Abstract

TOMBOKAN, XENIA CLARISSA. Ternary Phase Equilibria of the Sclareol-Ethyl Lactate-
CO, System and its Application in the Extraction and Isolation of Sclareol from Clary Sage.
(Under the direction of Dr. Ruben G. Carbonell and Dr. Peter K. Kilpatrick.)

The purpose of the research is to develop an environmentally responsible process to
extract sclareol from Salvia sclarea L., more commonly known as Clary Sage. Sclareol is a
highly water-insoluble plant natural product that is used as a fragrance in cosmetics and as a
synthon for preparation of Ambrenolide odorants in perfumery. In addition, it is
characterized as an antioxidant and has recently been studied for its cytotoxic and cytostatic
effects against human leukemia cell lines. In these studies, sclareol was found to induce
cancer cell cycle arrest and apoptosis. Moreover, sclareol is said to promote a calming effect
on the nervous system and has been reported to relieve muscle spasms and menopausal
symptoms.

In this work we studied the use of a GRAS solvent, ethyl lactate, as a solvent for
sclareol, followed by the use of CO, as an antisolvent for precipitation. We also studied the
use of mixtures of ethyl lactate and CO,, followed by the use of water as a liquid antisolvent
for sclareol precipitation. The solubility behavior of pure sclareol in ethyl lactate at various
temperatures and in the mixture of ethyl lactate and CO, at various temperatures and
pressures was investigated. The finding suggested that ethyl lactate was capable of dissolving
high concentration of sclareol at ambient temperature. Moreover, the generated ternary phase
behavior of the sclareol-ethyl-lactate CO, systems using a static synthetic method indicated

the slight cybotactic effect. CO, acted as a co-solvent to ethyl lactate at lower pressure and/or



lower CO, concentrations and as an anti-solvent at higher pressure and/or higher CO,
concentrations. The ability of the Peng-Robinson EOS with Vidal and Michelsen mixing
rules model to predict the complex three-component phase behavior of this system is
discussed, together with the implications of the thermodynamic behavior of the system on
process design.

The generated ternary phase diagrams provided essential information for designing the
extraction process. The extraction with ethyl lactate, followed by gas antisolvent (GAYS)
precipitation with CO, faced some challenges, such as the need for evaporating a large
amount of organic solvents, low sclareol precipitation yield, and low sclareol selectivity. The
extraction with a mixture of ethyl lactate and CO,, on the other hand, is promising. By
adjusting the ethyl lactate ratio in the extraction mixture, the extraction process could achieve
high sclareol yield and relatively high sclareol purity. This process eliminated some problems
encountered in the earlier process.

The liquid extract with the highest purity from CO.-ethyl lactate extraction was
subjected for the purification and recovery processes. Activated carbon was used to remove
some contaminants, such as plant pigments, terpenes, polyphenols, waxes, wax esters, etc., in
the liquid extract. Afterward, the sclareol in the purified extract was recovered via a liquid
precipitation, i.e. using water as the antisolvent for sclareol. The effect of the extract purity
on the phase behavior of the mixture upon addition of water is discussed. Overall, the
purification with the activated carbon at varied concentrations, followed by recovery of
sclareol via water antisolvent process obtained products with reasonably high sclareol purity,

ranging from 78 to 97 % (w/w).
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1. Introduction

1.1. Research Motivation and Objectives

The huge wave of health consciousness that started during the 1990s in the United States
has drastically changed people’s behavior towards diet regimens. People have begun to use
dietary supplements merely as foods that will prevent diseases and enhance performance
rather than consuming them to meet the recommended dietary allowance. They are taking
fewer synthetic ingredients and opting for natural and organic foods, functional beverages,
and natural supplements. These supplements deliver nutraceuticals, small molecule bioactive
components found in natural sources and typically in low concentrations, that have
associated health benefits [1-5].

Nutraceuticals develop means to maintain the body’'s delicate balance between
environmental stressors (oxidants) and our antioxidant defense system [1, 2]. Regular oxygen
metabolism inside the body due to contact with environmental pollutants, radiation, sunlight,
drugs, cigarette smoke, dietary fats, certain chemicals, bacteria, viruses, and parasites,
produce free radicals. Free radicals are essentially oxygen molecules with a missing or
unpaired electron that travels throughout the body causing damage until oxidized by a
component in the body. They are the cause of cell membrane destruction, collagen damage,
and mutations within the DNA of cells, and thus they play a part in diseases, such as heart
disease, arthritis, cancer, hardening of the arteries, Alzheimer’s disease, and cataracts [6].
The strong antioxidant powers of nutraceuticals play an important role in the human body,

i.e. to quench these damaging free radicals.



The media has drawn people’s attention to scientific developments in the health and
nutrition field and the nutraceutical market has benefited immensely from this greater
consumer awareness. The nutraceuticals market had global sales of 77 billion dollars in 2004,
and projected sales reaching 103 billion dollars by 2009 [7, 8]. The fast-growing market for
nutraceuticals has motivated us to design an efficient extraction and separation process to
recover these high-value products, specifically sclareol.

Sclareol is a highly water-insoluble plant natural product, and is used as a fragrance in
cosmetics and as a synthon for preparation of Ambrenolide odorants in perfumery [9]. In
addition, it is characterized as an antioxidant and has recently been studied for its cytotoxic
and cytostatic effects against human leukemia cell lines [10-12]. In these studies, sclareol
was found to induce cell cycle arrest and apoptosis. Moreover, it is said to promote a calming
effect to the nervous system and has been reported to relieve muscle spasms and menopausal

symptoms [13]. The molecular structure of sclareol is provided in Figure 1-1.

=

Figure 1-1. Molecular structure of sclareol [13].



Manufacturers isolate crude sclareol from the flowers and leaves of Salvia Sclarea
Lamiacea, more commonly known as Clary Sage, using hexane extraction followed by
partial solvent evaporation. Typically thisisdone using a falling film evaporator, after which
the solution is filtered to remove any debris and precipitated waxes. This concentrated extract
is then subjected to liquid-liquid countercurrent extraction using a polar solvent such as
methanol-water, to selectively remove sclareol from the mixed extract. Sclareol is then re-
crystallized from hexane to yield a 98 % pure natural product. Other toxic organic solvents
used to extract sclareol are petroleum ether [14], ethylene glycol [15], ethanol, methanol,
isopropanol, acetone, and diethyl ether [16].

The goal of our study is to develop an environmentally friendly technology to recover
sclareol with high purity from the Clary Sage plant materials. We are using two different
approaches of liquid/supercritical carbon dioxide technology. The first approach isto extract
sclareol from the plant materials using a GRAS (generally recognized as safe) solvent,
followed by sclareol isolation from the liquid extracts via a gas antisolvent precipitation
(GAYS) process. The second approach is to apply mixtures of carbon dioxide and cosolvent
(GRAS solvent) for extracting sclareol from the plant materials, followed by recovery of
sclareol via a liquid antisolvent process. For both processes, ethyl lactate was chosen as the
GRAS solvent.

We generated the phase behavior of the system of interest: sclareol-ethyl lactate-CO, as
a basis for selecting the experimental conditions for the extraction process. In parallel to the
experimental work, we also developed Matlab codes based on a hybrid thermodynamic

model, Peng-Robinson equation of state (PR EOS) with a linear combination of Vidal and



Michelsen (LCVM) mixing rules, to predict the binary and ternary phase behavior of the

systems of interest.

1.2. Outlines of Dissertation

This dissertation consists of 6 chapters. The rest of chapter 1 focuses on the principles
and applications of some extraction processes of natural compounds. Chapter 2 presents the
thermodynamic study of the sclareol-ethyl lactate-CO, system. PR EOS with LCVM mixing
rules was used to generate the vapor-liquid, solid-liquid, and solid-vapor-liquid equilibrium
of the binary and ternary system of interest. Chapter 3 describes the experimental technique
to generate the ternary phase behavior of sclareol-ethyl lactate-CO,. The generated data were
used as a guide for the extraction process of sclareol from the real plant materials. The
cybotactic effect on the system is introduced and the ability of the PR-LCVM model to
qualitatively but not quantitatively predict the experimental data is presented. Chapter 4
discusses the extraction techniques to recover sclareol from Clary Sage. The extraction with
ethyl lactate followed by GAS process faced some challenges. The CO, and cosolvent (ethyl
lactate) extraction, on the other hand, is promising. Chapter 5 focuses on the purification and
isolation of sclareol from the CO, + ethyl lactate extracts. Chapter 6 presents the general

conclusion of the research work and some recommendations for future work.

1.3. Extraction Processes of Natural Compounds

There are several different processes to extract valuable compounds from plant materials
or natural sources. This section will review these processes and the applications with which

they are normally associated.



1.3.1. Organic Solvent Extraction

In the 18" century, scientific research regarding the extraction of valuable compounds
from plant materials focused on the isolation of odors from flowers. When extracting odors
from plant matrix in the technique called enfleurage, fat was brought into direct contact with
the plant materials [17]. More recently, liquid extraction is used to isolate valuable
compounds from the plant materials or other natural sources for use in the cosmetic,
pharmaceutical, and food industries, such as for use in the functional foods, beverages, and
dietary supplements. In general, this extraction process involves the use of organic solvent to
dissolve and remove a soluble fraction, which is the desired solute, from an insoluble
permeable solid.

The general industrial extraction methods used for extracting raw materials are
dispersed solids extraction and percolation extraction [18]. The equipments used for
dispersed solids extraction consist of one or more tanks for mixing the solids with liquid, and
a solid-liquid separation step, such as screening, filtration, or centrifuging, to collect the
extract from the extracted biomass, as shown in Figure 1-2. This extraction process is more

suitable for finely ground raw materials.
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Figure 1-2. Dispersed solids extraction with filtration to separate the extracted plant material (marc) [18].

In the typical percolation extraction, a tank is filled with the ground raw material, and
the solvent is then passed through the bed of solids, as described in Figure 1-3. The flow of
the liquid past the particles carries the extract away from the particle surfaces. In this process,
additional equipment to separate the extract from the extracted biomass is not generally

needed, and the raw material grinding costs are reduced due to the use of a coarser grind size.

Fresh solvent
Heating
fluid
Biomass

Extract
Figure 1-3. Percolation extraction [18].



Both dispersed solid and percolation extraction processes can be operated in a batch or a
continuous mode. In the batch operation, solids are contacted with the liquid for sufficient
time to allow an equilibrium concentration to be reached, and the extract is then collected. In
continuous operation, solids and solvent are continuously fed to the extraction equipment,
while the extract and the extracted plant are removed. For more efficient results,
countercurrent extraction is applied to either batch or continuous equipment, as illustrated in
Figure 1-4. The fresh solvent is contacted with the most extracted solid fraction and the fresh

solid is contacted with the most concentrated solvent in a series of steps.

Fresh solvent \\ Extract
Stage 1 Stage 2 / { Stage N
Extracted biomass \\ Biomass feed
(Marc)

Figure 1-4. Countercurrent operation [18].

In solvent extraction process, it is essential to understand the fundamentals of
equilibrium and mass transfer in order to successfully choose and operate the proper
equipment for producing the desired product yield and purity. The choice of solvent or
solvent mixture composition, operating temperature, particle size of raw materials, and liquid
to solid ratio are important factors that affect the efficiency of an extraction process. The
choice of solvent can significantly change both the amount of desired compound that extracts
into the liquid and the rate at which the compound is extracted. It can also greatly affect the
purity of the extract. Moreover, it is necessary that the solvents are thermally and chemically

stable, are compatible with the solutes, have low viscosity to increase the diffusion



coefficient and the rate of extraction, have low flammability and low toxicity for safety
reason, and have low cost for economic reason [17-21].

Generally, a higher temperature results in a higher solubility of compounds into the
solvent and an increase in the extraction rate due to an increase in the solvent diffusivity.
However, elevated temperatures may cause degradation of the compounds of interest. The
balancing act is thus needed to keep the temperature as high as required for fast extraction
rate and high solubility while not destroying the valuable compounds. In addition, change in
temperature may change the selectivity of one compound over the other compounds [17-21].

The rate of extraction is also governed by the particle size of the materials or sources.
For smaller particles, the path of migration of the solute through the pores of the particles to
the particle surface is shorter and thus equates to a faster extraction rate. Furthermore, a
higher liquid to solids ratio dilutes the concentration of dissolved compounds at the surface
of particles. Thiswill create a higher concentration gradient between the concentration inside
and at the surface of the particles, and thus results in a faster extraction rate. A more dilute
extract, however, requires a much more extensive downstream processing. So, once again, a
balancing act is needed in selecting the appropriate liquid to solids ratio [18].

Numerous studies have been done on the extraction of nutraceuticals from natural
sources using a variety of extraction solvents and procedures. In astudy by Cu et al. [22], the
effect of various extraction solvents on the chemical composition of essential oils from carrot
seeds were investigated. They used several extraction solvents, such as ethanol,
dichloromethane, methylfuran, and 1,1,2-trichloro-1,2,2-trifluoroethane (TTE). Following

the evaporation of solvent was steam distillation to separate the volatile components from the



residues. Fernandez de Simon et al. [23] investigated the antioxidant activity of low
molecular weight phenols extracted from oak wood using ethyl acetate and diethyl ether.
They reported a strong antioxidant activity of polyphenols extracted with ethyl acetate. A
similar study by Tsuda et al. [24] concluded that less polar solvents, such as ethyl acetate,
provided slightly more active extracts than mixtures with ethanol or methanol, or methanol
alone, for tamarind (Tamarindus indica L.) seeds. Santos-Buelga et al. [25] described an
extraction process of polyphenols from grape seeds. The ground seeds were continuously
homogenized in a mixture of methanol and 0.5 g/L ascorbic acid. Water was added to the
solution and the mixture was vacuum dried until methanol was completely removed. N-
hexane was then used on the aqueous extract for the removal of liposoluble material, and the
remaining solvent was evaporated. Another study focused on the extraction of anthocyanins
from black currants with sulfured water [26]. The study suggested that an increase in the
extraction temperature from 293.15 to 333.15 K resulted in a much faster equilibrium time
but a decrease in the amount of anthocyanins recovered.

Goncalves et al. [27] performed study on the influence of deacidification of palm oil by
solvent extraction on the partition coefficients of carotenoids and tocopherols. The traditional
physical refining usually provided a refined palm oil with approximately 0.03 % (w/w) of
tocopherols and exempt of carotenoids. Using aqueous ethanol as the solvent, on the other
hand, produced a refined palm oil with 80 % (w/w) of tocopherols and 99 % (w/w) of
carotenoids. Handayani et al. [28] investigated the effect of temperatures and particle sizes
on the extraction of carotenoids from dried shrimp waste using palm oil as the extraction

solvent. In this study, mass transfer kinetic and reaction kinetic models were proposed to



correlate the experimental data, and the results suggested that both temperature and particle
sizes controlled the extraction efficiency. The focus on a similar study by Sachindra et al.
[29] was to investigate the different organic solvent or solvent mixtures and various ratios of
solvents to waste for maximum extraction yield of carotenoids from shrimp waste. The use of
60 % (w/w) of hexane in a mixture with isopropyl alcohol, and a solvent-to-waste ratio of 5,

produced the highest extraction yield.

1.3.2. Steam Digtillation

Steam digtillation is commonly used to extract essential oils from plant materials.
Essential oil plants include a broad range of plant species that are used for their aromatic
value as flavorings in foods and beverages and as fragrances in pharmaceutical and industrial
products. Steam distillation employs a type of vapor-phase extraction technique. In general,
steam is introduced into the plant materials and the volatile organic compounds are taken up
by the vapor phase because of their low partial vapor pressure. By lowering the temperature
of the vapor stream, condensation occurs and results in static separation of the oil phase from
the water phase. Comparing to liquid extraction, the vapor can penetrate coarsely pretreated
material better due to its low viscosity, and thus results in a larger effective contact area.
Moreover, the diffusion of small compounds in a vapor phase is much higher than in aliquid
phase. These advantages will balance with the much lower dissolving capability of the vapor
phase compared to liquid phase. A schematic representation of a steam distillation apparatus

isshown in Figure 1-5
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Figure 1-5. Steam distillation setup [17].

A number of studies have been done on the extraction of essential oils using steam
distillation. Some research has been focused on determining the content and composition of
the extracted essential oils from various plants, such as Salvia anatolica L. [30], Piper
species [31], Hypericum L. species[32], and several shrubs belonging to the genus Santolina
A. [33]. Besides their composition, the activities of the oil are of research interests. For
example, the antibacterial effects of volatile components from Pinus densiflora S. and Pinus
densiflora Z. were examined on six foodborne bacteria [34], the activities of clove (Syzygium
aromaticum L.), basil (Ocimum basilicum L.), and yarrow (Achillea millefolium L.) were
investigated on trypanosomiasis or Chagas disease [35], and the antimicrobial activities of
oils from Brazilian genus Cunila M. were investigated on several bacterial species[36].

Vapor-phase extraction can also be applied to liquid samples. Vistzthum et al. [37]
performed extraction of black tea aroma using supercritical CO,. The extracts were then
fractionated into basic and neutral components by steam digtillation. A similar study was

performed on the isolation of essential oils, which have antioxidant activity, from caraway,
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clove, cumin, rosemary, sage, and thyme [38]. Some scientists explored the effect of
distillation methods on the content, composition, and activity of the extracts. For instance,
the essential oils of Saturgja rechingeri J. were extracted by steam, water, and water-seam
distillation [39]. In the manufacture of essential oils using the method of water distillation,
the plant material is completely immersed in water and the mixture is brought to a boil. The
condensed material is cooled, and the water and oil are then separated. In the water-steam
distillation process, the plant material is immersed in water in a still with heating source and
steam is then introduced into the mixture. For the case of S rechingeri oil, the highest oil
yield was obtained by water distillation respectively followed by water-seam and steam

distillation.

1.3.3. Supercritical Carbon Dioxide Extraction

In the last few decades, supercritical fluid technology has been reemerged as an
aternative to traditional solvent extraction for the extraction and fractionation of active
ingredients. Thisis mainly due to the increased preference for natural products over synthetic
ones and new regulations related to nutritional and toxicity levels of the active ingredientsin
the nutraceutical, pharmaceutical, and food industry. Supercritical fluids (SCFs) and near-
critical fluids when used as the extraction solvents leave no residue in the extract and are
gaseous at ambient temperature. In addition, the density of SCFs can be tuned according to
the process needs by changing the operating temperature, pressure, and/or composition.
Other important properties of SCFs are their low surface tension, low viscosities, and
moderately high diffusion coefficients [40-42]. These properties enable SCFs to easlly

penetrate the natural sources from which the active component is to be extracted. In addition
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to its dissolving property, it can also selectively extract target compounds from a complex
mixture. The target compounds can be the active ingredient of interest or an undesirable
component, which needs to be removed from the final product [42].

Many supercritical fluids are used as in supercritical extraction processes, such as carbon
dioxide, ethane, propane, butane, pentane, ethylene, ammonia, sulfur dioxide, water,
chlorodifluoromethane, etc. Supercritical carbon dioxide is most attractive for extracting
natural products for foods and medicinal uses. Its characteristic traits are inert,
nonflammable, non-corrosive, inexpensive, easily available, odorless, tasteless,
environmentally friendly, and it's a GRAS (generally recognized as safe) solvent. In
addition, its near ambient critical temperature (304.25 K) makes it suitable for thermally
sensitive natural products. Due to its low latent heat of vaporization, low energy input is
required for the extract separation system, which delivers the most natural smelling and
tagting extracts. Furthermore, the energy required for attaining the supercritical state of CO,
is often less than the energy associated with distillation of conventional organic solvents. In
general, the extractability of the compounds with supercritical CO, depends on the presence
of the individual functional groups in these compounds, their molecular weights, and
polarity. Table 1-1 presents a classification of natural ingredients solubility in supercritical

CO, [40-42].
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Table 1-1. Solubility of natural ingredientsin liquid and supercritical CO, [42].

Very Soluble

Sparingly Soluble

Almost Insoluble

Nanpolar and slightly polar low
MW, (= 2505 Organics, eg.,
mono and sesguiterpenes, &g,
thiols, pyrazines, ondd thinzoles,
acetic acid, benzaldehyde
hexanol, glveersl, acetates

Higher MW, organics, (<4000},
. g.. substituted terpenes and
SEAGUIlErPenes, water. oleic
acid. glyeerol, decunol,

saturated lipids vp to O,

Organics with MW, above 400,
©g., SUEOrS, profeins., [mnnins,
Waxes, inorganic =alts,
chlorophyll, carotencids, citre,
malic acids, amino acids,

nitrates, pesticides.

insecticides. glveine, etc,

The schematic diagram of the supercritical CO, extraction process is described in Figure
1-6. In this process, generally ground solid is fed into the extractor. CO, is then charged to
the extractor through a high-pressure pump (10-35 MPa). Subsequently, the extract is sent to
a separator (5-12 MPa) via a pressure reduction valve. By reducing the temperature and
pressure of the system, the extract precipitates in the separator and COs is either released or
recycled to the extractor. In the commercial scale process, separation is often carried out in
stages by maintaining different conditions in two or three separators for fractionation of
extract, depending on the solubility of the components and the desired specifications of the
products. Similarly, the solvent power of CO; or the polarity of the solvent can be altered by
varying the extraction pressure. Therefore, a production plant can have flexible operating
conditions for multiple natural products and it is also possible to obtain various product

profiles from a single source by merely using CO..
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Figure 1-6. Supercritical CO, extraction setup [42].

Supercritical CO, technology has been widely applied to the extraction of natural
compounds and processing of food and biomaterials. It has been largely used for the
extraction of essential oils, flavors, fragrances, and aromas from plants [43-51]. Other
processes including extraction of antioxidants, herbal medicines, and food colors from
botanicals [52-65], extraction of pharmaceuticals from various matrices (human, animal, and
plant tissues) [66-71], stabilization of fruit juices [72], decaffeination of coffee and tea [73-
75], denicotinization of tobacco [42, 76], and reduction of fat and cholesterol levels in
consumed meals [77, 78].

Process parameters, such as solvent flow rate, resident time, moisture content, particle
sizes, and particle size distribution in conjunction with supercritical pressures and
temperatures play important roles in achieving an optimum extraction yield [79]. Most of
these parameters have individual or combined effects on the extraction process. If pressure is

increased, fluid density as well as solvency power will increase. On the other hand, the
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diffusion coefficient or the interaction between the fluid and matrix will decrease. Excessive
pressure tends to cause the matrix to be more compact, thus reducing the pore sizes and mass
transport, which eventually results in lower yields. Temperature does not normally have an
individual effect on the extraction results. The effect of temperature is strongly related to the
pressure. For instance, Tonthubthimthong et al. [80] reported the optimum vyield for the
extraction of nimbin from neem seeds at a pressure of 23 MPa and a temperature of 328.15
K. Chao et al. [81] studied the combined effects of pressure and temperature on the yield and
selectivity of cholesterol extraction from beef tallow. The results demonstrated that higher
selectivity could be achieved at lower pressures and higher temperatures.

Pretreatment of sample before being subjected into supercritical CO, extraction also has
essential effects on the process optimization. For example, the higher moisture contents, the
higher the probability for the formation of athin film of water between the sample matrix and
the fluid. This interaction will inhibit the flow of fluid and thus reduce the mass transport
intensity. In addition, the particle sizes of the sample matrix may significantly impact the
extraction yield. Papimichail et al. [50] experienced increased essential oil yield as the
particle sizes of the celery seeds were reduced. Ge et al. [64], however, observed an optimum
particle size for the wheat germ to obtain the maximum yield of natural vitamin E. They
found that very fine and big particles produced lower yield probably because of higher
resistances to mass transfer. The compact tendency reflecting the reduced pore sizes for finer
particles and the less interaction between the sample matrix and the fluid for the latter case
contribute to the higher resistances to mass transfer, and thus result in lower extraction

yields.
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Fluid flow rate and extraction time also have influences on the yield and selectivity. A
study by Coelho et a. [45] concluded that at given temperature and pressure, the highest
applied flow rate produced the highest extraction yield. Similar trends were also observed by
Ge et al. [64]. For the case of supercritical CO, extraction of lycopene and b-carotene, an
optimum flow rate was identified for the highest extraction yield [65]. In most cases, yield
was also dependent on the extraction time. For instance, in the extraction of caffeine from
coffee beans, long extraction time was necessary for conditions when a low flow rate was
used [75]. Chierchi et al. [51] performed a detailed analysis on the flavor compounds in the
essential oil extracted from Santolina insularis by supercritical CO,. They reported a
significant increase in sesquiterpenes concentration and a constant monoterpenes
concentration with an increase in the extraction time. Hence, longer extraction time produced
higher overall yield but lower selectivity for monoterpenes.

Supercritical carbon dioxide has been shown to be a viable alternative to the
conventional solvent extraction technique for application in the nutraceutical,
pharmaceutical, and food industry. Some drawbacks of this technique are the difficulties in
extracting polar compounds and its susceptibility of extracting compounds from a complex
matrix where the phase interaction with the intrinsic properties of the product inhibits its
effectiveness. Moreover, this technique can only be cost effective under a large-scale
production. Even though the process requires high capital and moderate operating costs, it is
still more economical than the conventional solvent extraction and steam distillation at high

production scales [40].

17



1.3.4. Supercritical Carbon Dioxide Extraction with Cosolvent

The role of cosolvents in supercritical CO, extraction is to enhance the extraction
efficiency and the cost effectiveness of the process. Addition of a small amount of cosolvent
can significantly change the overall characteristic of the extraction fluid, such as polarity,
solvent strength, and specific interactions. Additionally, cosolvents can improve the
extraction selectivity because it can preferentially interact with one or more desired
components and facilitate selective fractional separation [40, 42].

A number of studies on the solubility of polar compounds in mixtures of supercritical
CO, and cosolvent have appeared in the literature and demonstrated the enhancement in
solubility due to the addition of a small amount of polar cosolvents [82, 83]. Chafer et al.
[84] studied the solubility of antioxidant gallic acid in supercritical CO, and ethanol as a
cosolvent with different ethanol content ranging from 0.7 to 6 mol %. Ethanol was chosen
because it is a polar solvent, its use is allowed in the food industry, and it can be easily
removed from the extract by evaporation at relatively low temperature. The experiments
showed that the solubility of gallic acid decreased with temperature and increased with
pressure and ethanol content. Salgin [85] investigated the solubility of jojoba seed oil in
supercritical CO, as a function of temperature and pressure. The maximum extraction yield
was obtained as 50.6 % (w/w) at 363.15 K and 60 MPa. The use of hexane as the co-solvent
at aconcentration of 5 vol. % improved the yield to 52.2 % (w/w) at relatively lower pressure
and temperature (333.15 K and 30 MPa).

A study by Machmudah et al. [86] showed that the amount of astaxanthin extracted from

Haematococcus pluvialis was more than twice enhanced with the use of ethanol as an
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entrainer and effective extraction could be achieved at a more moderate pressure. As a
representative study of biomass extraction, okara was chosen by Quitan et al. [87]. Okarais
the residue left in the manufacture of soymilk and tofu from ground soybeans by water
extraction. Dry okara contains about 26.8 % proteins, 52.9 % fibers/carbohydrates and 12.3
% fats and oils by weight. Other components include isoflavones, lignans, phytosterols,
coumestans, saponins, and phytates. In supercritical CO, extraction, the presence of 10 mol
% ethanol increased the recovery of the oil components by a factor of three. Asaresult of the
increase in solvent power, co-extraction of some polyphenols and isoflavones also occurred.
The drawback of this technique is that subsequent processing for solvent elimination is
required since the cosolvent is a liquid at atmospheric pressure and is collected in the

separator together with the extracted compounds [88].

1.4. GasAntisolvent Precipitation Processto Recover Natural Compounds

The recovery of one or more solid compounds from a liquid mixture can be performed
using a gas antisolvent (GAS) precipitation process. The GAS process utilizes dense gas,
such as CO; to precipitate solid compounds from a batch solution. In order for the process to
work, the CO, must be appreciably miscible with the solvent while the solid compounds need
to be insoluble in CO; at operating temperature and pressure [88-96]. The dissolution of CO,
into the solution at a given concentration causes a decrease in the solvating power of the
solution, resulting in the solute precipitation at near-ambient temperature. The fact that GAS
processes work at relatively low temperatures and moderate pressures can result in high
active product yields since there is typically little degradation of target molecules. This

process also offers the potential to fractionate a complex mixture into its various constituents
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by applying CO, over a broad pressure range [88, 97-99]. The schematic diagram of a GAS

processisillustrated in Figure 1-7.

Precipitator
pump
pump
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solution

Figure 1-7. Gas antisol vent precipitation setup [93].

GAS precipitation has been widely applied in the process to isolate and/or fractionate
natural compounds from liquid mixtures. For instance, it is used to isolate lecithin from crude
extracts containing a high percentage of oils [42, 100]. The seed oils are highly soluble in
supercritical CO, while lecithin is completely insoluble in the medium. A similar study was
performed by Mukhopadhyay and Singh [101]. They dissolved crude lecithin in hexane and
the mixture was contacted with dense CO, to precipitate lecithin. Catchpole et al. [97]
performed GAS process to separate the high molecular weight compounds from flavonoids

and the essential oil fractions in propolis tincture. Other examples include the recovery of
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proteins from tobacco extracts in ethanol [88], triacylglycerols from oat bran extracts in
acetone [102], and curcuminoid from triglyceride oil [103].

In addition, the GAS process was initially employed to produce ultra-fine particles of
superconductor precursors, pigments, explosives, and a variety of pharmaceuticals for
controlled drug release applications [92, 93, 104]. The rapid mass transfer of compressed
CO; into the solvent causes a very fast mixing of the two fluids, leading to smaller and more
uniform particles as compared to conventional liquid antisolvent processes. Moreover, it is
possible to control the particle size distribution and morphology by changing the operating
conditions.

