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The astaxanthin extraction work comprised t{gﬂ}n objectives. The first objective described the
fundamental information of solubility of astaxanthin in supcf%l carbon dioxide. From this first part we found
that most supercritical CO, (SC-CO;) extraction for-astaxanthin extractions from H. pluvialis were operated at the
mass transfer limitation, resuiting in long cxtractio?n time requircment to obtained similar astaxanthin recovery,
compared with other organic ent action methods. This led us to the second objective to examine other
thin froﬁ

‘ctl"On'S.; E 3 J:

extraction methods for extraction'of as Haematococcus pluvialis such as y ultrasound-assisted and

microwave-assisted organic solvent ex

In the first section, the dynami micthoj wa;_pmployed to determine the solubility of astaxanthin in SC-
CO,. The results demonstrated that the'solubility of asgxaithin inereased with pressure in the range of 20-40 MPa
because of an increasing density of CO, at high;r presi\!re which allowed a better contact between the solute and

solvent. An increase in temperatuge in the range of 40-80°C also enhanced the solubility of astaxanthin in spite of
# E |

the drop in CO, density. This was because ,ai‘uincreas&;iéfgmperamre raised the vapor pressure of solute which
allowed a faster sublimation of astaxanthiri, and this effééj-i;gabelieved to overcome the drop in CO, density. The
experimental solubility data of astaxanthin %s fitted tﬁpe selected models, among the, the equation of state
(Peng Robinson) was found to best de:s::ﬁ'b::' the solubili‘t? (;}'?Is_t;xantm:l over.the entire range of temperature and
pressure examined in this—v'uirk Such optimal solubility model was employed.fo evaluate the extraction efficiency
of the previously reporte&'e‘l{perimental extraction data in literature. In SC-G%); extraction process, the solubility
of astaxanthin from H. pluvi;;z:s was limited by to the mass transfer, caus_xi;lg long extraction time required for the
process. - -

In the second,section, the-various extraction techniques were.examined, for astaxanthin extraction from
Haematococcus pluvialis.The parameters such as solvent properties, time and temperatures were found to affect
the level of astaxanthin recovery. Acetone was found to provide the highest astaxanthin content in the extract. The
microwaye-assisted.extraction method with.acetone as solvent achieéved, the highest amount of astaxanthin content
(74% extraction efficiency at 75°C) within a very short extracting time; (5 min).-To reach a similar level of
extractiongfficiency, the ultrasound-assisted extraction with acetone as solvent required an extended extraction

time (45 min), but this could lower the temperature down to 45°C.
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CHAPTER |
INTRODUCTION

1.1Motivations

Astaxanthin (3,3’-dihydroxy-f3,3-carotene-4,4’-dione) is one of the most effective
dietary-supplement ingredients and is potentially the most efficient carotenoid in
terms of antioxidant properties (Shimidzu et al., 1996) including immune
enhancement, tissue damage prevention; .anti-cancer, cardiovascular diseases
prevention (Jyonouchi et al., 2000 Guerin et-al;+2003 Ohgami et al., 2003, Tzu-Hua et
al., 2006). Due to these extraordinary properties, astaxanthin could be priced as high
as US$2500 per kg, and the"annual market size of astaxanthin is around 200 million
USD (Lorenz and Cysewski, s 2000). There have been research attempts in
synthesizing astaxanthin from‘natural sources such as krill oil and meal, crawfish oil,
red yeasts ex. Phaffia rhodezyma (Sedmak et al., 1990, Gio-Bin et al., 2002),
Xanthophyllomyces dendrorhous (Storeb;akken et al., 2004, Grewe et al., 2007),
Dunaliella salina (Herrero et al., 2006), V_S(;enedesmus sp. (Grewe et al., 2007).
However, these sources were only reported’t;)" contain low astaxanthin content. On the
other hand, Haematococcus pluvialis, a singlle_ cell alga, could accumulate astaxanthin
in the range between 1.5-3.0% by weight (Lorenz and Cysewski, 2000, Passos et al.,
2006) and has attracted both research and commercial attentions as the potential

source for astaxanthin biosynthesis.

Astaxanthin i§ an intracellular ‘product which needs to be. extracted before use.
Extraction of astaxanthin is typically carried out by solvent extraction (Kobayashi, et
al., 1997, Denery et al., 2004; Sarada et'al.," 2006, Kang and Stin, 2008). Problems
with theluse of solvents have stimulated research on new extraction techniques
without solvent requirement such as high pressure supercritical fluid extraction
(Valderrama et al., 2003, Machmuda et al., 2006, Nobre et al., 2006, Krichnavaruk et
al., 2008, Thana et al., 2008). The supercritical fluid often used is supercritical carbon
dioxide (SC-COy,). Due to the exclusion of organic solvents in SC-CO; extraction, this
technique is considered clean, safe, nonflammable, nontoxic, and environment-

friendly. This technique is also quite attractive in the production of food and



pharmaceutical products as these products are heat intolerable, and tended to
deteriorate at high temperature and oxygen condition. There have been some works
on using co-solvents with SC-CO, extraction particularly edible vegetable oils
(Krichnavaruk et al., 2008). For extraction astaxanthin from Haematococcus pluvialis,
there have been little data regarding the solubility of astaxanthin in SC-CO,, which
makes it difficult to evaluate the extraction efficiency of this technique for such case.
It is therefore fundamental to obtain reliable data of the astaxanthin solubility at
supercritical conditions as these data would enable us to understand the SC-CO,
extraction process and to better design the system.

Despite several advantages of SCCO2" extraction mentioned previously,
economic feasibility of any extraction process reguires the consideration of other
factors such as energy consumption which largely translate to the cost of production.
With this consideration, as‘@ high-pressure technigue, SC-CO, extraction would suffer
several drawbacks from high energy requirement , not to mention the difficulty in the
system scale-up. In addition for H. pluvialis extraction, it has often been the case
where SC-CO, extraction process occurréd at mass transfer limit, rather than at the
solubility limit. As a result, in most operati_;oh- of SC-CO; extraction of H. pluvialis,
long extraction times are required to obtéi’ij "cg_mparable astaxanthin recoveries with
other organic solvent extraction methods, For -fhis reason, newly improved solvent-
based techniques such as microwave-assistéd' “etx-traction (MAE) or ultrasonic-assisted
extraction (UAE) are gaining increasing interest and have been used for extraction of
various plant compounds with high extraction efficiency (Hemvimon et al., 2007,
Careri et al., 2001; Choi.et al., 2007 and Rostagno et al., 2003). Although the use of
solvents still cannat be-avoided, the application of.such techniques on the extraction
of astaxanthin should also be thoroughly examined.

Thistresearch therefore has two main objectives. (Thefirstyisito determine the
solubility of astaxanthin'in SC-CO,. As the second objective, the newly potential
astaxanthin extraction by accelerated methods such as UAE and MAE are examined

to enable quantitative evaluation of the extraction recovery from each method.



1.2 Objectives

- To determine the solubility of astaxanthin employed in supercritical carbon dioxide.

- To evaluate the extraction recovery of astaxanthin from Haematococcus pluvialis

using UAE and MAE and compare the results with various solvent extraction

methods, i.e. maceration and soxhlet extraction.

1.3 Scopes of the study

Dried samples of feed grade Haematococcus pluvialis were purchased
from Cyanotech Corporation, Hawaii Ocean, Science and Technology
Park, USA (supported by Professor Motonobu Goto, Kumamoto
University, Japan): The samples were stored in a dry, tight aluminum pack
at 5°C to prevent degradation until use.

In part I, ghe dynamic méthod was used to quantify solubility of
astaxanthin. g

The controlled” parameters in ",soIUbiIity determination such as amount of
astaxanthin standards and fld\_/_y jgate of carbon dioxide was priority
examined. 7N
The variables as temperature, ﬁr"e"ssure are investigated the effect on
solubility of astaxanthin. 7

In the determination of appropriate solvent extraction conditions in part II,
solvent extraction methods that were examined included maceration,
soxhlet extraction and accelerated extraction-techniques: UAE with power
in range of 6.40=61.80 W; and MAE with power of 1200 W 2450 MHz.
The effeet of solvent and solid ratio (L/S) was investigated by maceration
method.

The variables of . interest 'were: solvent type, gextraction time and
temperature.

The four common solvent types, i.e. methanol, ethanol, acetonitrile and

acetone were used in this experiment.



1.4 Benefits from this work

This research contributes to the fundamental knowledge on astaxanthin extraction
methods such as maceration, soxhlet extraction, extraction UAE, MAE, as well as
high pressure SC-CO; extraction. The research outcome should provide guideline for
the selection and optimization of the extraction methods for astaxanthin recovery in
many different applications. The success of such technology could contribute greatly

to the development of extraction technology in Thailand.
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CHAPTER II
BACKGROUND & THEORY

2.1 What is Astaxanthin?
Astaxanthin  (3,3'-dihydroxy-p,p-carotene-4,4'-dione) is a ketocarotenoid with

molecular formula C40H5204 with molecular weight of 596.82. The compound can be

found invarious chemical structures such as, 3S,3'S, 3R,3'R and 3R,3'S, as shown

Figure 2.1.

HO
Astaxanthin 38.3°§ " Astaxanthin 3R.3'R
(3,3 - dihydrory-44dileo B-carotene)
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Figure 2.1 Various types of astaxanthin steregisomers (Lorenz and Cysewski, 2000)

Astaxanthin is known to occur in marine and.aquatic animal such as shellfish
lobsters and shrimp, as weli-as-in-phyiopilankton-and-algae. The content of astaxanthin
in these biological sources differ, for examples, crustaceans byproduct (0-200 mg/kg),
copepods small crustaceans (van Nieuwerburgh et al., 2005), crawfish oil (0.15% by
weight), krill @il and meal;ymold*bacteria; Brevibacterium«sp. and Mycobacterium
lacticola, fungi; Peniophora (Hymenomycetes) (Eric and Gil-Hwan, 1991). Yeast,
Xanthophyllomyces.dendrorhous.formerly. known-as Phaffia rhodozyma could supply
astaxanthin about©0.40% by ‘weight {(Bjerkeng ét al., 1997). "Some" algae such as
Ankistrodesmus brauii and Chlorella sp. can also produce astaxanthin but only in a
quite low quantity. Haematococcus pluvialis, on the other hand, accumulates
astaxanthin in high levels of 0.5-2% (87% are esterified form which has higher
antioxidant activity, Margalith 1999, Kobayashi and Sakamoto, 1999). The amount of
astaxanthin accumulation per unit cell mass of H. pluvialis is much higher than that in
other strains, making it a potential source for industrial scale astaxanthin production,

compared with other microorganisms. Generally, astaxanthin is biosynthesized



through the isoprenoid pathway. The pathway initiates at pyruvate and proceeds
through phytoene, lycopene, B-carotene and canthaxanthin before the last oxidative
steps to astaxanthin. However, the thick encysted form of cell wall limits the

bioavailability of this pigment from H. pluvialis (Lorenz and Cysewski, 2000).

2.2 Abilities of astaxanthin

Astaxanthin is renowned for its antioxidant activity; e.g. immune enhancement,
against tissue damage; photoprotectant eyes skin heart health, anti-cancer properties,
against  cardiovascular  diseases,  detoxification and liver function and
neurodegenerative diseases (Jyonouchi et al;; 2000 Guerin et al., 2003 Ohgami et al.,
2003, Tzu-Hua et al., 2006). As ihe investigations of scavenging the ABTS+ radical
cation due to astaxanthin.has high number of increasing polarities such as carbonyl
and hydroxyl groups, in.he terminal rings, as well as by the number of conjugated
double bonds (Miller et al.,/1996). The «a-hydroxyketocarotenoid astaxanthin
proposed a high antioXidant activity cauéing- from keto group activated the hydroxyl
group hence facilitated/hydrogen transfer-to the peroxyl radicals as the activity of o-
tocopherol (Vit E) (Naguib, 2000). Astaxanfhin showed higher antioxidant activity
than hydrocarbon carotenoids. Iycopene, ;j;-"ca_rotene, [-carotene; and the hydroxy
carotenoid lutein. Moreover Palazza and Kri_n§ky (1992b) reported that astaxanthin
was as effective as a-tocopherol and higher than B-earotene in habiting radical
initiated in lipid oxtdation of rate liver microcosms (Palozza and Krinsky, 1992b).
Moreover astaxanthin-can protect photosynthetic apparatus from light-mediated stress
by quenching O, generated-by photooxidation (Kobayashi and Sakamoto, 1999).

2.3 Haematococcus pluvialis
Haematocaoecus pluvialis is an important freshwater unicelular green-microalgae. The
taxonomy of H. pluvialis is classified as follows:

Division : Chlorophyta

Class : Chlorophyceae

Order:  Volvocales

Family : Chlamydomondaceae

Genus: Haematococcus

Species : Haematococcus pluvialis



Generally there are two main stages for the growth of H. pluvialis depending on living
condition. Under suitable conditions, H. pluvialis reproduces active vegetative cells
by asexual cell division. The vegetative cell (zoospore) is green spherical or ellipsoid
with two flagella for cell movement. In the starvation condition such as depletion of
essential elements, e.g. carbon, nitrogen, phosphorous, light induction, etc, the green
flagellated cells gradually transform into spherical immotile cyst cells (aplanospores)
which could strive through for prolonged periods. The two main stages can be divided
into sub four stages. The schematic dlagram of model life cycle of H. pluvialis and the

photographs in each growing stages appears’/m/lgure 2.2.
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Figure 2.2 (A) Schem}hc diagram of model life cycle of Flabmatococcus pluvialis

——

(Kobayashi et al., 199@ (B) Photographs of H. pIUV|aI|§ _Sl) vegetative cell (ii) encyst
cell with no flagella (iii) astaxanthin-poor immature cyst cell (iv) Mature cyst cell
(Kobayashi, 2003)

Stage I, vegetative cell growth; cells produce chlorophylls a and b and primary
carotenoids) fespecially B-carotene | (20-20%) and alatein «(75-80%) (Lorenz and
Cysewski, 2000). Astaxanthin haS not been generated in this stage. The shape of these
cells is typically spherical or ellipsoid with a diameter of approximately 10-20 pum.
The cells are enclosed with watery jelly-like cell walls consists of golgi apparatus,
chloroplast, polysaccharidic envelope, pyrenoid, and fragility zone. Under stress
conditions such as high light and/or nutrient deficiency (or Stage Il), the growth rate of
H. pluvialis decreases then the vegetative cells transform into immature cyst cells.
Moreover, some cells loose flagella, generate extremely resistant thick-walled
immotile spore with difficultly digest and larger size diameter from 10-20 to 40-50



um. The diameter of cells increases dramatically in Stage I1l. Moreover, they produce
secondary carotenoids such as echinenone, canthaxanthin and astaxanthin within
cytoplasm causing enhanced the percent dry weight of astaxanthin up to 5% while the
chlorophyll and primary carotenoids are decreasing. The cells in this stage are called
aplanospore with spherical shape with increasing in astaxanthin content. In the last
stage 1V, germination if the surrounding condition becomes favorable mature cyst cell

converses to vegetative cells again. (Hata et al., 2001)

2.4 Cultivation of Haematococcus pluvielis'&Astaxanthin production

The cultivation of H.pluvialisis usually performed in two stages. The first stage is the
cultivation of vegetative cells, and the second Is the stage for the conversion of
vegetative to cysts. The culivation of vegetative cells has to be accomplished in close
systems to avoid contamination. .Pneumatic bioreactors such as bubble columns and
airlift reactors are often emaployed for this purpese. The cultivation in bubble columns
often achieved a lower geowth rate when compared to airlift systems due to the
limitation of the fluid flow in the bubble columns. Evidence of the actual cultivation
of vegetative cells is: 4.8x10% cell ml™ day'l_' in bubble columns (Ranjbar et al., 2007)
and 8.7x10° cell mI™* day™ in ailift photobitojréag_:tor (Issarapayup, 2007).

