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The petal of marigold flowers has been reported to be the richest source of a xanthophyll,
namely lutein which exhibits strong antioxidant and anticancer properties. Although large amount of
lutein can be obtained, the compound in the flowers exists as esterified lutein, which is not readily bio-
available. As a result, a number of separation and purification steps are required after solvent extraction
of marigold flowers. One of the key steps is de-esterification of lutein fatty acid esters in the extract, or
namely marigold oleoresin, by the reaction of the oleoresin with alkali solution, e.g., KOH, to obtain free
lutein. The impurities remained in the reaction product, particularly fatty acids, were separated in the
further purification process, e.g., chromatography. In this study, we aimed to study chromatographic
separation of free lutein and fatty acids in a normal-phase semi-preparative scale with silica gel as a
stationary phase and hexane and ethyl acetate mixture as a mobile phase. Based on HPLC, MS, NMR
and FT-IR analyses of organic phase of the de-esterification reaction product, fatty acids were found to
be the main impurity. The amount of fatty acids was determined to be 49.12 g/g of oleoresin and it was
mostly palmitic acid. At the most suitable mobile phase velocity (0.16 cm/s), determined based on HETP
evaluation, free lutein of 93.3% purity could be achieved with an isocratic mode of operation, and as
high as 99.2% purified lutein was resulted when a single step gradient mode was employed. Further
investigation then involved the development of a suitable mathematical model to describe the mass
transfer of the two compounds to be separated: free lutein and fatty acids. Required model parameters:
adsorption isotherms, overall mass transfer and axial dispersion coefficients, were determined. The
adsorption isotherms were determined from a batch isotherm experiment and were to be linear for the
lower range of equilibrium concentrations (<100 pg/ml), while other model parameters were determined
from empirical correlation from literature or from correlations developed experimentally in this study.
The isotherms and model parameters were then applied to the mass transfer model. The transport model
was found to best predict the experimental data of both compounds in both semi-preparative and
preparative columns. The correlation factor, higher than 0.70, indicated that the model prediction and

experimental results were highly consistent.
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CHAPTER |
INTRODUCTION

1.1 Motivation

Marigold is an ordinary ornamental plant and has become increasingly
important as a source of several bioactive compounds, e.g., carotenoids, terpenoids,
flavonoids (Vasudevan et al., 1997, Gong et al., 2012, Siriamornpun et al., 2012), used
in pharmaceutical and nutraceutical applications. In Thailand and several other eastern
countries, the plant is cultivated for cut flowers to make garlands for religious purposes.
Owing to high amount of carotenoids, marigold flowers are employed as natural food
colorants, particularly in poultry industry to enhance the yellow pigment of egg yolks
(Vasudevan et al., 1997, Piccaglia et al., 1998, Zorn et al., 2003, Jiang et al., 2005). The
main carotenoid in marigold flower is lutein (CsHs602), a carotenoid having two
dihydroxyl groups attached to the two ionone rings at the end of the molecule. Lutein
possesses antioxidant and anticancer properties and is also known for its ability to
protect human eyes by filtering out the damaging blue light and prevent age-related
macular degeneration (AMD) (Landrum and Bone, 2001, Zorn et al., 2003, Molnar et
al., 2004, Shibata et al., 2004, Jiang et al., 2005). The worldwide market for extracted
lutein is indeed expected to grow to US$308 million by 2018 (Lin et al., 2015). For
these reasons, there has been growing interest on extraction of marigold lutein for use
in pharmaceutical and cosmetic industries.

In general, to obtain marigold lutein, dried marigold flowers are first extracted
by organic solvent (i.e., hexane). The organic solvent is generally removed by

evaporation during which essential oil and volatile terpenes vaporize and may be



recovered (Muley et al., 2009, May and Quirin, 2014). The remaining solid, namely
marigold oleoresin, contains high content of lutein esters (approximately 5-30%) (Xu
et al., 2007), which is mostly present in a di-esterified form of fatty acids, particularly
palmitic acid and stearic acid, occupying at the sites of hydroxyl groups (Piccaglia et
al., 1998, Jiang et al., 2005, Abdel-Aal and Rabalski, 2015). Compared with free lutein,
lutein esters are more stable against heat and UV-light. However, their bio-availability
is considerably lower. Although the more bio-available free lutein may be attained via
the in vivo hydrolysis of lutein esters by human enzymes, the efficacy is generally less
than 5% (Breithaupt et al., 2002, Granado et al., 2002). Consequently, a process of de-
esterification of lutein esters into free lutein is crucial, and is generally carried out by
reacting the oleoresin with alkali solution (e.g., KOH or NaOH), typically in water or a
relatively low molecular weight alcohol (ethanol or propanol) (Breithaupt et al., 2002,
Alves-Rodrigues and Shao, 2004). As a result of de-esterification, fatty acids, a by-
product, is a major impurity of concern, since they are present mostly as saturated fat,
which can cause high level of low-density lipoprotein (LDL), resulting in risks of heart
attack and stroke (Muley et al., 2009). Further purification steps are often needed to
remove fatty acids from de-esterified marigold oleoresin to achieve the recommended
purity level for human consumption (>95%) (Khachik, 1995).

In early purification works, crystallization was most frequently employed to
purify free lutein in the de-esterified product (Madhavi and Kagan, 2002, Khachik,
1995, 2001). By adding a polar solvent (e.g., water) into the solution of de-esterified
marigold lutein (originally dissolved in a relatively low polarity organic solvent such
as low molecular weight alcohol), free lutein crystallizes out of the solution, However,

due to the low solubility of fatty acids in the polar solvent, they can also be co-



precipitated. Higher free lutein purity could be achieved by further adding warm water
and alcohol to the crystals to remove fatty acids (Xu et al., 2007). As an alternative,
fatty acids could also be removed prior to the crystallization by adding excess alkali of
approximately 1-3 times of oleoresin weight (Xu et al.,, 2007) during the de-
esterification process to convert fatty acids into fatty acids salts, which becomes soluble
in polar solvents, eliminating the problem of co-precipitation (Pena, 2009, Ausich and
Sanders, 1997). However, by either technique, the high temperature or the excess alkali
provokes the degeneration of free lutein, resulting in low product recovery, often less
than 70% (Sarkar et al., 2012).

In more recent studies, liquid chromatography has been applied either as a
stand-alone process or together with crystallization, for purification of free lutein in the
de-esterified marigold oleoresin. With appropriate use of a stationary phase and a
mobile phase, as well as an operating mode (gradient versus isocratic) and operating
conditions (e.g., mobile phase flow rate), the process can be optimized such that high
purity and recovery of the final product can be attained. For example, a purification
process of free lutein in de-esterified marigold oleoresin reported by Khachik (2001)
comprises crystallization and subsequent normal-phase column chromatography using
silica gel as a stationary phase and tetrahydrofuran (THF) as a mobile phase. It was
found that as high as 83.1% recovery of high purity free lutein (97% purity based on
percentage of peak area) could be obtained. Yingyeun (2013), in the following study,
reported a 79% recovery of purified free lutein (95% purity based on the percentage of
peak area) was resulted from a normal-phase column chromatography of de-esterified
marigold sample using silica gel as the stationary phase and a 70:30 v/v mixture of

hexane and ethyl acetate as the mobile phase. Although chromatography has shown



high potential for the purification of de-esterified marigold oleoresin, the purity of the
resulted free lutein reported in the previous studies was based on the percentage of peak
areas of analytical chromatography, typically connected to a UV-detector which cannot
detect fatty acid. Without careful analysis of the fatty acids with appropriate analytical
tools (e.g., HPLC with ELSD-detector), the fatty acids might not have been taken into
account, and thus the percentage of free lutein purity might be overestimated. In
addition, in the previous studies, the chromatographic processes had been studied only
in the laboratory scale, which is much smaller than that of for the industrial scale
production. To reduce a number of costly experiments in up-scaling the process,
mathematical models based on material and energy balances simulated in a computer
program have played a key role. Choopakdee (2012) applied a mathematical model to
describe the transport behavior of free lutein in a preparative chromatography column.
The results showed that the model could well predict transport behavior of free lutein
in the column with deviation less than 13%. However, other components in de-
esterified marigold oleoresin, particularly fatty acids, have not been considered in this
work.

In this study, we therefore aimed to quantify and identify fatty acids in marigold
oleoresin and de-esterified marigold lutein samples. The quantification was carried out
using HPLC connected to an ESLD detector while the identification was carried out
NMR, FT-IR and MS analyses. Then, the most suitable chromatographic condition for
separating the fatty acids and free lutein was determined in a normal-phase semi-
preparative column. Silica gel and mixtures of hexane and ethyl acetate were used as
the stationary phase and mobile phase, respectively. Furthermore, a mathematical

model for describing transport behavior of the compounds was developed using free



lutein as a test compound. The most suitable mass transfer model for describing the
chromatographic process was first determined. Required model parameters: adsorption
isotherm, axial dispersion and mass transfer coefficients, were determined. The
adsorption isotherm was studied using batch adsorption experiments, while the axial
dispersion and mass transfer coefficients were determined from appropriate
correlations. Finally, the model was used to predict the transport behavior of the
compounds in both semi-preparative and preparative columns. In addition, the
comparison between the model prediction and experimental results was performed to
evaluate the model abilities for predicting the experimental transport behavior of the

compounds and their separation.

1.2 Objectives

1.2.1 To identify and quantify fatty acids in marigold oleoresin and de-esterified
marigold lutein.

1.2.2 To determine a suitable condition for chromatographic separation of free lutein
and fatty acids in de-esterified marigold lutein.

1.2.3 To develop a suitable mathematical model for describing transfer behavior of

free lutein and fatty acids in chromatography columns.

1.3 Working scopes
The overall working scope of is shown in Figure 1.1. Firstly, the amount of free
lutein and fatty acids in marigold oleoresin and de-esterified marigold lutein were

quantified. The most suitable chromatographic condition for free lutein and fatty acid



separation was then evaluated. Finally, modelling of chromatographic separation of free
lutein and fatty acid was investigated. The details of each step are described as follow:
1.3.1 Characterize marigold oleoresin by spectrophotometer to measure total
xanthophyll content. Quantify the total amount of free lutein and fatty acids in marigold
oleoresin and de-esterified marigold lutein using HPLC analysis. Identify types of fatty
acids in de-esterified marigold lutein using NMR, FT-IR and MS analyses.
1.3.2 Determine a suitable condition for the separation of free lutein and fatty acids
in a semi-preparative column. The parameters studied were mobile phase velocity
(0.12-0.23 cm/s) and elution mode, i.e., isocratic and gradient mode. In the isocratic
elution, the mobile phase was a mixture of hexane and ethyl acetate at a ratio of 70:30
v/v, while, in the gradient elution, the mobile phase was a mixture of hexane and ethyl
acetate at a ratio of 85:15 v/v during the first elution step (12 or 20 min), followed by a
ratio 70:30 v/v.
1.3.3. Investigate mathematical model for chromatographic separation of free lutein
and fatty acid. The details are described as follows:

1.3.3.1 Determine adsorption isotherms of free lutein and fatty acids at 30 °C
using batch experiment. The ratio of adsorbent to working solution was fixed at 0.5¢:
10 ml. The initial concentration of free lutein and fatty acid were 5 — 300 and 100 —
1000 pg/ml, respectively.

1.3.3.2 Determine the most suitable mass transfer model by comparing the
experimental data and the prediction from 3 different models, i.e., ideal model,
equilibrium-dispersive model, and transport model, at the mobile phase velocity of

0.12, 0.16, and 0.21 cm/s.



1.3.3.3 Use the suitable mass transfer model to predict experimental transfer
behavior of free lutein and fatty acids in both semi-preparative and preparative columns
and validate the prediction with the experimental data. The conditions used in the semi-
preparative and preparative columns are shown in Figure 1.1.

The results of 1.3.1 and 1.3.2 are provided in chapter 4 while the results of 1.3.3

are provided in chapter 5.

1.4 Expected benefits

1.4.1 To be able to identify and quantify fatty acids in de-esterified marigold
oleoresin.

1.4.2 To obtain a suitable condition for separation of free lutein and fatty acids by
preparative column chromatography.

1.4.3 To obtain a suitable mathematical model for describing the phenomena of free
lutein and fatty acids in chromatography columns which is useful for the future process

development in a pilot and industrial scale system.



Raw material: Marigold oleoresin and de-esterified marigold lutein

Characterization:  Total xanthophyll content, Free lutein content, Total

fatty acid content, Types of fatty acid.

A 4

Chromatographic experiment in semi-preparative column

Condition:  Fixed: Semi-preparative column
Temperature 30 °C
Variable: Mobile phase velocity 0.12 — 0.33 cm/s

Elution mode: isocratic and gradient

\4

Chromatographic modelling of free lutein and fatty acid separation

Determine model parameters:
- Adsorption isotherm - Axial dispersion coefficient
- Overall mass transfer coefficient
Determine the most suitable mass transfer model
- Ideal model - Equilibrium-dispersive model
- Transport model
Model validation
- Semi-preparative column
De-esterified marigold lutein 1 ml Temperature 30 °C
Mobile phase velocity 0.16 cm/s
Elution mode: isocratic and gradient
- Preparative column
De-esterified marigold lutein 10 ml Temperature 30 °C
Mobile phase velocity 0.115 cm/s

Elution mode: isocratic and gradient

Figure 1. 1 Diagram of experiments for chromatographic separation of free lutein and

fatty acids in de-esterified marigold lutein



CHAPTER Il
BACKGROUND AND LITERATURE REVIEWS

2.1  Marigold flowers

Marigold, an herbaceous plant in the sunflower family, is normally about 10 to
220 cm tall and has pinnate green leaves. Its floral heads are 4-6 cm diameter with color
gold, orange, red and yellow (Figure 2.1). The plant is widely cultivated in temperate
climate in tropical parts around the world including Thailand, particularly the species
Tagetes erecta (T. erecta). The vast quantities of marigold flowers are used in

ornaments and garlands for several purposes such as religious ceremonies.

Figure 2. 1 Marigold flower (T. erecta)
(http://www.mullerseeds.com/tagetes-taishan-orange.html)
Marigold flower heads are the only part which is used in pharmaceutical
applications since they have high content of carotenoids which can protect people from

the environmental damage. The carotenoids present in marigold flowers can filter out



10

the visible blue light damaging human cataracts and can protect the age-related macular
degeneration (AMD) (Vasudevan et al., 1997, Landrum and Bone, 2001, Zorn et al.,

2003, Jiang et al., 2005).

2.2  Carotenoids in marigold

Carotenoids, one of the most widespread natural compound pigments, generally
present in all photosynthetic organisms and are compounds in fruits, vegetables, and
flowers, having yellow to red colors. They are isoprenoids consisting of eight isoprene
units, containing 40 atoms of carbon, joined together with covalent bonds. The
carotenoid structure can be presented in the form of straight chain such as lycopene, or
contain the ring(s) at the end of the chain such as p-carotene, as shown in Figure 2.2.
In general, carotenoids can be classified into 2 groups; hydrogenated and oxygenated
carotenoids. The hydrogenated carotenoids are the compounds composing of only
hydrocarbon chain, for instance, lycopene and 3-carotene. The compounds in this group
can be characterized as non-polar compounds which are generally dissolved in non-
polar solvents such as oil. The other group, oxygenated carotenoids or xanthophylls, is
the group of carotenoids composing of oxygen atom(s), for instance, lutein and
zeaxanthin, as shown in Figure 2.3. Although oxygenated carotenoids are more polar
than hydrogenated carotenoids, they consist of a long chain of carbon atoms, making

them non-polar compounds and dissoluble in non-polar organic solvents.
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(b)
Figure 2. 2 Chemical structure of hydrogenated carotenoids (a) lycopene (b) -

carotene

(@

(b)

Figure 2. 3 Chemical structure of oxygenated carotenoids (a) lutein (b) zeaxanthin

The amount of carotenoids presenting in marigold flowers is around 5-15 wt.%
and most of them are in the form of xanthophylls, particularly lutein and zeaxanthin.

The percentage of each carotenoid in marigold flowers is summarized in Table 2.1.
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Table 2. 1 Carotenoids in marigold flower (Sowbhagya et al., 2004)

Hydrogenated Distribution (%) Oxygenated Distribution (%)

carotenoids carotenoids
Phytoene 2.4 a-Cryptoxanthin 0.8
Phytofluene 2.6 B-Cryptoxanthin 0.5
a-Carotene 0.1 Lutein 72.3
B-Carotene 0.5 Antheraxanthin 0.1
Zeacarotene 0.5 Zeaxanthin 16.4
Neoxanthin 0.8

2.3 Lutein

Lutein (Cs0Hs602), whose physical properties are summarized in Table 2.2, is
one of the major constituents of egg yolks, green vegetables, and orange fruits and is
the main antioxidant identified within the eye retina. Due to strong antioxidant
properties, lutein plays an important role in the maintenance of eye health and the
prevention of cataracts by filtering out the visible blue light damaging the eye retina. In
addition, the antioxidant qualities of the compound also help promote healthy skin
during sun exposure and can prevent various diseases such as heart attack and stroke.
(Vasudevan et al., 1997, Landrum and Bone, 2001, Zorn et al., 2003, Molnar et al.,
2004, Jiang et al., 2005). For this reason, lutein is therefore widely consumed as in the
diet or as food supplement or is applied to pharmaceutical and cosmetic industries. The
worldwide market of lutein is expected to grow to US$308 million by 2018 (Lin et al.,

2015).



