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

that can potentially trigger some kind of disease. 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. (1) 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 as 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 66% for resveratrol and 130% for naringenin were obtained with purities of 97% 

and 68% respectively. 

Keywords: crystallization, polyphenols, downstream, purification, preferential crystallization, nutraceuticals, resveratrol, naringenin.

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 5% each year. Phenolic 

compounds like resveratrol and naringenin 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. 

Polyphenols are also responsible for flower and fruit 

colouration. Polyphenols have a broad sort of 

applications including in leather, colouring, inks, food, 

and other industries. (5) 

Although these compounds can be extracted from 

plants or even chemically synthesized, their production 

via fermentation is being studied, bringing 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 produce polyphenols at a large scale 

in several industries but there isn’t still a described 

process to purify them from the rest of the fermentative 

broth. The aim of this project is to present a possible 

solution for the purification of these two polyphenols 

when fermentation is the chosen via for producing 

resveratrol and naringenin. (6) 

Immediately after fermentation, crystallization can be 

quite costly because of the quantity of necessary 

medium to cool or evaporate to obtain a small yield 

(the solubility of hydrophobic polyphenols in water is in 

the 100 mg L-1 range). On the other hand, after a 

previous concentration and purification step using 

chromatography, crystallization can be a good method 

of further concentrating and purifying the two 

polyphenols.  

In this project, preferential crystallization after a 

chromatography step will be investigated. With this 

strategy, not only will the difference between solubility 

curves be explored, but also the difference in particle 

size. Seed crystals of the two polyphenols will be 

introduced in 2 different crystallizers, which have a 

loop for fine dissolution and may exchange liquid (the 

sinker 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 polyphenol A and the other 

crystallizer in polyphenol B. 
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2. Materials and methods 

To understand and prepare the most efficient 

experiment of preferential crystallization, the 

secondary nucleation, growth and dissolution 

parameters must be found. To estimate these 

parameters, several experiments coupled with 

MATLAB optimization were performed. Afterwards, a 

MATLAB model run the results of the experiments and 

delivered the optimal conditions to perform the 

preferential crystallization experiment. After this, the 

final experiment was performed and the purities and 

yields obtained. 

2.1. Model 

To optimize the control parameters, temperature and 

volumetric flows, the preferential crystallization 

process through a MATLAB script was elaborated. To 

do this, the initial crystal size distribution of the seed 

crystals must be known in every experiment to 

determine 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. 

𝐶𝑆𝑎,𝑖
= 3 𝜌𝑎  𝑁𝑡𝑎,𝑖

∫ (𝑘𝑣 𝑎
𝑛𝑎,𝑖  𝐿3)𝑑𝐿

∞

0

 (Eq. 1) 

Afterwards the model obtained the crystallization 

moments described in the following equations. 

𝜇0𝑎,𝑖
(𝑡 = 0) =  

 𝑁𝑡𝑎,𝑖

𝑉𝑖

 (Eq. 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 (𝐿). 

𝜇1(𝑡 = 0) =  
 𝑁𝑡𝑎,𝑖

𝑉𝑖

 ∫ (𝐿 𝑛𝑎,𝑖̅̅ ̅̅̅) 𝑑𝐿
∞

0

 (Eq. 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), 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. 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), 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 were solved taking also into 

account secondary nucleation, growth and dissolution 

rates obtained in the parameter estimation, explained 

in the following chapters. Primary nucleation was 

discarded since a low level of supersaturation is used 

during the performed experiments.  

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 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)) and 𝐿 is the 

crystal length (𝜇𝑚) and 𝐶𝑆𝑎,𝑖
 is the crystal concentration 

of polyphenol 𝑎 in vessel 𝑖 (𝑔 𝑔𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
−1). 

In all calculations, slurry density was assumed to be 

constant and equal to water density. The volume in 

each vessel was obtained with the following differential 

equation.  

𝑑𝑉𝑖

𝑑𝑡
= 𝐹𝑗𝑖 − 𝐹𝑖𝑗 (Eq. 10) 

Temperature inside the vessels was controlled by the 

thermostat. Thus, an energy balance was not needed 

and the model only considered the delay of the 

𝑑𝜇0

𝑑𝑡
= 𝐵𝑎 (Eq. 5) 

𝑑𝜇1

𝑑𝑡
= 𝐺𝑎𝜇0 (Eq. 6) 

𝑑𝜇2

𝑑𝑡
= 2𝐺𝑎𝜇1 (Eq. 7) 

Mass balance liquid phase:  

𝜕(𝐶𝐿𝑎,𝑖
. 𝑉𝑖)

