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The demand for lithium has risen steadily in the last few decades because of the increased use
of rechargeable lithium ion batteries. Lithium ion batteries are used in applications ranging
from portable electronics and electric/hybrid vehicles to grid storage. Currently, about half of
the world’s lithium production is from lithium brines. Lithium mining from brines is slow, land
intensive, and geographically constrained to salt lake brines with the correct concentration of
lithium and other dissolved materials. A batch of lithium takes 18-24 months to produce,
mainly because the process applied in the concentration of the brines is solar evaporation. With
the current pace of development of electric vehicles this slow ramp up time, and the production
dependency on weather conditions, has caused insecurity in lithium supply and price
fluctuations for lithium salts. To both unlock new lithium resources that are less geographically
constrained, such as geothermal brines, and to increase the rate of production, a number of
researchers have developed new methods for lithium extraction from aqueous brine solutions.
In this thesis, the development of a method that is particularly suitable to extraction from
geothermal brines is presented. The method is a supercritical fluid extraction process using
strategically designed crown ether extractants. First, the design and synthesis of the crown ether
extractants is presented. Second, their suitability as lithium extractants in a supercritical fluid
extraction process is evaluated. This is done by investigating their effectiveness as lithium
extractants in a liquid-liquid extraction process, in terms of overall lithium extraction and the
selectivity towards lithium over other metal cations, and by researching the solubility of the
crown ether extractants in the supercritical media utilized in this research, supercritical carbon

dioxide. Third, the effectiveness of the crown ether extractants in a supercritical fluid extraction
process, applied to a synthetic geothermal brine is evaluated, both experimentally and with
molecular dynamics modeling.
Overall, the results of the research performed for this thesis are favorable for the application of
a supercritical fluid extraction process in lithium extraction from geothermal brines. The
synthesized crown ethers function as lithium extractants, as they successfully react with lithium
to form a lithium complex during the extraction process, and the complex breaks apart for the
lithium to be recovered and the crown ethers to be recovered and reused, in the stripping stage
of the process. Additionally, the crown ethers are an order of magnitude more soluble in
supercritical carbon dioxide than previously solubilized crown ethers, with a maximum
determined solubility of about 0.3 mol/L. The most selective chemical extraction system
investigated in this research has a lithium extraction efficiency of 30%, a sodium extraction
efficiency of 27%, and a magnesium extraction efficiency of 52%. The extraction was
performed at 60°C and 250 bar, on a synthetic geothermal brine with a lithium concentration
of 10 mg/L, a sodium concentration of 500 mg/L, and a magnesium concentration of 40 mg/L.
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Chapter 1: Introduction and motivation
1.1 Lithium as a strategic material
Lithium is used in many different industries. Historically, ceramics and glass have been the main
applications for lithium but recently its use in batteries has become the most prominent one, and
lithium has become an increasingly important alkali metal in today’s energy industry. Figure 1.1
shows that the global lithium consumption between 2006 and 2016 almost doubled, and is driven
in large by the growth in the lithium ion battery industry. The percentage of lithium used for
batteries grew over this time period from 20% to 43% of the total annual consumption (Jaskula,
2007-2016; Ober, 2006).
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Figure 1.1: The growth in world lithium consumption from 2006 to 2016 (Jaskula, 2007-2016; Ober,
2006).

In 2010 and 2011, the U.S. Department of Energy (DOE) came out with two reports called Critical
Materials Strategy (Bauer et al., 2011, 2010). Lithium is included in both reports as a critical
material for future energy applications, specifically relating to lithium ion batteries and the use of
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those batteries in electric and hybrid vehicles. Since these reports came out lithium has only
become more critical for the development of a carbon neutral future. Lithium is ideal for use in
batteries because of its low atomic weight, high electrochemical reactivity, and low thermal
expansion coefficient (Jaskula, 2016). Lithium is particularly applicable for use in rechargeable
and portable battery applications such as in small electronics and electric or hybrid vehicles. The
growth in these markets has driven the growth in production of lithium worldwide, especially since
battery grade lithium is a high value product that can be sold at a higher price than technical and
industrial grade lithium.
Lithium is mostly traded in compound form, mainly as lithium carbonate or lithium hydroxide.
Some battery manufacturers prefer buying lithium hydroxide which has resulted in increased
lithium hydroxide production in recent years although lithium carbonate remains the main trading
form of lithium (Jaskula, 2016).
The DOE’s Critical Materials Strategy reports introduced the DOE’s strategy for addressing
critical material challenges in the future. Firstly, there is a focus on the diversification of global
supply, both in terms of incentivizing U.S. production and encouraging production from alternative
sources in other countries. Secondly, substitutes for critical materials will be sought out. This is
less applicable to lithium than many of the other critical materials since the criticality of lithium
supply is not based on scarcity but rather a limited number of companies and countries controlling
the production worldwide. Thirdly, recycling will be encouraged and researched as well as
incentivized with policies.
A number of DOE initiatives that are aligned with the strategy presented in the reports have come
out since 2011. One of those initiatives is on the extraction of critical materials from geothermal
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brines. Although the DOE has funded research on the extraction of a number of critical materials
from geothermal brines in the past years, lithium is consistently the only critical material identified
as a potential material for economically viable extraction from geothermal brines (Gallup, 1998;
E. K. Mroczek, Climo, Carey, & Li, 2015; Neupane & Wendt, 2017).
1.2 Lithium mining
Lithium is traditionally mined from hard rocks and salt lakes. Currently hard rock operations mine
and process lithium from spodumene ores, mainly in Australia and Canada. The lithium content in
ores is generally 1-4% and the recovery is relatively high; 40-60% (Grosjean, Miranda, Perrin, &
Poggi, 2012). The hard rock mining process consists of open pit mining, and thermochemical
treatment. The mining and operation of furnaces in the thermochemical treatment are energy
intensive and result in fairly high operating costs; 6-8 $/kg (Grosjean et al., 2012).
Traditional lithium mining from salt lakes is very different from the hard rock mining process, as
lithium is extracted directly from brines instead of ores. The majority of the lithium brine mining
in the world takes place in South America in the so-called lithium triangle in the Andes, from
brines with lithium concentrations ranging from 200 ppm to 4000 ppm (by weight). Table 1.1
includes the concentration of lithium in a number of traditional lithium brines. The lithium brine
mining process has lower operating costs than hard rock mining; 2-3 $/kg compared to 6-8 $/kg
(Grosjean et al., 2012). The process involves pumping of brines from a salt lake, either at the
surface or right below the surface, into solar evaporation ponds. The brine is pumped between
evaporation ponds, generally for 12-24 months, until the concentration in the last evaporation pond
is high enough to pump the brine into a lithium carbonate production facility (Grosjean et al.,
2012). The lithium concentration of these partially evaporated brines entering an industrial lithium
production facility ranges from about 4000-6000 ppm. In the production facility boron is extracted
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and magnesium and calcium salts are precipitated. In the last processing step sodium carbonate is
added to precipitate lithium as lithium carbonate. The lithium carbonate is then further processed
to make industrial, technical, or battery grade lithium carbonate. A simplified flow sheet for the
lithium brine recovery process can be seen in Figure 1.2. Although it is not explicitly evident from
the flow sheet in Figure 1.2, the brine extraction process is quite water intensive. It has been
estimated that brine extraction operations in Salar de Atacama in Chile consume 65% of the
regions fresh water (Vikström, Davidsson, & Höök, 2013).

Figure 1.2: Flow sheet for lithium carbonate production from brine pools.

As was mentioned before, there has been a surge in lithium consumption with the increased use of
batteries for portable electronic devices and electric and hybrid vehicles. Hard rock mines have
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been able to scale up to keep up with the increased lithium demand but their high operating costs
leave the mining companies with small margins and an incentive to increase production only when
lithium prices increase (Gruber et al., 2011). The salt lake operations are less suited for expanding
their lithium production. The total production process takes place on-site and expansion entails
captial intensive additions to core operations. In addition to the expansion costs, exploration costs
are also induced. The lithium grade of a single salt lake is highly variable, concentration in one
area of the salt lake can be a few orders of magnitude lower than in another area, resulting in
exploration costs each time operations are expanded. Another detriment is the long evaporation
period that is inherently dependent on weather conditions in the evaporation pond location. The
salt lake extraction companies need to predict future lithium demand to decide how much lithium
to produce, and even if they correctly predict the demand weather events such as an unusual
amount of rain can slow their operations leading to a shortage of lithium to sell. All of these factors
have resulted in a steady increase in the price of lithium carbonate. In the last ten years (20082018) there has been a threefold increase in lithium carbonate price and there has been a twofold
increase in just the last two years, 2016-2018 (Metalary, 2018). These conditions have given rise
to a number of research projects on new lithium mining processes, both from hard rock and salt
lakes. Alternate sources of lithium have also been sought out, such as clays, geothermal and oilfield
brines, and seawater. The research in this thesis focuses on a novel process for lithium extraction
from geothermal brines, motivated by the DOE’s push for critical material extraction from
geothermal brines. Although the method is specifically tailored for geothermal brines it can be
adapted to other brine resources.
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1.3 Geothermal brines as a lithium resource
Geothermal brines can be highly enriched in selected dissolved metals and minerals compared to
seawater and groundwater. This is the result of continued water-rock interactions at depth and
temperatures in geothermal systems. In Table 1.1 the concentration of lithium in a number of
geothermal areas is compared with concentrations in traditional lithium brines.
In the utilization of geothermal resources for energy production or district heating high metal
contents have been considered a disadvantage by plant operators due to scaling and corrosion. The
scaling and corrosion can result in increased maintenance and shorter lifespan of equipment.
Researchers have seen this metal and mineral enrichment of the brines as an opportunity for value
generation rather than a detriment to process operation. A number of projects on the valorization
of silica in geothermal brines have been undertaken, including potential zinc extraction and even
precious metal extraction (Duyvesteyn, 1992; Harper, Ian, & Johnston, 1995; Harrar & Raber,
1984). Lithium extraction from geothermal brines has gained increased interest in the last couple
of decades because of the fast growth in the lithium market.
From Table 1.1 it can clearly be seen that lithium concentrations in geothermal brines are lower
than in traditional lithium brine pools, although the highest concentrations in geothermal brines
are of the same order of magnitude as the lowest concentrations in traditional brine pools. These
relatively low concentrations have inspired researchers to apply methods for geothermal brines
that are commonly used for water treatment. In water treatment the main goal is to extract a range
of impurities and produce clean water. For lithium extraction from geothermal brines, the focus is
on the selective extraction of lithium without the extraction of other present metals or minerals.
Common water treatment methods therefore need to be strategically manipulated to fit this new
purpose.
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Several researchers have tackled this challenge and a few of the attempts are detailed below. The
relatively low concentrations of lithium present in geothermal brines present a challenge for
developing an economic process. In contrast, as shown in Table 1.1 lithium concentrations in
traditional lithium brines are typically more than an order of magnitude higher. For comparison
the lithium concentration in seawater is also included in Table 1.1. This serves as a baseline for
the geothermal brines. If the concentration of lithium in a geothermal brine is not at least an order
of magnitude higher than in seawater, selective extraction is unlikely to provide an economically
feasible process for recovering lithium.
Table 1.1: A comparison of the lithium concentration in brines in several geothermal areas to traditional
lithium brine pool concentrations (Fowler & Zierenberg, 2015; Gallup, 1998; Grigsby, Tester, Trujillo, &
Counce, 1989; Harrar & Raber, 1984; Legers, 2008; Stauffer, Jenne, & Ball, 1980). *See Appendix A for
lithium concentration measurement at Reykjanes.
Geothermal Area

Li [ppm] (by weight)

Salton Sea, CA

132

East Mesa, CA

4.3

Coso Hot Springs, CA

25

Dixie Valley, NV

2

Yellowstone, WY

0.1-3.5

Fenton Hill, NM (EGS)

6-250

Valles Caldera, NM

3-25

Reykjanes, Iceland*

4.18

Seawater

0.17

Salar de Atacama, Chile

1000-4000

Salar del Hombre Muerto, Argentina

220-1000

Salar de Uyuni, Bolivia

500-3000

Silver Peak, NV

230
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1.4 Alternative lithium extraction methods for geothermal brines
1.4.1

Ion exchange resin

Ion exchange resins are widely used in separation and extraction processes. Manganese oxides in
spinel structures have been applied to adsorb lithium from geothermal brines (E. K. Mroczek et
al., 2015). Silica removal is necessary for any adsorption method because scale will accumulate
on the ion exchange resin and deactivate it. A process developed by Iwanaga was applied to
geothermal brines in the Wairakei geothermal area in New Zealand with a 20% lithium recovery
(E. K. Mroczek et al., 2015). The residence time was 24 hours for 2 tons of brine. The long
residence time severely decreases the economic viability of extraction. Another detriment is the
presence of arsenic in some geothermal brines. Arsenic has been shown to decompose the structure
of the manganese oxide spinels used in the previously mentioned research (E. K. Mroczek et al.,
2015). More recently, researchers from SRI developed a similar process using manganese oxide
spinels (Ventura, Bhamidi, & Hornbostel, 2018). They only tested the manganese oxide spinels
with synthetic brines so the effects of dissolved materials such as silica or arsenic have not been
evaluated. Lithium recovery levels were not quantified in this research, with only the loading
density of lithium per gram of sorbent being determined. Presumably this process will face the
same problems as previous processes using the same ion exchange concept; decomposition in
contact with arsenic, deactivation by silica scaling, and a maximum recovery limited by the batch
nature of the process.
Simbol Materials Inc. operated a pilot plant for lithium extraction from geothermal brine at the
Salton Sea in California until 2015. They employed a solid adsorption separation process wherein
lithium chloride from the geothermal brine was passed through a column to which the lithium
adsorbed. A separation from calcium, magnesium and other alkaline earth metals was achieved
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with an increase in pH and selective ion exchange resins (14,257,396, 2014). The geothermal brine
used in this process had been subjected to silica removal. The lithium chloride was converted to
lithium hydroxide with an electrochemical cell and then supplied to a carbonation reactor. In the
carbonation reactor, carbon dioxide was introduced to the lithium hydroxide solution. The
carbonation process produced solid lithium carbonate of battery grade, 99.999% (14,257,396,
2014). Simbol Materials Inc. opened a pilot plant in 2012 and it successfully produced battery
grade lithium carbonate in 2013 (Simbol Materials, 2015). The company was liquidated in 2016
and Alger Alternative Energy purchased major parts of Simbol’s assets and intellectual property.
Alger Alternative Energy plans to build a full scale lithium carbonate plant alongside a geothermal
power plant in collaboration with Controlled Thermal Resources by 2020 (Alger Alternative
Energy, 2018).
1.4.2

Direct precipitation

Another method for recovering metals from solution is precipitation. A few examples of direct
precipitation of lithium from geothermal brines have been described in the literature, most of which
include silica removal prior to lithium precipitation. Co-precipitation with aluminum hydroxide
involves the addition of aluminum hydroxide to a lithium containing solution. The aluminum
hydroxide acts as a flocculating agent. In laboratory experiments lithium was extracted at a 95%
efficiency in terms of lithium recovery from brines at the Wairakei geothermal field in New
Zealand at 30°C and pH = 10 (Rothbaum & Middendorf, 1986). Silica removal prior to the lithium
extraction was necessary for an economically successful extraction. Without silica removal
aluminum silicate precipitation resulted in poor aluminum hydroxide recovery. This method was
negatively affected by increased temperatures and low lithium concentrations within the aluminum
hydroxide gel formed in the process. The difficulties with mass transfer within the gels limit the
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industrial applicability of the process due to exacerbation of the mass transfer problem at larger
scales. The precipitation of lithium aluminum silicates for use in ceramics was investigated by the
same research group, without prior silica removal, with adequate results (45-75% recovery) (E. K.
Mroczek et al., 2015).
Implementing methods like these for most geothermal brines with reasonable lithium
concentrations would require the implementation of a silica removal process and a basification of
the native brine to pH = 10. Another limitation of the precipitation method is the low concentration
of lithium in geothermal brines. For these low concentrations large tanks are needed for the
extraction process and large amounts of chemicals for basification, resulting in high capital and
operating costs. The issue of large tank volumes could be mitigated by running the process
continuously with a filtration process to separate out the solids. Another option that could mitigate
both the issue of large tank volumes and large amounts of chemicals for basification is to
concentrate the brine prior to the precipitation process, similar to what is done in traditional lithium
brine mining from brine pools.
1.4.3

Electrodialysis

Electrodialysis is a separation process where ions are transferred through ion exchange membranes
with a direct current (Valero, Barceló, & Ramón, 2011). As with ion exchange resin, silica removal
must be implemented before the electrodialysis process since scale will form on the membranes
and cause deactivation, blocking and damage. Calcium concentration can also be a concern in
regards to the formation of calcium sulfate scale on the active ion exchange sites. Mitigation can
be done by the addition of sodium polymetaphosphate or sodium oxalate. In a recent study, 80%
removal of lithium was achieved (E. Mroczek, Dedual, Graham, & Bacon, 2015). The membranes
used were however not lithium specific so an additional separation process is required to separate
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lithium from the output solution. A severe problem with this system is the degradation of the
membranes. The expected lifetime was years but in practice it was on the order of months (E. K.
Mroczek et al., 2015). The liquid flux of the brine through the membranes must be rigorously
controlled to prevent tearing of membranes and to achieve 80% removal the brine must pass
through a stack of membranes. In light of these limitations, further research using lithium specific
membranes was not pursued in our group.
1.4.4

Limitations of previously developed methods

The methods described above all rely on an extraction onto a solid surface or through a membrane
at close to atmospheric conditions. A drawback to these methods, when applied to geothermal
brines, is co-precipitation of non-desirable materials onto surfaces, resulting in deactivation of the
lithium extraction processes. For example, geothermal brines often contain large amounts of silica
which is susceptible to precipitation by lowering of the temperature and/or pressure in power
generation or district heating applications.
We propose an alternate method that does not rely on solid extraction surfaces or membranes,
making it less susceptible to surface scaling and better tunable to different concentrations of
dissolved species found in different geothermal areas. A supercritical fluid extraction process
avoids this limitation as it involves transferring extracted components across a fluid interface rather
than onto a solid surface or through a solid membrane. A supercritical fluid extraction process is
also suited for operation at or above the temperatures and pressures typically present in geothermal
applications (120 - 320°C and 0 - 23 bar (Eliasson, Thorhallsson, & Steingrimsson, 2011)). The
absence of solid surfaces minimizes precipitation problems commonly encountered when
temperatures and pressures are reduced for geothermal brines during energy extraction.
Alternatively, a supercritical fluid extraction process could be used as a concentration process prior
11

to the application of some of the other methods covered above, thus removing lithium from the
native geothermal brine and concentrating it in an aqueous solution that can be subjected to any of
the other separation processes covered since this aqueous solution does not contain the materials
that commonly precipitate out of geothermal brines.
1.5 Introduction to supercritical fluids and their use as solvents in extraction
Supercritical fluids are substances that have exceeded their critical temperature and pressure. They
have a number of unique properties that are primarily controlled by the density of the supercritical
fluid, which in turn is determined by the pressure and temperature of the fluid (Erkey, 2011; Todd
& Elgin, 1955). As an example, the solubility of a substance in supercritical fluid media is directly
related to the density of the fluid and generally increases as the pressure increase (MéndezSantiago & Teja, 1999). The solubility properties of supercritical fluids are however not solely
determined by density, evidenced by the fact that the solubility of a substance in a supercritical
fluid also increases with temperature at a constant density (Erkey, 2011).
The viscosity and diffusivity of supercritical fluids are variable as well, and are functions of both
pressure and temperature. Generally, the viscosity of a supercritical fluid is lower than the viscosity
of a conventional organic solvent, and the diffusivity of a supercritical fluid is higher than the
diffusivity of a conventional organic solvent. Table 1.2 compares a number of characteristics of
supercritical fluids with liquid and gas characteristics. The combination of these characteristics
results in enhanced mass transfer across the interface between phases, as well as in the supercritical
phase, in supercritical fluid extraction processes (Erkey, 2000). The fact that these characteristics
are variable and tunable for each supercritical fluid makes them even more interesting for use as
solvents for extraction.
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Table 1.2: A comparison of density, diffusivity, and viscosity of gases, liquids, and supercritical fluids
(Erkey, 2011).
Fluid properties

Density (g/cm3)

Diffusivity (m2/s)

Viscosity (Pa/s)

Gas

0.6 - 2.0∙10-3

1.0 - 4.0∙10-5

1.0 - 3.0∙10-5

Supercritical Fluid

0.2 - 0.9

2.0 - 7.0∙10-8

1.0 - 9.0∙10-5

Liquid

0.6-1.6

10-9

10-3

For geothermal brines, another advantage is that supercritical fluid extraction can be applied at
elevated temperatures whereas an extraction process with many common organic solvents requires
atmospheric temperatures due to the volatility of the solvents. Lastly, the tunability of the solubility
of materials with pressure or density changes enables an extraction process to be carried out at a
specific supercritical pressure. After separation of the supercritical phase from the original host
phase, the extracted material is precipitated out by lowering the pressure to a specific level, often
near or below the critical pressure of the solvent, where the solubility of the extracted material is
significantly reduced. The substantial change in solubility by changing pressure that occurs is a
key feature in the development of the supercritical fluid extraction process as it enables a quick
increase in the concentration of lithium in the produced fluid from the extraction. Traditional
lithium carbonate production requires an input solution with a lithium concentration of about 40006000 ppm. A quick look at Table 1.1 shows that if lithium carbonate is intended as the final
product, the actual extraction of lithium from geothermal brines will require a significant increase
in concentration.
Figure 1.3 schematically depicts a supercritical extraction process for the extraction of lithium
from a lithium containing brine on an industrial scale. A lithium containing brine is pumped
through an extraction reactor where it comes into contact with a supercritical fluid phase with a
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dissolved extractant. Lithium transfers from the brine phase into the supercritical phase by
selective capture of lithium ions in the extractant. The supercritical phase flows out of the
extraction reactor through a pressure reducing valve and into a condenser. The lithium extracted
from the brine in the extraction reactor is precipitated out of solution in the condenser and
concentrated in an organic solvent. In this way the lithium is extracted from the brine and
concentrated in a single process. The supercritical fluid used in the process is carbon dioxide.

Figure 1.3: A schematic depiction of the supercritical fluid extraction of lithium from a lithium brine on
an industrial scale.
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Figure 1.4: A phase diagram of carbon dioxide.

Carbon dioxide is commonly used as the supercritical solvent for the extraction of a range of
materials. The critical point of carbon dioxide is moderate, at 31.1°C and 73.9 bar. A phase
diagram for carbon dioxide can be seen in Figure 1.4. Carbon dioxide is not toxic and does not
degrade and is therefore ideal for a closed loop extraction process. Supercritical fluid extraction
using carbon dioxide (ScCO2 extraction) as a solvent was first developed as a method for
solubilizing organic molecules. In 1991, metal extraction using supercritical carbon dioxide
(ScCO2) soluble extractants was first reported (Laintz, Wai, Yonker, & Smith, 1991). Since then,
ScCO2 extraction of metals has become a vibrant research area. Today, ScCO2 extraction is a
proven technology which has been applied commercially for a range of solutes. A U.S.-based plant
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currently uses ScCO2 extraction to recover uranium from incinerator ash (Farawila, O’Hara,
Taylor, Wai, & Liao, 2012), and one of the processes applied in the decaffeination of coffee is
ScCO2 extraction (Erkey, 2011).
1.6 Crown ether extractants
Crown ethers are generally considered to be the most selective extractants for alkali metals. They
were first synthesized by Charles Pedersen in 1967 (Pedersen, 1967). He later received the Nobel
Prize in Chemistry for his discovery. Crown ethers are cyclic molecules with alternating carbon
and oxygen atoms in the cyclic structure. An example of crown ether structures can be seen in
Figure 1.5.
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Figure 1.5: An example of crown ether structures. A. 12-crown-4, B. 14-crown-4, and C. 18-crown-6.
Above the stick figure representation is a space filling figure that better illustrates the difference in cavity
size between the crown ethers. (Grey: Carbon; Red: Oxygen; White: Hydrogen)

Crown ethers are size selective extractants, meaning that the size of the cavity formed by the cyclic
structure affects which alkali or earth alkaline metals are extracted. As an example, crown-4 ethers
have a cavity size of 1.2 – 1.5 Å, and crown-6 ethers have a cavity size of 2.6 – 3.2 Å, while the
diameter of a lithium ion is 1.2 Å (Christensen, Hill, & Izatt, 1971). Crown-4 ethers are more
selective to lithium than crown-6 ethers because of the similar size of the ionic diameter of lithium
to the crown ether cavity diameter (Steed, 2001). A significant amount of research has been done
on the development of lithium selective crown ether extractants but only a limited number of
studies have been done on the use of crown ethers in ScCO2 extraction (Mochizuki, Wada, Smith
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Jr., & Inomata, 1999; Wai, Kulyako, & Myasoedov, 1999; Wang, Elshani, & Wai, 1995). The
crown ethers used in ScCO2 extraction have been intended for the extraction of other metals than
lithium, including potassium, sodium, cesium, and mercury. We have not found anything
published on the use of lithium selective crown ethers in ScCO2 extraction. In this thesis the
feasibility of using crown ether frameworks as selective lithium extractants that are soluble in
ScCO2 will be explored as a means for recovering lithium from geothermal brines.
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Chapter 2: Dissertation approach, objectives, and content
2.1 Objective and approach
The overall goal of the work in this thesis was to develop a method to recover lithium from
geothermal brines, by employing a supercritical fluid extraction process with custom
synthesized crown ether extractants. The method consists of a two-phase extraction process
where lithium present at low concentrations in the geothermal liquid brine phase is contacted
with a supercritical carbon dioxide phase containing a crown ether to selectively remove
lithium.
A number of steps of research were undertaken to reach this goal. Firstly, suitable lithium
extractants were designed, synthesized, and characterized. Secondly, the suitability of the
extractants was determined with an evaluation of the extraction efficiency and selectivity of
the extractants in liquid-liquid extraction, and an evaluation of the solubility of the extractants
in ScCO2. Thirdly, a laboratory scale supercritical fluid extraction process was designed and
constructed, and used for experiments on the supercritical fluid extraction of lithium from
synthetic lithium brines.
2.2 Content and organization
Chapter 1 provided a general introduction to the importance of lithium as a strategic material.
In addition, previous investigations that established the presence of lithium in geothermal
reservoir fluids were reviewed to identify a range of concentrations for evaluating the
feasibility of using a supercritical fluid extraction process to recover lithium from these
geothermal fluids. This review provided the context for developing the objectives and approach
of this research. The remainder of the thesis is divided into two parts:
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Part I: Selection, synthesis, characterization, and laboratory testing of two model lithium
extractants and, Part II: Design and experimental evaluation of a supercritical fluid extraction
process. Part I is contained in Chapters 3-6 and Part II is Chapters 7-8. The overall conclusions
and recommendations for further research are found in Chapter 9.
Chapter 3 introduces crown ether extractants and their application in conjunction with
supercritical fluids. The design of the extractants used in this work is introduced and the scope
of Chapters 4-6 is discussed. Chapter 4 covers the research performed to synthesize and
characterize the model crown ether extractants for use in a ScCO2 solvent phase. In Chapter 5
the initial liquid-liquid experimental work performed with the crown ether extractants is
discussed and conclusions are made about the applicability of the synthesized crown ethers as
lithium extractants. Chapter 6 summarizes experimental determinations of the solubility of the
crown ether extractants in ScCO2. The experimental testing of the solubility is compared with
two different solubility models; 1. a simple linear model of the logarithm of the solubility as a
function of the logarithm of the density in the system, and 2. an equilibrium model that accounts
for the thermodynamic behavior of the system starting from the fugacity of each phase.
In Part II, Chapter 7 introduces the use of the high pressure and high temperature experimental
system designed and constructed in this research for the supercritical fluid extraction of lithium
from synthetic lithium brines containing high concentrations of sodium chloride. Studies of
lithium extraction effectiveness at different experimental conditions are also presented in
Chapter 7. In Chapter 8 molecular dynamic modeling of lithium and sodium ions enclathrated
in model crown ether structures is discussed. This work was done in collaboration with Andrew
Ruttinger in Prof. Paulette Clancy’s research group.
Chapter 9 summarizes the applicability of this research for lithium recovery in industrial
practice and recommends further research related to this project.
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PART I: STRATEGICALLY DESIGNED 14-CROWN-4 ETHERS AND THEIR
CHARACTERIZATION
Chapter 3: Introduction to crown ethers as lithium extractants and the use of crown ethers
in supercritical fluid extraction systems
3.1 Lithium selective crown ethers
As mentioned in Chapter 1, crown ethers were first synthesized by Charles Pedersen in 1967
(Pedersen, 1967). Since then a wealth of papers on the use of crown ethers has been published.
Researchers have found that crown ethers are effective extractants for alkali metals but also that
their abilities can be modified with the addition of pendant chains or groups, or by modifications
of the backbone structure. An example of backbone structure modification is the addition of a
triazolo group by Elshani et al (1994), making the synthesized crown ethers effective for mercury,
gold, and lead capture. An example of pendant group modification is the substitution of the
hydrogen atoms attached to the carbons of a crown ether backbone with fluorine atoms, making
the crown ether capable of oxygen ion capture (Brodbelt, Maleknia, Liou, & Lagow, 1991). Work
on such drastic modifications of the extractive abilities of crown ethers is however outside of the
scope of this thesis.
The general focus of the synthetic work performed for this thesis was on making molecules that
selectively bind with lithium over sodium. Significant previous research is available for
compounds that are selective for lithium over sodium, and modifications to previously synthesized
and confirmed lithium selective crown ethers were limited to pendant chain modifications
(Bartsch, 1989; Czech, Babb, Son, & Bartsch, 1984; Czech et al., 1992; Sachleben et al., 2008).
The general application of lithium selective crown ethers has been for the effective detection of
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lithium in bloodstream without a false positive from sodium (Suzuki et al., 1993). This is almost
directly applicable to lithium extraction from geothermal brines because sodium is present in the
brines in significant amounts. Many successful attempts at selective lithium extraction have been
performed with crown ethers, more specifically crown-4 ethers, since lithium prefers to form a
complex with a coordination of four (Suzuki et al., 1993). Smaller crown ethers, such as 12-crown4, are too small for lithium to fit in their cavity, resulting in poor selectivity and affinity for lithium
over sodium. Crown ethers with larger cages such as 15-crown-4 or 16-crown-4 can fit sodium in
their cavity, which results in poor lithium to sodium selectivity. 14-crown-4 ethers have been
shown to have the best lithium to sodium selectivity (Czech et al., 1984; Inoue, Hakushi, Liu, &
Tong, 1993). Inoue et al. (1993) researched the complexation thermodynamics of 12-crown-4 to
15-crown-4 ethers to attempt to elucidate why 14-crown-4 exhibits the highest lithium to sodium
selectivity. Their experiments did indeed confirm the superior complexation of lithium, and the
selectivity of lithium over sodium, by 14-crown-4 over the other crown-4 ethers researched. When
compared with the sodium complexation, the lithium complexation with all crown-4 ethers
appeared to be solely entropy driven while the sodium complexation was driven in part by
enthalpy. Inoue and collaborators (1993) conclude from this that the cavity size of the crown-4
ethers is better size-fitted to the cation diameter of lithium than to the cation diameter of sodium,
resulting in minimal conformational changes with complexation, and thus minimal enthalpy
changes. As to why the 14-crown-4 ether provides the best selectivity and strongest binding energy
for lithium the conclusion is consistent with previous publications; the cavity size of 14-crown-4
is simply the best fitted to the cation diameter of lithium.
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The thermodynamic parameters listed in Table 3.1, of the binding of lithium and sodium to the
crown-4 ethers, confirm this finding. In the table, ΔG is the free energy of complexation, the
highest -ΔG indicates the strongest complexation, and
∆ = ∆ − ∆

(3.1)

Table 3.1: Thermodynamic parameters for the complexation of lithium and sodium ions with crown-4
ethers (Inoue et al., 1993).
Ligand

Cation

-ΔG [kcal/mol]

-ΔH [kcal/mol]

TΔS [kcal/mol]

12-crown-4

Li+

2.92

0.13 ± 0.03

2.79

Na+

3.63

3.07 ± 0.08

0.56

Li+

2.74

0.12 ± 0.04

2.62

Na+

2.81

0.82 ± 0.02

1.99

Li+

3.19

0.35 ± 0.05

2.84

Na+

2.22

1.15 ± 0.05

1.07

Li+

2.52

0.15 ± 0.03

2.37

Na+

2.46

1.05 ± 0.03

1.41

13-crown-4

14-crown-4

15-crown-4

Many studies of lithium extraction and lithium over sodium selectivity have been performed using
lithium and sodium picrate solutions because of the ease of analysis of picrate solutions with
spectrophotometric methods. This presents a significant barrier for practical applications of crown
ether extractants due to the lack of fundamental understanding of how the counterion to lithium
affects the selectivity of the crown ethers. Several studies have shown that the picrate ion affects
the selectivity of crown ethers, specifically when π-bonding is present (Harrowfield, 1996; Olsher,
Feinberg, Frolow, & Shoham, 1996; Talanova et al., 1999). This effect is caused by stacking of
the π-bonds in the picrate ion with the π-bonds in some of the crown ethers which either have πbonding incorporated into their backbone or in a pendant chain. The applicability of these picrate
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extraction studies on the prediction of practical metal ion extraction is limited since the stacking
effect is not present for the common hard anions found in natural aqueous lithium solutions. The
most common lithium solutions extracted in nature are chloride based. Another key feature that
separates the actual extractive systems from the picrate systems is that the hard anions are not
extracted with the lithium. Instead, the system exchanges ions across the interface between phases;
the anions stay in their original phases and cations transfer across the interface as depicted in Figure
3.1. To enable this ion exchange a cation exchanger must be dissolved in the extracting phase, or
the crown ether itself must be made ionizable.