Table 2. 2 Physical properties of lutein
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Molecular weight 568.87 g/mol
Melting point 190 °C
Solubility in water Insoluble
Solubility in fats Soluble

Appearance

Red-orange crystallize solid

In marigold flowers, lutein generally exists in the esterified form of fatty acids

such as di-palmitate, di-stearate, and palmitate-stearate lutein esters, as shown in Table

2.3. The amount and type of lutein esters varies depending on soil, weather and

cultivation method (Vasudevan et al., 1997, Abdel-Aal and Rabalski, 2015).

Although lutein esters are stable against heat and UV-light, bio-availability of

the compounds is very low, as they cannot be directly absorbed by human body.

Consequently, lutein esters must be first converted to free lutein before it can be

absorbed by human, typically by alkaline hydrolysis (Xu et al., 2007, Pena, 2009). To

obtain lutein in free form, the compound readily adsorbed by human, processes for

isolation of lutein esters and conversion of these esters to free lutein have been proposed

(Zorn et al., 2003, Sarkar et al., 2012).



Table 2. 3 Type of lutein ester in marigold flowers

HsC. CHa

R1 CHg

s
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Lutein fatty acid ester

Structure of lutein fatty acid ester

R1 R2
Free lutein OH OH
Monopalmitate OH OCO(CH2)14CHs3
OCO(CH2)14CHj3 OH
Monostearate OH OCO(CH2)16CH3
OCO(CH>)16CHs3 OH
Di-palmitate OCO(CH2)14CHs OCO(CH2)14CH3
Di-stearate OCO(CH2)16CHs3 OCO(CH2)16CHs3
Palmitate-Stearate OCO(CH2)16CHs3 OCO(CH2)14CH3
Stearate-Palmitate OCO(CH2)14CHs3 OCO(CH2)16CH3

2.4 Isolation of lutein from marigold flowers

A process for isolation and purification of lutein from marigold flowers includes

extraction lutein esters from the marigold flowers, de-esterification of the extracted

lutein (marigold oleoresin) with an alkali solution, and purification of the de-esterified

lutein by crystallization or chromatography. Detail of each step is described as

followings.
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2.4.1 Extraction of lutein esters from marigold flowers

In extraction, the selection of suitable solvent is one of the key factors
determining the extraction efficiency. The concept of the solvent selection is related to
the solubility of solute in the solvent. The most suitable solvent should have the polarity
close to that of the solutes. Although lutein contains oxygenated polar groups at the end
of the molecule, the overall polarity of the molecule is still low due to long chain of
carbon atoms in the molecules. Hence, in most studies, lutein is generally extracted by
non-polar solvents such as hexane (Piccaglia et al., 1998, Tsao et al., 2004) and
petroleum ether (Philip, 1977).

After extraction, the extract was concentrated by evaporating the solvent, during
which essential oil and volatile terpenes may be recovered. The remaining solid or
marigold oleoresin containing high lutein content is obtained. However, lutein present
in the oleoresin is mostly in the form of esterified lutein which is not readily taken up
by human. A process to convert lutein esters to free lutein, more active form, is further

required.

2.4.2 De-esterification of marigold oleoresin

To convert lutein esters to free lutein, de-esterification can be carried out using
enzyme hydrolysis (Zorn et al., 2003). Alternative to enzyme hydrolysis, de-
esterification can also be carried out using a more economically feasible process shown
in Figure 2.4, by reacting the oleoresin with alkali solution, preferably strong alkali
such as NaOH or KOH, typically in low molecular weight alcohol (Vechpanich, 2008,

Pena, 2009, Xu et al., 2007).
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The yield of free lutein was found to be function of alkali concentration, reaction
temperature and reaction time. Specifically, the process operated at high temperature
and high alkali concentration for a long time resulted in the degeneration of free lutein
(Sarkar et al., 2012). On the other hand, low temperature and alkali concentration could
not completely de-esterify the lutein fatty acid esters. Relatively consistent among
various studies, the most efficient condition was found to be 0.5 M KOH at 50 °C for

30 min (Vechpanich and Shotipruk, 2011).

HyC OH

HsC R2 HiC CH; CHg 1
HC. CH, ©OHs  CHs KOH W
SN N g
S OSSN — é\/\) " 7%, +RiCOOH +R.COOH
R | o CHy HaC' CHs HO" CH, CHJ CH3
1 Hs

Figure 2. 4 De-esterification reaction of lutein esters

Based on the reaction shown in Figure 2.4, other than the desired product, free
lutein, fatty acids (R-COOH) would be expected in the resulted reaction mixture. Since
the fatty acids in marigold sample are mostly saturated fatty acids which could be a
leading cause high level of LDL, resulting in risks of several diseases such as stroke
and heart attack (Muley et al., 2009), further purification steps are required to separate
them from free lutein. Generally, the free lutein purity of more than 90% has been

reported to be suitable for human consumption (Khachik, 1995).

2.4.3 Purification of de-esterified lutein
Crystallization
The most commercially employed process for the purification of active

compounds of interest is crystallization, a process involving the formation of solid
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crystals from a solution whereby mass transfer of a solute from the liquid to the pure
solid crystals takes place. In general, crystallization consists of two major steps:
nucleation and crystal growth. Nucleation is the step in which the solute molecules
dispersed in the solution start to gather into clusters that become stable under the current
operating conditions. These stable clusters constitute the nuclei. The clusters therefore
need to reach a critical size in order to become stable nuclei. Such critical size is dictated
by many different factors (i.e., temperature and supersaturation). It is at the stage of
nucleation that the atoms arrange in a defined and periodic manner that defines the
crystal structure. The crystal growth is the subsequent size increase of the nuclei that
succeed in achieving the critical cluster size. Crystal growth is a dynamic process
occurring in equilibrium where solute molecules precipitate out of the solution and
dissolve back into the solution. Supersaturation is one of the driving forces of
crystallization as the solubility of a species is an equilibrium process. Depending on the
conditions, either nucleation or growth may be predominant over the other, and this
could be a factor dictating the crystal size.

Reviews of several studies conducting on extraction and purification of
marigold lutein by crystallization (Madhavi and Kagan, 2002, Xu et al., 2007, Khachik,
1995, Ausich and Sanders, 1997) are summarized in Figure 2.5. Generally, a polar
solvent such as water is added to the de-esterified sample, previously dissolved in a
non-polar solvent to crystallize free lutein out of the solution. The crystals were then
filtered out from the supernatant containing water-soluble impurities such as soap, wax,
chlorophyll, flavonoids, anthocyanin and the remaining alkali. Finally, the crystals are
washed by a polar solvent (e.g., water) and/or a non-polar solvent (e.g., hexane) to

remove the remaining impurities.
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Solvent Marigold flowers

Extraction

v

Filter to remove the residue

\ 4

Evaporate the solvent

\ 4

Marigold oleoresin

¥

De-esterify oleoresin with alkali in alcohol

Add polar solvent to precipitate free lutein crystals

A4

Filter to obtain free lutein crystals

A4

Wash free lutein crystals

Figure 2. 5 Process for extraction and crystallization of marigold lutein

During the crystallization process however, non-polar impurities, particularly
fatty acids, a by-product of the de-esterification process, may also co-precipitate.
Higher free lutein purity might be achieved by further washing the crystals with warm
mixture of water and alcohol (Xu et al., 2007) or adding excess alkali during the prior

de-esterification to convert the fatty acids to fatty acid salts, which would then be
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soluble in polar solvents (Pena, 2009, Ausich and Sanders, 1997). However, the high
temperature and the excess alkali provoke the degeneration of free lutein, resulting in

low recovery (Sarkar et al., 2012).

Chromatography

Chromatography is a technique whereby two or more compounds in a mixture
within can be separated a single device. This technique can be either analytical or
preparative. Analytical chromatography is employed to identify and quantify each
component in a mixture while preparative chromatography is used to purify a large
amount of a compound or compounds from a multi-component mixture. The principle
of this technique lies upon to the affinity of each compound on stationary phase and
mobile phase. As shown in Figure 2.6, as the mobile phase carry the injected
homogeneous mixture of two compounds (represented by e and ¢) though the column
packed with the stationary phase, the component &, which has lower affinity to the
stationary phase compared with the component e, would move faster and would be
eluted earlier from the column. Because of their considerable effects on the
performance of the chromatography column, the selection of appropriate mobile phase

and stationary phase is a very first and foremost task for a particular application.

Column inlet Column outlet

Figure 2. 6 Separation of compounds by chromatography
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Key parameters to be considered for the selection of suitable system of mobile
phase and stationary phase are distribution coefficient (K) of each compound and the
selectivity or separation factor (a) of adjacent components, defined by equation (2.1)

—(2.2), and depicted in Figure 2.7.

_ GCs _ tr—tg
k=St @2.1)
o =K = Rith (2.2)

K; - tr,j—to
where Cs and C,, are the concentrations in the stationary phase and the mobile phase,
respectively. t, is the dead time of column. t; and t ; are the retention times of the

more retained component and the less retained component, respectively.

A
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Figure 2. 7 Chromatogram of sample containing 2 components
(Schmidt-Traub, 2005)

By definition, the selectivity is always greater than one, as when « is equal to
one, the two peaks are co-eluting (i.e., distribution coefficient are identical). Hence,
higher selectivity leads to the further apart the two peaks of adjacent apices. However,
the a value is not directly indicative of the peaks separation, and hence a new parameter,

resolution value (Ry), is introduced. The Ry, on the other hand, is a quantitative measure
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of how well two elution peaks can be separated. From Figure 2.7, the resolution is
defined as the difference in retention time between two components, divided by the
combined widths of the elution peaks as described by equation (2.3).

_ 2(tr j=tr,i)
Wi+Wj

Rs (2.3)

where w; and w; are the peak widths, at the baseline (w = 40, where ¢ is the standard
deviation of retention time), of the components i and j, respectively. The suitable value
of R for chromatographic separation is suggested to be around 1.5. This value is called
the baseline resolution. When the value of R, is smaller than 1.5, the separation of two
adjacent compounds is considered imcomplete. Nevertheless, chromatography process
operating at the R, value much higher than 1.5 would be uneconomical (Schmidt-Traub,
2005).

To obtain the baseline resolution, the selection of suitable stationary phase and
mobile phase is the key factor. In preparative scale, generic adsorbents (e.qg., silica gel
and activated carbon) are generally used as the stationary phase. In biotechnology
applications, such as purification of free lutein from natural sources (Boonnoun et al.,
2012, Shibata et al., 2004), the commonly used stationary phase is silica gel due to its
high stability and reusability. For the mobile phase selection, thin layer chromatography
(TLC) is an economic mean used to screen the suitable mobile phase. Samples are
spotted on TLC plates which are then placed in the chamber containing a mobile phase.
When the mobile phase is adsorbed and travels up the TLC plate, the components
dissolve in the solvent and move up along the TLC plate at different rates, depending
on the intermolecular forces between the component and the stationary phase and the

component and the mobile phase. The selection of the suitable mobile phase using TLC
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is related to the retention factor (Ry); the ratio of the distance of components spots to
distance of the eluent. The R, of the interested component on TLC plate should be
different from other components and the suggested value would be between 0.2-0.8
(Anjinta, 2013).

For purification from natural sources, including marigold flowers,
chromatography has been applied in both analytical and preparative scales. For
analytical scale, Jiang et al. (2005) used a reverse phase chromatography column to
separate free lutein and lutein esters in de-esterified marigold oleoresin. The stationary
phase was C-18 silica gel while the mobile phase was a mixture of acetonitrile,
methanol and ethyl acetate (55:1:44 v/v). The results showed that retention time of the
compounds varied depending on their polarity, molecular weight and structures (cis-
and trans-). These results are in good agreement with other studies (Molnar et al., 2004,
Shibata et al., 2004, Tsao et al., 2004, Tsao and Yang, 2011).

For preparative scale, Boonnoun et al. (2012) studied the purification of de-
esterified marigold lutein using a normal phase chromatography column with an
isocratic elution mode. The de-esterified sample was first analyzed to identify all
components in the solution by liquid chromatography mass spectroscopy (LC-MS). A
mixture of hexane and ethyl acetate at various ratios (50:50 — 100:0 v/v) was then
applied to determine the suitable mobile phase of the system using TLC study. The best
mobile phase ratio was used to purify de-esterified lutein in the column packed with
silica gel. From the LC-MS analysis, free lutein and anhydrolutein, free lutein which
has one fewer hydroxyl group, were main components of the de-esterified sample. The
TLC results show that the best ratio of hexane and ethyl acetate mixture for the

separation was 70:30 v/v. At such condition, purity of free lutein could achieve up to
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95% (based on chromatogram peak area). Yingyeun (2013), in the following study,
studied the effect of operating conditions (eluent flow rate, particle size of stationary
phase and column length) on the purity of free lutein purified in a normal phase
chromatography column. The results show that yield of high purity free lutein (>95%
based on chromatogram peak area) could achieve 79% when the volumetric flow rate
of the mobile phase (hexane: ethyl acetate 70:30 v/v) was 15 ml/min, with 20 cm
column (1.D. 35 mm) packed with silica gel of 25-40 pum particle size. Although high
yield and purity of free lutein extracted from marigold could be achieved by
chromatography columns, the optimum condition to achieve the highest column
performance and the content of fatty acids in de-esterified marigold lutein have not been
investigated. In addition, the experiments were carried out in only laboratory scales
which are not suitable for industrial production. An up-scaling process is therefore

required.

2.5  Efficiency of preparative chromatographic column

In the previous part, the emphasis was place on the selection of the mobile phase
and the stationary phase which determines how the equilibrium behavior affect the
overall performance of the chromatographic processes. Other factors involve the
behavior of fluid flow and the mass transfer of the components in the chromatography
column. These factors the key determinants of the column efficiency, which is generally
link to the broadening of the chromatographic bands of species undergoing the
chromatographic process. Two theories, the plate theory and the rate theory, have been
developed to describe this phenomenaon of band-broadening of a solute when it moves

along the column. The plate theory describes the mechanism of retention and gives an



24

equation that allows the calculation of the column efficiency. On the other hand, the
rate theory is based on the mechanism of peak dispersion (or band-broadening) and
provides an equation (Van Deemter equation) that allows the calculation of the column
efficiency in terms of the mobile phase velocity and other physical and chemical
properties of the solute and distribution system.
2.5.1 The plate theory

By this theory, the column is presumably divided into many small zones called
theoretical plates. In each zone, the solute is assumed to be in equilibrium distribution
between the mobile phase and the stationary phase. The height of each zone is referred
to as the height of an equivalent theoretical plate (HETP). The relation between number

of plates (N) and HETP is according to equation (2.4).

HETP == (2.4)
where L is the column length.

Large N could imply high separation performance of the column. For Gaussian
peak profile, the column efficiency can be described by equation (2.5), in term of

standard deviation (o) or variance (c?) of the Gaussian distribution.

HETP =~ (2.5)

In general, the plot of the outlet concentration and time, called elution
chromatogram, can be classified as symmetric and asymmetric peak as illustrated in

Figure 2.8.
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Figure 2. 8 Chromatogram peak type (a) symmetric peak (b) asymmetric peak
(Schmidt-Traub, 2005)
The degree of peak asymmetry (Tp) is calculated from the difference between peak

halves at 1/10" of the peak height (Figure 2.8b), equation (2.6).
T, = =2 (2.6)

If Tp is in the range of 0.9-1.1, the peak is Gaussian or symmetric peak.
However, if Tp is more than 1.1, the peak is tailing. If Ty is less than 0.9, the peak is
fronting. For the Gaussian peak, the efficiency in term of plate number can be calculated

using peak width at half-height (w, ,,), according to equation (2.7).

V=554 ) 2.7)

W12
where ty is mean retention time of the compound in the column.

On a contrary, for an asymmetric peak, the mean retention time of the
chromatogram is calculated by the first absolute moment, u; (equation (2.8)). The

variance (o) is determined by the second absolute moment according to equation (2.9).
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The plate number of asymmetric peaks can be calculated by equation (2.10).

(2.10)

2.5.2 The rate theory

While the plate model assumes that the equilibrium is infinitely fast, the rate
theory is a quantitative analysis that describes the processes at work inside the column,
and takes into account of the time taken for the solute to equilibrate between the
stationary phase and the mobile phase. The band-broadening of a chromatography peak
is therefore affected by the rate of elution. It is also affected by the different paths
available to solute molecules as they travel between particles of the stationary phase.
As a summary, there are 4 main causes of band-broadening: eddy diffusion, flow
distribution, axial diffusion (longitudinal diffusion) and mass transfer resistance

between the mobile phase and the stationary phase.

