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ABSTRACT 
 

In recent times, people are becoming increasingly aware and interested in health problems 

and risks that can potentially trigger diseases. Thus, people are changing their daily habits and are 

now buying healthier products and supplements for their diet to protect and improve their health. 

Nowadays, polyphenols are one of the major ingredients in food, cosmetic and pharmaceutical 

products, since they carry many health advantages, the most well-known being their extraordinary 

antioxidant properties. Yet, these compounds are widely sold as a set of polyphenols instead of one 

specific polyphenol that is usually the costumer’s preference. This is a notable challenge to these 

industries nowadays since these compounds are very difficult to separate and sometimes almost 

impossible. Many polyphenols share the same properties and almost the same sizes which makes this 

kind of separation a challenge. Complex chromatography systems are employed but this technique 

carries a lot of disadvantages, the main being that it is expensive. Hereupon, this project is focussed 

on the preferential crystallization of polyphenols as a means of recovery and purification. This idea of 

preferential crystallization is not only inexpensive. The final product are crystals which in other 

processes is an inevitable step since these products are sold in the solid form.  

This hypothesis of preferential crystallization between polyphenols with similar hydrophobicity 

was successfully applied for resveratrol and naringenin. From mixtures of 60% in one polyphenol and 

40% in the other, yields of 37% for resveratrol and 84% for naringenin were obtained with purities of 

97% and 68% respectively. 

 

KEYWORDS: crystallization, polyphenols, downstream, purification, preferential crystallization, 

nutraceuticals, resveratrol, naringenin.  
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RESUMO 
 

Nos últimos anos, o interesse da população em questões relacionadas com saúde, 

alimentação e a sua aparência tem vindo a aumentar significativamente, implementando novos 

hábitos mais saudáveis no dia-a-dia das famílias. A preferência em alimentos enriquecidos em 

antioxidantes, o consumo de suplementos alimentares e a escolha de cosméticos à base de plantas 

têm evoluído exponencialmente impulsionando a pesquisa e procura de novos compostos com 

atividades extraordinárias nestes ramos.  

Num grupo de compostos proveniente de plantas, até há pouco tempo esquecidos, 

descobriram-se várias vantagens muito valorizadas a nível nutracêutico. Estes compostos são os 

polifenóis. Até agora, os polifenóis são, maioritariamente, comercializados como um conjunto de 

polifenóis envés de um polifenol específico como muitas vezes é o interesse dos clientes industriais. 

Isto deve-se ao facto dos polifenóis serem muito semelhantes nas características e no seu tamanho, 

dificultando a separação e purificação. Existem formas de conseguir purificar apenas um polifenol, 

mas requer sistemas complexos de cromatografia que são bastante dispendiosos. Com esta tese, 

propõe-se então a cristalização preferencial de dois polifenóis com semelhante hidrofobicidade. Esta 

técnica, para além de barata, produz cristais de polifenol que é, em qualquer processo de purificação 

de polifenóis, o objetivo final da sua produção para posterior comercialização. 

Esta hipótese de cristalização preferencial entre polifenóis com semelhante hidrofobicidade 

foi aplicada com sucesso a resveratrol e naringenina. A partir de misturas com 60% de um polifenol e 

40% do outro, conseguiram-se rendimentos de 37% para o resveratrol e 84% para a naringenina, 

com purezas de 97% e 68%, respetivamente. 

 

PALAVRAS CHAVE: cristalização, polifenol, downstream, purificação, cristalização preferencial, 

nutracêuticos, resveratrol, naringenina.  
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1 INTRODUCTION 
 

With the increment in consumer awareness of preventative healthcare, strong marketing 

strategies and aging of the population, the market for dietary supplements has grown over the last few 

years and is expected to augment 6% each year. (1) This market is valued at 82 billion dollars and 

since 2012 has grown 6 billion dollars each year. Phenolic compounds, namely polyphenols, can have 

considerable biotechnological value, since they are associated with great anti-oxidant and anti-

inflammatory properties and prevent numerous diseases. (2) (3) (4)  

Polyphenols are generally found in plants and fruits. They have synthetic, medicinal and 

industrial value. Polyphenolic compounds are known to have numerous biological activities which 

makes them potential candidates for use as drugs, for example, in diseases like AIDS, ulcer formation, 

infections, mutagenesis, heart conditions and neural disorders. (5) Polyphenols are also responsible 

for flower and fruit colouration. Polyphenols have a broad sort of applications including in leather, 

colouring, inks, food, and others industries. (6) 

Although these compounds can be extracted from plants or even chemically synthesized, their 

production via fermentation is being studied and brings many advantages such as no extreme reaction 

conditions and avoiding plant over-harvesting. Genetically modified microorganisms with the ability to 

produce certain polyphenols have already been created. These microorganisms are going to produce 

polyphenols at a large scale in several industries but there still are some obstacles when it comes to 

purify them from the rest of the fermentative broth. Thus, the aim of this project is to present a possible 

solution for the purification of two polyphenols when fermentation is the chosen via for producing 

resveratrol and naringenin. (7) 

Immediately after fermentation, crystallization can be quite costly because of the amount of 

medium that has to be cooled or evaporated, in order to obtain a small yield (the solubility of 

hydrophobic polyphenols in water is in the 100 mg/L range). On the other hand, after a preliminary 

concentration and purification step using adsorption, crystallization can be a good method of further 

concentrating and purifying the two polyphenols. 

In this thesis, preferential crystallization after a chromatography step will be investigated. This 

project was developed at TU Delft, with the supervision of Marcelo Silva, PhD candidate, and Dr. ir. 

Marcel Ottens, both from the Bioprocess Engineering group, Department of Biotechnology. With this 

strategy, not only will the difference between solubility curves be explored, but also the crystallization 

kinetics. Seed crystals of the two polyphenols will be introduced in two different crystallizers, which 

may exchange liquid (the inlet filter avoids larger particles to be exchanged). The goal is to obtain the 

optimal control variables (temperature and flow rate profiles), such that one crystallizer is enriched in 

naringenin (polyphenol A) and the other crystallizer in resveratrol (polyphenol B).  

This method is already used in the resolution of enantiomers, but not many applications are 

mentioned in the literature concerning the purification of other organic molecules. Throughout this 

thesis, the process for the purification of naringenin and resveratrol will be explained starting with 
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some insights of what is already being employed for their purification. Afterwards, it will be explained 

why preferential crystallization could be valid and interesting solution compared to the state of the art.  

To achieve this, crystallization kinetics will be modelled by using the population balance 

equation. Then, the way the model will optimize and determine parameters will also be defined with 

subsequent description of the experiments for the preferential crystallization. Following this, the results 

of the model and all the experiments will be illustrated, interpreted, commented and compared with 

what is expected to occur. Finally, there will be a short explanation of the overall goal of thesis, if the 

aim of this project was achieved and what should be done to improve this project. 
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2 LITERATURE REVIEW 
 

2.1 POLYPHENOLS 

Since polyphenols are the subject of this thesis, the comprehension of what these compounds 

are and their range of biotechnological applications. Moreover, their physico-chemical characteristics 

are critical aspects for their production and purification, from an industrial point of view.  

Polyphenols are a structural class of organic chemicals characterized by the presence of many 

phenol structural units, possibly from synthetic or semisynthetic source but, mainly from natural 

sources. Some members of this class of phenol structures possess unique physical, chemical and 

biological characteristics including metabolic, therapeutic and dyeing properties. (8) Since the 1990s, 

the interest in these phenolic compounds has been increasing significantly, mainly due to growing 

evidence of their beneficial effect on human health. This interest was spanned by studies that 

illustrated an inverse reaction between the consumption of foods rich in polyphenols and the incidence 

of diseases, including cardiovascular disease, diabetes and cancer. Currently, these compounds have 

applications in cosmetics, as nutraceutical or semiochemicals. (8)  

2.1.1 CLASSES OF POLYPHENOLS 

Polyphenols can be grouped in several classes as is shown on Figure 2.1. 

P
o

ly
p

h
e

n
o

ls

Flavonoids and stilbenes

Lignans and lignins

Suberins and cutins

Tannins

Figure 2.1 Classes of polyphenols (79) 
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FLAVONOIDS AND STILBENES 

Flavonoids comprise the largest and the most diverse range of plant phenolics. They consist 

of scarlet, crimson and purple anthocyanin pigments of flowers and fruits such as in the red skins of 

radishes and potatoes and in the dark skins of eggplants, but are also present in blackberries, red and 

black raspberries, blueberries, cherries, currants, concord and other red grapes, pomegranate, ripe 

gooseberries, cranberries and plums; ivory or pale yellow flavones, flavonols, flavanols that also occur 

as aglycones in foods. Flavonoid are less generally found yellow chalcones, and aurones and, finally, 

colourless flavonones and isoflavones. (9)  

LIGNANS AND LIGNINS  

Lignans act as defensive substances in plants. The lignans are formed when the plant is 

wounded and becomes toxic to microorganisms. The role of these polyphenols is to inhibit the growth 

of bacteria and fungi. The pharmacological effects of lignans related to their antiviral activity have also 

been demonstrated. Lignin is covalently bound to cellulose in the cell walls which makes these walls 

stronger and more resistant to herbivores since it is difficult to digest. In addition, lignin also inhibits 

the growth of pathogenic microorganisms. (9) 

SUBERINS AND CUTINS  

Suberins react in much the same manner as lignins. These polyphenols are partly linked with 

phenylpropanoids in plants. Suberin is a cell wall constituent that forms gas- and water-tight layers. 

Suberins also serve as essential components of a number of structural polymers, defend against 

herbivores and pathogens, and mediate plant-pollinator interactions as floral pigments and scent 

compounds. Cutin is a polymer similar to suberin, but with a relatively small proportion of 

phenylpropanoids and dicarboxylic acids. (9) 

TANNINS 

Tannins comprise a variety of plant polyphenols used in tanning raw hides to produce leather. 

They are widely distributed in plants and are found in especially high amounts in the bark of certain 

trees such as oak and in galls. Tannins are polyphenols capable of precipitating proteins from 

aqueous solutions. Also, the phenolic groups of tannins bind very strongly with the −NH groups of 

peptides and proteins and prevent their hydrolysis and digestion in the stomach. Hence, they are 

known to be antinutritional in nature. In the tanning process, tannins bind tightly to the collagen of the 

animal hide and thus produce leather that can withstand attack by the degrading microorganisms. 

Tannins also prevent attacks by microorganisms in plants, since they are capable of inactivating 

aggressive enzymes. (9) 

TOCOPHEROLS AND TOCOTRIENOLS 

Tocols constitute another class of plant phenolics frequently found in foods, occurring widely 

in plant tissues. Vitamin E is comprised of four tocopherols and four tocotrienols. The slight difference 

between these two types of tocols lies in the unsaturated side chain of tocotrienols. Tocols are by-

products of edible oil processing and are isolated as distillates of the deodorization process. (9) 
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2.1.2 APPLICATIONS 

Nowadays, the main applications of polyphenols are in the nutraceutical and food additives 

industries. However, polyphenols have a wide breadth of applications including tanning leather, dying 

textiles and paint, paper industry and some other pharmacological applications such as laxatives and 

sedatives. (10) (11) 

In this chapter, some examples of the main applications of polyphenols are deepened along 

with their present and future prospects in terms of economic value.  

2.1.2.1 NUTRACEUTICALS 

Until the mid-1990s, antioxidant vitamins, carotenoids, and minerals were generally the sole 

compounds used to study antioxidants. Research on polyphenols, their antioxidant properties, and 

their effects in disease prevention fully commenced after 1995. Before this date, they were hardly ever 

mentioned or published in textbooks or articles concerning antioxidants. The first of these compounds 

to garner attention from the scientific community were flavonoids. The main factor delaying research of 

these compounds was the vast diversity and severe complexity of their chemical structures. (12) (13) 

Polyphenols are among the most powerful active compounds synthesized by plants, and show 

a unique combination of chemical, biological and physiological activities. Currently, polyphenols are 

commercialized as nutraceuticals for food, pharma and cosmetic industries. There is increasing 

interest from these industries in these compounds since the latest research strongly supports a 

significant contribution of polyphenols to the prevention of cardiovascular diseases, cancers, and 

osteoporosis. Additionally, current research proposes a significant role in the prevention of 

neurodegenerative diseases and diabetes mellitus. However, their limited stability and solubility, often 

combined with poor bioavailability, remain problematic factors that must be resolved, in order to make 

these compounds capable of answering the growing demands in cosmetics, nutrition and health. (14) 

The most popular characteristic of polyphenols, and plant phenolics in general, is assuredly 

their acclaimed antioxidant capability. They are capable of scavenging reactive oxygen species, which 

include radical and nonradical oxygen species as well as oxidatively generated free radicals ROC and 

ROOC either prevenient of biomolecules, or from low-density lipoproteins,
 
proteins and nucleic acids. 

 

All these species can have damaging effects on human health.
 
This antioxidation ability of polyphenols 

is frequently cited to be the key property underlying the prevention and reduction of oxidative stress-

related chronic and age-related diseases such as cardiovascular diseases, carcinogenesis, 

neurodegeneration as well as skin aging and deterioration. (14) (15) 

Since 1995, the biological activities of plant polyphenols in plants, as well as in humans, have 

been attributed to their capacity to exert antioxidant actions, as mentioned above, but a more recently 

discovered biological activity has been attributed to polyphenols because of their propensity to form 

precipitating complexes with proteins in a rather nonspecific manner.
 
Recently, convincing proof has 

emerged that strongly suggests that the mechanisms by which plant polyphenols exert their protective 

actions against neurodegenerative and cardiovascular diseases, as well as cancer and diabetes, are 

not just because of their redox properties, but rather to their ability to directly bind to target proteins (or 

peptides). This recent discovered activity would induce the inhibition of key enzymes, the modulation 
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of cell receptors or transcription factors, as well as the perturbation of protein (or peptide) aggregates, 

which can regulate cell functions related to, for example, growth and proliferation, inflammation, 

apoptosis, angiogenesis, metastasis, and immune responses, in various ways by influencing signal 

transduction pathways.
 
Additionally, numerous other reports describe the significant inhibition of 

various enzymes by various polyphenols.
 
Among the most therapeutically relevant enzymes are 

inflammatory ones. The present appreciation for the capacity of several plant polyphenols to modulate 

cellular signalling cascades by binding to specific target proteins has certainly refreshed opinions on 

polyphenol–protein interactions, and should provide a new stimulus for (re)considering polyphenolic 

compounds in pharmacological drug developments. (14) 

This recently gained knowledge and future research are leading to an expanding market for 

polyphenolic compounds and the nutraceuticals industry. Such is said in an article made by 

Transparency Market Research that describes the evolution of the nutraceuticals’ market value until 

2021: “The global nutraceuticals market is expanding at a CAGR of 7.3% from 2015 to 2021, 

according to Transparency Market Research. This market was already valued at US$182.6 billion in 

2015, which means that it can go up to US$278.95 billion by the end of 2021. These numbers do 

speak of a market that holds a high preference and demand among consumers, something which is 

still showing signs of cumulative increment. Now, the global nutraceuticals market can be divided into 

four major segments per product type: functional foods, functional beverages, dietary supplements, 

and personal care. The segment of functional foods is already dominating this market, and is still 

expanding at a 7.1% CAGR from 2015 to 2021. Its growth rate is topped by only the functional 

beverages segment.  

