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Efficient use of renewable feedstocks for produtf chemicals and
intermediates is necessary to reduce dependencepgbmleum. A large portion of
these chemicals could be produced using lipids fremewable feedstocks such as
vegetable oils, animal fats, and bacterial lipi#®r example, many lipid sources contain
unsaturated fatty acids, which can be oxidizedtmfa variety of products such as
diacids and epoxides. These chemicals are udedmalate herbicides, detergents,
plasticizers, lubricants, paints, and other uspfatiucts. One of the most common
unsaturated fatty acids is oleic acid, and it cammXidized with an ozone/oxygen mixture
to produce azelaic acid and pelargonic acid. Sine@zone/oxygen mixture is a gas and
oleic acid is a liquid under reaction conditiongs® transfer limitations exist. However,
a reduction of the mass-transfer limitations camadigeved if the reactants coexist in a
single phase. When supercritical carbon diox&fe-CQ) is used as the reaction
medium, it is possible for both oleic acid and dzene/oxygen mixture to both exist in

the same phase at the same time. Use of supeatdéirbon dioxide also provides the
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possibility of product fractionation, depending anpgbe solubility of the products in SC-
CO..

The overall goal of this research was to deternfinay advantages could be
realized by conducting the oleic acid oxidatioraigupercritical fluid medium. First, the
solubility of azelaic acid and pelargonic acid upsrcritical carbon dioxide was
determined over a range of temperatures and pesss@elargonic acid was found to
have a significantly higher solubility than azelamd, which indicated the potential for
product separation with supercritical carbon diexiccecond, the impact of the solvent
medium on reaction kinetics and product formati@s wetermined using two oxidizers:
ozone and potassium permanganate. Due to expddhfiemtations, no reaction was
observed in the case of ozone in supercriticalarathoxide. However, oxidation of
oleic acid with potassium permanganate in sup&atlicarbon dioxide resulted in higher
oleic acid conversion and increased yields of azeleid and pelargonic acid compared

to the oxidation without SC-CO
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CHAPTER |

INTRODUCTION

Currently, the United States is dependent upornigoreountries to provide an
adequate supply of petroleum that meets the denwmiserican consumers. In fact,
petroleum imported from just five countries (Canddaxico, Saudi Arabia, Venezuela,
and Nigeria) accounts for approximately 68 % oéltpetroleum imports into the United
States [EIA, 2007a]. The United States has argdarelationship with several of the
countries, such as Venezuela, upon which it depmdgetroleum. Hence, reducing the
dependence upon such countries for petroleum isritapt to the national security of the
United States. Perhaps the largest incentive flentonsumer’s point of view to reduce
dependence upon petroleum is to avoid paying isanggrices for fuel and other
petroleum-based products. As petroleum pricesmoato increase, alternative sources
of fuels and chemicals traditionally derived froetneleum must be identified.

Each day, the average person in the United Statesther industrialized nations
uses products derived from petroleum. The mosiooisvexample is the use of
petroleum for energy in such areas such as tratamor and electric power. Gasoline
and diesel are the most commonly used transpantaigls, and both of these fuels are
derived from petroleum. In fact, over 40 % of &mergy used in 2005 in the United
States was provided by petroleum, and petroleurswsoption is expected to continue to
increase over 1 % per year up to 27 million barnpelsday by 2030 [EIA, 2007Db].
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However, through energy conservation programs a@adnicreased promotion and use of
alternative energy resources, the share of enengyedl from petroleum is expected to
increase at a slower rate than other energy saufemsexample, the European Union
(EVU) has mandated that its 25 member nations gaatesin theVision 2050program,
which calls for the phasing-out of fossil fuels angtlear energy by 2050 [INFORSE-
Europe, 2007]. Th&wenty in Tennitiative set forth by President Bush calls for
reducing gasoline usage in the United Stated 36 2¥er the next 10 years [Bush,
2007]. To achieve this goal, the President hapgsed to reduce demand of gasoline by
raising fuel economy standards that automobile f@mturers must meet. President
Bush has also proposed to increase the supphnefuable and alternative fuels to a
target of 35 billion gallons per year by 2017.2005, the consumption of alternative
fuels was approximately 500 million gasoline eqlewagallons [EIA, 2007c]. To
produce the amount of alternative fuels necessesighificantly displace petroleum-
based fuels, research is being conducted in auehsas hydrogen production and
biomass utilization. For example, the Departmérirergy (DoE) is promoting the
concept of a biorefinery in which fuels, power, amemicals are generated from
biomass [NREL, 2007]. Figure 1.1 illustrates thardfinery concept, which is based
upon two platforms: theugar platformand thesyngas platform Thesugar platform
focuses on biochemical conversion processes suetihasol production from sugar
fermentation. Theyngas platfornteals with thermochemical conversion processeds suc
as gasification of biomass. One of the importanefs of the biorefinery concept is that
it includes production of chemicals and not justi$uand power generation. Although
the majority of petroleum is destined for fuel usetroleum products comprise about 89
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% of total energy consumption for non-fuel usethmUnited States [EIA, 2007b]. Non-
fuel uses for petroleum include paints, lubricaatphalt, plastics, and pharmaceuticals.
To displace the need for petroleum to produce cbaisiand other non-fuel materials,
alternative and renewable materials must be fohatdre similar in structure to the
molecules found in petroleum. In general, petnwieési composed of hydrocarbon chains
of varying lengths. Therefore, an ideal alterratir petroleum would be a renewable
material easily generated in the United Statesishatimarily composed of hydrocarbon-

based compounds. Lipids meet these criteria.

The Useof Lipidsfor Chemical Production

Lipid Structure

Lipids can be defined as fatty acids, fatty atadvatives, and substances related
either biosynthetically or functionally to fattyids and their derivatives [Christie,
2003a]. Lipids are an essential component of ¢honganisms and can be found in plants
animals, and microorganisms. Lipids are commoaliedoils when they are plant-
based anéatswhen they are animal-based. The fatty acid chthistscompose lipids
generally contain even numbers of carbon atomsnirgd in straight chains with typical
lengths of 14 to 24 carbon atoms with a carboxglgrat one end [Christie, 2003a].
However, branched-chain fatty acids and fatty awiills odd-number carbon chains can
also occur. Unsaturated fatty acids are also camnidgure 1.2 shows the structures for
several common fatty acids. Arachidic acid, steadid, and palmitic acid are fully
saturated, so they have a straight-chain struct@teic acid and erucic acid are
monounsaturated fatty acids, and as can be sdagure 1.2, this causes a slight bend in
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the fatty acid structure. As the degree of ungditbm increases, the bending of the
structure becomes more pronounced. This can lbeisgm®ing from oleic acid (1 double
bond) to linoleic acid (2 double bonds) to linokeacid (3 double bonds) and finally to
arachidonic acid (4 double bounds). The primgpg tof lipid structure consists of fatty
acids attached to an alcohol, such as glyceroholesterol; however, the glycerol
linkage is more abundant. When one or more faiitysaare attached to a glycerol
backbone, the resulting structure is referred tarecylglycerol For example, if only
one fatty acid is attached to the glycerol, theeuole is called amonoacylglycerobr,
equivalently, anonoglyceride When a phosphorous molecule is attached to an
acylglycerol, the resulting structure is calledlygcerophospholipiadr, equivalently, a
phospholipid In oils and fats, the primary acylglycerol sture is theriacylglycerol or
triglyceride Figure 1.3 shows the structure of a triacylgigtéhat would be found in
canola oil. As discussed in the next section,@ewange of chemical reactions can be
used to convert an acylglycerol such as the triggggrol in Figure 1.3 into a variety of

products.

Current Uses of Lipids
In 2004, approximately 120 million tons of oils aflatis were generated
worldwide, with only about 25 million tons beingeaasfor industrial oleochemistry
applications [Vannozzi, 2006]. It should be notieak these figures do not include lipids
that are currently not commercially utilized (foraenple, the lipids produced at
municipal wastewater treatment plants). The remgihipids were used for human and

animal (livestock, pets, etc...) food. About 80 %l lipids were derived from plant
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sources, with the remaining 20 % being derived feonmals. As shown in Figure 1.4,
the amount of lipids being used for non-food usesdenerally been increasing over the
last 20 years.

One of the reasons non-food uses for lipids haseeased since approximately
1999 is the surge in the biodiesel industry dutireg time period. As Figure 1.5
illustrates, biodiesel sales have increased fropnagimately 0.5 million gallons per year
in 1999 to about 250 million gallons per year i©@0 Biodiesel is comprised of mono-
alkyl esters of long chain fatty acids derived frira acylglycerols of vegetable oils and
animal fats. In the United States, the most combiodiesel feedstock is soybean oil,
which is comprised primarily of triacylglycerols #ids, 2005]. Biodiesel is produced
from triacylglycerols (and acylglycerols in genért@ilrough a process called
transesterification As shown in Figure 1.6, during transesterifmattriacylglycerols
react with an alcohol in the presence of a catatyproduce glycerol and fatty acid alkyl
esters. The reaction occurs stepwise as the lglgcgrol is converted into a
diacylglycerol which is converted into a monoacytglrol and then into glycerol. A
fatty acid alkyl ester is produced in each stepetidnol is the most common alcohol
used for transesterification and results in thepation of fatty acid methyl esters. The
type of catalyst used depends upon the free fattlylavel of the lipid feedstock. If high
free fatty acids are present, then an acid catalyst as sulfuric acid is used; otherwise, a
base catalyst such as sodium hydroxide is utilmsthuse base-catalyzed
transesterification has several advantages overcatalyzed transesterification,

including faster reaction times [Zappi et al., 2D03

www.manaraa.com



Several serious hurdles exist for the biodiesalsty, including a lack of a
pipeline transportation infrastructure and the i@iue of the glycerol byproduct.
Therefore, research is being conducted on catallgticracking lipids to produce diesel
and gasoline range organic compounds [Benson, &04l7]. By catalytically cracking
the lipids, glycerol production can be avoided #relfuel can be transported through the
existing petroleum pipeline network.

Perhaps the most promising area of lipid researa the arena of chemical
production. In fact, oils and fats have beeneththe most important renewable raw
materials for the chemical industry [Metzger andridaheuer, 2006]. Non-fuel, non-
food uses for lipids include lubricants, metal wogd{cutting oils, pharmaceuticals,
cosmetics, surfactants, cleaning agents, solvantsintermediates for the synthesis of
plastics and coatings [Vannozzi, 2006; BondiolQ2PD The plethora of applications for
lipids comes from the array of chemical transfoliora that can be applied to fatty acids.
As previously mentioned, fatty acids are often lwbtonglycerol in acylglycerol
structures. Therefore, if it is desired to sepathé fatty acids from the glycerol, a very
well-known technique is to hydrolyze the acylghalesplitting it to produce glycerol
and fatty acids. Table 1.1 shows the major fattgisathat comprise several lipid
feedstocks. In Table 1.1, the notation under é&adll fatty acid name denotes the
length of the carbon chain and the number of C-Gbilobonds present. For example,
the notation of oleic acid is C18:1 which meang tteic acid has a carbon chain length
of 18 carbons and has 1 C-C double bond. Soybi&égrabm oil, and canola oil are all
derived directly from vegetable sources and areeatly used to make oleochemicals.
As the name implies, beef tallow is an animal-bdged feedstock, and it is also used
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for the production of oleochemicals, albeit to sskr extent than the vegetable-based
lipids. Tall oil is a byproduct of wood pulp maaafure in the pulp and paper industry
and is used in the production of soaps, lubricatkesives, varnishes, and drilling fluids
[Logan, 1979; Neaves, 2007]. Sewage sludge ligidsnot currently utilized on a large
scale for the production of fuels or chemicals.wdwer, due to the amount sewage
sludge lipids generated every day, this feedstaskrhuch potential. One of the major
advantages of sewage sludge lipids over other feekis such as soybean and palm oil is
that sewage sludge lipids would not be marketabtbe food industry, so they can be
used solely for fuel and chemical production [Dafre et al., 2007].

If one looks at the fatty acid profiles given inbl@ 1.1, at least one commonality
can be found: all the lipid feedstocks either conéalarge amount of unsaturated fatty
acids or contain at least one unsaturated fattyiaca relatively large amount. Soybean,
canola, and tall oil contain primarily unsaturatetty acids. Compared to the other
feedstocks shown, beef tallow, palm oil, and sevehgage oil contain more saturated
fatty acids; however, oleic acid (an unsaturatéty tcid) comprises at least 30 % of the
overall fatty acid profile in each case. Sincaméeid is common over such a wide range
of lipid feedstocks, it will be the fatty acid codsred in this work. The functionality of
typical fatty acids comes from two places: the ieahcarboxyl group and one or more
C-C double bonds [Metzger and Bornscheuer, 208&jure 1.7 provides examples of
functional groups that can be placed on the terhgraup of oleic acid. However, the
most common reaction for oleic acid (and unsatdrédtty acids in general) involves
reactions at the C-C double bond. In particulbgicaacid is usually oxidized to form
products. For example, when oleic acid is eporidjzhe resulting oxirane structure

7
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becomes a useful intermediate to a variety of r@agathways (Figure 1.8). The
oxidation products of oleic acid are useful in mapyplications such as polymer
production (Figure 1.9).

The largest commercial process utilizing oleic asdhe primary reactant is the
oxidation of oleic acid to produce pelargonic amdlaic acids. In fact, the major global
source of azelaic acid comes from ozonolysis ataeid [Chemical Market Reporter,
2001]. Figure 1.10 shows the chemical structufedesc, azelaic (diacid), and
pelargonic (monoacid) acids. Clearly, the produessilt from the complete splitting of
the C-C double bond. Many oxidizers can be usqmtdduce azelaic acid and pelargonic
acid from oleic acid, but the most widely reseadchave been ozone, hydrogen
peroxide, and potassium permanganate. Howevehrak oxidizers have limitations
associated with their use. Under typical oxidationditions, oleic acid is a liquid, but
ozone is a gas and potassium permanganate isda dthough hydrogen peroxide is a
liquid, it is commonly found in an aqueous mediuBince oleic acid is an organic
molecule that is relatively non-polar, it has vl solubility in water. Therefore, in
each oleic acid + oxidant system, mass-transfatdtians exist. To overcome the
interfacial mass-transfer limitations, the oxidatre@action could be carried out in a
supercritical-fluid medium. Other possible advge&of using a supercritical fluid
include facilitated separation of reaction produictsreased catalyst life, and changes in

selectivities and rate constants due to the effeptessure [Brennecke, 1993].
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Supercritical Fluidsin Lipid Processing

Introduction to Supercritical Fluids
With ever increasing demands for sustainability sindter environmental
controls, much research has gone into the areldeohative solvents. This is due to the
use of large quantities of solvents in the chemiwdlistry, especially in specialty-
chemical and pharmaceutical production. In genéal pathways to the increased use
of alternative or “green” solvents have been dgwetb[Capello et al., 2007]:

* Substitution of hazardous solvents with ones thatsbetter
environmental, health, and safety properties

* The use of solvents produced from renewable ressurc

» Substitution of organic solvents with solvents e environmentally
harmless

* The use of ionic liquids that exhibit very low vagressures
Supercritical fluids have been widely researchedli@snative solvents. In particular,
carbon dioxide is considered a great alternatilvesb because it is non-toxic and non-
flammable. Knowledge of supercritical fluids candated back at least to thé".9
century. In 1822, Baron Charles Cagniard de LaTiostrobserved the disappearance of
distinct gas and liquid phases of an alcohol imte phase by simply increasing
temperature, thus discovering the existence of vehlatown as theritical point [Rayner
and Oakes, 2005]. Hence, a supercritical fluidlmanlefined as any substance above its
critical point (critical temperature and criticakgsure) but below the pressure required
for condensation into a solid [Rayner and Oake85R0Figure 1.11 shows a general

pressure-temperature phase diagram along withrith@atproperties of carbon dioxide.

www.manaraa.com



The critical point is the highest temperature aresgure at which a material is in vapor-
liquid equilibrium. Figure 1.12 shows the isocledriansition of carbon dioxide to its
critical point. In Figure 1.12A, two distinct plessof carbon dioxide can be observed.
As temperature increases, the meniscus beginsléo(Fagure 1.12B). As shown in
Figure 1.12C, when the temperature increases ewtref, the densities of the vapor and
liquid approach each other, causing the meniscted®even further. The liquid density
decreases due to thermal expansion, and the vapomes denser due to increasing
pressure. Once the critical point has been readtveddistinct phases are no longer seen
(Figure 1.12D). A single-phase system exists e¢iaibits properties intermediate to a
liquid and vapor. Table 1.2 shows typical progsrof supercritical fluids. Typically,

the density of the supercritical fluid is closetthat of a liquid. However, when
compared to its liquid state, a supercritical flnas a lower viscosity and a higher
diffusivity, which results in more efficient masansfer. Supercritical fluids are often
calledtunablesolvents because slight changes in temperaturprasdure can have very
pronounced effects on solvent properties. Figut8 lllustrates the effect of pressure
and temperature on carbon dioxide density. Pdatilgun the region of the critical point,
large changes in density can be achieved withsyustll adjustments in temperature or

pressure.

Current Status of Supercritical Fluids
Supercritical fluids are useful in a variety of Apgtions. Worldwide,
supercritical fluids have been incorporated interal00 plants in the areas of production,

environmental applications, and particle enginegfBrunner, 2004]. For example,
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supercritical carbon dioxide is used to decaffarcaiffee and tea and supercritical
paraffins such as propane are used in minerarodgssing [Brunner, 2004;
Cygnarowicz-Provost, 1996]. Table 1.3 lists comiparised supercritical fluids along
with their corresponding critical temperature antaal pressure. Compared to other
fluids, carbon dioxide has a relatively low crititeamperature, which provides two key
advantages over most other supercritical fluidsstfihe energy required to get to
supercritical conditions is reduced, resultingawér operating costs. Second, it makes
carbon dioxide ideal for processing materials #rattemperature sensitive, such as
proteins [Sovova and Stateva, 2001].

Most of the research on supercritical fluids haaltdeith mass-transfer
applications such as extraction and chromatograpbguse of the unique properties a
fluid obtains in the supercritical state. Sincegity is directly related to the solvating
power of a fluid, the ability to finely control dsity results in facilitated separations.
One of the earliest large-scale applications oesenical fluids is the previously
mentioned decaffeination of coffee and tea begmmrthe 1960s [Zosel, 1978]. Since
that time, the use of supercritical carbon dioXmreextractive separations of natural
products such as hops and essential oils has sedesagnificantly [Williams and
Clifford, 2000].

Supercritical fluids can also be used in chemieattions. Supercritical water
has been found to be an effective oxidizer of oigasuch as pyridine and supercritical
propane can be used in the hydrogenation of fatds [Baiker, 1999]. As previously
mentioned, supercritical fluids can impact reaciona variety of ways. For example,
under ambient conditions, oxidation of organicdwakygen in water proceeds very
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slowly due to mass-transfer limitations. Howevke reaction in supercritical water
proceeds much faster because the oxygen and osgaei@ll in the same phase
[Brennecke, 1993]. Besides the inherent safetyifea (non-toxic, non-flammable) and
low critical temperature of carbon dioxide, it Is@very plentiful and inexpensive. Most
carbon dioxide sold is isolated from existing pss®s such as production of ethanol,
ammonia, and hydrogen. Compared to other commesdy supercritical fluids,
particularly water, carbon dioxide has a low hdataporization, which can lead to lower
energy costs [DeSimone, 2002]. These factors reagercritical carbon dioxide a very
attractive reaction medium. For example, supecaticarbon dioxide has bean heavily
researched for use in the production of polymect s1s polymethylmethacrylate,
polystyrene, and fluoropolymers [Rayner and OaR665]. Supercritical carbon dioxide
has been also utilized for oxidation of organicshsas cyclohexene and phenols [Rayner
and Oakes, 2005]. Carbon dioxide is well-suitedobddation reactions because it is
already completely oxidized; hence, it does natfoxidation products. Also, as in the
example of supercritical water, gases such as oxgige completely miscible with
supercritical carbon dioxide, eliminating mass-sfan limitations. Depending upon the
solubility of reaction products in supercriticatloan dioxide, the reaction can be coupled
with extraction, reducing or even eliminating theed for typical separation processes

such as distillation.
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Table 1.1: Fatty acid profiles of lipid feedstocks

Fatty Acid Soybean Tiﬁs\];v Palm Canola Tall gmgge

P%Tg)'c 11 % 26 % 44 % 4% 0.5 % 30 %
S(éefgl)c 4 % 31% - . 3% 13 %
Oleic

Cig1) B% 31 % 40 % 60 % 47 % 32 %

lEI(I;](_JEIBeIZ(; 53 % 2% 10 % 26 % 37 % 10 %

L(Ig(i|8e'r:l%|)c 8 % _ - 10 % 11 % -
Others 1% 10 % 6 % : 15% 15 %

& Dufreche et al. (2007)
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Table 1.2 Typical properties of supercritical flsijRamsay et al., 1991]

Property Liquid Supercritical Fluid Gas
Density/kg-[* 1 0.1-1 0.001
Viscosity/cP 1 0.01-0.1 0.01
Diffusivity/cm?-s* <0.00001 0.0001-0.001 0.1
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Table 1.3 Critical points of several supercritiftaids

Fluid T./°C P. /bar
Acetone 235.05 47.01
Carbon Dioxide 31.05 73.83
Methanol 239.45 80.97
Propane 96.65 42.48
Water 373.95 220.55
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Figure 1.1:  DoE biorefinery concept [NREL, 2007]
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Figure 1.2:  Common fatty acids [Wikipedia, 2007a]
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Figure 1.3:  Sample triacylglycerol structure [Beérgs2007]
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Figure 1.4:  Worldwide percentage of vegetable usisd for non-food applications
[Vannozzi, 2006]
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Figure 1.6:  Transesterification reaction for thedurction of biodiesel [Hofman,
2003]
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Figure 1.7:  Functionality of oleic acid terminabgp
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Structures of oleic acid, azelaic aaidl pelargonic acid
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Figure 1.11: Typical pressure-temperature phaggatia with critical properties
corresponding to carbon dioxide [Leitner, 2000]
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Figure 1.12: Transition from two-phase system foescritical fluid
[Clifford et al., 2007]
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CHAPTER I

RESEARCH HYPOTHESIS

The guiding hypothesis of this work was that ipoyation of a supercritical fluid
as a reaction medium for unsaturated fatty acidation would result in enhanced
reaction kinetics and facilitated product separatiDue to its relative abundance among
lipid feedstocks, oleic acid served as the mod¢y} &cid. Since it is already completely
oxidized, carbon dioxide is an ideal solvent fordation reactions and was chosen as the
supercritical fluid. Also, carbon dioxide provid#te potential for coupling the oxidation
reaction with product separation. As petroleuncgmiincrease and petroleum supplies
decrease, the use of lipids as renewable, alteeatiurces for petroleum-derived
chemicals has become a major research thrust. wone key issue is how to process
the lipids in a sustainable and environmentallgrfdly way. By incorporating a
supercritical fluid medium into oleic acid oxidatioeactions, mass-transfer limitations
could be reduced and reaction rates could be iseckalt is envisioned that this research
will offer further understanding of how a supetcat fluid affects oleic acid oxidation in
terms of products formed and reaction rate antd@pbtential for supercritical
fractionation of products. It is also desired ttie$ research project will generate
experimental solubility data for compounds in whihsolubility data are currently
available. This information will aid researcharghe oleochemical industry in designing
unit operations that incorporate supercritical oardioxide.
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Research Goal

The overall goal of this research was to deternfinaay advantages could be
realized by conducting the oleic acid oxidatiormisupercritical fluid medium.
Therefore, the overall goal has been divided int primary objectives:

1. Evaluating the feasibility of separating tangegction products with
supercritical carbon dioxide (SC-GO

2. Determining the impact of the solvent mediunresction kinetics and
product formation during oxidation
Primary Objective 1. Evaluate the Solubility of Target Reaction Productsin
Supercritical Carbon Dioxide

The first primary objective required knowledge loé tsolubility of the target
reaction products in supercritical carbon dioxiddthough the oxidation of oleic acid
can result in a variety of reaction products, azedaid and pelargonic acid were chosen
as target products for several reasons. Firsseth@o compounds are the most valuable
oxidation products produced from oleic acid. Selcdoth compounds have tremendous
potential for future applications. Since fattydasupercritical fluid solubility data from
literature are primarily only available for the heaemmon fatty acids (palmitic, stearic,
oleic, etc...), the data for the oxidation productl mave to be generated experimentally.
Both azelaic acid and pelargonic acid standardseaily available and not prohibitively
expensive to use for solubility experiments. Thelac acid and pelargonic acid
solubility studies can be found in Chapter VII &idapter VI, respectively.

Although the solubility experiments were conduatedr a range of temperatures
and pressures, the experimental data were fit satieral solubility models. These
mathematical relationships allowed for the estiorabf solubility at any point within the

30

www.manaraa.com



range of temperatures and pressures over whiamalkels were valid. As a result of the
solubility experiments, new approaches to the fisknsity-based solubility models
have been proposed. These approaches were vdlidaestudy of five previously
published solute-supercritical fluid systems. Tdtigdy is located in Chapter VI and is
preceded by a discussion of modeling theory (Chmapte
Primary Objective 2: Impact of Supercritical Carbon Dioxide on Oxidation
Reaction Kinetics and Product Formation

The second primary research objective was to partdeic acid oxidation
experiments in supercritical carbon dioxide anddtermine the effect of the
supercritical medium on the reactions. In partcuéffects upon oleic acid conversion,
reaction rate, and product formation were deterthinBwvo oxidizers were chosen for
this research: ozone and potassium permanganagseDxidizers were chosen because
their use in oxidation reactions under normal cbods results in mass-transfer-limited
kinetics. Additionally, ozone was chosen becaugsethe same oxidizer used
commercially for oleic oxidation reactions. Theooe and potassium permanganate
oxidation studies can be found in Chapter IX andfZér X, respectively.

As previously mentioned, knowledge of the solupitif the target reaction
products in supercritical carbon dioxide is impotten determining the feasibility of
product fractionation. However, information on 8@ubility of reactants in supercritical
carbon dioxide is equally important. As previousigntioned, gases such as ozone and
oxygen are completely miscible with supercriticaton dioxide. Since oleic acid-SC-
CO, solubility data are available in the literatut@stsystem was used to validate the
experimental design used for the azelaic acid &atargonic acid solubility studies. The
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oleic acid solubility data can be found in Chaptél. Data on solubility of potassium
permanganate in supercritical carbon dioxide wadamated in the literature, so its

solubility was determined experimentally, and tbgults are located in Chapter X.
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CHAPTER Il

LITERATURE REVIEW

Traditional M ethods for Oxidizing Oleic Acid

Reaction of Oleic Acid with Gas Oxidants

Ozonolysis ighe most well known technique for oxidizing ole@das a means
to generate chemical products. In fact, ozonolgieic acid has been performed
commercially since the 1950s to produce azelait acd pelargonic acid. Prior to that
time, chromic acid was used as the oxidant. Howehes technique was fairly
expensive because the spent chromic acid solutiadgo be regenerated using
electrolytic cells. Also, the chromic acid degrdd@eportion of the azelaic acid to lower
dibasic acids [Kadesch, 1979].

The reference typically cited as providing thetfpsocess description of oleic
acid ozonolysis is a U.S. patent by Goebel etl®57). This process begins by diluting
technical grade oleic acid with pelargonic acidgduce viscosity. Technical grade oleic
acid typically has a purity of about 75 % and cantain other unsaturated fatty acids,
such as linoleic acid, as well as saturated fatitysalike palmitic acid and stearic acid.
The initial oleic ozonide is formed by continuowsintercurrent contact in a vertical
column between a falling solution of the oleic aeigelargonic acid mixture and a rising

stream of 2 % by weight ozone in oxygen at a teatpee between 25 to 45°C. The
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resulting ozonide + pelargonic acid mixture is tifesh continuously into a pool of
decomposed ozonide at a temperature between ZDt&€1 This is typically done in the
presence of a manganese salt while passing thi@sgieam of oxygen. This causes
aldehydes formed by the initial cleavage to be eod to acids. The aldehyde formed
from the initial cleavage of oleic acid is pelargtehyde, which is converted to
pelargonic acid. Distillation is typically usedremove the pelargonic acid, and the
remaining mixture is extracted with hot water. fillee azelaic acid is removed from the
aqueous extract via crystallization [Goebel etl57; Kadesch, 1979].

In 2004, pelargonic acid and azelaic acid had ntarkeies of approximately $3
per kg and $5.50 per kg, respectively, while ol had a market value of about $0.90
per kg and ozone generation cost amounted to b @6/0zone [Garrett and Rowland,
2004]. From a simple comparison of product valsiergactant cost, it can be seen why
this reaction has been commercialized. In faetpbtential net profit of the process is
about $0.12 per kg of oleic acid reacted [Garnett Rowland, 2004].

