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ABSTRACT

Mass and molar phase diagrams of lauric acid (LA), hexane and the ionic liquid (IL)
trihexyl(tetradecyl)phosphonium chloride were developed at room temperature. The
diagrams and experimental tie-lines were obtained for the water saturated IL. The biphasic
system of IL and hexane was observed for LA mole fractions less than 0.015 in IL and
0.005 in hexane. The gradual addition of LA caused the biphasic system to become
monophasic at a molar fraction just below 0.01 for LA and 0.03 for IL. Composition of
mixtures that phase separated were determined by weight and gas chromatography. LA
showed a solubilizing effect on the IL, since increased concentrations of the fatty acid
caused an increase in the miscibility of IL with hexane. It was hypothesized that this
happened due to a polar association of LA with IL at the positively charged phosphonium
site. Using hexane to extract products of hydrolysis from the IL was deemed unsuitable
due to the preferential distribution of LA in the IL, rather than the hexane. Phase diagrams
of triglycerides in a similar system were suggested to investigate the suitability of the IL
as a medium for acidolysis reactions.
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CHAPTER 1 INTRODUCTION

The hydrolysis of triglycerides (TAGs) is not only an important process in the
human body, it is also a reaction that helps yield free fatty acids (FFA) for use in a variety
of industrial applications. Industrial operations account for 16 million tons of FFA
produced every year (Murty et al., 2002). Soaps, detergents, cosmetics and many other
products are composed largely of FFA (Ngaosuwan et al., 2009). To carry out the industrial
hydrolysis reactions of TAGs, three techniques are currently used:

1) Fat splitting. This is the most commonly used practice in the industry today (Ackelsberg,
1958). Carried out at extremely high temperatures and pressure, the process is exceedingly
energy intensive and expensive to maintain, spurring research to find alternatives
(Ngaosuwan et al., 2009; Yow & Liew, 1999).

2) Chemically catalyzed hydrolysis. These reactions are usually carried out by
saponification of TAGs with a strong base in an ethanol solution (Bucolo & David, 1973).
3) Enzymatically catalyzed hydrolysis. Typically carried out at temperatures slightly above
ambient conditions, lipases are dispersed in aqueous solutions with TAGs to form liquid
—liquid dispersions (Murty et al., 2002).

The advantages that enzymatic reactions have over chemical catalysts have been
thoroughly reviewed (Ghaly et al., 2010). Chiefly, lower temperature and lower energy
consumptions compared to both the chemically catalyzed hydrolysis and the fat splitting

method make enzymatic catalysis a better method (Ghaly et al., 2010; Serri et al., 2008).
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Figure 1-1: Reaction scheme of the enzymatically catalyzed hydrolysis reaction of a
TAG to a MAG.

The hydrolysis of the ester bond and the glycerol moiety of a TAG results in a
diglyceride (DAG) and FFA (Figure 1-1). The figure also illustrates the continued
enzymatic hydrolysis of DAG yielding a monoglyceride (MAG) and an additional FFA as
a result. The successful completion of a reaction depends on multiple factors such as
temperature, concentration of substrates and time (Hamam & Shahidi, 2005). Enzymes

have been immobilized rather than used in their free form to improve their recovery. At the



forefront of their advantages is the ability to reuse them for more than one reaction cycle
(Iso et al., 2001). However, immobilized enzymes carry the disadvantage that they are
much more expensive than free enzymes (Tischer & Wedekind, 1999).

With this knowledge, a method was proposed to retain free enzymes using a fluid
supportive medium that would allow successive reactions. The medium chosen for this
purpose was an ionic liquid (IL) which has seen an incredible boom in research for its
potential in chemical innovations (Rogers & Seddon, 2003). These liquids are capable of
withstanding high temperatures necessary for optimal enzyme conditions. They also
comprise a wide range of solubility levels with other liquids, allowing them to form
biphasic or even triphasic mixtures. Finally, these liquids have the prospective of saving
money if the proposed method to immobilize free enzymes within them for use in
successive reactions was to succeed.

A number of studies have been done regarding the use of enzymatic reactions in
ILs (e.g., Kragl et al., 2002; Zhao et al., 2002). The majority of the research has focused
on the viability and increase of product yields from reactions conducted in IL using
enzymes immobilized on a solid support, compared to corresponding work done in organic
solvents (Lau et al., 2000). That is, ILs have been considered mainly for their potential as
“environmentally conscious” substitutes to organic solvents when in reality not all ILs have
been found to be “green” (Abu-Eishah, 2011; Atefi et al., 2009; Sowmiah et al., 2009). The
variety of potential enzymatic reactions in ILs has gained a large body of interest. Sheldon
et al. (2002) showed that the enzyme Candida antarctica lipase B in both free and
immobilized forms was able to catalyze different reactions in the ILs 1-butyl-3-

methylimidazolium  hexafluorophosphate  ([bmim] [PF¢)) and 1-butyl-3-



methylimidazolium tetrafluoroborate ([bmim] [BF4]) without the addition of water. It was
noted that the immobilized enzyme performed better than the free enzyme in both ILs.
However, these two particular ILs containing fluorine anions are very prone to hydrolysis
when in contact with water, producing hydrofluoric acid (HF) (Freire et al., 2010;
Stojanovic et al., 2010). Since water is required to hydrate free enzymes (H.Temme et al.,
2012), such ILs may inhibit the enzyme from properly functioning by producing HF once
in contact with water. H.Temme et al. (2012) found that using naringinase for hydrolysis
of rutin in 23 different ILs was largely dependent on the solubility of the substrate in the
IL and that the hydrophobic IL trihexyl(tetradecyl)phosphonium
bis(trifluormethylsulfonyl) imide [P(h3)t] [Tf2N] was more suitable than other ILs as a
medium for enzymatic reactions. Out of the 23 ILs, [P(h3)t] [Tf2N] showed the highest
residual enzymatic activity whereas the lowest activity (lower than 3% conversion) was
observed in the ILs that were miscible with water.

A method has been proposed in our research group where a free enzyme capable of
catalyzing hydrolysis reactions is hydrated and IL is subsequently added. The oil selected
to undergo hydrolysis is added to the IL and water, and the optimal conditions for the
enzymatic reactions are provided (e.g. set temperatures, stirring via magnetic stirrer, etc.).
After the hydrolysis reaction is complete, product recovery requires that TAGs, FFAs and
all intermediates partition into an organic solvent added to the system. For the proposed
process to be successful, the IL must contain the free enzymes after the reaction and the
majority of the product must be easily extracted by the organic solvent so that subsequent

reactions can be performed using the same enzymes.



A trial enzymatic hydrolysis reaction of canola oil using a lipase powder (free
enzyme) Aspergillus niger (Amano A) in the IL trihexyl(tetradecyl)phosphonium chloride
([Psss14] [Cl]) was performed and compared via thin-layer chromatography (TLC) to a
control reaction of the same reagents and enzyme carried out in hexane. The extraction of
the reaction products from the IL was carried out by adding hexane as a top layer above
the IL and letting the hexane sit for 10 minutes before removing it (the full procedure for
both enzymatic trials of the control and IL, as well as the preparation and use of TLC is
described in Appendix A). Large yields of FFA signified a very successful hydrolysis
reaction where many TAG molecules reacted, as seen in the control run (left) in Figure 1-
2. However, only a small quantity of FFA was observed on the TLC plate corresponding
to the experiment carried out in the IL (right). In both cases, the unreacted canola oil applied

on both TLC plates showed an absence of FFA.

Figure 1-2: TLC silica plates showing a triplicate run of the enzymatically catalyzed
hydrolysis reaction of canola oil along with standards. The light green bands highlighted
with a white circle correspond to FFA produced via hydrolysis and to the respective
standard. Left: Reaction done in hexane. Right: Reaction done in the IL [Pegs14] [Cl].

As a result of these findings, two possibilities were considered. The first is that the
IL is not a very suitable support medium for free enzymes to perform hydrolysis reactions
since the yields were visibly low. The second, opposing possibility is that the IL is in fact
a very capable support medium for free enzymes and corresponding reactions, and the

limited recovery of FFA may be due to the failure of hexane to extract all the FFA produced



from hydrolysis. Therefore, it was necessary to construct phase diagrams of a system
composed of a FA, IL and hexane to determine which possibility was correct. Such phase
diagrams also permit the amount of FFA in the hexane phase to be predicted under a variety
of concentrations and allow one to evaluate the suitability of IL as a medium for hydrolysis

reactions, aiding the design of future experiments involving free enzymes.

1.1 Objectives

The objective of this study was to construct phase diagrams of lauric acid (LA), IL
([Pss614] [C1]) and hexane at room temperature. The phase diagrams will help determine if
hexane is suitable as an extracting solvent of LA from the IL and consequently, if it is an

appropriate solvent to recover enzymatic catalyzed hydrolysis products from the IL.



CHAPTER 2 LITERATURE REVIEW

2.1 Ionic liquids (IL)

Today, ILs are referred to as liquids completely composed of ions that remain liquid
at room temperature (Rogers & Seddon, 2003). However, there are several ILs that are not
liquid at room temperature. An example is methyltri-n-butylammonium docusate, which
remains solid below 40 °C (Davis & Fox, 2003). Therefore, the term room temperature
ionic liquid (RTIL) has been coined to help avoid confusion. However, for the sake of
simplicity, all ionic liquids will be termed IL herein and assumed to be liquid at room
temperature. ILs have been gathering considerable attention in the “green” field of research
and with valid reason (Freire et al., 2010). ILs have negligible vapor pressure rendering
them potential replacements of volatile organic solvents that can be hazardous to human
health (Cull et al., 2000; Sheldon, 2005; Wasserscheid & Keim, 2000). Approximately 600
different volatile organic compounds are used today, the different possible mixtures of
cations and anions in ILs allow infinite IL combinations (Rogers & Seddon, 2003). The
substantial number of combinations leads to many different uses, as does the variety of
solubilities with organic substances (Gardas & Jodo, 2009). This in turn allows a large
number of possibilities where the IL can be used solely as a solvent medium for different
reactions.

Different physical properties among ILs that have the same cation but different
anion have been documented. Chowdury et al. (2008) produced phase diagrams of organic
solvents, water and two phosphonium based ILs with different anions. Similar to the
objective of this Thesis in the context of separation processes, the study was done to

understand the phase behaviour of the ILs with different organic solvents in the presence



of water at room temperature. The results showed noticeable differences in solubility
between the two ILs and the organic solvents, but partial miscibility between both the ILs
with water. Therefore, ILs sharing a common cation do not necessarily share the same
physical properties. Similarly, the IL 1-butyl-3-methylimidazolium hexafluorophosphate
([bmim][PFs]) was found to be immiscible with water whereas 1-butyl-3-
methylimidazolium tetrafluoroborate ([bmim][BF4]), differing from the former only in the
anion, was miscible with water (Davis & Fox, 2003). Therefore, ILs can be chosen based
on the physical characteristics they possess to function in different applications, and if an
IL does not have the needed properties, the anion can be modified to create an IL with the
desired features.