The starvation process of Haematococeus pluvialis for astaxanthin production
is also the key procedure for improved astékanthin yield, Recent records of such
induction include the astaxanthin production rate of 16 mg.L* day™ in a novel double-
layered photobioreactor: (Suh et al., 2006) and the production of 14.4 mg L™ day™ in
bubble column photobioreactor (Ranjbar etzal., 2007). Recently commercial potential
of the H. pluvialis cultivation 1§ interesting continuously and try to enlarge the reactor

of H. pluvialis cultivation for enhance level in astaxanthin production.

2.5 Harvesting of Haematococcus pluvialis

After cell cultivation, the subsequent process is to harvest the cell. Mostly suspending
cells in the medium are settled down to the bottom by decanter. This sedimenting
cells can be removed and dried with warm air and finally crushed by cracking mill.
The extraction of astaxanthin from Haematococcus pluvialis is quite difficult as the
cysts contain thick cell wall and it is primary concerns to break this wall without

deteriorating the astaxanthin in it. Eight processes for breaking red-thick wall have



been reported: (i) autoclaved at 30 min, 121°C, 1 atm; (ii) spray-dried inlet 180°C
outlet 115°C; (iii) mechanical disrupted cells by homogenizer; (iv) HCI 0.1 M 15; and
30 minute; (v) NaOH 0.1 M 15; and 30 minute; and (vi) mixing with 0.1% protease K
+ 0.5% driselase for 1 h. The highest astaxanthin obtained from spray drying,
mechanical disruption and autoclave, respectively (Mendes-Pinto et al., 2001). Some
reports breaking cell by using freeze drying and tissue homogenizer. (Jian-Ping and
Feng, 1999, Abdolmajid and Choul-Gyun, 2006)

2.6 Astaxanthin extraction methods

After harvesting the H. pluvilais cells, ene~of the key significant processes is
separation of astaxanthinfrom.the cells; Quite-a number of past reports revealed the
development of appropriate” extraction conditions for acquiring the highest yield of
astaxanthin from varioussiolegical sources. This is summarized in Table 2.1. In fact,
astaxanthin is a membeg/of [arotencids therefore any relevant extraction methods

could be possible. The'well known extraction methods are described below.

2.6.1 Maceration extraction (ME) :
Maceration method is an ordinary conventional:organic extraction method by soaking
the cell in the organic solvent. This method is the simplest and cheapest method

compared to other extraction methods however it requires/long extraction time.

2.6.2 Soxhlet extraction (SE)

Soxhlet extraction is eonventional extraction method employing with soxhlet
apparatus. The“essential 'substance-is released hy ‘dissalution into a refluxing liquid
solvent. The material is weighed and.placed in the thimble case. At a certain period of
time the vapor of selvent condenses and fills into'the upper cavity, of the thimble case.
This portion of liquid will dissolve and pull out the substance from the material. When
the upper cavity is filled with solvent, the solvent will be extracted out of the cavity
by means of siphon. The process works continuously and the concentration of the
solute in the distillation flask continues to increase until the substance in material is
virtually exhausted. The advantages of this method are 1) the newly or fresh solvent
always contacts directly to the target material, and 2) the temperature in the

distillation flask is near the boiling point of the solvent which can enhance the kinetics
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of extraction. On the other hand, this method requires continuous supply of heat that

might be harmful to the target compounds.

2.6.3 Ultrasound-assisted extraction (UAE)

2.6.3.1 Introduction & Theory

Ultrasound is cyclic sound pressure with a frequency greater than the upper limit of
human hearing (16 Hz - 16 kHz). Ultrasound frequencies can be divided into two
areas as shown in Figure 2.4. The first, the higher frequency (2-10 MHz) and low
amplitude (or low power) ultrasound is ‘appropriate for medical applications and
chemical analysis. The second area, the low.freguency (20-100 kHz) and high energy
wave, known as power ultrasound, is suitable for cleaning, plastic welding, and
chemical reactivity or celi=disrtption (Mason and Lormier, 1988). Note that the
wavelengths produced in_liquid medium in chemical process (20-50 kHz) are in range
7.5-3.0 cm.

Medical axd Destmctrve
Lowhasgmotes:  Bnimalsand Chereistry | Diiagnostic and NDE

20H=z | g o e N IH= 2000H=

Infrasound Acoustic

Figure 2.3 Frequencyrange of ultrasound

Ultraosund is produced by the vibration caused by a'rapid alternating electrical
potential of a synthetic piezoelectric crystal. The crystal expands or contracts when an
electrical potential is applied. As the ultrasound crystal vibrates, it sends out
ultrasound wave that consists' of -alternating compression (positive pressure) and
rarefaction (expansion cycles exert negative pressure which can pull the substance
away to-another) zonesuinto the media: Ifisufficient large negative pressure Pc, where
Pc. = Pn-Pa; P is ambient pressure or hydrostatiC pressure, P, iS acoustic pressure
Pasin2 zft; where P acoustic amplitude, applies to liquid such as the average distance
between molecules exceeds the critical molecules distance to hold the liquid intact,
the liquid will break down and voids or cavities of microbubbles will be created. The
small bubbles will absorb the energy from the sound waves and grow up during the
expansion and recompressed during the compression cycles or collapse. This

phenomenon occurs as the negative pressure exceeds the local tensile strength of the
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liquid, which varies according to state of the medium such as intensity and frequency
of the sound waves, temperature pressure properties and purity of liquid, kind and

amount of dissolved gases.

2.6.3.2 Influence of operating parameters on UAE
There are various factors that affect to ultrasound wave performance. (Mason and
Lormier, 1988)

» Frequency: Very high frequency is applied that cause to limit of time in the
rarefaction and the compression cye¢le:

» Solvent: The formation of cavities or vapor-filled microbubbles requires the
force during rarefaction must overcome the natural cohesive forces acting in
the liquid, thus cawitatien. in liguid with high viscosity and surface tension
requires greater seundsintensity. Moreover vapor pressure (Py) is significant
factor as can be desCribed as-the effect of temperature below.

» Temperature: LLoweravitation , intensity Is achieved at high temperature. At
high temperature; the liguid vapor ‘p_ressure Increases, therefore the increasing
the apparent hydrostatic, Py-Pa, re§'u"l-ting in increased the number bubble
cavities. Nevertheless, these cavitié’s'.: écﬂlt_‘ as cushion to each other causing the
reduction in the intensity of cavitatioﬁal collapses. Therefore to increased
mass transfer,in UAE, it will of b“e’h-efit fo. (Conduct extraction at low
temperature,.ahd in liquid of low vapor pressure.

» Gas type and content: During bubble collapse heat is generated, gas with high
thermal conductivity will dissipate the heat and reduces the surrounding
temperature. Existence of gases in the liquid undergoing ultrasound extraction
could increases extractability by providing large number of nuclei and
cavitation.

» External pressure (Pn): external pressure is found to influence both the
cavitation threshold and the intensity of cavitational collapse.

» Intensity: Cavitation bubbles are initially difficult to produce at high
frequency. When they collapse however, the bubble collapse will be more
violent as the bubbles of large radius collapse more pronouncedly at higher

pressure amplitude.
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2.6.3.3 Literatures Reviews

Ultrasound has been applied for extraction of secondary metabolites from various
plant tissues such as leaves of tea, mint, sage, chamomile, ginseng, arnica, and
gentian. These investigators found that the use of ultrasound assisted methods can
enhance the extraction efficiency generally by shortening the time of extraction
processes. Most of these studies described and investigated the best conditions for

obtaining the highest yield of essential substances as summarized in Table 2.2.

2.6.4 Microwave-assisted extraction (MAE)
2.6.4.1 Introduction & Theory

. . > ) — - . .
Microwaves are electromagnetic waves (energy, radiation) that consisted of electrical
field and magnetic field Fhesrange of frequeney around 0.3 GHz to 300 GHz
corresponding wavelengths ranging fro"m im to Imm as illustrated in Figure 2.5,

while the general commereial tsed frequeney is 2.450 MHz (2450 MHz).
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Figure 2.4 Electroméénetic spectrum. (Www.anton-paar.plqm)
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Figure 2.5 Interaction of microwave with different materials (www.anton-paar.com.)
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Different materials have different characteristics on transmission, absorption
or reflection microwave as depicted in Figure 2.6. Microwave generates heat
internally within the material as opposed to originating from external heating sources.
The effectiveness of heating mechanisms depends on coupling effects between
components of the target material and the rapidly oscillating electrical field of the
microwaves. Microwave possesses heat via two specific mechanisms: dipole
interactions and ionic conduction, but that related to the heating effect in extraction
study conducted in this research is the former, dipole interactions effect.

2.6.4.2 Influence of operating parameters on-NVAE

There are various typical parameters affecting the efficiency of extraction by
microwave such asextraction.«time, temperature, microwaves power, material
properties; moisture content, the stability of compounds, the nature of the solvent and
the matrix. Especially nature of solvent is the typical parameter in microwave
extraction. When mierowave /is applied, the microwave penetrates and propagates
through a dielectric material where the internal field generated within the volume
induces translational motionsof free or bou_'nd. charges such as electrons or ions, and
rotated charge complexes such s dipoles."rléhérﬂt_ial, elastic and frictional forces resist
these induced motions and cause losses, and cohsequently heating. These interactions
between the extracting solvent and electri‘éjfields (transmittance, reflection and
absorbance) are charaeterized by two parameters defining the dielectric properties of
the solvent. Generally ithe solvent with high dissipation factor (6) and dielectric
constants (¢') are appropriate for MAE progess. Table 2.3 summarizes the properties

of some commen solvents for this technique:

2.6.4.3 Luiterature Raviews

The benefits of microwave are available in many fields as therapeutic diathermy
treatment, satellite communications, destruction food spoilage microorganism, and
also industrial heating. Microwave heating has been used in the past to reduce the
moisture content of various fruits and vegetables such as bananas, apples, mushrooms
and strawberries, carrots, corn, potatoes, and broad bean. Recently microwave has
been used for peeling nutraceuticals from plant materials and extraction of

environment samples. As microwave can interact with polar molecule in



14

biomaterialsm it can create heat from inside the biomasterials, which makes it more
easily to pull out the valuable product such as antioxidant (Oufnac 2006,
Wittayasinthana 2007) from such materials. Moreover microwave is well-known as
accelerated extraction method for increasing in the yield of product in solvent

extraction. The relevant microwave researches are summarized in Table 2.4.

2.6.5 Supercritical fluid extraction (SCF)

2.6.5.1 Introduction & Theory

The supercritical state is the condition pesitions in the upper region of the critical
temperature and the critical pressure of the phase diagram. An example of the phase
diagram of CO, is demonstrated in Figure 2.6. The coexistence of two phases
represented as lines in the.diagram. From the lower to upper line are solid-gaseous,
solid-liquid, and liquid-gaseous. These 3 lines are equilibriums namely: sublimation,
melting, and vaporization.equilibrium, respectively, and the intersection of these three
lines is the triple point. The terminal of liquid-gaseous equilibrium line breaks up at
critical point which is the coeordinate of critical temperature (Tc) and critical pressure
(Pc). The properties at cgitical point are us_éd.to characterize the properties of each
substance. Summaries of the properties of'te.:é’cn_gas at the critical point are shown in
Table 2.5. Above this critical paint ocrcurs;the single phase and this fluid is

compressible and behaves like gas.

2.6.5.2 Influence of operating parameters on SCF (Brunner, 1994)
There are various factors.that affect the extractability of supercritical extraction.

> Pressure: At extraction temperature of gas extraction, the solvent capacity
raises up.with pressure as at high pressure the solvent density, thus extracting
capacityincreases:

» Temperature: At suitable pressure not too low, the higher temperature often
causes the higher extraction rate as the solute volatility increases. However at
higher temperature, ther exracting capacity is low due to low solvent density.

» Density: At constant temperature, the extraction rate increases with density of
solvent by enhancing the extracting capacity of solvent. Moreover, the density
changes over wide range when alter temperature and pressure as previously

described.
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> Solvent ratio: This is the most important parameter for gas extraction and the
changing of solvent and solid ratio enhances the extraction rate.

> Size of solid particles: In most case, extraction rate increases with decreasing
particle size because it decreases the length of mass transport in the solid
phase. However, in this work this parameter is not relevant.

> Diffusivity: The diffusivity properties of gas in supercritical fluids is in the
range between those liquid and gas phases as shown in Table 2.6. The
extractable substances can diffuse through supercritical fluid more easily than
the liquid. Moreover, higher temperaitire can further enhance the diffusivity of
the solute. On the other hand, higher presstre can reduce the solute diffusivity.

> Viscosity: At constant temperature, viscosity enhances with increasing
pressure, hence, redueing solute diffusivity. Moreover, in supercritical fluids,
pressure has critical'influence onviscosity.