𝜕𝑡

= 𝐹𝑗𝑖  𝐶𝐿𝑎,𝑗
− 𝐹𝑖𝑗  𝐶𝐿𝑎,𝑖

− 3𝑉𝑖  𝜌𝑎𝐺𝑎  𝑁𝑡𝑎,𝑖
𝑘𝑣𝑎
̅̅ ̅̅̅ ∫ (𝑛𝑎,𝑖̅̅ ̅̅̅ 𝐿2)𝑑𝐿

∞

0

 

(Eq. 8) 

Mass balance solid phase:  

𝜕(𝐶𝑆𝑎,𝑖
. 𝑉𝑖)

𝜕𝑡

= 3𝑉𝑖  𝜌𝑎   𝑁𝑡𝑎,𝑖
 𝐺𝑎  𝑘𝑣𝑎

̅̅ ̅̅̅ ∫ ( 𝑛𝑎,𝑖̅̅ ̅̅̅ 𝐿2)𝑑𝐿
∞

0

 
(Eq. 9)  
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thermostat to reach a certain temperature, the 

thermostat’s cooling and heating rates. 

𝑑𝑇

𝑑𝑡
= 𝐻1𝑡 + 𝐻2 (Eq. 11) 

𝑑𝑇

𝑑𝑡
= 𝐶1𝑡2 + 𝐶2𝑡 + 𝐶3 (Eq. 12) 

𝑇 is the temperature, 𝐻1 is the heating rate (º𝐶/ℎ), 𝑡 is 

time (ℎ) and 𝐻2 is the 𝑦 intercept, 𝐶1 is the first constant 

term (º𝐶/ℎ2), 𝐶2 is the second constant term (º𝐶/ℎ) 

and 𝐶3 is the third constant term (º𝐶). 

Solubility was calculated using the Jouyban-Acree 

equation. (7) 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 to obtain these 

parameters. (8) (9) 

𝑇𝑖𝑙𝑛(𝑥𝑎)

= 𝐴0 + 𝐴1𝑇𝑖 + 𝐴2𝑇𝑖𝑥𝐸𝑡𝑂𝐻

+ 𝐴3𝑥𝐸𝑡𝑂𝐻+𝐴4𝑥𝐸𝑡𝑂𝐻
2 +𝐴5𝑥𝐸𝑡𝑂𝐻

3 +𝐴6𝑥𝐸𝑡𝑂𝐻
4  

(Eq. 13) 

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. 14) 

 𝑃𝑎
1 ≥ 0,95 ∧  𝑃𝑏

2 ≥ 0,95 (Eq. 15) 

𝐶𝑟𝑒𝑠
𝑐𝑠

⁄ ≤ max 𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑣𝑒𝑙 (Eq. 16) 

𝐶𝑛𝑎𝑟
𝑐𝑠

⁄ ≤ max 𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑣𝑒𝑙 (Eq. 17) 

The goal is to maximize the minimum yield, to obtain 

at least 95% of purity for both compounds, and that the 

maximum levels 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 dissolved in the liquid phase. 

2.2. Seed crystals preparation 

To prepare seed crystals of resveratrol, the polyphenol 

was primarily dissolved at 60 ºC in a solution of 39% 

(w/w) ethanol in 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 and saved in a flask for further use.  

To prepare seed crystals of naringenin, naringenin was 

dissolved in a solution of 46% (w/w) ethanol in 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 stopped 

and the resulting slurry was filtered and the crystals 

were collected and resuspended in saturated water. 

Afterwards, a sample from the solution was taken and 

visualized on the microscope to obtain the crystal size 

distribution. 

2.3. 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. 

After assuming that each crystal has the same shape 

as a rectangular cuboid and that the height is equal to 

the width, 𝑘𝑣 was estimated as follows. 

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

volume shape factor of the crystals and will now be 

represented as 1 𝑅2⁄ . 

It is assumed that these crystals only grow on the 

length. So, if the length is increasing, then 𝑘𝑣 will be 

changing as the crystals grow. With this in mind, a 

function of the 𝑘𝑣 with the length was determined using 

the results obtained for the seed crystals.  

2.4. Experimental set up for parameterization 

The experimental set up is represented in 

Figure 1. A vessel containing solvent with polyphenol 𝑖 

was needed. Rotation speed was fixed at 250 rpm and 

was provided by the Hei-TORQUE 100 series from 

Heidolph. 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 cooling rates 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. Heating and cooling were performed 

using thermostats RE 307 Ecoline staredition from 

LAUDA. According to some articles and books, the 

advised mass of seed crystals to add was 5% of the 

total mass of crystals that would form. (10) To verify 

this amount, different amounts of seed crystals were 

tested, 1.5%, 3% and 5%. Additionally, every time 

𝑉 = 𝐿3×
𝑊

𝐿
×

𝑊

𝐿
 (Eq. 18) 
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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.  

