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Summary

Combined Reactions and Separations Using lonic Liquids and Carbon Dioxide

The chemical industry is under considerable pressure to drastically reduce the huge
amounts of chemical waste produced and energy consumed. Efforts to increase the
resource-efficiency in chemical processing include the replacement of stoichiometric
reactions by catalytic alternatives, the minimization of solvent losses and the integration
of several unit operations into one process step. The main objective of this thesis is to
develop a new methodology to design processes using ionic liquids and carbon dioxide as
combined reaction and separation media in order to minimize waste generation and
energy consumption. Bottlenecks concerning reaction and separation rates, selectivities,
(electro)chemical and thermal stabilities, prediction of thermodynamic phase equilibria,
and economical, ecological and social aspects are addressed. This thesis contributes to the
realization of ionic liquid/carbon dioxide processes.

Ionic liquids are salts with melting points close to room temperature. They are emerging
as green solvents for chemical processes, because they combine good and tunable
solubility properties with negligible vapor pressures and high thermal and (electro-)
chemical stabilities. They are used as reaction media, where they enhance reaction rates
and selectivities. It is possible to separate products from ionic liquids by extraction with
supercritical carbon dioxide without detectable ionic liquid contamination, because the
solubility of ionic liquids in carbon dioxide is negligibly low. Ionic liquid/carbon dioxide
systems display the recently established miscibility windows phenomenon: carbon
dioxide is able to force two or more immiscible phases to form one homogeneous phase
at only moderate pressure increase in a narrow carbon dioxide mole fraction range. With
this two-phase/single-phase transformation, it is possible to carry out the reaction in a
homogeneous system, whereas the product can instantaneously be recovered from the
biphasic system. High reaction and separation rates can be achieved compared with the
conventional fully biphasic ionic liquid/carbon dioxide process.

The novel approach to combine reactions and separations using ionic liquids and carbon
dioxide is applied to the enantioselective hydrogenation of methyl (Z)-a-acetamido-
cinnamate in the 1-butyl-3-methylimidazolium tetrafluoroborate (ionic liquid) + carbon
dioxide system. Operation conditions are determined on basis of the phase behavior of
the model system. Although very high pressures (~50 MPa) were needed to dissolve all
components in the ionic liquid phase, it was possible to carry out the homogeneously
catalyzed reaction at reasonable pressures (~5 MPa) in a heterogeneous system in which
all components except hydrogen were fully dissolved in the ionic liquid. Conversions and
enantioselectivities were comparable to the conventional production process. The
stability of the catalyst is however greatly improved.

The product N-acetyl-(S)-phenylalanine methyl ester can be separated from the ionic
liquid using carbon dioxide either as co-solvent in extractions (in the low carbon dioxide
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concentration regime), or as anti-solvent in precipitations (in the high carbon dioxide
concentration regime). Because the ionic liquid has a negligible solubility in carbon
dioxide, it is possible to extract pure product without any detectable amount of ionic
liquid. It was demonstrated for the first time that a product could thus be separated from
an ionic liquid by precipitation under influence of carbon dioxide. This effect is caused
by the lower solubility of the product in ionic liquid/carbon dioxide mixtures compared to
the solubility in the pure ionic liquid at atmospheric conditions. After precipitation the
formed crystals can be washed using carbon dioxide to obtain a more pure product. Both
separation methods work well and can reach a 100% recovery using a proper process lay-
out.

The experimental determination of the conditions for reaction and separation in the new
process set-up is very time-consuming and expensive. Therefore, an equation of state is
developed that predicts the phase behavior of ionic liquid/carbon dioxide systems, which
is based on the truncated Perturbed Chain Polar Statistical Associating Fluid Theory. This
equation of state accounts explicitly for the dipolar interactions between ionic liquid
molecules, the quadrupolar interactions between carbon dioxide molecules, and the Lewis
acid-base type of interaction between the ionic liquid and the carbon dioxide molecules.
Physically meaningful model pure component parameters for ionic liquids were estimated
based on literature data. All experimental vapor-liquid equilibrium data are correlated
with a single linearly temperature-dependent binary interaction parameter. The ability of
the model to describe accurately carbon dioxide solubility in various I-alkyl-3-
methylimidazolium-based ionic liquids with different alkyl chain lengths and different
anions at pressures from 0 MPa to 100 MPa and carbon dioxide fractions from 0 to 75
mole % is demonstrated.

Given the enormous variety of possible ionic liquids, there is a need to predict their
properties, such as their thermal and (electro)chemical stabilities. In this thesis such a
prediction method has been developed using quantum chemical calculations. This tool
was used to predict the decomposition mechanisms and products of thermal and
electrochemical breakdown reactions. The activation energies of the calculated thermal
decomposition reactions corresponded well with the measured decomposition
temperatures and may be used to predict the decomposition temperature of an ionic liquid
before it is synthesized. The electrochemical window could be correlated to the calculated
difference in energy level of Lowest Unoccupied Molecular Orbital (LUMO) of the
cation and Highest Occupied Molecular Orbital (HOMO) of the anion. Moreover, the
electrochemical decomposition reactions of several ionic liquids on the cathode limit
were successfully predicted and verified by experiments.

The use of ionic liquids in combination with carbon dioxide in chemical processes leads
to economical and environmental benefits compared to conventional production
processes. Reductions in the use of catalyst and volatile organic solvents lead to lower
costs for raw materials and lower waste disposal costs. No expensive purification steps
are required to remove catalyst residues from the product. The energy costs for
pressurizing the carbon dioxide in the ionic liquid/carbon dioxide process are lower than
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the energy costs for evaporating the solvent in the conventional process. When the ionic
liquid/carbon dioxide process is for example applied to the production of 1600 ton/year
Levodopa, a medicine against Parkinsonian disease, the energy consumption is reduced
by 20,000 GJ per year and the waste generation is reduced by 4800 ton of methanol per
year and 480 kg Rh-catalyst per year, resulting in a decrease in total operational costs of
over 11 million euros per year.

From an economical and an environmental point of view, fast implementation of the new
process-set up is desired. Suggestions for the fastest implementation are made based on
the cyclic innovation model, which does not represent innovation by a linear chain, but
by coupled ‘circles of change’ that connect science and business in a cyclic manner. The
most important obstacles in the implementation of the ionic liquid/carbon dioxide
production process are the successful life cycle management of current production plants,
the linearity of current innovation thinking and a perceived high risk of adoption.
According to the cyclic innovation model, these obstacles can be overcome when
developments in all cycles occur in a parallel fashion and all involved actors collaborate
in coupled networks.