The global nutraceuticals market is predicted to register rapid growth in the years to come due 

to consumers' increasingly inclination towards healthy and nutritional food, dietary supplements, and 

beverages. People have become health conscious and study about nutritional products in advance 

before buying them. Dietary supplements are consumed not only to meet the daily intake of the 

required nutrition but also to boost physical performance. These factors are expected to propel the 

global nutraceuticals market in the next few years. The extensive preference for nutritional, healthy, 

and herbal products is expected to fuel the growth of the global nutraceuticals market.” (16) 

2.1.2.2 FOOD ADDITIVES 

Colours are used to enhance the appearance of food to manifest it as preferable or more 

attractive, increasing the consumers’ preference towards a particular food product. During food 

processing, the food product is incorporated with either a natural, a synthetic or a nature identical food 

colourant to restore the colour when the original colour of the product fades. Natural colours are 

extracted from plant and animal sources, whereas synthetic colours are synthesized from chemicals. 

Food colours are widely utilized in beverages, bakery, dairy & frozen products, meat products, 

soups, salad, condiments, dressings and sauces. Synthetic colours were widely used for these food 

products since the cost to produce them is comparatively low in comparison to those of natural 

sources. Thus, consumers’ preference was normally influenced to purchase synthetic colours since 

these sell at competitive prices. However, because of the increasing awareness regarding the ill-

effects of artificial food colours and flavours in food products and the recently created strict regulations 
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regarding the inclusion of synthetic colours and flavours, the global food colour market growth is now 

inclined towards the natural colourants. Also consumers are becoming more interested in their health 

and are becoming more aware of the benefits of this kind of components which increases the demand 

for healthy and diversified food creating a growing convenience in the food and beverage industry 

using these dyes. Anthocyanins, carotenoids, caramel, betacyanins, and phenolics are some of the 

different types of commonly used natural food colours.  

Additionally, some polyphenols were even found to possess food preserving properties and 

are recognized as bactericidal and bacteriostatic compounds. They are also used in food industry as 

additives to preserve food properties and characteristics. 

The food colour market is projected to reach $2.3 billion by 2019. In 2013, North America 

dominated the food colours market, followed by Europe. The two major drivers for the global food 

colours market are, as said before, the increase health concern and clean label foods. The increase in 

the world population has also a tremendous impact on the global food supply. The leading players in 

the food colour market include Sensient Technologies (U.S.A.), Chr. Hansen Holding A/S (Denmark), 

Symrise AG (Germany), International Flavors & Fragrances Inc. (U.S.A.), Kerry Group Plc. (Ireland), 

Givaudan SA (Switzerland), Royal DSM N.V. (The Netherlands), Archer Daniels Midland Company 

(U.S.A.) and FMC Corporation (U.S.A.). (17) (18) 

With this substantial growth in the food colourants’ market, a more reliable and less inconstant 

strategy may be implemented for the production of polyphenols using microorganisms. Industries can 

use fermentation broths and various separation processes to obtain the same compounds as from 

those of natural sources. This strategy avoids the seasonality and competition characteristically 

experienced in agriculture, which will be explained in the chapter 2.2.1.1. 

2.1.3 CHOSEN POLYPHENOLS 

With such a wide range of polyphenol types and applications, two polyphenols with similar 

solubility curves had to be chosen, because preferential crystallization is only an attractive separation 

process in these cases. Regarding this constraint, the chosen polyphenols to use in this thesis were 

trans-Resveratrol and Naringenin. The next chapters will explain briefly some background and 

characteristics of these compounds. 

2.1.3.1 RESVERATROL 

Resveratrol, C14H12O3, is a polyphenolic phytoalexin. It is a stilbenoid, a derivate of stilbene, 

produced in plants, such as grapes, peanuts and berries, with the help of the enzyme stilbene 

synthase. It exists as two structural isomers: cis-(Z) and trans-(E). When heated or exposed to 

ultraviolet irradiation, the trans- form can undergo isomerisation to the cis- form. (19) 

The trans- form of resveratrol is more important when it comes to pharmacological activity 

than the cis- isomer since it exhibits activities in three major steps of carcinogenesis. This molecule 

performs anti-initiation activity as it induces phase II drug-metabolizing enzymes and anti-promotion 

activity since it mediates anti-inflammatory effects. The trans- form inhibits cyclooxygenase and 

hydroperoxidase functions and anti-progression activity since it induces promyelocytic leukaemia cell 

differentiation. (20) (19) 
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 Resveratrol has been used as an active ingredient in traditional Chinese and Japanese 

medicine known as “Kojo-Kan”. This polyphenol appears as an off-white powder which gives the root 

of the knotweed (Polygonum cuspidatum), from where resveratrol is extracted, its powdered 

appearance. Nowadays, resveratrol continues to be utilized as an active ingredient in some Asian 

traditional medicines and is also used as a nutritional supplement and applied as an anti-aging 

cosmetic ingredient. Reiterating, resveratrol is found in red wine, red grape skins, purple grape juice, 

mulberries, and in smaller quantities in peanuts. (21) 

In 1940, the first isolation of resveratrol occurred, drawn from the roots of white hellebore 

(Veratum grandiflorum) and later, in 1963, from the roots of Polygonum cuspidatum. In 1976, 

resveratrol was discovered in grapes and in 1992 in wine. Hence, its extraction for manufacturing 

purposes can either be obtained from the plants mentioned previously, from fescue grass or grape 

vines in response to stress by fungal infection, injury or ultraviolet irradiation. Resveratrol, which is 

marketed as a nutritional supplement, is typically an extract of Polygonum cuspidatum. This extract 

contains both cis- and trans-resveratrol and are usually standardized to deliver around 8% of each 

isomer. Many of the products currently marketed have resveratrol in combination with other 

phytonutrients and vitamins. (21) 

Some properties of this polyphenol are represented on the following table. 

Molecular formula C14H12O3  

Molecular weight 228.24328  g mol-1 

Melting point 253-255 ºC 

Boiling point (predicted and at 760 mmHg) 449.12 ºC 

Solubility (in water) 0.03 mg mL-1 

Solubility (in ethanol and acetone) 0.65 mg mL-1 

Solubility (in DMSO) ≥16 mg mL-1 

Solubility (in DMF) 65 mg mL-1 

Solubility (in PBS pH 7.2) 100 g mL-1 

Vapour pressure ( at 25ºC) 1.24x10-9  mm Hg 

λmax  218, 307 and 321 nm 

Table 2.1 Chemical and physical properties of resveratrol (81) (82) 

Figure 2.2 Structure of resveratrol (75) 
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2.1.3.2 NARINGENIN 

Naringenin, C15H12O5, is a chiral flavanone belonging to the flavonoid class. It is one of the 

many constituents of several citrus fruits, tomatoes, cherries, oregano, beans, and cocoa. In grape 

fruits, this component can be found in larger amounts than in any other fruit since it also contains great 

quantities of naringin. Naringin, upon ingestion, undergoes cleavage of the sugar moiety, leaving the 

free aglycone, naringenin, in the gastrointestinal tract. (22) (23) (24) 

Naringenin has been associated with numerous health benefits. Many studies have been 

conducted to evaluate and understand its potential as a pharmaceutical compound. So far, some of 

the functions of naringenin that have been discovered include antioxidant potential, free radical 

scavenger, anti-inflammatory properties, carbohydrate metabolism promoter, immune system 

modulator and expectorant activity. Studies indicate that naringenin reduces oxidative damage to 

DNA. In addition, naringenin potently inhibits the secretion of very-low-density lipoproteins by cells. 

Simultaneously, naringenin has been shown to reduce cholesterol concentrations in hepatocytes and 

plasma cells via inhibiting HMGCR (HMG-CoA reductase). Studies conducted on Hepatitis C virus 

particles demonstrate that naringenin can inhibit the virus via a PPAR-mediated mechanism by 

inhibiting the long-term assembly of the virus. (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) 

Some properties of this polyphenol are represented on the following table. 

Molecular formula C15H12O5  

Molecular weight 272.25278 g mol-1 

Density 1.485 ± 0.1 g cm-3 

Melting point 247-250 ºC 

Boiling point (predicted and at 760 mmHg) 577.5 ºC 

Solubility (in water) 0.45 mg mL-1 

Solubility (in ethanol) 2.5 mg mL-1 

Solubility (in DMSO) 5 mg mL-1 

Solubility (in DMF) 10 mg mL-1 

Vapour pressure (predicted and at 25ºC) 2.86x10-11 mm Hg 

λmax  213, 225 and 289  nm 

Table 2.2 - Chemical and physical properties of naringenin (76) (77) (78) (80) (83) (84) 

Figure 2.3 Structure of naringenin (74) 
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2.2 RECOVERY AND PURIFICATION OF POLYPHENOLS 

Since the aim of this thesis is related with the downstream processing, some of the currently 

used downstream processing techniques to purify polyphenols will be discussed.  This chapter 

addresses questions such as: “Where do polyphenols come from?”, “How are they obtained?”, and 

“How may one obtain a pure polyphenol?”. A broad range of sources will also be discussed. As 

explained in previous chapters, polyphenols are increasing in market value each year, but one needs 

to consider their low market prices when designing an industrial process. Downstream processing is 

often the most influential factor when it comes to the cost of producing any product. Hence, the 

choices for downstream processing must take this limiting fact into account. 

2.2.1 SOURCES 

2.2.1.1 PLANTS AND FRUITS 

Currently, the processes for obtaining resveratrol and naringenin are approximately identical 

for all polyphenols. Phenolic compounds can be extracted from fresh, frozen or dried plant or fruit 

samples. After obtaining the raw material and usually before extraction, plant samples are treated by 

milling, grinding and homogenization, which may be preceded by air-drying or freeze-drying. After, 

extraction is applied to the resulted product of these processes. Solvent extraction is the most 

common procedure to be applied to plant materials. This type of extraction is simple to manage and 

efficient exhibiting a wide range of applications. (36) 

Since polyphenols are utilized in food and nutraceuticals, these compounds have to be 

recognized as food grade, thus the solvents used for the extraction have be chosen taking into 

account these applications. All solvents “generally recognized as safe” (GRAS) are accepted for the 

extraction processes since it designates if a chemical or substance added to food is considered safe 

or not. This evaluation is conducted by experts and is FDA approved. Aqueous two phase systems 

(ATPS) are another clean alternative for traditional organic-water solvent extraction systems. Usually 

extraction with polyethylene glycol (PEG) and dextran is used for extraction using ATPS. Deep 

eutectic solvents (DES) are also a type of solvent that may be utilized in extraction of polyphenols. 

DESs are systems formed from a eutectic mixture of Lewis or Brønsted acids and bases which can 

contain a variety of anionic and/or cationic species. Usually, in this type of extraction, solvents with 

urea and choline chloride are utilized. Nevertheless, water and ethanol are the most widely used 

because of their low toxicity and high extraction yield, with the advantage of modulating the polarity of 

the solvent by using ethanol/water mixtures at different ratios. Solubility of polyphenols depends 

mainly on the hydroxyl groups, the molecular size and the length of hydrocarbon. (36) (37) (38) (39) 

2.2.1.2 WASTEWATER 

Polyphenols can also be retrieved from olive mill and rose oil distillation wastewaters. During 

production of olive oil, a high organic content water is generated as a by-product of mechanical 

extraction. The major phenolic components found in olive mill wastewater are flavonoids with 

subgroups of flavanols and proanthocyanidins. Also, the production of rose oil from rose flowers by 
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water steam distillation leaves the polyphenol fraction of the distillate as one of the main parts of the 

waste. Therefore, these wastewaters represent a serious environmental problem due to the high 

content of polyphenols which are difficult to decompose and have to be considered as biopollutants 

when discarded into the drainage system and rivers. On the other hand, from what has already been 

reported, polyphenols are valuable compounds with useful properties as bioactive substances. 

Therefore, recovery of polyphenols from wastewater has become a more desirable process. Since 

dissolved polyphenols are already available as a stream of the processes, there is no need for 

extraction and the only step that has to be taken is the purification step. (40) (41) (42)  

Phenolic compounds have also been extracted from other food wastes, including potato peels, 

apple skins, grape skins, carrot peels, raspberry waste and coffee by-products. (8) 

2.2.1.3 FERMENTATION 

Microbes have proven to be excellent tools and best partners, not only for researchers in 

studying gene biology, but also for biotech companies as biofactories whenever either quantity or 

quality of a native molecule is in demand. By reassembling multienzyme plant pathways into microbes, 

metabolic engineering can give solutions wherever plant systems or agricultural techniques fail. 

However, the economic feasibility of such production schemes is still under evaluation. Some of the 

examples of this procedure, using Saccharomyces cerevisiae, Escherichia coli and yeasts are 

explained.  

Saccharomyces cerevisiae was engineered to produce the flavonoid, naringenin, entirely from 

glucose. For this, specific naringenin biosynthesis genes from Arabidopsis thaliana were selected and 

introduced in S. cerevisiae. The sole expression of these A. thaliana genes yielded low extracellular 

naringenin concentrations, less than 5.5 μM. To optimize naringenin titers, a yeast chassis strain was 

developed. After the alterations on the yeast genome, the modifications resulted in a 40-fold increase 

of extracellular naringenin concentration, to approximately 200 μM, in glucose-grown shake-flask 

cultures. This concentration reached over 400 μM when performed in aerated pH controlled batch 

reactors. (43) (44) 

Also using yeasts, heterologous genes for enzymes involved in the biosynthesis of resveratrol, 

naringenin, genistein, kaempferol and quercetin have been constructed in plasmids and introduced in 

four metabolically engineered yeast strains. Time course analyses and end-product accumulation 

were carried out establishing the production of 0.29–0.31 mg L-1 of trans-resveratrol, 8.9–15.6 mg L-1 

of naringenin, 0.1–7.7 mg L-1 of genistein, 0.9–4.6 mg L-1 of kaempferol and 0.26–0.38 mg L-1 of 

quercetin under optimal growth conditions. Future improvements to this strain may be explored to 

obtain new stilbenoid and/or flavonoid-overproducers. (45) 

Finally, Escherichia coli was also engineered to produce polyphenols, in this case resveratrol. 