Oleic acid is also a major component of edible oded in the food industry, and
its degradation can lead to rancidity in foods. usaturated fatty acids, such as oleic
acid, break down in food and form oxidation proguthe flavor of the food changes.
Since oxidation products are typically lower in emilar weight compared to the starting
compound, they also usually have a higher vapasoire, which results in the food
being more odiferous. Therefore, several studee® hooked at the natural or
autoxidation of oleic acid with oxygen; however okthese studies focus on
techniques for analyzing lipid oxidation produdtsgnkel et al., 1977; Brimberg, 1993].
One exception is the work by Takahashi et al. (2000 that work, the authors
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performed a kinetic analysis of oleic acid autokmia Prior to the study by Takahashi et
al., the mechanism for oleic acid was considerembteist of three steps: chain initiation,

propagation, and termination as shown in Eqgs. 8%4}-

LH + O, - L'+ HG, (initiation) (3.1)
L' + O, » LO, (propagation) (3.2)
LH + LO; — LOOH + L (propagation) (3.3)
LO, + LO, — nonradical stable produgermination) (3.4)

where LH represents the oleic acidisltheC-centered radical, LOis the peroxyl

radical, and LOOH is the hydroperoxide. They axibbe experimental data on changes in
the concentration of oleic acid (Figure 3.1), hymmxide (Figure 3.2), and dissolved
oxygen (Figure 3.3) with time. As shown in Fig@c&, the concentration of oleic acid
slowly decreased at the beginning of the reactiod,then began to decrease at a faster
rate. This behavior was particularly prevaler®3a® K over the first four data points. In
general, the oxidation occurred more rapidly agenature was increased. As shown in
Figure 3.2, the hydroperoxide concentration iriiaicreased, and then decreased. This
behavior was due to the decomposition rate of lpehaxide becoming larger than its
formation rate as the reaction progressed. Themam observed hydroperoxide
concentration decreased and occurred earlier gsetature increased. Figure 3.3b
shows that dissolved oxygen concentration rapiatygased initially and reached a
maximum value at 20 to 30 minutes. Figure 3.3avshibat after the maximum, the
dissolved oxygen concentration began to decreaseatw@lly reaching a low, but

nonzero, value until the end of the oxidation.
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Takahashi et al. (2000) found that kinetic modelsda solely on the mechanism
shown in Egs. (3.1-3.4) did not adequately fitéperimental results. Therefore, several
modifications to the mechanisms were proposed. hijdeoperoxide formed in Eq. (3.3)
had been previously shown to decompose to freeabsliwhich, in turn, participate in
the initiation reaction [Encinar, et al., 1993; dorazquez et al., 1993; Encinar et al.,
1994]. Therefore, the initiation rate was propmrél to the amount of hydroperoxide
produced by the oxidation. Also, other studies aviously shown that oxygen reacted
with hydroperoxide [Brimberg, 1993]. Hence, thédwing initiation reaction of
hydroperoxide with oxygen was proposed:

LOOH + O - LOy + HO, (3.5)
Eq. (3.5) explains the rapid decrease in dissobvg@den concentration observed near the
beginning of the reaction. It had been previossigwn that the hydroperoxide would
decompose via a bimolecular reaction [Okatsu, 1988lerefore, an additional initiation
reaction was proposed:

2LOOH - LO, +LO" + H,0 (3.6)
where LOis the alkoxyl radical, which had been previouslyrid to react with oleic acid
to form an alcohol [Bamfold and Tipper, 1980]. Fheaction can be expressed as the
following:

LO +LH - LOH+L (3.7)
where LOH is the oleyl alcohol. Therefore, theohlal was considered to be a secondary
product. A previous study had shown that the altphoduct could be oxidized by
oxygen to form other secondary products such atank [Bamfold and Tipper, 1980].

Takahashi et al. (2000) proposed that the oxidaifdhe alcohol occurred consecutively
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after Eq. (3.7), thus explaining the experimentaeyvation that the dissolved oxygen
concentration decreased to a constant value.

As a result of being used for food purposes, @deid is a key component of
atmospheric organic aerosols and has been stusli@aredel compound for predicting
aerosol oxidation products [Reynolds et al., 200éng et al., 2005]. Oleic acid aerosol
particles can be released into the atmospheregliood preparation such as frying.
Atmospheric particles scatter radiation and adl@sd condensation nuclei (CCN),
which are crucial to cloud formation. In the love@mosphere, these particles can have a
negative impact on human health, such as causspyratory damage. Up to 50 % of
atmospheric aerosol particle mass is attributablaganic compounds generated either
from animals or man-made products [Reynolds eR@D6]. These organic compounds
react with oxidants such as ozone in the atmosgbdgm polar oxygenated
compounds. Since the vapor pressure of the oxygemampounds is typically lower
than the starting compound, a partitioning of thmpounds from gas phase to condensed
phase can occur. These compounds can cause extiedasad formation and are
potentially hazardous to human health [Reynoldd.e2006].

Reynolds et al. (2006) found the primary produétsleic acid aerosol ozonolysis
to be pelargonaldehyde, pelargonic acid, azelad; and 9-oxononaoic acid occurring in
approximately equal yields. However, other higmertecular-weight oxidation products
were detected using mass spectrometry. In faceswthe products had/z(mass-to-
charge) ratios near 1000. By using mass spectrgntieé products were determined to
be a mixture of lineam-acyloxyalkyl hydroperoxides, secondary ozonidesl, @yclic

diperoxides. It was proposed that these species feamed by reactions between
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ozonolysis products and Criegee intermediates. eBhanism for oleic acid aerosol
oxidation had been proposed previously by Ziemad0%), and this mechanism is
shown in Figure 3.4. The Criegee intermediatesl(&hd CI 2) react with carboxylic
acid groups to forn-acyloxyalkyl hydroperoxides (AAHP 1-5), carbonybgps to

form secondary ozonides (SOZ 1-3), and with othegdgee intermediates to generate
cyclic diperoxides. Reynolds et al. proposed thase products could react with Criegee
intermediates to form the larger oligomers foura miass spectrometry.

Oleic acid aerosol oxidation by ozone was alsoistudy Hung et al. (2005).
Intitially, they expected the oxidation productsm pelargonaldehyde, pelargonic acid,
azelaic acid, and 9-oxononanoic acid with eachgparmed at 25 % carbon-normalized
yield. However, their results showed that pelaegdehyde and 9-oxononanoic acid
were the major products and the minor productsistatsof azelaic acid, pelargonic
acid, and octanoic acid as well as high molecukigit (> 1000 amu) products. Several
of the high molecular weight products were ideatifasa-acyloxyalkyl hydroperoxides,
which were also observed by Reynolds et al.

The product distribution seen by Hung et al. ditlagree with similar studies in
the literature. As previously mentioned, pelargdelayde was found to be one of the
major products in the condensed phase, but othdrest had reported pelargonaldehyde
as a gas-phase product [Moise and Rudich, 2002nbeay and Abbatt, 2004]. In fact,
a study by Katrib et al. (2004) found pelargonaiaiehto be a gas-phase product only.
Unfortunately, Hung et al. did not monitor gas ghpsoducts. The results for other
products also differ between studies. For exampleljung et al., the remaining product

distribution included approximate yields of 14 % #oxononanoic acid, 6 % for azelaic
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acid, and 7 % for pelargonic acid. However Kattilalereported yields of 20 to 35 % for
9-oxononanoic acid and 1 to 3 % for both azelaid and pelargonic acid with the
product distribution depending upon on the intiatkness of the oleic acid layer. As a
result, Hung et al. proposed three explanationh#®wvariation in product formation
among literature studies. First, they proposetlttteamethod of product analysis
affected results. For example, analytical metheaashave different selectivities for
different products, resulting in discrimination.dditionally, studies do not always report
the yield type. For example, in Hung et al., aczsdypdensed-phase yields were reported,
but in Hearn and Smith (2004), yields were repoietgrms of combined gas-phase and
condensed-phase products. Also, some of the metns®t in literature provide
gualitative information only. Hung et al. also chrded that the physical dimension of
oleic acid influenced product yields. For exampla@k reactions dominated for
homogeneous aerosol particles, but surface reactvene important for nanometer-thick
coatings of oleic acid on particles. Also, a vilidateaction product like
pelargonaldehyde present in a 2- to 30-nm coating particle would quickly diffuse to
the surface of the particle and evaporate. Thslted in a limitation of more condensed-
phase reactions such as generation of secondamydeso Finally, Hung et al. suggested
that molar ratio of ozone to oleic acid affecteddurct yields. If the ratio of ozone to
oleic acid was much less than unity, then the pnbglucts were those that resulted
directly from the ozonolysis of oleic acid and teaction of the Criegee intermediates
with oleic acid. If the ratio of ozone to oleid@evas in excess (much greater than
unity), then reactions of the Criegee intermediatigls other intermediates were possible,
potentially resulting in polymerization productSome of the products formed such as
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carboxylic acids would also react with ozone; hogrethis type of reaction would be

much slower than reaction of ozone with alkenes.

Reaction of Oleic Acid with Liquid Oxidants

Oleic acid can also be reacted with liquid oxidaatgield valuable products such
as azelaic acid and pelargonic acid. Most stutke® utilized hydrogen peroxide as the
oxidant. For example, in the work by Noureddind &anabur (1999), oleic acid was
oxidized with hydrogen peroxide in the presenceasious transition metal catalysts. As
previously mentioned, the commercial oleic acicdaxion process utilizes ozone as the
oxidant. However, use of ozone has several disddygas including health and safety
hazards, high capital costs, and high energy cd$taireddini and Kanabur proposed to
improve the oleic acid oxidation process by usiatglogenized homogeneous catalysts
with a liquid oxidant in a homogeneous reactiorhvaikeic acid. The heterogenized
homogenized catalysts combined the advantagestiotoonogeneous and
heterogeneous catalysts. Homogenous catalyskhaven to provide high selectivity,
and heterogeneous catalysts are easier to recodeegenerate than traditional
homogeneous catalysts.

A free-radical mechanism usually occurs in liqulthpe oxidation reactions
[Noureddini and Kanabur, 1999]. Hence the reastioegin with an induction phase
followed by a fast reaction period. During indocij initiation reactions result in an
increase in free radical concentration until pragien becomes the dominant process.
The stoichiometric equation for oleic acid oxidatwith hydrogen peroxide in the

presence of a catalyst is expressed as follows:
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Catalyst

H3C(CH)7CH=CH(CH);COOH + 450, %,
H3C(CH,),COOH + HOOC(CH);COOH + 4HO  (3.8)

The catalysts considered by Noureddini and Kanadmlmded tungsten, tantalum,
molybdenum, zirconium, and niobium, and the reastivere performed at a temperature
of 130°C with 100 % excess hydrogen peroxide. &wieic acid is fairly nonpolar,
mass-transfer limitations existed between the @eid and the hydrogen peroxide,
which was in an aqueous solution. Therefore, Nadire and Kanabur addeebutanol
to the reaction mixture to help homogenize theesgst Additionally, agitation was
applied at a rate of 500 RPM. The reaction praxluere derivatized to methyl esters
prior to analysis with gas chromatography with feaimnization detection.

As expected from Eq. (3.8), the major products oheskeby Noureddini and
Kanabur were azelaic acid and pelargonic acid. él@n lower-molecular-weight
mono- and dicarboxylic acids were formed duringréeection as well. These minor
products included octanoic acid, succinic acidgesigbacid, heptanoic acid, hexanoic
acid, sebacic acid, and pimelic acid. The fornmatibthese short-chain fatty acids
indicated that chain degradation was occurringgeneral, the concentration of azelaic
acid and pelargonic acid increased to a maximumevahd then began to decrease. An
example of this behavior can be seen in Figure Bie point at which the maximum
azelaic acid and pelargonic acid concentration wedulepended upon the catalyst
present. In most cases, pelargonic acid appeareel inore stable than the azelaic acid.

Transition metals can potentially oxidize to th@irde form in the presence of
hydrogen peroxide, and metal oxides are thougheteesponsible for catalyzing fatty

acid oxidation. Noureddini and Kanabur hypotheasit®t a transition metal that
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oxidized slowly but resulted in a rate of oleiccaokidation comparable with the direct
use of metal oxides would be more economical thi@tduse of the metal oxide.
Therefore, experiments were conducted comparinglmehum, tungsten, tantalum,
zirconium, and niobium with direct use of their alaixides. Although tungsten and
molybdenum were significantly oxidized (60 % and 20, respectively) by the

hydrogen peroxide, the rate of oleic acid oxidatas comparable to the direct use of
the oxides. However, because of the fast rateadbhoxide formation, these metals were
deemed economically unfeasible. Zirconium and imimbshowed resistance to oxidation
with hydrogen peroxide, and the observed reactrodyxcts were similar to the products
obtained without the use of any catalyst. Tantatwidized very slowly with hydrogen
peroxide, and the rate of oleic acid oxidation wiasilar to the rate achieved by directly
using tantalum oxide.

In terms of conversion, tungstic oxide on silicaort resulted in an oleic
conversion of 79 % after 1 hour, 96 % after 2 hpansl 98 % after 3 hours, which was
the highest conversion observed among all theystsal When tungstic oxide was used
without the silica support, the conversion of oleotd after 1 hour was only 56 %.
However, after 2 hours, the conversion of oleid agith the unsupported catalyst was
comparable to the conversion achieved with the adeg tungstic oxide. Tungstic oxide
on alumina support resulted in a slightly lowerctesn rate compared to the silica-
supported catalyst. The decrease in reactionvaseattributed to the smaller pore
diameter of the alumina (135 A) compared to si{2s0 A) and to the fact that the
alumina pellets typically settled to the bottontlwé reactor, creating diffusion
limitations. The use of tantalum oxide supportachtumina only resulted in 77 %
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conversion of oleic acid after 5 hours. Also, yiedds of pelargonic acid and azelaic acid
with respect to conversion of oleic acid were lotem what was achieved with the
unsupported tantalum oxide and much lower than wiagtachieved with supported
tungstic oxide. This result indicated a high m@tehain degradation and a low selectivity
for the C-C double bond. The unsupported tantaiiide resulted in an oleic acid
conversion of about 96 % after 4 hours, but thalfomncentrations of the target products
(azelaic acid and pelargonic acid) were signifiyaloiwver compared to tungstic oxide.
With unsupported tantalum, the conversion of cdaid was 96 % after 4 hours, and the
final concentrations of the target products wenalar to the concentrations obtained
when tungstic oxide was used as the catalyst. Menyéhe initial rate of oleic acid
oxidation was relatively slow in the presence @f timsupported tantalum. Noureddini
and Kanabur suspected the low initial rate wasexhby the slow rate of oxidation of
tantalum by hydrogen peroxide to form tantalum exighich catalyzes the oleic acid
reaction.

In terms of selectivity, tungstic oxide providee thighest selectivity and resulted
in the lowest concentration of chain degradatiadpcts (< 5 mol %). Compared to
tungstic oxide, unsupported tantalum oxide wasdessctive towards azelaic acid and
pelargonic acid and resulted in higher concentnatiaf chain degradation products like
octanoic acid. In all cases for the tungstic oxmled tantalum oxide-based catalysts, the
concentrations of azelaic acid and pelargonic aeitk either approximately equivalent
to each other or slightly more concentrated inngelaic acid. The lone exception was

unsupported tantalum, which formed more azelaid t@n pelargonic acid. The authors
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suggested this was due to the lower degradatierofadzelaic acid in the presence of that
particular catalyst.

Santacesaria et al. (2003) also studied oxidatiaheic acid with hydrogen
peroxide. In this case, pertungstic acid\itD,) was used as a catalyst. This reaction
proceeded in two steps. The first step is showgn(3.9) [Santacesaria et al., 2000].
The hydrogen peroxide reacted with oleic acid enghesence of the pertungstic acid to
form dihydroxystearic acid (a diol).

HiC(CHCH=CH(CH),COOH + HO, MVOx

H3C(CH,);C(OH)HC(OH)H(CH),COOH (3.9)
The second step is shown in Eg. 3.10 [Santacestaila, 2000]. The diol was cleaved
with molecular oxygen in the presence of catalgetnied by the reaction of the spent

pertungstic acid with cobalt acetate.
Ha Wy
3 =
H3C(CH)7C(OH)HC(OH)H(CH);COOH +35 Q ca(ac),

H3C(CH;)7COOH + HOOC(CH);COOH + HO (3.10)
One of the major disadvantages of this reactiadernms of safety was that concentrated
hydrogen peroxide (60 % by weight) had to be usestay above a previously observed
threshold concentration necessary to initiate ¢aetron of 30 % by weight. The
hydrogen peroxide also had to be stabilized withigo stannate and sodium
pyrophosphate to prevent decomposition. The maxiroonversion of oleic acid to
dihydroxystearic acid was only 86 % because theti@mamixture formed a “doughy”
mixture, which could not be mixed efficiently. Alsproduct analysis after the first
reaction consistently showed a small amount of Ej@xvhich was probably formed as a

reaction intermediate.
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Advanced oxidation techniques have also been stiaiea means to oxidize oleic
acid. Pernyeszi and Dékany (2001) studied thegatxadation of oleic acid in water. In
this type of reaction, the photocatalyst is exciipdn exposure to specific wavelengths
of light, which leads to the formation of photorageated holes { and hydroxyl
radicals (OH). In the work by Pernyeszi and Dékany, titaniuoxdle (TiO,) was used

as the photocatalyst, resulting in the followingcmanism [Ding et al., 2000]:

Tio, % h* + € (excitation) (3.11)

h* + € — heat (recombination) (3.12)

h* + OH,— OH, (hole trapping) (3.13)
OH, + organic— oxidation products (hydroxyl radical attack) 3.14
OH3+ Giert — inactive species (hydroxyl radical attack) (3.15)

wherea represents a species adsorbed or close to trecswof the photocatalyst and
Cinert Stands for inert species that can cause uptakgdodxyl radicals. Ultraviolet (UV)
light was used to excite the photocatalyst. Altjiooleic acid can be oxidized directly
by UV light, the reaction is slow compared to oxida via hydroxyl radicals.

Pernyeszi and Dékany began their study by firgrdeihing the maximum
solubility of oleic acid in water at 25°C to be B.§ oleic acid per 100 mL of wate¥ (
0.71 mM) by use of total organic carbon (TOC) measients. Based upon that finding,
the concentration oleic acid used for oxidationeskpents was 0.06 mM. The
photooxidation utilized a 0.1 % (m/v) suspensio i@, (pH = 4.6) for 1.5 hours. Due
to the pH of the suspension, the titanium dioxigdagces were positively charged, so the
carboxyl groups of the oleic acid readily boundhe catalyst. Since Pernyeszi and
Dékany were focused more on destruction of orgampounds in agueous streams than
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formation of valuable oxidation products, oleiccaconcentration was not directly
measured; instead, TOC was monitored over timeerAf5 hours, the TOC was reduced
to less than 20 % of the initial value. A plotT@®C vs. time yielded a linear

relationship, indicating that the photooxidatiorotéic acid was a zero-order reaction,
which was indicative of the presence of mass-tarisghitations. The rate constant was

determined to be 0.0069 mmol-3aw”.

Reaction of Oleic Acid with Solid Oxidants

One of the most researched solid oxidants usedléar acid oxidation is
potassium permanganate. However, due to the laybiity of potassium permanganate
crystals in organic compounds such as oleic al&pbtassium permanganate is usually
dissolved in water, and some sort of catalyst onlexing agent is used to allow the
potassium permanganate to react with the orgayss.laGarti and Avni (1981) evaluated
the use of emulsion technology for potassium pegaaate oxidation of oleic acid.
Previously, the major products of this reaction hadn found to be dihydroxy,
ketohydroxy, and diketo acids. The reaction ofcodeid to form a ketohydroxy product
is shown in Eg. (3.16) [Coleman et al., 1956].
3 —CH=CH- + 4KMnQ + 2H,0 — 3 ~COC(OH)H- + 4Mn@+ 4KOH (3.16)
In the work by Coleman et al., complete oxidatileagage of the C-C double bond was
not obtained, and azelaic and pelargonic acid wetéormed. The authors hypothesized
that by varying the reaction environment, that aizehcid could be formed as the major

product.
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All reactions were conducted at 10°C for 0.5 hoithwtirring at 1,200 RPM. A
constant stream of carbon dioxide was passed thrthggreactor to control the pH of the
reaction system. The carbon dioxide reacted wghatater to form carbonic acid, which
neutralized the potassium hydroxide formed in Bdl&). The previous study by
Coleman et al. had shown that pH affected the @eid oxidation products formed.
They found that as the pH of the system approankattality by addition of sulfuric
acid into the system, yields of ketohydroxysteaditls increased while dihydroxystearic
acid decreased. Garti and Avni began with a cbettperiment in which potassium
permanganate was added to a two-phase mixturetef wad oleic acid with no
emulsifier. Based on analysis with gas chromagagyano oleic acid oxidation occurred
during the control experiment. For the emulsifmatexperiments, the following
nonionic emulsifiers were considered: polyoxyethglethers of long-chain fatty
alcohols (“Brijs”), polyoxoethylene esters of longain fatty acids (“Myrjs”), and long-
chain carboxylic acid esters of polyoxyethylenatetbitol, sorbitan, and isosorbides
(“Tweens”). The authors studied four other vamsah their study. The first variable
was the emulsification preparation method. Théanstconsidered three preparation
methods:

* Mixing of oleic acid, water, and emulsifier at theme time

* Mixing of water and emulsifier, followed by dropwigsddition of oleic
acid

* Dropwise addition of the water + emulsifier mixtueeoleic acid
The other variables were the initial concentratboleic acid, the molar ratio of

potassium permanganate to oleic acid, and amouwhafsifier used. Conversion of
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oleic acid and formation of azelaic, diol-, ket@nd diketostearic acids (but not
pelargonic acid) were used to evaluate the effeetioh variable.

The authors found the best preparation method tirdggwise addition of oleic
acid to the water + emulsifier mixture. This methesulted in the highest conversion
and highest yield of azelaic acid. Prior to thekvoy Garti and Avni, dropwise addition
of an olefin into potassium permanganate had ajrbadome a well-established method
because of the amount of heat released duringxthteermic reaction [Starks, 1971]. By
adding the oleic acid dropwise into the reactibie,temperature of the system could be
controlled better and avoid the situation expemehigy Starks (1971) in which so much
heat was evolved that the reaction mixture coultbnger be contained in the reactor.
The mole ratio of potassium permanganate to olgat\was varied from 1 to 6; in
general, as the mole ratio increased, the converdioleic acid and the yield of azelaic
acid increased. When the mole ratio was increised 4 to 6, the conversion of oleic
acid did not change (98 %); however, the yieldz#laic acid increased from 84 to 87 %.
The initial oleic concentration was varied from ag® fraction of 5.7 % up to 14.2 %. As
the oleic acid concentration increased, the comweisf oleic acid and the yield of
azelaic acid both decreased, while the yields @f dketol-, and diketostearic acids
increased. For the study on the effect of emelsfoncentration, the concentration of
Myrjs emulsifier was increased from a mass fractbf % (control experiment) to 3 %.
The yield of azelaic acid increased to a maximuehdyof 56 % at an emulsifier mass
fraction of 1 %. At emulsifier mass fractions o¥®and 3 %, the yield of azelaic acid
was only 42 % and 45 %, respectively. The maxinolgic acid conversion (85 %) also
occurred at a mass fraction of 1 % emulsifier.nysss fractions of 2 % and 3 %, the
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conversion of oleic acid decreased to 80 % and S&8%pectively. The best emulsifier
was found to be Myrj 59, which provided the highastversion of oleic acid. The
authors suggested that Myrj 59 was the best enarl&iécause it had the best
hydrophilic-lipophilic balance (HLB), a measuretb& hydrophilic or lipophilic nature of
a compound. The HLB of a compound is determine@&hifin’s equation:

HLB = 20My/M (3.17)
whereM; is the formula weight of the hydrophilic portiohtbe compound anil is the
molecular weight of the entire compound. An HLBweaof 20 would correspond to a
compound that is completely hydrophilic, and a eadfiO would correspond to a
compound that is completely hydrophobic (lipophili©f the emulsifiers considered by
Garti and Avin, Myrj 59 had the highest HLB witlvalue of 18.8.

Foglia et al. (1977) performed a study similar trtzand Avni, except that
phase-transfer catalysts were evaluated insteathofsifiers. The phase-transfer
catalysts were either quaternary ammonium halidesawn ethers and served to transfer
the potassium permanganate in the aqueous ph#se doganic phase where oxidation
occurred. The organic compounds consisted of 1apecenegis-9-octadecene, and
methyl oleate. The authors found that pH affepiediuct formation. For example,
oxidation ofcis-9-octadecene in methylene chloride with aqueotigssaim
permanganate and a phase-transfer catalyst adbtggtammonium bromide (TBAB)
resulted in dihydroxyoctadecane (80 % yield) ahsibpH and pelargonic acid (80 %
yield) at a neutral pH. Oxidation of methyl oleatenethylene chloride with aqueous
potassium permanganate and a phase-transfer ¢atblyBAB yielded pelargonic acid
(67 %) and monomethyl azelate (72 %) at a neutdal However, at basic pH, product
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yields were reduced to below 25 %. The authorsidpeed that this was due to
saponification which caused emulsion problems dyiie reaction.

In the work by Garti and Avni (1981), the potassipemrmanganate was always
used in an aqueous solution; they did not studylifeet use of solid potassium
permanganate. Although studies of oleic acid diodedirectly with solid potassium
permanganate could not be found, similar studiee baen conducted with other organic
compounds. Sam and Simmons (1972) studied thetardof various organic
molecules such d@sans-stilbene, cyclohexenei-pinene, and toluene in benzene with
potassium permanganate. Since potassium permaedaathno detectable solubility in
benzene, dicyclohexyl-18-crown-6 (crown ether) wssd as a complexing agent. For
their experiments, the oxidizing reagent was preghdny stirring equimolar amounts of
the crown ether with potassium permanganate indrenzllowing the concentration of
potassium permanganate in benzene to be as higd@#1. Then the organic
compound was added to the potassium permangareezene solution at 25°C.
Reactions of olefins occurred within minutes, wilkylbenzenes like toluene required
up to 72 hours. Very high yields of suspected atiah products were obtained in all
cases. For exampleans-stilbene andi-pinene were converted to benzoic acid and
adipic acid in yields of 100 % and 90 %, respetyivé&or the oxidation of olefins with
potassium permanganate without water (at leasaliy, the authors suggested the
following overall reaction:
3R;CH=CHR, + 8BKMnOQ; — 3R,COK + 3R,COK + 8MnO, + 2KOH + 2HO  (3.18)
with the reaction being initiated by the electrdyaddition of the permanganate ion to

the olefinict bond to form the corresponding manganate esterite authors

50

www.manaraa.com



suggested that the manganate ester was firsirgplicorresponding aldehydes, which
were then oxidized into carboxylic acids.

Although potassium permanganate is the most consulith oxidant used for
oleic acid oxidation, other solid oxidants haverbessearched. For example,
Zimmermann et al. (2005) studied oxidation of oketd via a catalytic ruthenium
system consisting of 2.2 % RuC4.1 eq. Nal®@ (oxidant) in a solvent mixture of
H,O:CH;CN:CCl, in a ratio of 3:2:2. The goal of that study wadind a suitable solvent
to replace carbon tetrachloride (Gbecause of environmental regulations. When,CCl
was included as a solvent, the reaction time redguior complete conversion of oleic
acid was 4.5 hours and produced a 70 % yield daazacid (the target product in that
study). When carbon tetrachloride was removed fiteensolvent system, 6.5 hours were
required for complete oleic acid conversion, arelahelaic acid yield dropped to 66 %.
The authors concluded that the carbon tetrachlatidiein fact, play some unknown
crucial role to the oxidation reaction.

Finding a suitable alternative to carbon tetragdwas complicated by the fact
that the oxidant (Rug) formed from the ruthenium complex was a poweokitizer, so
solvent choice was limited. Several solvents iditig ethyl acetate, acetone, and
cyclohexane were studied as potential replacenientarbon tetrachloride because of
their resistance to oxidation. Cyclohexane redultea reaction time of 48 hours needed
to completely oxidize the oleic acid; however, yiedd of azelaic acid was 71 %.
Substitution of acetone for carbon tetrachlorideegaesults very similar to the original
solvent system. After 4.5 hours, oleic acid wamngletely consumed, and the yield of
azelaic acid was found to be 69 %. However, tts f@sults were obtained with ethyl
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acetate. A reaction time of only 2 hours was negiifor complete conversion of the
oleic acid, and the resulting yield of azelaic asab 73 %. The faster reaction time
achieved with ethyl acetate was attributed to ticegased solubility of the oleic acid and
dihydroxystearic acid (oxidation intermediate) e O:CH;CN:AcOEt (3:2:2) solvent
system. An advantage of this solvent was the efgeoduct separation. After
evaporation of acetonitrile and ethyl acetate piblargonic acid phase separated from the
remaining aqueous layer because pelargonic acidnsakible in water. After pulling

off the pelargonic acid from the aqueous layerwhgr was cooled until the azelaic acid
precipitated completely. Since azelaic acid wasforally insoluble in cool water, a very
low temperature was not required. Hence, the asitttecommended the catalytic
ruthenium system of 2.2 % Ru@Glith 4.1 eq. Nal@and a solvent system of

H,0:CH;CN:ACOEt (3:2:2) for large-scale oxidation of ol@icid.