Maaike C. Kroon






Samenvatting

Gecombineerde reacties en scheidingen met behulp van ionische vloeistoffen en
koolstofdioxide

De chemische industrie staat onder druk om de enorme afvalproductie en energie-
consumptie drastisch te verminderen. Bestaande oplossingen om de huidige process-
industrie te verduurzamen zijn de vervanging van stoichiometrische reacties door
katalytische alternatieven, de minimalisatie van oplosmiddelverliezen en de integratie van
verschillende processtappen in één stap. Het hoofddoel van dit onderzoek is het
ontwikkelen van een nieuwe procesmethode met behulp van ionische vloeistoffen en
koolstofdioxide als gecombineerde reactie- en scheidingsmedia om de afvalproductie en
het energieverbruik in de chemische industrie te reduceren. Knelpunten met betrekking
tot reactie- en scheidingssnelheden, selectiviteiten, stabiliteiten, voorspellingen van
thermodynamische evenwichten en economische, ecologische en sociale aspecten worden
geadresseerd. Dit proefschrift draagt bij aan de realisatie van ionische vloeistof/koolstof-
dioxide processen.

Tonische vloeistoffen zijn zouten met een smeltpunt rond de 25 °C. Tonische vloeistoffen
staan in de belangstelling als alternatieve schone oplosmiddelen in de chemische
industrie, omdat ze geen dampspanning hebben en daardoor niet tot emissies naar de
atmosfeer kunnen leiden. Bovendien vertonen ionische vloeistoffen hoge oplosbaarheden
voor allerlei chemicalién, en hoge thermische en (electro-)chemische stabiliteiten.
Ionische vloeistoffen worden gebruikt als reactiemedia, waar ze de reactiesnelheden en
selectiviteiten verhogen. Het is mogelijk om producten van ionische vloeistoffen te
scheiden door middel van extractie met superkritisch koolstofdioxide zonder meetbare
verontreiniging met de ionische vloeistof, omdat ionische vloeistoffen niet oplossen in
koolstofdioxide. Deze feiten vormen de basis van dit proefschrift, samen met de recente
ontdekking van het ‘miscibility windows’ fenomeen: koolstofdioxide is in staat om twee
of meer niet-mengbare fasen te forceren om ¢één fase te vormen bij beperkte
drukverhoging in een klein koolstofdioxide concentratiegebied. Door gebruik te maken
van deze twee-fasen/één-fase transitie, is het mogelijk om een reactie in een homogeen
systeem uit te voeren, terwijl de scheiding plaatsvindt in het twee-fasen systeem. Op deze
manier worden hoge reactie- en scheidingssnelheden gehaald vergeleken met
conventionele ionische vloeistof/koolstofdioxide processen, die geheel in het twee-fasen
gebied plaatsvinden.

De nieuwe methode om reacties en scheidingen te combineren met behulp van ionische
vloeistoffen en koolstofdioxide werd toegepast op de asymmetische hydrogenering van
methyl-(Z)-a-acetamidocinnamaat in  het systeem 1-butyl-3-methylimidazolium
tetrafluoroboraat (ionische vloeistof) + koolstofdioxide. Op basis van het fasegedrag van
het model systeem werden de werkcondities bepaald. Hoge drukken (~ 50 MPa) zijn
nodig om alle componenten op te lossen in de ionische vloeistof. Daarom kan de
homogeen-gekatalyseerde reactie beter plaatsvinden in een heterogeen systeem, waar alle
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componenten behalve waterstof geheel in de ionische vloeistof zijn opgelost. De bereikte
conversies en selectiviteiten zijn vergelijkbaar met het conventionele process. De
katalysator kan worden hergebruikt zonder signifante deactivatie.

Het product N-acetyl-(S)-fenylalanine methylester kan van de ionische vloeistof worden
afgescheiden door gebruik te maken van koolstofdioxide als ‘co-solvent’ in extracties of
als ‘anti-solvent’ in precipitaties. Omdat ionische vloeistoffen niet oplossen in
koolstofdioxide, werd zuiver product verkregen door middel van extractie. Ook werd
aangetoond dat het mogelijk is om een product uit een ionische vloeistof te precipiteren
onder invloed van koolstofdioxide. Dit effect wordt veroorzaakt door de lagere
oplosbaarheid van het product in mengsels van ionische vloeistof en koolstofdioxide dan
in zuivere ionische vloeistoffen. Na precipitatie werden de gevormde kristallen gewassen
met koolstofdioxide, zodat een zuiver product wordt verkregen. Beide scheidings-
methoden werken goed. Als het scheidingsproces goed is ontworpen, kan het product
volledig worden teruggewonnen.

Het is erg tijdrovend om de werkcondities van het ionische vloeistof/koolstofdioxide
proces experimenteel vast te stellen. Daarom is het verstandig om een model te
ontwikkelen dat het fasegedrag van ionische vloeistof/koolstofdioxide systemen kan
voorspellen. In dit proefschrift wordt het ‘truncated Perturbed Chain Polar Statistical
Associating Fluid Theory’ model gebruikt om ionische vloeistof/koolstofdioxide
systemen te modeleren. Deze statistisch mechanische toestandsvergelijking houdt
rekening met de dipoolmomenten van de ionische vloeistof moleculen, de quadrupool
momenten van de koolstofdioxide moleculen en de Lewis zuur-base interacties tussen de
ionische vloeistof en de koolstofdioxide. De parameters voor de ionische vloeistof
moleculen werden geschat op basis van microscopische gegevens voor ionische
vloeistoffen uit de literatuur. Alleen de binaire interactie parameter werd gefit aan
experimentele data van fasegedrag. Het model is in staat om het fasegedrag van
verschillende ionische vloeistof + koolstofdioxide systemen goed te beschrijven over een
drukbereik van 0 tot 100 MPa en een koolstofdioxide fractie bereik van 0 tot 75 mol%.

