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Marigold flowers is a rich source of lutein, a type of xanthophylls that has been
demonstrate to reduce the risk of ocular diseases and provide protective effect against
cardiovascular diseases and stroke, etc. However, to exhibit some of these pharmaceutical
properties, the compound should be of high purity. Liquid chromatography has widely been
used to effectively separate lutein from other impurities for analytical purposes. However,
only few reports were found on larger preparative scale. The first part of this work therefore
aims to develop a protocol for preparative scale liquid chromatography purification of free
lutein derived from marigold flowers. With silica gel as a stationary and mixture of
hexane:ethyl acetate at 70:30 volume ratio (10 ml/min flow rate) as a mobile phase, as high as
97.1 % purity lutein could be obtained. Unfortunately, other than the purity issue, one other
limitation to the applicability of the compound is its poor water solubility. This causes low
oral and dermal bioavailability. To reduce this problem, supercritical anti-solvent (SAS)
micronization of lutein particles were investigated using carbon dioxide (CO,) as anti-solvent.
In the second part of this work, because their binary phase equilibrium data with CO, are
available in literature, the possibility to use dichloromethane (DCM) and ethanol as solvents
in which lutein was dissolved prior to the SAS experiments was investigated. The reduction in
size of lutein from 202.3 um of unprocessed lutein to 1.58 um and 902 nm could be achieved
by SAS technique using DCM and ethanol, respectively. In addition, the last part of this work
aims to demonstrate the feasibility of SAS micronization of lutein dissolved in mixture of
hexane and ethyl acetate (70:30 v/v). The solubility of the SAS micronized lutein particles in
aqueous solution was found to increase significantly from being almost insoluble to having
approximately 20% solubility. Success in SAS micronization in hexane:ethyl acetate solvent
mixture, which was used as a mobile phase for the chromatographic purification, implies that
a step of solvent evaporation from the eluted samples and re-dissolving the dried sample into
another organic solvent can be omitted. By this, not only the process cost can be reduced, the
degradation of lutein during complicated processing steps can also be minimized.
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CHAPTER |
INTRODUCTION

1.1 Motivation

Marigold flower is becoming known as of the most important sources of
lutein, a type of xanthophylls that possesses many health beneficial effects such as
reducing the failure of the eyesight due to age-related macular degeneration (AMD)
and preventing coronary heart disease and cancers (Mingchen et al., 2006,
Sowbhagya et al., 2004).

Lutein found in their natural sources including fruits, vegetables and marigold
flowers generally exists in the form of lutein fatty acid esters that must first be
converted to the free form by saponification with alkali solution before it can be taken
up by human (Olmedilla et al., 2003, Khachik et al., 1995, Khachik et al., 2001). The
recovery of free lutein from marigold flowers therefore involves extraction of lutein
esters with an organic solvent, generally hexane, followed by drying off the hexane to
obtain marigold oleoresin, which was then saponified with KOH or NaOH in alcohol
to free lutein. Alternatively, the environmentally friendly and non-toxic extraction
solvent such as supercritical carbon dioxide (SC-CO;) can also be used so as to
provide milder extraction conditions (Palumpitag et al., 2011). In addition, with this
process, product isolation can readily be carried out by depressurization of the system
(Facundo et al., 2009). The resulting oleoresin can further be saponified in the same
described above.

The resulting saponified product yet contains other impurities such as soap, oil
and un-reacted lutein fatty acid esters, and therefore further purification process is
required. Crystallization is a common and easy process to purify free lutein from the
saponified solution, however the process results in rather low purity (Vechpanich et
al., 2011). Although high purity lutein could be achieved by re-crystallization, the
process requires several steps, making it rather complicated, and could thus lower the
overall yield. Alternatively, liquid chromatography is extensively used to purify high

value compounds from natural product due to high purity and yield given. The



isolation procedure on such analytical scale high performance liquid chromatography
(HPLC) used to identify and quantitize the compounds has been reported in existing
literatures for free lutein derived from different raw materials, including fruits,
vegetables and marigold flowers (Jiang et al., 2005, Alisa et al., 2009, Dias et al.,
2009). However, very few reports were found on chromatographic purification of
lutein in a larger scale aiming to isolate a certain amount of a purified. The first of the
three parts of the proposed study therefore aims to study the purification of lutein
derived from marigold flowers by using larger scale of semi-preparative and
preparative liquid chromatography. Silica gel coated thin layer chromatography
(TLC) was firstly employed for screening suitable composition of hexane:ethyl
acetate mixture that was used as mobile phase. The possibility of lutein purification in
semi-preparative and preparative column chromatography was then investigated using
the suitable mobile phase from the previous TLC test and silica gel as stationary
phase.

Lutein has various applications such as being a natural colorant and an
antioxidant. Moreover, it is able to reduce the risk of ocular diseases, provide
protective effect against cardiovascular diseases and stroke, and increase the elasticity
and hydration of the skin by reducing the peroxidation process of skin lipids. (Bartlett
et al., 2004, Landrum et al., 2001, Moeller et al., 2008, Asplund, 2002, Hak et al.,
2004, Lee et al., 2004, Palombo et al., 2007). Unfortunately, lutein has poor water
solubility causing low oral and dermal bioavailability. One approach to improve water
solubility of lutein is by micronization technique which leads to increased particle
surface area, thus the dissolution rate increases and subsequently bioavailability.
However, due to its antioxidant activity, lutein becomes easily oxidized in the
presence of oxygen (degradation), with light or at moderate temperatures, problems
arise when employing conventional micronization processes such as in milling and
grinding due to the frictional heat generated.

In the past decades, there has been increasing number of studies that involve
various means of particle micronization using supercritical carbon dioxide (SC-CO,)
as a processing medium (Miguel et al., 2008, Franceschi et al., 2008, Wu et al., 2005).
Since CO; is non-toxic, the processes are safe and environment friendly, and since

they are operated at milder conditions, making the processes particularly suitable for



heat-sensitive compounds. Of these techniques, supercritical anti-solvent (SAS)
micronization is one of the simplest processes and is suitable for compounds that have
rather low solubility in SC-CO,. In a typical SAS process, a solution in an organic
solvent is flown through a nozzle into a chamber simultaneously with SC-CO,, which
acts as an anti-solvent. Mass transfer between the solution and the fluid thus occurs,
leading to the supersaturation state, which then results in the formation of the solute
particles. Moreover, by the continuously flowing of CO, during this process, the
organic solvent residues can be removed from interested solute, providing the solvent-
free product without a complex process (Can et al., 2009). The achievement of the
SAS process can be predicted by phase equilibrium of the system (solute, organic
solvent and carbon dioxide). SAS micronization must be conducted at the
supercritical state, since at this conditions, CO, would behave as an anti-solvent.

Therefore, in the second part of this research, the SAS technique using CO; as an
anti-solvent was employed for micronization of marigold derived lutein particles, due
to its near zero solubility in CO, at our operating conditions (Gomez-Prieto et al.,
2007). Because their binary phase equilibrium data with CO; are available in literature
(Tsivintzelis et al., 2004), dichloromethane (DCM) and ethanol were chosen as
solvents in which lutein was dissolved prior to the SAS experiments. The effects of
micronization operating conditions including pressure and SC-CO, flow rate on the
morphology, MPS and PSD of the resulting particles were investigated.

In addition, in the last part of this study, the feasibility of employing SAS
technique was investigated for micronization of marigold derived purified lutein
dissolved in mixture of hexane:ethyl acetate which used as mobile phase in previous
liquid chromatography purification. This solvent system was hardly used in previous
SAS micronization study, and to our knowledge, the phase equilibrium data with CO,
are not available. Nevertheless, the success of SAS micronization using such solvent
system will imply that a step of solvent evaporation from the eluted samples and re-
dissolving the dried sample into another organic solvent can be omitted. By this, not
only the process cost can be reduced, the degradation of lutein during complicated
processing steps can also be minimized. Here, the effects of SAS conditions for lutein
micronization such as pressure, initial concentration of lutein and SC-CO, flow rate

on mean particle size (MPS), particle size distribution (PSD), particle morphology



were determined in this study. Moreover, the crystallinity of the micronized particles
was examined from the X-ray diffraction (XRD) patterns and any chemical structural
changes of the micronized lutein particles compared to un-processed lutein were
examined by the analysis of Fourier transform infrared (FTIR) spectrum.
Furthermore, the solubility in agueous solution of micronized lutein and un-processed

lutein were also investigated.

1.2 Objectives

1.2.1 To find the suitable mobile phase for purification of saponified lutein by normal
phase chromatography system.

1.2.2 To investigate effects of pressure and SC-CO, flow rate on the particle
micronization of lutein by SAS technique using dichloromethane (DCM) and ethanol
as solvent.

1.2.3 To investigate effects of pressure, SC-CO, flow rate, initial concentration of
lutein on the particle micronization of lutein by SAS technique using the suitable

mobile phase from liquid chromatography purification as solvent.

1.3 Working scopes

1.3.1 For the normal phase chromatography, silica gel was used as a stationary phase
and the mobile phase employed was the mixture of hexane and ethyl acetate at various
compositions (100:0, 90:10, 80:20, 70:30, and 60:40).

1.3.2 Investigate the chromatographic separations in a normal phase semi-preparative
(8x240 mm) and preparative column (35240 mm) based on the suitable mobile
phase.

1.3.3 Investigate effect of lutein micronization by SAS using DCM and ethanol as
solvent such as pressure (8, 10, 12 MPa) and SC-CO; flow rate (20 and 25 ml/min) on
the characteristics (particle size distribution, morphology) of the resulting particles.
1.3.4 Investigate effect of lutein micronization by SAS using the suitable mobile
phase from liquid chromatography purification as solvent such as pressure (6.5, 8, 10,

12 MPa), SC-CO; flow rate (20 and 25 ml/min) and initial concentration of free lutein



(1.5, 2.5, 3.2 mg/ml) on the characteristics (particle size distribution, morphology,

crystal configuration, dissolution rate) of the resulting particles.

1.4 Expected benefits

1.4.1 To obtain necessary process protocols for purification of free lutein by
preparative column chromatography useful for the future process development in a
pilot and industrial scale system.

1.4.2 To obtain suitable SAS micronization conditions of free lutein that provides

high product quality.



CHAPTER 11
LITERATURE REVIEWS

2.1 Marigolds

Marigold is a popular plant grown widely in South Asia and Southeast Asia
including Thailand, and is normally used for making garland, used for religious or
other Buddhism ceremonies. There are various species of marigold flower including
Tagetes erecta (American Marigold), Tagetes patula (French marigold) and Tagetes
tenuifolia (Marigold signet). Despite the traditional use of, marigold flowers, the
pigments in marigold petals have now been popularly used as natural colorants in
food and feed. In addition, it is well perceived as the most important natural source of

lutein; an active pharmaceutical ingredient (API).
2.2 Lutein & lutein fatty acid ester

Lutein (C40Hs602) whose molecular structure is shown in Figure 2.1 is major
xanthophylls that present in marigold flowers. It is also found in various sources such
as fruits, vegetables, and egg yolk. However the best source is marigold. Generally,
the lutein in natural source usually was found in form of lutein fatty acid esters. In
marigold flowers, lutein fatty acid esters content range between 3.8 and 791 mg/g.
The major lutein fatty acid ester in marigold is lutein palmitate and the other lutein
fatty acid esters are dimyristate, myristate palmitate, palmitate sterate, and distearate
(Table 2.2) (Sowbhagya et al., 2004).

Figure 2.1 Lutein and its commonly found diesters in marigold flowers.



Table 2.1 Composition of lutein fatty acid esters in marigold flower®

Lutein fatty acid esters Structure of lutein fatty acid esters

R1 R2

Free lutein OH OH
Monomyristate OH OCO(CH,)1,CH3
Monopalmitate OH OCO(CH,)14CH3
Monostearate OH OCO(CH,)16CH3
Dimyristate OCO(CH,)12CH3 OCO(CH,)1,CH3
Myristate palmitate OCO(CH,)12CH3 OCO(CH,)14CH3
Dipalmitate OCO(CH,)14CH3 OCO(CH,)14CH3
Palmitate stearate OCO(CH,)14CH3 OCO(CH,)16CH3
Distearate OCO(CH,)16CH3 OCO(CH,)16CH3

°Rong Tsao et al., 2004

The lutein fatty acid esters must be converted to free lutein before it can be
absorbed and metabolized by human body. Although lutein fatty acid esters can be
hydrolyzed in the body, the process for conversion of lutein fatty acid esters into free
lutein usually involves a saponification process. Generally, free lutein is present in
two forms which are trans-forms (60% — 90%) and cis-forms (10% — 40%). Some
examples of different isomers of lutein in marigold such as 9-cis lutein, 13-cis lutein,

15-cis lutein, and all-trans lutein are shown in Figure 2.2 (Sowbhagya et al., 2004).
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Figure 2.2 Structure of isomers lutein of marigold flower
Sowbhagya et al., 2004

Lutein is used as a food coloring agent and nutrient supplement (food additive)

in a wide range of industries. It has been found to have many health beneficial effects



such as supporting the eye and skin health, by reducing the failure of the eyesight due
to age-related macular degeneration (AMD), coronary heart disease and cancer
(Mingchen et al., 2006). Since lutein cannot be synthesized by the body, thus intake of
lutein becomes essential. A 6-10 mg intake of lutein per day is necessary to realize
lutein’s health benefits, and extraction of lutien from marigold has nowadays gained

wide interest.

2.3 Extraction of lutein fatty acid esters from Marigold Flowers

Lutein fatty acid esters can be extracted from marigold flowers by several

extraction methods, such as solvent extraction and supercritical fluid extraction.

2.3.1 Solvent extraction

Solvent extraction is a technique to separate a compound from either a solid or
liquid based on their relative solubility of solute compound in solvent .The sample is
contacted with a solvent that will dissolve the solutes of interest. Solvent extraction is
the first commercial method to choose for chemical and biochemical industries
because of its simplicity and costs. Several solvents have been tested such as hexane,
acetonitrile and ethanol; however hexane was found to be the most efficient solvent
for extraction of lutein (Verghese et al., 1998). Due to the non-polar activity of lutein
esters, more efficient solvents for its extractions are non-polar solvents. The polar
solvents such as ethanol or acetonitrile have lower chemical potentials against lutein
esters and consequently have lower solubility properties. Despite the simplicity of this
technique, solvent extraction methods use time-consuming since it requires multiple
extraction steps, uses large quantities of organic solvents that are not suitable for the

production of food products.

