)-Epigallocatechin (EGC)
OH OH
OH OH
OH OH
OH OH
OH OH

(-)-Epicatechin gallate (ECg) (-)-Epigallocatechin gallate (EGCQ)

Figure 1. Four major catechins present in tea.

The aim of this work is to develop a consistent thermodynamic framework whereby
important thermodynamic properties of adsorption can be measured and modelled. This
framework is then to be applied to a multicomponent adsorption of polyphenols onto a
macroporous polymeric resin. The chosen polyphenols for the experiments are the four main

catechins (Figure 1) that can be found in tea leaves or green tea beverage.
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6.2. Theoretical framework.
The model proposed in this work is based on surface excess models thoroughly studied in

1416 The system of study is divided in three phases as showed in Figure 2: the bulk

literature
phase (or liquid phase), the adsorbed phase and the resin. The adsorbed phase consists of a
monolayer of molecules on the surface of the resin. There is no chemical exchange between

the resin and the adsorbed phase and therefore, no thermodynamic equilibrium relations can

be calculated from their interaction.

_ Solute (i)

Bulk phase (L)

Adsorbed ph Ise S)

b /////%

Figure 2: Scheme of the system considered in this study (not to scale). Ellipses represent the

solute molecule.
If both the adsorbed phase and the bulk phase are in equilibrium, the chemical potential of

each compound (i) is equal to the chemical potential of said compound in the other phase.

wo=u [1]
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Where p represents chemical potential and superscripts / and s represent liquid phase and
adsorbed phase.

The change in chemical potential taking only composition effects into account can be
calculated with Equation 2.

w=1°+RTIn(x;y;) (2]

[13%2]
1

Where ;° represents the chemical potential of compound “i” at a standard state (pure i liquid
at atmospheric pressure and room temperature), R is the ideal gas constant (8.314 JK ™' mol™),
T stands for temperature (in Kelvin), x; represents molar fraction and vy; activity coefficient of

[13%4]
1

compound “1”. Equation 3 is the result of substituting Equation 2 on both sides of Equation 1

followed by some operations.

L L

S v =exp (%) =K;(T) [3]

XY;
Where K; is the equilibrium constant. The molar fraction in the bulk phase (x;") can be
calculated by measuring directly the concentration of the different components. The activity
coefficient in the liquid phase (y;") can be predicted by models from literature with proven
accuracy like NRTL-SAC'’, COSMO-RS'® or UNIFAC". Since this work is focused on
polyphenols, the activity coefficient model used in it is MPP-UNIFAC?’, an activity
coefficient model based on mod-UNIFAC but specific for polyphenol interactions.

Based on a mass balance between initial and equilibrium time, adsorbed moles can be
quantified (n% and n"; respectively). The challenge arises for the calculation of the molar
fraction in the adsorbed phase since the volume of such phase is unknown. The surface
excess model, as explained in literature, applies only for microporous resins as it calculates
molar fractions in the adsorbed phase from the volumetric capacity of said micropore. This
calculation cannot be used in the case of macroporous resins since the maximum diameter of

their pores can go up to 1 pm*' making the assumption of constant concentration throughout
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the pore implausible. Therefore, molar fraction in the adsorbed phase needs to be calculated
in a different manner.

In this context, adsorption is a surface phenomenon and therefore, the logical measure of the
ratio of a compound should be the ratio of the surface that is covered by this compound.
Furthermore, since most of these resins are polystyrene-divinylbenzene polymers, -1
bonding is likely to be involved in the adsorption mechanism. Based on this reasoning, a
lattice-based model has been developed whereby the surface of the resin consists of a finite
number of benzene rings (N;) and solute molecules (n;) occupy a defined number of them (L;)
and therefore, molar fractions in the solid can be calculated by Equation 4.

S— (n?-ni)Li

X N—s [4]
After applying Equation 4 to Equation 3, x;", yi- and x;° can be calculated and K; and v;®
remain unknown and, in theory, cannot be calculated independently from each other.

However, if Equation 4 is applied to an infinite dilution scenario, it transforms into Equation

5.