The operating conditions for precipitation of particular solutes are different even with
the same solvent-antisolvent pair. Several researchers performed theoretical studies on the
phase behavior of the solute, the solvent, and the antisolvent of interests as a basis to select
the operating conditions to fractionate or precipitate the desired compounds from a complex
mixture. For example, Dixon and Johnston [105] measured the phase equilibrium of
naphthalene (solid 1), phenanthrene (solid 2), toluene, and CO,. They studied the possibility
of separating naphthalene from phenanthrene using a GAS technique from a theoretical point
of view. They used a hybrid model of Peng-Robinson equation of state (EOS) and regular
solution theory to predict the experimental data. A related study was done by Kikic et al. [98]
using Peng-Robinson EOS with classical mixing rules. The same thermodynamic approach
was applied by de la Fuente et a. [90] to investigate the phase behavior of several systems

including salicylic acid-propanol-CO,, benzoic acid-acetone-CO,, and benzoic acid-acetone-
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CoH4. The theoretical calculations for these systems were compared with the available

experimental datain literature.

15, Summary

This chapter presents the research motivation and objectives as well as literature review
on the extraction processes of natural compounds. Following this chapter is the discussion on
the thermodynamic modeling of the system of interest, sclareol-ethyl lactate-CO,, using
Peng-Robinson equation of state with a linear combination of Vidal and Michelsen mixing
rules. Subsequently, the experimental works to generate the phase behavior of the sclareol-
ethyl lactate-CO, system are discussed in chapter 3. The generated ternary phase diagrams
provided essential information for the extraction process of sclareol from Clary Sage plant
materials. The detailed experimental procedure and results on the extraction process of
sclareol from Clary Sage plants are presented in chapter 4. The extraction with ethyl lactate
followed by GAS process faced some challenges. The CO, and cosolvent (ethyl lactate)
extraction, on the other hand, is promising. Following chapter 4 is the discussion on the
processes to purify and recover sclareol from the CO, + ethyl lactate extracts. Finally,
chapter 6 presents the summary of the research work and provides some recommendations

for future work.
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2. Thermodynamic Modeling of the Ternary System of Sclareol-Ethyl

lactate-CO,

This chapter was published as a part of article in Journal of Supercritical Fluids 45

(2008), page 146-155.

2.1. Introduction

For effective implementation of the extraction process, it is essential to first understand
the phase behavior of the system of interest as a function of temperature and pressure. In the
extraction process of sclareol from Clary Sage plant materials, the important factor is the
capability of the ethyl lactate and/or carbon dioxide for dissolving sclareol whereas the
driving force in the GAS precipitation process is the degree of sclareol super-saturation
induced by the presence of CO; in solution. The PR-EOS has been commonly used to model
systems involving CO.. It is used to calculate the fugacity of the fluid and the vapor phases
while a separate fugacity expression based on the solute physical properties (heat of fusion,
triple point temperature and pressure, differential heat capacity, and solid molar volume) is
used to calculate the fugacity of the solid phase (precipitate). Applying this model to our
sclareol system has become more of a challenge due to the scarcity of parameter values. For
that reason, we were motivated to examine a predictive model by incorporating a group
contribution approach through a UNIFAC activity coefficient model into aPR EOS.

The so-called LCVM (Linear Combination of Vidal-Michelsen mixing rule), was first
developed by Boukouvalas et al [1]. In this model, the Vidal-Michelsen mixing rule is used

for the calculation of parameter a in the attractive term of the PR EOS while a linear mixing
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rule is used for the calculation of parameter b. The range of applicability of the UNIFAC
group-contribution method is dependent on the availability of group volumes (Ry), group
surface areas (Qx), and group interaction parameters (am and amm) [1-6]. Fortunately, tables
of these interaction parameters have been largely extended to correspond to a number of
systems with supercritical CO, and organic compounds, like alkenes, ethers, alcohols, esters,
and acids [1].

The PR-LCVM model had been applied to the description of VLE in polar systems at
high pressures as well as systems containing gases (CO,, CH, and C,Hg) with n-alkanes [7].
Coutsikos et a. [8] examined the ability of the LCVM model to predict the solubility
behavior of solid - supercritical fluid binary systems. They obtained adequate predictions of
the solubilities of aromatic hydrocarbons, aliphatic acids, and some alcohols along with
complex solids in CO,. Also, Gerszt et a. [9] studied the phase behavior of sterols and
vitamins in CO, and obtained comparable results with the available experimental data. Due
to these promising results presented in the literature, we apply the PR-LCVM model to our

system of interest: sclareol-ethyl lactate-CO..

2.2. Peng-Robinson Equation of State with Linear Combination of Vidal and

Michelsen Mixing Rules

The Gibbs Phase Rule states that for an equilibrium system the number of degrees of
freedom, F, or independent intensive variables, which must be set to completely specify an

equilibrium system with C components and p phases is given by Equation (1).

F=C-p+2 D
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Thus, for a two-component vapor - liquid equilibrium (VLE), solid - liquid equilibrium
(SLE), or solid - vapor equilibrium (SVE) system, or athree-component solid - vapor - liquid
equilibrium (SVLE) system, only the temperature and pressure need to be specified for the
compositions of the fluid phase(s) to be set in each case [10]. On the other hand, for a three-
component VLE, SLE, and SVE, the mole fraction of one species needs to be specified in
addition to the temperature and pressure. By definition, at equilibrium the temperature and
pressure are constant in all phases, and the chemical potential, m, of each component is equal

in all phases that the component appears.

T=T2=..=T° (2)
Pl=p2=_ =PpF 3)
ni:nf:___:n‘f
I (4)
ni:nﬁ:___:n‘g

It is convenient to use iso-fugacity relationships to represent this chemical equilibrium
for mixtures. Using the F - F approach, the fugacity of speciesi in both liquid and vapor

phases can be calculated as:

fio=Pxx & " (5)

£/ = Pxy, " (6)
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where F." and F " are the fugacity coefficient of speciesi in the liquid and the vapor

phase, respectively. When a solid phase is present, as in the case of SLE, SVE, and SVLE,
the fugacity of the fluid phases can be represented using an equation of state, but a separate

relationship is required for the pure solid. Prausnitz[11] derived Equation (7) that relates the

fugacity of the solute in the solid phase (f,°) to that in the sub-cooled liquid phase
(fs (T, Rp) ), & temperature T and pressure P. DHy,s is the heat of fusion of the solute at the

melting temperature, Ty, is the triple point temperature, Py, is the triple point pressure, DC;, is
the differential heat capacity, and vs° is the molar volume of the solid. Equation of state can

be used to calculate £ (T, R, ).

H @1 10, v(P-R 2,06 T, O
fy = f3L(T’Rp) Héi' 1:"' 3( tp)- DC. Ing—> - L+1j;| 7)
g R gl Ty RT R TS &

The differential heat capacity is the difference between the heat capacity of the liquid
and the solid solute at the melting temperature. Often this last term in the exponential is
neglected, since at high pressure the first and second terms dominate. The triple point
temperature is usually approximated as the melting temperature.

In order to calculate the fugacity coefficients required for the calculations, an equation of
state is used to solve for a fugacity coefficient for each of the fluid phases to try to represent

their non-ideality. The pressure-explicit PR EOS, given in Equation (8), is considered to



calculate the fugacity coefficients[9]. The PR EOS is semi-empirical with two parameters:
a, atemperature-dependent energy parameter which provides a measure of the intermolecular
attractive force, and b, a volume parameter related to the size of the molecules. The
expressions for the fugacity coefficients using the PR EOS are given in Equations (9) and

(10).

RT a(T) ©
“v-b v(v+b)+b(v- b)
éZéNxa u
é ki G v
In(fi)ZE(ZV - 1)- In(ZV - B)- A g kL bunwg (9)
b 2/2Bé a by gz’ - 0414Bj
& i
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b A &GN U &7\ +2414BU0
In(f,) =—=(z" - 1)- In|Z" - B)- RS - —tdIn 10
" b( )-nfe* - e) 2J286 a  bg $2'- 0414B] (10)
g F

First, the pure component parameters can be calculated using the critical temperatures,
Tei, the critical pressures, Pg, and the acentric factors, wi, for each component in the mixture,

asderived in Equation (11) and (12). R representsthe ideal gas constant.

2

2(1 2 é &l
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Traditionally, quadratic mixing rules are employed to solve for the mixture parametersin
terms of the equilibrium composition of the mixture, as described in Equation (13) and (14).
Two binary interaction parameters, k; and lj, are fit from the experimental data, and can
allow for much better predictions of equilibrium compositions. Often [;; is set to zero and

only asingle binary interaction parameter isused[12].

N N
a=g axx x/aM)a (T)x1- k;) (13)

b= éN éN X X; éé%b’%(l Iij) (19)

Subsequently, A and B are calculated using Equation (15) and (16).

aP

A=— 15
RT (13)
bP

B=— 16
RT (16)

It is necessary to solve the cubic equations for the compressibility factor of the vapor

phase, 2", and the liquid phase, Z*.

(2 - @a- B)z') +(A- 3B2- 2B)ZY - (AB- B?- B%) =0 (17)
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(2] - @a- B)(zf +(A- 387 - 2B)Z" - (AB- B?- B%) =0 (18)

The largest root of Equation (17) represents the solution for the vapor phase, and the
smallest root of Equation (18) represents the correct solution for the liquid phase, as the

compressibility factor is proportional to the molar volume of each phase, as represented in

Equation (19).
Pva
Z% = 19
RT (19)

The compressibility factors can be substituted into Equations (9) and (10) to solve for
the fugacity coefficients. These equations are used along with the necessary conditions that
the equilibrium composition values sum to unity for each phase to solve for the mole
fractions of each component in the vapor and liquid phases. Because calculation of the
fugacity coefficients requires knowing the compositions of each phase, an iterative process
must be employed using an appropriate initial guess for the equilibrium mole fractions.

The use of PR EOS for high pressure systems is a reliable method to do the phase
equilibrium calculations, however experimental data is required to fit the binary interaction
parameters. In cases where there is no or scarce amount of information about the
nutraceutical solute, the use of the model with conventional mixing rules is not possible.
Therefore, we applied PR-LCVM model for the phase behavior calculation involving

nutraceutical solute (sclareol). In this model, the linear mixing rule is used for the mixture
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covolume parameter b of PR EOS, while the mixing rule for the attractive-term parameter a

(in terms of the dimensionless parameter a ) is alinear combination of Huron-Vidal [13] and

Michelsen[14] mixing rules, as shown in equation (20).

© L 1-106° 11 o b 0 & xa
bRT EA A, GRT A, 2

where A, =-0.52, A, =-0.623 for the PR- EOSand | =0.36.

(20)

The advantage of using this mixing rule as compared to conventional mixing rules alone

is that it does not require binary interaction parameters regressed from experimental data. It

employs the UNIFAC model [2-6] for the calculation of excess Gibbs free energy, G-. In

addition, this hybrid model is essential for pressurized systems in which one of the

components does not have well defined critical properties and has very low vapor pressure,

which in this case is sclareol. The fugacity coefficient of speciesi in a mixture, for the PR

EOS coupled with LCVM model, can be expressed as:

ai m7_+2414BoU

n
242 €7 +0.414B

F. —exp ><(Z D-In(Z- b)-
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where y; represents the activity coefficient of speciesi from the UNIFAC GF model and Z

represents the compressibility factor, which is a real root of cubic PR EOS. More details on

LCVM mixing rules and UNIFAC activity coefficient calculations are described in Appendix

A.l

2.3. Equilibrium Data Generated from PR-LCVM

2.3.1. Critical Values and Interaction Parametersfor PR-LCVM Modd

The critical properties of sclareol, ethyl lactate, and carbon dioxide and physical

properties of sclareol used in the PR-LCVM model are summarized in Table 2-1.

Table 2-1. Sclaredl, ethyl lactate, and CO, critical constants and sclareol physical properties. The data are
obtained from DIPPR database or el sewhere as noted.

CO, Ethyl Lactate | Sclareol
Tc (K) 304.2 588 845.5°
Pc (MPa) 7.38 3.86 1.58%
w 0.225 0.6¢ 1.023%
DHiysion (KJ/mol) 26.225°
Tm (K) 376.45°
ug (m¥mol) 0.0003°

2 Joback method [15], ® Differential Scanning Calorimetry (DSC), ¢ Experimental measurement using
helium pycnometer, ¢ Adjusted to fit the experimental binary data of CO,-ethyl lactate system from

literature [16].

The value of DH ,, Of sclareol was measured using differential scanning calorimetry

(TA Instruments, Q100). The experiments were performed using a ramp rate of 10 °C/min

under a nitrogen atmosphere. The area under the DSC curve of heat flow versus temperature

was integrated to determine the DH

fusion

value at the melting temperature of sclareol. The
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density of sclareol was determined experimentally using a helium-displacement pycnometer
(Micrometrics Accu Pyc 1330). This instrument measures the volume occupied by the solid
sample of known mass. For the binary CO,-ethyl lactate system, the values of critical
temperature and pressure used in PR-LCVM model were obtained from DIPPR and the
acentric factor of ethyl lactate was adjusted to fit the experimental solubility data from the
literature [16]. The PR-LCVM model agrees with the experimental data when the ethyl
lactate acentric factor, w, is adjusted to 0.6 at 311.15 and 318.15 K. The percentage error
between the experimental and the predicted solubility data was calculated to be < 10%.

The functional groups that represent the sclareol and ethyl lactate molecules for
UNIFAC calculations are described as follows: sclareol is represented by the following
functional groups. 5 CHs, 7 CH,, 2 CH, 4 C, 1 CH,=CH,, 2 OH whereas ethyl lactate is
represented by the following functional groups: 2 CH;, 1 CH, 1 OH, 1 CH,COO. The
functional group structural parameters and the interaction parameters between functional
groups employed in the activity coefficient calculations using UNIFAC are summarized in

Table 2-2 and Table 2-3, respectively.

Table 2-2. Functional group structural parameters for UNIFAC [2, 17, 18].

I di
CH; 0.9011 0.848
CH, 0.6744 0.54
CH 0.4469 0.228
C 0.2195 0
CH,=CH, 1.3454 1.176
OH 1 1.2
CH,COO 1.6764 1.42
CO, 1.296 1.261
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Table 2-3. Interaction parameters between functional groups for UNIFAC [2, 17, 18].

Amn CH; CH, CH C CH,=CH, OH CH,COO CO,

CH; 0 0 0 0 -200 986.5 232.1 116.7
CH, 0 0 0 0 -200 986.5 232.1 116.7
CH 0 0 0 0 -200 986.5 232.1 116.7
C 0 0 0 0 -200 986.5 232.1 116.7
CH,=CH, 2520 2520 2520 2520 0 639.9 71.23 48.57
OH 156.4 156.4 156.4 156.4 8694 0 101.1 471.83
CH,COO 114.8 114.8 114.8 114.8 269.3 245.4 0 102.75
CO, 110.6 110.6 110.6 110.6 55.74 87.1 -126.9 0

2.3.2. Two-Component System: Ethyl Lactate-CO-

The success of the extraction and precipitation processes depends on how well the CO-

is mixed with the solvent, which is ethyl lactate in this case. The miscibility between these

fluids is essential in determining the necessary operating conditions, such as temperature,

pressure, and composition. Figure 2-1 describes the vapor liquid equilibrium of ethyl lactate

and CO, as a function of temperature and pressure. It is observed that the miscibility of ethyl

lactate and CO, increases with pressure but decreases with temperature. When the

temperature is increased, the CO, weight fraction in the liquid phase decreases. At relatively

low pressure (< 0.75 MPa), more ethyl lactate is dissolved in the vapor phase (CO.-rich

phase) as temperature increases whereas at pressure > 0.75 MPa, CO,-rich phase contains

negligible amount of ethyl lactate. The matlab code for the vapor liquid equilibrium of ethyl

lactate and CO-, is described in Appendix A.2.2.
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Figure 2-1. Prediction of VLE for ethyl lactate-CO, system at various temperatures and pressures.

In order to test the validity of the binary VLE code, the generated data from PR-LCVM
were compared to some available systems in the literature. The physical property values used
in the validation studies are given in Appendix A.4. Figure 2-2 shows the predicted and
experimental high pressure VLE data for CO, (1) — propane (2) system [19] at 344.4 K and
the model correctly captures the solubility behavior in both liquid and vapor phases,
indicating that the model is able to predict VLE phase behavior at high pressures. Taking into
account that propane system data have not been utilized to develop UNIFAC parameter
tables, surprisingly good results are obtained. Along with validating the model with other

available high pressure VLE data, systems containing alcohol and ester systems have been
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investigated. In this measured system of butyl propanoate (1) with ethanol (2) [20], the model

is able to get very close results to the published experimental data, illustrated in Figure 2-3.
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Figure 2-2. Experimental and predicted VLE of propane-CO, system at 344.4 K.
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Figure 2-3. Experimental and predicted VLE of butyl propanoate-ethanol system at 101.32 KPa.
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The more similar systems to our work are ethyl acetate-CO, [21] and ethyl hexanoate-
CO; [22], presented in Figure 2-4 and Figure 2-5. At the conditions investigated, both esters
have relatively low solubility in CO,-rich phase, as also the case for ethyl lactate. It is

observed from these systems that the PR-LCVM model agrees well with the published

experimental data.
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Figure 2-4. Experimental and predicted VLE of ethyl acetate-CO, system at 333 and 373 K.
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Figure 2-5. Experimental and predicted VLE of ethyl hexanoate-CO, system at 308.2, 318.2 and 328.2 K.

2.3.3. Three-Component System: Sclareol-Ethyl Lactate-CO,

In constructing the ternary phase diagrams of sclareol-ethyl lactate-CO, system at certain
temperature and pressure, three algorithms (ternary vapor-liquid, ternary solid liquid, and
ternary solid-vapor-liquid equilibrium codes) based on PR-LCVM model are required. Inthis
case, it is assumed that the solubility of ethyl lactate and sclareol in CO,-rich phase (vapor
phase) is negligible. The generated vapor liquid equilibrium of ethyl lactate-CO, system
(shown in Figure 2-1) confirmed the low solubility of ethyl lactate in CO,-rich phase. In
addition, Chylinski and Gregorowicz [16] reported that the ethyl lactate solubility in CO»-

rich phase in terms of weight fractionat T = 311-323 K and P = 1-8 MPawas fairly small, in
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the order of 10°. Figure 2-6 describes the ternary phase behavior in terms of weight fraction

at 298.15K and 4.14 MPa.

298.15 K, 4.14 MPa

Ternary VLE : .
1-Phase Region  /
O'757Fluid Phase) X~
1.00 /

{ T T T T
0.00 0.25 0.50 0.75 1.00
Ethyl lactate Ternary SLE Sclareol

Figure 2-6. Computed ternary phase diagram of sclareol-ethyl lactate-CO, at 298.15 K and 4.14 MPa
using PR-LCVM.

Tripe point D represents the point where all the phases, which are the fluid phase, solid-
fluid, vapor-fluid, and solid-vapor-fluid phase, coexist. Point D is calculated from the ternary
SVLE code as shown in Appendix A.3.4. Point F, on the other hand, represents the
equilibrium composition of ethyl lactate-CO, when there is no sclareol present. The line from
sclareol corner to point D indicates the transition from a two-phase (solid-fluid) to a three-
phase (solid-vapor-fluid) region, assuming that the solid phase consists of only sclareol. The

line from CO, corner to point D indicates the transition from a three-phase to a two-phase
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(vapor-fluid) region by assuming that the sclareol solubility in CO,-rich phase is very small.
The F-D equilibrium line is obtained from the ternary VLE code whereas the line indicating
the transition from a two-phase (solid-fluid) to a one-phase (fluid) region is generated from
the ternary SLE code, as shown in Appendix A.3.2 and A.3.3, respectively.

The validity of the phase equilibrium codes for the ternary system was tested using
available systems in the literature. For the systems involving the precipitation of solute, the
reported data is usually on the equilibrium solubility of solute in the mixture of solvent and
carbon dioxide (fluid phase) as a function of temperature and/or pressure. This solubility
value is the point D of the ternary phase diagram (Figure 2-6), which is generated from the
ternary SVLE code described in Appendix A.3.4. Liu et al. [23] measured the liquid phase
composition of the three-component SVLE system CO, (1) — acetone (2) — cholesterol (3) at
318.15 K as a function of pressure. It is shown in Figure 2-7 that the model is able to get a
good confirmation of the published data when the critical temperature of solute is adjusted to
fit the ternary data. Strong dependency on critical values can be also seen in Figure 2-8
where the model is used to correlate the liquid phase solid solubility data for CO (1) - ethyl
acetate (2) - tetradecanoic acid (3) SVLE system at 318.15 K reported by Liu et al. [24]. The
data illustrate clearly that as pressure increases, more CO; is dissolved in the liquid solvent
resulting in the precipitation of the solute. At approximately 7 MPa, it is calculated that more
than 90 % of the solute is already dropped out of the expanded liquid solution. This
phenomenon is well captured by the model when the adjustment for the solid solute critical
temperature is made. The physical property values used in the validation studies are given in

Appendix A.4.
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Figure 2-7. Prediction for expanded liquid phase mole fraction of cholesterol with respect to pressure at
318.15K in CO; (1) - acetone (2) - cholesteral (3) system using PR -LCVM modd. Adjusted cholesterol
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Figure 2-8. Prediction for expanded liquid phase mole fraction of tetradecanoic acid with respect to
pressure at 318.15 K in CO, (1) - ethyl acetate (2) - tetradecanoic acid (3) system using PR - LCVM
model. Adjusted tetradecanoic acid T, is902.7 K.
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The critical properties of complex solids or natural compounds often cannot be measured
due to the fact that they decompose before reaching critical conditions, and therefore values
for these compounds are usually predicted using group contribution techniques. These
techniques are usually used to estimate the normal boiling point of the solid first to calculate
the critical point. Different estimation methods can yield quite different values [25]. Due to
the uncertainty in critical point values, the adjustment made on the solute critical temperature
in order to get a good confirmation with the literature data is reasonable. The adjustments
made on the other critical constants (critical pressure and acentric factor) were not as
significant as the critical temperature.

The sensitivity of the model to the solute critical temperature is also observed in our
system of interest involving sclareol. Figure 2-9 presents the ternary phase diagrams
generated with two different sclareol critical temperature values. The summary of sclareol
boiling point and critical temperature values obtained from several group contribution

methods is presented in Appendix A.5.
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Figure 2-9. Ternary phase diagrams of sclareol-ethyl lactate-CO, at at 298.15 K and 4.14 MPa cal culated
from PR-LCVM using different sclareol critical temperature val ues.

Figure 2-9 illustrates that the calculated phase behavior is greatly affected by the change
in sclareol critical temperature. When the critical temperature is increased from 845.5 K to
1014.6 K, the solubility of sclareol in the fluid phase (point D) is notably decreased. This
results in a shrinking of the 2-phase (vapor-fluid) and 1-phase (fluid) regions. The fact that
the model is very sensitive to the solute critical temperature makes the model incapable of
predicting the solubility of solute with undefined critical properties in high-pressure systems.
Experimental data at given temperatures and pressures is necessary for accurate solubility
prediction at other conditions.

The following figures describe the effect of pressure and temperature on the sclareol

solubility in the mixture of ethyl lactate and CO,.

50



----P=552MPa
--—-=-P = 6.89 MPa
—— P =10.34MPa

2-Phase Region /
(Vapor-Fluid Phase)

,/// 2-Phase Regjon ~0 0N,
S74n / (Solid-Fluid Phase) : AN \.\
A -
1.00. N , , — 00

0.00 0.25 0.50 0.75 1.00
Ethyl lactate Sclareol

Figure 2-10. Computed ternary phase diagrams of sclareol-ethyl lactate-CO, at 308.15 K and various
pressures (5.52, 6.89, and 10.34 MPa) using PR-LCVM. Tc of sclareol used in the calculation is 1014.6 K.

For pressures from 5.52 to 6.89 MPa, the sclareol-D line indicates the transition from a
2-phase (solid-fluid) to a 3-phase (solid-vapor-fluid) region, assuming that the solid phase
consists of only sclareol. The CO,-D line indicates the transition from a 3-phase (fluid-solid-
vapor) to a 2-phase (fluid-vapor) region by assuming that sclareol solubility in the CO,-rich
phase is negligible. As pressure increases from 5.52 to 6.89 MPa, point F and the F-D line
move towards the CO; rich corner. This also means that more CO. is dissolved in the fluid
phase at varied sclareol concentrations and causes the 3-phase and 2-phase (vapor-fluid)
regions to shrink. As pressure is further increased to 10.34 MPa, these regions disappear. In
this case, CO, and ethyl lactate form a one-phase region. If the sclareol solubility in the fluid

phase or the CO.-ethyl lactate mixture (point D) is plotted as a function of pressure, as
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illustrated in Figure 2-11, it is clearly observed that sclareol solubility slightly increases with

pressure up to about 5 MPa at 308.15 K and then gradually decreases.

Sclareol Solubility
in Ethyl Lactate-CO, Mixture
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Figure 2-11. Calculated sclareol solubility in ethyl lactate-CO, mixture as a function of pressure using
PR-LCVM. Tc of sclareol used in the calculation is 1014.6 K.
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Figure 2-12. Computed ternary phase diagrams of sclareol-ethyl lactate-CO, at 6.89 MPa and 298.15,
308.15 K using PR-LCVM. Tc of sclareol used in the calculation is 1014.6 K.

As shown in Figure 2-12, the sclareol solubility in the fluid phase increases with
temperature, and this moves the solubility value towards the sclareol-rich corner. The plot of
point D as a function of pressure shown in Figure 2-13 also confirms the increase in sclareol
solubility with temperature. In addition, as the temperature increases from 298.15 to 308.15
K and the pressure is fixed at 6.89 MPa, the two-phase region (vapor-fluid) and the three-
phase region (solid-vapor fluid) appear. The phase separation is aresult of a decrease in CO,
solubility in the fluid phase. This phenomenon can also be observed from the vapor liquid

equilibrium of the ethyl lactate-CO, system in Figure 2-1.
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Figure 2-13. Calculated sclareol solubility in ethyl lactate-CO, mixture as a function of pressure and
temperature using PR-LCVM. Tc of sclareol used in the calculation is1014.6 K.

2.3.4. Cybotactic Effect

The phase diagrams developed here indicated that the solubility of sclareol in ethyl
lactate was enhanced as CO, was added at low concentrations up to about 35-45 % (w/w).
Addition of CO, beyond this concentration resulted in a decrease in sclareol solubility. This
phenomenon of enhancement of solubility is related to the increase in mixture density with
addition of CO; up to a certain concentration. This is called the cybotactic effect, which was
also observed in some other applications of the GAS process [ 26, 27].

Studies by Sala et al. [28, 29] suggest that the nature of the organic solvent and CO,
mixture has a strong influence on the solute solubility. When investigating the solubility of

acetaminophen in CO,-ethanol and CO,-acetone mixtures, they found that the increase in the



CO, mole fraction caused a more pronounced solubility decrease for acetaminophen in CO,-
acetone than in CO»-ethanol mixtures. As explained from the IR spectroscopic data, this
occurrence is due to the fact that the dipole-dipole interactions between the carbonyl group of
acetaminophen and acetone is more sensitive towards CO; solvent content changes than the
hydrogen bonding type interactions between the carbonyl group of acetaminophen and
ethanol.

Another study by Sala et al. [30] suggests that solubility enhancements observed in
binary systems involving CO, and polar solvents with respect to pure CO, were attributed to
local density augmentation and local composition enhancements of the polar solvent around
the dissolved solute molecules. In the ternary hexamethylenetetramine/ethanol/CO, system
the IR vibration bands signals indicate the presence of two solvating shells surrounding the
hexamethylenetetramine molecules. The first solvating shell is populated by ethanol
molecules interacting specifically with the solute molecules, while the second solvating shell
is aregion of exchange between ethanol and CO, molecules that is observed with an increase
in CO, content. The cooperation between the hydrogen bonding interactions of
hexamethylenetetramine-ethanol and Lewis acid-base type interactions of ethanol-CO,
explain at the molecular level the synergistic enhancement of hexamethylenetetramine in
CO.-ethanol mixture. This means that introduction of CO, into a mixture of
hexamethylenetetramine in ethanol provides an enthalpy contribution that favors significant
solubility enhancement instead of producing a perturbation on the solute cybotactic region.

These studies help explain the cybotactic phenomenon observed in the sclareol-ethyl

lactate-CO, mixture. In the cybotactic region, CO, molecules likely do not interact directly
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with sclareol, but form Lewis acid-base interactions with ethyl lactate molecules. Ethyl
lactate molecules can form strong hydrogen bonds to the hydroxyl group of sclareol, leading
to a stronger Lewis acid-base interaction with CO, molecules. The cooperativity between
hydrogen bonding and Lewis acid-base interactions can result in the initial enhancement of

sclareol solubility in CO»-ethyl lactate mixture.

2.4. Conclusions

In this chapter, we discuss about the ability of the PR-LCVM model to predict the phase
behavior of several systems at high pressures. It is shown that the model correctly captures
the experimental VLE of two-component systems involving CO,, esters, and alcohols. For
systems involving a solute, the model shows a strong dependency of a solute solubility on its
critical temperature. This fact makes the model incapable of predicting the solubility
behavior of a solute with undefined critical properties in high-pressure systems. This chapter
also presents the effect of varying the temperature, pressure, and sclareol critical temperature
on the sclareol solubility in CO.-ethyl lactate mixture. We also observed in this study a
cybotactic region, i.e. an enhancement of sclareol solubility at low pressure or low CO,
concentration in the solvent mixture. In the next chapter, we present the experimental method
to develop the ternary phase diagrams of the sclareol-ethyl lactate-CO, system at various
pressures. The ability of the PR-LCVM model to accurately capture this ternary phase

behavior is also discussed.
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3. Experimental Ternary Phase Behavior of the Sclareol-Ethyl Lactate-
CO, System

This chapter was published as a part of an article in Journal of Supercritical Fluids 45

(2008), page 146-155.