Use of Supercritical Carbon Dioxide as a Reaction Medium

Rationale

Initially, the idea of incorporating a supercriti¢aid into a reaction may not
seem like a wise decision, especially in termscohemics. Generally, use of
supercritical fluids results in the need for vesselbe made to withstand higher
pressures. Also, the cost of recovering the suipiesad fluid must be taken into account.
In the case of carbon dioxide, this would be th&t o purification and recompression.
Therefore, both equipment costs and certain opgratsts are incurred with the use of
supercritical fluids. However, research has shtvan supercritical fluids can provide
several benefits that can potentially offset thet€@associated with their use. For
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example, incorporation of a supercritical fluid Gdfect reaction rate and selectivity,
enhance mass and heat transfer, increase catitisté and aid in regeneration,
facilitate separation, and enhance particle foromaiBrennecke, 1993; Baiker, 1999].
The effect of pressure on the reaction rate cohstambe explained in terms of
transition-state theory in which the reactantsimteermodynamic equilibrium with a
transition-state intermediary. Once formed, thiermediary, or activated complex,
proceeds directly to reaction products. Accordmgransition-state theory, the
magnitude and direction of the mole fraction-basdd constark, is dependent upon

both the sign and magnitude of the activation vawh as follows [Baiker, 1999]:

dInk AV
( 6ij " RT (3.19)
T,x

whereP is pressureT is absolute temperature, aRds the gas constan¥/” can be

expressed as follows [Brennecke, 1993]:
AV* =Vis—(Va+Vs) (3.20)

whereVs is the partial molar volume of the activated coexpndV » andVs are the
partial molar volumes of the reactants (for a bimsalar, elementary reaction). When the
rate constant is related to a pressure-dependerguresof concentration, the following

equation results [Baiker, 1999]:

(a'”kcj =_AV¢+(HJ[1-(6'”KJ } (3.21)
o ). rRT U P lampk,

wheren is the molecularity of the reaction akgis the isothermal compressibility

[Baiker, 1999]. Based upon Egs. (3.20) and (3.2tan be seen that a negatite ”
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results in a rate increase with increasing pressuhnge a positiveAV” results in a rate
decrease with increasing pressure. Partial mallmves of liquids are typically 5 to 10
cm®-mol™, but they can have values as high as -15,000ncai’; hence, the pressure
effect on reaction rate can be significant [Bremeed 993]. In a system in which several
parallel or competing reactions occur, the pressarealso affect the individual rate
constants so that the activation volumes$)(are not equal for each reaction. Therefore,
an increase in pressure may favor one (or mor#eofeactions over the others and affect
product selectivity.

In the supercritical region, diffusivities are geally higher and viscosities are
lower than they are in liquids. Therefore, the ratt mass transfer-limited reactions can
be increased under supercritical conditions. Alsactions that normally occur in
multiphase systems that are subjected to masddrdmsitations can be conducted in a
single supercritical fluid phase, eliminating irié@ial mass-transfer resistances. Also,
supercritical fluids have higher thermal conduti®ad than in the corresponding gas
phase. Therefore, heat transfer can be enhamngeekially in the case of exothermic
reactions where heat removal is crucial [BaikeQ9]9

Use of supercritical fluids can also result in gase of catalyst life. Over time,
catalysts can become deactivated or poisoned anmrgnolecules. Since the solubility
of organic compounds can be much higher in sugeariluids than in corresponding
gases, the deactivation can be suppressed by swgtttie reaction from the gas phase to
the supercritical phase. Supercritical fluids a&o be used to regenerate catalysts. As

previously mentioned, organic molecules that tyihrazause catalyst deactivation are
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more soluble in supercritical fluids than in theresponding gases. Hence, supercritical-
fluid extraction can be used to remove the poismr the catalyst.

Supercritical fluids can also facilitate the sepiaraof compounds, particularly
products. Supercritical fluids are consideteaablemedia because small changes in
temperature and pressure can result in large ceang®lute solubility. Hence, if the
solubilities of solutes differ enough in a supercail fluid, then they can be easily
fractionated. Also, if the solubilities of prodadre low in a supercritical fluid compared
to the reactants, then conversion can be incraagbe case of an equilibrium reaction.

Supercritical fluids can also aid in controllingtparticle size of materials such as
catalysts. For example, two particle-forming taghes incorporating supercritical fluids
are the rapid expansion of supercritical solutidRsSS) method and the supercritical
antisolvent (SAS) technique [Baiker, 1999]. Theibaf RESS is the rapid
depressurization of a supercritical fluid phaseimch the solutes are dissolved. In SAS,
the solutes are dissolved in an organic liquid preasl precipitation is achieved by
contacting the organic phase with a supercriticad thaving a large mutual solubility

with the organic liquid and a low affinity for tls®lutes.

Oxidation of Organic Compoundsin Supercritical Carbon Dioxide
Unfortunately, no previous studies of oleic aciddaxion in a supercritical fluid
could be located. However, Mercangotz et al. (2@D4died the oxidation of soybean oil
with potassium permanganate in sub/supercriticddaradioxide. As shown in Table
1.1, soybean oil is composed primarily of unsatddatty acids with oleic acid

accounting for about 23 % of the fatty acid profif@éne of the drawbacks of typical
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vegetable oils (typical meaning high in triacylgyals) is that they cannot be directly
converted to polymers; instead, they must firstdaverted into an alternate form. For
example, through hydrolysis of the oil, the fattyds could be isolated and then used to
synthesize polymers. One of the few exceptiomsstor oil, which can be polymerized
in its native form due to the presence of hydrayglups on most of the fatty acid chains.
Another approach is to add necessary functionalgg®o vegetable oils prior to
polymerization; however, current techniques havebeen commercialized due to a lack
of economic feasibility. The authors stated thatrnajor reason for this is the difficulty
arising from trying to react the immiscible organitphase with the aqueous phase that
contains the reactants necessary for functionalgealdition. As previously mentioned,
phase-transfer catalysts and emulsifiers have e=marched to deal with such problems.
However, in those cases the organic compound ¢eg@lan an organic solvent, such as
benzene. After functionalization of the oil, thganic solvent must be removed,;
however, typically a small amount of the solvemhaéns with the oil, which can lead to
undesirable properties in polymers. Also, phaaedier catalysts and emulsifiers are
relatively expensive.

Mercang0z et al. proposed to use carbon dioxidmadternative to phase-
transfer catalysts or emulsifiers. The goal of #tady was to react soybean oil with
aqueous potassium permanganate in the presenab/etipercritical carbon dioxide and
monitor the consumption of soybean triglycerideldelwonds (STDB) and fatty acid
distribution over time. Experiments were perfodhat temperatures of 25 and 50°C and
pressures of 7, 12, and 13 MPa. Other variabldaded reactor configuration, reaction
time, and product-storage period. For the batgeements, all reactants were placed in
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the reactor at once and allowed to mix for 10 mesutThen the reactor was placed in a
water bath for an additional 10 minutes to allowtfeermal equilibration before the
carbon dioxide was pumped into the reactor. Adtidition of carbon dioxide and
attainment of the desired pressure and temperatux@)g was initiated and the allotted
reaction time for the experiment began. At the enithe designated reaction time, the
mixer was turned off, and the reactor contents \geren an hour to settle. Therefore,
the authors did not account for at least 1.33 hofitsne in which a reaction could be
occurring. For the semi-batch experiments, soyledaand potassium permanganate
were placed in the reactor and mixed together.nThe reactor was pressurized with
carbon dioxide, and the system was allowed to ré&aamtmal equilibrium. Water was
then added at various rates to the reactor usingfPAC pump. From that point on, the
procedure was identical to the batch experiments.

Since the goal of this research was to add hydrmgeodips to the triacylglycerols,
the authors were concerned about “over-oxidatianwhich the diol formed from the C-
C double bond would be oxidized into other spe@ssshown in Figure 3.6. However,
though an excess amount of oxidant was used, necx@ation was observed. The
authors found that the feed rate of water in tmaid®mtch experiments affected STDB
consumption. For a standard 12-hour reaction &€ 2md 7 MPa, consumption for the
batch experiment was 29 %. In semi-batch operationsumption was 33 and 31% at
water feed rates of 0.25 and 0.083 mL - MifThe authors had hypothesized that as the
water feed rate increased, the STDB consumptioridhapproach the result achieved in

batch mode. However, the results suggested thaates feed rate was increased,
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consumption improved over batch operation. Unfaataly, the authors did not explain
why these results occurred.

Mercangoz et al. also performed a negative-cotesilin which soybean oil and
aqueous potassium permanganate were mixed togetaeeactor at 25°C and
atmospheric pressure. The reactor was sealedthre@tmosphere to prevent
autoxidation of the soybean oil. The negative-adrghowed that the absence of dense
carbon dioxide hindered the reaction. To get gebeinderstanding of the reactant
system, reactions were also conducted with metlegte. However, under conditions of
50°C at 12 MPa for 16 hours, no double bond consilampf the methyl oleate was
observed. Based on the fact that methyl oleatesetable in supercritical carbon
dioxide but practically insoluble in water, the laaits suggested that the methyl oleate
result proved that the permanganate ions wereahabidized into the dense carbon
dioxide phase and hence could not react with thiayheleate.

Mercang06z et al. concluded that the high presstmepted the dissolution of
carbon dioxide in both the soybean oil and aqugbtiase, resulting in them expanding to
some multiple of their original volumes. Also, s#the two phases were well mixed, the
two immiscible phases were kept in an emulsion-gite¢de. The authors concluded that
the combined effect of these factors resulted @ on both, of the reactants being
transferred to the other phase to react in a margel interfacial area.

Most oxidation studies incorporating supercriticatbon dioxide as a reaction
medium have been focused on environmental remediafigroundwaters, soils, and
sludges. Carbon dioxide is considered well-suibedhis application because it is
plentiful, inexpensive, nontoxic, nonflammable, dra$ a high solvating power for many
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organic pollutants. For example, Kruse and Schari€t®98) envisioned an integrated
remediation process featuring extraction and oiodatwith supercritical carbon dioxide.
As can be seen Figure 3supercritical carbon dioxide can be used to extaaatrganic
pollutant, leaving a remediated matrix behind. $uapercritical carbon dioxide + organic
compound could then pass into a high-pressureaeattere oxidation (destruction) of
the organic pollutant would occur. By depressugzihe reactor, the carbon dioxide can
be separated from the reaction products and retydang et al. (1991) studied the
oxidation of several model waste aromatic hydrogastsuch as toluene with air in
carbon dioxide at pressures of 8 to 14 MPa and eeatyres of 453 to 573 K. The
degree of oxidation varied with the amount of aetiwetal oxide catalyst on an alumina
support. No reactions were observed to occurerattsence of a catalyst at temperatures
below 573 K. With many of the transition metal dxicatalysts, the reaction rates were
slow, and the major products formed were aldehgaelsacids. However, using a 1 %
Pt/Al,O3 catalyst resulted in almost complete oxidatiotohiene at temperatures below
520 K with a consumption rate of 0.54 g of tolues&cting per 1 g of catalyst per hour.
Several drawbacks exist to using supercritical @ardioxide as a reaction
medium including the requirement for high processgure and limitation in the
availability of transition metal catalysts thatmley adequate solubility without
modification in the supercritical fluid. Fluorotam “tails” can be attached to catalysts
to improve their solubility; however, the user lfdrocarbon compounds is expensive
and not considered environmentally friendly. Tonsount these issues, Musie et al.
(2001) proposed the use of carbon dioxide-expasdient media. In their proposed
process, the conventional solvent was substantigfiiaced with dense carbon dioxide,

59

www.manaraa.com



which led to the expansion of the solution volunktence, a completely homogenous
reaction mixture was created that contained cadoaxide, substrate, catalyst, organic
solvent, and oxidant. The pressure required wab®worder of 5 to 9 MPa, and the
carbon dioxide mole fraction in the organic solveartged from 0.65 to 0.8. In several
experiments, use of carbon dioxide-expanded orgaolients resulted in rate
enhancement for reactions of dioxygen oxidatioalkénes and phenols with metal
complexes of Schiff base (general structure fR=N-R3) and porphyrin ligands

(interconnected pyrrole-like subunits).

Solubility of Lipidsin Supercritical Carbon Dioxide

Experimental Techniques

As previously mentioned, reduction in mass-trankfeitations and facilitation of
reaction product separation are potential advastafjasing supercritical carbon dioxide
as a reaction medium. Both of these advantagdseanaly influenced by the solubility
of the reactants and products in supercritical@adtioxide; hence, knowledge of
solubility over a range of temperatures and pressisgrimportant. Fortunately, solubility
data are available for oleic acid + supercritiGabon dioxide [Zou et al., 1990; Foster et
al., 1991; Nilsson et al., 1991; Maheshwari et92; Yu et al., 1992; Skerget et al.,
1995]. However, solubility of pelargonic acid amklaic acid in supercritical carbon
dioxide could not be located. Although group cilmition methods exist to predict
solubility of compounds in a supercritical fluidd4€@&leler and Gmehling, 2004], solubility
can be also determined experimentally. In somes;a®lubility cannot be determined
experimentally due to several potential factordhsag unavailability of solute standards
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or cost of standards. However, pelargonic acidaaadaic standards are readily available
and are not overly expensive.

There are three main experimental techniques fiaraening solubility of
compounds in supercritical fluids: dynamic, stadieg recirculating [Maxwell, 1996].

All three techniques are based upon the same phknattainment of equilibrium

between solute and supercritical fluid. In a dymasystem, the supercritical fluid passes
through the solute at a rate in which equilibrignaitained. In a static process,
experiments are conducted in vessel containingea famount of solute, and the pressure
or temperature is adjusted until a portion, or@ltthe solute dissolves in the supercritical
fluid. The recirculating method consists of an app#s operating with a fixed volume of
fluid that is continuously recycled through thetsys until equilibrium is obtained.

Most solubility measurements for solid lipids hdezn determined using the
dynamic technique [Maxwell, 1996]. The dynamidigique has also been used to
evaluate solubility of liquid-phase lipids suchadsic acid [Nilsson et al., 1991]. Figure
3.8 shows a diagram of a dynamic apparatus. Titcalioxide is delivered from the
solvent cylinder to a pump or compressor where @gompressed and heated. For the
apparatus shown in Figure 3.8, the carbon dioxwmes from the compressor to a coil in
a constant-temperature bath, which ensures thatllient is at the required temperature.
Then the carbon dioxide enters the pressure vsstetontains the lipid and dissolves a
portion of it. Then the solute + supercriticalidlyppasses through a heated micrometering
valve where the pressure is reduced nearly (or teielp) to atmospheric pressure. The
micrometering valve controls the flow of the expadia@arbon dioxide as well as the
pressure in the extraction vessel. Hence, theomietering valve assembly is often
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referred to as a back-pressure regulator. Asdh@on dioxide expands, the solute

precipitates and is collected in a receiver. Asdarbon dioxide exits the system, a flow

meter and flow totalizer are used to record the flate and total gas volume as a

function of time. Advantages of the dynamic tecjue include:

The apparatus can be composed of off-the-shelpeggent
Sampling procedures are not complicated
Solubility data can be generated relatively quickly

Equilbrium or fractionating information can be abtd [Maxwell, 1996].

Disadvantages of the dynamic approach include:

Obstruction of the micrometering valve by the selut

Potential entrainment of liquid solutes

Undetected phase changes

If the pressure cell is in a vertical position aghhpressure, the
supercritical fluid density can become greater ti@nsolute density,
which may result in extrusion of the liquid sold@item the pressure cell
The solubility of the supercritical fluid in a ligusolute cannot be

determined since only the supercritical fluid phisssampled [Maxwell,
1996].

Researchers have used many modified forms of thardic apparatus in Figure 3.8. For

example, Dobbs et al. (1986) added a second peesslinin line with the first pressure

cell. In that design, both cells were charged wihute, but the second pressure cell

ensured that the supercritical fluid was saturatih solute.
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Behavior of Lipidsin Supercritical Carbon Dioxide

Many studies of lipid solubility/extraction are @daale in the literature and
provide insightful information as to what can bg@ested from the solubility experiments
in this work. For example, in the work by Sparksle (2006), lipids were extracted from
rice bran at pressures of 20 to 35 MPa and tempesabf 45, 65, and 85°C. In terms of
its fatty acid profile, rice bran contained over%®leic acid. As illustrated in Figure
3.9, extraction efficiencies were directly proponl to pressure and inversely
proportional to temperature. However, rice brdnsod complex solute that is actually
composed of many different molecules, so it is inga to know the behavior that can
be expected for pure lipids. Nilsson et al. (198943luated the solubilities of methyl
oleate, oleic acid, monoolein, diolein, and trinle supercritical carbon dioxide at
temperatures of 50 and 60°C and at pressures BiPELto 30.9 MPa. The methyl oleate
exhibited the highest solubility, presumably beeatisias the highest vapor pressure, and
oleic acid had the next highest solubility. Triolevas least soluble. All of the
compounds were more soluble in supercritical cadioride at 50°C than at 60°C,
which was the same behavior observed in the preljouentioned rice bran oil study.
Nilsson et al. referred to this behavior as retmdgrbehavior, in which the solvent
density had the dominant effect on solubility. Kerograde behavior, in which
solubility increases with increasing temperatuea also occur. In the nonretrograde
regime, the temperature effect on the vapor predsas the dominant effect on
solubility.

Both Hammam (1992) and Yu et al. (1994) studiedsibiubility of a variety of
lipids in supercritical carbon dioxide and conclddieat solubility depended not only on
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the operating conditions, but also on the chensitrakture of the solute. Chain length,
degree of unsaturation, and presence of functigmalps have all been found to affect
solubility. For example, methyl palmitate showedigher solubility in supercritical
carbon dioxide than methyl stearate due to thetshohain length of the palmitate group
[Inomata et al., 1989]. Though it had the samerclegth, ethyl stearate had a lower
solubility than ethyl oleate due to the double bohthe oleate group [Bharath et al.,
1989]. However, molecular weight appeared to lealager impact on solubility than
degree of unsaturation. A polar carboxyl group aso impact solubility. Hammam
(1992) found that trilaurin and palmitic acid hggbeoximately the same solubility in
supercritical carbon dioxide even though trilaurad a larger molecular weight.
Hammam suggested that the carboxyl group on theipalacid caused the molecule to

be more polar, which caused a lower solubility.
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Figure 3.1:  Changes in oleic acid concentratiorr timee due to autoxidation, 333
K; o, 348 K;o, 363 K [Takahashi et al., 2000]
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Figure 3.2:  Changes in oleyl hydroperoxide conediutn over time during

autoxidation of oleic acidA, 333 K; o, 348 K;o, 363 K [Takahashi et al.,
2000]
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Figure 3.3:  Changes in dissolved oxygen concentrdtr oleic acid autoxidation: (a)
for complete reaction time, (b) for the first twours of reaction timej,
333 K; o0, 348 K;, 363 K [Takahashi et al., 2000]
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Figure 3.4:  Proposed oleic acid ozonolysis mechamwbere the asterisk denotes
products that theoretically cannot be incorporatéal an oligomer
[Reynolds et al., 2006]

68

www.manharaa.com




50

40 |

Oxidation products (mol%)

Figure 3.5:  Oxidation of oleic acid with hydrogegrpxide with alumina-supported

tungstic oxide catalys#, pelargonic acidm, azelaic acidA, octanoic
acid; e, oleic acid*, suberic acid [Noureddini and Kanabur, 1999]
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Figure 3.6:  Hydroxylation of an olefin followed lbxidation into carboxylated
species [Mercango6z et al., 2004]
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Figure 3.7:  Combined extraction and reaction predesremoval of organic
pollutants [Kruse and Schmieder, 1998]
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Figure 3.8:  Dynamic apparatus for determining siitybn a supercritical fluid
[Maxwell, 1996]
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CHAPTER IV

METHODS AND MATERIALS

Introduction
Chapter IV provides descriptions of analytical gaares, experimental methods,
and materials used throughout this study. Howesparcific details of procedures (i.e.
flowrates, pressures, etc...) and materials are geolvin subsequent chapters (VII-X)

where the actual experiments are discussed.

Oxidizer Generation

Ozone Generation
Ozone was produced via a Model LC-1234 Ozone Gémreirom Ozonology,
Inc. (Northbrook, IL). The ozone generator wasipged with an internal oxygen
generator (Airsep Corporation Model AS-12; Buffal\y) capable of producing a stream
of oxygen concentrated to 90 % + 5 % on a volunsesbaOzone (g) is formed in two
sequential reactions: (1) an oxygen)@olecule splits as a result of the reception of a
photon and (2) the resulting oxygen atoms readt ®itto form Q. This reaction

sequence is shown below.

O;+hv-> O+0 (4.1)

0,+0 -5 O3 (4.2)
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30, « 203 (overall reaction) (4.3)

Ozone (@, CAS No. 10028-15-6) is created in nature by hgig strikes and
ultraviolet (UV) light from the sun [Suslow, 2004Dzone is also produced by
photochemical oxidation reactions of hydrocarb@xygen, and nitrogen [Graham,
1997]. Commercial ozone generators are availlaledtilize a UV light source, but
these units have a lower ozone production capaoitypared to corona discharge
systems. In these systems, a high-voltage cuisemplied across a discharge gap
(corona) in the presence of oxygen or air, spijttime oxygen molecules to form oxygen
atoms [Suslow, 1998]. In the same manner prewades$cribed, the oxygen atoms
combine with oxygen molecules to form ozone. Thed®l LC-1234 Ozone Generator is
a corona-discharge unit and the amount of ozonguygex was directly related to the
amount of voltage applied to the corona and inverstated to the flowrate of oxygen
across the corona. The voltage controller couldareed from 0 to 100 volts and the
flowrate could be varied between 0 and 10 standalit feet per hour (SCFH). The
ozone generator had four cells that could be etiligimultaneously to generate ozone.
However, these streams could only be varied wipeet to each other by changing the
flowrate for each particular cell. The unit is ggped with only one corona, so the
voltage was constant across all active cells. gdseflowrate for each cell was controlled
by a rotameter.

The ozone concentration produced at a specifi@ageland flowrate was
determined with a Model HC Ozone Monitor (PCl Oz&n€ontrol Systems, Inc.; West
Caldwell, NJ) utilizing a UV-absorption type photetric technique. The monitor

utilizes a sampling system containing a sample pwnpne scrubber, solenoid valve,
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and sample chamber. The monitor is able to altern@tween the flow of an ozone-
containing stream to that of an oxygen stream.cd@yparing the intensity of the UV

light passing through the ozone stream to the gktlintensity passing through the
oxygen stream, the ozone concentration can belas#duusing Beer’'s Law. Figure 4.1
shows the ozone generator along with the ozonetororiThe ozone monitor was used to
generate calibration curves showing how ozone auratton varied with voltage and
flowrate. As Figure 4.2 shows, the concentratibazmne increases with increasing
voltage and decreasing flowrate. After leavingdlene monitor, the ozone was sent to
a flask containing Carulite (manganese dioxide/eogxide, Carus Chemical Company;

Peru, IL), which served as a catalyst to decompusezone.

Potassium Permanganate
Typically, potassium permanganate (KMp@AS No. 7722-64-7) is generated

via a multi-reaction process. First, pyrolusitedsnbined with potassium nitrate or
potassium hydroxide in the presence of heat ani &rm potassium manganate. Then
upon electrolytic oxidation in an alkaline mediuime potassium manganate is converted
to potassium permanganate [USITC, 2005; Wikipe2ld@7b]. For this work, potassium
permanganate was obtained from Sigma-Aldrich (€899124-5009) and used without
modification. The KMnQwas 99+% purity (ACS grade) with low mercury cartte
Figure 4.3 shows potassium permanganate crystalg beved via a stainless-steel

scoopula.
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Solubility in Supercritical Carbon Dioxide

A dynamic technique was used to determine solylolifpelargonic acid, azelaic

acid, oleic acid, and potassium permanganate iarstipcal carbon dioxide (SC-CGp

Under the dynamic technique, the assumption is rtfaatehe solute solvent system

reaches equilibrium as the solvent passes ovesdliage [Maxwell, 1996]. Figure 4.4

provides a schematic of the supercritical-fluidragtor, manufactured by Thar

Technologies (Model SFE-100; Pittsburgh, PA), usedhe solubility experiments. The

system is rated for pressures up to 68 MPa angupped with a Coriolis mass-flow

meter, dual-piston pump, backpressure regulatoR{B&nd cyclone separator. A brief

description of these major components now follows.

Coriolis Mass-Flow Meter: The mass-flow meter isnuactured by
Rheonik (Munich, Germany) and operates on the jpli@of the Coriolis
effect which can be described as the inertial fexaerted on an object as a
result of movement relative to a rotating frameeférence [Rheonik,
2006]. The Rheonik mass-flow meter has two pdrailasuring tubes
that form an Omega shape. The tubes oscillatpposing directions.
Two high-mass cross bars mounted on vertical tonsds drive the
oscillating system and stabilize the torsional rmget. When mass
flows through the tubes, a Coriolis force is pragtliovhich causes
deflection in the top of the tubes. The defleci®detected as a phase
shift between two electronic sensors mounted orms$eélating tubes.
The mass flowing within the tubes is directly prammal to the extent of

phase shift detected. The mass-flow meter has@macy oft 0.20 %.
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Dual-Piston Pump: The P-50 pump is a high-pressunep that
incorporates a low dead volume head and check satvensure efficient
pumping of carbon dioxide. As a piston moves kadlefill the solvent
chamber, a lower check valve opens to allow solt@fibw into the
chamber while an upper check valve closes to beatystem fluid from
entering the solvent chamber. Once a piston caewmlés filling cycle, it
will move forward, causing the lower check valvectose. When the
pressure in the chamber exceeds the system pregsitgper check
valve opens and solvent flows into the system.utlizing two pistons,
the P-50 is able to provide a continuous, pulse-fielivery of CQup to a
rate of 50 g-mit (0.83 g-3).

Backpressure Regulator: The BPR is a precisionevattached to a motor
controller with a position indicator. The maxim@xpected flowrate
under liquid to atmospheric pressure drop conditier200 g-mifl. The
needle position is reported as 0 to 6000 counts @vitounts
corresponding to minimum flow and 6000 counts iatitg a fully open
system.

Cyclone Separator: The cyclone separator remaMagesmolecules by
causing the solute/CGtream to flow in a spiral pattern inside of a 500
mL cylinder. Due to the centrifugal force, theigelmolecules move
outward and collide with the wall of the vessel pper and Alley, 1994].

Then the solute molecules tend to fall to the bottd the cyclone due to
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the influence of gravity, and the G@ allowed to flow out of the top of
the cyclone.
Temperature along with the dual-piston pump andpassure regulator are controlled
via computer using Instrument Control Module (ICMjh PID control.

For each solubility experiment, a portion of thenpmund of interest was
suspended in a stainless steel equilibrium vessélifie of 100 mL) using layers of glass
wool (Fisher Scientific) and 2 mm diameter borasite glass beads (Chemglass,
Vineland, NJ). The packing helps minimize chanrgebhthe supercritical fluid and
prevents entrainment of the solute [Maxwell, 199€e et al., 1994]. Both ends of the
equilibrium vessel were equipped witlhudn stainless steel frits. The equilibrium vessel,
equipped with a heating jacket, was allowed tohidhe desired operating temperature of
the experimenty{ 1 K). Before entering the equilibrium vessel, @@, passed through a
heat exchanger, which raised the temperature cfdhvent to the necessary value. By the
time the CQ reached the equilibrium cell, it was in a sup¢ical state (SC-C¢). The
system was maintained at the desired pressu®e2(MPa) via the backpressure
regulator.

Once the solute/solvent mixture exited the equditrcell, it flowed to the
cyclone separator where the pressure was redueadehthe C@became a gas and
separated from the solute. Then, 25 mL of an ap@i@psolvent (organic solvent in the
case of fatty acids, water in the case of potasgiermanganate) was used to dissolve the
solute in the cyclone separator. The solute/solnexrture was collected in a tared 40
mL amber glass vial. Specific methods of deterngrthe amount of solute in the 40 mL

vial vary based on solute type and are discussedbeequent chapters. Between
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experiments, the equilibrium vessel was takenrddfland SC-C@was used to clean the

tubing of the experimental apparatus.

Oxidation in Supercritical Carbon Dioxide

Oxidation experiments conducted in supercriticaboa dioxide utilized a 250
mL stainless steel reactor assembly manufacturélthay Technologies (Model R250;
Pittsburgh, PA). The reactor body is composedl®f &ainless steel while the cap is
composed of Nitronic 60 stainless steel. The R2®@uipped with a magnetic stirrer as
well as two 6.35 mm diameter single crystal sapphindows to allow remote viewing
of inside the reactor via a camera and light souifidee reactor temperature is controlled
by a process control package that also providestororg of reactor pressure. The
reactor can attain a maximum pressure of 41.3 Miglaaamaximum temperature of 150
°C. Since the process control package did noudeh tachometer for the stirrer, the
speed setting had to be determined manually vitsd laceable, pre-calibrated
photo/contact tachometer (Cat. No. 05-028-23, FiSleeentific). First, reflective tape
was cut into a 12.7 mm square and placed on tHfeddhhe stirrer. Then the photo
signal light beam was directed at the tape ondleing shaft. Three measurements
were taken for each speed setting, and a caliloratiove (Figure 4.5) was generated
showing RPM as a function of speed setting. Algtoarror bars indicating standard
deviations are included in Figure 4.5, the valaz€sq RPM to=2 RPM) are so small that
the error bars cannot easily be seen.

For the oxidation reactions, the R250 was usedenhith part of the SFE-100

assembly previously described. Specifically, tHgOPsolvent pump was used to deliver
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carbon dioxide to the reactor. For the potassienmpnganate oxidation experiments, a
syringe pump (Teledyne Isco Model 100DX; LincolrE)Nvas used to add oleic acid
into the R250 reactor. This particular model afrgye pump has a capacity of 100 mL
and can provide pulseless delivery from 0.000080tonL-miri* over a pressure range of
0 to 68.95 MPa. Although the syringe pump canerated in either constant-pressure
or constant-flow mode, only the constant flow-medes used for this study. The flow
accuracy of the pump is a minimum of + 0.5 %. Fegd.6 provides an illustration of the
experimental setup including the syringe pump. piessure release valve shown in
Figure 4.6 was used to depressurize the reactbeand of experiments. An
Erlenmeyer flask containing glass wool was usetbtlect any material that exited the

reactor with the carbon dioxide.