L,co_ L,00

5w = Ki(T) [5]

l l

The ratio between the molar fractions in the bulk (x;") and in the adsorbed phase (xi") is also
known as Henry adsorption constant (H;) and can be obtained from the experiments. Since K;
is independent of the concentration it can be substituted again into Equation 3 and rearranged

to get Equation 6.
Vi sS__xiv
e =Yi =T Loz [6]

Equation 6 allows the determination of the so-called unsymmetric activity coefficient™ (y;**®)
from experiments.
Different activity coefficient models were studied in this work for the modelling of the

unsymmetric activity coefficients determined with Equation 6. Most of the activity
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coefficient models in literature study the symmetric activity coefficient (y;) but they can be
used for unsymmetric activity coefficients by calculating y;” within the model and dividing
said symmetric activity coefficient by the infinite dilution one (y;”). Symmetric activity
coefficients® follow Equations 7 and 8.

x; >0 Yi =V [7]
x;—> 1 vi=1 [8]
While the unsymmetric activity coefficient follows Equations 9 and 10.

x; =0 yi=1 [9]
-1 y=)T [10]
However due to the inherent characteristics of adsorption of biomolecules, the range of molar
fractions that are studied very rarely surpass high molar fractions and the calculation of ;>
requires an extrapolation to x;°=1 (Equation 10). Therefore, to avoid overparameterized
models and the consequent inaccuracy in their parameters, it was decided to use a simple
model, the two-suffix Margules®, for modelling surface activity coefficients. For similar
reasons, it was assumed that the polyphenol-polyphenol interaction is negligible. This model

can be found in Equation 11.

Aj
Iny; =% (x3,)? [11]
Where A, is the Margules constant and x,” is the molar fraction of water in the adsorbed
phase. The infinite dilution activity coefficient can be calculated from Equation 11 and

Equation 7, as depicted in Equation 12.

s,o0 _ Ai
Iny;” = o [12]
Furthermore, the model for unsymmetric activity coefficient is developed from the ratio

between y;® and y;> * and can be seen in Equation 13.

Iny" =24 [(x3)2-1] [13]
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Lastly, the Margules constant (A;) regressed from the experiments, can be used in both
Equations 11 and 13. Thus allowing the calculation of the symmetric activity coefficient and

therefore, the calculation of the equilibrium constant K; using Equation 3.

6.2. Materials and Methods

6.2.1. Materials.

Catechins concentrate SunPhenon 90LB was purchased from Taiyo Kagaku Co. Ltd (Jiangsu,
China). Epicatechin, Epigallocatechin, Epicatechin gallate and Epigallocatechin gallate (EC,
ECG, ECg and EGCg respectively) were obtained from Nacalai UNA, Inc. with a purity of
98% or higher. Methanol and acetonitrile (purchased from Sigma-Aldrich with a purity
higher than 99.9%) and Milli-Q water are used as solvent in different steps.
Ethylenediaminetetraacetic acid (EDTA) and glacial acetic acid (purity higher than 99.85%)
were purchased from Sigma-Aldrich (Missouri USA). The resin AMBERLITE™ FPX66 was
purchased from Dow Chemical (Midland, Michigan USA).

6.2.2. Batch uptake experiments.

Experiments were done in Multiscreen® Filter Plates (Millipore USA) Resin was applied into
the filter plate with the aid of Titan 96 Well Resin Loader (Radleys, UK) and methanol was
pipetted in each well for preventing drying of the resin. After two washing steps with
methanol and ethanol respectively, an equilibration step with water was performed and then
different dilutions of SunPhenon 90LB in Milli-Q water were pipetted in the wells.

The filter plate is stirred at 50 rpm for 60 minutes (initial batch uptake experiments showed
an equilibration time of approximately 30 minutes) and its content is centrifuged onto a deep

well plate (VWR International, USA) for posterior HPLC analysis.
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6.2.3. HPLC quantification

EC, EGC, ECg and EGCg were analysed with by HPLC (DIONEX IC-3000) in a CI8
column (Luna 5 um Phenyl-Hexyl, Phenomenex, ltd.) following protocol detailed in
literature™ using acetic acid in acetonitrile (2% v/v) and in 20 mg/l EDTA in water (2% v/v)
as mobile phases and read at a wavelength of 278 nm with a Photodiode Array detector
(DIONEX PDA-3000). In the resultant chromatogram (Figure 3), the 4 main catechins plus
important compounds from green tea such as gallic acid or alkaloids as theobromine or

caffeine can be quantitatively determined.

1400
EGCg
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Figure 3. HPLC chromatogram of green tea catechins (gradient elution of water-acetonitrile).