> Polarity: The property.of atom or dipole-dipole intermolecular forces between
the slightly positively-gharged at ane end of one molecule to the negative end
of another or of the same molecule. This property is used for selecting solvent
in extraction process. Generally dipo_lle".rnoment is used for measuring the polar
of the polar covalenge bond. Note tﬁét"tne supercritical CO, is non-polar.

> Dielectric constant: This isafso a signifi;:ant parameter because it affects the
polar or non-polar of the solvent in extféétion. Thig dielectric constant

decreases with increasing temperature while increases with increasing

pressure.
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Figure 2.6 Phase diagram of supercritical carbon dioxide
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2.6.5.3 Literature Reviews

Large scale supercritical extraction is used typically in industries such as
decaffeination of coffee beans and black tea leaves (Brunner, 1994) whereas smaller
scale is used for extraction of spices, flavoring compounds or other highly valued
compounds such as antioxidants. There are large amount of available researches
looking into the relevant parameters for acquiring the highest extraction yield and
forecasting the supercritical extraction conditions. The additional review of research

is summarized in Table 2.7.

2.7 Solubility of high pressure extraction (McHugh and Krukonis, 1994)

2.7.1 Solubility measurement techniques

The solubility is one of the.key parameters determining the efficiency of an extraction
process. In general, solubility of solute relies on the interaction between the molecules
of solute and solvent, which is dictated by the moleeular structures and the activity
coefficient of the solutions Generally the solubility of substances in equilibrium at
high pressure can be measured using two!,-_methods, I.e. static and dynamic methods.
For the static method, the'liquid CO; is m'i:xé‘-d continuously with heavy solute by a
stirrer or a circulating device in.the extract.i_i;)_'ﬁ chamber at adequate contacting time to
ensure equilibrium. The samplés are theﬁf_téken with a suitable technique. The
dynamic technique on, the other hand, is adéb't_enanf'rom supercritical extraction, and the
same equipment used for extraction could be used for' the measurement of solute
solubility. For dynamic solubility measurement, CO, flows continuously through the
chamber filled with the selute loaded onto a matrix or support such as glasswool. The
flow rate was keptlow ta ensure equilibrium. The equipment set-ups of these methods
are illustrated in'Figure 2.8 and the limitations and the advantages of each technique

are concluded imTahlei2.8:
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2.7.2 Solubility of astaxanthin in pure solvent

There are a few reports about astaxanthin soldbuity in high pressure CO,. All of them
employed either static (de 12 Fuente et al., 2006) or dynamic methods (Hyun-Seok et
al., 2007). Literature illustraies that most operations were conducted in the
temperature range of 303<833'K; 8-40 MPa. Solubility of astaxanthin at isothermal
condition increased with pressure due to an increase in CO, density and associated
with an increase in solVentpower. The isobaric solubility of astaxanthin was found to
increase with temperature in these work‘é The first article observed the minimum
solubility of 2.8x107 at 328K/and 17MPa and ‘the maximum mole fraction of 1.5x10°®
at 333K and 40 MPa and the other obtamed the minimum mole fraction of 0.42x10
at 313K and 8 MPa and the maximum mole fractlon of 4.89x10™ at 333K and 30
MPa. The inconsisteney.in such data can be |Ilustrated in Figure 2.9.

2.7.3 Solubility in co-solvents

Organic solvents could . enhance extractability of supercritical fluid extraction in
various substances mentioned ‘in previous section. This couldbe due to the solubility
enhancement property of such solvents. Literature on this is summarized in Table 2.9.
These rdata carey usafuly for thecdesign: of: the sselubility; measurement of various
substances. Most of the reports concentrated on methanol and ethanol as co-solvents
as they could enhance the extractability of polar molecule compounds. Nevertheless,
ethanol is often preferred particularly in food industry because of its lower toxic
effect. However the solubility of astaxanthin in supercritical fluid extraction with co-

solvent has not been examined.
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Figure 2.8 Solubility of astaxanthin measurement by (A) both static method and

dynamic method (B) extension of static method



Table 2.1 Literature on astaxanthin extraction from biological sources
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. Extraction Cell Breakin . Yield% (dry basis of
No. Source Raw Material method Method g Condition raw r(na%/erial)
1. Sedmak, Phaffia rhodozyma Organic solvent  Glass beads and HPLC hexane:ethyl acetate 50% (v/v)+glacial N/A
et al., 1990 (red yeast) extraction dimethysulfoxide aceticacid
(DMSO)
HPLC hexanes:ethyl acetate 62.5%/37.5% (v/v) N/A
2. Jian-Ping and Haematococcus Chromatographic «N/A Pigments extrated by dichloromethan:methane
Feng, 1997 pluvialis separation and : 25:75 (vIv)
purification
HPLC: dichloromethane:ethanol:acetonitrite Increasing water,
. ‘water 6.5:82:7.5:4.6 improve to separate of
. tran-astaxanthin
HPLC: dichloromethane:ethanol:acetonitrite Increasing acetonitrile,
- swater 5:85:5.5:4.5 improve to separate of
= lutein and cis isomer
3. Jian-Ping and Haematococcus Hydrolysis Grinding with - =~ Sequence step of extraction with 5.02
Feng, 1999 pluvialis astaxanthin pestle in mortar dichloromethane:methanol 25:75 (v/v),
esters
saponification and separation by HPLC trans-astaxanthin ester,
free trans-, cis- 3.67,
3.47,1.35
-Saponification at NaOH 0.021 M T=5-15°C free trans- 3.4 (10°C)
-Saponificationat NaOH 0.018-0.032 M T=5°C  free trans- 3.25 (0.021 M)
4, Félix- Blue crab Supercritical Drying and ground 100 ml chamber, 90:10 M of CO2 and ethanol 57.11
Valenzueliaet  (Callinectes Sapidus) CO,+ethanol co- and utilization Flow rate 3.4-4.8 Li/min
al., 2001 solvent
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. Extraction Cell Breakin - Yield% (dry basis of
No. Source Raw Material method Method g Condition raw r(naérial)
5. Hua-Binand Chlorococcum sp. Isolation solvent  N/A Crude preparing: n-hexane:ethanol 1:1 (v/v)

Feng, 2001 and purification -n-hexane-ethanol-water 10:8:2, 10: 8.5: 1.5and 10:8:2, 10: 8.5: 1.5 too
by high-sped 10:9:1 long retention time and
counter-current 10:9:1 difficult to
(HSCCC) 1000 separate, the best=10:8:2
rpm

Two phase solvent for : HSCCC Using with 5:7:7:3
-n-hexane-ethyl acetate: ethanol-water difficult to separate
5:7:7:3, 5:5:7:3: 5:7:6.5:3.5 and 5:7:6.5:3 and the best=5:7:6.5:3.5
6. Gio-Binetal, Phaffia rhodozyma SFE CO,+ethyl Bead mill -Vary 102-500 bar with CO, =1.35 cm/min, 40  Dramatically increases
2002 (red yeast) alcohol 60 and 80°C rather than 200 bar to 550

. -Vary CO2 0.32-1.0 g/cm3 with CO, =

1.35 ecm/min, 40 60 and 80°C

-Vary pressure 400,500 and 600 bar and CO,
0.27, 0.54 cm/min with 60°C

-Ethyl-aicohol , 5 10 and 15 volume% at 500 bar
with 40 ana'60°C CO, 0.27 cm/min
=400, 500 and 600 bar with 40, 60 and 80°C

CO, 0.27cm/min
400 bar 40, 60 and 80°C

500 bar 40, 60 and 80°C
600 bar 40, 60 and 80°C

bar
80>60>40°C

Slightly increases with
CO, flow rate for all
pressures and double
during initial 30 min for
both flow rates

No significant difference

0.2, 0.235, 0.225
0.22,0.24,0.22
0.2,0.23,0.225
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. Extraction Cell Breaking - Yield% (dry basis of
No. Source Raw Material method Method Condition raw material)
-First step with 300 bar+ second 500 bar with
40.and 60°C
40°C 0.8
60°C 2.2
7. Valderrma, et Haematococcus SFE CO,+ Cuteing mill and Vary CO,/dry alga (kg/kg) 0-40 at 300 bar and
al, 2003 pluvialis Ethanol grinding/with dry 60°C
igé
CO,+ once ground 1
\ CO,+ twice ground 1.3
] CO,+ twice ground+ ethanol 9.4% (w/w) 1.6
8. Denery,etal., Haematococcus Pressurized fluid / pulverized to pass"_' " Extraction condition: 1500 psi, 40°C, two 5 min  High solubility in
2004 pluvialis, extraction (PFE) = 60 mesh particle . extraction cycles, methylene chloride

Dunaliella salina
and Piper
methysticum
(kavalactones)

sieve i

Acetone

Ethanol

Acetone:ethanol (7:3, v/v)

Acetone:methanol (7:3, v/v)

Methylene chlaride:methanol (1:3, v/v)

Acetone: 1500 psi, three 5 min extraction

cycles,
T=20°C

0.95

0.84
0.99
1.03
1.09

Decompose at high
temperature
1.14
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. Extraction Cell Breaking - Yield% (dry basis of
No. Source Raw Material method Method Condition raw material)
T=40°C 1
T=60°C 0.95
T=100°C 1.07
9. Lopez, etal., Crustaceans (cray SFE CO,+ N/A Manual method N/A
2004 fish) Ethanol

10. Abdolmajid
and Choul-

Gyun, 2006

Haematococcus
pluvialis

Organic solven
extraction

Tissue homogeniser

The optimum value for SFE CO,:

Weight of ground crustacean sample 0.1 ¢

\Weight of diatom earth 0.6 g to avoid reduce

volume

. Extraction time 15 min

Pressure 200 bar

-~ Density 0.73 g/ml

. Extraction chamber 60°C

Extraction flow rate 1.5 ml/min
Ethanol 15% (v/v)

Water-miscible organic solvents
(acetone:solvent=5/95 (v/v)

-acetone

-methanol

-hexane

-chloroform (CHCIy)

N/A Selective and
precise

The first order derivative
is limited detection 0.35

mg/| for chlorophyll
and detection 0.25 mg/I
for astaxanthin.
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. Extraction Cell Breaking - Yield% (dry basis of
No. Source Raw Material method Method Condition raw material)
-n-propanol minimum
-acetonitrile (CH3;CN) 1.1 (maximum)
11. Machmuda et Haematococcus SFE CO,+ N/A CO23 ml/min at 40-80°C, 55MPa 4 h Increases with T, 2.52
al., 2006 pluvialis Ethanol (70°C)
CO; 3 ml/min at 70°C, 20-55MPa 4 h N/A
CO; 2-4 ml/min at 50°C, 50MPa 4 h N/A
Ethanol 1.67% (v/v), CO, 3 ml/min at 40°C, N/A
: 40MPa 4 h
Ethanol 1.67% (v/v), CO, 3 ml/min at 20°C, N/A
20MPa4 h
. Ethanol'1.67% (v/v), CO, 2-3 ml/min at 20°C, N/A
" 40MPa 4 h
.. Ethanol 0-7.5% (v/v), CO; 2-3 ml/min at 70°C,  2.67
. /A0MPa 4 h
12. Nobre, etal., Haematococcus SFE CO,+ Disk vibration — Acetone
2006 pluvialis Ethanol o o 1.35 (75% recovery)
\/ary CO,/dry alga (g/g) 0-400 at 300 bar and 60°C
at 200 and 300 bar, 40 and 60°C Increased on increasing T
and P
N hi ith .
CO,+Crushing with one time 0.6 (35.03% recovery)
0 N . .
Ethanol/CO, 10% (v/v)+Crushing one time 0.069 (44.03% recovery)
+ N . .
Ethanol/CO; 10% (v/v)+Crushing two time 1.2 (68.85% recovery)
13. Handayani et Panaeus monodon Palm oil Grinding and 50 g of shrimp Increasing with size and
al., 2008 (Giant tiger shrimp) __ extraction sieving T

-40/60'mesh
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No.

Source

Raw Material

Extraction
method

Cell Breaking

Condition

14.

15.

Kang and Sim,
2007

Thana et al.,
2007

Haematococcus
pluvialis

Haematococcus
pluvialis

Yield% (dry basis of
raw material)

Wi hl dodecane at room T then extracted
with methanol:NaOH 1:1 (v/v) in dark at 4°C

NaOH =0-0.05 M

L

UL INENINEINS

CO, 3 ml/min at 40-80°C, 300-500 bar for 1-4 h

AMIAINIUNNINGA Y

0.004
0.0045
0.05

0.06
0.075
0.085

0.01
0.012
0.013

Decreased with
increasing number of
recycles (80% recovery)
Dodecane (0.05 M of
NaOH) 98% recovery

2.75

Increases with pressure
&time 2.28

83.05% recovery (80°C
500 bar and 4 h)
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- - — -
No. Source Raw Material Extraction Cell Breaking Condition Yield% (dry pa5|s of
method ethac raw material)
16. Kangand Sim, Haematococcus Direct extraction i st culture 30 ml mix with commercial
2008 pluvialis by vegetable oils table oils 30 ml
' ean oil N/A (91.7% recovery)
—
W N/A (89.3% recovery)
Q ape seed oil N/A (87.5% recovery)
i N/A (93.9% recovery)

] , ]

AULINENINYINg
RINNINUNINYAY



Table 2.2 Literature on ultrasound-assisted extraction of active components from biological sources
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No. Source Material Compound Freql;%rxé/r(g/ll\;lz) § Solvent type Temperature (°C) Time (min)
1. SaliSova et Salvia officinalis Pharmaceutical 37-42 kHz, 130 W 65% methanol 20, 30 (opt.), 50 1,3,5,12 (opt.), 24 h
al., 1997 active compounds
2. Rostagno et Soybeans Isoflavones 24°KHz, 200 W Methanol, ethanol, 10, 60 (opt. with 10, 20 (opt.)
al., 2003 MeCN 50% ethanol)
3. Elisandra et Chresta exsucca Steroids 60 Hzy 125 W Dichloromethane, 30 30
al,. 2003 methanol
Chresta scapigera trierpenoids -
4. Hromadkovd  Buckwheat Hemicelluloses 20 Hz, 100 W 4 3% NaOH, 5% 40, 60 (opt.) 5, 10 (opt.)
and ' NaOH (opt.)
Ebringerova,
2003 e
5. Hromadkova Salvia officinalis polysaccharides 20 kHz, 600 Wi, Water 90 1h
etal., 1999 il
6. Sunetal., Wheat straw Hemicelluloses 20kHz, 100 W 60% methanol 60 5-35 (opt.)
2002 ol i
7. Jianyonget  Ginseng root Ginseng saponins  38.5 kHz, 810 W Pure ethanol, 38-39 (opt.) 1-2 h (opt.)
al., 2001 water-satuared,

n-butanol,
10%methanol
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Table 2.3 Properties of solvents used in microwave-assisted extraction (Zlotorzynski,