In designing an extraction process for sclareol, it is crucial to first study the behavior of
sclareol in the solvents of interest, i.e. ethyl lactate and mixtures of CO, and ethyl lactate.
This chapter presents the solubility of sclareol in ethyl lactate at various temperatures. It also
presents the experimental procedure of the static synthetic method for estimating the ternary
phase behavior of the sclareol-ethyl lactate-CO, system at 308.15 K and various pressures.
The ability of the PR-LCVM model to capture the behavior of the binary CO,-ethyl lactate

and ternary sclareol-ethyl lactate-CO, system is also discussed.

3.1. Experimental Procedure

3.1.1. Materialsand Analysis

Sclareol (CAS number 515-03-7; > 95 % purity) and ethyl lactate (CAS number 687-47-
8; 98 % purity) were supplied by Sigma-Aldrich. Carbon dioxide (CAS number 124-38-9; >
99.99 % purity) was supplied by National Welders. These chemicals were used without
further purification. The concentration of sclareol in ethyl lactate was determined by gas
chromatography (GC) using heptadecanol (CAS number 1454-85-9; 98 % purity) from
Sigma-Aldrich as an internal standard. Gas chromatographic analyses [1] were performed
using an HP 6890N with conditions of analysis as follows. Column: 30 meter DB-5 (methyl-

phenyl bonded phase, J & W Scientific) with a0.53 mm |.D. and a 0.25 nm phase thickness;
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Carrier gas. UHP helium (National Welders) at a linear gas velocity of approximately 28
cm/sec; Injector temperature. 275 °C; FID detector temperature: 310 °C; Temperature
program: 160 to 310 °C at 4 degrees/minute. Data was collected using the Perkin-Elmer Total

Chrom 6.2 chromatographic analysis system.

3.1.2. Experimental Techniques

Solubility of sclareol in ethyl lactate

The solubility of sclareol in ethyl lactate was determined at a temperature range of
298.15 to 318.15 K. An excess amount of sclareol was added to a 20 mL vial containing a
known amount of solvent, which was kept in an oven (VWR Scientific, model 1330 FM)
maintained at a fixed temperature. The solution was stirred to alow the system to rapidly
reach equilibrium. After aday, the solution was quickly transferred into a 20 mL vial through
a syringeless filter (Whatman Autovial, Teflon® membrane with 0.45 nm pore diameter) to
trap any undissolved sclareol. The concentration of the remaining solution was then
determined by gas chromatography and the solubility value for sclareol under the conditions

of the experiment calculated.

lareol-ethyl lactate-CO, phase behavior

A dtatic synthetic GAS precipitation experiment was used to examine the phase behavior
of the sclareol-ethyl lactate-CO, system at 308.15 K as a function of pressure (1.38-13.79
MPa). A schematic diagram of the apparatus is shown in Figure 3-1. The equipment consists
of a24.1 + 0.1 mL high-pressure view cell, fabricated from stainless steel (316 SS) and

equipped with two sapphire windows (pressure range: 0-69 MPa), a stirring plate (Fisher
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Scientific) underneath the view cell, a temperature controller (Barnant Company, R/S) with
heating tapes (Omega Inc.) to regulate the system temperature with a precision of + 0.5 K, a
syringe pump (1SCO, model 500D) to control the system pressure set point to within + 0.1
MPa, a heating bath/circulator (Neslab, model ex-111) to maintain the syringe pump a a
constant temperature, a pressure transducer (Omega Engineering Inc., model PX302,
pressure range: 0-69 MPa), a portable lamp as a light source located at the back of the view
cell (Underwriters Laboratories, Inc.), and a video camera to capture the image of the view
cell (Pulnix, model TM-7CN). The apparatus is connected with 1/16” OD stainless steel

tubing (HIP), with two-way valves (V1 and V3, HIP) and one three-way valve (V2, HIP).

YValve %1 Walve W2 I “Walve %3

&)
L 11 %D s

ISC0 Purmp

Wial

CO.Tank

Figure 3-1. Static synthetic phase observation equipment. A light source at the back of the view cell and a
video camera were used to capture the image of the view cell.

A solution of sclareol in ethyl lactate with known concentration was prepared. The
prepared solution was transferred into a beaker and weighed using an analytical balance
(Ohaus Explorer Pro, model EP214DC). A given amount of solution was withdrawn using a
pre-heated syringe (Hamilton, model 1005TLL) and placed into the view cell. The syringe

was pre-heated to prevent any precipitation of sclareol during the transfer. The beaker was

62



then re-weighed to calculate the mass of solution transferred into the cell. The solution in the
cell was heated to 308.15 K using the temperature controller. Once the temperature
stabilized, CO, was delivered into the cell using a syringe pump through 3-way valve V2
until the desired pressure was achieved. The mixture was then stirred for 45-60 minutes using
a 0.2 mL magnetic stir bar (Fisher Scientific). The temperature and pressure were recorded
every 15 minutes. The formation of phases was also observed every 15 minutes with the aid
of soft white light source at the back of the cell. A laser pointer was used to assist in
detecting the clarity of the solution.

The camera was used to capture the image of the view cell and Scion image software
(Scion Corporation) was used to calculate the liquid level in the view cell [2]. Subsequently,
the fluid phase volume after addition of CO, could be determined from the calibration curve
of volume as a function of liquid level, as shown in Figure 3. The experiments were repeated
for different solution concentrations, volumes, and pressures. Figure 3 compares the average
experimental values of liquid levels and volumes from six trials with the volumes calculated
according to Equation (3.1). This equation was derived from the dimensions of the high-

pressure cell, and the detailed derivation of the equation is given in Appendix B.1.

éry. 2 _ Ry 2 } . 20
vzl a NI (07 a8, prg 3.1)
g 2 2 8 r g 4 EI

In this expression: L = cell length (3.427+0.003 cm), r = cell radius (1.496+0.003 cm),

and x = liquid level inside the cell.
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Figure 3-2. Correlation between ethyl lactate volume and liquid level, obtained from experiments and
calculation.

Using the static synthetic method, the total mass of CO; introduced into the cell could be
monitored; however, the fraction of CO, that was dissolved in the ethyl lactate-rich phase
could not be directly measured. By knowing the ethyl lactate-rich phase volume after
addition of CO,, we calculated the CO,-rich phase volume and subsequently the mass of CO,
in the light phase, assuming that the phase consists of pure CO,. The mass of CO, dissolved
in ethyl lactate-rich phase was then calculated by subtracting the mass of CO; in the light
phase from the total mass of CO- charged into the cell.

With the assumptions that sclareol solubility in CO, was negligible, the solid phase

consisted only of pure sclareol, and the CO,-rich phase was considered to be pure CO,, the



solubility boundary of sclareol in the mixture of CO, and ethyl lactate at a given temperature
and pressure could be estimated by observing the phases that formed during the experiments.
The assumption that CO,-rich phase consisted of pure CO, was confirmed by the low
solubility of ethyl lactate in CO,-rich phase predicted from PR-LCVM. The solubility of
ethyl lactate in CO,-rich phase in terms of weight fraction at 308.15 K and P = 1.38 — 6.89
MPa was calculated to be in the order of 10 to 10°, as indicated in Figure 2-1. Chylinski
and Gregorowicz [3] also reported that the ethyl lactate solubility in the CO,-rich phase in
terms of weight fraction at T = 311-323 K and P = 1-8 MPawas in the order of 10,
Moreover, the solubility of sclareol in CO, at 308.15 K and 5.52 to 10.34 MPa were
determined to be fairly small, in the order of 10° to 10™. The experiments were performed
using the setup in Figure 3-1. An amount of sclareol (1-2 g) was loaded into the view cell.
CO; was then delivered into the cell using a syringe pump through a 3-way valve V2 until
achieving the desired pressure. Sclareol and CO, were mixed in the cell at constant
temperature and pressure for 3 days. At low sampling flow rate (0.05-0.1 mL/min) and
constant temperature and pressure, the mixture of CO, and sclareol was sampled into a vial
containing ethyl lactate. The amount of sclareol sampled was determined from GC analysis
of the ethyl lactate solution whereas the amount of CO, sampled was determined from the
difference in syringe volume before and after sampling. By knowing the CO, density at the
experimental condition, the solubility of sclareol could then be calculated. The assumption
that sclareol solubility in CO, was neglected contributed to an average percentage error of <

1 % in the 3-component phase equilibrium calculation. The plot of sclareol solubility in CO-
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at various pressures, obtained from experiment and predicted from PR-LCV M, is presented

in Appendix B.2.

3.2. Experimental Ternary Phase Diagrams

Solubility of sclareol in ethyl lactate

The plot of sclareol solubility in ethyl lactate at various temperatures shown in Figure
3-3 illustrates the dependence of the solubility value on the temperature. As also the case
with other solute-solvent pair, the solute solubility in a liquid generally increases with

temperature [4].
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Figure 3-3. Solubility of sclareol in ethyl |actate at temperatures ranging from 298.15 to 318.15 K.
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lareol-ethyl lactate-CO, phase behavior

The experimental solubility behavior of sclareol in ethyl lactate-CO, mixture from the
phase observation experiments at various pressures and a temperature of 308.15 K were
described in terms of weight fraction in Figure 3-4 to 3-11. In these figures, squares represent
the one-phase region (fluid), circles represent the two-phase region (solid-fluid), dark/red
triangles represent the two-phase region (vapor-fluid), and orange/light-colored triangles
represent the three-phase region (solid-vapor-fluid). For experimental pressures of 1.38 to
6.89 MPa (Figures 3-4 to 3-9), Point D represents the point where all the phases (the fluid
phase, solid-fluid phase, vapor-fluid phase, and solid-vapor-fluid phase) co-exist whereas
point F describes the equilibrium composition of CO,-ethyl lactate in the ethyl lactate-rich
phase when there is no sclareol present. Point F was not experimentally determined from the
binary system of ethyl lactate and CO,, but was estimated from the ternary phase diagrams.

The Gibbs Phase Rule dictates the number of phases that may be present at equilibrium.
At a fixed temperature and pressure, two phases may exist over a range of compositions in
equilibrium whereas three phases have unique compositions. A range of composition is
possible when either temperature or pressure is specified. For pressures of 1.38 to 6.89 MPa
(Figure 3-4 to 3-9), the sclareol-D line indicates the transition from a 2-phase (solid-fluid) to
a 3-phase (solid-vapor-fluid) region, assuming that the solid phase consists of pure sclareol.
The CO,-D line indicates the transition from a 3-phase (solid-vapor-fluid) to a 2-phase
(vapor-fluid) region by assuming that the sclareol solubility in the COy-rich phase was
negligible. As pressure increases at a fixed temperature, more CO is dissolved in the ethyl

lactate-rich phase with the result that the boundary between the 2-phase (vapor-fluid) and
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one-phase (fluid) region moves toward the CO,-rich corner. As pressure increases further to
10.34 MPa (Figure 3-10), the 3-phase region and 2-phase (vapor-fluid) region shrink and
disappear into a critical endpoint tie line. In other words, the CO, and ethyl lactate become
completely miscible with each other at 308.15 K and 10.34 MPa, forming a one-phase

region.
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Figure 3-4. Experimental ternary-phase diagram at 308.15 K and 1.38 MPa obtained from satic synthetic
observations.
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Figure 3-5. Experimental ternary-phase diagram at 308.15 K and 2.76 MPa obtained from satic synthetic
observations.
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Figure 3-6. Experimental ternary-phase diagram at 308.15 K and 4.14 MPa obtained from satic synthetic
observations.
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Figure 3-7. Experimental ternary-phase diagram at 308.15 K and 5.52 MPa obtained from satic synthetic
observations.
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Figure 3-8. Experimental ternary-phase diagram at 308.15 K and 6.21 MPa obtained from satic synthetic
observations.
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Figure 3-9. Experimental ternary-phase diagram at 308.15 K and 6.89 MPa obtained from satic synthetic
observations.
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Figure 3-10. Experimenta ternary-phase diagram at 308.15 K and 10.34 MPa obtained from static

synthetic observations.
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Figure 3-11. Experimenta ternary-phase diagram a 308.15 K and 13.79 MPa obtained from static
synthetic observations.

From these diagrams, it is also noted that the addition of CO; into the sclareol-ethyl
lactate mixture up to about 20-30 % (w/w) results in an increase in sclareol solubility. Peters
et al. observed a similar phenomenon in their studies of the phase behavior of the salicylic
acid-propanol-CO, system [5] and the phenanthrene-acetone-CO, system [6]. They observed
that at lower concentrations CO, had a co-solvency effect, while it acted as an anti-solvent at
higher concentrations.

The sclareol solubility in the fluid phase (point D), i.e. the fluid phase in a 3-phases
solid-vapor-fluid tie triangle, was plotted as a function of pressure in Figure 3-12. The
solubility of sclareol in ethyl lactate at ambient pressure was determined experimentally as

19 + 1 % (w/w) at 308.15 K. Figure 3-12 shows a slight increase in sclareol solubility as CO-
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is added (low pressure). A dramatic decrease in sclareol solubility is observed when pressure
isincreased from 4.14 to 6.89 MPa. This phenomenon of enhancement of solubility isrelated
to the increase in mixture density with addition of CO, up to a certain concentration. This is
called the cybotactic effect, which was also observed in some other applications of the GAS
process [7, 8]. In the cybotactic region, CO, molecules likely do not interact directly with
sclareol, but form Lewis acid-base interactions with ethyl lactate molecules. Ethyl lactate
molecules can form strong hydrogen bonds to the hydroxyl group of sclareol, leading to a
stronger Lewis acid-base interaction with CO, molecules. The cooperativity between
hydrogen bonding and Lewis acid-base interactions results in the initial enhancement of

sclareol solubility in CO»-ethyl lactate mixture.
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Figure 3-12. The solubility of sclareal in ethyl lactate-CO, mixture as a function of pressure.

3.3. Comparison between Experimental and Thermodynamic Equilibrium Data

The experimental composition of sclareol in the fluid phase (point D in the ternary phase
diagram) as a function of pressure is compared with PR-LCVM data generated from two
different values of sclareol critical temperature, shown in Figure 3-13. It is illustrated that
PR-LCVM model does not capture the behavior of sclareol in the fluid phase well. As also
explained in chapter 2, the model is very sensitive to the solute critical temperature. A

decrease in Tc of < 4 % results in an increase solubility value of about 20 %.
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Figure 3-13. The solubility of sclareol in ethyl lactate-CO, mixture as a function of pressure obtained
from the ternary phase diagrams (point D) and predicted from PR-LCV M.

Figure 3-14 compares the experimental ternary phase diagram with the one calculated
from PR-LCVM at 308.15 K and 5.52 MPa. It is dso shown here that the model failsto give
a quantitative prediction for the ternary solid-fluid and the ternary vapor-fluid behavior of the
sclareol-ethyl lactate-CO, system. Figure 3-15 shows the plot of the binary vapor-liquid
equilibrium of the ethyl lactate-CO, system. The experimental data is obtained from the
ternary phase diagrams, which is point F from the ethyl lactate-CO; edge. It isillustrated that

the model captures the behavior of the binary system pretty well.
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Figure 3-14. Ternary-phase diagrams at 308.15 K and 5.52 MPa obtained from dtatic synthetic
observations and predicted from PR-LCVM. Tc of sclareol used in the calculation is 1014.6 K.
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Figure 3-15. VLE of ethyl lactate-CO, system at 308.15 K. The solubility weight fraction of CO, in fluid
phase (ethyl lactate-rich phase) is obtained from the solubility point (CO.-ethyl lactate edge) in
experimental ternary-phase diagram (point F) whereas that in CO,-rich phase is obtained from literature at
311.15K [3].

Mendes et al. [9] also observed that PR-LCVM could not represent the experimental
solubility of a-tocopherol well, but it was in agreement with the vapor liquid equilibrium
data for the binary CO,-squalene system. The % error between the calculated and the
experimental solubility data of the a-tocopherol-CO, system at 313.15-353.15 K was > 100
%. This might be due to the critical property calculation and sublimation pressure of a-
tocopherol and the fact that its structure could not be well represented using the UNIFAC
method. In addition, the model did not take into account a contribution to the activity
coefficient due to hydrogen bonding interactions. They showed that the choice of a group

contribution method was very important in obtaining good phase equilibrium results [9, 10].
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For sclareol-ethyl lactate-CO, system, further study is necessary for understanding the

inability of PR-LCVM to quantitatively predict the experimental ternary phase equilibrium.

3.4. Conclusions

In summary, the static synthetic approach is a reliable method to estimate the ternary
phase behavior of the sclareol-ethyl lactate-CO, system. The generated phase diagrams could
be used as a basis for choosing the proper operating pressure to obtain a high recovery of
sclareol from the extraction process. Moreover, the phase diagrams show a cybotactic region
of sclareol in CO,-ethyl lactate mixture. CO, acted as a co-solvent to ethyl lactate at lower
pressures and/or lower CO, concentrations and as an anti-solvent at higher pressures and/or
higher CO, concentrations. In addition, the PR-LCVM model gives a reasonable quantitative
prediction of CO, solubility in the fluid phase for the two-component system. This model is
unsuccessful in giving a quantitative agreement with the experimental solubility data of the
three-component system. In the next chapter, the extraction process of sclareol from Clary
Sage plant materials using ethyl lactate followed by CO, antisolvent precipitation and using

mixtures of ethyl lactate and CO, a various solvent compositions and pressures is discussed.
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4. Extraction of Sclareol from Clary Sage Flowers using Mixtures of
Ethyl Lactate and CO,

This chapter was submitted to Journal of Supercritical Fluids for publication.

4.1. Introduction

In this chapter, an extraction method for sclareol utilizing a mixture of dense carbon
dioxide and ethyl lactate as the co-solvent is proposed. The ternary phase diagrams of
sclareol-ethyl lactate-CO, are available in chapter 3 [1], and they were used as a guide for
choosing appropriate conditions for the extraction process.

As will be shown, this process offers several advantages over an alternative process
using liquid extraction by pure ethyl lactate followed by a CO, gas anti-solvent (GAS)
process for sclareol recovery. It eliminates the problem of solvent holdup during liquid ethyl
lactate extraction and the low sclareol precipitation yield resulting from the GAS process. It
is shown that in order for the GAS process to produce high yields of sclareol, the
concentration of sclareol in ethyl lactate has to be close to its solubility limit of 11 + 1 %
(w/w) [1] at room temperature. Baled sage contains only about 3.3 + 0.1 % (w/w) sclareol
and the ethyl lactate extraction process results in a wet Clary Sage plant material containing
between 60 to 70 % (w/w) of ethyl lactate. As a result, it is very challenging to obtain
solution with high sclareol concentration for the GAS process that result in high yields and
enables convenient recovery of most of the used solvent. For these reasons, the use of ethyl

lactate as a co-solvent with CO, offers a better processing alternative.



There have been a large number of studies on the extraction of natural compounds using
liquid or supercritical CO, with co-solvents. Chafer et a. [2] studied the solubility of the
antioxidant gallic acid in supercritical CO, using ethanol as a co-solvent with ethanol
concentrations ranging from 0.7 to 6 mol %. Ethanol was chosen because it is a polar solvent,
its use is allowed in the food industry, and it can be easily removed from the extract by
evaporation at relatively low temperature. The experiments showed that the solubility of
gallic acid decreased with temperature and increased with pressure and ethanol content.
Salgin [3] investigated the solubility of jojoba seed oil in supercritical CO, as a function of
temperature and pressure. The maximum extraction yield obtained was 50.6 % (w/w) at
323.15 K and 60 MPa. Use of n-hexane as the co-solvent at a concentration of 5 vol. %
improved the yield to 52.2 % (w/w) a lower temperature and pressure (333.15 K and 30
MPd). Machmudah et al. [4] showed that the amount of astaxanthin extracted from
Haematococcus pluvialis was more than doubled with the use of ethanol as an entrainer and
that the extraction could be carried out at alower pressure.

The extraction experiments of sclareol from Clary Sage flowers using solvent mixtures

of ethyl lactate and CO, were performed at ambient temperature, various pressures (P = 5.52,

6.89, 10.34 MPa), and various ethyl lactate weight fractions (WEL* = 0-0.9). From the

generated results of % sclareol yield versus w,,  and % sclareol purity versus wy, ~, it was

possible to select the optimum conditions for the extraction process. The experimental
extraction yields were compared with the expected yields calculated based on the ternary

phase diagrams. In addition, some of the impurities co-extracted with the product were
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characterized in consideration of further processing steps required to obtain nearly pure

sclareol.

4.2. Experimental Procedure

4.2.1. Materialsand Analysis

Field dried Clary Sage was supplied by AVOCA Inc. (Merry Hill, NC). Ethyl lactate
(CAS number 687-47-8; 98 % purity) and n-hexane (CAS number 110-54-3; 95 % purity)
were obtained from Sigma-Aldrich. Carbon dioxide (CAS number 124-38-9; > 99.99 %
purity) was purchased from National Welders. These chemicals were used without further
purification. The concentration of sclareol in ethyl lactate was determined by gas
chromatography (GC) using heptadecanol (CAS number 1454-85-9; 98 % purity) from
Sigma-Aldrich as an internal standard. Gas chromatographic analyses [5] were performed
using an HP 6890N with conditions of analysis as follows. Column: 30 meter DB-5 (methyl-
phenyl bonded phase, J & W Scientific) with a0.53 mm |.D. and a 0.25 nm phase thickness;
Carrier gas. UHP helium (National Welders) at a linear gas velocity of approximately 28
cm/sec; Injector temperature: 275 °C; FID Detector temperature: 310 °C; Temperature
program: 160 to 310 °C at 4 degrees/minute. Data was collected using the Perkin-Elmer Total
Chrom 6.2 chromatographic analysis system. The spectra of plant extracts were generated

using a Jasco V-550 UV/Vis spectrophotometer.

4.2.2. Sclareol Extraction from Baled Sage using Ethyl lactate

The amount of sclareol in the baled sage was determined using n-hexane as the

extraction solvent. Hexane is the commonly used solvent for industrial extraction of sclareol
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from Clary Sage. Since sclareol is found on the surface of sage flowers and leaves, it is not
necessary for the baled sage to be ground or chopped into small pieces before being
contacted with n-hexane. Varying amounts of n-hexane (15 and 40 mL) was contacted with
4.082 + 0.005 g of baled sage at 298.15 K for 24 hours. For each solvent volume, the
experiments were repeated three times. The sclareol concentration in the extract was
determined by GC analysis. The total mass of sclareol, neglecting the problem of solvent
holdup in the baled sage or extract volume loss during filtration, was calculated from the
sclareol concentration multiplied by the n-hexane volume used in the extraction process. The
amount of sclareol in the baled sage, assuming that all sclareol were completely extracted
with n-hexane, was determined to be as 3.3 + 0.1 % (w/w).

The extraction of sclareol from baled sage using ethyl lactate was performed at 298.15 K
and 308.15 K. A given amount of baled sage after the stems were removed (0.504 + 0.002 g)
was placed ina 20 mL vial containing 1.8 mL ethyl lactate. The mixture was kept in an oven
(VWR Scientific, model 1330 FM) and maintained at a fixed temperature for a fixed amount
of time. The resulting extract was collected into a20 mL vial by passing the mixture through
a syringeless filter (Whatman Autovial, Teflon® membrane with 0.45 mm pore diameter).
The concentration of sclareol in the extract was determined by gas chromatography. To
obtain more concentrated solutions of sclareol, the extract was placed in a vacuum oven

(VWR Scientific, model 1430 M) for several hoursto evaporate the solvent.

4.2.3. Gas Anti-Solvent Process to Precipitate Sclareol from Ethyl Lactate Extract

The sclareol contained in the ethyl lactate extract was recovered via a gas anti-solvent

(GAYS) process. A schematic diagram of the apparatus is shown in Figure 4-1. The equipment
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consists of a 24.1 + 0.1 mL high-pressure view cell, fabricated from stainless steel (316 SS)
and equipped with two sapphire windows (pressure range: 0-69 MPa), a stirring plate (Fisher
Scientific) underneath the view cell, a temperature controller (Barnant Company, R/S) with
heating tapes (Omega Inc.) to regulate the system temperature with a precision of + 0.5 K, a
syringe pump (1SCO, model 500D) to control the system pressure set point to within + 0.1
MPa, a heating bath/circulator (Neslab, model ex-111) to maintain the syringe pump at
constant temperature, a pressure transducer (Omega Engineering Inc., model PX302,
pressure range: 0-69 MPa), a line filter (HIP, pressure range: 0-103 MPa, 0.5 nm filter disc)
to trap the precipitates when sampling the supernatant (liquid), and a portable lamp as a light
source located at the back of the view cell (Underwriters Laboratories, Inc.). The apparatusis
connected with 1/16” OD stainless steel tubing (HIP), with a two-way valve (V1, HIP), a

three-way valve (V2, HIP) and a metering valve (V3, Hoke).

YValve %1 Walve W2 I “Walve %3

&)
L 11 %D s

ISC0 Purmp

Wial

CO.Tank
Figure 4-1. Schematic of gas anti-solvent process.

A known volume of ethyl lactate extract with known sclareol concentration was

withdrawn using a syringe (Hamilton, model 1005TLL) and placed into the view cell. The
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vial containing the extract was weighed before and after the transfer using an analytical
balance (Ohaus Explorer Pro, model EP214DC). The difference in weight was determined as
the mass of the extract placed into the view cell. The solution in the cell was heated to the
desired temperature using the temperature controller. Once the temperature stabilized, CO,
was delivered into the cell using a syringe pump through the 3-way valve V2 until the desired
pressure was achieved. The mixture was then stirred for 45-60 minutes using a 0.2 mL
magnetic stir bar (Fisher Scientific). The temperature, pressure, and the amount of CO,
delivered into the cell were recorded. The liquid extract (supernatant) was collected in a vial
at constant system pressure, i.e. by continuously delivering CO, from the ISCO pump to the
cell. The amount of sclareol in the collected extract was quantified by GC analysis, and was

determined as the amount of non-precipitated sclareol.

4.2.4. Sclareol Extraction from Baled Sage using Mixtures of CO,and Ethyl Lactate

A schematic diagram of the apparatus for the extraction experiment is shown in Figure
4-2. The equipment consists of an 86 + 0.2 mL high-pressure cell, fabricated from stainless
steel (316 SS), atemperature controller (Barnant Company, R/S) equipped with heating tape
(Omega Inc.) to regulate the system temperature with a precision of + 0.5 K, a syringe pump
(1SCO, model 500D) to control the system pressure set point to within + 0.1 MPa, a heating
bath/circulator (Neslab, model ex-111) to maintain the syringe pump at constant temperature,
a pressure transducer (Omega Engineering Inc., model PX302, pressure range: 0-69 MPa),
and a circulating pump (Micropump Inc., model 1805R/56C, max pressure: 34.47 MPa) to

circulate the solvent mixture. The apparatus is connected with 1/16” OD stainless steel tubing
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(HIP) and with three-way valves (HIP). The metering valve (V9, Hoke) was used to regulate

the sampling volume flow rate.
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Figure 4-2. Setup for the extraction experiment of sclareol from baled sage using mixtures of CO, and
ethyl lactate.

A given amount of baled sage after the stems were removed (33.6 + 0.3 g) was weighed
using an analytical balance (Mettler Toledo, model B3001-S), and loaded into the high-
pressure cell. The ISCO pump was refilled with ethyl lactate via valve V1b and refilled with
CO; via valve V2b. With all valves closed, the pump was pressurized to 20.68 MPa (higher
than the desired pressure in order to accelerate the formation of one-phase mixture of CO,
and ethyl lactate). Valves V1a, V2a, V3a, V4a, and V5a were opened and the circulating
pump was switched on for 2 hours. Given the volume of the solvent mixture in the system
and the flow rate of the circulating pump (45.9 + 0.4 mL/min), this would result in cycling of
the solvent mixture 37-40 times during the course of an experiment. After that, the 1SCO

pump was depressurized to the desired pressure (5.52, 6.89, 10.34 MPa) and the solvent
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mixture was delivered to the high-pressure cell at constant pressure and room temperature
(valves V3a, V4a, V5a were closed and valves V3Db, V4b, V5b, V6a, V6b, V7, and V8 were
opened). Subsequently, the solvent mixture containing the dissolved substances was
circulated within the system at constant pressure for 1 hour with valve V6a closed. This
would result in 30-34 circulations given the mixture volume and the flow rate of the
circulating pump. The extract was collected in a vial at constant system pressure, i.e. by
continuously delivering the solvent mixture from the 1SCO pump to the cell (semi-batch
process). In the first sampling, the volume of mixture (ethyl lactate, CO,, and extracted
compounds) collected was approximately the same as the volume of mixture (ethyl lactate
and CO,) delivered to pressurize the system. The addition of fresh solvent mixture into the
system during sampling decreased the extracted sclareol concentration in the system with
time, and thus would result in the extraction yield lower than expected. In order to improve
the extraction yield, sampling was performed for a longer time at the same sampling flow
rate, or additional solvent mixture must be fed into the system to replace the amount of
extract sampled. One way of doing thisisto repeat the sampling procedure, which is referred
to here as the 2™ sampling.