Figure 3.1: A depiction of the ion exchange process that takes place at the interface between the
geothermal brine and the supercritical fluid.

Bartsch (Bartsch, 1989) performed significant research on the synthesis of ionizable and cation
selective crown ethers. His work identified a very strong effect of the ring size on the selectivity
of lithium over other cations, which is consistent with previous crown ether research with picrate
extractions. He also reported a strong effect of the ionizable pendant chain length and structure on
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selectivity. The crown carboxylic acids made in Bartsch’s research function well at neutral or
alkaline conditions, and the crown phosphinic acids are even functional for extraction down to pH
= 5. Supercritical fluid extraction generally takes place at pH  3 as a result of the partial
dissolution of carbon dioxide in the aqueous phase and formation of carbonic acid. These higher
acidity environments require a stronger acidic pendant group to be effective extractants. To
simplify the synthetic procedure and the selection of the best crown ether candidates, the strong
effect found for changes in the ionizable pendant group on selectivity had to be considered. To
save time by reducing the number of different compounds that had to be synthesized and tested, in
our work we decouple the crown ether and acid and use a synergistic extraction system with custom
synthesized crown ethers and commercially available cation exchangers. This enables us to tune
the extraction system to different brine compositions and extraction conditions after synthesizing
the selected compound for testing. We select a cation exchanger that is known to be highly soluble
in supercritical carbon dioxide and has a low enough pKa to enable extraction at pH = 3. Another
key feature in the selection of the cation exchanger was that the cation donated by the cation
exchanger in the ion exchange across the interface between the non-polar and aqueous phase
should be a proton. This serves to minimize the chance of organic contamination into natural
brines.
3.2 Crown ethers in supercritical fluids
Sodium, potassium, cesium, and mercury have been extracted into supercritical fluids using crown
ether extractants (Mochizuki, Wada, Smith Jr., & Inomata, 1999; Wai, Kulyako, & Myasoedov,
1999; Wang, Elshani, & Wai, 1995). In Mochizuki et al.‘s (1999) research on sodium and
potassium extraction from aqueous solutions into ScCO2 the crown ethers 18-crown-6,
dicyclohexano-18-crown-6, and 15-crown-5 were used (Figure 3.2). In Wai et al.‘s (1999) research
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on cesium, potassium, and sodium extraction from aqueous solutions into ScCO2 the crown ethers
18-crown-6, dicyclohexano-18-crown-6, dicyclohexano-21-crown-7, and dibenzo-24-crown-8
were used (Figure 3.3). In Wai‘s research on mercury extraction from sand and filter paper
ionizable hexane, benzene, and tributylbenzene substituted bistriazolocrown ethers were used
(Figure 3.4) (Wang et al., 1995). Documentation of the research by Mochizuki et al (1999) and
Wai et al (1999) did not report the solubility of the crown ethers used. Research by Wang et al
(1995) measured and reported the solubility of the bistriazolocrown ethers in neat ScCO2 and in
5% methanol modified ScCO2. The reported solubilities in neat ScCO2 were quite low;
1.3∙10-5 mol/L, 1.0∙10-5 mol/L, and 4.3∙10-4 mol/L, respectively for crown 1, crown 2 and crown
3 (see Figure 3.4 for structures). With 5% methanol modification the solubilities are about an order
of magnitude higher; 2.1∙10-4 mol/L, 2.0∙10-4 mol/L, and 1.3∙10-3 mol/L, respectively.
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Figure 3.2: The crown ethers used in supercritical fluid extraction in Mochizuki’s (1999) paper. A. 18crown-6, B. dicyclohexano-18-crown-6, and C. 15-crown-5. Above the stick figure representation is a
space filling figure that better illustrates the difference in cavity size between the crown ethers. (Grey:
Carbon; Red: Oxygen; White: Hydrogen).
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Figure 3.3: The crown ethers used in supercritical fluid extraction in Wai’s (1999) paper. A. 18-crown-6,
B. dicyclohexano-18-crown-6, C. dicylcohexano-21-crown-7, and D. dibenzo-24-crown-8. Above the
stick figure representation is a space filling figure that better illustrates the difference in cavity size
between the crown ethers. (Grey: Carbon; Red: Oxygen; White: Hydrogen).
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Figure 3.4: The bistriazolo crown ethers used in supercritical fluid extraction reported by Wang et al
(1995). Above the stick figure representation is a space filling figure that better illustrates the difference
in cavity size between the crown ethers. (Grey: Carbon; Red: Oxygen; White: Hydrogen; Blue: Nitrogen).

The solubility of the extractants used is very important for the efficacy of a supercritical fluid
extraction process. Methanol addition to increase solubility is an option but for extraction from
natural brines adding a solvent such as methanol to the extraction process can be problematic and
costly. In geothermal operations brines are generally either reinjected into the geothermal field or
disposed of into nature without any further treatment. Contamination with organic solvents such
as methanol could therefore introduce unacceptable environmental impacts. Another option would
be to enhance the solubility of the extractants themselves with modifications to their molecular
structure. For example, fluorinating extractants to enhance solubility in ScCO2 has been widely
applied since Laintz et al. first showed its effectiveness in 1991 (Figure 3.5) (Laintz, Wai, Yonker,
& Smith, 1991).
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Figure 3.5: An example of the fluorinated and non-fluorinated complexes from Laintz et al.’s (1991)
paper. A. Cu(DDC)2, B. Cu(FDDC)2, C. Na(DDC), and D. Na(FDDC). The solubility increase with
fluorination of Cu(DDC)2 is 850-fold but for Na(DDC) the difference is only 3-fold.

Fluorinated molecules are generally more soluble in ScCO2 than their carbohydrate counterparts
although the magnitude of the solubility enhancement varies (Laintz et al., 1991). For example,
the solubility of the copper complex in Figure 3.5 in ScCO2 increases 850-fold upon fluorination
while the sodium complex only has a 3-fold increase in solubility.
No papers have been published on the enhanced solubility of crown ethers in ScCO2 by partial
fluorination but Wai and Laintz were granted a U.S. patent (5,356,538) in 1994 that includes
solubility profiles for crown ethers that have been partially fluorinated. The patent includes three
solubility profiles for H-crown, F2-crown, and F6-crown. The structures of these crowns can be
seen in Figure 3.6. The H-crown is not fluorinated at all, the F2-crown has two fluorine atoms and
the F6-crown has six fluorine atoms. The solubility profile from the patent is given in Figure 3.7
and the solubility data is in Table 3.2. Interestingly the difference between the solubility of the
fluorinated crowns and the non-fluorinated crowns is not very large, with the F6-crown having
double the solubility of the H-crown at the highest. At higher densities the solubility of the non34

fluorinated crown is actually higher than for both of the fluorinated crowns. It is also noticeable
that the solubility of all compounds is not very high, on par with the solubility of the bistriazolo
crowns in Wang and co-workers’ 1995 paper. The solubility difference between the fluorinated
and non-fluorinated crowns in Wai and Laintz’ patent (1994), and the higher solubility of the nonfluorinated crown ether at higher densities, is not easily explained. Presumably the difference can
be attributed to the competing effect of vapor pressure and density on solubility in ScCO2. At lower
densities the effect of localized pockets with increased density dominates and the fluorinated
crown ethers are more soluble. At higher densities the compressibility of the ScCO2 is smaller,
localized pockets with higher density than the macroscopic fluid are not present anymore, and the
effect of vapor pressure dominates. This results in a higher solubility of the non-fluorinated crown
ether at higher densities, since it presumably has a higher vapor pressure than its fluorinated
counterpart (Gupta & Shim, 2006).
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Figure 3.6: The structure of the crown ethers from Wai et al.’s (1994) patent. A. H-crown, B. F2-crown,
and C. F6-crown. Above the stick figure representation is a space filling figure that better illustrates the
difference in cavity size between the crown ethers. (Grey: Carbon; Red: Oxygen; White: Hydrogen;
Yellow: Fluorine).
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Table 3.2: The solubility data for F6-crown, F2-crown, and H-crown in ScCO2 from Wai et al.’s (1994)
patent. The data is presented in mol/L along with the density of the ScCO2 phase in g/cm3.
Density [g/cm3]

F6-crown sol [mol/L]

F2-crown sol [mol/L]

H-crown sol [mol/L]

0.388

(3.0 ± 0.2) · 10-5

(7.9 ± 0.5) · 10-6

(7.6 ± 0.7) · 10-6

0.528

(9.0 ± 0.4) · 10-5

(8.4 ± 0.5) · 10-5

(2.2 ± 0.2) · 10-5

0.622

(1.3 ± 0.1) · 10-4

(9.9 ± 0.5) · 10-5

(7.6 ± 0.7) · 10-5

0.767

(1.6 ± 0.1) · 10-4

(1.2 ± 0.1) · 10-4

(1.2 ± 0.1) · 10-4

0.833

(1.8 ± 0.1) · 10-4

(1.5 ± 0.1) · 10-4

(1.8 ± 0.2) · 10-4

0.883

(2.1 ± 0.1) · 10-4

(2.1 ± 0.1) · 10-4

(2.1 ± 0.2) · 10-4

0.922

(2.4 ± 0.2) · 10-4

(2.3 ± 0.1) · 10-4

(2.7 ± 0.3) · 10-4

0.955

(2.9 ± 0.2) · 10-4

(2.5 ± 0.2) · 10-4

(3.3 ± 0.3) · 10-4

4
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Figure 3.7: Solubility profiles for three crown ethers with differing numbers of fluorine atoms as a
function of carbon dioxide density (US patent 5,356,538, 1994). The data for this figure can be seen in
Table 3.2.
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3.3 Approach to crown ether design and experimental work
Given the limited data available on crown ether solubility in ScCO2 and the low solubility levels
reported for the few crown ethers structures that have been studied, fluorination of previously
synthesized lithium selective crown ethers was pursued in this research to see if we could enhance
their solubility in the ScCO2 phase sufficiently for use as lithium extractants for extraction from
geothermal brines. A comparison of the fluorinated crown ether with a previously synthesized nonfluorinated crown ether was performed at every stage of the research. The two crown ethers
synthesized and used in this research are depicted in Figure 3.8.
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Figure 3.8: The two crown ethers synthesized and used in this research. A. Methylene-14-crown-4
(M14C4), and B. Fluorinated 14-crown-4 (F14C4). Above the stick figure representation is a space filling
figure that better illustrates the cavity size of the crown ethers. (Grey: Carbon; Red: Oxygen; White:
Hydrogen; Yellow: Fluorine).

The synthesis and characterization of the crown ethers that were studied is presented in Chapter 4.
Testing of these model crown ethers as lithium extractants in a traditional liquid-liquid extraction
between a liquid chloroform phase and an aqueous brine phase is covered in Chapter 5. Chapter 6
compares the experimental solubility of the crown ethers in ScCO2 to predictions using simple
linear modeling of the logarithm of solubility versus the logarithm of density, and thermodynamic
modeling from group contribution calculations starting with equilibrium fugacity.
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Chapter 4: Synthesis and characterization of strategically engineered lithium selective and
supercritical carbon dioxide soluble 14-crown-4 ethers
4.1 Overview
This chapter details the synthesis of two 14-crown-4 ethers, fluorinated and non-fluorinated.
Methylene-14-crown-4 (M14C4) was synthesized with a process adapted from the literature
(Czech, Babb, Son, & Bartsch, 1984; Czech et al., 1992; Tomoi, Abe, Ikeda, Kihara, & Kakiuchi,
1978). A fluorinated side chain was attached at the methylene attachment point through thiol-ene
click chemistry to make a fluorinated 14-crown-4 ether (F14C4). The synthetic work and
subsequent analysis of synthesized compounds are detailed in Section 4.2 and the recovery of the
synthesized compounds after their use in a number of experimental procedures is detailed in
Section 4.3
4.2 Synthesis
1H

NMR and 13C NMR spectra were obtained with a Mercury 300 MHz spectrometer while 19F

NMR measurements used an INOVA 400 MHz spectrometer. All spectra were taken in deuterated
chloroform and chemical shifts are reported in the standard way, in parts per million () downfield
from tetramethylsilane (TMS). Information on how many protons (or carbon atoms/fluorine
atoms) are represented by each peak, as well as the nature of the peak, is reported in a parenthesis
after the chemical shift. Direct analysis in real time – high resolution mass spectrometry (DARTHRMS) was obtained with IonSense DART coupled with HRMS and is reported in g/mol with the
molecular formula. All of the compounds subjected to DART-HRMS in this chapter were detected
as [M+H]+, which is consistent with gas-phase ionization processes presented in the literature
(Gross, 2014). Representative NMR and DART-HRMS spectra are provided in Appendix C.
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Chemicals were purchased from MilliporeSigma, Oakwood Chemicals, and Santa Cruz
Biotechnology, and were used without further purification. The purity of the purchased chemicals
is provided in Table 4.1.
Table 4.1: The purity of the chemicals purchased for the synthetic work detailed in this chapter.

4.2.1

Chemical

Purity

3,7-dioxa-1,9-nonanediol

98%

3-chloro-2-chloromethyl-1-propene

99%

1H,1H,2H,2H-perfluorodecanethiol

97%

1,3-dichloropropane

99%

Ethylene glycol

99.8%

Sodium hydride

60% dispersion in mineral oil

2,2-dimethoxy-2-phenylacetophenone

99%

Tetrahydrofuran

99.9%

Ethyl acetate

99.5%

M14C4 (6-methylene-1,4,8,11-tetraoxacyclotetradecane)

M14C4 (6-methylene-1,4,8,11-tetraoxacyclotetradecane) was synthesized and purified according
to the following procedure that was adapted from the literature (Czech et al., 1992):
5.0 g of 3,7-dioxa-1,9-nonanediol (30 mmol) and 3.8 g of 3-chloro-2-chloromethyl-1-propene (30
mmol) were each dissolved in separate vials in 17 mL of dry tetrahydrofuran (THF). 4.6 g of
sodium hydride (192 mmol) were dissolved in 68 mL of dry THF and allowed to equilibrate at
reflux conditions for 1 hour. The previously prepared mixtures of the reactants and THF were
slowly added to the refluxing solution (~1 mL/min). The reaction was allowed to proceed for 72
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hours at which point the excess sodium hydride was destroyed with 20 mL of methanol. The
solvents were dried off under reduced pressure and the resulting mixture was resuspended in 50
mL of methylene chloride and washed with 50 mL of deionized water. The water was subsequently
washed with 2x50 mL of methylene chloride. The resulting combined methylene chloride solution
was dried over sodium sulfate and filtered. Note that the solution was not filtered through celite
because the ethers in the solution are not stable in contact with celite. The solution was then dried
under reduced pressure to collect the crude product. The crude product was distilled under reduced
pressure (at about 5 torr) to give 1.3 g of a purified product. The leftover crude after the distillation
was further purified by column chromatography. The solid phase was basic alumina and the
solvent system was hexanes/ethyl acetate (0-30% ethyl acetate). The chromatography provided an
additional 0.13 g of purified product. The combined yield on a mass basis was 22%. The NMR
spectra and DART-HRMS can be seen in Appendix C; the data is as follows: 1H NMR:  1.77
(pentet, 2H), 3.59-3.67 (multiplet, 12H), 4.13 (singlet, 4H) and 5.14 (singlet, 2H);

13 C

NMR: 

28.65 (CH2), 65.61, 68.41, 69.71, 70.56 (CH2O), 113.77 (=CH2), 142.62 (=C); DART-HRMS:
216.14 g/mol (C11H20O4, as [C11H20O4 + H]).
The synthetic pathway for making M14C4 is depicted in Figure 4.1 (Czech et al., 1984).

Figure 4.1: Synthetic pathway for making M14C4.
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M14C4 was also synthesized using a different procedure, inspired by work published by Ziafati et
al. in 2009 (Ziafati, Eshghi, & Sabzevari, 2009):
0.487 g of sodium hydroxide (12 mmol) were dissolved in 60 mL of dimethyl sulfoxide at an
elevated temperature and with sonication. 0.5 g of 3,7-dioxa-1,9-nonanediol (3 mmol) and 0.380
g of 3-chloro-2-chloromethyl-1-propene (3 mmol) were added to the mixture. The mixture was
heated in a microwave digester at 95°C for 8 minutes (30 second temperature ramp up time). The
mixture was cooled and neutralized with 90 mL of 1 M hydrochloric acid. The crude product was
extracted with 3x60 mL of methylene chloride which was subsequently washed with 2x90 mL of
deionized water and dried over sodium sulfate. The methylene chloride solution was filtered and
dried under reduced pressure to provide the crude product. The crude product was distilled under
reduced pressure to provide the purified product. The yield was about 5-10% and therefore this
synthetic route was not pursued further although optimization of this method could perceivably
provide a quicker method for crown ether synthesis.
4.2.2

3,7-dioxa-1,9-nonanediol

3,7-dioxa-1,9-nonanediol was generally purchased from MilliporeSigma or Santa Cruz
Biotechnology. In other instances, it was synthesized according to the following modified
literature procedure (Olsher, Krakowiak, Dalley, & Bradshaw, 1991):
8.8 g of sodium hydride (220 mmol) were added to 50 mL of ethylene glycol and allowed to
dissolve and equilibrate overnight at 60°C. 10 g of 1,3-dichloropropane (90 mmol) were added to
the ethylene glycol mixture and the reaction proceeded for 6 hours at 80°C. The excess sodium
hydride was destroyed with 20 mL of methanol. The reaction crude was filtered and dried under
reduced pressure. The ethylene glycol was distilled off under reduced pressure. Subsequently the
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reaction crude was further distilled under reduced pressure at a higher temperature to collect the
purified 3,7-dioxa-1,9-nonanediol. The yield was 5.5 g or 38%. The NMR spectra and DARTHRMS can be seen in Appendix C; the data is as follows: 1H NMR:  1.86 (pentet, 2H), 3.55
(triplet, 4H), 3.59 (triplet, 4H), and 3.70 (singlet, 4H); 13C NMR:  29.60 (CH2), 61.64, 68.40, and
71.96 (CH2O). DART-HRMS: 164.10 g/mol (C7H16O4, as [C7H16O4 + H]).
4.2.3

F14C4 (6-(((3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl)thio)methyl)1,4,8,11-tetraoxacyclotetradecane)

The

fluorinated

crown

ether

F14C4

(6-(((3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-

heptadecafluorodecyl)thio)methyl)-1,4,8,11-tetraoxacyclotetradecane)

was

synthesized

and

purified according to the following procedure:
164 mg of M14C4 (0.76 mmol) and 182 mg of 1H,1H,2H,2H-perfluorodecanethiol (0.38 mmol)
were dissolved in 250 μl of ethyl acetate. 80 μl of a 70 mg/mL solution of the photoinitiator 2,2dimethoxy-2-phenylacetophenone (DMPA) in ethyl acetate (0.02 mmol) was added and the
mixture was exposed to UV/visual light for 270 seconds. The ethyl acetate was dried off under
reduced pressure and the resulting dried mixture was dissolved in 200 μl of methanol. 50 μl of
deionized water were added and the solution was loaded onto a fluorous column, that had been
prepared with 1 mL of deionized water, to separate the mixture with a fluorous solid phase
extraction (FSPE). The column was washed with 80:20 methanol:water, methanol, and ethyl
acetate. Each solvent fraction was collected separately. The fractions were dried under reduced
pressure and analyzed with 1H NMR,

19

F NMR and DART-HRMS. The F14C4 was in the

methanol fraction, 233 mg or a yield of 88%. The unreacted M14C4 was in the 80:20
methanol:water fraction and the unreacted fluorinated thiol was in the ethyl acetate fraction. The
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unreacted M14C4 was later successfully used in further synthetic work and extraction studies. The
NMR spectra and DART-HRMS can be seen in Appendix C; the data is as follows: 1H NMR: 
1.74 (pentet, 2H), 1.94 (septet, 1H), 2.36 (multiplet, 2H), 2.52 (doublet, 2H), 2.66 (multiplet, 2H),
3.54-3.66 (multiplet, 16H);

19

F NMR:  -80.78 (triplet, 3F), -114.38 (quintet, 2F), -122.00

(doublet, 6F), -122.77 (singlet, 2F), -123.42 (singlet, 2F), -126.16 (singlet, 2F); DART-HRMS:
696.12 g/mol (C21H25O4F17S, as [C21H25O4F17S + H]).
The synthetic pathway for making F14C4 is depicted in Figure 4.2.

Figure 4.2: Synthetic pathway for making F14C4.
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4.3 Crown ether recovery
The two crown ethers, with the synthesis detailed above, were used for liquid-liquid extraction
experiments, solubility experiments, and selective supercritical extraction experiments in the
subsequent chapters in this thesis. When possible, the crown ethers were recovered after their use
in experiments, and reused in subsequent experiments. For F14C4 the recovery process was a
separation on a fluorous column (FSPE), like the one applied in its synthesis. The recovery of
M14C4 proved more difficult. FSPE was investigated as a recovery method when M14C4 was
paired with fluorous compounds, with a number of solvent systems, but was ultimately
unsuccessful. The separation of M14C4 from non-fluorinated compounds was performed
successfully on a column with a basic alumina solid phase and a hexanes/ethyl acetate solvent
system. The recovery of F14C4 was generally about 75-90% and the recovery of M14C4 was
about 75-80%. Since there was some loss of material with each experiment performed, the
synthetic procedures presented above were continuously repeated to produce sufficient quantites
of the crown ether compounds for continuing the experimental work.
4.4 Conclusion
The synthetic work performed in this chapter was of great importance to all of the subsequent
research covered in this thesis. Only very few lithium selective extractants are commercially
available and the pricing for those that are available ranges from $200-$1,400 for 50 mg (Millipore
Sigma - Lithium Ionophores, 2018). Given the amount of crown ethers needed for the experimental
work detailed in this thesis the development of robust synthetic procedures for making lithium
extractants was vital to the overall research project.
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The main goal of this chapter was to develop synthetic procedures that were simple, easily
repeatable, and highly scalable. As an example distillation was applied in the purification of
M14C4 instead of a column separation which is commonly applied in the synthesis of crown ether
compounds (Czech et al., 1992). Although column separation after the distillation is reported
above it accounts for less than 10% of the recovery of the purified M14C4. In the purification of
F14C4 a column separation was also applied but in further scale up fluorinated solvents can be
used instead of a fluorinated silica column (Studer et al., 1997). In addition to this, the synthesis
of F14C4 can easily be adjusted to make 14-crown-4 ethers with other types of functional groups
that may positively impact the extractive abilities and solubility in supercritical carbon dioxide of
the synthesized 14-crown-4 ethers. The perfluorinated side chain is attached through a thiol-ene
click reaction that only takes 270 s and has a yield of 88%. Other suitable thiol compounds could
easily be substituted for the perfluorinated side chain, e.g. alkyl thiols or thiomethylphenols.
In the next chapter, a first attempt at the evaluation of the suitability of M14C4 and F14C4, the
synthesized crown ethers, as lithium selective extractants in a supercritical fluid extraction process
is performed by a comparative performance study of the compounds as extractants in liquid-liquid
extractions between an aqueous chloride phase and a chloroform phase. After the evaluation in
Chapter 5 most of the further experimental work performed is done in much more labor intensive
experiments, in the supercritical phase.
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Chapter 5: Liquid-liquid extraction studies of synthesized 14-crown-4 ether selectivity and
extraction efficiency.
The general goal of the liquid-liquid extraction studies was to experimentally characterize the
extraction performance of our synthesized 14-crown-4 ethers. The measurements included
determining the extraction efficiency of lithium on a batch scale in extraction between an aqueous
phase and chloroform. In these experiments, the selectivity of lithium over sodium of the
synthesized crown ethers was also determined. Furthermore, the stability constants for lithium and
sodium complexation with the synthesized crown ethers were calculated.
The experiments detailed in this chapter are all equal volume batch extractions at atmospheric
conditions. They were performed as a first approach to investigate and compare the extraction
efficiency and selectivity of the synthesized crown ethers. Post these experiments all further
experimental work was performed in a supercritical carbon dioxide (ScCO2) phase. The extraction
efficiencies and selectivities determined in this chapter serve to inform the further experiments.
Limited attempts at optimization, such as development of a continuous extraction system or
changes to the volumetric ratio, were performed since the intended use of the synthesized crown
ethers as lithium extractants was not in a liquid-liquid extraction system. The determined
extraction efficiencies and selectivities inform us of the comparative performance between
extraction systems rather than giving us definitive information on the extractive performance of
our crown ethers in a final lithium extraction application. That being said, the current extraction
and concentration systems utilized in lithium mining, namely solar evaporation and salt
precipitation (see Chapter 1 for overall process), do not present a very compelling case for their
continued use, even when compared to the base level extraction results presented in this chapter.
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From the best resources in the world with concentrations ranging from 200-4000 ppm by weight
(Table 1.1), the overall recovery of lithium is only 40% (Tahil, 2007).
5.1 Overview of experiments
The experimental procedure for the liquid-liquid extractions performed in this chapter was adopted
from literature procedures for lithium extraction and selectivity studies performed with alkali metal
picrate and chloride solutions (R. A. Bartsch, 1989; R. a. Bartsch et al., 1993; Tobe et al., 1998).
A key difference between the procedures applied in the literature and the ones applied in this
research is that here a cation exchanger is utilized to enable extraction. In Bartsch et al.’s (1989)
extractions from alkali metal chloride solutions the crown ethers researched were ionizable and
thus a cation exchanger was not necessary. In the extractions from alkali metal picrate solutions
(R. a. Bartsch et al., 1993; Tobe et al., 1998) the picrate ion is co-extracted with the alkali metals,
again eliminating the need for a cation exchanger. The reasoning behind our application of a
synergistic extraction system with a crown ether and a cation exchanger was detailed in Chapter
3.
M14C4, F14C4, and the commercially available 12-crown-4 (12C4), were paired with cation
exchangers and tested for the extraction efficiency of lithium, and selectivity of lithium over
sodium in a liquid-liquid extraction between chloroform and an aqueous phase.
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Figure 5.1: A. 12C4, B. F14C4, and C. M14C4. Above the stick figure representation is a space filling
figure that better illustrates the difference in cavity size between the crown ethers. (Grey: Carbon; Red:
Oxygen; White: Hydrogen, Mustard yellow: Sulfur; Bright yellow: Fluorine)

Figure 5.2: The cation exchangers used in the extraction experiments. A. bis(2-ethylhexyl) phosphate
(HDEHP) and B. heptadecafluorooctanesulfonic acid tetraethylammonium salt (TPFOS).
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Extraction experiments were performed with the crown ethers in Figure 5.1 and two types of cation
exchangers; heptadecafluorooctanesulfonic acid tetraethylammonium salt (TPFOS) and bis(2ethylhexyl) phosphate (HDEHP) (Figure 5.2). TPFOS was chosen for these experiments because
of its previous use as a cation exchanger in Wai et al.’s and Mochizuki et al.’s ScCO2 extraction
studies of alkali metals with crown ether extractants (Mochizuki, Wada, Smith Jr., & Inomata,
1999; Wai, Kulyako, & Myasoedov, 1999), and its expected high solubility in ScCO2, given its
extensive fluorination. HDEHP was chosen because of its known solubility in ScCO2 (Meguro,
Iso, Sasaki, & Yoshida, 1998) and because of its known selectivity to lithium over other alkali
metals (Mcdowell, 1971).
Extractions were performed using four different aqueous chloride solutions containing:


4 mg/L lithium



4 mg/L lithium with 13,000 mg/L sodium



100 mg/L lithium



100 mg/L lithium with 2,300 mg/L sodium

The solutions were prepared by dissolving lithium chloride and sodium chloride in deionized
water.
The extractions performed used the following combinations of crown ethers and cation
exchangers:
1. 12C4 (12-crown-4)
2. M14C4 (methylene-14-crown-4)
3. F14C4 (fluorinated 14-crown-4)
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4. TPFOS (heptadecafluorooctanesulfonic acid tetraethylammonium salt)
5. HDEHP (bis(2-ethylhexyl) phosphate)
6. 12C4 and TPFOS
7. 12C4 and HDEHP
8. F14C4 and HDEHP
9. M14C4 and TPFOS
In the case of extractions from the 4 mg/L Li solution and 4 mg/L Li and 13,000 mg/L Na solution
a 100-fold excess of the crown ether and cation exchanger was used, compared to the lithium
concentration. This was modeled after the 100-fold excess used in Mochizuki’s paper (1999) and
Wai’s paper (1999) on ScCO2 extraction of alkali metals with crown ethers paired with fluorinated
cation exchangers. For the 100 mg/L Li solution and 100 mg/L Li and 2,300 mg/L Na solution the
excess was 50-fold. This lowering of the excess of crown ethers and cation exchangers compared
to the lithium content was done to be able to perform more experiments with the limited amount
of the synthesized crown ethers available to us. Modifications to the excess for the extraction from
the 100 mg/L Li and 2,300 mg/L Na solution are presented in Section 5.3.4.
The aqueous chloride extraction solutions simulate the lithium and sodium concentrations found
in existing geothermal fluids. For example, the 4 mg/L Li and 13,000 mg/L Na solution simulates
concentrations found in the separator liquid of the Reykjanes geothermal power plant in Iceland
and the 100 mg/L Li and 2,300 mg/L Na solution simulates concentrations found in testing
circulating fluids from the Los Alamos Hot Dry Rock field experiments at the Fenton Hill New
Mexico site (Grigsby, Tester, Trujillo, & Counce, 1989).
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Section 5.2 presents the experimental procedure for all of the experiments discussed in this chapter.
In Section 5.3.1 extractions with single components are evaluated and synergistic extraction
systems are covered in Sections 5.3.2-5.3.4. F14C4 and 12C4 were paired with HDEHP, the nonfluorinated cation exchanger, and M14C4 and 12C4 were paired with TPFOS, the fluorinated
cation exchanger. These pairings were motivated by the intended recovery and separation
processes for the synthesized crown ethers, a FSPE column separation similar to the one utilized
in the synthesis of F14C4. This separation method separates molecules based on the extent of their
fluorination. The separation of F14C4 and HDEHP with FSPE was successful but the separation
of M14C4 and TPFOS was not. In the supercritical fluid extraction experiments presented in
Chapter 7 M14C4 was therefore paired with HDEHP and the separation of materials after the
extraction process was performed on a column with a basic alumina solid phase. Lastly, in Section
5.4 the stability constants for the F14C4/HDEHP and M14C4/TPFOS complexes formed in the
extraction processes were calculated and analyzed.
5.2 Experimental procedure
All experiments were performed in triplicates. A typical extraction experiment was performed by
adding 0.5-1 mL of chloroform with a dissolved crown ether and/or cation exchanger to 0.5-1 mL
of an aqueous chloride solution with the dissolved alkali metal salt(s) (1:1 ratio of organic to
aqueous phase). The two-phase mixture was stirred for 30 min and then the phases were allowed
to separate. Both phases were collected. The aqueous layer was submitted for inductively coupled
plasma optical emission spectrometry (ICP-OES) after acidification to 2% nitric acid
concentration, in some cases after undergoing dilutions to ensure no analyte signal suppression or
confusion of interference tests during sample analysis. High salt concentrations can also cause
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salting out on detectors. In selected cases the organic layer was subjected to a controlled stripping
process where 0.5 mL of the layer were stirred for 30 min with 0.5 mL of 1 M trace metal grade
HCl (99.999% on a trace metal basis) and then the acid was collected. This was repeated three
times. The acidic collection was then submitted to ICP-OES. Generally, the recovery was near
100% of the extracted lithium with the bulk of the stripping taking place in the first stage. The
third stripping stage contained very little lithium, less than 5% of the extracted lithium in every
case. In the cases where stripping was not performed for lithium recovery quantification it was
performed in a more rudimentary way to maximize the recovery of the crown ether being used.
This was done for M14C4 and F14C4. The whole organic layer was washed three times with 1 M
trace metal grade HCl (99.999% on a trace metal basis) and three times with deionized water. The
organic layer was dried under reduced pressure and the resulting dry mixture was subjected to
separation on a fluorous column (FSPE). The recovery of F14C4 using this procedure was on
average 75% of the original amount of F14C4 added to the chloroform phase. Separation of
M14C4 and TPFOS with FSPE was tried with a number of different solvent systems but the
separation was ultimately unsuccessful.
5.3 Results
5.3.1

Extraction with single crown ether / cation exchanger

Before testing for extraction synergy with both a cation exchanger and a crown ether present, the
single components were tested for native extraction of lithium and sodium. Figure 5.3 indicates
that there is some extraction of lithium using the cation exchangers alone but minimal extraction
when using the crown ethers alone when extracting from a 4 mg/L Li solution. When sodium is
added and the solution is 4 mg/L Li and 13,000 mg/L Na, the lithium extraction is not statistically
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significantly different from the pure lithium case (Figure 5.4). There was an appreciable extraction
of sodium by F14C4, M14C4, TPFOS and HDEHP, up to 15% extraction, indicating that there is
room for research on more selective crown ethers and cation exchangers. The uncertainty in the
lithium concentration measurements is quite high, up to 11%, which complicates the analysis of
results. The uncertainty can be explained by the high concentration ratio between lithium and
sodium and the high sodium concentration. Because of the high sodium concentration, the
solutions submitted to ICP-OES were diluted extensively before analysis to protect the ICP-OES
from detector damage because of solution salting out, and to ensure no analyte signal suppression
or confusion of interference tests during sample analysis. This results in lower lithium
concentrations during analysis and therefore more uncertainty in the lithium concentration
measurements.
Figures 5.5 and 5.6 indicate that there is an appreciable extraction of both lithium and sodium by
TPFOS alone but none by HDEHP when extracting from a 100 mg/L Li solution and a 100 mg/L
Li and 2,300 mg/L Na solution. The crown ethers were not tested for the 100 mg/L Li solution and
100 mg/L Li and 2,300 mg/L Na solution alone, only in combination with the cation exchangers.
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Figure 5.3: Comparison of the extraction efficiency of each crown ether and cation exchanger from a 4
mg/L Li aqueous chloride solution. The data labels show the percent extraction.
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Figure 5.4: Comparison of the extraction efficiency and selectivity of each crown ether and cation
exchanger from a 4 mg/L Li and 13,000 mg/L Na aqueous chloride solution. The data labels show the
percent extraction.
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Figure 5.5: Comparison of the extraction efficiency of the cation exchangers from a 100 mg/L Li
aqueous chloride solution. The data labels show the percent extraction.
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Figure 5.6: Comparison of the extraction efficiency and selectivity of the cation exchangers from a 100
mg/L Li and 2,300 mg/L Na aqueous chloride solution. The data labels show the percent extraction.
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5.3.2

Extraction from 4 mg/L Li solutions

Extraction from a 4 mg/L Li solution was performed with F14C4/HDEHP, M14C4/TPFOS,
12C4/HDEHP, and 12C4/TPFOS. Figure 5.7 shows that the best results were achieved with a
combination of M14C4 and TPFOS, an extraction efficiency of 33%. The combination of F14C4
and HDEHP and the combination of 12C4 and TPFOS give similar results, an extraction efficiency
of about 15%, and there is no appreciable extraction with the combination of 12C4 and HDEHP.
The comparison of the extraction efficiency of 12C4 in combination with TPFOS and HDEHP in
Figures 5.7 and 5.8 suggests that TPFOS is simply a better cation exchanger than HDEHP. Clearly,
a further understanding of why this is the case is needed. This was researched as a part of the
molecular dynamic modeling of crown ether, cation exchanger, and alkali metal ion interaction in
Chapter 8. Figure 5.8 shows the extraction efficiency and selectivity of extraction from a 4 mg/L
Li and 13,000 mg/L Na solution. Again, the uncertainty of the lithium concentration measurements
increases and the lithium extraction results are not statistically different from the results for the
solution that solely contained lithium. The sodium extraction is highest for the combination of
M14C4 and TPFOS, then 12C4 and HDEHP, F14C4 and HDEHP and lastly 12C4 and TPFOS.
The amount of sodium extracted in each case shows that none of the systems are selective to
lithium over sodium in a scenario with this vast excess of sodium.
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Figure 5.7: Comparison of the extraction efficiency of crown ethers matched with cation exchangers
from a 4 mg/L Li solution. The data labels show the percent extraction.

66

Extraction efficiency

60%

40%
8%

10%

34%

12%

15%

8%

11%

21%

Li extraction
Na extraction

20%

0%

Crown ether/cation exchanger
Figure 5.8: Comparison of the extraction efficiency and selectivity of the crown ethers matched with
cation exchangers from a 4 mg/L Li and 13,000 mg/L Na solution. The data labels show the percent
extraction.
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5.3.3

Extraction from 100 mg/L Li solutions

Figure 5.9 compares three extractions from a 100 mg/L Li aqueous chloride solution. The best
results are achieved with M14C4 and TPFOS, then F14C4 and HDEHP, and lastly 12C4 and
HDEHP. When 2,300 mg/L of Na, as NaCl, is added to the aqueous chloride solution, the
extraction with 12C4 and HDEHP decreases from 7% to 0% as can be seen in Figure 5.10. The
extraction of lithium for the other two systems is lower as well, which is to be expected since some
co-extraction of sodium is taking place. In general, the M14C4/TPFOS system still has a higher
extraction efficiency than the F14C4/HDEHP system. However, the F14C4/HDEHP system
extracts less sodium and thus has a better lithium selectivity than the M14C4/TPFOS system.
Comparing these results with the single component extraction results in Figure 5.6, it can be seen
that the extraction efficiency for both lithium and sodium extraction in the M14C4/TPFOS system
is similar to the single component extraction with TPFOS. The synergistic effect does therefore
not seem to be very evident in this pairing. For F14C4 and HDEHP the synergistic effect is more
evident since no native extraction of lithium and sodium was found in extraction with HDEHP
alone (Figures 5.5 and 5.6).
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Figure 5.9: Comparison of the extraction efficiency of the crown ethers matched with cation exchangers
from a 100 mg/L Li solution. The data labels show the percent extraction.
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Figure 5.10: Comparison of the extraction efficiency and selectivity of the crown ethers matched with
cation exchangers from a 100 mg/L Li and 2,300 mg/L Na solution. The data labels show the percent
extraction.

Lastly, in these studies of lithium and sodium extraction from 100 mg/L Li solutions with a 50fold excess of the crown ethers and cation exchangers, the performance of recovered F14C4 was
compared with the performance of newly synthesized F14C4. Figures 5.11 and 5.12 show this.
The activity of F14C4 is completely restored for extraction from both the lithium and the lithium
and sodium containing solutions, that is the extraction efficiency and selectivity are essentially the
same.
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Figure 5.11: A comparison of the extraction efficiency of newly synthesized F14C4 in combination with
HDEHP and recovered F14C4 in combination with HDEHP. The graph shows that the efficiency is
restored after recovery. The data labels show the percent extraction.
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Figure 5.12: A comparison of the extraction efficiency and selectivity of newly synthesized F14C4 in
combination with HDEHP and recovered F14C4 in combination with HDEHP. The graph shows that the
efficiency and selectivity are restored after recovery. The data labels show the percent extraction.
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5.3.4

Modification of the excess of extractant and cation exchanger

Given the higher selectivity when using F14C4 and the fact that it was recoverable with FSPE
further experiments were performed on its combination with HDEHP. The ratio between F14C4,
HDEHP, and Li was altered to investigate the effect of these modifications on the extraction of
lithium and the selectivity of lithium over sodium. Figure 5.13 depicts the effect that changing
these ratios has on the extraction. When the excess of HDEHP, compared to Li, is increased to
100-fold but the F14C4 excess is decreased to 10-fold, the extraction of lithium lowers
significantly to only 7%. The extraction of sodium completely drops off. When F14C4 is kept at a
10-fold excess, compared to Li, and HDEHP is increased to a 250-fold excess, the extraction of
both lithium and sodium increases. The selectivity remains similar to the 50:50 case. The excess
of crown ether and cation exchanger compared to Li seem to have a profound effect on the
extraction efficiency and selectivity and optimization of the ratio between these two components
is pertinent to the development of the most effective extraction system. This was further
investigated in the supercritical fluid extraction experiments with F14C4/HDEHP and
M14C4/HDEHP.
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Figure 5.13: Extraction with F14C4 and HDEHP and the effect of changing the ratio between the crown
ether, cation exchanger, and Li. The columns in the middle represent the data that was already presented
in section 5.3.3. The data labels show the percent extraction. The ratio between the cation exchanger and
the crown ether is presented below each set of columns.

5.3.5

Conclusions from extraction results

The experiments performed on the 4 mg/L Li and 13,000 mg/L Na solution provide limited insight
into the extraction processes investigated because of the uncertainties in lithium concentration
analysis with ICP-OES. The further extraction experiments performed, with the 100 mg/L Li
containing solutions, provided a clearer picture of the comparative performance of the crown
ethers and cation exchangers. Thus, the conclusions that follow are based on the extraction from
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the 4 mg/L Li solution, the 100 mg/L Li solution, and the 100 mg/L Li and 2,300 mg/L Na solution,
and not the extraction from the 4 mg/L Li and 13,000 mg/L Na solution.
Overall, the commercially available 12C4 does not work well as an extractant for lithium except
when paired with TPFOS. That likely has to do with the native extraction of lithium with TPFOS
and not the synergistic extraction of 12C4 and TPFOS. When paired with HDEHP, which has no
measurable native lithium extraction itself, extraction performance was limited. Only in the case
of extraction from the 100 mg/L Li solution was there any extraction of lithium observed with the
12C4/HDEHP pairing, and even in that case the extraction was only 7%. This limited extraction
efficiency with 12C4 is consistent with earlier reported results from lithium picrate extractions
(Czech, Babb, Son, & Bartsch, 1984).
Reaction mechanism
A comparison between the 4 mg/L Li and 100 mg/L Li solutions indicates that extraction from a
lower concentration solution results in a lower extraction efficiency. This is predictable from the
overall extraction reactions (Equations 5.1 and 5.2), and can be somewhat compensated for in
extraction from lower concentration solutions by altering the amounts of crown ether and cation
exchanger, as was done in the experiments performed in this chapter.
Li
Na

+ CE

+ CA

+ CE

+ CA

=

↔ (Li − CE − CA)
↔ (Na − CE − CA)

[Li − CE − CA] [H ]
[Li ] [CE] [CA]
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+H
+H

(5.1)
(5.2)

(5.3)

=

[Na − CE − CA] [H ]
[Na ] [CE] [CA]

(5.4)

CE is the crown ether, CA is the cation exchanger, Li-CE-CA is the crown ether complex
containing lithium ions, and the cation exchanger formed in the extraction process, and Na-CECA is the complex containing sodium ions. With TPFOS as a cation exchanger the counterion to
the anionic part is not a proton but a tetraethylammonium ion. In every other regard the extraction
reactions are the same as the ones presented in Equations 5.1 and 5.2.
A comparison of the two synthesized crown ethers we studied, M14C4 and F14C4, could indicate
that M14C4 is a more efficient extractant but that F14C4 is more selective. When that assumption
is made the effect of the different cation exchangers used is ignored. Given the high native
extraction of lithium and sodium with TPFOS and the low native extraction when using HDEHP
the difference in extraction efficiency and selectivity can largely be explained by the use of
different cation exchangers rather than the use of different crown ethers. If the crown ether
structure had an effect on the extraction efficiency and selectivity it was not discernable from our
results. However, this result was further investigated in the supercritical fluid extraction
experiments when HDEHP was used as a cation exchanger with both crown ethers, M14C4 and
F14C4. In this case, the effect of the crown ether structure was more clearly discernable. Earlier
results by Suzuki and co-workers (1993) suggests that F14C4 could be more selective than M14C4
because of the bulky fluorous side chain. This increase of selectivity was also further investigated
in a molecular dynamics modeling study performed collaboratively with Andrew Ruttinger in Prof.
Paulette Clancy’s research group at Cornell. The results of the molecular dynamics modeling and
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a comparison with the liquid-liquid extractions presented in this chapter, and the supercritical fluid
extraction results presented in Chapter 7, are detailed in Chapter 8.

5.4 Stability constant calculations
The molecular dynamic modelling presented in Chapter 8 enabled us to better understand the
reaction mechanism of the extraction. The proposed breakdown of the mechanism for lithium
complex formation is as follows:
Li + 4H O ⇌ (Li(H O) )

(5.5)

(Li(H O) ) + CA ⇌ Li(H O) CA + H + H O

(5.6)

Li(H O) CA + CE ⇌ Li − CA − CE + 3H O

(5.7)

and for sodium complex formation:
Na + 6H O ⇌ (Na(H O) )

(5.8)

(Na(H O) ) + CA ⇌ Na(H O) CA + H + H O

(5.9)

Na(H O) CA + CE ⇌ Li − CA − CE + 5H O

(5.10)

Note again that in the case of M14C4/TPFOS crown ether/cation exchanger complex the
counterion to the anionic part is tetraethylammonium. The proposed mechanism above remains
the same with tetraethylammonium as the counterion. The stability constants for the
F14C4/HDEHP and M14C4/TPFOS complexes formed in the case of the extraction from the 100
mg/L lithium and 2,300 mg/L sodium solution were calculated with Equations 5.3 and 5.4 and are
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presented in Table 5.1. The crown ether and cation exchanger excess was 50-fold compared to the
lithium concentration in the aqueous phase. The F14C4/HDEHP system is clearly more selective
but the stability constant is lower than for M14C4/TPFOS, resulting in a lower extraction
efficiency.
Table 5.1: A comparison of the stability constant for complex formation with lithium and sodium in the
extraction experiments with a 50-fold excess of the crown ether and cation exchanger. These extractions
were performed on chloride solutions containing 100 mg/L lithium and 2,300 mg/L sodium.
KLi [M-1 ]

KNa [M-1 ]

KLi
KNa

F14C4/HDEHP

6.5∙10-3

2.9∙10-3

2.24

M14C4/TPFOS

2.3∙10-2

2.0∙10-2

1.15

We can also take a look at the stability constants calculated for F14C4/HDEHP when the cation
exchanger and crown ether excess was altered. The results of those calculations can be seen in
Table 5.2.
Table 5.2: A comparison of the calculated stability constants for lithium and sodium complex formation
for the F14C4/HDEHP system, using a different excess of the crown ether and cation exchanger in each
case. These extractions were performed on the 100 mg/L lithium and 2,300 mg/L sodium solution.
CA : CE : Li+

KLi [M-1 ]

KNa [M-1 ]

KLi
KNa

50 : 50 : 1

6.5∙10-3

2.9∙10-3

2.24

100 : 10 : 1

5.1∙10-4

2.6∙10-5

19.6

250 : 10 : 1

1.5∙10-2

9.5∙10-3

1.58

Noticeably, there is a significant difference in both KLi and KNa between the different extraction
experiments presented in Table 5.2. This can be explained by taking a look at the definition of the
stability constants in Equations 5.3 and 5.4. These equations only take the concentration of each
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component into account, not the activity, which would be a more accurate way to describe the
equilibrium in the extraction system, as the dissociation of the cation exchanger is not accounted
for properly. Accurately accounting for the dissociation of the cation exchanger quickly becomes
complicated. The cation exchanger does not dissociate to a large extent in the organic chloroform
phase but at the phase boundary with the brine dissociation can take place. One could potentially
treat that cation exchanger as if it dissociates to the full extent possible if it were dissolved in the
brine phase, assuming then that it functions in the same way as a surfactant, with the organic tail
in the chloroform phase and the anionic head at the phase boundary. In fact, TPFOS is a known
surfactant, belonging to a group of surfactants called fluorosurfactants, and its behavior in the
liquid-liquid extraction experiments was consistent with surfactant behavior at phase boundaries
(Buck, Murphy, & Pabon, 2012). However, the data available for extractions performed with
TPFOS only enables a single calculation of the stability constant and thus, the application of this
assumption cannot be confirmed in any way.
For HDEHP the treatment as a surfactant is less straightforward, given the fact that the interfacial
activity of HDEHP is solvent dependent (Szymanowski et al., 1997). If we assume that we can
treat the F14C4/HDEHP extraction system, between a neutral aqueous phase and chloroform
phase, in this way we can account for the dissociation of the HDEHP and the effect on the stability
constant by calculating the activity coefficient of HDEHP from the Debye-Hückel limiting law. In
this case, the ionic strength of the solution is high enough to suggest that the extended DebyeHückel form should be used as expressed in equation 12-68 in Tester and Modell (1997):

log

±

=

1.8248 ∙ 10
(
)
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/
/

(

)

/

∙

1+

/

(5.11)

where ρs is the density of water in kg/L, Ds is the relative permittivity (dielectric constant) for
water, z+z–, is the charge product of dissociated HDEHP (i.e. z+z–= -1), and I is the ionic strength
of the solution of HDEHP in the aqueous phase. I is defined by:

=

1
2

=

(5.12)

where m is the molality of HDEHP in the aqueous phase. The definition of B is as follows:
5.0292 ∙ 10
=
(
)/

/

(5.13)

r0 is the effective ionic radius of the ion in question. In the case of this model, where HDEHP is
treated as a surfactant, the effective ionic radius can be assumed to be the same as for other
common electrolyte ions like H+ or Cl–; 3.5 ∙ 10

m (Tester & Modell, 1997), because the large

lipophilic tail of HDEHP is fully dissolved in the organic phase. The only part of the HDEHP
cation exchanger that is in contact with the aqueous phase is the anionic head, and the proton
formed in the dissociation reaction.
The modified definition of the stability constant used, based on activities, is given as:

=

∙

∙
∙

=

[Li − CE − CA]
∙
[H ]
[Li ] ∙
[CE]
∙
[CA]

(5.14)
=

where

=

Li−CE−CA H+
Li+ CE

[Li − CE − CA] [H ]
[Li ] [CE] [CA]

∙

1

∙

is a constant and can be incorporated in the stability constant, i.e.

. Here γ is the activity coefficient of each component, defined as
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=

∙

∗

=

with x being the mole

fraction of each component,

the fugacity of a pure component, and

the fugacity of the

component in the phase it is dissolved in.
The application of the Debye-Hückel limiting law was not very successful as can be seen in Table
5.3; the difference between the calculated stability constants for the different cases of cation
exchanger excess persists. The limitations to the application of the Debye-Hückel limiting law are
discussed by Tester and Modell (1997) in Section 12.4. The application of it is not suggested for
solutions with ionic strength higher than 0.01 and even though the application of the extended law
provides a slightly larger range of validity the difference is not very extensive. If we solely consider
the ionic strength of HDEHP in the aqueous phase, and ignore the dissolved LiCl and NaCl, the
ionic strength is between 0.7 and 3.3 mol/L, much too high for the application of either of the
Debye-Hückel limiting laws. In the Debye-Hückel limiting laws the activity coefficient decreases
with increased ionic strength, but as can be seen in e.g. Figure 12.4 in Tester and Modell’s book
(1997), this is not the case for many higher ionic strength ionic solutions, resulting in a poor
agreement between predictions based on Debye-Hückel limiting law expressions and experimental
data.
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Table 5.3: A comparison of the calculated stability constants for lithium and sodium complex formation
for the F14C4/HDEHP system, using a different excess of the crown ether and cation exchanger in each
case. These stability constants were calculated incorporating activity coefficients for HDEHP, estimated
with the extended Debye-Hückel limiting law. The extractions were performed in aqueous chloride
solutions containing 100 mg/L lithium and 2,300 mg/L sodium.
∗

∗

[M-1 ]

[M-1 ]

KLi
KNa

50:50:1

1.1 ∙ 10-2

4.8∙10-3

2.29

100:10:1

9.4∙10-4

4.7∙10-5

20.0

250:10:1

3.0∙10-2

1.9∙10-2

1.58

Other suggested models for determining the activity coefficient of ionic species, e.g. the Pitzer ion
interaction model, are more empirical and require experimental data for their application. In the
absence of experimental data for HDEHP we cannot use those models. However, we can use them
for the salts dissolved in the aqueous phase, namely LiCl and NaCl, where data exist. The two
brines investigated in this chapter did have different concentrations of LiCl and NaCl but since the
results for the extraction from the 4 mg/L Li and 13,000 mg/L Na solution where not reliable a
comparison of the effect of the LiCl and NaCl concentration on the stability constants for lithium
and sodium complex formation cannot be investigated. In Chapter 7, supercritical fluid extractions
were performed using an aqueous solution with different LiCl and NaCl concentrations to the ones
used in this particular set of experiments. This change provided an opportunity to use the Pitzer
ion interaction model to compare the stability constants for complex formation for extraction from
solutions with varying ionic strength, since experimentally determined model parameters are
available for LiCl and NaCl. Further discussion of use of the Pitzer ion interaction model is
continued in Chapter 7.
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5.5 Summary
The two crown ethers synthesized for this research provide an interesting starting point for the
development of a supercritical fluid extraction process for the extraction of lithium from
geothermal brines. A comparison between the F14C4/HDEHP and M14C4/TPFOS systems shows
that the F14C4/HDEHP system is more selective to lithium over sodium than the M14C4/TPFOS
system. However, more of both lithium and sodium is extracted with the M14C4/TPFOS system.
The difference between these systems on a molecular level is investigated further in Chapter 8,
with molecular dynamics modeling.
The extraction efficiencies in the extractions performed in this chapter are all below 40%, which
is the overall recovery of lithium in traditional lithium salt lake brine mining. A direct comparison
between traditional lithium brine mining and the research in this chapter is however not very
realistic. In traditional lithium brine mining, the extractions are performed from the highest grade
resources in the world, with concentrations ranging from 200-4000 ppm by weight (Tahil, 2007),
compared to 4 ppm and 100 ppm in the current research. Traditional lithium brine mining relies
heavily on solar evaporation, resulting in an overall brine processing time of 18-24 months whereas
the liquid-liquid extractions performed here took an hour and can very likely be done in a much
shorter time span (Koshima & Onishit, 1986). Finally, and perhaps most importantly, these
extractions have not been optimized. The research performed here was a first attempt at evaluating
the comparative performance of the synthesized crown ethers. Each of them was paired with one
type of cation exchanger and the only optimization attempted was through altering the amount of
crown ether and cation exchanger used in the extraction processes. Further optimization was not
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performed since the intended use of the crown ethers is in ScCO2 extraction, not in liquid-liquid
extractions between an aqueous phase and a chloroform phase.
The main takeaway from this chapter is the superior performance of the F14C4/HDEHP system in
selective lithium extraction, the successful recovery post extraction and reuse in further extraction
of F14C4, and the lack of success in recovery of M14C4 from a mixture of M14C4 and TPFOS
post extraction. Thus, in the supercritical fluid extractions in Chapter 7, TPFOS is eliminated from
the experiments and M14C4 is instead paired with HDEHP. Pairing with TPFOS for F14C4 and
M14C4 is performed with molecular dynamics modeling in Chapter 8, to prevent further loss of
the synthesized crown ethers.
In the next chapter, Chapter 6, another feature which is very important to the development of a
supercritical fluid extraction system is investigated, namely the solubility of M14C4 and F14C4
in ScCO2. The combination of good extractant solubility with effective and selective extraction is
the key to developing a useful supercritical fluid extraction system.
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Chapter 6: Solubility studies and solubility modeling of fluorinated and non-fluorinated 14crown-4 ethers
The solubility of the synthesized crown ether extractants in supercritical carbon dioxide (ScCO2)
is pertinent to the development of an effective supercritical fluid extraction process for lithium. In
this chapter the solubility of M14C4 and F14C4 is investigated, both experimentally and with
thermodynamic modelling. Molar solubilities as a function of pressure at two temperatures, 60°C
and 85°C, for both crown ethers, were studied. Two different predictive models were then
developed, for comparison with the experimentally determined solubility curves. The first model
is a simple linear model of the logarithm of the solubility versus the logarithm of the density of the
ScCO2 phase. The second model is based on a macroscopic equation of state where the
thermodynamic properties that affect the solubility of the compounds in ScCO2 are estimated in
detail to predict the thermodynamic behavior of a dilute two-phase system.
6.1 Experimental determination of crown ether solubility
6.1.1 Overview of experimental systems for the determination of solubility in supercritical
fluids
There are two general classes of methods that can be used for experimentally determining the
equilibrium solubility of compounds in supercritical media; static methods and dynamic methods
(Gupta & Shim, 2006). Broadly speaking, static methods are methods where the solubility of the
compound under investigation is determined inside the main reactor in the system, and where the
compound is allowed to be in contact with the supercritical solvent for a long time to reach
equilibrium. Dynamic methods on the other hand are methods where a constant flow of the
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supercritical solvent is applied and the solubility of the compound under investigation is
determined using an outside measurement device (e.g. chromatographically). The major risk of
applying dynamic methods is the possibility that the system is not in equilibrium. The major risks
for static methods involve pressure drop during sample withdrawal and propagation of error due
to multiple sampling in a single run. The risks mentioned here for both dynamic and static methods
can be mitigated with proper experimental procedures.
With the experimental equipment available to us three different methods, all static, were
investigated before settling on the most effective and accurate method for our purposes. The
preferred method was a static method with a spectroscopic determination of the solubility of the
crown ethers inside the reactor, through two sapphire windows. Unfortunately, the crown ethers
in this research did not have any peaks in the spectroscopic range available to us. The spectra taken
to confirm this can be seen in Appendix D. The spectrophotometer used was a Shimadzu UV 3600.
The second method investigated was a static method with visual observance of solubility and
progressive solute injection after each data collection point. The injection method was found to be
inaccurate in the range of solubilities and pressures desired for examination and was thus
abandoned. The sample loop in the injection valve was not properly emptied between measurement
points. Figure 6.1 shows a flow sheet for the overall system. A schematic depiction of the injection
valve is given in Figure 6.2.
The final method that was ultimately utilized employed a static technique where a reactor is loaded
with the compound of interest, the reactor is heated, and the supercritical solvent is slowly pumped
into the reactor until all of the loaded compound is solubilized. The solubility was visually
determined through a set of sapphire windows on the reactor.
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Figure 6.1: Experimental system flowsheet for the system used to test the accuracy of utilizing a static
system approach with progressive injection. The injection valve with its sample loop is shown in detail in
Figure 6.2.

Figure 6.2: A schematic of the sample injection valve tested for use in solubility determination
experiments with solute injection.
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6.1.2 Experimental system for solubility curve development
Figure 6.3 shows a general flow sheet for the experimental system used in the solubility
experiments performed in this research. The flow sheet shows a high pressure and high temperature
reactor system that was fabricated in the laboratory at Cornell. In addition to the flow sheet in
Figure 6.3, a photograph of the system can be seen in Figure 6.4.

Figure 6.3: A schematic of the experimental system used for solubility studies.
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Figure 6.4: A photograph of the experimental system used for solubility studies.