Various stilbene synthases from an array of plant species considering structure-activity relationships, 

their expression efficiency in microorganisms and their ability to synthesize resveratrol were 

investigated. Afterwards, different promoters, construct designs, and host strains were explored and 

investigated to obtain an Escherichia coli strain capable of producing superior resveratrol titers 

sufficient for commercial use. Further improvement of metabolic capabilities of the recombinant strain 

resulted in a final improved titer of 2.3 g/L resveratrol. (46) 
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2.2.1.4 CHEMICAL SYNTHESIS 

Polyphenols such as catechin and epicatechin can be chemically synthesized. There is 

already a process that synthesizes all monoglucuronides and sulphates of epicatechin, 3′-O-

methylepicatechin, and 4′-O-methylepicatechin, respectively, from the corresponding orthogonally 

protected epicatechin intermediates prepared de novo. The produced epicatechin glucuronides and 

sulphates were found to be stable in the solid state at ambient temperature and in aqueous solution 

when stored refrigerated. With these compounds, epicatechin can be easily produced as shown in the 

figure below. (47) (48) 

Also some polyphenols used as colorants can be chemically synthesized. There is already a 

straightforward process for the synthesis of two 3’-(-D-glycopyranosyloxy)flavyliuim ions thought to 

be good models of natural anthocyanins (pigments). The process is grounded on the construction of 

the chromophore by acid-catalysed aldol condensation followed by cyclization and subsequent 

dehydration. (49) 

2.2.2 PURIFICATION AND FRACTIONATION 

2.2.2.1 EXTRACTION AND ADSORPTION 

Usually, the resulting products of the extraction process contain great amounts of 

carbohydrates and lipoidal material and the concentration of polyphenols in this crude extract may be 

low. To concentrate and obtain polyphenol-rich fractions, several strategies may be employed. Some 

of the most commonly used are sequential extraction, liquid-liquid extraction and solid phase 

extraction (SPE) based on the polarity and acidity of the compounds. Usually a combination of these 

processes is performed to take into account the different characteristics of the pollutants and 

polyphenols. In general, elimination of lipoidal material can be achieved through liquid-liquid extraction 

by washing the extract with non-polar solvents such as hexane, dichloromethane or chloroform. To 

remove polar non-phenolic compounds such as sugars and organic acids, a SPE process is usually 

carried out. SPE is becoming more attractive since it is rapid, economical, sensitive and because 

different cartridges and discs with a great variety of adsorbents can be used. In addition, this 

technique can now be automated. (36) (50) 

Figure 2.4 New approach in the synthesis of (-)-epicatechin (48) 
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After the aqueous sample is passed through a preconditioned adsorption cartridge, the 

cartridge is washed with acidified water to remove sugar, organic acids and other water-soluble 

constituents. Polyphenols are then eluted with absolute methanol or aqueous acetone but generally 

aqueous ethanol is employed. Some of the most widely used sorbents in phenolic compound 

separation are C18 cartridges, Amberlite XAD-2, XAD-7, XAD-16, Isolute ENV+ and Oasis HLB. These 

sorbents have been successfully utilized to purify phenolic compounds in crude extracts, wastewater 

and fermentation broths. (36) (50) 

The classical liquid-liquid extraction procedure has been infrequently used because it is a 

tedious and highly time-consuming process with high solvent costs and low recoveries. However, 

fermentation with simultaneous liquid-liquid extraction has also been explored. While fermentation is 

occurring, a two phase system is created with the fermentation broth and a hydrophobic solvent that is 

incorporating the product as it is forming. Very high yields were obtained using this method which 

constitutes a reliable way to produce and simultaneously extract polyphenols, in this case the 

polyphenol was resveratrol. (36) (50) (51) 

2.2.2.2 CHROMATOGRAPHY 

Column chromatography is usually employed for fractionation of phenolic extracts. It provides 

great amounts of fractions for posterior isolation and identification of pure substances. However, this 

method is often labour-intensive and requires a large amount of solvent. Ethanol, methanol, acetone, 

and water and their combinations are the most common eluents used in this process. The crude 

extract is applied to the column which is then washed with methanol or ethanol to elute the non-tannin 

substances followed by elution of proanthocyanidins with either acetone-water or alcohol-water. (36) 

2.2.2.3 COUNTERCURRENT CHROMATOGRAPHY 

As an alternative to liquid chromatography, Countercurrent Chromatography (CCC) has been 

produced as a compelling strategy for fractionation of different classes of phenolic mixes. CCC is a 

preparative all-fluid chromatographic system that consists on dividing mixes between two immiscible 

fluid phases, a fluid stationary phase and a fluid mobile phase. Solutes will be driven to one of the two 

solvent phases according to their partition coefficients and hydrophobicity. The enormous point of 

interest of CCC is that it utilizes no solid matrix but instead two fluid phases, one fluid stationary phase 

and a mobile phase, that can be changed amid a run. Along these lines, there is no irreversible 

sample adsorption and the recuperation is 100%. (36) 

Some studies that validate these methods as viable techniques for purification of polyphenols 

have been performed in extracts of artichoke, red cabbage, black currant, black chokeberry and 

roselle. One of the studies demonstrates an efficient method for the partition and subsequent 

purification of polyphenols from crude extracts of artichoke using polyamide column chromatography 

combined with High Speed CCC (HSCCC). Four bioactive compounds found in artichoke, such as 

chlorogenic acid (I), luteolin-7-O-R-D-rutinoside (II), luteolin-7-O-R-D-glucoside (III) and cynarin (IV), 

were successfully separated. (52) 

One other study also uses HSCCC for separation of anthocyanins in the pigment mixtures 

extracted from red cabbage, black currant, black chokeberry and roselle. Anthocyanins were 



 14 

successfully fractionated based on their polarities into the biphasic mixture of tert-butyl methyl ether/n-

butanol/acetonitrile/water (2:2:1:5, v/v/v/v) acidified with trifluoroacetic acid (TFA). (36) 

A separate study demonstrated that HSCCC could be used for isolation of tea catechins and 

other food-related polyphenols such as procyanidins, phenolic acids and flavonol glycosides using 

tert-butyl methyl ether/acetonitrile/0.1% aqueous TFA (2:2:3, v/v/v). (36) 

Finally, another study employed Multilayer Countercurrent Chromatography (MLCCC) coupled 

with preparative High-Performance Liquid Chromatography (HPLC) to obtain pure flavonoids from 

Rooibos tea. This method was able to isolate up to a gram of material and to verify known polyphenol 

structures and discover previously unpublished ones. (36) 

2.2.3 SEPARATION OF SIMILAR POLYPHENOLS 

Separation of similar polyphenols involves various chromatographic steps and solvent 

systems. This method can be quite complex since it may involve numerous sorbent and solvent 

combinations. Various HSCCC can also be applied to isolate a polyphenol but this process has some 

shortcomings, such as poor efficiency and time consuming. As an emerging separation technology, 

the methods and techniques of HSCCC need further research.  

Usually, for some similar polyphenols, a semipreparative HPLC has to be added to the 

purification process. This is not a viable solution at an industrial scale for production of one specific 

polyphenol. This method is mainly applied at lab and small scales. (36) 

2.3 PREFERENTIAL CRYSTALLIZATION 

Preferential crystallization, also called ‘‘entrainment’’, was discovered in 1866 by Gernez, one 

of Pasteur’s students. He successfully crystallized a single enantiomer by seeding pure enantiomer 

crystals into a saturated racemic solution of sodium ammonium tartrate. Gernez wrote in short letter to 

Pasteur “I have observed that a supersaturated solution of levorotatory double salt sodium ammonium 

tartrate does not crystallize in the presence of a fragment of this salt which is hemihedric in the 

dextrorotatory sense; and vice-versa, the supersaturated solution of the dextrorotatory salt yields no 

crystals when seeded with levorotatory salt. This fact led me to study the inactive solution of the 

double salt sodium ammonium racemate. I prepared a supersaturated solution of this salt from the 

racemic acid… When seeded by a particle of dextrorotatory salt, it yielded only dextrorotatory crystals. 

A portion of the same liquid in contact of a levorotatory crystal produced a deposit of levorotatory salt. 

Here then is a simple means for separating at will one or the other of the two salts which constitute the 

double salt sodium ammonium racemate”. (53) 

 The discovery of preferential crystallization only received some attention by the end of the 

20th century, when Secor started observing its systematic application. The first rational approach to 

the preferential crystallization process has to be credited to Secor who studied several compounds for 

optical resolution using crystallization procedures such as preferential crystallization. Later, Nohira’s 

group introduced new ideas on partial salt formation which provided clear benefits in terms of 

productivity and robustness of the process. In 1981, Jacques and his co-workers issued the first 

edition of the famous book “Enantiomers, Racemates, and Resolution” which refreshed the interest in 
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resolution by entrainment. In 1994, the research group led by G. Coquerel in Rouen performed a 

thorough analysis of preferential crystallization by using polythermic stable and metastable 

heterogeneous equilibria. On the basis of this search the so-called “auto-seeding” was suggested. In 

Coquerel’s opinion, the story is not finished here; several improvements will probably be made in the 

future making preferential crystallization even more attractive at the laboratory as well as the industrial 

scale. Since then, several studies have been done on this matter and many industrial processes have 

been developed using this technology. (54) 

2.3.1 ONE VESSEL PREFERENTIAL CRYSTALLIZATION 

The process of preferential crystallization started with only one vessel where the crystallization 

of one desired compound occurred while the other remained in solution. 

2.3.1.1 PRINCIPLE 

A crystallization process is preferential when seed crystals for one enantiomer, the preferred 

enantiomer, are added into a vessel containing the solution and operating in the metastable region. 

The latter is usually referred to as a certain range of temperature and mass fractions, where growth 

and secondary nucleation are predominant, and primary nucleation is negligible. At the beginning of 

the process, only the seed crystals will grow, and smaller crystals of the same species as the seed 

crystals will be formed by secondary nucleation. Thus, crystallization will be in favour of the preferred 

enantiomer. At some time, nucleation of the counterenantiomer becomes significant, and the process 

has to be stopped in order to avoid decrease of purity of the preferred enantiomer. The qualitative idea 

of a metastable region with sharp boundaries is not sufficient for adequate prediction of this time 

instant, and, more generally, for control of the system. Rather than that, an accurate mathematical 

description of the effects of growth and nucleation is required. (55) 

Figure 2.5 illustrates a simple batch process for preferential crystallization in a stirred tank. 

Elsner and his co-workers have described two modes of operation of separation by preferential 

E1 growing seed crystals 

E1 nucleation 

E2 nucleation 

Figure 2.5  Preferential crystallization in a simple batch (55) 
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crystallization, with the goal of obtaining pure fractions of both kinds. The cyclic mode can be 

considered as a sequence of simple batch processes. Before each batch, seed crystals of either E1

 

or 

E2

 

are added. After the batch, this enantiomer is harvested, and the solution is replenished, by adding 

a racemic mixture of E1

 

and E2. In the subsequent batch, the roles of E1

 

and E2

 

are interchanged, and 

so on. The coupled mode is explained in detail on the next chapters since it is the mode of operation 

considered in this thesis. (55) 

2.3.2 COUPLED MODE 

After gaining some knowledge of the preferential crystallization process, making sense of two 

vessels preferential crystallization is quite simple. This type of process has been recently applied to 

the industrial-scale resolution of a racemic conglomerate and is evaluated as being efficient and 

economic. The resulting products of a preferential crystallization process can be promptly used to 

produce pharmaceuticals, fine chemicals and food ingredients, but using this type of technology in 

other products, different than enantiomers, extends the applications and interest in this process. (56) 

2.3.2.1 PRINCIPLE 

Preferential crystallization makes use of two separate crystallizers or vessels. Both vessels 

are initially filled with the racemic mixture. Then, the aqueous racemic solutions present in each 

crystallizer are cooled down to bring them into the metastable zone, where primary nucleation is of 

much less importance than secondary nucleation. During this step, enantiopure seeds of each 

enantiomer (E1 and E2) are supplied to its corresponding crystallizer. Thus, crystallization will be 

almost exclusively of the seeded enantiomer, that is, crystal growth of E1 occurs in vessel A and 

crystal growth of E2 occurs in vessel B. The existing crystals of each enantiomer will grow and 

secondary nucleation will generate further E1 or E2 crystals in each corresponding vessel. This will of 

Figure 2.6 Set up of a preferential crystallization between two enantiomers (E1 and E2). 
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course consume, for example, E1 in the liquid phase of the vessel A, and therefore reduce 

supersaturation resulting in a delay of the desired crystallization process. To ensure required product 

purity and prevent generation of crystals of the counterenantiomer E2, the crystal-free liquid-exchange 

streams between the crystallizers are initiated in the beginning of the process, and the mother liquor is 

transferred via a filter to the opposite crystallizer to obtain a nearly racemic composition in the mother 

liquors of both vessels. This process is exemplified in Figure 2.6. (57) 

2.4 CRYSTALLIZATION MODELLING 

Control and optimization of crystallization processes has garnered great attention since the 

1970s. Modelling and solution procedures dealing with the reconstruction of the evolution of crystal 

size distributions (CSDs), or of CSD properties, are a fundamental prerequisite for many of the 

developed designs. Population balance equations (PBEs) are frequently used to describe the 

dynamics of particle size distributions. Discretization-based techniques can be utilized to compute 

directly the evolution of CSDs, using finite difference or high resolution finite volume schemes. On the 

other hand, for some PBE models, a closed set of a finite number of ordinary differential equations 

(ODEs) can be derived by the so-called method of moments, which describes the evolution of the 

main moments of the CSD. (55) 

The concepts mentioned above will be discussed henceforth to further understand the model 

employed in this thesis. 