2.5.2.1 Eddy diffusion

When the mobile phase and the solute move through a column, packed with fine
particles, the solute in the mobile phase will move through the void between particles
in different paths due to the inconstancy of the sizes of particles. Solute molecules that

move through the column directly; path 3 in Figure 2.8, will be eluted out of the column



27

first, while other molecules that travel through the voids at random will be eluted out

of the column later. This will cause band-broadening due to different path lengths.

) S )

3 \\_ ' 3
Time —

Figure 2. 9 Eddy diffusion between particles in a packed bed

(Skoog and Leary, 1992)

2.5.2.2 Flow distribution

In general, velocity of mobile phase in a chromatographic column is very low
and can be assumed to be laminar flow between particle channels. The fluid velocity at
the center of a channel is faster than that near the wall or particle surface (the longer
arrow represents the greater local eluent velocity). Thus, the solute will also move faster
at the center than other regions as illustrated in Figure 2.9. To reduce the effect of flow
distribution on the band-broadening which will impact column efficiency, the particles
packed in the column should be a uniform size. The ratio of the largest and smallest
particle should not be greater than 2 (Meyer, 2010).

Stafionary phase
particie

e Mobile
- phase

Figure 2. 10 Flow distribution in chromatographic bed (Meyer, 2010)
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The band-broadening due to eddy diffusion and flow distribution is mainly
affected by the particle size of stationary phase as described by equation (2.11).

HETP = 21d, (2.11)
where 4 is the particle shape constant and d,, is the particle diameter.

According to equation (2.11), the band-broadening can be reduced by

decreasing the particle size of stationary phase.

2.5.2.3 Axial diffusion of solute in mobile phase

When solute molecules were injected into a chromatography column, it will
spread out across the column length by axial diffusion (longitudinal diffusion) as
expressed in Figure 2.10. The diffusion causes by the concentration gradient of solute
in the column without any external force. The value of HETP resulted from this effect
is inversely proportional to the velocity of mobile phase as described by equation (2.12).
This is because the retention time of solute decreases as the mobile phase velocity is

increased.

2kpDp,

HETP = (2.12)

where kj, is the obstruction factor. D,, is molecular diffusivity of the compound in

mobile phase and u is the mobile phase interstitial velocity.
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Figure 2. 11 Axial diffusion in a chromatography column

2.5.2.4 Mass transfer resistance between mobile phase and stationary phase
In general, the particles of chromatography column are porous and uniform size

as shown in Figure 2.12.

Figure 2. 12 Porous material for chromatographic process (Meyer, 2010)

Within the structure of a particle, the mobile phase fills in the pores and the fluid
within these pores can be assumed to be stagnant. The solute molecules, then, transfer
into the pore by diffusion process due to the concentration gradient. Two mechanisms
proposed by Meyer (2010) have been used to describe the process.

1) The solute does not retain inside the particle pores. They diffuse back to

the mobile phase. Time required for transferring depends on the depth of the pores. This
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results in the band-broadening. Moreover, the diffusion rate also depends on the
viscosity of mobile phase. The solute can diffuse faster and move quickly out of the
pore when the viscosity is low.

2) The solute might interact with the stationary phase at the active sites
(point C in Figure 2.13), possibly by solute adsorption. Thus, the solute will retain on
the surface or inside the pore of the particle. The solute molecules outside the particle

can be adsorbed and desorbed more easily than the solute molecules inside the pore.

Figure 2. 13 Mass transfer between stationary phase and mobile phase in a
chromatography column (Meyer, 2010)

In both cases, the band-broadening increases with increasing mobile phase
velocity since the molecules remaining in the mobile phase move faster and are eluted
out of the column before the molecules adsorbed inside pores of the stationary phase.
Hence, the band-broadening relates to diffusion rate in the stagnant fluid and diffusion
rate on the stationary phase surface described in equation (2.13) and (2.14),

respectively.

N

HETP = (d'z’dC) u (2.13)

2
HETP = (ksdf ) u (2.14)
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where d. is the column diameter. df is the film thickness and D; is the diffusion
coefficient of the compound on the stationary phase.
By summing up all above contributions to the band-broadening, the Van

Deemter equation, which describe the oveall column efficiency is obtained as follows:

242 2
HETP = 22d, + () u + (";df ) u + 220m (2.15)

Dm N

Equation (2.15) can be rewritten as simple as equation (2.16).
HETP = A+ Bu+ (2.16)

The first term, A , is related to eddy diffusion effect which is independent of
mobile phase velocity. The second term, the Bu term, is linearly proportional to the

fluid velocity and summarizes the effect of mass transfer resistance, which dominates
the process at high mobile phase velocity. The last term, the 5 term, represents the effect

of axial dispersion of solute molecules in the fluid phase. This term dominates the
process at low mobile phase velocity.

Figure 2.14 shows the plot of the relationship between HETP and the mobile
phase velocity, according to equation (2.16). The upturned part of the curve is found at
the lowest HETP (at the optimum velocity). At such condition, the column can be
operated at the maximum theoretical plate number, resulting in the highest column

efficiency.
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Figure 2. 14 The relationship between HETP and mobile phase velocity

(Schmidt-Traub, 2005)

2.6 Mass transfer model

The next after determining selection of the suitable systems (i.e., mobile phase
and stationary phase) and the mobile phase velocity (section 2.4 and 2.5) is to
experimentally test the process in a laboratory scale column chromatography. More
importantly, the process scale-up from small-scale experiments to an economically
optimal plant scale would be an ultimate goal. However, determination of the optimal
operating conditions combining with complex systems by sole experiments is difficult
and time consuming. Virtual experiments by numerical modeling can considerably
reduce time and resources used in the up-scale process. To achieve this, a suitable mass
transfer model and accurate model parameters for the chromatography column are

needed. If the models are validated, they can be used to provide accurate prediction in
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large scales or describe the transport behavior of compounds in chromatography
column. In this part, therefore, modelling of chromatographic separation process is
introduced. The derivation of mathematical models for a preparative chromatography
column is explained and reviews of literatures in which these models were applied are
summarized. Finally, the procedures in which the model parameters (adsorption
isotherm and transport parameters, i.e., axial dispersion and mass transfer coefficients)
to achieve accurate simulation results are explained.

In general, a mathematical modl for mass transfer of a slute in chromatography
column can be developed base on the 4-step mechanism of mass transfer in a column
packed with porous particles (Crittenden et al., 1986), which are:

1) Molecular diffusion (dispersion) and convective mass transfer of solute from
bulk fluid to the boundary layer (external mass transfer)

2) Mass transfer of solute across the boundary layer toward the particle pores (film
mass transfer)

3) Molecular diffusion of solute along the pore surface (surface diffusion) and
inside the pores of the particles (pore diffusion)

4) Adsorption equilibrium or adsorption kinetics

[ ]
o9
Solute

Flow direction

yvyy
YyvyYyvy

Figure 2. 15 Mass transfer mechanism in a packed bed column

(Schulte and Epping, 2005)
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Figure 2.15 illustrates the mass transfer mechanism occurred in a packed bed
column. In the first step, the solute molecules move from bulk fluid to boundary layer
by molecular diffusion and convective transport. Then, the molecules move through the
boundary layer and toward the particle pores. Inside the pores, the molecules move
toward the center of the particle by surface diffusion (path no. 1) or pore diffusion (path
no.2). The molecules move by surface diffusion when the attractive force between
solute molecule and pore surface is strong. For pore diffusion, the molecules have weak
attractive force to the pore surface and move to the center of particle by Fick’s Law. In
chromatographic process, the attractive force is generally weak; therefore, surface
diffusion can be negligible. When the solute molecules approach to the pore bottom,
the adsorption kinetics or adsorption equilibrium occurs. Generally, external mass
transfer and adsorption process are very fast; therefore, the limiting step of the process

is either film mass transfer or pore diffusion.

2.6.1 Derivation of mathematical models

Mathematical modeling of mass transfer is generally based on material, energy
and momentum balances in addition to equations of the thermodynamic equilibrium of
solute, between the solid phase and fluid phase. All of the models described in this part
are based on the following assumptions (Guiochon, 2002):
1) The packed bed in homogenous and packed with spherical particles of constant
diameter.
2) Density and viscosity of fluid phase are constant.
3) Radial distribution is negligible.

4) The process is isothermal.
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5) The fluid phase is inert.

6) There is no mass convection inside the particles.

General rate model

\a v
Reactive dispersive model Transport dispersive model
J/ ) | L
Thomas model Equilibrium dispersive model Transport model
| [ |
A\
Ideal model

Figure 2. 16 Classification of mathematical model for chromatographic process
(Guiochon et al., 1994)

Figure 2.16 shows the classification of mathematical model for
chromatographic process (Guiochon et al., 1994). The upper models are more
complicated. There are different assumptions added to simplify them to the lower
models which are simpler. Therefore, each model has limitation and is suitable for a
specific system. It means that a suitable model for a system might not be applicable to

describe other systems.

General rate model

General rate model is the most complicated model taking into account all
possible factors (i.e., axial dispersion, eddy diffusion, film mass transfer resistance and
pore diffusion) which influence the band profile shape. The rate of adsorption-
desorption is sometimes included but often neglected. In this model, the mass balance

in the liquid phase can be written by equation (2.17) (Guiochon, 2002).
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ac ac d%C
€eq, TUS T (1 —ekrap[C — Cp(r =R,)| = &.D, 22 (2.17)

where C and C, are the concentration of the component in the mobile phase and in the
stagnant fluid phase inside the particle pores, respectively. z and t are the abscissa and
time. ¢, is the external porosity. a, is the external surface area of the adsorbent
particles. D, is the axial dispersion coefficient. k; are the external mass transfer
coefficient. The method for D, and kf determination is described in section 2.6.2.

Equation (2.17) describes the following phenomena:

1) Mass accumulation in the mobile phase (&, g—f)

2) Mass convection (u Z—z)
3) Mass transfer through the liquid film outside the particles ((1 — &.)kra, [C —
Cp(r =Ryp)))
4) Axial dispersion (e, D;, ‘;272)

The mass balance of the component in the stationary phase is expressed by
equation (2.18).

epaaitp+ (1 —ep)g—‘:= eprizaa—r(rsz aa%) (2.18)
where &, is particle porosity. g is the concentration of the component in the adsorbed
phase, and D, is effective diffusivity determined by Stoke-Einstein equation described
in section 2.6.2.

Equation (2.18) describes the following phenomena:

. . ]
1) Mass accumulation in the stationary phase (¢, %)

2) Adsorption rate ((1 — ¢,) %
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iffusion in radial direction (¢, -2 (r2p, 2
3) Molecular diffusion in radial direction (&, — — (r D, —- ))
To solve the mass balance equations, proper initial and boundary conditions are
required. The initial conditions generally assume the concentrations in the mobile

phase, stationary phase and the adsorbed phase are zero all along the column as

described by equation (2.19) — (2.21)

C(0,z)=0for0<z<L, (2.19)
C,(0,1,z)=0for0<z<L;0<7r<R, (2.20)
q(0,1,z) =0for0<z<L.;0<r<R, (2.21)

Two boundary conditions for the column inlet and outlet are:

Fort >0andz =0

uCy —uC(0,t) = gD, = (2.22)

Co 0<t<ty;
= { inj (2.23)

0 t > tin;
where C; is feed concentration at time t. C, is initial feed concentration and t;,; is
injection time.

Fort >0andz =L,

ac _

x= (2.24)
And two boundary conditions inside the stationary phase are:
Fort>0andr =R,
aC,(t,r)
Dy =2 = kya,[C — Cp(t,1)] (2.25)
Fort >0andr =0
%% _ (2.26)

ar



38

However, the complexity of the model and much longer solution time required
for such complicated model would counteract the model precise calculations.
Generally, compromise between the model accuracy and the model complexity must
general be made with additional assumptions to general rate model. Depending on the
simplifications, four alternative models are derived: the transport-dispersive model, the
equilibrium-disperisve model, the transport model and the ideal model, each of which

is described as follows:

Transport-dispersive model

The transport-dispersive model or the lumped pore model is a simplified form
of the general rate model and can be applied when the mass transfer kinetics is
moderately fast (Guiochon, 2002). From equation (2.18), the value of g is assumed to
be in equilibrium with C, for all particles. The relationship between g and C, is
described by the adsorption isotherm, which is discussed in section 2.6.3. When the
diffusion is not normal diffusion from pore liquid, but it is solid diffusion, pore
diffusion, or surface diffusion, the transport-dispersive model is assumed by integrating
equation (2.17) and (2.18) and averaging by particle volume (V},) to give average

volume of particle as equation (2.27) (Morbidelli et al., 1982).

1 S—

V—pff(Cp)de = f(Cp) (2.27)
where C,, is average concentration in the stationary phase.

The Laplacian operation can be applied to the first term of the right side of

equation (2.25) and substitute the boundary condition to give

kra,|[C — C,(6,7)] = kop(C = Cp) (2.28)
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where k,,, is the overall mass transfer coefficient, which is a function of external mass
transfer coefficient and effective diffusivity as described in equation (2.29) (Ruthven,

1984).

2 -1
ky, = [d—” + d—”] (2.29)

6krap 60&pDp
Therefore, the mass balance in equation (2.17) and (2.18) can be rearranged to

equation (2.30) and (2.31), respectively.

74 02
g, & =+ u— + (1 — &)koy(C — Cp) = £.D, 5 (2.30)

e =L+ (1- ) 2 = key(C— Cy) (2.31)

Equilibrium-dispersive model

The equilibrium-dispersive model is derived from transport-dispersive model
by assuming the mass transfer between bulk fluid and particle is very fast. Thus, the
term ko,,(C - @) in equation (2.30) and (2.31), representing the rate of mass transfer
inside the stationary phase, can be negligible and, then, including similar terms of mass
balance equations into one equation to obtain equilibrium-dispersive model as

described in equation (2.32).

1—se) dq - GEIN (2'32)

+ 6z+(£e at L2

From a comprehensive review, equilibrium-dispersive model is usually applied
to model the transfer behavior of small-molecule compounds, such as amino acids, in
reverse phase chromatography columns. Kostava and Bart (2007) used the EDM model
to preparative chromatographic separation of amino acid racemic mixtures in a reverse

phase chromatography column. The results found that EDM model with linear
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isotherms could well describe the transfer behavior of the amino acids at low feed
concentrations. These results are in good agreement with the study of Chen et al. (2006).
However, EDM cannot be applied to describe chromatographic process of large-
molecule compounds, such as proteins, because of neglecting the effect of mass transfer

kinetic (Gu et al., 2013).

Transport model

The transport model or the lumped kinetic model is derived from transport-
dispersive model similar to the equilibrium-dispersive model. The difference between
these two models is mass transfer in the transport model is not infinitely fast and the

kinetic effect cannot be negligible. However, the mass transfer kinetic of this model,
relating to the adsorption rate %% is determined by linear driving forces approximation
(LDFA) as described in equation (2.33).

2 = koy(C = Co) (2.33)
where C, is the stagnant fluid equilibrium concentration, relating to the adsorption
isotherm described in section 2.6.3.

Khosravanipour Mostafazadeh et al. (2011) used transport model to study
transfer behavior of fructose and glucose from date syrup mixture in a resin
chromatography column. The results found that the breakthrough curves predicted by
transport model have good agreement with experimental data. Araujo Padilha et al.
(2016) used the transport model to describe and optimize the chromatographic

purification of Bacillus cereus chitosanase in an expanded bed column. The model

could well predict transfer behavior of the compound for all conditions. The deviation,
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measured by mean square deviation (MSE), between the model prediction and
experimental data was less than 5%. The optimum condition for the process was
velocity of 200 cm/h and the column height of 8 cm. At this condition, the process could

achieve 26.78% yield.

Ideal model

The ideal model is the simplest mathematical model. It is derived from the
equilibrium-dispersive model by assuming that the column has an infinite efficiency.
The mass transfer by axial dispersion is also negligible. The band profile arises only
from the characteristics of the equilibrium thermodynamics of the compound

(Guiochon, 2002). The mass balance equation is simplified to equation (2.34)

Z—f+u3—§+(t—:e)g—j=0 (2.34)

Park et al. (2000) used the ideal model to predict transfer behavior of yew tree
taxol in a normal phase chromatography column. The results show that the retention
time and peak height of the compound between the model prediction and the
experimental data are in good agreement. However, the deviation between the model

prediction and the experimental data is rather high, since the model depends only on

thermodynamic equilibrium of the compound.