1995)
Type of solvents &' (F/m) g"P tan &
Methanol 32.6 15.2 0.50
Ethanol 24.3 6.1 0.26
Acetonitrile 375 2.3 0.06
Acetone 20.7 115 0.62

4 Determined at 20°C
® At 2450 MHz

AULINENINYINS

ARIANTAUNNINGIAY



Table 2.4 Literature on microwave-assisted extraction of active components from biological sources
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No. Source Material Compound Frg;gc\g (('\\//IV?Z) Solvent.iype quu(lgn/ﬁg)lvent Temperature (°C) Time (min) Pressure (kPa)
1. Pan et al., Licorice root Glycyrrhizic 2450 MHz, 700W WateJr, Ethanol; opt.10:1 85-90 0.5-10 -
2000 acid (GA) ethanol -water (opt. 4-5)
(opt.50-60%),
Ammonia (opt.1-
2%), ethanol-
Water- ammonia
2. Guo etal,.  Radix puerariae Puerarin 2450 MHz, #00 W / /Ethanol-water 0, 30, 50, 70, 85, 90, 100, 2,5,8,12, 30 50-100 (opt.50)
2001 (10-100%) — 95 115,130, 135
3. Panetal,.  Salviamiltiorrh  Tanshinones ‘n-butylacetate, opt.10:1 80 0.5-5(opt.2) -
2001 iza bunge of etfanol..
root . {Qpt.95%);
methanol,,
‘acetone; .
butanol; 244
ethylacetate .
~“tetrahydrofuran-
4, Haoetal,.  Artemisia Artemisinin 650 W Ethanol, opt./>11.3 - 2,4,6,8, -
2002 annua L [ = Trichloromethane [ 10,12, 14, 18
, Cyclohexane, n- (opt.12,diamete
hexane, r of material
Petroleum ether, 0.125 mm)
No. 120 solvent
oil and No. 6
extraction solvent
oil
5. Pan et al., Salviam Tanshinones _. 2450 MHz, 700 W _ - - 80 0.5-5 min -
2002 iltiorrhiza (10-100%)

bunge
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No. Author Material Compound Frfg;gc\g (('\\//Iv;lz) Solvent type L'qu'(%llsg)lvent Temperature (°C) Time (min) Pressure (kPa)
6. Shu et al., Ginseng root Ginsenosides 2450 MHz, 30,150  Water-Ethanel - room temp. 1,2,5,10,15 -
2003 W (opt.) (opt.70%,/30%) (opt.)
7.  Lietal,. E.ulmodies Geniposidic 2450 MHz, 700 W Methanol-Watei 20 - 0.10,0.30,50 -
2004 (90, 70, 50%) (80%) (opt0.8)
(opt.50%)
Chlorogenic  opt.5% Methanol-Water . - - opt.0.3
acid (20%)
8. Fulzele et Nothapodytes Camptotheci  100W Methanol, - 80 3 -
al,. 2005 foetida n (CPT) Ethanal
9-Me-CPT =
9. Zhou et al., Tobacco leaves Solanesol 2450 MHz, 700W Hexane, Ethanol, - 60 5, 10, 20, 40, -
2006 hexanetethanol 60
- e
opt.hexane-
ethanol 1:3:with
0.05 mol/l NaOH
10. Martinoet  Melilotus Coumarin, o-  100W Ethanol=water - 50(opt.50), 110 5(opt.2heating -
al., 2006 officinalis coumaric and (opt.5%): /i cycles), 10
melilotic
acids '
11. Barberoet Peppers Capsaicinoid ~ 500W Methanol, opt:5:1 50-200 (opt.125)  5-30 (opt.5) -
al., 2006 S Ethanol
(opt.100%),
Acetone,Ethyl
acetate and Water
12. Hemwimon Morinda Anthraquinon 2450 MHz, 1200 W, [Acetone, 100 60, 80,100, 120 5, 10, 15, 20 -
etal,. 2006 citrifolia of es (60%) Methanol,
roots Ethanol,
Acetonitrile,
ethanol:water
(20:80, 50:50,

80:20)
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No. Author Material Compound Frg;gc\g (('\\//Iv;lz) Solvent type quu(lr(;l]/ﬁg)lvent Temperature (°C) Time (min) Pressure (kPa)
13. Chenetal., Ganoderma Total 2450 MHz, 800 W 95% ethanol, 95% ethanol 25 60, 70, 78, 100, 20 -
2007 atrum triterpenoid (100%) chloroform, ethyl 120
saponins acetate, n-
butanol, acetone;
and methylene
chloride/methano
I mixture
(V1:1)
14.  Mauricio et Soybeans Isoflavones 500W (5%) Ethanal or 50 50, 75, 100, 125, 10, 15, 20, 25 -
al., 2007 Methanel, (vary 150 (opt.50) and 30 (opt.20)
water 30-70%)
(opt:50%ethanol)
15. Maoetal., Rhodiola L. Salidroside 2450MHz, 200, . methanol-water 5 - Soaked up the -
2007 and tyrosol 400, 700 W (10, .20; 39 40, solution: 10,
(opt.400W) 50, 60, 80-and 30, 60, 120, 90,
90%) (opt.50%) 120 and 150
=" (opt.60) Heated
= by a
microwave:
- 1-8 min (opt.5)
16. Chenet Herba Flavonoids DMAE-20-100 W  ethanol and - 80 10 -
al.,2008 Epimedii methanol
17. Wang et Panax ginseng  Ginsenosides  High pressure methanol, 70% - - 2,5,10 (opt.), 100, 200, 300,
al., 2008 root microwavesassisted ethanol-water 15and 30 400 (opt.) and
extraction (opt:) and:water 500

(HPMAE)
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Table 2.5 Characteristic of various solvents at the critical point

Critical Temperature  Critical Pressure  Critical Density

Solvents °C) (bar) (g/ml)
Inorganic
CO, 31.1 72.0 0.47
N.O 36.5 70.6 0.45
Ammonia 132.5 109.8 0.23
Water 374.2 214.8 0.32
Helium -268 2.2 0.07
Hydrocarbons '
Methanol 0.169
Ethane 0.2
Propane 0.22
Alcohols
Methanol 0.27
Ethanol 0.276

Table 2.6 Properties of sup

Phases Density (g

\ Diffusion coefficient
(cm?/s)

Gases 0.1x103-2

SC-CO, 0.47

Liquids 0.6-1.6
|

0.1-0.4
7x10™%°
0.2x107°-2x107°

2
ﬂ‘lJEJ’J‘VlEJ‘ﬂﬁWEJ’]ﬂ‘i
QW’]ﬂﬁﬂ‘iﬂJ UA1AINYAY



Table 2.7 Literature on supercritical fluid extraction of active components from biological sources
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. Temperature Pressure Sample loading Solvent flow Extraction
No. Author Material Compound Solvent type & (bar) © rate (ml/min) chamber (ml)
1. Roy et al., Peppermint leaves  Essential oils and - 40 100-300 23-24 0.028-0.66 ~177
1996 cuticular wax optimal
press. At
300 bar
2. Cathyetal, Fermentation broth Rose aroma - 32-42 (opt. 200 50 ml N/A 350
1999 of yeast and 35-40)
L-phynylalanine .
3. Palma and Grape seed Polyphenolic cmp.+ 10% 35-55 (opt. N/A 0.03 1 1
Taylor et al., methanol 35)4
1999 (opt.)
4.  Tonthubthimt Neem seeds Nimbin 35-60.(opt. 100-260 2 0.24-1.24 10
hong et al., 5, (opt. 230)
2001 =
5. Huang- Ginseng root hair Ginseng root hair Ethanol:as 35-60 (opt. 104-312 80 5 300
Chung et al., oil and co- solvent 60— (opt. 312)
2001 ginsenosides =
6. Mendes et Algae Carotenoids and - 40-55 (opt. 200-350 5 400 N/A
al., 1995 Chlorella vulgaris  other lipids 55, (opt)
7. Matsuyama Yeast Phaffia Astaxanthin - ~40 197 0.3 N/A 50
etal., 1998 rhodozyma
8.  Carerietal,  Spirulina Pacifica Carotenoids Ethanol as 40-80 (opt. 150-350 0.5 2 7
2001 algae co=solvent 60/76,80 C  (opt. 350)
for3
carotenoids)
2-4 50




Table 2.8 Comparison of solubility measurement (Brunner 1994, McHugh and Krukonis, 1994, Taylor 1996)
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Type of solubility
measurement

Advantages

Limitations

1. Static Method

2. Dynamic Method

1) Visual determining phase transition.and.inversion

2) Without sampling in solubility of binary mixtures of solid and liquid

3) Can measuring liquid, solid and pelymers

4) Using minimum amounts of heavy.eomponents-or supercritical fluid
5) Continue adjusting pressure at any fixed composition and temperature
6) Can sample of muticomponent mixtues in equilibrium phase

1) Using off-the-shelf

2) Rapid obtaining reasonably large amounts of solubility data
3) Obtaining equilibrium, stripping or fractionation data =

4) Using straightforward sampling

5) Can measure very low solubility compound (< 0. 1%)

1) Not easy obtaining the data of supercritical fluid

stripping or fractionation

2) Typical one macrosized sample obtaining per cell
loading

1) Pushing liquid phase out of the column at high
pressure liquid phase

2) Undetected phase change

3) Carefully designed for multicomponent

4) Sampling only lighter phase

5) High flow rates of liquid solute

6) Error from clogging of solid or liquid




Table 2.9 Literatures on solubility measurement in various substances
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Temperature Pressure Density of .
No. Author Compound Measurement Method Solvent type  Solute () (°C) (kPa) CO, (kg/m?) Yield
1. Hyun-Seok, et Astaxanthin  Dynamic CO, 0.2 30-60 80-300 191.71- 0.42-4.89x10°
al., 2007 (Semi-continuous flow) 982.04
Dissolve in Chloroform Increasing with P & T and
and absorbon 1.0 g CO; density
cotton wool
Enhancement factor, 1
increasing with CO,
density
2. Saldanaetal., p-carotene QCM (piezoelectric CO, 10mg 40 and 50 12000 - 718 - 784 [-carotene At 12000 kPa
2006 &extraction  quartz crystal or quartz 2000 bar 4.3x107-7.2x10”"
others from  crystal microbalance)
carrots, a- (invented cell) At 20000 kPa
carotene+ 6.7x107-9.42x10°®
lutein Dissolve in Chloroform Increasing with
Temperature &pressure
3.  Sakaki, 1992 B-carotene Dynamic method CO, NA/total of ~35-55 9,600- 616-928 0.085-5.3 g/m°
(Dissolve in Hexane pure f- 30,000 Mole fraction
merge alumina carotene 0.022-0.50x10°
bead 2 mm-diameter)
4.  Skerget et B-carotene&  Static method CO, 0.7 g of 25 and 40 10,000- 616.8-966.3  0.6-5.5 g/m’
al.,1995 oleic acid Carotene 30,000
10 g of
oleic
5. Knezand capsaicin Static method COy 25,40 and'60 7750-36470 233.3-931.7 0.9-17.2 g/m3
Steiner, 1992)
6. Subraet al 10-10"° mol/mol in carbon
1997 B [-carotene Dynamic method CO, 0.4 67,57, 47,37 9-28 0.842-0.502  dioxide and 107-10°

mol/mol
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Temperature

Pressure

Density of

No. Author Compound Measurement Method Solvent type  Solute (Q) (°C) (kPa) CO, (kg/m?) Yield
7. de la Fuente Carotenoid New static method CO, 0.2 g of 40, 50, and 60 9,490- Above 330 Mole fraction 0.20x10—6-
et al., 2006 astaxanthin 40,000 0.50x10-6
(lycopene& 12 h equilibration Increasing
astaxanhtin)  measuring with on-line with T more
HPLC than P
8. delaFuente Capsaicin New static method CO, 0.8'g 25 and.60 6,000- ~607 Mole fraction <2.88x107°
et al., 2005 40,000 Increasing with
Temperature& Pressure
9. delaFuente, et Antioxidant  New static method CO, 039 25-60 8,000- N/A (May Mole fraction, 4x10 -
al., 2005 (Boldine) 40,000 accordingto  6x10°°
Pressure)
Increasing with
; Temperature &pressure
10. GOmez-Prieto B-carotene  Extraction as CO, 06 of 40, 50, 60 8.6-25.9  250-800 all-trans-lutein 0.30x10°°
etal., 2007 and lutein dynamic method Mentha g/L (at 60°C MPa CO2
from Hewlett-Packard spicata L= 25.9 MPa, 800 g/L)
Mentha 7680A extraction all-trans-f3-carotene
spicataL.  module 2.0x10 g/L (at 60°C

(Wilmington, DE)

MPa 25.9 MPa, 800 g/L)
cis-lutein 0.6x107° g/L
(at 60°C MPa 25.9 MPa,
800 g/L)

cis-B-carotene 0.3x10°
g/L (at 60°C MPa 25.9
MPa, 600 g/L)
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No.

Author

Compound

Measurement Method  Solvent type

Temperature

Solute (g) °C)

Pressure
(kPa)

Density of
CO, (kg/m®)

Yield

11.

12.