Although a wide range of ILs exist, the majority of studies have been conducted on
imidazolium based ILs and to a lesser extent, pyridinium based ILs (Stojanovic et al., 2011;
Tseng et al., 2007). According to Davis and Fox (2003), in 2002, out of 83 publications on
ILs from the Royal Society of Chemistry, American Chemical Society and Elsevier
databases, 74 described work using imidazolium based ILs. Recent discoveries have
highlighted the possible advantages of phosphonium based ILs over other ILs as they have
been found to have greater thermal and chemical stability, as well as a huge variance in
miscibility with solvents (Stojanovic et al., 2011). Furthermore, compared to most
imidazolium based ILs, phosphonium based ILs are less expensive to manufacture

(Ferreira et al., 2012).



2.1.1 [Psss14] [Cl]

[Psss14] [Cl] was the IL chosen for our experiments (Figure 2-1). One of the main
reasons behind this choice of IL was because, unlike the frequently used imidazolium based
ILs, it did not contain fluorine anions that would undergo hydrolysis in the presence of
water to produce HF. Furthermore, there have been no reports of [Pesss14] [Cl] undergoing
hydrolysis in the presence of water to produce hydrogen chloride and it was therefore a
more suitable IL for a system that requires water. As a hydrophobic IL, [Psss14] [Cl] is
immiscible with water, has a density of 0.895 mg/ml and a molecular weight of 519.31
units (Stojanovic et al., 2010; Strem Chemicals Inc., 2014). The decomposition of [Pees14]
[C1] occurs at 350 °C under a nitrogen atmosphere (Fraser & MacFarlane, 2009). [Pss14]
[C]] is also one of the few ILs that can be purchased commercially in bulk which helps in

the scale-up of any useful findings to an industrial application (Anderson et al., 2009).
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Figure 2-1: Molecular structure of [Pees14] [Cl].



Water and an organic solvent make a triphasic system with this IL, which should
allow the isolation of a product of interest (Anderson et al., 2009). Water has been used to
separate [Pess14] [Cl] ILs from saturated hydrocarbons (i.e. alkanes) (Earle et al., 2003).
Since the objective of this study is to find the FFA distribution in the hexane phase and the
[Psss14] [Cl] phase, adding water to the system to allow separation of hexane from the IL
would prove valuable. By separating the hexane phase from [Pess14] [Cl], the hexane can
be readily extracted along with the FFA settled within it. From the process invented by
Earle et al. (2003), it is known that the presence of water above 15% w/v (water to IL) is
sufficient to separate alkanes from the phosphonium IL (a single phase) and results in the
formation of a more dense bottom aqueous phase and a less dense alkane layer at the top,
with the IL forming a discreet third phase between the two. This separation is further
enhanced if the alkane is hydrophobic or very nonpolar. Product isolation by the addition
of water to an alkane and this particular IL is also noted in other work (Fraser &

MacFarlane, 2009).

2.1.2 Phase behaviour of IL

Several studies have been conducted to determine the phase behavior of ILs with
different organic solvents; however, as previously noted, most of the attention has been
given to imidizolium based ILs and less data is available for phosphonium cations (Chen
et al., 2008). Theoretical screening of solvents with ILs has been done by predictive tools
such as COSMO-RS which uses results of quantum chemical calculations and statistical
thermodynamics (Diedenhofen et al., 2003). Quantitative structure-property relationships
or QSPR (Eike et al., 2004) and non-random two liquid segment activity coefficient models

(NRTL-SAC) (Chen et al., 2008; Domanska & Kroélikowski, 2012) have also been used to
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help predict the behavior of some ILs with organic solvents. Although different from our
study in relation to the models used and scope, the quantity of studies on solvent
interactions with ILs further highlights the interest and importance in understanding such
interactions. Padua et al. (2007) showed various theoretical models of IL interactions at the
molecular level and highlighted the importance of understanding such interactions at that
scale as being the best way in which we may understand how ILs work.

Other ILs have been studied for their potential to be used as mediums for catalytic
reactions through the construction of phase diagrams. Different analytical means such as
gas chromatography (GC) and refractive index have been used to develop phase diagrams
of IL, solvents and organic compounds (Chowdhury et al., 2008). Ternary liquid - liquid
systems consisting of a number of ILs (excluding any phosphonium based ILs), hexane
and several organic compounds have been investigated (Hernandez-Fernandez et al.,
2008). The different compounds in the hexane rich phase were measured via GC whereas
the quantity of compounds in the IL rich phase was found by refractive index. The purpose
of the study was to determine the selectivity and subsequent extraction of the compounds
via the solvent from the IL. The similarity of such work to ours stresses the importance of
developing ternary phase diagrams that allow predictive extraction of organic compounds
from an IL reaction mixture via a solvent. It also demonstrates the viability of using GC to
measure the contents of the solvent layer to develop ternary phase diagrams of such
systems.

Ternary phase diagrams of ILs, water and solvents have been constructed to help
illustrate the different concentrations at which monophasic, biphasic and triphasic systems

are observed. Similarly, studies have been conducted to determine the potential extraction
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of a compound from the IL with different solvents. Ternary liquid-liquid phase diagrams
of the IL [Pess14] [C1], water and dodecane have been developed by Lago et al. (2012). The
study was done to determine the suitability of [Peses14] [Cl] as a replacement for surfactants
in enhanced recovery of oil in petroleum reservoirs. The phase diagrams showed a triphasic
region composed of all three components and a biphasic region where the IL and dodecane
assemble into a single phase, and the aqueous phase making up the other. The study
determined the mass fractions of the three components when the different concentrations
constituted either biphasic or triphasic systems. The authors concluded that the IL can in
principle be used for enhanced oil recovery. However, the effect of adding the unspecified
type of oil to the system of IL, dodecane and water was not conducted. Although the study
is dissimilar in objective, where the potential of the IL to reduce the interfacial tension
between water and oil by acting as a surfactant was evaluated, it helps shed light on the
variety of potential applications that require ternary phase diagrams of the IL, water and
solvent.

To a system composed of three liquids, equilibrium is needed to determine the
solubility and the possible separation into different phases. Similarly, a triphasic system
that is exposed to the addition of a different compound requires equilibration to ensure that
the compound is allowed to settle in any of the phases at a concentration that is steady over
time. Determination of the phase boundaries for a system made of [Pess14] [Cl], water and
nonane conducted by Anderson et al. (2009) was carried out by agitating the system for a
minute and then allowing it to sit undisturbed for 1-5 minutes. This technique was deemed
sufficient to allow equilibration and enabled visible determination of the phases present.

Several studies that sampled an IL [bmim] [PFs], solvent and water used a methodology of
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vortexing for 2 minutes followed by centrifuging for 2 minutes at 2000 g after each addition
of solvent. The time frame and technique was assumed to be sufficient to reach equilibrium
in the system (Visser et al., 2001; Visser et al., 2000). These studies helped provide a

framework of conditions that should be sufficient to reach equilibrium in such systems.

2.2 Lauric acid (LA)

Dodecanoic acid, commonly known as lauric acid (LA), was chosen as the primary
FA to be used in the experiments (Figure 2-2). Along with lesser amounts of myristic and
capric acids, LA makes up the largest amount of TAGs found in coconut oil (Marina et al.,
2009). LA is also the major FA found in palm kernel oil, making up approximately 48%
of the composition (Young, 1983). LA has been studied within the bounds of the possible
benefits of including it in the human diet (de Roos et al., 2001; E.Temme et al., 1999). LA
was chosen because it is an inexpensive FA and was readily available in large quantity.
The molecular weight of LA is 200.32 g/mol (Sigma-Aldrich, 2014a) and its density at
room temperature was extrapolated from literature data and found to be 890 mg/ml
(Noureddini et al., 1992). The solubility of LA in water at room temperature is reported as
4.8 mg/litre (Nyrén et al., 1958). For the purposes of this study LA solubility in water will
therefore be considered negligible, and essentially all the LA will be in either the IL or

organic solvent phase.

OH

Figure 2-2: Molecular structure of LA.
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2.3 Choice of solvent

A solvent for the system composed of IL, water and LA had to be chosen that suited
our needs. The solvent must be effective in the extraction of products from a hydrolysis
reaction. Such a solvent must also be nonpolar so as to be immiscible with water. This is
important since water will be employed as the lower phase of the system and LA has
negligible solubility in water. LA would therefore have to settle in either the IL or the
organic solvent. Our solvent of choice should not be fully miscible with the IL either. By
being entirely miscible with the IL, the ability to extract the product of a reaction is
impeded since there would be no distinguishable layer to extract the solvent without
extracting the IL.

Makowska et al. (2010) experimentally determined the liquid-liquid miscibility
between [Psss14] [Cl] and several alkanes. The results showed that the solubility with the
IL decreased as the alkane chain length is increased. However, it is important to note that
no aqueous phase was added to the system. Therefore, the process of separating the alkanes
from the IL by adding a sufficient amount of water to the system above 15% w/v (water to
IL) as described by Earle et al. (2003) was bypassed. Both studies by Lago et al. (2012),
who used dodecane and Anderson et al. (2009) who used nonane are in agreement with the
work done by Makowska et al. (2010). In the tests conducted by both research groups, the
corresponding alkanes and [Pegs14] [Cl] without water showed a higher level of miscibility
compared to when water was added to the system. However, the results also showed that
dodecane had lower miscibility with the IL in the presence of water to that of nonane in a
similar system. Thus, the higher hydrocarbon chain length of an alkane corresponds to a

lower miscibility with the IL.
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The employment of hexane as a potential extracting solvent in ILs other than
[Psss14] [CI] has been studied. Predictive extraction of different organic compounds
including LA from the ILs [bmim] [PFs¢] and 1-methyl-3-octylimidazolium
hexafluorophosphate ([omim] [PFs]) by the addition of hexane through supported liquid
membranes has been conducted. The partition coefficient of LA between the ILs and
hexane was reportedly very low for [bmim] [PF¢] but slightly higher for [omim] [PF¢]. As
defined by the authors, the lower the partition coefficient, the lower the absorption in the
IL (de los Rios et al., 2008). Although the ILs used were different from [Pees14][Cl], the
study illustrated the potential use of hexane as an extracting solvent of LA from the ILs
and showed that a knowledge of predictive extraction is required to determine the
suitability of both the solvent and IL for catalytic reactions.

The studies that show the theoretical potential of alkanes to be used as extracting
solvents in [Pees14] [Cl] determined the solubility of the alkane with the IL but not the actual
ability of the alkane to extract any compound from it. Although reported to have greater
miscibility with [Pese14] [C1] compared to alkanes with longer hydrocarbon chains, hexane
has been previously used to extract products of a reaction from the IL. In a system of
[Psss14] [Cl] and water, hexane was used to help form a triphasic mixture for product
separation where the aqueous layer was at the bottom, IL in the middle and hexane at the
top (Ramnial et al., 2005). Although products of a Grignard reaction, rather than FA, were
isolated by the addition of hexane in the study, it was established that it is possible to extract
a given product from this particular IL using hexane. Therefore, with the limited studies
available for the extraction of products in a system made up of [Pssc14] [Cl], water and

organic solvents, hexane was chosen as the solvent for extracting LA from IL for several
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reasons. Hexane is sufficiently nonpolar to be immiscible with water (Tsonopoulos &
Wilson, 1983). LA has been shown to have a relatively good solubility in hexane (Cepeda
et al., 2009; Hoerr & Harwood, 1951) and hexane has been used often to dissolve FAs
(Tizol-Correa et al., 2006; Zaidi et al., 2002). Hexane has also been used in liquid — liquid
extraction of FAs (Krygier et al., 1982) and is used extensively in industry to extract oils
from vegetable sources. All these factors contributed in choosing hexane as the solvent for
this study. The molecular weight of hexane is 86.18 g/mol (Sigma-Aldrich, 2014b), and its
density at room temperature is 655 mg/ml (Aminabhavi et al., 1996).