2.5.  Solid phase monitoring 

The particle size distributions were measured using a 

LEICA DM5500 B combined with a LEICA CTR5500 

from Leica Microsystems (Switzerland) Ltd 

microscope combined with an automated image 

analysis software named Leica QWin from the same 

company. To analyse particle sizes offline, samples 

were taken, using a pipette with a cut tip to prevent 

clogging, and observed using the microscope. An 

automated program was created to avoid background 

noise and to only count the crystals. 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. 

However, it was always taken care to provide pictures 

with a high contrast particle in the background. The 

particles were than sorted into 95 classes with varying 

length. Based on the probability distribution, a 

probability density function was calculated. 

2.6. Level of supersaturation 

To obtain the maximum level of supersaturation that 

could be used until the impurity started to nucleate, the 

maximum level of supersaturation was measured for 

each vessel. In vessel 1, a solution of 46% (w/w) 

ethanol in water was used to dissolve 27 g/L of 

naringenin and 13 g/L of resveratrol at 60 ºC and, in 

vessel 2, a solution of 39% (w/w) ethanol in 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 put again in 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 leave the liquid phase and move 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.  

2.7. Parameters estimation 

The results of the experiments mentioned 

above were put in the model and MATLAB ran the 

results and solved the moments of the crystallization 

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 . For this 

process, we have the following rates. 

The described model-based experimental design 

procedure was applied sequentially. The data obtained 

from the experiments was used to compute improved 

parameter estimates (𝑏, 𝑗, 𝑘𝑁2
0 , 𝐸𝑁2, 𝑝, 𝑘𝐺

0 , 𝐸𝐷 , 𝑞, 𝑘𝐷
0  and 

𝐸𝐷) and the associated confidence. (11) 

The parameter estimation problem was posed as a 

nonlinear optimization problem. The objective function 

of this model was:  

𝑆𝑆𝐸 = ∑(�̂�𝑡𝑖
− 𝐶𝑡𝑖

)2

𝑁𝑡

𝑡=0

 
(Eq. 22) 

min
𝑝

𝑆𝑆𝐸 (Eq. 23) 

𝑝 = {𝑏, 𝑗, 𝑘𝑁2
0 , 𝐸𝑁2, 𝑝, 𝑘𝐺

0 , 𝐸𝐷 , 𝑞, 𝑘𝐷
0 , 𝐸𝐷} (Eq. 24) 

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, Nt was number of 

measured variables and NL was the number of 

sampling instances. The goal was to achieve the 

minimum error between the theoretical and the model 

prediction using the parameters determined before. 

(12) After obtaining SSE, MSE was estimated given 

the following expression. 

𝐵2 = 𝑘𝑁2
0 𝑒

(−
𝐸𝑁2

𝑅𝑇
)

∆𝑐𝑏𝑀𝑇

𝑗
 

(Eq. 19) 

𝐺 = 𝑘𝐺
0𝑒(−

𝐸𝐺
𝑅𝑇)∆𝑐𝑝 (Eq. 20) 

𝐷 = 𝑘𝐷
0 𝑒(−

𝐸𝐷
𝑅𝑇)∆𝑐𝑞 (Eq. 21) 

Figure 1 Experimental set up to estimate kinetic 
parameters of crystallization 
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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. 25) 

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 had to be calculated for 

each point and, it was calculated the following form.  

Afterwards, the Fisher information matrix was 

calculated by this form. 

 

𝐹𝐼𝑀 = ∑ 𝐹𝑇

𝑡

𝑡=1

𝑉−1𝐹 (Eq. 27) 

Variance of the parameter was obtained by the inverse 

of the fisher information matrix. 

Finally, the final value of parameter 𝜃 with the 

associated error was given by 

2.8. Preferential crystallization set up 

Primarily, Preferential Crystallization was performed 

as illustrated in Figure 2. Two vessels, vessel 1 

containing 100 mL of 46% (w/w) ethanol in water and 

vessel 2 containing 100 mL of 39% (w/w) ethanol in 

water, were put under a thermostaticized jacket. The 

thermostats used in this experiment were from LAUDA 

and are RE 307 Ecoline staredition. The content of the 

vessels was continuously stirred at 250 rpm using two 

motors from Heidolph, Hei-TORQUE 100 series. 