2.4.1 CRYSTAL SIZE DISTRIBUTION 

Crystal size distribution (CSD) is essential for the quality of the product since it influences the 

performance of the process, the separation of the crystals from the solution and the subsequent drying 

of the crystals. The crystal size distribution may, in fact, be referred to the number of crystals, the 

volume or the mass of crystals with reference to a specific size range. The following approach refers 

to a density distribution which delivers the number (𝑛(𝐿)) of crystals with reference to an infinite 

number of particles and to infinitely small size intervals. (58) (59) 

THE NUMBER DENSITY DISTRIBUTION 

The number (or population) density distribution 𝑛(𝐿) provides the number of particles per unit 

of particle size 𝐿 and is given by: 

𝑛(𝐿, 𝑡) =
𝑑𝑁(𝐿)

𝑑𝐿
| L 

Eq. 2.1 

 

The total number of crystals 𝑁𝑇(𝐿) in a given reference volume is given by: 

𝑁𝑇(𝐿) = ∫ 𝑛(𝐿)𝑑𝐿
∞

0

 Eq. 2.2 

2.4.1.1 THE MOMENTS OF THE CSD 

The density distribution enables calculation of important properties that can be derived from 

the CSD. These are the moments of the CSD and are defined as: 
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𝜇𝑗 = ∫ 𝐿𝑖𝑛(𝐿)𝑑𝐿
∞

0

 

Eq. 2.3 

The information that can be obtained with this expression is the following: 

Total number 𝑁𝑇 = 𝜇0 Eq. 2.4 

Total length 𝐿𝑇 = 𝜇1 Eq. 2.5 

Total surface area 𝐴𝑇 = 𝑘𝑎𝜇2 Eq. 2.6 

Total volume 𝑉𝑇 = 𝑘𝑣𝜇3 Eq. 2.7 

Total mass 𝑀𝑇 = 𝜌𝑐𝑘𝑣𝜇3 Eq. 2.8 

Mass 𝑚𝑐𝑟𝑦𝑠𝑡𝑎𝑙 = 𝜌𝑐𝑘𝑣𝐿3 Eq. 2.9 

This last equation gives the mass of a single crystal and helps to understand the meaning of 

the shape factors. 𝑘𝑎 is the area shape factor, which accounts for the deviation of the particle to a 

perfect square, 𝑘𝑣 is the volume shape factor, which is the deviation from a perfect cube, and 𝜌𝑐 is the 

density of the crystals. (58) (59) 

 

2.4.2 POPULATION BALANCE EQUATION 

The population balance equation (PBE) is an extensively used tool in engineering with 

applications that include crystallization, pollutant formation in flames, growth of microbial and cell 

populations, polymerization and more. The PBE is a statistical Boltzmann-type equation that explains 

how the particle size distribution 𝑛 behaves as a function of time 𝑡. Kinetic terms for all phenomena 

can be added to the PBE to account for changes they might cause to the particle size distribution. The 

expression of the population balance equation to calculate the number distribution of the crystals as a 

function of the crystal size is as follows: (60) (61) (62) 

𝜕[𝑛(𝐿, 𝑡)𝑉(𝑡)]

𝜕𝑡
= −𝑉 

𝜕[𝐺𝐿(𝐿, 𝑡)𝑛(𝐿, 𝑡)]

𝜕𝐿
 

 

Eq. 2.10 

Where 𝑛(𝐿, 𝑡) is the amount and size of particles expressed in terms of number density (m-3 

m-1), 𝐿 is the crystal length (m), 𝑉 is the crystallizer volume (L), 𝐺𝐿(𝐿, 𝑡) is the linear size-dependent 

growth rate (m h-1). 

In order to solve the PBE, some constants have to be measured experimentally. The relative 

supersaturation, 𝜎, is usually used as an alternative expression for the degree of supersaturation and 

concentrations can be either mass or molar. The expression is: 

𝜎 =
𝑐 − 𝑐𝑠

𝑐𝑠
=

∆𝑐

𝑐𝑠
 Eq. 2.11 

𝑐 is the concentration in the liquid phase and 𝑐𝑠 is the solubility, both at the same temperature. 

Finally, to solve the PBE, a boundary condition and an initial condition must be described: 

𝑛(0, 𝑡) =
𝐵0

𝐺
 Eq. 2.12 

𝑛(𝐿, 0) = 𝐶𝑆𝐷𝑖𝑛𝑖𝑡𝑖𝑎𝑙 Eq. 2.13 
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In this case, growth is size-independent and, finally, the population balance for each 

crystallizer is characterized as follows: 

𝜕𝑛(𝐿, 𝑡)

𝜕𝑡
= −𝐺𝐿(𝑡)

𝜕𝑛(𝐿, 𝑡)

𝜕𝐿
 

 Eq. 2.14 

(58) 

2.4.3 DYNAMICS OF CRYSTALLIZATION 

The crystallization kinetics describe the rates for the different phenomena that govern the 

dynamics of the particle size distributions 𝑛. The kinetics of crystal growth, secondary and primary 

nucleation and dissolution are usually determined empirically. These kinetic expressions are described 

in the following equations. 

Growth rate:  

𝐺 = 𝑘𝐺  ∆𝑐𝑝 Eq. 2.15 

𝑘𝐺 = 𝑘𝐺
0  𝑒(−

𝐸𝐺
𝑅𝑇)

 
Eq. 2.16 

𝑘𝐺 is an empirical growth rate, ∆𝑐 is the difference between the concentration in the solution 

and the solubility concentration (∆𝑐 = 𝑐 − 𝑐𝑠), 𝑝 is an empirical exponent, 𝑘𝐺
0  is the pre-exponential 

factor, 𝐸𝐺  is the growth activation energy, 𝑅  is the ideal gas constant and  𝑇 is the temperature in 

Kelvin. 

Dissolution rate:  

𝐷 = 𝑘𝐷  ∆𝑐𝑞 Eq. 2.17 

𝑘𝐷 = 𝑘𝐷
0  𝑒(−

𝐸𝐷
𝑅𝑇)

 
Eq. 2.18 

𝑘𝐷  is an empirical dissolution rate, ∆𝑐  is the difference between the concentration in the 

solution and the solubility concentration ( ∆𝑐 = 𝑐 − 𝑐𝑠 ), 𝑞  is an empirical exponent, 𝑘𝐷
0  is the pre-

exponential factor, 𝐸𝐷  is the growth activation energy, 𝑅  is the ideal gas constant and  𝑇  is the 

temperature in Kelvin. 

Nucleation rates:  

𝐵1 = 𝑘𝑁1 ∆𝑐𝑎 Eq. 2.19 

𝑘𝑁1 = 𝑘𝑁1
0  𝑒(−

𝐸𝑁1
𝑅𝑇 )

 
Eq. 2.20 

𝑘𝑁1 is an empirical primary nucleation rate, ∆𝑐 is the difference between the concentration in 

the solution and the solubility concentration (∆𝑐 = 𝑐 − 𝑐𝑠), 𝑎 is an empirical exponent, 𝑘𝑁1
0  is the pre-

exponential factor, 𝐸𝑁1  is the growth activation energy, 𝑅  is the ideal gas constant and  𝑇  is the 

temperature in Kelvin. 

𝐵2 = 𝑘𝑁2 ∆𝑐𝑏  𝑁𝑟  𝑀𝑇
𝑗
 Eq. 2.21 

𝑘𝑁2 = 𝑘𝑁2
0  𝑒(−

𝐸𝑁2
𝑅𝑇 )

 
Eq. 2.22 

𝑘𝑁2 is an empirical secondary nucleation rate, ∆𝑐 is the difference between the concentration 

in the solution and the solubility concentration (∆𝑐 = 𝑐 − 𝑐𝑠), 𝑁 is the stirrer rotational rate, 𝑀𝑇 is the 

solid content or crystal mass of the slurry, 𝑏 ,  𝑟  and  𝑗  are empirical exponents, 𝑘𝑁2
0  is the pre-

exponential factor, 𝐸𝑁2 is the growth activation energy, 𝑅 is the ideal gas constant and finally  𝑇 is the 

temperature in Kelvin. 𝑁𝑟was maintained constant and for that reason, this term will not be present on 

further secondary nucleation equations. 



 20 

3 MATERIALS AND METHODS 
 

OVERVIEW 

Throughout this section, details concerning the materials and equipment used in this project 

will be outlined along with course of the experiments and modelling. The defined objectives were as 

follows and will be explained throughout the next chapters.  

3.1 CHEMICALS 

WATER 

Milli-Q ultrapure water available through an ultrapure water system provided from Merck 

Millipore. Water is poured using a Q-POD with an LC-Pak Polisher to further filter the water to make it 

suitable for UHPLC and LC-MS. 

ETHANOL 

EMSURE ethanol absolute for analysis (C2H5OH). Purity is ≥ 99.9%, the molecular weight is 

46.07 g mol-1 and its CAS number is 64-17-5. This ethanol is provided from EMD Millipore 

Corporation, a part of Merck. 

RESVERATROL 

Trans-resveratrol is provided from Evolva SA, a part of Olon S.P.A. (Italy). Its CAS number is 

501-36-0 and its purity is  98% in a dry basis. This compound should be stored at around 15 to 30 ºC 

in a dry environment and without light. 

NARINGENIN 

Naringenin (C15H12O5), natural (US) and with a purity of 98% is provided from SIGMA-

ALDRICH. Its CAS number is 67604-48-2, the molecular weight is 272.25 g mol-1 and melting point is 

247-250 ºC. 

3.2 METHODS 

3.2.1 SAMPLING 

A 1 mL sample was taken from the vessel using a syringe. Using a filter with a pore size of 0.2 

m, the sample was a filter to an eppendorf of 2 mL. After this, 20 L were transferred from the 

eppendorf to each of the three vials containing 980 l of ethanol. Finally, the vials were put in the 

UHPLC for measuring the concentration using the calibration curves included in Appendix 7.2.1. 

Obtain solubility
curves

Find the 
parameters for the 

crystallization 
process

Optimize 
experimental 

conditions through 
MATLAB model

Preferential 
crystallization 
experiment

Figure 3.1 Chronology of the objectives to achieve the purpose of this thesis 
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3.2.2 UHPLC ANALYSIS PROTOCOL 

A sample volume of 1 L is injected into a reverse-phase UHPLC column HSS T3 with 1.8 m 

particle diameter pre-equilibrated with 33.5% (v/v) acetonitrile in water. The analysis protocol runs in 

isocratic mode for 5 minutes, using a flow rate of 0.4 mL min-1. Resveratrol was detected at 314 nm 

and naringenin was detected at 289 nm. The retention times of trans-resveratrol and naringenin occur 

at 1.485 minutes and 2.459 minutes, respectively. As mentioned above, the calibration curves for each 

polyphenol are indicated in Appendix 7.2.1. 

3.2.3 SOLUBILITY CURVES 

Solubility curves were obtained in the literature and to be sure to assume their values, 

resveratrol and naringenin curves were measured. 

To obtain solubility curves for resveratrol and naringenin, two different approaches were 

employed. For resveratrol, the determination of the solubility curve and the metastable limit, at 39% 

(w/w) ethanol/water, were carried in a medium throughput multiple reactor setup called Crystalline PV 

from Avantium, Amsterdam. More information about this procedure can be found in Appendix 7.1.1. 

To obtain a solubility curve for naringenin, 4 samples with different concentrations of 

naringenin were prepared in a 46% (w/w) ethanol/water mixture. Each sample was associated to a 

certain temperature of the solubility curve found in the literature. After dissolving and filtering the 

solution, an UHPLC analysis was performed to obtain the exact concentration of the saturated solution 

and compare it with the literature. The ultra-performance liquid chromatography (UHPLC) consisted of 

an ACQUITY UPLC system with a HSS T3 column of 1.8 m. More information about this procedure 

can be found in Appendix 7.1.2. (63) 

3.2.4 PREFERENTIAL CRYSTALLIZATION MODELLING 

PURPOSE 

Control of preferential crystallization using two coupled vessels can be challenging. The mass 

of seed crystals, temperature, and volumetric flow rates are important aspects that influence the whole 

process. To optimize these control parameters, the preferential crystallization process was described 

through a MATLAB script. The model will determine the optimal conditions for an experiment. To do 

this, the model optimizes temperature in each vessel and the flow rates that must be established 

following the purity constraint of at least 95%. The model calculates the purities and yields using the 

method of the moments. 

SOFTWARE 

MATLAB_R2016a 

PROCEDURE 

Crystal size distribution of the seed crystals must be determined before every experiment for 

the total number of crystals and the moments at time point zero.  

The model started by finding the total number of crystals ( 𝑁𝑡𝑎,𝑖) inside the vessel at time zero. 



 22 

𝐶𝑆𝑎,𝑖
= 3 𝜌𝑎 𝑁𝑡𝑎,𝑖 ∫ (𝑘𝑣 𝑎𝑛𝑎,𝑖  𝐿3)𝑑𝐿

∞

0

 
Eq. 3.1 

In succession, the model obtained the crystallization moments described in the following 

equations. 

𝜇0𝑎,𝑖
(𝑡 = 0) =  

 𝑁𝑡𝑎,𝑖

𝑉𝑖
 

Eq. 3.2 

 

𝜇0  is the 0th moment of polyphenol 𝑎 in vessel 𝑖 ,  𝑁𝑡𝑎,𝑖  is the total number of crystals of 

polyphenol 𝑎 in vessel 𝑖 and 𝑉𝑖 is the volume in vessel 𝑖. 

𝜇1(𝑡 = 0) =  
 𝑁𝑡𝑎,𝑖

𝑉𝑖
 ∫ (𝐿 𝑛𝑎,𝑖̅̅ ̅̅̅) 𝑑𝐿

∞

0

 
Eq. 3.3 

𝜇1  is the 1st moment of polyphenol 𝑎 in vessel 𝑖 ,  𝑁𝑡𝑎,𝑖  is the total number of crystals of 

polyphenol 𝑎 in vessel 𝑖 and 𝑉𝑖 is the volume in vessel 𝑖, 𝐿 is the crystal length (𝜇𝑚) and  𝑛𝑎,𝑖̅̅ ̅̅̅ is the 

relative particle size distribution (% 𝐿−1 𝜇𝑚−1)). 

𝜇2(𝑡 = 0) =  
 𝑁𝑡𝑎,𝑖

𝑉𝑖
∫ (𝐿2 𝑛𝑎,𝑖̅̅ ̅̅̅) 𝑑𝐿

∞

0

 
Eq. 3.4 

𝜇2  is the 2nd moment of polyphenol 𝑎 in vessel 𝑖 ,  𝑁𝑡𝑎,𝑖  is the total number of crystals of 

polyphenol 𝑎 in vessel 𝑖 and 𝑉𝑖 is the volume in vessel 𝑖, 𝐿 is the crystal length (𝜇𝑚) and  𝑛𝑎,𝑖̅̅ ̅̅̅ is the 

relative particle size distribution (% 𝐿−1 𝜇𝑚−1)). 

After calculating the moments at time point zero, the differential equations will be solved taking 

also into account secondary nucleation, growth and dissolution rates obtained in the parameter 

estimation, explained in the next chapter. Primary nucleation was discarded since a low level of 

supersaturation is used during the performed experiments.  

𝑑𝜇0

𝑑𝑡
= 𝐵𝑎  

Eq. 3.5 

𝑑𝜇1

𝑑𝑡
= 𝐺𝑎𝜇0 

Eq. 3.6 

𝑑𝜇2

𝑑𝑡
= 2𝐺𝑎𝜇1 

Eq. 3.7 

Afterwards, mass balances for the liquid and solid phase were calculated solving the 

equations presented below. 