Chloroform was considered as an alternate solvent as there is no reported literature
on the behaviour of chloroform in such a system. Chloroform was also considered due to
its polarity and its common use in extracting FFA (Iwata et al., 1992). Another common
solvent for lipids is acetone, but it was not considered as a solvent of choice in our system.
This is due to the reported high solubility of both the IL and water with acetone, which
would likely result in a single phase system (Fu & Luthy, 1986; Stojanovic et al., 2010).
Other common solvents for lipids, such as aromatic hydrocarbons, diethyl ether and
propan-2-ol, are reported to be completely miscible with the IL and thus were not

considered (Martak & Schlosser, 2006).

2.4 Fatty acid methyl esters (FAME)

Although LA could directly be analysed by GC, studies show that more
reproducible data is obtained if the FA is derivatized into the more volatile fatty acid methyl
ester (FAME) (David et al., 2005; Metcalfe & Schmitz, 1961). Many studies that have
specifically converted LA into FAME for analysis in GC are available (Gao et al., 2009;

Parfene et al., 2013). Acid, rather than base, catalyzed transesterification is necessary to
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derivatize FA into FAME (Christie, 2002) and although several acid catalysts are capable
of such transesterification, sulfuric acid is recommended most (Budge et al., 2006). In the

presence of anhydrous methanol, heat and sulfuric acid, the FFAs are converted to LA

FAME (Figure 2-3)

o 0
H A 0
+ +
— — W
CyqHay OH 117723
Lauric Acid Methanol Acid + Heat Methyl laurate Water

Figure 2-3: Acid catalyzed transesterification of LA to methyl laurate (LA FAME) in the
presence of methanol, an acid and heat.

Several papers advise caution when evaporating solvent from mixtures containing
short chain methyl esters via streaming nitrogen as the esters are sufficiently volatile to be
lost in the process (Christie & Han, 2010; Christie, 2002; Clark & Bunch, 1997). As the
experimental procedure presented here required the complete evaporation of solvents from
samples containing the FAME of LA, and although LA is largely considered as a medium
chain FA (albeit at the lower end of the spectrum) (Y. Chen et al., 2012), the percentage of
possible losses must be found to ensure accurate analysis.

As traces of IL might be found in the extracted organic solvent layer detailed in the
experimental procedure (3.2.2), the sample must be purified before subsequent analysis in
GC. Easy options for purification of FAME include TLC or simple column
chromatography using purchased ready-to-use cartridge columns packed with silica gel
(Ghioni, Bell, & Sargent, 1996; Ichihara & Fukubayashi, 2010). The simplest procedure is
to pass FAME in hexane through a Pasteur pipette plugged with glass wool and packed
with silica gel as an adsorbent (Christie, 2002; Croes et al., 1997). A mixture of 80:20 v/v

hexane: diethyl-ether solvent has also been used successfully to purify methyl esters before
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GC analysis (Ibrahim & Ghannoum, 1996). This adsorbent is a precautionary but important
step to take before readying samples for injection into a GC as not to clog the syringe or

degrade the GC.
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CHAPTER 3 MATERIALS AND METHODS

Several preliminary experiments were performed before establishing the final
methods. Chloroform was evaluated as a possible solvent in IL and as a comparison to
hexane (3.2.1.1). Experiments investigating the miscibility of hexane with IL were done to
determine an acceptable amount of hexane needed to use (3.2.1.2). The “solubilizer effect”
of LA was examined to help distinguish a region of interest of concentrations of LA/hexane
to be mixed with IL (3.2.1.3). A test simulating conditions used in the experiment was also
performed to evaluate the possible volatility and loss of LA FAME (methyl laurate) when
evaporating the solvent to complete dryness (3.2.1.4). All experiments herein were: 1)
conducted at room temperature; 2) the volume of water was maintained at 1 ml which
proved to be large enough to always show a bottom aqueous phase; and 3) employed a
pipetting technique of IL where a Pasteur pipette was inserted into another and the tip was

broken so that it became wide enough to withdraw the highly viscous IL by suction.

3.1 Materials

Trihexyl(tetradecyl)phosphonium chloride [P¢ 6 6 14] [Cl] was kindly donated by Dr.
Jason Clyburne, Department of Chemistry, Saint Mary’s University (Halifax, NS). LA was
purchased from Acros Organics with a purity level of > 99% (Geel, Belgium). Methyl
tricosanoate to be used as the internal standard (IS) and methyl laurate were bought from
Nu-Check Prep, Inc. (Elysian, MN) with purity levels of >99%. All solvents and reagents
(Optima grade), as well as silica gel (mesh size 14-20) and anhydrous sodium sulfate were
purchased from Fischer Scientific (Fair Lawn, NJ). Glass wool was purchased from

Sigma-Aldrich (Oakville, ON).
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3.2 Methods
3.2.1 Preliminary experiments
3.2.1.1 Different solvent
To a 15 ml round bottom centrifuge test tube, 1 ml dH>O and 1 ml IL were added
followed by 1 ml of chloroform. The test tube was vortexed for a minute and centrifuged

for 10 minutes (1640 rpm).

3.2.1.2 Hexane miscibility with IL

To four separate 10 ml graduated centrifuge conical bottom test tubes, 1.0 ml dH>O
was added, followed by 1.0 ml of IL. To each test tube, a different volume of hexane was
added, starting at 1.0 ml and increasing by increments of 1.0 ml so that one test tube
contained 1.0 ml hexane, 1.0 ml IL and 1.0 ml dH2O. The second test tube contained 2.0
ml hexane, 1.0 ml IL + 1.0 ml dH»O and so forth. The test tubes were then vortexed for a
minute, followed by centrifugation for 10 minutes (1640 rpm). The volume level of the IL
phase was then noted. A triplicate experiment similar to the one described above was
conducted by adding 1.0 ml dH>O, 1.0 ml IL by weight and 4.0 ml hexane. The samples
were vortexed for one minute and centrifuged for 10 minutes (1640 rpm). The volume level

of IL was noted.

3.2.1.3 LA effect

To six separate 10 ml graduated centrifuge conical bottom test tubes, 1.0 ml of
dH>O was added. This was followed with the addition of 1.0 ml of IL on top of the dH>O.
To five of the test tubes, 4.0 ml of different concentrations of LA dissolved in hexane were

added (Table 3-1). The five concentrations ranged down a log scale and were prepared by
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adding a specific amount of LA to hexane to make up the required concentration (e.g. 1 g
LA +10 ml hexane = 100 mg/ml). The sixth test tube served as a blank by adding 4.0 ml of
pure hexane without LA. Each test tube was vortexed for a minute, centrifuged for 10
minutes (1640 rpm) and then left to settle for 10 minutes. Observations on the IL level were
then noted. The samples were left for 24 hrs and any variations thereafter were noted. The
same experimental procedure was carried out using 4.0 ml of 9, 8 and 7 mg/ml

concentrations of LA/hexane and the volume level of the IL phase was noted.

Table 3-1: Concentrations of LA/hexane added to 1.0 ml dH>O +1.0 ml IL.

Run LLA/Hexane concentration (mg/ml) Total LA in system (mg)
1 100 400
2 10 40
3 1 4
4 0.1 0.4
5 0.01 0.04
6 blank 0

3.2.1.4 LA FAME volatility

To a tared 20 ml round bottom test tube containing a known amount of LA FAME,
5 ml of hexane was added and then vortexed for a minute. The solvent was then evaporated
using a water bath nitrogen evaporator (N-EVAP) (Berlin, MA) at 34 °C and a steady
stream of nitrogen. The mass of the product was then determined by difference. This

experiment was done in triplicate.

3.2.2 Ternary mixtures of LA + hexane + IL experimental method

All the following experiments were done in triplicate and at room temperature. Due

to the high viscosity of the IL, it was difficult to measure a volume with great accuracy.
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Instead, the mass of the IL added was measured to approximately coincide with the
reported mass of 1 ml IL in the literature, 895 mg. The precise mass of IL in each

experiment (to 0.1 mg) was noted for future reference.

Figure 3-1: A triphasic system composed of 1.0 ml dH20, 1.0 ml IL and 4.0 ml hexane.
The photograph was taken after equilibration by vortexing and centrifugation.

Series #1: To a 10 ml graduated (0.1 ml divisions) conical bottom centrifuge test
tube, 1.0 ml dH>O and 1.0 ml of IL were added. A starting concentration of LA dissolved
in hexane (i.e. 4.0 ml of 1 mg/ml) was added (Table 3-2). The solutions of LA dissolved in
hexane were made following the same methodology described in section 3.2.1.3 and the
masses of LA were noted. The sample was vortexed for one minute, centrifuged for 10
minutes (1640 rpm) and then left to settle for an additional 10 minutes. The volume that
the IL layer occupied was observed and noted (Figure 3-1). A 20 ml round bottom test tube
with screw cap containing a known amount of the IS (methyl tricosanoate) was pre-
weighed. Using the readings on the graduated test tube to serve as a guide, 1.0 ml of the

top (hexane) layer was extracted and added to the pre-weighed test tube containing the IS.
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The same volume (1.0 ml) of pure hexane was then added back to the graduated test tube
to replenish the volume extracted. The test tube containing the sample was then placed in
the water bath at 34 °C under a steady stream of nitrogen until the hexane evaporated. The
weight was then noted as the mass of the test tube with the masses of IS, LA and IL. The
FAME procedure detailed in section 3.2.3 was then performed. An additional 1.0 ml
containing the concentration of LA in hexane as indicated in Table 3-2 (i.e. 10 mg/ml) was
added to the graduated test tube containing the IL + LA + hexane and the entire procedure
was repeated. Subsequently, the same procedure was performed on the series of

concentrations shown in Table 3-2, resulting in a total of 4 extractions.

Table 3-2: Sequence of LA/hexane concentrations added to 1.0 ml of dH>O and 1.0 ml

IL in Series #1.
Series #1 LA/Hexane concentration | Volume LA/Hexane
(mg/ml) mixture added (ml)
Starting Concentration 1 4
Addition #1 10 1
Addition #2 10 1
Addition #3 10 1
Total LA added (not
corrected for LA 34 (mg) 7
removed)
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Series #2: To a separate graduated conical bottom centrifuge test tube, 1.0 ml dH»O, 1.0
ml of IL and a starting concentration of LA dissolved in hexane shown in Table 3-3 were
added. The same procedure described for Series #1 was performed.