The main experimental objective for the system was to quantify the pressure and temperature
dependency of the solubility of synthesized crown ethers in ScCO2. A syringe pump was used to
deliver carbon dioxide to the reactor where the solubility of the crown ethers was observed. Two
different reactors were utilized, a 25 mL reactor and a 3.5 mL reactor. For the 25 mL reactor the
temperature inside the reactor was controlled by a direct thermocouple measurement through a
port in the reactor body. The signal from the thermocouple was directed to a temperature controller
that controlled the heating tape wrapped around the reactor. For the 3.5 mL reactor the temperature
inside the reactor was controlled by a thermocouple measurement in a thermal well in the reactor
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body. The signal from the thermocouple was directed to a temperature controller that controlled
heating rods that were inserted into the reactor body. Stirring in the reactors was done with a
magnetic stir bar and a stir plate. Depressurization took place through a micrometering valve that
was heated with heating tape to prevent clogging by the formation of solid carbon dioxide due to
temperature drop over the valve. Safety features of the system included a pressure relief valve, set
to 345 bar (5,000 psi), a rupture disc, set to 327 bar (4,750 psi), and a maximum pressure setting
on the pump, set to 345 bar (5,000 psi). In addition, the reactor was never heated after
pressurization to prevent pressure build up due to the heating of the carbon dioxide inside the
reactor.
6.1.3 Experimental procedure for solubility studies
The general procedure for the solubility studies performed is detailed in this section.
1. Vessel preparation and loading. A clean 25 mL reactor (Thar Tech Inc., Material: 316SS
Maximum allowable operating conditions: 413 bar (6,000 psi) at 150°C) or 3.5 mL reactor
(machined at Idaho National Laboratory (Fox, 2003)) was loaded with a measured amount
of the material being studied. This was done by pipetting the material into the reactor with
one of the window caps removed. For the 25 mL reactor, a Viton O-ring with a chemically
resistant fluoropolymer coating (McMaster-Carr: 93445K218) was slid onto a sapphire
window (diameter: 1.25 in., viewable diameter: 1 in.) and adjusted to be flush against one
of the window's edges. The window, with the O-ring facing down, was placed between the
cap and the reactor. Before screwing the cap into the reactor, the threads were coated with
copper or nickel grease to prevent galling (e.g. Loctite N-500). The cap was screwed into
the reactor using a specifically designed 1.5 in spanner wrench (Thar, 03224) until tight. A
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metal pipe was then slid onto the wrench to tighten the cap a bit further. For the 3.5 mL
reactor, a Teflon washer was placed into the window opening, the sapphire window was
placed on top of the gasket with a brass O-ring on top of it, and finally the window cap was
placed on top of the window assembly (diameter: 0.7 in., viewable diameter: 0.579 in.).
The window cap was tightened down with four bolts in a star pattern with a hex key until
the bolts were tight.
2. Heating. The 25 mL reactor was heated and temperature controlled by wrapping it in
heating tape (HTS/Amptak: DuoTape® AWH-051-080D) that was controlled by an
Omega CN9121A temperature controller. The temperature controller was connected to a
type J thermocouple with direct access to the fluid inside the reactor through a 3/8‘‘ NPT
port in the reactor, and a solid-state relay (Omega: SSR330DC25) to control the signal to
the heating tape. The solid-state relay was connected to a solid-state power controller (a
transformer, Cole-Parmer Instrument Company: 2604-00). The solid-state power controller
was set to 25% power during heating and experimental operation to prevent damage to the
reactor body, windows, and O-rings because of rapid changes in temperature. A schematic
of the temperature control set up can be seen in Figure 6.5. The 3.5 mL reactor was heated
with two 150 W cartridge heaters (Omega) that were slid into holes that had been drilled
into the reactor body and temperature controlled in the same manner as the 25 mL reactor.
In the case of the 3.5 mL reactor the type J thermocouple did not have direct access to the
fluid inside the reactor but was placed in a thermocouple well on the side of the reactor.
The solid-state power controller was set to 30% power during heating for the 3.5 mL
reactor.
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Figure 6.5: Schematic of the temperature control of the 25 mL reactor. For the 3.5 mL reactor the
temperature control was the same with the exception of the use of cartridge heaters instead of heating tape
to heat the reactor, and the placement of the thermocouple in a thermocouple well in the reactor body
instead of into a port with direct access to the fluid inside the reactor.

3. Pressurization. The reactor was pressurized after heating with a syringe pump (Teledyne
ISCO: 100X). The pump was filled with carbon dioxide from a size 200 instrument grade
(100% pure) carbon dioxide tank from Airgas. The pressure in the reactor system was
monitored with a pressure transducer (Omegadyne: PX906-5KGV). The pressure
transducer was calibrated by Transcat® in May 2017. The pressure in the reactor system
was increased until all of the loaded material had been solubilized. The point of complete
solubility was visually observed through the reactor’s sapphire windows (see Figure 6.6).
During initial pressurization, up to about 130 bar, the pressure was increased with a carbon
dioxide flowrate of 1.5 ml/min for the 3.5 mL reactor and a flowrate of 5 ml/min for the
25 mL reactor. As the point of complete solubility neared the flowrate was slowed down
and the pressure in the system was changed in 1 bar increments. The content of the reactor
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was allowed to equilibrate for a few minutes at each increment, to ensure equilibrium
conditions inside the reactor. On average, the pressurization process and solubility
determination took about half an hour.
4. Depressurization. At the conclusion of an experiment the reactor was depressurized
through a micrometering valve. The outlet stream bubbled through a methanol solution in
a graduated cylinder to trap any material in the outlet carbon dioxide flow in the methanol
solution. The graduated cylinder was inside a fume hood to ensure proper venting of carbon
dioxide at the outlet. The methanol solution at the outlet was collected and dried under
reduced pressure to recover of as much of the material that was loaded into the reactor as
possible. The micrometering valve was heated by wrapping it in heating tape to prevent
freezing during pressure drop. The heating tape was connected to a transformer to enable
adjustments to the heating. The transformer was generally set to 25% power.
5. Cleaning. After depressurization the reactor was disconnected from the reactor system.
Both window caps were removed and the reactor was cleaned with about 50 mL of
methanol and 50 mL of acetone. The cleaning solution was collected and dried under
reduced pressure for material recovery. The reactor was then wiped with a couple of
acetone-soaked Kimwipes and a dry Kimwipe. After each set of solubility experiments (310 runs), the reactor system was cleaned by attaching a piece of tubing in place of the
reactor and pumping 100 mL of methanol and 100 mL of ethyl acetate through the system
using an HPLC pump (Agilent 218 solvent delivery module). The methanol and ethyl
acetate that were pumped through the system were collected and dried under reduced
pressure. The recovery from the outlet solution, the reactor cleaning solution, and the
reactor system cleaning solution were combined for reuse in solubility or extraction
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experiments. Before the recovered material was reused the conservation of the chemical
structure was confirmed by 1H NMR and/or 19F NMR. Occasionally the recovered material
was cleaned by running it through a fluorous silica column (FSPE).

Figure 6.6: Photographs showing the progress of solubility experiment of M14C4 in ScCO2 at 60°C from
100 bar through the point of complete dissolution at 200 bar. 1. P = 100 bar, 2. P = 150 bar, and 3. P =
200 bar.

6.1.4 Confirmation of experimental system accuracy
Before this reactor system and experimental procedure was used to quantify the solubility of the
crown ethers synthesized in this work, the accuracy of the system was confirmed by running a
number of solubility experiments using bis(2-ethylhexyl) phosphate (HDEHP) and comparing
with literature data. Figure 6.7 illustrates the comparison between the experiments performed in
this work and the literature data available to us. The experiments in this study and the literature
data were all collected at 60°C.
The data are plotted logarithmically as
ln( ) =

ln( ) +
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(6.1)

where S is solubility in mol/L, ρ is density in g/L, and p and q are constants. The density is taken
to be the reported density of pure carbon dioxide at the measured temperature and pressure. The
conversion between pressure and density was retrieved from NIST (Span & Wagner, 1996).
Reported densities were based on pure carbon dioxide at measured temperatures and pressures for
all experiments performed in this study as well as with any of the literature solubility data that our
experiments were compared with.
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Figure 6.7: A linear comparison of the logarithm of solubility as a function of the logarithm of density
for this study and the available literature data for HDEHP (Meguro, Iso, Sasaki, & Yoshida, 1998).

The linear fit was performed using a least-squares regression in Microsoft Excel, and the
uncertainty denotes its standard deviation. A comparison between the calculated slope and
intercept for the two populations can be seen in Table 6.1. A 95% confidence interval for each
slope was also calculated but given the very few data points available from the literature, the 95%
confidence interval of the slope from Meguro et al. was very large; [-12.2, 38.8]. For the current
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study the 95% confidence interval was [10.2, 13.3]. The slope from the literature is within the 95%
confidence interval for the slope calculated for the current study.
Table 6.1: A comparison between the calculated slope and intercept in a literature study of HDEHP and
in this research at 60°C. The uncertainties shown are the standard deviation of the slopes and intercepts.
Literature data

This research

Slope

13.29 ± 2.01

11.87 ± 1.08

Intercept

2.76 ± 0.75

1.97 ± 0.39

A t-test was used to determine to which degree of certainty the slopes of the two populations were
the same. The probability of the slopes being different was found to be between 0.3 and 0.4. In
other words, there is a 30 to 40 % chance of the slopes being different. The equations for these
calculations can be seen Appendix E. The reason these probabilities are quite high mainly has to
do with the limited number of datapoints available in the literature for comparison, only three
datapoints at 60°C. Another option for comparison of the two populations is to treat them as one
population and calculate the R2 value for the linear fit of the logarithm of solubility as a function
of the logarithm of density for the combined population. Figure 6.8 depicts this. This linear fit is
good, with an R2 = 0.96.
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Figure 6.8: A linear representation of the logarithm of solubility as a function of the logarithm of density
for the combined data from this study and the available literature data for HDEHP (Meguro et al., 1998).

It is worth noting that the linear relationship between the logarithms of solubility and density is
not universal and only applies in a specific pressure range which is unique to the material being
researched. Additionally, this behavior is temperature dependent. A study by Meguro et al.
(Meguro et al., 1998) showed that this behavior is for example not displayed by tributyl phosphate
(TBP) at 80°C and 90°C, whereas it is displayed at 50-70°C. This comparison of HDEHP solubility
therefore only serves to confirm the accuracy of the experimental system. The largest discrepancy
between the literature data and the experimental results in this study is at the highest density and
pressure, where the largest amount of HDEHP is dissolved in the ScCO2 phase. The kinetics of
dissolution slow down at higher solubilities and likely the experiments performed here did not give
the system enough time to equilibrate at the highest density and pressure. This was taken into
account in the performance of future solubility determination experiments by allowing the system
to equilibrate for longer between pressure increments. Additionally, the experimentally determined
solubility of M14C4 and F14C4 in ScCO2 is in every case at least three times lower than the highest
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solubility values measured for HDEHP. The slower kinetics at higher solubilities can therefore
likely be ignored.
6.1.5 Experimental solubility determination of M14C4
The pressure at complete dissolution of M14C4 in ScCO2 was determined for six different loading
amounts at 60°C and five different loading amounts at 85°C. Triplicate experiments were
performed for each data point. Table 6.2 show the pressure observed for each solubility point.
Figure 6.9 depicts the solubility as a function of pressure and Figure 6.10 depicts the solubility as
a function of density.
Table 6.2: Experimental data for the solubility of M14C4 in ScCO2 as a function of pressure at 60°C. The
reported uncertainty in the pressure is the standard deviation of triplicate experiments. The temperature is
accurate to 1°C. The estimated experimental uncertainty for the solubility is 0.01 mol/L, stemming from
uncertainty in the measurement of M14C4 with a pipette into the reactor.
Solubility at 60°C [mol/L]

Pressure [bar]

Density [g/cm3]

0.06

139 ± 2

0.558

0.10

153 ± 1

0.616

0.12

162 ± 1

0.645

0.18

170 ± 1

0.666

0.24

191 ± 1

0.709

0.30

205 ± 3

0.732
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Table 6.3: Experimental data for the solubility of M14C4 in scCO2 as a function of pressure at 85°C. The
reported uncertainty in the pressure is the standard deviation of triplicate experiments. The temperature is
accurate to 1°C. The estimated experimental uncertainty for the solubility is 0.01 mol/L, stemming from
uncertainty in the measurement of M14C4 with a pipette into the reactor.
Solubility at 85°C [mol/L]

Pressure [bar]

Density [g/cm3]

0.01

130 ± 1

0.318

0.04

167 ± 1

0.463

0.06

182 ± 1

0.513

0.10

214 ± 3

0.596

0.12

248 ± 4

0.659

Figure 6.9: Experimental data for the solubility of M14C4 in ScCO2 as a function of pressure for T =
60°C and T = 85°C.
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Figure 6.10: Experimental data for the solubility of M14C4 in ScCO2 as a function of density for T =
60°C and T = 85°C.

6.1.6 Experimental solubility study of F14C4
The pressure at complete dissolution of F14C4 in ScCO2 was determined for seven different
loading amounts at 60°C and five different loading amounts at 85°C. Triplicate experiments were
performed for each data point. Tables 6.4 and 6.5 show the pressure for each solubility point.
Figure 6.11 depicts the solubility as a function of pressure and Figure 6.12 depicts the solubility
as a function of density.
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Table 6.4: Experimental data for the solubility of F14C4 in ScCO2 as a function of pressure at 60°C. The
reported uncertainty in the pressure is the standard deviation of triplicate experiments. The temperature is
accurate to 1°C. The estimated experimental uncertainty for the solubility is 0.01 mol/L, stemming from
uncertainty in the measurement of F14C4 with a pipette into the reactor.
Solubility at 60°C [mol/L]

Pressure [bar]

Density [g/cm3]

0.02

139 ± 1

0.558

0.03

143 ± 2

0.577

0.04

146 ± 0

0.590

0.05

158 ± 2

0.633

0.06

171 ± 3

0.668

0.15

203 ± 2

0.729

0.27

285 ± 0

0.819

Table 6.5: Experimental data for the solubility of F14C4 in ScCO2 as a function of pressure at 85°C. The
reported uncertainty in the pressure is the standard deviation of triplicate experiments. The temperature is
accurate to 1°C. The estimated experimental uncertainty for the solubility is 0.01 mol/L, stemming from
uncertainty in the measurement of F14C4 with a pipette into the reactor.
Solubility at 85°C [mol/L]

Pressure [bar]

Density [g/cm3]

0.02

179 ± 4

0.504

0.03

196 ± 2

0.553

0.04

199 ± 1

0.561

0.05

213 ± 3

0.594

0.06

231 ± 3

0.630
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Figure 6.11: Experimental data for the solubility of F14C4 in ScCO2 as a function of pressure for T =
60°C and T = 85°C.

105

Figure 6.12: Experimental data for the solubility of F14C4 in ScCO2 as a function of density for T =
60°C and T = 85°C.

6.1.7 Discussion and comparison of the crown ethers
The solubility of the crown ethers in ScCO2 is much higher than for the other crown ethers that
solubility data are available for in the literature. In fact, it is two or three orders of magnitude
higher. For a direct comparison with solubilities from the literature refer to Table 6.6.
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Table 6.6: A comparison between the highest reported solubility for crown ethers in a number of
literature studies, compared with the highest reported solubilities in this research. For the structures of the
crown ethers discussed in the literature refer to Figures 3.4 and 3.6 in Chapter 3 of this thesis.
Crown ether

Solubility [mol/L]

Temperature [°C]

Pressure [bar]

Density [g/cm3]

Crown 1 (Fig. 3.4)

1.3 · 10-5

60

203

0.729

Crown 2 (Fig. 3.4)

1.0 · 10-5

60

203

0.729

Crown 3 (Fig. 3.4)

4.3 · 10-4

60

203

0.729

H-crown (Fig. 3.6)

3.3 · 10-4

50

405

0.955

F2-crown (Fig. 3.6)

2.5 · 10-4

50

405

0.955

F6-crown (Fig. 3.6)

2.9 · 10-4

50

405

0.955

M14C4

3.0 · 10-1

60

205

0.732

F14C4

2.7 · 10-1

60

285

0.819

A comparison between the two temperatures tested for each crown ether reveals that the solubilities
are generally higher at the lower temperature, T = 60°C. This is consistent with literature data and
has to do with the lower density of the ScCO2 phase at the higher temperature (Gupta & Shim,
2006). When the solubilities are plotted as a function of density instead of pressure the curves for
the two temperatures, respectively for each crown ether, are more aligned although they do not fall
on the exact same curve. The reason they do not fall on the exact same curve presumably has to
do with the effect of vapor pressure and volatility on compound solubility in ScCO2. For more
discussion on the effect of vapor pressure and volatility on compound solubility in ScCO2 refer to
Section 3.2 in Chapter 3 and to Section 6.4.3 in this chapter.
When comparing the solubility of the two crown ethers, the non-fluorinated crown ether M14C4
has a definitively higher solubility than the fluorinated crown ether F14C4 (Figures 6.13-6.15).
For example, at 60°C and 200 bar the solubility of M14C4 is double that of F14C4. This was
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initially a surprising result given the extensive fluorination of F14C4. It seems that the length of
the fluorinated tail on the F14C4 decreases the volatility of the compound a lot as compared to
M14C4, resulting in a lower solubility. This suggests that the volatility is actually a main
contributing factor to the solubility of M14C4. The thermodynamics of solubility in each system
were investigated further with the construction of a theoretical equation of state (EOS) model. The
EOS model construction and results are covered in Section 6.4. Since M14C4 and F14C4 are newly
synthesized compounds, thermodynamic data are not available in the literature. Group contribution
methods were therefore used to predict a number of thermodynamic properties for both compounds
but for M14C4 we were also able to experimentally determine the vapor pressure, the experimental
determination for which is covered in the next section. The measurement of the vapor pressure of
F14C4 was not possible with the experimental equipment available, since F14C4 is a solid at
standard conditions.
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Figure 6.13: Experimental data for the solubility of F14C4 and M14C4 in ScCO2 as a function of
pressure at T = 60°C.
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Figure 6.14: Experimental data for the solubility of F14C4 and M14C4 in ScCO2 as a function of
pressure at T = 85°C.
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Figure 6.15: Experimental data for the solubility of F14C4 and M14C4 in ScCO2 as a function of density
for T = 60°C and T = 85°C.

6.2 Vapor pressure measurements of M14C4
To incorporate thermodynamic data in the theoretical equation of state model presented in Section
6.4, the vapor pressure of M14C4 was measured.
The vapor pressure of M14C4 at a single temperature point was measured with the experimental
system depicted in Figure 6.16. The experimental system was a traditional vacuum distillation set
up, modified slightly to enable direct temperature measurement of M14C4 in the vapor phase. This
system is similar to systems reported in the literature (Aim, 1978; Dias et al., 2005; Ljunglin &
Van Ness, 1962), but not designed or calibrated to provide high accuracy results. The accuracy of
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the system was evaluated prior to the vapor pressure measurement of M14C4 by measuring the
vapor pressure of ethylene glycol and comparing with literature values. The value of the vapor
pressure of ethylene glycol determined at 63°C was within a 5% error from the literature value;
1.9 torr versus the literature value of 1.81 torr (Haynes, 2009). The measured value of the vapor
pressure of M14C4 is therefore assumed to be within 5% of the correct value. The goal of this
vapor pressure study of M14C4 was to give us an estimate for the vapor pressure that could inform
the modeling of the solubility of M14C4 in ScCO2. This value should not be taken as a standard
reference value as it was not measured with equipment used to produce high accuracy values.
The main part of the system was a short path distillation head connected to two round bottom
flasks; a reservoir and a collection flask. The distillation head was also connected to a vacuum
pump and a pressure gauge. Water flow was used to cool the cooler leg of the short path distillation
head to condense the distillate into the collection flask. A temperature probe (J type thermocouple)
was threaded through the distillation head into the reservoir flask for direct measurement of the
temperature of M14C4 in the vapor phase.
Prior to an experimental run, M14C4 was measured into the reservoir flask and the flask was
immersed in an oil bath. The rest of the distillation system was connected to the reservoir flask
and the pressure was lowered to about 0.1 torr with the vacuum pump. Degassing was allowed to
take place for about 30 minutes, or until the M14C4 stopped bubbling. The oil bath was then heated
very slowly until the M14C4 started to distill through the short path and condense in the collection
flask. At this point, the pressure in the system was noted and the temperature of the vapor phase
was measured; about 1 cm above the liquid surface of M14C4. Note that the distillation head was
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insulated with cotton material and aluminum foil to maintain a similar temperature throughout the
heated part of the distillation system.
For M14C4, the measured vapor pressure of the system at these conditions was 0.18 torr at a
measured temperature of 70.0°C with a standard deviation of 2.6°C. This data was included in the
model that is presented in Section 6.4.

Figure 6.16: A schematic figure of the experimental system for vapor pressure determination. The main
components of the system are a distillation head, two 25 mL round bottom flasks, a heated oil bath,
temperature probe, and vacuum pump. The vapor path from the round bottom flask up the distillation
head was about 10 cm, and the condensation path was about 5 cm.
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6.3 Linear logarithmic model
The simplest model for comparison with experimental ScCO2 solubility data is a linear fit for the
logarithm of solubility as a function of the logarithm of system density (Gupta & Shim, 2006; Lin,
Smart, & Wai, 1995; Meguro et al., 1998; Smart et al., 1997). The equation for this is the same as
the one used in the confirmation of the accuracy of the experimental system with HDEHP,
Equation 6.1:
ln( ) =

ln( ) +

Figures 6.17 and 6.18 show the linear fit of this model for M14C4 and F14C4. The linear fit was
performed using a least-squares regression in Microsoft Excel (see regression equations in
Appendix E).
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Figure 6.17: The logarithm of solubility plotted as a function of the logarithm of density for M14C4 and
F14C4 at 60°C.
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Figure 6.18: The logarithm of solubility plotted as a function of the logarithm of density for M14C4 and
F14C4 at 85°C.

The linearity of the ln(S) – ln(ρ) data is very clear in all cases for the range researched. Table 6.7
shows a comparison of the slope and intercept for both crown ethers at 60°C and 85°C. In both
cases, the slope and intercept are larger at 60°C. The uncertainty in the table is the standard
deviation calculated from triplicate experiments.
In Gupta’s solubility book (Gupta & Shim, 2006) the temperature dependence of the slope and
intercept are quantified as

+

(6.2)

= +

(6.3)

=

with a, b, c, and d as fitted empirical parameters. The smaller slope and intercept for the higher
temperature are aligned with this quantification. Unfortunately, further comparison with this
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quantification cannot be made since the experimental data is only for two temperatures and more
than four would be needed for a statistically significant comparison given the number of adjustable
parameters.
Table 6.7: A comparison of the slope and intercept for M14C4 and F14C4 at 60°C and 85°C.
Compound

Temperature

p (slope)

q (intercept)

M14C4

60°C

5.96 ± 0.34

0.61 ± 0.15

85°C

3.76 ± 1.76

-0.41 ± 1.32

60°C

6.45 ± 2.91

0.00 ± 1.32

85°C

5.10 ± 3.95

-0.37 ± 2.26

F14C4

6.4 Equation of state model
Solubility in ScCO2 can be effectively modeled using a cubic PVT Equation of State (EOS)
approach. The goal of this part of the solubility modeling work was to predict solubility as a
function of pressure at specified temperatures for M14C4 and F14C4 and fit the curve to the
solubility data collected. In this case, the fitting of the data takes place through the adjustment of
two ij binary interaction parameters between the carbon dioxide phase and the solubilized crown
ether. The ij parameters are imbedded in the mixing rules.
We can predict the mole fraction of compounds solubilized in ScCO2, at a given temperature and
pressure, by equating the fugacity (
(L) with the fugacity (

) of the crown ether (CE) compound in a pure liquid phase

) of the compound solubilized in the ScCO2 phase (sf), assuming that

the two phases are in equilibrium:
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=

(6.4)

Using the fugacity coefficient, , and Poynting correction to express both sides of Equation 6.4,
= 1), we get:

and assuming that the liquid crown ether is pure (

=

=

,

,

(6.5)

,
,

and
=

where

( , ,

=

)

(6.6)

is the vapor pressure of the crown ether in the liquid phase,

,

is the molar

volume of the crown ether in the liquid phase, and R is the universal gas constant.
This gives the equation



,

,

=

,
,

( , ,

=

(6.7)
)

and isolating the mole fraction of the solubilized crown ether in this equation gives

=

,



,

,

( , ,



)

(6.8)
,

Since the crown ether is treated as a pure liquid it can be assumed to be incompressible and thus,
is a constant with pressure. The vapor pressure of the crown ether is low at the temperatures
of interest in our studies so 

,

,

≅ 1. This results in a simplified equation:
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−

1

,

=

( , ,



,

(6.9)

)

This equation is not explicit for the mole fraction of the crown ether in the supercritical fluid,
, since it also appears in the fugacity coefficient () for the mixture on the right side of the
equation. To be able to solve this equation we need to set up an equation for the fugacity coefficient
of the mixture. Equation 9-144 in Tester and Modell‘s book, Thermodynamics and Its
Applications, is directly applicable here (Tester & Modell, 1997):

+

2

( − 1) −

=


+ 1−

1−

( − )

,

−

2√2

+

1 − √2

+

1 + √2

(6.10)
where

=

(

)

,

=

, and

=

and am and bm follow Van der Waals one-fluid mixing rules presented in Gupta’s book on solubility
(Gupta & Shim, 2006):
=

=

+2

+

1−

1−

1−

+
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+ 1−

,

1−

,

+ 1−

(6.11)

(6.12)

Here:

= 0.45724

( )
( )

1 + 0.37464 + 1.54226

− 0.26992

1−

= 0.45724

( ( ) )
( )

1 + (0.37464 + 1.54226

− 0.26992

) 1−

= 0.07780

( )
( )

= 0.07780

( )
( )

(6.13)

( )

(6.14)

( )

(6.15)

(6.16)

ω is the acentric factor and Tc and Pc are the critical temperature and pressure for each component
respectively. The acentric factor for carbon dioxide is 0.239, the critical temperature is 31.1°C and
the critical pressure is 73.9 bar (Tester & Modell, 1997). For M14C4 and F14C4 all of these
attributes need to be predicted (see Equations 6.21, 6.24, and 6.25 below).

,

and

,

are

interaction parameters between the solubilized crown ether and the ScCO2. The interaction
parameters are optimized in the solution of Equation 6.9 to provide the best fit between the
experimental data and the thermodynamic model.
To be able to use Equation 6.10 we first need to solve the Peng-Robinson equation of state for
volume for each pressure point on the solubility curve.

=
+(

−

)

−
− 3

−
+2

(

+
−
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)+

(
+

(6.17)

)

−
+

−

=0

(6.18)

Equation 6.18 is solved numerically for every pressure point in the model to give the corresponding
volume, Vm, to plug into Equation 6.10 for the fugacity coefficient. The fugacity coefficient is then
in turn plugged into Equation 6.9. Equation 6.9 is not explicit for the mole fraction of the crown
ether in the supercritical phase (

). To solve it a program that proposes a guess for

then iterates using Equation 6.9 to find a good estimation of

and

was thus written in MATLAB.

This program combined all the thermodynamic equations presented in this section, both above and
below this point, to provide predicted solubility curves for M14C4 and F14C4 in ScCO2 at 60°C
and 85°C, to enable a comparison with the collected experimental data in Section 6.1. In the
program, the values of

,

and

,

were optimized by minimizing the sum of squares of the

residual in a comparison between the model and the experimental data (mean squared deviation).
The program code can be seen in Appendix F.
6.4.1 Prediction of Thermodynamic properties
Since the crown ethers being modeled were for the first time synthesized in our laboratory,
essential thermodynamic data were not available in the literature. The first step to be able to model
the solubility of the synthesized crown ethers in ScCO2 is therefore to predict their boiling point
(Tb), critical temperature (Tc), and critical pressure (Pc). These predictions, with the exception of
Tb for M14C4, were done by breaking down the crown ether’s molecular structures and using a
group contribution method. Tb for M14C4 was estimated from the vapor pressure measurements
for M14C4 that were presented in Section 6.2. From the prediction of these properties for each
crown ether a number of other properties required to solve Equation 6.9 could be estimated. The
equations for these predictions are presented below.
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Joback‘s group contribution method from 1984 proved inaccurate for the prediction of properties
in the case of the crown ethers synthesized and used in this research, predicting only solubilities
of the order of 10-4 mol/L (Joback & Reid, 1987). Joback’s method is especially inaccurate for
F14C4. The method’s predictive capabilities for fluorinated compounds are limited since the
group contribution data set utilized to develop the method did not contain many fluorinated
molecules. The group contribution method used in this research was developed by Constantinou
& Gani in 1994, as the group contribution data set used to develop this method contained a number
of fluorinated molecules (Constantinou & Gani, 1994). The properties calculated, Tb, Tc, and Pc,
were used to calculate a predicted vapor pressure,

,

, and to determine the a and b

coefficients of the Peng-Robinson equation of state for the mixture and crown ethers, with
Equations 6.13-6.16.
The vapor pressure for M14C4 was calculated with an interpolating equation developed from the
Clapeyron equation (Tester & Modell, 1997, p. 575):

= ℎ∗ 1 −

(6.19)

First, h* was determined by plugging the measured Pvp and T and the predicted critical point into
Equation 6.19. Second, Equation 6.19 was used to determine the vapor pressure of M14C4 at 60°C
and 85°C (

,

in Equation 6.9).

The vapor pressure for F14C4 was calculated in the absence of any thermodynamic data so an
extension of Pitzer’s model by Carruth and Kobayashi was used to calculate the compound’s
enthalpy of vaporization (Carruth & Kobayashi, 1972):
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∆

= 7.08(1 −

)

.

+ 10.95 (1 −

)

.

(6.20)

Here ΔHvap is the enthalpy of vaporization and Tr is the reduced temperature. ω is the acentric
factor again and an estimation of it for F14C4 and M14C4 is presented below. The vapor pressure
of F14C4 was then calculated using an interpolating equation, similar to Equation 6.19, by
plugging in the temperature at which the vapor pressure data was needed.

=

In addition to predicting the

,

∆

1−

(6.21)

values necessary to solve Equation 6.9, Equation 6.19 was
= 0.7. This value was utilized in the

used to predict the vapor pressure of M14C4 and F14C4 at

calculation of the acentric factor for the crown ethers, from Equation 13-8 in Tester and Modell’s
book (1997, p. 569):
(at

= −log

= 0.7)

− 1.0

(6.22)

Lastly, for all components to be available to solve Equation 6.9, the molar volume of the crown
ethers had to be calculated (Tester & Modell, 1997, p. 570);

(

=

) /

(6.23)

with
= 0.29056 − 0.08775
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(6.24)

6.4.2 Application of Constantinou’s group contribution method
The molecular structure groups used in this property prediction are detailed in Table 6.8. Other
constants used in the equations to calculate the properties are shown in Table 6.9. The molecular
structure of the crown ethers can be seen in Figure 6.19.

