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Preface

The fast-growing process of urbanization, industrialization, and unethical agriculture
that has been implemented until recently has neither taken in consideration nor
foreseen its effect on the environment, flora and fauna, and peoples’ health and
safety. Thus, over the last decade, green chemistry research has been focusing on
finding and using safer and more environmentally friendly solvents.

Indeed, every process in chemistry, physics, biology, biotechnology, and other
interdisciplinary fields of science and technology makes use of solvents, reagents,
and energy that not only are highly toxic but also produce a great amount of unde-
sirable waste, damaging irreparably our environment.

However, according to one of the green chemistry principles, the use of solvents
should either be avoided or limited as much as possible, and although sometimes
this is not possible, we ought to try to use greener alternatives to toxic solvents.

Green Solvents Volume I and II has been compiled to broadly explore the
developments in the field of Green Solvents.

Written by 87 leading experts from various disciplines, these remarkable volumes
cover the most comprehensive, in-depth, and state-of-the-art research and reviews
about green solvents in the fields of science, biomedicine, biotechnology, biochemistry,
chemical engineering, applied chemistry, metallurgical engineering, environmental
engineering, petrochemicals engineering, etc.

With more than 3,000 references, 325 figures, 95 tables, and 25 equations, Green
Solvents Volume I and II will prove to be a highly useful source for any scientists
working in the fields of organic synthesis, extraction and purification of bioactive
compounds and metals, industrial applications of green solvents, bio-catalysis,
acylation, alkylation and glycosylation reactions, oxidation of alcohols, carbon
nanotube functionalization, hydrogen sulfide removal, pharmaceutical industry,
green polymers, nanofluids coolants, high-performance liquid chromatography,
and thin layer chromatography. Based on thematic topics, the book edition contains
the following 14 chapters:

Chapter 1 provides an overview of the use of green solvent systems such as water,
superficial fluids, ionic liquids, room temperature ionic liquids, and fluorinated solvents
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for a wide range of chemical applications including synthetic chemistry, extraction and
material science.

Chapter 2 reviews green solvent extraction and purification of few marker com-
pounds from propolis and rice bran using supercritical carbon dioxide (SC-CO,).
The central composite response surface methodology (RSM) was applied to predict
the optimal operating conditions and to examine the significance of experimental
parameters by a statistic analysis.

Chapter 3 focuses on coupling the attractive properties of green solvents with the
advantages of using enzymes for developing biocatalytic processes.

Chapter 4 reviews the use of ionic liquids in the pharmaceutical industry and the
production of fine chemicals.

Chapter 5 presents a complete picture of current knowledge on a useful and green
bio-solvent “d-limonene” obtained from citrus peels through a steam distillation
procedure followed by a deterpenation process.

Chapter 6 investigates selected examples of potential uses of glycerol in organic
reactions as well as the advantages and disadvantages of such a green methodology.

Chapter 7 deals with the use of water as medium in synthetic processes based on the
epoxide ring opening. Water has been presented as effective reaction medium to
realize green epoxide—based processes.

Chapter 8 reviews the various aspects of ionanofluids together with their thermo-
physical properties for their potential applications as heat transfer fluids and novel
media for green energy technologies.

Chapter 9 offers an overview of the polymerization of methyl methacrylate (MMA)
to poly methyl methacrylate (PMMA) using ionic liquids, surfactants, and fluorous
media as green solvents.

Chapter 10 analyzes the recent trends in converting fatty acids into green polymers
and green composite materials in addition to providing insights to future trends.

Chapter 11 examines the work performed on the use of green solvents in the analy-
sis of organic and inorganic substances by thin layer chromatography (TLC) during
2005-2010. The chapter discusses the usefulness of water, ethylene glycol, ethyl
acetate, surfactants, etc., as green solvents in TLC analyses.

Chapter 12 explores the most important uses of dimethyl carbonate as solvent in
supercapacitors, lithium batteries, and other emerging devices for energy storage and
a dual behaviour as methylating and carbamoylating reagent.

Chapter 13 discusses supercritical carbon dioxide (SC-CO,) extraction of triglyc-
erides from powdered Jatropha curcas kernels and seeds, followed by CO, subcriti-
cal hydrolysis and supercritical methylation of the extracted (SC-CO,) oil to obtain
a 98.5% purity level of biodiesel.
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Chapter 14 reviews experimental investigations on two major cooling features:
convective and boiling heat transfer of nanofluids together with critical review of
recent research progress in important areas of nanofluids. Nanofluids development
along with their potential benefits and applications are also briefly discussed.

Aligarh, India Ali Mohammad
Inamuddin
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Chapter 1
Green Solvents Fundamental and Industrial
Applications

Shadpour Mallakpour and Zahra Rafiee

Abstract The toxicity and volatile nature of many organic solvents, widely utilized
in huge amounts for organic reactions, have posed a serious threat to the environ-
ment. Thus, the principles of green chemistry direct to use safer and environmen-
tally friendly solvents. The alternative solvent systems such as water, supercritical
fluids, ionic liquids, and fluorinated solvents are employed for a wide range of
chemical applications including synthetic, extractions, and materials chemistry.
This chapter provides an overview about the use of these alternative solvents in
various academic and industrial fields.

1.1 Introduction

Most chemical reactions of organic substances conducted in the laboratory as well
as in industry need conventional organic solvents as reaction media. The use of
these organic solvents such as benzene, toluene, xylene, methanol, and ethanol in
many industrial chemical processes is an issue of great environmental concern.
These solvents are characterized by high volatility and limited liquidus ranges (at
atmospheric pressure, ~85-200°C). As a result, about 20 million tons per year of
volatile organic compounds (VOCs) are discharged into the atmosphere owing to
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industrial processes [1], contributing to global climatic changes, air pollution, and
human health-related issues [2]. Therefore, the concept of green chemistry is
becoming one of the main goals of designing process and reaction [3, 4]. Green
chemistry is the utilization of a set of principles that will help to reduce the use and
generation of hazardous substances during the manufacture and application of
chemical products. Use of safer solvents and auxiliaries is one of the important
principles of green chemistry. However, there is no perfect green solvent that can
apply to all circumstance. Over the past several years, a number of alternative sol-
vents such as water, supercritical fluids (SCFs), fluorous solvents, and ionic liquids
(ILs) have been reported [5—8]. The utilization of these alternative solvents has
inherent benefits such as enhanced rates of reaction, more readily isolated side prod-
ucts and main product recovery.

1.2 Solvent-Free Reactions

Obviously, the solvents are the ideal medium to transport heat to and from endo- and
exothermic chemical reactions. On dissolution of solutes, solvents break the crystal
lattice of solid reactants, dissolve liquid or gaseous reactants, and exert a significant
influence on reaction rates and on the positions of chemical equilibrium. Additionally,
the reactants can interact efficiently when they are in a homogeneous solution,
which facilitates stirring, shaking, or other forms of agitation, whereby the reactant
molecules come together rapidly and continuously [9-11].

Furthermore, uniform heating or cooling of the mixture in solution can be carried
out easily. The role of a solvent in respect of organic reactions is complex. A solvent
has the power to increase or decrease the speed of a reaction, sometimes extremely.
Changing the solvent can influence the rate of reaction, and it can even alter the
course of reaction. This may manifest in altered yields and ratios of products.
Therefore, a solvent can be deeply and inseparably associated with the process of an
organic reaction through the solvation of the reactants, products, transition state, or
other intervening species.

Environmental concerns about solvent-based chemistry have stimulated a
renewed interest in the study of chemical reactions under solvent-free conditions.
Solvent-free organic syntheses are gaining increasing attention from the viewpoints
of green chemistry [12—-15]. One noticeable route to reduce waste involves genera-
tion of chemicals from reagents in the absence of solvents. However, by far the best
green alternative is, of course, to avoid the use of any solvent. Moreover, the exclu-
sion of solvents can offer access to new products and materials that are not readily
accessible by conventional solution methods. In many solvent-free reactions, one of
the reagents is a liquid and is sometimes present in excess. This liquid is often act-
ing as the solvent and making a homogeneous reaction solution. In other solvent-
free reactions, there may be a liquid, for example, water, formed during the course
of the reaction, and this liquid assists the reaction at the interface between the
reagents and acts like a solvent.
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In comparison to reactions in organic solvents, benefits of solvent-free reactions
include (1) there is no reaction medium to collect, purify, and recycle; (2) the com-
pounds formed are often sufficiently pure to avoid extensive purification by chro-
matography, and in some cases, there is not even the require for recrystallization;
(3) sequential solvent-free reactions are possible; (4) the reactions are often quick,
sometimes reaching completion in several minutes as compared to hours with
organic solvents; (5) energy usage may be considerably lower; (6) functional group
protection-deprotection can be avoided; (7) there may be lower capital outlay for
equipment when setting up industrial processes; and (8) significant batch-size
reduction and processing cost savings, production of solvent-free protocols is not
only more environmentally benign but also more economically feasible [9, 16].

There are some disadvantages to solvent-free reactions, which can be mini-
mized by developments in engineering reactor technology [17]. Objections to the
use of solvent-less reaction conditions include the formation of hot spots and the
possibility of runaway reactions. Instead of operating in the old paradigm, notably
the employment of a reaction medium or solvent as a heat sink or heat transfer
agent, consideration could be given to applying developments in reactor design
either for continuous flow or for batch systems. If highly exothermic reactions are
identified, which are otherwise suited to solvent-less conditions, the problem
could be addressed through advanced reactor design. Another objection can be
difficulties in handling solid or highly viscous material. Again this can be over-
come by advances in engineering and innovative reactor design. Solvent-less reac-
tions may be more suitable for small volume commodity chemicals rather than
high throughput, although it is possible to envisage extrusion type continuous
reactors [16].

Traditionally, solvent-free reactions have been performed using a mortar and
pestle, but recently high speed ball milling (HSBM) has shown to be a more attractive
alternative. In the HSBM method, a ball bearing is placed inside a vessel that is
shaken at high speeds. The high speed achieved by the ball bearing has enough force
to create an atmosphere which can facilitate a chemical reaction. The use of com-
mercial ball mills has allowed these reactions to be scaled up to industrial levels.
The use of this methodology can significantly reduce solvent waste [18].

1.2.1 Organic Synthesis

The development of solvent-free green processes has gained significant attention in
organic synthesis owing to certain advantages such as high efficiency and selectiv-
ity, easy separation and purification, mild reaction conditions, reduction in waste,
and benefits to the industry as well as the environment [11]. Solvent-free organic
reactions based on grinding two macroscopic particles together mostly involve the
formation of a liquid phase prior to the reaction, that is, formation of a eutectic melt
of uniform distribution where the reacting components being in proximity are capable
to react in a controlled way [19].
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1.2.1.1 Protection/Deprotection Reactions

The protection/deprotection reaction sequences form an integral part of organic
manipulations such as the preparation of monomer building blocks, fine chemicals,
and precursors for pharmaceuticals, and these reactions often involve the utilization
of acidic, basic, or hazardous and corrosive reagents and toxic metal salts.

Aldehydes and diols have been transformed into 1,3-dioxolane in excellent yields
using oxorhenium(V) oxazoline as a catalyst under solvent-free conditions at mild
temperatures (Scheme 1.1) [20]. The reaction is applicable to biomass-derived
furfural and glycerol. The obtained cyclic acetals may find use as value-added
chemicals and/or oxygenate fuel additives.
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| OH o
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Scheme 1.1 1,3-Dioxolane formation from furfural and diols catalyzed by oxorhenium(V) 1
(Reprinted from Ref. [20]. With kind permission of The American Chemical Society)

In the presence of mesoporous strong acidic cation-exchange resin as the cata-
lyst, solvent-free reaction between methacrolein and acetic anhydride led to the
formation of 2-methylallylidene diacetate [21].

The solvent-free selective demethylation and debenzylation of aryl methyl/ben-
zyl ethers have been reported using magnesium iodide to synthesize natural flavone
and biphenyl glycosides [22].

1.2.1.2 Tishchenko Reaction

The conversion of aldehydes to their dimeric esters, better known as the Tishchenko
reaction, has been known for more than a 100 years. This reaction is heavily used in
industry, and it is inherently environmentally benign since it utilizes catalytic condi-
tions and is 100% atom economic.
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Using solvent-free ball-milling conditions, the Tishchenko reaction for aryl
aldehydes has been developed in the presence of sodium hydride as the catalyst in
high yields in 0.5 h [18].

1.2.1.3 Condensation Reactions

The formation of kinetic and thermodynamic enolates has been reported under
solvent-free HSBM conditions. The thermodynamic or kinetic enolate in high selec-
tivity was obtained using 2-methylcyclohexanone as the substrate and sodium
hydroxide or lithium hexamethyldisilazide as the base [23].

The application of methanesulfonic acid/morpholine catalyst to Knoevenagel
condensation of ketones with malononitrile has been described under solvent-free
conditions [24]. Ylidenemalononitriles were obtained with good yields in short
reaction time.

The mechanochemical reaction of malononitrile with various aldehydes was
investigated to achieve quantitative stoichiometric conversion in absence of any
solvents and catalysts in vibration and planetary ball mills as well as in a melt under
microwave irradiation [25]. A successful quantitative conversion appeared to be
substrate dependent.

The synthesis of jasminaldehyde has been reported by the condensation of
1-heptanal with benzaldehyde using chitosan as a solid base catalyst under solvent-
free conditions (Scheme 1.2) [26]. Jasminaldehyde was obtained with maximum
conversion of >99% and 88% selectivity at 160°C.

/O
X
PN 0 + E——
\O
Jasminaldehyde
\/\/\/\[\/\/
X
(6]

2-Pentyl-non-2-enal

Scheme 1.2 Synthesis of jasminaldehyde (Reprinted from Ref. [26]. With kind permission of
Elsevier)

The aryl-/4H-dibenzo [a.j] xanthenes have been synthesized via the condensa-
tion of B-naphthol with aromatic aldehydes using cellulose sulfuric acid as a cata-
lyst under solvent-free conditions in excellent yields and short reaction times [27].
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1.2.1.4 Aldol Reaction

The direct aldol reaction has been extensively used in industry either in bulk or in
fine chemical manufacture and pharmaceutical target production to prepare poly-
oxygenated architectures from two carbonyl compounds.

The utilization of polystyrene-supported binam-prolinamide as catalyst has been
studied in the aldol reaction between several ketones and aldehydes in the presence
of benzoic acid under solvent-free or aqueous conditions [28]. Under these condi-
tions, the corresponding aldol product was obtained in high yields, regio-, diastereo-,
and enantioselectivity.

1.2.1.5 Sonogashira Reaction

The Sonogashira coupling of aryl halides with aryl and alkyl-substituted acetylenes
has been studied without the use of copper or additional ligands and in the presence
of Pd(OAc), or Pd(PPh,), in combination with 1,4-diazabicyclo[2.2.2]octane as
catalysts and base, respectively, in a planetary ball mill [29]. All coupling reactions
exhibited high selectivity according to the desired Sonogashira products.

The solvent-free Sonogashira coupling of a variety of para-substituted aryl halides
with trimethylsilylacetylene or phenylacetylene has been reported using HSBM [30].
Todo- and bromo-substituted aromatics successfully undergo Sonogashira coupling,
while chloro- and fluoro-substituted aryl compounds were unreactive.

1.2.1.6 Metathesis Reactions

The cross-metathesis of allyl benzene with cis-1,4-diacetoxy-2-butene and the ring-
closing metathesis of diethyl diallylmalonate have been investigated under solvent-
free media (Scheme 1.3) [31]. It was found that only the bulk conditions permitted
a simple 25-fold reduction of the amount of metathesis catalyst for both studied
metathesis reactions.

a
Et0,C_ CO,Et

EtO,C CO,Et
7 x
b

_/=\_ -ethane = OAc
+ 2 AcO OAc [Ru]

Scheme 1.3 (a) Ring-closing metathesis of diethyl diallylmalonate, (b) cross-metathesis of allyl
benzene with cis-1,4-diacetoxy-2-butene (Reprinted from Ref. [31]. With kind permission of The
Royal Society of Chemistry)
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1.2.1.7 Diels-Alder Reactions

Diels-Alder reactions have been reported via heating a mixture of dicyclopentadiene
and a dienophile under solvent-free conditions [32]. Cyclopentadiene, generated in
situ, reacted with the dienophile in a thermodynamically controlled reaction.

The aza-Diels-Alderreaction between a variety of benzaldimines and Danishefsky’s
diene has been described in solvent-free conditions using porous zirconium hydro-
gen phosphate in the presence of sodium dodecyl sulfate at 30°C with excellent
yields (Scheme 1.4) [33].

OTMS | R-c¢H OTMS
H\(CGH[R o4 R-CgH, 0
—_—
[ JJ =
b
PMP PMP onip N~
OMe

OMe

PMP = pOMe-CgH,
R = H, pCl, mCl, oCl, pBr, pF, pNO,, pSMe, pOMe, pMe, pCN

Scheme 1.4 Aza-Diels-Alder reaction of benzaldimines with Danishefsky’s diene (Reprinted
from Ref. [33]. With kind permission of Elsevier)

1.2.1.8 Heck Reaction

The use of Pd catalyst supported on 1,1,3,3-tetramethylguanidinium-modified
molecular sieve SBA-15 has been introduced for Heck arylation of olefins with aryl
halides in solvent-free conditions [34].

1.2.1.9 Mannich Reaction

The Mannich-type reactions provide one of the most classical and useful methods
for the preparation of B-amino ketones and aldehydes, which constitute various
pharmaceuticals, natural products, and versatile synthetic intermediates.

The one-pot three-component Mannich reaction of aromatic aldehydes, aromatic
ketones, and aromatic amines has been investigated in the presence of an acidic
catalyst, pyridinium trifluoroacetate under solvent-free conditions at room tempera-
ture [35]. The resulting B-amino carbonyl compounds were obtained in reasonably
good yields.

1.2.1.10 Hydrogenation

The hydrogenation of quinolines has been reported using phosphine-free chiral
cationic catalyst under solvent-free or highly concentrated conditions with high
levels of enantioselectivities (>97%) and excellent yields only at 0.02-0.10 mol%
catalyst loading [36].
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The solvent-free hydrogenation of solid alkenes and nitro-aromatic compounds
has been developed in the presence of Pd nanoparticles entrapped in aluminum
oxyhydroxide to obtain corresponding alkanes and aromatic amines in nearly quan-
titative yields [37].

1.2.1.11 Esterification

The solvent-free direct esterification of various carboxylic acids with alcohols has
been described in the presence of 5 mol% surfactant-catalyst, para-dodecylbenzene
sulfonic acid, or copper para-dodecylbenzene sulfonate at room temperature with
moderate to excellent yield [38].

1.2.1.12 Meyers’ Lactamization

Meyers’ lactamization is a typical bielectrophile-binucleophile reaction that produces
quaternary centers, most of the time in a stereoselective manner. It is a well-known
tool for the synthesis of natural products, especially alkaloids. This stereoselective
reaction is the first step to access erythrina and amaryllidaceae alkaloids.

The solvent-free microwave-assisted synthesis of Meyers’ bicyclic lactams has
been introduced to obtain chiral lactams in good yield with high diastereoselectivity
in short times [39].

1.2.1.13 Synthesis of 1,3,5-Triarylbenzene

1,3,5-Triarylbenzenes are very useful compounds used as electroluminescent mate-
rials, electrode devices, or conducting polymers. These compounds can also serve
as versatile intermediates for the synthesis of buckminsterfullerenes, pharmaceuti-
cals, and conjugated star polyaromatics.

The synthesis of 1,3,5-triarylbenzenes from acetophenones in the presence of
p-toluenesulfonic acid as a catalyst under solvent-free conditions has been described
as a chemoselective method without using any metal catalyst or solvent [40].

1.2.1.14 Hydroaminovinylation of Olefins

Olefin hydroaminovinylation is a valuable atom-economical domino reaction com-
bining terminal alkene hydroformylation with in situ formation of enamine/imine,
the firstly generated aldehyde reacting in a second step with an amine. When carry-
ing out the reaction with secondary amines, hydroaminovinylation is often followed
by another reaction, namely, the formation of amines through catalytic hydrogenation.
A current industrial challenge is to stop the reaction at stage of the formation of the
enamine. It is worth mentioning here that the linear selectivity in enamine mainly
depends upon the regioselectivity of the hydroformylation step.
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The solvent-free hydroaminovinylation of o~olefins using rhodium complexes
containing hemispherical diphosphites based on a calix[4]arene skeleton as a cata-
lyst allows access to high proportions of linear enamines/amines or imines [41].
A comparison of standard solvent vs. solvent-free reactions was undertaken. Under
solvent-free conditions with an Rh/olefin ratio of 1:5,000, the reaction turned out to
be about 15 times faster than when operating in toluene at the same Rh/olefin ratio
and at an olefin concentration of 6.6 mol L.

1.2.1.15 Synthesis of Diynes

The acid-treated K10 montmorillonite has been used as a catalyst in the solvent-free
nucleophilic substitution of propargylic alcohols with alkynylsilanes to afford
1,4-diynes [42].

Using catalytic amounts of CuCl, and triethylamine, an environmentally friendly,
efficient method has been reported for transforming terminal acetylenes into
1,3-diynes that are very important materials in the fields of biology and materials
science [43].

1.2.1.16 Synthesis of Lactic Acid
The microwave-assisted conversion of sugar source into lactic acid has been
reported under solvent-free conditions using alumina-supported potassium hydrox-

ide (KOH) [44]. The reaction proceeded in yielding 75C% of lactic acid starting
from D-glucose using 1.5 equiv of KOH at 180°C.

1.2.1.17 Synthesis of Thioglycosides

The synthesis of thioglycosides from a range of readily available glycosyl halides
has been described in the ball mill in excellent yields [45].

1.2.1.18 Synthesis of Lipidyl-Cyclodextrins

The lipase-catalyzed amidation reaction between fatty acyl donors and mono-6-amino-
permethylated B-cyclodextrin has been studied under solvent-free conditions [46].

1.2.1.19 Synthesis of Unsaturated Ketones

Under solvent-free conditions, unsaturated ketones have been synthesized with high
conversion and good selectivity via Saucy-Marbet reactions of unsaturated alcohols
with unsaturated ethers catalyzed by simple ammonium ILs [47].
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1.2.1.20 Synthesis of Nitrotoluene

Solvent-free nitration of toluene has been carried out in the presence of sulfated
titania as the catalyst at ambient temperature and atmospheric pressure to yield
nitrotoluenes with good selectivity [48].

1.2.1.21 Synthesis of Quinazoline-2,4(1H,3H)-Diones

An efficient approach for the synthesis of quinazoline-2,4(1H,3H)-diones has been
described via chemical fixation of carbon dioxide to 2-aminobenzonitriles cata-
lyzed by low amounts of organic guanidines without the need of any additional
solvent [49].

1.2.1.22 Synthesis of Monomethine Indocyanine Dyes
The solvent-free condensation of indole quaternary salts with 2-methylthio quino-
line quaternary salt has been developed in the presence of triethylamine under

microwave irradiation to obtain asymmetric monomethine indocyanine dyes
(Scheme 1.5) [50].
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Scheme 1.5 Synthesis of monomethine indocyanine dyes (Reprinted from Ref. [50]. With kind
permission of Elsevier)

1.2.1.23 Synthesis of Acetyl Salicylic Acid

The solvent-free synthesis of acetyl salicylic acid has been reported by acetylation
of salicylic acid with acetic anhydride using solid acid catalysts such as sulfated
metal oxides, zeolites, and K-10 clay [51]. Among the catalysts applied, nanocrystal-
line-sulfated zirconia exhibited highest catalytic activity and was found to be efficient
in minimal amount to obtain acetyl salicylic acid crystals with excellent yield.
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1.2.1.24 Oxidation

The asymmetric oxidation of sulfides has been investigated using aluminum
(salalen) complex as a catalyst under solvent-free or highly concentrated condi-
tions [52]. Under these conditions, optically active sulfoxides were resulted in high
yields with excellent enantioselectivity in the presence of only 0.002—0.01 mol%
catalyst.