𝐶𝑎,𝑖  is the concentration of polyphenol 𝑎 in the liquid phase in vessel 𝑖 (𝑔 𝐿−1). 𝑉𝑖 is the volume 

inside vessel 𝑖 (𝐿). 𝐹𝑗𝑖  is the flow rate from vessel 𝑗 to vessel 𝑖 (𝐿 ℎ−1). 𝐶𝑎,𝑗  is the concentration of 

Mass balance for the liquid phase:  

𝜕(𝐶𝐿𝑎,𝑖 . 𝑉𝑖)

𝜕𝑡
= 𝐹𝑗𝑖  𝐶𝐿𝑎,𝑗 − 𝐹𝑖𝑗  𝐶𝐿𝑎,𝑖 − 3𝑉𝑖  𝜌𝑎𝐺𝑎 𝑁𝑡𝑎,𝑖𝑘𝑣𝑎

̅̅ ̅̅ ̅ ∫ (𝑛𝑎,𝑖̅̅ ̅̅̅ 𝐿2)𝑑𝐿
∞

0

 
Eq. 3.8 

Mass balance for the solid phase:  

𝜕(𝐶𝑆𝑎,𝑖 . 𝑉𝑖)

𝜕𝑡
= 3𝑉𝑖  𝜌𝑎  𝑁𝑡𝑎,𝑖  𝐺𝑎 𝑘𝑣 𝑎

̅̅ ̅̅ ̅ ∫ ( 𝑛𝑎,𝑖̅̅ ̅̅̅ 𝐿2)𝑑𝐿
∞

0

 
Eq. 3.9 
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polyphenol 𝑎 in the liquid phase in vessel 𝑗 (𝑔 𝐿−1). 𝐹𝑖𝑗 is the flow rate from vessel 𝑖 to vessel 𝑗 (𝐿  ℎ−1). 

𝜌𝑎 is the crystals density of polyphenol 𝑎 (𝑔 𝐿−1). 𝑁𝑇𝑎
is the total number of crystals of polyphenol 𝑎. 𝐺𝑎 

is the growth rate of polyphenol 𝑎 (𝜇𝑚  ℎ−1). 𝑘𝑣 𝑎
̅̅ ̅̅ ̅ is the volume shape factor of polyphenol 𝑎. 𝑛𝑎,𝑖̅̅ ̅̅̅ is the 

relative particle size distribution of polyphenol 𝑎 in vessel 𝑖 (% 𝐿−1 𝜇𝑚−1).  𝐿 is the crystal length (𝜇𝑚). 

𝐶𝑆𝑎,𝑖 is the crystal concentration of polyphenol 𝑎 in vessel 𝑖 (𝑔 𝑔𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
−1). 

In all of these calculations, slurry density was assumed to be constant and the same as water 

density. The volume in each vessel was obtained with the following differential equation.  

𝑑𝑉𝑖

𝑑𝑡
= 𝐹𝑗𝑖 − 𝐹𝑖𝑗 

Eq. 3.10 

Where 𝑉𝑖 is the volume inside vessel 𝑖 in litres, 𝐹𝑗𝑖 is the flow rate from vessel 𝑗 to vessel 𝑖 in 

litres per hour and 𝐹𝑖𝑗 is the flow rate from vessel 𝑖 to vessel 𝑗 also in litres per hour. 

Temperature inside the vessels was controlled by thermostat. In this case, an energy balance 

was not required and the model only took into account the delay of the thermostat to reach a certain 

temperature, the thermostat’s cooling and heating rates (Appendix 7.2.3).  

𝑑𝑇

𝑑𝑡
= 𝐻1𝑡 + 𝐻2 

Eq. 3.11 

𝑑𝑇

𝑑𝑡
= 𝐶1𝑡2 + 𝐶2𝑡 + 𝐶3 

Eq. 3.12 

𝑇 is the temperature. 𝐻1 is the heating rate (º𝐶  ℎ−1). 𝑡 is time (ℎ). 𝐻2 is the 𝑦 intercept. 𝐶1 is 

the first constant term (º𝐶  ℎ−2). 𝐶2 is the second constant term (º𝐶  ℎ−1). 𝐶3 is the third constant term 

(º𝐶). 

Solubility was calculated using the Jouyban-Acree equation. (64) This equation gives the 

solubility of the polyphenol 𝑎  using the ethanol concentration ( 𝑥𝐸𝑡𝑂𝐻)  and temperature inside 

crystallizer 𝑖  (𝑇𝑖 ). 𝐴0, 𝐴1 ,  𝐴2,  𝐴3,  𝐴4,  𝐴5  and 𝐴6  were obtained using solubility curves found in the 

literature and then doing a regression to the solubility at different temperatures and ethanol 

concentrations in order to obtain these parameters. (23) (65) 

𝑇𝑖𝑙𝑛(𝑥𝑎) = 𝐴0 + 𝐴1𝑇𝑖 + 𝐴2𝑇𝑖𝑥𝐸𝑡𝑂𝐻 + 𝐴3𝑥𝐸𝑡𝑂𝐻+𝐴4𝑥𝐸𝑡𝑂𝐻
2 +𝐴5𝑥𝐸𝑡𝑂𝐻

3 +𝐴6𝑥𝐸𝑡𝑂𝐻
4  Eq. 3.13 

(64) 

The goal of the model was to maximise the minimum yield, by changing the control 

parameters: temperature and flow rate following the described constraints. 

max min
𝑇1(𝑡),   𝑇2(𝑡), 𝐹12(𝑡),   𝐹21(𝑡)

(𝑦𝑎 , 𝑦𝑏) Eq. 3.14 

 𝑃𝑎
1 ≥ 0.95 ∧  𝑃𝑏

2 ≥ 0.95 Eq. 3.15 

𝐶𝑟𝑒𝑠
𝑐𝑠

⁄ ≤ max 𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑣𝑒𝑙 Eq. 3.16 

𝐶𝑛𝑎𝑟
𝑐𝑠

⁄ ≤ max 𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑣𝑒𝑙 Eq. 3.17 

The objective of the model included maximizing the minimum yield, obtaining at least 95% of 

purity for both compounds and the maximum level of supersaturation constraints prevent the 

nucleation of the impurity in each vessel. The impurity is considered to be the other polyphenol, the 

one that is desired to stay in the liquid phase. 
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3.2.5 PARAMETER ESTIMATION 

PURPOSE 

The equations presented in chapter 2.4.3, from Eq. 2.15 to Eq. 2.22, will be important in this 

chapter. To continue with the purpose of this thesis, the parameters 𝑏, 𝑗, 𝑘𝑁2
0 , 𝐸𝑁2, 𝑝, 𝑘𝐺

0 , 𝐸𝐷 , 𝑞, 𝑘𝐷
0  and 𝐸𝐷 

have to be determined in order to complete the model and its information. 

OVERVIEW 

The approach was to perform different experiments
 
and to solve the parameterization problem 

with the formulated MATLAB script. Here the fitting started by using the available data assumed for 

this process and measured concentrations of the liquid phase. Experiments, equal to the one 

described in Figure 3.2, were used to obtain the empirical results for the comparison between model 

and experiment. 

The general course of action concerning this matter is illustrated in Figure 3.3. The 

parameters were estimated using the method of least squares between the concentrations obtained in 

the experiments and the ones calculated with the model. 

The estimation problem was split up into two blocks. The first block represents the 

experiments performed to obtain seed crystals and to determine density of the crystals, 𝜌𝑐, and the 𝑘𝑣. 

The second block illustrates the experiments performed to estimate the parameters for the secondary 

nucleation and crystal growth kinetics. Primary nucleation was discarded, as mentioned before, since 

the experimental conditions used in this project are not prosperous for this type of phenomena to 

occur.  

3.2.5.1 SEED CRYSTALS 

MATERIAL 

1 vessel 

Tubing 

Wide Petri dish 

  

Figure 3.2 Experimental set up to estimate kinetic 

parameters of crystallization 
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EQUIPMENT 

1 thermostat RE 307 Ecoline staredition from LAUDA 

1 motors Hei-TORQUE 100 series from Heidolph 

1 Oven 

1 Masterflex pump, 77521-57 model from Cole-Parmer Instrument Company 

Microscope LEICA DM5500 B combined with a LEICA CTR5500 

ACQUITY UPLC system with a HSS T3 column of 1.8 m 

SOFTWARE 

Leica Qwin 

PROCEDURE 

RESVERATROL 

To prepare seed crystals of resveratrol, the polyphenol was dissolved at 60 ºC in a solution of 

39% (w/w) ethanol/water. Once dissolved, the solution was filtered and deposited in a wide petri dish. 

A sample was taken to determine the initial concentration. The filtered solution was weighted and then 

transferred to the oven at 60 ºC. After 2 hours and 30 minutes, the solution containing crystals was 

taken out of the oven, weighted and saved in a flask for further use. A filtered sample was taken from 

the solution to determine the final concentration. By subtracting the final weight from the initial weight 

of the solution and dividing by the density of the solution, the final volume was obtained. Afterwards, 

the crystal concentration was determined by Eq. 3.18. 

𝐶𝑆𝑜𝑙𝑖𝑑𝑠 =
𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙×𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝐶𝑓𝑖𝑛𝑎𝑙×𝑉𝑓𝑖𝑛𝑎𝑙

𝑉𝑓𝑖𝑛𝑎𝑙
 

Eq. 3.18 

Finally, a sample from the solution was taken and visualized on the microscope to obtain the 

crystal size distribution. 

NARINGENIN 

To prepare seed crystals of naringenin, naringenin was dissolved in a solution of 46% (w/w) 

ethanol/water at 60ºC. A sample was taken to determine the initial concentration. Temperature was 

decreased to -5ºC at a rate of -10ºC per hour. After leaving some time for the crystals to form and 

grow, the set up was concluded and a filtered sample was taken from the solution to determine the 

final concentration. Afterwards, the slurry was filtered and the resulting crystals were collected and 

resuspended in saturated water. The solution of crystals in water was then collected and saved in a 

flask for further use. Concentration of the solid phase was determined using Eq. 3.19. 

𝐶𝑆𝑜𝑙𝑖𝑑𝑠 =
𝑉(𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝐶𝑓𝑖𝑛𝑎𝑙)

𝑉𝑟𝑒𝑠𝑢𝑠𝑝𝑒𝑛𝑡𝑖𝑜𝑛
 

Eq. 3.19 

Finally, a sample from the solution was taken and visualized on the microscope to obtain the 

crystal size distribution. 

3.2.5.2 𝑘𝑣 ESTIMATION 

 Volume shape factor, 𝑘𝑣 , is the deviation of the crystals shape to a cube. 𝑘𝑣 was estimated 

using the length and width obtained with the microscope software. 
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Assuming that each crystal has the same shape as a rectangular cuboid and that the height is 

equal to the width, we estimated the following 𝑘𝑣. 

𝑉 = 𝐿3×
𝑊

𝐿
×

𝑊

𝐿
 

Eq. 3.20 

Since 𝐿3 is the volume of a cube, then 1 (𝑊 𝐿⁄ )2⁄  is the volume shape factor of the crystals 

and will now further be represented as 1 𝑅2⁄ . 

Another assumption made was that these crystals only grow on the length. So, if the length is 

increasing, then 𝑘𝑣 will be changing as the crystals grow. A function of the 𝑘𝑣 with the length was 

determined using the results obtained for the seed crystals.  

3.2.5.3 𝜌𝑖   ESTIMATION 

To determine the density of the crystals, a concentrated solution was introduced into the oven 

for the solvent to evaporate. With the obtained crystals of both compounds, and after obtaining the 

values of their mass, they were each poured into a volumetric flask. Saturated solution at room 

temperature was poured in each flask until the volume limit. With the amount of solution spent on the 

flask, we can determine the volume of the crystals by subtracting the amount of solution to the volume 

of the volumetric flask. After this, the density is given by: 

𝜌𝑖 =
𝑚𝑎𝑠𝑠𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑠

𝑉𝑜𝑙𝑢𝑚𝑒𝑐𝑟𝑦𝑠𝑡𝑙𝑎𝑠
⁄  

Eq. 3.21 

3.2.5.4 SECONDARY NUCLEATION , GROWTH AND DISSOLUTION RATES 

MATERIAL 

1 vessel 

Tubing 

EQUIPMENT 

1 thermostat RE 307 Ecoline staredition from LAUDA 

1 motors Hei-TORQUE 100 series from Heidolph 

1 Masterflex pump, 77521-57 model from Cole-Parmer Instrument Company 

Microscope LEICA DM5500 B combined with a LEICA CTR5500 from Leica Microsystems 

(Switzerland) Ltd. 

ACQUITY UPLC system with a HSS T3 column of 1.8 m 

SOFTWARE 

Leica QWin from Leica Microsystems (Switzerland) Ltd. 

PROCEDURE 

In the experimental set up represented in Figure 3.2, a vessel containing solvent with 

polyphenol 𝑎 was needed. Rotation speed was fixed at 250 rpm. Initially, the chosen polyphenol was 

dissolved at 60ºC and then the vessel was cooled down to 50ºC to bring the solution into the 

metastable zone. Once this step was achieved, seed crystals were added to the vessel. Temperature 

decreased gradually to 10ºC to determine secondary nucleation and growth rates. The used rates 
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were -6, -10, -15 and -20 ºC/h. When temperature reached 10ºC, temperature was increased also 

gradually to determine the dissolution rate. The used heating rates were 6, 10, 15 and 20 ºC/h. 

According to earlier scientific research, the advised mass of seed crystals to add was 5% of 

the total mass of crystals that would form. To verify this amount, different amounts of seed crystals 

were tested: 1.5%, 3% and 5% of the total amount of mass that would leave the liquid phase and 

move to the solid phase. (66) (67) 

Additionally, every time temperature reached 20ºC, a non-filtered sample was taken from the 

vessel to further obtain the CSD at that time point and then compare with the CSD of the seed 

crystals. 

SOLID PHASE MONITORING  

EQUIPMENT 

SOPAT VI probe 

In situ particle viewer from Perdix 

Microscope LEICA DM5500 B combined with a LEICA CTR5500 from Leica Microsystems 

(Switzerland) Ltd. 

SOFTWARE 

Leica QWin from Leica Microsystems (Switzerland) Ltd. 

SOPAT Software 

ISPV Software 

PROCEDURE 

The particle size distributions were measured using a microscope combined with an 

automated image analysis software. 

In order to analyse particle sizes offline, samples were taken using a pipette with a cut tip to 

prevent clogging, and the samples were observed using the microscope. An automated program was 

created to take off background noise and to only count the crystals. The program used was LEICA 

Qwin. Based on the photos, particle’s characteristics were generated using the software package.  

The settings of the software were each time adapted to the appearance of the photos so that 

no fixed setting could be given. Substantial attention was given to provide pictures with a high contrast 

particle to background. The particles were then sorted into 95 classes with varying length. Based on 

the probability distribution, a probability density function was calculated. 

Also, a SOPAT probe and a PERDIX probe were used to obtain a live view of what was 

happening inside the vessel as temperature decreased. 

3.2.5.5 LEVEL OF SUPERSATURATION 

PURPOSE 

The purpose of this experiment was to obtain the maximum level of supersaturation that could 

be used until the impurity started to nucleate. 
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MATERIAL 

2 Vessels 

EQUIPMENT 

2 thermostats RE 307 Ecoline staredition from LAUDA 

2 motors Hei-TORQUE 100 series from Heidolph 

ACQUITY UPLC system with a HSS T3 column of 1.8 m 

PROCEDURE 

In vessel 1, a solution of 46% (w/w) ethanol/water was used to dissolve 27 g/L of naringenin 

and 13 g/L of resveratrol at 60 ºC. In vessel 2, a solution of 39% (w/w) ethanol/water dissolved 17 g/L 

of resveratrol and 11 g/L of naringenin also at 60 ºC. After all the solute was dissolved, both solutions 

were filtered and resubmitted into the vessels. Temperature was decreased to 50 ºC and then seed 

crystals of naringenin were added to vessel 1 and seed crystals of resveratrol to vessel 2. The used 

amount for each vessel was 5% of the total amount of mass that would get out of the liquid phase and 

go to the solid phase. Afterwards, the vessels were cooled down with a cooling rate of 10 ºC/h and 

samples were taken every 30 minutes to evaluate the concentration of each polyphenol inside the 

vessel. Cooling was stopped at -5 ºC or when the unwanted polyphenol started to nucleate.  