2.6.2 Determination of transport parameters

Prior to chromatographic modelling studies, accurate transport parameters,
resulting to precision of the model prediction, must be determined. Since the

chromatographic models used in this study were transport model, equilibrium-
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dispersive model and ideal model, the transport parameters required to be identified
included the axial dispersion and the overall mass transfer coefficients. The correlations
used to determine the parameters are described follows:
2.6.2.1 Axial dispersion coefficient

The axial dispersion coefficient, used in transport and equilibrium-dispersive
model, was determined from Chung and Wen correlation, equation (2.35) (Welty et al.,
2008). This is correlation was derived based on numerous experiments over a broad
range of Reynolds number, Re (1073 < Re < 103). In addition, the equation assumes
that the axial dispersion coefficient, relating to Peclect number, of each compound is

independent of its molecular weight.
Pe = 22+ 222 (g,Re)* (1073 < Re < 103) (2.35)

where Pe is Peclect number (uDﬂ),Re is Reynolds number (udT”p). u is the mobile
L

phase viscosity and p is the mobile phase density.

2.6.2.2 Overall mass transfer coefficient

The overall mass transfer coefficient used in transport model was determined
by combining effective diffusivity and external mass transfer coefficient as described
in equation (2.29). The effective diffusivity was determined by Stokes-Einstein

equation as shown in equation (2.36) (Kim et al., 2006).

D—<E”)2( ) 2.36
P \2-¢p) \6muRp (2.36)

where k is Boltzmann constant 1.38 x 1022 J/K. T is temperature and R,,, is the radius

of compound molecule.



43

External mass transfer coefficient was calculated from dimensionless
correlations relating between Sherwood number, Schmidt number and Reynold
number. The correlations present in literature for packed bed column can be arranged
in an empirical formula as shown in equation (2.37) and some empirical correlations
are summarized in Table 2.4.

Sh = AReBSc¢ (2.37)

where A,B and C are correlation constants. Sh is Sherwood number (kgﬂ). Sc is

m

Schmidt number (%) D,,, is the molecular diffusivity determined by Wilke and

PPm

Chang correlation given in equation (2.38) (Welty et al., 2008).

_ 7.4x1078(pM)°>T

Dm MVO'6

(2.38)

where M is the molecular weight of solvent compound, @ is the association parameter
(i.e., 1 for non-polar solvents). V7 is the critical volume of solute compound. Here, it
was determined by the group contribution method (shown in Appendix B.3).
Although several correlations for an estimation of the external mass transfer
coefficient in several systems have been proposed, they might not be applied in a
specific system as can see in several previous works (Lv et. al., 2008, Borba et. al.,
2006). The external mass transfer coefficient should be directly measured from the
experiments data obtained using a column with similar characteristics with the system.

(Richard et al., 2010).



Table 2. 4 Correlations proposed for determination of the external mass transfer

coefficient

Authors

Correlation

Domain of validity

Willianson et al. (1963)

Sh = 2.4g,Re%345c042

0.08 < Re < 125

150 < Sc <1300

Wilson and Geankoplis

(1966)

211
Sh = 1.09¢,3Re3Sc3

0.0016 < Re < 55

950 < Sc < 70000

0.35<e<0.75

Kataoka et al. (1972)

1

1_83 3 l 1
) Re3Sc3

Sh=185(

e

Re (7—) < 10000

Kumar et al. (1977)

1
h__]J13Re°21SC§

e

Re <10

Dwivedi and Upadhyay

(1977)

1
Y 1.11Re%?85¢3

e

Re <10

Ohashi et al. (1981)

1
Sh =2+ 1.58Re%*Sc3

0.001 <Re<5.8

2.6.3 Adsorption isotherm

Adsorption is the adhesion of solute molecules on the surface of the adsorbent.
In a preparative chromatography column, the stationary phase was filled in column,
while mobile phase is a fluid with low viscosity and high solubility of component will
percolates and transports the component in the mixture through stationary phase. The
concentration of component in stationary phase is always near equilibrium while

resident time for contacting or distribution of component through stationary phase
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depends on temperature, mobile phase velocity and equilibrium constant in adsorption
isotherm (Guiochon et al., 1994).

Adsorption isotherm is the relation of concentration in the stationary phase and
the mobile phase at equilibrium, and is related to the adsorption rate in chromatographic
process as described in equation (2.33). Consequently, single- and/or multi-component
isotherms have to be determined with high accuracy to achieve good agreement
between the model prediction and the experimental data. The goal is to obtain the
unknown parameters for a selected isotherm equation. The commonly used isotherm
models in chromatographic processes are linear, Langmuir and Fruendlich isotherm
models. Details of each model are described as followings.

Linear isotherm model

The linear isotherm is the simplest model for describing equilibrium distribution
of adsorbed solute on adsorbent surface. When concentration of solute in fluid phase is
very low and the equilibrium of solute between fluid phase and adsorbent occurs
rapidly, the amount of adsorbed solute varies linearly with the concentration in the fluid
phase as described in equation (2.39).

q. = HC, (2.39)
where g, is equilibrium specific amount adsorbed

H is linear isotherm constant or Henry constant

Langmuir isotherm model

The Langmuir isotherm is developed for describing the saturation site of solid
surface for solute molecules. The model assumptions are monolayer adsorption and no
interaction between solute molecules (Hines and Maddox, 1985). This model describes

equilibrium using chemical equilibrium reaction with two reactions: adsorption and
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desorption reactions. The rate of adsorption depends on the concentration of solute in
fluid phase and the number free vacant sites on the adsorbent surface while the rate of
desorption depends on the amount of adsorbed solute. When the rate of adsorption is
equal to the rate of desorption at a given temperature, the equilibrium condition is

occurred. The model equation could be expressed by equation (2.40).

g, = JouCe (2.40)

T 14K.Ce
where g, is maximum specific amount adsorbed
k; is Langmuir isotherm constant
Freundich isotherm model
The Fruendlich isotherm is a nonlinear correlation that describes the equilibrium
of a solute in fluid phase and adsorbed phase. The Freundlich model equation could be

described as in equation (2.35).

1

Ge = KeC) (2.4)
where K and ny are Freundlich model constants.

When n is closed to 1, the isotherm shape is linear. If ng is higher than 1, the
curve shape is convex and the shape is concave when n is lower than 1. However, this
isotherm cannot predict the saturation of solute on adsorbent surface.

In preparative chromatography, the type of adsorption isotherm influence on
chromatogram shape as shown in Figure 2.17. The elution profile of an ideal
chromatogram depends only on the thermodynamic property of the chromatographic
system. On the other hand, in a real chromatogram, additional mass transfer and fluid
dynamic factors, i.e, axial dispersion and mass transfer resistance, have to be taken into

account.
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Figure 2. 17 Influence of the type of isotherm on the chromatogram (a) linear

isotherm (b) convex isotherm (c) concave isotherm (Schmidt-Traub, 2005)

For linear isotherm (Figure 2.17-1a), the retention time of the compound is

independent of the fluid phase concentration. Each injected component then,

theoretically, elutes at its retention time as an ideally rectangular pulse (Figure 2.17-

2a). The retention time is thus only influenced by the Henry constant. The isotherm of

a compound which has higher slope has longer retention time than other compounds.

This is because it is better adsorbed on the stationary phase.
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For convex isotherms (Figure 2.17-1b), the retention time corresponds to
concentration of each compound. During elution of the solute, all concentrations from
zero to the maximum elution concentration can be observed. If the maximum elution
concentration is over the linear range of the isotherm, the concentration profile of the
chromatogram can be determined by convex shape of the isotherm. The slope of a
convex isotherm, and thus retention time, decreases with increasing concentration.
Regions of lower concentration with longer retention time are caught up with regions
of higher concentration and thus shorter retention time. In total, the profile is
concentrated and the fronting sharpened. The solute elutes in a compressed front and
results in Figure 2.17-2b. The peak maximum is shifted towards the compressive front
of the peak while the back of the peak is dispersed. Elution of a substance with a
dispersed back of the peak is called tailing. This phenomenon is effect of convex
adsorption isotherm (Langmuir type). The opposite behavior is seen with concave
isotherms (Figure 2.17-1c). For concave isotherms, lower concentrations move faster
and thus back of the late-eluting high concentrations concentrated and sharpened. This
results in chromatogram in Figure 2.17-2c. The dispersed shape of the front part of the
peak is called fronting (Schmidt-Traub, 2005).

Real chromatograms (Figure 2.17, 3a-3c) take into account the thermodynamic
influences as well as the mass transfer kinetics and fluid distribution. A rectangular
concentration profile of the solute at the entrance of the column shortly changes into a
bell-shape or Gaussian distribution (Figure 2.7(a)), if the isotherm is linear isotherm.
For non-linear isotherm, the peaks become asymmetric as shown in Figure 2.7(b). The

degree of peak asymmetry can be determined using equation (2.5).
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Although a number of studies have been conducted on the determination of
adsorption behaviors of natural compounds (Park et al., 2000, Chu et al., 2004, Zhang
et al., 2007), only one article (Boonnoun et al., 2012) reported the adsorption behavior
of marigold free lutein. The adsorption equilibrium study was carried out in a batchwise
system at 30 °C. Silica gel was used as adsorbent whereas solvent was hexane and ethyl
acetate (70:30 v/v). The adsorption was found to reach equilibrium in 5 min and the
equilibrium data was found to be more reasonably described by Langmuir isotherm
than Frundlich isotherm when the equilibrium concentrations were smaller than 8
ug-mlt. Nevertheless, the data were available only in a limited range of the
concentrations and temperature. Moreover, adsorption isotherm of fatty acids in the
system is still not provided. Thus, there is still lack of adequate information for
chromatographic separation modelling of free lutein and fatty acids in de-esterified

marigold oleoresin.



CHAPTER Il
MATERIALS AND METHODS

3.1  Materials

Dried marigold powder was supplied by PPT Global Chemical Public Company
Ltd. Hexane (purity >99.5%) was purchased from Sigma-Aldrich, Co. LLC. (St Louis,
MO, USA). All chemicals used for de-esterification (i.e., potassium hydroxide and
ethanol) were purchased from Merck & Co. Inc. (Wilson, NC, USA). Diethyl ether,
ethyl acetate and silica gel (particle size 25-40 um) were purchased from Merck Ltd.
(Bangkok, Thailand). All standard chemicals (analytical grade), free lutein, palmitic

acid and stearic acid, were purchased Sigma-Aldrich Pte. Ltd. (Singapore).

3.2  Sample preparation

In this part, the method proposed by Boonnoun et al., (2012) was applied to
prepare marigold oleoresin, de-esterified marigold lutein, purified free lutein and
purified fatty acids. The detail of each step is described as follows:

3.2.1 Marigold oleoresin

Briefly, in a 1 L beaker placed in a shaking incubator (LSl 1005R Shanking
Incubator, Labtech, India), 100 g of dried marigold powder was extracted with 500 ml
of hexane at 40 °C for 4 hr. The mixture was left to stand at room temperature (30 °C)
to allow the residue to settle, and the residue was subsequently separated from the
extract by filtration. The supernatant, the carotenoids containing solution, was
concentrated by a rotary evaporator at 40 °C. The extract was then dried in a vacuum

oven at 30 °C for 8 hr. The dried marigold extract, or marigold oleoresin, was then
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analyzed by a spectrophotometer to measure the total xanthophyll content and by HPLC
to measure the amount of free lutein and fatty acids.

3.2.2 De-esterified marigold lutein

One gram of marigold oleoresin was dissolved in 10 ml of ethanol in a 125 ml
Erlenmeyer flask, followed by adding 0.6 g of KOH. The flask was continuously shaken
in the shaking incubator at 150 rpm and 50 °C for 4 hr. After the reaction, the sample
was transferred to a 500 ml separation funnel. 50 ml of ethanol, 100 ml of 5% Na>SO4
solution (in distilled water) and 80 ml of diethyl ether were then added to the funnel.
All components were mixed thoroughly and the mixture was then allowed to separate
into 2 phases. The lower phase (water phase), containing all water-soluble impurities,
was discarded while the upper phase (ether phase), containing high concentration of
free lutein, was collected as de-esterified lutein stock solution. The amount of free lutein
and fatty acids in the de-esterified lutein stock solution was measured by HPLC
analysis.

3.2.3 Purified free lutein

Firstly, 100 g of silica gel was soaked in a mixture of hexane and ethyl acetate
(70:30 v/v) and degassed under sonication for 30 min. The silica gel was then packed
into a preparative chromatography column (35x240 mm). A 10-ml de-esterified lutein
stock solution was injected into the column at the bottom of the column. The mobile
phase, i.e., the mixture of hexane and ethyl acetate, was then pumped into the column
at a flow rate of 10 ml/min by a peristaltic pump (Masterflex, model number 7532-60,
Cole Parmer, Thailand). The lutein sample was eluted up-flow. Fractions were collected
at 5 minutes intervals from the outlet at the top and subsequently analyzed for the

amount of free lutein by HPLC. The fractions giving high purity (>95% based on
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chromatogram peak area) free lutein was collected and used as a stock solution for the
determination of adsorption isotherm, the mathematical modelling of mass transfer
behavior in chromatography column, and the determination of the optimum mobile
phase velocity studies.

3.2.4 Purified fatty acid

To identify type of fatty acid in de-esterified marigold lutein, the fatty acid must
be first separated from the de-esterified sample. The chromatographic apparatus system
as shown in Figure 3.1 was used for this purpose. Firstly, 18 g of silica gel was added
to 200 ml of a mixture of hexane and ethyl acetate at a ratio of 70:30 v/v. The mixture
was degassed under sonication for 30 min and was then packed into the semi-
preparative column (17x150 mm). 1 ml of de-esterified lutein stock solution was
injected into the column at the top. The hexane-ethyl acetate mixture used as the mobile
phase was then pumped into the column at the top by the peristaltic pump at a velocity
of 0.19 cm/s. The column temperature was controlled constantly at 30 °C via circulation
of water through the column jacket. The sample was eluted downflow and the outlet
fractions were collected at various time intervals: every 1 min in fraction no. 1-4,
followed by every 0.5 min in fraction no. 5-14, and every 1 min towards the end of the
sample collection. The concentrations of free lutein and fatty acids of each fraction were
analyzed by HPLC. The fractions containing high purity fatty acid (>95% based on
chromatogram peak area) were combined to one fraction. The solvent in the combined
fraction was evaporated under nitrogen gas. The dried sample was then analyzed by C-
NMR and FT-IR to confirm the functional group and by MS to identify the type of fatty

acids.
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Figure 3. 1 Experimental setup of semi-preparative column

3.3  Chromatographic separation of free lutein and fatty acids

Chromatographic separation of free lutein and fatty acids in de-esterified
marigold lutein was carried out using silica gel and mixture of hexane and ethyl acetate
as stationary phase and mobile phase, respectively. The optimum mobile phase to
giving the highest column efficiency was first determined, using purified free lutein as
a test compound. Subsequently, at this velocity, the evaluation of the elution modes,
i.e., isocratic and gradient elution modes, on the efficiency of the compounds separation
were conducted.

3.3.1 The optimum mobile phase velocity determination
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The column for the optimum velocity determination was prepared by the
method described in section 3.3.4. 1 ml of purified free lutein stock solution, dissolved
in a mixture of hexane-ethyl acetate at 70:30 v/v, having concentration between 20-40
pg/ml, was injected to the column at the top. The mobile phase, i.e., the hexane-ethyl
acetate mixture, was then pumped into the column at the top by the peristaltic pump.
The mobile phase velocity was varied between 0.12-0.38 cm/s. The outlet fractions
were collected by the same manner as described previously. For each fraction, the
concentration of free lutein was measured by UV-HPLC. Based on the time profile data
of free lutein concentration, the mean and standard deviation of retention time were
calculated. The value of the height of equivalent theoretical plate (HETP) of each eluent
velocity was calculated based on equation (3.1) and was then plotted against the

corresponding velocity in order to evaluate the optimum eluent velocity.

HETP = (f—t)z L, 3.1)

R

where ti and o, are mean and standard deviation of retention time; L. is the column
length.

3.3.2 Chromatographic separation in a semi-preparative column

The semi-preparative column for chromatographic separation of free lutein and
fatty acids was prepared by the same manner as described in section 3.2.4. 1 ml of de-
esterified lutein stock solution, containing free lutein and fatty acids about 380 and 150
pg/ml, respectively, was loaded to the column at the top. The mobile phase was then
pumped to the top of the column at the optimum velocity determined in the previous
section. In the isocratic mode elution, the mobile phase was only a mixture of hexane-
ethyl acetate at a ratio of 70:30 v/v. On the other hand, in the gradient mode elution, the

mobile phase was a mixture of hexane-ethyl acetate at a ratio of 85:15 v/v in the first
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part of the elution with the desired time intervals (12 and 20 min), followed by a ratio
of 70:30 v/v until all components were completely eluted. The fraction collection was
performed as described previously. The concentrations of free lutein and fatty acid of
each fraction were analyzed by HPLC.