Microwave-assisted oxidation of secondary alcohols using tert-butylhydroper-
oxide as the oxidant in the presence of copper(Il) 2,4-alkoxy-1,3,5-triazapentadien-
ato complexes under solvent-free conditions, providing ketones with >100% yields,
>890 turnover numbers (TON)s, and >1,780 h™! turnover frequencies (TOF)s, has
been reported [53].

A facile method for the aerobic oxidation of benzyl alcohol to benzaldehyde has
been developed using Pd/organoclay catalysts [54]. Under base- and solvent-free
conditions and in the presence of 0.2 wt% Pd/organoclay, a remarkably high TOF
(up to 6,813 h™!) was obtained.

The supported gold nanoparticles as a green and reusable catalyst have been
employed for the oxidation of various alcohols to the corresponding carbonyl com-
pounds in the presence of aqueous hydrogen peroxide as an environmentally benign
oxidant [55]. The reaction proceeded with good yields for nonactivated alcohols
under base-free conditions.

The use of iodine-pyridine-fert-butylhydroperoxide as a catalytic system has
been described for the solvent-free oxidation of benzylic methylenes and primary
amines under quite mild conditions [56]. The oxidation of benzylic methylenes led
to formation of the corresponding ketones in excellent yields with complete
chemoselectivity, while the oxidation of primary amines was complete in several
minutes, affording various nitriles in moderate to good yields.

The solvent-free oxidation of benzyl alcohol has been studied using supported
gold palladium bimetallic nanoparticles and comparing their activity and perfor-
mance with monometallic catalysts [57]. It found that the Au-Pd catalysts are all
more active than the corresponding monometallic supported Au or Pd catalysts.

Ni**-containing IL, 1-methyl-3-[(triethoxysilyl)propyl] imidazolium chloride
immobilized on silica has been developed as catalyst for the oxidation of styrene to
benzaldehyde in the presence of H,O, as the oxidant under solvent-free conditions
as well as in the presence of acetonitrile [58]. Under solvent-free conditions, the
conversion of styrene could reach 18.5% and the selectivity to benzaldehyde could
be as high as 95.9%.

The solvent-free aerobic oxidation of a-isophorone to ketoisophorone has been
reported using N-hydroxy phthalimide (NHPI) as the catalyst without a cocatalyst
at 60°C for 10 h (Scheme 1.6) [59]. Under these conditions, the isomerization
process of a-isophorone to 3-isophorone was eliminated.
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Scheme 1.6 The oxidation of o-isophorone catalyzed by NHPI with dioxygen (Reprinted from
Ref. [59]. With kind permission of Elsevier)

The use of nanosize gold particles deposited on MgO with excellent reusability
for the solvent-free selective oxidation of benzyl alcohol to benzaldehyde, provid-
ing very high catalytic activity with nearly 100% conversion in a short reaction
period (0.5 h), has been reported [60].

Layered Sn(IV) phosphonate materials have been designed as catalysts for the
Baeyer-Villiger oxidation of aromatic aldehydes using 30% aqueous H,O, solution
as the oxidant under solvent-free conditions [61].

The solvent-free oxidative dehydrogenation of y-terpinene in the presence of
alumina as a grinding auxiliary, with KMnO, as the oxidant in a planetary ball mill,
led to formation of p-cymene in quantitative yields after 5 min [62].

1.2.1.25 Reduction

The catalytic use of IL-supported organotin reagent (down to 0.1 mol%) has been
reported for the direct solvent-free reductive amination of aldehydes and ketones
mediated by phenylsilane [63]. This method facilitated purification of the products,
thus minimizing the contamination by tin.

1.2.1.26 Synthesis of Heterocyclic Compounds

A solvent-free process has been developed for the synthesis of a series of
NH-pyrazoles involving the reaction of -dimethylaminovinylketones and hydra-
zine sulfate in solid state on grinding, using p-toluenesulfonic acid as a catalyst
[64]. The short reaction time coupled with the simplicity of the reaction procedure
made this method one of the most efficient methods for the synthesis of this class of
compounds.

1,4-Dihydropyridine derivatives have been synthesized from various aldehydes,
B-dicarbonyl compounds, and amines using supported heteropoly acids as catalysts
under solvent-free conditions [65].
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1.2.2 Inorganic and Materials Synthesis

A facile chemical method has been developed for the fabrication of nonionic nano-
fluid hybrid material of multiwall carbon nanotubes (MWNT)s decorated with silica
nanoparticles under solvent-free conditions [66]. Colloidal silica was dispersed in a
3-(trimethoxysilyl)-1-propanethiol aqueous solution to enhance silica nanoparticle
dispersion and then the solvent-free nonionic nanofluid hybrid material consisting
of MWNTs and silica nanoparticles were fabricated by carboxylic MWNTs and
poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide).

The synthesis of magnetite octahedral microcrystals of Fe,O, has been investi-
gated from the thermolysis of single Fe,(CH,COO),(OH),CH,COOQ precursor in a
closed reactor at 700°C without using catalyst under solvent-free conditions [67].

The one-pot, solvent-less synthesis process for the fabrication of lanthanum
hydroxycarbonate superstructures decorated with carbon spheres has been reported
which involved the thermal dissociation of the lanthanum acetate hydrate single
precursor using autogenic pressure at elevated temperature [68].

The solvent-free sublimation has been used for the preparation of fibrillar nano-
structures from low molecular weight organogelators with one-dimensional mor-
phologies [69]. This methodology seems to be highly convenient in order to avoid
uncontrollable solvent effects.

The solvent-free production of nanoscale zero-valent iron (nZVI) has been
reported using a precision milling system with major physicochemical properties
consistent with, in some cases superior to, those of the chemically synthesized [70].
The proposed milling method is completely scalable for large quantity production of
nZV], delivers nearly 100% yield of iron, uses no hazardous materials, and produces
no waste in the production process. A series of reactive hydrogen-bonded crystalline
supermolecules has been formed via solvent-free and liquid-assisted grinding [71].

High-density Co,O, nanowire arrays have been produced via a simple, solvent-
free synthesis method using narrow pores of the anodic alumina oxide template
[72]. An amorphous coordination polymeric networked Pd(II) catalyst based on
3,5-bis(diphenylphosphino)benzoic acid has been synthesized through a mechano-
chemistry approach [73].

1.2.3 Polymerization

The living and highly stereoselective ring-opening polymerization of rac-lactide
under solvent-free conditions using zirconium- and hafnium-based initiators sup-
ported by amine tris(phenolate) ligands, providing an unprecedented combination
of high stereocontrol and high activity in <30 min, has been reported [74]. The
solvent-free polymerization of cyclic ester monomers and lactides has been studied
using bis(imino)phenoxide complexes of zirconium as initiators [ 75]. N-Heterocyclic
carbine [1,3-bis-(diisopropyl)imidazol-2-ylidene] has been employed for the
metal- and solvent-free ring-opening polymerization of propylene oxide at 50°C to
afford well-defined o, -heterodifunctionalized poly(propylene oxide) oligomers [76].
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The solvent-free lipase-catalyzed synthesis of long-chain starch esters with a high
degree of substitution has been reported using microwave heating [77].

1.3 Water

Water is a green solvent with much to contribute to this steadily growing field.
Organic synthesis in water is a rapidly growing area of research since it holds great
promise for the future in terms of the cheap and environmentally friendly production
of chemicals [78—82]. The use of water has numerous benefits in terms of reactivity
and selectivity that are not achieved in organic solvents. In addition, in water, phase
separation is facile because most of the organic compounds are not soluble in water,
therefore, can easily be separated from aqueous phase. Water, due to its small size,
high polarity, and the three-dimensional hydrogen-bonded network system of bulk
water, offers some unique properties, which include large cohesive energy density, a
high surface tension, and hydrophobic effect. Another important aspect is the devel-
opment of chemical reactions in water that can achieve the desired chemical trans-
formations without the need for the protection-deprotection of reactive functional
groups or for generation of anhydrous conditions. This fact is particularly important
in industrial scale-up processes to replace the use of hazardous and flammable
organic solvents. Water is, obviously, the cleanest and safest available solvent, but it
is not commonly used, as most organic compounds are poorly soluble in water. This
issue can be overcome by using superheated water (>100°C) under microwave irra-
diation. Water is a good absorber for microwave energy and has been successfully
employed as a solvent for various microwave-promoted organic syntheses.

1.3.1 Organic Synthesis

1.3.1.1 Suzuki-Miyaura Reactions

The ligand-free Suzuki-Miyaura reactions using stilbene-4,4'-bis[(1-azo)-3,4-
dihydroxybenzene]-2,2'-disulfonic acid diammonium salt as a promoter in water
have been reported. The desired carbon-carbon bond formation proceeded under
mild conditions with high efficiency and good functional group tolerance [83].

The one-pot chemoenzymatic enantioselective synthesis of chiral biaryl alcohols
has been reported via Suzuki-Miyaura cross-coupling catalyzed by protein-stabilized
palladium nanoparticles under aerobic conditions in water [84]. The highly efficient
heterogeneous palladium catalyst has been prepared for the Suzuki-Miyaura cross-
coupling reaction in water via a simple procedure [85]. The polystyrene-supported
palladium catalyst can be recycled up to ten times without significant loss of activity.
The Suzuki-Miyaura C-C cross-coupling reactions of several para-substituted
bromobenzenes with excellent yields have been reported using [Pd(HQS),]
(HQS =8-hydroxyquinoline-5-sulfonic acid) as a catalyst in neat water under rela-
tively mild conditions in the absence of phosphine or other additive [86].
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The palladium-catalyzed Suzuki-Miyaura reactions of potassium aryltrifluorob-
orates with 5-iodo-1,3-dioxin-4-ones using n-Bu,NOH as base in water have been
utilized to get 5-aryl-1,3-dioxin-4-ones in good yields [87]. The obtained products
were transformed into corresponding a-aryl-B-ketoesters by reaction with an alcohol
in the absence of solvent.

1.3.1.2 Michael Reactions

The highly enantioselective Michael addition reactions of aldehydes with nitroole-
finshavebeendevelopedin the presence of water-soluble catalystdi(methylimidazole)
prolinol silyl ether using water as solvent in high yields (Scheme 1.7) [88].
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Scheme 1.7 Organocatalytic asymmetric Michael reaction using aldehydes and nitroolefins
(Reprinted from Ref. [88]. With kind permission of The American Chemical Society)

Microwave-assisted Mannich reaction for highly stereoselective synthesis of
[B-aminoketones has been studied by controlling the steric hindrance of the substitu-
ents using potassium carbonate as a catalyst and water as the reaction medium
(Scheme 1.8) [89].
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Scheme 1.8 The synthesis of B-aminoketones (Reprinted from Ref. [89]. With kind permission of
The Royal Society of Chemistry)

The Michael addition reactions of [-ketoesters have been reported using
4-(dimethylamino)pyridine-related organocatalysts such as 4-(didecylamino)pyri-
dine in water in the absence of cosolvents to afford Michael adducts in good to high
yields [90]. The nitro-Michael addition of indoles and pyrroles has been developed
using a combination of water and microwave irradiation without any catalyst [91].
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1.3.1.3 Knoevenagel Reactions

4-Aza-1-azoniabicyclo[2.2.2]-octane-base ILs have been employed as recyclable
catalysts for the Knoevenagel condensation reactions of a wide range of aldehydes
(aromatic/aliphatic/heterocyclic/a.,B-unsaturated) and aliphatic ketones using water
as solvent [92]. The tetraketones have been synthesized via a simple, environmen-
tally friendly, tandem Knoevenagel condensation and Michael addition of cyclic-
13-diketones and a variety of aldehydes in water [93]. In this method, water as
solvent itself catalyzes the reaction by hydrogen bonding, hence avoiding the utili-
zation of any other catalysts.

1.3.1.4 Aldol Reactions

The direct asymmetric aldol reaction of various cyclic ketones with aryl aldehydes
has been developed using primary-tertiary diamine-Brgnsted acid as a catalyst in the
presence of water [94]. The direct asymmetric aldol reactions between cyclic ketones
and aromatic aldehydes have been reported using natural tryptophan as a catalyst in
the presence of water [95]. Solvent studies demonstrated that water is the best reac-
tion medium for the described direct asymmetric aldol reactions, and the desired
products can be obtained with excellent antiselectivity and good enantioselectivity.

The direct aldol reactions of cyclic ketones with several aromatic aldehydes have
been described in the presence of 4-fert-butyldimethylsiloxy-substituted organo-
catalysts. The resulting products were obtained with excellent diastereoselectivity
and enantioselectivity using low-catalyst loadings (only 3 mol%), without using any
additional additives [96].

1.3.1.5 Telomerisation Reactions

Two-phase telomerisation reactions with methanol, diethylamine, ethylene glycol,
and glycerol and recycling of the homogeneous palladium catalysts have been stud-
ied using water as a solvent [97].

1.3.1.6 Amination Reactions

The palladium-catalyzed allylic aminations of allylic alcohols have been described
in the presence of nanomicelle-forming amphiphile polyoxyethanyl a-tocopheryl
sebacate in pure water [98].

1.3.1.7 Alkylation

The direct alkylation of amines with alcohols has been described using [Cp*Irl, ],
(Cp* =pentamethylcyclopentadienyl) as a catalyst in water in the absence of base or
other additives [99].
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The direct mono-N-alkylation of aromatic amines has been described by alkyl
halides in water under microwave irradiation without any catalyst [100].

1.3.1.8 Cycloaddition Reactions

The 1,3-dipolar cycloaddition reactions of several hydrophobic nitrones have been
investigated in both homogenous organic solutions and aqueous suspensions [101].
Reactions in water suspensions exhibited great rate accelerations over homogenous
solutions. Small changes were also observed to the stereoselectivity of the reactions.
Hydrophobic interactions are invoked for the observed behavior.

1.3.1.9 Hydroxylation

Copper-catalyzed direct hydroxylation of aryl halides has been investigated in the
presence of lithium pipecolinate as a ligand in water with yields up to 92% [102].

1.3.1.10 Alkynylation

Alkynylation of terminal alkynes with aryl halides has been demonstrated in the pres-
ence of perfluoro-tagged palladium nanoparticles immobilized on silica gel under
aerobic, copper-, and phosphine-free conditions in water with high yields [103].

1.3.1.11 Condensation Reactions

A one-pot three-component condensation of an amine, carbon disulfide, and an aryl
iodide or styrenyl bromide has been reported using copper nanoparticles as a cata-
lyst in water under ligand- and base-free conditions. The (E)- and (Z)-styrenyl bro-
mides produced the corresponding (E)- and (Z)-styrenyl dithiocarbamates in high
diastereoselectivities [104].

1.3.1.12 Diels-Alder Reactions

Extended triptycenes have been prepared with high efficiencies via Diels-Alder
reactions of anthracene and endoxides in water under microwave radiation
(Scheme 1.9) [105].

C,-symmetric 3,3'-dialkoxy-2,2'-bipyrrolidines catalysts have been employed
for asymmetric Diels-Alder reactions of a,B-unsaturated aldehydes [106]. Lower
chemical yields and enantioselectivity were attained in organic solvents, while,
using water as solvent, the reaction rate was remarkably accelerated. The reaction
completed within 2 h and afforded the Diels-Alder adduct in 95% yield with good
enantioselectivity and moderate exoselectivity.
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Scheme 1.9 Diels-Alder reactions between anthracene and various endoxides under microwave
radiation in water (Reprinted from Ref. [105]. With kind permission of Elsevier)

The synthesis of B-aminophosphoryl compounds has been reported via the
aza-Michael reaction in water without using catalyst or cosolvent in excellent yields
over short reaction times [107].

1.3.1.13 Mannich Reactions

The diastereoselective synthesis of B-amino ketones has been investigated via three-
component Mannich-type reaction of benzaldehyde, aniline, and cyclohexanone
using Cs, H  PW O, as a catalyst in water [108].

The one-pot three-component Mannich reaction involving aldehydes, aromatic
amines, and cycloalkanones has been studied using boric acid and glycerol in water
to obtain major syn diastereoselectivity [109]. These reactions, which proceed very

slowly in organic solvents, become quite faster in water.

1.3.1.14 Condensation Reactions

The synthesis of benzo[c]xanthene derivatives has been investigated via a one-pot
condensation of a.-naphthol, aldehydes, and cyclic 1,3-dicarbonyl compounds in the
presence of proline triflate as a catalyst in water with good yields [110].

The three-component condensation reactions of primary amines with alkyl
propiolates have been reported in the presence of alloxan derivatives in water for
the high-yielding preparation of alkyl 2-(5-hydroxy-2,4,6-trioxohexahydro-5-
pyrimidinyl)-3-(alkyl or arylamino)-2-propenoates [111].

1.3.1.15 Sonogashira-Hagihara Reaction
The palladium-catalyzed Sonogashira-Hagihara of aryl halides coupling has been

reported using 2-aminophenyl diphenylphosphinite ligand in water under copper-
free condition [112].
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The Sonogashira coupling of various aryl halides with terminal acetylenes has
been developed in the presence of an amphiphilic polystyrene-poly-(ethylene glycol)
resin-supported palladium-phosphine complex in water under copper-free condi-
tions to offer the corresponding biarylacetylene derivatives in high yields [113].

1.3.1.16 Hydrolysis

The oxidative hydrolysis of cyclic acetals by (diacetoxy)iodobenzene (PhI(OAc),)
in the presence of lithium bromide (LiBr) in water, providing the corresponding
hydroxyalkyl carboxylic esters in good to excellent yields at a short reaction time
under mild reaction conditions, has been reported (Scheme 1.10) [114].

o
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R = Aromatic and aliphatic groups
Scheme 1.10 Oxidation of acetals with PhI(OAc),/LiBr in water (Reprinted from Ref. [114].
With kind permission of Elsevier)

1.3.1.17 Aza-Friedel-Crafts Reaction

The synthesis of 1-naphthoyl tetrahydroisoquinolines has been reported via an aza-
Friedel-Crafts reaction under solvent-free conditions or in/on water with 100%
atom economy in the absence of any additional catalyst (Scheme 1.11) [115]. Yields
were increased using water as a solvent.

OH O NH
+
OH
N
Z R
R = H, OMe
R

Scheme 1.11 The reaction between 3.4-dihydroisoquinoline and 2-naphthol or 6-methoxy-2-
naphthol (Reprinted from Ref. [115]. With kind permission of Elsevier)

1.3.1.18 Cyanation of Aryl Iodides

The cyanation of aryl iodides has been investigated using copper iodide as the catalyst,
K,[Fe(CN),] as the cyanide source, and small quantities of water and tetraethylene
glycol as the solvent within 30 min under microwave heating at 175°C [116].
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1.3.1.19 Suzuki Reaction

The Suzuki cross-coupling reaction in water in the presence of a chitosan-g-(methoxy
triethylene glycol)- or (methoxy polyethylene glycol)-supported palladium (0) cata-
lyst has been described without additional phase transfer reagents [117].

1.3.1.20 Cycloaddition Reactions

The 1,3-dipolar cycloadditions of a galacto-configured cyclic nitrone with arabino-
or galacto-furanosides containing a C-vinyl or O-allyl substituent have been found
to produce galactofuranose-disaccharide analogues having a 1,4-dideoxy-1,4-
imino-D-galactitol moiety [118]. The cycloadditions could be performed efficiently
and stereoselectively in water using unprotected nitrone and sugar-derived dipola-
rophile as reaction partners.

1.3.1.21 Aminohalogenation Reaction

The aminohalogenation reaction of olefins has been reported with TsNH, and
N-bromosuccinimide as nitrogen and bromine sources, respectively, in pure water in
the presence of PhI(OAc), as a catalyst [119]. This aqueous reaction permitted the
aminobromination of olefins to proceed smoothly and efficiently, giving the useful
vicinal bromoamines with high yields and selectivity.

1.3.1.22 Photooxygenation of Furans

The dye-sensitized photooxygenation of furans has been investigated in aqueous
solution in the presence of ILs [120]. The reaction was generally selective, and the
final products derive from rearrangement of the intermediate endoperoxides,
depending mainly on the polarity and/or nucleophilic nature of the solvent.

1.3.1.23 Electrooxidation

The N-oxyl-mediated electrooxidation of nanoemulsion-forming alcohols has been
reported in the oil-in-water nanoemulsion system to form the corresponding car-
boxylic acids [121].

1.3.1.24 Synthesis of 1,8-Diox0-9,10-Diaryldecahydroacridines

The Brgnsted acidic imidazolium salts containing perfluoroalkyl tails have been
employed as a highly effective catalyst for three-component one-pot synthesis of
1,8-diox0-9,10-diaryldecahydroacridines in water in good to excellent yields [122].
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1.3.1.25 Oxidation

The production of Acid Blue 9 has been reported via catalytic oxidation using
hydrogen peroxide as an oxidant and iron phthalocyanine sulfonamide as a catalyst
in aqueous media at room temperature within 3 h in high yield (Scheme 1.12) [123].
The reaction was successfully scaled up in a 3,000-L reactor, and the product was
free from toxic metal impurities.

CHO SO3H /O\/N( E\/Q\
HO5S SO;
H
—_—

SO;Na H,S0,4 Q O
+
! SO;Na
b

leuco compound

Iron phthalocyanine (
sulfonamide N )
HOsS @ SO;

H,0,, H,0

Acid Blue 9

Scheme 1.12 The production process for Acid Blue 9 (Reprinted from Ref. [123]. With kind
permission of The American Chemical Society)

Selective aerobic oxidation of styrene to benzaldehyde has been investigated
using a green and water-soluble palladium(II) complex as a catalyst under neutral,
chloride-, and base-free conditions in aqueous phase [124].

The metal-free aqueous oxidation of alcohols using the combination of the triva-
lent iodine reagents and tetraecthylammonium bromide in water, offering ketones
without racemization in good yields, has been reported [125].

The mild and selective aerobic oxidation of benzyl alcohols to benzaldehydes
has been developed in water catalyzed by aqua-soluble multicopper(Il) triethano-
laminate compounds using air (or O,) as oxidant at 50°C [126]. Molar yields of
benzaldehydes up to 99% with high selectivity were reported. Hydroxyapatite-
supported gold nanoparticles have been employed for the oxidation of a wide range
of silanes into the corresponding silanols using water [127].

1.3.1.26 Reduction

A comparison between the microorganism- and ruthenium-based catalysts has been
undertaken at the enantioselective reduction of ketoesters in water [128].
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1.3.1.27 Synthesis of Heterocyclic Compounds

A series of 2-imidazolines with ability to inhibit the activity of the A and B isoforms
of monoamine oxidase has been synthesized by condensation of aldehydes and eth-
ylenediamine in the presence of N-bromosuccinimide in water as solvent under
ultrasonic irradiation in high yields within short reaction times [129].

Microwave-assisted synthesis of indole and azaindole derivatives has been
described via cycloisomerization of 2-alkynylanilines and alkynylpyridinamines in
the presence of amines or catalytic amounts of neutral or basic salts in water
(Scheme 1.13) [130].