2.3.2 Supercritical fluid extraction
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A supercritical fluid (SF) is any substance at a temperature and pressure above
its critical point (T, and P, respectively), as indicated by the shaded region in figure
2.3. These fluids can neither be classified as a liquid or a gas and the variation of their
properties is monotonous. SF can diffuse through solids like a gas, and dissolve
materials like a liquid. Supercritical fluid extraction (SFE) is suitable for extraction of
compounds that are easily degraded by light, oxygen and high temperatures such as
natural products from vegetable and essential oil (Brunner et al., 2004). The ease of
controlling the fluid property by change the temperature or pressure in order to
increase the solvent power makes this technology a good option for the recovery of
natural substances. SFE is an important process in the food, pharmaceutical, and
cosmetic industries because it is possible to obtain products without toxic residues,
without degradation of active compound, and with high purity.

Supercritical
Fluid

0
(2]

Pressure

Solid

Temperature Te

Figure 2.3 Phase diagram

Some examples of fluids that have been employed for various process
applications are given in table 2.2. Carbon dioxide is the most suitable of the gases
listed for natural product extraction purposes since it is not only cheap and readily
available at high purity, but it is also safe due to low toxicity and environmental

impact. Also, it has low critical temperature (304.1K) and therefore, supercritical
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carbon dioxide (SC-CO,) is becoming an important commercial and industrial

solvent.

Table 2.2 T, and P, of fluids used for SFE®

Solvent T (K) P. (MPa)
Ammonia 405.4 11.35
Carbon dioxide 304.1 7.37
Dimethyl ether 400.1 5.27
Ethane 305.3 4.87
Ethylene 282.3 5.04
Methanol 512.6 8.09
n-Hexane 507.5 3.02
Propane 369.8 4.25
Water 647.1 22.06
Xenon 290.1 5.80

® Facundo et al., 2009

2.4 Saponification of lutein fatty acid ester

Due to the inability to uptake lutein fatty acid esters by human (Piccaglia et
al., 1998), the extract should be converted to the free form by saponification, the
hydrolysis reaction of esters with metallic alkali to form an alcohol and the salt of a
carboxylic acid. Sodium hydroxide (NaOH) and potassium hydroxide (KOH) were
often used in metallic alkali. Generally, saponification is performed during the
manufacture of commercial preparations to enhance the pigmentation value of the
extract. The saponification process is shown in Figure 2.4. In this process, the lutein
fatty acid esters (consist of R1 and R2 function) are converted to free lutein and

obtained fatty acid salt or soap as by-product.
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Figure 2.4 Saponification of lutein fatty acid esters

2.5 Purification of free lutein

Nowadays, the application of free lutein such as pharmaceutical and drugs is
extensive. Therefore, the purification processes that give high purity free lutein must
be required. Generally, crystallization is conventionally used for purifying free lutein
after saponification (Khachik et al., 1995, Khachik et al., 2001), however it results in
rather low purity (85.53%) (Vachpanich et al., 2011). Although high purity could be
achieved by re-crystallization, the process requires several steps, making it rather
complicated, and thus lowering the overall yield further.

Alternatively, the liquid chromatography technique is a more interesting
process. This process employs the principle that compounds have different affinities
for a stationary phase and a mobile phase. Therefore, the interested compound could
be separated from the others by suitable stationary phase and mobile phase used. For
stationary phase, silica gel is the commonly used. Although, the modified surface of
silica gel as C18 and C30 (Curt et al., 1995, Jiang et al., 2005, Alisa et al., 2009, Dias
et al.,2009 ) are developed to replace silica gel but the high cost of these materials is
the disadvantage for the large scale liquid chromatography. To determine an
appropriate mobile phase, the classical thin layer chromatography is a basic method to
test the mobile phase system for liquid chromatography. Several of computer software
such as DryLab and ChromSword (Snyder et al., 1997, Wolcott et al., 2000) is
available for mobile phase prediction, however the prediction by these software have
are still subjected to some errors, especially when applied to chromatographic
purification of natural samples containing wide arrays of impurities.

To develop the liquid chromatography, the thin layer chromatography may be
used to screen the suitable mobile phase and then semi-preparative liquid
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chromatography column is employed to study the possibility of this purification
process. The scale up factor as shown in the below equation is often used to roughly
estimate the operating condition such as mobile phase flow rate, maximum sample
loading and mass of silica used. Therefore, the conditions for the larger scale
preparative liquid chromatography can be briefly estimated from the suitable
conditions of semi-preparative scale by multiply this scale up factor with those

conditions.

()
2

(

scale up factor =

)

SIS

N7
N

Where, D1 is inner diameter of smaller column and D, is inner diameter of

bigger column

2.6 Previous studies of liquid chromatography purification of lutein

Liquid chromatography has been developed to analyze and purify lutein in
various natural sources. The summary of related studies is given in Table 2.3. Most of
the previous studies employing semi-preparative and preparative liquid
chromatography for the purification of lutein dealt with lutein from other sources such
as chlorella and corn. For lutein derived from marigold flowers however, information
was available only on the analytical scale HPLC. Although the larger scale semi-
preparative or preparative liquid chromatography were seldom studied, relevant
suitable materials for mobile and stationary phases as well as the process conditions
can still be drawn from those used for the analytical scale. It is generally known that
the types of mobile phase and stationary phase are important factors among many
others that determine the success of the purification process. For chromatographic
purification of lutein, several stationary phases have been employed, such as silica
gel, C18 and C30. Compared with C18 and C30, silica gel is a lower cost packing
material. However, C18 and C30 can be used for widely range of compound’s
polarity due to its moderate polarity. Therefore, the selection of the suitable materials

should be a compromise between these several factors.



Table 2.3: Reviews of studies on preparative scale chromatography for purification of free lutein.

Raw material Stationary phase Mobile phase Results
Curt et al.,1995 six common polymeric synthesis of A binary mobile phase of For all of the carotenoid isomer sets
carotenoids (lutein, a C30 alkyl-bonded MTBE in methanol, included in this work, cis-isomers were
zeaxanthin, phase onto silica separated on the C30 phase
B-cryptoxanthin, supports
a-carotene,

[-carotene, and

lycopene)

Shibata et al.,2004 Chlorella Powder Flash column hexane-acetone-chloroform
chromatography (30 (7:2:1 viv)
mm i.d. x260 mm) on
silica gel

Jiang et al., 2005 marigold flowers  Eurospher-100 C I8 Acetonitrile: Methanol:
column (inside Ethyl acetate with volume
diameter of 4. 6 mm, ratio of 55 : 1 : 44 at the
length of 300 mm, flow rate of 1.0 mL/min

diameter of packing

material of 5um)

Purity was 99% as determined by
HPLC analysis. The final yield of

lutein was approximately 50%

With acetonitrile: Methanol: Ethyl
acetate solution with volume ratio of
55: 1: 44, the baseline separation of the

lutein and lutein esters can be achieved.

14’



Raw material

Stationary phase

Mobile phase

Results

Alisa et al., 2009

Dias et al.,2009

Food product

Fruits and

vegetables

C30 column (3 mL,
150 mm x 4.6 mm,
YMC, Wilmington,
NC)

reverse phase C18
(Vydac, cat. no.
201TP54), 5 um, 250

x4.6 mm

mobile phase was
methanol:MTBE: water
(95:3:2, viv, with 1.5%
ammonium acetate in
water, solvent A) and
methanol:MTBE:water
(8:90:2, v/v, with 1.0%
ammonium acetate in
water, solvent B (gradient)
acetonitrile:methanol
(containing 0.05 M
ammonium
acetate):dichloromethane,
75:20:5, viviv

The data from this study will provide
added information to the current
database for lutein and zeaxanthin

content of commonly consumed foods.

Portuguese leafy vegetables are very
good sources of lutein (0.52-7.2
mg/100 g) and B-carotene (0.46-6.4
mg/100 g).

qT
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2.7 Particle micronization

Natural compounds, drugs and Active Pharmaceutical Ingredients (APIs)
including lutein have poor water solubility causing low oral and dermal
bioavailability. However, they must be dissolved in water in order to exert their
effects. Particle micronization is a technique whose purpose is to improve their water
solubility of compounds by means of increasing particle surface areas as a result of
the particle size reduction. By this, the dissolution rate increases, thus the
bioavailability subsequently increases. However, there are some concerns over the
conventional particle micronization such as grinding, milling, chemical precipitation
and spray drying. APIs undergoing mechanical processes could be degraded by
friction heat; and those undergoing chemical processes may contain toxic organic
solvent residues.

2.7.1 Particle micronization by supercritical fluids

Supercritical fluids especially carbon dioxide (CO;) has recently played an
important role in separation process of natural products and APIs due to their low
toxicity and environmental friendliness. As in another application, supercritical CO,
(SC-COy) is employed for particle micronization, the process which has gained much
interest in recent years. SC-CO, particle micronization can be operated at low
temperature and allows easy solvent separation, recovery and recycle, since SC-CO,
returns to gas phase at ambient temperature and pressure, while very fine and uniform
particles of solvent-free product are collected. Therefore, various techniques of
particle formation by SC-CO, have been widely studied in recent years. In this
section, four main processes of particle formation by SC-CO, including of Rapid
Expansion of Supercritical Solutions (RESS), Particle formation from Gas Saturated
Solutions (PGSS), Depressurization of an Expanded Liquid Organic Solution
(DELOS) and Supercritical Anti-Solvent (SAS) are reviewed. In addition, some
modifications of each of these processes may be reported and given different names,
nevertheless they have the same basic idea.

Rapid expansion of supercritical solutions (RESS)

In RESS system, SC-CO, is employed as the solute carrier. The interested
solute is first dissolved in SC-CO, at required pressure and temperature. The solution

(SC-CO, and solute) is then sprayed rapidly through a nozzle to a vessel at
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atmospheric condition as shown in Figure 2.5 (a). The solute in SC-CO; is in high
super-saturation state and the formation of micron-sized liquid droplets or particles
occur in the vessel.

RESS was reported to be a successful system for micronization of various
pharmaceuticals such as carbamazepine (Gosselin et al., 2003), griseofulvin (Hu et al.,
2003), phytosterol (Jiang et al., 2003), ibuprofen (Kayrak et al., 2003) and b-sitosterol
(Turk et al., 2003). In another technique such as the RESOLYV (rapid expansion of a
supercritical solution into a liquid solvent) process, the supercritical solution is fed
into an aqueous solution containing surfactants or reducing agents. The interested
solute inside the nano-droplet reacts with the surfactant or reducing agent to form
nano-sized particles. However, this system has some disadvantages such as low
solubility of many materials (e.g. polymers) in SC-CO, and a high cost technique
compared with other techniques such as DELOS and SAA, which are described
below.

Particle formation from gas saturated solutions (PGSS)

The PGSS system is often used for polymer formation because compressed
CO; can dissolve into molten polymers. For this process, polymers are first melted at
required temperature, and then compressed CO, is fed into the system. The saturated
polymer solution is accordingly sprayed into a precipitation vessel as show in Figure
2.5(c). Afterwards, the solution is expanded and cooled via the Joule-Thomson effect.
The fine polymer particles are produced by the very high rate of expansion of the
solution and a high degree of super-cooling. The advantages of the PGSS process are
low solvent gas usage, low-pressure operation, solvent-free product and a wide range

of application.

Depressurization of an expanded liquid organic solution (DELOS)

SC-CO; is used as a co-solvent in addition to an organic solvent for the
DELOS process as show in Figure 2.5(d). In the PGSS process as discussed
previously, the interested substrate must be heated to liquid state and there is a
problem due to thermal degradation of substrate. This DELOS technique can be

useful to achieve fine particle formation with reduced substrate degradation. For



18

DELOS method, SC-CO, is mixed with the substances solution (dissolved in an
organic solvent) at required temperature and pressure in a high-pressure vessel. The
fine particle formation is formed in atmospheric pressure vessel. For this case, SC-
CO; plays the role as co-solvent during the mixing and anti-solvent and viscosity
reducing agent during the spraying. Another SAA (supercritical assisted atomization)
process is also similar to the DELOS process except that SAA uses water as solvent.

Supercritical anti-solvent (SAS)

SC-CO; in SAS technique is used as an anti-solvent that reduces the solubility
of a solute dissolved into a solvent. A double-tube nozzle is employed for delivery of
SC-CO; and interested solution. The interested solute is firstly dissolved in an organic
solvent and then is flowed through inner tube of the concentric nozzle. The SC-CO; is
fed simultaneously with the solution (organic solvent and solute) through the annular
cross-sectional surface of the concentric nozzle into the precipitation vessel at
controlled pressure and temperature. The solution containing SC-CO,, organic solvent
and interested solute is reduced in its viscosity due to the phase behavior of CO, and
the solubility of that solute in the liquid phase also decreases. This solution becomes
supersaturated, thus forcing the interested solute to precipitate as micro-sized
particles. The supercritical anti-solvent systems were further improved by adding
some special equipments or adding some solvent into the systems, resulting in
varieties of supercritical anti-solvent systems such as those described below.

PCA (precipitation with compressed anti-solvent) and ASES (aerosol solvent
extraction system) are the same idea with SAS process in which the organic solution
containing the interested solute is sprayed through a nozzle into a precipitation vessel
which is filled with SC-CO,. The solution flowed into the vessel then becomes
supersaturated and the interested solute can be precipitated. The difference between
ASES and PCA is the aerosol which is made from suspension of interested solute and
polymer in organic solvent is used for ASES, however the dissolved solute in organic
solvent is used for PCA. Mass transfer between the solvent and SC-CO; is enhanced
and fine particles are obtained. In SEDS (solution enhanced dispersion by
supercritical fluids) system, SC-CO, is mixed with solvent involving the interested
substrate by a co-axial double nozzle, the mixed solution is sprayed into a vessel that

is maintained at ambient temperature and pressure. The SEDS allows both effective
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mixing and expansion of the SC-CO; and enables finer particles to form. The SAS-
EM (supercritical anti-solvent with enhanced mass transfer) process is an improved
SAS technique in which a special device, a sonicator, is added to the system and is
used for forming nano-sized droplets as show in Figure 2.5(b). The sonicated
vibration is effective for preventing particle agglomeration in nozzle and the smaller

droplets are contained.
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Figure 2.5 Schematics of particle formation using supercritical CO,. (a) RESS
process, (b) SAS-EM process, (c) PGSS process, and (d) DELOS process.