Figure 6.19: The molecular structure of the synthesized crown ethers. M14C4 is on the left and F14C4 is
on the right.
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Table 6.8: The molecular structure and associated properties, and breakdown for each crown ether
(Constantinou & Gani, 1994).
Group

M14C4

F14C4

tc,i

pc,i

tb,i

CH2

5

7

3.492

0.010558

0.9225

CH2O

4

4

6.0723

0.015135

1.6249

CH2=C

1

-

6.5081

0.022319

1.7117

CF3

-

1

2.4778

0.044232

1.2880

CF2

-

7

1.7399

0.012884

0.6115

CH2S

-

1

17.7916

0.011105

3.6763

CH

-

1

4.0330

0.001315

0.6033

Table 6.9: Constants associated with the equations used to calculate Tb, Tc, and Pc for the crown ethers
(Constantinou & Gani, 1994).
Constant

Value

tc0

181.128 K

pc1

1.3705 bar

pc2

0.100220 bar-0.5

tb0

204.259 K

The equations used to calculate these properties were:
∑

=

=

+

,

(6.25)

1
∑
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,

+

(6.26)

=

(6.27)

,

where tc,i, pc,i, and tb,i are the contributions of each group to each property and Ni is the number of
each type of group in the molecule for which properties are being estimated. The resulting values
of predicted properties from Constantinou’s group contribution method are presented in Table
6.10.
Table 6.10: Predicted properties for M14C4 and F14C4 from Constantinou’s group contribution method.
Property

M14C4
60°C

F14C4
85°C

60°C

85°C

Normal boiling point (Tb, °C), 1 bar

-

366

Critical temperature (Tc, °C)

429

536

Critical pressure (Pc, bar)

19.3

8.3

Acentric factor (ωCE)
Molar volume

6.4.3

(VCEL, m3/mol)

1.0
-4

1.61 · 10

0.87
1.65 · 10

-4

-4

4.61 · 10

4.71 · 10-4

Model comparison with experimental data

M14C4
The thermodynamic model with the best fitted parameters has

,

= 0 and

,

= 1 for

M14C4 with a mean squared deviation between the model and experimental data of 0.1697 for
60°C and 0.0192 for 85°C. The equations for the calculation of the mean squared deviation can be
seen in Appendix F. The model fit with the experimental data presented in Section 6.1.5 can be
seen in Figure 6.20.
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Figure 6.20: A comparison between the experimental solubility data collected for M14C4 and the
thermodynamic model with optimized delta values. The uncertainty of the experimental values is not
plotted as it is too small to be visible in a graph of this size. Refer to Tables 6.2 and 6.3 for details on the
experimental uncertainty.

As can be seen in Figure 6.20, the fit between the model and data for M14C4 is very poor. To
adjust the fit, Tc and Pc can be viewed as values that can be optimized further since the values used
in the model are predicted with a group contribution method and not experimentally confirmed in
any way. This can be done in addition to the optimization of the binary interaction parameter
values. Tc and Pc were optimized along with

,

and

,

to produce the optimized figure

below. The values were optimized over the ranges Tc = 329 – 709°C and Pc = 9.3 – 29.3 bar, first
with a fairly coarse spacing to save computational time, and then with a spacing of 5 K for Tc and
1 bar for Pc in the ranges Tc = 489 – 709°C and Pc = 16.3 – 24.3 bar, after the coarse optimization
126

had indicated that these ranges provided the most optimal fit between the model and the
experimental solubility data.
With the fitting to experimental data, the predicted critical pressure did not change and the
predicted critical temperature was shifted by 180 degrees to Tc = 609°C. The fit between the model
with this adjusted critical temperature and the experimental data can be seen in Figure 6.21. Here,
,

= 1 and

,

= 0.8 for 60°C and

,

= 1 and

,

= 0.4 for 85°C, with a mean

squared deviation between the model and experimental data of 0.0204 for 60°C and 0.000815 for
85°C.
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Figure 6.21: A comparison between the experimental solubility data collected for M14C4 and the
thermodynamic model with optimized delta values and optimized Tc and Pc values. The uncertainty of the
experimental values is not plotted as it is too small to be visible in a graph of this size. Refer to Tables 6.2
and 6.3 for details on the experimental uncertainty.

As can be seen in Figure 6.21 the fit between the experimental data and model is much improved
from the case were only the interaction parameters were optimized. A comparison between the
critical temperature and pressure along with the mean squared deviation between the model and
experimental data is presented in Table 6.11.
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Table 6.11: A comparison between the mean squared deviation for the two optimized models; with only
the binary interaction parameters adjusted, and with both the binary interaction parameters and Tc and Pc
adjusted to fit the equation of state model to the experimental solubility data for M14C4. MSD: Mean
squared deviation
Pc adj. [bar]

Tc adj. [°C]

Pc [bar]

Tc [°C]

MSD: 60°C

MSD: 85°C

-

-

19.3

429

0.1697

0.0192

-

+180

19.3

609

0.0204

0.000815

F14C4
The optimized thermodynamic model has
and

,

,

= 1 and

,

= 0.8 for 60°C and

,

= 0.9

= 0.7 for 85°C for F14C4 with a mean squared deviation between the model and

experimental data of 0.0751 for 60°C and 0.0236 for 85°C. The model fit with the experimental
data presented in Section 6.1.6 can be seen in Figure 6.22.
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Figure 6.22: A comparison between the experimental solubility data collected for F14C4 and the
thermodynamic model with optimized delta values. The uncertainty of the experimental values is not
plotted as it is too small to be visible in a graph of this size. Refer to Tables 6.4 and 6.5 for details on the
experimental uncertainty.

Again, as with M14C4, the fit between the model and experimental data in Figure 6.22 is not great,
especially at higher pressures. Adjusting the predicted values for this model, Tb, Tc, and Pc,
improved the least squares values and the fit to the data for 85°C but for 60°C adjusting the model
to the experimental data proved more difficult. The model is actually very sensitive to changes in
the predicted values for F14C4, much more than for M14C4. Drastic changes generally resulted
in a divergence in the iteration utilized to find the mole fraction of F14C4 in the ScCO2 phase.
As was done in the case of M14C4, to adjust the fit between the experimental data and the model
for F14C4, Tc, Pc, and Tb can be viewed as values that can be optimized further since the values
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used in the model are predicted with a group contribution method and not experimentally
confirmed in any way. This can be done in addition to the optimization of the binary interaction
parameter values. Tc, Pc, and Tb were optimized along with

,

and

,

to produce the

optimized figure below. The values were optimized over the ranges Tc = 521 – 552°C, Pc = 7.4 –
9.2 bar, and Tb = 357 – 375°C. The spacing for Tc and Tb was 3 K and the spacing for Pc was 0.3
bar. These ranges were chosen because using values of Tc, Pc, and Tb outside these ranges resulted
in divergence in the model.
With the fitting to experimental data, the predicted critical pressure was shifted by 0.3 bar to Pc =
8.6 bar, the predicted critical temperature was shifted by 15 degrees to Tc = 551°C, and the
predicted normal boiling point was shifted by 9 degrees to Tb = 381°C. The fit between the model
with these adjusted values and the experimental data can be seen in Figure 6.23. Here,
0.5 and

,

= 0.5 for 60°C and

,

= 0.6 and

,

,

= 0.5 for 85°C, with a mean squared

deviation between the model and experimental data of 0.068 for 60°C and 0.000507 for 85°C.
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=

Figure 6.23: A comparison between the experimental solubility data collected for F14C4 and the
thermodynamic model with optimized delta values and optimized Tc, Pc, and Tb values. The uncertainty of
the experimental values is not plotted as it is too small to be visible in a graph of this size. Refer to Tables
6.4 and 6.5 for details on the experimental uncertainty.

For the 85°C case the fit between the model and experimental data is very good. Looking at the fit
at 60°C we see that the model and experimental data are not aligned and we do not see a huge
improvement from the previous fit where only the interaction parameters were optimized. A better
fit at 60°C was not achieved since alternative adjustments led to model divergence.
A comparison between the critical temperature and pressure along with the mean squared deviation
between the model and experimental data is presented in Table 6.12.
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Table 6.12: A comparison between the adjustments made to Pc, Tc, and Tb to optimize the fit between the
experimental solubility data for F14C4 and the equation of state model. MSD: Mean squared deviation.
Pc adj. [bar]

Tc adj. [°C]

Tb adj. [°C]

Pc [bar]

Tc [°C] Tb [°C] MSD: 60°C MSD: 85°C

-

-

-

8.3

536

366

0.0751

0.0236

+0.3

+15

+9

8.6

551

375

0.068

0.00051

Discussion
Overall, the fitting of the model to the experimental data shows the same behavior for M14C4 and
F14C4. In both cases the original optimized model, where only the delta values are fitted does not
result in reasonable agreement with the data. When adjustments are made to the predicted
components of the model for M14C4 the model fits the data well. For F14C4 the fit to the model
was much improved for the 85°C case. At low pressures the fit between the model and
experimental data for the 60°C case is fair but at higher pressures the experimental data deviated
significantly from optimized model predictions. Both for M14C4 and F14C4 we see a lowering of
solubility at higher pressures according to the model. This behavior was not observed
experimentally and suggests that the model could be improved by evaluating the approximations
that were made in the construction of the model. The approximations made around the calculation
of the vapor pressure of M14C4 and F14C4 at the temperatures researched (Equations 6.19-6.22)
are the largest source of uncertainty besides the obvious uncertainties that come with the
application of a group contribution method to predict core properties of the solubilized compounds.
The adjustments made to Tc, Pc, and Tb for the model for F14C4 were all small since the model
was very sensitive to these values and large changes resulted in divergence in the model. All of
the adjustments are therefore physically meaningful and reasonable and can be considered to be
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within the expected uncertainty that comes with group contribution predictions (Constantinou &
Gani, 1994). For M14C4, the adjustment made to Tc to achieve a reasonable fit to the experimental
data was much larger. The adjustment was by far too large to be accounted for with any sort of
uncertainty in the prediction.
An alternative way of understanding whether the predicted Tc, Pc, and Tb values are reasonable is
to look at the effect that changing those values has on the predicted enthalpy of vaporization, ΔHvap,
and the acentric factor, ω. This can be seen in Table 6.13 for M14C4. Equation 6.20 was used to
calculate the predicted value of ΔHvap for M14C4. The same calculations made for F14C4 can be
seen in Table 6.14.
Table 6.13: A closer look at the effect adjustments to Tc and Pc for M14C4 have on thermodynamic
properties.
Pc adj. [bar]

Tc adj. [°C]

Pc [bar]

Tc [°C]

ΔHvap [kJ/mol]
60°C

85°C

ω

-

-

19.3

429

81.1

78.7

1.01

-

+180

19.3

609

60.9

60.1

0.175

Table 6.14: A closer look at the effect adjustments to Tc, Pc, and Tb for F14C4 have on thermodynamic
properties.
Pc adj. [bar] Tc adj. [°C] Tb adj. [°C] Pc [bar] Tc [°C] Tb [°C]

ΔHvap [kJ/mol]
60°C

85°C

ω

-

-

-

8.3

536

366

89.7

87.7

0.867

+0.3

+15

+9

8.6

551

375

95.7

93.7

0.933
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From Tables 6.13 and 6.14 we can see that a lowering of both ω and ΔHvap is favorable for fitting
the model to the experimental data for M14C4. For F14C4 an increase in both ω and ΔHvap is
required for the model and experimental data to compare more favorably. This suggests that the
model overestimates the enthalpy of vaporization for M14C4 and underestimates it for F14C4. By
looking at the predicted values for the enthalpy of vaporization in the first line of each table above
we see that this is likely the case since the unadjusted values of ΔHvap suggest that this value is
similar for M14C4 and F14C4, which it is not, given our knowledge of the behavior of these
compounds in the experiments that have been performed in this work. F14C4 is a solid at room
temperature whereas M14C4 is a liquid that can be distilled under reduced pressure, suggesting
that the value of ΔHvap for M14C4 cannot be very high and certainly not of the same order as of
ΔHvap for F14C4. As for ω, this is a factor that measures the difference in structure between the
crown ethers and a spherically symmetrical gas (e.g. argon). For a spherically symmetrical gas ω
≈ 0. The initial prediction for ω has M14C4 with a higher value than F14C4. The adjustments in
Tc, Pc, and Tb made to fit the model better to the data result in a switch in this behavior and a higher
ω for F14C4 than M14C4. This suggests that M14C4 behaves in a more “spherical” manner than
F14C4. This is consistent with the ΔHvap prediction and the experimental behavior observed for
M14C4 and F14C4, as compounds with higher ω values tend to have lower vapor pressures and
higher boiling points.
What can also be seen from this comparison between the thermodynamic model and experimental
data is the clear effect of volatility on the solubility of these compound in ScCO2. We both see this
from the experimental solubility comparison of M14C4 and F14C4, M14C4 being more soluble
and more volatile, and from the model, where lowering the enthalpy of vaporization increases
solubility and increasing the enthalpy of vaporization reduces solubility.
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6.5 Conclusions
A major conclusion from this phase of the research is that sufficiently high solubilities of the
synthesized crown ethers in ScCO2 were observed experimentally. As can be seen from Table 6.6,
the solubility of the crown ethers synthesized in this work is much higher than for crown ethers
which have previously been solubilized in ScCO2. Another major conclusion is the higher
solubility of M14C4 than F14C4, which was initially a surprising result given the extensive
fluorination of F14C4. Thermodynamic equation of state modeling provided insight into the
factors affecting the crown ether solubility in ScCO2, indicating that volatility and vapor pressure
effects dominate in deciding the solubility of these crown ethers.
Correlations of data confirmed the linearity of ln(S) – ln(ρ) at isothermal conditions in the pressure
range researched for the crown ethers. The crown ethers thus conform to the behavior of many
other compounds for which solubility has previously been measured in ScCO2 (Chrastil, 1982;
Gupta & Shim, 2006; Meguro et al., 1998; Sparks, Hernandez, & Estévez, 2008).
The favorable solubility results of these experiments confirm a key requirement for the
development of a supercritical fluid extraction process for lithium recovery from geothermal
brines. The highest recorded concentrations of lithium in geothermal brines are on the order of 100
mg/L (Gallup, 1998). The specific findings reported earlier in Section 5.3.4 indicate that a
favorable extraction system for lithium extraction with a 100 mg/L concentration can be developed
with a 50-fold excess of crown ether to lithium or even a 10-fold excess of crown ether to lithium
when a larger excess of the cation exchanger is employed. This excess translates to a crown ether
concentration in the ScCO2 phase of either 0.72 mol/L (50-fold excess) or 0.14 mol/L (10-fold
excess). For both M14C4 and F14C4 the 10-fold excess is easily achievable at 60°C, for M14C4
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at about 165 bar and for F14C4 at about 200 bar. The 50-fold excess is harder to achieve; the
highest concentration of M14C4 in ScCO2 recorded in this research was 0.3 mol/L at 60°C and
205 bar. For F14C4 the highest concentration in ScCO2 recorded was 0.266 mol/L at 60°C and
285 bar.
The combination of the results in this chapter and the results in Chapter 5 was used in Chapter 7
to enable the performance of the supercritical fluid extraction of lithium from synthetic geothermal
brines using both of the synthesized crown ethers, M14C4 and F14C4.
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PART II: SUPERCRITICAL FLUID EXTRACTION OF LITHIUM: EXPERIMENTS
AND MOLECULAR DYNAMIC MODELING
Chapter 7: Supercritical fluid extraction of lithium from synthetic brines: A comparison of
a fluorinated 14-crown-4/HDEHP and a non-fluorinated 14-crown-4/HDEHP extraction
system
7.1 Supercritical fluid extraction
Supercritical fluid extraction became a research topic of increased interest in the 1980s. The initial
application was in the extraction of organic molecules such as caffeine, since the most used
solvent, carbon dioxide, is a non-polar aprotic solvent. Supercritical fluid extraction of organic
molecules has found industrial applications in a range of industries, e.g. food processing, oil
extraction, and waste stream processing (Beckman, 2004; Erkey, 2000; Hawthorne, 1990; Phelps,
Smart, & Wai, 1996). In 1991 researchers in Prof. Wai’s research group at the University of Idaho
demonstrated the possibility of solubilizing metal extractants in supercritical carbon dioxide
(ScCO2) (Laintz, Wai, Yonker, & Smith, 1991). By solubilizing metal extractants in this very
practical supercritical solvent, supercritical fluid extraction could be extended to metal extractions.
Metallic ion extraction with ScCO2 as a solvent has a number of distinct advantages over extraction
with traditional organic solvents.
1. As was described earlier in Chapter 1 there are a number of advantages of using ScCO2 as
a solvent e.g. the low viscosity and high diffusivity of the supercritical phase, resulting in
enhanced mass transfer within the supercritical phase and between the supercritical and
aqueous phase in an extraction process, and the tunability of compound solubility in
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supercritical solvents that lends itself to fast and efficient concentration of extracted
materials after the extraction process.
2. The density ratio between ScCO2 and an aqueous brine phase is higher than between many
traditional organic solvents and an aqueous brine phase, resulting in a quick and simple
separation of phases after the extraction process takes place, and elimination of the need
for settlers in larger scale industrial processes. A typical density during extraction for the
ScCO2 phase is 0.5–0.8 g/cm3 while the density of a brine phase is typically well above 1.0
g/cm3.
3. Residual solvent in the aqueous brine phase is not of concern as with traditional organic
solvents. Partial dissolution of carbon dioxide in an aqueous brine phase results in the
formation of carbonic acid whereas partial dissolution of traditional organic solvents in an
aqueous brine phase can have severe detrimental environmental effects if it is not cleaned
from the brine phase before disposal in nature.
4. ScCO2 is not toxic and it does not degrade (no oxidation) during extraction operations. It
is therefore ideal for use in closed loop extraction processes on an industrial scale.
5. Carbon dioxide has a low critical pressure and a low critical temperature; 73.9 bar and
31.1°C.
Wai and his coworkers continued their work on the development of ScCO2 extraction processes
for the extraction of a range of metals in the 1990s (Farawila, O’Hara, Taylor, Wai, & Liao, 2012;
Lin & Wai, 1994; Lin, Wai, Jean, & Brauer, 1994; Wai, Lin, Brauer, Wang, & Beckert, 1993;
Wang, Elshani, & Wai, 1995). In 1999 Wai et al. reported on the ScCO2 extraction of cesium,
potassium, and sodium using a synergistic combination of crown ethers and cation exchangers
(Wai, Kulyako, & Myasoedov, 1999). The operating procedure included the heating of a reactor
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containing the aqueous solution subjected to the extraction along with the crown ether extractant
and cation exchanger being used, pressurization with carbon dioxide for a static extraction stage,
a dynamic extraction stage with a flow through of carbon dioxide, and depressurization.
Since our extraction process shared a number of similarities with the ScCO2 extraction of alkali
metals researched in Wai’s group, the apparatus and experimental procedures we used were
patterned after theirs (see Chapter 6 for details). The procedure for the supercritical fluid extraction
experiments performed in this work is detailed in the next two sections. The experimental system
we adopted combines features of a batch and a semi-batch system. Ideally the system operation
would have been fully semi-batch but the amount of crown ether extractants necessary for the
operation of a semi-batch process was too much given the scale of our synthetic capabilities.
The extractions performed in this research were done with a combination of the crown ethers
synthesized in our lab (see Chapter 4 for details) and bis-(2-ethylhexyl) phosphate (HDEHP) as a
cation exchanger. The two combinations researched were therefore M14C4/HDEHP and
F14C4/HDEHP. HDEHP was chosen as a cation exchanger because of its known solubility in
ScCO2 (Meguro, Iso, Sasaki, & Yoshida, 1998), its effectiveness as a cation exchanger in lithium
extraction in combination with F14C4 demonstrated in Chapter 5, and our capability of recovering
the

crown

ethers

with

simple

separation

processes

after

mixing

with

HDEHP.

Heptadecafluorooctanesulfonic acid tetraethylammonium salt (TPFOS), which was used as a
cation exchanger in Wai’s group’s research on alkali metal extraction was eliminated from study
because of issues related to the separation of TPFOS and the crown ethers following extraction
(detailed in Chapter 5).
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The synthetic geothermal brine subjected to ScCO2 extraction in this research was made up of
deionized water, lithium chloride, sodium chloride, and magnesium chloride. The concentration
of each metal ion can be seen in Table 7.1. The low concentration of lithium was chosen for three
reasons: 1. To demonstrate the effectiveness of the extraction process for low concentration brines,
with lithium concentrations comparable to geothermal brines; 2. To conserve the amount of crown
ethers needed for each extraction experiment; and, 3. To eliminate the effect of the solubility of
the crown ethers and HDEHP in ScCO2 on the extraction process, which would have been a
concern if the lithium concentration was 100 mg/L as in one of the aqueous solutions subjected to
extraction in Chapter 5. The magnesium concentration was actually a bit higher than intended
because of impurities in the sodium chloride used to make the brine. The intended ratio between
Li+ and Mg2+ was 1:1, which is similar to or higher than the ratio found in geothermal brines. The
sodium concentration is lower than is generally found in lithium rich geothermal brines. The
moderate concentration of 500 mg/L was chosen to have enough of Na+ in the aqueous phase to
enable an evaluation of the co-extraction of sodium, but not so much that the brine would require
too significant of a dilution before analysis by Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES). A significant dilution of the brine, with this low lithium concentration,
would result in a high uncertainty in the determination of the lithium concentration as was seen in
Section 5.3 in Chapter 5, and thus inconclusive results.
Table 7.1: The concentration of Li+, Na+, and Mg2+ ions in the synthetic geothermal brine subjected to
ScCO2 extraction in this research.
Metal ion

Concentration [mg/L]

Li+

10

Na+

500

Mg2+

40
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7.2 Experimental set up
The experimental set up used in the experiments described in this chapter was the same as the one
used for the experimental work in Chapter 6. A flow sheet of the system can be seen in Figure 7.1
and a photograph in Figure 7.2.

Figure 7.1: A schematic of the experimental system used for the supercritical fluid extraction studies.
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Figure 7.2: A photograph of the experimental system used for the supercritical fluid extraction studies.

The overall purpose of the experimental system was to enable the operation of batch/semi-batch
supercritical fluid extraction of lithium from synthetic geothermal brines, with the goal of
evaluating the selectivity and extraction efficiency of two different chemical extraction
combinations with the crown ethers synthesized in this work. The two model crown ether /cation
exchanger extraction combinations studied were M14C4/HDEHP and F14C4/HDEHP.
Two syringe pumps were used to deliver carbon dioxide to the reactor system. The pumps were
connected to a switching system that enabled continuous pumping. In all other respects the
experimental system was structured the same way as the system used for the solubility experiments
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described in Chapter 6; stirring was performed with a stir bar and a stir plate, safety features of the
system included a pressure relief valve, a rupture disc, and a maximum pressure setting on the
syringe pumps, and the temperature inside the reactor was controlled with the temperature control
system depicted in Figure 7.3.
7.3 Experimental procedure
The general procedure for the supercritical fluid extraction of lithium from synthetic brines is
detailed in this section.
1. Vessel preparation and loading. A clean 25 ml reactor (Thar Tech Inc., Material: 316SS
Maximum allowable operating conditions: 413 bar (6,000 psi) at 150°C) was loaded with
15 ml of the synthetic brine, and a measured amount of HDEHP, and M14C4 or F14C4.
The measured amount corresponded to a ratio of either 50:50:1 or 300:50:1 of HDEHP to
the crown ether to lithium. The ratio is on a concentration basis for the respective phase
that each material dissolves in during the supercritical fluid extraction process. The
measurement of materials into the reactor was done by pipetting them into the reactor with
one of the window caps removed. A Viton O-ring with a chemically resistant
fluoropolymer coating (McMaster-Carr: 93445K218) was used to seal the sapphire
window (diameter: 1.25 in., viewable diameter: 1 in.) and adjusted to be flush against one
of the window's edges. The window, with the O-ring facing down, was placed between the
cap and the reactor. Before screwing the cap into the reactor, the threads were coated with
copper or nickel grease to prevent galling (e.g. Loctite N-500). The cap was screwed into
the reactor using a specifically designed 1.5 in spanner wrench (Thar, 03224) until tight. A
metal pipe was then slid onto the wrench to tighten the cap a bit further.
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2. Heating. The reactor was heated and temperature controlled by wrapping it in heating tape
(HTS/Amptak: DuoTape® AWH-051-080D) that was controlled by an Omega CN9121A
temperature controller. The temperatures investigated were 60°C and 85°C. The
temperature controller was connected to a type J thermocouple with direct access to the
fluid inside the reactor through a 3/8‘‘ NPT port in the reactor, and a solid-state relay
(Omega: SSR330DC25) to control the signal to the heating tape. The solid-state relay was
connected to a solid-state power controller (a transformer, Cole-Parmer Instrument
Company: 2604-00). The solid-state power controller was set to 25% power during heating
and experimental operation to prevent damage to the reactor body, windows, and O-rings
because of rapid temperature changes. A schematic of the temperature control set up can
be seen in Figure 7.3. About 30 cm of the inlet tubing leading to the reactor was also
wrapped in heating tape to preheat the carbon dioxide flowing into the reactor. At the outlet,
the tubing leading to the micrometering valve, the micrometering valve, and the tubing
leading from the micrometering valve to the trap solution, were also heated with heating
tape. The heating tape for each of those sections was not temperature controlled, only
plugged into a transformer that was set to 25% power.
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Figure 7.3: Schematic of the temperature control of the main reactor in the supercritical fluid extraction
studies.

3. Pressurization. The reactor was pressurized after heating with a set of syringe pumps
(Teledyne ISCO: 100X). The pumps were filled with liquid carbon dioxide from a size 200
instrument grade (100% pure) carbon dioxide tank from Airgas. The pistons of the pumps
were cooled to 10°C with a recirculating chiller (Neslab Instruments: RTE-110) to stabilize
the flow rate of liquid carbon dioxide into the reactor system. The recirculating cooling
liquid was ethylene glycol. The pressure in the reactor system was monitored with a
pressure transducer (Omegadyne: PX906-5KGV) that was calibrated by Transcat® in May
2017.
4. Static extraction phase. After pressurization the reactor was kept at the desired pressure
and temperature with vigorous stirring for 30 min.
5. Dynamic extraction phase. The stirring was slowed down a bit (see Figure 7.4) to prevent
the aqueous phase from exiting the reactor through the outlet at the top of the reactor during
carbon dioxide flow through. 100 ml of carbon dioxide from the syringe pumps was flowed
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through the reactor system at about 3 ml/min. The flowrate was controlled with the
micrometering valve. After 100 ml of carbon dioxide had been flowed through the system
the stirring was slowed down even further and carbon dioxide was flowed through for 45
minutes at a flowrate of about 3 ml/min. The outlet of the reactor system bubbled through
a chloroform trap solution in a graduated cylinder where extracted materials were
recovered. The graduated cylinder was kept inside a fume hood to ensure proper venting
of carbon dioxide at the outlet.
6. Depressurization. At the conclusion of an experiment the reactor was depressurized
through the micrometering valve with the outlet still bubbling through the chloroform trap
solution. The depressurization process took about 10-15 minutes.
7. Sampling for metal concentration analysis. At the conclusion of an experiment the
reactor was detached from the system and opened by taking one of the window caps off.
The aqueous solution that was subjected to the supercritical fluid extraction process was
sampled into a conical tube and analyzed for lithium, sodium, and magnesium content by
ICP-OES.
8. Cleaning and material recovery. The reactor was cleaned by removing both window caps
and flushing with about 50 mL of water and 50 mL of acetone. The reactor was then wiped
down with a couple of acetone-soaked Kimwipes and a dry Kimwipe. The system was
cleaned by attaching a piece of tubing in place of the reactor and flowing 20 ml of
chloroform through the system with an HPLC pump (Agilent 218 solvent delivery module).
The outlet trap solution and the reactor system cleaning solution were combined and
subjected to stripping by 1 M trace metal grade HCl. The stripping consisted of shaking a
mixture of chloroform and a clean acid phase together in a separatory funnel three times
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and washing the chloroform phase three times with deionized water. The chloroform phase
was then dried under reduced pressure to collect the recovered extractants.
9. Crown ether and cation exchanger separation. F14C4 and HDEHP were separated in
the same way as in the experimental work presented in Chapter 5, on a fluorous column
(FSPE). HDEHP was washed through the column with an 80:20 methanol:water mixture
and F14C4 was washed through the column with methanol. M14C4 and HDEHP were
separated on a basic alumina column with a hexanes/ethyl acetate solvent system (0-30%
ethyl acetate). The recovery of F14C4 was generally about 75-90% and the recovery of
M14C4 was about 75-80%. Before the recovered material was reused the conservation of
the chemical structure and separation from HDEHP was confirmed by 1H NMR and/or 19F
NMR.

Figure 7.4: This figure shows the variability in stirring during the static and dynamic stages of the
supercritical fluid extraction. 1. Static extraction: During the static extraction stage excellent mixing of
phases was achieved, 2. Dynamic extraction, flow through: In the dynamic extraction stage the stirring
rate was decreased to prevent the aqueous phase from exiting the reactor. Significant mixing of carbon
dioxide into the aqueous phase was still achieved, and 3. Dynamic extraction, 45 min flushing: When the
stirring rate was slowed down even further the aqueous phase becomes more transparent as less carbon
dioxide is mixed into it. This can be seen by the fact that the stir bar is visible at the bottom of the reactor.
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7.4 Experimental results
The two extraction systems, M14C4/HDEHP and F14C4/HDEHP, were studied at a number of
different conditions. In each case the extraction of lithium, sodium, and magnesium was quantified
and compared. The extraction efficiency was defined as the removal of each metal cation from the
aqueous phase, i.e.

=

where [
[

]
]

[

]
[

−[

]

(7.1)

]

is the initial concentration of each metal ion in the aqueous phase, and
is the residual concentration of each metal ion in the aqueous phase following

the extraction.
The base extraction case was performed at 60°C and 250 bar, with a 300-fold excess of HDEHP
and a 50-fold excess of the crown ethers, with respect to the lithium concentration in the aqueous
phase. The results from the base extraction case can be seen in Figure 7.5. In Table 7.2 the
modifications that were made to the base case are listed.
Table 7.2: Experimental conditions for the ScCO2 extraction of lithium with the crown ethers M14C4 or
F14C4, and the cation exchanger HDEHP.
Temperature [°C]

Pressure [bar]

Cation exchanger : Crown ether : Li

Base Case:

60

250

300 : 50 :1

Modifications:

85

250

300 : 50 : 1

60

200

300 : 50 : 1

60

250

50 : 50 : 1
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Extraction efficiency

100%
80%
60%

T = 60°C
P = 250 bar
Cation exchanger excess: 300
Crown ether excess: 50

30% 27% 52%

30% 30% 51%

Li extraction
Na extraction

40%

Mg extraction

20%
0%
M14C4/HDEHP
F14C4/HDEHP
Crown ether/cation exchanger

Figure 7.5: A comparison of the extraction efficiency of lithium, sodium, and magnesium (Equation 7.1)
in ScCO2 extraction at 60°C and 250 bar with 300-fold excess of HDEHP and a 50-fold excess of M14C4
to Li on the left and 300-fold excess of HDEHP and a 50-fold excess of F14C4 to Li on the right.

Looking at Figure 7.5 we see that both extraction systems are in fact successful in extracting
lithium without any apparent statistically significant differences in performance. We also see that
there is a significant co-extraction of sodium and magnesium. The difference between the two
systems in sodium extraction is minor, with the M14C4/HDEHP extraction system exhibiting a
slightly higher sodium extraction. The co-extraction of magnesium is very high, over 50% for both
systems. For extraction from geothermal systems co-extraction of magnesium is however not a big
concern since magnesium concentrations tend to be lower than lithium concentrations in
geothermal brines and magnesium generally does not become a technical issue in the production
of lithium carbonate from lithium containing brines until the concentration ratio between
magnesium and lithium is above 7:1 (Mg:Li) (Grigsby, Tester, Trujillo, & Counce, 1989; Legers,
2008). The difference in the percentage extraction of lithium and magnesium would have to be
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higher than the difference exhibited in this research for it to cause technical issues in downstream
processing.
In Figure 7.6 the extraction of lithium, sodium, and magnesium was examined at 85°C, keeping
the pressure at 250 bar as was done in the previous case. Excesses of HDEHP and the crown ethers
were maintained at 300-fold and 50-fold, respectively, compared to the lithium concentration in
the aqueous phase. There are no important differences observed between the 85°C case and the
60°C (Figures 7.5 and 7.6). The slightly lower preference for sodium by the F14C4/HDEHP
system compared to the M14C4/HDEHP system is not evident in the 85°C case, but the difference
was not very extensive in the first place. There is also an increase in the extraction of magnesium
by 4% with the F14C4/HDEHP system.