6.2.4. FTIR Spectroscopy

Fourier Transform Infrared Spectroscopy was performed by using a Bruker IFS66 FT-IR
Spectrometer with DTGS detector with KBr beam splitter. The spectra were recorded from
4000 cm™ to 400 cm™ wavenumbers with 128 scans and a resolution of 4 cm™. Samples were

dried and pulverized as specified in literature”.
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6.2.5. Calculation of Number of sites

The resin used for the experiment is a polystyrene divinylbenzene (SDVB) resin. As Figure 4
shows, the divinylbenzene polymer (B) crosslinks the different oligomers of styrene (A) or in
a lesser extent, forms an unresolved crosslink (C). A crosslink between two chains results in a
benzene ring missing from one of the chains since the second vinyl group from the

divinylbenzene takes the place of the styrene in that chain.

Figure 4: Schematic molecular structure of a cross-linked styrene-divinylbenzene (SDVB),
where A and B/C represent the functional groups related to the styrene and divinylbenzene,
respectively. While B acts as a cross-linker if both vinyl groups reacted, C represents

divinylbenzene with one unreacted vinyl group.
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The entire surface area (S,m,.) can be divided in the contribution to the area by the styrene
molecules (Sa,sty) plus the contribution to the area by the divinylbenzene molecules
(Sgpvp) asseen in Equation 14.

Sasty T Sapvp = Samy [14]
As observed, the area occupied by a molecule of styrene (A in Figure 4) is similar to the
maximum projection of a molecule of divinylbenzene (Apy5) while the area occupied by a
molecule of divinylbenzene (B in Figure 4) is twice this value. Moreover, the amount of
unresolved crosslinks (Ny) does not occupy the same area as a divinylbenzene but as a

styrene. This reasoning can be translated into Equation 15.

(Nsty + Nyc + 2(Npyp — Nuc)) Apyg = Sgm, [15]
From the FTIR measurements the ratio between moles of styrene and unresolved crosslinks

and moles of resolved divinylbenzene (R, pyp in Equation 16) is known.

Nsty‘l'NUC

R = 16
S/DVB= . N [16]
When substituting Equation 16 into 15, Equations 17 and 18 are obtained.
Rs/pvBSamy

Ngy+Nyc=—"———= 17

sty TUCT Apys (Rs/pve+2) [17]
Nivor-Nyie= _ Samr [18]

bvB=TuC™ Apve(Rs/pvB+2)
And since both styrene and divinylbenzene have one aromatic ring and therefore, one
adsorption site the amount of sites will be the addition of equation 17 and 18.

= _ Samr (Rs/pyptl

Ns = NSty + Novs = ApvB (RS/DVB+2> [19]

Where Rgpyp is the ratio between styrene plus unresolved divinylbenzene and crosslinked
divinylbenzene, Apyg is the maximal projection area of the divinylbenzene monomer (Table
2), S, is the specific surface area (914 m?/ )’ and m, is the mass of resin used for the

experiment.
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6.2.6. Error Analysis
Two different types of errors were calculated: propagation error and parameter error.
Propagation error applies to experimental data while parameter error is calculated for
regressed parameters.

For the calculation of the error propagation® Equation 20 has been used.

o= J(52) o2 + () o5 + - 20

Where o represents the standard error, U is the property that is being calculated, and x, y, etc.

represent the different experimental measurements that this property is calculated from.
The errors related to regressed parameters were calculated by the MATLAB routine
“nlparci”.

Optimization: The minimizing function for the fit of the Margules model (Equation 13) is

shown in Equation 21.

Y-S' model_y_s. exp 2
F=% (—) [21]

0_s, exp
Yi

And since the fit is for an activity coefficient model, the error of the fit can be calculated by

Equation 22.

S model
i

ln S, eXp
Yi

[22]

Error (log units )= %Z

Where N represents the total number of experiments.
The optimization routine was implemented and performed in MATLAB (Version 8.0.0.783

MathWorks, Inc.).
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6.3. Results and discussion.

6.3.1. Calculation of number of sites

An established method for the calculation of the ratio of copolymers is by FTIR
spectroscopy**. Figure 5 shows the FTIR spectra for the resin FPX66. Following the method
explained in literature** a value for Rspye equal to 0.558 is obtained. (Table 1)

Table 1: Chemical IR characterization of the resin Amberlite FPX66

Bond Wavelength (cm™) Area of the peak Milli-equivalents/g
Double bond 1630 1.570 0.234
p-benzene 838 7.931 0.769
m-benzene 795 6.245 0.699

Mono-substituted
1493 2.958 0.456

benzene

R

0,5 S

: A
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\

Absorbance
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Figure 5: IR Spectrum of the resin FPX66.
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6.3.2. Calculation of molecules per site:

Adsorption of the polyphenols onto the sites requires the full occupation of those sites and
therefore, a factor (L;) was added to Equation 4. The values of those factors can be found in
Table 2.