2.8 Mechanisms of supercritical anti solvent (SAS) micronization

Generally, the aims of particle micronization are to achieve small mean
particle size (MPS), narrow particle size distribution (PSD) and good particle shape.
However, a good control of size, size distribution and morphology of micronized
particle by SAS technique requires understanding of the fluid phase equilibrium of the
system, jet characteristic (droplet formation), the mass transfer kinetics between the
jet (solute solution) and the continuous phase (anti solvent), and the nucleation and
growth mechanisms. Phase equilibrium data (normally Px,y-diagram) of the system is

used for prediction of suitable operating points which should be carried out at
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supercritical state because CO, acts as anti-solvent and results in formation of fine
particle. The three mechanisms of hydrodynamic relaxation, mass transfer relaxation,
and supersaturation and nucleation occurred in SAS process (Dukhin et al. 2005). In
the initial hydrodynamic relaxation process, there is no mass transfer between the
organic solvent and anti-solvent, the solvent stream is flown into the surrounding fluid
(COy). Therefore, the flow pattern of organic solvent could be classified by the
principal regimes of liquid phase dispersion or jet characteristic observed for liquid—
liquid and liquid—gas systems (Badens et al., 2005). The different organic solvent
droplet formations can be induced by different flow regimes;(i) the dripping regime,
in which the droplets are formed at the outlet of the nozzle; (ii) the laminar regime, in
which the solvent was flowed smoothly and continuously before a break-up zone
where uniform size droplets are formed; (iii) the turbulent regime, in which the jet
surface becomes irregular and the resulting non-uniform droplets are formed as
stretched and small broken droplets. For mass transfer relaxation, beyond the
hydrodynamic relaxation and during which there is mutual mass-transfer between the
solvent droplet and surrounding fluid. At the single supercritical condition, the
surrounding fluid can largely diffuse into organic solvent droplet. As a result, the
solute solution immediately reached the supersaturation state and then fine particles
are formed (supersaturation and nucleation). Therefore, for better understanding at
these mechanisms of fluid phase equilibrium, jet characteristic, mass transfer, and
nucleation and growth which affect the SAS process, each mechanism is reviewed

below.

2.8.1 Phase equilibrium of CO;and organic solvent

As previously described in SAS system, SC-CO; is utilized as an anti-solvent
which reduces the solubility of solute in organic solvent. With the introduction of SC-
CO; into the system, the solute becomes supersaturated, and then precipitated as fine
particles. Generally, phase equilibrium of CO, and organic solvent mixture is
investigated prior to the SAS operation, in order to predict suitable range of operating
conditions of system.

To explain phase equilibrium of CO, and organic solvent mixtures, p-x,y

isothermal diagram is often used. An example of phase equilibrium data for CO, in



21

DMSO obtained and presented by Reverchon et al. (2011) at 328.95 K is shown in
Figure 2.6. From this Figure, the critical points of the system were determined as the
highest points on the p-x, y diagram. The different areas in Figure 2.6 represent the
different state of the mixture. Area A, B, C, and D are the supercritical state,
subcritical gas state, two-phases region and expanded liquid state, respectively. SAS
experiments must be operated at area A within the supercritical state, at the operating
conditions ranging from near to far above the mixture critical point (as show in Figure
2.7), since at this conditions, CO, would behaves as an anti-solvent. However, the
SAS operating conditions carried out at supercritical state, subcritical gas, two-phases
region and expanded liquid have been studied by several research groups and the
different results were observed at different states of the mixture. For supercritical
state, the spherical particle as shown in Figure 2.8(a) should be obtained theoretically
because solute is completely precipitated from spherical organic solvent droplet.
However, the various particle morphologies could be observed due to the effect of the
other mechanisms (jet characteristic, mass transfer or nucleation and growth). For
subcritical gas, the non-uniform morphology and wide range particle size distribution
as shown in Figure 2.8(b) were obtained since the SAS conducted at this condition
prefers evaporation. For two-phase region, dense cake particle as shown in Figure
2.8(c) might be obtained and no observable particle can be observed in some case
because carbon dioxide at this state did not act as anti-solvent, thus making the solute
remain dissolved in organic solvent, which was then carried over out of system by the
flowing stream of carbon dioxide, before any particle formation could occur. For
expanded liquid, expanded micro-particle as shown in Figure 2.8(d) can be obtained
due to the expansion of liquid mixture occurred in this state (Chang et al., 2008 and
2012).
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Figure 2.6 Part of VLEs of binary system DMSO and CO, at 328.95 K ; Region A :

supercritical mixture, Region B : subcritical gas, Region C : two-phases region,

Region D : expanded liquid
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Figure 2.7 P-x,y of CO, and acetone calculated with Soave- Redlich-Kwong
Equation of State (SRK-E0S)



23

NIUST

Figure 2.8 Dieretparticlemorphology obtained by SAS icnization at different

state ; (a) particle morphology obtained at supercritical state, (b) particle morphology

obtained at subcritical gas, (c) particle morphology obtained at two-phases region, (d)
particle morphology obtained at expanded liquid state

Thermodynamic model for high pressure fluid phase equilibrium calculation
Since obtaining accurate experimental measurements of equilibrium data at
high pressure are often expensive and difficult, for convenience, in some special
design problem, thermodynamic models are often used to help reduce the number of
experimental data points. Thermodynamic models with various Equations of State
(EOS) as show in Table 2.4, and appropriate mixing rules are often used for phase
equilibrium calculation of mixtures. The simplest EoS is ideal gas law (Equation 1),
which applies only at low pressures or high temperatures because it neglects the
volume occupied by the molecules and intermolecular forces. The ideal gas EOS can
hardly be used to describe a high pressure system. Consequently, the equation which
is referred to as a law of corresponding states is used in which a compressibility factor
(2) i1s added into the equation (Equation 2) as the generalized equation. Nevetheless,
Redlich-Kwong (R-K), Soave- Redlich-Kwong (S-R-K) and Peng-Robinson (P-R)
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Equation of State are used extensively in phase equilibrium calculation because they

are not too complicate and give rather accurate prediction of experimental results
(Franceschi et al, 2004 and 2008, Reverchon et al, 2010, Imsanguan et al, 2010).The
details on thermodynamic models describing mixture phase equilibrium at high

pressure can be found in previously published literatures (Dohrn et al., 1995, Fonseca
etal., 2011, Martin et al., 2011).

Table 2.5 Equations of State

Name Equations Equation constants and
Functions
(1) Ideal gas law s RT None
= v
(2) Generalize s ZRT Z
v ={P. T, Z.or w}or derived form data
(3) Redlich-Kwong p= RT /? a b = 0.08664RT,/P.
(R-K) T v—b v2+ b a = 0.42748R*T2° /P,T5
(4) Soave- p =B SRR b = 0.08664RT. /P,
Redlich-Kwong v—b v?2+ bv a= 0.4274—8R2TC2[1 + f,(1— TrO.S)]Z/PC
(S-R-K) f = 0.48 + 1.574w — 0.176w?
b = 0.07780RT,/P,
RT a C/ c

(5) Peng-Robinson
(P-R)

v—b v2+ 2bv— b2

a = 0.45724R?*T2[1 + f,,(1 — T.>%)]?/P.
fo = 037464 + 1.54226w
—0.26992w?

When dealing with gas and liquids mixtures, it is necessary to define

combining rules for amix and bpmix as shown in following equations to use the equation

of state to calculate mixture properties. In this development, the Van der Waals-1

mixing rules that assume random mixing of the components is used.
Amix = Z Z XiXjQij
i
0.5
ai;j = (auaj;) (1 - ki)

brmix = Z Z X;Xjbi;
i
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by + by
b = (”2—”)(1 —n4j)

Where k;; and n;; are mixture parameters, usually determined by fitting

pressure-composition data, and x denotes either liquid or gas phase mole fraction.

2.8.2 Jet characteristic of solution flow

For SAS micronization process, the organic solvent containing interested
solute is simultaneously flown with SC-CO; into the precipitation vessel through
double pipe nozzle. SC-CO; is flown through the annular cross-sectional surface of
the concentric nozzle whereas; organic solvent is flown through the inner tube of the
concentric nozzle. The hydrodynamic relaxation occurs at the early in the process as
organic solvent flows out of the nozzle with the assumption that there is no mass
transfer between organic solvent and anti-solvent (SC-CO,). Therefore, it could be
classified by principal regime of liquid phase dispersion or jet characteristic observed
for liquid-liquid and liquid—gas systems. Although phase behavior, on the other hand,
comes in to play at later stage, it determines the success of the SAS process, and the
micronization conditions must lie above the mixture critical point as described in the
previous section. The jet characteristic depends on many factors such as operating
condition (pressure and temperature), experimental set up (nozzle type and nozzle
inner diameter), nature of the organic solvent, and solution flow rate. For this section,
the three principal regimes of the dripping regime, the laminar regime, and the
turbulent regime are reviewed. The other gas-mixing flow pattern is also reviewed. In
this case, droplets are not formed at the exit of the injector, since the liquid solution
mixes with the gas phase, from which solids can nucleate and eventually grow.

For dripping regime, the solution droplets are formed at the outlet of the
nozzle (as show in Figure 2.9), droplet size is therefore approximately the diameter of
the inner nozzle. This droplet formation occurs at very low solution flow rate. The
expected particle morphology of dripping is micro sphere due to the uniform droplet
formation. However, the flow pattern can be changed from dripping regime to laminar
jet or turbulent jet by the increasing of solution flow rate. For laminar regime, the
liquid jet is formed smoothly and continuously before a break-up zone (as show in

Figure 2.10). For the lower Reynolds numbers, the mode of laminar jet is
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characterized by axially symmetrical disturbances, producing the jet break-up. The
axisymmetrical jet theory has been firstly proposed by Rayleigh and the surface
tension is assumed as the controlling force for the break-up of an axisymmetrical jet.
Weber extended Rayleigh’s theory to the break-up of a viscous jet, when both viscous
and inertial forces offer significant resistance. For higher Reynolds numbers, the
inertial forces compete with the capillary forces so the formation of an asymmetrical
jet (a sinuous wave) can be formed. For the turbulent regime (as show in Figure 2.11),
in which the jet surface presents irregularities and the resulting droplets have different
sizes. This flow pattern is formed at high solution flow rate or at low value surface
tension of solution flow. The various particle size, non-uniform morphology and wide
particle size distribution of micronized particle are observed at this flow pattern due to
the non-uniform droplet formation. For gas-mixing flow pattern (as show in Fig.
2.12), no droplet are formed, thus the SAS mechanisms are the nucleation and growth.
This flow pattern can be occurred by the surface tension disappearance in jets of
miscible fluids (solvent and anti-solvent) due to the increasing of pressure and

resulting in nano-size particles produced.

Figure 2.9 Dripping flow of liquid from nozzle
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Figure 2.10 Jet flow of liquid from nozzle as laminar regime

Figure 2.11 Jet flow of liquid from nozzle as turbulent regime

Figure 2.12 gas-mixing flow patterns

The jet characteristic of dispersed liquid can be predicted using dimensionless
numbers: the Reynolds’ number (Re = pDU/u; where p is density, D is nozzle
diameter, U is liquid velocity and x is liquid viscosity) and the Ohnesorge number
(Oh = (u/(Dpa)™?; where & is interfacial tension). The Ohnesorge chart (Shimasaki et
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al., 2009) as shown in Figure 2.13 describes the dispersion modes as a function of the
Reynolds number and the liquid properties. Four different zones are distinguished: the
Rayleigh break-up zone or laminar flow regime, a sinuous wave, turbulent flow

regime and finally the gas-mixing zone.
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Figure 2.13 Ohnesorge chart (Shimasaki et al., 2009)

2.8.3 Mass transfer between organic solvent droplet and surrounding CO,
Mass transfer in SAS process occurs in both directions, from the droplet to the
SC-CO, and vice versa. The flux at interface of droplet and SC-CO; (N) as shown in
following equation is used to explain mass transfer mechanism. The first term refers
to mass transfer of organic solvent to the surrounding SC-CO, (evaporation) and

second term refers to mass transfer of surrounding SC-CO, into organic solvent
droplet (droplet swelling).

X tyg—1) or| . X, +yg—1) or

Where N is flux at interface [mol/(length? time)], pg is density in gas phase at

r=R

saturation state (mol/length®), D, is modified diffusion coefficient in gas phase

containing thermodynamic correction at saturation state ( length?/time), p; is density
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in liquid phase at saturation state (mol/length®), D; is modified diffusion coefficient in
liquid phase containing thermodynamic correction at saturation state ( length®/time),
x4 1S mole fraction of CO, in the liquid phase, yz is mole fraction of organic solvent
in the gas phase, x, is mole fraction of CO; in the liquid phase at saturation state, yz
is mole fraction of organic solvent in the gas phase at saturation state, r is radius, R is
instantaneous droplet radius ( length).

For most organic solvent-CO, mixtures, the solubility of the CO, in the
organic liquid (x3) is much greater than the solubility of the organic in CO; (yg).
Therefore, the term (x, + yz — 1) is always negative. This causes the first term in the
above equation to be positive, favoring evaporation, whereas the second term will be
negative, favoring swelling.

This net molar flux at the interface (N) is a useful measure of system behavior.
It is also important to know how the size of the droplet is changing with time. The

following equation is used to explain droplet size changing with time.

dR 1 jR ,0p; N
—_— L — 1
dt e
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Figure 2.14 The simulation of toluene droplet size changing with time at various
pressures (318 K) Werling et al, 1999.

From the equation, solvent density and net molar flux at interface are the
important factors of the droplet size changing mechanism. The droplet size is become
bigger when the solvent density is decreased and net molar flux is more negative
value (more favoring swelling). However, the competition of solvent density and net
molar flux effects may be occurred due to the pressure increase. Because the
increasing of pressure leads to the solvent density increase and net molar flux is more
negative value but mass transfer entering the droplet is large that the increase in
density is overwhelmed, thus the droplet size increases nevertheless. As show in
Figure 2.14, the droplet size of toluene reported by Werling et al, 1999 is slightly
increased and then slightly decreased at 75 bar of pressure however; it is sharply
increased and then suddenly shrunk at 87 bar. These increasing and decreasing of
droplet size or shrinking can be explained by the net molar flux equation. For lower
pressure, the mass transfer favors evaporation mechanism and CO; can little diffuse
into the droplet then at almost saturated state the solvent is evaporated from the

droplet thus, the droplet size is slightly decreased. For higher pressure, the mass
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transfer favors swelling mechanism and CO; can largely diffuse into the droplet thus,
there is large driving force difference and leads to the sudden diffusion of solvent out
from the droplet resulting in the smaller final droplet size.

In addition, the characteristic time for mass transfer is normally longer than
the characteristic time fordroplet formation. Under these conditions, it is reasonable to
assume that, by the time the jet breaks up into droplets, little CO, has diffused into the
organic solvent. Correspondingly, the nucleation occurs later inside droplets. The
driving force for the solute precipitation is supersaturation. The supersaturation inside
droplet occurs due to the CO, diffusion in it from the CO,. Correspondingly the
kinetics of the supersaturation onset is characterized by so-called diffusion time 7,
which is developed in

RZ

TDN —_—

D
Where R is the droplet radius and D is the diffusivity in solvent to CO,. As

soon as the supersaturation becomes sufficiently large, the intradroplet nucleation
starts, whose rate increases tremendously with the increasing supersaturation. The key
characteristic time for the nucleation rate is the time t, it takes to nucleate one
nucleus in one droplet. On the basis of the relative magnitudes of the characteristic

times of the diffusion and of the nucleation, two different regimes are identified.