Subsequently after sampling, the volume of the collected extract was measured, and the
amount of sclareol in the collected extract was quantified by GC analysis. The purity of
sclareol in the collected extract in terms of weight fraction was also determined. Finally, the
system was depressurized and the remaining extract in the system was collected in a vial
during depressurization. The temperature, pressure, and volume of the ISCO pump as well as

the temperature and pressure of the cell were recorded after each step.
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4.3. Resultsand Discussions

4.3.1. Sclareol Extraction from Baled Sage using Ethyl Lactate

The extraction with ethyl lactate was performed at 298.15, 308.15 K and various contact
times, as summarized in Table 4-1 and Table 4-2. The ethyl lactate volume used in each
experiment is 1.8 mL. The results show that ethyl lactate is an excellent solvent for sclareol.
The extraction with ethyl lactate achieved ostensibly 100 % extraction yield in a matter of
seconds. Some experimental data show extracted sclareol masses higher than expected. This
is possibly due to the variation in the sclareol content in the sage flowers and leaves, or
possibly that ethyl lactate is a better solvent than hexane in extracting all of the sclareol.
Moreover, since virtually complete sclareol extraction can be achieved at ambient
temperature, there is no advantage to be gained from the extraction at a higher temperature.
The sclareol percentage in the extracted materials was determined by evaporating the solvent
from a known volume of extract, evaluating gravimetrically the mass of the extract after
complete solvent removal, and then determining the sclareol mass in the extract by GC
analysis. From this experiment, the % sclareol purity in the extracted material was calculated
to be in the range of 40-50 % (w/w). The problem of the solvent holdup during liquid

extraction is discussed in the next section.
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Table 4-1. Sclareol extraction from baled sage using ethyl lactate at 298.15 K and various contact times.

T=298.15K
Contact Baled sage | Sclareol concentration | Total mass of sclareol Expected
times (hr) mass (Q) in the extract (g/L) in the extract (mg) | sclareol mass (mg)
15-30 sec 0.503 8.9 16.0 16.6
0.5 0.506 8.6 155 16.7
1 0.502 9.4 16.8 16.6
1.5 0.503 11.4 20.5 16.6
2 0.504 11.1 20.0 16.6
4 0.503 11.0 19.9 16.6
24 0.506 9.5 17.0 16.7

Table 4-2. Sclareol extraction from baled sage using ethyl lactate at 308.15 K and various contact times.

Contact Baled sage | Sclareol concentration | Total mass of sclareol Expected
times (hr) mass (g) in the extract (g/L) in the extract (mg) sclareol mass (mqg)
0.5 0.507 8.8 15.8 16.7
1 0.502 9.9 17.9 16.6
15 0.505 9.4 16.8 16.7
2 0.505 10.6 19.2 16.7
4 0.505 12.4 224 16.7
24 0.505 8.7 15.6 16.7

4.3.2. Gas Anti-Solvent Process to Precipitate Sclareol from Ethyl Lactate Extract

The initial plan of the extraction experiment was to extract sclareol from baled sage

using ethyl lactate and to recover the sclareol from the ethyl lactate viaa GAS process using

CO.. The ternary phase diagram of sclareol-ethyl lactate-CO, system at 298.15 K and 6.89

MPa (Figure 4-3) was used as a basis for choosing the starting concentration of sclareol in

ethyl lactate for the GAS process. To achieve high % vyields of sclareol precipitation, the

starting concentration of sclareol must be close to the saturation concentration of sclareol in

ethyl lactate, which is 11 + 1 % (w/w) or 129 + 1.5 g/L at 298.15 K. Since baled sage

contains only 3.3 + 0.1 % (w/w) of sclareol and the wet sage mat contains approximately 60-
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70 % (w/w) ethyl lactate, a large amount of solvent is required to extract a given amount of
sclareol, and this must be followed by evaporation of the solvent to achieve a mixture with
sufficiently high sclareol concentration to result in a high yield for the GAS process. To
illustrate this point, two mixtures of different sclareol concentrations were prepared for GAS
experiments, as summarized in Table 4-3. To achieve a final sclareol concentration of 46.2
g/L for Mixture 1 and 100.3 g/L for Mixture 2, 71 and 143 mL of solvent respectively had to

be evaporated.

Table 4-3. Sclareol extraction from baled sage using ethyl lactate at 298.15 K for gas anti-solvent
preci pitation experiments.

Mixture 1 Mixture 2
Mass of sage (g) 17.5 35
Volume of ethyl lactate used (mL) 120 240
Volume of collected extract (mL) 78 149
Sclareol concentration before solvent evaporation (g/L) 4.3 4.2
Sclareol concentration after solvent evaporation (g/L) 46.2 100.3

The GAS experiment was performed at 298.15 K and 6.89 MPa. At these conditions,
ethyl lactate and carbon dioxide are completely miscible with each other, forming a single
phase. The experimental conditions for the GAS process and the resulting sclareol yields are

summarized in Table 4-4.

Table 4-4. Results summary of GAS process at 298.15 K and 6.89 MPa.

Experiment 1| Experiment 2 | Experiment 3

Volume of extract (mL) 5 1 1
Sclareol concentration before GAS (g/L) 100.3 100.3 46.2
Mass of CO, introduced (g) 17.49 18.19 18.16
Sclareol concentration after GAS (g/L) 98.5 80.6 45.7
Precipitates observed yes yes yes

% sclareol precipitated 1.79 19.64 1.08

% expected sclareol precipitation 46.3 70.4 36.1
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For all the cases, once CO, was introduced into the extract, the solution became cloudy
and precipitation was observed. In order to calculate the amount of sclareol precipitated, the
supernatant of the mixture was collected and its sclareol concentration was determined by
GC. The results showed significant precipitation of sclareol for experiment 2. Together with
sclareol, some impurities including plant pigments were also precipitated.

By neglecting the presence of impurities, the compositions of sclareol in ethyl lactate
(before CO, addition) and in the mixture of ethyl lactate and CO, were calculated and plotted
in the ternary phase diagram of pure sclareol in terms of weight fraction, as shown in Figure
4-3 and Figure 4-4. The method to estimate the ternary phase equilibrium of the sclareol-
ethyl lactate-CO, system was described in a previous chapter [1]. In Figure 4-3, Point A is
the starting composition for experiment 1 while point B is for experiment 2. Points A* and B*
are the compositions after addition of CO, and just before precipitation occurred. The same
relationships apply for point C and C* (experiment 3) in Figure 4-4. The addition of CO,
diluted the mixture and brought the solutions closer to the ethyl lactate-CO, edge. The
location of these points can be more clearly observed in the plot of the solubility of sclareol

as afunction of CO, content (W, VErsUs W, ) in Figure 4-5.

Slareol

With the given starting volume, sclareol concentration, pressure, and temperature, the
theoretically expected % sclareol precipitation results based on pure sclareol behavior for all
the three cases were calculated. The results were as follows: 46.3 % for experiment 1, 70.4 %
for experiment 2, and 36.1 % for experiment 3. These results are listed in Table 4-4 as %
expected sclareol precipitation. The expected % sclareol precipitation yields based on

experiments done with pure sclareol in ethyl lactate solution were significantly higher than
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those obtained from precipitations done with the plant extract material. The results from the
plant extract are also shown in Table 4-4, indicating precipitation yields of 1.79 % for
experiment 1, 19.64 % for experiment 2, and 1.08 % for experiment 3 respectively. Clearly
the precipitation yield results with pure sclareol are much greater than those obtained with
the natural plant material. It is speculated that a significant number of the impurities in the
extract act as co-solvents for sclareol and thus inhibit the precipitation of sclareol compared
to pure sclareol in ethyl lactate solution.

These GAS experiments with the extract from the natural plant were repeated at a higher
pressure of 10.34 MPa. The results showed that the increase in pressure from 6.89 to 10.34
MPa and the resulting increase in CO, concentration did not significantly change the sclareol
precipitation yield and selectivity. Point B in Figure 4-3 was the starting point for the
experiment at 10.34 MPa. At this pressure, the experimental sclareol precipitation yield was
20 %, which was approximately the same as the result obtained at 6.89 MPa. The expected
sclareol precipitation yield based on pure sclareol solubility was 82.6 %. This experiment
also is consistent with the supposition that the inhibition of sclareol precipitation in the
natural extract is due to impurities acting as co-solvents for sclareol. This effect was seen at

both the low and high pressure GAS process.
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Figure 4-3. Experimental ternary phase diagram at 298.15 K and 6.89 MPa obtained from static synthetic
observations. Squares represent the one-phase region (fluid phase) and circles represent the two-phase
region (solid-fluid phase). Point A=B represents the starting compositions of sclareol in ethyl lactate in
Experiments 1 and 2 whereas both point A* and point B* represent the final composition after introduction
of CO, (GAS process) with different amount of CO..
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Figure 4-4. Experimental ternary phase diagram at 298.15 K and 6.89 MPa obtained from static synthetic
observations. Squares represent the one-phase region (fluid phase) and circles represent the two-phase
region (solid-fluid phase). Point C represents the starting composition of sclareol in ethyl lactate in
Experiment 3 whereas point C* represents the final composition after introduction of CO, (GAS process).
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Figure 4-5. Plot of the sclareol solubility in an ethyl lactate-CO, mixture at 298.15 K and 6.89 MPa.
Points A*, B!, and C" represent the composition of sclareol in ethyl lactate-CO, mixture for experiments 1,
2,and 3in Table 4, respectively. The calculation neglects the presence of impurities in the mixture.

In summary, the extraction of sclareol from baled sage using ethyl lactate followed by
gas anti-solvent precipitation resulted in some significant challenges. The solvent holdup
during liquid extraction required the use of large volumes of ethyl lactate to extract a given
amount of sclareol, resulting in extracts with very dilute sclareol concentration. For effective
operation of the GAS process, on the other hand, the extract should contain high sclareol
concentration, and therefore it was necessary to concentrate the extract by evaporating a
significant amount of ethyl lactate. Moreover, the GAS results from the extract showed a

much lower precipitation yield than the expected yield according to the solubility behavior of
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pure sclareol, probably as a result of impurities acting as co-solvents for sclareol in the ethyl
lactate. Finally, the GAS process was not very selective for sclareol. The precipitates
contained other substances besides sclareol. Based on this modest result with GAS, it was
decided to pursue an alternative route that would reduce the amount of ethyl lactate used and

would significantly increase the yield of sclareol obtained.

4.3.3. Sclareol Extraction from Baled Sage using Mixtures of CO,and Ethyl Lactate

Since ethyl lactate is such an excellent solvent for sclareol and also completely miscible
with CO, under certain conditions, the use of ethyl lactate as a co-solvent for extraction of
sclareol is attractive and compelling. The presence of CO, increases the solvent diffusivity
and significantly reduces its viscosity relative to pure ethyl lactate, thus eliminating the
problem of solvent holdup. It was also hoped that CO, might also increase the extract purity
since polar compounds and high molecular weight compounds, such as plant pigments, are
gparingly soluble in carbon dioxide at relatively low pressures and temperatures. The
solubility of some natural hydrophobic substances, such as xanthophylls, carotenes, and
chlorophyll in liquid CO, (253.15 to 293.15 K) and supercritical CO; at less than 30 MPa
arefairly low, in spite of their low polarity [6].

The section that follows describes the extraction of sclareol from baled sage using
mixtures of ethyl lactate and CO, at various ethyl lactate compositions. All the experiments
were performed at 298.15 K, pressures of 5.52, 6.89, and 10.34 MPa, and a range of solvent

compositions at which the ethyl lactate and CO, are completely miscible. At 298.15 K and
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5.52 MPa, carbon dioxide is immiscible with ethyl lactate a w., >0.73 (or wy < 0.27) as

shown in Figure 4-6.

4 Fluid
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Figure 4-6. Computed vapor liquid equilibrium data of ethyl lactate-CO, system at 298.15 K and various
pressures using Peng-Robinson EOS with linear combination of Vidal and Michelsen mixing rules (PR-
LCVM) model.

Estimation of theoretical % sclareol yield

Given a set of experimental conditions, namely extraction vessel size, temperature, and
pressure, the ternary phase equilibrium data can be used to generate a plot of the estimated %
sclareol yield as a function of co-solvent (ethyl lactate) composition. Figure 4-3 and Figure
4-7 show the solubility boundary of sclareol in the ethyl lactate-CO, mixtures as a function
of ethyl lactate weight fraction at 298.15 K, and two different pressures (6.89 and 10.34 MPa,

respectively).
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Figure 4-7. Experimental ternary phase diagram at 298.15 K and 10.34 MPa obtained from static synthetic
observations. Squares represent the one-phase region (fluid phase) and circles represent the two-phase
region (solid-fluid phase).

The phase envelopes in the ternary phase diagrams in Figure 4-3 and Figure 4-7 show
the transition from a single phase to a two-phase (solid-fluid) system, and they fix the

solubility of sclareol at given concentrations of CO, and ethyl lactate (Wgye,We s Weo,) -
The precipitated solid is assumed to be pure sclareol. The equivalent weight fraction of ethyl
lactate in the remaining binary mixture made up of CO, and ethyl lactate,w, ", is calculated

as follows,

Weg =— — (2)
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The mass of solvent mixture used to pressurize the system, and to extract sclareol from a

given amount of baled sage (33.6 + 0.3 g) can then be determined from the formula,

—_ *
Meo,+e1= I co,+EL VCOZ+EL 3

In this expression the density of the carbon dioxide and ethyl lactate mixture, r o . , Varies

with WEL* and pressure, and can be estimated from the Peng-Robinson Equation of State [7]
with the Linear Combination of Vidal and Michelsen mixing rules (PR-LCVM) model [8].
The calculation of solvent mixture density using the PR-LCVM model is described in the
Appendix A.2. The volume of the carbon dioxide and ethyl lactate mixture (Vo .g ) Used in
the extraction step is determined from the difference in the ISCO pump volumes before and

after pressurizing the system with the solvent mixture. Finally, the theoretical % sclareol

yield is obtained from the expressions,

W *
mScIareoI = e * WEL * mCOZ+EL (4)
WEL
. m
% xSclareol xyield = —=al_* 1009 (5)

exp ected

Here m, .. IS the total mass of sclareol in the known amount of baled sage, considering
that baled sage contains 3.3 + 0.1 % (w/w) of sclareol. Figure 4-8 shows the plot of

theoretical % sclareol yield versus w,,~ at 298.15 K and pressures of 6.89, 10.34 MPa
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These curves indicate that, in theory, sclareol should be completely extracted from baled sage

at aweight fraction of ethyl lactate WEL* greater than 0.25 at 6.89 MPa and greater than 0.22

for 10.34 MPaat 298.15K.
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Figure 4-8. Edimated % sclareol yield as a function of ethyl lactate compositions in the ethyl |actate-CO,
mixtures given the experimental extraction conditions.

Experimental % sclareol yield and % sclareol purity

Sclareol extraction experiments from baled sage were performed at various ethyl lactate
compositions using the setup depicted in Figure 4-2. The high-pressure cell was packed with
33.6 + 0.3 g of baled sage. The solvent mixture was prepared by metering ethyl lactate and
CO; into the solvent loop using valves 1 and 2 and was then delivered into the cell until the
desired pressure was achieved. The circulation pump was used to circulate the solvent

mixture to promote sclareol extraction. Subsequently, the extract was sampled at constant
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pressure by continuously delivering the solvent mixture from the ISCO pump into the system
while collecting the extract in the sampling vial. Two samples were taken for each
experiment. Figure 4-9 shows the % sclareol extraction yield based on the tota collected

mass of sclareol during the 1% sampling and 2™ sampling. It is clear that experimental
sclareol extraction yields are well approximated by the theoretically predicted in the WEL*

range of 0.2 to0 0.9. Also shown in Figure 4-9, the experimental extraction yields for w,, =~ >

0.3 are independent of the ethyl lactate concentration and pressure, in the range of 80 to 95

%.
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Figure 4-9. Edimated and experimental % sclareol yield as a function of ethyl lactate compositionsin the
ethyl lactate-CO, mixtures at 298.15 K and various pressures. The experimental data is calculated based
on thetotal collected mass of sclareol, combining the first and second sampling.
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The sclareol purity of each extract ( % sclareol ) was determined by evaporating the
solvents (CO, and ethyl lactate) from a known volume of extract, measuring the mass of the
extract gravimetrically after complete solvent removal, and then determining the sclareol

mass in the extract by GC analysis. The impurities of the extract vary with the ethyl lactate

concentration in the extraction medium w,, ", as shown in Figure 4-10. The results also show

that at 6.89 MPa, the experiments performed with WEL* of approximately 0.09-0.1 produce
extracts with the highest sclareol purity, in the range of 65-70 % (w/w). At high CO;
concentrations or WEL* < 0.09, higher purity extracts were expected since the solubility of
many plant pigments in CO; are relatively low [6]. Experimentally, it was found that these
extracts obtained at low ethyl lactate weight fractions have relatively high purity as well as
some of the highest yields. Apparently, the other components in the extract that helped to
enhance the solubility of sclareol in the extracts with low ethyl lactate concentration to result
in high yield, are not very good solvents for a significant number of other impurity types that

would lower the sclareol purity.
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Figure 4-10. Experimental % sclareol purity as a function of ethyl lactate compositions in the ethyl
lactate-CO, mixtures at 298.15 K and various pressures.

4.3.4. Characterization of Plant Extracts

The color of the extracts obtained varied from yellow green to dark green depending on
the ethyl lactate composition in the extraction solvent. Representative pictures of the extracts
are shown in Figure 4-11. The green color of the extracts is most likely due to the presence of
chlorophylls. All green plants contain chlorophyll a and chlorophyll b in their chloroplasts
[9]. In higher plants, chlorophyll a is the major pigment and chlorophyll b is an accessory
pigment. Chlorophylls are green in color because they absorb strongly in the red and blue
regions of the visible spectrum. The small differences in the structures of the two

chlorophylls produce differences in the absorption spectra
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wg =01 wg =0.35 wg =09

Figure 4-11. Pictures of extracts obtained at 6.89 MPa. The sclareol concentration and % sclareol purity in
each extract are different. For w_ "= 0.1, 0.35, and 0.9, sclareol concentration is 69.1+ 3.5, 14.4 + 0.7, 5.9

+ 0.3 g/L while % sclareol purity is69.2 + 3.7, 45.2 + 2.9, 23 + 1.5 % (w/w), respectively.

Gross et al. [9] reported that in diethyl ether, chlorophyll a has approximate absorbance
maxima of 430 nm and 662 nm while chlorophyll b has absorbance maxima of 453 nm and
642 nm. The absorption spectra of chlorophyll a and b in diethyl ether are described in
Figure 4-12. The exact positions and intensity of the maximum vary slightly with the nature

of the solvents used [9, 10]. The representative absorption spectra of the extracts obtained at

6.89 MPa and various w, areillustrated in Figure 4-13.

108



Absonption spectra of Chlarophyll 2 and b

Absorbance

i]"k “\h__r/ \\I\x

| | I
400 500 600 700

Wavelength / nm

Figure 4-12. Absorption spectra of chlorophyllsaand b in diethyl ether [9].
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Figure 4-13. Absorption spectra of ethyl lactate and CO, extracts obtained at 6.89 MPa and various ethyl
lactate compositions. Each extract is diluted to contain the same sclareol concentration.

The spectra of the extracts aso demonstrate an absorbance maximum of 663 nm for
chlorophyll a. There is also an absorbance maximum at around 615 nm, which may indicate
the presence of chlorophyll b. Due to the presence of impurities which absorb in the range of
280-500 nm, such as polyphenols, carotenoids, monoterpenes and sesquiterpenes, linalool,
and linalyl acetate, it was not possible to distinguish the absorbance maxima of chlorophyll a
and b in the blue region (lower wavelength). However, based on the presence of the band in

the red region, it can be surmised that chlorophylls contributed to the impurities of the plant
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extracts. The intensity of the peaks obviously varied with the amount of ethyl lactate in the
extracts.

The amount of chlorophyll a in each extract was determined according to the Beer-
Lambert law [11]. By measuring the absorption spectra of relatively pure chlorophyll a
(Sigma Aldrich; CAS number 479-61-8; ~ 95 % purity) in ethyl lactate at various
concentrations, the molar extinction coefficient could be determined as 66.91 g/(L.cm) at a

maximum peak of 665 nm. The percentage of chlorophyll a was then calculated and plotted

as a function of w, "~ in Figure 4-14. The results showed that chlorophyll a constitutes a
relatively small percentage of all impurities, < 0.5 % (w/w). The extracts with WEL* =0.5-0.6

contained the highest percentage of chlorophyll a while the extracts with WEL* <01

contained negligible amount of chlorophyll a.
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Figure 4-14. Plot of % chlorophyll ain CO,+EL extracts obtained at various WEL* and pressures.

Along with chlorophylls, the chloroplast also contains a family of pigments called
carotenoids [9, 12]. Each carotenoid absorbs light in the UV and visible region of the
spectrum. A typical absorbance spectrum of carotenoids contains three bands, and the
positions of the absorption maxima are affected by the length of the chromophore and the
position of the terminal double bond in the chain or ring [9]. The solvents used also influence
the position of the absorption maxima [9, 13]. Carotenoids absorb mainly in the blue (430-
470 nm), but they also absorb in the blue-green (470-500 nm) and green (500-530 nm)
regions of the spectrum. Absorption maxima of some common carotenoids of plants are
shown in Table 4-5. The spectra of the extracts (Figure 4-13) show absorbance in the range

of 250-550 nm, and therefore it is likely that carotenoids are present in the extracts and
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responsible for the yellow color of the extracts. Comparison of UV-visible spectra aone,
however, is not sufficient to confirm the presence of carotenoids since many other
compounds may absorb in the same range as carotenoids.

Other possible impurities contained in the extracts are mono- and sesquiterpenes, fatty
acids, oils, polyphenols, waxes, wax esters, pigments and their degradation products [14]. A
combination of several analytical techniques would be necessary for characterizing all

constituents that contribute to the impurities of extracts.

Table 4-5. Absorption maxima of some common carotenoids of plantsin petroleum ether [9].

Carotenoid Absorption maximum (nm)
Phytofluene 331, 348, 367
Z-Carotene 380, 400, 424
Lycopene 447,472,504
b -Zeacarotene 405, 428, 455
a -Carotene 423, 444, 473
b -Carotene 425, 451, 478
Zeaxanthin 425, 451, 478
Antheraxanthin 420, 444, 472
Mutatoxanthin 404, 427, 453
Violaxanthin 418, 440, 470
Violeoxanthin 415, 436, 464
Capsanthin 476

4.4. Conclusons

The extraction of sclareol from Clary Sage using ethyl lactate, followed by gas anti-
solvent (GAS) precipitation process presented challenges for obtaining pure sclareol in high
yield. The process required the use of a large amount of ethyl lactate to extract a given
amount of sclareol from Clary sage, and subsequent evaporation of a large amount of ethyl

lactate to concentrate the solution in order to achieve a high yield of sclareol upon
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precipitation with the GAS process. Furthermore, it was found that the experimental yield of
sclareol by precipitation was much lower than the expected yield based on the solubility
behavior of pure sclareol. Thisis likely due to impurities acting as co-solvents for sclareol in
the ethyl lactate. Finally, the GAS process was not very selective for sclareol. The sclareol
obtained by precipitation was impure.

The extraction of sclareol with a mixture of ethyl lactate and CO, offers some
advantages. The presence of CO; increases the solvent diffusivity and significantly reduces
its viscosity relative to pure ethyl lactate, thus minimizing the problem of solvent holdup.

The extraction experiments were performed at 298.15 K, pressures of 5.52, 6.89, 10.34 MPa,
and various ethyl lactate concentrations (WEL* ). Theresults showed that the extract yield and
purity varied with the ethyl lactate concentration. The experimental extraction yields were

close to the theoretically predicted values in the w,,~ range of 0.2 to 0.9. At certain ethyl

lactate compositions (WEL* = 0.09-0.1), ambient temperature, and pressure of 6.89 MPa, the

extraction process achieved 95-100 % sclareol extraction yield with highest sclareol purity,
i.e. 65-70 % (wiw).

The UV visible spectra analysis of the plant extracts confirmed the presence of
chlorophyll aresponsible for the green color of the extract. The calculation of % chlorophyl|
showed that chlorophyll a contributed to a small percentage of impurities (< 0.5 % (w/w)),

and the extracts with w,, < 0.1 contained negligible amount of chlorophyll a. A detailed

discussion on the process to purify and recover sclareol from the ethyl lactate and CO,

extractsis presented in chapter 5.
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5. Purification and Recovery of Sclareol from a Dense CO,-Ethyl L actate

Extract

5.1. Introduction

The extraction of sclareol from Clary sage was performed using a binary mixture of

ethyl lactate and CO, at 298.15 K, pressures of 5.52, 6.89, 10.34 MPa, and variable ethyl
lactate concentrations (W, ). At a solvent composition of w, = 0.09-0.1 a ambient

temperature and 6.89 MPa of pressure, this extraction process achieved 95-100 % sclareol
extraction yield and 65-70 % (w/w) of sclareol purity. The likely impurities contained in this
extract are mono- and sesquiterpenes, fatty acids, oils, polyphenols, waxes, wax esters, plant
pigments (chlorophylls and carotenoids), and their degradation products. The detailed
extraction procedure and results are presented in chapter 4 [1]. In this chapter, we examine
methods for further purification and recovery of sclareol from the initial plant extract. Our
approach involved the addition of activated carbon to further purify the crude liquid extract
and subsequent application of a liquid anti-solvent process, using water as the antisolvent, to
precipitate high purity sclareol.

Activated carbon is a common adsorbent used in a wide variety of purification
processes. It is a microcrystalline, non-graphitic form of carbon that has been processed to
develop high internal porosity. This porosity creates a surface area that has the capability to
selectively adsorb certain gases and vapors from composite gases and dissolved or dispersed
substances from liquids. Liquid phase applications account for about 85 % of activated

carbon usage and have proven to be an economical and convenient tool in the processing of
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food and pharmaceutical products. The application of activated carbon as a food processing
aid was given independent verification of the safety and health aspects by a group of
scientists from the Select Committee on GRAS substances in 1981 [2]. Some examples of
activated carbon applications in the liquid phase are water purification treatment in the food
and beverage industry, decaffeination by selective adsorption of caffeine from agueous
solutions, removal of amino acid content for long-term stored apple juices, decolorization of
malt beer, adsorption of undesirable flavors to achieve high ethanol recovery in
Saccharomyces cerevisiae fermentation of glucose to ethanol, etc [2]. In this work, the
introduction of activated carbon into the crude liquid extract selectively adsorbed
contaminants resulting in an increase in sclareol purity. Subsequently, sclareol in the purified
extract was recovered by a liquid antisolvent process.

Antisolvent processes have been used to selectively separate many types of solid and
liquid compounds from their solutions. One advantage of this process is that it eliminates the
use of thermal energy that might degrade the biological activity of molecules, such as in
pharmaceutical applications. In liquid antisolvent processes, water has generally been used as
an antisolvent for hydrophobic compounds, while alcohols or other organic solvents have
been used for hydrophilic compounds [3-5]. The introduction of the antisolvent results in
preferential interactions between the solvent and antisolvent, with a concomitant disruption
in the solvent-solute interaction, resulting in near instantaneous supersaturation and
subsequent solute precipitation or liquid compound separation. A key factor in the
antisolvent process is the degree of solubility between the solvent and the antisolvent. In the

case of sclareol precipitation, the essential key is the degree of miscibility between ethyl
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lactate and water. Asis the case with ethanol, ethyl lactate is completely miscible with water.
As a result, the addition of a given amount of water to the purified ethyl lactate extract

resulted in a nearly complete precipitation of pure sclareol.

5.2. Experimental Procedure

5.2.1. Materialsand Analysis

Field dried Clary Sage was supplied by Avoca lnc. (Merry Hill, NC). Ethyl lactate (CAS
number 687-47-8; 98 % purity), ethyl acetate (CAS number 141-78-6; 99.9 % purity), and
sclareol (CAS number 515-03-7; > 95 % purity) were supplied by Sigma-Aldrich. Carbon
dioxide (CAS number 124-38-9; > 99.99 % purity) was supplied by National Welders. These
chemicals were used without further purification. Activated carbon (CAS number 7440-44-0,
50-200 mesh or 74-297 mm particle size) was supplied by Fisher Scientific. The
concentration of sclareol in ethyl lactate was determined by gas chromatography-Flame
lonization Detection (GC-FID). GC analyses [11] were performed using an HP 6890N GC
with conditions of analysis as follows. Column: 30 meter DB-5 (methyl-phenyl bonded
phase, J & W Scientific) with a 0.32 mm 1.D. and a 0.25 mm phase thickness; Carrier gas.
UHP Helium (National Welders) at alinear gas velocity of approximately 28 cm/sec; I njector
temperature: 275 °C; FID Detector temperature: 310 °C; Temperature program: 60 to 310 °C
a 4 degreessminute. Data was collected using the Perkin-Elmer Total Chrom 6.2
chromatographic analysis system. GC-MS analyses were performed using an Agilent
19091S-433 with conditions of analysis as follows. Column: 30 meter HP-5MS (5 % phenyl

methyl siloxane) with a0.25 mm I.D. and a 0.25 mm phase thickness; Carrier gas. Helium at
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an average velocity of 38 crm/sec; Injector temperature: 275 °C; Temperature program: 160-
350 °C at 4 degrees/minute. The absorption spectra of the plant extracts were generated using

a Jasco V-550 UV/Vis spectrophotometer.

5.2.2. Purification of the Ethyl Lactate and CO, Extract with Activated Carbon

The purification of the plant extract (WEL* =0.09, 6.89 MPa) using activated carbon was

performed at 323.15 + 1 K. The effects of contact times (30-210 min) and activated carbon
concentrations (14-242 g/L) on the extract purity were investigated. A given activated carbon
concentration was added to avial containing 2 mL extract, which was kept in an oven (VWR
Scientific, model 1330 FM) maintained at a fixed temperature. The solution was then stirred
for a specified time. Subsequently, the solution was quickly transferred into another vial
through a syringeless filter (Whatman Autovial, Teflon® membrane with 0.45 nm pore
diameter) to trap the spent carbon. The volume of the collected extract was measured, and the
amount of sclareol in the collected extract was quantified by GC analysis. The purity of
sclareol in the collected extract in terms of weight fraction was determined. In addition, the
UV visible spectra, GC, and GC-MS chromatograms of the extracts before and after
treatment with the activated carbon were generated in order to determine which compounds

were removed by adsorption.