Table 2: Comparison of projection areas of the different compounds of this work and a resin

site.
Maximal Occupied sites per molecule
Compound projection
Exact Considered

Area (Az)
EC 77.1 1.41 2
EGC 81.5 1.49 2
ECg 98.5 1.80 2
EGCg 100.4 1.84 2
Water 9.7 0.178 0.2
Resin site 54.6 1.000 1

6.3.3. Activity coefficient in the interphase

By substituting Equation 17 into Equation 4, the molar fractions in the interphase can be
estimated. Once known, unsymmetric activity coefficients are directly calculated by using
Equation 6 and modelled by the Margules model described in Equation 13. The regressed
parameters can be found in Table 2 and the fit can be appreciated in Figure 6. The error of the
fit is 0.26 log units which is better than the typical error of widely used models like Mod-

UNIFAC (0.5 log units), COSMO-RS (0.6 log units)*” or NRTL-SAC (0.55 log units)>.
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Figure 6: Unsymmetric activity coefficient as a function of the water molar fraction for the
four catechins and fit of Equation 13 with the parameters of Table 2.

The fit of the model is good and the parameters regressed are accurate. There seem to be two
different trends that coincide with the different types of catechins. The gallated catechins
(ECg and EGCg) show increasing values of unsymmetric activity coefficients with increasing
water molar fraction while the non-gallated ones (EC and EGC) show decreasing values with

increasing water molar fractions. Moreover the extra hydroxyl group that the
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epigallocatechins have (EGC and EGCg) increases slightly the values of activity coefficients
in comparison to their counterparts (EC and ECg).

6.3.4. Equilibrium constants

Once the parameters for the activity coefficient model (A;) in this system are regressed, they

can be used for the calculation of the equilibrium constant (K;) using Equation 3. A

representation of the equilibrium constants as a function of the molar fraction of the

compound is shown in Figure 7 and a weighted average of the values can be found in Table

3.
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Figure 7: K values as a function of molar fraction of the compound. Dashed lines represent

the weighted average.
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Table 3: Margules coefficient and natural logarithm of the equilibrium constant for the four

studied catechins.

EC EGC ECg EGCg
A; (J/mol) 1.73+0.26 2.45+020 249 £ 0.63 1.74 = 0.46
InK; 5.195+£0.075 |-4.209+0.097 |-12.443 +0.063 | -11.694 % 0.050

As Figure 7 shows, the value of the equilibrium constants is always lower than one. This is
very important since according to the definition of K; (Equation 3) the lower the value of K;
the is the higher the affinity for the resin is. For a K; equal to one, there would be an equal
distribution between phases.

6.3.5. Predictive power of the model

The main driving force in the adsorption of these compounds is most likely hydrophobicity
and therefore, it is to be expected that the regressed and calculated thermodynamic
parameters (A; and K respectively) are related to the hydrophobicity of the molecules
involved. A commonly used measure of the hydrophobicity is the so-called logP. LogP
indicates the logarithm of the partition coefficient of a neutral substance between two phases:
a water phase and a 1-octanol phase. However, depending on the pH, the molecules of
interest can be charged which affects the partition coefficient. LogD measures the distribution
of a certain compound at a certain pH between water and 1-octanol. Therefore, logD is equal
to logP for the pH at which the compound is not charged. Figure 8 shows the correlation
between the Margules constant (A;) and the natural logarithm of the equilibrium constant
(InKj) and the logD of the four catechins used for this study (Table 4).

Table 4: logD of the four main catechins in tea®.

EC EGC | ECg | EGCg

logD (pH=4) 181 |1.49 [3.38 [3.08
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Figure 8: Correlation between A; and logD plus In(K;) and logD.