R
=
TN H,0, 200 °C X
R'—/ — R'—l \
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NH, F INI

R = H, aryl, alkyl

Scheme 1.13 Synthesis of indole derivatives (Reprinted from Ref. [130]. With kind permission of
Elsevier)

Microwave-promoted synthesis of C6-cyclo secondary amine-substituted purine
analogues in neat water, providing a rapid, efficient, and convenient method for the
preparation of acyclic nucleosides, has been recommended (Scheme 1.14) [131].

Cl N
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Scheme 1.14 Microwave promoting nucleophilic substitution reaction of 2,6-dichloropurine with
piperidine (Reprinted from Ref. [131] with kind permission of The Royal Society of Chemistry)

Microwave-assisted three-component reaction between an aromatic aldehyde,
aniline, and mercaptoacetic acid has been reported for the synthesis of benzo[e]
[1, 4]thiazepin-2(1H,3H,5H)-ones in aqueous media (Scheme 1.15) [132].
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Scheme 1.15 The synthetic route to the benzothiazepinones and thiazolidinones (Reprinted from
Ref. [132]. With kind permission of The Royal Society of Chemistry)

The one-pot synthesis of a series of polycyclic-fused isoxazolo[5,4-b]pyridines
has been studied under microwave irradiation in water and organic solvents, without
use of additional reagent or catalyst (Scheme 1.16) [133]. Water showed a superior
advantage not only in promoting the reaction but also in isolation procedure, and the
best yield was achieved.
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Scheme 1.16 The synthesis of novel polycyclic-fused isoxazolo[5,4-b]pyridines under micro-
wave irradiation in water (Reprinted from Ref. [133]. With kind permission of The American
Chemical Society)

1.3.2 Synthesis of Metal Nanoparticles

The synthesis of silver nanoparticles as well as other noble metals has been described
using glutathione as both a reducing and capping agent under microwave irradiation
in aqueous medium within 30-60 s at a power level as low as 50 W [134].

1.4 Supercritical Fluids

Supercritical fluid (SCF) technology has rapidly grown as an alternative to some of
the conventional methods of extraction, separation, reaction, fractionation, materi-
als processing, particle formation processes, and analysis [135-148]. SCFs may be
defined as the state of a compound, mixture, or element above its critical pressure
(P) and critical temperature (T ), but below the pressure required to condense it into
a solid. In this region, the SCF exists in an intermediate phase between liquid and
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gas phases. The macroscopic appearance of the SCF is a homogeneous and opalescent
system without phase separation (single phase) because of identical values of the
densities of the gas and liquid. Nevertheless, a SCF does not show a specific aggre-
gation state. These fluids have liquid-like density with gas-like transport properties
and moderate solvent power, which moreover can be adjusted with changes in pres-
sure and temperature.

Carbon dioxide (CO,), water, ethane, ethene, propane, xenon, ammonia, nitrous
oxide, and fluoroform are some of the significant compounds useful as SCFs. CO,
is the most common candidate for use as a SCF due to its low toxicity, flammability,
and cost, ready availability, stability, and environmental acceptability. In addition,
the critical point conditions of 304 K (31°C) and 74 bar are readily attainable. As
such, supercritical CO, (SC-CO,) has been employed in a diverse range of applica-
tions, including polymer synthesis, drug delivery, powder production (e.g., proteins
and ceramics), and powder coating. Water has good environmental and other advan-
tages, although need more extreme conditions of T, 647 K (374°C) and P_ 221 bar.
SCF water is being used, at a research level, as a medium for the oxidative destruc-
tion of toxic waste. There is a particular attention in both supercritical and near-
critical water owing to the behavior of its polarity.

The properties of SCFs (e.g., solubility, diffusivity, viscosity, and heat capacity)
are different from those of ordinary liquids and gases and are tunable simply by
changing the pressure and temperature. In particular, the density and viscosity
change drastically at conditions close to the critical point.

The expected advantages of the reactions in SCFs are the increased reaction rates
and selectivity resulting from the high solubility of the reactant gases, rapid diffu-
sion of solvents, weakening of the solvation around the reacting species, and the
local clustering of reactants or solvents. It is also fascinating to note, in a practical
sense, that these fluids are easily recycled and allow the separation of dissolved
compounds by a gradual release of pressure.

1.4.1 Extraction

The SCF extraction (SCFE) of lycopene from tomato juice has been studied without
the need to dry the raw material [149]. The extraction of microbial phospholipid
fatty acids (PLFA)s from activated sludge has been described using SC-CO, extrac-
tion [150]. It was found that the application of SC-CO, extraction to microbial PLFA
analysis has the potential to drastically reduce the amount of solvent used and
extraction time needed and could simplify the procedure.

The mesoporous TiO, crystals have been synthesized via the combination of a
sol-gel process and surfactant-assisted templating method [151]. Either conven-
tional calcinations or SC-CO, extraction was applied to remove surfactant from the
as-synthesized material. The results showed that the SCFE approach provided mate-
rials with good crystallinity, considerably higher mesoporosity, and environmen-
tally friendly.
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The extraction of phenolic and phosphorus antioxidants from low-density and
high-density polyethylene has been described using SCFE, conventional reflux, and
automatic Soxhlet system [152]. SCFEs of polymer were successfully carried out,
and these were associated with better recoveries (>94.9%), simplicity, and speed of
the extraction process. The extraction of trivalent lanthanides with oxa-diamides has
been described in SC-CO, [153].

1.4.2 Organic Synthesis

The SCFs have been employed as reaction media in the ethylbenzene dispropor-
tionation on ZSM-5 [154]. The oxidation of oleic acid with ozone and potassium
permanganate has been studied in SC-CO, [155]. The Schiff base macrocycles have
been synthesized using SC-CO, as both solvent and acid catalyst [156]. The
designed SC route is not only a greener and safer method than the classical proce-
dure but also a one-stage process that would lead to high yield, thus allowing a
sustainable use of resources. The synthesized Schiff bases had an empty core, not
filled with solvent molecules, since the SC-CO, was eliminated as a gas during
depressurization.

The production of linear alkane has been described with >99% selectivity via
hydrogenative ring opening of a furfural-derived compound in SC-CO, using Pd/
Al-MCM-41 catalyst [157]. The self-stabilized dispersion nitroxide-mediated
polymerization of methyl methacrylate has been investigated in SC-CO, in the pres-
ence of a CO_-philic perfluorinated stabilizer generated in situ [158]. The hydrosi-
lylation of alkenes has been reported using Rh(PPh,),Cl as a catalyst in a SC-CO,/IL
system [159]. No hydrogenation by-product (alkane) was detected in the
SC-CO,/IL system. During hydrosilylation in the SC-CO,/IL system, the reactants
were possibly transferred into the IL phase by SC-CO,, in which the catalyst was
dissolved. The products can be flushed with SC-CO, after the reaction and the cata-
lyst/IL system reused.

The oxidation reactions using photochemically generated singlet oxygen have
been performed in the presence of fluorous surfactants and a cosolvent to solubilize
more polar photosensitizers and reactants in SC-CO, [160].

1.4.3 Materials Synthesis and Modifications

Cross-linking of starch blends has been described by phosphorylation using reactive
SCF extrusion [161]. SC-CO,-based expansion offered light weight and nonporous
skin starch foams with excellent water resistance which would be desirable proper-
ties for their utilization as a biodegradable material. The synthesis of silver nano-
structures has been reported using SC-CO, in the presence of polyvinylpyrrolidone
and ethylene glycol [162].
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The micronization of sodium cellulose sulfate polymer has been reported with a
controlled size, suitable for drug delivery system using the SCF-assisted atomiza-
tion introduced by hydrodynamic cavitation mixer with water as the solvent [163].
The synthesis of polymeric materials with chiral recognition capability has been
studied by molecular imprinting in SC-CO, [164]. This technology showed to be a
promising “greener’” alternative to conventional techniques in the preparation of
chromatographic columns for enantioseparation.

The SC-CO, has been employed to prepare hollow silica and titanium dioxide
microspheres using the cross-linked polystyrene (PS) microspheres as template
[165]. Compared with other methods, this work has some advantages as the follow-
ing: (a) the uniform cross-linked PS microspheres with different size as template
can be easily obtained by emulsion or emulsifier-free emulsion copolymerization
methods; (b) the solid microspheres are more robust than the hollow or soft tem-
plates, which will facilitate the formation of hollow microspheres of uniform parti-
cle size; (¢) the SC-CO, treatment is more simple and efficient than the general
methods such as layer-by-layer deposition or sulfonated techniques; (d) this method
is more environment benign.

The SC phase-inversion technique has been used to prepare inorganic particles
loaded starch-based porous composite matrixes in a one-step process for bone tissue
engineering purposes [166]. The use of SCF methods for the screening, design, and
development of cocrystals in a single step, providing advantages over classical
pharmaceutical techniques, such as extended control of the particle morphology and
the size distribution, has been reported [167].

The preparation of chitosan scaffolds loaded with dexamethasone has been
reported for tissue engineering applications using SCF technology [168]. The
SC-CO, has been applied as a solvent to obtain ceramides from wool fibers [169].
A SCF-assisted technique has been employed for the formation of 3D scaffolds,
which consists of three subprocesses: the formation of a polymeric gel loaded with
a solid porogen, the drying of the gel using SC-CO,, and the washing with water to
eliminate the porogen [170].

Polyethylene/poly(vinyl acetate) tubing has been prepared by the polymerization
of vinyl acetate using the SC-CO, method [171]. The organic conducting aerogel
has been prepared from SC-CO, drying of a poly(styrenesulfonate)-doped poly(3,4-
ethylenedioxythiophene) hydrogel [172]. The resulting aerogels show light weight,
large Brunauer-Emmett-Teller (BET) surface area and hierarchically porous struc-
ture with wide-pore size distribution.

The large-scale synthesis of ceria nanowires has been reported in SC-CO,-
ethanol solution using cerium nitrate as precursor [173]. This approach makes use
of the intermediate to direct the anisotropic growth of ceria, which avoids additional
templates and thereby simplifies the synthesis process.

Poly(styrene-co-acrylonitrile)/clay nanocomposites have been prepared with a
high degree of clay exfoliation via melt-blending the polymer with highly filled
poly(3-caprolactone)/clay masterbatches in SC-CO, [174].
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1.4.4  Solubility in Supercritical Carbon Dioxide (SC-CO,)

The solubility of lycopene from tomato-processing residue materials has been
studied in SC-CO, [175]. Under supercritical conditions, increasing solubility of
lycopene was stimulated by an increase in temperature and pressure. The highest
solubility obtained was 1.9%x 10 mol fraction at a pressure of 250 bar and at a
temperature of 80°C.

1.5 Room Temperature Ionic Liquids (RTIL)s

Since the introduction of air and water stable salts that are liquid at room tempera-
ture in 1992, there has been an explosion of interest in the use of these liquids as
solvents for chemical process and allied industries [176—187]. Much of this atten-
tion has been centered on their possible use as greener alternatives to traditional
molecular solvents, although this remains highly controversial. These compounds,
which typically consist of nitrogen- or phosphorus-containing organic cations; cor-
responding anions are halides, tetrafluoroborate, hexafluorophosphates, etc. The
cations are characterized by sufficient unsymmetry to inhibit their crystallization
and thus reduce their melting temperature. There has been a report that the utiliza-
tion of RTILs in industrial production of alkoxyphenylphosphine leads to an increase
in productivity by a factor of 80,000 compared with the conventional process [188].
Perhaps the greatest potential of these ILs is that they might offer process advan-
tages over molecular solvents or even novel behaviors that cannot be achieved from
molecular solvents. Negligibly small vapor pressure, fire resistance, excellent
chemical and thermal stability, wide liquid temperature ranges, and wide electro-
chemical windows are examples of the useful properties typical of ILs. They have
the great versatility in cation-anion combination. The right choice of the cation-
anion pair permits the modulation of physicochemical properties, such as density
and viscosity. Furthermore, the structural properties of these solvent media are con-
trolled both by cation-anion and cation-cation interactions. The hydrophilicity/lipo-
philicity of an IL can be readily adjusted by an appropriate selection of anion; for
example, 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM]BF,) is com-
pletely miscible with water, while the PF, salt is largely immiscible with water. The
lipophilicity of dialkylimidazolium salts, or other ILs, can also be enhanced by
increasing the chain length of the alkyl groups. Their properties, preparation, appli-
cations, and advantages compared to conventional solvents have been outlined in
many excellent books and reviews [176—187].

RTILs show promises for a variety of applications in chemical industry including
chemical synthesis, catalysis, separation, and preparation of materials. Therefore,
RTILs have attracted considerable attentions from both the academic and industrial
communities in recent years.
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Despite potential benefits of using ILs to improve reactions or processes for
many applications, industrial applications of ILs are still in its infancy.

1.5.1 Organic Synthesis

1.5.1.1 Enzymatic Reactions

The enzymatic reactions in ILs have been reviewed by (Moniruzzaman et al. 2010)
[189]. Compared to conventional organic solvents, the use of enzymes in ILs has
exhibited many advantages such as high conversion rates, high enantioselectivity,
better enzyme stability, as well as better recoverability and recyclability.

The enhanced catalytic activity of o-chymotrypsin has been reported in the
enzymatic peptide synthesis in ILs, as compared to organic solvents [190]. The one-
pot chemoenzymatic synthesis of optically active O-acetyl cyanohydrins has been
studied as both reaction media and promoter [191].

The lipase-catalyzed glycerolysis of triglycerides in a series of ILs, providing an
efficient reaction protocol for diglyceride formation with good selectivity and high
conversion, has been reported [192].

1.5.1.2 Transesterification

The transesterification reaction of methyl caffeate with various alcohols has been
reported to produce caffeic acid phenethyl ester analogues with a lipase using an IL,
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ((BMIM]T{,N), as
the reaction medium [193]. Several basic binuclear functional ILs with an imidazo-
lium structure have been synthesized and used as the catalyst in the preparation of
biodiesel through transesterification from cottonseed oil [194].

The synthesis of organic esters, which are commonly used in the perfumery,
flavor, and pharmaceutical industries, has been reported in the presence of free
Candida antarctica lipase B as a catalyst via transesterification from vinyl esters
and alcohols in two water-immiscible ILs, [BMIM]PF, and 1-octyl-3-methylimida-
zolium hexafluorophosphate [195]. The lipase Pseudomonas cepacia—catalyzed
esterification of 3-(furan-2-yl) propanoic acid and transesterification of ethyl
3-(furan-2-yl) propanoate with a variety of alcohols have been reported in three
ILs: [BMIMIBF,, 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]
PF,) and [BMIM]T{N and hexane [196]. [BMIM]Tf,N markedly enhanced the
yields of the products after esterification (98-67%), while in [BMIM]PF, and in
hexane, the yields (60—-17%) were comparable. The lipase Pseudomonas cepacia—
hydrophobic IL mixture was found to be operationally stable up to 10 months and
can be recycled five times.
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The reaction of lipase-catalyzed transesterification has been investigated in an
IL, 2-methoxyethyl(tri-n-butyl)phosphonium Tf N solvent system to proceed faster
than in a conventional organic solvent such as diisopropyl ether [197].

1.5.1.3 Hydroesterificaton

The promoting effect of several Brgnsted acidic ILs at different acidities has been
investigated for the hydroesterificaton of olefins catalyzed by a triphenylphosphine-
palladium complex [198]. The ester product was obtained with excellent selectivity
in moderate to high conversions, depending on the acidity of IL used.

1.5.1.4 Diels-Alder Reactions

The effects of ILs on the Diels-Alder reactions have been reviewed by Chiappe et al.
[199]. The Diels-Alder reactions between different dienes and dienophiles have
been investigated using erbium triflate as a catalyst in ILs [200]. The increased
product yields, better selectivities, and shorter reaction times were observed com-
pared with the analogous cycloadditions performed in conventional solvents. The
ILs containing the catalyst can be readily separated from the reaction products and
recovered in very high purity for direct reuse, up to six cycles.

The direct asymmetric aza-Diels-Alder reaction has been performed in the pres-
ence of chiral 2-pyrrolidinecarboxylic acid IL to formation of cyclic a,p-unsatu-
rated ketones in modest to good yields with excellent enantioselectivities and
diastereomeric ratios [201]. The catalytic system can be recycled and reused for six
times without any significant loss of catalytic activity. A series of chiral ammonium
and imidazolium-based ILs has been synthesized and used as a chiral reaction
medium and catalyst for an asymmetric aza-Diels-Alder reaction [202]. The imida-
zolium family chiral ILs derived from isosorbide have been synthesized and
employed as chiral reaction medium and catalyst for an asymmetric aza-Diels-Alder
reaction (Scheme 1.17) [203].

1.5.1.5 Michael Reaction

The use of chiral ammonium ILs as organocatalysts has been reported for asym-
metric Michael addition of aldehydes to nitroolefins with excellent yields, high
enantioselectivity, and modest to high diastereoselectivity [204]. Acidic IL,
N-methyl-2-pyrrolidonium dihydrogen phosphate has been synthesized and
employed as catalyst and reaction medium for preparation of B-alkoxyketones with
high yields via the oxa-Michael addition reactions [205]. The used IL was stable
and could be reused at least five times with a slight loss of activity. The Michael
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Scheme 1.17 Structure of chiral IL and asymmetric aza-Diels-Alder reaction of Danishefsky’s
diene with imine (Reprinted from Ref. [203]. With kind permission of Elsevier)

addition of aliphatic aldehydes to B-nitrostyrene has been studied in the presence of
proline-derived organocatalysts as catalyst with high yields, excellent diastereose-
lectivity, and moderate enantioselectivity in several ILs [206]. The recyclable pyr-
rolidine-based functionalized chiral ILs have been employed for the asymmetric
Michael addition reactions of aldehydes with nitrostyrenes [207]. These catalysts
led to high yields, good enantioselectivities, and high diastereoselectivities.

1.5.1.6 Friedel-Crafts Reactions

The use of Lewis acidic ILs as both catalyst and solvent has been reported in the
Friedel-Crafts acylation of salicylamide with acetyl chloride to 5-acetylsalicylam-
ide [208]. A series of pyrrolidinium-based salts with new fluorine-containing anions
has been synthesized and used as a solvent and catalyst for Friedel-Crafts alkyla-
tions of indoles with nitroalkenes (Scheme 1.18) [209].
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Scheme 1.18 Friedel-Crafts alkylation of indoles with nitroalkenes in IL (Reprinted from Ref.
[209]. With kind permission of Elsevier)

1.5.1.7 Condensation Reactions

The several imidazolium- and pyridinium-based ILs have been synthesized and
employed as precatalysts for the benzoin condensation using solvent-free and
microwave activation methods [210]. IL, 1-methyl-3-pentylimidazolium tetrafluo-
roborate, has been employed for the synthesis of 2-aryl benzimidazoles via conden-
sation of o-phenylenediamine and aromatic aldehydes under mild reaction
conditions, low energy consumption, high yields, and reusability of IL [211].

1.5.1.8 Cyclocondensation Reactions

The use of ILs has been described as an efficient media for the cyclocondensation
reactions of B-enamino ketones and different 1,2- and 1,3-dinucleophiles [212]. The
synthesized heterocycles were obtained in high regioselectivity, good yields, and
short reaction times. The effects of several ILs have been studied in regioselective
pyrazole synthesis by the cyclocondensation reaction of B-dimethylaminovinyl
ketones with fert-butylhydrazine hydrochloride (Scheme 1.19) [213].

O

[BMIM]BF,, 80 °C / N
R)v\NMCZ + t-Bu-NHNH,e HCI —4> R )};

Scheme 1.19 Reaction of $-dimethylaminovinyl ketones with fert-butylhydrazine hydrochloride
(Reprinted from Ref. [213]. With kind permission of Elsevier)

R= Aromatic and aliphatic groups
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1.5.1.9 Mannich Reaction

The Brgnsted acid—surfactant-combined IL, 3-(N,N-dimethyldodecylammonium)-
propanesulfonic acid hydrogen sulfate, has been prepared and used as the recyclable
catalyst for the three-component Mannich-type reaction in water at room tempera-
ture [214]. The catalyst could be reused at least six times without a noticeably
decrease in the catalytic activity.

The highly chemoselective synthesis of 2,2-dimethyl-6-substituted 4-piperi-
dones has been reported via multicomponent tandem Mannich reaction of ammo-
nia, aldehydes, and acetone using the [BMIM]PF, as the solvent [215]. The IL
significantly enhanced the chemoselectivity.

1.5.1.10 Hydrolysis

The acid-promoted hydrolysis of chitosan has been reported in imidazolium-based
ILs under mild conditions with good yield of total reducing sugars [216]. The one-
pot hydrolysis and dehydration of di/polysaccharides containing fructose units in
1-ethyl-3-methylimidazolium hydrogen sulfate, providing fairly high yields of
furfural or 5-hydroxymethyl-2-furaldehyde at 100°C, have been studied [217]. The
solid acid-promoted hydrolysis of cellulose has been investigated in ILs under
microwave irradiation [218].

1.5.1.11 Dehydration

The acid-catalyzed dehydration of fructose to 5-hydroxymethylfurfural has been
reported in dialkylimidazolium halide ILs in high isolated yields at 80°C
(Scheme 1.20) [219].

OH
OH 0
O [BMIM]CI HO 0
—_—
OH HCI \ /
HO
OH

Scheme 1.20 The dehydration of fructose to 5-hydroxymethylfurfural in IL (Reprinted from Ref.
[219]. With kind permission of Elsevier)

The CuCl -catalyzed heterocyclodehydration of 1-(2-aminoaryl)-2-yn-1-ols has
been reported in IL, [BMIM]BF,, at 100°C for 15-24 h [220]. The solvent-catalyst
system could be recycled up to six times without significant loss of activity.
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The dehydration of fructose into 5-hydroxymethylfurfural in IL has been described
using [BMIM]CI as solvent in the presence of a strong acidic ion exchange resin as
catalyst [221]. The yield was 85.9% at 80°C within 10 min. The IL and catalyst could
be recycled, and the catalyst showed constant activity over 7 cycles of evaluation.

1.5.1.12 Epoxidation

The enantioselective epoxidation of 6-cyano-2,2-dimethylchromene, a biologically
important alkene, has been studied using Jacobsen as a catalyst in the presence of
sodium hypochlorite (NaOCl) as oxygen source in a series of 1,3-dialkylimidazo-
lium- and tetra-alkyl-dimethylguanidium-based ILs (Scheme 1.21) [222].

—N N=—
N
i
(H;C),C 0 ¢ o C(CHy);
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3)3(H30);C
= RTIL, NaOCl
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Scheme 1.21 Epoxidation reaction of 6-cyano-2,2-dimethylchromene catalyzed by the Jacobsen
complex (Reprinted from Ref. [222]. With kind permission of Elsevier)

Chiral epichlorohydrin with high yields and enantioselectivity has been prepared
via chloroperoxidase (CPO)-catalyzed epoxidation of 3-chloropropene in the pres-
ence of an IL as cosolvent [223]. Compared with conventional organic solvents,
CPO in ILs showed enhanced activity, stability, and selectivity. Furthermore, the
presence of ILs improved substrate solubility in the reaction medium. The
cyclooctene epoxidation has been investigated using t-butyl-hydroperoxide as oxi-
dant in the presence of ionic Schiff base dioxomolybdenum(VI) complexes as cata-
lysts in IL media [224]. The selective epoxidation of cyclooctene and other olefin
substrates to their corresponding epoxides catalyzed by oxodiperoxomolybdenum
species has been demonstrated in IL, [BMIM]PF, [225].