5.2.3. Recovery of Sclareol from the Purified Extract via Water Anti-Solvent Process

Solubility of sclareol in the mixture of ethyl lactate and water
The solubility of sclareol in the mixture of ethyl lactate and water was determined at

298.15 + 1 K. Mixtures of ethyl lactate and water with various compositions were prepared.
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An excess amount of pure sclareol was then added to each mixture. The solution was stirred
to alow the system to rapidly reach equilibrium. After 4 hours, the solution was quickly
transferred into a vial through a syringeless filter to trap any un-dissolved sclareol. A known
volume of the filtered solution was withdrawn and placed into a pre-weighed vial. The
solvent was evaporated in the oven for 2-3 days at 318.15 + 1 K and the weight of the vial
plus residue was regularly monitored. After complete solvent removal, the weight of sclareol
was recorded and compared with the results from GC analysis. For GC, a known volume of
ethyl lactate was added to the vial to re-dissolve sclareol. The solution was then injected into
the GC in order to determine the sclareol concentration. Subsequently, the solubility value
for sclareol under the conditions of the experiment was evaluated and the ternary phase

diagram was generated.

Water antisolvent process

The performance of water as an antisolvent for sclareol in extracts with variable sclareol
purity was examined. A known volume of the purified extract with known sclareol
concentration was prepared. Water was added to the extract until the desired concentration
was achieved. This was determined from the solubility data of sclareol in mixtures of ethyl
lactate and water. Once water was added, the solution became cloudy. The mixture was then
cooled (278.15 + 1 K) overnight to enhance sclareol precipitation. At a given level of
solution purity, resulting from contacting with various ratios of activated carbon to sclareol
extract, the formation of three phases was observed: an oily phase lighter than water-ethyl

lactate phase; a water-ethyl lactate phase; and a solid precipitate phase consisting primarily
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of sclareol. The solid precipitate phase was separated from the solution via vacuum filtration
(Millipore, PV DF membrane with 0.45 nm pore diameter). The oil phase, consisting of athin
film floating on the top of the solution, could be easily separated with a spatula.

After drying each of the phases in an oven for 2-3 days (318.15 K) in order to remove
residual solvent, the concentration of sclareol in each phase was determined by GC-FID and
expressed as a weight fraction. A known weight of the solid precipitate or oil phase was
dissolved in a known volume of ethyl lactate, and the amount of sclareol in the solution was
guantified by GC analysis. Afterward, the percentage weight ratio of the sclareol to the
extract was determined as the extract purity. The amount of the non-precipitated sclareol was
determined from the GC analysis of the sclareol concentration in the water-ethyl lactate
phase. The total mass of the oil and the solid precipitate phases as well as the distribution of
the phase-separated sclareol in each phase was determined from the mass balance

calculation.

5.3. Reaultsand Discussions

5.3.1. Purification of the Ethyl Lactate and CO, Extract with Activated Carbon

The process of purification by activated carbon involves the adsorption of impurities
from the crude liquid extract by strong physicochemical bonding within the porous structure
of the carbon. One important factor in the carbon adsorption process is the contact time
between the solution and the carbon, which should be chosen to be sufficiently long to
achieve adsorption equilibrium [7, 8]. The experiment to study the effect of contact time on

the adsorption capability was performed at approximately 0.1 volume ratio of activated
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carbon to extract and at 323.15 + 1 K. The activated carbon (~120 mg) was mixed with the
solution (2 mL) using a 0.2 mL magnetic stir bar (Fisher Scientific) for a fixed period of
time, ranging from 30 to 210 minutes. The solution was then filtered and sclareol
concentration in the solution was quantified by GC analysis. Under these experimental
conditions, the sclareol concentration after treatment with the activated carbon is relatively
the same as its concentration in the original solution, thus demonstrates negligible adsorption
of sclareol onto the activated carbon. The extract purity after trestment with the activated
carbon was also determined. By knowing the extract purity and the sclareol concentration in
the solution before and after treatment with activated carbon, the percentage of sclareol and
impurities adsorbed could be calculated, as illustrated in Figure 5-1. The adsorption of
impurities increased as the contact time increased from 30 to 90 minutes, while a contact
time longer than 90 minutes did not markedly enhance the adsorption of impurities.
Therefore, for the remaining purification experiments, 90 minutes was selected as the contact
time for adsorption on activated carbon. A shorter contact time can possibly be achieved if

the mixing method between the solution and the activated carbon is improved.
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Figure 5-1. Plot of % total impurities adsorbed as a function of contact time.

The effect of the proportion of activated carbon to crude sclareol extract on the extract
purity and sclareol yield was investigated. Different amounts of activated carbon were added
to vials containing 2.0 mL extract. The amounts of activated carbon used in the experiments
are summarized in Table 5-1. After stirring the mixture for 90 minutes, the solution was
filtered, and the volume of collected extract, the sclareol concentration in the collected
extract, and the extract purity were analyzed.

Figure 5-2 shows the % sclareol yield as a function of activated carbon concentration.
Percent sclareol purity increased with increasing activated carbon concentration. Sclareol
purity was increased from 64.8 to 79 % (w/w) of sclareol when 60 g/L of activated carbon

was introduced. Further addition of activated carbon up to 242 g/L did not significantly
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increase the extract purity. Figure 5-2 also shows the % sclareol yield based on the difference
in the sclareol concentration before and after treated with the activated carbon. The decrease
in % sclareol yield as the activated carbon concentration increases beyond 60 g/L of extract
indicates that up to approximately 8 % of sclareol is adsorbed onto the carbon.

The % sclareol yield in Figure 5-3 was calculated from the difference in the total mass of
sclareol in the extract before and after treatment with the activated carbon. This calculation
took into account the loss of the extract volume during treatment with the activated carbon
due to the holdup of liquid in the activated carbon particles. For the range of conditions
studied, the % liquid holdup varied from 12 to 35 vol. %. In a real-world process, filtration

and recovery would likely be improved by applying vacuum or pressure [7].

Table 5-1. Various amounts of activated carbon used for purification experiments.

Sample | Activated Carbon Conc. (g/L) | Activated Carbon/Extract Volume Ratio
1 14 0.02
2 32 0.05
3 60 0.1
4 121 0.2
5 242 0.4
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Figure 5-2. Plot of % sclareol yield and % sclareol purity as a function of activated carbon concentration.
The calculation of yield assumes negligible loss of the extract volume during activated carbon treatment.

126



100 -
95
90

-

85 -
80 - %
75-
70- .

% Sclareol Yield

65+
604 !

55+

50 T T T T T T T T T T
0 50 100 150 200 250
Mass of Activated Carbon/Volume of Extract (g/L)

Figure 5-3. Plot of % sclareol yield versus activated carbon concentration. The calculation of yield takes
into account the loss of the extract volume during activated carbon treatment.

Likely impurities contained in the plant extract include mono- and sesquiterpenes, fatty
acids, polyphenols, waxes, wax esters, plant pigments such as chlorophylls and carotenoids
and their degradation products [9]. Figure 5-4 compares the absorption spectra of the extracts
before and after treatment with various amounts of activated carbon. The extract absorption
in the wavelength range of 250-400 nm is partially due to the presence of polyphenols,
waxes, and wax esters which mainly absorb at 250-350 nm and some kinds of carotenoids (or
similar compounds) which generally absorb at 320-550 nm. A significant decrease in
absorption intensity in the wavelength range of 250-400 nm is clearly observed in Figure 5-4
as the amount of activated carbon is increased. These absorption spectra permit qualitative

observation of the removal of some impurities with the activated carbon.
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Chlorophylls are minor impurities in the extract. As is seen in Figure 5-4, there is a
relatively small peak observed in the absorption range of chlorophylls (600-700 nm). Gross
et al. [10] reported that in diethyl ether, chlorophyll a (major pigment in green plants) has
approximate absorbance maxima of 430 nm and 662 nm while chlorophyll b has absorbance
maxima of 453 nm and 642 nm. The amount of chlorophyll a in the extract before and after
treatment with activated carbon was determined according to the Beer-Lambert law [11]. By
measuring the absorption spectra of relatively pure chlorophyll a (Sigma Aldrich; CAS
number 479-61-8; ~ 95 % purity) in ethyl lactate a various concentrations, the molar
extinction coefficient could be determined as 66.91 g/(L.cm) at a maximum peak of 665 nm.

The percentage of chlorophyll a in each extract was then calculated and plotted as a function
of w, in Figure 5-5, assuming that the absorbance in the range of 600-700 nm is solely due

to chlorophyll a. It is observed from this plot that there is a decrease in the amount of

chlorophyll a at increasing activated carbon concentrations.
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Figure 5-6 displays the chromatograms of the plant extracts before and after treatment
with two different activated carbon concentrations, 32 and 242 g/L respectively. For this
analysis, the extract solvent (ethyl lactate) was completely evaporated and the extract was re-
dissolved in ethyl acetate. This step is necessary to minimize the interference of the solvent
impurities in the analysis. Due to solvent evaporation, however, we would most likely lose
some of the impurities that have boiling points close to ethyl lactate or lower, such as linalyl
acetate, linalool, monoterpenes, and sesquiterpenes. In addition, some of the relatively high
molecular weight components possibly present in the extract, such as plant pigments, waxes,
and wax esters, are not observed in the chromatogram due to the instrument limitation.

Figure 5-6 qualitatively shows a decrease in the intensity of the peaks at increasing
amounts of activated carbon, more appreciably for the peaks eluting after the sclareol peak.
Thisis confirmed by the GC-MS analysis of the extracts shown in Figure 5-7 and Figure 5-8.
In Figure 5-7, the amount of hydrocarbons and plant sterols noticeably decreased as the
activated carbon concentration increased. In Figure 5-8, a qualitative reduction of some
monocyclic and bicyclic diterpenes and diterpenoids, such as cembrene, manool, manoyl

oxide, was examined.

130



Solvent Before Activated Carbon
= Pesk - Sclareol
| Peak

| | |
[P SRR K ST X SO S S O I

e e 2 __an  en Al oo

Sample2 =32 g/L AC conc.

1z

120 — |

Peak Height

] | |
Ml J-I,_.-.E.U....-..u.q,,l_.._'_.-—n-.-.-.l..'_.-.. - T

. pe— R —
¥ o - a0 L sy _ BO i

| Sample5=242g/L AC corc.

Time (min)

Figure 5-6. Chromatograms of the extracts before and after treatment with two different activated carbon
concentrations.

131



40000
35000
30000
25000
20000
15000
10000

5000

40000
35000 -

Abundance

15000 +
10000 +

5000 sl

40000
35000 -+
30000 -
25000 +
20000 ~
15000 -
10000 -

5000 -+

30000 -
25000 -
20000 -

Before Activated Carbon

i Hvdrocarbon b -sitosterol

g b -amyrin

Sample 2 =32 g/L AC conc.

Sample 5 =242 g/L AC conc.

20 22 24 26 28 30 32 34 36 38 40

Time (min)
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Figur e 5-8. GC-M S chromatograms showing the peaks of impurities that elute before sclareol.

In summary, activated carbon can be used to remove some impurities in the plant
extract, and the adsorption of the sclareol on the carbon is relatively small under the

conditions investigated.
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While not a part of this investigation, it is important to note that in terms of an industrial
process, the spent activated carbon used for partial purification of sclareol can be regenerated
by one of several methods, including thermal, chemical, and steam treatments [7]. In thermal
regeneration, the contaminants adsorbed are removed by heating the exhausted carbon in the
kilns at high temperatures typically ranging from 773.15-1073.15 K. This method is effective
at regeneration, however, it requires large amount of energy and expensive equipment. There
is also a characteristic loss of 5-10 % of the carbon from excessive burn off [12]. Some
advantages of the steam and chemical regeneration over thermal method are higher recovery
of regenerated carbon, possible recovery of valuable adsorbates, and potential reuse of the
solvents after proper subsequent treatments [13]. Since the stream regeneration is only
effectively used to remove volatile compounds, the chemical regeneration is therefore the
most promising method for our system and further research must be conducted for selecting

the proper chemical (organic solvents) that can facilitate affinity or solubility [12, 14].

5.3.2. Recovery of Sclareol from the Purified Extract via Water Anti-Solvent Process

Sclareol is highly insoluble in water whereas ethyl lactate and water are completely
miscible. When water is added into the liquid extract, it preferentially interacts with the ethyl
lactate solvent, effectively preventing it from solvating the sclareol and remaining impurities
in the solution. This results in solute precipitation. The solubility of pure sclareol in various
compositions of ethyl lactate and water was investigated at 298.15 + 1 K. The results are
plotted in Figure 5-9. It is observed that complete precipitation of sclareol is achieved when
the percentage of water in the solvent mixture approaches 75 % (w/w). This concentration of

water was therefore selected asthe starting point for the water antisolvent experiments,
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Figure 5-9. Experimenta ternary phase diagram of sclareol-ethyl lactate-water at 298.15 K and ambient
pressure.

Five samples with varying sclareol content and extract purity were obtained from the
activated carbon purification experiments. These extracts were used in the water antisolvent
precipitation experiments. The experiments were performed at a constant ratio of water to
ethyl lactate, which was set at ~ 78 % (w/w) of water to ethyl lactate solution. Once water
was added, the solution became cloudy, as shown in Figure 5-10, and the previously
homogeneous solution immediately separated into three phases, consisting of a yellowish
upper oil phase, an ethyl lactate-water phase, and a solid precipitate phase, for all samples

except for sample 5. Sample 5 was treated with the highest amount of activated carbon, and
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resulted in near-complete removal of the components responsible for the formation of the oil

phase.
Sample2 Sample3  Sar _
Oil Phase | |
Oil Phaseis
Solid Precipitate | not clearly
Phase suspended observed
in Agqueous Phase

Figure 5-10. Picture of the various extracts after water is added. The purity of the extract before water is

added in % (w/w): sample 1 = 68.3, sample 2 = 70.9, sample 3 = 77.6, sample 4 = 79, sample 5 = 80.8.

The activated carbon concentration used to purify the extract in g/L: sample 1 = 14, sample 2 = 32, sample

3 =60, sampled =121, sample 5 =242,

The calculation of % sclareol purity in the oil and precipitate phase showed that the solid
precipitate phase purity ranged from 92-97 % (w/w) while the sclareol content of the oil
phase ranged from 63-77 % (w/w), as illustrated in Figure 5-11. The GC analysis of the
sclareol concentration in the water-ethyl lactate (aqueous) phase implied the nearly complete
phase separation of sclareol (97-99 %). From the mass balance calculation, the distribution of
the phase-separated sclareol in each phase was determined and plotted as a function of the
extract purity before it was mixed with water in Figure 5-12 and Figure 5-13. The slight
increase in the extract purity by addition of the largest ratio of activated carbon has a

considerable effect on the formation of the phases. The formation of the oil phase becomes

indistinct with arelatively slight increase in the extract purity.
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Figure 5-11. The percentage of sclareol in the oil and solid precipitate phases as a function of the sclareol
purity of the ethyl |actate extract before mixing with water.
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Figure 5-12. The percentage of sclareol from the total mass of phase-separated sclareol found in the solid
precipitate phase, as afunction of % sclareol purity in the ethyl |actate extract before water is added.
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afunction of % sclareol purity in the ethyl lactate extract before water is added.

The analysis of the aqueous ethyl lactate phase revealed that almost all sclareol was
phase separated upon mixing the ethyl lactate extract with water. Notably, some of the
impurities that are relatively more hydrophilic than sclareol remained dissolved in the
solution. Figure 5-14 describes the % sclareol in the total mass of substances that phase-
separated, as a function of the % sclareol purity before the ethyl lactate extract was mixed
with water. The data in this plot all falls above the 45° line, and this clearly shows the
increase in the extract purity with the addition of water as some impurities remained

dissolved in the solution.
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Figure 5-14. The total percentage of sclareol recovered in both the oil and solid precipitate phases, as a
function of % sclareol purity of extract before water isadded.

5.4. Conclusions

Activated carbon can be used to remove some of the impurities found in the initial CO,-
ethyl lactate extraction of Clary Sage. These impurities include such components as
polyphenols, waxes, wax esters, etc., in the CO, + EL extract (WEL* =0.09, 6.89 MPa). The
purity of the extract increases while the sclareol yield decreases with the use of higher
amount of activated carbon. The mixing of water (> 75 % (w/w)) inthe residual ethyl lactate
extract remaining after venting of the CO, from the mixture results in the formation of athree
phase mixture consisting of an oil phase, an agueous ethyl lactate phase, and a solid

precipitate phase. Extract purity governs the formation of these phases to a significant extent.
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The extract treated with the highest activated carbon concentration did not demonstrate the
formation of an appreciable quantity of oil phase upon addition of water. In summary, the
purification of the CO, + EL extract using activated carbon followed by sclareol precipitation
with water is promising. Applying 60 g/L activated carbon increased the extract purity from
65 to 79 % (w/w) of sclareol, and addition of water to this extract caused ~ 70 % of the
phase-separated sclareol to go in the solid precipitate phase in approximately 97 % (w/w)
purity. The application of 242 g/L of activated carbon did not significantly enhance the
extract purity and resulted in lower sclareol yield due to some adsorption of sclareol by the
activated carbon and the holdup of the liquid extract in the activated carbon. At this high
activated carbon level, the formation of oil phase did not occur upon addition of water, and

sclareol with a purity of 93 % (w/w) was obtained as the precipitate.

5.5. Separation of Ethyl Lactate and Water usng Vacuum Digtillation

The remaining solution after purification of the plant extract with activated carbon and
recovery of sclareol using water as the antisolvent is a mixture of ethyl lactate and water. In
an industrial process, the ethyl lactate-water phase would need to be separated and the
individual liquid components recovered using vacuum distillation. The ethyl lactate could
then be recycled for re-use in the extraction step of the process while the recovered water
could be re-used for the liquid antisolvent step of the process. In this section, we discuss a
simple vacuum distillation process simulation for ethyl lactate and water using Aspen Plus
2004.1.

Digtillation is a unit operation used for the separation of constituents of mixtures by

partial evaporation. It is based on the fact that vapor is relatively richer in the component
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with the highest vapor pressure, which is the more volatile component. Industrial-scale
distillation at moderate vacuum can be characterized by the use of conventional distillation
equipment. Its lowest pressure limit is on the order of 1 torr or 0.00013 MPa [15]. Vacuum
distillation increases the relative volatility of the key components in many applications,
which means that the components are more separable. As a result, it requires fewer number
of equilibrium stages in the distillation column to achieve the same separation between
overhead and bottom products. Consequently, it reduces the capital cost of the equipment. In
addition, the reduced temperature requirement at lower pressure decreases the possibility of
product degradation. The drawback of vacuum digtillation is the relatively higher operating
costs.

In distillation calculation using Aspen, one important issue is the selection of an
appropriate physical property method that will accurately describe the phase equilibrium of
the chemical component system [16]. The program Aspen Plus has a large number of
alternative methods. For liquid systems, NRTL and UNIQUAC are commonly employed.
The available isothermal vapor liquid equilibrium data for the water and ethyl lactate system,
as described in Figure 5-15 were used to regress the model parameters in Aspen. The
calculated data from NRTL and UNIQUAC are compared with experimental data in Figure
5-16, Figure 5-17, Figure 5-18, and Figure 5-19. As shown in these figures, the system has an

azeotrope, occurring at 5-7 mol % ethyl lactate [17].

142



313.15K
A A A
2.0x10°7 —‘ﬁA A ., . A 33315K
2 A,
1 A A
A A
= 1.5x107%4 A A
%’ | A A
o A A
2 1.0x10°1 . .
o Fy Y
- P ol N ‘s
. O 3 | [ ] - A | ] . A
.0x10 = A - A
m [ ]
i oy - LN 4
I mg g " g h
0.0 T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
XEL’ yEL

Figure 5-15. Isothermal vapor liquid equilibrium data of ethyl lactate and water system at 313.15 and
333.15K [17].
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Figure 5-16. Comparison of experimental and cal culated vapor liquid equilibrium data of ethyl lactate and
water system using NRTL at 313.15K.
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Figure 5-17. Comparison of experimental and cal culated vapor liquid equilibrium data of ethyl lactate and

water system using NRTL at 333.15 K.

145



1.4x107 1

m  Exp Data
UNIQUAC

1.2x107 1
1.0x107 1
8.0x10°

6.0x10°

Pressure (MPa)

4.0x10°

2.0x10°

0.0 . : : . .
0.0 0.2 0.4 0.6 0.8 1.0

XEL’ yEL

Figur e 5-18. Comparison of experimental and cal culated vapor liquid equilibrium data of ethyl lactate and
water system using UNIQUAC at 313.15K.
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Figure 5-19. Comparison of experimental and cal culated vapor liquid equilibrium data of ethyl lactate and

water system using UNIQUAC at 333.15 K.
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Figure 5-20. Calculated vapor liquid equilibrium data of ethyl lactate and water system using NRTL at
various pressures.
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Figure 5-21. Calculated vapor liquid equilibrium data of ethyl lactate and water system using UNIQUAC
at various pressures.

From Figure 5-20 and Figure 5-21, it is observed that as pressure is reduced the system
azeotrope occurs a alower molar composition of ethyl lactate, and breaks at a pressure lower
than 0.001 MPa. These VLE data indicate that vacuum distillation should be applied to our
system in order to obtain products with 99.9 mol % water in the distillate and 99.9 mol %
ethyl lactate in the bottom. In the next paragraphs, we discuss the required parameters and
the effect of varying some parameters in the process simulation. The schematic of the

distillation process is shown in Figure 5-22.
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Figure 5-22. Schematic of digtillation process.

The design of distillation column involves many parameters. product compositions,
product flowrates, operating pressure P, total number of trays Ny, feed tray location Ng,
digtillate D, reflux ratio RR (a ratio of liquid reflux R to distillate D), reboiler heat input,
condenser heat removal, column diameter, and column height. In typical distillation design,
the feed conditions (temperature Tg, pressure Pr, flow rate F, and composition z) and the
desired product compositions (the heavy-key impurity in the distillate Xp 4k and the light-key
impurity in the bottoms xg | k) are given.

In simulating the ditillation process to separate ethyl lactate and water, the feed
composition was specified as 96 mol % water. This value was calculated from the sclareol
precipitation process using water as the antisolvent. The feed temperature and pressure were
set at ambient conditions. For achieving the 99.9 mol % of ethyl lactate in the bottom and
99.9 mol % water in the distillate, the distillate rate D was calculated as 0.96 mol/s according

to equation (1) by assuming the feed molar flow rate of 1 mol/s[16].
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D=F( 2 ) )
Xp = Xg

where F is the feed flow rate and z, xg, Xp are the light component molar compositions in the
feed, bottom, and distillate, respectively.

The simulation was run at various pressures with constant feed conditions and distillate
rate, and NRTL was chosen for the physical property model. Using the “Design Spec/Vary”
function, the reflux ratio was manipulated to achieve the desired product compositions [16].
With the specified number of stages, the feed stage was varied to find the minimum reboiler
heat consumption [18]. With the fixed ratio of the total number of stages to the feed stage,
the number of stages was decreased until the required reflux ratio became large.

Table 5-2 shows the effect of operating pressure on the required condenser temperature.
A decrease in pressure causes a decrease in temperature, which finally results in higher heat
removal expense since refrigeration must be used in the condenser. Cooling water is the
typical heat sink used in the condenser. It is commonly available a 305 K and is less
expensive than refrigeration. Hence, condenser temperature is one important criterion in
selecting the proper operating pressure. Table 5-3 shows the effect of pressure on the
required number of stages as well as the reboiler heat duty. It can be seen that the required
number of stages decreases with the operating pressure, which results in the reduced capital
cost. At a certain pressure and number of stages, the feed stage was chosen to provide the
minimum reboiler heat duty. The ratio of the number of stages to feed stage is close to a

fixed value for each pressure, which is approximately 1.2 for 0.007 and 0.005 MPa, 2.6 for

151



0.001 MPa, and 1.7 for 0.0001 MPa. Additionally, it is shown in Table 5-3 that increasing the
number of stages lowers the reflux ratio and the heat duty in the reboiler, consequently

decreasing the operating cost and increasing the capital cost.

Table 5-2. Effect of pressure on condenser temperature.

Pressure (MPa) \| Condenser temperature (K)

0.007 312.39
0.005 306.26
0.001 280.33
0.0001 250.54

Table 5-3. Effect of pressure on number of stages and reboiler heat duty.

P =0.007 MPa

Number of stages (Ny)| Feed stage (Ng) | Reflux ratio (RR) | Heat duty (Watt)
90 83 10.67 4.88E+05
70 64 13.5 6.05E+05
50 37 38.03 1.63E+06

P =0.005 MPa

Number of stages (N+)| Feed stage (Ng) | Reflux ratio (RR) | Heat duty (Watt)
30 26 10.28 4.74E+05
27 23 15.85 7.06E+05
24 21 54.44 2.32E+06

P =0.001 MPa

Number of stages (Ny)| Feed stage (Ng) | Reflux ratio (RR) | Heat duty (Watt)
15 6 5.09 2.60E+05
13 5 10 4.70E+05
11 4 48.47 2.11E+06

P =0.0001 MPa

Number of stages (N+)| Feed stage (Ng) | Reflux ratio (RR) | Heat duty (Watt)
10 6 0.89 7.99E+04
9 5 1.64 1.13E+05
8 5 18.76 8.61E+05
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The height of adistillation column can be calculated using equation (2) if the number of
stages (N+) is known [16]. The diameter of the column is determined by the maximum vapor
velocity. Since the vapor flow rates change from stage to stage in a nonequimolal overflow
system, the stage with the highest vapor velocity will set the minimum column diameter. In
the Aspen calculation, the cross-sectional area of the column is determined by dividing the
volumetric vapor flow rate with the maximum vapor velocity. Table 5-4 summarizes the
height and diameter of the column, corresponding to the number of stages and operating

pressures.

L(meter) =1.2(0.61)(N, - 2) )
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Table 5-4. Height and diameter of the column at varied operating pressures and number of stages.

P =0.007 MPa

Number of stages (Ny) | Feed stage (Ng) | Reflux ratio (RR) | Length (m)| Column diameter (m)
90 83 10.67 64.42 1.06
70 64 13.5 49.78 1.19
50 37 38.03 35.14 1.93

P =0.005 MPa

Number of stages (Ny) | Feed stage (Ng) | Reflux ratio (RR) | Length (m)| Column diameter (m)
30 26 10.28 20.50 1.17
27 23 15.85 18.30 1.42
24 21 54.44 16.10 2.59

P =0.001 MPa

Number of stages (Ny) | Feed stage (Ng) | Reflux ratio (RR) | Length (m)| Column diameter (m)
15 6 5.09 9.52 1.41
13 5 10 8.05 1.89
11 4 48.47 6.59 4.02

P =0.0001 MPa

Number of stages (Ny) | Feed stage (Ng) | Reflux ratio (RR) | Length (m)| Column diameter (m)
10 6 0.89 5.86 1.59
9 5 1.64 5.12 1.89
8 5 18.76 4.39 5.23

It is clear that the lower operating pressures allow for the design of shorter columns with
reasonable heights albeit with larger column diameters. In conclusion, the separation of ethyl
lactate from water can be performed using a vacuum distillation process. Several parameters,
such as operating pressure, number of stages, feed stage, etc. must be carefully considered in
designing an efficient process. Aspen calculations show that the required number of stages
decreases with pressure, which results in a decrease in capital cost and an increase in
operating cost due to the need for refrigeration in the condenser. Moreover, the length of the

distillation column is significantly dependent on the number of stages whereas its diameter is
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dependent on the volumetric vapor flow rate and maximum vapor velocity, which are reliant

on the operating conditions.
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6. General Conclusions and Future Recommendations

The ternary phase behavior of pure sclareol-ethyl lactate-CO, system at 298.15, 308.15
K and various pressures provides essential information for the design of an extraction process
of sclareol from the Clary Sage plants. The phase diagrams, which were constructed using
the static synthetic method, exhibited a cybotactic region in CO,-ethyl lactate mixture, with
the solubility increasing with increasing pressure at a fixed temperature. CO; acted as a co-
solvent to ethyl lactate at lower pressure and/or lower CO, concentrations and as an anti-
solvent at higher pressure and/or higher CO, concentrations. The PR-LCVM model was able
to qualitatively but not quantitatively predict the ternary phase behavior of sclareol-ethyl
lactate-CO, system. This model, however, could provide a good prediction for ethyl lactate-
CO, system, and thus was useful for analyzing the region of miscibility of the two
components at various pressures and temperatures.