As seen in Figure 8 both parameters are linear with respect to the logD. The R? values are
0.9989 in the case of A; and 0.9881 in the case of InK;. These values are so close to one that it
can be safely assumed that hydrophobicity is the prominent driving force. Moreover, an
interpolation for the case of A; yields a value of logD equal to 2.37 for which A; is equal to
zero. In this particular scenario, a null A; indicates that the activity coefficient is equal to one
for any given concentration and therefore behaves ideally. Ideal behaviour in this context
means that the distribution of a certain molecule in a phase is governed by randomness since

there is no interaction between that molecule and the rest of the molecules around it. Ideal
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mixtures tend to occur with very similar compounds (i.e. benzene/toluene) and therefore this
logD for which Aj is zero might coincide with the theoretical logD of the resin. However,
more experiments are needed to further confirm this hypothesis, but falls beyond the scope of

this paper and will be content of future work in this area.

6.4. Conclusions

Adsorption experiments were performed with tea catechins in the macroporous polymeric
resin Amberlite FPX66. A rigorous thermodynamic study was conducted whereby the resin
surface was divided into sites or lattices and the molar fraction in the adsorbed phase was
defined as the ratio between occupied and total lattices. Experimental values of unsymmetric
activity coefficients in the adsorbed phase were modelled by the Margules model and
interaction parameters (A;) were regressed with good accuracy. A trend is observed whereby
the activity coefficients of the gallate versions of the catechins (ECg and EGCg) decrease
while the activity coefficient of the non-gallate versions (EC and EGC) increase upon
increasing water molar fraction.

Once the molar fractions and activity coefficients of the compounds in both phases were
known, the equilibrium constants are calculated. All K; show values lower than one which is
an indication of an efficient adsorption. Moreover, a linear relation was discovered between
the logD of the compounds and both A; and the natural logarithm of K;. Due to the high R? of
the correlation, it can be assumed that hydrophobicity is the only driving force for the

adsorption.
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Chapter 7: Outlook

This chapter tries to show what has been learned from the work described in this thesis
and what are the logical steps that follow from that knowledge.

Group-contribution (GC) methods are a very powerful tool that even though have been
around for more than 100 years, they are still used throughout literature and industry. An
important realization in this work was that the effect of neighbouring groups might play an
bigger role when GC models are applied to medium sized molecules such as polyphenols.
That would also explain why when reducing the dataset to regress parameters from to only
polyphenols, GC models give a better prediction (Chapter 3) than with the much broader
original dataset (Chapter 2). Therefore the addition of a term that accounts for distance
between groups is key in order to increase the accuracy of GC models like UNIFAC for
medium size molecules (or even bigger size biomolecules).

As well, throughout this work, logD has proven to be a really powerful tool to
characterize a molecule. Important thermodynamic properties have been directly correlated to
it, like the interaction parameter in the solid activity coefficient model (Chapter 6) or the
equilibrium constant between bulk and resin (Chapters 5 and 6). The logical next step is to
validate the observed relation between logD and equilibrium parameters such as the
equilibrium constant or the Margules parameter and therefore, develop a fully predictive tool
able to produce accurate isotherm parameters with the sole input of the structural formula of
the molecule.

To conclude, the most important of the different points raised in this chapter. The main
aim of this work was to develop tools to predict the behaviour of polyphenols in a process
and the most important next step is to use those tools that have been developed. Polyphenol

purification processes can be better optimized at a large scale but with the rise in demand of
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superfoods in the last decade and the cheapness of the raw material (polyphenols are present
in waste streams from the food industry) there is room for the implementation of a
knowledge-based design and optimization of the downstream processing. This work gives a
collection of tools that can be used for process design and a brief summary of how to use
them (Chapter 1) and the implementation of these tools to the design should yield on

efficient and cheap processes.
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Summary

The increasing population demands increasing food supply with the consequent
increase in food waste. Moreover, not only the quantity of the demanded food increases but
so does the quality. This situation poses an interesting challenge to the food industry that is
moving towards the revalorisation of the food waste and, as a part of it, towards the recovery
of nutritional compounds that provide health benefits (nutraceuticals) still present in those
streams.

However, those streams possess very complex chemical and physical characteristics,
namely multiple phases, ionic and hydrophobic interactions, etc. Moreover, the concentration
of these nutraceuticals tends to be low, making regular processes costly and inefficient if
applied to these cases. Therefore, it is extremely important to have models that describe the
behaviour of the different components of the system to be able to design and develop a
feasible process to recover these molecules.

The objective of this research, therefore, was to apply or develop and validate models
that could predict important properties for the design of a downstream process in each of the
cases.