Table 3-3: Sequence of LA/hexane concentrations added to 1.0 ml of dH>O and 1.0 ml
IL in Series #2.

Series #2 LA/Hexane concentration Volume LLA/Hexane
(mg/ml) mixture added (ml)
Starting Concentration 10 4
Addition #1 20 1
Addition #2 20 1
Addition #3 20 1
Total LA added (not
corrected for LA 100 (mg) 7
removed)

Similarly, a blank experiment without LA was performed by adding 1.0 ml dH2O,
1.0 ml IL and 4.0 ml hexane. After equilibration, 1.0 ml of the top phase was extracted and
inserted into a pre-weighed test tube. The contents of the test tube were then placed under
the water bath nitrogen evaporator at 34 °C until the solvent evaporated. The test tube was

then weighed, and the mass of the IL noted.

3.2.3 FAME procedure
The extracted LA from the top layer of hexane was converted into FAME using
acid-catalyzed esterification. Approximately 1.5 ml sulfuric acid was mixed with 100 ml
methanol that had been dried by adding anhydrous sodium sulfate to make Hilditch reagent
(Hilditch & Williams, 1964). 3.0 ml of Hilditch reagent and 1.5 ml of dichloromethane

containing 0.01% BHT were added to the test tubes containing the extracted LA. The
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samples were then flushed with nitrogen, capped and vortexed before being placed on a
heating block at 100 °C for an hour. The samples were left to cool down to room
temperature before adding 1.0 ml dH>O and 3.0 ml hexane. The samples were then capped,
vortexed and centrifuged for 2 minutes (1640 rpm). The top layer was extracted to a
separate 10 ml centrifuge test tube. The extraction was repeated twice by adding 1.0 ml
hexane to the first tube and following the same steps. 1 ml dH>O was added to the second
test tube containing the FAME in hexane and was capped, vortexed and centrifuged for 2
minutes (1640 rpm). The top layer was then removed to a third 10 ml centrifuge test tube

to which a scoop of anhydrous sodium sulfate was added to remove any moisture.

3.2.4 Silica gel column

Since traces of IL were present in the hexane top layer, a procedure was devised to
remove it before the GC step. For each FAME sample, a Pasteur pipette was used as a
purifying column. The pipette was plugged with glass wool and packed tightly with silica
gel that had been activated at 100 °C for an hour. The columns were pre-eluted with hexane.
Pre-weighed 10 ml centrifuge test tubes were placed underneath each column (Figure 3-2).
The liquid samples in the third 10 ml centrifuge test tubes (described in 3.2.3) with settled
anhydrous sodium sulfate were then loaded onto the columns. 3 ml of a solvent mixture
made of 80:20 v/v hexane: diethyl ether was used as the eluting solvent and added to the
columns. After the samples and eluting solvents had run down the columns to the pre-
weighed tubes, they were evaporated by being placed in the water bath at 34 °C under a
stream of nitrogen. The total mass of FAME was then determined and hexane was added
back to make up a concentration of 50 mg FAME/ml hexane. The samples were then

transferred to GC vials, flushed with nitrogen and capped.
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Figure 3-2: Silica gel column loaded with pre-elutant hexane, inserted into a 10 ml
centrifuge test tube ready to be loaded with sample.

325 GC

The analysis of FAME samples was done on a Bruker Scion 436-GC instrument
equipped with FID detector, CP-8400 Autosampler and a DB-23- high polarity column (30
m length, 0.250 mm diameter, 0.25 um film) coated with 50% cyanopropyl polysiloxane.
1 pl of the FAME sample was inserted into the injector using a 5 pl syringe and was held
at 250 °C before entering the gas phase. The split flow of helium was set at a rate of 100
ml/min, generating an approximate split ratio of 1:100. The initial temperature of 153 °C
was held for 2 minutes and was increased at a rate of 2.3 °C/min to a temperature of 174

°C and held for 0.20 minutes. The temperature was then increased at a rate of 2.5 °C/min
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to a final temperature of 205 °C and was held for 11 minutes. The detector was held at 270

°C (Budge et al., 20006).

3.3 Calculating the mixtures, top and bottom phases

Note: Although dH,O was added and was always the bottom phase in all
experiments, for our purposes in constructing the phase diagrams of IL, hexane and LA,
water is excluded from all calculations and the IL rich phase will be considered as the
bottom phase. Hexane will be abbreviated to HX here and in the results and discussion. To
determine the mass and molar fractions needed to construct the phase diagrams, the masses
of all 3 components must be determined.

Each experimental run was separated into 3 parts:

1) Mixture: Comprised of all the components initially added to the system, before
equilibration.

2) Top phase: HX rich phase containing IL and LA that were found analytically.

3) Bottom phase: IL rich phase containing LA and HX that were found by mass balance.
For ease of explanation, an example of a run is detailed here. It is taken from Series #2 of
experiments shown in Table 3-2 with a starting concentration of 10 mg/ml LA to HX and
a 4.0 ml volume of the mixture added to 1.0 ml IL:

Mixture:

Equation 1

VLA + VHX = Vadded

Where: Vi4a = Volume of LA

Vix = Volume of HX
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Vaadea= Volume of the LA+HX concentration added to IL

The Viddea in this example = 4.0 ml so either V74 or Vix must be found.

Equation 2
poom
Yo,
Where: V' = volume
m = mass
p = density

By knowing the density (Table 3-4) and the mass of LA, the volume can be found.

While preparing the concentrations of LA in HX (3.2.2), the initial mass of LA added was
noted and therefore the total mass of LA in 4.0 ml hexane was found:

MLA(Total) = 40.12 mg

40.12mg

Vig(ml)= ———=—
L4 (ml) 890mg/ml

=0.04508ml

Following Equation 1

4.0 ml —0.04508 ml = 3.95 ml HX

MHX (Total) = 3.95 ml x 655 mg/ml = 2590.47 mg

The mass of IL was noted when added as described in 3.2.2

=8902mg Vg = S202M8 g9

m
IL (Total) 895mg/ml

Table 3-4: Densities of the three main components in the experiment.

Component Density in mg/ml
HX 655
LA 890
IL 895
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Top phase:

The concentrations of LA in the “1 ml”! extracted from the top phase were calculated from

peak areas given by the GC using the following equation:

Equation 3
mg x (ALAJ
_ A
My yraMECotly = T
Where: mraramicol) = Mass of LA FAME in collected volume.

mjis - Known mass of IS

Ara = Peak area of LA FAME

As = Peak area of IS

CF = Correction factor
A correction factor for the differential responses of the LA FAME and IS in the FID was
added to all sample concentrations as detailed in Appendix B.
A conversion factor was also added to compensate for the additional mass of a CH» group

in the LA FAME relative to mass of LA.

Equation 4

My eaneccon < MW,

m =
LA(Coll)
MW, e

1 The “1 ml” has an uncertainty of approximately + 0.05 ml from the divisions of the test tubes.
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Where: MW, , = Molecular weight of LA

MW, == Molecular weight of LA FAME

Continuing with the example:

mra cony = 0.35 mg

As the volume collected = 1.0 ml Cr4 ccomy= 0.35 mg/ml
The total mr4(rop) in the top phase is found by:

Equation 5

My Atopy = CLA(Coll) x V;Top_ 7)

Where: V(Top,T) (ml) = total volume of the top phase.

Virop 1 Was measured from the test tube scale by observing the partition between the top

and the bottom phases. The graduated test tubes had 0.1 ml divisions and the measurement
was done by eyesight.

mr4 (top) = 0.35 mg/ml x 1.9 ml

mra (rop) = 0.67 mg

Equation 6

Myacomy T M g5y =Mr s 1a

Where: m 5, = Mass of pre-weighed test tube with IS described in 3.2.2.

my s .o = Mass of test tube, IS and LA.

Equation 7

My cory =Mr _1s sy M _is_La

Where: My con = Mass of IL in the volume (~1.0 ml) collected of the top phase.
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m; s s = Mass of test tube, IS and sample after evaporation described in

3.2.2.
To find the mass of IL in the top phase, the same formula described for the mass of LA in
the same phase is used (Equation 5).
As the volume collected = 1.0 ml Ci ccomy=33.72 mg/ml

miL (rop) = 33.72 mg/ml x 1.9 ml = 64.07 mg

Using Equation 2, the volumes of LA and IL in the top phase are found.

v = DAOTIE 691 50m]
” 895mg/ml
__067me _ 60072ml

£ 890 mg/ml

Subsequently, the volume of HX is found using the following equation:

Equation 8

I/(Top_T) - (VLA(Top) + I/IL(Tap) ): VHX(Top)

Viix topy= 1.9 ml — (0.07159 ml + 0.00072 ml) = 1.828 ml

The mass of HX can then be found using Equation 2:

MHx (Top) = 655 mg/ml x 1.828 ml =1197.34 mg

Bottom phase:

To find the masses of the components in the bottom phase, the following equation is used:

Equation 9
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M gostomy = Mtotary ~ M Top)

MHX (Bortom) = 2590.47 mg — 1197.34 mg = 1393.13 mg

mr4 Bottom) = 40.12 mg — 0.65 mg = 39.46 mg

MIL (Botom) = 890.2 mg — 64.07 mg = 826.13 mg

Addition of LA + HX:

Continuing with the same example described for Series #2 (Table 3-3), 1.0 ml from a
concentration made of 20.28 mg/ml LA/HX was added to the test tube, and the experiment
was repeated.

However, to calculate the initial mix, the following equation was used.

Equation 10

M rotaty = M Bortomy T M addeay T Mropy — (m(Cull) )

Where:

M4ddeq) = The mass of the component added.

mcoi) = The collected mass from the previous run.
Mra (Tota) = 39.46 mg + 20.28 mg + 0.65 mg — (0.35 mg) = 60.04 mg
Using Equation 2:

60.04mg

=—"""% _0.0675ml
kAToeh 890 mg/ml

To find the mass of HX added, the following equation is used:

Equation 11

M 4 added)
My adedy = 1 (Creaniix) X Py | 1M (x4 1a) — - X Pux
L4
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20.28mg

My (addedy = Imlx 655mg/ml + (1 ml-— 890mg/ml

jx 655mg/ml

MHX (Added) = 1295.07 mg

Using Equation 10 the total mass of HX can be found.