T
L «1
Ty

When the diffusion process is rapid, i.e. when the diffusion will almost finish
first, i.e. the equilibrium between the droplet and the CO, will establish before the
first nucleus is formed. In this case, the mixture composition and correspondingly
supersaturation are uniform within each droplet volume. The first nucleus will arise in
the condition of the uniform supersaturation within droplets. This means that the
nucleation rate is the same at any point inside droplet. This case simplifies the

nucleation quantification. The diffusion-limited nucleation is expected to occur when

T
21
TN
As the diffusion is slow in comparison with nucleation, the nucleation may start not

far from droplet surface as soon as the diffusion front forms here, while the anti
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solvent concentration and supersaturation are negligible within the main portion of the

droplet volume.

2.8.4 Nucleation and growth mechanisms

For SAS technique, the interested solute is precipitated from liquid organic
solvent due to the solubility decrease by anti-solvent (SC-CO,) thus, the nucleation
and growth of interested solute become the one of the important mechanisms used to
describe SAS micronization. The classical nucleation theory of homogeneous
nucleation and diffusion controlled growth rate of spherical precipitates are reviewed
in this section.

Nucleation

The nucleation of solute precipitated from solution can be described by the
classical theory of homogeneous nucleation (Lindenberg and Mazzotti, 2009),

nucleation rate (J) is given as:

W, Bhom
] 7 AhomS exp ((ln S)2>

Where Anom IS a Kinetic parameter and Bpoy 1S @ thermodynamic parameter.
Anom depends on the mechanisms of attachment (Lindenberg and Mazzotti, 2009),
namely interface-transfer control and volume diffusion control. According to
Lindenberg and Mazzotti (2009), volume diffusion control never applies to the new
nuclei formed in the solution in the early phase of growth as diffusion is infinitely fast
for such particles. Therefore, it is assumed that for nucleation step, the main
mechanism of attachment is the interface-transfer controlled. Anom for interface-
transfer control is given as (Lindenberg and Mazzotti, 2009),

A\ 1/3 ¥ \1/2
Apom = (%) (ﬁ) DypC*Ny

and Bpom is defined as follows:
16mw?y?
Bhrom = 2rLN3
3(kT)
Dag, the diffusion coefficient is given by Stokes—Einstein equation:
kT

- 6Ty

DAB
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where ry is the radius of the molecule, o is the molecular volume, C is the
equilibrium solid solubility in the solution, S is the degree of supersaturation, y is the
surface tension at the solid—liquid interface, k is the Boltzmann constant, Na is the
Avogadro’s number, and T is the solution temperature.

Growth

The diffusion controlled growth rate of spherical precipitates (molar
composition XP, radius R) embedded in a supersaturated solid solution (mean solute
mole fraction in the matrix X, equilibrium solute mole fraction X' at the
precipitate/matrix interface) has been pro- posed by Zener under the assumption of
small supersaturation (X° — X' << aX? - X") and local equilibrium

dR D X— X'
dt R aXP — X!

Where a = viL/vE, is the ratio of matrix to precipitates atomic volumes
(mean volume per atom).

Interface curvature plays an important role on equilibrium mole fraction X',
this is the so-called Gibbs-Thomson effect. Hence, in a stoichiometric binary
precipitate of composition A.By, radius R and matrix/precipitate surface energy v,
precipitate/matrix interface equilibrium mole fractions X} and X} are modified

2y(x + y)v5c>

Xi(R)*XE(R)” = Xj(o0)*Xp(c0)Yexp
RkgT
Leading to the growth rate equation

dR D X-X'(R)
dt growen R aXP — Xi(R)



CHAPTER IlI
PURIFICATION OF FREE LUTEIN FROM
MARIGOLD FLOWERS BY LIQUID
CHROMATOGRAPHY

3.1 Introduction

Marigold flower is one of the richest sources of natural carotenoids. The major
carotenoid in marigold is lutein, which has been reported to be beneficial in several
aspects to human health such as supporting eyes and skin, and reducing the failure of
the eyesight due to age-related macular degeneration (AMD), coronary heart disease
and cancer (Wang et al., 2006). Therefore, lutein has gained much interest due to its
potential in nutraceutical and pharmaceutical applications.

In marigold flowers, lutein generally exists in the form of lutein fatty acid esters.
Conventional method for marigold lutein fatty acid esters extraction is achieved by
solvent extraction (generally using hexane). Alternatively, the environment friendly
and non-toxic extraction solvent such as supercritical carbon dioxide (SC-CO,) can
also be used so as to provide milder extraction conditions (Palumpitag et al., 2011).
Since only in its free form that lutein can be taken up by human body (Khachik et al.,
1995, 2001), marigold extract or marigold oleoresin must therefore be saponified with
an alkali solution, i.e. KOH solution, to obtain free lutein (Olmedilla et al., 2003).
Unfortunately, the saponified lutein mixture contains many impurities such as soap,
oil, unreacted lutein fatty acid esters. Thus, a purification process is generally required
to obtain purified lutein for human applications. Crystallization is a common process
for purifying free lutein, however it results in rather low yield and purity. Although
high purity could be achieved by re-crystallization, the process requires several steps,
making it rather complicated, and thus lowering the overall yield (Vechpanich et al.,
2011).

Alternatively, liquid chromatography is extensively used to purify high value

compounds from natural product. The development of an appropriate protocol (i.e.,
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the optimization of mobile phase system) for chromatographic purification of a
specific compound is generally performed via trial-and-error on an analytical High
Performance Liquid Chromatography (HPLC). The isolation procedure on such
analytical scales has been reported in existing literatures for free lutein derived from
different raw materials, including fruits, vegetables and marigold flowers (Alisa et al.,
2009, Dias et al., 2009). However, very few reports on chromatographic purification
of lutein in larger semi-preparative and preparative scale were found.

In this work, normal phase chromatography with silica gel as a stationary phase
was used for purifying free lutein from the saponified marigold oleoresin. Firstly, the
suitable mobile phase system was investigated by using a thin layer chromatography
(TLC), and with this suitable mobile phase, a preliminary study on an open column
semi-preparative chromatography for lutein purification was conducted. Finally, a
chromatographic separation was carried out on a preparative column to obtain the

high purity free lutein.

3.2 Materials and methods
3.2.1 Materials and chemicals

Dried marigold flowers were obtained from PTT Grobal Chemical Public
Company limited (Rayong, Thailand). All the samples were finely powdered prior to
use. Hexane (purity>99.5%) used for solvent extraction, recovery of total
xanthophylls and mobile phase of semi-preparative, preparative liquid
chromatography was supplied by Sigma-Aldrich. Chemicals used for saponification
such as ethanol, potassium hydroxide and hydrochloric acid were purchased from
Merck, USA. Diethyl ether was supplied by Merck, Thailand. Silica gel supplied by
Merck, Thailand, was used as a chromatography column packing material. Ethyl
acetate supplied by Merck, Thailand, was used as one of the components in the
mobile phase of semi-preparative and preparative liquid chromatography. Lutein
standards (analytical grade) were purchased from Sigma-Aldrich, Germany.

3.2.2 Solvent extraction
100 grams of dried marigold powder was extracted with 500 ml of hexane in a 1

L beaker. The extraction was carried out for 4 h in a water bath whose temperature
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was controlled at 40°C. After extraction, the mixture was left to stand for 20 min at
room temperature to allow the residue to settle. The supernatant was isolated and the
caroteniods containing hexane solution was concentrated by a rotary evaporator at 40
°C. The extract was then dried by a vacuum oven at 30 °C for 8 h. The remaining
solid (marigold oleoresin) was collected and stored in a refrigerator at -20 °C for use

in the next saponification step (Vechpanich et al., 2011).

3.2.3 Saponification

0.6 of gram KOH was dissolved in 10 ml of ethanol in a 125 ml flask, into which
one gram of marigold oleoresin was then added. The flask was shaken at 150 rpm and
50°C for 4 h. After the reaction was completed, 50 ml of ethanol was added into the
saponified mixture, and this mixture was then transferred to a separation funnel, into
which 100 ml of 5% Na,SO, solution (in distilled water) and 80 ml of diethyl ether
were added. All components were allowed to mix, and then separated into two phases.
The upper phase (ether fraction) was collected as free lutein stock solution, while the
lower phase was discarded water-soluble impurities still remained in the free lutein
stock solution were extracted repeatedly with water until the water phase became
colorless (Shibata et al., 2004). The resulting free lutein stock solution was then

stored in a -20°C refrigerator for use in a column chromatography.

3.2.4 Purification by Chromatography
3.2.4.1 Screening suitable mobile phase by thin layer chromatography (TLC)

Silica gel coated thin layer chromatography plates (TLC silica gel 60, 25
Aluminium sheets 20 x 20 cm, Merck, USA) were used for screening for a proper
mobile phase. Lutein stock solution was spotted onto TLC plates, each of which was
then placed in a chamber containing the mobile phase of different composition.
Mobile phases tested were mixtures at various compositions of hexane and ethyl
acetate (at the ratios of 100:0, 90:10, 80:20, 70:30 and 60:40 hexane:ethyl acetate).

3.2.4.2 Column packing procedures
Silica gel was suspended in hexane to the slurry at a concentration of 5%

(w/v). The suspension was then degassed overnight using a sonicator. The slurry was
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packed into a 8 mm x 240 mm semi-preparative open column or a 35 mm x 240 mm

preparative chromatography column.

3.2.4.3 Semi-preparative open column chromatography

5 grams of silica gel slurry prepared as described above were packed into a glass
column (8x240 mm) and 0.5 ml of lutein stock solution was then loaded into the
semi-preparative glass column. Then mobile phase mixture of hexane: ethyl acetate
(70:30 v/v) was allowed to flow by means of gravity. Fractions were collected on a

one minute intervals for the HPLC analysis of free lutein content.

3.2.4.4 Preparative column chromatography

100 grams of silica gel slurry was packed into a glass column (35x240 mm). 10
ml of lutein stock solution was loaded to the column and eluted with the mixture of
hexane: ethyl acetate (70:30 v/v). The sample was eluted from the bottom of the
column by means of a peristaltic pump (Masterflex, model number 7523-60, Cole
Parmer Thailand) at a flow rate of 10 ml/min. The fractions were collected at 10

minute intervals and were analyzed by HPLC.

3.2.5 Analysis of free lutein by high pressure liquid chromatography (HPLC)

The extracted, saponified and chromatography purified samples were analyzed by
HPLC to identify luteins components in the samples. The reversed phase HPLC
analysis was carried out using Agilant 1100, Lichrocart C-18 column (30 cm 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) (A) and ethyl
acetate (B). The gradient system was run by linearly increasing solvent B from 0% to
100% over 30 min, at a flow rate of 1 ml/min. The sample injection volume was 20 pl

and the detection wavelength was set at 450 nm (Piccaglia et al., 1998).

3.2.6 Analysis of saponified sample by liquid chromatography mass
spectrometery (LC-MYS)
The saponified sample was analyzed by HPLC to identify the lutein components.

The reversed phase HPLC analysis was carried out using Agilant 1100, Lichrocart C-
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18 column (15 cm length), a Diode Array Detector Module 335 and an automatic
injector. The mobile phase was a gradient solvent system of acetonitrile:methanol
(9:1,v:v) (A) and ethyl acetate (B), from 0% to 100% of B using a linear gradient
injected over 30 min, at a flow rate of 1 ml/min. The eluents were analyzed by Bruker
Daltanic Model: Esquire 3000 to confirm mass of free lutein. MS was carried out in
the positive ion measurement mode with a detection voltage of 1.6 kV, an APCI
temperature of 400 °C, a curved desolvation line 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 800 (Kiyotaka et al., 2008).

3.2.7 Analysis of purified sample by Hydrogen Nuclear Magnetic Resonance
Spectrometry (H-NMR)

Hydrogen Nuclear Magnetic Resonance Spectrometer (H-NMR) was acquired on
a Varian INOVA model. All spectra were measured in CDC1; at 25°C with CP/MAS

solid probe and Nano probe.

3.3. Results & discussion
3.3.1 Liquid chromatography purification

HPLC and LC-MS analyses were used to determine the components of the
saponified samples. The HPLC analysis results indicated that the solution consisted of
two major compounds whose retention times were about 10 and 11 min, respectively
(Figure 3.1). The other impurities in saponified sample were detected at retention
times of about 8 and 16 min. The identification of the compounds was then carried
out by Liquid chromatography mass spectrometry (LC-MS), which indicated that the
two compounds were corresponding to the mass of 568 and 551, respectively, free
lutein and the anhydrolutein, a lutein compound whose molecule was absent of an OH
group (Figure 3.2). This anhydrolutein might be a result of oxidization in the presence
of oxygen by light or at moderate temperatures (Craft et al., 1992) during the
extraction and saponification processes. LC-MS result of purified sample was
compared to LC-MS result of lutein standard from Molnar’s work (Molnar et al.,

2004). From LC-MS results, purified sample contains free lutein, anhydrolutein and
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small amount of other impurities but lutein standard contains only free lutein and

anhydrolutein
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Figure 3.1 HPLC chromatogram of saponified lutein sample.
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Figure 3.2 LC-MS chromatogram of saponified lutein sample.

3.3.1.1 Screening of mobile phase by thin layer chromatography (TLC)

The hexane:ethyl acetate mixtures of various compositions were tested. The

results shown in Figure 3.3 indicated that the green spots of the samples were moved

upwards from the base line when the mobile phase contains higher volume ratio of

ethyl acetate. The most suitable ratio of the mobile phase was found to be 70:30

(hexane: ethyl acetate v/v), giving the clearest separation of the two major

components.
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Lutein

Anhydrolutein

Figure 3.3 Separations on TLC by hexane: ethyl acetate mobile phases at various
compositions: (a) hexane: ethyl acetate = 100:0 v/v, (b) hexane: ethyl acetate = 90:10
vlv, (c) hexane: ethyl acetate = 80:20 v/v, (d) hexane: ethyl acetate = 70:30 v/v, (e)
hexane: ethyl acetate = 60:40 v/v.