Door de enorme vari€teit aan ionische vloeistoffen, is het noodzakelijk om hun
eigenschappen te kunnen voorspellen. In dit proefschrift wordt een dergelijke
rekenmethode op basis van quantumchemische berekeningen beschreven. Deze
berekeningen worden gebruikt om de thermische en electrochemische decompositie-
mechanismen en producten te kunnen voorspellen. De activeringsenergieén van de
thermische decompositiereacties zijn een goede maat voor de experimenteel gemeten
decompositietemperaturen. De electrochemische ‘windows’ kunnen worden gecorreleerd
aan het berekende verschil in energieniveau tussen de laagste ongevulde electronenschil
van het kation en de hoogste gevulde electronenschil van het anion. Op die manier
kunnen decompositietemperaturen en electrochemische ‘windows’ worden geschat voor
ionische vloeistoffen voordat ze gesynthetiseerd worden.

Het gebruik van ionische vloeistoffen in combinatie met koolstofdioxide in chemische
processen leidt tot economische en ecologische voordelen vergeleken met conventionele
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productieprocessen. Doordat minder afval wordt geproduceerd en er efficiénter wordt
omgegaan met grondstoffen en energie, zijn de operationele kosten lager. Bovendien zijn
er geen dure zuiveringsstappen nodig om het product zuiver in handen te krijgen. Bij
toepassing van de nieuwe productiemethode op de productie van 1600 ton Levodopa (een
medicijn tegen de ziekte van Parkinson) per jaar, kan de energieconsumptic worden
gereduceerd met 20,000 GJ per jaar en de afvalproductie worden gereduceerd met 4800
ton methanol per jaar en 480 kg rhodium-katalysator per jaar. Dit resulteert in een
besparing op de operationele kosten van ruim 11 miljoen euro per jaar.

Vanwege de enorme economische en ecologische voordelen, is een snelle industri€le
implementatie van de nieuwe productiemethode gebruikmakend van ionische vloeistoffen
en koolstofdioxide gewenst. Een aantal suggesties om de nieuwe productiemethode zo
snel mogelijk te implementeren wordt gedaan op basis van het cyclische innovatiemodel.
De belangrijkste obstakels die implementatie van ionische vloeistoftechnologieén
tegenhouden zijn de reeds gedane investeringen in bestaande productieplants, de
lineariteit van het huidige innovatietraject, en het vermeende hoge risico door
onbekendheid van de technologie. Volgens het cyclische innovatiemodel kunnen deze
obstakels worden overwonnen wanneer innovatieve ontwikkelingen parallel plaatsvinden
op verschillende plaatsen en niveaus (met onderlinge cyclische interactie), en wanneer
alle betrokkenen met elkaar samenwerken in gekoppelde netwerken.

Maaike C. Kroon
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Introduction

Although the need for sustainable technology is widely recognized, many
chemical processes are still energy-intensive and generate a lot of waste.
Efforts to increase the resource-efficiency in chemical processing include the
replacement of stoichiometric reactions by catalytic alternatives, the
minimization of solvent losses and the integration of several unit operations
into one process step. In this chapter different possibilities for increasing
resource-efficiency are evaluated. Special attention is given to energy-
intensive and waste-free processes that use ionic liquids and/or supercritical
fluids as reaction and separation media. The chapter is concluded with an
outline of this thesis.






1. Introduction

1.1 Problem definition

In the Western world, the chemical industry has matured and investments have stabilized.
One reason is that the lifetime of production plants is much larger than anticipated due to
careful maintenance. Another reason is that smart engineering has increased the
capacities of existing plants beyond expectation. Therefore, many current production
processes originated from twenty years ago and are not based on the latest state-of-the-art
technology. These processes generally produce more waste than necessary and are
energy-intensive.

Environmental concerns call for new technologies. The chemical industry, which uses
34% (= 155 EJ)' of the total world energy consumption, is under considerable pressure to
replace many existing processes with new technologies aiming at a zero environmental
footprint (zero emission, zero waste generation, use of renewable resources, zero energy
consumption). This is especially true for the fine chemical and pharmaceutical industries,
which use much energy” and generate a large amount of chemical waste’ per kilogram net
product (see table 1.1).

Table 1.1: World production volume?, energy consumption2 and waste generation3 per specific
product within various industry segments

Industry segment Production  Energy use (MJ)  Waste produced (kg)
(tons/annum)  per kg product per kg product

Oil refining 10°-10° 0.5-10 <0.1

Bulk chemicals 10*-10 5-30 0.1-5

Fine chemical industry 10%-10* 20-100 5-50

Pharmaceutical industry 10'-10° 50-200 25-100

If this issue is not addressed, the energy and waste problem will grow larger in the future,
because the annual world energy consumption and waste generation are increasing
strongly due to the growth of the world population and the increase in the standard of
living in emerging economies (see figure 1.1).
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Figure 1.1: (a) World energy consumption per capita' (1970-2025), (b) non-recyclable EU
municipal solid waste generation per capita* (1990-2015) and (c) world population® (1950-2050).
Predictions are based on a ‘business as usual’ scenario for economic growth. The rise in total
energy consumption and waste generation is much steeper than panels (a) and (b) depict,
because of the multiplication by the increase in the world population (c).

According to Von Weizsicker et al.’, we could supply the needs of twice as many people
using only half the resources, if only we would use available better technologies (‘Factor
4’). Alternatively, we could increase the quality of life for twice as many people at half
the present cost. Therefore, new sustainable technologies must be developed and existing
better technologies must be implemented.
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Anastas and Warner’ have outlined twelve basic principles of green chemistry as a basis
for judgements on sustainability:

1. Prevention (prevention of waste production instead of remediation of waste once
formed)

Atom economy

Less hazardous chemicals

Design safer chemical products

Safer solvents & auxiliaries (with lower environmental impact)

Energy-efficient by design (energy consumption close to thermodynamically
necessary energy)

7. Use of renewable feedstocks

8. Shorter synthesis (avoid derivatization)

9. Catalysis (more selective, less by-products)

10. Design for degradation

11. Real-time analysis for pollution prevention

12. Inherently safer chemistry for accident prevention

SRRl

Green processes are therefore processes that are energy-efficient, minimize or preferably
eliminate the formation of waste, avoid the use of toxic and/or hazardous solvents and
reagents and, where possible, utilize renewable raw materials®. Green chemistry
emphasizes primary pollution prevention instead of remediation. Most important is the
minimization of waste generation and energy consumption by the chemical industry. This
will not only lead to a cleaner environment, but also to a more cost-effective use of
resources.