3.3.3 Chromatographic separation in a preparative column

The preparative column apparatus was set up similarly to the semi-preparative
scale. 100 g of silica gel, soaked by hexane-ethyl acetate mixture (70:30 v/v) and
degassed under sonication for 30 min, was packed into the column. 10 ml of the de-
esterified lutein stock solution was loaded into the column at the top. The mobile phase
was then pumped into the column by mean of the peristaltic pump at the velocity 0.115
cm/s. In the isocratic elution, the experiment was run using only a mixture of hexane
and ethyl acetate at a ratio of 70:30 v/v. Conversely, in the gradient elution, the
experiment started with a mixture of hexane and ethyl acetate at a ratio of 85:15 v/v
and was run for 20 min, before instantly changing to the mixture a ratio of 70:30 until
all components were completely eluted. The outlet fractions were collected every 2 min

and were analyzed by HPLC to determine free lutein and fatty acid concentrations.

3.4  Adsorption isotherms determination

The single component adsorption isotherms of free lutein and palmitic acid,
using as standard fatty acid, were determined using batch adsorption studies. Stock
solutions of free lutein and fatty acid were prepared by dissolving known amounts of
the compounds in mixtures of hexane and ethyl acetate at ratios of 70:30 v/v and 85:15
v/v. Working solutions were then prepared by diluting different volumes of the stock

solutions to achieve several solutions at the desired concentration, 5-300 pg/ml for free
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lutein and 100-1000 pg/ml for fatty acid. To obtain the adsorption isotherm data, 0.5 g
of silica gel (25-40 pum) was added into each of 125-ml Erlenmeyer flasks containing
10 ml of the working solution at different concentrations. The flasks were continuously
shaken in the incubator with a constant speed of 120 rpm at 30 °C for 2 hours to ensure
that the adsorption equilibrium was reached in each flask. After the power for the
incubator was shut off, 1 ml of solution from each flask was collected using a filtering
syringe and was subsequently analyzed by HPLC. The specific equilibrium amounts
adsorbed (g, ) of free lutein and fatty acid of each experiment was calculated based on
equation (3.2).

(C _Ce)Vs
2L TR (32)

where C, and C, are the initial and the equilibrium concentrations, respectively; V; is

the solution volume; and W is the silica gel weight.

3.5  Selection of the most suitable mass transfer model
In general, mathematical modelling for chromatographic process is based on
mass, energy and momentum balances of components in a controlled volume of

chromatography column as shown in Figure 3.2.

7

Inlet flow Outlet flow

Az

Figure 3. 2 Schematic diagram of chromatography column
The following assumptions were made for the formulation of the mathematical

model used in this study:
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1. radial dispersion was neglected:;

2. the mobile phase properties, i.e., density and viscosity, were constants;

3. the mobile phase was inert;

4. the stationary phase material was a spherical shape and was packed

homogeneously in the column;

5. void fraction of the column was constant;

6. the process was isothermal;

7. the fluid velocity was constant;

8. the interaction between the components was negligible;
9. the column pressure was constant.

In this study, 3 mass transfer models: ideal model, equilibrium-dispersive
model, and transport model, were developed to model transfer behavior of free lutein
in the semi-preparative column. The simplest model is the ideal model. In addition to
the previous assumptions, the model assumes infinite column efficiency, infinite rate
of mass transfer at the interface of the stationary phase and mobile phase, and no axial
dispersion. Accordingly, the band profile arises only from the thermodynamic
equilibrium of each compound. The balance equation which is derived from the
material balance of each species i in a small controlled volume in the chromatography

column is shown in equation (3.3).

Rate of
Rate of Rate of Rate of Accumulation of Accumulation of
- = +
species i in species i out species i in mobile phase species i in

stationary phase

i)
uCiEeAlz - ucigeA|z+Az = a [(EeCiAAZ) + (1 - ge)(QiAAZ)] (3-3)
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Divide equation (3.3) by €,AAz and take limit of Az — 0, the following equation is

resulted.

a- se) 6
Ee

__( Cl)_ (l)

q:)

Since the mobile phase velocity is assumed to be constant, the following equation is

obtained.
—ug(e) = 5 () + 05 (@)
or  5(e) +uz(e) +22(q) =0 (3.4)

This equation describes the following phenomena:
. . - aCi
- Accumulation rate in the mobile phase (E)
. £ . aCi
- Convective transport in the mobile phase (u E)
(1-z) %)

- Adsorption rate in the stationary phase ( —

Equation (3.4) can be converted to dimensionless equation as described by

equation
(3.5).

_(C)_|_ (c)+(1 £e) a( )=0 5)
where x = - T:%” Czc% nz%

The second model, the equilibrium-dispersive model (EDM), is developed from
the ideal model. The model still assumes that the mass transfer between the stationary
phase and the mobile phase is infinitely fast. Nevertheless, it differs from the ideal
model in that it takes into account the effects of mass transport by axial dispersion. This

effect was added on the right side of equation (3.4). The mass balance of the component



59

i in a chromatography column becomes equation (3.6).

d 9 (1-2) @ _ %¢c
u=(c) + 5 (c) + =22 (q) = D, (52) (36)

g Ot F
Equation (3.6) can be converted to dimensionless equation as described in

equation (3.7).
) ) (1-g.) @ 1 (9%
7@+ (O +2 () =4 (5) (3.7)

L
where Pe ==
Dy,

Lastly, the transport model is the model that takes into account both the axial
dispersion effect and the effect of mass transfer kinetics between stationary phase and
the mobile phase, which is related to the rate of variation of the local concentration on
the stationary phase and the equilibrium concentration in the mobile phase. The
adsorption rate of the stationary phase can be described by a linear driving force

approximation as expressed in equation (2.33)

20 = Kow(Ci — Ces) (2.27)

Equation (2.33) can be converted to dimensionless equation as described in

equation (3.8)

d c n
Zm)=F (; - E) (3.8)
where F is Kovl and H is the linear isotherm constant.

u

To obtain the numerical solution, the model equations were discretized with
respect to the dimensionless space coordinate (x), using forward finite difference
method for the first order derivative (equation (3.9)) and central finite difference
method for the second order derivative (equation (3.10)). It resulted in a system of

ordinary differential equations (ODESs) in dimensionless time (7). The system of ODEs,
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with adsorption isotherm, initial and boundaries conditions, was simultaneously solved
using equation (3.11) and equation (3.12). The numerical solutions were obtained using
MATLAB (MATLAB 8.3, Mathworks Co., Natick, MA). The numerical algorithm is

provided in Appendix B.

dc(x,t) _ c(xma1,tn)—c(xm,Tn)
oD - 3.9
02c(x,1) _ c(Xm41,Tn)—2¢(Xm,Tn)+C(Xm—1,Tn)
o) n (3.10)
de(m) _ clzns)—c(Tn) (3.11)
dr At .
dn(t) _ n(tpe)—n(ty) (3 12)
dr At .

The model predictions were compared with the experimental results. The
deviation of the model prediction from the experimental data was measured by the

standard error (S.E.) defined by equation (3.13).

M8 (€ o)’
S.E.= jzl:l( N (3.13)

Nexp—1

where n.,, is the number of data point, C,,, and C,,; are the concentrations obtained
from experiment and model, respectively. The model having the lowest S.E., implying
the best fitting of the mass transfer model, was then used to model the separation of free

lutein and fatty acids.

3.6 Mass transfer correlation development and validation

A correlation of external mass transfer coefficient was developed in order to
increase the precision of mass transfer model prediction. The experiment was
performed in the semi-preparative column by similar manner as described in section

4.1, using purified free lutein as a test compound. The value of external mass transfer
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coefficient of each velocity (varied between 0.12-0.21 cm/s) was obtained by
minimizing the standard error. According to the external mass transfer correlation
(equation (2.37)), it can be linearized as described in equation (3.14). The correlation
parameters A and B could be evaluated from the y-intercept and the slope of the plot

In(Sh) vs In(Re), respectively.

InSh = Bln Re + In ASc3 (3.14)

The mass transfer model with the new correlated external mass transfer

coefficient was then validated with the experimental data in both semi-preparative and

preparative columns. The degree of consistency between the experimental results and

model prediction was measured by standard error and correlation coefficient (7;,,)
defined in equation (3.15).

n Z?=1 Cexp szl_z?=1 CexpCmol = (315)
\/(" Z?=1 ngp_(z:?n Cexp) )(n Z:?=1 C72nol_(z?=1 le’l) )

rCOT -

3.7  Sample analysis

3.7.1 Total xanthophyll analysis by spectrophotometer

To determine the total amount of xanthophylls in the marigold oleoresin, the
marigold oleoresin was dissolved in ethanol. The solution was then measured to identify
xanthophyll concentration by a spectrophotometer (G20, Genesys, NY, USA) at a
wavelength of 478 nm using free lutein as a standard (Vechpanich, 2008).

3.7.2  Free lutein analysis by UV-HPLC

To analyze the concentration of free lutein by HPLC, the oleoresin, the de-

esterified marigold lutein, the purified free lutein and all collected fractions underwent
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solvent evaporation under nitrogen gas. The dried samples were then redissolved in
ethyl acetate which was the mobile phase in the HPLC analysis.

The free lutein concentration was analyzed by reverse phase HPLC, carried out
using Agilant 1100, Licrhocart C-18 column (30 cm in length), a Diode Array Detector
Module 335 and an automatic injector. The mobile phase was a gradient solvent system
composed of acetonitrile: methanol (9:1 v/v) (solvent A) and ethyl acetate (solvent B).
The system was run by linearly increasing of solvent B from 0% to 100% in 30 min at
a flow rate of 1 ml/min. The sample injection volume was 50 pl and the UV-detector
wavelength was set at 450 nm (Piccaglia et al., 1998).

3.7.3 Fatty acid analysis using ELSD-HPLC

To analyze the concentration of fatty acid in the oleoresin, the de-esterified
marigold lutein and all collected fractions by HPLC, the samples must be prepared by
evaporating the solvent under nitrogen gas and redissolving in the HPLC mobile phase,
i.e., ethyl acetate. The HPLC column was packed by pBondapack C-18, 125 A°, 10 um,
3.9 mm 1.D. x 300 mm and was set at room temperature (25 °C). The ELSD detector
(Alltech ELSD 2000 ES, Artisan Technology Group, IL, USA) was set at tube
temperature of 60 °C, nitrogen gas flow of 1.7 L/min, and with the impactor was turned
off. The mobile phase system was an isocratic solvent composed of methanol:
isopropanol (3:2 v/v) and the flow rate was controlled at 0.9 ml/min. The sample
injection volume was 20 ul (Anjinta, 2013).

3.7.4 Fatty acid analysis by Carbon Nuclear Magnetic Resonance
Spectrometry (C-NMR)

Carbon Nuclear Magnetic Resonance analysis was used to confirm the

functional group of the fatty acids purified from the de-esterified marigold lutein. The
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C-NMR method was acquired on a VVarian INOV A model (Fourier 300, Bruker Biospin
Co., MS, USA). All spectra were measured in CDCls at 25 °C with CP/MAS solid probe
and Nano probe.

3.7.5 Fatty acid analysis by Fourier transform infrared spectroscopy (FT-
IR)

Fourier transform infrared spectroscopy was used to identify the chemical bonds
of the purified fatty acids. FT-IR measurement was performed in a KBr disc.
(PerkinElmer Spectrum One, PerkinElmer Inc., MA, USA).

3.7.6 Fatty acid analysis by mass spectrometry (MS)

Mass spectrometry was used to identify type of the purified fatty acids. 5 pl of
fatty acid sample dissolved in ethanol was directly injected into the MS analyzer
(MicrOTOF, Bruker Daltonics Inc., MA USA). MS analysis was carried out in a
positive ion measurement mode with a detection voltage of 1.6 kV, an AOCI
temperature of 400 °C, a curved desolvation lime of 250 °C, and a block temperature of
200 °C. The flow rate of the nebulizer gas was 2.5 ml/min. Full scan spectra were

obtained by scanning masses between m/z 200 and 400.



CHAPTER IV
CHROMATOGRAPHIC SEPARATION OF FREE LUTEIN AND
FATTY ACIDS

In this chapter, the quantification of free lutein and fatty acids in marigold
oleoresin and de-esterified marigold lutein samples was reported. In addition, types of
the fatty acids in the samples were identified. Finally, the optimum condition for
chromatographic separation of free lutein and fatty acids was investigated in a semi-
preparative column.

4.1  Analysis of marigold oleoresin and de-esterified marigold lutein

Marigold oleoresin was characterized by a spectrophotometer to measure the
total amount of xanthophylls and by HPLC to measure amounts of free lutein and fatty
acids. Based on 1 g of marigold oleoresin, the total amount of xanthophylls was 256.98
mg (23.64 mg/g dried marigold). These xanthophylls were mostly in the form of
xanthophyll esters, namely lutein esters, whose retention time was between 25-28 min
as shown Figure 4.1(a) (Piccaglia et al. 1998, Vechpanich and Shotipruk 2011). The
amount of free lutein (retention time 9.9 min) was only 0.36 mg (0.03 mg/g dried
marigold). These results were in good agreement with the study of Abdel-Aal and
Rabalski (2015). By comparing with the retention time of standard reagents, the ELSD-
HPLC analysis result (Figure 4.1(b)) shows that the fatty acids in the marigold oleoresin
were palmitic acid and stearic acid, whose retention times were 3.43 and 3.97 min,
respectively. The total amount of the fatty acids was 2.6 mg (0.23 mg/g dried marigold).

After the de-esterification process, all lutein esters were completely de-
esterified to free lutein and fatty acid as can see from Figure 4.2(a). The amount of free

lutein increases from 0.36 mg to 129.76 mg. However, the amount of fatty acid, mostly
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palmitic acid (Figure 4.2(b)), also increases from 2.6 mg to 49.12 mg, resulting in low
purity (74.55%) of lutein product. This purity is still lower than the suitable level for
human consumption (<90%). A further purification is therefore required to achieve
higher product purity. In addition, during the de-esterification process, some free lutein
was oxidized with oxygen and became anhydrolutein whose retention time was 10.9
min as shown in Figure 4.2(a). (Craft and Soares, 1992, Boonnoun et al., 2012) The
amount of anhydrolutein was 14.12 mg. However, anhydrolutein has also been reported
to be an antioxidant and anticancer compound (Molnar et al., 2004, Dorjgochoo et al.,

2009). Thus, it might not need to be separated.
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4.2 Identifying type of fatty acid in de-esterified marigold lutein

To identify the type of fatty acids, the de-esterified marigold lutein was loaded
to a chromatography column to separate the fatty acids. The elution profiles of free
lutein and fatty acid, eluted at the mobile phase velocity of 0.19 cm/s, are shown in
Figure 4.3. From the figure, the elution of components in the column occurs in the order
of increasing polarity; therefore, free lutein is eluted from the column before fatty acid
due to relatively lower polarity. At this condition, however, the separation of the
compounds is incomplete because of overlapping of the peaks. The fractions having
fatty acid purity >95% could be therefore collected after 32-min retention time. They
were then analyzed by NMR and FT-IR to confirm the functional group and by MS to
identify type of the fatty acids. The chemical shift of the compound in NMR results
(Figure 4.4) correspond to the NMR pattern of standard palmitic acid, particularly the
chemical shift at 178 ppm in C-NMR pattern which represents the functional group of
carboxyl group (Pretsch. et al., 2009). The FT-IR spectrum bands of the fatty acid
sample (Figure 4.5) display at the wavenumbers 3424 cm™ (-OH) and 1702 cm™ (C=0),
which are assigned to the functional group of a carboxylic compound (Gumel et al.
2014). The MS result in Figure 4.6 shows that there are 3 major components in the fatty
acid sample. The molecular weights of 279.22 and 307.26 correspond to palmitic acid
and stearic acid in the form of [M+Na]", respectively. This result agrees with the ELSD-
HPLC analysis as shown in Figure 4.1(b) and 4.2(b). However, the molecular weight
of 325.22 is still unknown but it may correspond to the peak at the retention time of 5.5

min in the ELSD-HPLC chromatograms. Further characterization is required.
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Based on the above results, it could be concluded that the total amount of fatty

acid was 49.12 mg/g oleoresin, and of this, the major fatty acid in de-esterified marigold

lutein was palmitic acid.
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4,3  Chromatographic separation of free lutein and fatty acid
4.3.1 Determination of the optimum eluent velocity

The optimum mobile phase velocity, which achieves the highest column
efficiency, was determined, using purified free lutein as a test compound. The
chromatographic experiments were carried out in a semi-preparative column using
silica gel as stationary phase and mixture of hexane-ethyl acetate (70:30 v/v) as mobile
phase. The HETP of each mobile phase velocity determined from equation (3.1) was

plotted against the corresponding velocity. The result is shown in Figure 4.7. From the
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figure, the optimum velocity is 0.16 cm/s corresponding to the HETP of 0.0158 cm.
The eluent velocity less than or above 0.16 cm/s results in greater HETP and, hence,
lower column’s performance. When the velocity is smaller than 0.16 cm/s, the axial
diffusion is dominant over the mass transfer resistance effect. Thus, the band-
broadening in this velocity range is mainly contributed by the axial diffusion since free
lutein has long retention time in the column. On the other hand, at the velocity range
more than 0.16 cm/s, mass transfer resistance effect is dominant over the axial diffusion
effect. The band-broadening in this velocity range is resulted from free lutein in the
mobile phase which was eluted and moved ahead of free lutein adsorbed in the
stationary phase. Therefore, the eluent velocity of 0.16 cm/s will be used in further

analysis of free lutein and fatty acid separation.
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4.3.2 Effect of elution mode on chromatographic separation

The chromatographic separation of free lutein and fatty acid in the de-esterified
marigold lutein was investigated using two different elution modes, i.e., isocratic and
gradient modes. The quality of the separation was evaluated by the resolution, R, as
described in equation (2.9). The result of isocratic mode elution, using 70:30 v/v
hexane-ethyl acetate mixture as mobile phase, is shown in Figure 4.8 (a). From the
chromatogram, the free lutein and fatty acid peaks overlapped, which implies that they
could not be well separated using this elution method. Furthermore, the resolution was
found to be only 1.13 which is much samller than the baseline resolution. Consequently,
further modification is needed to achieve a higher resolution.