Extraction efficiency

100%
80%
60%

T = 85°C
P = 250 bar
Cation exchanger excess: 300
Crown ether excess: 50

30% 27% 52%

30% 28% 56%

Li extraction
Na extraction

40%

Mg extraction

20%
0%
M14C4/HDEHP
F14C4/HDEHP
Crown ether/cation exchanger

Figure 7.6: A comparison of the extraction efficiency of lithium, sodium, and magnesium (Equation 7.1)
in ScCO2 extraction at 85°C and 250 bar with 300-fold excess of HDEHP and a 50-fold excess of M14C4
to Li on the left and 300-fold excess of HDEHP and a 50-fold excess of F14C4 to Li on the right.
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From Figure 7.7, we see that when the temperature is 60°C and the pressure is lower, 200 bar,
there is a statistically significant lowering in the extraction of magnesium by the M14C4/HDEHP
system. The lithium and sodium extraction do not change significantly. Note that extractions were
not performed at 200 bar with the F14C4/HDEHP system in an effort to conserve the F14C4
available for experimental work, since no extensive difference had been observed for the
M14C4/HDEHP system.

Extraction efficiency

100%
80%

T = 60°C
P = 200 bar
Cation exchanger excess: 300
Crown ether excess: 50

60%
30%

31%

46%

40%

Li extraction
Na extraction
Mg extraction

20%
0%
M14C4/HDEHP
Crown ether/cation exchanger

Figure 7.7: A comparison of the extraction efficiency of lithium, sodium, and magnesium (Equation 7.1)
in ScCO2 extraction at 60°C and 200 bar with 300-fold excess of HDEHP and a 50-fold excess of M14C4
to lithium.

In Figure 7.8, for the first time, we actually see a large difference in extraction efficiency as
compared to the extraction results presented in the preceding figures. Decreasing the excess of
HDEHP from a 300-fold excess to a 50-fold excess has a very noticeable effect on the extraction
efficiency of lithium, sodium, and magnesium. In the case of M14C4/HDEHP the extraction of
lithium nearly completely drops off. For the F14C4/HDEHP case the extraction of lithium drops
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significantly, from 30% to 7%. For both systems the extraction of sodium drops from about 30%
to 23-24%. This is a significant lowering in sodium extraction although the change in HDEHP
excess has a much larger effect on the lithium extraction. In the case of magnesium, the extraction
lowers from about 50% to about 36-38% in both cases. Again, this is a significant lowering but
not on the same scale as for lithium. The implications of these changes will be discussed further
in Section 7.6.

Extraction efficiency

100%
80%

T = 60°C
P = 250 bar
Cation exchanger excess: 50
Crown ether excess: 50

60%
40%

Li extraction
1% 23% 36%

7% 24% 38%

Na extraction
Mg extraction

20%
0%
M14C4/HDEHP
F14C4/HDEHP
Crown ether/cation exchanger

Figure 7.8: A comparison of the extraction efficiency of lithium, sodium, and magnesium (Equation 7.1)
in ScCO2 extraction at 60°C and 250 bar with 50-fold excess of HDEHP and a 50-fold excess of M14C4
to Li on the left and 300-fold excess of HDEHP and a 50-fold excess of F14C4 to lithium on the right.

Finally, Figures 7.9 and 7.10 show a comparison between the different extraction conditions for
each crown ether combination with HDEHP. The only major difference observed between the
different conditions is for the change in HDEHP excess. Other changes made do not significantly
affect the extraction efficiency of any of the metal ions extracted.
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Extraction efficiency

100%

M14C4/HDEHP extraction system

80%
60%
40%

51%
30%
30%

46%
31%

52%
27%

30%

30%

36%
23%
1%

Li extraction
Na extraction
Mg extraction

20%
0%
Case 1

Case 2

Case 3

Case 4

Figure 7.9: A comparison of the extraction efficiency of lithium, sodium, and magnesium (Equation 7.1)
in ScCO2 extraction at different conditions with M14C4/HDEHP. Case 1: 60°C, 250 bar, 300-fold excess
of HDEHP, Case 2: 85°C, 250 bar, 300-fold excess of HDEHP, Case 3: 60°C, 200 bar, 300-fold excess
of HDEHP, and Case 4: 60°C, 250 bar, 50-fold excess of HDEHP.

100%
Extraction efficiency

F14C4/HDEHP extraction system
80%
52%
60%
40%

27%

30%

56%
28%

30%

38%
24%

Li extraction
Na extraction
Mg extraction

7%

20%
0%
Case 1

Case 2

Case 3

Figure 7.10: A comparison of the extraction efficiency of lithium, sodium, and magnesium (Equation
7.1) in ScCO2 extraction at different conditions with F14C4/HDEHP. Case 1: 60°C, 250 bar, 300-fold
excess of HDEHP, Case 2: 85°C, 250 bar, 300-fold excess of HDEHP, Case 3: 60°C, 250 bar, 50-fold
excess of HDEHP.
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7.5 Stability constant calculations
In Chapter 5, the stability constants for lithium and sodium complex formation were calculated for
liquid-liquid extraction between chloroform and an aqueous phase. In this section, the same
calculations will be made in an effort to compare the equilibrium of the complexation reactions
that take place during the extraction process, between chloroform and an aqueous phase and
between ScCO2 and an aqueous phase. To do this some approximations must be made to
effectively compare the two systems. Comparing the concentration-based stability constants is not
accurate because of the high concentration of both the metal salts and the cation exchanger. An
activity-based definition of the stability constants is therefore applied. To estimate the activity of
each component two different approaches are applied. The Debye-Hückel limiting law is used to
calculate the activity of HDEHP, like was done in Chapter 5. Since experimental data is available
in the literature for the activity of the metal salts a more accurate method, the Pitzer ion interaction
model, is applied for calculation of activity for the salts.
Starting like we did in Chapter 5 the proposed extraction mechanism is:
Li + 4H O ⇌ (Li(H O) )

(7.2)

(Li(H O) ) + CA ⇌ Li(H O) CA + H + H O

(7.3)

Li(H O) CA + CE ⇌ Li − CA − CE + 3H O

(7.4)

and for sodium complex formation:
Na + 6H O ⇌ (Na(H O) )

(7.5)

(Na(H O) ) + CA ⇌ Na(H O) CA + H + H O

(7.6)
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Na(H O) CA + CE ⇌ Li − CA − CE + 5H O

(7.7)

The overall reactions are
Li
Na

+ CE
+ CE

+ CA
+ CA

↔ (Li − CE − CA)
↔ (Na − CE − CA)

+H
+H

(7.8)
(7.9)

and the stability constants are defined as

=

[Li − CE − CA] [H ]
[Li ] [CE] [CA]

(7.10)

=

[Na − CE − CA] [H ]
[Na ] [CE] [CA]

(7.11)

where CE is the crown ether, CA is the cation exchanger, Li-CE-CA is the crown ether complex,
containing lithium ions and the cation exchanger, formed in the extraction process. Na-CE-CA is
the complex containing sodium ions. Note that the stability constants were not calculated for
magnesium complexation and there is no proposed mechanism for magnesium complexation
because the binding of magnesium to the crown ethers and cation exchangers was not examined
in the molecular dynamic modeling in Chapter 8, and because magnesium extraction was not
included in the analysis in Chapter 5.
The stability constants calculated with the equations presented above for lithium and sodium
complexation can be seen in Table 7.3. These constants were calculated for the ScCO2 extractions
performed at 60°C and 250 bar with 300-fold excess of HDEHP and a 50-fold excess of each
crown ether, respectively.
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Table 7.3: A comparison of the stability constants for complex formation with lithium and sodium in the
ScCO2 extraction experiments at 60°C and 250 bar with a 300-fold excess of HDEHP and a 50-fold
excess of each crown ether, respectively. These extractions were performed on chloride solutions
containing 10 mg/L lithium, 500 mg/L sodium, and 40 mg/L magnesium.
KLi [M-1 ]

KNa [M-1 ]

KLi
KNa

F14C4/HDEHP

0.12

0.11

1.1

M14C4/HDEHP

0.14

0.14

1.0

In Table 7.4 we present results for estimated stability constants for the ScCO2 extractions
performed at 60°C and 250 bar with a 50-fold excess of HDEHP and a 50-fold excess of each
crown ether, respectively.
Table 7.4: A comparison of the stability constants for complex formation with lithium and sodium in the
ScCO2 extraction experiments at 60°C and 250 bar with a 50-fold excess of HDEHP and a 50-fold excess
of each crown ether, respectively. These extractions were performed on chloride solutions containing 10
mg/L lithium, 500 mg/L sodium, and 40 mg/L magnesium.
KLi [M-1 ]

KNa [M-1 ]

KLi
KNa

F14C4/HDEHP

0.11

0.50

0.22

M14C4/HDEHP

0.022

0.43

0.05

As discussed in Chapter 5, we can extend the definition of the stability constant to include the
activities of the involved compounds, and not just the concentrations. Accounting for the
dissociation of HDEHP results in a new definition of the stability constant, like was presented in
Equation 5.14 in Chapter 5:

=

∙

∙
∙

=

[Li − CE − CA] ∙
[Li ] ∙
[CE] ∙

[H ]
[CA]
(7.12)

[Li − CE − CA] [H ]
=
[Li ] [CE] [CA]
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∙

1

∙

where

=

Li−CE−CA H+
Li+ CE

is a constant that can be incorporated in the stability constant, i.e.

. Here γ is the activity coefficient of each component, defined as
fraction of each component,

=

∙

the fugacity of a pure component, and

∗

=

with x being the mole
the fugacity of the

component in the phase it is dissolved in. An identical equation defines the stability constant for
∗

sodium complex formation as

=

with

=

Na−CE−CA H+
Na+ CE

.

Applying the extended Debye-Hückel limiting law with Equations 5.11-5.13 from Chapter 5
results in modified stability constants using activity rather than concentration that are presented in
Tables 7.5 and 7.6.
Table 7.5: A comparison of the activity-based stability constants for complex formation with lithium and
sodium in the ScCO2 extraction experiments at 60°C and 250 bar with a 300-fold excess of HDEHP and a
50-fold excess of each crown ether, respectively. These extractions were performed on chloride solutions
containing 10 mg/L lithium, 500 mg/L sodium, and 40 mg/L magnesium.
∗
∗

∗

-1

[M ]

-1

[M ]

∗

F14C4/HDEHP

0.24

0.20

1.2

M14C4/HDEHP

0.26

0.26

1.0

Table 7.6: A comparison of the activity-based stability constants for complex formation with lithium and
sodium in the ScCO2 extraction experiments at 60°C and 250 bar with a 50-fold excess of HDEHP and a
50-fold excess of each crown ether, respectively. These extractions were performed on chloride solutions
containing 10 mg/L lithium, 500 mg/L sodium, and 40 mg/L magnesium.
∗

∗

[M-1 ]

[M-1 ]

KLi
KNa

F14C4/HDEHP

0.15

0.65

0.23

M14C4/HDEHP

0.029

0.57

0.051
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To compare the stability constants calculated earlier in Chapter 5 with the ones presented in this
chapter we also need to account for differences in lithium and sodium concentrations in the
aqueous phases subjected to the extraction process in each case. The adjusted stability constant in
terms of activities is

=

∙
∙

∙

[Li − CE − CA] ∙
[Li ] ∙
[CE] ∙

=

[H ]
[CA]
(7.13)

[Li − CE − CA] [H ]
=
[Li ] [CE] [CA]

with

=

Li−CE−CA H+

constant and

∗∗

=

1
∙

∙

∙
Li+

. An identical equation defines the stability constant

CE

∗∗

for sodium complex formation as

=

=

with

Na−CE−CA H+

.

CE

To find γ, we can apply the Pitzer ion interaction model to calculate the activity coefficients for
LiCl and NaCl. In the Pitzer ion interaction model, the activity coefficient is calculated with the
following formula (Tester & Modell, 1997):

ln
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=|

|

+

2
±

+

2(
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/
±

(7.14)
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(7.15)

/

(7.16)
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/

1
= (2 (1000)
3

)

/

4

In the equations above, z+z–, is the charge product of dissociated LiCl/NaCl,

(7.18)

is the Debye-

Hückel term, m is the molality of LiCl/NaCl in the aqueous phase, ν = ν+ + ν– represents the total
number of moles of ions produced when 1 mole of LiCl/NaCl fully dissociates, Aϕ is a DebyeHückel parameter, and I is the ionic strength of the overall solution, defined by:

=

β0, β1, and

±

1
2

=

(7.19)

are Pitzer ion interaction parameters at 25°C, determined from fitting with

experimental data and retrieved from Table 12.3 in Tester and Modell’s book (Tester & Modell,
1997), and α and b are constants set to 2.0 and 1.2, respectively, according to Pitzer’s
recommendation.
In Equation 7.18, NA is Avogadro’s number, ρs is the density of the aqueous phase, e is the
elementary charge, ε0 is the vacuum permittivity, Ds is the dielectric constant (relative permittivity)
of the aqueous phase, and k is the Boltzmann constant.
The values of the stability constants calculated by including the activity of LiCl and NaCl in the
aqueous phase with the Pitzer ion interaction model, for the ScCO2 extractions performed in the
research in this chapter, are presented in Tables 7.7 and 7.8.
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Table 7.7: A comparison of the activity-based stability constants, including the activity of HDEHP, LiCl,
and NaCl, for complex formation with lithium and sodium in the ScCO2 extraction experiments at 60°C
and 250 bar with a 300-fold excess of HDEHP and a 50-fold excess of each crown ether, respectively.
These extractions were performed on chloride solutions containing 10 mg/L lithium, 500 mg/L sodium,
and 40 mg/L magnesium.
∗∗
∗∗

∗∗

[M-1 ]

[M-1 ]

∗∗

F14C4/HDEHP

0.28

0.33

0.85

M14C4/HDEHP

0.30

0.42

0.71

Table 7.8: A comparison of the activity-based stability constants, including the activity of HDEHP, LiCl,
and NaCl, for complex formation with lithium and sodium in the ScCO2 extraction experiments at 60°C
and 250 bar with a 50-fold excess of HDEHP and a 50-fold excess of each crown ether, respectively.
These extractions were performed on chloride solutions containing 10 mg/L lithium, 500 mg/L sodium,
and 40 mg/L magnesium.
∗∗
∗∗

∗∗

-1

[M ]

-1

[M ]

∗∗

F14C4/HDEHP

0.17

1.1

0.15

M14C4/HDEHP

0.034

0.93

0.037

The stability constants calculated in Chapter 5 for the F14C4/HDEHP liquid-liquid extraction
system, adjusted to account for the LiCl and NaCl concentrations in the extraction with the Pitzer
ion interaction model, are presented in Table 7.9.
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Table 7.9: A comparison of the activity-based stability constants, including the activity of HDEHP, LiCl,
and NaCl, for lithium and sodium complex formation for the F14C4/HDEHP system in liquid-liquid
extractions between an aqueous phase and chloroform, using a different excess of the crown ether and
cation exchanger in each case. These extractions were performed on the 100 mg/L lithium and 2,300
mg/L sodium solution.
∗∗

F14C4:HDEHP:Li

∗∗

∗∗

[M-1 ]

[M-1 ]

∗∗

50:50:1

0.016

0.012

1.3

100:10:1

0.0014

0.00012

12

250:10:1

0.044

0.048

0.92

Most notably, when comparing the stability constants presented in Tables 7.6-7.9, for the ScCO2
extraction experiments and the liquid-liquid extraction experiments, we see that in every case the
constants for the ScCO2 extractions are higher, suggesting that the extraction process is more
efficient between an aqueous phase and ScCO2 than an aqueous phase and chloroform. In fact,
when comparing the same extraction system, F14C4/HDEHP, the closest stability constants
calculated are still an order of magnitude apart.
A simple first order sensitivity analysis of the Pitzer ion interaction model, where each LiCl and
NaCl parameter that we get from the literature (β0, β1, and

±)

is varied by 50% shows that the

effect on γ± is minor. Changing β1 has the largest effect, resulting in a 0.4% change in γ±. For NaCl
the sensitivity is similar, with a maximum change in γ± of 1.6%. Changing α by 50% has a very
limited effect and changing b by 50% has larger yet not very extensive effect, with a maximum
change of 1.7% in γ± for LiCl and 8.3% in γ± for NaCl. Given this simple sensitivity analysis, we
are confident in our result that the ScCO2 extraction of lithium with the researched extraction
systems is more efficient than the liquid-liquid extraction into a chloroform phase.
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7.6 Conclusions and practical implications
This research for the first time reports on the effectiveness of the selective extraction of lithium
using crown ethers in ScCO2. In this chapter, we demonstrated that with properly selected crown
ether and cation exchanger pairs, ScCO2 extraction of lithium is achievable. In addition, feasible
selective extraction was also shown from solutions with high concentration of other cations such
as sodium and magnesium. Over the ranges of pressure and temperature examined from 200 bar
to 250 bar and from 60°C to 85°C we did not observe a measurable effect on the extraction process,
as long as the solubility of extractants and cation exchangers in the ScCO2 phase is maintained.
Changing the ratio between the cation exchanger, crown ether extractant, and lithium can however
greatly affect the extraction efficiency of lithium and the selectivity towards lithium over other
metals. In further optimization of this process a closer look at these ratios could result in a more
efficient and selective process than the one presented in this research.
A very minimal difference is observed in these experiments between the F14C4/HDEHP and
M14C4/HDEHP systems. The difference is most pronounced in the case of extraction at 60°C and
250 bar with a 50-fold crown ether and cation exchanger excess, with respect to lithium. In this
case the lithium extraction efficiency is higher for the F14C4/HDEHP system than the
M14C4/HDEHP system; 7% versus 1% extraction efficiency.
The best results in terms of overall lithium extraction efficiency and lithium selectivity in this
research were achieved with the base case extraction system with either F14C4 or M14C4, at 60°C
and 250 bar, with a 300-fold excess of HDEHP and a 50-fold excess of F14C4 or M14C4. For
F14C4 the extraction efficiency of lithium was 30%, the sodium extraction efficiency was 27%,
and the magnesium extraction efficiency was 52%. For M14C4 the extraction efficiency of lithium
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was 30%, the sodium extraction efficiency was 30%, and the magnesium extraction efficiency was
51%.
Although using a significant excess of HDEHP versus the crown ethers and lithium is a
disadvantage in terms of the economics of the overall process, since more HDEHP is needed for
successful operation, having some excess of HDEHP can actually also be an advantage in terms
of process operation. For an industrial process the mixing of the crown ethers and HDEHP into
the ScCO2 phase can be achieved in a few ways, the simplest one being a flow of HDEHP and the
crown ether into a mixing reactor with ScCO2. HDEHP is significantly less viscous than the crown
ethers and therefore a lot easier to pump. Having an excess of HDEHP can therefore be
advantageous in process operation, since the more viscous crown ether and HDEHP can be
pumped together.
Looking at the stability constant calculations performed in this chapter we see that the stability
constants for lithium and sodium complex formation are higher for extraction into ScCO2 than into
chloroform. This suggests that complex formation is easier across the interface between ScCO2
and an aqueous phase than across the interface between chloroform and an aqueous phase. One
potential cause for this difference is the improved mass transfer between phases, and in the ScCO2
phase, because of the low viscosity and high diffusivity of ScCO2. Another is the difference in the
relative permittivity (dielectric constant) of chloroform and ScCO2. The relative permittivity of
chloroform at 25°C and 1 bar is 4.81 whereas the relative permittivity of ScCO2 at 60°C and 250
bar is 1.475 (interpolation between values at 50°C and 75°C at 250 bar (Michels & Michels,
1933)). The metal complexes formed in the extraction process are highly non-polar given their
structure and potential for shielding of the metal cation and thus more stable in solvents with low
relative permittivities.
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One last note should be made about the extraction process operated in this research. The overall
process was a combination of batch and semi-batch processing. As was previously explained, this
was necessary to enable efficient use of the crown ethers synthesized in this research. Because of
the way the system was operated in the dynamic extraction stage, the concentration of the crown
ether and HDEHP continuously lowers when the ScCO2 phase inside the reactor is replenished
with fresh carbon dioxide. This affects the chemical equilibrium in the reactor, resulting in some
of the metal complex formed breaking apart and the extracted metal ions transferring from the
ScCO2 phase back into the aqueous phase (Equations 7.10 and 7.11). The extraction results
presented in this chapter are therefore an underestimation of extraction achieved in a batch system
because of the way a batch extraction has to be operated in a supercritical system, and an
underestimation of the extraction achieved in a semi-batch system because of the limited amount
of crown ethers available to us. Given this underestimation of the extraction efficiency of the metal
ions, and the fact that this supercritical extraction process can be operated in continuous manner
(Leib & Pereira, 2007), the results presented here are encouraging for further research on ScCO2
extraction of lithium. Additionally, the extractions performed in this chapter were performed on
an aqueous solution containing 10 mg/L lithium. Geothermal brines contain up to 100 mg/L
lithium and the salt lake brines currently mined in South-America range from 200 - 4,000 mg/L of
lithium (see Table 1.1 in Chapter 1). Applying this ScCO2 extraction process to brines with much
higher lithium concentrations will only increase the extraction efficiency of the process.
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Chapter 8: Molecular dynamic modeling of crown ether complex behavior in
supercritical carbon dioxide
In Chapters 5 and 7, the results of liquid-liquid extraction experiments and ScCO2 experiments,
performed with the synthesized M14C4 and F14C4 and the commercially available cation
exchangers bis(2-ethylhexyl) phosphate (HDEHP) and heptadecafluorooctanesulfonic acid
tetraethylammonium salt (TPFOS) are detailed. In the extraction process, a complex is formed
with the lithium ion, crown ether, and cation exchanger. The reaction mechanism for this
process is presented in Equations 5.5-5.7 in Chapter 5. The mechanism for the formation of a
sodium complex is presented in Equations 5.8-5.10. Despite the huge excess of sodium in each
case, lithium is preferentially extracted.
In this chapter, molecular dynamic modeling of the lithium and sodium complex formation is
covered. This work was performed by Andrew Ruttinger, a graduate student in Prof. Paulette
Clancy’s research group at Cornell. The work is detailed and discussed, and compared with the
results of Chapters 5 and 7. In addition, the combined results of Chapters 5, 7, and 8 are used
to make conclusions about the usefulness of the synthesized crown ethers and the extraction
systems researched for the extraction of lithium from geothermal brines.
A paper, where the molecular dynamic modeling of complex formation and the experimental
extraction results are compared, has been submitted to ChemSusChem. The authors of that
paper are Andrew Ruttinger, Arna Pálsdóttir, Jefferson W. Tester, and Paulette Clancy.
8.1 Overview
The extraction studies performed for this thesis give us an idea of the effectiveness of different
synergistic extraction systems. However, if we are to have a better understanding of the effect
of each species in the extraction system on the extraction efficiency and selectivity towards
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lithium over sodium, further research is necessary. A computational approach like Molecular
Dynamics (MD) is ideal for such an exploration; MD is well suited to evaluate each
combination of crown ether and cation exchanger, without concern for separating them after
the extraction. It offers a faster, cheaper alternative to experimental screening processes and
potentially offers molecular-level insight into the mechanism by which the extraction process
works.
Molecular dynamics (MD) were used to determine the binding free energy of the cation to the
crown ethers for four different combinations of cation exchanger-crown ether pairs. Three of
the combinations were experimentally available to us, and were tested in Chapters 5 and 7. One
of the combinations, F14C4/TPFOS, was not used since the separation of F14C4 and TPFOS
was not experimentally achievable. The combinations researched were:


F14C4/TPFOS



M14C4/TPFOS



F14C4/HDEHP



M14C4/HDEHP

We use the MD-derived binding free energies as a metric to explain and quantify the extraction
efficiency and selectivity seen, finding good agreement between experimental and
computational results. These results show that the binding free energy is a suitable metric to
describe extraction efficiency. The difference in binding free energy of sodium versus lithium
to the crown ethers provides a route to determine the extraction selectivity of the cations. We
highlight the positive influence of fluorinated groups to improve extraction efficiency. Of the
systems studied here, F14C4 paired with TPFOS offers the most selective and efficient
extraction system.
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8.2 Previous computational studies on crown ethers as extractants
The MD simulations of crown ether systems have been featured in several earlier studies. In
1995, Dang performed the first free energy calculations to evaluate crown ether selectivity in
an aqueous solution (Dang, 1995). Using an 18-crown-6 ether, Dang calculated the potential
of mean force for four different crown ether/cation complexes as a function of radial distance
from the center of the crown ether. All simulations were performed in a water solvent at 1 atm
and 300 K, with a chloride ion as a counter-anion. Although the MD binding free energies
underestimated the experimental measurements by about 1 kcal/mol, Dang qualitatively
validated the proper selectivity of cations: K+ > Rb+ > Cs+ > Na+ (Dang, 1995).
A more recent MD study by Valente et al. in 2012 used a custom crown ether in a
dichloromethane solvent to calculate the binding free energies of lithium, sodium, and
potassium (Valente, Sousa, Magalhães, & Freire, 2012a). The researchers found that the
selectivity of their crown ethers to alkali metals increased with a decreasing ionic radius. More
importantly, this work built upon Dang's work by using the Steered Molecular Dynamics
(SMD) method to find the reaction coordinate, rather than assume a coordinate perpendicular
to the plane of the crown ether. SMD is particularly suitable to provide an unbiased insight into
a viable reaction coordinate; details are provided in Section 8.3. In additional work by Valente
et al. a potassium ion was pulled across a water/dichloromethane interface using SMD. The
researchers found that there was an energy barrier to pull the cation from the water phase into
the organic phase. Moreover, they discovered that the cation would carry along 7-12 H2O
molecules into the organic phase. The H2O molecules could then play an important role in
facilitating the binding of the potassium to the crown ether, before diffusing back to the bulk
H2O phase (Valente, Sousa, Magalhães, & Freire, 2012b).
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Although these previous computational works reveal interesting information that will be
relevant to our study, they differ from our system in several regards: First, each of these works
were performed at atmospheric conditions in either H2O or dichloromethane, rather than
ScCO2. Therefore, the findings of these studies would not be applicable in a continuous ScCO2
extraction process with geothermal brines. Second, the individual influences of both the cation
exchanger and the fluorinated species were not considered. Lastly, although the influence of
water was discovered in previous studies, its effect on the binding free energy of the cation to
the crown ether was not considered. In our study, we performed free energy calculations of
several pairs of crown ether/cation exchanger systems, taking into account all the factors
mentioned above.
8.3 Methods
The computational approach consisted of four main steps: (1) preliminary structural
calculations, (2) dynamical validation and system relaxation, (3) determination of the minimum
free energy pathway (reaction coordinate), and (4) free energy calculations. The structural
calculations were performed using Density Functional Theory (DFT) to find the ground-state
atomic structure of our complexes; details given below. The remaining steps were performed
in Molecular Dynamics (MD) with the purpose of observing the dynamics of these complexes
in our supercritical fluid at the experimental conditions; details given below. The MD
simulations provided bulk properties such as density and average force on our molecules.
Within MD, Steered Molecular Dynamics (SMD) (Izrailev et al., 1999; Jarzynski, 1997; Park
& Schulten, 2004) was used to determine the minimum free energy pathway, followed by more
accurate Thermodynamic Integration (TI) runs to perform the final free energy calculations
(Darve, 2007).
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All MD simulations were run using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) package (Plimpton, 1995). The ScCO2 model was parameterized using
the EPM2 model (Harris & Yung, 1995) with flexible CO2 bonds and angles (Murthy, Singer,
& McDonald, 1981; Nieto-Draghi, De Bruin, Pérez-Pellitero, Bonet Avalos, & MacKie, 2007)
chosen for its transferability to studies over a wide range of temperatures (Trinh, Vlugt, &
Kjelstrup, 2014). All other species in the simulations were parameterized using the OPLS force
field (Jorgensen, Maxwell, & Tirado-Rives, 1996). Parameters not included in OPLS are listed
in Table 8.1 with their sources (Canongia Lopes & Pádua, 2004; Canongia Lopes, Pádua, &
Shimizu, 2008; Das, Sahu, & Ali, 2017; Harris & Yung, 1995; Murthy et al., 1981; NietoDraghi et al., 2007; Pluhackova et al., 2015; Siu, Pluhackova, & Böckmann, 2012; Sunda &
Venkatnathan, 2011). Ryckaert-Bellemans dihedrals were converted to OPLS dihedrals using
the mathematical relationship outlined in the GROMACS manual (Van der Spoel et al., 2005).