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 

initiated 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 2 Masterflex 

pumps, 77521-57 model from Cole-Parmer Instrument 

Company, 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 for the remaining 

solvent to vaporize. Afterwards, the weight of the 

crystals was measured and compared to the initial 

mass to obtain the yield. Then, a small sample of each 

of the resulting crystals was dissolved in ethanol and 

their content in each polyphenol was measured to 

obtain the purity. 

Purity and yield were obtained using the following 

equations. 

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 is the yield of 

polyphenol 𝑎, 𝑚𝑓𝑖𝑛𝑎𝑙 is the final mass of the 

corresponding vessel of polyphenol 𝑎 and 𝑉 is the 

solution volume.  

3. Results and discussion 

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.  

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 

different throughout the experiment. Using the 

solubility of resveratrol and naringenin in different 

𝐹 =
𝛿𝑓

𝛿𝜃
 (Eq. 26) 

𝑉𝜃 =  𝐹𝐼𝑀−1 (Eq. 28) 

𝑉𝑎𝑙𝑢𝑒 = 𝜃 ± √𝑉𝜃(𝑖, 𝑖)𝑡𝒔(𝑁𝐿−𝑛𝑝,0.05)
 

(Eq. 29) 
𝑃𝑎 =

𝐶𝑎𝑓𝑖𝑛𝑎𝑙

𝐶𝑎𝑓𝑖𝑛𝑎𝑙
+  𝐶𝑏𝑓𝑖𝑛𝑎𝑙

 (Eq. 30) 

𝑌𝑎 =
𝑃𝑎  × 𝑚𝑓𝑖𝑛𝑎𝑙

𝐶𝑎𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 × 𝑉

 (Eq. 31) 

Figure 2 Experimental set up for the preferential crystallization 
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ethanol and water mixtures at different temperatures 

acquired from the literature. A regression using the 

method of least squares was made to obtain the 

constant values of the Jouyban-Acree equation 

represented in (Eq. 13). The parameters are 

demonstrated in following table.  

3.1. Seed crystals 

The results of the particle size distribution for both 

polyphenols are demonstrated in Figure 4 and Figure 

4. Both particle size distributions are very different 

since most crystals of resveratrol are 120 m in length, 

and of naringenin are 40 m in length. This is not 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.     

3.2.  𝒌𝒗 estimation  

For all the measured crystals, plots were made 

between the length and 1 𝑅2⁄ , where 𝑅2 = (𝑊 𝐿⁄ )2. 

 As the length increases, 𝑅2 decreases and, therefore, 

Kv augments with the length. This relation between the 

length and Kv is represented by the equations obtained 

with the plot: y = 3.7259 L-1.717 (R2
equation

 = 0.88251) for 

naringenin and y = 54.197 L-2.210 (R2
equation

 = 0.91682) 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. Addiionally, since it was 

assumed that these crystals only grow in one 

dimension, then their volume can be easily obtaneid by 

(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 chosen method 

for this project and 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.  

3.3. Determination of parameters 

After performing the experiments of parameterization, 

the results were put in the MATLAB script and the 

parameters were estimated with certain confidence 

intervals. These were calculated as it is referred 

above. The results of the parameters are in Table 2.  

 

The parameters have low confidence intervals which 

means that the parameters have an acceptable level 

 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 

 Naringenin Resveratrol 

𝜽 Value C.I. Value C.I. 

𝒌𝑵𝟐
𝟎  

1.0558x1

030 

0.000008x

1030 

2.0938x

108 
NA 

𝒌𝑮
𝟎  

4.6271x1

08 

0.000005x

108 

6.6282x

106 

0.3390x

106 

𝒌𝑫
𝟎  

3.9142x1

09 

0.000004x

109 

5.8417x

108 

0.0363x

108 

𝑬𝑵𝟐 
7316.30

0 
0.004 

5.0000x

106 
NA 

𝑬𝑮 
1743.40

0 
0.006 

2.9970x

104 

0.00000

7 

𝑬𝑫 2265.10 0.02 
3.5113x

104 

0.0116x

104 

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 

0

5

10

15

0 9 0 1 8 0 2 7 0 3 6 0 4 5 0 5 4 0

P
E

R
C

E
N

T
A

G
E

 (
%

)

LENGTH [um]

NA RING E NI N
2 0 º C

Figure 4 Particle size distribution of seed crystals of 
naringenin 

Figure 4 Particle size distribution of seed crystals of 
resveratrol 
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Table 2 Results of parameter estimation for each 
polyphenol with their corresponding confidence intervals. 