3.3.1.2 Chromatographic purification on semi-preparative column

From the previous experiment, a mixture of hexane and ethyl acetate (70 : 30 v/v)
shows the possibility to purify the free lutein from saponified solution. In this section,
the 8 mm x 240 mm open column packed with silica and mixture of hexane and ethyl
acetate (70 : 30 v/v) were used for preliminary study of free lutein purification. At this
preliminary state, all the collected fractions were combined based on the color of the
fractions that was observed visually on the semi-preparative columns as the samples
were eluted, where two main color bands were observed: the yellow and the orange
bands. The orange fractions eluted from the semi-preparative sample made up to
relatively large amounts, which were expected to be mostly free lutein and its
decomposed form mentioned above. Therefore the eluted fractions collected from this
band were divided into 3 fractions and were analyzed by HPLC, the first and second
combined fractions that were eluted from the semi-preparative column contain free
lutein at rather high purity, whereas the last combined fractions of the same orange

band contained the decomposed form of lutein, and thus has lower free lutein purity.
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3.3.1.2 Chromatographic purification on preparative column

From the feasibility of semi-preparative column to purify free lutein, the larger
scale of preparative chromatography of free lutein was studied for purifying free
lutein from the saponified product. Originally, the scale up factor was calculated from
the diameter of semi-preparative and preparative chromatography columns as 19.14
(Equation 3.1) which was then used to estimate the operational conditions such as
mass of packing material, mobile phase flow rate and sample loading volume. For
example, the scale up factor was multiplied by the previous conditions on semi-
preparative open column (10 gram of packing material, 2.5 ml/min of flow rate and
0.5 ml sample loading). Consequently, the conditions estimated from this factor for
the preparative chromatography column were 100 gram of packing material (silica
gel), 70:30 v/v of hexane: ethyl acetate mixture mobile phase, the flow rate was at 50
ml/min and sample loading was 10 ml. However, due to the limit in the flow rate of
the peristaltic pump currently employed in the study, the lower flow rate of 10 ml/min
was used.
)
@ (3.1)

Similar to semi-preparative purification, the two main color bands of yellow and

Scale up factor =

the orange bands were observed. The purity, yield and amount of free lutein in each
fractionated solutions is shown in Table 3.1. The first yellow bands were observed at
fraction 2, 3 and 4 and the HPLC results show these fractions contain more impurities
which were weakly adsorbed on silica gel, thus were eluted easily from the column
(but eluted later from the HPLC reversed phase column) (Figure 3.4(a)). The colorless
fractions were observed at fraction 5, 6 and 7 and no compound could be detected by
HPLC from these fractions. The orange bands were observed in fraction 8 and 9 and
the HPLC results show the higher purity of free lutein at 97.1% (based on the HPLC
peak area ratios) (Figure 3.4(b)). Moreover, yield of free lutein which calculated base
on the amount of free lutein in stock solution before chromatographic purification was
about 61%. The mixed solution of free lutein and anhydrolutein was observed at
fraction 10 to 17 (Figure 3.4(c)). The purity and yield of free lutein in these fractions

were about 65% and 27% respectively. After the chromatographic separation, the
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column was then washed by 100% ethyl acetate. This washed solution was also

analyzed and was found to contain the impurities which were most strongly adsorbed

on silica and also a small amount of free lutein (Figure 3.4(d)).

Table 3.1 Purity, yield and amount of free lutein in each fractionation solutions

Fraction Fraction color Amount of free % yield of Purity of free
number lutein detected  free lutein (%)  lutein (%)
by HPLC (mg)

1 Colorless Not detected 0 0

2-4 Yellow Not detected 0 0

5-7 Colorless Not detected 0 0
8-9 Orange 6.43+0.38 61.78+3.63 97.1+1.85
10-17 Yellow 2.68+0.38 25.72+3.63 66.25+2.75

Washed solution Light yellow 1.3+£0.02 12.7+0.02 5+0.04
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Figure 3.4 HPLC chromatograms of lutein sample after liquid chromatography
purification ; (a) fraction 2-4, (b) fraction 8-9, (c) fraction 10-17, (d) washed solution.
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Figure 3.5 H-NMR chromatograms of lutein sample after chromatographic

purification.

To confirm structure of free lutein after chromatographic purification, the
purified free lutein sample was analyzed by H-NMR. The H-NMR result in Figure 3.5
showed the similar peak pattern to those of Aman’s work (Aman et al., 2005) and
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Khachik’s work (Khachik et al., 1995). From the result, it can be concluded that the
purified free lutein sample contained only free lutein, free lutein’s stereoisomers and
anhydrolutein. The H-NMR result thus verifies the HPLC analysis and the calculation
of free lutein purify based on the HPLC peak area reported in Table 1.

3.4. Conclusions

Screening for suitability of mobile phase composition of different ratios of
hexane:ethyl acetate mixture using thin layer chromatography, Hexane: ethyl acetate
mixture at 70:30 volume ratio was found to be an appropriate mobile phase on the
normal phase chromatography system. Semi-preparative column chromatography by
using 70:30 volume ratio of hexane:ethyl acetate as mobile phase showed the
feasibility for purifying free lutein from saponified solution. The scale up factor was
then used to estimate the operational conditions for preparative column
chromatography such as mass of packing material, mobile phase flow rate and sample
loading volume. At the most suitable condition, preparative chromatography could
produce high purity free lutein (>95%).



CHAPTER IV
SUPERCRITICAL ANTI-SOLVENT
MICRONIZATION OF MARIGOLD-
DERIVED LUTEIN DISSOLVED IN

DICHLOROMETHANE AND ETHANOL

4.1. Introduction

Lutein (CsoHs60,, MW = 568.87) whose molecular structure is shown in
Figure 4.1, is an active pharmaceutical ingredient (API) that have received
considerable interest as it possesses several beneficial properties such as preventing
age-related macular degeneration and having high antioxidant activity (Burton et al.,
1989, Granado et al., 2003). The compound has been shown to have an amorphous
structure, and have the melting point of 177 °C and the heat of fusion of 27,500
kJ/mol (Miguel et al., 2008). Natural sources of lutein include various fruits and
vegetables, many of which are taken as human diet. However, marigold flower is well
perceived as the most important natural source of lutein currently produced
commercially. Lutein is highly soluble in organic solvents such as tetrahydrofuran
(THF) and chloroform (Reza et al., 2007) but almost insoluble in water. However,
same as other drugs and APIs, lutein must be dissolved in water in order to exert their
effects (Park et al., 2008).

Figure 4.1 Chemical structure of lutein.
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One approach to improve water solubility of drugs and APIs is by
micronization of these compounds which leads to increased particle surface area
(Perrut et al., 2005). Lutein made into nano-sized particles has been shown to have
76% solubility in water (Mitri et al., 2011). However, some problems arise when
employing conventional micronization processes including the degradation of thermal
labile compounds by frictional heat, such as in milling and grinding, and
contamination with toxic solvents used in chemical method such as re-crystallization
(Kwon et al., 2011).

Nowadays, techniques of particle micronization employing supercritical fluids
are widely studied as they require mild operating temperatures, making the processes
particularly suitable for heat-sensitive compounds. Of these techniques, supercritical
anti-solvent (SAS) micronization is one of the simplest processes and is suitable for
compounds that have rather low solubility in supercritical fluids. In a typical SAS
process, a solution in an organic solvent is flown through a nozzle into a chamber
simultaneously with a supercritical fluid, which acts as an anti-solvent. Mass transfer
between the solution and the fluid thus occurs, leading to the supersaturation state,
which then results in the formation of the solute particles. The particle morphology,
size and size distribution are influenced by several factors such as experimental set up
(nozzle type and nozzle inner diameter) and the nature of the organic solvent, as well
as the operating conditions (pressure, temperature, and solution flow rate). Accurate
prediction of the effects of the process variables to particle size and morphology is
however difficult. This is due to the fact that SAS micronization involves several
processes such as the solvent jet disintegration or solvent dispersion as it flows
through the nozzle, mass transfer between the liquid jet and the supercritical anti-
solvent, as well as particle nucleation and growth. Nevertheless, consideration of the
mechanisms involved, together with the fluid phase equilibrium provides some basic
guidelines of how particle size and morphology may be controlled (Yeo et al., 2003,
Wang et al., 2006, Kim et al., 2007, Bahrami et al., 2007, Caputo et al., 2007,
Reverchon et al., 2008, Byrappa et al., 2008, Badens et al., 2005).

In this study, the SAS technique using CO; as an anti-solvent was employed
for micronization of marigold derived lutein particles, due to its near zero solubility in

CO; at our operating conditions (Gomez-Prieto et al., 2007). Because their binary
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phase equilibrium data with CO, are available in literature (Tsivintzelis et al., 2004),
dichloromethane (DCM) and ethanol were chosen as solvents in which lutein was
dissolved prior to the SAS experiments. The effects of micronization operating
conditions including pressure and supercritical carbon dioxide (SC-CO,) flow rate on
the morphology, mean particle size (MPS) and particle size distribution (PSD) of the

resulting particles were investigated.

4.2. Materials and Methods
4.2.1. Materials & chemicals

Dried powdered marigold flower sample was provided by PTT Global
Chemical Public Company Limited (Rayong, Thailand). Hexane (purity >99.5%)
used for sample preparation step was supplied by Sigma-Aldrich. Ethanol (95%
purity) and potassium hydroxide (KOH, purity >99%) were purchased from Merck,
USA. Diethyl ether (purity >99%), ethyl acetate (purity >99%) and sodium sulfate
(NaySOy, purity >99%) were supplied by Merck Ltd., Thailand. Liquid CO, was
supplied by Uchimura Sanso Co. Ltd. (Osaka, Japan) with a purity of 99.97%. Hexane
(purity >99.5%) and Ethyl acetate (purity >99%) used for SAS precipitation were
supplied by Wako Pure Chemical Industries Inc. (Tokyo, Japan).

4.2.2. Preparation of lutein sample

Following the procedure described in Vechpanich et al., 2011, 100 g of dried
marigold powder was extracted with 500 ml of hexane for 4 h at 40 °C in a stirred
vessel whose temperature was controlled by a water bath. The system was then left to
stand for 20 min at room temperature to allow the residue to settle and separate from
the extract. Hexane in the extract was evaporated under vacuum at 40 °C, and the
concentrated extract was further dried in a vacuum oven at 30 °C for 8 h. The dried
marigold extract which is hereby called marigold oleoresin was further subjected to
saponification to convert lutein in the esterified forms to the free lutein. 0.6 g KOH
was dissolved in 10 ml of ethanol in a 125 ml Erlenmeyer flask, into which one gram
of marigold oleoresin was then added. The flask was shaken at 150 rpm at 50 °C for 4
h. After the reaction was completed, 50 ml of ethanol was added into the saponified

solution, and this solution was then transferred to a separation funnel, into which 100
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ml of 5% Na,SO, solution (in distilled water) and 80 ml of diethyl ether were added.
All components were mixed thoroughly and the mixture was then allowed to be
separated into two phases. The upper phase (the ether fraction) was collected and was
then extracted with water to remove water-soluble impurities. After repeated
extractions with water until the water phase became colorless, the ether upper phases
were collected and combined to obtain the lutein stock solution (Shibata et al., 2004).
This solution was then dried overnight in a vacuum oven. The SEM image of the
resulting dried sample is shown in Figure 4.2 and the MPS was determined to be
202.3 um. The dried sample was tightly wrapped and stored in a freezer for use in

SAS micronization experiments.

22 30 SEI

Figure 4.2 SEM image of un-processed lutein sample.

4.2.3. SAS Micronization of lutein

The apparatus for SAS micronization of lutein is shown in Figure 4.3, which
consists of an LC-8A preparative liquid chromatography pump (Shimadzu, Japan), a
PU-980 intelligent HPLC pump (Jasco, Japan), a cooler (Eyela Cool Ace CA 1100,
Japan), a precipitation vessel (SUS316 cell, inner diameter: 3 cm, length: 17.0 cm,
volume: 120.1 cm®, P-max: 30 MPa) and a double-tube nozzle (inner diameter: 1/16
and 1/8 inch) through which the CO, and lutein solution were delivered. The
precipitation vessel was housed in a heating chamber whose temperature was
controlled by air convection (AKICO, Japan T-max: 100 °C). The experiments begin
with pumping liquid CO, through a cooler at 0 °C, to ensure the liquefaction of the

gas to prevent cavitation, before being delivered to a precipitation vessel at a specified
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flow rate through the annular cross-sectional surface of the concentric nozzle. The
pressure of the precipitation vessel was set to a desired value by a backpressure
regulator (AKICO, Japan). The temperature of the heating chamber was then set to a
fixed value of 55 °C. The initial lutein solution in an organic solvent was prepared by
dissolving lutein in DCM or ethanol with continuous stirring for 30 min. Although
lutein solubility in DCM and ethanol at ambient temperature has been reported to be
0.8 and 0.3 mg/ml, respectively (Craft et al., 1992), at the same temperature as the
SAS operating temperature (55 °C), lutein solution of higher concentration of 1
mg/ml could be prepared. The lutein solution was then pumped to the precipitation
vessel by the HPLC pump, through the inner tube of the concentric nozzle.
Precipitated lutein particles were trapped by a filter (SUS316, Swagelok) fixed at the
bottom of the vessel. After the micronization process was completed, the flow of the
lutein solution was stopped but that of pure SC-CO, was continued for an additional
hour to ensure that all the residual solvent was removed from the lutein particles. No
residual solvent could be detected by the gas chromatography (GC) analysis of the
solution of micronized sample in chloroform. This was also confirmed by constantly
weighing the micronized lutein sample that was placed in a rotary vacuum evaporator
at 40 °C at every thirty minute interval for three hours. The SAS micronization
experiments were conducted 2-3 times at some selected conditions to test the
reproducibility of the results. The conditions employed for the SAS experiments with
DCM and ethanol as solvents, respectively, are shown in Table 4.1 and Table 4.2,
along with information on CO, density, Reynolds’ numbers (Re) for solvent and CO,

flows and the MPS of the resulted particles.



51

HPLC pump

CO, pump

CO, cylinder Cooler

Precipitation
vessel

\ Heating chamber /

Figure 4.3 Schematic of supercritical anti solvent apparatus.



Table 4.1

Operating conditions for SAS micronization of lutein using DCM as solvent.

Sample P T (°C) Solution CO; flow Density of Re of Reof CO,molar Mean
number (MPa) flow (ml/min) CO;, CO, DCM fraction* Particle
(ml/min) (kg/m®) size
1 8 55 0.25 20 205 8,261 489 0.935 -
2 10 55 0.25 20 303 9,543 482 0.935 2.05 um
3 12 55 0.25 20 504 12,149 475 0.935 2.49 pm
4 8 55 0.25 25 205 10,326 489 0.947 -
5 10 55 0.25 25 303 11,929 482 0.947 1.58 pm
6 12 55 0.25 25 504 15,186 475 0.947 1.94 pm

* CO, molar fraction is based on the binary DCM-CQO; system

¢S



Table 4.2
Operating conditions for SAS micronization of lutein using ethanol as solvent.