174

Table 8.1: Force field parameters used in MD simulations.
Type

Atom(s)

Value

Source(s)

Dihedral

F-C-S-O

V1 = 0.0; V2 = 0.0; V3 = 0.347 kcal/mol

Canongia Lopes and Pádua, 2004

O-C-C-C=

V1 = 0.5; V2 = 0.0; V3 = 0.0 kcal/mol

Siu et al. 2012, Pluhackova et al. 2015

C-O-C=C

V1 = 0.64; V2 = -0.25; V3 = 0.67 kcal/mol

Siu et al. 2012, Pluhackova et al. 2015

C-O-P-O

V1 = 0.0; V2 = 2.40; V3 = 0.5 kcal/mol

Das et al., 2017

O=C=O

rθ = 180.0°; kθ = 295.41 kcal/rad2mol

Murthy et al., 1981

Angle

Nieto-Draghi et al., 2007

Bond

C-S-O; R-SO3

rθ = 108.90°; kθ = 148 kcal/rad2mol

Sunda and Venkatnathan, 2011

O-S-O; R-SO3

rθ = 119.0°; kθ = 208 kcal/rad2mol

Sunda and Venkatnathan, 2011

C=O; O=C=O

rb = 1.1490; kb = 2566.76 kcal/Å2mol

Harris and Yung, 1995
Nieto-Draghi et al., 2007

Charge

VDW

S-O; R-SO3

rb = 1.4400; kb = 700.00 kcal/Å2mol

Sunda and Venkatnathan, 2011

C; O=C=O

q = 0.6512 e

Harris and Yung, 1995

O; O=C=O

q = 0.3256 e

Harris and Yung, 1995

S; R-SO3

q = 1.37 e

Sunda and Venkatnathan, 2011

O; R-SO3

q = 0.79 e

Sunda and Venkatnathan, 2011

C; O=C=O

є = 0.0559 kcal/mol; σ = 2.7570 Å

Harris and Yung, 1995

O; O=C=O

є = 0.1599 kcal/mol; σ = 3.0330 Å

Harris and Yung, 1995

S; R-SO3

є = 0.3360 kcal/mol; σ = 3.5500 Å

Canongia Lopes et al., 2008

O; R-SO3

є = 0.1700 kcal/mol; σ = 2.9600 Å

Canongia Lopes et al., 2008

Density Functional Theory (DFT) simulations were performed with the Orca software package
(Neese, 2012). Ground-state electronic structures for each species were found using DFT to
optimize the electron density of the system. The B97-D3 functional and def2-TZVP basis set
(Schäfer, Horn, & Ahlrichs, 1992; F Weigend & Ahlrichs, 2005; Florian Weigend, Häser,
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Patzelt, & Ahlrichs, 1998) were chosen for the calculations, based on the recommendations of
Grimme (Goerigk & Grimme, 2011).
Species with charges unavailable in literature were calculated using the CHELPG method
(Breneman & Wiberg, 1990; Chirlian & Francl, 1987). To account for the large range of motion
of the alkyl chains in the species, the CHELPG charge was averaged over configurations
obtained from a preliminary MD simulation. The species was placed in a vacuum at the center
of a 20 Å by 20 Å simulation box with periodic boundaries in all three Cartesian directions. A
time step of 1 fs was chosen for all the Molecular Dynamics simulations. After a short
minimization period, a microcanonical NVE ensemble was run for 10 ps, followed by a 2 ns
isothermal NVT run at 313 K. After allowing 1 ns for relaxation during the NVT run, a total
of 20 configurations were taken as samples from the NVT run at an interval of 0.05 ns until the
simulation was completed after 2 ns.
Based on the work of Valente et al., water is found to be pulled across the interface by the
cation and helps facilitate the binding of the cation to the crown ether, before breaking off and
returning to the bulk water phase (Valente et al., 2012b). To determine the number of H2O
molecules dragged across the interface, a cation surrounded by H2O molecules was optimized
in DFT and placed in a box of ScCO2 at system conditions. This system was simulated for 2 ns
in an NPT ensemble. For this simulation, 20 H2O molecules were chosen based on the
observation of Valente et al. that 7-12 H2O molecules were pulled from the water phase to the
organic phase. An extra 8 molecules were added to account for any uncertainties introduced
due to the differences in our system relative to Valente's (solvent, pressure, and temperature).
Any H2O molecules that broke away from the cluster and reached any of the periodic
boundaries were deleted from the simulation. The resulting cation/H2O complex was taken to
be the water “droplet” that solvates the cation, under the assumption that the cation is far away
from the interface, and that all excess H2O had diffused back to the bulk water phase.
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Prior to our MD simulations, and for each system of interest, the bound state of the cation in
the crown ether was optimized using DFT calculations. The cation was arranged inside the pore
of the crown ether, with the anionic cation exchanger and H2O molecules arranged above the
plane of the crown ether and interacting with the crown ether/cation via hydrogen bonds and
coordination between the cation and the oxygen atoms. These optimized complexes were taken
as the starting structures in our MD studies.
Our main production runs were set up as follows. The DFT-optimized crown ether complex
was placed in the center of a 45 Å3 simulation box and surrounded by ScCO2 molecules at a
density of 787.28 kg/m3, which corresponds to the experimental density at system conditions
(0.03-0.05% expected error (Span & Wagner, 1996)). Due to the length of the fluorinated
molecules, the fluorinated group on the TPFOS was truncated to a C4F9 group in order to reduce
the computational expense from a larger simulation box. A 10 Å Coulombic cut-off distance
was used with an Ewald summation to provide closure at long distances. The force on the cation
was set to zero to keep the complex centered in the box. Bonds in the CO2 molecule were kept
rigid using the SHAKE method (Ryckaert, Ciccotti, & Berendsen, 1977). A time step of 1 fs
was used in all cases. After a short minimization run of no more than one thousand iterations,
the simulation was carried out in an isothermal-isobaric NPT ensemble (Andersen, 1980) for
16 ns at 333 K and 250 bar. This gave sufficient time for the system to relax to an accessible
energy minimum and provide enough statistics on the microstates with which we could infer
macroscopic properties. Using these statistics, we validated our simulations by comparing the
density of our simulation box to the experimental value after it relaxed. In each case, our
simulations achieved an error of less than 2% in comparison with experimental values. An
example of the time evolution of the density for one of our systems and the data used to
calculate the density is shown in Figure 8.1.
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Figure 8.1: The relaxation of the system density for the F14C4/HDEHP pair with lithium. The target
experimental density of 0.787 g/cm3 is shown as a green horizontal line, while the stochastic
simulation density is shown in blue. The average simulation density was determined using all
simulation data points after the vertical red line.

SMD was used to determine the reaction coordinate in an essentially unbiased manner (Izrailev
et al., 1999; Jarzynski, 1997; Park & Schulten, 2004). We used a coupling approach that links
two atoms together with a spring that pulls apart the atoms at a constant velocity. Starting from
the end of the NPT production run, the cation was coupled to one of the oxygen atoms on the
crown ether ring and then pushed apart at a constant velocity of 10 Å/ns. A virtual spring
constant of 50 kcal/Å2mol was used through the SMD run. Both the pulling velocity and spring
constant were chosen based on the results from Valente et al. (Valente et al., 2012b). The SMD
run was performed for 2.5 ns, corresponding to a final cation displacement of approximately
25 Å from the crown ether. To ensure no artificial effects were present due to the pushing of
the cation, the density was again verified using the experimental value. While SMD runs are
useful in order to determine an appropriate reaction coordinate, they are not particularly
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accurate in determining the free energy. For this task, we used Thermodynamic Integration (TI)
(Darve, 2007).
More accurate free energy calculations were obtained using the TI method (Darve, 2007).
Instantaneous states from the SMD trajectory were taken every 30 ps for 50 different cation
positions, starting at the fully bound position. This corresponded to a change of 0.3 Å, on
average, in the separation of the crown ether and cation at each data point, which was
considered to be a sufficient resolution in energy. If the difference in force between neighboring
data points was found to be too large, more data points were taken in that region to improve
the resolution. Conversely, any data points with a large standard deviation in relation to their
neighbors were discarded due to their poor instantaneous states. Average forces between the
cation and crown ether were determined by constraining the cation and O atoms on the ring
and summing up each individual cation-oxygen force. All other atoms in the system were
unconstrained. Error on the average forces at each data point were determined by calculating
the standard error at each state (Grossfield & Zuckerman, 2009). The largest cation/crown ether
separation was taken as the reference point for measuring the Gibbs Free Energy. TI
simulations were run for at least 2 ns to reduce the standard error on our data points to the order
of 1 kcal/Å2mol. All TI simulations were continued directly from the SMD simulations under
an NPT ensemble. Final energy values were reported in units of kcal/mol.
8.4 Computational results
8.4.1 The role of water in the cation extraction
To capture the binding free energy of cations to crown ethers, the first task is to understand the
role of H2O and the cation exchanger in crown ether systems. Under the assumption that the
binding of the cation to the crown ether occurred far away from the geothermal brine/ScCO2
interface, we first determined the number of H2O molecules necessary to form a stable cluster
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with the cation and the cation exchanger in the ScCO2 phase after sufficient time. We started
with twenty H2O molecules forming a ''droplet'' around a lithium/sodium cation and, using
HDEHP as the cation exchanger, we ran a 2 ns, isobaric-isothermal (NPT) MD simulation in
ScCO2 with 1 fs time steps. The nature of the H2O/cation exchanger/cation complex for both
lithium and sodium after the simulation is shown in Figure 8.2. Just four water molecules
remain stably bound to the complex in the simulation, based on the observation that no more
water molecules diffused away from the complex for at least 0.5 ns. Throughout the simulation,
the dominant forces on the H2O molecules were observed to be hydrogen-bonds and
coordination between the cation and oxygen of the H2O. Water interacted with the ScCO2
through electrostatic forces.

Figure 8.2: Snapshots of the H2O/cation exchanger/cation complex in the ScCO2 with lithium (left)
and sodium (right). Cations are shown in blue. The lithium cation tends to coordinate with four
oxygen atoms, whereas sodium cations coordinate with six. ScCO2 is not shown for clarity, but
surrounds the complex.

Lithium and sodium complexes differ chemically, but structural differences also arise. Lithium
is known to coordinate with four oxygen atoms, while sodium will coordinate with six (Varma
& Rempe, 2006). This is reflected in the MD snapshot shown in Figure 8.2 in which three H2O
molecules and one oxygen on the HDEHP coordinate with the lithium. For the sodium
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complex, all four H2O molecules and two oxygens on the HDEHP coordinate with the sodium.
While these cases of cation-coordination are informative, these particular structures are
ephemeral, with the coordination between each oxygen and cation associating and dissociating
rapidly (< 200 fs). As a result, there are instances where the lithium will coordinate with two
H2O molecules and two oxygen atoms on the HDEHP, and the sodium will coordinate with
four H2O molecules and one oxygen on the HDEHP (the coordination only being five in this
configuration due to the number of H2O molecules). These results provide insight into the
ability of the H2O and cation exchanger to influence the binding free energy of each cation to
the crown ether.
8.4.2 Binding free energy curves
In order to explain the difference in extraction efficiency and selectivity towards lithium over
sodium for the different crown ether/cation exchanger combinations presented in Chapters 5
and 7, we used MD simulations to provide atomistic level insight into the processes at play.
MD simulations also gave us the ability to study other combinations of crown ethers and cation
exchangers that were experimentally difficult to study due to the difficult separation of the
crown ethers and cation exchangers for crown ether recovery and re-use.
We used free energy as a metric to quantify extraction efficiency and selectivity. We studied
the free energy of the following combinations: F14C4/TPFOS (Figure 8.3), M14C4/TPFOS
(Figure 8.4), F14C4/HDEHP (Figure 8.5) and M14C4/HDEHP (Figure 8.6). The error bars in
the free energy typically amount to around 2-3 kcal/mol.
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Figure 8.3: Comparison of the binding free energy between lithium and sodium in a F14C4/TPFOS
system.

Figure 8.4: Comparison of the binding free energy between lithium and sodium in a M14C4/TPFOS
system.
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Figure 8.5: Comparison of the binding free energy between lithium and sodium in a F14C4/HDEHP
system.

Figure 8.6: Comparison of the binding free energy between lithium and sodium in a M14C4/HDEHP
system.
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To further highlight the correlation between the liquid-liquid extraction experimental results
presented in Chapter 5 and the MD simulations, the magnitudes of the binding free energy and
distance between the crown ether and cation for each combination are shown in Table 8.2. The
binding free energy was taken as the data point with the largest magnitude, while the bound
separation was the separation at which this binding free energy occurs. Figure 8.6 effectively
highlights this. For lithium (blue), the binding free energy is the y-axis value that occurs at
leftmost data point, corresponding to 85 kcal/mol. The bound separation is then the x-axis value
of that data point, corresponding to 1.93 Å.
Table 8.2: Comparison of binding free energy and distance between crown ether and bound cation for
lithium and sodium. These values are taken as the maximum binding free energy and the
corresponding x-axis value from Figures 8.2-8.5.
Crown ether/cation exchanger

Binding free energy (kcal/mol)

Bound separation (Å)

Li+

Na+

Li+

Na+

F14C4/TPFOS

104

86

2.17

3.12

M14C4/TPFOS

93

80

2.08

2.56

F14C4/HDEHP

90

71

1.99

2.94

M14C4/HDEHP

85

71

1.93

2.42
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8.5 Comparison with experimental data
In Table 8.3, the stability constants from Chapter 5, for complex formation in the liquid-liquid
extractions, are presented again.
Table 8.3: A comparison of the stability constant for complex formation with lithium and sodium in
the liquid-liquid extraction experiments with a 50-fold excess of the crown ether and cation
exchanger. These extractions were performed on a 100 mg/L lithium and 2,300 mg/L sodium solution.
Crown ether/cation exchanger

KLi [M-1 ]

KNa [M-1 ]

KLi
KNa

M14C4/TPFOS

2.3∙10-2

2.0∙10-2

1.15

F14C4/HDEHP

6.5∙10-3

2.9∙10-3

2.24

Note that the concentration-based definition of the stability constant is employed in Table 8.3.
Since what we are looking at here is the ratio between the calculated stability constants for
lithium and sodium, and the extraction experiments were performed with the same molar
amounts of metal salts and crown ethers/cation exchangers, the ratio between the two stability
constants will not be affected by whether the stability constant definition is activity- or
concentration-based. For further confirmation of this, see Section 5.4 in Chapter 5.
Comparing Tables 8.2 and 8.3, we see that the molecular dynamic calculations of the binding
free energy of each complex confirm the experimental results. In both the experimental cases,
for M14C4/TPFOS and F14C4/HDEHP, lithium is preferentially extracted, but the coextraction of sodium is higher for M14C4/TPFOS. This aligns well with the molecular dynamic
calculations, that predict a larger difference in binding energy for lithium and sodium for
F14C4/HDEHP than for M14C4/TPFOS. In terms of the overall experimental extraction
efficiency, M14C4/TPFOS has a larger stability constant than F14C4/HDEHP for both lithium
and sodium. According to the molecular dynamic calculations the binding energy of both
lithium and sodium is higher for M14C4/TPFOS than for F14C4/HDEHP.
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In Table 8.4, the stability constants from Chapter 7, for complex formation in the ScCO2
extractions, are presented again.
Table 8.4: A comparison of the stability constant for complex formation with lithium and sodium in
the ScCO2 extraction experiments with a 50-fold excess of the crown ether and a 300-fold excess of
the cation exchanger. These extractions were performed on a 10 mg/L lithium and 500 mg/L sodium
solution.
KLi [M-1 ]

KNa [M-1 ]

KLi
KNa

F14C4/HDEHP

0.11

0.09

1.22

M14C4/HDEHP

0.12

0.12

1.00

A comparison between the molecular dynamic modeling data in Table 8.2 and the ScCO2
extraction data in Table 8.4 is fairly favorable; the predicted higher selectivity of F14C4 is
evident. However, the predicted difference in extraction efficiency between F14C4/HDEHP
and M14C4/HDEHP is not discernable when experimental uncertainty is taken into account.
8.6 Discussion
Using binding free energy as a metric to quantify extraction efficiency and selectivity, we were
able to evaluate the crown ether/cation exchanger combinations experimentally tested in the
liquid-liquid and ScCO2 extractions, as well as a crown ether/cation exchanger combination
that we were unable to experimentally test; F14C4/TPFOS. MD modelling of the ScCO2
system allowed us to bypass issues related to separation of F14C4 and TPFOS.
From complexation theory (Bjerrum & Nielsen, 1948), we were able to propose a mechanism
for the complexation of lithium and sodium with the crown ethers and cation exchangers, using
the fact that lithium has a coordination number of four and that sodium has a coordination
number of six, and incorporating the interactions of lithium with water (Section 8.4.1). This
mechanism was presented in Section 5.4 in Chapter 5.
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With the conclusions drawn from the comparison between our liquid-liquid extraction data,
ScCO2 extraction data, and MD data, we can predict, beyond the experimental range, the most
efficient and selective species. The data in Table 8.2 show two major trends in binding free
energy: First, replacing M14C4 with F14C4 increases the difference in binding free energy
between lithium and sodium, and hence explains the higher selectivity. Second, replacing
HDEHP with TPFOS increases the binding free energy of the cations to the crown ether.
We also see an interesting trend in the bound separation of the cation from the crown ether.
Species exhibiting a larger difference in binding free energy also have a larger difference in the
bound separation of the cation. For example, the F14C4/HDEHP system, which is known to be
selective from experiments, binds lithium significantly (0.95 Å) closer than sodium. However,
for the M14C4/TPFOS system which is not as selective, lithium is only bound 0.48 Å closer.
Combining all three observations, we see that F14C4/TPFOS is both efficient at extracting
cations into ScCO2 and selective for lithium over sodium. These observations bring to light
questions about why some combinations are more selective or efficient than others. To answer
these questions, the structure of the crown ethers and cation exchangers must be considered.
As observed by Laintz et al., fluorination of alkyl groups on extractants improves solubility in
ScCO2 (Laintz, Wai, Yonker, & Smith, 1991). For this reason, some of our crown ethers and
cation exchangers were designed with fluorinated tails. Coincidentally, a recent study by
Omorodion et al. reveals that collective fluorous interactions can give rise to strong interaction
energies of up to 13 kcal/mol (Omorodion, Twamley, Platts, & Baker, 2015). Our MD data
reflects this observation. When M14C4/HDEHP (no fluorinated groups) is compared to
F14C4/TPFOS (two fluorinated groups), we observe interaction energies of 15-19 kcal/mol.
Figure 8.7 shows the effect of fluorinated groups on the binding free energy of each system.
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Figure 8.7: The effect of fluorinated groups. Binding free energy increases as the number of
fluorinated groups increases.

The addition of fluorinated groups on the crown ether or cation exchanger increases the binding
free energy and, consequently, the extraction efficiency of the system. This can be explained
by the attractive effect of the fluorinated groups. In the case of F14C4/TPFOS, the fluorinated
tails lead to much lengthier molecules with many electronegative atoms. Fluorine atoms on the
same tail do not like to interact with each other, causing the fluorinated tails to stretch out. As
a result, in solution, these species can interact with molecules at larger distances, facilitated by
long-range electrostatic forces. This can improve the binding energy of the cation to the crown
ether. Moreover, at short distances, the fluorinated tails can interact with the alkyl groups on
the species, which are also known to be moderately attractive (Omorodion et al., 2015). Both
of these additional effects would lead to a more favorable potential energy between the cation
and crown ether as the cation is bound to the crown ether.
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8.7 Conclusions and recommendations
Using a combination of experimental and computational methods, we evaluated the extraction
efficiency and selectivity of four possible crown ether/cation exchanger systems. In general,
the difference in binding free energy between cations is an effective metric for evaluating
selectivity of a crown ether/cation exchanger system. The distance of the cation from the crown
ether in its bound state also appears to be correlated to selectivity. We found that the binding
free energy is an effective metric for evaluating the extraction efficiency: F14C4 is more
selective to lithium than M14C4. Moreover, TPFOS is more efficient in extraction of cations
than HDEHP. The substitution of alkyl groups with fluorinated groups was shown to have a
positive effect on the binding free energy and, consequently, the extraction efficiency of the
cations. Of the four systems we studied, F14C4/TPFOS is the most selective and efficient
system for the extraction of lithium.
Similar future studies might look at factors that could reveal the true effectiveness of particular
crown ethers and cation exchangers. The effect of the number of cation exchangers per cation
could for example be instructive. Since we have shown that fluorinated tails improve extraction
efficiency, the effect of fluorinated tail length could also reveal interesting results.
The effect of ionic strength and temperature of the geothermal brines on the extraction
efficiency and selectivity might also be studied, since both are known to affect stability
constants for metal complexation (Tester & Modell, 1997). To isolate the effect of ionic
strength, extraction experiments, similar to the ones performed in Chapters 5 and 7, could be
performed at a very high ionic strength, as the ratio of activities for the interacting species can
be assumed to be constant at very high ionic strength. Such experiments could enable better
predictions of extraction efficiency and selectivity for geothermal brines with different
concentrations without the need to test each concentration profile in the laboratory.
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Lastly, since the use of TPFOS as a cation exchanger in a real extraction from geothermal
brines cannot be recommended for environmental reasons, namely the dissolution of
tetraethylammonium ions in the brine phase, the use of a similar cation exchanger that has (1)
a fluorinated tail, (2) a sulfonic acid group, and (3) a proton as the cation that participates in
the ion exchange process, could be researched further. Examples of commercially available
cation exchangers that fulfill these criteria are heptadecafluorooctanesulfonic acid and
nonafluorobutane-1-sulfonic acid (see Figure 8.8).

Figure 8.8: An example of commercially available cation exchangers that fulfill the criteria put
forward in Section 8.7 for an ideal cation exchanger for the ScCO2 extraction of lithium from
geothermal brines.
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Chapter 9: Conclusions and recommendations for further research
9.1 Thesis conclusions
The long term goal of this research was to develop a supercritical fluid extraction process for the
recovery of lithium from geothermal brines using crown ether frameworks as selective lithium
extractants. The operation of supercritical fluid extraction processes for metal extraction has
previously been demonstrated by a number of researchers, but the extension to lithium recovery
required the design and synthesis of lithium selective and supercritical carbon dioxide (ScCO2)
soluble lithium extractants. Therefore, the main objective of the dissertation research was to
technically evaluate candidate crown ethers as possible selective extractants for lithium recovery
in representative geothermal brines. Two crown ethers were designed and synthesized, and their
effectiveness as lithium extractants in a supercritical fluid extraction process was evaluated by
investigating their binding to lithium and other metal cations, and by looking into their solubility
in ScCO2. In Chapter 7 of this thesis the overall supercritical fluid extraction process with the
synthesized crown ethers was applied to a synthetic geothermal brine and evaluated.
Part I of this thesis covered the design, synthesis, and evaluation of the crown ethers. The main
conclusions from Part I were:
1. The successful synthesis of two crown ethers, a fluorinated crown ether (F14C4) and a
non-fluorinated crown ether (M14C4) with a highly scalable synthetic process.
2. The confirmed efficacy of both crown ethers as lithium extractants in a traditional liquidliquid extraction between a synthetic geothermal brine and chloroform, while paired with
two different cation exchangers.
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3. The development of a separation and recovery process for each crown ether from one of
the cation exchangers (HDEHP) to enable the recycling and reuse of the synthesized crown
ethers.
4. The confirmation of sufficiently high solubilities of both M14C4 and F14C4 for their use
in ScCO2 extraction of lithium. The solubility of both compounds was an order of
magnitude higher than for all other crown ethers for which solubility in ScCO2 had been
previously reported in the literature.
Part II of this thesis evaluated the utilization of the synthesized crown ethers in a lab-scale
supercritical fluid extraction process, and a molecular dynamic modelling study of the binding of
lithium and sodium to the crown ethers in ScCO2 that was conducted collaboratively with Andrew
Ruttinger in Prof. Paulette Clancy’s research group at Cornell. The main conclusions from Part II
were:
1. The successful operation of a lab-scale supercritical fluid extraction process for extracting
lithium from an aqueous solution. The success of the process operation was measured by
the amount of lithium extracted from an aqueous solution subjected to the process.
2. Supercritical fluid extraction of lithium from model synthetic geothermal brines with low
concentrations of lithium and with an excess of sodium and magnesium. The brine
concentrations were 10 mg/L Li, 500 mg/L Na, and 40 mg/L Mg, with each metal salt in
chloride form. The most selective chemical extraction system with F14C4 had a lithium
extraction efficiency of 30%, sodium extraction efficiency of 27%, and a magnesium
extraction efficiency of 52%, at 60°C and 250 bar with a 300-fold excess of the cation
exchanger (HDEHP) and a 50-fold excess of F14C4, with respect to lithium. The most
selective chemical extraction system with M14C4 had a lithium extraction efficiency of
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30%, sodium extraction efficiency of 27%, and a magnesium extraction efficiency of 52%,
at 85°C and 250 bar with a 300-fold excess of the cation exchanger (HDEHP) and a 50fold excess of M14C4, with respect to lithium.
3. With molecular dynamic modeling we demonstrated that binding free energy is an effective
metric to evaluate the selectivity and difference in extraction efficiency between crown
ether/cation exchanger systems in extraction into ScCO2.
4. Fluorination was found to have a positive effect on the binding free energy of the crown
ether and cation exchangers to lithium and sodium.
5. According to the molecular dynamic modelling carried out in this work, F14C4 is a more
selective extractant than M14C4. This result corroborates the experimental evidence of the
superior performance of F14C4 as a selective lithium extractant demonstrated in results in
Chapters 5 and 7.
Lithium recovery from geothermal brines is not commercially operated anywhere in the world at
the present time, although it has been evaluated by a number of parties, so a direct comparison
with industrial operations was not possible. Nonetheless, we did compare the results of this
research to traditional lithium mining from salt lake brines. The overall recovery of lithium in
traditional salt lake mining is generally about 40% or lower (Tahil, 2007). This recovery is the
result of a two-year long process that utilizes solar evaporation for brine concentration. In this
research we have developed a batch/semi-batch supercritical fluid extraction process for the
recovery of lithium from low concentration lithium brines with a recovery of 30%, in under an
hour. Moving to a continuous system is ideal for a ScCO2 extraction process because of the ease
of phase separation following extraction, further increasing the feasibility of the operation of such
a process. It should also be noted that the reported recovery of lithium for our extraction system is
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for extraction from dilute lithium solutions with a lithium concentration of 10 mg/L, about 20-400
times lower lithium concentration than in traditional lithium containing salt lake brines (Table 1.1).
9.2 Recommendations for further research
The results of this research demonstrate the development of a promising method for lithium
recovery from geothermal brines. Further development and implementation of the supercritical
method is however necessary. The research presented here can be regarded as a preliminary proof
of the concept; as we have shown experimentally that the supercritical fluid extraction of lithium
from dilute synthetic geothermal brines is possible with the process we proposed, using the crown
ether extractants that were designed and synthesized in this study.
Significant further exploration and process optimization is needed. For example, only two cation
exchangers were investigated in this research. An extensive study of the numerous possible cation
exchangers that are commercially available could result in the development of a more effective
extraction process. Combining the experimental and computational results presented in this thesis
allows us to recommend further investigating sulfonic acid cation exchangers with fluorinated
tails. The ratio between the cation exchanger, crown ether, and lithium in the extraction process
has additionally not been optimized. We showed that a larger excess of the cation exchanger than
the crown ether provides a better extraction efficiency and selectivity of lithium over other metal
cations but the exact ratio has not been optimized. Incorporating more cations into the synthetic
brines subjected to extraction, and eventually moving towards testing with real geothermal brines
is another unexplored area that should be researched before implementation of the process in a
commercial geothermal operation.
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Another avenue of research could be the application of commercially available extractants that are
not necessarily selective to lithium. This supercritical fluid extraction process can be used as a
concentration process in combination with a selective lithium recovery process. In that case, the
selectivity of the lithium extractant is less important, which allows for the use of commercially
available extractant molecules.
For any application that comes into as close of a contact with natural waters as this one, the
environmental effects need to be extensively evaluated. The dissolution of carbon dioxide in the
geothermal brine phase results in carbonic acid formation which is not an environmental concern,
but care must be taken so that a very limited amount of the crown ethers and cation exchangers
contaminate geothermal brines that are disposed of on the surface or reinjected into the subsurface.
In the extraction experiments covered in Chapter 7 crown ethers and cation exchangers were not
detected in the brine phase post extraction. The portion of the brine phase that was not submitted
for metal concentration analysis (ICP-OES) was dried and the solids collected were analyzed with
1

H NMR and
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F NMR spectroscopy, with no evidence of crown ether or cation exchanger

presence in the brine phase. In spite of this, a transition to a continuous process could result in a
different distribution of the crown ethers and cation exchangers between phases, and thus
experiments that better reflect the actual operational process must be performed prior to
implementation.
9.3 The application of the recovery of lithium with supercritical fluid extraction to resources
beyond geothermal brines
The method developed in this thesis was primarily focused towards application in the extraction
of lithium from geothermal brines. A number of features inherent to the supercritical fluid

200

extraction are therefore tailored towards geothermal brines, and less applicable to other potential
lithium resources. Looking at application to different resources is however worthwhile, given the
large increase in demand for lithium in the last decade, and in the foreseeable future. The lithium
consumption in 2016 was 36,700 tonnes versus 15,000 tonnes in 2006 (Jaskula, 2007-2016; Ober,
2006).
The review of traditional recovery methods for lithium from salt lake brines in Chapter 1
highlighted a major disadvantage of currently applied methods in the long processing times
required of up to two years. Applying a method such as supercritical fluid extraction could yield
much higher throughput of lithium production as the concentration of the brine can be achieved in
under an hour instead of 1-2 years. Nonetheless, there are challenges to the application of this
supercritical fluid extraction process that are both technical and economical. The concentration of
lithium in salt lake brines is generally about an order of magnitude higher than in geothermal
brines. This could have a number of consequences, both positive and negative, for the operation
of the developed supercritical fluid extraction process. The higher lithium concentration would
shift the equilibrium in the extraction process and have a positive effect on the extraction efficiency
(Equation 7.9). However, the solubility of the synthesized crown ethers is limited to 0.3 mol/L for
the pressure range studied in this research so a large concentration excess of the crown ethers in
the ScCO2 phase is not possible at these higher concentrations, which would negatively affect the
extraction efficiency. The high concentration of sodium and magnesium in the salt lake brines
could also inhibit the successful recovery of lithium with a supercritical fluid extraction process.
A number of extraction stages would also be necessary to reach commercially acceptable
concentrations and separation from other metal ions. Lastly, the energy requirements for the
operation of a supercritical fluid extraction process are quite extensive, especially for the
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pressurization of the extraction system. The salt lake brines currently mined in South America and
the U.S. are all in remote areas with limited access to power. The lack of infrastructure could
therefore be another drawback to the operation of a supercritical fluid extraction process for salt
lake brines. This is not an issue in recovery from geothermal brines because of co-location with
geothermal power production.
Other interesting applications include recovery of lithium from industrial wastewaters, oilfield
brines, and seawater. The low concentration of lithium in seawater (Table 1.1) quickly rules it out
as a feasible option for lithium recovery with this method. Oilfield brines have similar
concentrations to geothermal brines (Collins, 1976), and possess many of the features of
geothermal brines that make them attractive for lithium extraction with a supercritical fluid
extraction process, e.g. elevated pressures and temperatures of the brines and co-location with
power production. Application to oilfield brines could therefore be very favorable.
An intriguing application could be the recovery of lithium from bromine production wastewater.
Several large bromine production operations are located in the Smackover basin in the southeastern
U.S. and their wastewater contains significant amounts of lithium (~200 mg/kg) (Daitch, 2018;
Schnebele, 2016; U.S. EPA, 1999). The major advantages to this application are the existing
infrastructure due to the current industrial operation of a bromine extraction process and the
existing reinjection process for bromine production wastewater. Implementation of a lithium
recovery process for bromine production wastewater could therefore be done in a much quicker
fashion than implementation in traditional lithium salt lake brine extraction.
Lastly, applying this process to the recycling of lithium ion batteries could be of great interest for
the future lithium economy. Currently lithium ion batteries are not being recycled in any organized
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manner but recycling will become increasingly important as the use of these batteries in larger
scale applications such as for electric and hybrid vehicles becomes more common. The chemicals
that make up the electrodes of lithium ion batteries still vary quite a bit between producers and
there is still a significant development taking place in electrode chemistry. Developing a recycling
process has therefore not yet been feasible. Once the electrode chemistry is uniform on a larger
scale a process such as this one could be tailored to fit into the recycling process. The recycling of
lithium ion batteries will present a number of interesting challenges that are not present in the
recovery of lithium from natural resources. In the recovery of lithium from natural resources
lithium is found with other alkali and alkaline earth metals and recovery methods have been
tailored to separate lithium from these metals. In lithium ion batteries lithium is in combination
with e.g. cobalt, iron, manganese, and nickel. This presents a whole new set of separation processes
to develop.
In summary the results of this thesis suggest a promising new alternative method for recovering
lithium from brines that is based on selective supercritical fluid extraction rather than traditional
solar evaporation, whether applied to existing lithium reserves or new alternative resources.
9.4 Publications and patents
The following is a list of existing and planned publications and patents related to the research
presented in this thesis:
o Palsdottir, A. and Tester, J. W., 2018. Fluorinated crown ethers and methods and systems
for extraction of lithium using same. International Application No. PCT/US2018/ 048911,
filed August 2018. Patent Pending.
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o (Submitted) Ruttinger, A., Palsdottir, A., Clancy, P. and Tester, J. W. (2019). Modeling
the free energy of lithium extraction from geothermal brine using crown ether extractants
in supercritical carbon dioxide. ChemSusChem.
o (In preparation) Palsdottir, A., Alabi, C. A., Sakanaka, M., Park, E. and Tester, J. W.
(2019). Characterization of the suitability of fluorinated and non-fluorinated 14-crown-4
ether as lithium extractants in a supercritical fluid extraction process: Synthesis, liquidliquid extractions and solubility evaluation.
o (In preparation) Palsdottir, A., Thompson, J. F. H. and Tester, J. W. (2019). Supercritical
fluid extraction of lithium from synthetic geothermal brines.
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Appendix A: Metal ion concentration measurements at Reykjanes
The concentration of three metal ions in the separator water from the Reykjanes geothermal
power plant was measured in August 2014. A sample was taken from the separator outlet into
the Grey Lagoon, after the water from the power plant’s two separators has mixed. The sample
was diluted and submitted for analysis by inductively coupled plasma mass spectrometry (ICPMS) at Matís. The results from the analysis were corrected for dilution by evaporation by
comparing a total dissolved solids value for the sample to total dissolved solids values in
internal reports by HS Orka (the power plant operator). The calculated concentration of the
metal ions analyzed in the separator water is presented in Table A.1.
Table A.1: Concentrations of three metal ions in the separator water from the Reykjanes geothermal
power plant in Iceland.
Metal ion