Today, new opportunities for increasing the resource-efficiency in chemical processing
have emerged. These efforts include the replacement of stoichiometric reactions by
catalytic alternatives, the minimization of solvent losses and the integration of several
unit operations into one process step (see paragraph 1.2). Examples are the use of shape-
selective catalysts (zeolites) in the butene to isobutene isomerization’, the use of
membrane reactors in the ethylene oxide production'® and the use of reactive distillation
for the methyl acetate production''. These processes combine reactions and separations
into one process step and show a higher selectivity towards the main products. The result
is less by-product generation (waste) and a lower energy requirement for purification.

However, despite more attention for sustainability, many chemical processes are still
energy-intensive and generate a lot of waste. Commercialization of new technological
breakthroughs is slow. Long implementation trajectories are a result of the current
investment requirements, the perceived high risk of adoption of new technologies and the
linearity of the steps in the innovation process. It is desirable to develop more sustainable
technologies that significantly increase the resource-efficiency of a chemical process and
to reduce the implementation time of such technologies.
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1.2 Increasing resource-efficiency
1.2.1 Minimization of energy consumption

The energy consumption of the chemical process industry accounts for about one third of
the total consumption by all the manufacturing industries. About 50% to 80% of this
amount of energy is used for the separation or purification of chemicals. Most energy-
intensive separation steps include distillation and drying by evaporation'?. In recent
decades there has been a significant increase in the energy-efficiency of these process
steps by optimization. However, in several cases the limits on what can be done within
economical restrictions on a unit operation scale have been reached. To maintain the
trend of energy-efficiency increase, it will be necessary to integrate the different unit
operations, such as reactions and separations, into one process step (= process
intensification). This will lead to the development of new techniques and equipment that
give substantial reductions in the energy use and waste production, the size of production
equipment and the investment costs, resulting in more sustainable and safer technologies.
Moreover, alternative separation methods instead of the energy-intensive distillation step
have to be applied, such as membrane-based separations.

1.2.2 Minimization of waste generation

The total amount of non-hazardous waste generated by the chemical industry in the EU is
350 million ton/year'’, while the hazardous industrial waste generation in the EU is 62
million ton/year . A major reason for this waste generation is that reactions are often
performed with a stoichiometric amount of catalyst or carrier. Furthermore, solvent losses
also substantially contribute to the waste generation (see table 1.2).

Table 1.2: Origins of industrial waste®

Origin Examples
Stoichiometric waste
e Bronsted acids and bases Aromatic nitrations (H;SO4/HNO3)
Base promoted condensations (NaOH)
e Lewis acids Friedel-Crafts acylation (AlCls, ZnCl,, BF3)
e Oxidants and reductants Oxidation (Na;Cr,07, KMnO,)
Reduction (LiAIH4, NaBH,)
e Halogen replacements Nucleophilic substitutions
Solvent losses Air emissions

Aqueous effluent

The key to waste minimization in chemical manufacture is the widespread substitution of
classical stoichiometric syntheses by atom efficient, catalytic alternatives, consisting of
fewer steps. Longevity and efficient recycling of the catalyst is a prerequisite for
economically and environmentally attractive processes. An example of a classical versus
a green atom-efficient reaction is shown in figure 1.2.
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1. Stoichiometric: atom-utilization = 108 =60%
108 +14 + 23+ 35.5

o) o}
H H
+ NaBH, —— H 4+ BH, + Na*
M=14 M=23

M=106
o
CH,OH
H
H + HCl —— ©/ + Cr
M=35.5
M=108
2. Catalytic: atom-utilization = 100%
O
CH,OH
H
+ H, ——
M=2
M=106 M=108

Figure 1.2: Classical (stoichiometric) versus green (catalytic atom-efficient) hydrogenation of
benzaldehyde to benzyl alcohol

Solvent losses also contribute considerably to the formation of large amounts of waste.
The use of large quantities of volatile organic solvents as liquid media for chemical
reactions and extractions, with a current worldwide cost estimated at € 6,000,000,000 per
year'*'®, is a major concern for today’s chemical processing industry. The perceived
effects of these solvents on human health, safety and the environment, combined with
their volatility and flammability, is a strong incentive for minimizing their use, both for
environmental and cost perspective. Minimizing solvent losses leads to avoiding the costs
associated with disposal, legal liabilities and regulatory constraints. Therefore, the
development of solvent-free processes as well as the development of environmentally
benign new solvents, such as water and perfluorinated solvents (as used in biphasic
systems), supercritical fluids and ambient temperature ionic liquids, has become a major

1Ssue.
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1.3 Environmentally benign solvents
1.3.1 Solvent-free processes

Solvent-free processes are the best solution for minimizing solvent losses. Many
reactions can be carried out without solvent when the reagents are liquids or when the
mixture can be melted to produce a liquid. In this case the excess reagent serves as
solvent. For example, the production of chlorinated natural rubber has been carried out in
excess liquid chlorine in order to eliminate the need for the usual carbon tetrachloride as
solvent, which is toxic and difficult to remove from the product, chlorinated rubber®.
Solvent-free separation steps include mechanical extraction instead of extraction with an
organic solvent.

However, it is not always possible to work without solvent. Sometimes solvents are
necessary to dissolve solids, to lower the viscosity, to regulate temperatures, to recover
compounds by means of extraction and crystallization, as reaction medium or for
cleaning purposes®. In these cases less harmful solvents, which can easily be recovered,
are desired.

1.3.2 Aqueous biphasic catalysis

Another solution to minimize and reduce the impact of solvent losses is the use of water
as a green solvent in biphasic industrial transition metal catalyzed reactions. The
reactants and products form an organic phase and the catalyst and ligand are dissolved in
the water phase. The reactants can react in the aqueous phase by the formation of a
complex with the catalyst/ligand system. The formed products are not water-soluble and
return to the organic phase. In this way water and catalyst can easily be separated from
the product and recycled, minimizing the solvent losses’. The low mutual solubility of
water and organic product leads to a reduced product contamination. The high polarity of
water may lead to different reactions.

The use of water as reaction medium is economically and environmentally attractive. In
large parts of the world (for example in The Netherlands), water is abundantly available
and inexpensive. Moreover it is non-flammable and non-toxic, odorless and colorless and
environmentally friendly.