Analytical M ethods

Conversion of Reaction Productsto Methyl Ester Derivatives

Fatty acids and their oxidation products are tyjpicanverted to methyl ester
derivatives because the enhanced peak shape shisn@hen gas chromatography (GC)
is employed. The derivatization procedure usatliswork is a modified form of that
described by Christie (2003b). First, the lipidgde (up to 100 mg) was placed in a 20
mL test tube containing 1 mL of toluene (Optimah@r Scientific) and 2 mL of
methanol (Optima, Fisher Scientific) containing Zetfuric acid (Certified ACS Plus,
Fisher Scientific). In the case of the potassi@mmanganate oxidation experiments, the
lipid sample was already dissolved in the methaundiliric acid solution prior to
derivatization. The test tube was capped and glacan incubator for overnight
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(minimum eight hours) at 50°C. For free fatty acid reaction time of two hours at 50°C
is required [Christie, 2003b]; however, the addisibreaction time was included to
ensure complete reaction. At the end of the reagieriod, 4 mL of an agueous solution
containing 5 % NaCl was added followed by vortexing to quench the reaction. Then
5 mL of hexane (Optima, Fisher Scientific) was atittethe vial followed by vortex
mixing and centrifugation (Sorvall Model RT 6000Bisher Scientific) at 3000 RPM for
1 minute. Then an additional 4 mL of hexane wateddo the vial followed by vortex
mixing and centrifugation. Next, 1 mL of the uppeganic layer containing the lipids
was combined via vortex mixing with 0.5 mL of 1,@fdorobenzenex98 % purity,
Fluka) in a GC sample vial. The 1,3-dichlorobereserved as an internal standard for

GC analysis.

Analysis of Fatty Acid Methyl Esterswith Gas Chromatography

The fatty acid methyl ester derivatives describexvipusly were analyzed with
gas chromatography. Fatty acid methyl esters stwowiderable volatility below 300°C,
so they are well suited for gas chromatographityaisa The major components of a gas
chromatograph are the gas supply, injector, ovelanen, detector, and recording device
[Rood, 1991] as shown in Figure 4.7. A high pucdyrier gas such as helium, nitrogen,
or hydrogen flows into the injector, through théuoon, and exits as it traverses the
detector. Typically, a liquid (or gas) samplensaduced via syringe to the injector,
which is heated to around 200 to 300°C. Upon exymo® the heat of the injector, the
sample vaporizes and is carried into the columthbycarrier gas. Most columns used

today are wall-coated open tubular columns (capit@lumns), although packed
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columns are still used for some applications. Modgen tubular columns are made of
fused silica, which gives the column enough fldkipso that it can be coiled very
tightly. The column is contained in the oven whaneery precise and reproducible
temperature program is applied. As previously nogretil, the column walls are coated
with a film, and the chemical characteristics a$ tiim vary with the type of separation
desired. Therefore, each compound in the samplénéract with the column
differently and be “retained” by the column foriffetent length of time. The length of
time a compound spends on the column before reg¢hendetector is referred to as its
retention time

The retention time of a compound is dependent upany factors other than the
type of coating on the column. These factors ikeloarrier gas flowrate, column
temperature, and column dimensions including lengternal diameter, and film
thickness [Christie 2003c]. As compounds exitadbkimn, they must traverse the
detector. When a compound is sensed by the detactelectrical signal is sent to a
recording device such as a strip chart recordepomputer system. The signal from the
detector appears as a series of peaks plotteflastion of time. This type of plot is
called a chromatogram. Under ideal conditionshgseak represents an individual
compound; however overlapping or convolution ofseia not uncommon. The
retention of a peak can be used for qualitativermftion, i.e. compound identification.
The size of the peak can be used for quantitativpgses. This is due to the fact that the
size of the peak can be related to the amountropkaexiting the column. The ratio of
the size of the peak to the amount of the samkaosvn as a response factor. If
standards are available, calibration curves cageberated for individual compounds.
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The response factor from the calibration curvelzansed to quantify compounds in
samples. Due to the sensitivity of peak heightame@ to operating conditions, an
internal standard is frequently added to the sammpéure. By measuring the peak
height or area of each sample compound relatitieetpeak height or area of the internal
standard, minor variations in operating conditioas be compensated for because the
assumption can be made that any variation willcafflee internal standard peak and the
sample peaks in relatively the same way [Hargi88a

Many types of detectors are currently used in gasroatography with the most
common being the thermal conductivity detection Df(flame ionization detection
(FID), thermionic emission detection (TED), flameopometric detection (FPD), electron
capture detection (ECD), and mass spectrometry (M8 type of sample being
analyzed often dictates the type of detector enggloyFor example, a thermionic
emission detector is well-suited for phosphoroust mitrogen-containing compounds
while an electron capture detector is ideal foctetghilic compounds such as nitriles,
peroxides, and halogenated species [Hargis, 1988a]the ozone oxidation
experiments, the Agilent 6890N GC (Palo Alto, CAupped with FID shown in Figure
4.8 was used to analyze the methyl ester deriv@b¥eeaction products. An example of
a flame ionization detector is shown in Figure 4The mobile phase exiting the column
is mixed with hydrogen before being burned in thespnce of air. A positively charged
cylinder is mounted above the negatively chargeddiuso that ions formed during the
combustion migrate to the electrodes, causing r@rtto flow in an external circuit
[Hargis, 1988a]. As a result of gas impuritiessmal column bleed, and system
contamination, a background signal is always piteskemization of a compound in a

84

www.manaraa.com



sample causes an increase in the detector cutvené dhe background level. The
change in detector current is processed in therdatader into a peak on a
chromatogram. Advantages of FID include:

» capability of sensing a wide range of compounds

« wide linear range of Pao 1¢[Rood, 1991]

* insensitivity to water and temperature variatiohthe carrier gas
[Hargis, 1988a]

» sensitive technique with detection limits down td ® 1 ng of analyte
[Rood, 1991]

However, FID also has disadvantages. First, Fl®destructive detection method, and
analytes cannot be recovered from the detectduftdrer analysis. Second, FID
response decreases as the degree of substitutibgdimgen in carbon-hydrogen bonds
increases. Specifically, compounds with hydrogdrsstuted with halogens, oxygen,
sulfur, and nitrogen result in a decrease in deteessponse [Rood, 1991].

The separation of reaction products from the ozpagation experiments
was achieved with a fused-silica capillary coluromposed of stabilized poly(90 %
biscyanopropyl/10 % cyanopropylphenyl siloxane)-&380; Supelco, Bellefonte, PA).
The dimensions of the column were 100 m in lengh25 mm inner diameter 0.2 um
film thickness. A calibration curve was preparedrjgcting known concentrations of
oleic acid, azelaic acid, and pelargonic acid saathel As previously mentioned, 1,3-
dichlorobenzene was used as an internal standbedmEthod consisted of injecting 1
pL of sample into the gas chromatograph with a satio of 100:1. The temperature
program began at 110°C and ended at 240°C ovenlaear temperature program

(Table 4.1) totaling 99 min. The carrier gas wasauhigh purity helium and the detector
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gases were ultra high purity hydrogen and ultra geade air. All gases were obtained
from Nexair (Memphis, TN). Both the injector atetector were set to a temperature of
260°C, and flow through the GC was maintained at asuresof 0.27 MPa. All
calibration curves generated had a mininmdmalue of 0.995 using a linear fit. Sample
peaks were identified based on matching of retartines with standard compounds.

For the potassium permanganate oxidation reactoWsrian 3600 coupled with
a Saturn 2000 mass spectrometer detector was aisptbfiuct analysis. Figure 4.10
displays the actual GC-MS instrument used in thoskw Although a mass spectrometer
does not offer the wide linear response range Of Elis a more sensitive technique than
flame ionization detection and provides the cajigiof unknown product identification
through two modes: electron impact (El) and chehmaazation (Cl). The fundamental
requirement for either mode is that the sample oubds must be charged so that their
paths can be manipulated via electric and magfietds. Hence, radicals and neutral
molecules are unresponsive to mass spectrometeven@d, 2004].

The basic principle of mass spectrometry is thaemdes in the vapor phase are
bombarded with electrons to form charged ions, tvlo&En then fragment in different
ways to give smaller charged species. This prasasderred to aslectron impact
However, the fragmentation of charged moleculewtsandom because splitting tends
to occur at weaker bonds, such as those adjaceatticular functional groups [Christie,
2003c]. The most common way in which ions are peoed is through the loss of an
electron, as shown in Eq. (4.4) [Downard, 2004].

M+e - M"+2¢ (4.4)
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where M is a molecule, e is an electron, andis/a radical cation in that it is an odd
electron species with a positive charge and isnedeto as thenolecular ion The
molecular ion has the same mass as the molecuighing the starting molecule. It
should be noted that not all ions formed are pesibns because some electronegative
molecules can attract an electron during electnguact. Eq. (4.5) shows this type of
reaction.

M+e - M (4.5)
The molecular ion Mstill has a mass equivalent to the molecular weidlthe starting
molecule. As mentioned previously, fragmentatipidally accompanies electron
impact. Once the molecular ion is formed it cassdciate into smaller mass fragments if
sufficient energy has been delivered to the moketaim ionization. As shown in Egs.
(4.6) and (4.7), the positively charged molecutar iormed in Eq. (4.4) can fragment in

at least two ways [Downard, 2004]:

M™ 5 F+R (4.6)
and
M™ - F"+N (4.7)

In Eq. (4.6), the molecular ion dissociates to fameven electron fragmentjfand a
radical (R). In EqQ. (4.7), the molecular ion dissociatepitoduce a smaller mass
fragment (F) and a neutral molecule (N). However, no mattkictv type of
fragmentation occurs, only the charged fragmergsiatected. Therefore, the most
useful aspect of electron impact is the use offfraigtation ions in both identification and
guantification of analytes. Calibrations were loagpon the analysis of reference

compounds, and all calibration curves generatedahachimumr? value of 0.995.
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In chemical ionization, a reagent gas is ionizgdbbfved by a transfer of charge
from the ionized gas to the sample molecule [Do@n2004]. Typical reagent gases
include methane, ammonia, isobutane, hydrogenpesyhne [Harrison, 1992]. If
methane is used as the reagent gas, then the piiomathat forms is given by:

CHy+€ - CH," + 2¢ (4.8)
where CH" is the primary ion. Then carbocations are forrinech the primary ion.

For example, the following reaction can occur:

CHs+ CH" - CHs' + CHy (4.9)
where CH" is the carbocation. Then the carbocation cart sgidic a sample molecule in

the following ways:

M+ CHs" — CHs+[M + H]* (4.10)
and
M+ CHs" - [M+ CHs]" (4.11)

where [M + HJ and [M + CH]" are the product ions. Although chemical ionizatian
produce some fragmentation, it is considered aégbionization method compared to
electron impact, so it is very useful in determghimolecular weight of molecules
[Christie, 2003c].

The Saturn 2000 mass spectrometer utilized a gpatl ion trap design.
Essentially, the quadrupole ion trap can serveo#ts én ion store in which gaseous ions
can be confined for a period of time and also asas spectrometer with a wide mass
range and variable mass resolution [March, 1994 shown in Figure 4.11, a
guadrupole ion trap consists of two conical leresa$s one ring electrode. lons are stored

in the volume between the conical lenses. Thiamel is bounded by the end caps of the
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conical lenses and the center of the ring electr&®lechanging the voltages across the
entrance and exit trap electrodes, ions can fldavtime trap and be stored for a period of
time. Then the ions can be selectively releasd¢ldealetector. lons can be stored until
an adequate density is acquired for ejection aatysis. Due to the relatively short path
to the detector that the ions must travel as vgetha ability to store ions, quadrupole ion
traps can lead to very low detection limits [Dowa&2004].

The chromatographic separation of reaction produets the potassium
permanganate oxidation experiments was obtained) @asRtx-5MS column (30 m in
length x 0.25 mm inner diameter x 042% film thickness) manufactured by Restek
(Bellefonte, PA). The stationary phase of the nwiiconsisted of crosslinked 5 %
diphenyl/95 % dimethyl polysilxane. The injectoaswoperated at 280°C in splitless
mode with 1L injection volume. The oven was programmed withratial temperature
of 50°C, held for 3 minutes and was then rampetb@C at 10°C/min, then ramped to
190°C at 1°/min, and finally ramped to 280°C at/@rf and held for 2 min. Helium
served as the carrier gas, and the gas cylindiéiedta Built in Purifier, (BIP, AirGas;
Radnor, PA). The chromatographic system utilizedNIST library to aid in compound
identification. The temperature program of theroieeshown in Table 4.2.

The multiple peaks from the total ion chromatogravese identified using Cl
spectra to determine molecular weight. Isobutaag used as the reagent gas for CI
mode. For isobutane, the primary ion formed istthetyl ion (GHg") with a minor
yield of GHs" [Harrison, 1992]. Quantification of methyl estarigatives of reaction
products was performed while in EI mode using catibn curves obtained from

standard compounds. For El mode, the mass ranggdesed was from am/zof 50 to
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anm/zof 450 with a backgrouneh/zof 49. The unitm/zrefers to thenass-to-charge
ratio, which is the ratio of the dimensionless mass rem{h) of an ion divided by the
number of its elementary charges (For a singly charged ioa € 1), the mass-to-
charge scale directly reflects threscale. Although singly charged ions often occur,
doubly, triply, or higher charged ions can occypeteding upon the ionization method
employed [Gross, 2004]. The mass range consideredl mode was 120 to 458/z
with a background mass of 8z To extend the life of the rhenium filament, thass

spectrometer did not begin analysis until afteveot peaks had eluted the system.

Deter mination of KM nO,4 Concentration with UV/VIS Spectr oscopy

The concentration of potassium permanganate inrmats determined using a
LAMBDA 25 UV/VIS Spectrophotometer (PerkinElmer; Wam, MA). This particular
model of spectrophotometer (shown in Figure 4.H2) & scanning range from 190 to
1100 nm (x 0.1 nm) with a fixed 1 nm bandwidth amitizes a double-beam design
[PerkinEImer, 2004]. An example of a double-beaesigh is shown in Figure 4.13. The
beam of the spectrophotometer is split and padsemhately through the sample and
reference cells. The beam chopper is a rotatiffgnieror and is used to alternately pass
the beam through a reference and sample cell.eSivectwo path lengths are the same,
the detector sees alternating segments of radititedrhave traversed the cells.
Absorbance is determined by a comparison of theswgments. Since the cell signals
are compared frequently, the system automaticallisects for changes in source
intensity or detector response. A very useful @ppbn of the double-beam design is

wavelength scanning. By changing the positiorhefdgrating, the wavelength reaching
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the cells is altered [Hargis, 1988b]. The Perkmé&l LAMBDA 25 utilizes two sources:
tungsten and deuterium. Prior to analyzing potasgermanganate samples, the
instrument had to be calibrated. By using the @wength scan function, it was
determined that 510 nm was a suitable wavelengtharfalysis. Then standard solutions
of potassium permanganate in water were prepam@dmayzed on the
spectrophotometer. The resulting calibration cusv&own in Figure 4.14. Over the
range of concentrations used to create the cabloratirve, absorbance shows to be a

linear function of concentration.
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Table 4.1: GC-FID temperature program used foryaieabf oleic acid ozonolysis

Next
Temperature/

°C

products
Ramp
Oven Ramp Rate/
°C -min’*
Initial -
Ramp 1 10
Ramp 2 2
Ramp 3 2

110

140
220
240
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Table 4.2: GC-MS temperature program used for aigabf products generated from
oleic acid oxidation with potassium permanganate

Ramp Next ) .
Oven Ramp Rate/ Temperature/ Hold .T'mEI Run T ime/
OC'min-l oc min. min.
Initial - 50 3 3
Ramp 1 10 150 0 13
Ramp 2 1 190 0 53
Ramp 3 10 280 2 64
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Figure 4.1:  LC-1234 Ozone Generator equipped wiktodel HC Ozone Monitor
utilized for this study
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Figure 4.2:  Ozone generator calibration data
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Figure 4.3:  Potassium permanganate crystals
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Figure 4.8:  Agilent 6890N GC-FID used in this work
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Figure 4.10: Varian 3600 GC with Saturn 2000 MgsscBometer used in this study
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Figure 4.12: LAMBDA 25 UV/VIS Spectrophotometer dder determining potassium
permanganate concentration
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Figure 4.13: UV/VIS spectrophotometer double-beasigh [Hargis, 1988b]
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CHAPTER V

SOLUBILITY MODELING THEORY

[ ntroduction

The purpose of this chapter is to provide a thémakbackground for the
solubility models appearing in later chapters. Muoedels can be classified as being
either semi-empirical or equation-of-state bas€dree of the most common semi-
empirical methods are those developed by Chrd€8%), Méndez-Santiago and Teja
(1999), and Bartle et al. (1991). Although marpety of equations of state exist, the
Peng-Robinson equation of state (PR-E0S; Peng ahthson, 1976) is the most
commonly used EoS in predicting solubility of seliahd liquids in supercritical fluids

[Yu et al., 1994]. Therefore, it is the only Ea&sidered in this work.

Semi-Empirical M ethods

Chrastil's model, one of the first density-baseddais proposed, is based upon
the theory that at equilibrium a solvato complefoisned between associating solute and
solvent molecules [Chrastil, 1982]. Chrastil’sdheled to the development of a model
that relates the solubility of the solute and tbagity of the pure solvent. This

relationship is provided in Eqg. (5.1):

_ K B
C,=p; exp(a + Tj (5.1)
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wherec; is the solubility of solute ikg-nmi®, p; is the supercritical fluid density in kgin
k is an association number s a function of the association number and maéecu
weights of the solute and supercritical flydis a function of the heat of solvation and
heat of vaporization, anflis temperature. The association conskasttows the
dependence of the solubility on density and paranfieteflects the dependence of the
solubility on temperature [Giigli-Ustiingland Temelli, 2000]. According to Chrastil’s
equation, a log-log graph of versusp; for isothermal data should give a straight line.
However, Chrastil’'s method has several limitatioffigthe solute solubility is very high
(greater than 100 to 200 kg3nthe density term in Eq. (5.1) must be correctee to
the influence of the solute [del Valle and Aguilet888]. Also, Chrastil’'s equation is
not valid over a wide range of temperature [Chkas882]. Due to these limitations,
several modified forms of Chrastil's equation haeen developed.

As mentioned previously, a log-log plot @fversusp; yields a straight line for

isothermal data with an intercept of

I =a+ (5.2)

—H|=

In studying the solubility of vegetable oil in supétical carbon dioxide, del Valle and
Aguilera (1988) found that when valuesl dbr a series of isotherms were plotted against
1/T, a straight line should be obtained. The slopthisfline would be equivalent fdin

Eq, (1) which, as previously mentioned, is a fumtif the heats of solvation and
vaporization of the solute. To recompense forctienge in the heat of vaporization with

temperature, they proposed the following modifmatio Chrastil’'s equation:
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C, =p; exp(a += B +_|_y j (5.3)

Adachi and Lu (1983) modified Chrastil's equatiorbetter model the solubility
of triacylglycerols. Note that both Chrastil anel &alle and Aguilera assumed the
association numbdeto be constant and independent of density or tesyre. Adachi
and Lu (1983) changed the association number tya@mial that is a second-order
function of the supercritical fluid density. Thpsoposed that the association conskant

be expressed as:

k=e+6p,+ gp] (5:4)

Therefore, the Adachi-Lu equation can be expreasddllows:

c,= p(lﬁb+qpl+ ezpzl) exp(q +$j (5.5)

They found that by using Eg. (5.5) instead of BqlL) a significant reduction in variation
between experimental and calculated solubility datad be achieved for some systems.
A widely used density-based model is that propdsgdMéndez-Santiago and
Teja (1999). An advantage of Chrastil's model (dadnodified forms by del Valle and
Aguilera and by Adachi and Lu) is that propertiestioe solute are not required.
However, methods proposed later by Méndez-Santagb Teja (1999) require the
sublimation pressure of the solid. They proposedoael based on the theory of dilute
solutions in which the so-called enhancement faista function of the density of the

solvent. The Méndez-Teja equation can be expressed

Y.P _
TInE=TIn stub A+ Bp, (5.6)

2
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whereT is absolute temperaturg,is the enhancement factgs,is the solute mole

fraction, P is total pressureps**is the sublimation pressure of the solgteis the density

of the supercritical fluid, and andB are regressed constants. The enhancement factor
represents the ratio of the actual solubility te ideal solubility, i.e., that calculated
according to the ideal-gas law:(°/ P) [Prausnitz et al., 1999]. The Méndez-Teja
equation is an abbreviated form of the followingeession:

v, (P-B")

TINE= _[ A+ B(p1 _pc,l):'-l- R

—Ting (5.7)

wherep. 1 is the critical density of the solveit; is the molar volume of the solutg,is
the fugacity coefficient of the solvent, and ahet terms are the same as those defined
for Eq. (5.6). Although Harvey (1990) proposed thalot of TInE versusp; should
yield a straight line if the last two terms on tight-hand side of Eq. (5.7) are neglected,
Méndez-Santiago and Teja (1999) actually testedalidity of the approximation. An
advantage of this model is that solubility datdifferent temperatures can be represented
by a single straight line, and this can be attedub the regression constaAtandB in
Eq. (5.6) being independent of temperature. Theegethis model is excellent for
determining consistency of solubility data acrogfeent isotherms. Although, Méndez-
Santiago and Teja noticed no upper density limEgf (5.6) in terms of linear behavior,
they noticed a lower density limit of about 0, ®f the solvent.

In many instances, the sublimation pressure ottid is not available, so

Méndez-Santiago and Teja (1999) proposed a modréesion of the method for cases in
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which the sublimation pressure was unknown. Tlogl@his obtained by substituting a
two-constant Antoine equation f(ﬁf”b into equation (5.6):
Tiny,P= A+ Bp,+CT (5.8)
where A', B', andC"' are regressed constants. All other variablegin(&8) are the
same as defined in EqQ. (5.6).

Bartle et al. (1991) also proposed a model relatiegenhancement factor of the

solute to the density of the solvent:
InE = A+ Cp, (5.9)

whereA andC are regressed constants. Since the sublimatesspre of solids is not

always available, Bartle et al. approximated theageement factor as follows:

(5.10)

wherey, is the mole fraction of the solute,is the total pressure aiRgks is the reference
pressure, which is typically (and arbitrarily) taki® be 0.1 MPa. The use of a reference
density as a corrective term is typically incorgedainto Eq. (5.9) to maké less

sensitive to experimental errors in solubility datel also to variations caused by
extrapolation to zero density [Ghiasvand et al99]9 Therefore, Eg. (5.9) can be

expressed as:

in%2" = A+C(p, ~p.) (5.12)

ref

whereps is the reference density (typically and arbitsatilken to be 700 kg and all
other terms are the same as previously definedhigrwork, the critical density of

carbon dioxide was used as the reference denBitg.constan€ relates to the solvation
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of the solute by the supercritical fluid and istamed to be independent of temperature.

The termA comes from the vapor pressure of the solute andeaxpressed as follows:

b
A=a+—
= (5.12)

wherea andb are constants anidis temperature [Ghiasvand et al., 1999]. Theggfan

alternative expression of the Bartle equation ésfthlowing:

P b
In2==a+—+C(p,~p.) (5.13)

Dimensionless Forms of the Models [Sparks, 2007b]

In literature, the units used for solute concemiraand density vary, so regressed
constants for Egs (5.1), (5.3), and (5.5) are dépetnupon the units used to obtain them.
Also, Chrastil-type equations are dimensionallyomsistent. For example, solute
concentration and solvent density can be exprassiéd-m>]. Since the value of the
association constaktis usually different from 1 and not an integer [&3#til, 1982], the
density term of Eqg. (5.1) will be raised to a powtrer than 1. Therefore, the units of
the left-hand side of Eq. (5.1) do not match thigsuof the right-hand side. To
compensate for this inconsistency, dimensionlegabias can be used. Hence, EQs.

(5.1), (5.3), and (5.5) can be rewritten as follows

c, = prk,lexp[ﬂ +TEJ (5.14)
- B,y
G, = plr(,l eXp[G +f +T—r2 (5.15)
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)

where:

«_ G _ P _ T

C,=—=; P1=— T =— 5.17
? pc,l ' pc,l Tcl ( )

For calculation purposes, the critical densityafon dioxide was 467.6 [kgA(NIST,
2007) and its critical temperature was 304.2 [KHEMCAD, 2005).

The equations for Méndez-Santiago and Teja anBdatle et al. are
dimensionally consistent. However, there are atlifantages to express them in
dimensionless or reduced form. The main one isghameters obtained by authors
using different units will be identical and thusiesi to compare. Egs. (5.6) and (5.8) are

expressed in terms of reduced variables, as follows

T.InE= A+ Bp,, (5.18)

T.Iny,R=A+Bp, +CT (5.19)

whereP, is reduced pressure aAd A, B',B", C', andC" are regressed constants
[Sparks et al., 2007a]JFinally, the Bartle equations can be expressedrmg of

dimensionless variables as follows:

nYzP - A+ C(p.1-1) (5.20)

ref

y,P b _
In22= = a+—+ C(p,.-1) (5.21)

ref r

where, for convenience, the arbitrary referencesidighas been taken to be the critical

density of carbon dioxide.
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Equation of State Approach

The Peng-Robinson equation of state (PR-E0S) idbe @quation of state of the
van der Waals type. Therefore, the pressure iseegpd as the sum of a repulsion

pressurePg, and an attraction pressuRg, as shown in Eg. (5.22).
P=FK+F, (5.22)
Peng and Robinson (1976) proposed the followingegu:

oo RT _ a
v-b v+ B+ v D (5.23)

whereP is pressureRR is the gas constank,is the absolute temperatuvas the molar
volume, anda andb are equation parameters. In Eq. (5.23), the sgubportion is the
first term on the RHS and the attraction portiothiss second term on the RHS. The

parametersa andb are determined by the following equations:

RZTZ 2
a=aa=| 045724 ( #m (T ) (5.24)
RT
b=0.07780 ¢
= (5.25)

wheremis a quadratic function of the acentric faaiobas shown in Eg. (5.26) and the

subscriptx andr denote critical and reduced values respectively.

m=0.37464+ 1.54226- 0.2698¢ (5.26)
The parametera andb are typically determined by mixing rules. To amgbfor

the composition dependence of parameteasdb, van der Waals mixing rules were

used. Since only binary systems were analyzelisnwork, the mixing rules can be

expressed as follows:
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By =2, 0 %X g = & X+ 3, %+2 8, %% (5.27)

by =D 2 %xR =B X+ b, %+2 b xx (5.28)
wherex; is the mole fraction of componeinin the fluid phase. The values for the cross

coefficientsa;, andb;, are obtained from the following expressions:

a, =/ aa,(1- k) (5.29)
+
b, = (%) (1-cp) (5.30)

wherek, is the binary interaction parameter anglis the size parameter [Skerget, et al.,
2002]. Typically,c;,is set to zero, especially in the case of mixtafasonpolar
components [Prausnitz, et al., 1999].

The solubility of a nonvolatile solid in a supetical fluid may be expressed as

- Psub V SO|( P_ PSUB
Y, = @—Pexp[#j (5.31)

wherey; is the mole fraction of solute;**the sublimation pressure of the solid at the
system temperaturd), ¢ the fugacity coefficient at the sublimation pressand system
temperatureg, the fugacity coefficient of the vapor phaBethe system pressures the

molar volume of the solid, ariflis the gas constant [Skerget, et al., 2002]. Fasss for
Eq. (5.31) is the assumption that the solid isguilérium, which can be expressed in

terms of fugacity:

fo=1Y (5.32)
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wheref;is the fugacity of the solute in the solid phase #ris the fugacity of the solute

in the vapor phase. Since the solid is pérean be expressed as

VsoI(P_Psub)
f> = Pigsexp 2 2
e =)

(5.33)

Whent)' is expressed in terms @f, the following relationship results:

f; =@y,P (5.34)
By combining Egs. (5.33) and (5.34) and solvingtf@ solute mole fractiop, Eq.

(5.31) is obtained. In the case of nonvolatiledsplthe sublimation pressure is so small
thatg is approximately unity [Prausnitz, et al., 1999jdaincer > P**, Eq. (5.31) can be

simplified to the following form:

_ stub VZSOIP
Y, = cAsz exp (5.35)

If literature values are available for a binaryteys, then an objective function can be
utilized to obtain the binary interaction paraméter The objective function used for

this work is written as

Np
Z ( yi ,calc - yl ,exp)2
i=1

NP

OF =

(5.36)

whereNp is the total number of experimental poinkgac is the solute mole fraction
calculated from the equation of state, gnglis the experimental solute mole fraction
[Caballero, et al., 1992].

Use of cubic equations of state such as the PReBno®e difficult due to their

complexity compared to other methods such as sempeecal models. Since,is a
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function ofy,, an iterative solution technique is necessakiso, obtaining the critical
properties of a solid such as its critical tempaeand pressure from literature can be
problematic because of the difficulty of reachihg tritical point of many solids
experimentally to establish the values. Therefgreup contribution methods such as the
Ambrose method or Joback’s modification of the Lrgg® method are often used to
estimate the required properties [Reid et al., 198Ythe case of nonvolatile solids,
sublimation pressure data can also be difficulatec Other challenges can arise from the
type of system being investigated. For exampléjghly nonideal systems, the
interaction parameters display a temperature depwegd and equations of state do not fit
the data equally well at all temperatures and piress especially in the near-critical

region [Skerget, et al., 2002].
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CHAPTER VI
EVALUATION OF DENSITY-BASED MODELS FOR THE SOLUBIOY OF
SOLIDS IN SUPERCRITCAL CARBON DIOXIDE AND FORMULATDN OF A

NEW MODEL [Sparks et al., 2007b]

[ ntroduction

Whether a supercritical fluid is being used as»raetion solvent or as a reaction
media, the ability to estimate the solubility ohgmounds in the supercritical fluid is
crucial in determining proper operating conditioddthough several methods exist to
experimentally determine solubility, models areenftised to provide correlations
[Maxwell, 1996; Sauceau et al., 2003]. Most models be classified as being either
semi-empirical or equation-of-state based; howesami-empirical models are often
utilized because their relative ease of applicatimmpared to equations of state. The
most common semi-empirical models are based upmriging a correlation between
solubility and density; hence, they are referreddalensity-based models. Three of the
most common semi-empirical methods are those dpedlby Chrastil (1982), Méndez-
Santiago and Teja (1999), and Bartle et al. (1984, their theoretical development can
be found in Chapter V. In this study, Chrastikgiation and its modifications, the

methods of Méndez-Teja, and Bartle’s equations wemepared in terms of their ability
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to estimate the solubility of solid compounds ipercritical carbon dioxide. The

methods are also compared in terms of relative éexitp and possible limitations.