3.2.5.6 DETERMINATION OF PARAMETERS 

PURPOSE 

The purpose of the parameter estimation is to obtain the values of the different parameters of 

the nucleation, dissolution, and growth rates. These parameters will be used in the model defined in 

chapter 3.2.4 in order to determine the optimal conditions to operate in the preferential crystallization 

problem.  

OVERVIEW 

The results of the experiments mentioned above were put in the model and MATLAB ran the 

results and solved the moments of the crystallization in order to determine the parameters of the 

equations presented below.  

Rotation speed was fixed at 250 rpm so this constant was incorporated in the 𝑘𝑁2
0 . Adapting 

the equations presented in chapter 2.4.3, from Eq. 2.15 to Eq. 2.22, to this process, we have the 

following rates. 

𝐵2 = 𝑘𝑁2
0 𝑒

(−
𝐸𝑁2
𝑅𝑇

)
∆𝑐𝑏𝑀𝑇

𝑗
 

Eq. 3.22 

𝐺 = 𝑘𝐺
0𝑒(−

𝐸𝐺
𝑅𝑇)∆𝑐𝑝 

Eq. 3.23 

𝐷 = 𝑘𝐷
0 𝑒(−

𝐸𝐷
𝑅𝑇)∆𝑐𝑞 

Eq. 3.24 

The obtained results of the MATLAB script, 𝑏, 𝑗, 𝑘𝑁2
0 , 𝐸𝑁2, 𝑝, 𝑘𝐺

0 , 𝐸𝐷 , 𝑞, 𝑘𝐷
0  and 𝐸𝐷 , were the 

parameter values for the crystallization with certain confidence intervals. 
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A typical approach to parameterize a model is shown in Figure 3.3. The described model-

based experimental design procedure was applied sequentially. The data obtained from the 

experiments was used to compute improved parameter estimates and the associated confidence 

intervals. (68) 

The routine for the estimation of the parameters was constructed in order to obtain a solid fit 

between model and experiment. The automated projection routine was used to improve the fit and 

obtain information concerning the reliability of the fitting via condition of the FIM and confidence 

intervals of the parameters.  

SOFTWARE 

MATLAB_R2016a 

PROCEDURE 

The equations used in this estimation were identical to the ones found in the model, but 

instead of determining the temperature profiles and flowrates by giving the parameters and initial 

concentrations, the input this time were comprised of temperatures, concentrations, particle size 

distributions, mass of seed crystals and time. 

Afterwards, the program solved the following steps in order to obtain the parameters with an 

acceptable confidence interval. 

CONFIDENCE INTERVALS  

The parameter estimation problem was posed as a nonlinear optimization problem. The 

objective function of this model was:  

𝑆𝑆𝐸 = ∑(�̂�𝑡𝑖
− 𝐶𝑡𝑖

)2

𝑁𝐿

𝑡=0

 

Eq. 3.25 

min
𝑝

𝑆𝑆𝐸 Eq. 3.26 

𝑝 = {𝑏, 𝑗, 𝑘𝑁2
0 , 𝐸𝑁2, 𝑝, 𝑘𝐺

0 , 𝐸𝐷 , 𝑞, 𝑘𝐷
0 , 𝐸𝐷} Eq. 3.27 

where �̂�𝑡𝑖,𝐿𝑗  and 𝐶𝑡𝑖,𝐿𝑗
 were the measurement and model prediction for the concentration in the 

liquid phase at the i-th sampling instant and NL was the number of sampling instances. The purpose 

was to achieve the minimum error between the theoretical and the model prediction using the 

parameters determined before. (69) After this, the model followed the routine described in chapter 3.3. 
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Finally, the chronology described in Figure 3.3 summarizes the parameter estimation routine. 

3.2.6  PREFERENTIAL CRYSTALLIZATION EXPERIMENT 

PURPOSE 

The purpose of these experiments is to obtain the final yield and purity of the crystals to 

analyse and compare the results with the ones obtained with MATLAB. 

MATERIAL 

2 Vessels 

2 inlet filters of 10 m 

Chem-Durance Bio tubing, size #16 from Masterflex L/S 

Tubing 

EQUIPMENT 

2 thermostats RE 307 Ecoline staredition from LAUDA 

2 motors Hei-TORQUE 100 series from Heidolph 

2 Masterflex pumps, 77521-57 model from Cole-Parmer Instrument Company 

1 Daq-device USB-6001 connected using a RS232 port from National Instruments 

  

Stop, goal achieved
Parameters 

identified

Define objective 
function

Analyze data 
available

Perform parameter 
estimation

Generate model 
output

Compute 
sensitivities

Statistical analysis 
of parameter 

estimates

Parameters 
reliable?: 

Confidence 
intervals

DOE to lower 
condition of the FIM 
varying parameters

Perform next 
experiment

Yes 

No 

Figure 3.3 Schematic illustration of the approach to model parameterization (68) 
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SOFTWARE 

LabVIEW SignalExpress from National Instruments 

PROCEDURE 

Preferential crystallization was performed as illustrated in Figure 3.4. Two vessels, vessel 1 

containing 100 mL of 46% (w/w) ethanol/water and vessel 2 containing 100 mL of 39% (w/w) 

ethanol/water, were situated under a thermostaticized jacket. The content of the vessels was 

continuously stirred at 250 rpm. Polyphenols were dissolved at 60º C in both vessels. Concentration of 

naringenin and resveratrol in vessel 1 were 19 and 12.7 g/L respectively. Concentration of naringenin 

and resveratrol in vessel 2 were 10.7 and 16 g/L respectively. Afterwards, the temperature and flow 

rates profiles provided from the model were started and, at a certain point, seed crystals of naringenin 

were added to vessel 1 and of resveratrol to vessel 2. The flow from one vessel to the other was 

filtered using an inlet filter of 10 m. The pumps, responsible for the volumetric flow between 

crystallizers, were controlled using the LabVIEW software connected to a Daq-device. This device 

sent voltage signals to the pumps, connected using a RS232 port. When the operating time was 

finished, the solutions were filtered and crystals of both vessels were collected and put in the oven in 

order for the remaining solvent to vaporize. Next, the weight of the crystals was measured and 

compared to the initial mass in order to obtain the yield. Then, a small sample of each of the resulting 

crystals was dissolved in ethanol and then, the content in each polyphenol was measured in order to 

obtain the purity value of the sample. 

Purity was calculated using Eq. 3.28 and yield relative to each vessel was obtained using Eq. 

3.29. 

𝑃𝑎 =
𝐶𝑎𝑓𝑖𝑛𝑎𝑙

𝐶𝑎𝑓𝑖𝑛𝑎𝑙
+ 𝐶𝑏𝑓𝑖𝑛𝑎𝑙

 
Eq. 3.28 

𝑌𝑎,𝑣𝑒𝑠𝑠𝑒𝑙 =
𝑃𝑎 × 𝑚𝑓𝑖𝑛𝑎𝑙

𝐶𝑎𝑖𝑛𝑖𝑡𝑖𝑎𝑙  × 𝑉
 

Eq. 3.29 

Figure 3.4 Experimental set up for the preferential crystallization 



 32 

𝑌𝑎 =
𝑃𝑎 × 𝑚𝑓𝑖𝑛𝑎𝑙

𝑚𝑡𝑜𝑡𝑎𝑙
 

Eq. 3.30 

𝑃𝑎 is the purity of polyphenol 𝑎, 𝐶𝑎𝑓𝑖𝑛𝑎𝑙 is the concentration of polyphenol 𝑎 in the redissolved 

solution and 𝐶𝑏𝑓𝑖𝑛𝑎𝑙 is the concentration of polyphenol 𝑏 in the redissolved solution. 𝑌𝑎,𝑣𝑒𝑠𝑠𝑒𝑙 is the yield 

of polyphenol 𝑎  relative to its corresponding vessel, 𝑚𝑓𝑖𝑛𝑎𝑙  is the final mass of the corresponding 

vessel of polyphenol 𝑎, 𝑉 is the solution volume, 𝑌𝑎 is the overall yield of polyphenol 𝑎 and 𝑚𝑡𝑜𝑡𝑎𝑙  is 

the total mass of polyphenol 𝑎 in both vessels. 

3.3 ERROR ANALYSIS 

PURPOSE 

When evaluating results, error analysis is an important aspect which constitutes a method of 

determining how certain one is of determined value. If the result has an error with a higher or equal 

order of magnitude, then the result is not reliable and the uncertainty becomes a problem. 

PROCEDURE 

The error estimation was posed as a nonlinear optimization problem. The objective function 

consisted of the difference between the experimental result and the model result. It was as follows: 

𝑆𝑆𝐸 = ∑(�̂�𝑡 − 𝜒𝑡

𝑡

𝑡=1

)2 

Eq. 3.31 

After obtaining SSE, MSE was estimated given the following expression. 

The variance in the measurements was assumed to be Gaussian and with zero mean. This 

variance was estimated by the mean squared error: 

𝑉𝑚 ≈ 𝑀𝑆𝐸 =
𝑆𝑆𝐸

𝑁𝑝 − 𝑛𝑝
 

Eq. 3.32 

𝑁𝑝  was the total number of discrete points of the particle size distribution and 𝑛𝑝  was the 

number of estimated parameters. 

Then, the fisher information was calculated for each point by using the following form. 

𝐹 =
𝛿𝑓

𝛿𝜃
 

Eq. 3.33 

Afterwards, the Fisher information matrix was calculated by this form. 

𝐹𝐼𝑀 = ∑ 𝐹𝑇

𝑡

𝑡=1

𝑉−1𝐹 

Eq. 3.34 

Variance of the parameter was obtained by the inverse of the fisher information matrix. 

𝑉𝜃 =  𝐹𝐼𝑀−1 Eq. 3.35 

Finally, the final value of parameter 𝜃 with the associated error was given by 

𝑉𝑎𝑙𝑢𝑒 = 𝜃 ± √𝑉𝜃(𝑖, 𝑖)𝑡𝒔(𝑁𝐿−𝑛𝑝,0.05) 
Eq. 3.36 
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4 RESULTS AND DISCUSSION 
 

OVERVIEW 

In this chapter, all the results obtained from the MATLAB optimization and experimental work 

will be presented and elaborated upon. 

From the beginning, the solubility curves for both polyphenols are presented. Their 

significance, similarity and other aspects are discussed. Afterwards, results of the experiments for the 

parameter estimation are clearly illustrated, analysed and discussed along with the MATLAB 

optimization results. Finally, the results of the preferential crystallization process are discussed 

followed by the comparison with the model and other important aspects. 

4.1 SOLUBILITY CURVES  

To use the solubility curves found in scientific literature, experiments to prove they were 

reliable and could be applied in our project had to be performed and are included in Appendix 7.1.  

(23) (65) (70) 

Using the solubility of resveratrol and naringenin in different ethanol and water mixtures at 

different temperatures discussed in the literature, a regression using the method of least squares was 

made to obtain the constant values of the Jouyban-Acree equation. The parameters are demonstrated 

on Table 4.1. 

 

 

 

 

 

 

 

 

 

 

The following curves represent the solubility data obtained from the Jouyban-Acree equation 

at 39% and 46% (w/w) of ethanol in water.  

  

 Resveratrol Naringenin 

A0 -6028.3 -5984.3 

A1 6.8618 6.1882 

A2 -15.363 -6.2181 

A3 19527 14228 

A4 -36852 -27312 

A5 42966 36751 

A6 -17907 -22879 

Table 4.1 Constants' values for the Jouyban-Acree Equations and for each polyphenol 
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Overlapping both solubility curves, their similarity is visually obvious which enforces the idea 

of intentionally performing a preferential crystallization. If the two solubility curves were more different, 

then a simple crystallization could be applied. With these solubility curves, cooling crystallization can 

be operated under similar conditions, relying not only on the thermodynamics of crystallization but also 

on the kinetics of crystallization that have an important role in this type of separation.  

Assuming that the preferential crystallization step is performed after an adsorption step and 

that these polyphenols will elute at approximately the same time, two pulls with similar ethanol 

concentrations would be obtained. A 39% and 46% (w/w) of ethanol in water were assumed for 

resveratrol and naringenin, respectively, in his process. With this in mind, solubility curves with 

different ethanol concentrations were chosen to overcome this problem and are represented in Figure 

4.2.  

The curves chosen for this process are of naringenin in a mixture of 46% ethanol/water and of 

resveratrol in a mixture of 39% ethanol/water. Since two flows between the vessel will be established 

during the experiment, a gradient of ethanol will occur between the two and the solubility curves will be 
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Figure 4.2 Solubility curve of resveratrol with 39% (w/w) ethanol in water and solubility curve 
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different than the one presented on Figure 4.2. This occurrence is accounted on the MATLAB script 

using Eq. 3.13.  

4.2 PARAMETERS ESTIMATION 

4.2.1 SEED CRYSTALS 

The quantity and size of seed crystals added to every experiment play an important role on 

the dynamics of the crystallization. Several studies have been performed where crystals have a critical 

size until which secondary nucleation is inexistent. This size may vary between 200 and 500 m 

depending on the stirring seed, its material and shape of construction. (71) 

There are a few reasons why the seed crystal size may be significantly important in secondary 

nucleation and influence the crystallization kinetics. For instance, large seeds generate more 

secondary nuclei in agitated systems than do small seeds due to their higher contact probabilities and 

collision energies. Additionally, very small crystals can follow the streamlines within the turbulence 

whirlpools in vigorously agitated solutions, acting as if they were suspended in a stagnant liquid, rarely 

coming into contact with the stirrer or other crystals. Other variables to consider are that crystals 

smaller than about 10 m probably grow much slower than do bigger crystals and, as mentioned 

above, some damaged crystal fragments may not be capable of growing by any means. (71) 

As it can be seen in Eq. 4.1, the total area available for crystal growth is indirectly proportional 

to the size of the seeds but directly proportional to the mass of seeds. Thus, a larger amount of 

smaller seeds is preferable to improve crystal growth and decrease secondary nucleation. Of interest 

was the obtaining of seed crystals between 30 to 200 m since they were not too small, they had 

room to grow until the critical size and secondary nucleation would generate further seed crystals 

generally bigger than 50 m. If seed crystals of 200 m or bigger were to be applied in the system, 

than for the same mass, a smaller number of crystals would go in the vessel which would increase the 

lag phase until the concentration of the polyphenol started to decrease. 