Mux (Tora) =1393.39 mg + 1295.07 mg + 1197.08 mg — (630.04 mg)

MHX (Total) = 3255.51 mg

Equation 10 is also applied to find the total mass of IL:

mir (o) = 826.13 mg + 0 mg + 64.07 mg — 33.72 mg

MIL (Tota) = 856.48 mg

The top and bottom phases are then calculated as previously shown in the example.
The mass fractions are calculated for each part /" (mix, top or bottom) in equation:

Equation 12

m,
~ 1
X, - ¥
E m;

i:LA,IL,HX

The corresponding mole fractions are calculated from equation:

Equation 13

1 1
xij = —j nl] = Y
D on, Mw,
iiLA,IL HX

3.4 Sources of error

Excel solver was used to minimize the difference between the calculated and
measured concentrations by incorporating an additive error term in the calculations

representing the potential error in the volumes added or removed. For the experimental
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Series #2, a possible error in adding 1 ml of pure HX or 1 ml of LA/HX was used with
each of the adding steps. However, the value was allowed to be either positive or negative,
in the range - 0.06 to + 0.06 ml, given that the volumes were adjusted by eye to the total
volume line desired in the centrifuge tube, and the lines were about 1 mm apart in the
straight section of the tube, graded for 0.1 ml volume resolution. The collection error was
also allowed to vary between - 0.06 and + 0.06. These values were assumed to be average
errors, and it was considered that they might differ for each replicate, since the operation

was done sequentially for the test tubes 1, 2 and 3.
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CHAPTER 4 RESULTS AND DISCUSSION

4.1 Preliminary experiments

To select an appropriate solvent, it was necessary to decide between chloroform, of
which no information on miscibility or reaction with IL was available, and HX which has
been used previously in other studies involving this particular IL. A triphasic mixture
resulted from the addition of water, chloroform and IL (Figure 4-1). However, chloroform
formed a bottom layer, below the water phase, due to its greater density (Matyash et al.,
2008). Using chloroform as the solvent would not be as beneficial as having the interface
set between the IL and the solvent, allowing the LA to partition readily if needed in future
experiments. Compared to HX which forms a phase above the IL and has direct contact to

allow LA or any product for that matter to partition, chloroform was deemed unsuitable.

Figure 4-1: A triphasic mixture of 1 ml dH>O, 1 ml IL and 1 ml chloroform. The
photograph was taken after equilibration by vortexing and centrifugation.
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Figure 4-2: Four different volumes of HX added to four separate graduated centrifuge
conical bottom test tubes containing 1.0 ml dH>O and 1.0 ml IL (volume of HX
indicated at the bottom of each individual tube). The volume level of the IL phase and the
HX phase is indicated by the arrow. The photograph shown here was taken before the
tubes were vortexed and centrifuged.

The HX added to each test tube did not show any indication of miscibility (Figure
4-2) before allowing equilibration by vortexing and centrifugation. All test tubes indicated
a triphasic system. After vortexing and reaching equilibrium, the miscibility between IL
and HX was evidenced by the change in the position of the interface. The first test tube that
had a single ml of HX added to the system made only two phases: water and IL up to the
3.0 ml mark (Figure 4-3). The additions of 2.0, 3.0 and 4.0 ml HX showed an increase of
1.5 ml in the IL phase, from 2.0 ml to 3.5 ml. After leaving the samples for 24 hrs, no
change in the phases were visible. Hence, the IL phase was saturated with HX in all three
tubes. To be sure of the volume of HX taken up into the IL phase, the triplicate experiment

of 1.0 ml IL, 1.0 ml dH»O and 4.0 ml of HX all showed an increase of 1.5 ml in the IL

phase after being vortexed and centrifuged. This preliminary experiment was also
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important in determining the volume of HX that would be sufficient to distinguish a top

and bottom phase in the following experiments.

!l HX 2 ml HIN 3 il HIX

Figure 4-3: Four different volumes of HX added to four separate graduated centrifuge
conical bottom test tubes containing 1.0 ml IL and 1.0 ml dH20. Each test tube was
equilibrated by vortexing and centrifugation.
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4.2 LA effect

Figure 4-4: Five different concentrations LA in HX (labeled beneath each test tube)
added to separate test tubes containing 1.0 ml dH>O and 1.0 ml IL. 4.0 ml of the LA in
HX concentrations was added to each while the sixth test tube acted as a blank with no
concentration of LA in HX. This photograph was taken before equilibration by
vortexing and centrifugation. The black marker serves to show the interface level of IL
and HX.

To determine the effect, if any, that LA would have on the biphasic system of IL
(bottom phase) and HX (top phase), 4.0 ml of different concentrations of LA in HX were
added to 1.0 ml dH20 and 1.0 ml IL (Figure 4-4). As noted earlier, water was always
present as a separate phase at the bottom but the focus here with the addition of LA was on
the IL (bottom) and HX (top) phases. After equilibration, all test tubes showed no change
in volume at the interface between the IL and water (Figure 4-5). The blank test tube, as
well as the test tubes with concentrations of LA/HX from 0.01 mg/ml - 1 mg/ml, showed
the same volumetric increase of 1.5 ml seen in Figure 4-3 of the IL phase into the top HX
phase (or vice versa) and can be attributed to the miscibility between HX and IL. However,

a single phase was visibly shared by the HX and IL in the test tube containing 100 mg/ml

LA/HX. The concentration of 10 mg/ml showed an increase of 2.1 ml in the volume of IL
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phase. No changes were observed after 24 hrs. This experiment helped highlight a region
of interest where the addition of LA had a direct effect on the different phases. Additional
tests with 9, 8 and 7 mg/ml LA in HX solutions provided a sense of the change in volume

expected, as indicated in Figure 4-6.

100 mg/ml 10 mg/ml 0.1 mg/ml 0.01 mg/ml “

Figure 4-5: Five different concentrations LA in HX (labeled beneath each test tube)
added to separate test tubes containing 1.0 ml dH>O and 1.0 ml IL, shown after
equilibration by vortexing and centrifugation. The three black marks on each test tube
serve to show the level of IL before (middle mark) and after equilibration (top mark). The
bottom marks show the interface between the IL and water.
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Figure 4-6: Increase of IL phase volume beyond 1.5 ml into the HX phase due to LA.
The graph is representative of concentrations of LA in HX volumes of 4.0 ml. The blue
points denote experimental values whereas the red point is an extrapolation showing the
critical level in which IL and HX would become a single phase.

A final preliminary experiment was carried out to test whether FAME of LA was
so volatile that evaporating the sample solvent to dryness under a stream of nitrogen might
cause significant losses of the FAME (3.2.1.4). The mean loss of LA FAME after

evaporation was found to be only 0.8%. Due to the negligible loss, the possibility was not

accounted for in the results.
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4.3 Phase diagrams
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Figure 4-7: Mass fraction phase diagram of LA+IL+ HX with experimental tie lines
between the top (HX rich) and bottom phases (IL rich). The experimental points are
taken from the collected data resulting from Series #1 and Series #2 illustrated in Table
3.2 and Table 3.3.

After the determination of the compositions of both phases as described in the

methods section, the values were plotted in a Cartesian graph, rather than a triangular plot,

given the small values of the LA mass fractions. The top and bottom points are means of

triplicates except for the points highlighted in black, which are outliers. All points include

the corrections for sources of error (Table 4.1). Each error bar represents the standard

deviation from the average mass fraction. The mass fraction of HX can be found by

subtracting from 1 the sum of any x and y coordinates for a point in Figure 4-7. The

experimental equilibrium tie lines linking the top and bottom phases allow the
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determination of both IL and LA mass fractions anywhere on the line and consequentially
the mass fraction of HX. A polynomial trend line of the fourth order is included to guide
the eye. Approximately any point beyond the boundary trend line (a point outside the curve
ofthe top and bottom tie lines) would constitute a monophasic system rather than a biphasic
one (i.e., in reality monophasic = two phases where IL + HX is one phase and water the
other, biphasic = three separate phases of IL, HX and water). “Single Phase C” is a
theoretical point comprised of all the calculated additions from Series #2 in Table 3-3 as
described in the example outlined in section 3.3. The point represents a monophasic system
where both IL and HX are visibly a single phase. “Single Phase M” is the measured point
of all the additions from Series #2 that resulted in a single phase. A photograph of the final
addition in Series #2 of which the single phase was measured is shown (Figure 4-8),

illustrating the absence of an interface between the IL and HX phases.
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Figure 4-8: Triplicate experiment from Series #2 with the final addition of LA and HX
(100 mg LA and 7.0 ml HX total added to 1.0 ml IL and dH>O). The top (HX) and
bottom (IL) phases are not visible. The photograph was taken after equilibration by
vortexing and centrifugation.

The average mass values for the “Single Phase C” point did not initially correspond
to the measured “Single Phase M” values at the end of Series #2 (Table 3-3). In order to
explain such a difference in value, several possible experimental errors listed below were
added to the computations for each run in Series #2:

1) The amount of HX and LA added in each series, initially and after every addition, might
not have been exact.

2) Variability in the 1.0 ml HX added back to the system to replenish the 1.0 ml extracted
in each run.

3) Error in the 1.0 ml collected from the top phase during each run.

The maximum error in all cases was set to = 0.06 ml because the divisions on the test tubes

were 0.1 ml. Another error that was explored was the possibility of incorrectly reading the
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volume of IL phase in the graduated test tube. When this error was allowed to increase up
to a maximum of = 0.3 ml, there was minimal change in the masses observed; therefore
this possible source of error was discarded.

Table 4-1: Percentage of difference in mass from the final calculated Single Phase C

point and the final mass measured, Single Phase M point from Series #2. The percentages
are shown before and after including the possible sources of error.

0
B ?’ % After

ctore IL LA HX error IL LA HX
error .

. incl.

incl.

#1 14.1 8.4 4.4 #1 6.8 0.2 25

# 2.4 6.5 2.4 0 28 12 4.4

#3 4.1 49 21 #3 74 0.8 2.7

By adding the possible sources of error, the percentage of difference in mass from
the final calculated single phase to the measured single phase was decreased, indicating
that the possible sources of error are legitimate (Table 4-1). Only the collection error for
the first run of the triplicate reached the maximum boundary of + 0.06, while all the others
were within the range (Table 4-2). All the average errors were positive. There seems to be
a bias in the estimation of the level, possibly due to repeatedly underestimating the actual
volume added or removed. Since the calculated and measured compositions found
agreement with the ‘addition’ of such small biases, which are within the reasonably
estimated experimental error, it is likely that such biases did exist, and were on average, of

the magnitudes calculated.
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Table 4-2: Values of the systematic addition and collection errors in Series #2.

Addition error

Collection error

#1 0.017 #1 0.060
#2 0.032 #2 0.059
#3 0.028 #3 0.043

As all three sources of error helped decrease the percentage of error (possible error
in the collected 1.0 ml decreased the percentage more than the possible error in either
additions), precautionary steps should be taken in future experiments, by being more
precise in the additions of the mixtures and more importantly, extracting a precise volume.
Suggestions to reduce the errors are included in Chapter 5. All the figures within this Thesis
include the sources of error calculated for the masses in Series #2 (Table 4-1). The values
used to construct the phase diagram in Figure 4-7 are included in Table 4.3. The non-
averaged mass fractions for the top, bottom, mix points and the measured single phase
points as well as the original experimental mass fraction values without the corrections for

possible errors are included in Appendix C.

45



Table 4-3 : Mass fraction experimental tie lines within the biphasic region for the system
LA +IL + HX.