Sovova et al.,
2001

Gucla-
Ustiindag et
al., 2004

trans-4-
carotene

[-carotene,
o-
tocopherol,
stigmasterol,
squalene
from bio-
sources

Dynamic method

Dynamic method

(Extraction)

COy,
ethanol and
vegetable
oil

CO,

trans-4- 40, 50, 60

carotene

Depending -15-80
on each
experiment

Procedure

12-28

B-carotene
5-180

605.6-899.3

Depend on
pressure and
estimated
information
in each
paper used

Increasing with T (40
to 60°C) & P and CO,
density

[3-Carotene could be
extracted at 550 g/L
whereas lutein at 600
g/L.

all-trans-p-carotene
extraction occurred at
lower CO2 density than all-
trans or cis-lutein.
(estimate from k value)
cis-form possesses
higher solvation heat
(estimate from a value)
pure CO,, 0.32x107'-
5.80x10 '
CO,+ethanol, 4.62x107’
-14.0x10”’
CO,+vegetable oil,
2.28x10 7-7.47x1077
B-carotene max. 5x10~




CHAPTER Il
RESEARCH METHODOLOGY

3.1 Alga source

Red-powdered dried sample of feed grade Haematococcus pluvialis, were purchased
from Cyanotech Corporation, Hawaii Ocean, Science and Technology Park, USA,
(supported by Professor Motonobu Goto, Kumamoto University, Japan). The moisture
content of samples was around. 7% weight, The samples are stored in a dry, tight

aluminium pack at 5°C to prevent degradation uniil use.

3.2 Chemicals and equipments
Chemicals:
Standard of astaxanthin (> 92%) (Sigma-Aldrich, USA) for extraction
Standard of astaxanthin (99.5%) (ALEXIS® Biochemicals) for determination
of solubility _
Solvents: all types of HPLC grade solvent _étré purchased from Wako Pure chemical
Industries, Ltd. =
acetone (99.0%)
ethanol (> 99:5%)
dichloromethane (99.5%),
methanol (99.7%),
acetonitrile (99.7%)
triethylamine (99.0%)

- 44

General equipments:

Glass:Syringe 25 ml

Syringe filter diameter of 45 um pore size PET (Whatman, USA)
Equipment for maceration extraction:

Water bath (XY-80, ITOCHU Corporations, JAPAN)
Equipment for soxhlet extraction: Figure 3.3

Soxhlet apparatus (SP glass, THAILAND)

Heater pocket (Electro mantle, USA)
Equipment for ultrasound-assisted extraction: Figure 3.4

Ultrasound baht (275DAE, Crest Ultrasonics, USA)
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Equipment for microwave-assisted extraction: Figure 3.5
Microwave reactor (CEM Corp., Mathews, NC, USA)
Microwave safety membrane (XP-1200, USA)

3.3 Methodology for solubility determination (Part I)

3.3.1 Preliminary experiments

The control variables such as amount of astaxanthin standards and flow rate of carbon
dioxide should be firstly considered. These are selected at the condition that offers the
highest astaxanthin recovery, and are further used to determine the solubility of
astaxanthin in various temperatures and pressures. The supercritical carbon dioxide

extraction equipment is shown in Figure 3.1.

3.3.2 Dynamic method fer selubility determination
1) Weigh astaxanthin 'standard 0.0500 g (50 mg) (measuring early to
ensure excess amount of astaxanthin standard)
2) Mix astaxanthin standard With 15 g of 0.3 mm diameter glass bead
then put inside 10 M reactor vessel. .
3)  Place reactor/Vessl into oven
4) Adjust the desired temperati_lr_é ;'(40, 60 and 80°C) with temperature
controller o
5) Pump Tiguified carbon dioxide from CO, cylinder tank. The liquefied
was passed through cooler and entered the extraction unit at the bottom of
reactor vessel
6) Adjust the desired pressure (20,130 and 40 MPa) with back pressure
regulator (BPR)
7) Entrain thezsample from the vessel'with/CO flowrate:0:5 ml/min
(measured at pump to ensure equilibrium condition’in reactor vessel) with
interval time of 30 min
8) The going solute was trapped in 10 ml dichloromethane with cold condition
to prevent degradation of astaxanthin

9) Each sample was collected and kept at -20°C until analyzed by HPLC
10) Measure volume of the going out CO, with gas flow meter

11)  Amount of accumulative astaxanthin was then plotted versus time of



39

extraction or volume of fluid as shown in Figure 3.2.

3.4 Calculation of solubility
The solute trapped by cold trap at the exit of supercritical fluid extraction chamber
was then analyzed by HPLC technique using appropriate mobile phase. The amount
of astaxanthin in the extract was analyzed by comparing the area under the peak with
the standard astaxanthin in trap solvent. The mole fraction of astaxanthin was defined
as the ratio between the accumulative mole of astaxanthin and the total mole of CO,.
The astaxanthin solubility defined by.the dynamic method was calculated from
the initial period of overall extraction curve periermed at equilibrium conditions. This
curve presents amount of total solvent (solvent, x-axis) versus amount of
accumulative solute (solutgyy-axis) as showed in Figure 3.2.
During a initial linear<part of this curve, the solute is readily available on
sample surface which is solubilized in the solvent therefore it is assumed solubility

controlled phase. (Ozléh Glicli Wstufidad, 2008, Danielski et. al., 2007).

3.5 Accuracy evaluation 0f the models J

The parameter of solubilitymodel by EOS i—s.je;stimated by comparing experimental
solubility data to the calculated solubility'_jdét-_é. The regression determination was
carried out by minimizing the average abs.b‘I'L_J“t—'e“ relative deviation (AARD) between

experimental (., ).ahd calculated (y.,;) solubility data in following equation,

AARD(%) = (%) 3 Dexpeal] (3.1)

Yexp

where n is theznumben of solubility)data used in this-evaluation. The suitable model
which is use togpredict solubility of astaxanthin is'selected by the lowest amount of
AARD.(%).

3.6 Methodology for extraction (Part I1)

3.6.1 Preliminary experiments

This preliminary experiment is aimed to determine the appropriate amount of liquid to
solid ratio (L/S) for the extraction. Maceration at 30°C and 45 minutes is employed as
a method for this purpose in acetone is used as a solvent. The L/S ratio with the

highest percent recovery is subsequently used in other extraction experiments, such as
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maceration, ultrasound-assisted and microwave-assisted extractions except extraction

by soxhlet.

3.6.2 Maceration extraction

1) Weigh 0.1 g of Haematococcus pluvialis and place it in 125 ml flask

2) Add 10 ml of acetone

3) Cork the flask (with rubber cork)

4) Perform extraction at various temperatures, i.e. 30, 45, and 60°C for
15, 30, 45, 60, 75 and 90 minutes in water bath

5) Filtrate through a 0.45 um pore size PET syringe filter (Whatman,
USA)

6) Measure the extraet of astaxanthin by HPLC

7) Change the-solveni of the extraction in Step (2) to methanol, ethanol,
and acetonitrile using.the suitable extraction temperature and time which can

provide the maximtin/ofastaxanthin recovery as determined in Step (4)

All experiments aré caified ot in triplicate.

3.6.3 Soxhlet extraction

>

Effect of solvent type :

1) Weigh 0.5 g of Haematocot:c_us_ pluvialis and place it in a thimble
cartridge P

2) Keep-it/in 500 ml round-bottom flask

3) Add 150 ml of acetone

4) Connect each, part of the equipment

5) Place the equipmentiin the heaterpocket (Electro mantle, USA)

6) Carry out the experiment at boiling temperature for 4 hour or until the
debris becaies'colorless

7) Change the solvent of the extraction in Step (3) to methanol, ethanol,

and acetonitrile

All experiments are carried out in triplicate.

3.6.4 Ultrasound-assisted extraction

1) Weigh 0.1 g of Haematococcus pluvialis and place it in 30 ml gray

glass bottle
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2) Add 10 ml of acetone

3) Cork the bottle (with screw cap)

4) Immerse in ultrasonic bath (275DAE, Crest Ultrasonics, USA) at 30,
45, and 60°C for 5, 15, 30, 45, 60, 75 and 90 minutes

5) Filtrate through a 0.45 um pore size PET syringe filter (Whatman,
USA)

6) Measure the extract of astaxanthin by HPLC

7) Change the solvent of the extraction in Step (2) to methanol, ethanol,
and acetonitrile using the suitable extraction temperature and time which can
provide the maximum of astaxanthinfeeovery as determined from Step (4)

All experiments are carried.eut in triplicate.

3.6.5 Microwave-assisted extraction
1) Weigh 0.1.9 of'Haematococeus pluvialis and place it in 200 ml vessel
2) Add 10'm| @t acetonel in each vessel
3) Place the'vessels symmetrically in the microwave reactor (CEM Corp.,
Mathews, NC, USA) .
4)  Carry out experifient at 30, 4560, 70, 75, and 78°C for 3, 5, 15, 30,
45, and 60 minutes 7N
5) Filtrate: the samples through a 0.45 um gore size PET syringe filter
(Whatman, USA)
6) Measure the extract of astaxanthin by HPLC
7) Change thesselvent of the extraction in Step (2) to methanol, ethanol,
and acetanitrile using the suitable extraction temperature and time which can
provide the maximum of astaxanthin recovery as determined,from Step (4)

Allexperiments.are carried out in triplicate.

3.7 Analysis of astaxanthin with high performance liquid chromatography
(HPLC)

The extracted solution of algae is analyzed for its astaxanthin content using the high

performance liquid chromatography (HPLC, Venisep GES C18 4.6x150 mm, 5um

HPLC column) at 475 nm. The elution is fed at 1 ml/min with a mobile phase

consisting of methanol and water at the volume ratio of 95:5. The amount of



42

astaxanthin in the extract is analyzed by comparing the area under the peak with the
standard astaxanthin in each type of solvent. The recovery percentage of astaxanthin
is defined as the ratio between the amount of astaxanthin obtaining from the
extraction and the total amount of astaxanthin in the algae (Equation 3.2).

% recovery = astaxanth in from the extraction 100 (3.2)

total astaxanth in in the alga

The total amount of astaxanthin in the alga or the denominator in Eq. 3.2 is

|

determined using the microwave extraction with the condition of the highest %

recovery of astaxanthin (from hereas the main astaxanthin in the

debris is recovered by aceto rs white.
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Figure 3.1 Schematic diagram of astaxanthin solubility in pure liquid CO, measurement by dynamic technique
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CHAPTER IV
ESTIMATION OF SOLUBILITY MODEL

4.1 Empirical models for solute solubility in supercritical CO,

There are a number of correlations typically used to predict the solute solubility in
supercritical CO,. Among them, the most used semi-empirical models are 1) the
famous simplicity density based correlation such as Chrastil’s model which assumes
the association between solute and solvent to form solvate-complex without the needs
for solute property (Murga et al., 2002 and Getez=Prieto et al., 2007) and 2) the linear
correlation with enhanced factor and the density of the solvent (Murga et al., 2002). A
more rigorous thermodynamic.model (Gupta and Jae-Jin, 2007) is that employing
cubic equation of state sueh as‘the Peng=Robinson equation of state (PR-EOS) which
is used to describe the behavior of supercritical fluid phase.

4.1.1 Chrastil’s model _

This model is based on the assumption that there is association between SC-CO; and
solute molecules which results. in formatiaﬁ,gf solvato-complex (ABy, A is solute
molecule, B is solvent molecule and k is ass@(;ira-_ﬁon number) at equilibrium condition.
This simple model relates the solubility of solufe (C, g/l) in SC-CO to the density (p,

g/l) of the solvent and absolute temperature (7, K) of the fluid as shown below:

C= prexp(z+b) (4.1)

where k is ansassociation number which- represents the average number of CO,
molecules in the solvated complex, a depends on heats of vaporization and solvation

enthalpies (ofy solute, and;~therefore, it jindicates~theinfluence~ofsthe temperature

changes dnside the extraction vessel. Consequently, a higher absolute value of @
associated with higher temperature influence. Another constant b depends on the
molecular weight of both CO, and solvent. We can estimate k , a and b from

correlating experimental data with this model.
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4.1.2 Solubility model by EOS

The rigorous methods, related to the fugacity of components in dense gas, were
frequently employed earlier (Prausnitz et al., 1986, Sovova et al., 2001, Murga et al.,
2002, Gupta and Shim 2007, Shi et al., 2009). This solubility model is conducted
under assumption that (i) supercritical phase is dense phase, (ii) the gas in the solid is
almost negligible, (iii) gas phase is considered pure and one-component solid is
considered pure solid phase and (iv) a solid mixture is considered to behave like a
heavy liquid phase and there is interaction between solvent (1) and solute (2). The

general equation of equilibrium is
2oy (4.2)

where subscript 2 referredto the-solute, £5°4% and £ are the fugacity of pure solid
and the fugacity of solute in.ihe supercrit?cal fluid phase. Because the solid phase is
pure, thus the fugacity.ef compenent 2 is ‘. 4

fzsolid - sta"‘,t@“;QXP (f: v;dP) (43)

At gr

In supercritical phase, the fugacity i’éi‘}/v"r:itten in terms of solute mole fraction

(v,) and fugacity coefficient(®,):

a2 Ay

[ = 9,85P (4.4)
From Eq. (4.2)7EQ. (4.3) and Eq. (4.4) the enhancanient factor, E, can be
defined as:

= 23 v3 (PP
D3 i exp [-————RT ] 4.5)

where E is nearly greater than unity,‘and it is defined as the ratio between the observed
equilibrium solution'and that predicted-by the ideal-gas law at the-same temperature
and pressure as inferred in.