Sample P T Solution CO,flow Density Re of Re of CO, molar Mean
number (MPa) (°C) flow (ml/min)  of CO, CO, ethanol fraction* Particle size
(ml/min) (kg/m®)
7 8 55 0.25 20 205 8,261 40.4 0.93 -
8 10 55 0.25 20 303 9,543 40.2 0.93 3.41 um
9 12 55 0.25 20 504 12,149 40.0 0.93 1.58 um
10 8 55 0.25 25 205 10,326 40.4 0.943 -
11 10 55 0.25 25 303 11,929 40.2 0.943 1.08 pm
12 12 55 0.25 25 504 15,186 40.0 0.943 902 nm

* CO, molar fraction is based on the binary ethanol-CO, system

€S
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4.2.4. Evaluation of particle morphology, MPS and PSD

A JEOL model JSM-6390LV scanning electron microscope (SEM) was used to
examine the morphology and size of the particles. Conductive double-sided tape was
used to fix the particles to the specimen holder. A thin layer of gold was sputtered
onto the sample using an ion sputtering device (JEOL model JFC-1100E). In
determining the MPS and PSD, 500 particles were measured using Image J analytical

software.

4.3. Results and Discussion
4.3.1. SAS Micronization of lutein dissolved in DCM

SAS micronization at various operating conditions of lutein dissolved in DCM
resulted in particles of various MPS, PSDs, and morphologies. The effect of pressure
(8, 10 and 12 MPa) on the morphology, MPS and PSD of lutein could be drawn from
the sample numbers 1 to 3, whose operating conditions are listed in Table 4.1. At 8
MPa, no particles could be collected. This could be explained by considering the
phase equilibrium data of all three components involved in the SAS process.
Although the ternary data for lutein, DCM, and CO, are not available in literature,
binary phase equilibrium data of CO, and DCM (Tsivintzelis et al. 2004) could be
used initially to address the feasibility of the process. The fact that the operating
condition at 8 MPa and 55 °C is located below the critical point of the binary mixture
caused the liquid and vapor phases to coexist. Lutein then remained dissolved in the
liquid organic solvent, which was then carried over by the flowing stream of carbon
dioxide, through the filter, out of the micronization chamber, without forming any
particles. On the other hand, the pressures of 10 MPa and 12 MPa were above the
mixture critical point in which the single supercritical region is reached. At these
conditions, SC-CO, became dissolved into the organic phase, causing the state of
supersaturation, thus resulting in the production of fine particles (Figure 4.4(a) and
4.4(b)). In both cases, rather than being spherical, lutein particles have flake-like
morphology, which can probably be explained by the competition of the diffusion rate
of SC-CO; into organic solvent droplet as the solvent flowed out of the nozzle and the
nucleation rate of the lutein particles. In this case, it was likely that the rate of SC-CO,

diffusion was lower than that of particle nucleation, causing the nucleation to start as



55

soon as the diffusion front forms, and not far from the droplet surface. Thus, the flake-
like particles whose morphology is similar to the droplet surface were formed
(Dukhin et al., 2005). The results in Table 4.1 also indicated that the increase in
pressure leads to the increase in lutein MPS. For the process operated at the SC-CO,
flow rate of 20 ml/min, the increase in MPS from 2.05 to 2.49 um was observed as
the pressure increased from 10 MPa to 12 MPa, while for the SC-CO, flow rate of 25
ml/min, particle MPS increased from 1.58 to 1.94 um with the same increased
pressure. It should be noted that although the flake-like morphology might lead to
overestimation of particle size when viewed under SEM, at all conditions, flake-like
particles were obtained, thus general trend could still be drawn from the results of this
present study. In addition to higher MPS, as shown in Figure 4.5, wider PSDs were
observed at higher pressures. These results could largely be due to the effect of
pressure on the characteristics of jet disintegration (Braeuer et al., 2011, Gokhale et
al., 2007, Shekunov et al., 2001). Generally, depending on the flow rate and operating
conditions such as temperature and pressure, three regimes of liquid phase dispersion
are observed: (i) the dripping regime, in which the droplets are formed at the outlet of
the nozzle; (ii) the laminar regime, in which the solvent flows smoothly and
continuously before a break-up zone where uniform size droplets are formed; (iii) the
turbulent regime, in which the jet surface becomes irregular and the resulting non-
uniform droplets are formed as stretched or small broken droplets (Badens et al.,
2005).

In general, the ratio of inertia force and viscous force of liquid flow, known as
a Reynolds’ number (Re = pDU/u; where p is density, D is nozzle diameter, U is
liquid velocity and w is liquid viscosity) can be use to estimate flow regime. The Re
numbers of DCM at both pressures of 10 to 12 MPa were calculated to be about 400
(as shown in Table 1) which lie in the laminar flow regime. However Re alone could
not describe such complicated system of SAS micronization. Indeed the jet
hydrodynamics is determined by another important dimensionless number, namely a
Ohnesorge number (Oh = (,u/(DpO')m; where ¢ is interfacial tension), which relates
the viscous force and the interfacial tension (Reverchon et al., 2011). However, since
the data for the transient interfacial tension of our system at supercritical conditions is

not available, it was not possible to estimate the Oh numbers for the systems in this
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study. Despite the unavailibity of Oh numbers, previous literature has shown that the
interfacial tension of DCM-CO; and ethanol-CO, systems decreased with increasing
pressure, and this in turn caused the transition in the modes of jet dispersion (Badens
et al., 2005). At low pressure, and thus high system interfacial tension, the smooth and
continuous solvent flow (laminar regime) is maintained, which results in the
formation of symmetric jet and uniform drops of solvent. At higher pressure, solvent
flow becomes irregular (turbulent) due to the low value of interfacial tension, thus
non-uniform drops are formed. The increase in MPS and wide PSD as the pressure
increased from 10 MPa to 12 MPa for this case suggested therefore that a transition
from laminar to turbulent regime could have occurred.

The effects of SC-CO, flow rate on lutein particle morphology and MPS were
observed for the SC-CO, flow rates of 20 and 25 ml/min at a fixed lutein solution
flow rate of 0.25 ml/min. As shown in Figure 4.4(a) — 4.4(d), increasing SC-CO; flow
rate shows no significant effect on particle morphology, that is, similar flake-like
particles were observed at both SC-CO; flow conditions. However, the MPS of lutein
decreased as the SC-CO; flow rate increased as shown in Table 4.1 (sample numbers
2, 3, 5 and 6). As SC-CO; flow rate increased, supersaturation was reached more

readily as CO, diffuse into the droplet, resulting in precipitation of fine particles.
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Figure 4.4 SEM images of SAS micronized lutein samples using DCM as solvent at
55 °C, 0.25 ml/min solution flow rate, and at pressure (a) 10 MPa (b) 12 MPa for 20
ml/min CO; flow rate, and (c) 10 MPa (d) 12 MPa for 25 ml/min CO, flow rate.
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Figure 4.5 PSD of SAS micronized lutein samples using DCM as solvent at 55 °C,
0.25 ml/min solution flow rate, and at pressure (a) 10 MPa (b) 12 MPa for 20 ml/min
CO, flow rate, and (c) 10 MPa (d) 12 MPa for 25 ml/min CO; flow rate.

4.3.2. SAS Micronization of lutein dissolved in ethanol

Similar to SAS micronization with DCM as a solvent, no particles could be
formed by SAS micronization of lutien dissolved in ethanol at 8 MPa and 55 °C.
Based on the binary phase equilibrium data reported by Tsivintzelis et al. 2004, this
operating condition again was below the critical point of ethanol and CO, mixture and
thus lie within the two phases region. Operated at higher pressures, SAS
micronization at 10 MPa and 12 MPa resulted in flake-like lutein particles (Figure
4.6(a) and 4.6(b)). On the contrary to the previous results with DCM as a solvent,
when ethanol was used as a solvent, the increase in pressure leads to the decrease in
lutein MPS. The decrease of MPS from 3.41 to 1.58 pum and from 1.08 um to 902 nm

was observed for the SC-CO, flow rates of 20 ml/min and 25 ml/min, respectively.
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Moreover, narrower PSDs were observed at higher pressures (as shown in Figure 4.7).
The Re numbers for ethanol flow at both 10 and 12 MPa were about 40 (as shown in
Table 4.2), which was similar to the system with DCM, which lie in the laminar flow
regime. The decrease in MPS at higher pressure of 12 MPa however suggested that
the jet dispersion characteristics of this system might be different. As the interfacial
tension of ethanol-CO, system was reported to be lower than that of DCM-CO, at
ambient condition (about 22 versus 28 mN/m) (Badens et al., 2005), it might be
drawn from this data that at higher pressure of 12 MPa, the ethanol-CO, interfacial
tension would also be lower and would possibly approach zero. When this is the case,
jet dispersion behavior did not follow any of the three flow regimes described earlier,
instead no distinct droplets are formed and the particle formation on the other hand
occurred in favor of gas-phase nucleation and growth within the dispersed gas plume,
resulting in very fine nano-sized particles (Reverchon et al., 2011). The decrease in
lutein MPS and narrower range of PSDs observed at higher pressures in these
experiments was possibly the results of this shift from droplet formation to gas
mixing.

The effect of SC-CO, flow rate on morphology and MPS of lutein was carried
out at 20 and 25 ml/min. Similar to the previous results with DCM, an increase in SC-
CO, flow rate showed no significant effect on particle morphology: flake-like lutein
particles were observed as shown in Figure 4.6(a) — 4.6(d). The decrease in MPS of
lutein particles could be obtained when the SC-CO, flow rate is increased as shown in
Table 4.2 (sample numbers 8, 9, 11 and 12).
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Figure 4.6 SEM images of SAS micronized lutein samples using ethanol as solvent at
55 °C, 0.25 ml/min solution flow rate and pressure (a) 10 MPa (b) 12 MPa for20
ml/min CO; flow rate and (c) 10 MPa (d) 12 MPa for 25 ml/min CO; flow rate.
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Figure 4.7 PSD of SAS micronized lutein samples using ethanol as solvent at 55 °C,
0.25 ml/min solution flow rate, and (a) 10 MPa (b) 12 MPa for 20 ml/min CO, flow
rate, and (c) 10 MPa (d) 12 MPa for 25 ml/min CO, flow rate.

4.4. Conclusions

Supercritical anti-solvent (SAS) micronization using DCM and ethanol was
shown to effectively produce fine particles of lutein derived from marigold flowers. In
both solvent systems, the increase in pressure and SC-CO; flow rate did not have
significant effects on lutein particle morphology. However, significant effects of
increasing pressure on MPS and PSDs of lutein particles were observed. The increase
in SC-CO; flow rate from 20 to 25 ml/min shows the reduction of MPS in both DCM
and ethanol system. It is noted some loss of product was observed in this study and
this was attributed to the relatively large filter pore diameter (1 wm). Thus, filter with
small pore size should be used in future study. In addition, in order to further gain

better insights into the entire process, the investigations on interfacial tension and
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other hydrodynamic parameters such as jet breakup lengths and diffusion lengths

should be carried out.



CHAPTER V
SUPERCRITICAL ANTI-SOLVENT
MICRONIZATION OF
CHROMATOGRAPHY PURIFIED
MARIGOLD LUTEIN USING HEXANE AND
ETHYL ACETATE SOLVENT MIXTURE

5.1. Introduction

Lutein (C4Hs60,, MW = 568.87) whose molecular structure is shown in
Figure 5.1, is one of the most important active pharmaceutical ingredients (APIs),
which is now widely used as natural colorants. In addition, due to its high antioxidant
activity, the compound exhibits other positive effects such as reducing the failure of
the eyesight due to age-related macular degeneration, as well as fighting against
coronary heart disease and cancers (Burton et al., 1989, Granado et al., 2003).
Although lutein can be found in various fruits and vegetables, one of the richest
natural sources of lutein is known to be marigold flowers (Ausich et al. 1997).
Therefore, a number of studies have been conducted on extraction and purification of
lutein from this source (Khachik et al., 1995, 2001, Vechpanich et al., 2011).
Recently, we successfully employed preparative chromatography technique to purify
marigold derived lutein to the purity up to 97%. In this process, silica gel was used as
a stationary phase and a mixture of hexane:ethyl acetate (70:30 v/v) was used as a

mobile phase (Boonnoun et al., 2012).

Figure 5.1 Chemical structure of lutein (C4oHss0,, M.W. = 568.87).
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Despite having high medicinal activities, many APIs and lutein alike, are of
low bioavailability due largely to their low solubility in water (Varughese et al.,
2010). An improvement in aqueous solubility of an API can generally be achieved by
micronizing it to smaller particles. As a result, the surface area increases, and thus the
dissolution rate increases (Turk et al., 2006, Zhao et al., 2011). This not only helps
lower the dosage requirement, it can also reduce any possible side effects associated
with up-taking the compound (Su et al., 2009). However, there are some concerns
over the conventional particle micronization such as grinding, milling, chemical
precipitation and spray drying. APIs undergoing mechanical processes could be
degraded by friction heat; and those undergoing chemical processes may contain toxic
organic solvent residues.

Alternatively, supercritical fluids, especially carbon dioxide (CO,), have
recently played an important role in the processing of natural compounds, polymers,
drugs and APIs. Micronization of particles with supercritical carbon dioxide (SC-
COy) requires mild operating temperature; and is therefore suitable for thermally
labile compounds. In addition, SC-CO; can easily be separated from the particles as it
returns to gas phase at ambient temperature and pressure, leaving a solvent-free
product (Can et al., 2009). Among several particle micronization techniques using
supercritical fluids, supercritical anti-solvent (SAS) micronization has been widely
studied due to the effectiveness of the method in making fine particles from various
sources of compounds (Cho et al., 2011, Reverchon et al., 2006, Wang et al., 2006,
Reverchon et al., 2004 De Marco et al., 2008). In a typical SAS process with SC-CO,
used as an anti-solvent, the interested solute is first dissolved in an organic solvent,
which is then flown simultaneously with SC-CO, through a nozzle. The solution
becomes supersaturated, and the solute is thus forced to precipitate into fine particles.
Previous research has demonstrated that beside the process conditions such as
temperature, pressure, as well as solution and SC-CO, flow rates, the type of organic
solvents in which the solute is initially dissolved also plays a key role in the formation
of the particles by the SAS process (Kim et al., 2007, Gokhale et al., 2007, Obrzut et
al., 2007). Common organic solvents used include ethanol and dichloromethane and
their equilibrium data with CO, have been determined (Tsivintzelis et al., 2004). We

have indeed demonstrated that SAS micronization of lutein was possible using
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ethanol and dichloromethane at some specified process conditions (Boonnoun et al.,
2013).