The main focus of the work was on green tea catechins and soy isoflavones. From the
beginning, their molecular similarities made clear that Group Contribution (GC) models were
the obvious way to reduce complexity. Therefore solubility experiments of the four main
catechins (Chapter 2) were performed in order to validate a well know GC activity coefficient
model such as Mod. UNIFAC (amongst other models). The validation proved unsuccessful
since Mod. UNIFAC did not give good predictions for the interaction between the molecules
and water.

Activity coefficients are a key property in design since they account for the non-

idealities in the system which made the development of a suitable activity coefficient an
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important part of the research. An extensive bibliographic work was done and solubility
values of flavonoids (a class of polyphenols) were gathered in a database that was used for
the regression of new interaction parameters for the Mod-UNIFAC model with a new
definition of groups more applied to polyphenols. Those parameters were regressed and
validated in what is called Modified PolyPhenols-UNIFAC or MPP-UNIFAC (Chapter 3).

After having a good understanding of the behaviour of the polyphenols in solution, the
next logical step was to model their behaviour in equilibrium with a resin since Solid-Liquid
Extraction is one of the most used unit operations. A set of food-grade resins was tested for
their suitability to separate catechins from caffeine using green tea as a starting material
(Chapter 4). A model-based Design of Experiments was used in order to perform the needed
experiments to minimize the uncertainty of the regressed parameters which were further used
as criteria for a resin selection.

A similar approach was used for the okara. However since okara is a solid matrix, a
pretreatment was needed in order to bring the polyphenols to solution. This pretreatment
consisted of a solvent extraction with different ratios of ethanol and water. After testing the
behaviour of the different extracts with the resin, it was decided to further study the water
extract since it maximized the overall yield. Adsorption isotherms were measured (Chapter 5)
showing an almost linear behaviour, typical of small concentrations. In some cases it was
observed a non-linearity that was hypothesized as a bilayer adsorption of polyphenols onto
adsorbed proteins. This hypothesis was then proved for the interaction of medium-
hydrophobic isoflavones and highly hydrophobic resins. Moreover, a linear relation was
discovered between the logarithm of the slope of the isotherm and the logD value of the
compound, pointing into possible predictability of the isotherms for isoflavones.

This relationship was further studied for higher concentrations in which the isotherms

do not behave linearly. A lattice model was developed to calculate the molar fraction of the
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compounds in the adsorbed phase in contact with the resin (Chapter 6). This allowed for the
experimental calculations of activity coefficients in the adsorbed phase that were modelled
with a simple activity coefficient model (Margules). As in previous chapter, a linear relation
was discovered between the logarithm of the equilibrium constant and the logD value.
Moreover, the regressed interaction parameters showed as well a linear correlation with the
logD values of the compounds in equilibrium.

This way a “toolbox” of models is established and validated for the prediction of soy
and tea polyphenol properties. These models can be readily used for the design of a
separation process or to gain insight and develop an integrated process. Moreover, because of
the nature of the models, either group contribution or mechanistic, this toolbox is easily

applicable to different polyphenols from different sources.
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Samenvatting

De toenemende bevolking eist toenemende voedselvoorziening met de daaruit
voortvloeiende toename van de voedselverspilling. Bovendien zijn niet alleen de hoeveelheid
van het gevraagde voedsel toeneemt maar ook de kwaliteit. Deze situatie vormt een
interessante uitdaging voor de voedselindustrie die tendeert naar herwaardering van het
voedselafval en, als een deel ervan, naar het herstel van nutritionele verbindingen die
gezondheidsvoordelen (nutraceuticals) nog in deze stromen leveren.

Echter, deze stromen bezitten zeer complexe chemische en fysische kenmerken,
namelijk meerdere fasen, ionische en hydrofobe interacties, etc. Bovendien, de concentratie
van deze nutraceuticals neiging laag te zijn, waardoor normale processen kostbaar en
inefficiént indien toegepast op deze gevallen. Daarom is het uiterst belangrijk om modellen
die het gedrag van de verschillende componenten van het systeem beschrijven kunnen
ontwerpen en ontwikkelen van een haalbare werkwijze om deze moleculen te verhalen.

Het doel van dit onderzoek was dan ook toe te passen of te ontwikkelen en te valideren
modellen die belangrijke eigenschappen voor het ontwerp van een stroomafwaarts proces in
elk van de gevallen kon voorspellen.