The sclareol extraction from Clary Sage plants using ethyl lactate, followed by GAS
precipitation process did not produce the desired quantity or purity of sclareol. The process
required the use of a large amount of ethyl lactate to extract a given amount of sclareol from
Clary Sage, and subsequent evaporation of a large amount of ethyl lactate to concentrate the
solution for achieving a high yield of sclareol upon precipitation with the GAS process.
Some impurities, extracted together with sclareol by ethyl lactate, acted as a co-solvent for
sclareol and inhibited the precipitation of sclareol. Furthermore, the GAS process was not

very selective for sclareol. The sclareol obtained by precipitation was impure.
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An alternative extraction process using a mixture of ethyl lactate and CO; a subcritical
conditions (6.89 MPa, 298.15 K) is promising. The process could achieve high sclareol

extraction yield (95-100 %) and highest purity (65-70 % (w/w) of sclareol) at ethyl lactate
concentrations in the range of w,, = 0.09-0.1. Increasing the pressure to 10.34 MPa a a

fixed temperature did not improve the product purity while decreasing the pressure to 5.52

MPaand lower created the region of immiscibility between ethyl lactate and CO..
The purification of the liquid extract (WEL* = 0.09, 6.89 MPa) with the activated carbon

resulted in a 5-15 % increase in the extract purity, depending on the activated carbon
concentration. Increasing the activated carbon concentration decreased the sclareol yield due
to some adsorption of sclareol and the increase of liquid extract holdup in the activated
carbon. The recovery of sclareol from the purified liquid extract can be achieved by applying
~ 78 % (w/w) of water. Generally, three phases were formed upon addition of water: an oil
phase containing 63-77 % (w/w) of sclareol, a solid precipitate phase containing 92-97 %
(w/w) of sclareol, and a water-ethyl lactate phase with negligible amount of sclareol. The
extract treated with the highest activated carbon concentration did not demonstrate the
formation of an appreciable quantity of oil phase upon addition of water, thus most of the
sclareol was obtained in the solid precipitate phase.

In an industrial process, the ethyl lactate-water phase can be separated and the individual
liquid components recovered using a vacuum digtillation. The ethyl lactate can then be
recycled for re-use in the extraction step of the process while the recovered water can be re-
used for the liquid antisolvent step of the process. Water and ethyl lactate are not only

miscible, but also form an azeotrope. We used Aspen Plus 2004.1 simulation to model the
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separation process. The calculation employed a simple distillation setup and neglected the
presence of impurities in the ethyl lactate-water mixture. It is estimated that, for a given
water composition of 78 % (w/w), the complete separation of water and ethyl lactate can be
reasonably achieved using a vacuum pressure of < 0.007 MPa.

Figure 6-1 and Figure 6-2 summarize the overall process of extraction, purification, and
recovery of sclareol from the plant materials, respectively, for two purification conditions. In
Figure 6-1, applying 60 g/L activated carbon increased the extract purity from 65 to 79 %
(w/w) of sclareol, and addition of water to this extract caused ~ 70 % of the phase-separated
sclareol in the solid precipitate phase with 97 % (w/w) of sclareol. Consequently, as shownin
Figure 6-2, applying 242 g/L of activated carbon did not significantly enhance the extract
purity and a lower sclareol yield was obtained due to some adsorption of sclareol and the
holdup of the liquid extract in the activated carbon. The formation of oil phase did not
noticeably occur upon addition of water, and sclareol with a purity of 93 % (w/w) was
obtained as the precipitate. To conclude, it is preferable to apply 60 g/L activated carbon in
the purification step of our process. With this reasonable amount of activated carbon, we can
achieve high enough extract purity. The drawback is the dissolution of some sclareol in the
oil phase upon addition of water. It is necessary to perform further investigation on the

processto purify the oil phase and subsequently recover sclareol from that phase.
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Figure 6-1. Process flow diagram for the extraction, purification, and recovery process of sclareol from
Clary Sage plants. The purification was performed with 60 g/L activated carbon.
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Figure 6-2. Process flow diagram for the extraction, purification, and recovery process of sclareol from
Clary Sage plants. The purification was performed with 242 g/L activated carbon.

Future work pertaining to the improvement of the extraction methods to increase the
extract purity or sclareol selectivity includes investigating other GRAS solvent-CO; pairs and
reducing the contact time between the plant materials with the solvent mixtures since sclareol
was found on the surface of sage flowers and could be extracted in a matter of minutes.
Using a more volatile GRAS extraction solvent can be advantageous because these solvents
can be easily evaporated and the extract after complete solvent removal, presumably with the
reasonably high purity, can be directly subjected for the re-crystallization process to achieve

the almost pure product.
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In the purification part, investigation on other types of activated carbons for removal of
the dominant impurities in the extract must be pursued. An alternative to activated carbon,
such as using another GRAS solvent to selectively extract sclareol from the ethyl lactate
extract can also be examined. Finally, water as the antisolvent for sclareol can be replaced by
other hydrophobic GRAS solvents, which can be easily separated from ethyl lactate using a

conventional distillation process.
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A. Thermodynamic Modeling of the Ternary System of Sclareol-Ethyl
L actate-CO,

A.1l. LCVM Mixing Rules Coupled with the Original UNIFAC and PR-EOS

Vidal Mixing Rule [1]:

E
a, = +8 xa, (A1)
A RT

For the PR EOS, Vidal suggested a value of -0.623.

Michelsen Mixing Rule [2]:

1 éGE o U o
a, =—ea—+q X Ing—3+ q xa, A.2
M A‘M eRT a i bi % a i ( )

where A, is an EOS-dependent parameter that depends additionally on the linear

approximation used in describing the g(a) vs. a, as derived in the following equations.

Introduction of a :b% and u =% into PR EOS pressure explicit as shown in Equation

(A.3) yields Equation (A.4).

oo RT a(T)
v-b v(v+b)+b(v- b)

(A.3)
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Po 1 a

- = - A.4
RT u-1 u®+2u-1 (A4)
where u isrelated to a through the PR EOS for P =0:

1.2 u_—[(a 2)- +/a? 8a+] (A.5)
u-1 u"+2u-1

The function g(a) is defined for a >4+ 22 =6.83. If we plot gq(a) vs. a and replace
the curve with the linear approximation: g(@) =q, +ga , we obtain g, =-0.52 for the a

range of 6.83 to 20. By employing the linear approximation to Equation (A.2), we find that

A, =0q, =-0.52.

LCVM mixing rules:
In this model, a linear combination of Vidal and Michelsen mixing rules [3] is used to

calculate the attractive term parameter a in PR EOS, as expressed in the following equation:

E
a = g%' 1 | 0 G 1 | o ?_)8 éx,a, (A6)
A Ay g RT Am b g
a
where a=—— (A.7)
bRT
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and | isaparameter that determines their relative contributions to a . The value of |
was determined by applying the model for calculation of bubble point pressures of known
binary systems, including systems with considerable size differences in their components. It
was found out that suggested value for | is 0.36 when the original UNIFAC GF model is
incorporated in this mixing rule.

Multiplying each side of Equation (A.6) with the total number of moles, n, and deriving

each side with respect to number of moles of each speciesi at constant T and P, n,, givesthe

expression of parameter a for speciesi in the mixture:

— _€fnau el 1-10 1- 1 b b .0
ai=g—1q =¢—+——3Ang, +——xIn—+—- 17+a, (A.8)
eﬂnl Grpn 1j gA/ AM 4] A\/l >§ bl b 9

where g, represents the activity coefficient of species i, which is calculated from
UNIFAC model. The fugacity coefficient for species i in the mixture, F,, can be derived

from PR EOS as shown in Equation (A.9). Applying Equation (A.8) into Equation (A.9)
results in the fugacity coefficient of speciesi in the mixture in terms of activity coefficient of

speciesi, as shown below:

4 2y xa, bo
F :expgtix(z-l)- In(Z - B)- A_ZHa %8 -Eilnw$ (A.9)
&b 2/2BE a b &Z- 0414Bgy
éb ai o +2.414By
F =expg—XZ-1)-In(Z-b)- In = A.10
i pg.B’( )-In(z-b)--7 €2 +0.414B g A1
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Group Contribution UNIFAC:

The activity coefficient of speciesi in amixture is described as:

Combinatorial

g, = expllngi +IngiRegd”a'J (A.11)
The combinatorial part accounts for differences in the size and shape of the moleculesin
the mixture whereas the residual part comprises the energy interactions. The following

equations describe the combinatorial and residual activity coefficients:

mbinatorial F, z q F. o
Ing, ™™™ =InL+Zqg In2L+] - 3 xl. A.12
g| Xi 2q| Fi i Xi aJXJ j ( )
Ing~* = v, (i)[InGK _ |nGk(i)] (A.13)
where |, :g(ri - q)- (r - 1);z=10 (A.14)
r=a "R (A.15)
d =4 v"Q (A.16)
i (A.17)
a ;X
F =X (A.18)
a,nx
e eQy
NG =Q.a- (& Q.Yn)- amgon—kmza (A.19)
& 8anQnYnmwé
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U o)
Y —expa—m _—m - ex hd A.20
m pg R H png (A.20)

In these equations: R, and Q, are the group volume and surface area parameters,

respectively; v, isthe number of groups of type k in moleculei; g, and F, arethe areaand
segment fraction, which is similar to the volume fraction, respectively; a,, is the group

interaction parameter, which is evaluated from the experimental phase equilibrium data.

A.2. Two-Component System: Ethyl Lactate and CO,

A.2.1. Flowchart of Binary VLE

Define Component
Properties (P, T, W)

SetT &P

Yy

Calculate PR EOS parameters

m (T), a(T), b; )
T

Initial X; guesses
from Raoult’s law Define LCVM mixing rule =f (T, x;) @
where K=y/x;

I
Calculate compressibility functions Z;
and Z, using V _and V,
I §
Calculate functions for component
fugacity coefficients f| &f,,

L ]

Recalculate Ki=f,/f,,

]
Return x;, y;at T & P
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A.2.2. Matlab Code of Binary VLE: Ethyl Lactate-CO,

function [glnew,g2new] = LCVM_CO2_Ethyllactate(PB)

) = f L
% PB = system pressure; glnew = K, = —
\Y
T = 15+273.15;
R =8.31451;
z=10;
% 1= COqy; 2 = ethyl lactate, Critical temperature (Tc) interms of K, Critical pressure (Pc) in terms of Pa
Tc(1) = 304.19; w(1) = 0.225; Pc(1) = 7.3815¢6;
Tc(2) = 588; w(2) = 0.6; Pc(2) = 3.86€6;
fori=1:2
K(i) = 0.37464 + 1.5422*w(i) - 0.26992* w(i)"2;
afa(i) = (1+ K(@i)*(1-sart(T/Tc(i)) ) Y2
ai(i) = 0.45724* R 2* Te(i) 2/Pc(i)* alfa(i);
bi(i) = 0.07780* R* Tc(i)/Pc(i);
end
gl = 40;
g2=0.02
glnew = 50;
Ethyllactate sat=0.5;
g2new = Ethyllactate sat/PB;

while abs(glnew-gl) + abs(g2new-g2) > 10.A(-10)
01 = glnew;,
02 = g2new;,
x(1) = (92-1)/((92-91)
X(2) = 1-x(2)
y(1) = 91*x(1)
¥(2) = 1-y(1)

% LIQUID CALCULATION
bL = bi*x'
% New mixing ruleincorporating UNIFAC
ulambda=0.36;
Av=-0.623;
Am=-0.52;

% PART A

%C0O2=1,CH3=2; CH =3; OH =4; COOCH2 =5;

r(1) = 1.2960; r(2) = 0.9011; r(3) = 0.4469; r(4) = 1.000; r(5) = 1.6764;
q(1) = 1.261; q(2) = 0.848; q(3) = 0.228; q(4) = 1.200; q(5) = 1.420;
Rv(1) = 1*r(2);

Q(1) = 1*q(1);

RV(2) = 2*1(2)+1*r(3)+1*r(4)+1*1(5);

Q(2) = 2*q(2)+1*q(3)+1*q(4)+1*q(5);

fori=1:2
Rsigma = Rv*x'
Qsigma= Q*x'
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theta(i) = Rv(i)*x(i)/Rsigma;
pi(i) = Q)" x()/Qsigma;
1(i) = Z/2* (Rv(i)-Q(i))-(Rv(i)-1);

sigma=I*x’;
In_gamma_combinatorial (i) = log(theta(i)/x(i)) + z/2* Q(i)*log(pi(i)/theta(i)) + I(i) - theta(i)/x(i)*|sigma;
end

Yaisin degree K

a=[0,110.6,110.6,87.1,-126.9
116.7,0,0,986.5,232.1
116.7,0,0,986.5,232.1
471.83,156.4,156.4,0,101.1
102.75,114.8,114.8,245.4,0];

for i=1:5

for j=1:5
wU(i.j) = exp(-a(i j)/T);
end
end

% PART B
%For pure CO2
%p indicates pure
%CO02 = 1,
X_p1(1) =1; X_p1(2) = 0; X_p1(3) = 0; X_pl(4) =0; X_p1(5) =0;

fori=1:5
Area thetaSigma _pl = g*X_pl;

Area_theta pl(i) = q(i)* X_pl(i)/Area_thetaSigma_p1;

end
b1(1) = log( Area_theta p1(1)*wU(1,1) );
cl(1) =1;

In_t p1(1) =qg(1) * (1-b1(1) - c1(D));

% PART C
%For pure Ethyl Lactate
%p indicates pure
X_p2(1) = 0; X_p2(2) = 2/5; X_p2(3) = 1/5; X_p2(4) = 1/5; X_p2(5) = 1/5;

fori=1:5

Area_thetaSigma_p2 = g*X_p2

Area_theta p2(i) = q(i)* X_p2(i)/Area_thetaSigma._p2;
end

for i=2:5

b2(i) = log(Area_theta p2(2)*wU(2,i) + Area_theta p2(3)*wU(3,i) + Area theta p2(4)*wU(4,i)
+ Area _theta p2(5)*wU(5,i) );

c2(i)=

Area theta p2(2)*wU(i,2)/(Area_theta p2(2)*wU(2,2)+Area_theta p2(3)*wU(3,2)+Area theta
p2(4)*wU(4,2)+Area_theta p2(5)*wU(5,2))+...

Area theta p2(3)*wU(i,3)/(Area_theta p2(2)*wU(2,3)+Area_theta p2(3)*wU(3,3)+Area theta
p2(4)*wU(4,3)+Area_theta p2(5)*wU(5,3))+...
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end

Area theta p2(4)*wU(i,4)/(Area_theta p2(2)*wU(2,4)+Area_theta p2(3)*wU(3,4)+Area theta
p2(4)*wU(4,4)+Area_theta p2(5)*wU(5,4))+...
Area theta p2(5)*wU(i,5)/(Area_theta p2(2)*wU(2,5)+Area_theta p2(3)*wU(3,5)+Area theta
p2(4)*wU(4,5)+Area_theta p2(5)*wU(5,5))

In_t_p2(i) = q(i) * (1 - b2(i) - c2(i))

% PART D

%For Binary

Xsigma=x(1)*1 + x(2)*5;

X(1) = (X(1)*1 + x(2)*0)/Xsigma;
X(2) = (X(1)*0 + x(2)* 2)/Xsgma;
X(3) = (X(1)*0 + x(2)* 1)/Xsigma;
X(4) = (X(1)*0 + x(2)* 1)/Xsigma;
X(5) = (X(1)*0 + x(2)* 1)/Xsigma;

fori=1:5
Area thetaSgma = g* X’
Area_theta(i) = q(i)* X (i)/Area_thetaSigma;
end

for i=1:5
b(i)=log(Area_theta(1)*wU(1,i)+Area_theta(2)*wU(2,i)+Area_theta(3)*wU(3,i)+Area_theta(4)*w
U(4,i)+Area_theta(5)*wU(5,i) );
c(i)=
Area_theta(1)*wU(i,1)/(Area_theta(1)*wU(1,1)+Area_theta(2)*wU(2,1)+Area_theta(3)*wU(3,1)+
Area_theta(4)*wU(4,1)+Area_theta(5)*wU(5,1))+...
Area_theta(2)*wU(i,2)/(Area_theta(1)*wU(1,2)+Area_theta(2)*wU(2,2)+Area_theta(3)*wU(3,2)+
Area_theta(4)*wU(4,2)+Area_theta(5)*wU(5,2))+...
Area_theta(3)*wU(i,3)/(Area_theta(1)*wU(1,3)+Area_theta(2)*wU(2,3)+Area_theta(3)*wU(3,3)+
Area_theta(4)*wU(4,3)+Area_theta(5)*wU(5,3))+...
Area_theta(4)*wU(i,4)/(Area_theta(1)*wU(1,4)+Area_theta(2)*wU(2,4)+Area_theta(3)*wU(3,4)+
Area_theta(4)*wU(4,4)+Area_theta(5)*wU(5,4))+...
Area_theta(5)*wU(i,5)/(Area_theta(1)*wU(1,5)+Area_theta(2)*wU(2,5)+Area_theta(3)*wU(3,5)+
Area_theta(4)*wU(4,5)+Area_theta(5)*wU(5,5));

In_t(i) = q(i) * (1 - b(i) - c(i))

end

In_gamma residual(1) = 1*(In_t(2) - In_t_p1(2) );

In_gamma residual(2) = 2*( In_t(2) - In_t p2(2) ) + 1*( In_t(3) - In_t p2(3) ) + 1*( In_t(4) -
In_t p2(4)) +1*(In_t(5) - In_t_p2(5) ) ;

In_gamma _total(1) = In_gamma_combinatorial (1) + In_gamma _residual(1);

In_gamma_total (2) = In_gamma._combinatorial (2) + In_gamma_residual(2);

% Introduction of GE function
GE=(x(1)*In_gamma_total(1)+x(2)*In_gamma_total(2))*R*T;

%Ilnserting the new mixing rule incorporating UNIFAC
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fori=1:2
bratio(i) = log(bL/bi(i));
aphai(i) = ai(i)/bi(i);
end

alL 1=(ulambda/Av + (1-ulambda)/Am)* GE/R/T;
al 2=((1-ulambda)/Am)* (x* brati0);
al 3= x*alphai;
jL=alL3*bL;
wL= (aL1+alL2)*R*T*bL;
aL=jL+wL;
AL = aL *PB/(R"2*T"2);
BL = bL*PB/(R*T);
% L(1)*XAN + ... +L(N)*X + L(N+1)
% Peng Robinson coefficients of the cubic eq.
L =1
L(2 =BL -1,
L(3) =AL - 3*BL"2 - 2*BL;
L(4) =BL"3 +BL"2- AL*BL;
% Solve for theroots
ZtempL =roots(L)
% | will consider only the smallest value. For vapor phase, consider the largest value.
=1
fori=1:3
if imag(ZtempL (i))==0
zL(j) = ZtempL (i);
=i+ L
end

end
ZL = min(zL)

fori=1:2
alpha_prime(i)=(ulambda/Av+(1-ulambda)/Am)*In_gamma_total (i)+(1-ulambda)/ Am* (log(bL/bi(i))+
bi(i)/bL-1) + ai(i)/bi(i))/RIT
phiL (i)=exp(bi(i)/bL* (ZL-1)-log(ZL-BL)-alpha_prime(i)/2.828* log((ZL +2.414* BL)/(ZL-0.414*BL)))
end

% VAPOR CALCULATION
% the same calculation procedure as the liquid phase can be applied to obtain the fugacity coefficient in
the vapor phase

glnew = phiL(1)/phiV (1)

g2new = phiL(2)/phiV(2)
end
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A.3. Three-Component System: Sclareol-Ethyl Lactate-CO-

A.3.1. Flowchart of Ternary SVLE

Define Component
properties (P, T, w)

Set T & P and initial guess X,

Solid properties from
DSC

v

Calculate PR EOS parameters

m (T), a,(T), b;)
T

Initial x; guesses

from Raoult’s law Define LCVM mixing rule =f (T, x;)
where K=yl

1}
Calculate compressibility functions Z;
and Z, using V, and V,

r |
Calculate functions for component
fugacity coefficients f| &f,,

L ]

I

Recalculate Ki=f/f,

]

Return x;, y;at T & P

A.3.2. Matlab Code of Ternary VLE

function [x2] = LCVM_vaporliquid_ternary_corrected(x3)
T = 273.15+25;

R =8.31451;

% 1=COy; 2 = Ethyl lactate; 3 = Sclareol

Tc(2) = 304.2; w(l) = 0.225; Pc(1) = 7.3815€6;

Tc(2) = 588; w(2) = 0.6; Pc(2) = 3.86€6;

Tc(3) = 845.5; w(3) = 1.023; Pc(3) = 1.58€6;

PB = 600*6894.757; z = 10;

% Sclareol physical properties
Ptp = 1e4; v3s = .300e-3; DeltaH_fus = 26225; Ttp = 376.46; DeltaCp = 0.0;
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fori=13
K(i) = 0.37464 + 1.5422*w(i) - 0.26992* w(i)"2;
afa(i) = (1+K(>@)*(1-sart(T/Tc(i)) ) )2
ai(i) = 0.45724* Rh2* Te(i) 2/Pc(i)*alfa(i);
bi(i) = 0.07780* R* Tc(i)/Pc(i);
end

x(2) = 0.0000001; x2 = 0.01;

glnew = 50;

Ethyllactate sat=40;

g2new = Ethyllactate sat/PB;
Sclareol _sat = 4;

g3new = Sclareol _sat/PB;

while abs(x(2)-x2) > 10°(-6)
X(3) = x3;
X(2) = (1+(glnew-g3new)* x(3)-glnew)/(g2new-glnew);
X(2) = 1-x(3)-x(2);

y1 = glnew*x(1); y2 = g2new*x(2); y3 = g3new*x(3);
m=yl+y2+y3;
y(1) =ylm; y(2) = y2/m; y(3) = y3/m;

% VAPOR CALCULATION
bV = bi*y;

% New mixing rule incorporating UNIFAC

ulambda=0.36;

Av=-0.623;

Am=-0.52;
%lnserting UNIFAC Excess Gibbs Energy function
%C02 (1) : C02=1,
%Ethyl-s-Lactate(2) : nCH2COO = 1; nCH3 = 2, nOH = 1; nCH = 1,
%Sclareol (3) : nNCH3 =5; nCH2 = 7; nCH = 2; nC = 4; nCH2=CH2 = 1, nOH = 2,
%r = Volume parameters
%0q = Area parameters
%z = coordination number

% PART E
%CH3 = 1; CH2 = 2; CH = 3; C= 4; C=C = 5; OH = 6; CH2COO = 7; CO2 =§;

r(1) = 0.9011; r(2) = 0.6744; r(3) = 0.4469; r(4) = 0.2195; r(5) = 1.3454; r(6) = 1.000; r(7) = 1.6764; r(8) =
1.2960;

q(1) = 0.848; g(2) = 0.540; q(3) = 0.228; q(4) = 0.000; q(5) = 1.176; q(6) = 1.200; q(7) = 1.420; q(8) =
1.261;

Rv(1) = 1*r(8);

Rv(2) = 2*r(1)+1*r(3)+1*r(6)+1*r(7);

Rv(3) = 5*r(1)+7*r(2)+2*r(3)+4*r(4)+1*r(5)+2*r(6);
Q(1) =1*q(8);

Q(2) = 2*q(1)+1*q(3)+1*q(6)+1*q(7);

Q(3) =5*q(1)+7*q(2)+2*q(3)+4*q(4)+1*a(5)+2*q(6);
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for i=1:3
Rsigma V = Rv*y;
Qsigma V = Q*y';
theta V(i) = Rv(i)*y(i)/Rsigma_V;
pi_V(i) = Q()*y(i)/Qsigma V:;
(1) = 212" (Rv(i)-Q(1))-(Rv(i)-1);
end
Isgma V =y*I';
for i=1:3
In_gamma_combinatorial_V (i)=log(theta_V(i)/y(i))+z/2* Q(i)*log(pi_V (i)/theta. V (i))+l(i)-
theta V(i)/y(i)*Isigma_V;
end

Y%aisin degree K

a=[0, 0, 0, 0,-200.0, 986.5, 232.1, 116.7
0,0, 0, 0,-200.0, 986.5, 232.1, 116.7
0,0, 0, 0,-200.0, 986.5, 232.1, 116.7
0,0, 0, 0,-200.0, 986.5, 232.1, 116.7
2520, 2520, 2520, 2520, 0, 693.9, 71.23, 48.57
156.4, 156.4, 156.4, 156.4, 8694, 0, 101.1,471.83
114.8, 114.8, 114.8, 114.8, 269.3, 245.4, 0, 102.75
110.6,110.6,110.6,110.6,55.74,87.1,-126.9,0];

fori=1:8
for j=1:8
w(i,j) = exp(-a(i,j)/T);
end
end

% PART F
%For pure CO2
%p indicates pure
%C02=1
Y_p1(1)=0; Y_p1(2)=0; Y_p1(3)=0; Y_pl(4)=0; Y_p1(5)=0; Y_p1(6)=0; Y_pl(7)=0;Y_p1(8) = 1,
Area_thetaSigma pl V=g*Y_pl’;

fori=1:8

Area_theta p1 V(i) = q(i)*Y_pl(i)/Area_thetaSigma pl V;
end

bl V(8) =log( Area theta p1 V(8)*w(8,8));

cl V(8 =1,

In_t p1 V(8)=q(8) * (1- bl _V(8)-cl V(8));

% PART G
%For pure Ethyl |lactate
%p indicates pure
Y_p2(1)=2/5; Y_p2(2)=0; Y_p2(3)=L/5; Y _p2(4)=0; Y_p2(5)=0; Y_p2(6)=1/5; Y_p2(7)=1/5;
Y_p2(8) =0;
Area_thetaSigma p2_V=q*Y_p2;
fori=1:8
Area_theta p2 V(i) = q(i)*Y_p2(i)/Area_thetaSigma p2 V;
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b2 _V(i)=log(Area theta p2 V(1)*w(1,i)+Area theta p2 V(3)*w(3,i)+ Area theta p2 V(6)*w(6,i) +
Area theta p2 V(7)*w(7,));

c2 V(Y=

Area theta p2 V(1)*w(i,1)/(Area_theta p2 V(1)*w(1,1)+Area theta p2 V(3)*w(3,1)+
Area theta p2 V(6)*w(6,1) + Area_theta p2 V(7)*w(7,1)) +...

Area theta p2 V(3)*w(i,3)/(Area_theta p2 V(1)*w(1,3)+Area theta p2 V(3)*w(3,3)+
Area theta p2 V(6)*w(6,3) + Area_theta p2 V(7)*w(7,3)) +...

Area theta p2 V(6)*w(i,6)/(Area_theta p2 V(1)*w(1,6)+Area theta p2 V(3)*w(3,6)+
Area theta p2 V(6)*w(6,6) + Area_theta p2 V(7)*w(7,6)) +...