1.5.1.13 Synthesis of Imidazoles

The one-pot, three-component preparation of trisubstituted imidazoles has been
developed with high yields at room temperature under ultrasonication using IL,
1-ethyl-3-methylimidazole acetate as catalyst [226].
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1.5.1.14 Synthesis of Diacetals and Diketals

Pentaerythritol diacetals and diketals have been synthesized with good to excellent
yields using SO,H-functionalized ILs as catalysts [227]. This catalytic system was
stable, easily separable, and reusable.

1.5.1.15 Bonds Cleavage Reactions

The use of IL, 1-butyl-3-methylimidazolium bromide ([BMIM]Br) has been stud-
ied as an alternative medium for the catalytic cleavage of aromatic C-F and C-Cl
bonds [228].

1.5.1.16 Oligomerization

The selective synthesis of the oligoalkylnaphthenic oils has been reported by oli-
gomerization of 1-hexene in the presence of chloroaluminate type IL catalysts [229].
1.5.1.17 Synthesis of 5-Hydroxymethylfurfural and Furfural

The microwave-assisted, direct conversion of lignocellulosic biomass into
5-hydroxymethylfurfural and furfural has been reported in the presence of CrCl, in
ILs within a few minutes [230].

1.5.1.18 Preparation of Biodiesel Fuel

The production of biodiesel fuel from the methanolysis of soybean oil catalyzed by
fungus whole-cell biocatalysts has been reported in ILs [231].

1.5.1.19 Synthesis of Tributyl Citrate

Tributyl citrate has been synthesized with conversion 97% using acid functionalized
IL as catalyst. The IL could be reused 13 times without any disposal, and the con-
version of citric acid was not less than 93% [232].

1.5.1.20 Synthesis of Dimethyl Carbonate

The highly selective synthesis of dimethyl carbonate (DMC) from urea and metha-

nol catalyzed by IL has been reported [233]. The DMC selectivity was almost 100%
with the yield of 26% in a batch reactor.
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1.5.1.21 Nitration of Aromatic Compounds

The regioselective mononitration of aromatic compounds has been reported in the
presence of Brgnsted acidic ILs as recoverable catalysts [234].

1.5.1.22 Alkylation and Acylation

The alkylation of isobutane with 2-butene has been developed using various trieth-
ylamine hydrochloride-aluminum chloride catalysts [235]. Compared to sulfuric
acid under identical reaction conditions, the composite IL showed higher trimethyl-
pentane selectivity. The application of ILs has been reported in the N-alkylation
reaction of trifluoromethylpyrazoles. The shorter reaction times and better yields
were achieved compared with the reaction performed in molecular solvents [236].

The alkylation of the secondary amine 3-azabicyclo[3.2.2]nonane has been studied
using ILs, [BMIM][PF,], and 1-butyl-1-methylpyrrolidinum Tf,N in conjunction with
KOH under mild conditions [237]. The alkylation of phenols with alkenes in the pres-
ence of chloroindate(IIl) ILs yields high conversion to alkylated phenols with high
selectivities [238]. The catalytic performance of 1-n-octyl-3-methylimidazolium bro-
mide aluminum chloride-based ILs has been investigated for the alkylation of isobutene
and 2-butene [239]. The preparation of 1,2-aceanthrylenedione has been reported via
acylation of anthracene with oxalyl chloride in the presence of [BMIM]-based IL
[240]. The acetylation of starch with vinyl acetate in imidazolium ILs provides starches
with different acetylation patterns [241].

1.5.1.23 Synthesis of Fatty Acid Esters of Steroids

The one-pot synthesis of long-chain fatty acid esters of steroids has been reported in
a microwave reactor using neutral IL in high yield within 1 min [242].

1.5.1.24 Aldol Reaction

The direct asymmetric aldol reaction of cyclic ketones with aromatic aldehydes has
been demonstrated using protonated forms of basic o-amino acids in ILs and dim-
ethyl sulfoxide (DMSO) [243]. Higher yields were obtained in N-butyl N-methyl
pyrrolidinium triflate compared to DMSO.

1.5.1.25 Synthesis of 1,4-Dibromo-Naphthalene

The synthesis of 1,4-dibromo-naphthalene (1,4-DBN) has been described by the
reaction of naphthalene and molecular bromine in the aqueous solution of ILs in a
short reaction time with 100% yield and 100% selectivity (Scheme 1.22) [244]. This
method is readily applicable to large-scale preparation of 1,4-DBN.
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Scheme 1.22 The strategy for synthesis of 1,4-DBN (Reprinted from Ref. [244]. With kind
permission of Elsevier)

1.5.1.26 Heck and the Knoevenagel Reactions

A series of ILs has been prepared with a tethered base functionality and tunable basic-
ity and used as effective catalysts for the Heck and the Knoevenagel reactions [245].

1.5.1.27 Synthesis of Aromatic Chloroamines

The selective synthesis of aromatic chloroamines from aromatic chloronitro com-
pounds has been developed using IL-like copolymer-stabilized platinum nanocata-
lysts in ILs [246]. Compared to reactions in organic solvents, the ILs provide
superior selectivity with functionalized ILs containing an alcohol group demon-
strating the best recyclability and ultimately achieving a turnover number of 2,025
which is 750-fold higher than Raney nickel catalyst.

1.5.1.28 Esterification

The several lactam-based Brgnsted acidic ILs with different acidities have been
synthesized and used as catalysts for esterification of carboxylic acids with alcohols
under mild reaction conditions without addition of any organic solvents or cocata-
lysts [247]. ILs could be reused several times without substantial loss of activity.
1.5.1.29 Hydrosilylation of Alkenes

The hydrosilylation of alkenes has been studied using a rhodium complex as a cata-
lystin a SC-CO,/IL system [159].

1.5.1.30 Coupling Reactions

The coupling of acyl chlorides with diphenyl diselenide in the presence of a nano-
crystalline CuO in IL provides selenoesters with excellent yields [248].
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1.5.1.31 Synthesis of Cellulose Propionate

The alkoxycarbonylation of ethylene with carbon monoxide and cellulose in
1-n-butyl-3-methylimidazolium methanesulfonate yields cellulose propionate with
a degree of substitution of 1-2 [249].

1.5.1.32 Synthesis of Hydroxy Ester

The ozonation of cyclic acetals in IL, 1-butyl-1-methylpyrrolidinium dicyana-
mide leads to the formation of selective hydroxy ester without use of acetylating
reagents [250].

1.5.1.33 Sonogashira Reactions

The copper- and phosphine-free Sonogashira coupling reactions have been investi-
gated in biodegradable ILs derived from nicotinic acid [251].

1.5.1.34 Metathesis Reaction

The use of ILs as (co)solvents for the olefin metathesis reaction has been reviewed
by Sledz et al. [180].

1.5.1.35 Aziridination Reaction

The aziridination of olefins with equimolar amounts of iminoiodinane using a cata-
lytic system based on iron(II) triflate, quinaldic acid, and an IL provides products in
good to moderate yields [252].

1.5.1.36  Synthesis of [60] Fullerene

The quantitative cycloreversion of fulleropyrrolidines to [60] fullerene has been
achieved in ILs within minutes under microwave irradiation [253].

1.5.1.37 Methanolysis

The methanolysis of polycarbonate (PC) to its starting monomer bisphenol A (BPA)
and dimethyl carbonate (DMC) has been demonstrated under moderate conditions

in presence of IL [BMIM]CI without use of any acid or base catalyst [254]. The
methanolysis conversion of PC was almost 100%, and the yields of both BPA and
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DMC were over 95%. The IL could be reused eight times without obvious decrease
in the conversion of PC and yields of BPA and DMC.

1.5.1.38 Dimerization

The nickel-catalyzed dimerization of propene has been investigated in acidic chlo-
roaluminate ILs [255].

1.5.1.39 Synthesis of Drugs

The synthesis of nucleoside-based antiviral drugs has been reported using imidazo-
lium-based ILs as reaction medium [256]. It was found that ILs were better solvents
for all the nucleoside in terms of solubility and reaction medium than conventional
molecular solvents.

1.5.1.40 Ocxidation

The synthesis of lactones and esters from the corresponding ketones has been
reported using Oxone® as the oxidant in the presence of ILs in short time [257]. The
used ILs were efficiently recycled in the Baeyer-Villiger reaction without significant
loss of activity.

The selective oxidation of organic halides to aldehydes or ketones has been car-
ried out in good to high yields using H.IO, in IL 1-dodecyl-3-methylimidazolium
iron chloride under mild conditions [258]. The catalytic system can be recycled and
reused without any significant loss of catalytic activity. The application of an oxy-
gen/benzaldehyde system as the oxidant and ILs as solvents has been reported for
the synthesis of lactones following Baeyer-Villiger oxidation of ketones [259]. The
synthesis of 1,2-allenic ketones has been developed by RuCl,-catalyzed oxidation
of homopropargyl alcohols in IL using fert-butylhydroperoxide (TBHP) as the oxidant
(Scheme 1.23) [260].

OH o
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R [BMIM]PF,, 80 °C

Scheme 1.23 The oxidation of homopropargyl alcohols in IL (Reprinted from Ref. [260]. With
kind permission of Elsevier)

The oxidation of Alcell lignin, soda lignin, and lignin model compounds has
been reported in ILs using several transition metal catalysts and molecular oxygen
under mild conditions [261].
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1.5.1.41 Synthesis of Heterocyclic Compounds

The synthesis of pyrazolone derivatives has been developed in the presence of catalytic
amount of IL, 1-methylimidazolium hydrogen sulfate, under ultrasonic irradiation
at room temperature in short reaction time [262]. The Prins cyclization of homoal-
lylic alcohols, thiols, and amines with various aldehydes has been investigated in an
IL hydrogen fluoride salt, providing the corresponding 4-fluorinated heterocycles in
excellent yields [263].

1.5.2 Materials Synthesis and Modifications

1.5.2.1 Synthesis of Nanoparticles

IL, 1-butyl-3-methylimidazolium lauryl sulfate, has been employed for the synthesis
of gold nanocrystals with particle size ranging from 20 to 50 nm by seeding growth
method stable up to 168 h storage at ambient temperature [264]. The stabilizing
efficiency of the IL was due to the formation of a double-layer micellar structure via
electrostatic interaction between the nanoparticle and the imidazole ring of the cation,
and the Van der Waals interaction of the alkyl chains of the IL. Utilizing this type of
IL offered great advantage because it is an environmentally benign solvent useful to
clean industrial technology.

The gold nanoparticles have been synthesized in ILs by irradiation using acceler-
ated electron beams and y-rays [265]. The step-by-step, ligand-free nucleation and
nanocrystal growth of gold nanoparticles have been reported by the reduction of
KAuCl, with SnCl, in ILs [266]. The effects of a set of ILs based on the 1-ethyl-3-
methylimidazolium cation and different anions have been studied on the formation of
gold nanoparticles [267]. It was found that the anion has a strong influence on the
particle size, particle shape, and particle aggregation. The one-step synthesis of gold-
silver alloy nanoparticles has been described in ILs via a sputter deposition technique
[268]. The synthesis of uniform silver nanoparticles and silver/polystyrene core-shell
nanoparticles has been developed via chemical reduction and deposition polymeriza-
tion in [BMIM]BF, [269]. IL plays a protective role to prevent the nanoparticles from
aggregation during the preparation process. The pure, oxygen free, small-size, poly-
crystalline GdF,: Eu** nanoparticles have been synthesized via microwave synthesis
using [BMIM]BF as the synthesis medium as well as the fluoride source [270].

The preparation of monodisperse magnetite nanoparticles has been reported
using a small amount of ILs as microwave absorber and assistant stabilizer
within 10 min. IL can be recovered and reused in successive reactions for many
times [271]. The ultra long-time stable, luminescent europium(Il) fluoride
(EuF,) nanoparticles have been synthesized with a size below 10 nm via
evaporation of molecular EuF, into ILs [272]. The aluminum oxide nano-
particles have been synthes1zed by the hydrolysis of AICI, dissolved in the
ILs, 1-butyl-1-methylpyrrolidinium Tf,N and 1-ethyl-3- methyllmldazollum
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Tf,N [273]. PtRu nanoparticles supported on multiwalled carbon nanotubes have
been prepared by a simple and rapid microwave-assisted IL method [274]. The
synthesis of flower-like and leaf-like cupric oxide single-crystal nanostructures
has been described using IL, 1-octyl-3-methylimidazolium trifluoroacetate,
under microwave-heating method [275]. The SnO, nanoparticles have been pre-
pared in aqueous solution of 1-ethyl-3-methylimidazolium ethyl sulfate via
ultrasonic irradiation [276].

The synthesis of MoS, nanostructures of different morphologies has been
described via an IL-assisted hydrothermal route [277]. The synthesis of poly(3-
methylthiophene) nanospheres has been reported with size ranging around 50-60 nm
in a magnetic IL, 1-butyl-3-methylimidazolium tetrachloroferrate, without the addi-
tional dopant or oxidant [278]. The yield and conductivity of obtained nanospheres
in IL were better than those synthesized in conventional solution polymerizations.

The direct synthesis of ZnO nanorods from Zn(CH,COO),,H,0 and NaOH has
been investigated in the neat RTIL, [BMIM]T{,N without further use of organic
solvents, water, surfactants, or templates under ultrasound irradiation [279].

The iron oxide nanorods and nanocubes have been synthesized in the presence of
[BMIM]Tf N [280]. The findings showed that imidazolium-based ILs could be used
as solvent for achieving very high level control over the size and shape of nanostruc-
tures. The Co, Rh, and Ir nanoparticles have been prepared from metal carbonyls in
ILs and employed as biphasic liquid-liquid hydrogenation nanocatalysts for cyclo-
hexene [281].

The poly(3,4-ethylenedioxythiophene) nanospheres of about 60 nm in size
have been synthesized in a magnetic IL, 1-butyl-3-methylimidazolium tetrachlo-
roferrate [282].

The synthesis of nanostructure rutile TiO, has been reported in a carboxyl-con-
taining IL, 1-methylimidazolium-3-acetate chlorine, using TiOCI, solution as a pre-
cursor at low temperature [283].

The leaf-like, chrysanthemum-like, and rod cupric oxide nanostructures have
been synthesized by microwave-assisted method using an IL [BMIM]BF, [284].
The preparation of silica/polystyrene core-shell composite nanospheres has been
reported via in situ radical dispersion polymerization in an IL, N,N-diethyl-N-
methyl-N-(2-methoxyethyl)ammonium TfN [285]. The polycrystalline CdS
nanometer-sized hollow spheres have been synthesized by simple one-step hydro-
thermal method in the presence of water-immiscible IL, [BMIM]PF, [286]. The
nest-like Bi,WO, hierarchical structures consisting of nanosheets have been
successfully obtained using IL, [BMIM]BF,, as capping reagents under the
IL-assisted hydrothermal conditions [287].

The synthesis of photocatalytically active crystalline anatase nanoparticles from
titanium tetraisopropoxide has been reported via sonochemistry in the IL,
1-(3-hydroxypropyl)-3-methylimidazolium Tf,N [288].

The spindle-like ZnO nanostructures with high surface area and narrow mesopo-
rous pore distribution have been obtained by a polyoxometalate-assisted electrode-
position route in IL at room temperature [289]. The synthesis of uniform
peachstone-like CuO 3D architectures consisting of single-crystal nanosheets has
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been reported using IL, 1-octyl-3-methylimidazolium trifluoroacetate, as capping
reagents under the IL-assisted hydrothermal condition [290]. The preparation of
transition metal oxalates submicrometer cubes, nanorods, and nanoparticles has
been reported by IL-assisted one-step solid-state reaction at room temperature
within short reaction time [291]. Many nanostructured materials have been success-
fully synthesized by employing ILs as precursors [292-295].

1.5.2.2 Synthesis of Silicas

The acidic ILs 1-alkyl-3-methylimidazolium hydrogen sulfate (alkyl=octyl, decyl,
dodecyl, hexadecyl) have been applied as both templates and acid source for the
synthesis of ordered, high-surface-area mesoporous silicas [296].

The synthesis of hollow and porous silica particles as drug delivery system has
been reported by a simple acid gelation route in IL, [BMIM]BF,, using the sodium
silicate as the reactant [297].

1.5.2.3 Synthesis of Zeolites

The ionothermal synthesis of siliceous zeolites has been reported using IL, 1-butyl-
3-methylimidazolium hydroxide, as the solvent and structure-directing agent/tem-
plate [298].

1.5.2.4 Bioreactors

Quijano et al. 2010 has reviewed the applications of ILs in bioreactor technolo-
gies [299].

1.5.2.5 Synthesis of Tin Oxide Microspheres

The one-step controlled synthesis of rutile structure tin oxide microspheres has
been reported with an average 2.5 um in diameters via hydrothermal reaction of
SnCl,-5H,0 with sodium hydroxide by microwave in the presence of [BMIM]
BF, [300].

1.5.2.6 Synthesis of ZnO Mesocrystals

The one-dimensional Mn-doped room temperature ferromagnetic ZnO mesocrys-

tals have been prepared in a hydrated IL precursor tetrabutylammonium hydroxide
at low temperature [301].
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1.5.2.7 Functionalization of Multiwalled Carbon Nanotubes (MWNTSs)

The functionalization of MWNTSs have been performed by free radical addition of
4,4'-azobis(4-cyanopentanol) in aqueous media to generate the terminal-hydroxyl-
modified MWNTs, followed by surface-initiated in situ ring-opening polymeriza-
tion of e-caprolactone in [BMIMIBF, to obtain poly(e-caprolactone)-grafted
MWNTs [302].

1.5.2.8 Desulfurization of Diesel

The Brgnsted acidic ILs 1-butyl-3-methylimidazolium hydrogen sulfate ((BMIM]
[HSO,]) and N-butylpyridinium hydrogen sulfate have been employed as extract-
ants and catalysts for the desulfurization of diesel [303]. [BMIM][HSO,] can be
recycled up to six times without a significant decrease in the desulfurization
performance.

1.5.2.9 Removal of Sulfur Dioxide

The removal of sulfur dioxide from the flue gas has been studied using a series of
hydroxyl ammonium ILs synthesized with water-bath microwave [304].

1.5.2.10 Decomposition

Decomposition of halophenols has been reported in RTILs by y-ray and pulsed elec-
tron radiolyses [305]. The degradation of polylactic acid has been examined in the
presence of ILs having phosphonium cation and decanoate or tetrafluoroborate
anions [306].

1.5.2.11 Carbonization

Tonothermal carbonization of sugars in a protic IL at low temperature under ambient
pressure results in the formation of mesoporous carbon [307]. The success of this
ionothermal approach was based on the suppressed solvent volatility and latent
acidity of a protic IL.

1.5.2.12 Synthesis of Hydrogels and Composite Hydrogels

Preparation of hydrogels and composite hydrogels has been described from pine-
apple peel cellulose using 1-allyl-3-methylimidazolium chloride [308].
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1.5.2.13 Absorption

An enhanced absorption of CO, along with its increased absorption rate has
been realized in N-methyldiethanolamine aqueous solutions in amino acid—based
ILs [309].

1.5.2.14 Corrosion Protection

The corrosion protection has been reported by ILs containing imidazolium and pyri-
dinium cations with efficiency 82-88% at 100 ppm for mild steel in contact with
1.0 M aqueous solution of sulfuric acid [310]. It appears that by a chemical adsorp-
tion, process is operative in this case.

The effect of three imidazolium-based ILs on the corrosion inhibition of alumi-
num in 1.0 M HCI solution has been investigated [311]. The inhibiting influence of
IL, [BMIM]Br, has been studied on mild-steel corrosion in 1.0 M hydrochloric acid
solution [312].

1.5.2.15 Electrodeposition

The electrochemical codeposition of aluminum-cerium metallic protective coating
with active inhibiting effect has been investigated using [BMIM]CI as an electrolyte
[313]. Cerium was successfully codeposited with aluminum on surface of platinum
and AA2024 aluminum alloy forming uniform films with globular microstructure
and thickness up to 75 pm.

1.5.2.16 Depolymerization

The depolymerization of cellulose and wood has been studied in ILs using a solid
catalyst [314]. Upon the depolymerization, three types of substances including total
reducing sugar, glucose, and ethanol are produced.

The depolymerization of poly(ethylene terephthalate) (PET) has been examined
in ethylene glycol using imidazolium-based Fe-containing IL, 1-butyl-3-methylim-
idazolium tetrachloroferrate, as a catalyst [315]. This magnetic IL showed higher
catalytic activity for the glycolysis of PET, compared with FeCl, or [BMIM]CIL.

1.5.2.17 Inhibitor

The application of dialkylimidazolium-based ILs with halide anions has been inves-
tigated as dual function inhibitors for methane hydrate [316].
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1.5.2.18 Synthesis of Inorganic Materials

The synthesis of inorganic materials has been reported from IL precursors with the
assistance of microwave heating [317]. The preparation of biocompatible and
blood compatible heparin-cellulose-charcoal composites has been reported using
RTILs [318].

1.5.3 Polymerization

The advantages and limitations of application of ILs as solvents for polymerization
processes have been reviewed [185, 319]. ILs have been employed as solvents in
free radical polymerizations to replace conventional organic solvents [320]. It has
been shown that polymer synthesis in solution using ILs as solvents is associated
with advantages of achieving higher polymerization rates and higher molecular
weights products.

The well-controlled atom transfer radical polymerization of acrylonitrile has
been described using ethyl 2-bromoisobutyrate as the initiator and FeBr, as the cata-
lyst in the absence of any ligand in imidazolium-based ILs [321]. All the ILs could
be easily recycled and reused after simple purification. Atom transfer radical polym-
erization process using activators generated by electron transfer of acrylonitrile in
imidazolium-based ILs and FeBr, as the catalyst for preparing polyacrylonitrile
with high molecular weight and narrow polydispersity has been developed [234].
The preparation of cellulose graft poly(methyl methacrylate) copolymers by atom
transfer radical polymerization in an IL, 1-allyl-3-methylimidazolium chloride, has
been reported [277]. The reverse atom transfer radical polymerization of ethyl acry-
late catalyzed by azobisisobutyronitrile/CuBr/N,N,N',N",N"-pentamethyldiethy-
lenetriamine has been studied in ILs based on imidazolium [322]. The synthesis of
amphiphilic ABA triblock copolymers has been reported by ring-opening metathe-
sis polymerization and atom transfer radical polymerization in IL, [BMIM]BF,
[323]. The reversible addition fragmentation chain transfer (RAFT) controlled
polymerization of methyl methacrylate in imidazole-based ILs with broadly similar
cations, but different anions have been described [324]. It has been shown that the
anion plays an extremely important role in the success of RAFT control in ILs.

The high molar mass polyesters of poly(12-hydroxydodecanoic acid) have been
prepared via polyesterification of 12-hydroxydodecanoic acid in sulfonic acid
group-containing ILs at low to moderate temperature in short reaction time and at
atmospheric pressure in the absence of catalyst [325].

The direct anodic oxidation electropolymerization of fluorine has been demon-
strated in IL, [BMIM]PF,, without any additional supporting electrolyte [326].
Electroactive polyfluorene films with good redox activity, structural stability, and
compact surfaces were found efficient to act as blue light-emitting materials. They
exhibited stable electrocatalytic activity for formic acid oxidation.



1 Green Solvents Fundamental and Industrial Applications 45

The polymerization of phenols in the presence of soybean peroxidase as a catalyst
in ILs results in the formation of phenolic polymers with number average molecular
weights ranging from 1,200 to 4,100 Da, depending on the composition of the reac-
tion medium and the nature of the phenol [327]. The synthesis of thermally stable
aromatic optically active polyamides has been investigated using microwave irra-
diation in conjunction with an IL, 1,3-diisopropylimidazolium bromide or 1,3-dipro-
pylimidazolium bromide, in the presence of triphenyl phosphite [328, 329]. The
photo-induced polymerization of poly(ethylene glycol) dimethacrylate and
poly(ethylene glycol) monomethacrylate has been reported in four imidazolium-
based ILs [330]. The polymerization conducted in ILs was considerably faster than
in a reference solvent.