We can find the solubility of solute from the following equation:
Psat ¢s S P_Psat
y2 = (£ L exp (AE))] (4.6)

From the above assumptions, the solubility in Eq. (4.6) can be written in a simplified

form as:
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pset vs(P-P3)

y2 = (50 |-exp (5] 4.7)

sat
PZT is the solubility in the ideal gas where P5%t is the saturation (vapor) pressure of

the pure solid. E is enhancement factor as inferred in Eq. (4.5). E contains the
important terms, @5 and @, , which are fugacity coefficients at saturation pressure
P5?t and system pressure P, respectively, and v3 is the solid molar volume, which can
be assumed to be pressure independent for all the system temperature T. Due to low
vapor pressure, the values of @3 for most solutes can be taken as unity that do not have

strong tendency of association and @,is caleulaied from Eq. (4.8).

m—pii=f ( ORY ey _ Pv
T [

One way to find fugacity of solid solute in fluid phase @, in this equation is to
use the widely known PR-EOS (Peng-Robinson equation of state) as defined in Eq.
(4.9) which relates to interaction paramete’fs as a and b:

Rl = a

R v=b  v(b+b)+b(v—b)

(4.9)

where v is the molar volume of the compone’_ﬁt:From equation (4.8) and (4.9) fugacity

coefficient @, can be evaluated-as derived as, _ '

lnwz =
by (Pv .\ _ ;. (Pwzb)\ " a (201Va18;(A=K12)+y.d5) b v+2.414b
b (RT 1) In ( RT ) 2V2bRT ( a b ) n (U—0.4-14-b) (4.10)

Mixturg, size,@and-energy parameters can ke levalyated:using van der Waals

one-fluid quadratic mixing rules and usual binary parameters a and b according to:

a =|ytai + 2y yaia; (A < ki) + yia; (4.11)
b= yZb; + y,y,(by + by)(1 — ¢13) + y3b, (4.12)

where k;,and c,, are adjustable parameters due to molecular interactions between
solute-CO, in the mixture, and the different size of species. Other two parameters,
b, and a, , inferred to size and energy parameters for pure component 2 are described

as follow:
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by = 0.07780 =< (413)  : b, =0. 07780ﬂ (4.14)

a, = 0.45724% [1+ (0.37464 + 154230, — 0.269902)(1 — T,°%)]"  (4.15)

2 2
a, = 0.45724% [1+ (0.37464 + 1.54226w, — 0.26992w2)(1 — \/T/T,,] (4.16)

where T, and P. are critical properties and w; is concentric factors of solute and
solvent, and these properties were estimated by Joback group contribution method as
detailed in previous researches (Rei 987, Poling et al., 2001, Ajchariyapagorn

et al., 2008) or obtained from% ypropertles data of solute was shown

in Eq. (4.17) - (4.32).

Joback property funq/ .

TC(K) =2

oling et al., 2001)
{Zk Nie (tck)}?]™ (4.17)

x N (pck)] 2 (4.18)

« (vck) (4.19)
(4.20)
(4.21)

al., 2001.
(4.22)

AR a\‘m‘imamw UIRE e

—5.97616T+1.2987411-5-0.6039472-5-1.068417°

O = (4.24)
Tr
—_ 1.5_ 2.5_ 5
f(l) — 5.033657+1.115057 . 5.412171 7.46628T (4'25)
s

t=(1-T) (4.26)

where the dimension of Pc is in bars, Ty and T, are K.
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Molar volume of component, V4 or v

__ Z4RT

- (4.27)

Solid Molar Volume, (v3) (Ajchariyapagorn et al., 2008, Poling et al., 2001)
The molar volume of a solid solute, v; is the volume per mole of a substance

and it was estimated using Eq. (4.28) and (4.29):

Vg =Y im;v; (4.28)
vy 2 1?;6 (4.29)

where v, is calculated crystal-volume for-a-single molecule, m; is the relative
stoichiometric multiplicity determined. from the molecular structure and v; is the unit
volume of an atomic _element and1 estimated by Group Contributions of
Constantinou/Gani prepertyfunctions fro_r}n.,.‘ (Paling et al’"2001)

The saturation (vapor) pressure 'c;frsolulté;, }52?

(Lyman et al., 1982, Ajchaflyapagoriet al_.'";f_?2008)

; A )
AHy ——cifts % _
InPj ~ AZDR;b [1 = szb-'_,:_'_ .E,Zm(3 — 2Tpp)™ 1lnpr] (4.30)
2 = Kp(8.75 + RInT,) (4.31)
- yol _

where for all liquids, m = 0.19; and for all solids, the folldwing values are

recommended:
If T,p> 0:6;,m =0.36
1£0:6¢> T> 0:5;m /0.8
If T,,< 0.5, m = 1.19

K is the so-called Fishtine constant and it depends on the dipole moments of
polar and non-polar molecules. AH,,;, is the enthalpy at the boiling temperature and m

is a parameter dependent on
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The normal boiling point of solute is estimated using group-contribution methods. The

parameter AZ,, is assumed to have the value of 0.97.

4.1.3 Enhancement and density based model
This model assumes a linear correlation between the enhancement factor (E) as
estimate from Eq. (4.33) which will be defined in the next section, the equation of the
solubility of solid in gas phase and the density (p) of the solvent is shown in Eq.
(4.35);

Yo = EAD3Y/P) (4.33)

lnE =A Bp (4.34)
Replacing Eq. (4.33) to (4.34) modified to
In(y,P/P;%) = A+ Bp (4.35)

where 4 and B are €onsiants at-a constant temperature, y, is solubility or mole
fraction between solutesreferred to (2) and_solvent referred to (1), E is enhancement
factor over the ideal solubility, P;%* is subl_ir_hétion pressure of solute or the saturation
(vapor) pressure of pure solid (2)-and P is ohé-ra;ing pressure. However vapor pressure
of nonvolatile solutes may not be always available therefore modified to,

2 -
() =a+ B =Py (4.36)

ref

where A'= A+ Bp,, Aand B are constants at constant temperature, P is a
reference pressure conyentionally taken as.1-bar and; ps isireference density taken as
700 kg/m?.

4.2 Effect of pressure and temperature on astaxanthin solubility

Figure 4.1 (a) demonstrates the effect of temperature and pressure in the range of 40 to
80°C and 20 to 40 MPa on the solubility of astaxanthin where the x-axis refers to the
pressure of the system and the y-axis on the left hand side refers solubility of
astaxanthin in mole fraction of solute whereas the y-axis on the right hand side shows
the astaxanthin solubility in dimension of gram of astaxanthin per 1 liter of solvent.
This figure demonstrates that the solubility of astaxanthin increased with increasing

pressure. It is known that an increase in pressure enhances the density of CO, as
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demonstrated in Figure 4.1 (b). This enhances the interaction between solute and
solvent leading to an increase in a higher level of dissolution. This is reflected in a
higher solubility of astaxanthin in CO, as indicated in Eq. 4.7.

Figure 4.1 also demonstrates the effect of temperature on the solubility of
astaxanthin in SCCO, where an increase in tempersure seemed to steadily raise the
solubility. This result, however, indicates that CO, density is not the only factor that
influence the solubility as increasing temperssure resulted in a decreasing CO, density
which should lower the solubility of astaxanthin. However, the solute vapor pressure
was the other parameter that plays a significant role in this case. An increase in
temperature led to a higher vapor pressure-Qi-astaxanthin which means that more
astaxanthin is being extracted into the supercritical CO, phase, and this effect
prevailed over that of CO, density which resulted in an increase in the solubility. (Roy
C. B. etal., 1996, Machmudahetal /2006, Shi et al.;:2009)

4.3 Model Correlation

4.3.1 Chrastil’s model _

The results of astaxanthin/Solubility over réhgjé temperature of 40-80°C and pressure
of 20-40MPa from previous section was further used to estimate the parmaters for
correlations of solubility. The suitable corre[atlons or models will be selected that best
described solubility of.astaxanthin. The easiest model to predict solubility is Chrastil’s
model which operates based on the assumption that solute and solvent as they dissolve
form molecular structure, cailed solvato complex ABy. (A is solute molecule, here is
astaxanthin and B is solvent molecule, here is carbon dioxide) According to Eq. 4.1,

linearization results in:

InC = klnp + % +b (4.1a)

The' density in“EQ.' (4.14a)is tobtained ' from' the--handbook--of solubility in
supercritical carbon dioxide. (Gupta B. R. and Jae-Jin Shim, 2007), k value is
averaged over the three temperatures to get the mean value which is further used to
calculate a and b. The optimal parameters for Chrastil’s correlation are summarized in
Table 4.1. The solubility data of astaxanthin using the obtained Chrastil’s model are
compared to the experimental solubility data as illustrated in Table 4.1.

In this model, the meaning of k value is the number of CO, molecule

associated with one molecule of astaxanthin, and in this work, this has the value of
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16.2. The different k values for the various carotenoid derivatives such as lycopene
and lutein are displayed as different values as they have different chemical structure
and polarity (Cygnarowicz, 1990, Suba et al., 1997, Sovova” et al., 2001, Topal et al.,
2006, GOmez-Prieto et al., 2007).

4.3.2 Solubility model by EOS

This solubility determination model is more complex than the Chrastil’s model as it
involves the equation of state as mentioned in Section 4.1.2. This model allows a
better adjustment of the solubility data as It explicitly includes the interaction between
solute and solvent, ki, and ¢4, which can be eplimized by minimizing absolute
deviation value, %AARD In Eq. (5:1). The optimal parameters for the solubility
equation of state model are.summarized in Table 4.2,

4.3.3 Enhancement factogand the density based model

This model is designed for the detéimtnation of low volatile compounds with
high molecular weight im'absent of propert'"ies data particularly at the critical condition
(Bartle et al., 1991). This odeél is derived based on the assumption that the system
has the linear correlation betweer the enhancement factor and density as shown in Eq.
(4.35) (Section 4.1.2). Expenmental solublllty data in Section 4.2 were employed to
estimate the model parameters. The parameters B and A',/are obtained from the plot
between InE and p, and these values are reported in Table 4.3. The comparison
between the solubility data obtained by this model and experimental data is shown in
Table 4.3.

4.4 Consideration of optimal model

Comparison between solubility ‘data ‘of astaxanthin predicted Ly the three models
mentioned above and experimental data are summarized in Figure 4.3 where the x-
axis refers to pressure and y-axis refers to solubility of astaxanthin. This figure
demonstrates that solubility data obtained by the equation of state can best fit with
experimental data over the entire temperature and pressure ranges of 40-80°C and 20-
40MPa. This could be due to the fact that the equation of state model is the only
model that takes into account of the properties of solute at the critical condition such

as vapor pressure, and the extraction conditions such as temperature and pressure, and
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this renders the model to be more versatile than the other two models. Therefore it is
concluded here that the equation of state is the most suitable model for the estimate of
solubility of astaxanthin as it provided the minimum of % AARD, determined by Eqg.
(3.1). The values of % AARD for these three models are summarized in Table 4.1-4.3.

4.5 Comparison between solubility data and previous researches

The comparison of solubility of astaxanthin between this work and the past researches
is shown in Figure 4.4, in which the solubilities of astaxanthin (y-axis) were plotted
against pressure (x-axis). This figure demonsirates that solubility from this work lie
between solubility from previous researches. Fo see which sets of data are reasonable
data that present the actual solubtlity of astaxanthin, one may consider the data from
actual experimental extraetion.of astaxanthin from H. pluvialis from previous work.
Assuming that the solubility0f astaxanthin can be estimated from initial slope of
extraction curve, if the exifaction flow-rate is low enough, and that the mass transfer is
not limited (astaxanthin ean easily be igached out of the cells), then the initial
extraction curve should.be close to solubility.

The extraction results of l\/iach_mudah’s and Krichnavaruk’s published
worksshow that the initial"slopes: of thei’rj "e)_(.traction curve were lower than the
solubility determined in this study, but we‘r‘e__hri‘gher than those of de la Fuente. It is
generally not likely that the solubility be Idwer than the. slope of actual extraction
curve as mass transfei/is likely to play a big role in this system. From this reasoning,
therefore, it should be concluded that the data obtained in this present study more
reasonably represent the actual solubility data: On the other hand, the other set of data
(Hyun-Seok etial., 2007) shows extremely high solubility/data, which are 2 orders of
magnitude higher than the data obtained in the present study and are are than the
solubility of similar,campounds like beta-carotene as'shown’in Figure 4.5. Therefore,
it’s likely that this is an over estimate of the solubility data of astaxanthin. When
consider how their experimental results were obtained, we found that they use large
amount of solvent (chloroform) to dissolve the astaxanthin before loading it into the
cotton wool. If this solvent was not completely evaporates before the start of the
extraction, it’s most likely that it will act as cosolvent and thus causing over
estimation in the solubility. If however that the experiment was conducted carefully to

evpaporate chloroform entirely out of the loaded matrix prior to the experiment, which
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is likely be the case, the overestimation of the solubility could be resulted from the
fact that the compound could be carried over by the flow of CO2 passing through the
system, particulary when dynamic method was used. Observed also from Figure 4.5
was that the static method always gave lower solubility than the dynamic method.
The exact reason for this still could not be given from the evidence available at this
present time, but it was believed to be due to the experimental technique. In static
method as employed in (de la Fuente et al., 2006), the samples were taken
intermittently from the extractor at a certain time period whilst a continuous sampling
was employed in the dynamic method. This way, the change (drastic drop) in the
pressure during the sampling period could adversely affect the solubility and a lower
solubility could be observed. It is-usually the case where the data for solubility vary
significantly from one study.~to another. It is therefore necessary that more

experiments and in depth studywould be conducted to verify these results.

4.6 Evaluation of extraction gfficiency of astaxanthin extraction from H. pluvialis
In this section, the evaluation of extractib_n efficiency using solubility data will be
illustrated as using experimental extraction d_até from Machmudah et al. (2006) as case
study. Figure 4.6 illustrates the results of sa[lj'bnill_‘ity of astaxanthin calculated from the
equation of state as explained in Section 4.3 'p_véf the temperature range 40 to 80°C. In
this figure, x-axis is pressure of system and y'-“arx-is IS the amount of astaxanthin in the
dimension of mole astaxanthin dissolved in 1 mole of CO,, The symbols “+” and “0”
represent the data from the extraction of astaxanthin from the cell of H.pluvialis which
is obtained from the work of Machmudah et al. (2006) whereas the different lines are
the simulated selubility-from the model which represents the data from the extraction
of standard astaxanthin (from this work). The amount of dissolved astaxanthin from
the extraction’ ofy Hplavialisincreased with pressure,i.e2 0:0142107 (at 20 MPa) to
18.42x10;" (at 40 MPa) mole of dissolved astaxanthin per mole of CO, because an
increase in pressure enhanced the density of CO; as stated earlier.

Let’s now define the extraction efficiency (%) as the ratio between actual
dissolved astaxanthin from the extraction of H. pluvialis and the solubility of
astaxanthin (from the standard) multiplied by 100 at the same pressure and
temperature. The extraction will be limited by the level of solubility when this

extraction efficiency moves closer to 100%. On the other hand, if this extraction
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efficiency becomes low, the extraction will not be solubility limited but will be
regulated by some other mass transfer mechanism in the process, e.g. high mass
transfer resistance between phases. To evaluate for the extraction efficiency of the
extraction process provided by Machmudah et al. (2006), let’s further focus on the
extraction at 70°C over the pressure range of 20 to 40 MPa. The extraction efficiency
at 20 MPa was calculated to be around 0.41% whereas this was 29.4% and 21.8% at
30 and 40 MPa, respectively. This observation suggests that the solubility did not
affect the extraction process at low pressure (20 MPa), rather, the solubility became
more significant in controlling the extraction at higher pressure. Increasing the
pressure from 30 to 40 MPa did not see much.@eviation in the extraction efficiency
which could infer that solubility might not be the only one controlling mechanism in
this process, and the other limiting factors such as mass transfer resistance also had a
consistent share in manipudating the extraction process.