M ethodology

To compare the efficacy of the models in estimasiolybility, each model was
applied to several solid compounds that have expgrial solubility in supercritical
carbon dioxide readily available in literature. eltcompounds considered in this work
were naphthalene, fluorene, hydroquinone, anthegaamd cholesterol. Table 6.1
provides a summary of the experimental solubiktguits for each compound along with
the appropriate reference.

Three isotherms were considered for each of theedolid-CQ systems. Table
6.2 provides physical properties for these solishpounds and for carbon dioxide.
Sublimation pressures were determined with Anta@igjuation in the form

sal B
logP** = A—? (6.1)

whereP**is in Pa and is in K andA andB are the Antoine constants. Values for the
Antoine’s constants shown in Table 6.2 were deteechifrom sublimation pressure data.
With the exception of the critical temperature anelssure of cholesterol, all other
physical properties were obtained from the CHEMCRDO5) component database.
The critical pressure and temperature for cholebteere obtained from Huang et al.
(2004).

The percent average error (% AVERR) was determioedach compound for

each isotherm with each model. The % AVERR cawtigen as:
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- 2
Z ( yl ,calc - yi,exp)
i=1

AVERR%) = N x100x N

N

D Ve

i=1

(6.2)

whereN is the number of data pointgex,is the experimental solubility of the solid for
experimental point, andy; caciS the calculated solubility corresponding to peinThe
constants for the semi-empirical models were datexchby using the Solver tool in

Excel (Microsoft; Redmond, WA) by minimizing thellfaving objective function:

o 2
Z(y| ,calc - yi,exp)
OF =\*=— (6.3)

M odeling Results

A comparison of the original Chrastil's equatiom(.1) with the dimensionless
form is shown in Table 6.3. The dimensionless fofr€hrastil’s equation provides very
similar average error to the original form, as expd. In the original Chrastil equatida,
is already dimensionless, so its value should eaffected by switching to
dimensionless variables. The parameters are yeadited by comparing Eq. (5.1) and

Eq. (5.14); the dimensionless formeoo&ndp are given by the following equations:

_B. _
B|dimen _T_l’ CX| dimen a _(k_l)lnpcvl (64)

As can be seen from Table 6.3, the regreksedues for Eq. (5.1) and Eq. (5.14)

are very similar. Also, ift andp calculated from Eqg. (6.4) are compared to theealn

121

www.manaraa.com



columns 8 and 9 of Table 6.3, it will be noted ttegt values are quite similar and the
small differences can be attributed to minor in¢stesicies in the Solver tool.

When a similar analysis was done for all modelsirtimensionless form
yielded similar results to their non-dimensionlesanterparts. Therefore, for the
remainder of this paper, only results from dimenkss models will be reported.
However, tables showing results for both traditiarad dimensionless equations can be
found in Appendix B.

It should be noted that two entries exist for cetdeol. This is because the
solubility data for the 308.15 K isotherm exhibidifferent curvature (convex) than the
other two isotherms (concave), as shown in Figute Bue to the difference in
curvature, the effectiveness of most of the modetssidered in this study was reduced
when all three cholesterol isotherms were usec firbt cholesterol entry corresponds to
all three isotherms while the second one (lastrhelable) corresponds to results
ignoring the convex (308.15 K) isotherm.

Table 6.4 provides modeling results for the dimenlgiss form of the del Valle-
Aguilera equation. In many cases the del Valleibfsga equation provided a better fit
than Chrastil’s equation. The most notable impnoset in average error was seen in the
cholesterol data, particularly the 308.15 K isothheHowever, to determine if this
improvement is due to the ability of the del Va#lguilera equation to better compensate
for temperature effects or just simply becaus@a# bne more adjustable parameter, the
results of the Adachi-Lu equation must be considlere

Table 6.5 shows the results for the Adachi-Lu eignatin most cases, use of the
Adachi-Lu equation resulted in a lower averagerezomnpared to either Chrastil's
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equation or the del Valle-Aguilera equation. Thienary exception is with the
cholesterol isotherm of 308.15 K. When all thrhelesterol isotherms are taken into
account, the Adachi-Lu equation provides a sinalarage error to Chrastil’s equation.
However, when the 308.15 K isotherm is removed Attlachi-Lu equation performs
better than Chrastil's equation. Although the Addas equation has five adjustable
parameters, it does not perform as well as th&dké¢-Aguilera equation for the
cholesterol case. However, this is to be expeogeduse, as previously mentioned, the
additional adjustable parameters of the Adachi-duuiagion correct for different effect
than the additional adjustable parameter of thé/dée-Aguilera equation. Therefore,
the improvement seen by the del Valle-Aguilera éignamust be due to its ability to
better account for temperature effects than ei@lteastil’s equation or the Adachi-Lu
equation.

As previously described, Adachi and Lu modified tien for the association
constank in the Chrastil equation so that it became a catadfunction of density.
However, when values &fare calculated according to Eq. (5.4) for seveoat-
supercritical carbon dioxide systems [Adachi and1983] and plotted against reduced
density, an interesting trend can be observed.ugihk was generated from a quadratic
function, as shown in Figure 6.2, the changk wfth density is somewhat linear for each

compound. Therefore, the Adachi-Lu equation cambdified to the following form:
— A(®+ap) +E
C, =p; exp a T (6.5)

with the corresponding dimensionless form being:
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C; — pgiﬂpr ,1) exp(q +TEJ (66)

r

The only difference between Eq. (6.5) and the Adaahequation is thak is expressed
as a linear function of density as follows:

k=g +6p, (6.7)
Table 6.6 shows the average error resulting from(&6). As expected, the average
error with one less adjustable parameter is sindld@hat obtained by using the original
Adachi-Lu equation. Therefore, Eq. (6.6) providdsetter account of the dependence of
the association constakbn density compared to the original Chrastil emqumlbut is not
as complex as the Adachi-Lu equation. However,(&®) also has the same weakness
as the original form in that it does not provideetter compensation for the effect of
temperature, unlike the del Valle-Aguilera equatidinis weakness is reflected in the
high average error for the previously discussed 3D& isotherm for cholesterol. These
observations prompted the proposal of a new debsitgd model for solubility of solids
in supercritical fluids. The new model is presdntethe next section.

As previously mentioned, the original form of thé&iez-Teja equation requires
sublimation pressure data. If application of Exy6) or its dimensionless form (Eq. 5.18)
results in high error, a possible cause is poolityuapor pressure data as opposed to
simply being an ineffective model. Table 6.7 shomesaverage error for the
dimensionless form of the Méndez-Teja equation EEtB). Compared to Chrastil's
equation, the average error resulting from the Menbieja equation is higher at every
isotherm for each compound. This could be dueotwr papor pressure data; however,

the Méndez-Teja equation has only two adjustablarpaters, whereas Chrastil’s
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equation has three. Therefore, the Méndez-Tejatamuis not as robust as Chrastil's
equation and its more complex modifications in ®whregression.

Since vapor pressure data are not required fomttdified form of the Méndez-
Teja equation, it is easier to apply to solute-scipical fluid systems. Table 6.8 shows
the average error resulting from Eq. (5.19). loheease, the modified Méndez-Teja
equation provides a lower average error than tiggnad form (Eq. 5.18).

At some isotherms, the modified Méndez-Teja equagberformed better than
Chrastil's equation. For example, at the 348 Khisom of hydroquinone, the solubility
estimated by the modified Méndez-Teja equationltediin a lower deviation than
Chrastil’s equation or any of its more complex nfigdtions, such as Egs. (5.15) and
(5.16). In addition to not being subjected to ¢ffect of poor vapor-pressure data, the
modified Méndez-Teja equation has one more adjlesfzdrameter than the original
form. As previously mentioned/éndez-Santiago and Teja noticed a lower densitit |i
of about 0.9 1 in terms of the ability of their proposed lineguations to adequately
predict solubility behavior. For the data setssidered in this study, only naphthalene
and fluorene have multiple solubility values abetow 0.5 1. Figures 6.3 and 6.4 show
the experimental data for naphthalene and fluonespectively, along with calculated
solubility values generated by the dimensionlessfof the modified Méndez-Teja
equation (Eq. 5.19). Above a reduced density oliaifh.1, the naphthalene isotherms
collapse to a straight line, indicating good cotesisy. However, below a reduced
density of 1.1, differences among isotherms in@eass shown in Figure 6.3, below a
reduced density of about 0.6, all of the experiralevdlues are below the solubility

predicted by Eq. (5.19). In the case of fluorehe,estimated solubility matches the
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experimental values fairly well, but below a reddidensity of 0.9, all the experimental
values are below the model values, as shown inr&i§u. Therefore, there does appear
to be a limitation for the Méndez-Teja group of agons in terms of lower density limit.
The dimensionless form of the Bartle equation @&80) is similar in structure to
the dimensionless Méndez-Teja equation (Eq. 5H@)ever, in most cases, Eq. (5.20)
yields considerable higher average error than £9) when single parameters are used
for all temperatures. Traditionally, Bartle’s etjoa is applied to individual isotherms
and regression constants are obtained for eadieisot In their original paper, Bartle et
al. did not propose a specific form for the depeweeof the parameters with
temperature. Instead, they calculated the paramfgteeach individual isotherm and
presented them in an extensive table (their TaplelfMe modified form (Eq. 5.13) of
Bartle’s equation has three adjustable parametef€ampensates for the effect of
temperature better. The average error of the dsioatess form of Bartle’s equation (Eq.
5.21) is provided in Table 6.9. In general, thedified Bartle equation provides a lower
average error than both the original and modifads of the Méndez-Teja equation

and, in some cases, it yields lower error than &iiequation.

New Density-Based M odel

Both the Adachi-Lu equation and its linear modifica and the del Valle-
Aguilera equation provide an improvement over Clilfagquation, but as has been
shown, cases exist where equations of the Adachyshel are better than the del Valle-
Aguilera equation and vice versa. The Adachi-Luatipn corrects the effect of density

on solubility while the del Valle and Aguilera edjoa corrects the effect of temperature
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on solubility. Therefore, a combination of the tearrections is proposed here. Adachi
and Lu correction, however, goes from a constasa@ation numbelk, to a quadratic
relationship betweekandp.;. According to the results presented here, atinea
relationship betweekandp i seems to suffice. Combining Eq. (6.6) with the\dale-
Aguilera equation results in the following dimendess expression:

* _ (erapry) B,y
G =Pra eXp(G +T_+FJ (6.8)

e
Table 6.10 shows the average error resulting frgn(&8). In general, Eq. (6.8)
provides a lower average error than the individoatlels it is based upon.
If the full Adachi-Lu equation is combined with thel Valle-Aguilera to create
an equation with six adjustable parameters, tHevihg dimensionless expression is
obtained:
In general, Eq. (6.9) provides even lower averaga ¢shown in Table 6.11) than Eq.
(6.8). However, the gain in efficacy is not justif by the additional complexity
introduced in the equation. Also, achieving cogeeice via the objective function can
be difficult because of the inherent complexitytiod resulting equation. Ease of
convergence relies upon the quality of the ingistimates of the adjustable parameters.
To compare all the equations in the same basigubrall average error was
determined for each compound using each modeltrencesults are shown in Figure 6.5.
The overall average error was determined in theedashion as the average error, except

the summations of the objective function (Eq. @3l the average error (Eg. 6.2) are
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taken over the entire range of isotherms for eachpound. As seen in Figure 6.5, Eq.

(6.9) provides the lowest overall average errooserll solutes considered.

Conclusions

Semi-empirical methods based upon the Méndez-Tgjaten, Bartle’s equation,
and Chrastil's equation and its modifications wevaluated in terms of their ability to
accurately estimate solid solubility in supercaticarbon dioxide. The solids considered
for this study were naphthalene, anthracene, fhmrbydroquinone, and cholesterol.
Although naphthalene, anthracene, and fluorensiariar in structure, the solubilities of
these compounds can vary greatly. Hydroquinonecantesterol both contain —OH
functional groups which can affect solubility irrlsan dioxide. To estimate the solubility
of these compounds in supercritical carbon, marth@fibove mentioned models have
been used in literature. However, one of the mopedposed in this study, a
combination of the Adachi-Lu equation and the dall&Aguilera equation, provided the
best fit in terms of lowest average error. Theillteof this study also show that semi-
empirical models can be expressed in terms of dsinafess variables without loss of

effectiveness.

128

www.manaraa.com



Table 6.1:

Sources of solid + supercritical cardmxide solubility data

Compound TK N P/MPa pcc,;‘/kg_;-m'3 Mol. Frac.x10" Reference
308.15 22 6.08 — 33.44 162.64 — 945.45 2.4 - 187
Naphthalene  318.15 20  6.28—31.41  152.26 — 898.41 4.7 - 294 the';?arl‘zlgiya
32815 22 7.70 — 32.42 190.53 — 866.04 11 - 550 N
308.15 6 8.37 - 41.45 589.91 — 977.58 4.15-27.2 Johnston et
Fluorene 323.15 9 6.99 — 41.45 171.6 — 929.64 0.109-43.6 “_ " oas
343.15 8 8.37-48.34 185.8 — 897.5 0.688-91.8
333 11 10-35 291 - 864 0.07 - 0.338 Garcia-
Hydroquinone 348 11 10-35 234 — 8b9 0.09 -0.424 Gonzélez et
363 11 10-35 203 - 753 0.1 - 0.5594 al., 2002
303.15 4 10.43-41.45  780.95— 993.33 0.292 -50.79 Johnston et
Anthracene 323.15 10 9.06 — 41.45 289.85 — 929.64 0.035-1.72 """ oes
343.15 9 11.81-41.45  335.54 — 864.57 0.142 -3.49 "
308.15 7 12.36 -27.89  774.19 — 918.04 0.139 -50.55 Wong and
Cholesterol 313.15 7 10.09 — 27.6 635.16 — 896.14 0.708 — 2.5 Johnston,
333.15 7 10.1 — 27.33 296.13 — 808.3 0.291-3.8 1986
ANIST, 2007.
bGarcia-Gonzéllez et al., 2002.
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Table 6.2:

Physical properties of solid compounus$ @arbon dioxide

Vapor
Compound TJ/K PJ/MPa w plkg-mi® MW/g-moli* A B Pressure
Reference
Naphthalene  748.35 405  0.3020 1027 128.174  13.59B42.6 R“Z';'(‘)%gta"*
Fluorene 870 470 03390 13812 166.22 14.205 3561.‘]3:1”ig°8”29t
Hydrogquinone 823 7.45  0.6823 988.254 110.12 15.45826.1  Jordan, 1954
Anthracene 873 200  0.4892 1230.2 178.23 12.147 7.639 Jgrnigsnzet
Wong and
Cholesterol 1168.23 4.155 0.9477 858.023 386.662 3272 1606.5 Johnston,
1986
Carbon 304.2 7382 0231 ; 44.01 ; ; ;
Dioxide
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Table 6.3: Chrastil equation modeling results

Comp. T/IK Normal (Eq. 5.1) Dimensionless (Eg. 5.14)
K q BIK AV(I)ZRR K q B AVOE/ORR
308.15 12.86 12.58
Naph. 318.15 3.871 -0.919 -6.65E+03 12.11 3.869 16.621 -21.736  12.25
328.15 5.76 5.83
308.15 8.92 9.02
Fluor. 323.15 4.035 -10.661 -4.56E+03 7.5 4.040 8.047 -15.052 7.45
343.15 5.06 5.05
333 6.79 6.79
Hydrog. 348 2.613  -12.487 -2.59E+03 5.45 2.613 -2.569 -8.502 545
363 6.97 6.97
303.15 10.92 10.83
Anthrac. 323.15 4.352 -14.028 -5.21E+03 9.31 4.352 6.579 -17.124  9.35
343.15 8.55 8.54
308.15 118.27 114.34
Chol. 313.15 6.503 -19.108 -7.81E+03 39.43 6.754 15.254 -26.391 4041
333.15 13.40 13.57
313.15 14.79 14.78
Chol. 333.15 6.786  -27.437 -5.67E+03 13.18 6.776 8.103 -18.602 13.17
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Table 6.4: del Valle-Aguilera (Eg. 5.15) modelirgults

AVERR

Comp. TIK k o} B % %
308.15 11.31

Naph.  318.15 3.870 1.23E+02  -2.44E+02 1.16E+02  7.83
328.15 5.66
308.15 8.76

Fluor.  323.15 4.037 17.179 -34.769 10.625 7.31
343.15 5.05

333 6.6

Hydrog. 348 2.617 11.976 -41.78 19.008 5.28
363 6.99

303.15 8.65
Anthrac. 323.15 4.36 19.008 -43.982 14.48 9.04
343.15 8.51
308.15 8.62

Chol.  313.15 6.809 -9.60E+02  2.04E+03 -1.09E+03 14.82
333.15 13.2
313.15 14.78

Chol. 333.15 6.776 7.53 -17.385 -0.646 1317
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Table 6.5:

Adachi-Lu (Eg. 5.16) modeling results

Comp. T/IK & e A a B AV;)RR
308.15 10.49
Naph. 318.15 2.817 2.268 -0.879 15.719 -20.893 10.63
328.15 2.96
308.15 8.40
Fluor. 323.15 2.978 2.499 -0.927 7.306 -14.478 5.47
343.15 2.11
333 4.8
Hydrog. 348 0.920 2.863 -1.058 -3.074 -7.997 5.84
363 4.34
303.15 11.87
Anthrac. 323.15 7.026 -1.297 0.085 5.646 -16.477 7.55
343.15 7.73
308.15 114.04
Chol. 313.15 -8.172 15.07 -4.045 15.205 -25.752 39.95
333.15 10.35
313.15 13.55
Chol. 333.15 -0.739 3.542 -0.212 10.489 -20.001 6.4
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Table 6.6: Eq. (6.6) modeling results

AVERR

Comp. T/IK & (=} a B %
308.15 10.93

Naph. 318.15 5.2 -0.651 15.933 -21.114 10.7
328.15 3.98
308.15 8.13

Fluor. 323.15 6.18 -0.893 7.486 -14.752 5.93
343.15 3.01

333 5.92

Hydrog. 348 3.183 -0.308 -2.837 -8.229 6.75
363 8.36

303.15 11.99
Anthrac. 323.15 6.708 -0.976 5.636 -16.455 7.57
343.15 7.66
308.15 114.34

Chol. 313.15 5.529 0.491 15.692 -26.647 40.49
333.15 12.84
313.15 13.51

Chol. 333.15 -0.223 2.86 10.577  -20.082 6.33
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Table 6.7: Méndez-Teja (Eq. 5.18) modeling results

B « AVERR

Comp. T/IK A B %
308.15 43.35

Naph. 318.15 3.86 3.197 18.4
328.15 25.15
308.15 11.21

Fluor. 323.15 4.569 4.059 6.85
343.15 4.63

333 72.9

Hydroq. 348 2.913 3.105  38.65
363 29.19

303.15 33.86
Anthrac. 323.15 4.33 4.417 13
343.15 12.76
308.15 193.55
Chol.  313.15 12.237 1.221 58.82
333.15 96.79
313.15 52.74

Chol. 333.15 10.92 2.38 7953
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Table 6.8:  Modified Méndez-Teja (Eq. 5.19) modeling results

. . . AVERR
Comp. TK A B Cc %
308.15 12.63
Naph. 318.15 -34.751 3.586 24.621 10.5
328.15 3.59
308.15 6.54
Fluor. 323.15 -28.789 4.019 15.9 4.65
343.15 3.81
333 6.56
Hydrog. 348 -16.566 2.737 1.818 4.98
363 10.12
303.15 15.18
Anthrac. 323.15 -33.653 4.561 16.19 8.2
343.15 9.67
308.15 188.63
Chol. 313.15 -33.537 4.759 16.315 28.85
333.15 22.36
313.15 17.96
Chol. 33315 -33.499 4825 16.354 15.18
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Table 6.9:  Modified Bartle (Eg. 5.21) modeling results

AVERR

Comp. T/IK a b C %
308.15 12.72

Naph. 318.15 26.413 -28.5 3.364  10.19
328.15 3.17
308.15 11.81

Fluor. 323.15 17.048 -21.300 3.641 4.93
343.15 4.25

333 4.21

Hydroq. 348 5.323  -12.918 2.387 4.94
363 7.42

303.15 19.06
Anthrac. 323.15 15.661 -23.54 3.88 6.71
343.15 7.76
308.15 111.01

Chol.  313.15 24979 -34.081 5326 41.41
333.15 13.34
313.15 19.46

Chol. 333.15 14236  -21.932  4.672 14.66
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Table 6.10:

Eq. (6.8) modeling results

AVERR

Comp. T/IK Eq e a B %
308.15 9.50

Naph. 318.15 5.152 -0.628 1.18E+02 -2.36E+02 1.12E+02 5.44
328.15 3.76
308.15 7.29

Fluor. 323.15 6.365 -0.971 23.48 -49.409 18.716 5.39
343.15 2.97

333 5.61

Hydrog. 348 3.274  -0.353 15.224 -49.596 23.647 6.84
363 8.6

303.15 10.3
Anthrac. 323.15 6.795 -1.007 19.362 -46.161 16.027 6.94
343.15 7.69
308.15 6.16

Chol. 313.15 -0.214 2.856 -9.76E+02 2.08E+03 -1.11E+03 13.51
333.15 6.33
313.15 13.51

Chol. 333.15 -0.223 2.86 12.668 -24.524 2.357 6.33
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Table 6.11: Eg. (6.9) modeling results

Comp. T/IK Ey e A a B y AV(I,ZRR
308.15 9.03
Naph. 318.15 2.538 2.595 -0.974 1.18E+02  -2.36E+02 1.13E+02 5.59
328.15 2.63
308.15 7.97
Fluor. 323.15 2.128 3.495 -1.215 25.517 -53.834 21.228 4.12
343.15 1.93
333 4.30
Hydrog. 348 0.668 3.306 -1.222 19.937 -60.740 30.166 5.61
363 4.13
303.15 10.41
Anthrac. 323.15 6.28 -0.507 -0.129 19.587 -46.623 16.287 6.95
343.15 7.57
308.15 6.11
Chol. 313.15 -0.784 3.604 -0.232 -9.74E+02  2.07E+03  -1.11E+0313.56
333.15 6.4
313.15 13.55
Chol. 333.15 -0.739 3.542 -0.212 12.618 -24.525 2.400 6.4
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Figure 6.1:  Plot of cholesterol solubility in SC-&4 pressures between 10.09 MPa
and 27.89 MPa
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Figure 6.2:  Variation of the association constawith density
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Figure 6.3:  Experimental naphthalene solubility aallies estimated by Eq. (5.19)
for pressures between 6.08 MPa and 33.44 MPa
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Figure 6.4:  Experimental fluorene solubility andues estimated by Eq. (5.19) for
pressures between 6.99 MPa and 48.34 MPa
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Figure 6.5:  Overall average error of models studied
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CHAPTER VII
SOLUBILITY OF AZELAIC ACID IN SUPERCRITICAL CARBONDIOXIDE

[Sparks et al., 2007c]

[ntroduction

Azelaic acid is one of the major oxidation produzit®leic acid and can be used
to formulate a wide variety of products, such ayyrethanes and polyamides [Hill,
2000]. Azelaic acid is also used in medicine Fer topical treatment of skin conditions
such asacne rosaceaa chronic acneiform disorder affecting the skitafsai, 1996].
Due to the versatility of diacids such as azelaid,anew sources and production
pathways are being pursued [Kroha, 2004]. Inrdsearch, the alternate production
pathway of azlelaic acid was oxidation of oleicdaici supercritical carbon dioxide. A
key thermophysical variable to know is the soluypitif the reactants and reaction
products in the supercritical medium. In this stutig solubility of azelaic acid in
supercritical carbon dioxide was determined at B3 ¥ and 333.15 K over a pressure

range of 10 MPa to 30 MPa. Azelaic acid is a salithese temperatures and pressures.

Experimental M ethods

Materials
Azelaic acid (HOOC(CK7COOH, CAS No. 123-99-9) was supplied by Sigma-

Aldrich (minimum 99.0 % purity), and methanol (HPlg@ade) was obtained from Fisher
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Scientific. NexAir (Memphis, TN) provided carborodide (99.5 % purity) and nitrogen
(ultrahigh purity). The carbon dioxide (GQwas further purified by passing it through a
2 um filter (Valco Instrument Company, Inc., Houstdix). All other chemicals were

used without further purification.

Procedure

A dynamic technique was used to determine azetadcsalubility in supercritical
carbon dioxide (SC-C£). Under the dynamic technique, the assumptionade that the
solutesolvent system reaches equilibrium as the solvastgs over the solute [Maxwell,
1996]. Figure 4.4 provides a schematic of the sutieal-fluid extractor, manufactured
by Thar Technologies (model SFE-100, Pittsburgh), Béed for the solubility
experiments. The system is equipped with a Coriobss-flow meter, dual-piston pump,
backpressure regulator, and cyclone separatorordptete description of the
experimental apparatus is provided in Chapter IV.

A portion of= 5 g of azelaic acid was suspended in a staintess esquilibrium
vessel (volume of 100 mL) using layers of glass MBsher Scientific) and 2 mm
diameter borosilicate glass beads (Chemglass, &mdeINJ). The packing helps
minimize channeling of the supercritical fluid gmebvents entrainment of the solute
[Maxwell, 1996; Lee, 1994]. The equilibrium vessajuipped with a heating jacket, was
allowed to reach the desired operating temperdiuieK) of the experiment. Before
entering the equilibrium vessel, the £@assed through a heat exchanger, which raised

the temperature of the solvent to the necessanevaly the time the CQeached the
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equilibrium cell, it was in a supercritical sta®@3-CQ). The system was maintained at
the desired pressure (0.2 MPa) via the backpressure regulator.

Azelaic acid solubility was determined at 313.1aid 333.15 K and at pressures
ranging from 10 MPa to 30 MPa; experiments weréopered in triplicates. For each
experiment, a total of 0.6 kg of SC-g®@as allowed to flow through the equilibrium cell.
The mass of liquefied carbon dioxide used was nredswith a Coriolis mass flow
meter, and a dual-piston pump propelled the &Ga flow rate of 25 g-mih(0.42 g-&).

To ensure that equilibrium had been achieved, mpreéry solubility experiments were
performed at several flow rateanging from 0.33 g-sto 0.50 g-Sat constant pressure.
The solubilities determined from these experimerdee independent of flow rate. Once
the solute/solvent mixture exited the equilibriuetl,ct flowed to the cyclone separator
where the pressure was reduced; hence, theb€€ame a gas and separated from the
azelaic acid. Because azelaic acid is readily $elubalcohols, a methanol wash of 25
mL was used to dissolve the azelaic acid in théooygcseparator [Azelaic Acid, 1996].
The azelaic acid/methanol mixture was collected iared 40 mL amber glass vial, and
then the methanol was removed using a TurboVap hadé€Caliper Life Sciences,
Hopkinton, MA), which evaporated the solvent usingtream of nitrogen. Once the
methanol was removed, the vial was weighed withlarice (Mettler Toledo Model
AB265-S/FACT, Columbus, OH) to determine the mas8.01 mg) of azelaic acid
collected from the experiment. Between experimehtsequilibrium vessel was taken

offline, and SC-C@was used to clean the tubing of the experimempaheatus.
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Results and Discussion

The solubility results of azelaic acid in SC-£&e summarized in Table 7.1. The
density of CQ was obtained from the NIST fluid property datab@H&T, 2007]. In
general, as pressure was elevated at constant riamge the solubility of azelaic acid in
SC-CQ increased. At lower pressures, the solubility28.35 K is lower than the
solubility at 313.15 K. However, the crossover ptgs occurs between 16.7 MPa and
20.0 MPa, and from that point forward, solubilitasvhigher at 333.15 K than at 313.15
K. This indicated that the vapor pressure of azedaid began to have a dominant effect
on solubility. Modeling is often used to correlatdubility data. Two approaches are
generally found in the literature: the so-callechsempirical methods, many of which
derived from the one originally proposed by Chig4®82) and the equation-of-state

methods.

Semi-empirical Methods
As discussed in Chapter V, Chrastil developed arthkased on the law of mass
action applied to the formation of a solvate comfietween a solute molecule and a
number of solvent (SCF) molecules [Chrastil, 198Phis theory leads to the following

equation for the solubility of component 2 (solidiquid) in component 1 (SCF):

c, =p; exp(a +$) (7.1)

so that a log-log graph @f versusp; for isothermal data should give a straight lihe.
Eq. (7.1),cis the concentration of solute in the superciiticad, p is the density of the

supercritical fluidk is an association number,is a function of the molecular weights of
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the solute and supercritical fluif,is a function of the heat of solvation and heat of
vaporization, and is temperature. Later, this equation was slightbdified to include

a more accurate effect of temperature [del Valkk Aguilera, 1988].
_ Ak B,y
C, =P: exp(a +? "‘Fj (7.2)

where they term offsets variation of the heat of vaporizatath temperature and the
other variables are the same as previously deforeflqg. (7.1).