Top phase Lower phase
(HX rich) (IL rich)

LA IL HX LA IL HX
0.0001 0.0297 0.9701 0.0024 0.4465 0.5511
0.0003 0.0428 0.9569 0.0076 0.4079 0.5845
0.0007 0.0345 0.9648 0.0124 0.3914 0.5962
0.0010 0.0357 0.9633 0.0168 0.3657 0.6175
0.0007 0.0484 0.9509 0.0183 0.3782 0.6034
0.0023 0.0582 0.9395 0.0243 0.3212 0.6545
0.0049 0.0847 0.9104 0.0259 0.2379 0.7362
0.0095 0.1071 0.8834 0.0209 0.2074 0.7716

0 0.0104 0.9896 0 0.4652 0.5348

Single Single Single 0.0178 0.1382 0.8440
phase M phase M phase M

Single Single Single 0.0176 0.1369 0.8455
phase C phase C phase C
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Figure 4-9: Mass fractions of all the experimental points for LA in the top and bottom
phases.

The polynomial trend line in Figure 4-9 helps approximate the composition of LA in either
top or bottom phase if one of the two 1s known. It therefore represents the equilibrium tie

lines.
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Figure 4-10: Molar fraction phase diagram of LA+IL+HX from the same experimental
data used to find the mass fractions in Figure 4-7. Each error bar represents the
magnitude in error from the standard deviation.

A similar trend to that of the data in mass fraction (Figure 4-7) 1s observed after

converting the data to molar fraction (Figure 4-10). As above, the tie lines show the

equilibrium points between the bottom phase and the corresponding point in the top phase

(Table 4-4). The trend line denotes an approximation at which any point beyond the line

would constitute a monophasic system (i.e. in reality IL + HX as a single phase and water

at the bottom) whereas any point within the line and experimental points would represent

a biphasic system (i.e. in reality three separate phases of IL, HX and water).
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Table 4-4: Molar fraction experimental tie lines within the biphasic region for the system
LA +IL + HX.

Top phase Lower phase
(HX rich) (IL rich)

LA IL HX LA IL HX
6.0E-05 0.0051 0.9949 0.0016 0.1183 0.8800
0.0001 0.0074 0.9925 0.005 0.1033 0.8917
0.0003 0.0059 0.9938 0.008 0.0974 0.8946
0.0005 0.0061 0.9934 0.0105 0.0885 0.9009
0.0003 0.0084 0.9913 0.0117 0.0931 0.8952
0.0010 0.0102 0.9888 0.0146 0.0742 09112
0.0023 0.0152 0.9825 0.0142 0.0502 0.9357
0.0045 0.0196 0.9759 0.0111 0.0422 0.9467

0 0.0017 0.9983 0 0.1261 0.8739

Single Single Single 0.0088 0.0262 0.9650
phase M phase M phase M

Single Single Single 0.0086 0.0259 0.9654
phase C phase C phase C

The molar fraction value for IL in the blank run (0.126) is approximately twice as large as
the value (0.053) found in the reported literature (Makowska et al., 2010), indicating that
HX is less soluble in the IL than what is reported. This discrepancy could be a result of the
addition of water in the experiments conducted here, whereas the procedure followed by
Makowska et al. (2010) did not include an aqueous phase. As reported earlier in the
literature review, water is used to separate hydrocarbons from the IL (Earle et al., 2003).
The studies by Anderson et al. (2009) and Lago et al. (2012) that showed less miscibility
of the alkanes dodecane and nonane with IL when water was added to the system confirm

our results of decreased miscibility of HX with IL when compared to the results of
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Makowska et al. (2010). As with the mass fraction for LA in the system, the polynomial
trend line in Figure 4-11 helps approximate the mole fraction of LA 1in either top or bottom

phase if one of the two is known.
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0.000 0.002 0.004
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Figure 4-11: Molar fractions of all the experimental points for LA in the top and bottom
phases.
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Figure 4-12: Molar ratios of [LA]/[IL], [HX]/[IL] and [LA]/[HX] in the bottom phase.
The blue curve highlights the relationship between the ratios of [HX]/[IL] and the ratios
of [LA]/[IL], whereas the green curve approximates the molar ratios of [LA]/[HX] and
their relationship with [LA]/[IL].

51



700 6.0E-03
Top Phase

600 | A
200 - | 4.0E-03
=400 |
5
300 | A
| 2.0E-03

200 (@ &
100 | Y@ g -
- P,
0 M\m l l 0.0E+00
0.0

0.1 0.2 0.3
[LA]/[IL]

Figure 4-13: Molar ratios of [LA]/[IL], [HX]/[IL] and [LA]/[HX] in the top phase. The
blue curve highlights the relationship between the ratios of [LA]/[IL] and the ratios of
[HX]/[IL], whereas the green curve approximates the molar ratios of [LA]/[HX] and their
relationship with [LA]/[IL]. Note the blank sample on the [HX]/[IL] axis corresponding
to approximately 573 when LA= 0.

From the molar fractions it was possible to derive molar ratios in each phase, as
shown in the graphs. The [LA]/[IL] concentration has similar values in both the top (Figure
4-13) and bottom phases (Figure 4-12), as seen by the extent of the scales in both x-axes.
The ratios of molar concentrations of LA to IL in both the bottom and top (Figure 4-14)
suggests a proportional interaction for both molecules in both phases. A speculation can be

made that LA acts to solubilize IL. in HX and HX in IL..
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Figure 4-14: Molar fraction ratio of [LA]/[IL] in the bottom phase (x-axis) and top phase
(y-axis).

To suggest a possible explanation for this behaviour, one can consider the two
types of intermolecular forces probable between IL and LA. The first one is via weak van
der Waals interactions between the aliphatic chains of both molecules. The second one is
associated with the very strong polar attraction between the electron-rich carboxylic
group of the LA and the positively charged phosphonium of the IL (Figure 4-15), leading
to the formation of a complex. The complex would have a reduced overall polarity,
compared to the separate molecules. Therefore the aliphatic chains of the LA+ IL
complex will enhance the van der Waals interaction with other LA molecules, and would

increase the compatibility with the nonpolar HX molecules as well. This provides a
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reasonable qualitative explanation for the presence of similar molecular ratios [LA]/[IL]
in both phases, and for the increase of this ratio and the changes of [HX]/[IL] ratios as the

concentration of LA in the system increases.

OH

Figure 4-15: Schematic depiction of the proposed possible interactions between IL and
LA.

The effect of adding FFA in such systems should therefore be accounted for in
terms of their solubilizing effect on the IL with the solvent. Figure 4-5 and Figure 4-8 show

the tremendous solubilizing effect a FFA has, whereby a large concentration of LA in HX
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was added to IL and resulted in a single phase. Yet if the same amount of HX was added
to the IL without LA, the only change in volume would be 1.5 ml as a result of the
miscibility between the two liquids. Because ILs have been gathering much attention as
mediums for possible oil extractions, understanding and quantifying the solubilizing effect
of the particular oil used should help to achieve full extractions of the product.

These results can be extrapolated to predict how other molecules of different
polarity might behave in this system. For instance, any groups of molecules that increase
the polarity of the FFA would have a higher tendency to remain in the IL. On the other
hand, if a FFA with an aliphatic chain length longer than LA was to be added to the system
of IL and HX, the lower polarity of the FFA would result in a higher affinity towards the
nonpolar HX phase.

A similar system of LA, IL and HX exposed to higher temperatures may yield
different results as two forces would act to counter each other. At higher temperatures, the
solubility of IL with the alkane HX would increase as shown in previous studies by
Makowska et al.(2010), and Anderson et al (2009). However, the solubilizing effect of LA
on the IL would decrease due to the decrease in van der Waals forces at higher temperatures
and thus a higher concentration of LA would partition into HX than in the IL phase. The
two opposing forces need to be quantified experimentally to determine the effect on the

two phases and LA, as one force might be larger than the other.

4.4 Potential applications

The original aim of this study was done to determine if HX is suitable to extract FFA,
a product of hydrolysis, from the IL. The results of the phase diagrams show that LA

remains mainly within the IL, displaying a higher affinity to the IL over HX. The results
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also showed a threshold concentration of LA beyond which the biphasic mixture of the IL
and HX became a single phase due to the solubilizing effect of the LA. This in turn makes
it difficult to extract product from the proposed hydrolysis reaction in IL with HX. The
phase diagrams also suggest that the tendency of a component to stay in the IL phase
increases with its polarity. Thus, the order of solubility in the IL decreases from:
FFA>MAG—>DAG>TAG, whereas the inverse would be true in HX. This acts as a
probable confirmation to the second possibility proposed in the introduction that the IL is
in fact a capable supportive medium for free enzymes and corresponding reactions, and the
limited recovery of FFA is due to the failure of HX to extract all the FFA produced from
hydrolysis.

Referring back to the results of the TLC plate from the hydrolysis reactions of canola
oil in the IL (Figure 1-2), bands of TAG were clearly visible whereas the bands of FFA
were very faint. This confirms the effect of polarity on the solubility of TAG and FFA from
the IL to HX. In conjunction with the experimental phase diagrams that act as supporting
evidence, the faint bands of FFA on the TLC plate point towards a high likelihood that a
hydrolysis reaction did indeed occur in the IL. The phase diagrams constructed showed
that the amount of LA in HX after reaching equilibrium and at different concentrations
were markedly low in comparison to the amounts of LA in the IL. In comparison, the HX
added on top of the IL that acted as a medium for the hydrolysis reaction was only allowed
to settle for 10 minutes without vortexing, yet FFA, a product of hydrolysis was still
observed. However, it should be noted that the FFA produced from the hydrolysis of the
canola oil (mainly oleic and linoleic acids) are less polar than LA due to their longer

hydrocarbon chains, and as a result, would be more drawn towards the HX layer. Although
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the amount of FFA extracted was visibly low, [Pess14] [Cl] can be considered as a potential
IL medium for hydrolysis reactions but a more efficient method of extracting the FFA

should be determined first.
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CHAPTER S CONCLUSIONS AND FUTURE WORK

Summing up, the concentration range in which LA visibly affects the solubility of
IL with HX was determined through several preliminary experiments. Experiments were
then conducted within that range to help construct phase diagrams of the FA, IL and HX.
In both mass and molar fraction phase diagrams, a trend line was added to help approximate
the boundary between monophasic and biphasic systems. Tie lines between the two phases
were calculated.

The biphasic zone is present for LA mole fractions smaller than 0.015 in the IL
layer and up to 0.005 in the HX layer. The mole fraction of IL in the phases is below 0.02
in the HX layer, and up to 0.12 in the IL layer. The single phase is around a mole fraction
0f 0.03 for IL and 0.01 for LA.

The molar ratios of LA/IL in the top and bottom phases show that the ratio of IL
molecules per LA molecule in both the top and bottom phases is similar. This discovery
suggested a possible mechanism through which the LA promotes solubilization of the IL
in HX and vice versa. This also suggests that a comprehensive study on the possible
mechanisms of interactions between LA, IL and HX is warranted. Using proton NMR
spectroscopy of the IL phase in conjunction with the phase diagrams (Nicotera et al., 2005)
may help understand how the FA and the solvent interact with IL.

A better definition of the phase diagram requires collecting more experimental
points where the IL and HX become a single phase. However, at present it is already
possible to predict concentrations in the top or bottom phases that satisfy equilibrium
conditions within the range shown in the phase diagrams, and plan experiments

accordingly. In hindsight, modifications discovered can be added to the experimental
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procedure may improve accuracy and reduce experimental error. A more precise
instrument, instead of a Pasteur pipette, should be used for the addition and removal of
liquids. This would help reduce the experimental errors described in the results and
discussion. Weights should also be noted after every step. The volume of water was kept
constant through the experiment, yet the exact weight was not taken. As water is used to
separate IL and HX, the molar fraction of water should be taken into account to develop
quaternary phase diagrams which may help determine how much of an impact water has
on phase and product separation.