Concentration [mg/L]

Li

4.18

Mn

2.39

Zn

0.19
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Appendix B: The attempted synthesis of fluorinated benzene 14-crown-4 ethers
In this appendix the attempted synthesis of 14-crown-4 ethers that are fluorinated and also
contain a benzene group in their pendant chain is detailed. This work was performed in
collaboration with Mihoko G. Sakanaka and Ellen R. Park, undergraduate students at Cornell.
Given the analytical data collected at the end of this process, we believe two types of
fluorinated 14-crown-4 ethers with a benzene group in the pendant chain were successfully
synthesized. The synthetic procedure has however not been optimized and the compounds
synthesized were not pure since the final reactions did not fully convert the limiting starting
material to the product. Due to time constraints this synthetic process was abandoned although
we did not run into any fundamental issues with the process.
B.1 Fluorous carbamate meta/para benzene 14-crown-4
The fluorous carbamate benzene 14-crown-4 was synthesized from methylene-14-crown-4 and
a fluorous carbamate benzene thiol. The overall synthetic procedure to make the fluorous
carbamate benzene thiol and the subsequent attachment of it to methylene-14-crown-4 are
detailed below.
Fluorous allyl amine (5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-heptadecafluoro-2methyldodecan-2-yl-allylcarbamate)
664

mg

of

2-[(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoro-1,1-dimethyl

undecyloxy)carbonyloxyimino]-2-phenylacetonitrile

was

dissolved

in

45

ml

of

tetrahydrofuran; 112 mg of allylamine and 198 mg of trimethylamine (1:2:2) were added to the
mixture and it was stirred at room temperature for at least 3 hours. The THF was dried off
under reduced pressure and the resulting dried mixture was dissolved in 1.5 ml of methanol.
0.375 ml of deionized water was added and the solution was loaded onto a fluorous column
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that had been prepared with 1 ml of deionized water. The column was washed with 20 ml of a
80:20 methanol:water mixture and 20 ml of methanol. The resulting fractions were dried under
reduced pressure and analyzed with 1H NMR, 19F NMR and DART-HRMS. The fluorous allyl
amine was in the methanol fraction, 538 mg or a yield of 47%. 1H NMR:  1.49 (singlet, 6H),
1.90-2.20 (multiplet, 4H), 3.75 (triplet, 2H), 4.64 (triplet, 1H), 5.14 (triplet, 2H), 5.84 (octet,
1H);
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F NMR: -80.78 (triplet, 3F), -114.38 (quintet, 2F), -122.00 (doublet, 6F), -122.77

(singlet, 2F), -123.42 (singlet, 2F), -126.16 (singlet, 2F); DART-HRMS: 589.09 g/mol
(C17H16NO2F17 as [C17H16NO2F17 + O + H]).
Fluorous carbamate benzene thiol (5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-heptadeca
fluoro-2-methyldodecan-2-yl (3-((3-(mercaptomethyl)benzyl)thio)propyl)carbamate)
270 mg of fluorous allyl amine, 390 mg of 1,3-benzenedimethanethiol (meta) or 235 mg of
1,4-benzenedimethanethiol (para), and 12 mg of the photoinitiator 2,2-dimethoxy-2phenylacetophenone (DMPA) were added to 900 μl of methanol. If the mixture is not a single
phase at this point 50 μl of acetone were added at a time until a single phase was achieved,
generally at a total acetone to methanol ratio 1:3. The mixture was exposed to UV/visual light
for 270 seconds. The methanol/acetone was dried off under reduced pressure and the resulting
dried mixture was dissolved in 200 μl of methanol. 50 μl of deionized water was added and the
solution was loaded onto a fluorous column that had been prepared with 1 ml of deionized
water. The column was washed with 80:20 methanol:water and methanol. The resulting
fractions were dried under reduced pressure and analyzed with 1H NMR, 19F NMR and DARTHRMS. The 5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-heptadecafluoro-2-methyldodecan-2-yl
(3-((3-(mercaptomethyl)benzyl)thio)propyl)carbamate was in the methanol fraction.
Para: 255 mg or a yield of 73%.
Meta: 326 mg or a yield of 93%
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Para: 1H NMR:  1.46 (singlet, 6H), 1.73 (quintet, 2H), 1.90-2.20 (multiplet, 4H), 2.41 (triplet,
2H), 3.15 (quartet, 2H), 3.66 (singlet, 2H), 3.72 (doublet, 2H), 4.60 (triplet, 1H), 7.24 (singlet,
4H);
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F NMR: -80.78 (triplet, 3F), -114.38 (quintet, 2F), -122.00 (doublet, 6F), -122.77

(singlet, 2F), -123.42 (singlet, 2F), -126.16 (singlet, 2F); DART-HRMS: 759.11 g/mol
(C25H26NO2F17S2, as [C25H26NO2F17S2 + O + H])
Meta: 1H NMR:  1.45 (singlet, 6H), 1.75 (quintet, 2H), 1.90-2.20 (multiplet, 4H), 2.42 (triplet,
2H), 3.16 (quartet, 2H), 3.67 (singlet, 2H), 3.72 (doublet, 2H), 4.59 (triplet, 1H), 7.10-7.30
(multiplet, 4H); 19F NMR: -80.78 (triplet, 3F), -114.38 (quintet, 2F), -122.00 (doublet, 6F), 122.77 (singlet, 2F), -123.42 (singlet, 2F), -126.16 (singlet, 2F); DART-HRMS: 759.11 g/mol
(C25H26NO2F17S2, as [C25H26NO2F17S2 + O + H])
Fluorous carbamate meta/para benzene 14-crown-4 (5,5,6,6,7,7,8,8,9,9,10,10,11,11,
12,12,12-heptadecafluoro-2-methyldodecan-2-yl (3-((3-((((1,4,8,11-tetraoxacyclotetra
decan-2-yl)methyl)thio)methyl)benzyl)thio)propyl)carbamate)
150 mg of fluorous carbamate benzene thiol, 85 mg of methylene-14-crown-4, and 5 mg of the
photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA) were added to 170 μl of ethyl
acetate. The mixture was exposed to UV/visual light for 270 seconds. The ethyl acetate was
dried off under reduced pressure and the resulting dried mixture was dissolved in 200 μl of
methanol. 50 μl of deionized water was added and the solution was loaded onto a fluorous
column that had been prepared with 1 ml of deionized water. The column was washed with
80:20 methanol:water and methanol. The resulting fractions were dried under reduced pressure
and

analyzed

with

1

H

NMR,
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F

NMR

and

DART-HRMS.

The

5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-heptadecafluoro-2-methyldodecan-2-yl(3-((3((((1,4,8,11-tetraoxacyclotetradecan-2-yl)methyl)thio)methyl)benzyl)thio) propyl)carbamate
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was in the methanol fraction but it was not pure. It was mixed with the fluorous carbamate
benzene thiol, both for the para and meta cases.

Figure B.1: Synthetic pathway for making fluorous carbamate para benzene 14-crown-4.

211

Figure B.2: Synthetic pathway for making fluorous carbamate meta benzene 14-crown-4.
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Appendix C: NMR and DART-HRMS spectra
The 1H NMR, 13C NMR, 19F NMR, and DART-HRMS spectra collected during the synthesis
of the crown ethers M14C4 and F14C4 are presented below.
C.1 M14C4

Figure C.1: 1H NMR for M14C4, synthetic procedure and peak data in Chapter 4, Section 4.2.1.
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Figure C.2: 1H NMR comparison of M14C4 with starting materials, 3,7-dioxa-1,9-nonanediol and 3chloro-2-chloromethyl-1-propene.

Figure C.3: 13C NMR for M14C4, synthetic procedure and peak data in Chapter 4, Section 4.2.1.
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Figure C.4: 13C NMR comparison of M14C4 with starting materials, 3,7-dioxa-1,9-nonanediol and 3chloro-2-chloromethyl-1-propene.

Figure C.5: DART-HRMS for M14C4; 216.14 g/mol (C11H20O4, as [C11H20O4 + H]).
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C.2 3,7-dioxa-1,9-nonanediol

Figure C.6: 1H NMR for 3,7-dioxa-1,9-nonanediol, synthetic procedure and peak data in Chapter 4,
Section 4.2.2.

Figure C.7: 1H NMR comparison of 3,7-dioxa-1,9-nonanediol with starting materials, ethylene glycol
and 1,3-dichloropropane.
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Figure C.8: 13C NMR for 3,7-dioxa-1,9-nonanediol, synthetic procedure and peak data in Chapter 4,
Section 4.2.2.

Figure C.9: DART-HRMS for 3,7-dioxa-1,9-nonanediol; 164.10 g/mol (C7H16O4, as [C7H16O4 + H]).
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C.3 F14C4

Figure C.10: 1H NMR for F14C4, synthetic procedure and peak data in Chapter 4, Section 4.2.3.

Figure C.11: 1H NMR comparison of F14C4 with starting materials, M14C4 and 1H,1H,2H,2Hperfluorodecanethiol.
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Figure C.12: 19F NMR for F14C4, synthetic procedure and peak data in Chapter 4, Section 4.2.3.

Figure C.13: 19F NMR comparison of F14C4 with fluorinated starting material, 1H,1H,2H,2Hperfluorodecanethiol.
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Figure C.14: DART-HRMS for F14C4; 696.12 g/mol (C21H25O4F17S, as [C21H25O4F17S + H]).
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Appendix D: Visual/IR spectra for M14C4 and F14C4
The spectra below were taken with a Shimadzu UV 3600 spectrometer, with the crown ethers
dissolved in methylene chloride (DCM). There are three spectra, a blank DCM sample, M14C4
dissolved in DCM, and F14C4 dissolved in DCM. The spectra are identical, showing that using
a spectrophotometer with this range of wavelengths is not useful for quantifying the amount of
crown ether dissolved in a solvent.

Figure D.1: The absorbance of M14C4 and F14C4 dissolved in DCM as a function of wavelength,
compared with a blank DCM sample.
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Appendix E: Uncertainty calculations
E.1 Quantification of experimental accuracy in solubility experiments
As was discussed in the main body of this thesis, the experimental accuracy for the supercritical
solubility experiments was quantified by comparing solubility data collected for HDEHP with
available literature data. Figure 6.7 shows the comparison between this study and the literature,
plotted as
ln( ) =

ln( ) +

(E.1)

S is solubility in mol/L, ρ is density in g/L, and p and q are constants. The equations fitted to the
plotted data points were calculated with a linear least-squares regression in excel. The residual
was defined as
= ln( ) − ( ln( ) + )

(E.2)

and the sum of the residuals was minimized.

=

(E.3)

The standard deviation of the slope and intercept was calculated as follows

=

=

(E.4)

∆

∆

222

ln( )

(E.5)

where
1
−2

=

(ln( ) −

− ln( ))

(E.6)

ln( )

(E.7)

and

∆=

ln( ) −

t-test
We use a t-test to show to which degree of certainty the two slopes are the same. The calculated t
value is 1.037 and the degrees of freedom are 8. This gives a probability between 0.3 and 0.4,
that is that 3 or 4 times out of ten the slopes are not the same. This analysis is very inhibited by
the number of data points presented in the literature (3) and a t test may not be the best approach
to confirm the sameness of the slopes. A nonparametric method would be better.
−

=
̅( )
∑

1
(∑
−

)

+
∑

1
(∑
−

)

(E.8)

where

̅ ( )=

(

− 2) ( ) + (
( − 2) + (
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− 2) ( )
− 2)

(E.9)

and

) ∑

(1 −
( )=

−

(∑

)
(E.10)

−2

and

∑
=
∑

−

(∑

−
)

∑

∑
∑

−

(∑

)

(E.11)

95% Confidence interval
A 95% confidence interval for both slopes was calculated with the following formulas.
±

∙

(E.12)

with tn–2 being the t-value for a 95% confidence interval for (n – 2) degrees of freedom, retrieved
from a t-table.
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Appendix F: Equation of state computational model code
Code for the thermodynamic model for the prediction of M14C4 solubility in ScCO2, written
in MATLAB. Add equations for calculating the residual, summing it up and minimizing it here.
Similar equations in Appendix E
% Solubility prediction for M14C4. delta_a and delta_b are
% adjustable parameters that come from fitting to experiments
clear all
close all
% First order group contribution coefficients from p. 1699-1700
% in 2001 paper
% CH2
CH2dTc =
CH2dPc =
CH2dTb =
CH2dHvap

3.492;
0.010558;
0.9225;
= 4.560;

% CH2=C
CH2CdTc =
CH2CdPc =
CH2CdTb =
CH2CdHvap

6.5081;
0.022319;
1.7117;
= 6.797;

% CH2O
CH2OdTc =
CH2OdPc =
CH2OdTb =
CH2OdHvap

6.0723;
0.015135;
1.6249;
= 7.478;

% CF3
CF3dTc =
CF3dPc =
CF3dTb =
CF3dHvap

2.4778;
0.044232;
1.2880;
= 8.901;

% CF2
CF2dTc =
CF2dPc =
CF2dTb =
CF2dHvap

1.7399;
0.012884;
0.6115;
= 1.860;

% CH2S
CH2SdTc =
CH2SdPc =
CH2SdTb =
CH2SdHvap

17.7916;
0.011105;
3.6763;
= 17.117;
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% C
CHdTc =
CHdPc =
CHdTb =
CHdHvap

4.0330;
0.001315;
0.6033;
= 2.771;

% Second order group contribution coefficients from 2001 paper
% Alicyclic side chain with more than one C
AlidTc =
AlidPc =
AlidTb =
AlidHvap

2.1160;
-0.002546;
0.0511;
= -0.114;

% Group contribution calculations - Table 5 on p 1704 in 1994 paper. Values
% in table 6
tc0 = 181.128; %K
pc1 = 1.3705; %bar
pc2 = 0.100220; %bar^(-0.5)
tb0 = 204.359; %K
hv0 = 6.829; %kJ/mol
% M14C4-------------------------------------------------------------------% Boiling point calculations - K
T_b_M14C4_old = tb0.*log(4.*CH2OdTb + 5.*CH2dTb + CH2CdTb);
% Critical temperature calculations - K
T_c_M14C4 = tc0.*log(4.*CH2OdTc + 5.*CH2dTc + CH2CdTc); %+280
% Critical pressure calculations - Pa
P_c_M14C4 = (pc1 + 1./((4.*CH2OdPc + 5.*CH2dPc + CH2CdPc + pc2).^2)).*10^5;
%-5 inside paranthesis
% Joback group contribution method
% Critical constants (p. 567 in Tester and Modell)
% >CH2
JCH2dTc = 0.0189;
JCH2dPc = 0;
% =CH2
JCH2CdTc = 0.0113;
JCH2CdPc = -0.0028;
% ring -CH2JrCH2dTc = 0.0100;
JrCH2dPc = 0.0025;
% ring >CH-
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JrCHdTc = 0.0122;
JdCHdPc = 0.0004;
% =C<
JrdCdTc = 0.0143;
JrdCdPc = 0.0008;
% ring -OJOdTc = 0.0098;
JOdPc = 0.0048;
% Joback estimations for M14C4
T_c_M14C4_Joback = T_b_M14C4_old./(0.584 +
0.965.*(JCH2CdTc+JrdCdTc+9.*JrCH2dTc+4.*JOdTc)(JCH2CdTc+JrdCdTc+9.*JrCH2dTc+4.*JOdTc).^2);
P_c_M14C4_Joback = 1./(0.113+0.0032*35JCH2CdPc+JrdCdPc+9.*JrCH2dPc+4.*JOdPc).^2;
% General information-----------------------------------------------------P = 10000000:100000:30000000; % Pa (100-250 bar)
R = 8.314; % J/K*mol
T = [333.15, 358.15]; %If this is changed the density must be changed
accordingly below 358.15
% Reading in of the density of CO2 at certain P and T for later conversion
CO2_density_3 = xlsread('CO2 solubility look up table.xlsx', 'N75:N275');
%333.15K
CO2_density_3 = CO2_density_3';
CO2_density_4 = xlsread('CO2 solubility look up table.xlsx', 'S75:S275');
%358.15K
CO2_density_4 = CO2_density_4';
CO2_density = [CO2_density_3; CO2_density_4];
m_M14C4 = 216.27;
m_CO2 = 44.01;
% M14C4 specific information---page 575-576-------------------------------%----- Calculations using the measured Pvp
% Vapor pressure data
T_vp_measured_M14C4 = 343.15; %K
P_vp_measured_M14C4 = 0.18*133.322; %Pa
% Clausius-Clapeyron to find T_b at P = 1 atm
h_star_M14C4 = log(P_vp_measured_M14C4./P_c_M14C4)./(1T_c_M14C4./T_vp_measured_M14C4);
T_b_M14C4 = T_c_M14C4./(1-log((1.01325*10^5)/P_c_M14C4)./h_star_M14C4);
T_br_M14C4 = T_b_M14C4/T_c_M14C4; % dimensionless
T_r_M14C4 = T/T_c_M14C4; % dimensionless
P_vp_07 = P_c_M14C4*exp(h_star_M14C4*(-3/7));
acentric_M14C4 = -log10(P_vp_07./P_c_M14C4)-1;
Z_RA_M14C4 = 0.29056 - 0.08775*acentric_M14C4;
V_molar_M14C4_est = R.*(T_c_M14C4./P_c_M14C4).*Z_RA_M14C4.^(1+(1T_r_M14C4).^(2/7));
P_vp_M14C4_exp = P_c_M14C4.*exp(h_star_M14C4.*(1-T_c_M14C4./T)); % pascal,
Clausius-Clapeyron
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% CO2 specific information---page 747-------------------------------------P_c_CO2 = 73.8*10^5; % Pa
T_c_CO2 = 304.1; % K
accentric_CO2 = 0.228;
% M14C4 in CO2------------------------------------------------------------% Mixture properties---page 326-------------------------------------------SSE_matrix_60 = [];
SSE_matrix_85 = [];
for m=1:length(T)
% M14C4 in CO2------------------------------------------------------------% Mixture properties---page 326-------------------------------------------%Pa - VdW mixing rules
a_CO2 =
0.45724.*((R.*T_c_CO2).^2./P_c_CO2).*(1+(0.37464+1.54226.*accentric_CO20.26992.*accentric_CO2.^2).*(1-sqrt(T(m)./T_c_CO2))).^2;
b_CO2 = 0.07780.*R.*T_c_CO2./P_c_CO2;
a_M14C4 =
0.45724.*((R.*T_c_M14C4).^2./P_c_M14C4).*(1+(0.37464+1.54226.*acentric_M14C
4-0.26992.*acentric_M14C4.^2).*(1-sqrt(T(m)./T_c_M14C4))).^2;
b_M14C4 = 0.07780.*R.*T_c_M14C4./P_c_M14C4;
% loops for delta iteration
step1 = 0.1;
max1 = (1.0/step1+1);
step2 = 0.1;
max2 = (1.0/step2+1);
% delta_a
for c=1:max1;
delta_a_M14C4(m) = (c-1).*step1;
if m == 1
delta_a_matrix_60(c) = delta_a_M14C4(m);
end
% delta_b
for n=1:max2
delta_b_M14C4(m) = (n-1).*step2;
if m == 1
delta_b_matrix_60(c,n) = delta_b_M14C4(m);
end
y_M14C4 = 0;
for i=1:length(P)
y_M14C4(i) = 0.05;
y_guess_1 = 0;
k = 0; %counter
while abs(y_M14C4(i)-y_guess_1)>0.00001
y_guess_1 = y_M14C4(i);
% Van der Waals mixing rules from Gupta's solubility book
%Pa
a_m_1 = (y_guess_1^2)*a_M14C4+2.*y_guess_1.*(1y_guess_1).*(1-delta_a_M14C4(m)).*sqrt(a_M14C4.*a_CO2)+((1y_guess_1).^2).*a_CO2;
b_m_1 = (y_guess_1^2).*b_M14C4+y_guess_1.*(1y_guess_1).*(b_M14C4+b_CO2).*(1-delta_b_M14C4(m))+((1y_guess_1).^2).*b_CO2;
% Solve Peng-Robinson as a polynomial for V for a binary
mixture-----------
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V_PR_poly_M14C4 = [P(i) P(i).*b_m_1-R.*T(m) (3.*P(i).*b_m_1.^2+2.*R.*T(m).*b_m_1-a_m_1)
P(i).*b_m_1.^3+R.*T(m).*b_m_1.^2-a_m_1.*b_m_1];
V_PR_poly_M14C4_reduced = V_PR_poly_M14C4./P(i);
V_sol_M14C4 = roots(V_PR_poly_M14C4_reduced);
V_M14C4(i) = 0;
temp =
V_sol_M14C4(imag(V_sol_M14C4)==0&real(V_sol_M14C4)>0);
V_M14C4(i) = temp(1);
% Determination of fugacity coefficient---page 351----------------------%Pa
Z_1 = P(i).*V_M14C4(i)./(R.*T(m));
A_1 = a_m_1.*P(i)./(R.*T(m)).^2;
B_1 = b_m_1.*P(i)./(R.*T(m));
ln_fug_coeff_M14C4 =
(b_M14C4./b_m_1).*(P(i).*V_M14C4(i)./(R.*T(m))-1)+log((P(i).*(V_M14C4(i)b_m_1))./(R.*T(m)))-(a_m_1./(2.*sqrt(2).*R.*T(m))).*((2.*((1y_guess_1).*sqrt(a_M14C4.*a_CO2).*(1delta_a_M14C4(m))+y_guess_1.*a_M14C4))./a_m_1(b_M14C4./b_m_1)).*log((V_M14C4(i)+2.414.*b_m_1)./(V_M14C4(i)0.414.*b_m_1));
fug_coeff_M14C4 = exp(ln_fug_coeff_M14C4);
% Solution to equating the fugacity of M14C4 in the solid
phase to the sc
% phase---15.38-Solution-------------------------------------------------y_M14C4(i) =
(P_vp_M14C4_exp(m)./P(i)).*(1./fug_coeff_M14C4).*exp((P(i)P_vp_M14C4_exp(m)).*V_molar_M14C4_est(m)./(R.*T(m))); %This is V_molar for
the pure component where as the V solved for in the PR is for the mixture
k = k + 1;
% break in case of infinite loop
if k > 500
y_M14C4(i) = 10000;
break
end
end
end
% Experimental solubility data for M14C4 in scCO2
M14C4_expdata_85deg = [0.008415407, 0.037843612, 0.060629731,
0.096741065, 0.123791253];
Pressure_M14C4_expdata_85deg = [130, 167, 182, 214, 248];
M14C4_expdata_60deg = [0.060629731, 0.096741065, 0.123791253,
0.175892846, 0.234523795, 0.299684099];
Pressure_M14C4_expdata_60deg = [139, 153, 162, 169, 191, 205];
% Convert mole fraction to mol/L
M14C4_solubility = y_M14C4.*(CO2_density(m,:)./m_CO2)./(1-y_M14C4);
SSE = 0;
if m==1
for pressure=1:length(M14C4_expdata_60deg)
SSE = SSE + (M14C4_expdata_60deg(pressure) M14C4_solubility(Pressure_M14C4_expdata_60deg(pressure)-100)).^2;
end
SSE_matrix_60(c,n) = SSE;
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end
if m==2
for pressure=1:length(M14C4_expdata_85deg)
SSE = SSE + (M14C4_expdata_85deg(pressure) M14C4_solubility(Pressure_M14C4_expdata_85deg(pressure)-100)).^2;
end
SSE_matrix_85(c,n) = SSE;
end
end
end
end
% Find minimum value in each matrix and associated delta values
minSSE_60 = min(SSE_matrix_60(:))
[row60,col60] = find(SSE_matrix_60==minSSE_60);
minSSE_85 = min(SSE_matrix_85(:))
[row85,col85] = find(SSE_matrix_85==minSSE_85);
delta_a_M14C4 = [(row60-1).*step1, (row85-1).*step1];
delta_b_M14C4 = [col60.*step2, col85.*step2];
% Run again with optimized deltas and plot
for m=1:length(T)
% M14C4 in CO2------------------------------------------------------------% Mixture properties---page 326-------------------------------------------% VdW mixing rules
%Pa
a_CO2 =
0.45724.*((R.*T_c_CO2).^2./P_c_CO2).*(1+(0.37464+1.54226.*accentric_CO20.26992.*accentric_CO2.^2).*(1-sqrt(T(m)./T_c_CO2))).^2;
b_CO2 = 0.07780.*R.*T_c_CO2./P_c_CO2;
a_M14C4 =
0.45724.*((R.*T_c_M14C4).^2./P_c_M14C4).*(1+(0.37464+1.54226.*acentric_M14C
4-0.26992.*acentric_M14C4.^2).*(1-sqrt(T(m)./T_c_M14C4))).^2;
b_M14C4 = 0.07780.*R.*T_c_M14C4./P_c_M14C4;
for i=1:length(P)
y_M14C4(i) = 0.05;
y_guess_1 = 0;
k = 0; %counter
while abs(y_M14C4(i)-y_guess_1)>0.00001
y_guess_1 = y_M14C4(i);
% Van der Waals mixing rules from Gupta's solubility book
%Pa
a_m_1 = (y_guess_1^2)*a_M14C4+2.*y_guess_1.*(1y_guess_1).*(1-delta_a_M14C4(m)).*sqrt(a_M14C4.*a_CO2)+((1y_guess_1).^2).*a_CO2;
b_m_1 = (y_guess_1^2).*b_M14C4+y_guess_1.*(1y_guess_1).*(b_M14C4+b_CO2).*(1-delta_b_M14C4(m))+((1y_guess_1).^2).*b_CO2;
% Solve Peng-Robinson as a polynomial for V for a binary
mixture----------V_PR_poly_M14C4 = [P(i) P(i).*b_m_1-R.*T(m) (3.*P(i).*b_m_1.^2+2.*R.*T(m).*b_m_1-a_m_1)
P(i).*b_m_1.^3+R.*T(m).*b_m_1.^2-a_m_1.*b_m_1];
V_PR_poly_M14C4_reduced = V_PR_poly_M14C4./P(i);
V_sol_M14C4 = roots(V_PR_poly_M14C4_reduced);
V_M14C4(i) = 0;
temp =
V_sol_M14C4(imag(V_sol_M14C4)==0&real(V_sol_M14C4)>0);
V_M14C4(i) = temp(1);
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% Determination of fugacity coefficient---page 351----------------------%Pa
Z_1 = P(i).*V_M14C4(i)./(R.*T(m));
A_1 = a_m_1.*P(i)./(R.*T(m)).^2;
B_1 = b_m_1.*P(i)./(R.*T(m));
ln_fug_coeff_M14C4 =
(b_M14C4./b_m_1).*(P(i).*V_M14C4(i)./(R.*T(m))-1)+log((P(i).*(V_M14C4(i)b_m_1))./(R.*T(m)))-(a_m_1./(2.*sqrt(2).*R.*T(m))).*((2.*((1y_guess_1).*sqrt(a_M14C4.*a_CO2).*(1delta_a_M14C4(m))+y_guess_1.*a_M14C4))./a_m_1(b_M14C4./b_m_1)).*log((V_M14C4(i)+2.414.*b_m_1)./(V_M14C4(i)0.414.*b_m_1));
fug_coeff_M14C4 = exp(ln_fug_coeff_M14C4);
% Solution to equating the fugacity of M14C4 in the solid
phase to the sc
% phase---15.38-Solution-------------------------------------------------y_M14C4(i) =
(P_vp_M14C4_exp(m)./P(i)).*(1./fug_coeff_M14C4).*exp((P(i)P_vp_M14C4_exp(m)).*V_molar_M14C4_est(m)/(R.*T(m))); %This is V_molar for
the pure component where as the V solved for in the PR is for the mixture
k = k + 1;
if k > 500
y_M14C4(i) = 10000;
break
end
end
end
M14C4_solubility = y_M14C4.*(CO2_density(m,:)./m_CO2)./(1-y_M14C4);
figure (1)
plot(P./10^5,M14C4_solubility)
hold on
xlabel('Pressure [bar]')
ylabel('Solubility [mol/L]')
end
%Experimental data comparison - M14C4
M14C4_expdata_85deg = [0.008415407, 0.037843612, 0.060629731, 0.096741065,
0.123791253];
Pressure_M14C4_expdata_85deg = [130, 167, 182, 214, 248];
M14C4_expdata_60deg = [0.060629731, 0.096741065, 0.123791253, 0.175892846,
0.234523795, 0.299684099];
Pressure_M14C4_expdata_60deg = [139, 153, 162, 169, 191, 205];
figure (1)
plot(Pressure_M14C4_expdata_60deg,M14C4_expdata_60deg,'o','color','blue')
plot(Pressure_M14C4_expdata_85deg,M14C4_expdata_85deg,'x','color','red')
lgd = legend('M14C4 model - 60°C','M14C4 model - 85°C','M14C4 exp data 60°C','M14C4 exp data - 85°C','FontSize',15);
set(gca, 'FontSize', 16)
axis([0 300 0 0.35])
set(gca, 'FontName', 'Times New Roman')
dim = [.2 .5 .3 .3];
strdeltaa60 = num2str(delta_a_M14C4(1));
strdeltab60 = num2str((delta_b_M14C4(1)-step2));
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strdeltaa85 = num2str(delta_a_M14C4(2));
strdeltab85 = num2str((delta_b_M14C4(2)-step2));
str1 = strcat('delta-a-60 = ', strdeltaa60);
str2 = strcat('delta-b-60 = ', strdeltab60);
str3 = strcat('delta-a-85 = ', strdeltaa85);
str4 = strcat('delta-b-85 = ', strdeltab85);
str = {str1,str2,str3,str4};
annotation('textbox',dim,'String',str,'FitBoxToText','on');

232