However, the application of water as a green solvent is still limited due to the low
solubility of organic substrates in water, which often results in low reaction rates.
Moreover, water is a protic coordinating solvent, so it can react with organometallic
complexes. Therefore, water cannot be used as solvent for all catalytic reactions and
often modifications of catalysts and ligands are necessary'®.
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1.3.3 Fluorous biphasic catalysis

More recently, perfluorinated solvents have proven their utility for many thermal and
catalytic reactions. The catalyst dissolves in the separate perfluorinated phase, which
exists next to the organic reactant and product phase, and can therefore easily be
recycled. The organic substrates have a higher solubility in perfluorinated solvents than
in water, leading to higher reaction rates compared to aqueous biphasic systems.
Nevertheless, specific ligands must be designed to dissolve the catalyst in the
perfluorinated phase. Moreover, the fluorous solvents are greenhouse gases and thermal
decomposition of these compounds yields toxic compounds, such as hydrogen fluoride.
Finally, fluorous derivatives are often detected in the organic phase™'®.

1.3.4 Supercritical carbon dioxide

Supercritical fluids, for example supercritical carbon dioxide, are also described as new
solvents for organic and catalytic reactions. Carbon dioxide is non-toxic, non-flammable,
relatively inert, abundant and inexpensive. In the supercritical region, the density of
carbon dioxide and its solvent power can be varied by changing the temperature and
pressure. Supercritical carbon dioxide has properties between those of gases and liquids.
Diffusivity and mass transfer are better than in liquids, whereas the solubilities of many
organic compounds are higher than in gases. The low critical temperature allows heat-
sensitive materials to be processed without damage. The fact that not all chemical
substances are soluble in supercritical carbon dioxide permits selective extraction. When
the pressure is relieved after an extraction step, the carbon dioxide evaporates and pure
product without any remaining carbon dioxide is obtained. Therefore, supercritical
extraction is often used for foods and medicines, for which it eliminates the possibility of
leaving toxic residues of organic solvents'"'®,

However, the use of carbon dioxide as green solvent has some limitations. It is not a very
good solvent for many substances, especially large polar molecules. Moreover it is most
commonly used as supercritical fluid (above its critical temperature of 31 °C and its
critical pressure of 7.38 MPa). Therefore, carbon dioxide has to be used under pressure.
This may lead to higher operating and equipment costs'®.

Supercritical carbon dioxide is not the only supercritical fluid that can be used, but it is

among a few other supercritical solvents that offer the combination of the properties
given. Unfortunately, many are toxic or flammable. Therefore, their use is rather limited.
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1.3.5 Ambient temperature ionic liquids

During the last ten years, ambient temperature ionic liquids were recognized as a novel
class of environmentally benign solvents'*'®". Ambient temperature ionic liquids are
molten salts that are liquid at room temperature. They are considered as green solvents,
because they have negligible vapor pressure at room temperature®’. Therefore, ionic
liquids are easily recyclable and reusable. Their use as solvents for reactions and
separations may offer a solution to both the solvent emission and the catalyst-recycling
problem. In addition, ionic liquids can be adjusted in order to exhibit desired properties
by the right choice of cation and anion'. In this way, they can be designed with low
toxicity and high biodegradability (see paragraph 2.1.3).

The use of ionic liquids as combined reaction and separation media in the chemical
industry may lead to a significant resource-efficiency increase. First of all, ionic liquids
allow atom-efficient reactions to be carried out at high rates and selectivities, because
they are able to dissolve a wide range of catalysts*' 2. The fact that ionic liquids are non-
volatile also makes them suitable solvents for energy-efficient separations and
purifications. It is possible to extract organic compounds from ionic liquids with
supercritical carbon dioxide without any contamination by the ionic liquid and without
any solvent losses, because ionic liquids do not dissolve in carbon dioxide***. In this
way, no energy-intensive distillation step is required.

Therefore, it is chosen to investigate a new method to combine reactions and separations
using ionic liquids and supercritical carbon dioxide in this thesis. Although many data on
ionic liquids are still unknown and the prices of ionic liquids high, the field of ionic
liquids is currently one of the hottest research topics. Prices of ionic liquids are
decreasing fast and the number of publications is increasing tremendously” (see figure
1.3). It is expected that new applications for ionic liquids will be found in the near future,
and that more ionic liquids, in higher quantities and with lower prices and well-known
properties, will be available.
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Figure 1.3: Number of publications on ionic liquids in 1996-2005
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1.4 Scope of the thesis

This thesis aims at the resource-efficiency increase in the chemical industry by using
ionic liquid and supercritical carbon dioxide as combined reaction and separation media.
Therefore, a historical overview of the use of ionic liquids and supercritical carbon
dioxide as solvents is presented in chapter 2. It is demonstrated that reactions and
separations can be combined using ionic liquids and carbon dioxide, but so far these
reactions and separations were always carried out in a biphasic system.

A new method to combine reactions and separations using ionic liquids and supercritical
carbon dioxide is developed in chapter 3. It is found that carbon dioxide is able to force
two or more immiscible phases to form one homogeneous phase at pressure increase,
which is called ‘miscibility switch’ phenomenon?’’. With the two-phase/single-phase
transformation, it is possible to carry out the reaction in a homogeneous system at high
reaction rate, whereas the product is separated in the two-phase system of which one
phase does not contain any ionic liquid.

The new process set-up is applied to a model system. In chapter 4 the phase behavior of
the model system is investigated in order to find the conditions for reaction
(homogeneous phase) and separation (biphasic system). Thereafter, these conditions are
applied in the reaction step and the separation step in chapter 5. The kinetics of the
reaction step and the efficiency of the separation step are measured. It is found that
products can be removed from ionic liquids using carbon dioxide either as co-solvent in
extractions or as anti-solvent in precipitations.

The experimental determination of the conditions for reaction and separation in the new
process set-up is very time-consuming and expensive. Therefore, it is highly desirable to
develop models that can predict the phase behavior of ionic liquid systems. In chapter 6
the phase behavior of ionic liquid + carbon dioxide systems is modeled with the truncated
Perturbed Chain Polar Statistical Associating Fluid Theory (tPC-PSAFT) equation of
state. In this model ionic liquids are considered to be neutral highly asymmetric ion pairs
with a large dipole moment, which results in a better fit with experimental data compared
to the situation in which ionic liquids are considered to be two separate charged species
1.e., anion and cation.