Although less polar solvents like nonane or dodecane are not as miscible as HX
with IL (Anderson et al., 2009; Lago et al., 2012), they would be less suitable as extracting
solvents for FAs precisely because of their low polarity. However, it is possible to employ
a more polar solvent than HX such as dichloromethane since it is “borderline” polar and
not very soluble in water. By being more polar than HX, there is possibly a better chance
that more LA can be extracted. However, as was the case with chloroform,
dichloromethane has a higher density than water (1.325 g/ml) which would constitute a
bottom layer in a system of IL and water. Thus, dichloromethane might not be suitable as
an extracting solvent because the interface of the IL would be with water and the product
would not readily partition into dichloromethane. The density of a solvent should therefore
be considered so that it be less than the IL to allow the solvent to settle as a top phase,
above the IL. The miscibility of the solvent and the IL should also be determined before
deciding its suitability as an extracting solvent.

It can be concluded from the phase diagrams that this particular IL would not be

particularly suitable for hydrolysis reactions. The majority of the FFA tends to remain in
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the IL and extracting the product would be difficult since the FFA favours IL over HX.
However, if there is an alternative method to extract the FFA without affecting the IL and
the enzymes suspended within, then the IL might become suitable as a medium for
enzymatic hydrolysis reactions. As a possible extracting solvent that has been dismissed
due to its high density and formation of a layer below water, chloroform might be used to
extract products of hydrolysis. A proposed experiment would be to conduct a hydrolysis
reaction in IL as outlined in Appendix A. After the reaction is complete, without the
addition of 1 ml water, added chloroform would pass through the IL layer and settle at the
bottom as a separate layer. As the chloroform goes through the IL, the FFA from the
hydrolysis reaction might have a higher attraction to migrate into the chloroform layer due
to its partial polarity, more so than the nonpolar HX. The system would not be vortexed so
as to retain the enzymes in the IL and not allow the enzymes to partition into the chloroform
layer. After a set amount of time the chloroform layer could be extracted by inserting a
Pasteur pipette through the IL layer and applying suction. The amount of extracted FFA
can then be determined by evaporating the chloroform. On the other hand, the IL might be
better applied in acidolysis reactions since the FFA that would be used for substitutions
with the TAG would mostly remain in the IL. However, the FAs of the TAG substituted
with the FFA in the IL would have a high percentage remaining in the IL. To investigate
this, a similar experimental setup as documented in this Thesis could be used but with a
pure TAG replacing LA. This would help determine the percentage of TAG settling into
the IL phase relative to the HX phase.

Construction of phase diagrams at higher temperatures may prove useful for further

assessment of the IL for enzymatic reactions. The solubility of LA in HX increases at
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higher temperatures (Cepeda et al., 2009) but the solubility of IL with HX also increases
(Anderson et al., 2009; Makowska et al., 2010). Therefore, determining the amount of LA
in HX at higher temperatures can help show which opposing force is stronger. Experiments
could be constructed so that the system is initially sampled at a higher temperature and then
again after a set amount of time, when the system cools down to room temperature.

The high viscosity of the ILs alone is proposed to act as a method to support free
enzymes during reactions. However, by adding a solvent or water layer to the system and
allowing equilibration by vortexing, the enzymes might be distributed in any of the
different layers. The dispersal of enzymes from the IL would not allow subsequent use and
therefore, further studies to determine where enzymes in IL may partition after the addition
of different solvents or water is necessary. A comparison between the efficacy of free
enzymes in IL with free enzymes in solvent, the lifecycle of the free enzymes in the IL
compared to that of immobilized enzymes and the possible toxicity of the IL to the enzyme
lifecycle are all related topics that should be considered.

The research shown here was conducted to help pave a basis to understanding and
solving a bigger question. The potential ability to employ an IL as a medium for subsequent
reactions using free enzymes is of great significance. Where many studies have
concentrated on devising techniques to immobilize enzymes on solid support systems, this
research shows that the IL [Pees14] [Cl] can potentially be used as a supportive liquid
medium for free enzymes to catalyze reactions. However, a method that would allow the
full extraction of the products without affecting the IL enzyme complex is necessary to

deem the IL a fully successful supportive liquid medium.
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APPENDIX A

Enzymatic runs
Control: Lipase powder enzyme (free enzyme) from Aspergillus niger (Amano A) was
generously gifted by Amano Enzymes (Troy, VA).
In triplicate: 32 mg “Amano A” enzyme, 0.1 g water, 0.5 g canola oil and 2 ml hexane
were added to a test tube following ratios provided by McNeill et al. (1991). A 5 mm
magnetic stir bar was added and the samples placed on a magnetic hot plate. The
temperature was raised to 45 °C and the sample was stirred at approximately 800 rpm for
12 hrs as per reported optimal enzymatic activity conditions (Haas et al., 1995; Murty et
al., 2002).
A 10 ml mixture of ethanol and acetone was then added to stop the reaction (1:1 v/v)
(Hamam & Shahidi, 2005). 10 ml hexane was then added to the mixture followed by
vortexing for 2 min and centrifuging at 2000g for 5 min. The top layer (hexane) was
extracted to a separate test tube and a scoop of anhydrous sodium hydroxide was added.
After settling, the solvent was removed to a pre-weighed test tube and evaporated in the
water bath at 34 °C under a steady stream of nitrogen. The sample was then dissolved in
chloroform at a concentration of 250 mg lipid/ml of chloroform.
Trial enzymatic run in IL: In triplicate: 1 ml [Pesssi14] [Cl] was added to a test tube
containing 32 mg “Amano A” enzyme, 0.1 g water and a magnetic stir bar. 0.5 g canola oil
was added on top and the sample placed on a magnetic hot plate. The temperature was
raised to 45 °C and stirred at approximately 800 rpm for 12 hrs.
After the run was completed, 1 ml water was added which formed a layer below the IL.
This was followed with 5 ml hexane which was allowed to settle on top of the IL for 10

minutes before being extracted to a separate test tube (no vortexing was done as the hexane

70



would mix with the IL and disrupt the enzymes). Although the enzymes were suspended
in the IL layer, the mixture of ethanol and acetone was added to the extracted hexane to be
sure that if any traces of enzyme were extracted, the reaction would be inactivated. The
rest of the procedure done in the control run was then followed.

TLC: TLC silica gels plates (200 x 200 mm; 60 A mean pore diameter, 10—12 um mean
particle size, 250 pm layer thickness) purchased from Merck KGaA (Bellerica, MA) were
used to determine the results of the hydrolysis reactions. The developing sides of the plates
were saturated with ethyl acetate and then allowed to dry before placing in an oven for an
hour at 100 °C. Standards were dissolved in chloroform at a concentration of 50 mg
lipid/ml of chloroform. The samples and standards were streaked on the silica gel plates
with a 25ul micropipette. The silica gel plates were then developed using a mixture solvent
of 80:20:1 (v/v/v, hexane/diethyl ether/acetic acid) and then allowed to dry before being
evenly sprayed with 0.2% dichloroflourocine in ethanol. The bands were then observed

under ultra-violet (254 nm) short wave light.
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APPENDIX B

Calculating the correction factor
The detector response to LA FAME and the IS (Methyl tricosanoate) is not the same. The
concentration ratios of IS and of LA FAME are not equal to the ratio of their respective
peak areas. A correction factor was calculated therefore to account for the difference in
peak area ratios. The calculation was done by taking a known mass of IS = 101.8 mg and
a known mass of LA FAME = 104.1 mg and injecting into the GC 6 times following the
same method described in section 3.2.5 and an average area count for both the IS and LA

FAME was calculated.

CF — mIS % AVgLA
my, Avgg

Where CF = the correction factor
mis=known mass of IS
mr4=known mass of LA FAME
Avgr4= average peak area of LA FAME

Avgjs= average peak area of IS

The CF was calculated to be = 0.702378 and was applied to each FAME sample
(Sparkman et al., 2011).
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APPENDIX C

Mass fraction data

A-1: Average mass fraction values of LA from the bottom and top phase at different
concentrations of LA/HX (not corrected for LA removed). Included are the standard
deviations for LA in each phase and the percentages.

Total LA | LA/HX LA LA LA LA% | LASD | LA%
added volume (Top) (Bottom) SD SD (Botto SD
(mg) (ml) (Top) | (Top) m) | (Botto
m)
4 4 0.0001 0.0024 | 6.18E- | 4.53E+ | 9.74E- | 4.06E
06 00 05 +00
14 5 0.0003 0.0076 | 5.01E- | 1.59E+ | 1.25E- | 1.64E
05 01 04 +00
24 6 0.0007 0.0124 | 2.31E- | 3.53E+ | 2.78E- | 2.25E
04 01 04 +00
34 7 0.0010 0.0168 | 3.67E- | 3.59E+ | 3.78E- | 2.25E
05 00 04 +00
40 4 0.0007 0.0183 | 2.83E- | 4.04E+ | 3.94E- | 2.15E
04 01 04 +00
60 5 0.0023 0.0243 | 9.54E- | 4.14E+ | 8.70E- | 3.58E
04 01 04 +00
80 6 0.0049 0.0259 | 6.31E- | 1.28E- | 4.80E- | 1.85E
06 01 04 +00
80 6 0.0095 0.0209 n/a n/a n/a n/a
(outlier)
100 7 n/a 0.0176 n/a n/a 6.68E- | 3.80E
(Single 04 +00
phase C)
100 7 n/a 0.0178 n/a n/a 6.46E- | 3.63E
(Single 04 +00
phase M)
0 (Blank) 4 0 0 0 0 0 0
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A-2: Average mass fraction values of IL from the bottom and top phase at different
concentrations of LA/HX (not corrected for LA removed) corrected for sources of error.

Included are the standard deviations for IL in each phase and the percentages.

Total LA | LA/HX IL IL ILSD | IL% | ILSD IL
added volume | (Top) | (Bottom) | (Top) SD (Botto | %SD
(mg) (ml) (Top) m) (Botto
m)
4 4 0.0297 | 0.4465 1.13E- | 3.80E+ | 9.81E- | 2.20E-
03 00 04 01
14 5 0.0428 | 0.4079 8.93E- | 2.09E+ | 8.35E- | 2.05E+
03 01 03 00
24 6 0.0345 | 0.3914 498E- | 1.44E+ | 8.78E- | 2.24E+
03 01 03 00
34 7 0.0357 | 0.3657 5.70E- | 1.60E+ | 9.28E- | 2.54E+
03 01 03 00
40 4 0.0484 | 0.3782 2.36E- | 4.87E+ | 1.16E- | 3.07E-
03 00 03 01
60 5 0.0582 | 0.3212 1.27E- | 2.18E+ | 2.76E- | 8.61E-
03 00 03 01
80 6 0.0847 | 0.2379 1.32E- | 1.56E+ | 1.11E- | 4.66E+
02 01 02 00
80 6 0.1071 0.2074 n/a n/a n/a n/a
(outlier)
100 7 n/a 0.1369 n/a n/a 4.22E- | 3.08E+
(Single 03 00
phase C)
100 7 n/a 0.1382 n/a n/a 1.24E- | 9.00E+
(Single 02 00
phase M)
0 (Blank) 4 0.0104 | 0.4652 8.77E- | 8.43E- | 2.37E- | 5.09E-
05 01 03 01
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B-1: Mass fraction phase diagram of all the experimental data points collected for LA+IL
corrected for sources of error. The experimental points are taken from the collected data

resulting from Series #1 and Series #2 illustrated in Table 3-2 and Table 3-3. Included are
the measured single phase points as well as the mix points.
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A-3: Non-average experimental mass fraction values of LA mixtures, top and bottom
phases corrected for possible sources of error. Total LA is (not corrected for LA removed

from system).