Another important aspect to consider when creating seed crystals is the polymorphism of the 

crystals. Crystals of resveratrol obtained by evaporation appear to have the same morphology as 

crystals obtained by cooling.  

The same does not appear to be valid for crystals of naringenin. Seed crystals of naringenin 

were being generated primarily by evaporation but these crystals would not grow on a cooling 

crystallization experiment. Only after creating seed crystals by cooling and using them in an 

experiment, seed crystals began to grow in a cooling crystallization. These crystals appear to have 

different colours, depending on the way they are produced. Evaporation crystals appeared yellow and 

cooling crystals appeared to be white. For these reasons, crystals of naringenin are believed to have 

different morphologies.  

𝐴𝑡𝑜𝑡 =
𝑚𝑐𝑘𝑎 ∫ �̅�(𝐿) ∙ 𝐿2𝑑𝐿

𝐿𝑓

0

𝑘𝑣𝜌𝑐 ∫ �̅�(𝐿) ∙ 𝐿3𝑑𝐿
𝐿𝑓

0

 

Eq. 4.1 
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 Seeds of naringenin are needle shaped crystals that tend to aglomerate in starry shape. 

Crystals of resveratrol are simple needle crystals and also translucent. 
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Figure 4.4 Particle size distribution of seed crystals of naringenin (A) and resveratrol (B). 

Figure 4.3 Seed crystals of naringenin (A) and resveratrol (B) 
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Both particle size distributions are very different since the majority of crystals of resveratrol are 

120 m and of naringenin are 40 m, which does not constitute a problem since both are in the range 

that was chosen and will not influence the parameters. The size of the crystals is a difficult task to 

control since the distributions were obtained offline using the microscope. By the time a sample was 

taken, measured and verified, the size of the crystals would already be different than the one 

measured. 

4.2.2 𝑘𝑣  ESTIMATION 

Volume shape factor estimation is relative to three-dimensional objects but the dimensions of 

the particles measured with a microscope are two-dimensional. As mentioned in the previous chapter, 

needle crystals of resveratrol and naringenin were assumed to have similar height and width. This 

assumption will overcome the three-dimensional obstacle. Another assumption made was that these 

crystals only grow in the length or at least it is where the growth is more substantial. This way, to 

obtain the kv, a function of the shape factor with the length for each polyphenol was estimated using 

the length and width of seed crystals measured with the microscope. For all the measured crystals, 

plots were made between the length and 1 𝑅2⁄ , where 𝑅2 = (𝑊 𝐿⁄ )2 and are represented in Figure 4.5. 

As the length increases, 𝑅2  decreases and, therefore, kv augments with the length. This 

relation between the length and kv can be seen in the figures and is represented by the equations 𝑦 =

3.7259𝐿−1.717 for naringenin and 𝑦 = 54.297𝐿−2.210 for resveratrol. The estimated curves seem to be 

well estimated with acceptable R2, but naringenin appears to have some uncertainty due to the 

agglomeration of the crystals and some deviations of the image analysis due to this phenomena. 

Additionally, since it was assumed that these crystals only grow in one dimension, their volume can be 

easily obtained by the equation (1 𝑅2⁄ )×𝐿3. Despite the determination of kv, the volume shape factor 

used in the model was the average shape factor, since the method of the moments was the chosen 

method for this project. Incorporating the determined kv in the model, would make it into a more 

difficult script and would require a considerable amount of time in order to obtain the conditions.  

  

Figure 4.5 kv as a function of the length of the crystals and its regression for naringenin (A) and for resveratrol (B) 
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4.2.3 𝜌𝑖   ESTIMATION 

The results obtained for the crystal density of each polyphenol are represented on the 

following table, along with their estimated confidence interval. 

 

 

Normally, the method to estimate crystal density does not provide precise results. However, 

the obtained densities have low confidence intervals which means that these densities are well 

determined. 

4.2.4 DETERMINATION OF PARAMETERS 

After performing the experiments described in chapter 3.2.5.4, the results were put in the 

MATLAB script and the parameters were estimated with certain confidence intervals. These were 

calculated as it is referred in chapter 3.3. The results of the parameters are in Table 4.3. 

 
 Naringenin Resveratrol 

Parameter Units Value 
Confidence 

Interval 
Value 

Confidence 

Interval 

𝒌𝑵𝟐
𝟎  

nuclei L-1 h-1  

(g gsolução
-1)-b 

(gsolids gsolução
-1)-j 

1.0558x1030 7.4905x1024 2.0938x108 NA 

𝒌𝑮
𝟎  

m h-1  

(g gsolução
-1)-p 

4.6271x108 489.51 6.6282x106 33897x101 

𝒌𝑫
𝟎  

m h-1  

(g gsolução
-1)-q 

3.9142x109 5011.9 5.8417x108 36310x102 

𝑬𝑵𝟐 J mol-1 7316.3 0.0037 5.0000x106 NA 

𝑬𝑮 J mol-1 1743.4 0.0063 2.9970x104 0.0653 

𝑬𝑫 J mol-1 2265.1 0.0182 3.5113x104 115.85 

𝒃 - 5.4864 0.0164 4.0514 NA 

𝒑 - 4.1500 0.0061 0.5819 0.0040 

𝒒 - 1.4336 0.0011 1.1521 0.0043 

𝒋 - 2.4893 0.0386 3.0504 NA 

 

The parameters have low confidence intervals, giving the parameters have a high level of 

precision. Confidence intervals of the secondary nucleation parameters were not estimated because 

of numerical errors. This estimate corresponds to a local minimum and its derivative approaches zero. 

Polyphenol Resveratrol Naringenin 

Crystals mass (g) 1.2494 1.5803 

Crystals volume (mL) 0.8677 1.1576 

Density (g mL-1) 1.4  0.1 1.37  0.07 

Table 4.3 Results of parameter estimation for each polyphenol with their corresponding confidence intervals 

Table 4.2 Crystal density of both polyphenols with their correspondent confidence interval 
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This generates a column of zeros in the Jacobian matrix which will be inverted and this column will be 

undetermined.  

To compare and evaluate the different kinetics in terms of the numerical values obtained is 

difficult. Instead, obtained parameters must be seen as a set that should be used as a whole. The 

reason for this is the significant correlation of the individual parameters. Alternatively, to evaluate if 

these parameters are well represented by the values in Table 4.3, the experiments were compared 

with the expected experimental results using the obtained parameters. Figure 4.6 and Figure 4.7 

represent these results and comparison. Figure 4.6 illustrates an experiment performed with 

naringenin and the fit of the model to the experiment. In this experiment, the cooling rate was -10 ºC/h, 

the heating rate was 15 ºC/h and the mass of the seed crystals was 1.5% of the total mass that would 

crystallize. 

As it demonstrated in Figure 4.6, naringenin only grows under a high level of supersaturation. 

Concentration remained constant in the beginning and only at 25 ºC, where supersaturation is high, 

the seed crystals began to grow. This lag phase is visible in all the experiments performed with 

naringenin (Appendix 7.3.1). This demonstrates that growth is not the usual first order equation on 

supersaturation since crystals do not grow at the same rate as temperature decreases. After the lag 

phase, crystals grow relatively quick and when temperature begins to increase, the crystals follow the 

solubility curve with no lag phase visible. This behaviour may infer that crystals of naringenin are quite 

unstable and have a different growth mechanism, not linearly dependent on the supersaturation but 

with an exponent of 2 or 3 on the supersaturation. Also, concentration appears to stay above the 

solubility curve possibly due to some error of the solubility curve. 

To evaluate if the crystallization model of resveratrol with the estimated parameters follow 

what happened experimentally, Figure 4.7 illustrates the results of one experiment and the fit of the 

model to this experiment. The cooling rate was also -10 ºC/h and the heating rate was 15 ºC/h and 

mass of the seed crystals was approximately 1.5% of the total mass that would crystallize.  
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In Figure 4.7, resveratrol follows the solubility curve with a small lag phase in the beginning. 

This lag phase is visible in these experiments but not in certain others (Appendices 7.3). This is 

related to the amount of seed crystals added to the solution which, in this case, was lower than the 

mass used in the other experiments meaning that 3 or 5% is the proper amount of seeds to add. After 

the lag phase, crystals grow and follow the solubility curve.  

Crystals of resveratrol seem to not be able to “catch up” to the temperature decrease or 

increase. This behaviour is visible when temperature is constant at 10 and 25 ºC. Concentration 

seems to take some time to adjust in these temperatures. Also, resveratrol crystals seem to stay 

under the solubility curve when temperature increases. This can be explained because of some 

associated errors of the assumed solubility curves, (65) because the heating rate was probably too 

high, because some ethanol may have evaporated in the meantime and maybe because these 

crystals may also be more stable in the crystal form than dissolved. 

Figure 4.8 Particle size distribution of resveratrol at 20 ºC during an experiment 
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Every time the solution reached 20 ºC, a non-filtered sample was drawn from the vessel and 

analysed on the microscope. The CSD for this experiment is presented in the figure below.  

The results of the particle size distributions were expected to shift to side where length 

increases but they were inconclusive since the particle size is almost the same as the seed crystals. 

This may be explained by the evaporation of ethanol when the solution is poured in a microscope slide 

which generates new and small crystals which are visualized on the microscope. Another aspect that 

may cause this distribution is that the bigger crystals, resultant of the crystal growth, are more difficult 

to collect from the vessel since the opening of the syringe might still be too small for these crystals to 

enter.  

The lines corresponding to the model follow the experimental values and the fit is good.  

Figure 4.9 compares the overall results between the experimental concentration and the 

model estimation for the concentration.  

The model follows the experimental values and the fit is again good. In the case of resveratrol, 

the errors seem to be randomly distributed around the experimental points. The same does not occur 

for naringenin where the deviations are concentrated in certain regions of the graphic. In Figure 4.9 

(A), for smaller and higher concentrations, the model estimates a higher concentration than the one 

found in the vessel, but for intermediate concentrations, the model predicts a smaller concentration 

than the experimental one. This behaviour can be visualized in Figure 4.6, where, when temperature 

decreases, the model begins to overestimate the concentrations, then underestimates and finally 

overestimates the concentration again when temperature starts to increase. Nevertheless, the model 

constitutes a good fit to the experimental results but this fit is better in resveratrol than in the 

naringenin experiment. This can be explained by the experimental results of naringenin being 

relatively different between experiments. The model may not describe entirely what is happening 

inside the vessel and aggregation is not considered. 

The deviations between the individual model calculations and the measurements could be 

attributed to the experimental errors, the uncertainty of the kinetic parameters and the assumptions 

made into the model structure and experimental work. The model did not include agglomeration of 

Figure 4.9 Comparison of concentrations between the experimental work and model prediction for naringenin (A) and 

resveratrol (B) 
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naringenin and crystal growth may also occur in the other dimensions. Additionally, the measurement 

of the concentration using the UHPLC carries a certain level of uncertainty. 

 Overall, the parameters are well predicted for the case of naringenin and the model has a 

good prediction of the concentrations as it is demonstrated in Figure 4.9. 

4.2.5 ONE VESSEL PREFERENTIAL CRYSTALLIZATION 

Another important input parameter for the model is the level of supersaturation. To evaluate 

the limit of supersaturation for both solutions, an experiment of preferential crystallization was 

performed with a fixed cooling rate and without the flow between the vessels. This limit is supposed to 

prevent primary nucleation of the unwanted polyphenol and therefore avoid crystallization of this very 

polyphenol. 

Following the procedure mentioned in chapter 3.2.5.5, the results obtained are visible in 

Figure 4.10 and Figure 4.11. 

As can be seen in the graphic, concentration of naringenin decreased as was expected. 

Seeds crystals of naringenin grew and consumed the supersaturation in the liquid phase. The 

concentration of resveratrol remained the same as temperature decreased until -5 ºC meaning that 

resveratrol did not nucleate. The chosen supersaturation level was the supersaturation at -5 ºC, which 

corresponds to the maximum level reached. In this case, the relative supersaturation used was 

𝐶𝑛𝑎𝑟 𝐶𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦⁄ = 4.5.  
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Figure 4.10 Experimental results of one vessel preferential crystallization of naringenin with resveratrol 
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In vessel 2, concentration of resveratrol decreased meaning that seeds crystals of this 

compound grew while temperature decreased. The concentration of naringenin was constant until 20 

ºC, point at which naringenin started to nucleate. The maximum level of supersaturation until 

nucleation occurs was at 20 ºC corresponding to 𝐶𝑛𝑎𝑟 𝐶𝑒𝑞⁄ = 5.5 . To prevent nucleation of the 

unwanted polyphenol and to keep the solution as distant from this level of supersaturation as possible, 

a lower level of supersaturation was chosen which corresponds to 𝐶𝑛𝑎𝑟 𝐶𝑒𝑞⁄ = 2.8. 

These experiments also validate the process of preferential crystallization since, in one of the 

vessels, the unwanted polyphenol did not crystallize and, in the other vessel, the unwanted polyphenol 

only crystallized after a certain point of supersaturation. Thus, until the proposed limits of 

supersaturation are surpassed, preferential crystallization is happening. 

4.3 PREFERENTIAL CRYSTALLIZATION 

After getting all the kinetic parameters, maximum levels of supersaturation and the CSD of the 

seed crystals, the model can now estimate the optimal conditions to be used in the final experiment in 

order to obtain the maximum yield and at least 95% of purity. 

MATLAB ran the simulation for 24 hours and estimated the conditions using the constraints 

described in Eq. 3.14 to Eq. 3.17. 

 The resulting optimal flow rates and temperature set point profiles are illustrated in Figure 

4.12, Figure 4.13, Figure 4.14 and Figure 4.15. Additionally, temperature of the slurries inside the 

vessels are represented in Figure 4.16 and Figure 4.17 and concentration of both polyphenols in each 

vessel are illustrated in Figure 4.18 and Figure 4.19. 
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Figure 4.12 Flow rate profile obtained with model and 

implemented on vessel 1 

Figure 4.13 Flow rate profile obtained with model and 

implemented on vessel 2 

Figure 4.14 Temperature profile obtained with model and 

implemented on vessel 1 

Figure 4.15 Temperature profile obtained with model and 

implemented on vessel 2 
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Figure 4.16 Temperature inside vessel 1 throughout the 

experiment 
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Figure 4.17 Temperature inside vessel 2 throughout the 

experiment 
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As expected, temperature is supposed to decrease to promote crystal growth. In the first 

vessel, temperature decreases relatively abruptly and in the second vessel, it decreases gradually. 