De belangrijkste focus van het werk was op groene thee catechinen en soja-isoflavonen.
Vanaf het begin, hun moleculaire gelijkenissen duidelijk gemaakt dat de Groep Bijdrage
(GC) modellen was de voor de hand liggende manier om de complexiteit te verminderen.
Daarom oplosbaarheid experimenten van de vier catechinen (hoofdstuk 2) werden uitgevoerd
om een bekende GC activiteitscoéfficiént model te valideren zoals Mod. UNIFAC (onder
andere modellen). De validatie bleek geen succes sinds Mod. UNIFAC niet goed
voorspellingen voor de interactie tussen de moleculen en water te geven.

Activiteit coéfficiénten zijn een belangrijke eigenschap in design omdat zij goed zijn

voor de niet-idealiteiten in het systeem dat de ontwikkeling van een geschikte
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activiteitscoéfficiént een belangrijk deel van het onderzoek gedaan. Een uitgebreide
bibliografische gewerkt en oplosbaarheid waarden van flavonoiden (een klasse van
polyfenolen) werden verzameld in een database die werd gebruikt voor de regressie van
nieuwe interactie parameters voor de Mod-UNIFAC model met een nieuwe definitie groepen
meer toegepast om polyfenolen. Deze parameters werden regressie en gevalideerd in wat
genoemd wordt gewijzigd polyfenolen-UNIFAC of MPP-UNIFAC (hoofdstuk 3).

Na een goed inzicht in het gedrag van de polyfenolen in oplossing de volgende logische
stap was hun gedrag evenwichtsmodel met een hars aangezien Solid-vloeistof extractie is een
van de meest gebruikte eenheidsprocessen. Een set van food-grade harsen werd getest op hun
geschiktheid om catechines van cafeine te scheiden met behulp van groene thee als
uitgangsmateriaal (hoofdstuk 4). Een modelgebaseerde Design of Experiments werd gebruikt
om de benodigde experimenten de onzekerheid van de regressie parameters die verder
werden gebruikt als criteria voor een hars selectie minimaliseren.

Een soortgelijke werkwijze werd toegepast voor de okara. Maar omdat okara een vaste
matrix, is een voorbehandeling om de polyfenolen tot oplossing te brengen nodig. Deze
voorbehandeling bestond uit een oplosmiddelextractie met verschillende verhoudingen van
ethanol en water. Na het testen van het gedrag van de verschillende extracten met de hars
werd besloten om verdere studie het water extract gemaximaliseerd omdat de totale
opbrengst. Adsorptie-isothermen werden gemeten (hoofdstuk 5) dat een nagenoeg lineair
gedrag, typisch kleine concentraties. In sommige gevallen werd waargenomen niet-lineariteit
die werd verondersteld als een dubbellaag adsorptie polyfenolen op geadsorbeerde eiwitten.
Deze hypothese werd vervolgens bleek voor de interactie van middelgrote hydrofobe
isoflavonen en zeer hydrofobe harsen. Bovendien werd een lineaire relatie ontdekt tussen de
logaritme van de helling van de isotherm en logD waarde van de verbinding, wijzend naar

mogelijke voorspelbaarheid van de isothermen isoflavonen.
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Deze relatie werd verder onderzocht hogere concentraties waarin de isothermen niet
lineair gedragen. Een rooster model ontwikkeld om de molaire fractie van de verbindingen
berekenen de geadsorbeerde fase in contact met de hars (hoofdstuk 6). Dit is toegestaan voor
de experimentele berekeningen van de activiteit coéfficiénten in de geadsorbeerde fase die
werden gemodelleerd met een eenvoudige activiteit coéfficiént model (Margules). Zoals in
het vorige hoofdstuk, werd een lineair verband ontdekt tussen de logaritme van de
evenwichtsconstante en de logD waarde. Bovendien is de regressie interactie parameters
vertoonden ook een lineair verband met de logD waarden van de verbindingen in evenwicht.

Op deze manier een "gereedschapskist" van modellen is vastgesteld en gevalideerd
voor de voorspelling van soja en thee polyfenolen eigenschappen. Deze modellen kunnen
gemakkelijk worden gebruikt voor het ontwerp van een scheidingsproces of inzicht en
ontwikkelen van een geintegreerd proces. Bovendien, vanwege de aard van de modellen,
hetzij contributiegroep of mechanistisch Deze toolbox is gemakkelijk toepasbaar op andere

polyfenolen uit verschillende bronnen.
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