The ILs, N-butyl-N-methyl-pyrrolidinium trifluoromethanesulfonate and
N-methyl-N-propyl-pyrrolidinium Tf,N, have been employed as electropolymeriza-
tion media for poly(3-methylthiophene) (pMeT) in view of their use in carbon/IL/
pMeT hybrid supercapacitors [331].

The electrochemical polymerization of selenophene in an IL, [BMIM][PF ],
results in the production of free-standing and highly conducting polyselenophene
(PSe) films with electrical conductivity as high as 2.3 S/cm, higher than PSe elec-
trodeposited in conventional media [332].

The anionic polymerization of styrene has been reported at ambient temperatures
in an IL trihexyl(tetradecyl) phosphonium Tf,N under milder reaction conditions
than classical methods [333]. Ionothermal syntheses of two coordination polymers
constructed from 5-sulfoisophthalic acid ligands have been reported with [BMIM]
BF, as solvent [334].

1.5.4 Extraction

The use of ILs as a solvent to enhance the capabilities and applications of solvent
extraction methods has been reviewed by Poole and Poole [335]. 1-Ethylpyridinium
ethylsulfate IL has been employed in liquid extraction processes for the separation
of benzene from alkanes [336]. ILs have been used as solvents in liquid-liquid
extractions for separating 1-butanol from water, with selectivities ranging from 30
to 300 and high distribution coefficients [337]. The use of 1-ethyl-3-methylpyridin-
ium ethylsulfate IL as solvent has been reported for the liquid extraction of xylenes
from hexane [338]. The solubility of the employed IL in the binary systems
{hexane +aromatic compounds} was zero or very low, which made the recycle of
IL much easier.

The use of ILs for extraction of sulfur and nitrogen compounds from fuel oils has
been described [339]. The extraction of lanthanide ions from aqueous solutions has
been investigated using bis(2-ethylhexyl)phosphoric acid with RTILs [340]. The IL
system exhibited about three times greater extractability for lanthanide compared to
that of hexane. The use of functional amino acid IL has been reported as solvent and
selector to separate racemic amino acids in chiral liquid-liquid extraction with
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distinctenantioselectivity [341]. The quaternary phosphoniumIL, trihexyl(tetradecyl)
phosphonium chloride, has been employed for the separation of Fe(III) and Ni(II)
from 6 M hydrochloride solution via liquid-liquid extraction [342]. The selective
extraction of cycloolefins from their mixtures in the presence of cyclohexane has
been achieved via chemical complexation with silver ions in IL solutions [343].

1.5.5  Solubility

The solubility and diffusion coefficient of H,S and CO, have been determined in
1-ethyl-3-methylimidazolium ethylsulfate at temperatures ranging from 303.15 to
353.15 K [344]. Comparison showed that H,S is more soluble than CO, and its dif-
fusion coefficient is about two orders of magnitude as that of CO,. IL. (1-ethyl-3-
methylimidazolium acetate) has been used for the dissolution or extraction of
crustacean shells to produce high molecular weight purified chitin and direct pro-
duction of chitin films and fibers [345].

The dissolution, regeneration, and derivatization of cellulose in RTILs have
been discussed, and their applications in cellulose industry have been reviewed
[184, 346]. The dissolution of nonmetallic solid elements (sulfur, selenium, tellu-
rium, and phosphorus) has been studied in ILs [347]. The high solubilities of
ammonia have been reported [348] in four imidazolium-based ILs at temperatures
from 293.15 to 333.15 K, and the pressure ranges from O to 1 MPa. Pinkert et al.
and Mikkola et al. have been reviewed the use of ILs in dissolution of lignocellu-
losic materials and their constituents [349, 350]. High CO, solubilities have been
reported in trihexyltetradecylphosphonium-based ILs [351]. The solubility, ionic
conductivity, and viscosity of lithium salts used in batteries have been investigated
in several ILs with broadly similar cations, but with different anions [352]. They
found that the nature of the anion played a significant role in the solubilization of
lithium salts in ILs.

1.6 Perfluorinated Solvents

The fluorous media such as perfluorocarbons or perfluorinated solvents have been
receiving increasing attention in organic synthesis and related unit operations due to
their unique properties [353—-362]. They exhibit low toxicity and chemical reactivity
as well as miscibility with many organic solvents. In addition, these solvents are
inflammable and show a relatively low volatility. Perfluorinated solvents possess a
high density (1.7-1.9 g cm™) and a very low solubility both in water and most
organic solvents. Fluorocarbons exhibit very weak Vander-Waals interactions due to
the low polarizability of the electrons of a C—F bond and low availability of the lone
pair of fluorine. This implies that, in contrast to most organic solvents, the replacement
of a molecule of perfluoroalkane by another molecule, which has little interaction
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with his neighbors, needs little energy. Therefore, it is expected that gases should
have an exceptionally high solubility in perfluorinated compounds. This is in fact
the case, and especially, molecular oxygen has an excellent solubility in most per-
fluorinated solvents (up to 57 mL of gaseous oxygen in 100 mL of C_F ) leading to
numerous synthetic applications in reactions which involve oxygen. Their chemical
inertness, low toxicity, and easy recovery after the reaction make these compounds
an interesting class of solvents with potential uses for both industrial and academic
chemists. Various perfluorinated solvents are commercially available and could be
obtained in a range of boiling points.

When solid products are formed, the perfluorocarbons could be separated on
completion of the reaction simply by filtration or decantation, owing to their high
density and low miscibility in water and common organic solvents. In addition to
the benefits in work-up of reactions, perfluorocarbons display other fascinating sol-
vent properties. They are extremely nonpolar (much less than their analogous
alkanes) and inert and are available in a wide range of boiling points (from 56°C for
CFF,, t0220°C for (C,F, ),N), and hence are useful for carrying out reactions under
vigorous conditions.

The common advantage of the use of fluorous media is the easiness of the separa-
tion or purification in the work-up of the reaction. In addition to the unique property,
fluorous solvents exhibit low toxicity and high solubility of gases such as oxygen,
which can make it possible to mammals (mice and cats) to breathe and survive in
the liquid.

11

1.6.1 Extraction

The use of fluorous media in extraction has been reviewed by Weber et al. [363].
The use of fluorous solvents as a novel extraction/cleanup procedure has been
reported for perfluorinated compounds in fat-containing samples [364].

1.6.2 Organic Synthesis

The homogeneous and heterogeneous catalytic reactions in the nonconventional
solvents have been reviewed by Liu and Xiao [365]. The synthesis of polyhydroqui-
noline derivatives via unsymmetrical Hantzsch reaction has been reported in the
presence of Hafnium (IV) bis(perfluorooctanesulfonyl)imide complex in fluorous
medium at 60°C in high yields and short reaction time [366].

The polymer-supported ytterbium perfluorooctanesulfonate has been used as a
catalyst for esterification, nitration, Fridel-Crafts acylation, and aldol condensation.
The catalyst is easily separated and can be reused several times without a noticeable
change in activity under fluorous solvent-free conditions [367]. The trisubstituted
imidazoles have been synthesized using ytterbium perfluorooctanesulfonates as
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catalysts in fluorous solvents. The fluorous phase containing only catalyst can be
reused several times [368]. The droplet reactors with catalytically active walls have
been generated using microfluidic techniques and a fluorous-tagged palladium cata-
lyst and employed for Suzuki-Miyaura coupling reactions [369].

The use of fluorous biphasic system and SC-CO, as solvents has been described
for a transesterification catalyzed by a-chymotrypsin [370].

The 14-substituted-14H-dibenzo[a,j]xanthenes have been synthesized via one-
pot condensation of B-naphthol with aryl or alkyl aldehydes in the presence of scan-
dium bis(perfluorooctanesulfonyl)imide complex as catalyst and perfluorodecalin
as sole solvent [371]. The syntheses of fluorous quaternary ammonium salts and
their application as phase transfer catalysts for halide substitution reactions have
been investigated in extremely nonpolar fluorous solvents [372]. The synthesis of
2-substituted-N -carbethoxy-2,3-dihydro-4(1H)-quinazolinones has been studied
via condensation of substituted N-carbethoxyanthranilamide with aldehydes and
refluxing in 2,2,2-trifluoroethanol or hexafluoroisopropanol media using p-toluene-
sulfonic acid as catalyst [373].

The hydrolysis of p-nitrophenyl esters has been reported in mixtures of water
and a fluorous solvent [374]. The Corey-Bakshi-Shibata (CBS) reduction of aceto-
phenone has been developed using a fluorous prolinol immobilized in a hydrofluo-
roether solvent in high yield and in high enantiomeric excess in the absence of any
organic solvent [375]. The fluorous nanoparticles have been synthesized using fluo-
rinated microemulsions as reaction media [376].

1.7 Conclusions

There has been a paradigm shift from the traditional concept of process efficiency
to that allocates economic value to conserving energy and raw materials, eliminat-
ing waste, and avoiding the utilization of toxic and/or hazardous chemicals. The
green alternative solvents and approaches have been developed and employed for a
wide range of reactions. In the absence of the greenest solvent, in terms of reducing
waste, solvent-free synthesis seems to be a highly useful technique, especially for
industry. The solvent-less approach has diverse advantages including reduction or
elimination of solvents, thereby preventing pollution in organic synthesis, enhance-
ment of the reactions rate, and reduction in energy usage. Water is the most abun-
dant and environmentally friendly solvent in nature. The different chemical reactions
in laboratory and on industrial scales have been studied in water, and a significant
number of these reactions are actually promoted by an aqueous reaction medium.
Although water has unique properties, it has not traditionally been the solvent of
choice for performing organic reactions. Because (a) most organic substances are
insoluble in water, as a result, water does not function as a reaction medium and (b)
many reactive substrates, reagents, and catalysts are decomposed or deactivated by
water. There has been considerable attention in SCFs because of their unique prop-
erties and relatively low environmental impact. SCFs have been successfully
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employed for particle production, as reaction media, and for the destruction of toxic
waste. SC-CO, has been the most widely used SCF, mainly because it is cheap, rela-
tively nontoxic, and has convenient critical values. SCFs have also been used on
analytical and preparative scales for many biological and other applications. ILs are
a new class of solvents which can be easily synthesized and their properties can be
tailored. Although, some of these liquids may be more expensive than other alterna-
tives, but the chance to make task-specific solvents for particular processes is very
exciting. The challenge of sustainability and green chemistry is leading to funda-
mental, game-changing innovations in organic synthesis that will eventually cause
economic, environmental, and societal advantages in the laboratory and industry
chemical processes.
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Chapter 2
Green Fluids Extraction and Purification
of Bioactive Compounds from Natural Materials

Chao-Rui Chen, Ying-Nong Lee, Chun-Ting Shen, Ling-Ya Wang,
Chih-Hung Wang, Miau-Rong Lee, Jia-Jiuan Wu, Hsin-Ling Yang,
Shih-Lan Hsu, Shih-Ming Lai, and Chieh-Ming J. Chang

Abstract This article introduces green solvent extraction and purification of few
marker compounds from propolis and rice bran using supercritical carbon dioxide
(SC-CO,). The purity (41.2 wt%) of 3,5-diprenyl-4-hydroxycinnamic acid (DHCA)
was recovered from propolis using SC-CO, at 207 bar and 323 K with ethyl acetate
(6 wt%) addition. The addition of a normal-phase column adsorption approach was
directly employed to obtain purified product containing 95 DHCA by weight.
SC-CO, antisolvent micronization at 200 bar and 328 K generated the submicron
particulates containing DHCA (35.2 wt%) from the solution of Brazilian propolis
extracts, and the enhancement factor for DHCA concentration reached to 1.61. The
DHCA effectively inhibited the growth of human leukemia, colon as well as breast
cancer cells, and the human serum low-density lipid oxidation in bioassay. This
work also elucidates SC-CO, extraction of rice bran oil at 300 bar and 313 K from
1.03-kg powdered rice bran. The total yield of oil was 15.7% with a free fatty acid
(FFA) content of 3.75%, obtained from 20.5 kg of carbon dioxide. An oil retention
efficiency of 82.2% and an FFA removal efficiency of 97.8% were achieved by
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using SC-CO, deacidification at 250 bar and 353 K with 2,700 g of carbon dioxide
consumed. Besides, the two purest y-oryzanols (>98 wt%) were isolated by prepara-
tive reverse-phase high-performance liquid chromatography (HPLC). Furthermore,
the central composite response surface methodology (RSM) was applied to predict
the optimal operating conditions and to examine the significance of experimental
parameters by a statistic analysis.

2.1 Introduction

Propolis is a resinous product, collected from beehives and gathered by honey-
bees from various plant exudates. This product is composed of 45% resins, 30%
waxes and fatty acids, 10% essential oils, 5% pollens, and 10% organic com-
pounds and minerals [1]. Propolis has been utilized in folk medicine for several
years, especially in Europe and Japan, because of its various therapeutic activi-
ties, including antimicrobial, antiviral, anti-inflammatory, antioxidant, immuno-
modulatory, free radical scavenging, hepatoprotective, and antiproliferative [2—7].
A few bioactive compounds in propolis are flavonoids and phenolic acids, as well
as derivatives [8, 9], which include two major anticancer materials — caffeic acid
phenethyl ester (CAPE) and 3,5-diprenyl-4-hydroxycinnamic acid (DHCA).
Numerous recent studies have been reported on the biological properties of the
DHCA compound, especially those associated with the inhibition of growth of
cancer cells, such as human leukemia and colon cells [10-16]. DHCA exhibits an
antioxidative activity toward normal cells and an excellent inhibitory effect on
growth of gram-positive bacteria such as Staphylococcus aureus [17-20].
Bohlmann and Jakupovic [21] were the first to identify the DHCA compound,
which exclusively exists in Brazilian propolis.

In recent year, various supergreen approaches based on supercritical fluid have
been applied on propolis to yield high valuable products. Stahl et al. [22] first
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removed wax using supercritical carbon dioxide (SC-CO,) extraction to enhance the
concentration of flavonoids in the extract. You et al. [23] increased the amount of
flavonoids in water-soluble propolis using SC-CO, extraction. Wang et al. [24]
extracted the antioxidant components from propolis by SC-CO, fractionation.
Catchpole et al. [25] concentrated flavonoids from propolis tincture using SC-CO,
antisolvent. Lee et al. [17] extracted DHCA from Brazilian propolis using SC-CO,
that was modified with cosolvent, followed by column chromatography to obtain
highly pure DHCA. An SC-CO, extract containing DHCA (41.2 wt%) has been found
to suppress growth of human colo-205 cancer cells. However, total yield of the SC-CO,
extract was relatively low compared to with Soxhlet ethyl acetate extract [14].

Supercritical antisolvent precipitation of solutes from liquid-phase solution has
been extensively applied in pigment dispersion, pharmaceutical recrystallization,
and food production to generate fine particles with high yield [26-28]. This approach
has also been utilized in the separation of bioactive compounds from natural materi-
als, including flavonoids, DHCA, B-carotene, ginkgolides, lycopene, and astaxan-
thin [25, 29-35]. Additionally, experimental data on the phase equilibrium between
SC-CO, and organic solvent are important for understanding the supercritical anti-
solvent (SAS) process [36]. Two dimensionless parameters, Reynolds number
(pvd/p) and Weber number (pv?d/c), have been recognized as major parameters
that govern the mechanism of particle formation associated with SAS precipitation
[37]. Supersaturation of solutes in a high-pressure solution is important in generat-
ing micronized particles in an SC-CQO, antisolvent precipitation process. However,
the transient supersaturation of the solutes in such a high-pressure system that is
mixed with SC-CO, is difficult [38].

Rice bran, a by-product of the rice-refining process, consists of 11-15% proteins,
34-62% carbohydrates, 7-11% crude fibers, 7-10% ashes, and 15-20% lipids. Rice
bran oil contains 95.6% saponifiable lipids, including glycolipid and phospholipids,
and 4.2% unsaponifiable lipids, including tocopherols, tocotrienols, y-oryzanols,
sterols, and carotenoids [39]. The saponifiable lipids are mainly triglycerides.
However, these triglycerides are easily hydrolyzed by lipase to form free fatty acids.
The y-oryzanol content in the rice bran oil is approximately 1.8-3%, according to
the experimental data of Hu et al. [40]. Xu and Godber [41] adopted a low-pressure
normal-phase silica column to obtain oryzanol-containing fractions, which were
further partitioned using a preparative normal-phase HPLC column. They have
reported that ten molecular structures of y-oryzanols were identified using a reverse-
phase HPLC column that is coupled with a GC-mass chromatograph. Cycloartenyl
ferulate, 24-methylenecycloartanyl ferulate, and campesteryl ferulate are evidently
major y-oryzanols in rice bran. y-Oryzanols have certain biological and physiologi-
cal properties, such as antioxidation [42], anti-blood cholesterol [43], and anticarci-
nogenic [44-47]. The liquid chromatography/mass spectrometry (LC/MS) method
has been frequently adopted in elucidating the structures of y-oryzanols [48]. Stoggl
et al. [49] have identified and quantified tocopherols, y-oryzanols, and carotenoids
in rice bran. Aguilar-Garcia et al. [50] performed a biological study regarding the
correlation between the quantity of y-oryzanols and antioxidant capacity.

The edible rice bran oil only allows a maximal acid value of 0.2, in general, equiv-
alent to 0.1 by weight of free fatty acid. The Indian regulation for the refined rice bran
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oil allows a maximal acid value of 0.5, which is equivalent to 0.25 free fatty acid by
weight [51]. Triglycerides in the wasted rice bran oil had been processed into biodie-
sel by acid-catalyzed transesterification [52]. In recent years, supercritical fluid
extractions of powdered rice bran have shown that the odor and the flavor of extracted
oil are superior to that obtained by Soxhlet n-hexane extraction [53-55]. Deacidification
of rice bran oil using supercritical carbon dioxide has been recognized as a very envi-
ronmentally friendly process [56, 57]. Kim et al. [58] investigated the time-related
mass transfer kinetics of oil components that migrated between solid (rice bran) and
fluid (carbon dioxide) phases in supercritical carbon dioxide extraction. Chang et al.
[59, 60] studied supercritical carbon dioxide extraction kinetics and high-pressure
vapor—liquid-phase equilibrium measurements between oil compounds and carbon
dioxide. Several multistage supercritical fluid deacidifications of rice bran oil have
been conducted to remove free fatty acids or triglycerides from raffinate oil using a
packed column at a middle-high pressure at 333-353 K to increase concentrations of
y-oryzanols and phytosterols in the oil [61-65].

This article introduced the green solvent extraction and purification of bioactive
materials from propolis and rice bran using supercritical carbon dioxide. Firstly,
SC-CO, extraction of DHCA from Brazilian propolis was investigated. The addi-
tion of ethyl acetate during the extraction of DHCA is examined, and SC-CO,
extraction based on response surface methodology is discussed. Growth inhibition
tests of human leukemia, colon, and breast cancer cells were performed to verify the
anticancer ability of these SC-CO, extracts. The SC-CO, antisolvent precipitation
of flavonoids and DHCA from the Brazilian propolis solution was also developed.
The effect of the operation conditions on particle formation in this SC-CO, antisol-
vent process, based on two-factor center composite response surface methodology,
was examined to determine the change of the mean particle size of the SC-CO,
precipitates and the recovery of the marker compounds. Moreover, SC-CO, extrac-
tion of rice bran oil from powdered rice bran and a semipreparative HPLC method
to obtain purest y-oryzanol standard were demonstrated, followed by the concentra-
tion of y-oryzanols in the extracted oil using a middle-pressure column partition
fractionation. Finally, the SC-CO, extraction of rice bran oil from powdered rice
bran, followed by SC-CO, deacidification using a response surface methodology
(RSM) was also examined.

2.2 Isolation and Purification of 3,5-Diprenyl-4-
Hydroxycinnamic Acid (DHCA) in Brazilian Propolis

2.2.1 Classical Solvent Extractions

For the Soxhlet extractions, 20 g of propolis powder was loaded in a 250-mL reflux-
type Soxhlet system and extracted by 300-mL deionized water, ethanol, ethyl acetate,
and n-hexane for 2-24 h. For the ultrasonic extractions, 10 g of propolis powder was
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Fig. 2.1 Four Soxhlet solvent extractions of the DHCA from Brazilian propolis lump (Reprinted
from Ref. [18]. With kind permission of © Elsevier)

ultrasonicated in the 1,200 g ethyl acetate for a period of 1.5, 2.5, and 3.5 h, operated
at 308, 328, and 348 K, respectively. For the hot-pressurized extractions, 10 g of prop-
olis powder dissolved in 1,200 g of ethyl acetate was loaded in an autoclave extractor,
and the solution was purged by 4.5-bar nitrogen for 10 min to strip off the oxygen
entrapped in the solution. The experiments were carried out and controlled at 4.5-bar
and 300-rpm agitation speed with temperature ranging from 348 to 388 K. All the
extracts were filtered through the Whatman no. 1 filter paper and weighted to calculate
the total yield as well as the recovery and the purity of DHCA in the extracts.

Figure 2.1 indicates the effect of extraction time on the amount of DHCA
extracted by four Soxhlet extractions. After 16 h of extraction, the maximal DHCA
in the propolis extract was 91.9 mg/g, obtained with 120 mL of ethyl acetate Soxhlet
extraction of 1-g propolis lump. This was recognized as a 100% recovery of DHCA
from this Brazilian propolis lump. For the hot-pressurized extraction, the recovery
of DHCA attained 88.5%, but the extraction time was reduced from 16 down to
2.5 h. In addition, reduced standardized concentration factors (i.e., o=}/ BSoxhlet <1.0)
revealed that the DHCA purity in propolis extracts was less than that of the Soxhlet
ethyl acetate extraction (16.9 wt%). For the ultrasonic extraction, the recovery of
DHCA was only 75%, and the DHCA purity was also less than that of the Soxhlet
ethyl acetate extraction.

2.2.2 Purification and Identification of 3,5-Diprenyl-4-
Hydroxycinnamic Acid (DHCA)

Two methods, namely, liquid-liquid solvent partition and normal-phase column
chromatography were employed to purify DHCA from the propolis extracts. In the
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first method, the waxes were removed by n-hexane washing firstly and the raffinate
was then dried to redissolve in methanol. Contrarily, the second method was adopted
to avoid n-hexane and methanol partitions. The final residue was then collected by
removing the supernatant using a centrifuge at 8,000 rpm for 10 min. The residue
was dissolved in a mixture of 7:3 (v/v) n-hexane and ethyl acetate (EA) to form a
crude solution. The crude solution was manually loaded and fractionated on a silica
gel 60 column (2.5-cm L.D.), eluted by a mixed mobile phase consisting of n-hexane
and EA in different volume ratios. Every 10-mL eluent was collected at the flow rate
of 2.5 mL/min. The sample containing 95-wt% DHCA was dissolved in CDCI, and
analyzed by a 400-Hz "H-NMR spectrophotometer (Varian, Mercury, USA).

Experimental data (Table 2.1) resulted from these column purifications of the
propolis extracts with solvent pretreatment (i.e., first method) indicated DHCA
purities of the purified products as 95 wt%, except for the Soxhlet extract (91 wt%).
The highest total recovery by this procedure was only 4.2% for the purified product.
Major losses of DHCA were found in the n-hexane layer (20%) and methanol layer
(60%). Table 2.2 lists experimental results of purified DHCA without solvent pre-
treatment (i.e., second method). Solely the purified products of those SC-CO,
extracts contained 95 wt% DHCA, and the largest total recovery could reach 9.4%,
which is 2.3 times to that of the hot-pressurized extract in the first method. These
SC-CO, extracts containing 40 wt% DHCA are easy to be purified by column
purification alone.