Total LA | LA/HX | Top Mix Bottom
added volume | (LA) (LA) (LA)
(mg) (ml) Mass Mass Mass
fraction | fraction | fraction
4 4 0.0001 | 0.0014 | 0.0025
0.0001 | 0.0013 | 0.0023
0.0001 | 0.0013 | 0.0024
14 5 0.0004 | 0.0036 | 0.0075
0.0003 | 0.0035 | 0.0075
0.0003 | 0.0036 | 0.0077
24 6 0.0004 | 0.0051 | 0.0127
0.0007 | 0.0051 | 0.0121
0.0008 | 0.0053 | 0.0124
34 7 0.0010 | 0.0063 | 0.0167
0.0011 | 0.0062 | 0.0165
0.0010 | 0.0065 | 0.0172
40 4 0.0005 | 0.0114 | 0.0180
0.0006 | 0.0119 | 0.0188
0.0010 | 0.0114 | 0.0182
60 5 0.0017 | 0.0145 | 0.0247
0.0019 | 0.0149 | 0.0250
0.0034 | 0.0144 | 0.0233
80 6 0.0049 | 0.0167 | 0.0256
0.0049 | 0.0169 | 0.0262
0.0095 | 0.0162 | 0.0209
100 7 n/a 0.0183 n/a
(Single
phase M)
n/a 0.0181 n/a
n/a 0.0171 n/a
100 7 n/a 0.0179 | 1/a
(Single
phase C)
n/a 0.0180 | 1/4
n/a 0.0168 | 1/4
0 (Blank) 4 0 0 0
0 0 0
0 0 0
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A-4: Non-average experimental mass fraction values of IL mixtures, top and bottom
phases corrected for sources of error. Total LA is (not corrected for LA removed from
system).

Total LA | LA/HX Top Mix Bottom
added volume (IL) (IL) (IL)
(mg) (not (ml) Mass Mass Mass
including fraction | fraction | fraction
extracted)
4 4 0.0295 0.2486 0.4454

0.0287 | 0.24929 | 0.4470
0.0309 0.2506 0.4471
14 5 0.0326 0.2047 0.4175
0.0465 0.2055 0.4036
0.0493 0.2063 0.4026
24 6 0.0299 0.1724 0.3996
0.0398 0.1712 0.3822
0.0338 0.1716 0.3924
34 7 0.0416 0.1481 0.3578
0.0353 0.1458 0.3633
0.0302 0.1469 0.3759
40 4 0.0479 0.2521 0.3774
0.0464 0.2538 0.3796
0.0510 0.2488 0.3778
60 5 0.0571 0.2056 0.3237
0.0596 0.2066 0.3216
0.0580 0.2012 0.3183
80 6 0.0940 0.1701 0.2301
0.0754 0.1702 0.2458
0.1072 0.1655 0.2074
100 7 n/a 0.1503 n/a
(Single
phase M)

n/a 0.1388 n/a
n/a 0.1254 n/a
100 7 n/a 0.1381 n/a
(Single
phase C)

n/a 0.1404 n/a
n/a 0.1322 n/a
0 (Blank) 4 0.0105 0.2541 0.4679
0.0104 0.2509 0.4638
0.0104 0.2510 0.4639
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Original mass fraction values

Included here are the original mass fraction values not corrected by the addition of possible
sources of error enlisted in section 4.3.

A-5: Original average mass fraction values of LA from the bottom and top phase at
different concentrations of LA/HX (not corrected for LA removed). Included are the
standard deviations for LA in each phase and the percentages.

Total LA | LA/HX LA LA LA LA% | LASD | LA%
added volume (Top) (Bottom) SD SD (Botto SD
(mg) (ml) (Top) | (Top) m) | (Botto
m)
4 4 0.0001 0.0024 | 6.18E- | 4.53E+ | 9.74E- | 4.06E
06 00 05 +00
14 5 0.0003 0.0076 | 5.01E- | 1.59E+ | 1.25E- | 1.64E
05 01 04 +00
24 6 0.0007 0.0124 | 2.31E- | 3.53E+ | 2.78E- | 2.25E
04 01 04 +00
34 7 0.0010 0.0168 | 3.67E- | 3.59E+ | 3.78E- | 2.25E
05 00 04 +00
40 4 0.0007 0.0178 | 2.90E- | 3.94E+ | 3.75E- | 2.11E
04 01 04 +00
60 5 0.0024 0.0232 | 9.79E- | 4.04E+ | 6.93E- | 2.99E
04 01 04 +00
80 6 0.0052 0.0243 | 831E- | 1.59E- | 548E- | 2.25E
06 01 04 +00
80 6 0.0099 0.0199 n/a n/a n/a n/a
(outlier)
100 7 n/a 0.0172 n/a n/a 6.09E- | 3.52E
(Single 04 +00
phase C)
100 7 n/a 0.0188 n/a n/a 8.36E- | 4.46E
(Single 04 +00
phase M)
0 (Blank) 4 0 0 0 0 0 0
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A-6: Original average mass fraction values of IL from the bottom and top phase at
different concentrations of LA/HX (not corrected for LA removed). Included are the
standard deviations for IL in each phase and the percentages.

Total LA | LA/HX IL IL IL SD IL % IL SD IL
added volume | (Top) | (Bottom) (Top) SD (Botto %SD
(mg) (ml) (Top) m) (Botto
m)
4 4 0.0297 0.4465 1.13E- | 3.80E+ | 9.81E- | 2.20E-
03 00 04 01
14 5 0.0428 0.4079 8.93E- | 2.09E+ | 8.35E- | 2.05E+
03 01 03 00
24 6 0.0345 0.3914 498E- | 1.44E+ | 8.78E- | 2.24E+
03 01 03 00
34 7 0.0357 0.3657 5.70E- | 1.60E+ | 9.28E- | 2.54E+
03 01 03 00
40 4 0.0510 0.3686 2.06E- | 4.04E+ | 1.16E- | 6.86E-
03 00 03 01
60 5 0.0613 0.3093 1.51E- | 2.46E+ | 2.76E- | 4.45E-
03 00 03 01
80 6 0.0897 0.2259 1.40E- | 1.56E+ | 1.11E- | 6.11E+
02 01 02 00
80 6 0.1117 0.2020 n/a n/a n/a n/a
(outlier)
100 7 n/a 0.1372 n/a n/a 3.95E- | 2.88E+
(Single 03 00
phase C)
100 7 n/a 0.1456 n/a n/a 1.42E- | 9.75E+
(Single 02 00
phase M)
0 (Blank) 4 0.0104 0.4652 8.77E- | 8.43E- | 2.37E- | 5.09E-
05 01 03 01
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B-2: Mass fraction phase diagram of the original experimental data points collected for
LA+IL without the inclusion of sources of error. The experimental points are taken from
the collected data resulting from Series #1 and Series #2 illustrated in Table 3-2 and Table
3-3. Included are the measured single phase points as well as the mix points.
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A-7: Original non-average experimental mass fraction values of LA mixtures, top and
bottom phases not corrected for sources of error. Total LA is (not corrected for LA
removed from system).

Total LA | LA/HX | Top Mix Bottom

added (mg) | volume | (LA) (LA) (LA)
(ml) Mass Mass Mass
fraction | fraction | fraction
4 4 0.0001 | 0.0014 0.0025

0.0001 | 0.0013 0.0023
0.0001 | 0.0013 0.0024
14 5 0.0004 | 0.0036 0.0075
0.0003 | 0.0035 0.0075
0.0003 | 0.0036 0.0077
24 6 0.0004 | 0.0051 0.0127
0.0007 | 0.0051 0.0121
0.0008 | 0.0053 0.0124
34 7 0.0010 | 0.0063 0.0167
0.0011 | 0.0062 0.0165
0.0010 | 0.0065 0.0172
40 4 0.0005 | 0.0114 0.0175
0.0006 | 0.0119 0.0182
0.0010 | 0.0114 0.0177
60 5 0.0017 | 0.0144 0.0233
0.0020 | 0.0148 0.0238
0.0035 | 0.0143 0.0224
80 6 0.0052 | 0.0164 0.0239
0.0052 | 0.0166 0.0247
0.0099 | 0.0160 0.0199

100 (Single 7 n/a 0.0175 n/a
phase C)
n/a 0.0177 n/a
n/a 0.0166 n/a
100 (Single 7 n/a 0.0193 n/a
phase M)
n/a 0.0191 n/a
n/a 0.0178 n/a
0 (Blank) 4 0 0 0
0 0 0
0 0 0
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A-8: Original non-average experimental mass fraction values of IL mixtures, top and
bottom phases not corrected for sources of error. Total LA is (not corrected for LA
removed from system).

Total LA | LA/HX Top Mix Bottom

added (mg) | volume (IL) (IL) (IL)
(not (ml) Mass Mass Mass
including fraction | fraction | fraction
extracted)
4 4 0.0295 | 0.2486 0.4454

0.0287 | 0.24929 0.4470
0.0309 | 0.2506 0.4471
14 5 0.0326 | 0.2047 0.4175
0.0465 | 0.2055 0.4036
0.0493 | 0.2063 0.4026
24 6 0.0299 | 0.1724 0.3996
0.0398 | 0.1712 0.3822
0.0338 | 0.1716 0.3924
34 7 0.0416 | 0.1481 0.3578
0.0353 | 0.1458 0.3633
0.0302 | 0.1469 0.3759
40 4 0.0508 | 0.2528 0.3657
0.0491 | 0.2553 0.3698
0.0532 | 0.2502 0.3703
60 5 0.0605 | 0.2053 0.3077
0.0631 | 0.2078 0.3098
0.0605 | 0.2025 0.3103
80 6 0.0995 | 0.1693 0.2162
0.0798 | 0.1712 0.2357
0.1117 | 0.1668 0.2020

100 (Single 7 n/a 0.1371 n/a
phase C)

n/a 0.1412 n/a

n/a 0.1333 n/a

100 (Single 7 n/a 0.1591 n/a
phase M)

n/a 0.1468 n/a

n/a 0.1308 n/a

0 (Blank) 4 0.0105 | 0.2541 0.4679

0.0104 | 0.2509 0.4638
0.0104 | 0.2510 0.4639
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