There are limits to the operating conditions of the new process set-up. These limits are
determined by the thermal stability and the electrochemical stability of ionic liquids. In
chapter 7 the thermal stability is estimated using quantum chemical calculations. Not
only is the maximum operating temperature below which no thermal degradation occurs
predicted, but also the kinetics and the mechanism of the decomposition reaction are
determined. Quantum chemical calculations are also used in chapter 8 to estimate the
electrochemical stability of an ionic liquid, which is determined by the stability towards
oxidation of the anion and the stability towards reduction of the cation.
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An economical and environmental analysis of the new process set-up is presented in
chapter 9. From both the economical and the environmental point of view, fast
implementation of this new process set-up is desired. However, with a conventional plan
of execution, the implementation of this new technology could take several decades. One
important reason for this long implementation trajectory is that innovations are
traditionally considered as linear chains of causal actions, where each stage requires a
considerable amount of time. However, when actions take place simultaneously in all
stages of the innovation process, the time between invention and implementation can be
reduced dramatically. For a fast adoption of innovative technologies, the plan of
execution should be based on an innovation model that considers the innovation process
as coupled ‘cycles of change’, where developments take place in all cycles
simultaneously” '. Such an innovation model is described and subsequently applied to
the commercialization of the ionic liquid technology in chapter 10.

Finally, in chapter 11 an outlook on the future potential of ionic liquids is presented.

Other ways to combine reactions and separation using ionic liquids are described.
Recommendations and challenges for future applications of ionic liquids are given.
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Background

lonic liquids are emerging as green solvents for chemical processes, because
they combine good and tunable solubility properties with negligible vapor
pressures and high thermal and chemical stabilities. They are used as
reaction media, where they may enhance reaction rates and selectivities.
Supercritical carbon dioxide has been described as a green solvent for the
extraction of hydrophobic compounds, because the solubility of apolar
compounds is high and can be adjusted by varying the density of the carbon
dioxide. Combining ionic liquids with carbon dioxide results in interesting
phase behavior: supercritical carbon dioxide is highly soluble in ionic liquids,
while the solubility of ionic liquids in supercritical carbon dioxide is
negligibly low. Therefore, it is possible to remove an organic product from an
ionic liquid by extraction with supercritical carbon dioxide without any ionic
liquid contamination. Subsequently, this separation step is combined with
homogeneously catalyzed reactions in ionic liquid/supercritical carbon
dioxide biphasic solutions: The reactants are transported into the reactor
using supercritical carbon dioxide as the mobile phase. In the reactor, the
reactants partly dissolve in the ionic liquid phase, where the catalyzed
reaction takes place. The products are continuously extracted with the
supercritical carbon dioxide stream. The product and carbon dioxide are
separated downstream by controlled density reduction. In this chapter, all
previously reported processes using ionic liquid/carbon dioxide systems are
summarized. These processes have the disadvantage of being biphasic,
leading to low reaction and extraction rates.






2. Background

2.1 Introduction to ionic liquids

Tonic liquids are a unique class of salts with melting points at or below 100 °C. Some
ionic liquids even melt below ambient temperature, in which case they can be called
ambient temperature ionic liquids. Because ionic liquids are entirely composed of ions,
they resemble high-temperature molten metallic salts, such as sodium chloride in the
liquid state (at temperatures higher than 800 °C). However, ionic liquids contain at least
one organic ion that is relatively large and asymmetric compared to a metallic ion.
Therefore, the positively charged ions (cations) and the negatively charged ions (anions)
of an ionic liquid can be kept so far apart that the attractive forces become small.
Crystallization is thus hindered so that the resulting substance is a totally ionic (non-

aqueous) liquid at room temperature'~.

2.1.1 History

The first ambient temperature ionic liquid reported is ethylammonium nitrate, having a
melting point of 12 °C, and discovered in 1914 by Walden’. Modern ionic liquid research
started in the late 1940s with the study of low melting eutectic mixtures of N-alkyl-
pyridinium halides with aluminum chloride or aluminum bromide for the use as low-
temperature, highly conductive electrolytes in batteries™. However, the reducible nature
of the N-alkylpyridinium cation led to a search for more stable cations. Wilkes and co-
workers®’ reported the first examples of ionic liquids based on dialkylimidazolium
chloroaluminates in the early 1980s. These ionic liquids exhibit interesting chemical
properties, such as superacidity’. They are also excellent non-volatile catalysts for
Friedel-Crafts alkylation and acylation reactions’. Unfortunately, the chloroaluminate
anions react with water under formation of hydrogen chloride, making these ionic liquids
unstable in water and air’. This led to the search for water-stable anions, resulting in the
discovery of tetrafluoroborate, hexafluorophosphate, nitrate, sulfate and acetate ionic
liquids in 1992®. Since then, water-stable ionic liquids have been at the center of interest
as novel environmentally benign solvents for various applications. The range of available
anions and cations has expanded tremendously and new ionic liquids are continuously
found. It is estimated that there are approximately one trillion (10'®) accessible room
temperature ionic liquids’. Most common cations (with different functional groups R,
which are usually alkyl chains) and anions are shown in figure 2.1.
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Common cations:

R,
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Ammonium Imidazolium Pyrrolidinium
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Pyridinium Phosphonium Guanidinium
Common anions:
Chloride: CI Hexafluorophosphate: PF¢
Methylsulfate: CH;0SO3 Tetrafluoroborate: BF4
Triflate: CF3SO5 Bis(trifluoromethanesulfonyl)imide: N(CF3S0O,),

Trifluoroacetate: CF;COy Dicyanamide: N(CN),

Figure 2.1: Most common cations and anions'®

2.1.2 Properties of ionic liquids

The most important physical property of ionic liquids is that their vapor pressure is
negligibly small at room temperature''. As a result, ionic liquids are odorless. They do
not evaporate, even when exposed to vacuum, and most of them do not combust, even
when exposed to an open flame. The fact that ionic liquids are non-volatile and non-
flammable makes them safer and more environmentally benign solvents than the
traditional volatile organic solvents'. Other properties of ionic liquids are inherent to salts
in the liquid state and include the wide liquid temperature range allowing tremendous
kinetic control in reactions, the good thermal stability, the high ionic conductivity and the
wide electrochemical window representing the high electrochemical stability of ionic
liquids against oxidation or reduction reactions'?. Furthermore, ionic liquids have very
good solvency power for both organic and inorganic materials, polar and non-polar,
which makes them suitable for catalysis'>'*. It is possible to tune the physical and
chemical properties of ionic liquids by varying the nature of the anions and cations. In
this way, ionic liquids can be made task-specific'~.
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2.1.3 How green are ionic liquids?