2.2.3 Quantification of 3,5-Diprenyl-4-Hydroxycinnamic
Acid (DHCA)

A Waters HPLC system, which comprised a 600E multisolvent delivery pump, a
717 plus autosampler, a 486 UV/Vis detector, and Millennium 2010 system man-
ager software, was employed to analyze the extracts. (10 uL) Samples were filtered
through a 0.45-pm polyvinylidene fluoride (PVDF) membrane (Millipore, USA)
and were injected into a C18 reversed-phase column (4.6 x250 mm, 5U, Hichrom,
UK) to quantify the DHCA of the extracts. The column temperature was controlled
at 308 K, and the UV absorption was detected at a wavelength of 280 nm. A two-
solvent gradient mobile phase comprising 55% methanol (A) and 80% methanol
(B) in 0.5% acetic acid aqueous solution was used for this analysis. A calibration
curve was established by linear regression between the area under the UV absorp-
tion curve and the concentration of the samples. A protocol sample containing
95 wt% DHCA was isolated from the 61 to 75 fractions collected and was used as
the standard for this study. The purity of this standard was an averaged value veri-
fied by the HPLC method, and the concentration ranged from 20 to 620 pg/mL. The
R? coefficients exceeded 0.99, and the limits of detection in these analyses were
3,220 ng/mL. Figure 2.2 represents HPLC spectra of samples including the 95 wt%
DHCA spectrum and its chemical shift pattern of 'H-NMR, which is exactly corre-
sponding to that reported by Bohlmann et al. [21].
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Fig. 2.2 (a) HPLC chromatograms of the extracts detected at 280 nm [a: Soxhlet-EA; b:
SC-CO,+2-wt% n-hexane; ¢: SC-CO,+6-wt% EA; d: SC-CO,; e: 80-wt% DHCA; f: purest
95-wt% DHCA]. (b) A 400-Hz 'H NMR spectrum of the 95-wt% DHCA [J: 7.69 (1H, d,
J=15.9 Hz), 7.20 (2H, s), 6.29 (1H, d, J=15.9 Hz), 5.31 (2H, br, t), 3.35 (2H, d, J=7.2 Hz), 1.79
(6H, s), and 1.78 (6H, s)] (Reprinted from Ref. [18]. With kind permission of © Elsevier)
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2.3 Green Fluid Extraction of 3,5-Diprenyl-4-
Hydroxycinnamic Acid (DHCA) from Brazilian Propolis

2.3.1 Sensitivity Test of Supercritical Carbon Dioxide
(SC-CO,) Extractions

Propolis lumps were ground into 2-mm particles using a blade-type grinder and
then collected by sieving through a 10-mesh international-type stainless steel screen
before use. The maximum recovery of DHCA in Brazilian propolis was obtained by
Soxhlet ethyl acetate extraction during a period of 16 h. Figure 2.3 presents the
SC-CO, extraction that was used by You et al. [23]. Before the extraction, 10 g of
ground propolis powder and 30 g of steel beads were uniformly loaded into an
extractor (75 mL, L/D=30) (8); a 5-cm thickness of glass wool was placed on both
the top and the bottom of the extractor to prevent the entrainment of propolis parti-
cles, and 200 mL of 95% ethanol was loaded into the absorber (750 mL, L/D=10)
(11), which acted as a absorbent. Then, liquid CO, was pumped using a high-
pressure pump (CM-3200, Thermo Separation Products, USA) and flowed into the
extractor at a constant flow rate of 10 mL/min after preheating. The extraction pres-
sure varied from 138 to 276 bar and was regulated using a back-pressure regulator
(26-1721, Tescom, USA) (9-1), and the extraction temperature ranged from 308 to
333 K, controlled by a PI-type controller. The pressure of the absorber was set to
50 bar, and another back-pressure regulator (9-2) was used to separate CO, from the
extracts that were collected at ambient temperature. The consumed CO, volume was
measured using a wet gas meter (TG3, Ritter, Germany) (13). Furthermore, the
amount of ethyl acetate, from 0 to 6 wt%, was weighed and preloaded in the extrac-
tor as a cosolvent.

The 91.9 mg/g, . of DHCA was yielded via Soxhlet ethyl acetate extraction
from Brazilian propolis lumps. Table 2.3 presents the results of Soxhlet and
SC-CO, extractions of DHCA. It states that only few DHCA could be extracted by
adding n-hexane as cosolvent and both recovery and purity of DHCA were lower
than that by adding ethyl acetate. Furthermore, the standardized concentration fac-
tors of DHCA of modified SC-CO, extracts obtained by addition of ethyl acetate
and n-hexane were 2.59 and 2.14, respectively. Figure 2.4 shows the addition of
EA on the recovery and purity of DHCA obtained from SC-CO, extractions. The
recovery of DHCA increased with the consumption of CO, up to 475 L, and the
addition of up to 6 wt% EA significantly enhanced the DHCA recovery. Other
compounds in propolis were also easily extracted under this condition, and the
purity of DHCA decreased as more ethyl acetate was added. Experimental data
revealed that the amount of DHCA increased with temperature at pressures from
207 to 276 bar.
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1. CO; Cylinder 8. Extractor

2-1~2-4. Pressure gaugea 9-1~9-2. Back pressure regulator
3. Gas dryer 10. Micro-metering valve

4. High-pressure pump 11. Absorber

5-1~5-2. Circulator 12. Float flow meter

6-1~6-3. Metering valve 13. Wet gas meter

7. Heat exchanger 14-1~14-5. Thermocouple

Fig. 2.3 Schematic diagram of SC-CO, extraction of propolis (Reprinted from Ref. [14]. With
kind permission of © Elsevier)

2.3.2 Response Surface Methodology (RSM): Designed
Supercritical Carbon Dioxide (SC-CO,) Extractions

Following study of the effects of temperature and cosolvent addition on a few pre-
liminary SC-CO, extractions, two-factor central composite response surface meth-
odology (RSM) software (Stat-Ease, USA) was adopted to study the effect of the
operating conditions of SC-CO, extractions on the purity of the DHCA in the
extracts as well as to search for the optimum conditions in this procedure.
The extraction temperature and the addition of the cosolvent were selected as two
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Table 2.3 The purity of DHCA and concentration factor of Soxhlet and SC-CO, modified
cosolvent extract (Reprinted from Ref. [14]. With kind permission of © Elsevier)

Solvent Woies (mgleg ) TY (%)  R(%) P (wt%) B a

Soxhlet-EA* 91.9 55.6 100 16.9 1.80 1.00
SC-Co,’ 2.6 0.6 2.9 45.3 483  2.68
SC-CO,+2% EA® 7.7 1.8 8.4 433 4.67 2.59
SC-CO,+2% n-hexane® 4.6 1.3 5.0 355 385 214

W, ., Weight of DHCA, TY total yield=(W*_ /W

DHCA

propolis) x100%, R recovery of DHCA=(W ../
piicasoxned X 100%, P, DHCA purity of extract=(W . ,/W__)x100%, B concentration factor
of DHCA=R/TY, o standardized concentration factor of DHCA=B/8,

*Soxhlet ethyl acetate extraction for 16 h

"SC-CO, extraction at 207 bar and 323 K

16 48
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@ s 3 <
4 —42
L 3
L * —> |
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The Ratio of Ethyl Acetate / CO, (wWt%)

Fig. 2.4 Effect of the ratio of ethyl acetate to CO, on the recovery and purity of DHCA using
475 L SC-CO, extraction at 207 bar and 323 K (m, DHCA recovery; e, DHCA purity) (Reprinted
from Ref. [14]. With kind permission of © Elsevier)

factors that influence the recovery and purity of DHCA. The addition ratio ranged
from 2 to 6 wt%, and extraction temperatures from 313 to 333 K were examined
for these central composite RSM-designed SC-CO, extractions. The recovery and
purity of DHCA were calculated by Eqs. 2.1 and 2.2, respectively:

Weight of DHCA in the extract
Ropen = 'elg ° - 1 The extracts xlOO(%), recovery. (2.1)
Weight of DHCA in Soxhlet extract

_ Weight of DHCA

DHCA —

x100(% ), purity. 2.2
Weight of extracts (0) Pty (&2
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Table 2.4 Two factorial central composite RSM-designed SC-CO, extractions of DHCA from
propolis at 207 bar (Reprinted from Ref. [14]. With kind permission of © Elsevier)

RSM# EA (wt%) T(K) W, (mg/g ) R(%) W, e (mglg ) Pp(Wt%)
1(F) 2 313 6.6+0.4 7.1x0.4 15.3+0.8 42.9+0.1
2(A) 2 323 7.7+0.1 8.4+0.1 17.7+£0.3 43.3%0.1
3(F) 2 333 7.7+0.2 8.4+0.2 18.0+0.5 42.7+0.1
4(A) 4 313 8.3+0.1 9.0+0.1 19.4+0.3 42.8+0.1
5(0) 4 323 9.0+0.2 9.8+0.2  21.0+04 42.6+0.1
6(A) 4 333 9.1+0.1 9.9+0.1 21.5+£0.2 42.2+0.1
7(F) 6 313 11.2+0.2 122+02  26.8+03 41.8+0.1
8(A) 6 323 12.6+0.1 13.8+0.1 30.7+0.3 41.2+0.1
9(F) 6 333 12.7+0.1 13.8+0.1 31.1+x0.2 40.8+0.1

EA addition ratio = W, / VVCO2 (475 L, 860 @), T temperature, W, . weight of DHCA, W,
weight of extract, R recovery of DHCA=(W W )x100%, P, DHCA purity of
extract=(Wp,. /W, )x100%, F-testing R, *=0.9910, S.D., =023, R, *=0.9738,

DHC/\/ DHCA Soxhlet
DHCA’ extract (PE)

S.D.,. =0.14

“(PE)

Based on the sensitivity of independent factors, tested in Sect. 2.3.1, the con-
sumption of 475-L CO,, 1-h soaking time of the cosolvent and a pressure of 207 bar
were set for RSM-designed SC-CO, extractions. Table 2.4 presents these RSM
results. The addition ratio was more effective than temperature in enhancing the
recovery and purity of DHCA. Figure 2.5a shows that three-dimensional responses
of DHCA recovery achieves 13.8% with the addition of 6 wt% EA. Figure 2.5b
shows that responded DHCA purity attains 43.3 wt% at 323 K with 2 wt% EA addi-
tion ratio. Although DHCA purities in SC-CO, extracts decreased as the addition
ratio is increasing, those were still above 40 wt% and were more than two times to
that in the Soxhlet extract (16.9 wt%). In summary, 13.8% recovery and 41.2 wt%
purity were obtained at CO, consumption of 475 L, 207 bar, and 323 K with extrac-
tion by the addition of 6-wt% ethyl acetate according to a quadratic polynomial
model. The use of these operative conditions was effective in yielding high-purity
DHCA in the SC-CO, extract.

2.4 Precipitation of Submicron Particles in Brazilian Propolis
via Supercritical Carbon Dioxide (SC-CO,) Antisolvent

2.4.1 Supercritical Carbon Dioxide (SC-CO,)
Micronization Process

Figure 2.6 schematically depicts SC-CO, antisolvent device/equipment. At the start
of an experiment, liquid CO, was charged from a CO, cylinder (1), passed through
a gas dryer (3), and compressed by a high-pressure double-piston pump (Spe-ed
SFE, Applied Separations, USA) (4) into a 75-mL high-pressure surge tank (8) and
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Fig. 2.5 The RSM responding plots showing (a) the DHCA recovery and (b) the DHCA purity in
the SC-CO, extracts (F-testing: R(Z\)2:0.98 10, S.D.(a) =0.23; R(hf: 0.9638, S.D.(b) =0.14) (Reprinted
from Ref. [18]. With kind permission of © Elsevier)

a 750-mL middle-pressure surge tank (11) at constant flow rate after it had been
preheated using a double-pipe heat exchanger (7). The temperatures in pump and
heat exchanger were controlled using two circulators (5-1, 5-2). Then, CO, was
expanded through two back-pressure regulators (9-1, 9-2) and a metering valve
(6-3) and flowed into a 200-mL visible precipitator that was equipped with two
pieces of safety glass (TST, Taiwan) (12).
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1. CO, cylinder 7. Heat exchanger 13. Separator

2-1~2-6. Pressure gauge 8. 1 Surge tank 14-1~14-5. Thermocouple
3. Gas dryer 9-1~9-4. Back-pressure regulator 15. Flask separator

4. High-pressure pump 10. Metering valve 16. Wet gas meter
5-1~5-3. Temperature circulator 11.2 Surge tank 17. HPLC pump
6-1~6-3. Needle valve 12. Precipitator 18. Feeding

Fig. 2.6 Schematic flow diagram of SC-CO, antisolvent micronization of DHCA and flavonoids
from propolis (Reprinted from Ref. [34]. With kind permission of © Elsevier)

For each SC-CO, antisolvent experiment, after the CO, entered into the precipi-
tator under a selected supercritical condition, a solution of the propolis extract in
ethyl acetate (or ethanol) was delivered from a feeding burette (18) into the precipi-
tator through a coaxial nozzle at a constant flow rate of 1 mL/min using a HPLC
pump (CM-3200, Thermo Separation Products, USA) (17). Meanwhile, the super-
critical CO, was continuously charged into the precipitator. A stainless sintered frit
filter (37 um) and an online filter (0.5 pum) were tightly packed in that order at the
bottom of the precipitator to prevent an entrainment of particles. Pressure was var-
ied from 100 to 200 bar manually using a back-pressure regulator (9-3), and tem-
perature was varied from 308 to 328 K using a water bath circulator (5-3). Following
the antisolvent process, a vapor-liquid stainless steel separator (13) that was installed
behind the precipitator was maintained at 50 bar using a back-pressure regulator
(9—4) to stabilize the expanded mixture. A 250-mL flask separator was placed
therein to collect the mixture of CO, and the solvent under ambient conditions. The
consumption of CO, was measured using a wet gas meter (TG3, Ritter, Germany)
(16). Temperatures in the system were monitored using several K-type thermocou-
ples (14—1 ~ 14-5), and pressures in the system were monitored by several Bourdon-
type pressure gauges (2—1~2-6).
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2.4.2 Analysis of Micronized Precipitates

2.4.2.1 Determination of Particles Size, Distribution, and Morphology

After each antisolvent precipitation and drying process using CO, to remove solvent
residue, the precipitator was open, the precipitate was collected, and the particulate
was suspended in a deionized water to form a sample. The mean particle size and
particle size distribution were determined using a light scattering particle size ana-
lyzer (Beckman Coulter, Counter F5, USA). To determine the particle morphology,
the dried particulate was preliminarily coated with a platinum film by vacuum sput-
ter and then analyzed under a field emission scanning electron microscope (FE-SEM)
(JSM-7401 F, JEOL, Japan).

2.4.2.2 Quantification of DHCA and Flavonoids

A Waters HPLC system (USA), which comprises a 600E multisolvent delivery
pump, a 717 plus autosampler, a 486 UV/Vis detector, and a Millennium 2010 sys-
tem manager software, was adopted to analyze the SC-CO, precipitates. The sam-
ples were filtered through a 0.45-um PVDF membrane (Millipore, USA) before the
analysis, and then, a 20-pL sample was injected into a C8 column (4.6 x250 mm,
5U, Macherey-Nagel, Germany) and a C18 column (4.6 x250 mm, 5U, Hichrom,
UK) reversed-phase column at a flow rate of 1 mL/min to partition the flavonoids
and DHCA, respectively. The mobile phase that was used to analyze flavonoids
consisted of 0.1% phosphoric acid (A) and methanol (B). The gradient was initially
set to 65% A, reduced linearly to 50% A within 15 min, held at 50% A for 20 min,
and finally reduced to 35% A within 15 min. The correlation coefficient (R?)
exceeded 0.996 for each linear calibration curve from 10 to 400 pg/g for flavonoids,
and the limit of detection was in the range of 90-150 ng/g. The HPLC analysis of
seven flavonoids was reported by Chen et al. [66]. The gradient of mobile phase
utilized to analyze DHCA was described in Sect. 2.2.3. The R? of another linear
calibration curve exceeded 0.99 from 50 to 800 ng/g for DHCA, and the limit of
detection was 4,300 ng/g. The temperature of the column was controlled at 308 K,
and the detection wavelength was set to 280 nm for both analyses.

The weight of the precipitates was calculated as a difference between the weight
of fed and the solid content of the liquid eluent that was collected in the flask separa-
tor. The total yield (TY), recovery of i component (R), and enhancement factor of i
component ( B, ) were then calculated by Egs. 2.3, 2.4, and 2.5:

_ Weight of precipitate

= — —x100(%), total yield. (2.3)
Weight of feed material

Weight of i in precipitate

= x100(% ), recovery. 2.4
' Weight of i in Soxhlet extract (%) Y 4
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. Concentration of i in precipitate

;= - — , enhancement factor. 2.5)
Concentration of i in Soxhlet extract

2.4.3 Experimental Results of Supercritical Carbon Dioxide
(SC-CO0,) Antisolvent Micronization

2.4.3.1 Preliminary Experiment of Supercritical Carbon Dioxide
(SC-CO,) Precipitation

Two feeding solutions were obtained using two Soxhlet solvent extractions of
Brazilian propolis. Table 2.5 presents experimental data that compare salting-out
quantities from the Soxhlet ethyl acetate solution with those from the Soxhlet etha-
nol solution. The solid content of ethanol extract exceeded that of ethyl acetate
extract, suggesting that the wax in the propolis was easily extracted by ethanol,
leading to a high total yield. The DHCA concentration of ethanol extract was lower
than that of ethyl acetate extract which contained 20.4% of DHCA. However, both
extracts contained almost equal amounts of flavonoids. Accordingly, the Soxhlet
ethyl acetate extracts were selected as the feeding solutions in the following SC-CO,
antisolvent precipitations.

The effects of pressure and temperature of the SC-CO, antisolvent precipita-
tions on total yield, recovery, and enhancement factor of the particulates were pre-
liminary examined. Table 2.6 presents experimental results concerning the batch
and continuous SC-CO, precipitation of the DHCA and flavonoids from 4 mL
ethyl acetate solutions of propolis extracts at concentration of 200 mg/mL. In batch
SC-CO, runs, the highest DHCA concentration was 30.4%, which obtained in an
antisolvent experiment at 150 bar and 318 K (datum #3 in Table 2.6). This antisol-
vent pressure and temperature is suitable to obtain the purest DHCA precipitates.
The DHCA concentration in the precipitates is substantially affected by the solu-
bility of the desired compounds in the solution that is expanded with SC-CO,
because of the associated change in the amount of carbon dioxide. Nevertheless,
the low enhancement factor of the DHCA compound in the continuous SC-CO,

Table 2.5 Experimental data concerning 250 mL of ethyl acetate or ethanol Soxhlet extractions of
15 g of Brazilian propolis lumps (Reprinted from Ref. [34]. With kind permission of © Elsevier)

Exp. # W, (@  TY (%) Wy, (mglg) By, W, (mg/g) By,
Sox-EA 9.3 61.8 204 1.62 22 1.62
Sox-EtOH 12.9 85.9 182 1.16 24 1.16

Sox-EA: ethyl acetate at 349 K; Sox-EtOH: ethanol at 351 K
W, weight of the extract, TY,  total yield of the extract=(W_ /W _ )x100%, W, ., concentration
of DHCA in extract, Wﬂ“ concentration of flavonoids in extract,

_ concentration factor of
DHCA= Ryuc ATY, ﬁﬁa. concentration factor of flavonoids=R /TY

B DHCA
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Table 2.6 Experimental data on SC-CO, precipitation of 4 mL solutions of propolis extracts at
concentration of 200 mg/mL (Reprinted from Ref. [34]. With kind permi@qion of © Elsevier)

Exp. # P (MPa) T (K) Wocs (%) B* ica
Batch SC-CO,

1 10 308 20.6 1.01

2 15 308 21.6 1.06

3 15 318 30.4 1.49
Continuous SC-CO,

4 20 328 30.6 1.50
5° 20 328 20.5 1.13
6 15 318 19.2 1.05
P pressure, T temperature, W, ., concentration of DHCA in precipitates, 8* . enhancement fac-
tor of DHCA=W__./W 20.4%, W, 18.2%

DHCA’ DHCA, Soxhlet® DHCA, Soxhlet-EA DHCA Soxhlet-EtOH

*Propolis in EtOH, others are propolis in EA

precipitation at 200 bar and 328 K (datum #5 in Table 2.6) disfavors the use of the
ethanol feeding solution, suggesting that the type of solvent is an another impor-
tant factor in the SC-CO, precipitation.