Area theta p2 V(7)*w(i,7)/(Area_theta p2 V(1)*w(1,7)+Area theta p2 V(3)*w(3,7)+
Area theta p2 V(6)*w(6,7) + Area_theta p2 V(7)*w(7,7));

In_t p2 V(i)=q(i)* (1-b2_V(i)-c2_V());

end

% PART H
%for pure Sclareol
%p indicates pure
Y_p3(1)=5/21; Y_p3(2)=7/21; Y_p3(3)=2/21; Y_p3(4)=4/21; Y_p3(5)=1/21;
Y _p3(6)=2/21; Y _p3(7) 0; Y_p3(8)=0;
Area thetaSigma p3 V =g*Y_p3;

fori=1:8
Area_theta p3 V(i) = q(i)*Y_p3(i)/Area_thetaSigma p3 V;
b3 V(i)=log(Area theta p3 V(1)*w(1,i)+Area theta p3 V(2)*w(2,i)+Area theta p3 V(3)*w(3,i)+
Area theta p3 V(4)*w(4,i) + Area_theta p3 V(5)*w(5,i) + Area_theta p3 V(6)*w(6,i) );
c3 V()=
Area theta p3 V(1)*w(i,1)/(Area_theta p3 V(1)*w(1,1)+Area theta p3 V(2)*w(2,1)+
Area theta p3 V(3)*w(3,1)+Area theta p3 V(4)*w(4,1)+Area theta p3 V(5)*w(5,1)+
Area theta p3 V(6)*w(6,1))+...
Area theta p3 V(2)*w(i,2)/(Area_theta p3 V(1)*w(1,2)+Area theta p3 V(2)*w(2,2)+
Area theta p3 V(3)*w(3,2)+Area theta p3 V(4)*w(4,2)+Area theta p3 V(5)*w(5,2)+
Area theta p3 V(6)*w(6,2))+...
Area theta p3 V(3)*w(i,3)/(Area_theta p3 V(1)*w(1,3)+Area theta p3 V(2)*w(2,3)+
Area theta p3 V(3)*w(3,3)+Area theta p3 V(4)*w(4,3)+Area theta p3 V(5)*w(5,3)+
Area theta p3 V(6)*w(6,3))+...
Area theta p3 V(4)*w(i,4)/(Area_theta p3 V(1)*w(1,4)+Area theta p3 V(2)*w(2,4)+
Area theta p3 V(3)*w(3,4)+Area theta p3 V(4)*w(4,4)+Area _theta p3 V(5)*w(5,4)+
Area theta p3 V(6)*w(6,4))+...
Area theta p3 V(5)*w(i,5)/(Area_theta p3 V(1)*w(1,5)+Area theta p3 V(2)*w(2,5)+
Area theta p3 V(3)*w(3,5)+Area theta p3 V(4)*w(4,5)+Area theta p3_V(5)*w(5,5)+
Area theta p3 V(6)*w(6,5))+...
Area theta p3 V(6)*w(i,6)/(Area_theta p3 V(1)*w(1,6)+Area theta p3 V(2)*w(2,6)+
Area theta p3 V(3)*w(3,6)+Area _theta p3 V(4)*w(4,6)+Area theta p3 V(5)*w(5,6)+
Area theta p3 V(6)*w(6,6));
In_t p3 V(i)=q(i)* (1-b3_V(i)-c3_V());
end

% PART |
%For Ternary
Ysigma= y(1)* 1+y(2)* 5+y(3)* 21,
Y(D) = (Y(1)*0+y(2)*2 + y(3)*S)/ Y sigma;
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Y(2) = (y(1)*0 +y(2)*0 + y(3)* 7)/Y sigma;
Y(3) = (Y(1)*0+y(2)*1 +y(3)*2)/Y sigma;
Y(4) = (y(1)*0 +y(2)*0 + y(3)*4)/Y sigma;
Y(5) = (y(1)*0 +y(2)*0 +y(3)* 1)/ Y sigma;
Y(6) = (y(1)*0 + y(2)*1 +y(3)*2)/Y sigma;
Y (7) = (y(1)*0 +y(2)*1 +y(3)*0)/Y sigma;
Y(8) = (Y(1)*1+y(2)*0 +y(3)*0)/Ysigma;

Area_thetaSigma V=gq*Y";

for i=1:8
Area_theta V(i) = q(i)* Y (i)/Area_thetaSigma V;

b V(i)=log(Area_theta V(1)*w(1,i)+Area theta V(2)*w(2,i)+Area_theta V(3)*w(3,i)+Area theta V
(4)*w(4,i)+Area_theta V(5)*w(5,i)+Area theta V(6)*w(6,i)+Area theta V(7)*w(7,i)+
Area theta V(8)*w(8,1));
c V()=
Area theta V(1)*w(i,1)/(Area_theta V(1)*w(1,1)+Area theta V(2)*w(2,1)+Area theta V(3)*w(3,1)
+Area_theta V(4)*w(4,1)+Area theta V(5)*w(5,1)+Area_theta V(6)*w(6,1)+Area theta V(7)*w(7,
1)+Area theta V(8)*w(8,1))+...
Area theta V(2)*w(i,2)/(Area_theta V(1)*w(1,2)+Area theta V(2)*w(2,2)+Area theta V(3)*w(3,2)
+Area_theta V(4)*w(4,2)+Area theta V(5)*w(5,2)+Area_theta V(6)*w(6,2)+Area theta V(7)*w(7,
2)+Area_theta V(8)*w(8,2))+...
Area theta V(3)*w(i,3)/(Area_theta V(1)*w(1,3)+Area theta V(2)*w(2,3)+Area theta V(3)*w(3,3)
+Area_theta V(4)*w(4,3)+Area theta V(5)*w(5,3)+Area_theta V(6)*w(6,3)+Area theta V(7)*w(7,
3)+Area_theta V(8)*w(8,3))+...
Area theta V(4)*w(i,4)/(Area_theta V(1)*w(1,4)+Area theta V(2)*w(2,4)+Area theta V(3)*w(3,4)
+Area_theta V(4)*w(4,4)+Area theta V(5)*w(5,4)+Area_theta V(6)*w(6,4)+Area theta V(7)*w(7,
4)+Area_theta V(8)*w(8,4))+...
Area theta V(5)*w(i,5)/(Area_theta V(1)*w(1,5)+Area theta V(2)*w(2,5)+Area theta V(3)*w(3,5)
+Area_theta V(4)*w(4,5)+Area theta V(5)*w(5,5)+Area_theta V(6)*w(6,5)+Area theta V(7)*w(7,
5)+Area_theta V(8)*w(8,5))+...
Area theta V(6)*w(i,6)/(Area_theta V(1)*w(1,6)+Area theta V(2)*w(2,6)+Area theta V(3)*w(3,6)
+Area_theta V(4)*w(4,6)+Area theta V(5)*w(5,6)+Area_theta V(6)*w(6,6)+Area theta V(7)*w(7,
6)+Area_theta V(8)*w(8,6))+...
Area theta V(7)*w(i,7)/(Area_theta V(1)*w(1,7)+Area theta V(2)*w(2,7)+Area theta V(3)*w(3,7)
+Area_theta V(4)*w(4,7)+Area theta V(5)*w(5,7)+Area_theta V(6)*w(6,7)+Area theta V(7)*w(7,
7)+Area_theta V(8)*w(8,7))+...
Area theta V(8)*w(i,8)/(Area_theta V(1)*w(1,8)+Area theta V(2)*w(2,8)+Area theta V(3)*w(3,8)
+Area_theta V(4)*w(4,8)+Area theta V(5)*w(5,8)+Area_theta V(6)*w(6,8)+Area theta V(7)*w(7,
8)+Area_theta V(8)*w(8,8));
In_t_ V(@i)=q@)* (1-b_V()-c V(@)

end

In_gamma residual_V(1)=1*(In_t V(8) -In_t p1 V(8));

In_gamma residual_V(2)=2*(In_t V(1) - In_t_p2 V(1) )+1*(In_t V(3)-In_t p2 V(3) )+1*( In_t V(6)
-In_t p2 V(6) )+ 1*(In_t V(7)-In_t p2 V(7));

In_gamma residual_V(3)=5*(In_t V(1) - In_t p3 V(1) )+7*(In_t V(2) - In_t p3 V(2) )+2*(In_t_V(3)
-Int p3 V) ) +4*(In_t.V(4) - In_t_ p3 V(4) ) + 1*(In_t_ V(5 - In_t p3 V(5) ) + 2*(In_t V(6) -
In_t_ p3 V(6));

In_gamma _total V(1) = In_gamma_combinatorial V(1) + In_gamma residual_V(1);

In_gamma _total_V(2) = In_gamma_combinatorial_V(2) + In_gamma residual_V (2);
In_gamma _total_V(3) = In_gamma_combinatorial_V(3) + In_gamma residual_V (3);

177



% Introduction of GE function
GE_V=(y(1)*In_gamma total _V(1)+y(2)*In_gamma_tota_V(2)+y(3)*In_gamma total V(3))*R*T;
%Il nserting the new mixing rule incorporating UNIFAC

fori=1:3
bratioV (i) = log(bV/bi(i));
aphai(i) = ai(i)/bi(i);

end

aV1=(ulambda/Av + (1-ulambda)/Am)* GE_V/R/T;
aV2=((1-ulambda)/Am)* (y* bratioV");
av3=y*apha;

jV=av3*hVv;

wV= (aV1+aV2)*R*T*hV;

av=jVv+wv;

AV = aV*PB/(R"2* T2);
BV = bV*PB/R/T;

% V(@O)*XAN + ...+ V(N)*X + V(N+1)
% Peng Robinson coefficients of the cubic eqg.
V(1) =1,
V(@2) =BV -1,
V(3) = AV - 3*BV"2 - 2*BV;
V(4) = BVA"3+ BV~2 - AV*BV;
% Solvefor theroots.
ZtempV =roots(V);
% | will consider only thelargest value. The smallest value for liquid phase.
=L
fori=1:3
if imag(ZtempV(i))==0
ZV(j) = ZtempV(i);
=i+ L
end
end

ZV =max(zV);

fori=1:3
alpha_prime_V (i)=(ulambda/Av+(1-ulambda)/Am)*In_gamma total_V(i)+(1-
ulambda)/Am* (log(bV/bi(i))+hi(i)/bV-1) + ai(i)/bi(i)/R/T;
phiV(i)= exp( bi(i)/bV*(ZV-1) - log(ZV-BV) - apha_prime V(1)/2.828*log((ZV+2.414*BV)/(ZV-
0.414*BV)) );
end

% LIQUID CALCULATION
% the same calculation procedure as the vapor phase can be applied to obtain the fugacity coefficient in
the liquid phase

glnew = phiL(1)/phiV(1); g2new = phiL (2)/phiV(2); g3new = phiL(3)/phiV(3);
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x2 = (1+(glnew-g3new)* x(3)-glnew)/(g2new-glnew);
end

A.3.3. Matlab Code of Ternary SLE

function [x3] = LCVM_solidliquid_ternary_corrected(x1)

R =8.31451,
% 1=CO0O2 2 = Ethyl lactate 3 = Sclareal

Tc(1) = 304.2; wi(1) = 0.225; Pc(1) = 7.3815€6;
Tc(2) = 588; wi(2) = 0.6; Pc(2) = 3.86€6;
Tc(3) = 845.5; wi(3) = 1.023; Pc(3) = 1.58¢6;

T =273.15+25; PB = 600*6894.757; R = 8.31451, z =10;

X(3) = 0.0000001,

x3=0.01,

%Arbitrary value of 4000 Pa = 0.04 bar for triple point pressure
%Arbitrary value of 300 ml/mol for solid molar volume
%deltaCp term is neglected

% Sclareol physical properties
Ptp = 1e4; v3s = .300e-3; DeltaH_fus = 26225; Ttp = 376.46; DeltaCp = 0.0;

fori=13
K(i) = 0.37464 + 1.5422*wi(i) - 0.26992* wi (i)"2;
afa(i) = (1+K(>@)*(1-sart(T/Tc(i)) ) )2
ai(i) = 0.45724* Rh2* Te(i) 2/Pc(i)*alfa(i);
bi(i) = 0.07780* R* Tc(i)/Pc(i);
end

while abs(x(3)-x3) > 107(-10)
X(3) =x3
x(1) = x1;
X(2) = 1-x(1)-x(3);

% LIQUID CALCULATION
% the same cal culation procedure as the vapor phase described in section 4.3.2 can be applied to obtain the
fugacity coefficient in the liquid phase

% SOLID CALCULATION at thetriple point pressure
%species 3
Apure = a(3)* Ptp/(R"2* T"2);
Bpure = bi(3)* Ptp/R/T;

% S(1)*X"N + ... + S(N)*X +S(N+1)

% Peng Robinson coefficients of the cubic eq.
(=1

S(2) = Bpure- 1;

S(3) = Apure - 3*Bpure*2 - 2*Bpure;
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S(4) = Bpure"3 + Bpure™2 - Apure* Bpure;
% Solvefor theroots.
Ztemppure = roots(S);
% | will consider only the smallest value.
=L
fori=1:3
if imag(Ztemppure(i))==0
zpure(j) = Ztemppure(i);
=i+ L
end
end

Z = min(zpure);
phi_pure=exp(Z-1-log(Z-Bpure)-Apure/ (2* sqrt(2)* Bpure)*log((Z+2.414* Bpure)/(Z-0.414* Bpure)) );
f_pure=phi_pure* Ptp;
fS=f_pure*exp( DeltaH_fug/R* (L/Ttp-1/T) + v3s*(PB-Ptp)/R/T - DeltaCp/R* (1og(Ttp/T)-Ttp/T+1) );
fL(3) = PB * phiL(3);
x3=1S fL(3);

end

A.3.4. Matlab Code of Ternary SVLE

function [x3] = SVYLE_CES corrected(PB)

T = 25+273.15;
R =8.31451,
% 1=CO0O2 2 = Ethyl lactate 3 = Sclareal

Tc(1) = 304.2; wi(1) = 0.225; Pc(1) = 7.3815€6;
Tc(2) = 588; wi(2) = 0.6; Pc(2) = 3.86€6;
Tc(3) = 845.5; wi(3) = 1.023; Pc(3) = 1.58¢6;

%Arbitrary value of 10000 Pa = 0.1 bar for triple point pressure
%Arbitrary value of 300 ml/mol for solid molar volume
%deltaCp term is neglected

% Sclareol physical properties
Ptp = 1e4; v3s = .300e-3; DeltaH_fus = 26225; Ttp = 376.46; DeltaCp = 0.0;

fori=13
K(i) = 0.37464 + 1.5422*wi(i) - 0.26992* wi (i)"2;
afa(i) = (1+K(@)*(1-sart(T/Tc(i)) ) )2
ai(i) = 0.45724* Rh2* Te(i) 2/Pc(i)*afa(i);
bi(i) = 0.07780* R* Tc(i)/Pc(i);
end

x(3) = 0.0000001;
x3=0.01;

glnew = 50;
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Ethyllactate sat=40;

g2new = Ethyllactate sat/PB;
Sclareol _sat = 4;

g3new = Sclareol _sat/PB;

while abs(x(3)-x3) > 10°(-6)
X(3) = x3;
X(2) = (1+(glnew-g3new)* x(3)-glnew)/(g2new-glnew);
X(2) = 1-x(3)-x(2);

y1 = glnew*x(1); y2 = g2new*x(2); y3 = g3new*x(3);
m=yl+y2+ys3;
y(1) =ylm; y(2) = y2/m; y(3) = y3/m;

% VAPOR CALCULATION
% to calculate fugacity coefficients in the vapor phase

% LIQUID CALCULATION
% to calculate fugacity coefficients in the liquid phase

glnew = phiL(1)/phiV(1);
g2new = phiL(2)/phiV(2);
g3new = phiL(3)/phiV(3);

% SOLID CALCULATION at thetriple point pressure
fL(3) = PB * phiL(3);
x3=1S fL(3);
x2 = (1+(glnew-g3new)* x3-glnew)/(g2new-glnew);
x1=1-x3-x2,

end
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A.4. Physical Properties of Componentsused in Validating the Thermodynamic Codes

Table A-1 and Table A-2 list the physical properties of several components, which were
used in the PR-LCVM calculation to validate the binary VLE code and the ternary SVLE

code.

Table A-1. Physical properties of components used in the calculation to validate the binary VLE code.
The data are obtained from DIPPR database or €l sewhere as noted.

| Propane | Butyl Propanoate | Ethanol | Ethyl Acetate | Ethyl Hexanoate

Tc (K) 369.8 610° 514 523.3 611.6
Pc (MPa) 4.25 2.55% 6.14 3.88 2.55
w 0.152 0.547% 0.644 0.366 0.555

2 Joback method [4]

Table A-2. Physical properties of components used in the calculation to validate the ternary SVLE code.
The data are obtained from DIPPR database.

Acetone | Ethyl Acetate | Cholesterol | Tetradecanoic Acid

Tc (K) 508.2 523.3 959 765

Pc (MPa) 4.7 3.88 1.25 1.7

w 0.307 0.366 0.948 0.943

DHy,s (KJ/mol) - - 39.1 45.1

Tm (K) - - 421.65 327.37

Vs (I/mol) - - 0.338 0.224

Py (bar) - - 0.752 0.0396

DC,, (J/mol K) - - 218.84 -
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A.5. Sclareol Boiling Point and Critical Temperature Values obtained from Several
Sources

Table A-3 summarizes the sclareol boiling point values obtained from several sources.
Table A-4 summarizes the critical temperature values of sclareol calculated from several
group contribution methods. Some methods, such as Lydersen, Ambrose, and Klincewicz &
Reid, require the solute boiling point to calculate for the critical temperature. The sclareol
boiling point values selected for the sclareol critical temperature calculations are 852.1 K and

671.45 K, which is the average of the boiling point range obtained from SciFinder Scholar.

Table A-3. Sclareal boiling point from various sources.

P (mmHg) Th (K) Sources
19 491.15 Advanced Biotech
19 491.15-493.15 |Sigma Aldrich
760 613.15 J.J Reynolds Tobacco Company
760 656.45-686.45 |SciFinder Scholar
760 852.1 www.gpengineeringsoft.com/pages/pdtphysprops.html
(This software uses Joback/Lydersen)
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Table A-4. Sclareal critical temperature values and their cal culation methods [4-14].

Th (K) Tc (K) Method
671.45 845.5 http://pirika.com/chem/TCPEE/criP/ourCP.htm
(This software uses Joback)

not required 836.6 Fedors

671.45 830.5 Lydersen

852.1 1053.9

671.45 831.2 Ambrose

852.1 1054.8

671.45 856.4 Klincewicz & Reid

852.1 1136.4

852.28 1058.6 Joback & Reid

852.28 1058.6 Modified Joback

624.4 813.7 Constantinou & Gani

506.5 761.9 Morejon & Fontdevilla

826.9 1027 Stein & Brown
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B. Experimental Ternary Phase Behavior of the Sclareol-Ethyl Lactate-
CO, System

B.1. High PressureView Cell

The phase observation experiments were performed in the high-pressure cylindrical cell.
The scion image software was used to capture the image of the view cell and then calculated
the corresponding liquid level. In order to know the fluid volume before and after addition of
carbon dioxide, an equation based on the dimensions of the view cell relating the liquid level
and the fluid volume was derived as the following. Figure B-1 shows the schematic diagram

of the view cell.

o<
Liquid .

FigureB-1. Schematic diagram of the high-pressure view cell.

If the length of the cylinder is L, the cross-sectional area of the cylindrical cell, A, is

given in Equation (B.1).

A=2r?- WL (B.1)
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Integrating the cross-sectional area with respect to u will then provide the equation for

volume [1].
V = RLVr?- u’du (B.2)
é./2_ 2 2 |
V(u):zLéL”—u+r—sin'lam—ga;foru:-rtor (B.3)
8 2 2 8I’ 2

If we shift the coordinate as is shown in Figure B-2, subsequent steps to modify

Equation (B.3) are described as follows.

Liquidw

'00)

Figure B-2. Schematic diagram of the high-pressure view cell with a modified coordinate.

X=u+r (B.4)

V(X)=V(u)-V(u=-r) (B.5)
é [ 2_ 2 2 . 2 l:]

vi=oLe U T gp @0 r—sin‘l(- 1)a (B.6)
g 2 2 rg 2 A
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Substitute Equation (B.4) into (B.6) and sin™*(- 1) = -

N O

X T
snte—
&

2 U
r P (B.7)
2 §

V(x):ZLg(X_ r)ur22- (x-1)° +
e

B.2. Sclareol Solubility in Carbon Dioxide

Figure B-3 illustrates the sclareol solubility in CO, obtained experimentally and
predicted using PR-LCVM at 298.15, 308.15 K and various pressures. The experimental

procedure to determine the solubility of sclareol in CO, was described in chapter 3.

————————— PR-LCVM at 298.15 K

Sclareol solubility in CO,

1E-11 PR-LCVM at 308.15 K
1E-12 Exp Data at 308.15 K
1E-13 oY/

1E-14

IE-5S+————— T

0 10 20 30 40 50 60 70

Pressure (MPa)

Figure B-3. Soluhility of sclareol in carbon dioxide in terms of weight fraction obtained experimentally
and predicted using PR-LCVM at 298.15, 308.15 K, and various pressures.
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C. Extraction of Sclareol from Clary Sage using Mixtures of Ethyl L actate

and Carbon Dioxide

C.1. Summary of Experimental Conditions and Results for Various Pressures and

Ethyl L actate Compositions (w,, ): 6.89 MPa, w, = 0-0.9

6.89 MPa, w,, =0.9

Experimental Conditions

Mass of baled sage 336 ¢

Mass of EL 260.5 g

Mass of CO, 30.10 g

Volume of CO,+EL mixture 88.25 mL

around system

Experimental Results

1st sampling:

Volume of mixture sampled 87.9 mL Sclareol Conc. in extract 11.67 g/L

Mass of mixture 95.26 g Sclareol mass in extract 937.48 mg

Mass of EL 85.38 g % Sclareol in extract by weight 37.02 %

Mass of CO, 9.88 g Expected sclareol mass 1095.36 mg

Calculated volume of EL 81.94 mL % Sclareol yield 85.59 %

Volume of extract from exp 80.3 mL

Sampling flow rate 0.6 mL/min

Sampling time 2.44 hrs

2nd sampling:

Volume of mixture sampled 91.53 mL Sclareol Conc. in extract 0.63 g/L

Mass of mixture 99.03 g Sclareol mass in extract 54.49 mg

Mass of EL 89.09 g % Sclareol in extract by weight 9.94 %

Mass of CO, 9.94 ¢g Expected sclareol mass 1095.36 mg

Calculated volume of EL 85.50 mL % Sclareol yield 90.56 %

Volume of extract from exp 86.65 mL

Sampling flow rate 0.6 mL/min

Sampling time 2.54 hrs

Depressurization:

Sclareol Conc. 2.253 g/L Total mass of sclareol 1071.73 mg

Sclareol mass 79.77 mg Expected sclareol mass 1095.36 mg

Volume collected ~35.4 mL % Sclareol yield 97.84 %
% Sclareol purity 22.97 %
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6.89 MPa, w,, =0.57

Experimental Conditions

Mass of baled sage 335¢g

Mass of EL 104.2 g

Mass of CO, 7185 g

Volume of CO,+EL mixture 84.38 mL

around system

Experimental Results

1st sampling:

Volume of mixture sampled 88.44 mL Sclareol Conc. in extract 16.22 g/L

Mass of mixture 95.01 g Sclareol mass in extract 829.85 mg

Mass of EL 55.61 g % Sclareol in extract by weight 54.27 %

Mass of CO, 39.40 g Expected sclareol mass 1092.10 mg

Calculated volume of EL 53.37 mL % Sclareol yield 75.99 %

Volume of extract from exp 51.25 mL

Sampling flow rate 0.5-0.7 mL/min

Sampling time 2.5 hrs

2nd sampling:

Volume of mixture sampled 106.12 mL Sclareol Conc. in extract 2.40 g/L

Mass of mixture 113.46 g Sclareol mass in extract 146.64 mg

Mass of EL 62.80 g % Sclareol in extract by weight 30.69 %

Mass of CO, 50.66 g Expected sclareol mass 1092.10 mg

Calculated volume of EL 60.27 mL % Sclareol yield 89.41 %

Volume of extract from exp 61 mL

Sampling flow rate 0.5-0.7 mL/min

Sampling time 2.95 hrs

Depressurization:

Sclareol Conc. 0.007 g/L Total mass of sclareol 976.58 mg

Sclareol mass 0.09 mg Expected sclareol mass 1092.10 mg

Volume collected ~12.5 mL % Sclareol yield 89.42 %
% Sclareol purity 41.45 %
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6.89 MPa, w., =0.35

Experimental Conditions

Mass of baled sage 334¢g

Mass of EL 521 ¢

Mass of CO, 107.02 g

Volume of CO,+EL mixture 85.7 mL

around system

Experimental Results

1st sampling:

Volume of mixture sampled 88.47 mL Sclareol Conc. in extract 26.75 g/L

Mass of mixture 9183 g Sclareol mass in extract 759.74 mg

Mass of EL 3123 g % Sclareol in extract by weight 57.72 %

Mass of CO, 60.60 g Expected sclareol mass 1088.84 mg

Calculated volume of EL 29.97 mL % Sclareol yield 69.78 %

Volume of extract from exp 28.4 mL

Sampling flow rate 0.5-0.7 mL/min

Sampling time 2.5 hrs

2nd sampling:

Volume of mixture sampled 99.96 mL Sclareol Conc. in extract 3.12 g/L

Mass of mixture 103.52 g Sclareol mass in extract 97.43 mg

Mass of EL 37.77 g % Sclareol in extract by weight 33.83 %

Mass of CO, 65.75 g Expected sclareol mass 1088.84 mg

Calculated volume of EL 36.24 mL % Sclareol yield 78.72 %

Volume of extract from exp 31.25 mL

Sampling flow rate 0.5-0.7 mL/min

Sampling time 2.78 hrs

Depressurization:

Sclareol Conc. 2.20 g/L Total mass of sclareol 879.16 mg

Sclareol mass 21.99 mg Expected sclareol mass 1088.84 mg

Volume collected ~10 mL % Sclareol yield 80.74 %
% Sclareol purity 452 %
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6.89 MPa, w,, =0.19

Experimental Conditions

Mass of baled sage 33.8¢g

Mass of EL 52.1¢

Mass of CO, 228.48 g

Volume of CO,+EL mixture 91.06 mL

around system

Experimental Results

1st sampling:

Volume of mixture sampled 91.02 mL Sclareol Conc. in extract 45.58 g/L

Mass of mixture 87.76 g Sclareol mass in extract 804.45 mg

Mass of EL 16.34 g % Sclareol in extract by weight 63.24 %

Mass of CO, 7142 g Expected sclareol mass 1101.88 mg

Calculated volume of EL 15.68 mL % Sclareol yield 73.01 %

Volume of extract from exp 17.65 mL

Sampling flow rate 0.5 mL/min

Sampling time 3.03 hrs

2nd sampling:

Volume of mixture sampled  100.23 mL Sclareol Conc. in extract 5.63 g/L

Mass of mixture 94.49 g Sclareol mass in extract 91.48 mg

Mass of EL 16.94 g % Sclareol in extract by weight 37.86 %

Mass of CO, 7755 ¢ Expected sclareol mass 1101.88 mg

Calculated volume of EL 16.25 mL % Sclareol yield 81.31 %

Volume of extract from exp 16.25 mL

Sampling flow rate 0.5 mL/min

Sampling time 3.34 hrs

Depressurization:

Sclareol Conc. 6.747 g/L Total mass of sclareol 933.04 mg

Sclareol mass 37.11 mg Expected sclareol mass 1101.88 mg

Volume collected ~5.5 mL % Sclareol yield 84.68 %
% Sclareol purity 51.07 %
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6.89 MPa, w,, =0.1

Experimental Conditions

Mass of baled sage 33.7¢

Mass of EL 39.075 g

Mass of CO, 33151 g

Volume of CO,+EL mixture 87 mL

around system

Experimental Results

1st sampling:

Volume of mixture sampled 88.55 mL Sclareol Conc. in extract 71.96 g/L

Mass of mixture 78.40 g Sclareol mass in extract 482.14 mg

Mass of EL 8.27 g % Sclareol in extract by weight 65.11 %

Mass of CO, 70.13 g Expected sclareol mass 1098.62 mg

Calculated volume of EL 7.94 mL % Sclareol yield 43.89 %

Volume of extract from exp 6.7 mL

Sampling flow rate 0.5 mL/min

Sampling time 2.95 hrs

2nd sampling:

Volume of mixture sampled 100.32 mL Sclareol Conc. in extract 66.33 g/L

Mass of mixture 90.04 g Sclareol mass in extract 460.97 mg

Mass of EL 10.06 g % Sclareol in extract by weight 73.04 %

Mass of CO, 79.98 g Expected sclareol mass 1098.62 mg

Calculated volume of EL 9.66 mL % Sclareol yield 85.85 %

Volume of extract from exp 6.95 mL

Sampling flow rate 0.5 mL/min

Sampling time 3.34 hrs

Depressurization:

Sclareol Conc. 28.259 g/L Total mass of sclareol 1054.74 mg

Sclareol mass 111.62 mg Expected sclareol mass 1098.62 mg

Volume collected ~3.95 mL % Sclareol yield 96.01 %
% Sclareol purity 69.15 %
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6.89 MPa, w,, =0.09

Experimental Conditions

Mass of baled sage 33.8¢g

Mass of EL 26.05 g

Mass of CO, 267.55 g

Volume of CO,+EL mixture 89 mL

around system

Experimental Results

1st sampling:

Volume of mixture sampled 92.65 mL Sclareol Conc. in extract 82.66 g/L

Mass of mixture 82.53 g Sclareol mass in extract 657.11 mg

Mass of EL 74149 % Sclareol in extract by weight 65.36 %

Mass of CO, 75.13 g Expected sclareol mass 1101.88 mg

Calculated volume of EL 7.11 mL % Sclareol yield 59.64 %

Volume of extract from exp 7.95 mL

Sampling flow rate 0.5 mL/min

Sampling time 3.09 hrs

2nd sampling:

Volume of mixture sampled 100.3 mL Sclareol Conc. in extract 55.09 g/L

Mass of mixture 87.02 g Sclareol mass in extract 366.35 mg

Mass of EL 7.44 ¢g % Sclareol in extract by weight 65.35 %

Mass of CO, 79.58 g Expected sclareol mass 1101.88 mg

Calculated volume of EL 7.14 mL % Sclareol yield 92.88 %

Volume of extract from exp 6.65 mL

Sampling flow rate 0.5 mL/min

Sampling time 3.34 hrs

Depressurization:

Sclareol Conc. 20.280 g/L Total mass of sclareol 1061.99 mg

Sclareol mass 38.53 mg Expected sclareol mass 1101.88 mg

Volume collected ~1.9 mL % Sclareol yield 96.38 %
% Sclareol purity 65.36 %
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6.89 MPa, w., =0.06

Experimental Conditions

Mass of baled sage 335¢g

Mass of EL 18.756 ¢

Mass of CO, 309.46 g

Volume of CO,+EL mixture 91 mL

around system

Experimental Results

1st sampling:

Volume of mixture sampled 88.6 mL Sclareol Conc. in extract 81.87 g/L

Mass of mixture 7391 g Sclareol mass in extract 245.62 mg

Mass of EL 402 g % Sclareol in extract by weight 52.44 %

Mass of CO, 69.90 g Expected sclareol mass 1092.10 mg

Calculated volume of EL 3.86 mL % Sclareol yield 22.49 %

Volume of extract from exp 3 mL

Sampling flow rate 0.5 mL/min

Sampling time 2.95 hrs

2nd sampling:

Volume of mixture sampled 100.64 mL Sclareol Conc. in extract 81.61 g/L

Mass of mixture 84.40 g Sclareol mass in extract 338.68 mg

Mass of EL 544 ¢g % Sclareol in extract by weight 56.76 %

Mass of CO, 78.96 g Expected sclareol mass 1092.10 mg

Calculated volume of EL 5.22 mL % Sclareol yield 53.50 %

Volume of extract from exp 4.15 mL

Sampling flow rate 0.5 mL/min

Sampling time 3.35 hrs

Depressurization:

Sclareol Conc. 80.116 g/L Total mass of sclareol 688.46 mg

Sclareol mass 104.15 mg Expected sclareol mass 1092.10 mg

Volume collected ~1.3 mL % Sclareol yield 63.04 %
% Sclareol purity 54.94 %
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6.89 MPa, w., =0.04

Experimental Conditions

Mass of baled sage 338¢g

Mass of EL 12.504 g

Mass of CO, 301.58 g

Volume of CO,+EL mixture 90.34 mL

around system

Experimental Results

1st sampling:

Volume of mixture sampled 90.61 mL Sclareol Conc. in extract 69.58 g/L

Mass of mixture 72.83 g Sclareol mass in extract 243.54 mg

Mass of EL 240 ¢ % Sclareol in extract by weight 51.71 %

Mass of CO, 70.43 g Expected sclareol mass 1101.88 mg

Calculated volume of EL 2.30 mL % Sclareol yield 22.10 %

Volume of extract from exp 3.5 mL

Sampling flow rate 0.5 mL/min

Sampling time 4.56 hrs

2nd sampling:

Volume of mixture sampled 81.89 mL Sclareol Conc. in extract 85.36 g/L

Mass of mixture 68.86 g Sclareol mass in extract 209.13 mg

Mass of EL 2.96 g % Sclareol in extract by weight 55.60 %

Mass of CO, 65.90 g Expected sclareol mass 1101.88 mg

Calculated volume of EL 2.84 mL % Sclareol yield 41.08 %

Volume of extract from exp 2.45 mL

Sampling flow rate 0.5 mL/min

Sampling time 2.73 hrs

Depressurization:

Sclareol Conc. 62.995 g/L Total mass of sclareol 509.37 mg

Sclareol mass 56.70 mg Expected sclareol mass 1101.88 mg

Volume collected ~0.9 mL % Sclareol yield 46.23 %
% Sclareol purity 53.31 %
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6.89 MPa, w,, =0

Experimental Conditions

Mass of baled sage 336 ¢

Mass of EL 0g

Mass of CO, 23591 g

Volume of CO,+EL mixture 89.41 mL

around system

Experimental Results

1st sampling:

Volume of mixture sampled 89.6 mL

Mass of mixture 7154 g Sclareol mass 52.78 mg

Mass of EL 0.00 g % Sclareol in extract by weight 48.76 %

Mass of CO, 7154 g Expected sclareol mass 1095.36 mg

Calculated volume of EL 0.00 mL % Sclareol yield 4.82 %

Sampled into EL 4 mL

Sampling flow rate 0.6 mL/min

Sampling time 2.49 hrs

2nd sampling:

Volume of mixture sampled  100.33 mL

Mass of mixture 78.99 g Sclareol mass 92.35 mg

Mass of EL 0.00 g % Sclareol in extract by weight 44.57 %

Mass of CO, 78.99 g Expected sclareol mass 1095.36 mg

Calculated volume of EL 0.00 mL % Sclareol yield 13.25 %

Sampled into EL 2 mL

Sampling flow rate 0.6 mL/min

Sampling time 2.79 hrs

Depressurization:

Sclareol Conc. 5.097 g/L Total mass of sclareol 170.61 mg

Sclareol mass 25.48 mg Expected sclareol mass 1095.36 mg

Sampled into EL 5 mL % Sclareol yield 15.58 %
% Sclareol purity 47.36 %
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6.89 MPa, w,, =0

Experimental Conditions

Mass of baled sage 335¢g

Mass of EL 0g

Mass of CO, 289.71 ¢

Volume of CO,+EL mixture 89 mL

around system

Experimental Results

1st sampling:

Volume of mixture sampled 89.12 mL

Mass of mixture 72.06 g Sclareol mass 28.81 mg

Mass of EL 0.00 g % Sclareol in extract by weight 40.53 %

Mass of CO, 72.06 g Expected sclareol mass 1092.10 mg

Calculated volume of EL 0.00 mL % Sclareol yield 2.64 %

Sampled into EL 4 mL

Sampling flow rate 0.6 mL/min

Sampling time 2.48 hrs

2nd sampling:

Volume of mixture sampled 100.17 mL

Mass of mixture 80.56 g Sclareol mass 101.74 mg

Mass of EL 0.00 g % Sclareol in extract by weight 44.27 %

Mass of CO, 80.56 g Expected sclareol mass 1092.10 mg

Calculated volume of EL 0.00 mL % Sclareol yield 11.95 %

Sampled into EL 2 mL

Sampling flow rate 0.6 mL/min

Sampling time 2.78 hrs

Depressurization:

Sclareol Conc. 14.826 g/L Total mass of sclareol 160.20 mg

Sclareol mass 29.65 mg Expected sclareol mass 1092.10 mg

Sampled into EL 2 mL % Sclareol yield 14.67 %
% Sclareol purity 41.78 %
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C.2. Experimental Conditions: 10.34 MPa, w,, = 0.3-0.9

10.34MPa, w,, =0.88

Experimental Conditions

Mass of baled sage 338¢g

Mass of EL 260.5 g

Mass of CO, 34.16 g

Volume of CO,+EL mixture 81.08 mL

around system

Experimental Results

1st sampling:

Volume of mixture sampled 86.19 mL Sclareol Conc. in extract 11.38 g/L

Mass of mixture 9351 g Sclareol mass in extract 888.59 mg

Mass of EL 82.67 g % Sclareol in extract by weight 51.29 %

Mass of CO, 10.84 g Expected sclareol mass 1101.88 mg

Calculated volume of EL 79.34 mL % Sclareol yield 80.64 %

Volume of extract from exp 78.1 mL

Sampling flow rate 1 mL/min

Sampling time 1.44 hrs

2nd sampling:

Volume of mixture sampled 93.5 mL Sclareol Conc. in extract 0.51 g/L

Mass of mixture 101.59 g Sclareol mass in extract 45.06 mg

Mass of EL 89.82 g % Sclareol in extract by weight 17.84 %

Mass of CO, 11.77 g Expected sclareol mass 1101.88 mg

Calculated volume of EL 86.20 mL % Sclareol yield 84.73 %

Volume of extract from exp 89.2 mL

Sampling flow rate 1 mL/min

Sampling time 1.56 hrs

Depressurization:

Sclareol Conc. 0.534 g/L Total mass of sclareol 949.58 mg

Sclareol mass 15.93 mg Expected sclareol mass 1101.88 mg

Volume collected ~29.85 mL % Sclareol yield 86.18 %
% Sclareol purity 33.45 %
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10.34MPa, w,, = 0.54

Experimental Conditions

Mass of baled sage 332¢g

Mass of EL 208.4 g

Mass of CO, 174.42 g

Volume of CO,+EL mixture 85.04 mL

around system

Experimental Results

1st sampling:

Volume of mixture sampled 88.29 mL Sclareol Conc. in extract 17.76 g/L

Mass of mixture 95.05 g Sclareol mass in extract 892.56 mg

Mass of EL 52.06 g % Sclareol in extract by weight 52.67 %

Mass of CO, 43.00 g Expected sclareol mass 1082.32 mg

Calculated volume of EL 49.96 mL % Sclareol yield 82.47 %

Volume of extract from exp 50.25 mL

Sampling flow rate 0.5-0.7 mL/min

Sampling time 2.45 hrs

2nd sampling:

Volume of mixture sampled 100 mL Sclareol Conc. in extract 2.04 g/L

Mass of mixture 107.72 g Sclareol mass in extract 114.67 mg

Mass of EL 58.26 g % Sclareol in extract by weight 29.03 %

Mass of CO, 49.46 g Expected sclareol mass 1082.32 mg

Calculated volume of EL 55.91 mL % Sclareol yield 93.06 %

Volume of extract from exp 56.35 mL

Sampling flow rate 0.5-0.7 mL/min

Sampling time 2.78 hrs

Depressurization:

Sclareol Conc. 0.382 g/L Total mass of sclareol 1012.95 mg

Sclareol mass 5.72 mg Expected sclareol mass 1082.32 mg

Volume collected ~15 mL % Sclareol yield 93.59 %
% Sclareol purity 40.18 %
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10.34MPa, w,, =0.29

Experimental Conditions

Mass of baled sage 338¢g

Mass of EL 95.864 g

Mass of CO, 237.20 g

Volume of CO,+EL mixture 87.13 mL

around system

Experimental Results

1st sampling:

Volume of mixture sampled 88.21 mL Sclareol Conc. in extract 37.19 g/L

Mass of mixture 90.34 g Sclareol mass in extract 887.92 mg

Mass of EL 26.38 g % Sclareol in extract by weight 60.07 %

Mass of CO, 63.96 g Expected sclareol mass 1101.88 mg

Calculated volume of EL 25.32 mL % Sclareol yield 80.58 %

Volume of extract from exp 23.875 mL

Sampling flow rate 0.5-0.7 mL/min

Sampling time 2.45 hrs

2nd sampling:

Volume of mixture sampled  101.97 mL Sclareol Conc. in extract 1.91 g/lL

Mass of mixture 104.07 g Sclareol mass in extract 53.95 mg

Mass of EL 28.39 g % Sclareol in extract by weight 23.21 %

Mass of CO, 75.68 g Expected sclareol mass 1101.88 mg

Calculated volume of EL 27.25 mL % Sclareol yield 85.48 %

Volume of extract from exp 28.25 mL

Sampling flow rate 0.5-0.7 mL/min

Sampling time 2.83 hrs

Depressurization:

Sclareol Conc. 0.530 g/L Total mass of sclareol 946.38 mg

Sclareol mass 4.51 mg Expected sclareol mass 1101.88 mg

Volume collected ~8.5 mL % Sclareol yield 85.89 %
% Sclareol purity 40.09 %
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C.3. Experimental Conditions

5.52 MPa, w., =0.89

Experimental Conditions

. 5.52MPa, w,, =0.35-0.9

Mass of baled sage 33.7¢9

Mass of EL 260.5 g

Mass of CO, 3287 g

Volume of CO,+EL mixture 87.49 mL

around system

Experimental Results

1st sampling:

Volume of mixture sampled 87.94 mL Sclareol Conc. in extract 10.05 g/L

Mass of mixture 95.02 g Sclareol mass in extract 857.60 mg

Mass of EL 84.35¢g % Sclareol in extract by weight 36.50 %

Mass of CO, 10.67 g Expected sclareol mass 1098.62 mg

Calculated volume of EL 80.95 mL % Sclareol yield 78.06 %

Volume of extract from exp 85.3 mL

Sampling flow rate 1 mL/min

Sampling time 1.47 hrs

2nd sampling:

Volume of mixture sampled 94.82 mL Sclareol Conc. in extract 0.60 g/L

Mass of mixture 102.60 g Sclareol mass in extract 53.28 mg

Mass of EL 91.40¢g % Sclareol in extract by weight 491 %

Mass of CO, 1121 g Expected sclareol mass 1098.62 mg

Calculated volume of EL 87.71 mL % Sclareol yield 82.91 %

Volume of extract from exp 88.35 mL

Sampling flow rate 1 mL/min

Sampling time 1.58 hrs

Depressurization:

Sclareol Conc. 1.552 g/L Total mass of sclareol 962.42 mg

Sclareol mass 51.54 mg Expected sclareol mass 1098.62 mg

Volume collected ~33.2 mL % Sclareol yield 87.60 %
% Sclareol purity 20.42 %
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5.52 MPa, w., =0.56

Experimental Conditions

Mass of baled sage 33.8¢g

Mass of EL 208.4 g

Mass of CO, 161.02 g

Volume of CO,+EL mixture 82.5 mL

around system

Experimental Results

1st sampling:

Volume of mixture sampled 89.09 mL Sclareol Conc. in extract 14.05 g/L

Mass of mixture 95.24 g Sclareol mass in extract 871.76 mg

Mass of EL 53.19¢g % Sclareol in extract by weight 50.22 %

Mass of CO, 42.06 g Expected sclareol mass 1101.88 mg

Calculated volume of EL 51.04 mL % Sclareol yield 79.12 %

Volume of extract from exp 62.025 mL

Sampling flow rate 0.5-0.7 mL/min

Sampling time 2.47 hrs

2nd sampling:

Volume of mixture sampled 102.75 mL Sclareol Conc. in extract 1.36 g/L

Mass of mixture 109.69 g Sclareol mass in extract 78.25 mg

Mass of EL 60.15 g % Sclareol in extract by weight 14.26 %

Mass of CO, 49.53 g Expected sclareol mass 1101.88 mg

Calculated volume of EL 57.73 mL % Sclareol yield 86.22 %

Volume of extract from exp 57.5 mL

Sampling flow rate 0.5-0.7 mL/min

Sampling time 2.85 hrs

Depressurization:

Sclareol Conc. 0.660 g/L Total mass of sclareol 959.44 mg

Sclareol mass 9.43 mg Expected sclareol mass 1101.88 mg

Volume collected ~14.3 mL % Sclareol yield 87.07 %
% Sclareol purity 32.92 %
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5.52 MPa, w,, =0.35

Experimental Conditions

Mass of baled sage 33.8¢g

Mass of EL 125.04 g

Mass of CO, 229.98 g

Volume of CO,+EL mixture 81.85 mL

around system

Experimental Results

1st sampling:

Volume of mixture sampled 88.57 mL Sclareol Conc. in extract 25.96 g/L

Mass of mixture 91.12 g Sclareol mass in extract 802.12 mg

Mass of EL 3262 g % Sclareol in extract by weight 61.89 %

Mass of CO, 58.50 g Expected sclareol mass 1101.88 mg

Calculated volume of EL 31.30 mL % Sclareol yield 72.80 %

Volume of extract from exp 30.9 mL

Sampling flow rate 0.5-0.7 mL/min

Sampling time 2.46 hrs

2nd sampling:

Volume of mixture sampled 101.74 mL Sclareol Conc. in extract 6.36 g/L

Mass of mixture 103.97 g Sclareol mass in extract 227.25 mg

Mass of EL 35.89 g % Sclareol in extract by weight 40.26 %

Mass of CO, 68.08 g Expected sclareol mass 1101.88 mg

Calculated volume of EL 34.44 mL % Sclareol yield 93.42 %

Volume of extract from exp 35.75 mL

Sampling flow rate 0.5-0.7 mL/min

Sampling time 2.83 hrs

Depressurization:

Sclareol Conc. 0.649 g/L Total mass of sclareol 1035.93 mg

Sclareol mass 6.57 mg Expected sclareol mass 1101.88 mg

Volume collected ~10.125 mL % Sclareol yield 94.01 %
% Sclareol purity 50.29 %
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D. Purification and Recovery of Sclareol from a Dense CO,-Ethyl L actate

Extract

D.1. Other Methodsto Purify the Ethyl Lactate and CO, Extract

D.1.1. Liquid-Liquid Extraction using Aqueous Ammonium Sulfate Solution

The addition of a given ammonium sulfate concentration to the mixture of water and
ethyl lactate would completely separate the two liquids. An experiment to see the effect of
addition of agueous salt solution into the plant extract (6.89 MPa, WEL* = 0.35) was
performed. First, approximately 4.5 g of salt was added to a vial containing 8 mL of water,
and the mixture was mixed up until a homogenous solution formed. Subsequently, this
mixture was added to the plant extract in the separatory funnel. The solution was mixed up
for 15 minutes and let to stand at RT for 1 day. The separation between the agueous salt layer
(bottom) and the extract (top) is shown in Figure D-1.

The sclareol concentration in the top and the bottom layer of the solution was
determined by gas chromatography. The GC results showed that the sclareol concentration
before addition of the agueous salt and the sclareol concentration in the top layer solution
(after addition of aqueous salt) are relatively the same, respectively, 28.99 and 28.32 g/L. In
addition, there wasn’'t any significant change in the color of the bottom layer (agueous salt
solution). This is an indication that the agueous salt solution is not able to extract neither the

plant pigments nor sclareol from the CO,+EL extract.
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Figure D-1. Liquid-liquid extraction using aqueous salt solution.

D.1.2. Liquid-Liquid Extraction using Hexane

Hexane was applied to the CO,+EL extract in order to extract some non-polar

impurities and plant pigments. Small amount of water (~ 0.2 mL) was added to the 1 mL
extract (6.89 MPa, w,, = 0.35) to make the extract immiscible with hexane. Hexane (2 mL)

was then added to the aqueous extract, and the mixture was shaken for 15 minutes and let to
stand at RT for 1 day. The separation between the hexane layer (top) and the aqueous ethyl
lactate layer (bottom) is shown in Figure D-2.

The sclareol concentration in the top and the bottom layer of the solution was
determined by gas chromatography. The GC results showed that 27.8 % of sclareol was
dissolved in the hexane layer. The color of the extract changed from a dark green to a
brownish green while the hexane layer changed from a clear to a greenish solution. The %

sclareol purity in the bottom and top layer was determined to be relatively the same. It isthus
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concluded from the experiment that hexane is not able to selectively extract the impurities

from the CO,+EL extract.

Figure D-2. Liquid-liquid extraction using hexane.

D.2. Solubility of Sclareol in Ethyl Lactate at Low Temperature

The information on the sclareol solubility in ethyl lactate at low temperature is essential
in an attempt for searching out method to recover sclareol from the CO,+EL extract. If a
solution in equilibrium between the solid and the liquid phase is altered in such a way that
the amount of the dissolved solids exceeds the equilibrium concentration, the system will
seek to attain equilibrium by getting rid of this excess solids concentration. The resulting
process s called crystallization from solutions and the concentration-gradient driving force is
called supersaturation [1]. For example, cooling a solution with dissolved solids will
generally precipitate some of the dissolved solids due to the decrease in the solid solubility at

lower temperatures.
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The experimental procedure to determine the sclareol solubility in ethyl lactate at low
temperature is as follows. A known amount of sclareol was dissolved in a known amount of
ethyl lactate. The mixture was stirred in the oven at 308.15 + 0.5 K for 2 hours or until
homogenous. The solution was then cooled down to a desired temperature and stirred for 4
hours. Subsequently, the solution was filtered and the sclareol concentration in the filtered
solution was analyzed by gas chromatography. The experiments were performed at 262.15 +
0.5 and 275.15 + 0.5 K with a control experiment at 298.15 + 0.5 K. For each temperature,
several solutions with various initial concentrations of sclareol in ethyl lactate were prepared.
The results are summarized in Figure D-3. As shown in this figure, ethyl lactate is capable to
dissolve a relatively high concentration of sclareol at very low temperatures. The solubility
values at these low temperatures are close to those at room temperature. This experiment

concludes that cooling the plant extract to recover/precipitate sclareol is not a good method.
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Figure D-3. Solubility of sclareol at |ow temperatures.

D.3. Addition of Water to the Ethyl Lactate and CO, Extract to Precipitate Sclar eol
This section describes the recovery process of sclareol from the CO,+EL extract using

water as the antisolvent. The experiments were performed for the extracts obtained at 6.89

MPaand w,, = 0.1, 0.35. In this precipitation experiment, the extracts were not initially

purified with the activated carbon. Water was added to the extract until achieving the desired
concentration, ~ 78 % (w/w) of water, which was selected based on the solubility data of
sclareol in the mixture of ethyl lactate and water. Once water was added, the solution became

cloudy. The mixture was then placed in the refrigerator (278.15 + 1 K) overnight to enhance
sclareol precipitation. For WEL* = 0.1, the solution separated into the oil phase (top), the solid

precipitate phase, and water-ethyl lactate phase. The solid precipitate phase contained some
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particles floating around the solution, and was separated from the solution via a vacuum
filtration. The oil phase, on the other hand, resembled a thin sheet floating on top of the
mixture, and could be easily separated with a spatula.

The concentration of sclareol in both the oil and solid precipitate phases was determined
in terms of weight fraction, after dried in the oven for 2-3 days at 318.15 + 1 K. A known
weight of precipitates was dissolved in a known volume of ethyl lactate, and the amount of
sclareol in the solution was quantified by GC analysis. The amount of the non-precipitated
sclareol and impurities was calculated by analyzing the sclareol purity and the sclareol
concentration in the water-ethyl lactate phase. The mass of the oil and the solid precipitate
phases as well as the distribution of the phase-separated sclareol in each phase was

determined from the mass balance calculation. The same analysis was performed for the
extract with WEL* = 0.35. The pictures of the precipitation experiments were described in

Figure D-4 and Figure D-5. The results were summarized in Table D-1.

Oil
—
Extract Precipitate

Figure D-4. Picture of the water addition to the extract (WEL* =0.1, P=6.89 MPa) experiment.
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Figure D-5. Picture of the water addition to the extract (WEL* = 0.35, P = 6.89 MPa) experiment.

Table D-1. Results summary of sclareol precipitation by addition of water experiment (80 % water by

volume).
Extract wg, = 0.1 | Extract wg, = 0.35

Sclareol concentration (g/L) 83.45 28.99
Sclareol purity %(w/w) 69.15 57.72

% Sclareol phase separates/precipitates 99.8 99.31
Sclareol purity in the solid precipitate phase %(w/w) 78.12 65.98
Sclareol purity in the oil phase %(w/w) 61.34 -

Fraction of sclareol in the solid precipitate phase %(w/w) 47.42 100
Fraction of sclareol in the oil phase %(w/w) 52.58 -

It is shown from Table D-1 that the addition of water into the extract resulted in nearly
complete phase separation of sclareol. For WEL* = 0.35, the oil phase was not observed. The
% sclareol purity in the precipitates was higher than the purity of the extract before water was
added. This is an indication that some impurities remained dissolved in the solution. For
WEL* = 0.1, the oil phase was clearly observed, and nearly complete phase separation of

sclareol occurred. The % sclareol purity in the solid precipitate phase was higher than in the
oil phase. Additionally, the distribution of sclareol in both phases was calculated to be nearly

equal. In conclusion, the addition of water directly into the extract, without being initially

212



purified with activated carbon, did not produce sclareol with significantly higher purity than
the original solution.

Other experiments were to see the effect of changing the concentration of water. The
experiment was performed for the extract with w,,~ = 0.1 and two different concentrations

of water (33 % and 50 % water by volume). Water was added to the extract until achieving
the desired concentration. The mixture was then placed in the refrigerator (278.15 + 1 K)
overnight to enhance sclareol precipitation. The solution separated into two distinct layers,
and we defined them as top and bottom layer. The top layer was more viscous than the
bottom layer, as described in Figure D-6. The sclareol purity in the top and the bottom layer
was then determined in terms of weight fraction. The distribution of the sclareol in the top
and the bottom layer was determined from the mass balance calculation. As shown in Figure
D-6, the separation of layer was not as apparent when 33 % water by volume was added.
Thus, the analysis was not performed on this solution. The results for the experiment with 50

% water by volume are summarized in Table D-2.
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Figure D-6. Picture of the water addition to the extract (WEL* =0.1, P=6.89 MPa) experiment.

Table D-2. Results summary of sclareol precipitation by addition of water experiment (50 % water by

volume). .

Extract wg, = 0.1 with 50 % water by volume

Sclareol concentration (g/L)

Sclareol purity %(w/w)

Sclareol purity in the solid precipitate phase %(w/w)
Sclareol purity in the oil phase %(w/w)

Fraction of sclareol in the solid precipitate phase %(w/w)
Fraction of sclareol in the oil phase %(w/w)

83.45
69.15
75
54
42.5
57.5

It is shown from Table D-2 that the % sclareol purity in the bottom layer was higher than

in the top part. In addition, the bottom layer contained slightly greater amount of sclareol. To

conclude from this experiment, varying the amount of water did not considerably increase the

purity of the sclareol-rich solution (bottom layer).
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Another experiment was to observe the effect of applying centrifugation after the
extract was mixed with a certain amount of water. The centrifugation was expected to

enhance the separation of the precipitated sclareol from the precipitated impurities. The
extract (WEL* = 0.09-0.1, 6.89 MPa) was first purified with activated carbon. A certain

activated carbon concentration (~ 60 g/L) was added to 2 mL extract, which was kept in an
oven maintained at a fixed temperature (323.15 + 1 K). The solution was stirred for 1.5
hours, and subsequently the solution was filtered into a 20 mL centrifugation bottle. The
volume of the collected extract was measured, and the amount of sclareol in the collected
extract was quantified by GC analysis. The purity of sclareol in the collected extract in terms
of weight fraction was also determined. Water was then added to the extract until achieving a
mixture with 78 % (w/w) of water. Centrifugation was then applied to the mixture at RT for 1
hour with a rotating speed of 15000 rpm (20000 rcf). After centrifugation, the oil phase stick
on the side wall of the centrifuge bottle, and were collected by scraping them with a spatula.
The solid precipitate phase floated around the water-ethyl lactate phase, and was separated
from the liquid phase via a vacuum filtration. The sclareol purity in both phases was then
determined in terms of weight fraction. The distribution of the sclareol in each phase was
determined from the mass balance calculation. The results for the centrifugation experiment
are summarized in Table D-3. It can be concluded from the results that centrifugation did not
improve the separation of sclareol from the impurities. As aresult of centrifugation, the mass
of the solid precipitate phase, which contains 92 % (w/w) of sclareol, is much less than the

oil phase. The experiments with the same conditions without centrifugation, on the other
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hand, would result in a higher amount of the solid precipitate phase (precipitates with a

higher percentage of sclareol), as described in Chapter 5.

Table D-3. Results summary of sclareol precipitation by addition of water and centrifugation experiment.

Extract wg, = 0.09

Sclareol concentration before activated carbon (g/L) 67.9
Sclareol purity before activated carbon %(w/w) 60

Sclareol concentration after activated carbon (g/L) 66

Sclareol purity after activated carbon %o(w/w) 714
% Sclareol phase separates 99.8
Sclareol purity in the solid precipitate phase %(w/w) 92

Sclareol purity in the oil phase %(w/w) 74.4
Fraction of sclareol in the solid precipitate phase %(w/w) 18.6
Fraction of sclareol in the oil phase %(w/w) 814

D.4. Separation of Water from Ethyl Lactate by Addition of Ammonium Sulfate

After the plant extract was purified with the activated carbon, a certain concentration of
water was added to the extract in order to precipitate sclareol. After the precipitated sclareol
was collected from the solution, the remaining solution was a mixture of ethyl lactate and
water with some dissolved substances. In order to make the process industrially attractive, a
method to separate ethyl lactate and water must be developed so that ethyl lactate can be
recycled for the extraction process whereas water is recycled for the liquid antisolvent
process. The distillation process of the water-ethyl lactate system simulated using Aspen Plus
is presented in Chapter 5. In this section, another separation method called salting out is
presented.

The separation of an organic phase from an aqueous phase by the addition of a salt has

been known for nearly a century [2]. This method is commonly used by biochemists in the
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purification of proteins, which are highly charged, by controlling the salt concentration, pH,
or temperature [2-4]. Weak intermolecular forces (e.g. hydrogen bonds) between organic
molecules or non-electrolytes and water are easily disrupted by the hydration of electrolytes.
For example, potassium carbonate was added to the mixture of water and ethanol, which are
miscible in all proportions, to separate the two liquids [2].

In the experiment to separate ethyl lactate and water, 3 different concentrations of
ammonium sulfate were added to the mixture containing 80 % of water by volume. The
solution was mixed up until the salt was completely dissolved. The solution was let to sit at

RT for 1 day and the formation of phases was observed. The results are summarized in Table

D-4.

Table D-4. Summary of the experimentsto separate water and ethyl lactate using ammonium sulfate.

after shaking for 2 min after a day
Sol | H,0 (mL) | EL (mL) | (NH4),SO, (g9) Observation Observation
1 8 2 0.5198 no separation occurs no separation occurs
2 8 2 2.001 separation occurs; separation occurs;
bottom layer is cloudy bottom layer is clear
3 8 2 4.5064 separation occurs; separation occurs;
bottom layer is clear bottom layer is clear

As shown, separation occurred for solution 2 and 3. It was presumed that the bottom
layer was the aqueous salt solution while the top part contained ethyl lactate-rich solution.
For solution 2 and 3, the volume of the top layer was measured. The top layer of solution 2
contained less than 2 mL while the top layer of solution 3 contained more or less 2 mL.
Based on this result, it is certain that more than 2 g of ammonium sulfate is needed to

completely separate ethyl lactate and water. Further analysis must be performed to find the
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exact amount of ammonium sulfate needed to achieve a complete separation between ethyl
lactate and water at a certain mixture composition. One quick analysis is by measuring the

pH and the volume of each layer as salt is added.

D.5. Activated Carbon Regeneration

Activated carbon is a microcrystalline, non-graphitic form of carbon, which has been
processed to develop an internal porosity. The pore sizes of the activated carbon can be
controlled in distribution by the choice of the carbon feedstock and the mode of operation.
The activation process at temperatures of 573.15-773.15 K, usually performed in oxygen
(air), provide carbons with properties of an acidic surface oxide nature and therefore
primarily adsorb bases. At temperatures of 1073.15-1173.15 K, usually with steam, CO,, or
ammonia, provide carbons with basic surface oxide properties and preferentially adsorb more
acidic components. Amphoteric material is usually prepared at temperature activation of
773.15-1073.15 K. The activation process may also be accomplished at very high
temperature, such as 1273.15 K, and by chemically assisted and unassisted means. The
chemical agents include zinc chloride, phosphoric acid, potassium hydroxide, and simple
steam activation of the carbonized char. Steam activation is the most commonly employed.
The residual chemical activators and inherent metals in the carbons are removed by washing
them with acid and water.

Several methods to regenerate spent carbon have been developed over the past several
years, including thermal, chemical, and steam methods [6]. For thermal regeneration, one
method that has been developed through the pilot-plant stage is the fluidized-bed

regeneration. It utilizes a fluidized-bed of coarse, inert particles, which maintain a constant-
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temperature zone. The spent activated carbon is fed into the bottom of the coarse, inert, bed
and carried through the bed by the action of the fluidizing gas. The carbon is then recovered
from the effluent gas stream with cyclone collectors or some other collection device. The
efficiency of the process depends on the temperature, retention time, and the composition of
the gas (or the controlled atmosphere). The process is typically performed at temperatures
range of 773.15-1073.15 K.

In the typical regeneration process by chemical method, the spent carbon is treated with
a solution of certain chemicals, which vary according to the adsorbed materials. For example,
in regeneration of chromium-impregnated carbon, the caustic (NaOH) solution is passed over
the spent carbon to remove the adsorbed chromium. Water is then run through the carbon to
rinse away any residual caustic. Subsequently, acid is passed through the carbon to restore
the pH necessary for the best adsorption capability, and again water to wash away any
residual acid. For the treatment with steam, the spent carbon is first dispersed in water to
form an agueous solution. The suspension is sent to the atomizing spray nozzle and mixed
with the steam. The mixture is then passed through the heated reactor vessel. In this zone, the
agueous phase of the carbon slurry is converted to steam and the carbon and steam mixture is
heated to the reactivation temperature of at least about 873.15 K. The carbon is recovered

from the stream by a suitable filter.
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