Gradient elution mode was employed to improve the resolution. In this study,
mixtures of hexane ethyl acetate in 2 different ratios, which were selected based on the
TLC studies of Boonnoun et al. (2012) and Anjinta (2013), were used. From the TLC
studies, an increase in hexane ratio in the mobile phase could extend the elution time of
free lutein and fatty acids in the chromatography column, resulting in better separation.
This is because the compounds could less dissolve in the mobile phase and were better
adsorbed because of increased interaction force between the compounds and silica gel
(Ralston and Hoerr 1942, Craft and Soares 1992, Schmidt et al. 2006). At very high
ratio of hexane to ethyl acetate (>90:10 v/v) however, strong interaction of free lutein
and fatty acids with the stationary phase became larger making them more difficult to
elute, thus resulting in longer retention time. Two ratios of hexane and ethyl acetate
mixtures, i.e., 85:15 v/v and 70:30 v/v, were therefore selected for the study on the

effect of a step-gradient elution mode. The experiments of the step-gradient elution
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were carried out by employing the mixture ratio of 85:15 v/v in the first part of the
elution, followed by the ratio of 70:30 v/v until all components were completely eluted.

Compared to isocratic elution, a step-gradient elution using the hexane and ethyl
acetate mixture at the ratio of 85:15 v/v in the first part of the elution can increase the
resolution as shown in Figure 4.8 (b-c). The baseline resolution could be achieved by
employing the process with the mixture at the ratio of 85:15 v/v in the first 12 min
(Figure 4.8(b)). At this condition, the purity and recovery of free lutein were improved
to 99.2% and 95.2%, respectively. In addition, this condition was more reasonably
economical than using the 85:15 v/v mixture for 20 min (Figure 4.8(c)) because it
consumed less process time. However, an extended process (longer time) with the
mixture ratio of 85:15 v/v may be required when a large amount of sample is loaded to

the chromatography column due to broaden compound peaks.
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CHAPTER V
MATHEMATICAL MODEL FOR CHROMATOGRAPHIC
SEPARATION OF FREE LTUEIN AND FATTY ACIDS

In the previous chapter, the optimum condition for chromatographic separation
of free lutein and fatty acids was determined on a small semi-preparative column. As a
first step to further up-scaling the process, in this chapter, possible mathematical models
describing the transport behavior of the compounds in chromatographic column were
evaluated. In so doing, adsorption isotherms of free lutein and fatty acids were first
determined. Then, three different mass transfer models: ideal model, equilibrium-
dispersive model, and transport model, were applied to determine to the most suitable
model for the chromatographic process. Finally, the comparison between the
experimental results and the model prediction was performed to evaluate the model
prediction of the experimental transfer behavior of the compounds.
5.1  Adsorption isotherm determination

The results of single adsorption isotherms of free lutein and fatty acid carried
out using batch adsorption are shown in Figure 5.1. From the figure, the specific
amounts adsorbed of free lutein and fatty acid are linearly proportional to the

equilibrium concentration within the concentration range of 1-100 pum/ml. The Henry’s

constant for free lutein in a mixture of hexane and ethyl acetate at a ratio 70:30 v/v of
this study was found to be 9.40 ml/g, which was consistent with that reported by
Boonnoun et al. (2014), in which the value of 9.06 ml/g was reported. Nevertheless, the
value obtained in this study was valid over a wider range of concentrations. On the

other hand, the Henry’s constant for fatty acids determined in this study was
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approximately 3 folds higher than the value reported by Ozgul-Yucal and Turkay
(2003). This was possibly because the experiments were carried out in different solvent
system (hexane-ethyl acetate vs iso-octane).

From Figure 5.1, the adsorption isotherm constants increase as the ratio of
hexane in the mobile phase is increased. This was because the compounds could less
dissolve in the mobile phase (Ralston and Hoerr, 1942, Craft and Soares, 1992) and
were better adsorbed on the adsorbent surface as mentioned in the previous chapter. In
addition, from these results, it can be implied that free lutein was eluted out of a
chromatography column before fatty acid because of the lower isotherm constants. This
result was in agreement with the elution profiles of the compounds in the previous

chapter.
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Figure 5. 1 Adsorption isotherm on silica gel at 30 °C of (a) free lutein (b) fatty acid

5.2

Determination of most suitable mass transfer model

In this part, the most suitable mass transfer model for chromatographic

separation of free lutein and fatty acid was determined. The validity of mass transfer

model predictions was checked by comparing the model results with chromatographic
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experimental data. The experiment was performed by isocratic elution mode in the
semi-preparative column using free lutein as a test compound.

Based on the model parameters in Table 5.1, the chromatograms of free lutein
predicted by the mass transfer models (ideal model, EDM and transport model) along
with the experimental data at various mobile phase velocities are shown in Figure 5.2
(a-c). The standard errors of the model predictions compared with the experimental data
are summarized in Table 5.2. From Figure 5.2, the peak widths predicted by the ideal
model are narrower than that of the experimental data and the peak heights of the model
are higher than that of the experimental data. This was because the model did not take
into account the axial dispersion effect. However, the model can reasonably predict the
transport behavior of free lutein at high velocity region as shown in Figure 5.2(c). The
results agree with the model assumption that the dispersion effect could be neglected at
high velocities since the molecules take less time in the chromatography column.

The prediction of EDM model, developed from the ideal model by including the
axial dispersion effect, was found to be more reasonable than the ideal model prediction
at the same velocities as implied by the lower standard error in Table 5.2. However, the
EDM model predicted greater total peak area, which represents the total amount of free
lutein eluted from the column, than that of the experimental data. This might be because
the mass transfer resistance between the stationary phase and the mobile phase which
is a main band-broadening effect for compounds of large molecular size was neglected
in the EDM model. In addition, the EDM model predicted broader peak width than that
of the experimental data, particularly at higher velocities (Figure 5.2(b-c)). This might
be explained by systems’ Biot number (Bi), which reflects the influence of the external

mass transfer coefficient and the effective molecular diffusivity as described in equation
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(5.1). Large Biot numbers (= 10) mean intraparticle diffusion is the rate-controlling
step. On the other hand, the mass transfer process is limited by external mass transfer

when the value of Biot number is smaller than 1 (Li et al., 1998, Richard et al., 2010).

Bi = 1% (5.1)

" 2gpDy,

The values of Biot number for all volumetric flow rates in this study were in the
range of 18-22. This implies that the intraparticle diffusion was the rate-controlling
mechanism. Moreover, at higher flow rates the effects of axial dispersion and external
mass transfer resistance would be diminished, while the influence of intraparticle
diffusion would be increased. As a result, the EDM model, which neglects the mass
transfer resistance, resulted in greater deviation from the experimental data at higher
velocities. However, the effect of mass transfer resistance may be neglected for small-
molecule compounds (e.g., amino acids) in a high-efficiency chromatography column
because of the rapid mass transfer inside the stationary phase and at the mobile phase
and stationary phase interface (Bellot and Condoret, 1991, Guiochon, 2002). This
suggests that EDM model may be reasonable for chromatographic process of small-
molecule compounds.

The prediction by the transport model (Figure 5.2 (a-c)) indicates that the model
seems to be the most suitable for describing the chromatographic process of free lutein
compared with the ideal and EDM models. This is also implied by the lowest standard
error in Table 5.2. This is because the transport model takes into account both axial
dispersion effect and the effect of mass transfer kinetics between the stationary phase
and the mobile phase. Generally, transport model can describe the chromatographic
processes of both small and large-molecule compounds. However, for small-molecule

compounds, a simpler model such as EDM model might be applied. On the other hand,
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the transport model may be required for chromatographic process of large-molecule
compounds, such as free lutein and proteins, because the mass transfer kinetics is the
rate-controlling step (Gu et al. 2013). For these reasons, the most suitable mass transfer
model for describing the transport behavior of free lutein. In addition, this model is
assumed to applicably describe transport behavior of fatty acids.

Table 5. 1 Parameters for modelling mass transfer model of free lutein in

chromatography column

Velocity (cm/s)

Parameter
0.12 0.18 0.23
Initial concentration (png/ml) 32.46 37.68 36.12
Reynolds number (-) 0.0882 0.1130 0.1554
Axial dispersion coefficient (10% m%/s)* 5.45 7.26 9.96
Overall mass transfer coefficient (10° m/s)** 3.09 3.23 3.39

*Calculated by equation (2.29)

**Estimated by Wilson and Geanpoklis correlation shown in Table 2.4

Table 5. 2 Standard error of ideal model, EDM and transport model comparing to the

experimental data at various mobile phase velocities

Transport
Velocity (cm/s) Ideal model EDM
model
0.12 0.82 0.38 0.31
0.18 0.46 0.39 0.28

0.23 0.37 0.33 0.15
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Figure 5. 2 Experimental results compared with the predicted results from ideal
model, EDM and transport model at various mobile phase velocities (a) 0.12 cm/s (b)
0.18 cm/s (c) 0.23 cm/s

5.3  Development of interface mass transfer correlation

In the previous part, the most suitable mass transfer model for chromatographic
separation of free lutein and fatty acids was found to be the transport model. The key
factor in this model is the overall mass transfer coefficient, which is generally
calculated by combining external mass transfer coefficient and intraparticle diffusion
coefficient, described in equation (2.29). The intraparticle diffusion coefficient is
independent of the mobile phase velocity and can be determined using Stokes-Einstein
equation (equation (2.36)). On the other hand, the external mass transfer coefficient
depends on the mobile phase velocity and can be determined using dimensionless

correlations described in equation (2.37). From the results of previous studies (Schmidt-
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Traub, 2005, Richard et al., 2010), it could be suggested that external mass transfer
correlation should be directly measured in a column with similar characteristics.

In this study, experiments for developing external mass transfer correlation
were carried out in a semi-preparative column packed with silica gel, using free lutein
as a test compound. The value of external mass transfer coefficient for each mobile
phase velocity could be obtained by minimizing the S.E value. The correlation
constants were then determined from the plot between In(Sh) and In(Re) as described
in equation (3.14). Derived from experiments with free lutein standards, dimensionless
correlation obtained was presumably be applied to estimate the external mass transfer
coefficient of fatty acid by changing the value of molecular diffusivity in the
correlation.

A linear plot of In(Sh) versus In(Re), together with trendline equation and
correlation coefficient (R?), is presented in Figure 5.3. The parameters of mass transfer
correlation, A and B, were determined from the y-interception and the slope of the plot,
respectively. The mass transfer correlation could be expressed as shown in equation
(5.2).

Sh = 3.51Re%345¢033 (5.2)
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Figure 5. 3 Correlation of In(Sh) vs In(Re) at various mobile phase velocities
Comparison of external mass transfer coefficient predicted by the developed
mass transfer correlation in equation (5.2) and Wilson and Geankoplis correlation is
summarized in Table 5.3. From the table, the external mass transfer coefficient might
not be critical as implied by the insignificant difference of the value of S.E. This is
because the process was dominated by intraparticle diffusion inside the stationary phase

as mentioned previously.
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Table 5. 3 Standard error of experimental data compared with mass transfer prediction

modeled by new correlated k; of equation (21) and Wilson and Geankoplis

correlation
Mobile phase New correlated kg Wilson and Geankoplis
velocity correlation
(cm/s) ks (m/s) S.E. ks (m/s) S.E.
0.13 1.11 x 107* 0.37 6.56 X 107° 0.44
0.16 1.19 x 10™* 0.36 7.06 x 1075 0.39
0.19 1.28 X 107* 0.48 7.58 X 107° 0.49

5.4  Mass transfer model verification

The model used in this study was developed based on the following
assumptions: 1) no radial dispersion, 2) density and viscosity of mobile phase were
constant, 3) stationary phase were spherical shape and were packed in the column
homogeneously, 4) isothermal process, 5) mobile phase velocity was constant, 6) all
transport parameters were independent of concentration. In addition, in a
multicomponent system such as this, interactions between different compounds may
exist and can definitely affect the transfer behavior of the components in the mixture.
In this study however, such interaction was neglected and the adsorption rate of each
component was therefore considered to be independent of other components. These
assumptions are usually valid in the low concentration range. (Jiang et al., 2014,
Junghuttakarnsatit, 2002, Khosravanipour-Mostafazandeh et al., 2011, Yoon et al.,

2012)
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The model with new correlated mass transfer coefficient was experimentally
verified with isocratic and gradient elution modes in both semi-preparative and
preparative columns. In the semi-preparative column, the mobile phase velocity was set
at 0.16 cm/s which was the optimum mobile phase velocity, determined in the previous
chapter. Experimental data and model predictions for elution profiles of free lutein and
fatty acids are illustrated in Figure 5.4. in which isocratic and gradient elution modes
are presented in Figure 5.4 (a) and 5.4 (b), respectively. The model was based on the
model parameters in Table 5.4. The figure shows that the model can well predict the
experimental data. In addition, the value of S.E. is lower than 3.25 and the value of r is
higher than 0.80, indicating that the model prediction and the experimental data in the
semi-preparative column are highly consistent (Montgomery and Runger, 2011).
However, a little discrepancy between the model prediction and the experimental data
was found in the prediction of fatty acid. From the figure, the fatty acid amount in the
experimental data is slightly lower than the model prediction. This is possibly because
some fatty acid was adsorbed in the column due to strong interaction between the
compound and the stationary phase (Anjinta, 2013); this was neglected in the
simulation.

For the preparative scale used in this work, due to the limitation of the
equipment, the mobile phase velocity was set at 0.115 cm/s, which was lower than the
optimum velocity previously determined. The comparison between model prediction
and experimental result is presented in Figure 5.5. From the figure, the experimental
elution profile of fatty acid is a relatively Gaussian peak which is similar shape to model
predictions. However, the experimentally generated free lutein peaks exhibit tailing

behavior. In general, tailing behavior is resulted from the fact that a large amount of
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compound was injected into the column. The equilibrium concentration might therefore
exceed the linear range and must be described by a non-linear isotherm, typically a
convex-shape Langmuir isotherm (Schmidt-Traub, 2005). At low concentration region,
components are well adsorbed on the surface of stationary phase. As the concentration
continues to increase however, the adsorption ability starts to plateau. Most of the
component amount would relatively quickly be eluted out of the column. Hence, the
peak maximum would be shifted towards the compressive front of the peak. On the
other hand, the back of the peak or the peak tailing would result from the component
which is adsorbed in the stationary phase and eluted from the column more slowly.
Essentially, the experimental profile of free lutein could be fitted to the linear isotherm
mass transfer model at only the first part of elution. Although the values of S.E. increase
as the chromatography scale is increased, based on the value of r (i.e., >0.70), the results

are highly consistent (Montgomery and Runger, 2011).



Table 5. 4 Model parameters for chromatographic mass transfer model
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Parameters Semi-preparative Preparative
column column

Axial dispersion coefficient (m?/s)

(a) hexane-ethyl acetate at ratio 70:30 v/v 6.53x10°8 4.70x10°®

(b) hexane-ethyl acetate at ratio 85:15 v/v 6.54x10® 4.71x10°8

Overall mass transfer coefficient of

free lutein (m?/s)

(2) hexane-ethyl acetate at ratio 70:30 v/v 3.86x10° 3.72x10°

(b) hexane-ethyl acetate at ratio 85:15 v/v 3.31x10° 3.20x10°

Overall mass transfer coefficient of

fatty acid (m?/s)

(2) hexane-ethyl acetate at ratio 70:30 v/v 5.81x10° 5.57x10°

(b) hexane-ethyl acetate at ratio 85:15 v/v 5.02x10° 4.80x10°

Table 5. 5 Standard error and correlation factor of mass transfer model comparing to

the experimental data at various conditions

Free lutein Fatty acids
Column Elution mode

S.E. l'cor S.E. lcor
Semi- Isocratic 1.05 0.97 1.22 0.89
preparative Gradient 3.17 0.88 2.21 0.85
Isocratic 12.70 0.86 3.61 0.89

Preparative
Gradient 14.30 0.81 7.18 0.77
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

6.1  Conclusions

The objectives of this study are 1) to identify and quantify fatty acids in de-
esterified marigold oleoresin and find a suitable chromatographic condition to separate
free lutein and the fatty acids, and 2) to develop the most suitable mass transfer model
for describing transfer behavior of free lutein and fatty acids in both semi-preparative
and preparative chromatography columns.