This is due to the high level of supersaturation that is needed for naringenin to grow and also because 

the level of maximum supersaturation is high. Additionally, the temperature profile of the first vessel is 

characterized by some discrepancies that may correspond to local minimums obtained with the model 

along with the delay of the thermostat to reach the temperatures of the set points. As it can be seen in 

Figure 4.17, the temperature inside the vessel appears to have smoother lines than profile that 

confirms the thermostat’s delay. Temperature in this vessel decreases rapidly to reduce the lag phase 

and then increases possibly because, in the experiments of parameter estimation, when temperature 

increased, concentration continued to decrease or stagnated due to some delay of the system to 

consume the supersaturated naringenin.  

Temperature decrease is gradual in vessel two due to the lower maximum of supersaturation 

described for resveratrol. Figure 4.16 appears to have the same profile as Figure 4.14 but with 

smoother lines which also confirm the thermostat’s delay. 

Flow rates are established only after several hours, which was also expected, since, in the 

beginning, the solutions are rich in the wanted polyphenol of the corresponding vessel. Only after this 

was consumed, the vessels become rich on the unwanted polyphenol and exchange between the 

vessels becomes advantageous. This can be seen in Figure 4.18 and Figure 4.19. 

Using the obtained conditions, the final experiment was performed as described in chapter 

3.2.6. The results for vessel 1 and 2 are illustrated in Figure 4.20 and Figure 4.21, respectively, where 

concentration of the liquid phase is compared to solubility. 
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Figure 4.20 Comparison of the experimental results with the solubility curve. The lines represent the solubility 

curves and the rhombus represent the experimental concentration values of resveratrol in vessel 1. 
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Comparing the concentration results with the model temperature versus the solubility curves, it 

is visible that the concentration followed the equilibrium curve as expected. The temperature 

calculated with the model resulted in a smooth decline of the concentration along the solubility curve. 

Also, it is visible that the model calculated the controls, temperature and flow rates, in order for the 

concentration to accompany the solubility curves. 

To compare the predicted and experimental concentrations of vessel 1 and 2, the results are 

illustrated in Figure 4.22 and Figure 4.23, respectively. 

Figure 4.22 Comparison of the experimental and model results for the preferential crystallization experiment in vessel 1 at 

different time points. The lines represent the model results and the crosses and triangles represent the experimental values.  
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Figure 4.21 Comparison of the experimental results with the solubility curve. The lines represent the solubility 

curves and the rhombus represent the experimental concentration values of naringenin in vessel 2. 
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In the figures, the experimental concentration is lower than the calculated one. This shows 

that the model overestimates the obtainable concentrations, perhaps due to the assumptions put in 

the model or the slight uncertainty of the parameters. Additionally, the filter pores might be too wide 

and smaller crystals may be exchanged between vessels, resulting in changes in the liquid 

concentration if these smaller crystals begin to grow. Nevertheless, comparison of the calculations 

with the measured data shows that all process concepts can be predicted with an acceptable 

deviation. The model proved its predictive quality, but could not be used to perfectly match the 

outcome of the experiments. Therefore, the model should be used to calculate suitable process 

conditions for the optimal batch.  

Finally, purity and yield for the resulting mass in each vessel were calculated and are 

represented in Figure 4.24. 
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Figure 4.24 Yields and purities obtained in each vessel for the preferred polyphenol. 
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Figure 4.23 Comparison of the experimental and model results for the preferential crystallization experiment in vessel 2 at 

different time points. The lines represent the model results and the crosses and triangles represent the experimental values. 
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The overall yield of naringenin was 84% and the yield only relative to its vessel was 130% 

since mass from the other vessel was being transferred to the first vessel. Purity does not correspond 

to the expected one since there was possibly a leak of small crystals of resveratrol from vessel 2 to 

vessel 1, where they remained and grew resulting in a decrease of purity. Using a filter with smaller 

pore size may probably prevent this flow of small crystals of resveratrol resulting from secondary 

nucleation.  

The yield of resveratrol is lower than expected since mass was probably carried to the other 

vessel. Here, however, purity is higher than the expected, stipulating that naringenin did not nucleate 

or come from the other vessel since crystals of naringenin tend to agglomerate and clog the filter. 
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5 CONCLUSIONS AND FUTURE PROSPECTS 
 

In this project, the hypothesis of preferential crystallization between polyphenols with similar 

hydrophobicity was successfully applied for resveratrol and naringenin. To evaluate, design and 

optimize the different process variants, and thus fully exploit the potential of the separation method, 

reliable models were needed. After the formulation of a suitable kinetic process model, the free 

parameters had to be determined.  

The kinetic parameters had low confidence intervals meaning that the parameters were well 

estimated and fitted the performed experiments. The reliability of the kinetic parameters can be further 

enhanced using additional experimental data and particle size distributions throughout the experiment. 

These distributions can be determined with the use of a flow through cell or the same way as 

employed in this thesis but the samples should be slightly centrifuged and resuspended in glycerol.  

Furthermore, it was possible to achieve preferential crystallization without the coupled mode. 

Preferential crystallization also occurred in one vessel where naringenin grew, without the nucleation 

of resveratrol. This falsifies the idea that performing crystallization of different compounds with similar 

solubility curves will result in impure crystals. Instead, despite two compounds having similar solubility 

curves, one can crystallize but the other may not, even if it is supersaturated. 

Afterwards, the experimental conditions were obtained using the model of preferential 

crystallization. The model and the experimental results for the preferential crystallization were 

compatible and the model illustrated a good prediction of the concentration along the temperature 

decrease.  The use of the method of the moments constituted a wise choice because it delivered quick 

and well estimated results which were close to the experimental results. To enrich and better the 

model, agglomeration can be incorporated along with the dependency of the length for crystal growth. 

To improve purity and yield, the changing of the filters’ pore size to a smaller size will prevent 

crystals to go into the other vessel and grow. 

Finally, this thesis endeavours to show that preferential crystallization can be applied, not only 

to enantiomers, but to other types of different molecules since separation of different polyphenols was 

successfully achieved. Plus, this type of separation may reduce costs in downstream processing, at 

least for these two polyphenols.   
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14. Quideau, Stéphane, et al. Plant Polyphenols: Chemical Properties, Biological Activities, and 

Synthesis. s.l. : Wiley-VCH Verlag GmbH & Co., 2011. pp. 586 – 621. Vol. 50. DOI: 10.1002/anie.201000044. 

15. Zillich, O. V., et al. Polyphenols as active ingredients for cosmetic products. s.l. : Society of Cosmetic 
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7 APPENDICES 

7.1 SOLUBILITY CURVES 

7.1.1 RESVERATROL 

The determination of the solubility curve and the metastable limit were carried out in a medium 

throughput multiple reactor setup (Crystalline PV, Avantium, Amsterdam). The setup consisted of eight 

glass reactors but only four had an incorporated camera which allows viewing of the particles in the 

reactor. Therefore, slurries of four different concentrations (C1, C2, C3 and C4) were prepared in the 

reactors and stirred with a hook-shaped stirrer. During the measurement, a solution is first heated and 

then cooled at certain temperature with a defined heating and cooling rate, in this case, the rate 

employed in the experiments was 0.1 K/min. This is described in the figure below. 

The dissolution and crystallization processes were also monitored by the laser light passing 

through the reactors. As the temperature increased, the slurries became clearer, and the transmission 

of laser light through the solution increased gradually. When suspended solid materials disappear 

from the solution, 100% transmissivity is achieved. Therefore, the point at which this happens is the 

clear point and it determines the saturation temperature of the compound in solution. As the 

temperature decreased, crystals start to form and the transmission of laser lights decreases gradually. 

The point at which solid material first appear in a solution is considered as the cloud point. This 

process is represented in the figure below. These points were confirmed with images that were 

constantly being taken from the camera of the particle viewer. In the pictures taken with Crystalline, it 

Figure 7.1 Results obtained from the Crystal 16 and the corresponding images at different stages of the experiment. 
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is visible that resveratrol forms needle shaped crystals. The figure above demonstrates this type of 

crystal morphology. (72) (73)  

The results obtained of the solubility curve and metastable zone limit for resveratrol in 39% 

(w/w) ethanol in water are as illustrated below.  

7.1.2 NARINGENIN 

To obtain a solubility curve for naringenin, 6 samples with different concentrations of 

naringenin in a solution of 40% (m/m) ethanol in water were created. Each sample was associated to 

a temperature of the solubility curve, found in literature, and each sample had about 50% excess of 

naringenin. After pouring a sample in a vessel containing a heating/cooling jacket, the solution was left 

stirring and under its corresponding temperature for several hours. Then a 1 mL sample was drawn 

from the vessel and filtered, to extract crystals present in the suspension, resulting in a saturated 

solution at a certain temperature. Afterwards, an UPLC analysis was performed in order to obtain the 

exact concentration of the saturated solution and compare it with the literature. The ultra-performance 

liquid chromatography (UPLC) consisted of an ACQUITY UPLC system. The sample solutions were 

separated using an ACQUITY UPLC HSS T3 column 1.8 μm at 30 ºC. The system used a mobile 

phase A (0.1% formic acid in miliQ water) and a mobile phase B (0.1% formic acid in acetonitrile) 

delivered at 0.400 mL min-1. In this process, an isocratic mobile phase was adopted with a ratio of 1:3 

(A:B). The injection volume was 1 μL. The wavelength of the detector for screening was set at 289 

and 307 nm. (63) 

The results obtained of the solubility curve and metastable zone limit for naringenin are as 

illustrated below. 

 

Figure 7.2 Experimental results obtained with the Crystal 16. The blue points represent the cloud points and the 

grey points represent the clear points. The blue and red line are the results found in the litereture for the metastable 

limit curve and solubility curve, respectively. 
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7.2  CALIBRATION CURVES 

7.2.1 CONCENTRATION 

7.2.1.1 RESVERATROL 

The calibration curve of resveratrol was already obtained by previous experiments in this 

laboratory for the same project. This calibration curve is represented below. This curve can only be 

used for concentrations between 0 and 1.2 grams per litre. 
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Figure 7.3 Results obtained for the solubility of naringenin at different temperatures. The line represents the 

solubility curve found in the literature and the points are the experimental data obtained. 
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Figure 7.4 Calibration curve obtained for resveratrol. This calibration curve is only applied with 304 nm and with 

concentrations between 0 and 1.2 g/L. 
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7.2.1.2 NARINGENIN 

To obtain a calibration curve, seven samples with different concentrations of naringenin in 

ethanol (1:20, 1:10, 1:5, 1:3, 1:2.5, 1:2, 1:1.5) were created from the dilution of a standard solution of 

10 g/L. Two samples of each concentration were produced to take into account errors of the 

experimental procedure. Then the sample solutions were quantitatively analysed by using an ultra-

performance liquid chromatography (UHPLC), the Dionex UltiMate 3000 UHPLC+ focused from 

Thermo Scientific. The sample solutions were separated using an ACQUITY UPLC HSS T3 column 

1.8 μm at 30 ºC. The described system was used with a mobile phase A (10% (v/v) formic acid in 

miliQ water) and a mobile phase B (10% (v/v) formic acid in acetonitrile) delivered at 0.400 mL min-1. 

In this process, an isocratic mobile phase was used with a ratio of 1:3 (A:B). The injection volume was 

1 μL. The wavelength of the detector for screening was set at 289 and 307 nm. The temperature of 

the auto-sampler was 22 ºC. (63)  The calibration curve obtained for naringenin is represented below. 

This curve can only be used for concentrations between 0 and 2 grams per litre. 

7.2.2 FLOW RATE 

In order to send a signal to the pumps through time, the Daq-device USB-6001 with a range of 

0 to 10 Volts, connected using a RS232 port to the pump, was used. This daq-device sends a certain 

voltage to each pump and it corresponds to a certain rotation frequency. As the user increases the 

voltage, the rotation frequency will also increase and vice-versa. The two Masterflex pumps used in 

this experiment were from Cole-Parmer Instrument Company, both are the 77521-57 model with a 

range of 1 to 100 rpm (old pump). Using SignalExpress from LabView, it was possible to program the 

signal in time that the daq-device should perform. The mass was measured using the PG3001-S scale 

from Metler Toledo connected to the computer in order for a MATLAB script run the change of mass 

over time. The fluid used was MiliQ water and knowing that its density is approximately 1 g/L, the flow 

rate was known. 

  

Figure 7.5 Calibration curve obtained for naringenin. This calibration curve is only applied with 289 nm 

and with concentrations between 0 and 2 g/L. 
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7.2.2.1 PUMP 

The minimum signal for this pump was 2.5 V, since below this value the pump would not work. 

Thus, to determine the flowrates for the pump, the chosen voltages ranged from 2.5 V to 6 V. The 

results obtained for the old pump were as follows.  

7.2.2.2 FLOW RATE AS A FUNCTION OF VOLTAGE 

Using the results above, two lines were obtained, one for each pump, correlating the voltage 

to the flowrates. The result was as is shown below. 
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Figure 7.6 Results of the water mass obtained as a function of time for different voltages utilized through the daq-device using the 

old pump 

Figure 7.7 Flow rate as a function of voltage for the new and the old pumps 
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7.2.3 THERMOSTAT 

The two thermostats used in this experiment were from LAUDA and are RE 307 Ecoline 

staredition. The temperature of the vessel was controlled by the built in controller of the thermostat. To 

be sure that the heating and cooling curves given by the provider were acceptable, a thermostat 

calibration was performed. To determine the thermostats’ heating and cooling rates, the temperature 

inside the vessel was measured throughout the time. To determine the heating rate, a fixed set-point 

of 60 ºC was chosen and, following this procedure, the chosen set point to determine the cooling rate 

was -5 ºC.  

Given the results demonstrated above, the heating rate is 5.5785   0.2728 ºC min-1 and the 

cooling rate is 0.0170 t - 1.8744  0.0052 ºC min-1. 

  

Figure 7.8 Temperature of the thermostat vs time and temperature of the set point 
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7.3 PARAMETER ESTIMATION EXPERIMENTS 

7.3.1 NARINGENIN 

 

 

 

  

Figure 7.9 Experimental and model results obtained for the cooling rate of -6 ºC/h and heating 

rate of 10ºC/h. The amount of seed crystals was 5% of the total mass that would crystallize. 
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Figure 7.10 Experimental and model results obtained for the cooling rate of -15 ºC/h and heating 

rate of 6 ºC/h. The amount of seed crystals was 10% of the total mass that would crystallize.  
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7.3.2 RESVERATROL 
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Figure 7.11 Experimental and model results obtained for the cooling rate of -20 ºC/h and heating 

rate of 20ºC/h. The amount of seed crystals was 1.5% of the total mass that would crystallize. 

Figure 7.12 Experimental and model results obtained for the cooling rate of -6 ºC/h. The amount 

of seed crystals was 2% of the total mass that would crystallize. 
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Figure 7.13 Experimental and model results obtained for the cooling rate of -10 ºC/h and 

heating rate of 10ºC/h. The amount of seed crystals was 2% of the total mass that would 

crystallize. 
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Figure 7.14 Experimental and model results obtained for the cooling rate of -20 ºC/h and 

heating rate of 20ºC/h. The amount of seed crystals was 2% of the total mass that would 

crystallize. 
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