As shown in Figure 7.1, a log-log graphogiversusp; for isothermal data does
show a linear relationship. This plot clearly slsavat concentration of azelaic acid in
the SC-CQ increases with increasing density. The value&,far andgGin Eq. (7.1)
were determined to be 3.86, -16.27, and39.06, respectivelyia multi-linear
regression using Polymath 5.1 (Polymath Softwardlirdantic, CT). For the regression
analysisc andp were both expressed in kg¥randT was expressed in K. Also, Figure
7.1 illustrates that the concentration of azelaid & generally higher at 333.15 K than at
313.15 K. The error bars therein correspond tostaedard deviation calculated based
on the three measurements done at the correspotesimgerature and pressure (as
mentioned before, each solubility measurement wae ¢h triplicate).

In the above methods, no properties of the solgeexqjuired. Other methods
have been proposed later by Méndez-Santiago ard(T@99) that require the
sublimation pressure of the solid, which is notae/available. They proposed to plot
the so-called enhancement factor as a functioheotiensity of the solvent in the

following form
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TIE=Tih 22" = A+ B, (7.3)

sub
2

whereT is absolute temperaturg,is the enhancement factgris the solute mole

fraction, P is total pressureps*is the sublimation pressure of the solygtés the density

of the supercritical fluid, and andB are regressed constantis should give a straight

line. The enhancement factor represents the ohtive actual solubility to the ideal
solubility, i.e., that calculated according to teal-gas law B>*°/ P). The main

advantage of this model is that solubility datdifferent temperatures can be represented
by a single straight line.
They also proposed a modified version of the mefbodases in which the

sublimation pressure was unknown. This is obtalmedubstituting a two-constant
Antoine equation folP>*” into equation (7.3):
Tiny,P= A+ Bp,+ CT (7.4)
where A', B, andC are regressed constants. All other variablegjin(E4) are the
same as defined in Eq. (7.3)

A two-step procedure is needed in this case. ,Eoststantg\', B, andC should
be determined for a given data set by a regress&thod; then, a plot &f (In y,P — C)
versusp; is prepared and should give a straight line. Tieshod (original or modified
version) provides an excellent tool to test coesisy of data taken at different
temperatures. For this study, Eq. (7.4) was usedddel the results. The values &y
B, andC were determined to be -8746.98 K, 2.52 kky*, and 11.54, respectivelyyia

multi-linear regression using Polymath 5.1 (Polym&oftware; Willimantic, CT). For
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the regression analysB, p, andT were expressed in MPa, kg’mand K, respectively.
Figure 7.2 shows that the data points for bothiswhs follow a single trend, indicating
good consistency of the data over the range of ¢eatpres tested. A variant of the
Méndez-Teja approach using reduced variables gepted by Sparks et al. [2007a].

The main advantage of this variant is that the rhpdeameters have no units.

Equation-of-State (EoS) Methods

In this approach, the solubility is obtained fréme following phase-equilibrium

equation:
_ stub VZSOIP
Y> = (APZP exp RT (7.5)

where the variables in the pre-exponential factersablimation pressure of the solid,

fugacity coefficient of the solid in the superaréi fluid phase, and total pressure, while
those in the exponential argument are molar volafitee solid, universal gas constant,
and absolute temperature. This equation comes droexact thermodynamic equation

and is subjected to two standard and fully justisssumptions, both stemming from the

fact that sublimation pressures are usually exthgtoe: (a) P> P, and (b) afl and
P, £ = P All variables in Eq. (5), excep,, can be readily obtained. Obtaining

CAPZ, however, entails some complexity. Cubic equatioinstate are normally used to this

end, although other types have been used by sotheralwas recently reviewed in the

literature [Valderrama. 2003]. Some of the difft@s of EoS in general and cubic EoS

in particular are: (a)Ap2 is a function ofy,, and thus iteration is required; (b) the critical
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point of most pure solids of interest is unreackalrid, thus, their critical properties are
virtual variables (usually they are estimated byugr contribution methods); (c) the
sublimation pressure of solid solutes normally emtered in supercritical extraction
processes is hard to measure and thus has todestisated; and (d) the choice of the
proper EoS and mixing rules is not trivial givee thyriad of choices available
nowadays. Item (a) above is rather minor givenrheeased capacity of computers and
computer software; the others remain to be a amgdle In this work, the Peng-Robinson
EoS and van der Waals mixing rules, with one bimatgraction parameter (in the
combination rule for parametay, have been chosen for modeling purposes. The bes
interaction parameter was found by minimizing ajective function (Eq. 6.3) as defined
by Caballero et al. (1992) and they were 0.13218t15 K and 0.165 at 333.15 K.
Physical properties of carbon dioxide and azeleid ased for the EoS calculations are
available in Appendix C. These properties incladgcal temperatureTy), critical
pressureR.), acentric factore(), molecular weightNIW), sublimation pressur®{"?,
normal boiling pointTg), and densityd). Figure 7.3 shows how the experimental
solubility data compare to those predicted by teeg”Robinson EoS. (Error bars shown
are the same as in Figure 7.1.) The solubilita @t333.15 K fit the EoS model better
than the 313.15 K data. This could be due torntheeased variance of the data at 313.15
K. Figure 7.3 also illustrates that, in generaklaic acid solubility increased as pressure

was increased.
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Conclusions

The solubility of azelaic acid in supercriticatlsan dioxide has been determined
experimentally. To the author’s knowledge, thighis first set of reported data for this
system. The solubility varied from an azelaic aniole fraction of 0.42-19at 333.15 K
and 10.0 MPa to 10.12- %@t 313.15 K and 26.7 MPa. Due to the low soltpdf
azelaic acid in SC-CQdetermining the extracted amount of azelaic gcadimetrically
resulted in large variations in the data (espectak 313.15 K data set). In general, the
solubility of azelaic acid increased with incregstemperature only after exceeding the
crossover pressure that occurred between 17 MPa@MmPa. Both the semi-empirical
methods and the equation of state approach to mgdéle data provided good

correlations.
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Table 7.1: Solubility of azelaic acid in superaiti carbon dioxide

TIK  PIMPa plkg-m® average Solubility/10y,

313.15 10.0 628.61 1.47 £0.09
13.3 750.23 1.96 £0.94
16.7 803.71 3.44+1.21
20.0 839.81 1.69+0.61
23.3 867.59 3.57 +2.46
26.7 890.40 3.33+2.66
30.0 909.89 7.17+4.19
333.15 10.0 289.95 0.42 +£0.13
13.3 525.73 1.72+£0.16
16.7 657.00 2.80 +0.17
20.0 723.68 3.92+0.26
23.3 768.62 4.84 +0.92
26.7 802.74 10.12 + 3.89
30.0 829.71 8.37£0.77

& + uncertainties refer to one standard deviatmn (
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CHAPTER VIII
SOLUBILITY OF NONANOIC (PELARGONIC) ACID IN SUPERCRICAL

CARBON DIOXIDE [Sparks et al., 2007d]

[ntroduction

From an economic point of view, the goal of mostraital processes is to
convert low-value materials into more valuable onl®nounsaturated fatty acids, such
ascis-13-docosenoic acid (erucic acid, CAS No. 112-8&+1jcis-9-octadecenoic acid
(oleic acid, CAS No. 112-80-1) can be oxidizeddo compounds ranging from
epoxides, aldehydes, monoacids, and diacids. »@mple, oleic acid can be oxidized to
produce an equimolar mixture of nonanoic acid (eaic acid, CAS No. 112-05-0) and
nonanedioic acid (azelaic acid, CAS No. 123-99#¢largonic acid forms esters with
alcohols that can be used as plasticizers andchtiong oils. Azelaic acid can be used to
formulate polymers and pharmaceutical productd,[B000; Pelargonic Acid, 1996;
Agrice, 1999; Macsai, et al., 1996]. Pelargoniicl a also used as a chemical
intermediate for synthetic flavors, cosmetics, phageuticals, and corrosion inhibitors
[ChemicalLand21, 2007]. Additionally, it is usedmodifying alkyd resins to prevent
discolor and to keep flexibility and resistancegpng since saturated pelargonic acid
will not be oxidized. C8 - C12 straight- and satad-chain fatty acids such as

pelargonic acid are capable of removing the waxigcleuof broad-leaved, grassy weeds,
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thus causing tissue death. Therefore, they am asactive ingredient of environment-
friendly and fast-acting herbicides [ChemicalLand2007].

Due to the increase in demand for dibasic acids) s azelaic acid, more uses
for the co-product pelargonic acid are being redesd [Noureddini and Rempe, 1996].
A recent study has shown that pelargonic acid iexaellent solvent for extracting
ethanol from water [Boudreau and Hill, 2006]. Daehe value of the oxidation
products, there is a strong economic incentiveatoyaout this oxidation reaction
industrially.

Oxidation via ozonolysis is the most well-known haat of producing azelaic and
pelargonic acids from oleic acid [Goebel et al, 2]95T his reaction takes place in the
liquid phase; therefore, the ozone and the oxygem o be transferred to the liquid
phase. Typically, the limiting step in the procesthe mass transfer of these reactants
into the liquid. By having the reactants in a $énghase, the mass-transfer limitations
are removed, and this can be accomplished by ogrojit the reaction in a supercritical-
fluid medium, such as supercritical carbon dio§Beennecke, 1993]. Knowledge of the
solubilities of the reactants and products in t@escritical fluid is crucial in determining
reactor operating conditions and the feasibilitgeparating the products via supercritical
fluid fractionation. In this study, the solubilibf pelargonic acid in supercritical carbon
dioxide was determined at 313.15 K and 333.15 K avaressure range of 10 MPa to 30

MPa. Pelargonic acid is a liquid at these expemntaeconditions.
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Experimental M ethods

Materials
Pelargonic acid (CHCH,);COOH, minimum 96 % purity) and oleic acid
(CH3(CH2)7(CH)2(CH2)7COOH;~ 99 % purity) were supplied by Sigma-Aldrich, and
hexane (Optima grade) was purchased from Fishensoc. Nitrogen (ultra-high
purity) and carbon dioxide (99.5 % purity) wereaibed from NexAir (Memphis, TN).
Carbon dioxide was provided as a liquid in cyliredequipped with a diptube and it was
further purified by passing it through auth filter (Valco Instrument Company, Inc.;

Houston, TX). Additional purification of all othehemicals was not carried out.

Procedure

Solubility of pelargonic acid, a liquid at roomrtperature, in supercritical carbon
dioxide (SC-CQ) was determined using a dynamic technique. Thamyn method is
based on the assumption that the solute-solvetgray®aches equilibrium as the solvent
flows over the solute [Maxwell, 1996]. The solutyiexperiments used a supercritical-
fluid extractor manufactured by Thar Technologiedel SFE-100; Pittsburgh, PA).
Chapter IV provides a complete description of theegimental apparatus, along with a
diagram of the experimental setup (Figure 4.4)e $ystem was equipped with a Coriolis
mass-flow meter, dual-piston pump, backpressurelaggy, and cyclone separator.

A quantity of=~ 10 g of pelargonic acid was placed in a stain&tes} equilibrium

vessel (volume of 100 mL) packed with alternatiaggekrs of 2 mm diameter borosilicate
glass beads (Chemglass; Vineland, NJ) and glask(wisber Scientific). The packing

was necessary to reduce channeling of the Sg&D@ prevent pelargonic acid
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entrainment [Maxwell, 1996; Lee et al., 1994]. Temperaturex{ 1 K) of the

equilibrium vessel was increased to the prescrdpetating value using a heating jacket.
CO, was pumped through a heat exchanger to raisenitpdrature prior to entering the
equilibrium cell. Upon entering the equilibriumsael, the C@was in a supercritical
state at the desired pressutd(2 MPa), which was maintained by a backpressure
regulator.

Pelargonic acid solubility experiments were perfed in triplicates at 313.15 K
and 333.15 K and at a pressure of 10 MPa to 30 Mpjroximately 0.3 kg of SC-CO
was allowed to flow over the pelargonic acid inteagperiment. A Coriolis mass-flow
meter was used to quantify the mass (£ 0.2 %)qoiidi CQ used. The C@was
delivered by a dual-piston pump at a flow rate . @50g-8. To confirm that equilibrium
had been reached, preliminary experiments wereumad at flow rates ranging from
0.167 g-¢ to 0.33 g-3 at constant pressure. These preliminary expeririadicated that
solubilities were not a function of SC-G@ow rate. The solute-solvent mixture flowed
from the equilibrium vessel to the cyclone separtdtmugh a valve and the backpressure
regulator undergoing a continuous expansion. Quresgtly, the pressure was reduced
resulting in a phase separation; the gaseouseRited the system while the pelargonic
acid was deposited on the vessel walls. The cgcmparator was rinsed with 25 mL of
hexane to dissolve the pelargonic acid. The petacgacid + hexane mixture was
collected in a tared, 40 mL amber glass vial, &t the hexane was removed using a
TurboVap Model LV (Caliper Life Sciences; HopkintdvlA). This device evaporated
the solvent (hexane) using a stream of nitrogeme Viials were then reweighed to

measure the mass of pelargonic acid that had dedah the SC-C@ After each
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extraction, the system was cleansed with an additi®.3 kg of SC-C® The balance
used to tare and reweigh the vials was Mettler d@Model AB265-S/FACT (+ 0.01

mg; Columbus, OH).

Results and Discussion

Solubility Results

The solubility results of pelargonic acid in SC-Cfde summarized in Table 8.1.
The density of C@was obtained from the NIST fluid property datab@$&T, 2007].
In general, as pressure was increased at constapetature, the solubility of pelargonic
acid in SC-CQincreased. The results show that solubility é.388 K is greatly
dependent upon pressure; in fact, an overall iser@asolubility of over two orders of
magnitude was observed. For the pressure rangedevad in this study, the solubility at
333.15 K is slightly lower than the solubility @a®15 K. This means that all solubilities
were measured at conditions where the densitytsfteaminate over the temperature
effects, i.e., below the crossover point. As dethin Chapter VI, the solubility of
azelaic acid in supercritical carbon dioxide hasrbeetermined for various pressures and
temperatures. Since the pelargonic acid and &zatad solubility experiments were
conducted at the same densities and temperatbeeseparation factor of the two
compounds can be determined. According to Chrd€B2), the separation factor can

be defined as follows:

Hag = (8.1)

o |>o

B

wherepag is the separation factor anglandcg are the concentrations of the solutes. The
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separation factor is based upon the assumptiornthbatolute molecules behave
independently of each other [Chrastil, 1982]. Thakpelargonic acid to b and azelaic
acid to becg, the separation factor ranges from approximatély/(313.15 K, 10 MPa) to
4073 (333.15 K, 10 MPa). Based upon these valtigseseparation factor, supercritical

fluid fractionation of pelargonic acid and azelaad appears feasible.

Modeling
The solubility data did not fit well to Chrastilks&emi-empirical equation, which is
based on the law of mass action applied to thedtion of a complex between a
molecule of solute and a number of solvent molex[@rastil, 1982]. A log-log plot of
solubility versus density produced a slightly cuhi@e rather than a straight line. The
Chrastil equation for the solubility of component2(solid or liquid), in component 1

(SCF) is:
_ K B
o -stonfart) o

A modification of the Chrastil equation proposgdAalachi and Lu was used as

basis in the modeling [Adachi and Lu, 1983]. Th#aéhi-Lu equation is:

c, = p{" e o9 exp(a +$j (8.3)

In Egs. (8.2) and (8.3 is the concentration of solute in the superciitilcad,
p1 is the density of the supercritical fluidl,is a function of the association number and
the molecular weights of the solute and supereatificid, 3 is a function of the enthalpy
of solvation and enthalpy of vaporization, aht temperature. The dimensionless
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association number is the exponent of the densfgrfed to a& in the original Chrastil
equation) and shows the dependence of the sojubilidensity. In the Adachi-Lu
version of the modek is a function of density. As seen in Eq. 8.3ytbleose the

following function:

k=e+ep,+ ¢} (8.4)

The approach used here is a modified Adachi-Lu oteth two ways. First, both
the Chrastil equation and its Adachi-Lu modificat@re dimensionally inconsistent, as
per the argument that follows. Typical valueshaf ssociation numbkrare between 4
and 10. Therefore, the units of the left-hand $id¢S) of either equation are, for
example, [kg-1ii], while the units of the right-hand side (RHS) fg-m”] raised to a
power different from 1 (typically between 4 and.10herefore, the units of the LHS and
those of the RHS do not match. To overcome thusrisistency, dimensionless variables
have been introduced, as indicated below. Thensemodification has to do with the
form of the function fok used by Adachi-Lu in Eqg. (8.4). The Chrastil dtprahas
been shown to work fine in many instances. Iffihis not as good as necessary or
expected, then a first correction would be to agstimt the association number varies
linearly with density (rather than being a constastChrastil assumed). Adachi and Lu
decided to use a quadratic form for the associationber, which might be necessary in
extreme cases. Figure 8.1 shows how the assacmatimber varies with density for a
number of systems analyzed by Adachi and Lu. Gonsé, e;, ande, are those

reported by Adachi and Lu. Since pelargonic agid liquid, only liquid solutes (at
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experimental conditions) have been included in Fed@ul. It can be observed that a
first-degree polynomial would be enough for thegteans.

Based on the above analysis, the model chosenttefpelargonic solubility data

is as follows:
© _ (e+apy) B
C, =P exp a +? (8.5)
where:
«_ C p T
C,=—=%; p,,=—=; T =— (8.6)
? pc,l * pc,l Tc,l

For calculation purposes, the critical densitg@foon dioxide was 467.6 kg™m
and its critical temperature was 304.2 K [NIST, 2P0The values for model parameters
were regressed via Excel (Microsoft; Redmond, WAjrbnimizing an objective
function based on the relative deviation betweenetkperimental solubility and the
predicted solubility and are presented in TableaBog with the objective function (OF)

value. The objective function can be expresseol&sAfs:

& G2~ Gea C N C:z_¢| i
OF:Z{%} =Z{%} (8.7)

i=1 C|,2 i=1 Cr,z
whereNp is the total number of experimental points, is the experimental solute
concentration at th&'iexperimental pointg, ... is the predicted solute concentration at
the {" point, ¢ ,is the normalized experimental solute concentradithe '

experimental point, and . is the normalized predicted solute concentratichet”

point. Table 8.2 also provides the objective fiorcvalues for the dimensionless forms
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of the Adachi-Lu equation and Chrastil's equatidiime dimensionless Adachi-Lu
equation and Eq. (8.5) provide considerably beterelation than the dimensionless
form of Chrastil's equation. The additional paraenef the dimensionless Adachi-Lu
equation provides a slightly better correlatiomthizat of Eq. (8.5); however, that slight
difference does not justify the complexity of adglanparameter.

Figure 8.2 illustrates that the concentration dappnic acid generally increases as the
density of SC-CQincreases. The error bars correspond to oneatamigdviation
calculated based on the three measurements dtme @rresponding temperature and
pressure. As Figure 8.2 illustrates, the estimatddbilities calculated from Eq. (8.5)

correlate quite well with the experimental data.

Apparatus Validation

Since no literature values for pelargonic acid ity in SC-CQ;, could be
found, it was imperative to ensure that the expenital technique was adequate.
Therefore, oleic acid (also a liquid a room temper) was used for validation purposes.
Solubility data for oleic acid were generated aoohpared to literature values. A
summary of literature and experimental solubiligyues for oleic acid in supercritical
carbon dioxide is available in Appendix D. Expegims were performed at 323.15 K and
at pressures of 10 MPa to 25 MPa. The procedusddeatical to that used for the

pelargonic acid experiments, including equilibridetermination and runs in triplicate.

The oleic acid results are presented in Figure 8.8g-log graph ofc, versusp, , for

the oleic acid data shows a linear relationshigherdata produced from this work and

for the literature values [Nilsson et al., 1991;Hdahwari et al., 1992; Skerget et al.,
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1995]. Since no standard deviations were providede work of Nilsson et al. or
Skerget et al. (1995), standard deviations are prdyided for the experimental values
and the study by Maheshwari et al. (1992). Far work, the error bars correspond to
one standard deviation calculated from experiméate in triplicate. The experimental
results show good agreement with the literaturaaslespecially with the data of
Nilsson et al. (1991) and Maheshwari et al. (1998)both studies, a flow-through
technique was used. However, in the work by Skexgel. (1995), a static method was

employed.

Conclusions

The solubility of pelargonic acid in supercriticarbon dioxide has been
determined experimentally. The solubility variednh a concentration of 0.14 + 0.07
kg-m'3at 333.15K and 10.0 MPa to 25.39 £ Ol<f1§{lm'3 at 313.15 K and 30.0 MPa. In
general, the solubility of pelargonic acid increhwgth increasing pressure at constant
temperature. Overall, the solubility was highe8®8.15 K than at 333.15 K. The
solubility data were modeled with a semi-empiriegliation intermediate to Chrastil's
equation and the Adachi-Lu equation. To avoid disi@nal inconsistency, the proposed
model was expressed in terms of normalized coragortrand reduced density and
temperature. The model provided a better fit tGarastil’s equation and was
comparable to the Adachi-Lu equation. Since thisdlieved to be the first reported data
of pelargonic acid solubility in SC-Cthe validity of the experimental approach was

verified with oleic acid with good results.
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Table 8.1:

Solubilityf pelargonic acid in supercritical carbon dioXifle

TIK P/MPa p/kg-m?®

Average Solubility

Average Solubility

czlkg-m'3 103y2
313.15 10.0 628.61 16.09 £ 0.43 7.07 £0.19
13.3 750.23 21.26 + 0.68 7.82 £0.25
16.7 803.71 21.84+1.17 7.50x0.4
20.0 839.81 23.23+1.09 7.63 £0.36
23.3 867.59 24.01 £ 0.65 7.64 £0.21
26.7 890.40 24.66 + 0.99 7.64 +£0.30
30.0 909.89 25.39 +0.61 7.70 £0.18
333.15 10.0 289.95 0.14 £0.07 0.13 £0.07
13.3 525.73 4.68 £0.72 2.47 £0.38
16.7 657.00 16.05+2.34 6.75 £ 0.98
20.0 723.68 19.72 £ 0.68 7.52 £0.26
23.3 768.62 21.3+1.18 7.65+0.42
26.7 802.74 21.06 £ 1.02 7.24 £0.35
30.0 829.71 21.3+1.86 7.09 +£0.61

 average values for solute concentraticy) 4nd mole fractionyg) taken from

triplicate runs

P + uncertainties refer to one standard deviatmn (

168

www.manaraa.com



Table 8.2: Modeling results

Solubility Constants for Eq. Eq. Adachi-Lu Chrastil
achi-Lu rasti

8.5
Compound (8.5) (g.g) OF OF
€ e a B
Pelargonic Acid 8.23 -2.71 -6.66 1.8 0.12 0.10 1.31
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CHAPTER IX

OXIDATION OF OLEIC ACID WITH OZONE

Introduction

One of the most common unsaturated fatty acidteis acid, and, as discussed in
Chapter lll, it can be oxidized with ozone to prodwazelaic acid (a diacid) and
pelargonic acid (a monoacid). Although ozonolydisleic acid is currently the most
economical method to generate azelaic and pelargamnd, the efficiency of the process
could be improved in terms of both the oxidatioacteon and product separation. Since
oleic acid is a liquid and ozone is a gas, the atkith occurs in multiphase reactors. To
establish contact between the two reactants, cawumtent mixing is used. Since the
reactants are in two separate phases, the ozoraliffuse into the liquid phase, which
results in mass-transfer limitations. In termpafduct separation, distillation is
typically used to remove the pelargonic acid, dr@remaining mixture is extracted with
hot water. The azelaic acid is soluble in hot wdiat as temperature is reduced, the
solubility drops rapidly. Therefore, azelaic ademoved from the aqueous extract via
crystallization [Goebel et al., 1957; Kadesch, 197oth crystallization and distillation
can be energy-intensive, resulting in high opegpatiosts.

By incorporating a supercritical fluid into the pess, the ozonolysis of oleic acid
could be made more efficient in terms of the oxatattself and separation of reaction
products. If the reactants can be solubilized ansingle phase, then mass-transfer
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limitations could be avoided. Gases such as oxggelnozone are completely miscible
with supercritical carbon dioxide [Brennecke, 1998[dditionally, studies have shown
that oleic acid has some degree of solubility ipesaritical carbon dioxide [Zou et al.,
1990; Foster et al., 1991; Nilsson et al., 1991h&%awari et al., 1992; Yu et al., 1992;
Skerget et al., 1995]. Carbon dioxide is an ideattion medium for oxidation reactions
because it is already oxidized; hence, it will re#ct with ozone to form oxidation
products. As shown in Chapters VIl and VIII, tledubilities of azelaic acid and
pelargonic in supercritical carbon dioxide canelitby several orders of magnitude.
Therefore, these products could be separated assngercritical fractionation.
Industrially, this would at least reduce the nemddistillation and crystallization.

The objective of this study was to evaluate theaotf supercritical carbon
dioxide on the ozonolysis of oleic acid. As disrgsin Chapter lll, incorporation of
supercritical fluids into a reaction system hasnbg®wn to affect reaction rate, reaction

products, and selectivity so these areas werecpatly studied.

Experimental M ethods

Materials
The following lipids were purchased from Sigma-Adtir oleic acid ¢is-9-
octadecenoic acid; CAS No. 112-80-1; 40€H,);CH=CH(CH,);COOH;~ 99 % purity),
pelargonic acid (nonanoic acid; CAS No. 112-05-B3(CH,);COOH; minimum 96 %
purity), methyl oleate (methylis-9-octadecenoate; CAS No. 112-62-9;
CHz3(CH,);CH=CH(CH,);COOCH;; > 99 % purity), methyl pelargonate (methyl
nonanoate; CAS No. 1731-84-6; ¢fBH,);COOCH;; > 99.8 % purity), azelaic acid
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(nonanedioc acid; CAS No. 123-99-9; COOHE @ OOH;> 99 % purity), and

dimethyl azelate (dimethyl nonanedioate; CAS N&®210-1;

CH3;00C(CH)7,COOCH;; 80 % purity). 1,3-Dichlorobenzene 99.0 % purity) was also
purchased from Sigma-Aldrich. Hexane (HPLC gratt#)iene (Optima grade),
methanol (HPLC grade), and sulfuric acid (techngzalde) were purchased from Fisher
Scientific. Ozone was generated via corona digghaith oxygen in a Model LC-1234
Ozone Generator from Ozonology, Inc. (Northbrodal, INexAir (Memphis, TN)
provided carbon dioxide (99.5 % purity), which vagher purified by passing it through
a 2um filter (Valco Instrument Company, Inc., Houstdix). All other chemicals were

used without further purification.

Procedure

Traditional Oxidation

The goal of the traditional oxidation experimengssvto provide benchmarks in
terms of conversion, reaction rate, and productadad. For these experiments, reaction
conditions were similar to those used for the imdaisprocess. A quantity of 48 g of
oleic acid was combined with 303 g of pelargoniicl & a 500 mL jacketed reaction
vessel (Chemglass Model CG-1928-01; Vineland, d)moed with Morton
indentations, which provided better mixing. Thatemts of the reactor were then mixed
using a magnetic stir bar and heated to 40°C ummnigotemp Model 145D Dry-Bath
Incubator (Fisher Scientific) to circulate wateraigh the reactor jacket. Then the
reactor was capped with a lid (Chemglass Model ®24101; Vineland, NJ) equipped

with three 24/40 necks and one #7 Chem-Thread ndgkon reaching 40°C, ozone was
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sparged into the reactor from the ozone generatonaass fraction of 5.06 % in oxygen
(0.0417 SCFM or 1.18 SLM) using a bubble ston€he ozone was delivered to the
reactor using tubing inserted through a 0.635 cdewiole drilled through a 24/40 PTFE
stopper. Only 0.635 cm OD (outer diameter) PTHitnig was used throughout these
experiments. Unreacted ozone left the reactoutiita separate neck equipped with
another drilled PTFE stopper and traveled to a Mbide Ozone Monitor (PCI Ozone &
Control Systems, Inc.; West Caldwell, NJ). Theregenerator and monitor are
discussed in detail in Chapter IV and are showFignire 4.1. Upon leaving the ozone
monitor, the unreacted ozone was sent to a flastagung Carulite (manganese
dioxide/copper oxide; Carus Chemical Company; Peéjuwhich served as a catalyst to
decompose the oxidant. Ozone was supplied toethear for 2.5 hours. Then the
stream of ozone in oxygen was turned off at theegenr while the reaction mixture was
heated to 80°C. Oxygen (no ozone) was then supfi¢he reactor for an additional 3.5
hours for a total reaction time of 6 hours.

One of the 24/40 necks was outfitted with a sangpdidapter equipped with a
PTFE-silica-PTFE septum. Samples were collectatyuen 18-gauge needle (Popper
Deflected Noncoring Septum Penetration Needle;dfiSitientific) that was 30.5 cm in
length connected to a 20 mL Luer-lock syringe (Bldtfm Micro-Mate Interchangeable
Syringe; Fisher Scientific). Temperature was narei via a thermometer placed
through the Chem-Thread neck. Figure 9.1 show8@0emL reactor system. In
preliminary experiments, a rubber septum (as shoviAigure 9.1) was used for

sampling. However, the ozone degraded the rublddech led to sample contamination.
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Therefore, the rubber septum was replaced withmpbag adapter equipped with a

PTFE-silica-PTFE septum, which was resistant talaton.