The amount of total xanthophyll in marigold oleoresin was 256.98 mg/g
oleoresin (23.64 mg/g dried marigold), which are mostly in the form of lutein esters,
while the amount of free lutein was only 0.36 mg/g oleoresin (0.03 mg/g dried
marigold). The fatty acids presented in the oleoresin were palmitic acid and stearic acid
and their total amount was 0.26 mg/g oleoresin (0.23 mg/g marigold). After the de-
esterification, all lutein esters were converted to free lutein and fatty acids. The amounts
of free lutein and fatty acids rose to 129.76 and 49.12 mg/g oleoresin, respectively. At
the most optimum mobile phase velocity (0.16 cm/s), as evaluated from the plot HETP
against mobile phase velocity, the chromatographic separation of free lutein and fatty
acids could be accomplished using a step-gradient elution. The processes were run by
employing 85:15 v/v hexane-ethyl acetate mixture during the first elution step, followed
by change of the mixture composition to that of 70:30 v/v ratio. The purity and recovery
of free lutein were 99.2% and 95.2%, respectively, for the semi-preparative column,

and, were 100% and 71.2%, respectively, for in the preparative column.
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The required model parameters: adsorption isotherm, the overall mass transfer
and axial dispersion coefficients, were determined. Batch adsorptions of free lutein and
palmitic acid, used as standard fatty acid, were conducted to determine adsorption
isotherm constants in the linear range. On the other hand, the axial dispersion
coefficients were determined from Chung and Wen correlation and the overall mass
transfer coefficient was determined from the correlation developed experimentally in
this study. The model parameters were then applied to the ideal model, equilibrium-
dispersive model and transport model to select the most suitable model. The
experimental mass transfer behavior of free lutein and fatty acid in the chromatography
columns was found to be reasonably described by the transport model taking into
account both axial dispersion effect and effect of mass transfer kinetics. The model was
then applied to predict the mass transfer behavior of free lutein and fatty acids, which
were then compated with the experimental results in both semi-preparative and
preparative columns. The results found that the correlation factor between the model
prediction and the experimental results was higher than 0.70, indicating that the

numerical and experimental results are highly consistent.

6.2 Recommendations

Recommendations for further study are separated into 2 parts: recommendation
for developing mathematical model and for developing isolation process.
6.2.1 Recommendations for developing mathematical model
1. In this study, mass transfer model was developed based on the assumption that
interaction force between the components can be negligible and the adsorption

isotherms followed single linear isotherm model. These assumptions are valid only for
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low concentration system (Jiang et. al., 2014, Junghuttakarnsatit, 2002). In an indsutrail
scale, the solution concentration is usually over the linear range. In addition, the
molecular interation between the molecules being separated cannot be neglected. The
use of non-linear adsorption isotherm will be necessary for developing mathematical
mode for a large scale chromatographic process. Lesko et. al., (2015) investigated the
effect of adsorption isotherm type on chromatographic separation modelling of
cyclohexanone and cycloheptanone. The adsorption experiments were conducted using
a dynamic method. A mixture of the compounds dissolved in methanol, with initial
concentration 0.1 — 0.4 M, was injected into a C18-bonded porous silica column with
sample volume 5 pL. The outlet concentration was plotted and compared with the
model results predicted by 4 isotherm models (Langmuir, bi-Langmuir, competitive bi-
Langmuir and Toth isotherms). From the comparision, competitive bi-Langmuir
isotherm, taking into account interaction between components, was the most suitable
isotherm for describing the process. The isotherm parameters could be determined by
minimizing the difference between the experimental data and the model prediction. To
further improve the accuaracy of model prediction, the same method can possibly be
applied to determine multicomponent isotherms of free lutein and fatty acids in de-
esterified marigold lutein in the future study.

2. All transport parameters used in this study were estimated from empirical
correlation from literature or from correlations developed experimentally based on the
assumption that they were independent of concentration, which is again valid for low
concentration systems. However, in an indsuctrail scale, the concentration is rather
high. The effect of concentration on transport parameters must be taken into account.

Nesmelova et. al., (2001) studied effect of concentration on the molecular diffusivity
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of several proteins (i.e., myoglobin, BSA, barstar and lysozyme). The molecular
diffusivity of the proteins was measured using NMR pulsed-gradient spin-echo
technique at several concentrations. A correlation of molecular diffusivity as a function
of concentration was then developed. The results found that the molecular diffusivities
of proteins were found to be independent of concentration when the concentrations
were lower than 60%. Above this concentration, the molecular diffusivity tends to
decrease as the concentration increased. However, the decreasing rate of molecular
diffusivity was found to be depedent on the characteristics of molecules, solvent
system, pH, etc. The concept of this work might be applied to the present study to

further determine the effect of concentration on other transport paramters.

6.2.2 Recommendations for developing isolation process

1. Although activity of free lutein has been reported, it should be tested to
determine the ability for use in pharmaceutical applications. This is because the activity
of free lutein varies depending on species of marigold flowers and method of extraction.
Li et al. (2007) studied the effect of type of solvents used in marigold extraction. They
found that using ethanol as a solvent gave higher activity than using ethyl acetate and
n-hexane. Gong et al. (2012) studied effect of extraction parameters: ethanol
concentration, temperature, and time, on activity of free lutein. They found that the
most suitable condition was 79.7% ethanol concentration at 74.2 °C for 8.1 hours. At
this condition, the activity of free lutein could achieve 2.42 mmol of Troxol/g of extract.
In addition, Ingkasupart et al. (2015) used ATBS method to test activity of free lutein,
extracted from 11 species of marigold flowers grown in Thailand. They found that the

activity of free lutein varied depending on marigold flower species and agricultural
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method. Redeo Gold specie was found to give the highest activity which was 0.92 mmol
of Trolox/g of extract.

2. Free lutein is easily susceptible to UV-light, high temperature, pH, reductant
and oxidant. Because of these disadvantages, it is necessary to find a method to improve
its stability. Wang et al. (2012) proposed a spray-drying method to encapsulate free
lutein. They found that microencapsulated free lutein prepared by the method could be
protected against heat, UV-light, oxygen and pH change. The retention rate was greatly
improved by about 15-50% of that of free lutein. In addition, the water solubility of the
microencapsulated free lutein was also improved. These results might be useful in
pharmaceutical applications.

3. After extraction process of lutein esters, marigold flower residues are generally
discarded or used as manure. However, the economic value of the residue could
possibly be enhanced by recovering other antioxidant compounds, e.g., phenolic
compounds and flavonoids. Gong et al. (2012) studied the extraction of flavonoids and
phenolic compounds from defatted marigold using ethanol. The total contents of
phenolic compounds and flavonoids of 70.01 and 109.38 mg/g of defatted marigold,
respectively, could be obtained. The yields were indeed comparable to those extracted
from fresh marigold flowers (Li et al., 2007).

4. In general, because of the different objectives, the most suitable condition for a
laboratory scale chromatography can be rather different from that of the industrial
scales. After the process is up-scaled, some conditions, e.g., stationary phase particle
size, need to be re-evaluated. For example, Figure 6.1 shows recommended stationary
phase size for each column size. For small columns used in a laboratory scale as an

analysis unit, stationary phase of small size is required to make the compounds separate.
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Applying small particle size in large chromatography columns leads to high column
pressure, which in turn leads to high equipment costs as the systems needs to be resistant

to the pressure.
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Figure 6. 1 Recommended particle size for different column sizes (YCP Co., LTD,
2016)
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APPENDIX A
EXPERIMENTAL DATA FOR ANALYSIS

A-1  Standard calibration curve of xanthophylls from spectrophotometer

analysis

Table A-1 Standard calibration curve data of xanthophylls from spectrophotometer

analysis
Concentration of xanthophylls (ug/ml) Absorbance at 478 nm

0 0

1 0.186
2 0.336
3 0534
4 0.622
5 0.932
6 1061

7 1262
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Figure A-1 Standard calibration curve data of xanthphylls from spectrophotometer

analysis
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A-2  Standard calibration curve of free lutein from HPLC analysis

Table A-2 Standard calibration curve data of free lutein from HLPC analysis

Concentration of free lutein (ug/mbh Peak area
10 53846969
20 99836648
30 145272960
40 201325380
50 260840352
100 531458128
6x108

5x108

y = 5234467x

4x108 + 2
R*=0.9998

3x108 1

Peak area

2x108

108_

0 20 40 60 80 100 120

Concentration of free lutein (ug/ml)

Figure A-2.1 Standard calibration curve data of free lutein from HPLC analysis
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Figure A-2.2 Chromatogram of free lutein standard
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A-3  Standard calibration curve of fatty acid HPLC analysis

Table A-3.2 Standard calibration curve data of fatty acid (Palmitic acid) from HLPC

analysis
Concentration of fatty acid (ug/ml) Peak area
100 491512
200 11727.23
300 21136.96
400 29608.15
500 31196.08
1000 5121714
40000
30000 -
3 y = 16.599x"*"®
20000 - R? = 0.9947
§
10000 -
0

0 100 200 300 400 500 600

Concentration of fatty acid (ug/ml)

Figure A-3.1 Standard calibration curve data of fatty acid from HPLC analysis
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-94.185

Figure A-3.2 Chromatogram of fatty acid standard
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APPENDIX B
EXPERIMENTAL DATA AND CALCULATION
B.1  Determination of HETP at several mobile phase velocities

The experimental data of free lutein concentration for HETP determination at

several mobile phase velocities are summarized in Table B.1-1 -B.1-7

Table B1-1  Experimental data of free lutein eluted at mobile phase velocity 0.1191

cmys
Time (min) Concentration (ug/ml)
285 0

295 0.0549
305 13141
3125 17762
3175 19046
3225 1.9706
3275 14158
33.25 14495
3375 11386
3425 1.0987
34.75 06182
355 0.1398
36.5 0.1407
38 0.1015
40 0.0353

42 0
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Table B.1-2  Experimental data of free lutein eluted at mobile phase velocity 0.1291

cmys
Time min) Concentration (ug/ml)
265 0
275 0
285 0
295 0.1384
30.25 11645
30.75 17633
3125 19170
3175 13879
32.25 0.5549
33 0.1932
34 0.1005
35 0.0289
36 0.0162
375 0
9.5 0

415 0




115

Table B.1-3  Experimental data of free lutein eluted at mobile phase velocity 0.1350

cmys
Time min) Concentration (ug/ml)
285 0
295 0
30.25 0.3353
30.75 0.6956
3125 10320
3175 17531
3225 29025
32.75 24007
335 15537
345 05126
36 0.2894
38 0.1565
40 0
42 0
44 0
48 0
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Table B.1-4  Experimental data of free lutein eluted at mobile phase velocity 0.1589

cmys
Time min) Concentration (ug/ml)
255 0
265 0
275 0.0209
28.25 0.4997
28.75 12878
29.25 20076
29.75 16918
30.25 0.6758
30.75 04212
3125 0.1823
3175 01110
325 0.1286
335 0.0205
35 0.0388
37 0

39 0
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Table B.1-5 Experimental data of free lutein eluted at mobile phase velocity 0.1807

cmys
Time min) Concentration (ug/ml)
225 0

235 0.0054
24.25 0.0144
2475 0.0493
25.25 0.7255
25.75 13266
26.25 18146
26.75 15966
27.25 10483
2775 0.3688
28.25 0.0299
28.75 0.0215
295 0.0201
305 0.0223
30 0.0240

34 0.0279
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Table B.1-6  Experimental data of free lutein eluted at mobile phase velocity 0.2087

cmys
Time min) Concentration (ug/ml)
185 0
19.25 0
19.75 0
2025 0
20.75 0.0518
2125 01432
2175 05247
2225 15707
2275 14944
2325 13972
2375 0.3798
245 0.1326
255 0.0897
265 0.0451
275 0

285 0




119

Table B.1-7  Experimental data of free lutein eluted at mobile phase velocity 0.3274

cmys
Time min) Concentration (ug/ml)
975 0
10.25 0.0182
10.75 0.0710
11.165 0.3370
115 15557
11835 31971
12.165 6.0041
125 6.9715
12835 45885
13.165 38917
135 13103
13835 0.7801
1425 01127
1475 0
15.25 0

15.75 0
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Before calculation of mean and standard deviation of retention time, the type of

peak must be identified. There are two types of peak: symmetric and asymmetric peaks.

Types of peak are determined using Figure B-1.1 and equation B.1-1.

A
h
[y
=
o
‘©
[ =
-
G
1}
o
0.1h
0.1 bgj ¥ >
peak width
Figure B-1.1 asymmetric peak
T, = 201 (B-1.1)
p ao.1 '

where T is the degree of peak asymmetric
If T isin the range of 0.9-1.1, the peak is symmetric peak, otherwise asymmetric

peak. An example of peak asymmetry calculation is shown as following.
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Figure B.1.2 The peak chromatogram of free lutein at mobile phase velocity of 0.1191
cms

From the Figure B.1-2

hlutein = 19706 ug/ml

0.1 hiytein = 0.19706 pg/ml

a0 1, lutein = 3225_-30 = 2.25 min

Do1, utein = 35253225 - 3 min
2.25

Tlutein = — = 0.75

3

Thus, the peak is an asymmetric peak.

For asymmetric peaks, the mean retention time of chromatogram is calculated

by the first absolute moment which shows in equation B-1.2
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_ Jp te@at 3P ticia
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(B-1.2)

The variance, o7 is calculated from the second absolute moment which is

represented in equation B.1-3

2 _ Jo t=pPc®dt  ¥2 (t-p)Pcibt
t Iy c®at © | ciAit

(B-1.3)

An example of mean and standard deviation of retention time calculation is

shown in Table B.1-8.
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Table B.1-8 Experimental results of free lutein at mobile phase velocity 0.1191 cm/s

Concentration

) Time ]
i ) of lutein Ci*At t*Ci*At (ti-p)?*Ci*At
(ti, min)
(Ci, pg/ml)
1 28.5 0 0.0000 0.0000 0.0000
2 29.5 0.0549 4.7462 0.0259 1.1802
3 30.5 1.3141 21.1919 0.4828 2.0278
4 31.25 1.7762 45.1454 1.5653 1.3269
5 31.75 1.9046 60.0571 1.7890 0.3974
6 32.25 1.9706 63.0841 1.9132 0.0034
7 32.75 1.4158 51.5527 1.2389 0.4618
8 33.25 1.4495 34.8049 0.5479 1.1357
9 33.75 1.1386 20.0932 0.1772 1.4149
10 34.25 1.0987 10.1170 0.0436 1.2312
11 34.75 0.6182 4.4987 0.0084 0.8363
12 355 0.1398 0.0000 0.0000 0.0000
13 36.5 0.1407 0.0000 0.0000 0.0000
14 38 0.1015 0.0000 0.0000 0.0000
15 40 0.0353 0.0000 0.0000 0.0000
16 42 0 0.0000 0.0000 0.0000
25 (¢, —
Y25 CAt = Y25, t;CiAt = i
W?CiAt =
315.29 8.79
10.02
_ of = 1.44
U = 32.57 min _
min?

The HETP of the column was determined by equation B-1.4.

HETP = (f—t)2 L, (B-1.4)

R

where ty is retention time component i (min)

L. is column length (cm) which is 15 cm in the experiments



Thus, the HETP value at mobile phase velocity 0.1191 cm/s is

(1.44)

HETP =
32.572

(15) = 0.028 cm
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The HETP value for other mobile phase velocities are summarized in Table B.1-

9

Table B.1-9 Mean and standard deviation of retention time, and HETP of free lutein at

several mobile phase velocities

Interstitial velocity Mean retention time Standard deviation HETP
(cm/s) (min) (min) (cm)
0.1268 32.57 1.44 0.028
0.1374 34.40 1.35 0.023
0.1437 34.48 1.26 0.020
0.1691 29.58 0.96 0.016
0.1924 26.45 0.92 0.018
0.2325 22.77 0.82 0.020
0.3804 12.51 0.58 0.034
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B.2  Resolution calculation

The exit concentrations of free lutein and fatty acids in the semi-preparative
column at the optimum mobile phase velocity are summarized in Table B.2-1 — B.2-6.
Table B.2-1 Experimental data of free lutein eluted by isocratic elution at the

optimum velocity.