4.7 Conclusion remarks ¥ 4

This chapter reveals thedresults of solubiliiy of astaxanthin in SCCO, which could be
used to evaluate the extragtion efficiency of astaxanthin extraction using SCCO,. As
demonstrated in the previous section, the._éit_rjqction efficiency of such process (as
reported in Machmudah et al., 2066) was st'_,il_lr\-_'/ery low, and it seems that increasing
solubility (by increasing pressure) will no.t. ﬁ_ai(/“e'a positive effect on the extraction
efficiency. Consequently, other operating parameters will need to be investigated in
trying to improve the efficiency of the extraction by SCCO,. For example, can the
extraction be improved removing mass transfer limitation in such system such as
using SCCO2 (eaupled with ultrasound extraction.- As this remains to be examined,
other questions‘regarding alternative extraction methods arises, that might be more
economically; feasible, ;such as microwave tor-ultrasound assistenl solvent extraction

technique. This issue will be examined in more detail inthe next chapter.
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Table 4.1 Solubility data from Chrastil’s model
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Temperature (MPa) K A b Solubility,_yleo7 Y%AARD
(K) (mole of astaxanthin/mole of CO,)
40 -2835 -108.9 95.8
353 30 16.2 -2781 -108.4 40.0 4.74
20 -2104 -109.0 3.7
40 -2835 -110.2 590.1
333 30 16.2 -2781 -110.1 24.9 8.17
20 -2104 1112.2 2.6
40 -2835 -114 4 34.3
313 30 16.2 -2781 -114.6 14.6 4.19
20 -2104 -114.6 1.7
Table 4.2 Solubility data correlatioasfromsolubility model by EOS
Temperature (MPa) £ Al Solubility,.ygxlo7 %AARD
(K) - (mole of astaxanthin/mole of CO,)
40 -04656 - -0.09 89.96
353 30 10,656 :0.06%, 39.76 0.00
20 0568 “ 1,-0.05¢, 3.50
40 -0.656 -0.11‘“’_‘__‘; ' 66.55
333 30 -0.656 - -0.07— ¢ 25.24 0.03
20 -0.656.7 -+ 40:03 Sl 2.98
313 40 -0.656 -0.16 32.46
30 7 -0.656 -0.12 1451 0.07
20 -0.656 -0.09 1.65
Table 4.3 Solubility data froma linear cornelation between:ithe enhancement factor and solvent
density
Temperature ~ & Pa) e ; Solubility,_y2><107 %AARD
(K) (molecof astaxanthin/mole of CO,)
40 99.17
353 30 0.017 -4.45 34.31 9.68
20 3.68
40 69.31
333 30 0.023 -7.02 23.17 5.09
20 3.07
40 37.17
313 30 0.032 -11.48 11.32 15.38
20 1.80




Table 4.4 Symbols definition in Figure 4.4 and Figure 4.5
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Symbol Sources Conditions Sohvents Sokbility, y;x10° References
P (MPa) T (°C) (mole of astaxanthin/mole of CO,)
< Standard 99.5% 20-40 313 PLreCO, 1.65-21.70 This work
o Standard 99.5% 20-40 333 Pure-CO, 3.10-43.35 This work
A Standard 99.5% 20-40 353 Pure-CQO, 5.28-90.21 This work
""" Solubility Model 20-40 F13 Pure-CO, 1.65-32.46 This work
- Solubility Model 20-40 333 Pure-CO, 2.98-66.55 This work
- Solubility Model 20-40 343 Pure-CO, 3.36-84.62 This work
"""" Solubility Model 20-40 353 Pure-CO, 3.50-89.96 This work
* Standard >98% 10-30 813 Pure-CO, 0.1-2.6 Fuente de la et al., 2006
o Standard >98% 10-30 323 Pure-CO, 0.90-3.10 Fuente de la et al., 2006
x Standard >98% 10-30 333 Pure-CO, 0.80-10.00 Fuente de la et al., 2006
- Standard 98% 8-30 303 Pure-CO, 78-191 Hyun-Seok et al., 2007
—=- Standard 98% 8-30 308 Pure-CO, 76-210 Hyun-Seok et al., 2007
¥ Standard 98% 8-30 i Pure-CO, 42-281 Hyun-Seok et al., 2007
—- Standard 98% 8-30 318 Pure-CO, 48-432 Hyun-Seok et al., 2007
—5 Standard 98% 8-30 323 Pure-CO, 47-462 Hyun-Seok et al., 2007
& Standard 98% 8-30 328 Pure-CO, 53-469 Hyun-Seok et al., 2007
—O— Standard 98% 8-30 333 Pure-CO, 80-489 Hyun-Seok et al., 2007
+ H. pluvialis 20-40 343 Pure-CO, 0.01-18.42 Machmudah et al., 2006
= H. pluvialis 40 843 Pure-CO3 27.63 Krichnavaruk et al., 2008
o [ -carotene 8-40 288-353 Pure-CO, 0.02-24.18 Remark?




Remark®

References of solubility data of B-carotene f
Stahl et al., 1987, Marshall, 1976, Cygnarowicz et al., 1990, Sovova 994 Johannsen et al., 1997, Subra et al., 1997, de Franca et al.,
1999, Cocero et al., 2000, Hansen et al., 2001, Ambrogi et al., ;;-; Craska 6i'8 , Ambrogi et al., 2003, Saldana et al., 2006, Sun et al.,
2006, Shi et al., 2007, Skerget et al., 2007 - |
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Table 4.5 Model comparison; Chrastil’s model, solubility model by EOS and linear relation between enhancement and the density

. C enditions Clrastl EOS, Peng- Rebinson Linear correlation b etween enhancement fetor and the denlty ofthe sehvert
: =4 fap ]
| Equtien o= m_(;+b) g, = ?ﬁ“”iﬁ“}“} M(EJ=#+E@—;:,E,)
2 Number ofphase 1 (gas) 1 {wapor or ligud) 1 (gas)
3 Ameut of substanee in fuid phase
-Solute, 3 { ! !
-Sobvent, ¥ !
4 Condtien parameter
-Temperature, T ! ! !
-Presaure, B ! !
5 Phiysical Properties ¢ fsubstance It's hard to estimate propértics acarately csp eeily orpamc substEnce.
-Qas constant, R - ! -
-Densty o £CO,, p ! ! !
-Critical prop erties Mosty esfimate by groir distribution
- Temperatre, T, | Estinate by growp distabution
- Presaure, P, ! Estinate by grewp distnbution

- Dengty ofCO,, 2,
- Mol vohe ofCO,, 7,
-Binary interaction p arameter, c12, k12
-Meler volune of solute, ¥
-Solute vapor pressure, P}
-Fugacity of solute, 5
-Fugasity of solute in fuid phase py,
-Concertric factor o fsolite &solvent, a, ey
-Boiling termp erature of solitedsolvert, T,
6 Asmumption
Equilibrivm cencertration fom the law of mass action (macrescopic description)
There is association between selite and sobvent in form of solvate -complex.
Vapor ofsohte i estimated from Clap eyron-Clausus equation.
1t's dealt with equithriun constant.
1t's dealt with heat of solvation, vaorization

7 Number ofconstant needs to estimate fom data |1
8 Advatage This can use to estimate the associgted mumber between solute and selvert.
Linear relaionship between by, and np ina certai range o{pressure and temperare,

1 Inchde invan der Wazl mmxing e

! Estinate by proup distribtition

!

! Estinate bygrewp distribution, Lteranre data

! Estinate by growp distribution, literahwre data

! Assione to equal | b ecavse oflewapor

! Estinate by cuble equation's £5tate (Peng: Robinson, ete..)

! Estinate by growp distribution

! Estinate by prewp distrbution use for esinate cencentrie Eetor

Equibrium

There is interaction between gas and solute,

Soid phase behaves ke a heavy fquid phase (Subcooled bquid).

e pas dissobves In solid solute.

Gas and solid i= considered pure.

Solute is incempresshle.

Supecrtical phase is dense phase.

Classical Peng-Robinson i not widely used in &l range o fpressure and temperatire therefore adding some p arameter.
Not guitable for'selid solute, it's better Br iquid-vapor system.

P igvery small

P —F; i equalésto P or systen pressure s greater tan the vapor pressue of solute,
1 is equaled to 1 because oflower vapor pressire.

2

This canuse to estimate intennoleeular interactions between solute and sobvent in the e and the different size species.

Solubility consideration in high pressure mostly uses Peng- Rebinsen medel.

This can use near crited poirt and inpolar solvent.
This medel canbe modified for three components in mixtre.

! Not estimate directly by group distribution but change equation i brm of known pressire reference.

Equibrium

Dilute solutien

There is iferaction between gas and solute.

Suitable for lew velatlity in SC-CO;

Linear correlation between enhancemert factor and the density o fthe solvent

It's modified Fem exp erinental data.

It's dealt with the partial vapor pressure o fsolite n SC-CO3 phase and the vap er pressire ofpire solute,
Vapor of solute is estimated from Clapeyron- Clausius equation

B, i used in equation and equalto 0.1 Mpa,
Pasl s assumed to be 700 kghrt.

It can't use with pressure lower thay 10 MPa

1
This eqantion canuse to estimate enthalpy o fvap eriztion ofselid.
Linear relationship between hE and p in 2 certan range of pressire and temperature,

E vahie prevides the mearing ef sobeent p ewer and interactions in SCF.




CHAPTER V
ASTAXANTHIN EXTRACTION FROM Haematococcus pluvialis

5.1 Background and motivations

The data of astaxanthin solubility in supercritical carbon dioxide determined in Part |
of this dissertation and the evaluation of the actual extraction efficiency (29%
maximum efficiency) previously reported reveal that most of the supercritical carbon
extraction operations are mass transfer limiting, rather than solubility limiting. This is
the reason why most of supercritical carben dioxide extraction of H. pluvialis
astaxanthin generally takes-a-long time to obtain-reasonable compound recovery.
Machmudah et al. (20006) reporied that astaxanthin extraction from H. pluvialis by
supercritical carbon dioxide «using ethanol as co-solvent could increased the
astaxanthin recovery “froma”apout 70% t@ as high as 80.6%. However, for this
particular case of astaxanthin extraction of H. pluvialis, this method still suffered from
a long operating time offaround 4 hours and high energy consumption which might
not be practical for a larger scale design ét' the current development. Consequently
while the process is being improved, new"é;j“ct:‘elerated extraction procedures such as
ultrasound-assisted and microwave-assisted e;i':tractions should also be considered
since past reports have shown that not onlyﬂd'“id‘ these assisting methods significantly
shorten the operation tme; but they also did reduce the solvent requirement (Rostagno
et al., 2003 and Hemwimon et al., 2007). The investigation of these methods along
with the conventional maceration extraction becomes the main objective of Part Il of

the dissertation;presented in'this chapter.

5.2 Effect af-solvent types

Effect of solvent ‘types was “investigated with respect'to each "extraction method
because different solvents played in different role in each extraction method. Organic
solvent as methanol ethanol acetone and acetonitrile were chosen in the study to
identify the best solvent giving the highest % astaxanthin recovery. Among these
solvents, it was discovered that acetone gave the higest astxanthin recovery for all
extraction methods. Methanol and ethanol gave comparable levels of % astaxanthin
recovery, and the solvent giving the lowest astaxanthin recovery was acetonitrile. A

common reason for acetone being the most suitable solvent for all methods is due to
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its polarity suitable to astaxanthin, which is to be discussed in section 5.2.1. Other
reasons for were given in detail in each of the following sections particularly for UAE
and MAE since other factor than polarity properties such as vapor pressure and
dissipation property of solvent could enhance % astaxanthin recovery in acetone when

these methods were employed.

5.2.1 Maceration

The determination of the suitable solvent for maceration was conducted at 30°C for
30 min. As shown in Figure 5.1 (a), acetone resulted in the highest astaxanthin
recovery, (44+1%), followed by methanol (18:5%), ethanol (17+5%) and acetonitrile
(9+£1%). Of all the solvents studied, acetone has the lowest polarity, indicated by
dielectric constant (Table 5, making it the most appropriate solvent to dissolve the
fat soluble molecules likgsastaxanthin. Moreover, the structure of astaxanthin is most

similar to that of acetone, ifn as mugch as both feature carbonyl groups.

5.2.2 Soxhlet extraction :

Soxhlet extraction in acet@ne gave as high _a§ ?612% astaxanthin recovery (Figure 5.1
(b)), compared with only 44+1% obtainéa"hy 30 min maceration at 30°C. The
increased extraction efficiency was expect‘ed“ since Soxhlet extraction provides the
algae continual contact with fresh solvent. Ne;)ertheless, none of the other solvents
showed similar improvement In the astaxanthin recovery../Since Soxhlet extractions
must be done at the solvent boiling temperatures (56.5, 64.7, 78.5, and 81.6°C for
acetone, methanol, ethanel, and acetonitrile respectively), possible thermal
degradation of the astaxanthin in higher boiling point solvents could account for these

unimproved recoveries.

5.2.3 Ultrasound-assisted extraction (UAE)

The results in Figure 5.1 (c) show the effects of extraction solvents on astaxanthin
recovery for UAE carried out at 18.40 watt at 45°C and 60 min. The highest %
astaxanthin recovery (73+£3%) was again obtained with acetone. It should be noted
that, in UAE, acoustic cavitation is an important phenomenon that is responsible for
enhanced extraction recovery other than the solvent polarity. The degree of ultrasonic

cavitation depends on various thermodynamic properties of the solvent. In solvents
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with low vapor pressures, bubble collapses tend to be strong, facilitating the
disruption of algal cells and the release of astaxanthin. However, the localized severe
high temperatures and pressures could prompt compound degradation and thus have
the opposite effect. Less severe bubble collapses in high vapor pressure solvents like
acetone or methanol, by contrast, should therefore lead to minimal product
degradation. This could explain the high % astaxanthin recovery obtained by UAE
when using acetone. Methanol, which also has relatively high vapor pressure, was
also observed to give rather high recovery, (compared with ethanol) despite the greater
differences in polarities and molecular strugtures between this solvent and the
astaxanthin. These results suggest that, 1n-UAE, acoustic cavitation significantly
influences the extraction efficiency of the solvents.