In this work, the feasibility of employing SAS technique was determined for
micronization of marigold derived purified lutein that was dissolved in the mixture of
hexane and ethyl acetate (70:30 v/v), the solvent used as the mobile phase for the
prior chromatographic purification step (Boonnoun et al., 2012). This solvent system
was hardly used in previous SAS micronization study, and to our knowledge, the
phase equilibrium data with CO, are not available. Here, the effects of SAS
micronization conditions including pressure, the initial concentration of lutein in the
solvent and the supercritical carbon dioxide (SC-CO,) flow rate were determined on
particle morphology, mean particle size (MPS) and particle size distribution (PSD). In
addition, the crystallinity of the micronized particles was examined from the X-ray
diffraction (XRD) patterns and any chemical structural changes of the micronized
lutein particles compared to un-processed lutein were examined by the analysis of
Fourier transform infrared (FTIR) spectrum. Furthermore, the solubility in aqueous
solution of micronized lutein and un-processed lutein were also investigated. The
success of SAS micronization using the same solvent system as the mobile phase of
the chromatography process will imply that a step of solvent evaporation from the
eluted samples and re-dissolving the dried sample into another organic solvent can be
omitted. By this, not only the process cost can be reduced, the degradation of lutein

during complicated processing steps can also be minimized.

5.2. Materials and Methods
5.2.1 Materials & chemicals

Dried powdered marigold flower sample was provided by PTT Global
Chemical Public Company Limited (Rayong, Thailand). Hexane (purity >99.5%)
used for sample preparation step was supplied by Sigma-Aldrich. Ethanol (95%
purity) and potassium hydroxide (KOH, purity >99%) were purchased from Merck,
USA. Diethyl ether (purity >99%), ethyl acetate (purity >99%) and sodium sulfate
(Na;SOy, purity >99%) were supplied by Merck Ltd., Thailand. Liquid CO;, was
supplied by Uchimura Sanso Co. Ltd. (Osaka, Japan) with a purity of 99.97%. Hexane
(purity >99.5%) and Ethyl acetate (purity >99%) used for SAS precipitation were
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supplied by Wako Pure Chemical Industries Inc. (Tokyo, Japan). Lutein standards

(purity >90%) were purchased from Sigma-Aldrich, Germany.

5.2.2 Sample preparation

Following the procedure described in Vechpanich et al., 2011, 100 g of dried
marigold powder was extracted with 500 ml of hexane for 4 h at 40 °C in a stirred
vessel whose temperature was controlled by a water bath. The system was left to
stand for 20 min at room temperature to allow the residue to settle and separate from
the extract. Hexane in the extract was evaporated under vacuum at 40 °C, and the
concentrated extract was further dried in a vacuum oven at 30 °C for 8 h. The dried
marigold extract which is hereby called marigold oleoresin was further subjected to
saponification to convert lutein in the esterified forms to the free lutein. 0.6 g KOH
was dissolved in 10 ml of ethanol in a 125 ml Erlenmeyer flask, into which one gram
of marigold oleoresin was then added. The flask was shaken at 150 rpm at 50 °C for 4
h. After the reaction was completed, 50 ml of ethanol was added into the saponified
solution, and this solution was then transferred to a separation funnel, into which 100
ml of 5% Na,SO, solution (in distilled water) and 80 ml of diethyl ether were added.
All components were mixed thoroughly and the mixture was then allowed to be
separated into two phases. The upper phase (the ether fraction) was collected and was
then extracted with water to remove water-soluble impurities. After repeated
extractions with water until the water phase became colorless, the ether upper phases
were collected and combined to obtain the lutein stock solution (Shibata et al., 2004).
This solution was then dried overnight in a vacuum oven. The dried sample was
tightly wrapped and stored in a freezer for use in SAS micronization experiments.
This sample if further purified by chromatography according to Boonnoun et al., 2012
lutein of up to 97% purity would be obtained. In this micronization study however, we
employed the extracted and saponified lutein prepared as described earlier. The
analysis of the sample by HPLC following the method given in Boonnoun et al., 2012

indicated that the purity of the sample used in this study was about 89%.
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5.2.3 SAS Micronization of lutein

The apparatus for SAS micronization of lutein is shown in Figure 5.2, which
consists of an LC-8A preparative liquid chromatography pump (Shimadzu, Japan), a
PU-980 intelligent HPLC pump (Jasco, Japan), a cooler (Eyela Cool Ace CA 1100,
Japan), a precipitation vessel (SUS316 cell, inner diameter: 3 cm, length: 17.0 cm,
volume: 120.1 cm®, P-max: 30 MPa) and a double-tube nozzle (inner diameter: 1/16
and 1/8 in.) through which the CO, and lutein solution were delivered. The
precipitation vessel was housed in a heating chamber whose temperature was
controlled by air convection (AKICO, Japan T-max: 100 °C). The experiments begin
with pumping liquid CO, through a cooler at 0 °C, to ensure the liquefaction of the
gas to prevent cavitation, before being delivered to a precipitation vessel at a specified
flow rate through the annular cross-sectional surface of the concentric nozzle. The
pressure of the precipitation vessel was set to a desired value by a backpressure
regulator (AKICO, Japan). The temperature of the heating chamber was then set to a
fixed value of 50 °C, after which the lutein solution in mixture of hexane and ethyl
acetate (70:30 v/v) was then pumped to the precipitation vessel by the HPLC pump,
through the inner tube of the concentric nozzle. Precipitated lutein particles were
trapped by a filter (SUS316, Swagelok) whose nominal pore diameter was 1 um fixed
at the bottom of the vessel. After the micronization process was completed, the flow
of the lutein solution was stopped but that of SC-CO, was continued for an additional
hour to ensure that all the residual solvent was removed from the lutein particles. At
some selected conditions, SAS micronization of lutein was conducted 2-3 times to test
the repeatability of the results. The purity of micronized samples was determined to
be the same as before SAS micronization (89% purity). The conditions employed for
the SAS experiments are shown in Table 5.1, along with the MPS and yields of the
resulted particles. The yields of lutein from SAS micronization was calculated based
on the equation 5.1.

weight of free lutein final product(collected at filter) «100%
dry weight of free lutein before SAS precipitation (5.1)

Yield of lutein =
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Figure 5.2 Schematic diagram of SAS micronization apparatus.




Table 5.1

Operating conditions for SAS micronization of free lutein and resulting mean particle size (MPS) and yield

Sample P (MPa) T(°C) Co (mg/ml) Lutein CO, flow CO, molar Mean Particle  Yield (%)
number solution* flow rate fraction** size (um)
rate (ml/min) (ml/min)
1 6.5 50 25 0.5 20 0.931 - 0.0
2 8 50 25 0.5 20 0.931 2.1 58
3 12 50 25 0.5 20 0.931 Agg 30
4 10 50 1.5 0.5 20 0.931 Agg 21
5 10 50 2.5 0.5 20 0.931 Agg 23
6 10 50 3.2 0.5 20 0.931 Agg 27
7 8 50 2.5 0.25 it 0.953 2.2 67
8 8 50 2.5 0.25 20 0.964 2.0 31
9 8 50 2.5 0.25 25 0.971 0.8 27

* Lutein dissolved in the mixture of hexane and ethyl acetate (70:30 v/v)
** CO, molar fraction is based on the tertiary Hexane-Ethyl acetate-CO, system

Agg = Agglomerated particles

69
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5.2.4. Evaluation of particle morphology, MPS, and PSD of micronized lutein
samples

A JEOL model JSM-6390LV scanning electron microscope (SEM) was used
to examine the morphology particles. Conductive double-sided tape was used to fix
the particles to the specimen holder. A thin layer of gold was sputtered onto the
sample using an ion sputtering device (JEOL model JFC-1100E). The sizes of lutein
particles were analyzed. To determine the mean particle size (MPS) and particle size
distribution (PSD), lutein samples were suspended into DI water and 1000 particles
were measured three times by HORIBA Laser Scattering Particle Size Distribution
Analyzer model LA-950.

5.2.5 Particle characterization

5.2.5.1 X-ray powder diffraction (XRD)

X-ray scattering measurements were performed on a Rigaku RAD-1B Discover
diffractometer. The dried sample powders were prepared in a 0.5 mm thick specimen
holder. Background (air scattering) was measured for the same sampling time,

typically 30 min, and was subtracted from each measurement.

5.2.5.2 Fourier Transform Infrared Spectrometer (FT-IR)

Micronized lutein FTIR spectra was recorded between 4000 and 400 cm™ in
transmission/absorbance mode on FTIR Spectrum One spectrometer (Perkin-Elmer,
Norwalk, USA).

5.2.5.3 Dissolution test

The dissolution test was performed for processed and un-processed lutein by
SAS micronization using a USP 1l rotating paddle apparatus Pharmatest PTW SllI
(Pharma Test, Germany) at 37 °C at rotating speed of 100 rpm in 500 ml of a buffer
prepared by mixing 50 ml of 0.2 M KCI with 85 ml of 0.2 M HCl at pH 1.2. 15 mg of
lutein samples were then placed in the basket which was connected to rotating paddle
apparatus. Then 5 ml of liquid samples were withdrawn at selected time intervals of 5,
15, 30, 45 and 60 min. Aliquots were filtered through 0.22 um filters and assayed by a
UV spectrophotometer at 450 nm (Mitri et al., 2011).
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5.3. Results and Discussion
5.3.1 Micronization of lutein by supercritical anti solvent (SAS)
5.3.1.1 Effect of pressure

The effect of pressure on the morphology of micronized lutein could be drawn
from the sample numbers 1, 2, 3 and 5, listed in Table 5.1, which were obtained at
6.5, 8, 12 and 10 MPa, respectively. At 6.5 MPa however, no particles could be
collected. It was possible that the condition at 6.5 MPa and 50 °C was below the
mixture critical condition, thus CO, did not act as an anti-solvent. Thus the two
phases coexisted in the system at this condition, in which the lutein remained
dissolved in the organic liquid phase, which was then carried over out of system by
the flowing stream of CO,. As the pressure of the system increases to 8 MPa, the
single supercritical region may have been reached, the solubility of lutein in organic
solvent decreased, due to an increase of SC-CO, concentration in the organic liquid
phase (Miguel et al., 2008). As a result, the lutein solution immediately reached the
supersaturation state, resulting in the production of fine particles at 8 MPa or higher
pressures. However, the resulted lutein particles have different appearances. As
shown in Figure 5.3(a) and 5.3(b), fine powder with the MPS of 2.1 um was obtained
at 8 MPa, while particles obtained at 10 and 12 MPa tended to be agglomerated. Due
to the agglomeration of the particles, it was difficult to measure the MPS at these
conditions. Therefore, the effect of pressure on MPS and PSDs of micronized lutein
could not be drawn. In addition, the agglomerated particles are likely to adhere to the
wall of the precipitation vessel, resulting in much smaller yield (30%), compared with
the non-agglomerated particles obtained at 8 MPa (58%), whose loss was mainly
attributed to the loss of particles of smaller size than the filter pores (1um). At 8 MPa,
the resulted particles possess the ellipsoid to spheroid morphology as shown in Figure
5.4(a). At 10 and 12 MPa on the other hand, the flake-like and the twisted leaf-like
particles were obtained, respectively (Figure 5.4(b) and 5.4(c)).

The different morphologies could largely be due to the effect of pressure on
the characteristics of jet disintegration (Braeuer et al., 2011, Shekunov et al., 2001).
This jet disintegration occurs at the early stage in the process as organic solvent flows
out of the nozzle. The jet flow behavior is connected to the presence of two distinct
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fluid phases because there is no mass transfer between the organic solvent and anti-
solvent at this stage. Therefore, it could be classified by principal regime of liquid
phase dispersion observed for liquid—liquid and liquid—gas systems (Badens et al.,
2005). Although phase equilibrium behavior, on the other hand, comes in to play at a
later stage, it determines the success of the SAS process, and the micronization
conditions must lie above the mixture critical point as previously described.
Generally, depending on the flow rate and operating conditions such as temperature
and pressure, three regimes of liquid phase dispersion are observed: (i) the dripping
regime, in which the droplets are formed at the outlet of the nozzle; (ii) the laminar
regime, in which the solvent was flowed smoothly and continuously before a break-up
zone where uniform size droplets are formed; (iii) the turbulent regime, in which the
jet surface becomes irregular (Badens et al., 2005) and the resulting non-uniform
droplets are formed as stretched and small broken droplets. The ellipsoid-spheroid
morphologies observed at 8 MPa suggested that the jet disintegration occurred at the
laminar regime. As the pressure increased to 10 and 12 MPa, the organic solvent and
CO; interfacial surface tension decreased, the jet disintegration entered the turbulent
regime (Badens et al., 2005), resulting in irregular jet surface. As a result, non-

uniform flake-like and twisted leaf-like particles were formed.

() H __(b);

o ’l i
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Figure 5.3 SAS micronized lutein samples: (a) fine powder obtained at 8 MPa, (b)
agglomerated particles obtained at 10 and 12 MPa.
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Figure 5.4 SEM images of SAS micronized lutein samples obtained at 50 °C, 0.5
ml/min solution flow rate, 20 ml/min CO, flow rate, 2.5 mg/ml lutein concentration,
and at various pressures (a) 8 MPa, (b) 10 MPa, (c) 12 MPa (sample number 2, 5, and
3).

5.3.1.2 Effect of lutein initial concentration
The effect of lutein initial concentration (1.5, 2.5 and 3.2 mg/ml) on the

particle morphology could be observed from sample numbers 4, 5 and 6 for the fixed
pressure of 10 MPa and the fixed SC-CO, flow rate of 20 ml/min. The SEM images
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of the resulted particles are shown in Figure 5.5(a), 5.5(b) and 5.5(c). There seemed to
be no differences in the morphologies of the particles obtained with different lutein
initial concentrations. In all cases, the flake-like particles of lutein were obtained.
However, as mentioned above, the particles formed at 10 MPa tended to be
agglomerated. As a result, large lumps of particles were seen for the samples formed

from the lutein solution as the initial concentration increased.
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Figure 5.5 SEM images of SAS micronized lutein samples obtained at 50 °C, 10
MPa, 0.5 ml/min solution flow rate, 20 ml/min CO, flow rate, and various lutein
concentrations (a) 1.5 mg/ml, (b) 2.5 mg/ml, (c) 3.2 mg/ml (sample number 4, 5, and
6).
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5.3.1.3 Effect of SC-CO, flow rate

The effect of SC-CO, flow rate on morphology, MPS and PSD of micronized
lutein could be observed from sample numbers 7, 8 and 9 for the fixed pressure of 8
MPa and the fixed lutein initial concentration of 2.5 mg/ml. As shown in Figure 5.6,
at 8 MPa, similar ellipsoid-spheroid shape morphology of micronized lutein particles
were observed for all SC-CO, flow rates (15, 20 and 25 ml/min). However, as SC-
CO, flow rate increased, MPS decreased from 2.2 to 0.8 um. At higher SC-CO, flow
rates, supersaturation was reached more readily as CO, quickly diffuse into the
droplet, resulting in precipitation of very fine particles.