Time (min) Free lutein concentration (pug/ml)
22.50 0.0000
23.50 0.1738
24.50 0.9912
25.50 14.8952
26.25 19.4716
26.75 17.7371
27.25 9.4753
27.75 5.6942
28.25 2.9434
28.75 1.1761
29.25 0.4780
29.75 0.2730
30.25 0.2566
30.75 0.1663
31.50 0.1179
32.50 0.0000
33.50 0.0000

35.00 0.0000
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Table B.2-2  Experimental data of fatty acids eluted by isocratic elution at the

optimum velocity.

Time (min) Fatty acid concentration (ug/ml)
225 0.0000
235 0.0000
24.5 0.0000
255 0.0000
26.5 0.0000
275 0.0000
28.5 0.0000
29.5 0.0000
30.5 1.7266

31.25 9.3858
31.75 8.1573
32.25 4.8006
32.75 1.0065
33.25 1.0810
33.75 0.9365
34.25 0.4467
34.75 0.8214
35.25 0.5464
35.75 0.5632
36.5 0.7766
375 0.3231
385 0.0000
39.5 0.6947
40.5 0.0000
41.5 0.8034
425 0.6361

43.5 0.4115
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Table B.2-3  Experimental data of free lutein eluted by gradient elution with hexane

and ethyl acetate mixture at ratio 85:15 v/v in the first 12 min at the optimum velocity.

Time (min) Free lutein concentration (pug/ml)
28.5 0
29.5 0.0567

30.25 1.0780
30.75 2.3141
31.25 3.9980
31.75 9.0918
32.25 15.3476
32.75 24.1496
33.25 22.7510
33.75 22.6255
34.25 16.0734
34.75 7.9447
35.25 2.5518
35.75 0.2247
36.5 0.1647

37.5 0
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Table B.2-4  Experimental data of fatty acids eluted by gradient elution with hexane

and ethyl acetate mixture at ratio 85:15 v/v in the first 12 min at the optimum velocity.

Time (min) Fatty acid concentration (ug/ml)
38.5 0
39.5 0
40.5 0

41.25 0.5233
41.75 0.4611
42.25 0.4333
42.75 0.6232
43.25 1.5648
43.75 2.3044
44.25 7.7963
44.75 8.3561
45.25 6.1703
45.75 3.7530
46.5 2.5940
47.5 1.5947
48.5 1.1458
495 0.8318
50.5 0.4164
515 0.3437
525 0.2505
535 0.3118
54.5 0.2455
55.5 0.1943
56.5 0.1888
57.5 0.1843
58.5 0.1976
59.5 0

60.5 0
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Table B.2-5 Experimental data of free lutein eluted by gradient elution with hexane

and ethyl acetate mixture at ratio 85:15 v/v in the first 20 min at the optimum velocity.

Time (min) Free lutein concentration (pug/ml)
36.5 0
375 0
385 0.1020

39.25 0.4140
39.75 1.9293
40.25 6.5527
40.75 13.6981
41.25 19.2010
41.75 16.4693
42.25 12.8223
42.75 10.1056
43.25 6.1404
43.75 4.8143
44.5 2.0337
45,5 0.6761
46.5 0.2421
475 0

48.5 0

49.5 0
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Table B.2-6  Experimental data of fatty acids eluted by gradient elution with hexane

and ethyl acetate mixture at ratio 85:15 v/v in the first 20 min at the optimum velocity.

Time (min) Fatty acid concentration (ug/ml)
515 0
525 0
53.5 0.1056

54.25 0.5718
54.75 0.8242
55.25 5.9553
55.75 8.6993
56.25 6.1124
56.75 2.7178
57.25 2.0690
57.75 1.1254
58.25 0.5289
58.75 0.6477
59.25 0.4903
59.75 0.3497
60.25 0.1514
60.75 0.0780
61.5 0.0869
62.5 0.0974
63.5 0.1145
64.5 0.0831
65.5 0.0341
66.5 0.0189
67.5 0

68.5 0

69.5 0

70.5 0

715 0
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The chromatographic resolution, R, the parameter which can measure how well
two adjacent peak profiles of similar area separated, is calculated by equation B.2-1.

_ 2(tg j=tri)
Wj+Wi

R, (B-2.1)

where tr; and tr; are the mean retention time of component i and j, respectively, of
which component i eluted first (trj > tr;i). Wi and w;j are the peak width of component i
and j, respectively. The peak width of each compound can be estimated by equation
B.2-2.

w; = 4o (B-2.2)
where o is standard deviation of retention time of the component i

Based on the data in Table B.2-1 to B.2-6, the resolution of free lutein and fatty

acid can be summarized as in Table B.2-7

Table B.2-7 Resolution of free lutein and fatty acids in several conditions

Elution mode Component Mean retention Base peak Resolution
time width
(min) (min)
Free lutein 26.49 4.06
Isocratic 1.13
Fatty acids 32.29 6.64
Gradient Free lutein 33.07 412
1.65
(12 min) Fatty acids 46.15 11.96
Gradient Free lutein 41.87 4.84
2.32

(20 min) Fatty acids 56.37 7.68
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B.3  Calculation of critical volume of lutein and fatty acid from grouped
contribution

The critical volume is one parameter used to estimate mass diffusivity of a
compound. One choice which is successful to estimate is group contribution method. It
uses basic structural information of a chemical molecule like a list of simple functional
groups, adds parameters to these functional groups, and then calculates thermophysical
and transport properties as a function of the sum of group parameters.

For the critical volume of a compound, it can be estimated by equation B-3.1.

V. =40+ )Y NAV (B-3.1)
where V. = critical volume of free lutein (f)
mol
N = number of group

e e . iy : cm?3
AV = individual of critical volume in each group (—)

mol

Figure B-3.1 and Figure B-3.2 represent structures of lutein and palmitic acid,
using standard fatty acid. The sum up structural contributions of the individual property
increment of the compounds are shown in Table B-3.1 and Table B-3.2. The
calculations can be set out in the following arrays, in which N stands for the number of

groups.

l NN N N N

H

Figure B.3-1 Free lutein structure
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O

HO)K/\/\/\/\/\/\/\

Figure B.3-2 Palmitic acid structure

Table B-3.1 Numbers of group contribution in free lutein

Group type N AV NAV

_&_ (ring) 2 31 62
—cl{g— (ring) 4 445 178
_by  (ring) 6 46 276
_Cl)H (alcohol) 2 18 36
—cH;  (non-ring) 10 55 550
—C— (non-ring) 4 36 144
=Jj]—l (non-ring) 14 45 630

Total 1876

Table B-3.2 Numbers of group contribution in palmitic acid

Group type N AV NAV
— CH,— (non-ring) 14 55 770
—CHs  (non-ring) 1 55 55
—COOH  (non-ring) 1 80 80

Total 905
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Thus, the critical volume of free lutein is

cm?3
V. =40+ 1876 = 1916 <—>
mol

The critical volume of fatty acid is

cm?
V. =40+ 905 = 945 <—)
mol
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B.4  Mass diffusivity calculation
Mass diffusivity of a compound in liquid phase is generally determined Wilke

and Chang equation which is represented in equation B-4.1.

-8 0.5
Dmup — 7.4X10 (QBMB) (B-41)

0.6
T %

where u is the viscosity of solution B

@ is the associated parameter

My is the molecular weight of solution B

T is temperature

V, is the critical volume of species A

The solution used in the experiments was mixture of hexane and ethyl-acetate
ratios of 70:30 and 85:15 v/v. The physical properties of the solvent at 303 K are
summarized in Table B.4-1.
Table B.4-1  Physical properties of hexane and ethyl acetate mixture at ratios of 70:30

and 85:15 v/v

Hexane to ethyl acetate ratio (v/v)

Property
70:30 85:15
Viscosity (kg/m-s) 0.00026 0.00032
Density (kg/m?) 739.4 775.2
Associated parameter (-) 1 1
Solvent molecular weight
86.86 86.47

(g/mol)
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Based on the parameters in Table B.4-1 and the critical volumes in section B.3,
the mass diffusivity of free lutein and fatty acids can be summarized in Table B.4-2

Table B.4-2 Mass diffusivity of free lutein and fatty acid in hexane and ethyl acetate

mixture
Hexane to ethyl acetate ratio (v/v)
Component
70:30 85:15
Free lutein 1.26x10°° cm?/s 1.94x10°% cm?%/s

Fatty acid 1.02x10°° cm?/s 1.58x10° cm?/s
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B.5  Effective diffusivity calculation
The effective diffusivity of free lutein and fatty acid is determined from Stokes-

Einstein equation as shown in equation B.5-1.

2
—_ gp KT
Dy = () (G (B.5-1)

where &, is particle porosity which is 0.28

K is Boltzmann constant which is 1.38 x 103 J/K

T is temperature

u is the solvent viscosity

R, is the molecular radius of compound which is 16.05 nm for free lutein and
10.09 nm for fatty acid.

Based on the data, the effective diffusivity of free lutein and fatty acid can be
summarized in Table B.5-1.

Table B.5.1  Mass diffusivity of free lutein and fatty acid in hexane and ethyl acetate

mixture
Hexane to ethyl acetate ratio (v/v)
Component
70:30 85:15
Free lutein 5.97x10° m/s 4.85x10° m/s

Fatty acid 9.76x10° m/s 7.93x10° m/s
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B.6  Axial dispersion coefficient calculation
Axial dispersion coefficient is generally determined by Chung and Wen

correlation as described in equation B.6-1.

Pe = 0—: + —0'0811 (eRe)048 (B-5.1)

where ¢ is the column porosity which is 0.3

The axial dispersion coefficients of free lutein and fatty acid in the semi-
preparative column at several mobile phase velocities are summarized in Table B.6-1.
Table B-6.1 Axial dispersion coefficients of free lutein and fatty acid in the semi-

preparative column at various velocities

_ Axial dispersion
velocity

Reynold No Pelect No coefficient
(cm/s)
(108 m?/s)
0.1268 0.0885 0.6515 4.87
0.1331 0.0929 0.6516 5.11
0.1374 0.0959 0.6517 5.27
0.1437 0.1003 0.6519 5.51
0.1670 0.1165 0.6524 6.40
0.1691 0.1180 0.6524 6.47
0.1797 0.1254 0.6526 6.88
0.1923 0.1342 0.6529 7.37

0.2325 0.1622 0.6536 8.89
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B.7  External mass transfer coefficient calculation
In the determination of the most suitable mass transfer model, the external mass
transfer coefficient of free lutein was determined Wilke and Chang correlation,

equation B.7-1.

1 1

Sh = 1.09¢ 3Re3Scs (B.7-1)
where Sc is Schmidt number

The external mass transfer coefficient of free lutein at several mobile phase
velocities is summarized in Table B.7-1
Table B-7.1 External mass transfer coefficient of free lutein in the semi-preparative

column at various velocities

External mass transfer

velocity -
Reynold No Sherwood No coefficient
(em/s)
(10° m/s)
0.1268 0.0885 8.9018 1.15
0.1374 0.0959 9.1400 1.18
0.1437 0.1003 9.2772 1.20
0.1691 0.1180 9.7883 1.27
0.1797 0.1254 9.9861 1.29
0.1923 0.1342 10.2134 1.32

0.2325 0.1622 10.7073 1.39
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B.8  Numerical algorithm

Numerical algorithm of ideal model

»Ideal model code

%»Ideal model with mobile phase velocity 0.16 cms
»Input characteristic column

ep =0.30; wparticle porosity

ee =0.37; wexternal porosity

Len =15; wcolumn length (cm)

»Input condition of experiment

tl =3600; %run time (s)

tp =1; %time for injection (s)

vel =0.16; winterstitial velocity (cns)

tall =tl*vel/Len; %dimensionless of time t1l
talp =tp*vel/len; %dimensionless of time tp

yf =45; %concnetration at the inlet of column
y0 =0; %initial concentration

»Input condition for numerical

dt =0.0005; %time step size (s)

dz =0.001; %distance step size (cm)
i =tlidt;%no.of interval of time

j =Len/dz;%no.of interval in column

wInput transfer parameters
Iso =9.52; wisotherm constant

wmatrix for concentration profile
ci =zeros(i+l, j+1); wcolumn dimensionless
cid =zeros(i+l, j+1); wcolumn with dimension
for p=1:3+1

cip,=0;
end

%»Input initial condition
for n=2:tp/dt

cimm,l)=1;%concentration injected into column microgramgram)
end

»Calculation of constant
S =1+(Isoxl-eeyee);

%loop calculation
for n=2:i+l
for m=2:9+1
cim,m=(S*cim-1, mydtrwvel*cim, m-IydzS/dt)+vel/dz));



141

cidmn, m=cim, mryf;
end
end

Numerical algorithm of equilibrium-dispersive model

wEquilibrium-dispersive model code

wEquilibrium-dispersive model model with mobile phase velocity 0.16
crs

»Input characteristic column

ep =0.30; wparticle porosity

ee =0.37; wexternal porosity

Len =15; wcolumn length (cm)

»Input condition of experiment

tl =3600; %run time (s)

tp =1; %time for injection (s)

vel =0.16; %winterstitial velocity (cms)

tall =tl*vel/Len; wdimensionless of time tl
talp =tp*vel/Llen; wdimensionless of time tp

yf =45; %concnetration at the inlet of column

y0 =0; %initial concentration

%Input condition for numerical

dt =0.0005; %time step size (s)

dz =0.001; wdistance step size (cm
i =tl/dt;%no.of interval of time

j =Len/dz;%no.of interval in column

wInput transfer parameters
Iso =9.52; wisotherm constant
Axi =6.48%10"-8; waxail dispersion m"2/s)

wmatrix for concentration profile

ci =zeros(i+l, j+1); wcolumn dimensionless

dci =zeros(i+l,j+1); wconcentration gradient in time
cid =zeros@d+l, j+l); %column with dimension

for p=1:3+1
cip, L=0;
cid, 1)-0;
end

%»Input initial condition
for n=2:tp/dt

cim,1=1;%concentration injected into column microgramgram)
end



»Calculation of constant

Pe =vel*Len/Axi;
H =Iso/rho;
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%dimensionless number of axial dispersion coefficient

»loop calculation

for m=1:1

for n=2:3

dcim, n)=(ee/Pe)xcim, n+l)}-2*cim, nyx+cim, n-ydz”2)-(2*dz)y*cim, n+l)-

cim,n-1);

wdimensionless number of isotherm

cim+l, ny=(ee+l-eeyH*dcim, ny*dt)+ci@m, n);

cidmn, m=cim, m*yf;

end
end

Numerical algorithm of transport model

wEquilibrium-dispersive model code

wEquilibrium-dispersive model with mobile phase velocity 0.16 cms

»Input characteristic column

ep
ee

Len =15;

=0.30; wparticle porosity

=0.37; wexternal porosity

wcolumn length (cm)

%Input condition of experiment

tl
tp

v
y0

=3600; %run time (s)

=1; %time for injection (s)
vel =0.16;
tall =tl*vel/Len;
talp -tp*vel/len;

%interstitial velocity (cmws)
wdimensionless of time tl

wdimensionless of time tp

=45; %concnetration at the inlet of column

=0; %initial concentration
rho =2.2;

wparticle density (kgm”3)

»Input condition for numerical

dt
dz

=0.0005; %time step size (s)

=0.001; wdistance step size (cm

i =tl/dt;%no.of interval of time

]

wInput transfer parameters

Iso =9.52;
Axi =6.11=10"-4;

Mas =2.7+10"-4;

wisotherm constant

=Len/dz;%no.of interval in column

waxall dispersion (cm”™2/s)

wmass transfer coefficient

wmatrix for concentration profile

ci
gi
dc
dg

=zeros(i, J);
=zeros(i, Jj);
=zeros(i, j);
=zeros(i, j);

wconcentration
wconcentration
wconcentration
wconcentration

in mobile phase microgram/gram)
in adsorbed phase

gradient in mobile phase
gradient in adsorbed phase
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Dc =zerosd, j); wtotal gradient
cid =zeros(i+l, j+1); wcolumn with dimension

for p=1:3+1
cip,1)=0;
gie, =0;
end

»Input initial condition
for n=2:tp/dt

cim,l)=1;%concentration injected into column microgramwgram)
end

wCalculation of constant and dimensionless number
K =Mas*Len/vel; xdimensionless number of mass transfer coefficient
Pe =vel*Len/Axi; udimensionless number of axial dispersion coefficient

H =Iso/rho; %dimensionless number of isotherm

%loop calculation
for n=2:i+1
for m=2:9+1
dat, z)=K*xci(t, z2-git, zyHnl-ee); %discrete mass transfer
resistance
Dc(t, z)=eex(ci(t, z-1)-2*ci(t, zy+ci(t, z+1LyPewdz"2)(ci(t, z+1)-ci(t, z-
Lyu2+*dz); wdiscrete mass balance
dct, z2)=(1/ep)x(Dc(t, 2)-da(t, 2); %concentration gradient in mobile

phase
qict+l, z)=qgi(t, z)+dt*dat, 2);
cit+l, z)=ci(t, z)+dt*dc(t, 2);
cidn, m=cim, m*yf;
end

end
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