Another solvent property-generally known to affect the extraction recovery in
UAE is surface tensionsSpecifically, ‘bubble cavitation occurs more readily in
solvents with higher surfage tension (Z!otorzynski, 1995). In this study however, the
effect of solvent surface tension was deemed negligible since the surface tensions of
the selected solvents didnot.differ conside}ably (Zlotorzynski, 1995) (Table 5.1).

5.2.4 Microwave-assisted extraction (MAE) T,

To determine the effect of solvent type on MAE the experiments were carried out at
75°C for 5 min. Theyextraction recoveries d-brtéined with - MAE followed the same
order as the data obtained with maceration, that is, acetone (74+4%) > methanol
(38+£2%) > ethanol (14+4%) > acetonitrile (13£2%). Nevertheless, the degree of
enhancement of astaxanthin,_recovery in methanol and acetone was higher than the
other solvents.?In| general, MAE -enhances the extraction capability of solvents
because the electromagnetic field causes rapid heating of the solvent, the rate of
which depénds‘on & parameter-Called thie dissipation factor (tan) o), defined as follows.

tano = g— (5.1)
&

where ¢ is the dielectric constant or relative permittivity and & is the dielectric loss
factor. & describes the polarizability of the solvent molecule in an electric field, a
measure of the ability of the solvent to store electromagnetic radiation. &' is a

measure of the efficiency by which the absorbed microwave energy is converted into
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heat when an electric field is applied. From this definition, the dissipation factor (tan
0) therefore represents the ability of solvent to absorb the microwave energy and
dissipate that energy into heat. The rate of heating under microwave irradiation is
generally expected to be high if both the dielectric constant and dissipation factor of
the solvent are high. It is likely, therefore, that the enhanced astaxanthin recoveries
observed using acetone and methanol under microwave irradiation were due to the
relatively high & and &' values of these solvents (Zlotorzynski, 1995) (Table 2.3). By
comparison, ethanol and acetronitrile are characterized by low dielectric loss factors,
which explains their poorer uptake of algal astaxanthin.

In short, since acetone consistently gave the highest astaxanthin recovery, it

was chosen for subsequent optimization studies:

5.3 Suitable extraction gonditions

5.3.1 Maceration

The effects of time and temperature on maceration (Figure 5.2) indicate that for all
extraction temperatures‘the @astaxanthin recovery was rapid and essentially complete
after 5 min. The high initial astaxanthin exfréétion rate was due to the high driving
force of astaxanthin mass transfer betweenti‘rrisi;de and outside the algal cell. Beyond
this time, the rate of further astaxanthin extraction appears to drop markedly. The
highest astaxanthin recovery (57 + 4%) was ‘ot’)tained after 15 min at 45°C, whereas
lower recoveries were observed beyond 60 min at -60°C. Higher extraction
temperatures should increase astaxanthin solubility and decrease solvent viscosity,
thereby increasing astaxanthin recovery. aHowever, prolonged exposure to high
temperatures could also lead to compound degradation, accounting for our observed

drop in astaxanthin levels.

5.3.2 Ultrasound-assisted extraction (UAE)

For UAE, all extraction temperatures showed rapid astaxanthin recovery (up to 41+2
%) within the first 5 min, and thereafter, between 5 to 30 min, increasing only
gradually (Figure 5.3). It should be noted that, despite the cavitation effect of UAE,
astaxanthin recovery did not increase significantly, compared with maceration, for the
first 30 min. This could be due to the fact that ultrasonic cavitation gives rise to

localized hot spots that destroy astaxanthin molecules (Zhao et al., 2006, Toma et al.,
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2001). After 30 min, however, the extraction recovery increased again until 60 min to
around 70+3%. Following this maximum, the astaxanthin level finally dropped as the
extraction time approached 90 min. The maximum astaxanthin recovery for UAE was

found at the extraction temperature of 45°C and 60 min.

5.3.3 Microwave-assisted extraction (MAE)

In a closed, microwave-irradiated system, astaxanthin recovery was seen to increase
instantly in the first 5 min at all extraction temperatures (Figure 5.4). For extraction
temperatures of 30, 45, and 60°C, astaxanthin.recovery remained relatively constant
over time, whereas for extraction tempetatuies of 70 and 75°C, the highest %
astaxanthin recovery was again reached at 5 min, immediately dropping thereafter.
The highest recovery (74£4%)-was obtained with MAE at 75°C after 5 min. The
increase in temperature to 78°C did not further inerease the astaxanthin recovery,
possibly due to its structural decomposition(Zhao et al., 2006).

5.4 Comparison among extraction methéds

The % astaxanthin recovery obtained by":dii‘ferent methods at the most suitable
conditions are summarized in Tabie 5.2. Thé?ﬁig_hest % astaxanthin recovery (74+4%)
was obtained by 5 min MAE at 75°C, follov_\i_éd by UAE at 45 °C (73+3%). The closed
system used for MAE allowed high extraction ﬁ_érhperature (above the boiling point of
acetone), and becausg of rapid heating caused by microwave irradiation, shorter
extraction time is required. Brief extraction times are considered favorable since they
are expected to minimize compound degradation. Although comparable astaxanthin
recovery couldbe achieved with UAE; it required- much longer extraction time (60
min). When compared with the extraction recoveries by other nonconventional
methods such as supercritical‘carbon dioxide extraction (60+-83%).(Machmudah et al.,
2006, Krichnavaruk, et al., 2008 and Thana et al., 2008) MAE achieves equally
impressive recoveries but in a much shorter extraction time. Despite an enhanced
recovery, careful considerations must be made when employing MAE and UAE as
compound degradation can easily occur, either due to localized hot spots in UAE or
by the elevated temperatures of MAE. The results of this study nevertheless are in
good agreement with the detailed optimization study of MAE reported by Zhao et al.
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(2009), thus supporting the potential use of MAE for astaxanthin recovery from H.
pluvialis (Zhao et al., 2009).
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Table 5.1 Properties of solvents used for extraction (Zlotorzynski, 1995)

Type of Dielectric Surface tension Vapor pressure Viscosity
solvents constant (D) (mN/cm) (mmHg) (cP)
Methanol 32.6 22.6 127.05 0.6
Ethanol 24.6 23.7 59.02 1.2

Acetonitrile 375 88.47 0.38

Acetone 20.7 229.52 0.32

*Determined at 20°C
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Table 5.2 Comparison of astaxanthin recoveries obtained with various extraction methods

Methods Temperature (°C) Time (min) % astaxanthin recovery
Maceration 45 15 56.84+4.10
Soxhlet 56.5 4 hour 70.11+1.65
UAE 45 73.33+2.89

MAE 75 74.32+3.83
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Figure 5.1 Effect of solvent type on astaxanthin extraction (a) maceration at 30°C, 30 min (b) Soxhlet extraction for 4 h (c) UAE at 45°C, 60 min,
18.40 W (d) MAE at 75°C, 5 min, power 720 W
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary, achievements and contributions

This work evaluated the solubility of astaxanthin in supercritical carbon dioxide over
temperature and pressure range of 40 to 80°C and 20 to 40 MPa. In addition, three
different solubility models were fitted to the experimental data. In the temperature and
pressure range of this study as summarized in Table 6.1, the solubility of astaxanthin
was found to be in the range of 1.65x10" 10-89.96x10”" (mole solute/mole solvent).
The solubility increased with temperature and pressure owing to the changes in
density of CO, and sublimation-vapor pressure of solute. Comparison among three
candidate models, i.e. Chrastil’s’ model, solubility by equation of state and linear
correlation between enhancement factor and density, shows that solubility data by
equation of state offered the best fit with experimental solubility data. This model was
then used to evaluate the exiraction effiqiency of the astaxanthin extraction with
supercritical CO; (Sectioné.6) where it Wasq'ill"ustrated that the extraction process was
not confined by solubility at all pressures,"ﬁa'r‘tlicularly at low pressure (20 MPa). As
displayed in Table 6.2, the extraction efficiency'éeemed to achieve the highest level of
only around 29.36%at 30 MPa. Thus the éno'lljbility data indicated that extraction
generally carried out as mass transfer liming process. It isthis mass transfer limitation
that should be of concern to improve the overall extraction efficiency for supercritical
CO,, extraction.

Due primarily to thejunattractive time consuming operation and high energy
consumption aséwell as the mass transfer limitation as already mentioned above, the
SCCO,~extraction~process, might, not practieal-atthis, stage ~of «©development for
extraction of astaxanthin fromH:. pluvialis. ‘Other-alternative assisting methods were
therefore proposed such as ultrasound-assisted and microwave-assisted extractions.
Solvent selection was a significant procedure in organic extraction. Acetone exhibited
the highest efficiency by providing the highest yield of astaxanthin in the extract.
Among all the extraction methods investigated in this work (i.e. ultrasound-assisted
extraction, microwave-assisted extraction and conventional maceration and soxhlet

methods), the microwave-assisted extraction method at 75°C could achieve the
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highest astaxanthin content at around 74.32% in the extract within the first 5 minutes
of extraction, such results are shown in Table 6.3.

The discovery about astaxanthin extraction from H. pluvialis in this
dissertation greatly contributed to classical knowledge which facilitates modern

extraction equipment design.

Table 6.1 Solubility of astaxanthin in SCCO,

Temperature (°C) Solubilityx10” (mole solute/mole solvent)
Pressure (MPa) 20 30 40
40 1.65 | 9756 21.70
60 298 | 2524 66.49

80 350 39.76 89.96

Table 6.2 %Extraction efficiency compart—:‘_d"with Machmudah et al., 2006

Rresstre (MPa) % Extraction Efficiency

RO, 21.76
30 8 29.36
20~ = WM0.41

« Ad

Table 6.3 Comparison, of astaxanthin recoveries obtained with various extraction

methods.
Methods Temperature (°C) Time (min) % astaxanthin recovery
Maceration 45 15 56.84+4.10
Soxhlet 56.5 4 hours 70.11+1.65
UAE 43 60 78.833+2.89

MAE 75 5 74.324+3.83
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6.2 Suggestions and recommendations

The solubility model of astaxanthin in supercritical carbon dioxide could have great
merit to the design of astaxanthin extraction by such process. The work of astaxanthin
extraction by accelerated methods such as ultrasound-assisted extraction and
microwave-assisted extraction is relatively new and catching a large content of
research interest as the alternative extraction methods seem to be able to lower the
extraction cost with minimal requirements of additional chemicals.

Further research focuses arose during the course of this research is substantial
and those which are mostly concerned with thisawork are listed below.

1) The assisting extraction methods employed in this work using either
microwave and ultrasound could bring about the concern regarding the degradation of
astaxanthin as they could generate high localized hot spots as generally reported in
UAE, and elevated tempegature as in MAE. Hence, the test for the antioxidant activity
in the extract at different extracting.conditions would be necessary as the quantity of
antioxidant compound‘extracted \would have no meaning if it does not possess the
antioxidant properties. Fhe antioxidant acﬁvities of the extracts obtained with assisted
solvent extraction methads should. also b;e"-compared with those obtained with
supercritical carbon dioxide extraction. Thi:c'.:i"sn;che only way to know if the extraction
condition really deteriorates the quafity of the _pr;oduct.

2) Co-solvent'eould be used in super‘cr'i“ti‘c-al carbonrdioxide extraction to obtain
higher extraction yield. From experimental results from the second part of the
research, acetone was found to be the most suitable solvent for astaxanthin extraction,
therefore it would thus be interesting if further experimentation could be conducted to
determine the potential -use of acetone as acosolvent. Moreover, the examination of
astaxanthin solubility of in supercritical carbon dioxide with various cosolvents might
be further conducted

3) The solubility of astaxanthin in the various solvents used in the solvent
extraction processes should be examined. This will provide the extent of the extraction

efficiency and suggest the potential improvement of the techniques.
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Appendix A

Table A-1 Experimental variables and ranges studied in solubility of astaxanthin

determination

Temperature (°C)

40 60 80
P (MPa)
/
/
/
Table A-2 Experimental'vagiablesa d studied in astaxanthin extraction from
Haematococcus p
Methods erature (°C)- Time (min)
Maceration 30, 45 d 60 ¥ 0,5, 15, 30, 45, 60, 75 and 90

Soxhlet == Boilin
V.
Ultrasonic ﬁo, /

Microwave 30,45,60,75and 78, 0,5, 15, 30, 45 and 60

d |

0, @ 30, 45, 60, 75 and 90

AMIAN TN INGINY
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Appendix B

Table B-1 %Astaxanthin recovery obtain by maceration method

Temperature (°C)

Time (min) 30 45 60
0 0 0 0

5 45.00 54.33 39.45

15 42.73 56.85 46.56

30 4444,  48.39 52.66

45 4452 46.59 46.48

60 , 4333 45,54 38.03

L 39.33 45.67 33.35

90 44,78 46.67 37.01

95

Table B-2 %Astaxanthin recavery obtain by ultrasound-assisted extraction method

Temperature (°C)

Time (min) N _ % 00
QF “7 000 000  0.00
5 3800 4233 4317
15 4367 4621  47.00
30 43961+ 4891 4468
45 5119 64100/ 57.41
60 66:38—73:33~ | 69.33
75 5355 67.00 67.33
90 2330 5833 50.16

Table B-3 %Astaxanthin recovery obtain by microwave-assisted extraction

maceration method

Temperature (°C)

- - 30 45 60 70 75 78
Time (min)
0 0 0 0 0 0 0
5 39.33 3836 38.00 53.02 7432 44.89
15 55.08 4925 5535 40.32 40.18 37.00
30 48.02 4380 39.72 3375  43.87 -
45 4819 3731 5226  39.00 39.03 -
60 38.32 4061 4377 3550 3200 31.67
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Paper Publication (Research Articles)

Duangkamol Ruen-ngam, Artiwan Shotipruk and Prasert Pavasant, Alternative
Extraction Method of Astaxanthin from Haematococcus pluvialis, International
COE Forum on Pulsed Power Engineering and young Researcher Training
Camp, Kumamoto, Japan, 14-16 September 2009 (Short Oral presentation+Poster
presentation)
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International Conierenee on Supérgreen Fluid (Supergreen 2009), Sendai,
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