Ionic liquids are regarded as environmentally benign replacements for volatile organic
solvents due to their negligible vapor pressure. However, ionic liquids can have a hidden
environmental cost. In a lot of synthesis routes halogen atoms are involved. Halogen
materials in ionic liquids are undesirable, because of the low hydrolysis stability, the high
toxicity, the low biodegradability and the high disposal cost'>'°. For example, fluorinated
anions such as PFs and BF, are sensitive to water and may release the corrosive and
toxic hydrogen fluoride”. Moreover, the alkyl halides used in the syntheses of many ionic
liquids are greenhouse gases and ozone-depleting materials®. Therefore, halogen-free
ionic liquids have been developed, such as ionic liquids with alkyl sulfate, alkyl
carbonate and alkyl sulfonate anions'>'®.

Low toxicity and biodegradability of the ionic liquid are required for safe use and
environmental acceptable disposal. Although these data yet have to be determined for
many ionic liquids, the lack of volatility greatly reduces any chance of exposure other
than by direct physical contact with skin or by ingestion. Early studies show that it is
possible to design ionic liquids that are non-toxic (by choice of cation and anion). Most
investigated ionic liquids are irritating and have a toxicity comparable to common
organic solvents'’. From biological tests it appeared that the toxicity of ionic liquids is
mainly determined by the type of cation: ionic liquids with short alkyl substituents in the
cation usually have a lower toxicity''®. It was also found that a number of ionic liquids
is biodegradable, especially when an ester group is present in the alkyl side chain'®'®".
Recently, the first ionic liquids from bio-renewable sources were obtained™.

Although ionic liquids might not be green in full context, they have the potential to make
chemical processes more environmentally benign by reducing waste generation
(eliminating solvent losses) and energy consumption (no energy-intensive solvent
evaporation step). Due to their tunable properties, ionic liquids can be made ‘green’.

2.1.4 Applications of ionic liquids

In first instance, ionic liquids were developed by electrochemists for use as low-
temperature water-free electrolytes®. Compared to conventional mixed electrolyte
systems, ionic liquid electrolytes have similar electrochemical windows and ionic
conductivities, but are safer and possess lower toxicity and flammability*'. Moreover,
ionic liquids allow several metals conventionally obtained from high-temperature molten
salts to be deposited at room temperature without corrosion problems®*. Tonic liquid
electrolytes can be applied in various electrochemical devices, such as battery
systems®*°, solar cells*® and electrochemical capacitors™ 2.

During the last decade, ionic liquids were also found to be suitable solvents for chemical

reactions, because they combine excellent thermal and chemical stabilities with good and
tunable solubilities and catalytic properties'>*"*. Tonic liquids have been used as solvents
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30,31 31,32

for nucleophilic and electrophilic reactions, including acidic catalyzed reactions,
and reactions catalyzed by transition metal complexes®*. Tonic liquids are also good
media for bio-catalyzed reactions®~°. Especially the use of ionic liquids as solvents for
transition metal catalysis is at the center of interest. Transition metal catalysts dissolve
well in the ionic liquid, while many organic reactants and products only have very low
solubility in ionic liquids. This gives rise to the possibility of a biphasic reaction
procedure’’: the catalyst is immobilized in the ionic liquid phase, and the organic starting
materials and products are introduced and removed in a separate organic phase. Some
reactant dissolves into the ionic liquid phase and undergoes a reaction, after which it
returns to the organic layer and is removed via simple decantation (the organic phase has
a lower density than the ionic liquid phase). The catalyst stays in the ionic liquid and can
easily be reused (see figure 2.2). When the products are partially or totally miscible with
the ionic liquid and sufficiently volatile, they can be easily separated from the ionic liquid
by distillation (ionic liquids have negligible vapor pressure). Examples of transition metal
catalyzed reactions in ionic liquids are hydrogenations, hydroformylations, oxidations,
Heck coupling reactions and dimerization and oligomerization reactions™'*'**>7 It was
demonstrated that the use of an ionic liquid often leads to higher reactivities and/or

selectivities>™.
Organic phase
Reactants ———p ——» Products
reactant proguzt
L1 | A
vVV T

reactant —p product

lonic liquid +
catalyst phase

Figure 2.2: Process set-up for biphasic transition metal catalysis in ionic quuidsz’35

Furthermore, ionic liquids can be used for separation and purification purposes™ . Ionic
liquids are able to selectively extract a specific compound out of a gas mixture or a liquid
mixture®*!. An example of a gas extraction is the removal of carbon dioxide and
hydrogen sulfide from sour natural gas using ionic liquids®®. Examples of liquid
extractions include the removal of organics from aqueous waste streams and the
separation of aromatics from alkanes*”*'. Recently, ionic liquids were applied in
supported liquid membranes for separation purposes*>*.
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Other applications of ionic liquids include the usage as cleaning solvents, lubricants,
heat-transfer fluids and storage media, for which they are suitable because of their
solubility behavior, their high thermal stability, their large liquid temperature range and
their wetting behavior®.

Considerable progress towards commercialization of ionic liquids has recently been
made. More types of ionic liquids become available from multiple vendors (Merck'’,
Degussa™, Cytec Industries™). Due to the expanding supply, prices of ionic liquids are
decreasing (economies of scale)'®. At the same time, more ionic liquids are demanded,
because new industrial applications are found. lonic liquids were for the first time
commercially used in the BASIL® process from BASF**. The BASIL (Biphasic Acid
Scavenging using lonic Liquids) process uses N-methylimidazole to remove the acid that
is formed in the production of alkoxyphenylphosphine, while at the same time producing
an ionic liquid*®. Another commercial application is the storage of arsine, boron
trifluoride and phosphine in ionic liquids (GASGUARD® Sub-Atmospheric Systems),
developed by Air Products®’. Finally, various ionic liquid processes are available for
licensing, such as the French Petroleum Institute’s Difasol® process for the dimerization
of small olefins*®.
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2.2 Introduction to supercritical carbon dioxide

Carbon dioxide is a supercritical fluid at temperatures higher than 304.2 K (= 31.1 °C)
and pressures higher than 7.38 MPa (= 73.8 bar) and becomes solid at far greater
pressures. Under these conditions the distinction between the gas phase and liquid phase
is nonexistent, and carbon dioxide can only be described as a fluid. This can be explained
by looking at the phase diagram of carbon dioxide (see figure 2.3). The boiling line
separates the vapor and liquid region and ends in the critical point. At any point on the
boiling line below its critical temperature and pressure, carbon dioxide exists as a liquid
with vapor above it. As the temperature is raised, going along the boiling curve the liquid
density falls due to expansion, whereas the gas density rises due the pressure increase.
Eventually, at the critical point, the densities become identical and the distinction
between liquid and gas disappears®.