𝒌𝑵𝟐
𝟎  is in nuclei L-1 h-1 (g gsolução

-1)-b (gsolids gsolução
-1)-j, 𝒌𝑮

𝟎  is in 

m h-1 (g gsolução
-1)-p, 𝒌𝑫

𝟎  is in m h-1 (g gsolução
-1)-q, 𝑬𝑵𝟐 is in J 

mol-1, 𝒌𝑫
𝟎  is in J mol-1 and 𝑬𝑫 is in J mol-1. 

Table 1 Values for the constants of the Jouyban-Acree 
equations and for resveratrol and naringenin 
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of precision. Confidence intervals of the secondary 

nucleation parameters were not estimated because of 

numerical errors. This estimate corresponds to a local 

minimum whose derivative is close to zero. 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 2, the experiments 

were compared with the expected experimental results 

using the obtained parameters. Figure 6 and Figure 6 

represent these results and comparison. Figure 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 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. 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 a level 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 6 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.  

In Figure 6, resveratrol follows the solubility curve with 

a small lag phase in the beginning. This lag phase is 

visible in this experiment but not in the others. 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 to achieve the 

desired effect. After the lag phase, crystals grow and 

go along the solubility curve.  

According to Figure 8 and Figure 8, the model follows 

the experimental values and the fit is quite positive. 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. 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 6, showing that, when temperature decreases, 

the model begins to overestimate the concentrations, 

then underestimates and finally reoverestimates the 
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concentration when temperature starts to increase. 

Nevertheless, the model seems to have an acceptable 

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 also because aggregation is not 

considered. 

The deviations between the individual model 

calculations and the measurements could be attributed 

to experimental errors, uncertainty of the kinetic 

parameters, and the assumptions made in the model 

structure and experimental work. The model did not 

include agglomeration of naringenin and that 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 8 

and Figure 8. 

Moreover, each 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.  

3.4. Level of supersaturation 

An important input parameter for the model is the level 

of supersaturation.  

In the experiment of naringenin with resveratrol as the 

impurity, concentration of naringenin decreased as 

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, signifying 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. In the opposite experiment, 

concentration of resveratrol decreased, from which 

may be concluded that seed 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 away from this level of supersaturation as 

possible, a lower level was chosen which corresponds 

to 𝐶𝑛𝑎𝑟 𝐶𝑒𝑞⁄ = 2.8.  

These experiments also validate the process of 

preferential crystallization since, in one of the vessels, 

Figure 12 Flow rate profile obtained with model and 
implemented on vessel 1 

Figure 12 Flow rate profile obtained with model and 
implemented on vessel 2 

Figure 12 Temperature profile obtained with model and 
implemented on vessel 1 

Figure 12 Temperature profile obtained with model 
and implemented on vessel 2 
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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, 

preferential crystallization is happening. 

3.5. Preferential crystallization experiment 

After getting all the kinetic parameters, maximum 

levels of supersaturation and the CSD of the seed 

crystals, MATLAB ran the simulation for 24 hours and 

estimated the conditions, using the constraints 

described previously. The resulting optimal flow rates 

and temperature set point profiles are illustrated in 

Figure 12, Figure 12, Figure 12, and Figure 12.  

As expected, temperature is supposed to decrease to 

promote crystal growth. In the first vessel, it decreases 

relatively abruptly and in the second vessel, 

temperature decreases gradually. This is due to the 

high level of supersaturation that is needed for 

naringenin to grow, to reduce the lag phase and 

because the maximum level of supersaturation is high 

for this vessel. 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. After this rapid 

decrease, temperature increases. This is possibly due 

to the experiments of parameter estimation; when 

temperature increased, concentration continued to 

decrease, or stagnated entirely due to some delay of 

the system to consume the supersaturated naringenin. 

In vessel two, temperature decrease is gradual due to 

the lower maximum of supersaturation described for 

resveratrol.  

Flow rates were 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, and, only after this was 

consumed, did the vessels become rich in unwanted 

polyphenol and exchange between the vessels 

become advantageous. This can be seen in the model 

data in Figure 14 and Figure 14.  

To compare the predicted and experimental 

concentrations of vessel 1 and 2, the results are 

illustrated in Figure 14 and Figure 14, respectively. In 

the figures, the experimental concentration is lower 

than the calculated one. This shows that the model 

overestimates the obtainable concentrations maybe 

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 start growing. Nevertheless, 

comparisons of the calculations with the measured 

data show 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 the next 

figure.  

The yield of naringenin was higher than 100% since 

mass of this compound was derived from the other 

vessel. Purity did not correspond to the expected 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. 

Figure 14 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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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.  

4. Conclusions 

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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