2.4.3.2 Response Surface Methodology (RSM): Designed Supercritical
Carbon Dioxide (SC-CO,) Precipitation

Based on the effectiveness of varied operation conditions in obtaining the results of
SC-CO, precipitation, discussed in the Sect. 2.4.3.1, a pressure of 200 bar and a
temperature of 328 K were set in the experimental SC-CO, precipitation. A center-
factor and factor-composite scheme, based on the expansion volume of carbon diox-
ide (EVCOZ ) and the mass flow rate of carbon dioxide (Fco7) in an RSM, was
designed herein to study the continuous SC-CO, antisolvent micronization process.
Table 2.7 presents experimental data on this RSM-based continuous SC-CO, anti-
solvent process at EV,,, from 50 to 150 L and F, from 10.8 to 32.6 g/mm The
effects of these two factors on the RSM response parameters, including total yield,
concentration, and recovery, of DHCA and flavonoids as well as mean particle size
were analyzed using an ANOVA table in the Design-Expert software package with
a quadratic regression model. The variation in the 3D plots of RSM response sur-
faces with independent factors is investigated below. Figure 2.7a demonstrates that
the total yield at CO, flow rate of 10.8 g/min markedly exceeded that at 32.6 g/min
because the expansion process provided a sufficient contact time between the CO,
and the solution for precipitation. Experimental data also show that the CO, expan-
sion volume slightly influenced the total yield when the volume exceeded 50 L. On
the other side, both factors substantially affected the concentration of DHCA, as
presented in Fig. 2.7b, suggesting that the concentration of DHCA decreased as the
amount and flow rate of CO, increased. Figure 2.8a plots the obvious effect of these
two factors on the recovery of DHCA. The fact that the 3D shape of the DHCA
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Flow Rate (g/min) 271 125 Expansion Volume (L)

32.6 150

Fig. 2.7 Effects of expansion volume and flow rate on SC-CO, precipitation of DHCA (a) total
yield and (b) DHCA concentration (F-testing: R(a)2=0.8310, S.D.(a)=2.29; R(b)2=0.9875,
S.D.(b>:0.80) (Reprinted from Ref. [34]. With kind permission of © Elsevier)

recovery surface was similar to that of the DHCA concentration surface indicates
that the DHCA precipitation increased with the total amount of precipitate. In
contrast, Fig. 2.8b displays the drop in the mean particle size of the precipitate as
the F,, and the EV,, are increased. This phenomenon reveals that a high flow
rate is associated with rapid expansion of the feed solution and high supersaturation
for the nucleation of small particles. Figure 2.9 plots the particle size distribution
(PSD) of particles that were generated by continuous SC-CO, precipitations at
200 bar, 328 K with a CO, volume of 100 L. A narrower PSD pattern corresponds
to a higher CO, flow rate, and the smallest mean particle size of the precipitate was
4.02 um (datum # 6 in Table 2.7).
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Fig. 2.8 Effects of expansion volume and flow rate on SC-CO, precipitation of DHCA (a) recov-
ery of DHCA and (b) mean particle size (F-testing: R(a)2=0.9891, S.D.(a)=2.23; R(b)2=0.9609,
S.D. (b>:0,56) (Reprinted from Ref. [34]. With kind permission of © Elsevier)

A center composite approach that involves solution concentration and flow rate
of CO, as two factors was also designed for the SC-CO, antisolvent micronization
of DHCA-containing propolis solution at 200 bar and 328 K. Table 2.8 presents
experimental data concerning this RSM-designed at feeding concentrations from
9 to 27 mg/mL and flow rate of CO, from 10 to 20 L/min. The effects of these two
factors on the total yield, concentration, and recovery of DHCA, as well as on the
mean particle size, were demonstrated. Experimental data indicate that the SAS
process operated at the same pressure, temperature, and CO, flow rate and both
particle size and supersaturation mildly increase with the feed concentration, repre-
sented earlier by Bristow et al. [67]; however, supersaturation dramatically increases
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Table 2.8 RSM-designed SC-CO, antisolvent micronization at 200 bar and 328 K with two fac-
tors of feed concentration and flow rate of CO, (Reprinted from Ref. [35]. With kind permission of
© Elsevier)

RSM# C,(mg/mL) Qo (L/min)  TY (%) Wy (%) Ry (%) B¥icn sy (HM)
1A 9 10 576 352 92.6 161 474
20 9 15 554 292 73.9 133 3.69
3A) 9 20 466 2211 472 101 1.95
4F) 18 10 60.4 350 96.5 160 695
50 18 15 586 329 88.0 150 527
6(F) 18 20 544 297 73.8 136 440
7(A) 27 10 710 299 96.9 137 9.00
8(F) 27 15 688 258 81.1 118 725
9A) 27 20 622 216 61.3 099  6.19

0, 1-mL/min flow rate of feed, V, 4-mL volume of feed, C, concentration of feed, Qcoz flow
rate of CO,, TY total yield of precipitates=(W ..o/ Wieea) X 100%, W, purity of DHCA in
precipitates, R, ., recovery of DHCA = (4x200x TY xW_ )/(4x200%x21.9%), p* enhance-
ment factor of DHCA concentration=W . . /W . ASoxhler? Lpsp MEAN particle size, W,

DHCA
DHCA, Soxhlet-EA
21.9%

with the CO, flow rate and results in the smallest particle size. This demonstrates
that the CO, flow rate significantly affected the particle size. Figure 2.10a indicates
that the total yield at a CO, flow rate of 20 L/min was lower than that at 10 L/min
because the precipitates were easily entrained by CO, at the higher flow rate.
Figure 2.10b reveals that the DHCA concentration decreased as the flow rate of CO,
and the feeding concentration increased. Figure 2.10c indicates that the recovery of
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Fig. 2.10 Response surface curve effect of CO, flow rate and feeding concentration on SC-CO,
antisolvent micronization of DHCA (a) total yield, (b) DHCA concentration, (c) recovery of
DHCA, and (d) mean particle size (F-testing: R(a)2:0.9851, S.D.(a): 1.48; R(h)Z:O.9517,
S.D., =1.81; R(C)2=0.953O, S.D. =597, R<d)2=0.9929, S.D.;,=0.29) (Reprinted from Ref. [35].
With kind permission of © Elsevier)

DHCA decreased as the flow rate of CO, increased and increased as the feeding
concentration increased. These results show that increasing the flow rate of CO,
caused DHCA to be removed in the CO, gas from the propolis solution. Figure 2.10d
indicates that a higher flow rate of CO, and a lower feeding concentration yielded a
narrower range of mean particle sizes of precipitates. Large particles were formed
at feeding concentrations from 18 to 27 mg/mL. Figure 2.11 presents triplicate
analyses of particle size distributions of precipitates obtained at 200 bar and 328 K.
A narrow PSD was obtained at high CO2 flow rate, 20 L/min, and a low feeding
concentration, 9 mg/mL. The reason may be that a high CO, flow rate is associated
with rapid expansion of the feed solution and high supersaturation for the nucleation
of small particles. For a given degree of expansion, reducing the feeding concentra-
tion promotes the supersaturation of the solute and thus promotes the easy forma-
tion of a narrow particles size distribution. In contrast, increasing the feeding
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Fig. 2.11 Particle size distribution of precipitates in SC-CO, antisolvent micronization at 200 bar
and 328 K. (a) Qco 10 L/min; C_: 9 mg/mL, (b) Qco 15 L/mm C.:9 mg/mL, (¢) QCO :20L/
min; C: 9 mg/mL, (d) Qco 10 L/mm C. 27 mg/mL (e) QCO 15 L/min; C,: 27 mg/mL ®
Qco, 20 L/min; C: 27 mg}mL (Reprinted from Ref. [35]. With kmd permission of © Elsevier)

concentration causes the agglomeration of precipitates such that the particles
become large. Figure 2.12 displays a few microphotographs of propolis precipitates,
obtained using an FE-SEM. Particles with a mean diameter of less than 2 pm were
formed at a CO, flow rate of 20 L/min and a feeding concentration of 9 mg/mL, as
presented in Fig. 2.10c.
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Fig. 2.12 FE-SEM images of particles in SC-CO, antisolvent micronization at 200 bar and 328 K.
(a) QCO 10 L/min; C,: 9 mg/mL, (b) QCO 15 L/min; C.: 9 mg/mL, (c) Qco : 20 L/min; C:
9mg/mL (d) QCO 10 L/min; C,: 27 mg/mL, () QCO 15 L/min; C,: 27 mg/mL, ® QCOZ :
20 L/min; C: 27 mg/rnL (Reprlnted from Ref. [35]. With *kind perrnission of © Elsevier)
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2.5 Biological Activity of Propolis Samples Produced by
Supercritical Fluid Procedure

2.5.1 Cytotoxic Assay of Human Cells

2.5.1.1 Supercritical Carbon Dioxide (SC-COZ) Extracts

Human leukemia cells (HL-60, CCL-240) were cultivated in an RPMI-1640 culture
medium (Gibco BRL, USA) to which was added 5% fetal calf serum (FCS). Human
colon cancer cells (colo-205, CCL-222) and skin normal cells (WS1, CRL-1502)
were also cultivated in the RPMI-1640 medium to which was added 10% FCS.
Human hepatoma cells (Huh7) and mouse liver normal cells (BNL, TIB-73) were
cultivated in the Dulbecco’s modified eagle medium (DMEM) to which 10% FCS
was added. Moreover, the cultured media were supplemented with 100 units/mL
penicillin, 100 pg/mL streptomycin, and 2 mM L-glutamine (Gibco BRL, USA),
and all of the cells were incubated in a humidified incubator with 5% CO, at 310 K.
Before treatment, cells were collected, resuspended, and stained with an equal vol-
ume of 0.4% trypan blue solution (Sigma, USA). The cells were counted using a
hemocytometer (0.0025 mm?, Marienfeld, Germany) under a phase-contrast-
inverted microscope (Axiovert 25, Zeiss, Germany).

5% 10° cells were individually seeded in each well of a 96-well dish and dosed
with the SC-CO, extracts and purified DHCA, while 95% ethanol was dosed and
used as a negative control. Following 48 h of incubation, 20 uL of yellow 3-(4,5-dim-
ethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent (Sigma, USA)
was added into each well to react with the mitochondrial dehydrogenase enzyme of
living cells for 3 h at 310 K. A solution of sodium dodecyl sulfate in 0.01-M HCl
was then added to dissolve the insoluble purple formazan crystals, and the color of
each well was measured at 570 nm using an enzyme-linked immunosorbent assay
(ELISA) reader (Anthos 2001, Austria). The cell viability was quantified by the ratio
of optical density at a wavelength of 570 nm (ODy,) of the dosed sample to that of
the control sample. The half maximal effective concentration (EC,) values of cyto-
toxic assay for each treated sample were regressed by a linear calibration curve
(R*=0.99). All data are presented as means obtained from triplicate experiments.

Table 2.9 presents the cell viability and EC, values of the suppression of the
proliferation of three cancer cells treated with the 95% EtOH control and seven
samples of 95 wt% DHCA, 80 wt% DHCA, three SC-CO, extracts, one Soxhlet
ethyl acetate extract, and one beeswax (white powder). After 48 h of treatment, the
inhibition of the growth of cancer cells depends on the concentration of these sam-
ples. Both EC, values of SC-CO, and SC-CO,+EA samples were inferior to those
of 80 wt% and 95 wt% DHCA samples, suggesting that the purity of DHCA is very
important in suppressing the growth of Huh7, colo-205, and HL-60 cancer cells.
Furthermore, three statistical correlation coefficients between the DHCA purity and
the EC, values of colo-205 cells were almost close to unity (Table 2.9). The inhibi-
tion of the growth of leukemia and colon cancer cells was superior to that of liver
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Table 2.9 EC, values of growth inhibition of human cancer cells treated with DHCA at seven
levels of purity for 48 h (Reprinted from Ref. [14]. With kind permission of © Elsevier)

Samples Plrca (Wt%) HL-60 Colo-205(pg/mL) Huh7

Beeswax 0 1,565 1,672 2,717

Soxhlet-EA 16.9 708 922 1,189

SC-CO,+2% n-hexane 355 376 567 525

SC-CO,+6% EA 41.2 382 763 568

SC-CO, 45.3 731 557 532

80 wt% DHCA 80.3 136 176 411

95 wt% DHCA 95.4 56 79 274
P=0.8337 P=0.9138 P=0.7591
S$=0.7500 S$=0.9643 S$=0.8929
K=0.6190 K=0.9048 K=0.8095

Dose concentration of 95% EtOH control =7,800 pg/mL
P, e, purity of DHCA, HL-60 leukemia cells, Colo-205 colon cancer cells, Huh7 hepatoma cells,
P Pearson coefficient, S Spearman coefficient, K Kendall’s tau-b coefficient

Fig. 2.13 Viability of normal 200
BNL cells treated with five

samples containing various

DHCA purities for 48 h

(+, 95-wt% DHCA; e, 160 1=
SC-CO, extract; A,
SC-CO,+6-wt% EA extract;
*, SC-CO, +2-wt% n-hexane
extract; 4, Beeswax)
(Reprinted from Ref. [14].
With kind permission of

© Elsevier)
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cancer cells, and the apoptosis mechanism was possible. The EC, values of HL-60
and colo-205 cancer cells upon treatment with the purest 95 wt% DHCA were 56
and 79 pg/mL, respectively. Two normal cells were also treated with pure DHCA.
Figures 2.13 and 2.14 show the viability of BNL cells and WS1 cells, respectively.
They indicate that the cell viabilities were higher than 100%. Restated, DHCA did
not suppress the growth of these two normal cells, although it did suppress the
growth of BNL when at high concentration. Consequently, DHCA was harmless to
normal cells herein.
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Fig. 2.14 Viability of normal 200
WS cells treated with five
samples containing various
DHCA purities for 48 h (+,
95-wt% DHCA; e, SC-CO,
extract; A, SC-CO,+6-wt% | %

160 —

EA extract; *,
SC-CO,+2-wt% n-hexane
extract; 9, Beeswax)
(Reprinted from Ref. [14].
With kind permission of
© Elsevier)
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2.5.1.2 Supercritical Carbon Dioxide (SC-CO,) Precipitates

Cell viability was evaluated using the method of Mossman and Churg with minor
modifications [68]. Five thousand cells per well of human colon (colo-205) and
breast (MDA-MB-231) cancer cell lines and normal keratinocytes (HaCaT) were
grown in 0.1 mL RPMI 1640 and DMEM medium, respectively, in the wells of
96-well dish that contained 10% fetal bovine serum (FBS) by heat deactivation
(329 K for 30 min) and 1% glutamine, followed by incubation at 310 K in 5% CO,
for 24 h. Cells were then treated with 25- to 250-pg/mL samples for 24 h. After the
medium had been drawn out and the cells are washed with phosphate-buffered
saline, then the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reagent (1 mg/mL, 100 pL) was added to them. They were then incubated at
310 K with 5% CO, for 2.5 h. Finally, the dimethyl sulfoxide (DMSO) solvent was
added to the cells, and their viability was determined at 550-nm absorption in a test
with control using an ELISA reader. The EC, values of the cytotoxic assay for each
treated sample were regressed to obtain a linear calibration curve (R*=0.99). All
data are presented as averages from triplicate experiments.

Table 2.10 presents the EC, values of colo-205, MDA-MB-231 cancer cells for
24, 48, and 72 h of treatment with Soxhlet ethyl acetate extracts and SC-CO, pre-
cipitates. The table indicates that Soxhlet ethyl acetate extracts and SC-CO, precipi-
tates inhibited the growth of both cancer cells. The EC, values of cancer cells that
were treated with SC-CO, precipitates were lower than those of Soxhlet extracts at
24, 48, and 72 h of incubation. These data indicate that the inhibitive effect of
SC-CO, precipitates on colon and breast cancer cells exceeded that of Soxhlet

extracts. A lower DHCA concentration results in a lower EC,, suggesting that the
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Table 2.10 EC, values for inhibition of growth of cancer cells by treatment with Soxhlet extracts
and SC-CO, precipitate for 24-72 h (Reprinted from Ref. [35]. With kind permission of © Elsevier)

Colo-205 (ug/mL) MDA-MB-231 (ug/mL)
Sample Woica (%) 24h 48 h 72h 24h 48 h 72h
RSM #1 352 268 284 281 494 301 259
RSM #2 29.2 300 293 318 630 330 294
RSM #3 22.1 372 317 342 689 348 394
Soxhlet 21.9 388 327 362 799 350 418

W, ,ics purity of DHCA in precipitate, Colo-205 human colon cancer cell lines, MDA-MB-231

D.
human breast cancer cell lines

concentration of DHCA may be important to affect the inhibition of growth of cancer
cells. Figure 2.15 presents a cytotoxic test of normal keratocytes (HaCaT) that were
treated with Soxhlet ethyl acetate extracts and SC-CO, precipitates. The figure
indicates that treatment with samples with a concentration less than 200 pg/mL
did not inhibit the growth of normal keratocytes. This finding indicates that a high
dose of these propolis precipitates is cytotoxic to normal keratocytes. Ozkul et al.
[69] also demonstrated the anticarcinogenic effect of propolis on a culture of human
lymphocytes, while a high concentration of propolis was carcinogenic.

2.5.2 Antioxidative Ability Tests

2.5.2.1 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Free Radical

7.9 mg of DPPH powder was dissolved in the 100-mL methanol to form a 200-uM
purple-blue stock solution, 2 mL of the stock solution mixed with 2 mL of the prop-
olis extract in a quartz tube reacted for 30 min, and the absorption of this solution
measured at 517 nm by a UV-vis spectrum (Hitachi, UV-3000, Japan) to obtain the
DPPH concentration. The DPPH scavenging ratio (SR) for five concentrations of
the propolis extract was calculated to determine an effective concentration of the
extract (i.e., EC_ value), which 50% of DPPH free radicals in the solution were
being suppressed, that is, 50% of the SR value. The SR value is defined by
[(AB-ABs)/AB]x 100%, where AB is the absorption without the propolis extract
and ABs is the absorption with the extract.

In screening antioxidative ability of the propolis extracts, solutions of 125-,
62.5-,31.3-, 15.6-, and 7.8-mg/L concentrations of seven propolis extracts in meth-
anol, ferulic acid, cinnamic acid, caffeic acid, and p-coumaric acid were individu-
ally prepared and used in scavenging DPPH free radicals. Table 2.11 lists the EC,;
value of these propolis extracts in scavenging 50% DPPH free radicals. Although
the propolis extracts containing DHCA are not so effective in scavenging DPPH
radicals compared with those references, propolis might still be one of antioxidative
candidates.
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Fig. 2.15 Cell viability of
keratocytes HaCaT cells
treated with SC-CO,
precipitates for 24-72 h
(R*>0.99) (A,RSM #1, V¥,
RSM #2; 0,RSM #3; e,
Soxhlet) (Reprinted from
Ref. [35]. With kind
permission of © Elsevier)
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Table 2.11 Scavenging DPPH free radicals by the propolis extracts and phenolic acids (Reprinted
from Ref. [18]. With kind permission of © Elsevier)

Sample DPPH-absorption equation R EC,;* (mg/L)
DHCA Y=0.2886x+35.796 0.9957 49.2
Soxhlet Y=0.6544x+24.434 0.9904 39.1
HPE Y=0.7714x+22.899 0.9989 35.1
Sonic Y=0.6010x+25.139 0.9973 41.4
SCF1 Y=0.1818x+39.765 0.9972 56.3
SCF2 Y=0.2119x+38.611 0.9989 53.5
SCF Y=0.1101x+43.127 0.9965 62.4
Ferulic acid Y=3.5588x+31.616 0.9910 52
Cinnamic acid Y=0.0018x+0.5515 0.9913 >2,000
Caffeic acid Y=24.131x+7.1941 0.9906 1.8
p-Coumaric acid Y=0.0104x+7.6095 0.9963 >2,000

DHCA, 95-wt% DHCA; Soxhlet, 16-h Soxhlet-EA; HPE, 2.5-h, 368-K hot-pressurized EA; Sonic,
2.5-h, 348-K ultrasonic EA; SCF1, 323-K, 207-bar, 6-wt% EA+475-L CO,; SCF2, 333-K, 207-
bar, 6-wt% EA +475-L CO,; SCF, 323-K, 207-bar, 475-L CO,

“EC,,: concentration suppressing 50% DPPH free radicals

2.5.2.2 Low-Density Lipid Protein

The human serum containing sodium chloride was obtained by centrifuge at 283 K
for 10 min. Samples containing human low-density lipid (LDL) serum dissolved in
desalt buffer solutions comprising the propolis extracts were prepared. Each sample
mixed with Cu?* aqueous solution was reacted for 24 h at 310 K and cooled for 1 h
to stop the oxidation. The cold sample was mixed with the tris-acetate-EDTA buffer
solution containing 1 wt% agarose gel. After electrophoresis by charging a 100 V,
the treated sample was dried and dyed by the Sudan Black B. Figure 2.16a showed
that the purified DHCA at 350 mg/L was effective to inhibit one half of the LDL
oxidation. Figure 2.16b elucidated that the ability of anti-LDL oxidation is corre-
spondent to the DHCA purity in the SC-CO, extracts.

2.6 Column Partition Fractionation of y-Oryzanols

2.6.1 Isolation and Identification of Two y-Oryzanols

A semipreparative HPLC system with C18 column (YMC, 250- x 10-mm 1.D.) con-
nected to a UV detector (785A, Perkin-Elmer) via a high-pressure pump (410,
Perkin-Elmer) was used. The 1.5-mL (500 ppm) 95% mixed standard of y-oryzanols
(Wako, Japan) dissolved in methanol was injected into a 5-mL loop, and this sample
was partitioned using a mixed solvent of acetonitrile, dichloromethane, and acetic
acid (90:6:4) at a flow rate of 5 mL/min as mobile phase. The eluates were detected
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Fig. 2.16 Anti

SCF1:41.2-wt% DHCA; SCF2: 40.8-wt% DHCA; SCF: 45.3-wt% DHCA ; REM: relative electron

mobile length; A: Control; B: Cu*; C: 25% EtOH; D: 95% EtOH; E: 500 mg/L; F: 400 mg/L; G:

300 mg/L; H: 200 mg/L; I: 100 mg/L) (Reprinted from Ref. [18]. With kind permission of

© Elsevier)

at a wavelength of 330 nm, and four isolated compounds were collected based on their
retention time. Figure 2.17 presents the HPLC spectra of four isolated y-oryzanols.

The isolated 24-methylenecycloartanyl ferulate and campesteryl ferulate were

obtained at the 10-

mg level. Their chemical structures were identified using a 400-

Hz '"H NMR spectrophotometer.

The 98.5% pure second-largest 24-methylenecycloartanyl ferulate and the 98%
pure third-largest campesteryl ferulate were obtained using semipreparative HPLC.

'H NMR chemical shifts of 24-methylenecycloartanyl
ferulate and campesteryl ferulate, respectively. The chemical shift patterns are iden-

tified with those described by Yasukawa et al. [44].

c present the

Figure 2.18b,
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Fig. 2.17 HPLC spectra of isolated oryzanols (a, mixed y-oryzanols; /, cycloartenyl ferulate; 2,
24-methylenecycloartanyl ferulate; 3, campesteryl ferulate; 4, sitosteryl ferulate; b, the purest
98.5% 24-methylenecycloartanyl ferulate; ¢, the purest 98% campesteryl ferulate)

2.6.2 Quantification of y-Oryzanols, Free Fatty Acids,
and Triglycerides

HPLC quantifications of four y-oryzanols (cycloartenyl ferulate, 24-methylenecy-
cloartanyl ferulate, campesteryl ferulate, and sitosteryl ferulate) and three free fatty
acids (oleic acid, linoleic acid, and linolenic acid) were performed using a reverse-
phase analytical column (5 pm, 250-x4.6-mm I.D., YMC RP-18, Japan). The col-
umn temperature was maintained at 313 K, and the UV absorption was detected at
the wavelength of 330 nm and 210 nm for y-oryzanols and FFAs, respectively. One
mobile phase of the mixed solvent of 90% acetonitrile, 6% dichloromethane, and
4% acetic acid was utilized for the y-oryzanol analysis. The other mobile phase of
the mixed solvent of 85% acetonitrile, 5% methanol, and 10% deionized water with
1% acetic acid was used to analyze the FFAs. Gas chromatography (GC) quantifica-
tion of seven fatty acid methyl ester (FAMESs) representing total triglycerides (TGs)
was performed using a nonpolar capillary column (DB-5, J&W, USA). The column
temperature was set to 443 K initially and programmed to 503 K within 20 min.
The injection volume was 1 puL with 3.4:1 of split ratio, and the temperature of
flame ionization detector was set to 553 K.



100 C.-R. Chen et al.
a
3.94 091
| o Lol 097
AT wS
HO
1.69
760 | Y4600 630 037
7.08 0
ﬂ L“ I 585 511 471
10 9 8 7 6 5 4 3 2 1 0 ppm
3.94 0.98
| o)
[¢] -1
o]
HO
6.92 6.30 585
760 |94 4 o 224
|k I
L P
8 7 6 5 4 3 2 1 0 ppm
Cc
'
| 0
o
HO
3.92 085
05
0.69
7‘0é91 S84 540 239
7.607.07 O 6.28 )
e AL i l .L__,u 241
SR TR v E e r——
10 9 8 7 6 5 4 3 2 1 ppm

Fig. 2.18 Four-hundred-megahertz '"H NMR spectra of (a) purest 99% cycloartenyl ferulate, (b)
purest 98.5% 24-methylenecycloartanyl ferulate, and (c) purest 98% campesteryl ferulate
(Reprinted from Ref. [57]. With kind permission of © Elsevier)
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2.6.3 Soxhlet Solvent Extractions

In Soxhlet extractions, 15-g sample of rice bran powder was individually loaded
into a 250-mL reflux Soxhlet extractor and extracted using 300-mL solvent for 4 h.
All of the extracts were collected and weighed. The total amount of extract, the
extraction efficiencies, and the concentration factors of y-oryzanols, free fatty acids,
and triglycerides were then calculated by Egs. 2.6, 2.7, and 2.8:

_ Weight of the extracted oil

TY = — . ‘
Weight of feeding material

%100 (%), total yield. (2.6)

Weight of i component in the extracted oil

l. x100(%),

B Weight of i component in Soxhlet extracted oil
Oryzanols

i= FFAs },extraction efficiency. 2.7

TGs

B = Extraction efficiency of i component

Total yield

Oryzanols
i= FFAs },concentration factor. (2.8)
TGs

Table 2.12 presents the total yield (TY) of the extract, the extracted amounts
(Wory, Wi and W.o) the extraction efficiencies (Rory, Rpy and R, and the con-
centration factors (Bory, Beea» and B.) of y-oryzanols, free fatty acid, and triglycer-
ides obtained by Soxhlet solvent extractions. The maximal concentrations of
y-oryzanols, free fatty acids, and triglycerides in the Soxhlet n-hexane extracted oil
were 15.2,95.0, and 800 mg/g of rice bran oil, respectively. Amounts of y-oryzanols,
free fatty acids, and triglycerides in rice bran reached to 3.03, 19.0, and 160 mg/g of
rice bran, respectively, after 4 h of 300-mL n-hexane extraction of 15-g rice bran
powder. These data were regarded as representing 100% recovery of y-oryzanols,
free fatty acids, and triglycerides.