Moreover, the size distributions of the particles obtained at various SC-CO,
flow rates are shown in Figure 5.7. It can be inferred from Figure 5.7 that some
particles whose size was smaller than the filter pores were lost as it passed through the
filter. Considerable loss was observed particularly at the SC-CO, flow rate of 25
ml/min, in which particles of the smallest MPS were formed giving the yield of only
27%. Despite this, it could still be drawn from Figure 5.7 that slightly wider lutein
PSD was observed when the SC-CO, flow rate increased from 15 to 20 ml/min, while
increasing SC-CO, from 20 to 25 ml/min, on the other hand, resulted in narrower
PSD. The larger PSD as the SC-CO, flow rate increased initially from 15 to 20
ml/min could be due to the interference by the increased aerodynamic force resulted
from the increasing of SC-CO, flow rate, thus the liquid phase dispersion became
irregular and the uniform size of droplet cannot be formed. When the SC-CO, flow
rate increased to 25 ml/min however, much smaller particles were formed, thus the

PSD became narrower.

RO i D
15kV X2,000 10pm 21 30 SEI
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Figure 5.6 SEM images of SAS micronized lutein samples obtained at 50 °C, 8 MPa,
0.25 ml/min solution flow rate, 2.5 mg/ml lutein concentration, and various CO, flow

rates (a) 15 ml/min, (b) 20 mi/min, (c) 25 ml/min (sample number 7, 8, and 9).
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Figure 5.7 PSD of SAS micronized lutein samples obtained at 50 °C, 8 MPa, 0.25
ml/min solution flow rate, 2.5 mg/ml lutein concentration, and various CO, flow rates
(@) 15 ml/min, (b) 20 ml/min, (c) 25 ml/min (sample number 7, 8, and 9).

5.3.2 Characterization of micronized lutein

Because the highest yield of non agglomerated micronized lutein particles
were obtained for the sample number 7 (operated at pressure 8 MPa, 15 ml/min of
SC-CO; flow rate and 2.5 mg/ml of lutein initial concentration), the particles were
subjected to characterization study to examine the particle crystallinity and the

changes in the chemical structures using XRD and FTIR analyses, respectively.
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The XRD patterns of un-processed lutein and micronized lutein powder shown in
Figure 5.8 imply that lutein was completely amorphous in nature. The amorphous
structure could be attributed to the fact that the supersaturation state was reached
suddenly as a result in of the solubility decrease by the diffusion of SC-CO, into the
solvent. Moreover, the FTIR spectroscopy results of the processed and un-processed
lutein particles are shown in Figure 5.9. The corresponding OH stretching vibration
band between 3200 and 3600 cm ™ is a rather broad peak. The bands corresponding to
stretching vibrations in the CH; groups are at 2852 cm™' and 2922 cm™'. The band
assigned to the stretching vibrations of the C=C groups is at 1630 cm™*. The bands
corresponding to bending vibrations in the CHs3 groups are at 1447 cm™' and 1376
cm . The out of plane deformation of =C—H group (oop bend) is present at 966 cm .
From the FTIR results, no chemical structural change in the micronized lutein

particles occurred as a result of the SAS process.
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Figure 5.8 XRD pattern of SAS micronized lutein samples; (a) un-processed lutein
(b) SAS micronized lutein sample obtained at 50 °C, 8 MPa, 0.25 ml/min solution

flow rate, 2.5 mg/ml lutein concentration, and 15 ml/min CO, flow rates.
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Figure 5.9 FTIR Transmission of lutein samples; (a) un-processed lutein (b) SAS

micronized lutein sample obtained at 50 °C, 8 MPa, 0.25 ml/min solution flow rate,

2.5 mg/ml lutein concentration, and 15 ml/min CO; flow rates.

5.3.3 Dissolution of micronized lutein particles

Dissolution study was conducted on the micronized lutein powder obtained for

the sample number 7 (operated at pressure 8 MPa, 15 ml/min of SC-CO; flow rate and

2.5 mg/ml of lutein initial concentration) and the un-processed lutein. As shown in

Figure 5.10, the un-processed lutein was found to be hardly soluble in the aqueous

solution, while the % dissolution of the micronized lutein particles sharply increased

to about 17% within 5 min, then slowly increased, and reached 20% in 60 min. The

improvement in % dissolution of the micronized lutein particles could be explained by

the increased surface area as the MPS reduced from 202.3 um to 2.2 um (Table 5.1).
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Figure 5.10 Dissolution profile of (a) un-processed lutein and (b) SAS micronized
lutein sample obtained at 50 °C, 8 MPa, 0.25 ml/min solution flow rate, 2.5 mg/ml
lutein concentration, 15 ml/min CO, flow rates (dissolution conditions at 37 °C,
rotating speed of 100 rpm, 15 mg of samples in 500 ml of medium solution
(pH=1.2)).

5.4. Conclusions

The supercritical anti-solvent (SAS) process could be employed for the
micronization marigold lutein particles, using a mixture of hexane and ethyl acetate,
the mobile phase in the earlier step of chromatography purification. Pressure was
found to have significant effect on the particle morphology. The increase in lutein
initial concentration from 1.5 to 3.2 mg/ml and the increase in SC-CO, flow rate from
15 to 25 ml/min show no significant effect on the morphology of the micronized
lutein particles. However, the reduction of lutein particle size from about 2 to 0.8 um
by increasing SC-CO, flow rate was observed. The suitable conditions for lutein
micronization in this work were found to be at 8 MPa, 2.5 mg/ml initial concentration
and 25 ml/min SC-CO, flow rate, giving non-agglomerated fine particles of 0.8 um
MPS. The micronized lutein particles were found to be amorphous and no significant
changes in the chemical structure of lutein were observed after the SAS micronization

process. Moreover, significant improvement in the dissolution micronized lutein
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particles was found compared to the un-processed lutein. In addition, in order to
further gain better insights into the entire process, further investigations on phase

equilibrium of the system and regime of liquid phase dispersion should be carried out.



CHAPTER VI
CONCLUSIONS & RECOMMENDATIONS

6.1 Conclusions

6.1.1 Purification of free lutein from marigold flowers by liquid chromatography
- Thin layer chromatography was initially employed for screening for the suitable
mobile phase composition of hexane:ethyl acetate mixture used as a mobile phase.
Hexane: ethyl acetate mixture at volume ratio of 70:30 was found to be an appropriate
mobile phase for purification of free lutein on a normal phase chromatography
system.

- With the suitable volume ratio of 70:30 of hexane:ethyl acetate used as a mobile
phase, semi-preparative column chromatography a of saponified marigold extract was
shown to give purified free lutein product.

- Based on geometric similarity of the chromatography column, a scale up factor was
used to roughly estimate the process conditions for a larger scale preparative column
chromatography such as mass of packing material, mobile phase flow rate and sample
loading volume. At the most suitable condition, a preliminary study employing the
preparative chromatography was found to give high purity free lutein (> 95% purity)
whose yield was approximately 60%.

6.1.2 Supercritical anti solvent (SAS) micronization of marigold-derived lutein
dissolved in dichloromethane and ethanol

- Supercritical anti solvent (SAS) micronization using either dichloromethane or
ethanol as a solvent was shown to effectively produce fine particles of lutein derived
from marigold flowers.

- In both solvent systems, the increase in pressure and supercritical carbon dioxide
(SC-COy) flow rate did not have significant effects on lutein particle morphology.

- Pressure was found to have significant effect on mean particle size and particle size
distribution of lutein particles.

- The increase in SC-CO, flow rate from 20 to 25 ml/min resulted in the reduction of
mean particle size in both dichloromethane and ethanol systems.
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- Compared dichloromethane, ethanol was found to be more suitable solvent for SAS
micronization of lutein as particles of smaller mean particle size were obtained.

6.1.3 Supercritical anti solvent (SAS) micronization of chromatography purified
marigold lutein using hexane and ethyl acetate solvent mixture

- A mixture of hexane and ethyl acetate, the mobile phase in the earlier step of
chromatography purification, could be used as a solvent in the micronization SAS
process to produced fine lutein particles.

- Pressure was found to have significant effect on the particle morphology.

- The increase in lutein initial concentration from 1.5 to 3.2 mg/ml showed no
significant effect on the morphology of the micronized lutein particles.

- The increase in supercritical carbon dioxide (SC-CO,) flow rate from 15 to 25
ml/min showed no significant effect on the morphology of the micronized lutein
particles.

- The reduction of lutein particle size from about 2 to 0.8 um by increasing
supercritical carbon dioxide (SC-CO;) flow rate from 15 to 25 ml/min was observed.

- The suitable conditions for lutein micronization in this system were found to be at 8
MPa, 2.5 mg/ml initial concentration and 25 ml/min supercritical carbon dioxide (SC-
COy) flow rate, giving non-agglomerated fine particles of 0.8 pm MPS.

- The micronized lutein particles were found to be amorphous and no significant
changes in the chemical structure of lutein were observed after the SAS micronization
process. Moreover, water dissolution of micronized lutein particles was found to be
significantly improved over the un-processed lutein.

6.2 Research contributions

- Based on the information regarding the suitable composition of the mobile phase
determined by thin layer chromatography experiment, the preliminary results on semi-
preparative and preparative chromatography, a protocol could be developed for a
large-scale recovering and purifying of this high value compound (whose price is as
high as 570-790 USD per kilogram) from a local plant. Furthermore, the process may
also be applied for separation and purification of lutein from other sources such as
from microalga chlorella sp., as well as for separation and purification of similar

compounds (i.e., other cerotenoids) from various fruits and vegetables.
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- SAS process shows the possibility for micronizing of lutein derived from marigold
flower. Since lutein particle size reduced into micron and sub-micron range, the
significant improvement in the dissolution rate of SAS micronized lutein particles
compared to the un-processed lutein was observed. This subsequently improves its
bioavailability and leads to lower the dosage requirement and also reduces any
possible side effects associated with up-taking. Moreover, due to mild operating
temperature requirement and no friction heat generating, SAS technique is considered
to be suitable process for micronization of lutein and other thermally labile
compounds. In addition, the success of SAS micronization using the same solvent
system as the mobile phase (hexane:ethyl acetate (70:30 v/v)) of the chromatography
process will imply that a step of solvent evaporation from the eluted samples and re-
dissolving the dried sample into another organic solvent can be omitted. By this, not
only the process cost can be reduced, the degradation of lutein during complicated

processing steps can also be minimized.

6.3 Recommendations

6.3.1 Purification of free lutein from marigold flowers by liquid chromatography
- The other important factors such as mobile phase flow rate, maximum sample
loading, sample to packing material mass ratio affected to the performance of
chromatographic purification should be further optimized to provide higher yield and
purity of free lutein.

- Since the scale up factor used in this study was based only on a simple geometric
similarity criterion, the behavior of the larger scale process may not be exactly the
same as that in the smaller scale. More accurate prediction of the process requires
understandings of fundamental transport phenomena and mass transfer processes
involved, and this should be the subject of future investigation.

6.3.2 Supercritical anti solvent (SAS) micronization

- Because the particle morphology, size and size distribution are also influenced by
experimental set up such as nozzle type and nozzle inner diameter, thus the suitable
experimental set up should be further optimized.

- Due to the fact that SAS micronization involves several processes such as the

solvent jet disintegration or solvent dispersion as it flows through the nozzle, mass
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transfer between the liquid jet and the supercritical anti-solvent, as well as particle
nucleation and growth. The further investigations on regime of liquid phase
dispersion, interfacial tension of the system and other hydrodynamic parameters such
as jet breakup lengths and diffusion lengths should be carried out in order to further
gain better insights into the entire SAS process.

- The lower yields of SAS micronized lutein samples observed in this work was
attributed to the relatively large filter pore diameter (1 um). Therefore, the better
sample collection method such as using nano-sized pore membrane should be future

developed.
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APPENDIX



Calibration curve of standard lutein by HPLC analysis

Lutein Calibration Curve

1E+10 -

9E+09 - y = 7E+10x + 1E+08

8E+09 - R*=0.9975

7E+09
6E+09
5E+09
4E+09
3E+09
2E+09
1E+09

0 ——

peak area

0 0.02 0.04

0.06

0.08

0.1 0.12

concentration (mg/ml)

0.14

Concentration (mg/ml) Peak area
0.125 9011448126
0.0625 4326849909
0.03125 2382018714
0.015625 1466382330
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NMR results

Index PPM
1 0.847
2 0.878
3 0.996
4 1.071
5 1.252
6 1.623
7 1.734
8 1.907
9 1.964

10 1.970
11 2.261
12 2.299
13 2.330
14 2.345
15 2.411
16 4.000
17 4.012
18 4.251
19 6.118
20 6.152
21 6.619
22 6.640
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Properties of CO; at 55°C and various pressures
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Pressure (MPa) Density (kg/m°) Viscosity (Pa.s)
8 205.7 0.00002218
10 303.2 0.0000283
12 504.5 0.00003699
Properties of DCM at 55°C and various pressures
Pressure (MPa) Density (kg/m°) Viscosity (Pa.s)
8 1151 0.00007859
10 1154 0.00007994
12 1158 0.00008127
Properties of ethanol at 55°C and various pressures
Pressure (MPa) Density (kg/m°) Viscosity (Pa.s)
8 777.6 0.0006424
10 780 0.000648
12 782.4 0.0006534




Phase equilibrium data of binary system of DCM-CO,

Pressure Molar fraction in Molar fraction in
(MPa) liquid phase (x) vapor phase (y)

2.05 0.1391 0.8691
3.1 0.2245 0.9084
3.7 0.2793 0.921
4.58 0.3588 0.928
5.31 0.4332 0.9308
5.76 0.4874 0.9318
6.54 0.5804 0.9339

7 0.6355 0.9363
7.63 0.7088 0.9342
7.95 0.7481 0.9323
8.55 0.8223 0.9302
8.85 0.8556 0.9259
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Phase equilibrium data of binary system of ethanol-CO,

Pressure Molar fraction in Molar fraction in
(MPa) liquid phase (x) vapor phase (y)

1.65 0.077/8 0.9726
2.1 0.095 0.9769
2.78 0.1245 0.9805
3.5 0.1623 0.9821
4.37 0.2075 0.9822
5.02 0.2384 0.9821
5.82 0.2825 0.9803
6.8 0.3453 0.9797
8.26 0.4742 0.97

8.91 0.541 0.9662
9.24 0.5922 0.9624

9.42 0.6351 0.9549
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Dissolution data of un-processed lutein and SAS micronized lutein sample
obtained at 50 °C, 8 MPa, 0.25 ml/min solution flow rate, 2.5 mg/ml lutein
concentration, 15 ml/min CO, flow rates (dissolution conditions at 37 °C,
rotating speed of 100 rpm, 15 mg of samples in 500 ml of medium solution
(pH=1.2)).

Time (min) %dissolved micronized %dissolved un-
lutein processed lutein
0 0 0
5 17.52 0.04
15 18.75 0.04
30 18.14 0.05
45 20.17 0.05

60 19.31 0.04
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