Oxidation in Supercritical Carbon Dioxide

For the supercritical fluid experiments, 1 g ofidaleic acid was placed into a
250 mL stainless steel reaction vessel (Model RZB@r Technologies; Pittsburgh, PA),
and then the vessel was sealed with a Nitronidd@@lsss steel cap equipped with a
magnetic stirrer. The reaction assembly is showigure 9.2. For these experiments, a
batch configuration was required. Therefore, oasas fed into the reactor at a mass
fraction of 5.06 % in oxygen until the pressuradeghe reactor equaled the output
pressure of the ozone generator, which was appaigign0.28 MPa. Then the reactor
was heated while carbon dioxide was fed into tlaeta using a dual-piston pump
(Model P-50; Thar Technologies; Pittsburgh, PA)luthe required pressure was
reached. By the time the desired reaction tempexand pressure were attained, oleic
acid (melting point of 13°C) was a liquid. Achieving the reaction tengtere and
pressure required approximately 20 minutes. Thiemng at 1000 RPM was initiated,
and the reaction time was started. Reactions wa@rducted at pressures of 10 to 35
MPa and temperatures of 40 and 60°C for 12 ho@itshe end of the reaction period,
agitation was stopped and heating was turnedTdien the reactor was depressurized in
a step-wise manner by sending the gas phase theohgbk-pressure regulator (Thar
Technologies; Pittsburgh, PA) where the pressureraduced. Then the stream went to
a cyclone separator where the gas phase exitexystem and passed through Carulite to

destroy any unreacted ozone.
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Analysis of Reaction Products

The methyl ester derivatives of samples were ugsedrbduct analysis. Samples
(up to 100 mg) were placed in toluene and convededethyl ester derivatives via acid-
catalyzed esterification with 2 % by weight suléugicid in methanol at 50°C overnight.
At the end of the derivatization, the fatty acidthygesters were extracted with hexane.
This derivatization method was based upon the igokerdescribed by Christie (2003b).
Then a solution of 1,3-dichlorobenzene was addexhasternal standard prior to
analysis with gas chromatography with flame ion@atletection (GC-FID). Prior to
sample analysis, the GC-FID (6890N; Agilent; PalimACA) was calibrated with
external standards of methyl oleate, methyl pelaatg and dimethyl azelate with 1,3-
dichlorobenzene as an internal standard. Comgkdtels of the sample preparation

technique and a discussion of the GC method cdourel in Chapter IV.

Results and Discussion

Oxidation of oleic acid using the traditional obysis method resulted in
complete conversion of oleic acid within 2 hour2dIninutes), which was before the
end of the first phase of the reaction (2.5 houii$)e second phase of the reaction was
not needed because of the high concentration .06 weight ozone in oxygen) of
ozone used in the first phase. In the industriatess, the initial ozone stream is only
about 1.75 % ozone by weight in oxygen [Goebel.el857]. Figure 9.3 shows a plot
of how oleic acid concentration varied with timEhe error bars correspond to standard

deviations of duplicate measurements. It is appdhat oleic acid concentration was a
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linear function of time. Hence, the reaction isozerder and the linear function can be

expressed as the following [Fogler, 1999]:

Coa= Cono - kt (9.1)
with
ron= -k (92)

whereCoa is the concentration of oleic acillgao is the initial oleic acid concentration,
is time,k is the rate constant, angx is the rate of reaction of oleic acid. Therefadhe,
slope of the line isk. Based on Figure 9.3, the rate of the disappearaholeic acid is
0.077mol-s*-m®. The zero-order reaction indicated that the c&teic acid ozonolysis
was independent of oleic acid concentration. Hetigereaction mixture was probably
mass-transfer limited despite mixing and sparging.

The only products detected with GC-FID were pelargacid and azelaic acid.
Based upon GC analysis, the initial mass of theti@asystem (oleic acid + pelargonic
acid) was 351.4 g, and the final mass of the readystem (pelargonic acid + azelaic
acid) was 341.5 g. Therefore, 97.2 % of the ihihiass was accounted for by GC
analysis. The “missing” mass could be attributedltiehydes that were formed as
reaction intermediates between oleic acid consumgnd formation of pelargonic acid
and azelaic acid. Aldehydes such as pelargonatigesine known to be volatile, so they
could have been carried out of the reaction mixwuth the unreacted ozone + oxygen
stream. Since only liquid phase products wereyaedlin this study, any volatile
components carried off by unreacted ozone + oxygauld not be detected by GC-FID.

Control experiments in which azelaic acid and gglarc acid were subjected to
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ozonation for 12 hours at 40°C did not result gngicant degradation of the target
reaction products.

Unfortunately, no reaction of oleic acid with ozomas ever observed in the
supercritical carbon dioxide. The main reasortti@ is likely the inability to get ozone
into the reactor at a sufficient enough concerdrator a measurable reaction to occur.
Since the ozone was only 5.06 % by weight ozorexygen and could be delivered into
the reactor at a maximum pressure of 0.28 MPattiaé amount of ozone available for
reaction with oleic acid was miniscule, especiabtipsidering the fact that ozone is not
stable and decomposes. Once the carbon dioxidaddesl to the reactor, the

concentration of ozone was diluted even further.

Conclusions

The traditional method of oleic acid ozonolysis basn performed. Complete
conversion of oleic acid was achieved in less thaours. The two observed products
were azelaic acid and pelargonic acid. Based apmass balance of the initial
compounds versus the observed products, 97.2 %as$ mas accounted for by
pelargonic acid and azelaic acid. The remainingswauld be due to volatile aldehydes
that were swept out of the reaction system by flittng ozone + oxygen stream. The
traditional ozonolysis reaction was zero-order vaitteaction rate constant of 0.077
mol-s*.-m?>. Based upon the apparent order of the reactienozonolysis of oleic acid
was mass-transfer limited. No reaction was obsefwethe ozonolysis of oleic acid in
supercritical carbon dioxide. This could be dueant to the lack of sufficient ozone for

reaction.
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Figure 9.1:  Reactor assembly for oleic acid ozasislgt ambient pressure
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Figure 9.2:  Reactor assembly for oleic acid ozasislin supercritical carbon dioxide
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Figure 9.3:  Change of oleic acid concentration dwvee at a temperature of 40°C and
an ozone mass concentration of 5.06 % in oxyget8(ELM)
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CHAPTER X

OXIDATION OF OLEIC ACID WITH POTASSIUM PERMANGANATE

Introduction

The major industrial sources of azelaic acid arldrgenic acid are from the
oxidation of oleic acid [Chemical Market Report2001]. Ozone has been used as the
oxidizer for this process since the 1950s becduseaivery powerful oxidizer that leads
to good yields of azelaic and pelargonic acid ameischot require any type of catalyst.
Other oxidizers, particularly hydrogen peroxide aothssium permanganate, have been
studied as alternatives to ozonation. Howevesdloxidizers have several
disadvantages compared to ozone. First, theyaraspotent of an oxidizer as ozone. In
terms of oxidation potential, ozone has one ofitighest at 2.07 volts while hydrogen
peroxide and potassium permanganate have value3dtnd 1.67 volts, respectively
[Mountain High Water, 2007]. Second, to obtainsggeable rates of reaction, studies
have shown that the use of hydrogen peroxide [Nimline and Kanabur, 1999;
Santacesaria et al., 2003] requires a catalysteandsifiers or phase-transfer catalysts
are necessary for use with potassium permangafatdid et al., 1977; Garti and Avni,
1981]. And good yields of azelaic acid and pelargacid can be achieved by the
countercurrent mixing of oleic acid with ozone [Beket al, 1957].

As discussed in Chapter lll, a recent study by Megdz et al. (2004)
investigated the use of sub/supercritical carbomide as reaction medium for the
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oxidation of soybean oil with agueous potassiunmaerganate. Soybean oil is primarily
composed of unsaturated fatty acids, so the authorstored consumption of the double
bonds with time. In a control reaction betweenoéeid and aqueous potassium
permanganate at conditions of 25°C and atmospheggsure for 12 hours, no
measurable reaction occurred. However, they obge?® % double bond consumption
when using the supercritical fluid medium for ald@ir batch reaction at 25°C and a
pressure of 7 MPa. Mercangoz et al. only consalaggieous solutions of potassium
permanganate; however, Sam and Simmons (1972sttiti oxidation of organic
compounds with potassium permanganate withoutskeotiwater. Instead, a crown
ether was used as a complexing agent to bringdiiek gotassium permanganate into an
organic solvent (benzene) so that the oxidant coaddt with the compound of interest.
Using this approach, reactions of olefins were tbtonoccur very rapidly with complete
conversion observed in many cases.

Based upon the work by Mercang6z et al. (2004)%ad and Simmons (1972),
the goal of this study was to evaluate the effécixadizing oleic acid with solid
potassium permanganate in supercritical carbondioxSince carbon dioxide is already
oxidized, it is well suited for oxidation reactionscause it is not altered by the
permanganate ion. The effects of the supercritical on oleic acid conversion and
product yield were evaluated, along with a prelianyninvestigation into the solubility of

potassium permanganate in supercritical carboniadkox
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Experimental M ethods

Materials

The following lipids were purchased from Sigma-Adtir oleic acid ¢€is-9-
octadecenoic acid; CAS No. 112-80-1; £€H,);CH=CH(CH,);COOH;~ 99 % purity),
pelargonic acid (nonanoic acid; CAS No. 112-05-B3(CH,);COOH; minimum 96 %
purity), azelaic acid (nonanedioc acid; CAS No.-9239; COOH(CH);COOH;> 99 %
purity), and pelargonaldehyde (nonanal; CAS No-124; CH(CH,);CHO;> 95 %
purity). Potassium permanganate (CAS No. 7722:84MM0O,4; 99+% purity) and 1,3-
dichlorobenzenex99.0 % purity) were also purchased from Sigma-iakdr Water
(demineralized), hexane (Optima grade), toluendi(@pgrade), methanol (Optima
grade), and sulfuric acid (technical grade) weraioled from Fisher Scientific. Carbon
dioxide (99.5 % purity) was purchased from NexAfrefnphis, TN) and was further
purified by being passed through ar filter (Valco Instrument Company, Inc.,

Houston, TX). All other chemicals were used withturther purification.

Procedure

Oxidation in the Absence of Supercritical CarbomXile
For the experiments at ambient pressure, 8 g @fsgatm permanganate were
placed into a 100 mL round bottom glass reactoe(@lass Model CG 1514-01,
Vineland, NJ), which was equipped with a thermome&ienonitor temperature. The
reactor was placed in an oil bath and heated td¢s&ed temperature of the reaction.

Then 1 mL (0.891 g) of oleic acid was added dropvasthe reactor over a period of 10
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minutes using a pipette. Adding the oleic acidwjdo the potassium permanganate
minimized the effect of the exothermic reactiontio@ bulk temperature. After addition
of the oleic acid, magnetic stirring was initiagaad the reaction time was started. The
reactor was capped with a solid PTFE stopper tomie oxidation of the oleic acid
with atmospheric oxygen. Experiments were conalfde12 hours at 308.15 K (35°C)
and 318.15 K (45°C).

At the end of the reaction time, the reactor wasawed from the oil bath, and a
solution of 2 % by weight sulfuric acid in methamas added to the reaction mixture in
five 10-mL portions, and this served to quenchréeetion. The methanol reacted with
potassium permanganate to form manganese diokidde.to the large excess of
methanol compared to potassium permanganate, thmemf methanol consumed in the
guenching reaction was negligible. A 1-mL aliquatsiiltered over a Whatman Type
GF/B Filter (Fisher Scientific) with 3 mL of 2 % hyeight sulfuric acid in methanol to
remove the manganese dioxide. The filtrate wagscteld in a 20 mL test tube. Then an
additional 2 mL of the sulfuric acid in methanoligmn was added to the test tube along
with 1mL of toluene, and the vial was incubatedroight at 50°C to convert the
products to methyl esters for analysis. This dgiaation method was based upon the

technique described by Christie (2003b) and isudised in greater detail in Chapter IV.

Oxidation in Supercritical Carbon Dioxide
For the supercritical fluid experiments, 8 g ofgg#ium permanganate were
placed into a 250 mL stainless steel reaction véskadel R250; Thar Technologies;

Pittsburgh, PA), and then the vessel was sealddaMNitronic 60 stainless steel cap
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equipped with a magnetic stirrer. The reactor neeted while carbon dioxide was fed
into the reactor using a dual-piston pump (Mod&0PThar Technologies; Pittsburgh,
PA) until the required pressure was reached. Therh (0.891 g) of oleic acid was
added to the reactor over a period of 10 minutesyus syringe pump (Teledyne Isco
Model 100DX; Lincoln, NE). Based upon data frore therature [Zou et al., 1990;
Foster et al., 1991; Nilsson et al., 1991; Maheshetaal., 1992; Yu et al., 1992; Skerget
et al., 1995], the oleic acid was completely sauhlthe supercritical carbon dioxide.
After adding the oleic acid, stirring at 1000 RPMsanitiated, and the reaction time was
started. A schematic of the experimental apparmednsoe seen in Figure 4.6. Reactions
were conducted at a pressure of 12.2 MPa and gietettures of 308.15 K and 318.15 K
for times ranging from 10 to 720 minutes.

At the end of the reaction period, agitation wapped and heating was turned
off. Then the reactor was depressurized by allgwie gas phase to exit through the
pressure release valve shown in Figure 4.6. Aeraneyer flask topped with glass wool
trapped products entrained in the gas phase. &l2e¥ by weight sulfuric acid in
methanol solution was added to the contents oEttenmeyer flask and the stainless
steel reactor in five 10-mL portions. Then 1-mlgabts from the flask and the reactor

were prepared for analysis as previously described.

Analysis of Reaction Products
At the end of the derivatization period, the oxidatproducts were extracted with
hexane. Then a solution of 1,3-dichlorobenzeneada&d as an internal standard prior

to analysis with a Varian 3600 gas chromatograph)(€upled to a Saturn 2000 mass
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spectrometer (MS) detector (Varian; Palo Alto, CRyior to sample analysis, the GC-
MS was calibrated in electron impact (EI) moderfaathyl oleate, methyl pelargonate,
and dimethyl azelate with 1,3-dichlorobenzene am@mnal standard. The external
standards were generated from fatty acid standesidg the acid-catalyzed esterification
technique previously mentioned. Chemical ioniza(iGl) mode with isobutane was
used to determine molecular weight of unidentipécies. A discussion of GC-MS
operating principles along with a complete deswmipof the EI and Cl methods can be

found in Chapter IV.

Solubility of Potassium Permanganate in Superaiti€arbon Dioxide

Solubility of solid potassium permanganate in soptcal carbon dioxide (SC-
C0O,) was determined using the same dynamic techniswsed in Chapters VII and
VIIIl. The solubility experiments used a supercatifluid extractor manufactured by
Thar Technologies (Model SFE-100; Pittsburgh, P@8hapter IV provides a complete
description of the experimental apparatus, alortg widiagram of the experimental setup
(Figure 4.4). The system was composed of a Cennhass-flow meter, dual-piston
pump, backpressure regulator, and cyclone separ@ter uncertainty of the mass flow
rate measurements was 0.2 %. The uncertaintidgeedétnperature and pressure
measurements were 1 K and 0.2 MPa, respectively.

A quantity of= 1 g of potassium permanganate was placed in @esatisteel
equilibrium vessel (volume of 100 mL) packed wittemating layers of 2 mm diameter
borosilicate glass beads (Chemglass; VinelandaNd)glass wool (Fisher Scientific).

The packing served to reduce channeling of the 8g{Waxwell, 1996; Lee et al.,
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1994]. The temperature of the equilibrium vessas$ mcreased to the prescribed
operating value using a heating jacket. ,@@s pumped through a heat exchanger to
raise its temperature prior to entering the equdi cell. Upon entering the equilibrium
vessel, the C@was in a supercritical state at the desired pressthich was maintained
by a backpressure regulator.

Approximately 0.6 kg of SC-CQwas allowed to flow over the potassium
permanganate in each experiment. A Coriolis miasg{ineter was used to quantify the
mass of liquid CQused. The carbon dioxide was delivered by a gisabn pump at a
flow rate of 0.25 g°§ The solute-solvent mixture flowed from the eifuilim vessel to
the cyclone separator through the valve of the pp@dsure regulator undergoing a
continuous expansion. Then the pressure was rddasalting in a phase separation; the
gaseous C@exited the system while the potassium permangamasedeposited on the
vessel walls. The cyclone separator was rinsell 26tmL of demineralized water to
dissolve the potassium permanganate, and theiregatilution was collected in a tared,
40 mL amber glass vial. The concentration of ptas permanganate in the 40 mL vial
was evaluated with a LAMBDA 25 UV/VIS Spectrophoteter (PerkinElmer; Waltham,
MA). The scanning mode of the spectrophotometer ugzed to determine that 510 nm
was a suitable wavelength of light to use for asialy The spectrophotometer was
calibrated with standard solutions of potassiunm@grganate in demineralized water.
Potassium permanganate solubility experiments per®rmed in triplicates at 308.15 K

and 318.15 K and at a pressure of 10 MPa.
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Results and Discussion

Oxidation of oleic acid with potassium permangamateupercritical carbon
dioxide resulted in over 95 % conversion withintidrs at both 308.15 K and 318.15 K.
Figure 10.1 shows a plot of normalized oleic a@daentration versus time. The error
bars in Figure 10.1 represent standard deviatibtrgpticate measurements. The
concentration of potassium permanganate was naurnegover time. The differential
method of rate analysis described by Fogler (1988) used to determine the oleic acid
oxidation rate law:

—ron =KC34 (10.1)
wherer,, is the reaction ratek is the reaction rate constad,, is the concentration of
oleic acid, andx is the reaction order. Polymath 5.1 (Polymath@afe; Willimantic,

CT) was used to determine the rate law parametgrish are shown in Table 10.1. The
rate of the reaction showed to have second orgerdkence upon oleic acid
concentrationd = 2). Once the reaction rate constants were m@ted, the activation
energy could be evaluated. The activation eneagybe considered the minimum energy

that reacting molecules must possess before reaetlboccur [Fogler, 1999]. The

reaction rate constant can be related to activaiergy by the Arrhenius equation:

E
k = Aexp —
IO( RT) (10.2)

wherek is the previously defined rate constahis a frequency factoE is the activation
energy R is the gas constant, aiids absolute temperature. Since rate constants wer

determined for two temperatures, the activatiorrggnean be expressed as follows:
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Based on the results from Table 8.2, the activagiwergy for this reaction was 6.75
kJ-mol*. Once the activation energy was known, Eq. (1@ solved for the frequency
factor, which was evaluated to be 3.23 £ 19" mol*-s*. As a comparison, the
activation energy and the frequency factor forghtoxidation oleic acid (a second-order
reaction) have been reported to be 134 kJ*rant 2.63 x 18 m*-mol™*-s*, respectively
[Takahashi, 2000]. Therefore, the oxidation oi®beid with potassium permanganate
in supercritical carbon dioxide requires a lowenation energy and is less sensitive to
temperature [Fogler, 1999].

A comparison of the 12-hour results between ambiattions and high-pressure
reactions is shown in Figure 10.2. The error Ibafgure 10.2 indicate standard
deviation derived from triplicate measurementse tanversion of oleic acid in
supercritical carbon dioxide reached 95.1 % atBR& and 95.6 % at 318.15 K. In the
absence of supercritical carbon dioxide, the adeid conversion after 12 hours was only
50.8 % at 308.15 K and 51.7 % at 318.15 K. Heooryersion of oleic acid was
improved greatly by incorporating the supercriticatbon dioxide. As Figure 10.2
illustrates, target product yields were also a#ddby the presence of the supercritical
fluid. The yields of azelaic acid and pelargorgavere increased when supercritical
carbon dioxide was used as a reaction medium. dBasen GC-MS analysis, products

other than azelaic acid and pelargonic were forthegthg the reaction. Figure 10.3
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provides a comparison of chromatograms for 12-heaction results at 318.15 K. Based
upon peak area, the major reaction products istipercritical reaction were dimethyl
azelate and methyl pelargonate, which correspordétaic acid and pelargonic acid,
respectively. However, in the case of the amljeessure reaction, the major reaction
products based on peak area were compounds ehgarghe methyl pelargonate and
dimethyl azelate. Based upon CI analysis withusabe, these compounds were
hypothesized to be derived from the aldehydes lairgenic acid and azelaic acid. Based
upon the oxidation studies discussed in Chaptealllehydes are logical oxidation
precursors to carboxylic acids. The aldehyde pssuo azelaic acid would be 9-
oxononanoic acid, while nonanal (pelargonaldehyem®)ld be the precursor to
pelargonic acid. To aid in confirming this hypatlse a pelargonaldehyde standard was
put through the same derivatization process aadiom sample and analyzed on the GC-
MS. The resulting product (an acetal) had the satention time, ion fragmentaion
pattern in EI mode, and molecular weight in Cl madehe unknown peak from the
samples. Figure 10.3 also shows that products fwemeed that had higher molecular
weights than methyl oleate, which corresponds éicacid. Among the products
identified using the NIST Mass Spectral Search rRmog2.0 were derivatives of
dihydroxystearic acid and epoxystearic acid; howetnese products were not
guantified. Both of these compounds are precutsoosher oxidation products such as
aldehydes. When supercritical carbon dioxide wasuised as a reaction medium, more
high-molecular-weight oxidation products were detdaue to the slower progress of the
reaction. These compounds are known to be intaatesdto the formation of carboxylic
acids [Mercang6z, 2004].
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Figure 10.4 shows results for the determinatiopathssium permanganate
solubility in supercritical carbon dioxide. Thea@rbars represent standard deviations for
triplicate measurements. The solubility of potasspermanganate at 308.15 K was
(1.00 x10* + 8.93x1(P) kg-mi®, but an increase in temperature to 318.15 K regiitt a
decrease in solubility to (6.68 + 1.27) ¥1Kkg-m>. Unfortunately, no solubility data for
the potassium permanganate + supercritical carlmadg system could be located.
However, Clarke et al. (1997) found that aqueouagsium permanganate could be
dispersed in SC-CLat a level of 0.079 kg-that 15 MPa and 32°C using a surfactant.
Based upon the work by Foster et al. (1991), thabddy of oleic acid in supercritical
carbon dioxide at a pressure of 10 MPa would b8 Rglni*at 308.15 K and 0.78 kg
at 318.15 K. Although the solubility of potassipermanganate was several orders of
magnitude lower than oleic acid, it was still highough to allow the oxidation reaction

to occur.

Conclusions
The oxidation of oleic acid with potassium permargga was performed in

supercritical carbon dioxide at 12.2 MPa. Conwarsiof over 95 % were achieved in 12
hours at temperatures of 308.15 K and 318.15 Kid#&on reactions in the absence of
supercritical carbon dioxide only resulted in ab®i% conversion of oleic acid.
Incorporation of the supercritical fluid also resdl in higher yields of azelaic acid and
pelargonic acid; moreover, in the absence of sugiesd carbon dioxide, greater
percentages of other oxidation products such asgmhaldehyde and dihydroxystearic

acid were observed. The solubility of potassiumr@aganate in supercritical carbon
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dioxide at 10 MPa was determined to be (1.00%48.93x1) kg-m*at 308.15 K and
(6.68+ 1.27) x10° kg-m*at 318.15 K. To the author’'s knowledge, no presistudies
have evaluated the solubility of potassium permaatgin supercritical carbon dioxide.
Although the potassium permanganate exhibited aslawbility in supercritical carbon

dioxide, it was still able to sufficiently interasith the oleic acid.
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Table 10.1:  Rate law modeling results for oxidatxd oleic acid with potassium
permanganate at 12.2 MPa

k/ 2
TIK m3-molt.sl r
308.15 2.32 x10 0.999
318.15 2.52 x19 0.995
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Figure 10.1: Change of normalized oleic acid cotregion with time for oxidation of
oleic acid with potassium permanganate at 12.2 MPa
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CHAPTER Xl

ENGINEERING SIGNIFICANCE AND FUTURE WORK

The results of this research show that supercriti@doon dioxide can have a
positive impact on the oxidation of oleic acid &lgrgonic acid and azelaic acid. Also,
the solubility studies indicate that supercritiftactionation of the reaction products is
feasible. The solubility of pelargonic acid anelar acid differ by several orders of
magnitude, resulting in facilitated separation.pitavious studies on potassium
permanganate oxidation, researchers focused otifideg emulsifiers or phase-transfer
catalysts that would transfer the oxidant from guemus phase to an organic phase. To
achieve significant reaction, the emulsifiers ahdge-transfer catalysts have to be
specifically matched to the organic phase. Theltefrom this research show that water
IS not necessary, both in terms of the reactionaana solvent for the potassium
permanganate. Due to the tunable nature of supeatrcarbon dioxide, it can be
tailored for used with a variety of compounds. rEfiere, the need for specific
emulsifiers and phase-transfer catalysts can bigledto Additionally, the use of organic
solvents can be avoided, which is advantageolexinst of cost, safety, and
environmental stewardship.

The solubility data generated in this study seovilltin some of the gaps in
terms of lipid + supercritical carbon dioxide salityp. As supercritical fluids are
incorporated into more processes, solubility da¢ecaucial. For example, supercritical
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carbon dioxide is already being used for partiokefation in the pharmaceutical
industry. Therefore, the azelaic acid solubiliggalcould be used in designing better,
more efficient processes for the production of @izedcid-based medicines.

Based upon the solubility studies, several suggestivere proposed for the use
of density-based models. The first suggestiontivasise of normalized or
dimensionless variables. Currently, there is nos&iency among solubility studies in
terms of units used for variables such as denéitthis modification becomes accepted
among researchers, then it will become easierngane model parameters from one
study to another. The second proposal was thefus@ew model that better accounts
for temperature and density effects than previoadets such as the equations of
Chrastil, del Valle and Aguilera, and Adachi and Lu

Unfortunately, no reaction was observed for thécaeid oxidation with ozone in
supercritical carbon dioxide; however, this was ttuan experimental limitation, not a
constraint on the usefulness of the supercriticédlf As mentioned in Chapter X, the
concentration of ozone in the reactor was veryaow limited the reaction. High-
pressure ozone generators could not be locatedhzoree is not sold in gas cylinders due
to its instability. However, there are severakislér ozone generation that could be
considered for future work. Koike et al. (2000pwsfed that silica gel would selectively
adsorb ozone onto its surface over oxygen, reguitirtnigh ozone concentrations. By
increasing the temperature of the silica gel, thene can be desorbed and made
available for reaction. Depending on the pore @mof the silica gel, up t00.1 g of
ozone can be adsorbed per 1 g of silica gel. Asrabproach would be to continuously
generate the ozone-situ via ultraviolet (UV) light. The high pressure réacis
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equipped with sapphire windows, which could be usdadansmit UV light into the
reactor. Also, depending upon the wavelength @fUN light, it could directly cause
oxidation of oleic acid.

If a suitable method of ozone generation coulddamdl, then ozonolysis of oleic
acid in supercritical carbon dioxide would be pbksi A block flow diagram of the
current oleic acid oxidation process is shown guFe 11.1. By utilizing supercritical
carbon dioxide as a reaction medium, the processdiaze improved in terms of the
oxidation reaction and product separation, resglitinthe modified process shown in
Figure 11.2. In this study, high purity oleic amids used for experimentation, but,
industrially, oleic acid is only about 70 % to 75gure with other fatty acids such as
linoleic acid and palmitic acid comprising the imies. Therefore, the solubilities of
these impurities in supercritical carbon dioxidewdohave to be determined either
experimentally or from the literature. Also, thesseptibility of the impurities to
oxidation would have to be considered. For exanjieleic acid is polyunsaturated and
oxidized more readily than oleic acid, but palméaad is saturated and is less susceptible
to oxidation than oleic acid. The future work slabalso consist of an economic analysis
of any proposed process to evaluate its potergial i@placement to the current process.

The potassium permanganate experiments discus$aubipter X served
primarily as a proof of concept. However, futurerkvcould include studying the effect
of pressure, mixing rate, mole ratio of potassilempanganate to oleic acid, and fatty
acid impurities on the reaction. More experimausld also be conducted to expand the

solubility data set of potassium permanganate pesuritical carbon dioxide.
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CHAPTER Xl

CONCLUSIONS

Based upon the results of this research, additicuercritical carbon dioxide as
a reaction medium can lead to several advantagasti@aditional oxidation techniques.
In the case of oxidation with potassium permanggraeic acid conversion and target
product yields were both increased in the preseheseapercritical carbon dioxide. Also,
the solubilities of azelaic acid and pelargonidatiffer by such a large extent that
supercritical fractionation of these compoundsasfble. Therefore, incorporation of the
supercritical carbon dioxide can result in an inied reaction-separation scheme.
Individual conclusions are summarized below.

* The results of the modeling study showed that semmirical models
could be expressed in terms of dimensionless Masgakithout loss of
effectiveness. The use of a quadratic functioexjoress the dependence
of the association number on solvent density waaddo not be
necessary for the solids considered in the modslindy. This was also
found to be true for the case of liquid-phase Bmdch as oleic acid
(Chapter VIIl). One of the models proposed inttedeling study was a
combination of the Adachi-Lu equation and the dall&Aguilera
equation, and it provided the best fit in termsogiest average error.

Compared to other common density-based, semi-erapmodels, the
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new model better accounted for the dependencedwbifity on density
and temperature.

The solubility of azelaic acid in supercritical lsan dioxide was
determined experimentally and had a mole fractioe of 0.42-10at
333.15 K and 10.0 MPa to 10.12°%14 313.15 K and 26.7 MPa. To the
author’s knowledge, this is the first set of repdrtlata for the azelaic
acid + supercritical carbon dioxide system. Inegah the solubility of
azelaic acid increased with increasing temperainhg after exceeding
the crossover pressure that occurred between 17ad@®20 MPa. Both
the semi-empirical methods (Chrastil's equation Bi&hdez -Teja
eguation) and the equation of state approach teelmugthe data
provided good correlations.