2.6.4 Purification of Rice Bran Oil Using Column Partition

In this study, a total 15 g of SC-CO,-extracted oil was obtained and diluted with
n-hexane in a batch. The diluted solution was then loaded into a medium-pressure
column (440-mm Lx37-mm I.D.) that was packed with silica gel 60 resin
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Fig. 2.19 Block diagram of Rice bran powder
solid-liquid column partition
fractionation of rice bran oil \l/

(Reprinted from Ref. [54]. .
With kind permission of SC-CO, extraction
© Elsevier) at 350 bar, 313 K

or
Soxhlet n-hexane
extraction at 342 K

Concentrate the extracted oil
using rotary vacuum evaporator

Dilute with n-hexane; then elute with n-hexane +
ethyl acetate mixture (100:0; 98:2; 95:5; 90:10;
0:100) in a silica gel 60 packed column

\%

Collect y-oryzanols fraction
by 90:10 of n-hexane + ethyl acetate

(LiChroprep-Si-60, 40-63 pum, Merck, Germany). The diluted solution of SC-CO,-
extracted oil was pumped into the medium-pressure column through an intelligent
pump (PU-1580, Jasco, Japan). Based on the difference between polarities, solutes
were retained and partitioned in the normal-phase resin. One-step elution chroma-
tography was employed to fractionate the y-oryzanols with an affinity for fat from
other species in the oil. The eluting solvent consists of n-hexane (H) and ethyl ace-
tate (EA). It was used to partition continuously the compounds and slowly elute
them out, finally yielding the fraction collectors (Fig. 2.19). In these stepwise elu-
tion processes, most triglycerides and free fatty acids were initially washed out by
the eluent, but the y-oryzanols were retained and eluted finally. The flow rate of
feeding, elution, and washing was held constant at 2 mL/min. Five eluting solvent
mixtures of n-hexane with ethyl acetate in volume ratios of 100:0, 98:2, 95:5, 90:10,
and 0:100 were used in this fractionation study. After the solvent had been dried out,
each fraction was concentrated and analyzed.

A medium-pressure normal-phase column partition fractionation was adopted
herein to purify y-oryzanols from the Soxhlet and SC-CO -extracted oil. Table 2.13
presents the amount of y-oryzanols, triglycerides, free fatty acids, and total fatty
acids in each fraction. After the sixth fraction of n-hexane, extracted oil (datum # F6
in Table 2.13) was eluted using the 90:10 solution of n-hexane and ethyl acetate;
37.0 wt% of y-oryzanols was obtained. The fifth fraction that contained 18.9 wt% of
y-oryzanols of the SC-CO,-extracted oil was obtained using the same mobile phase.
The concentration of free fatty acids in the n-hexane-extracted oil from rice bran
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Table 2.13 Experimental data on column partition fractionation of rice bran oil (Reprinted from
Ref. [54]. With kind permission of © Elsevier)

Sample Eluent W, (@ Ory (%) TG (%) FFA (%) FA (%)  Others (%)

Soxhlet n-hexane-extracted oil

Feed F 20.2 2.1 53.9 40.0 93.9 4.0
F1 100:0 0.91 0 429 0 429 57.1
F2 200:1 6.61 0 61.5 30.5 92.0 8.0
F3 98:2 2.94 0 43.6 52.3 95.9 4.1
F4 95:5 2.19 0.6 30.8 64.3 95.1 4.3
F5 90:10 0.72 4.4 28.9 65.0 93.9 1.7
F6 90:10 0.92 37.0 22.5 32.5 55.0 8.0
F7 0:100 1.90 0.2 63.0 25.1 88.1 11.7
SC-CO,-extracted oil

Feed J 14.7 1.3 83.6 12.0 95.6 3.1
J1 100:0 8.99 0 96.9 0 96.9 3.1
2 98:2 0.30 0 93.4 0 93.4 6.6
J3 95:5 1.63 0.3 71.2 23.2 94.4 5.3
J4 90:10 0.55 0.6 45.6 514 97.0 2.4
J5 90:10 0.84 18.9 48.1 23.6 71.7 9.4
J6 0:100 1.41 0.6 81.4 11.6 93.0 6.4

Eluent n-hexane +ethyl acetate, Ory percentage of oryzanols=(W, /W _,)x100%, TG percentage
/W _)x100%, FA

of triglycerides=(W,/W_)x100%, FFA percentage of free fatty acids=(W .,
percentage of fatty acids=(W_ /W_)x100%, Others percentage of waxes, glycolipids, and phos-
pholipids=(W, - W, —W_)/W_x100%, W weight of the extracted, W, weight of oryzanols,

oil

W__ weight of triglycerides, W__ weight of free fatty acids, W_ weight of fatty

7.'G FFA FA
acids=W_ . +W_.

powder with 40% FFA was higher than that in the SC-CO,-extracted oil from the
powder with 10% FFA, so the purity of y-oryzanols was lower. In these column
partition fractionations, most triglycerides and free fatty acids had been removed by
the preceding solvent elutions of large fractions of n-hexane. However, the remain-
ing elutions retained a few free fatty acids in the purified y-oryzanol fraction, as
revealed by data # F6 and # J5 in Table 2.13.

2.7 Supercritical Carbon Dioxide (SC-CO,) Extraction
and Deacidification of Rice Bran Qil

2.7.1 Experimentally Designed Supercritical Carbon Dioxide
(SC-CO,) Extraction

Figure 2.20 displays a schematic flow diagram of SC-CO, extraction. 35-g pow-
dered rice bran was packed inside a 250-mL stainless steel tubular extractor with an
internal diameter of 2.5 cm and a height of 54 cm. A specified amount of glass wool
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Fig. 2.20 Schematic flow diagram of SC-CO, extraction of rice bran oil (Reprinted from Ref.
[55]. With kind permission of Wiley-VCH Verlag GmbH & Co)

was packed into the two ends of the extractor to prevent the rice bran powder
escaping from the extractor. Liquid CO, from a cylinder (1) into which was inserted
a siphon tube passed through a cooling bath (3) at 277 K was compressed to the
desired working pressure using a syringe pump (100DX, ISCO, USA) (5) and was
heated to supercritical conditions using a double-pipe heat exchanger (8) and a
reboiler (10-2). This carbon dioxide, maintained at a flow rate of 5 L/min (STP),
flowed into the extractor (10-1), came into contact with the rice bran powder, and
was used to extract the oil. A heating element equipped with a PID temperature
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controller (4) was thermostatically maintained at a constant temperature; two
back-pressure regulators (12—1, 12-2) located at the outlet were manually adjusted
to maintain constant extraction pressure. Following the extraction, the oil-laden CO,
was driven into a 130-mL separator (14) by a drop in pressure and expanded through
a spiral-type nozzle at 50 bar and 303 K. The amount of low-pressure CO, was
measured using a wet gas meter (W-NK-Da-1B, Shinagawa, Japan) (15) and thus
returned to the ambient conditions. At the end of each experiment, the extracted
solution was collected, and the solvent was evaporated using a vacuum rotary evap-
orator. The residue was weighed and stored in 273 K before use. The total yield, the
extraction efficiency, and the concentration factor of y-oryzanols, free fatty acids,
and triglycerides in the extracts were then calculated.

Table 2.14 presents experimental data on the RSM-designed SC-CO, extractions
of rice bran oil at temperatures from 313 to 333 K and pressures from 250 to 350 bar.
The effects of these two factors on the extraction efficiencies and the concentration
factors seem to be of the same order of magnitude. Figure 2.21a—c show that the
total oil yield, extraction efficiency of y-oryzanols (Rmy), and triglycerides (R )
reached to maxim value as 19.6%, 94.4%, and 94.5%, respectively, at 350 bar and
333 K (datum#9 in Table 2.14) and increased dramatically with pressure. However,
the effect of temperature was not significant. Figure 2.21d shows that the extraction
efficiency of free fatty acids is reduced as the pressure increased. The low concen-
tration of free fatty acids at high-pressure extraction may be explained by the high
yield of other components in the extracted oil. Figure 2.22 plots the concentration
factors of y-oryzanols and triglycerides (Bmy and B_,) from where it is evident that
concentration factors (Bmy and B,) are increased with the increasing pressure
(Fig. 2.22a, b), but the concentration factor of free fatty acids (..,) decreased as
shown in Fig. 2.22c.

FFA

2.7.2 Pilot-Scale Supercritical Carbon Dioxide
(SC-CO,) Extraction

Figure 2.23 displays a schematic flow diagram of pilot-scale SC-CO, extraction of
rice bran oil from powdered rice bran. A mass of rice bran powder varying from 0.6
to 1 kg was individually packed inside a 5-L stainless steel tubular extractor. Liquid
CO, from a cylinder (1) was passed through a chiller (3) at 277 K and was com-
pressed to the desired working pressure using a high-pressure pump (2) and heated
to supercritical conditions using a preheater (6—1). This carbon dioxide flowed into
the extractor (7), came into contact with the rice bran powder, and was used to
extract the oil. A heating circulator (9—1) was maintained at a constant temperature;
a metering valve (12-5) located at the outlet was manually adjusted to maintain
constant extraction pressure. A drop in the pressure drove the oil-laden CO, into a
1-L separator (8) at 50 bar and 308 K following the extraction. The amount of low-
pressure CO, was measured using a wet gas meter (10) and thus returned to the



107

2 Green Fluids Extraction and Purification of Bioactive Compounds...

‘sprdrjoydsoyd
pue ‘spidijoo&[3 ‘saxem Jo 1yS1om 54210 ‘A 1/ = SOpLLOAISLY Jo J010E) UONENUDU0D Vg ‘X I,y = Sp1oe Ay a1 Jo J01oe) uonENUU0d g X 1/ Oy =s[ourzAI0
J0 1019e] UONENUAU0d “g ‘9001 X (T, M/t L) = KOUSTOLJO HONORIXD SAPLINAAISIN P4y ‘9001 X (TS VM, M/ M) = Kousroyge uonoenxs sproe Aney 9a1y My

SR INNTG) £10 L0

%001 X ( + MY O M) = KoUs1oye uonornxa [ouezAio “Cy ‘soprook[Sin jo protk My M ‘sopueokiSin Jo 1ySom Py ‘sproe Aney 901y Jo pok L,y ‘sproe Aney
o011 Jo 1yStam ¥ 4 ‘sjourzAIo Jo PRIk “Cu M ‘sfouezAIo Jo 1yStem “O4 ‘ueiq oot Jo WSM At ‘95001 X (AL AL) = PIRIA 10 [€10) L] PAIORIXD o) JO JyStom "y
o€l T8V 96 161 1LL 60°S 001 06l 896 O6LYV 1'v6 ¢8'cC Syl 96l 9L89 g€ 0S¢
6C1 T8Y €16 161 ILL O1'S 866 06l 0'L6 V8V L'v6 L8C Lyl 96l P89  ¢Le 0S¢ (V)6
1€l 6L £06 124! L9L €TS 986 L'81 7’66 OLYV S'88 89C ol 881 659  €C¢ 0S¢
1€l 6LV 706 Syl 9L vT'S 6'86 881 L'66 €97 L8 S9C (a4 6'81 C°099  €C¢E 0S¢ D8
Sl S8v £'88 vl 9LL LO'S ¥'C6 9'LI §96 TSV '8 0sC Lel 81 €LE9 €l 0S¢
vcl S8v £68 (34! LLL O1'S 8°¢6 8'LI 0'L6 ovY g8 0§¢C 9¢l '8l Lev'9 €€ 0S¢ (V)L
¢8 LOS L'S6 €C1 CI8 0¢'S 001 06l 101 I8V 806 GLT 9l 6’81 €099 €€ 00¢
68 LOS 0°S6 Sl 118 T¢'S L66 06l 101 SLv 0'68 0LC ay! L8  LSS9 €€ 00€ D9
SL TI'S 0°¢6 94! 618 'S 886 881 €01 v6'v L'68 cLe 0°SI T8I 8SE9 €L 00¢
SL TI'S £C6 34! 618 9¥'¢ ¥'86 L'81 Y01 06'% 788 89C 671 081 CIg9  €re 00¢ (@)l
9 o6l's 16 14! 0€8 ¥S°S S'L6 81 S01 90°S 0'68 0Le (Y 9Ll 919 €l 00¢
19 o6l'S I'le 14! 1€8 9¢°¢ 9'L6 981 901 10°S 6'L8 99C 49! SLT  8€I'9 ¢l 00¢ Dy
vy TCS 08 8CI ¢e8 0€9 896 7'81 0cl 8¢l 1'1C 90 LTV PGl 8LE'S  geE 0S¢C
v TCS 8'6L 8CI 6e8 1€9 $'96 €81 0cl Ce'l 0T 190 10 €6l 08E°S  €ge 0s¢C (V)¢
8y 1TS 8'¢8 el €8 819 £'66 681 LIT 1¥'1 L'TC 69°0 LTY 191 9796 ¢tC¢e 0S¢
8y 1TS 6'C8 eel €8 619 ¥'86 L'81 811 8¢l 6'1¢C 99°0 LTy 6'Sl  896'C  €C¢ 0S¢ (€174
9¢ 9I's €8 cel 9¢8 19 166 881 811 8%l 9°¢C Lo 6v'y 6'Gl  T8S'S €l 0S¢
9¢ 9I'¢S 878 el §c8 TT9 866 06l 81T ¥l L'TT 690 6Tt 191 8196 ¢€I¢ 0S¢ (W1
"3Bw) ' (%)% M3Aw) ("3Bw) MY () (MBAw) (SAw) O () (MBAw) ("SFw) ()AL B)"M GDL (va)d #NSH
mHOﬂuo OH*B OFB <n~n~*\§ <mn~\§ >k0*3 ‘QOB
(0D % HQUD

SeroA HOA-AS1IM Jo uotsstuwaad pury ynpp *[66] 7oy woy parundoy) ASojopoyiow aoegns asuodsar Sursn poauSisap [10 URIQ 90LI JO SUONORIXS ‘0D-DS HI°C AIqBL



108 C.-R. Chen et al.

b
a
19.7 S
= >
< 18.7 4 5
176|455 S
S 16.6 | SRLSRALHKHKL S
O 108 | i sesssssss g
= 155 LR HKIHLE5ALERS
S 010y 2052052020523 .8
00,0024 620,205% &=
= 2050552052032 3%
s 0252052 5% s
: s £
333 g
328 e 350 O 350
323 300
Temperature 345 375 pressure Temperature
(K) 3137250 (K) Pressure

(bar) (bar)

(¢}
(o}

S = 511.8

O 3 < 1.3

= OIS

E i =

: 2999 S :

g 8l 5SS ° a7

g I"I"I"l )

= 020 %0, 8

I s :

= 475 s

8 % g

g 333 S 333

o 328 350 & 308 350

323 323
Temperature 318 . 318
poss p 5 275 Pressure Temperature 313250 275 Ppressure
(bar) (K) (bar)

Fig. 2.21 Effects of pressure and temperature on SC-CO, extractions of rice bran oil (a) total oil
yield, (b) extraction efficiency of oryzanols, (¢) extraction efficiency of triglycerides, and (d)
extraction efficiency of free fatty acids (F-testing: R *=0.9808, S.D. =0.34; R, 2=0.9996,
S.D., =112; R *=09731, S.D. =148; R *=0.9163, S.D. =0.98) (Reprinted from Ref. [55].
With kind permission of Wiley-VCH Verlag GmbH & Co)

ambient conditions. At the end of each experiment, the extracted oil was collected
through a metering valve (13-3).

Table 2.15 presents experimental data on the SC-CO, extraction of rice bran oil
from 0.6 to 1.03 kg of powder. The total oil yield exceeded 15% upon extraction at
300 bar and 313 K using a constant solvent-to-feed ratio of 20. The concentrations
of y-oryzanols, free fatty acids, and triglycerides remain unchanged. The oil
extracted in Exp. #4 was used for following SC-CO, deacidifications.
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Fig. 2.22 Effects of concentration factors on SC-CO, extractions of rice bran oil (a) concentration
factor of oryzanols, (b) concentration factor of free fatty acids, and (c¢) concentration factor of trig-
lycerides (F-testing: R(a)2 =0.9981, S.D.(a) =0.12; R(b)2 =0.9751, S.D.(b) =0.13; R(C)2 =0.9703,
S.D.,=0.05) (Reprinted from Ref. [55]. With kind permission of Wiley-VCH Verlag GmbH & Co)

2.7.3 Experimentally Designed Supercritical Carbon Dioxide
(8C-CO0,) Deacidification

Figure 2.24 presents a schematic flow diagram of the SC-CO, deacidification of rice
bran oil. Thirteen grams of the SC-CO, oil obtained by extraction at 300 bar and
313 K and the 0 type of packed materials were vertically loaded into the bottom of
the deacidified column (8) in succession. Liquid CO, from a cylinder (1) was passed
through a cooling bath (3) at 277 K, preheated by a hot plate (6) through an oil bath
(7), and was compressed using a syringe pump (4). This carbon dioxide, maintained
at a flow rate of 10 g/min, flowed into the deacidification column whose pressure
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1. CO, cylinder 2. Pump 3. Chiller 4-1~2. CO; cleaner

5. Mixer 6-1~2. Pre-heater 7. Extractor 8. Separator
9-1~2. Circulator 10. Wet gas meter 11-1~4. Gauge 12-1~6. Metering valve
13-1~3. Vent valve

Fig. 2.23 Schematic flow diagram of pilot-scale SC-CO, extraction of rice bran oil (Reprinted
from Ref. [57]. With kind permission of © Elsevier)

was maintained by a back-pressure regulator (9-1). A heating element, equipped
with a PID temperature controller (16), was thermostatically maintained at a con-
stant temperature. Following SC-CO, deacidification, a drop in pressure drove the
acid-laden CO, into a separator (12), and the gas was then expanded through a spi-
ral-type nozzle at 50 bar. The amount of low-pressure CO, was measured using a
wet gas meter (14) before the gas was returned to the ambient conditions. Following
this process, the deacidified oil was collected in a flask (13) by opening the metering
valve (11-3) after depressurization and was then ready for analysis and calculation.
In addition, the free fatty acid—enriched extracted oil was also gathered by opening
the metering valve (11-2).

Table 2.16 displays experimental data on the RSM-designed SC-CO, deacidifi-
cation. In these experiments, the amount of remaining triglycerides and the removal
efficiencies of free fatty acids are two major variables of interest. The free fatty acid
content, 0.13%, in the deacidified oil was obtained at 250 bar, 353 K, and 2,700 g of
CO, extraction. This experiment demonstrated that the retention efficiency of oil
and the removal efficiency of free fatty acids were 82.2 and 97.8%, respectively.
The product of these two responses reached 80.4, which is the highest value among
all 15 RSM experiments. Further examination of these data revealed that the con-
centration factors of y-oryzanols and triglycerides increased, but the concentration
factors of free fatty acids decreased to zero (datum # 9), implying that active com-
pounds in the deacidified oil were concentrated and the free fatty acid content in the
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Fig. 2.24 Schematic flow diagram of SC-CO, deacidification of rice bran oil (Reprinted from Ref.
[57]. With kind permission of © Elsevier)
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Fig. 2.25 Three-dimensional responded experimental data on removal efficiency of free fatty
acids using SC-CO, deacidification (a) temperature: 363 K, (b) VVCO2 : 1,800 g, and (c) pressure:
250 bar, datum #10 in Table 2.16 (F-testing: R?=0.9788, S.D. = 3.30) (Reprinted from Ref. [57].
With kind permission of © Elsevier)

oil was substantially decreased. Figure 2.25 shows that effects of pressure and the
amount of consumed CO, are important to the removal efficiency of free fatty acids.
Figure 2.26 reveals that the effect of pressure is more significant than that of CO,
consumption. The effect of temperature is insignificant because the operative region
is close to the crossover pressure and the solubility of triglycerides in supercritical
carbon dioxide increases as the fluid density increases with pressure. Figure 2.27
plots the effects of the pressure and CO, consumption associated with a multiple
response of the retention of oil and the removal efficiency of free fatty acids. The
value of this response is optimal at 260 bar, 363 K, and with 2,160 g of CO,
consumed.
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# 8 in Table 2.16 (F-testing: R>=0.9798, S.D. = 2.44) (Reprinted from Ref. [57]. With kind permis-
sion of © Elsevier)

2.8 Conclusions

For SC-CO, extraction of the DHCA from Brazilian propolis, the addition of ethyl
acetate significantly affects the recovery and purity of DHCA. The purity of DHCA
extracted by SC-CO, extraction is superior to that obtained by Soxhlet ethyl acetate
extraction. Furthermore, SC-CO, extraction has been recognized as an environmen-
tally benign method to produce natural healthy materials. The purest DHCA could
be obtained by further purification of the SC-CO, extracts using a normal-phase
column adsorption chromatography without solvent pretreatment. Therefore, the
SC-CO, is a green solvent to avoid several organic solvent partitions in obtaining
the purest DHCA in the product. For SC-CO, antisolvent precipitation of Brazilian
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sure: 260 bar (F-testing: R>=0.9451, S.D. =4.04) (Reprinted from Ref. [57]. With kind permission
of © Elsevier)

propolis, solution was successfully performed herein to generate submicron particles
that contain a large amount of DHCA. This supergreen SC-CO, antisolvent process
demonstrated that the micronization of bioactive compounds from natural materials
is feasible, with great potential for the food and pharmaceutical industries.
Furthermore, the bioassay experiments established that the SC-CO, extracts and
precipitates effectively inhibit the growth of human leukemia, colon, and breast
cancer cells. The purity of DHCA was found to play an important role in anticancer
activities and anti-LDL oxidations.

The purest 24-methylenecycloartanyl ferulate and campesteryl ferulate were
successfully isolated from a mixture of y-oryzanols using preparative C18 high-
pressure liquid chromatography. The light-yellowish color, odor, and simple
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postremoving of paraffins from the SC-CO,-extracted oil are superior to that
obtained by Soxhlet n-hexane extraction. In addition, the three-factor center com-
posite-designed SC-CO, deacidifications of rice bran oil demonstrate that the con-
sumption of carbon dioxide and operative pressure significantly influence the
removal efficiency of free fatty acids and the retention efficiency of triglycerides.
SC-CO, extraction followed by deacidification has also been recognized as an envi-
ronmentally friendly method to produce edible oil. In summary, SC-CO, extraction,
SC-CO, antisolvent precipitation, and SC-CO, deacidification are alternative meth-
ods applied for producing bioactive products from natural materials.
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