The solubility of pelargonic acid in supercriticarbon dioxide was
determined experimentally and varied from 0.1407®&g-m?at 333.15
K and 10.0 MPa to 25.39 + 0.6&&-ni° at 313.15 K and 30.0 MPa. In
general, the solubility of pelargonic acid increhgeth increasing
pressure at constant temperature, and overalgaldility was higher at
313.15 K than at 333.15 K. Since this is belieteee the first reported
data of pelargonic acid solubility in SC-g@he validity of the
experimental approach was verified with oleic agith good results.
The solubility data were modeled with a semi-enggirequation
intermediate to Chrastil's equation and the Addahequation. To

avoid dimensional inconsistency, the proposed madslexpressed in
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terms of normalized concentration and reduced teasd temperature.
The model provided a better fit than Chrastil's &tpn and was
comparable to the Adachi-Lu equation.

The separation factor showed that pelargonic adigbdity in
supercritical carbon dioxide was two to three asddrmagnitude higher
than azelaic acid under the experimental conditcamsidered in this
work. Based upon these values of the separataiarfasupercritical
fluid fractionation of pelargonic acid and azelaad appears feasible.
Complete conversion of oleic acid was achieve@s than 2 hours
using the traditional ozonolysis technique. The thserved products
were azelaic acid and pelargonic acid. Based apomass balance of the
initial compounds versus the observed product® % of mass was
accounted for by pelargonic acid and azelaic atige remaining mass
could be due to volatile aldehydes that were swapbf the reaction
system by the exiting ozone + oxygen stream. Tduitional ozonolysis
reaction was zero-order with a reaction rate consth0.077mol-s*-m>.
Based upon the apparent order of the reactiomgzbrolysis of oleic
acid was mass-transfer limited. No reaction waseoled for the
ozonolysis of oleic acid in supercritical carbonxdde, which could be
due in part to the lack of sufficient ozone foratean.

The oxidation of oleic acid with potassium permaraja was performed
in supercritical carbon dioxide at 12.2 MPa foriurs. Conversions of

over 95 % were achieved at temperatures of 308.46K318.15 K.
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Oxidation reactions in the absence of supercriteabon dioxide only
resulted inr 50 % conversion of oleic acid. Incorporationluod t
supercritical fluid also resulted in higher yielofsazelaic acid and
pelargonic acid; however, in the absence of supealrcarbon dioxide,
greater percentages of other oxidation products aggelargonaldehyde
and dihydroxystearic acid were observed.

The solubility of potassium permanganate in suptéral carbon dioxide
at 10 MPa was determined to be (1.00%3@®.93x10°) kg-m>at 308.15
K and (6.68 1.27) x10° kg-ni*at 318.15 K. To the author's
knowledge, no previous studies have evaluateddlubidity of
potassium permanganate in supercritical carbonidigoxAlthough the
potassium permanganate exhibited a low solubitityupercritical
carbon dioxide, it was still able to sufficienthtéract with the oleic acid

for reaction.
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APPENDIX A

COMPLETE SOLUBILITY REFERENCE DATA USED IN CHAPTERI
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Table A.1: Solubility of naphthalene in supercaticarbon dioxide at 308.15 K

PIMPa  p/kgem? Dr1 10%y, colkgem™
6.08 162.64 0.35 2.4 0.11
7.60 288.33 0.62 7.5 0.63
7.70 307.42 0.66 8.7 0.78
7.80 332.07 0.71 10.7 1.04
7.90 366.82 0.78 13.7 1.47
7.95 390.96 0.84 30.1 3.44
8.06 459.55 0.98 47.6 6.40
8.11 494.66 1.06 61.1 8.86
8.71 637.92 1.36 81 15.17
9.22 676.5 1.45 92 18.29
10.64 733.94 1.57 110 23.77
11.15 T47.7 1.60 117 25.78
12.16 770.28 1.65 125 28.40
13.17 788.58 1.69 132 30.72
14.19 804.08 1.72 139 33.01
15.20 817.58 1.75 146 35.28
16.21 829.58 1.77 151 37.04
19.25 859.41 1.84 163 41.47
22.29 883.24 1.89 174 45.55
24.32 896.93 1.92 177 47.07
29.38 925.97 1.98 184 50.55
33.44 945.45 2.02 187 52.47
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Table A.2: Solubility of naphthalene in supercaticarbon dioxide at 318.15 K

PIMPa  pi/kgem? Dr1 10%, colkgem™
6.28 152.26 0.33 4.7 0.21
7.30 198.05 0.42 4.8 0.28
7.80 227.62 0.49 6.7 0.44
8.21 256.59 0.55 7.8 0.58
8.56 287.75 0.62 11 0.92
8.82 314.7 0.67 13 1.19
9.22 368.81 0.79 21 2.26
9.58 427.64 0.91 43 5.38
9.78 462.71 0.99 51 6.91
9.93 487.48 1.04 61 8.71
10.13 517.26 1.11 69 10.47
10.64 574.17 1.23 97 16.38
10.94 599.05 1.28 113 19.94
11.96 655.85 1.40 142 27.51
12.67 682.94 1.46 154 31.11
14.19 724.79 1.55 183 39.35
15.50 751.38 1.61 197 43.98
20.27 815.48 1.74 245 59.65
27.86 877.12 1.88 285 74.94
31.41 898.41 1.92 294 79.26
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Table A.3: Solubility of naphthalene in supercaticarbon dioxide at 328.15 K

PIMPa  pi/kgem? Dr1 10%, colkgem™
7.70 190.53 0.41 11 0.61
9.22 269.11 0.58 24 1.89
9.42 282.41 0.60 20 1.65
9.93 319.48 0.68 24 2.24
10.23 344.5 0.74 30 3.02
10.64 380.78 0.81 42 4.68
11.15 428.8 0.92 61 7.66
11.45 457.27 0.98 77 10.33
11.65 475.45 1.02 92 12.86
11.96 501.02 1.07 108 15.93
12.26 524.26 1.12 127 19.64
12.56 545.14 1.17 142 22.87
13.17 580.6 1.24 181 31.17
14.29 629.48 1.35 234 43.93
15.20 659.48 1.41 264 52.08
16.21 686.28 1.47 300 61.82
17.23 708.42 1.52 324 69.09
18.24 727.27 1.56 356 78.19
19.76 751.18 1.61 399 90.92
23.30 794.17 1.70 459 111.27
25.33 813.65 1.74 485 120.79
32.42 866.04 1.85 550 146.80
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Table A.4: Solubility of fluorene in supercriticadrbon dioxide at 308.15 K

PIMPa  p/kgem® i1 10%y, colkgem™
8.37 589.01 1.26 4.15 0.93
10.43 727.58 1.56 11.80 3.25
13.88 799.65 1.71 15.30 4.63
20.77 871.89 1.86 22.60 7.46
34.56 950.40 2.03 24.30 8.74
41.45 977.58 2.09 27.20 10.07
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Table A.5:  Solubility of fluorene in supercriticgdrbon dioxide at 323.15 K

PIMPa  p/kgem® i1 10%y, colkgem™
6.99 171.60 0.37 0.11 0.01
8.37 240.69 0.51 0.36 0.03
10.43 436.96 0.93 4.28 0.71
13.88 668.38 1.43 15.40 3.89
17.33 746.48 1.60 23.90 6.75
20.77 793.35 1.70 30.80 9.26
27.67 854.72 1.83 38.70 12.54
34.56 896.92 1.92 40.80 13.88
41.45 929.64 1.99 43.60 15.38
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Table A.6:  Solubility of fluorene in supercriticeghrbon dioxide at 343.15 K

PIMPa  p/kgem® i1 10%y, colkgem™
8.37 185.80 0.40 0.69 0.05
10.43 266.74 0.57 1.92 0.19
13.88 450.26 0.96 9.85 1.68
17.33 593.06 1.27 25.40 5.70
20.77 673.94 1.44 40.50 10.35
34.56 823.10 1.76 76.70 24.03
41.45 864.57 1.85 87.40 28.79
48.34 897.50 1.92 91.80 31.41
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Table A.7: Solubility of hydroquinone in superardl carbon dioxide at 333 K

PIMPa  p /kgem® Pr1 10°y, colkgem®
10 291 0.62 0.70 0.01
125 475 1.02 1.20 0.01
15 607 1.30 2.12 0.03
175 679 1.45 2.81 0.05
20 725 1.55 2.90 0.05
225 760 1.63 2.89 0.05
25 788 1.69 3.13 0.06
275 811 1.73 3.08 0.06
30 831 1.78 3.24 0.07
32.5 848 1.81 3.35 0.07
35 864 1.85 3.38 0.07
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Table A.8: Solubility of hydroquinone in superardl carbon dioxide at 348 K

PIMPa  p /kgem® Pr1 10°y, colkgem®
10 234 0.50 0.90 0.01
125 343 0.73 1.00 0.01
15 466 1.00 2.00 0.02
175 562 1.20 2.43 0.03
20 628 1.34 3.12 0.05
225 676 1.45 3.13 0.05
25 713 1.52 3.52 0.06
275 743 1.59 3.67 0.07
30 768 1.64 4.04 0.08
325 789 1.69 4.10 0.08
35 809 1.73 4.24 0.09
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Table A.9: Solubility of hydroquinone in superardl carbon dioxide at 363 K

P/MPa  pi/kgem’ Pr1 10°y, Colkgem®
10 203 0.43 1.00 0.01
12,5 282 0.60 1.20 0.01
15 373 0.80 1.59 0.01
17.5 461 0.99 2.15 0.02
20 535 1.14 2.83 0.04
225 592 1.27 3.19 0.05
25 637 1.36 4.10 0.07
27.5 674 1.44 4.40 0.07
30 704 1.51 4.95 0.09
325 730 1.56 5.15 0.09
35 753 1.61 5.59 0.11
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Table A.10:  Solubility of anthracene in supercaticarbon dioxide at 303.15 K

PIMPa  p/kgem® i1 10%y, colkgem™
10.43 780.95 1.67 0.29 0.09
13.88 834.36 1.78 0.52 0.17
27.67 936.66 2.00 0.69 0.26
41.45 993.33 2.12 0.80 0.32
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Table A.11: Solubility of anthracene in supercaticarbon dioxide at 323.15 K

PIMPa  p/kgem® i1 10%y, colkgem™
9.06 289.85 0.62 0.04 0.00
10.44 438.19 0.94 0.04 0.01
11.81 572.12 1.22 0.16 0.04
13.88 668.38 1.43 0.50 0.13
17.33 746.48 1.60 0.89 0.27
20.77 793.35 1.70 1.09 0.35
27.67 854.72 1.83 1.40 0.48
34.56 896.92 1.92 1.54 0.56
38.01 914.19 1.96 1.61 0.60
41.45 929.64 1.99 1.72 0.65
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Table A.12:  Solubility of anthracene in supercaticarbon dioxide at 343.15 K

PIMPa  p/kgem® i1 10%y, colkgem™
11.81 335.54 0.72 0.14 0.02
12.92 397.24 0.85 0.22 0.04
13.88 450.26 0.96 0.36 0.07
15.26 517.48 1.11 0.63 0.13
17.33 593.06 1.27 0.71 0.17
20.77 673.94 1.44 1.68 0.46
27.67 766.31 1.64 2.48 0.77
34.56 823.1 1.76 3.09 1.03
41.45 864.57 1.85 3.49 1.22
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Table A.13:  Solubility of cholesterol in superazél carbon dioxide at 308.15 K

PIMPa  p/kgem? i1 10°y, colkgem™
12.36 774.19 1.66 1.39 0.09
15.39 819.95 1.75 2.61 0.19
18.27 850.59 1.82 3.07 0.23
20.3 868.16 1.86 4.15 0.32
25.36 903.44 1.93 5.19 0.41
25.76 905.86 1.94 5.25 0.42
27.89 918.04 1.96 5.55 0.45
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Table A.14:  Solubility of cholesterol in superazél carbon dioxide at 313.15 K

P/IMPa  pikgem® Pr1 10°y, Colkgem'®
10.09 635.16 1.36 7.08 0.40
12.27 725.24 1.55 8.69 0.55

15.2 783.33 1.68 9.74 0.67
18.45 824.39 1.76 12.6 0.91
20.35 843.04 1.80 15.4 1.14
25.27 881.32 1.88 19.2 1.49

27.6 896.14 1.92 25 1.97
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Table A.15:  Solubility of cholesterol in superazél carbon dioxide at 333.15 K

PIMPa  p/kgem® i1 10°y, colkgem™
10.1 296.13 0.63 2.91 0.08
12.15 445.81 0.95 5.97 0.23
15.15 609.61 1.30 9 0.48
18.22 691.77 1.48 13.6 0.83
20.34 729.01 1.56 20 1.28
25.36 790.14 1.69 32.4 2.25
27.33 808.3 1.73 38 2.70
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APPENDIX B

COMPLETE SOLID SOLUBILITY MODELING RESULTS
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Table B.1: Chrastil equation modeling results

Comp. T/IK Normal (Eq. 5.1) Dimensionless (Eg. 5.14)
K q BIK AV(I)ZRR K q B AV(I)ZRR
308.15 12.86 12.58
Naph. 318.15 3.871 -0.919 -6.65E+03 12.11 3.869 16.621 -21.736 12.25
328.15 5.76 5.83
308.15 8.92 9.02
Fluor. 323.15 4.035 -10.661 -456E+03 7.5 4040 8.047 -15.052 7.45
343.15 5.06 5.05
333 6.79 6.79
Hydrog. 348 2.613  -12.487 -2.59E+03 5.45 2.613 -2569 -8502 545
363 6.97 6.97
303.15 10.92 10.83
Anthrac. 323.15 4.352  -14.028  -5.21E+03 9.31 4352 6.579 -17.124 9.35
343.15 8.55 8.54
308.15 118.27 114.34
Chol. 313.15 6.503 -19.108 -7.81E+03 39.43 6.754 15.254 -26.391 40.41
333.15 13.40 13.57
313.15 14.79 14.78
Chol. 333.15 6.786  -27.437  -5.67E+03 13.18 6.776  8.103 -18.602 1317
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Table B.2: del Valle-Aguilera (Eqg. 5.3) modelingués

Comp.  TIK K a BIK VK2 AVERR
308.15 1151
Naph. 31815 3.888  105E+02 -7.40E+04  1.07E+07 816
328.15 5.48
308.15 8.78
Fluor. 32315  4.028 1389  -1.06E+04  9.95E+05  7.28
343.15 5.07
333 6.58
Hydroq. 348 2617 3.860  -1.40E+04  198E+06  5.30
363 7.00
303.15 8.65
Anthrac. 32315  4.36 1693  -1.34E+04  1.34E+06  9.03
343.15 8.51
308.15 8.58
Chol. 31315  6.818  -0.95E+02 6.20E+05  -101E+08 14.84
333.15 13.20
313.15 14.79
Chol. S337° 6786 23717 -8OTE+03  388E405 |31
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Table B.3: del Valle-Aguilera (Eg. 5.15) dimensiesd modeling results

AVERR

Comp. T/IK k a B %
308.15 11.31

Naph. 318.15 3.870 1.23E+02  -2.44E+02 1.16E+02 7.83
328.15 5.66
308.15 8.76

Fluor. 323.15 4.037 17.179 -34.769 10.625 7.31
343.15 5.05

333 6.6

Hydrog. 348 2.617 11.976 -41.78 19.008 5.28
363 6.99

303.15 8.65
Anthrac. 323.15 4.36 19.008 -43.982 14.48 9.04
343.15 8.51
308.15 8.62

Chol. 313.15 6.809 -9.60E+02 2.04E+03 -1.09E+03 14.82
333.15 13.2
313.15 14.78

Chol. 333.15 6.776 7.53 -17.385 -0.646 1317
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Table B.4:  Adachi-Lu (Eq. 5.5) modeling results

Comp. T/KK & e/mikgt e /m°kg? a BIK AV;)RR
308.15 10.93

Naph. 318.15 0.246 2.08E-03 -1.04E-06 15.916 -6.40E+03 10.49
328.15 2.79
308.15 8.40
Fluor. 323.15 0.289 2.21E-03 -1.08E-06 6.779 -4.40E+03 5.52
343.15 2.10
333 4.76
Hydroq. 348 -1.216 2.11E-03 -1.05E-06 5.906 -2.43E+03 5.79
363 4.43

303.15 11.70
Anthrac. 323.15 9.562 -1.25E-03 2.45E-07 -43.732 -5.02E+03 7.49
343.15 7.97

308.15 114.05

Chol. 313.15 19-655 1.02E-02 -3.96E-06 1.18E+02 -7.86E+03 40.01
333.15 ' 10.58
313.15 13.57
Chol. 33315 -2.798 1.60E-03 2.90E-08 29.239 -6.10E+03 6.43
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Table B.5:

Adachi-Lu dimensionless (Eq. 5.16) modgtesults

Comp. T/IK & e A a B AV;)RR
308.15 10.49
Naph. 318.15 2.817 2.268 -0.879 15.719 -20.893 10.63
328.15 2.96
308.15 8.40
Fluor. 323.15 2.978 2.499 -0.927 7.306 -14.478 5.47
343.15 2.11
333 4.8
Hydrog. 348 0.920 2.863 -1.058 -3.074 -7.997 5.84
363 4.34
303.15 11.87
Anthrac. 323.15 7.026 -1.297 0.085 5.646 -16.477 7.55
343.15 7.73
308.15 114.04
Chol. 313.15 -8.172 15.07 -4.045 15.205 -25.752 39.95
333.15 10.35
313.15 13.55
Chol. 333.15 -0.739 3.542 -0.212 10.489 -20.001 6.4
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Table B.6: Modeling results for Eqg. (6.5)

Comp. TKK & e/m®-kg* a BIK AV;)RR
308.15 11.77
Naph. 318.15 6.503 -5.02E-04 -16.376 -6.47E+03 10.66
328.15 4.01
308.15 8
Fluor. 323.15 8.228 -7.21E-04 -35.139 -4.44E+03 6.20
343.15 3.37
333 6.00
Hydrog. 348 3.419 -1.66E-04 -17.207 -2.51E+03 6.72
363 8.39
303.15 11.93
Anthrac. 323.15 7.814 -5.98E-04 -34.535 -5.01E+03 7.55
343.15 7.73
308.15 114.26
Chol. 313.15 3.801 5.01E-04 -2.637 -8.17E+03  40.56
333.15 12.23
313.15 13.57
Chol. 333.15 -2.937 1.66E-03 29.932 -6.09+03 6.45
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Table B.7: Modeling results for Eqg. (6.6)

Comp. TKK & e/m®-kg* a BIK AV;)RR
308.15 10.93
Naph. 318.15 5.2 -0.651 15.933 -21.114 10.7
328.15 3.98
308.15 8.13
Fluor. 323.15 6.18 -0.893 7.486 -14.752 5.93
343.15 3.01
333 5.92
Hydrog. 348 3.183 -0.308 -2.837 -8.229 6.75
363 8.36
303.15 11.99
Anthrac. 323.15 6.708 -0.976 5.636 -16.455 7.57
343.15 7.66
308.15 114.34
Chol. 313.15 5.529 0.491 15.692 -26.647 40.49
333.15 12.84
313.15 13.51
Chol. 333.15 -0.223 2.86 10.577 -20.082 6.33
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Table B.8: Modeling results for Eqg. (6.8)

AVERR

Comp. T/IK & e a B %
308.15 9.50

Naph. 318.15 5.152 -0.628 1.18E+02 -2.36E+02 1.12E+02 5.44
328.15 3.76
308.15 7.29

Fluor. 323.15 6.365 -0.971 23.48 -49.409 18.716 5.39
343.15 2.97

333 5.61

Hydrog. 348 3.274  -0.353 15.224 -49.596 23.647 6.84
363 8.6

303.15 10.3
Anthrac. 323.15 6.795 -1.007 19.362 -46.161 16.027 6.94
343.15 7.69
308.15 6.16

Chol. 313.15 -0.214 2.856 -9.76E+02 2.08E+03 -1.11E+03 13.51
333.15 6.33
313.15 13.51

Chol. 333.15 -0.223 2.86 12.668 -24.524 2.357 6.33
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Table B.9: Modeling results for Eqg. (6.9)

Comp. T/IK & e A a B AV(I,ZRR
308.15 9.03
Naph. 318.15 2.538 2.595 -0.974 1.18E+02  -2.36E+02 1.13E+02 5.59
328.15 2.63
308.15 7.97
Fluor. 323.15 2.128 3.495 -1.215 25.517 -53.834 21.228 4.12
343.15 1.93
333 4.30
Hydrog. 348 0.668 3.306 -1.222 19.937 -60.740 30.166 5.61
363 4.13
303.15 10.41
Anthrac. 323.15 6.28 -0.507 -0.129 19.587 -46.623 16.287 6.95
343.15 7.57
308.15 6.11
Chol. 313.15 -0.784 3.604 -0.232 -9.74E+02  2.07E+03  -1.11E+0313.56
333.15 6.4
313.15 13.55
Chol. 333.15 -0.739 3.542 -0.212 12.618 -24.525 2.400 6.4
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Table B.10: Méndez-Teja modeling results

Comp. T/IK Normal (Eq. 5.6) Dimensionless (Eg. 5.18)
5. 1 AVERR * * AVERR
AK B/K-m’-kg % A B %
308.15 47.30 43.35
Naph. 318.15 9.65E+02 2.341 16.87 3.86 3.197 18.4
328.15 27.32 25.15
308.15 10.41 11.21
Fluor. 323.15 1.04E+03 3.047 14 4569  4.059 6.85
343.15 12.45 4.63
333 75.37 72.9
Hydroq. 348  9.64E+02 1.886 42.00 2913 3.105 38.65
363 25.44 29.19
303.15 33.54 33.86
Anthrac. 323.15 1.31E+03 2.882 12.66 4.33 4.417 13
343.15 13.25 12.76
308.15 210.82 193.55
Chol. 313.15 3.72E+03 0.818 57.04 12237 1.221 58.82
333.15 95.49 96.79
313.15 52.21 52.74
Chol. 33315 3.33E+03 1.533 70.82 10.92 2.38 70.53
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Table B.11: Modified Méndez-Teja modeling results
Comp. T/IK Normal (Eq. 5.8) Dimensionless (Eg. 5.19)
A/K B/K-m*kg* C AVOEA)RR A B C AVOEA)RR
308.15 21.49 12.63
Naph. 318.15 -9.04E+03 2.175 22.263 14.67 -34.751  3.586 24.621 105
328.15 12.42 3.59
308.15 15.93 6.54
Fluor. 323.15 -9.46E+03 2.746 19.661 10.82 -28.789  4.019 15.9 4.65
343.15 6.65 3.81
333 6.55 6.56
Hydrog. 348 -5.04E+03 1.780 3.818 4.98 -16.566  2.737  1.818 4.98
363 10.13 10.12
303.15 15.29 15.18
Anthrac. 323.15 -1.02E+04 2.963 18.196 8.15 -33.653 4561 16.19 8.2
343.15 9.64 9.67
308.15 188.89 188.63
Chol.  313.15 -1.02E+04 3.154 18.274 29.00 -33.537 4759 16.315 28.85
333.15 23.68 22.36
313.15 17.12 17.96
Chol. 333.15 -1.02E+04 3.223 18.302 1433 -33.499 4.825 16.354 1518
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Table B.12: Bartle modeling results

Comp. TIK Normal (Eqg. 5.11) Dimensionless (Eg. 5.20)
3, 1 AVERR AVERR
A am®-kg % A C %

308.15 88.93 88.93

Naph. 318.15 -0.417 5.11E-03 35.4 -0.417 2.389 35.4
328.15 83.81 83.81

308.15 129.79 129.79

Fluor. 323.15 -2.682 6.54E-03 2251 -2.681 3.056 22.51
343.15 96.72 96.72

333 42.43 43.43

Hydroq. 348 -5.791 3.83E-03 1795 -5.676 1.581 21.68
363 49.78 49.15

303.15 199.3 199.17
Anthrac. 323.15 -5.542 5.06E-03 4583 -5.435 2.234 48.18
343.15 100.15 99.75
308.15 223.26 213.73

Chol. 313.15 -4.927 2.97E-03 53.76 -4.646 0.992 58.4
333.15 90.52 90.4
313.15 50.21 56.45

Chol. 33315 -5.404 6.03E-03 72.97 -4.925 2.148 71.54
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Table B.13: Modified Bartle modeling results

Comp. T/IK Normal (Eqg. 5.13) Dimensionless (Eq. 5.21)
a K C/m*-kg* AV;)RR a b C AV;)RR
308.15 12.71 12.72
Naph. 318.15 26.410 -8.67E+03  7.19E-03 10.19 26.413 -28.5 3.364 10.19
328.15 3.18 3.17
308.15 11.82 11.81

Fluor. 323.15 17.049 -6.48E+03  7.79E-03 4.93 17.048 -21.300 3.641 4.93
343.15 4.25 4.25

333 4.86 4.21

Hydrog. 348 5.325 -3.93E+03 5.14E-03 53 5.323 -12.918 2.387 4.94
363 6.75 7.42
303.15 19.05 19.06
Anthrac. 323.15 15.657 -7.16E+03  8.30E-03  6.69 15.661 -23.54 3.88 6.71
343.15 7.76 7.76
308.15 111.46 111.01
Chol.  313.15 24.952 -1.04E+04 1.14E-02 41.31 24.979 -34.081 5326 4141
333.15 13.33 13.34
313.15 19.44 19.46
Chol. 333.15 14.265 -6.67E+03  9.91E-03 14.66 14.236 -21.932  4.672 1466
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Table B.14:  Overall modeling results for Chrastjpe equations

Equation OAVERR %
Chol. Combined
Naph. Fluor. Hydroq. Anthrac. Chol. (308.15K Average
Excluded) 9
51 9.08 6.51 6.49 9.31 37.05 13.91 13.73
5.14 9.08 6.51 6.49 9.32 37.14 13.90 13.74
5.5 6.94 4.29 5.02 8.43 36.18 9.92 11.79
5.16 6.9 4.27 5.01 8.29 36.1 9.9 11.75
6.5 7.66 5.01 7.32 8.3 36.87 9.93 12.51
6.6 7.41 4.77 7.30 8.26 36.99 9.85 12.43
53 7.72 6.44 6.41 9.07 15.29 13.91 9.81
5.15 7.7 6.43 6.40 9.07 15.28 13.90 9.8
6.8 5.74 4.44 7.38 7.98 10.79 9.85 7.7
6.9 5.12 3.71 4.72 7.90 10.85 9.9 7.03
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Table B.15:  Overall modeling results for non-Chitagpe equations

Equation OAVERR %
Chol. Combined
Naph. Fluor. Hydroq. Anthrac. Chol. (308.15K Average
Excluded) 9
6 32.18 13.49 48.46 15.39 99.11 70.74 46.56
18 29.86 6.45 47.41 15.22 99.23 70.7 44.81
8 15.55 9.50 7.88 10.03 45.90 15.57 17.41
19 7.72 4.61 7.88 10.05 45.33 16.42 15.34
11 83.71 96.33 40.16 99.95 95.77 65.41 80.22
20 83.71  96.33 40.71 100 96.17 66.45 80.56
13 7.53 5.91 5.87 8.77 37.22 16.79 14.94
21 7.53 5.91 5.97 8.77 37.23 16.81 15.11
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APPENDIX C
PHYSICAL PROPERTIES OF AZELAIC ACID AND CARBON DIOKOE USED

FOR EQUATION OF STATE CALCULATIONS
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Table C.1: Physical properties of carbon dioXide

T,/°C P/MPa &) MW/g-mol*
31.05 7.38152 0.231 44,01
TCHEMCAD (2005)
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Table C.2: Physical properties of azelaic acid

1 10°PPaat  10°P*IPaat 3
TJ/°C P/MPa W MW/g-mol 313.15 K 333.15 K Te/ °C p/kg-m

537.85 256 1087  188.224 0.1297 4.735 36027 1029.7
¥CHEMCAD (2005)
b Calculated value based @p, T, andP.
¢ Estimated fronRibeiro et al. (1999)
4 Azelaic Acid (1996)
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APPENDIX D

EXPERIMENTAL AND LITERATURE VALUES OF OLEIC ACID SQUBILITY IN

SUPERCRITITCAL CARBON DIOXIDE
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Table D.1: Solubility of oleic acid in supercriticarbon dioxide

a
T/K  PIMPa kg-l rr/1 3 kgcozr/n'3 CZEgTE}EV/ Co STCSEV Reference
124 607.85 1.04 - 0.0017 -

13.7 66245 2.59 - 0.0039 " Nilsson et
323.15 151 70219 4.10 - 0.0058 - al. 1991
17.2 74431 7.37 - 0.0099 -

20.6  791.41 11.97 - 0.0151 -
16,5 73185 29 - 0.0040 -
17.35 746.82 3.3 - 0.0044 -
19.08 77253 3.1 - 0.0040 -
20.88 79460 5.8 - 0.0073 - Skerget et
323.15
23.95 825.18 7.9 - 0.0096 - al, 1995
25.1 835.02 8.4 - 0.0101 -
25.65 839.48 8.3 - 0.0099 -
26.22 84396 8.7 - 0.0103 -
13.8 665.78 2.00 0.53 0.0030  0.0008
323.15 207 79256 11.89 079  0.0150  0.0010 '\gfgle Sz‘évgzr
27.6 854.22 1965 1.37 0.0230 0.0016
15.0 699.75 1.97 0.26 0.0028  0.0004
323.15 20.0 784.29 8.75 0.46 0.0112 0.0006 Experimente
25.0 834.19 13.15 1.88 0.0158 0.0023
2NIST (2007)
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