100001 o

Supercritical fluid

—
[
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Liquid

Pressure (Bar)
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—_
<

1 v : . :
250 300 _350 400
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Figure 2.3: Phase diagram of carbon dioxide

Supercritical carbon dioxide has properties in between those of liquids and gases. It has
the ability to diffuse through materials like a gas, and to dissolve organic compounds like
a non-polar liquid (resembling hexane). Alkanes, aromatics, ketones and alcohols (up to a
molecular weight of around 400 g/mol) dissolve in supercritical carbon dioxide, but polar
molecules such as acids and most inorganic salts are insoluble. By adjusting the pressure
of the supercritical carbon dioxide, the solvent properties can be adjusted to be more
‘gas-like’ (low solvency power) or ‘liquid-like’ (high solvency power), which makes it a
highly tunable solvent (for this purpose also modifiers can be added). Because of these
properties, supercritical carbon dioxide is a well-established solvent for use in
extractions, such as the decaffeination of coffee and the extraction of hops, natural
products, high value pharmaceutical precursors, essential oils, and environmental
pollutants. Other emerging commercial technologies involving supercritical carbon
dioxide include dry cleaning, dyeing of textiles, paint spraying and the use as
environmentally benign solvent for various organic reactions, such as hydrogenations,
hydroformylations, oxidations, biocatalytic reactions and polymerizations™ .
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2.3 Reactions and separations in ionic liquids and supercritical carbon
dioxide

Both ionic liquids and supercritical carbon dioxide have been described as alternative
green solvents, but their properties are very different. Ionic liquids are non-volatile but
highly polar compounds, whereas supercritical carbon dioxide is an apolar but highly
volatile compound. The combination of these two solvents has some unique features. It
has been discovered that supercritical carbon dioxide is highly soluble in ionic liquids,
while the solubility of ionic liquids in supercritical carbon dioxide is negligibly low*>*.
Therefore, supercritical carbon dioxide has been used to extract hydrophobic substances
from ionic liquids without any contamination by the ionic liquid. Combined with the fact
that ionic liquids are excellent reaction media for catalyzed reactions (good tunable
solubility characteristics, high reactivity and high selectivity), this led to the development
of chemical processes, where the reaction was carried out in the ionic liquid and the
product was extracted afterwards with supercritical carbon dioxide®”*®. An example of
this chemical process set-up is the asymmetric hydrogenation of tiglic acid in the ionic
liquid 1-butyl-3-methylimidazolium hexafluorophosphate ([bmim][PFs]) with a dissolved
chiral ruthenium catalyst with high conversion and enantioselectivity” (see figure 2.4).
After the reaction, the product (R)-2-methylbutanoic acid was extracted from the ionic
liquid with supercritical carbon dioxide giving clean separation of product and catalyst.
The catalyst/ionic liquid solution was then reused repeatedly without significant loss of
enantioselectivity or conversion. Disadvantages of this chemical process method are the
low extraction rate due to mass transfer limitations at the liquid-vapor interface, and the
fact that this process is operated batch-wise.

COOH [bmim][PF,] COOH

— + H, - H
Ru-catalyst

Figure 2.4: Asymmetric hydrogenation of tiglic acid in the ionic liquid 1-butyl-3-methylimidazolium
hexafluorophosghate ([bmim][PF¢]), where the product is extracted afterwards with supercritical
carbon dioxide®

It was found that continuous operation could be achieved when using ionic liquid/
supercritical carbon dioxide biphasic systems as combined reaction and separation
media®"®, where the CO, phase acts both as reactant and product reservoir (see figure
2.5) The reactants are transported into the reactor using supercritical carbon dioxide as
the mobile phase. In the reactor, the reactants dissolve in the ionic liquid phase with
immobilized catalyst, where the reaction takes place. The products are continuously
extracted with the supercritical carbon dioxide stream. The product and carbon dioxide
are separated downstream by controlled density reduction via pressure release or
temperature increase. This method has been applied to hydrogenations®"®,
hydroformylations®®, dimerizations®’, (enzyme-catalyzed) esterifications® ", and the

synthesis of cyclic carbonates (as CO, fixation method)’*°.
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Figure 2.5: Continuous-flow operation in biphasic ionic liquid + supercritical carbon dioxide
systems®'7®

Liu ef al.®" applied the biphasic operation concept for the hydrogenation of alkenes (see
figure 2.6). It was demonstrated that the rhodium catalyst was retained in the ionic liquid
1-butyl-3-methylimidazolium hexafluorophosphate, whereas the alkane products were
selectively extracted with carbon dioxide. Also, enantioselective hydrogenations were
carried out in biphasic ionic liquid/carbon dioxide media. For example, Solinas et al.®”
investigated the enantioselective hydrogenation of N-(1-phenylethylidene)alanine using a
chiral iridium catalyst in various ionic liquid + carbon dioxide systems (see figure 2.7). It
was found that the type of (anion of the) ionic liquid had a large effect on the
enantioselectivity of the reaction. Moreover, the presence of carbon dioxide enhanced the
solubility of hydrogen in the ionic liquid and therefore the reaction rate. Finally, the ionic
liquid increased the stability of the catalyst.

[bmim][PF,)/CO,

+ H,
Rh-catalyst

Figure 2.6: Hydrogenation of cyclohexene in the biphasic [bmim][PFg] + CO, system61

©\N ionic liquid/CO, ©\NH

| + H >
Irt-catalyst

Figure 2.7: Enantioselective hydrogenation of N-(1-phenylethylidene)alanine in various biphasic
ionic liquid + CO, systems®
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Hydroformylations of alkenes were also carried out using the biphasic continuous
operation method®®®. For example, the hydroformylation of 1-dodecene catalyzed by a
rhodium complex was carried out in several ionic liquid + supercritical carbon dioxide
systems™ (see figure 2.8). The oxidation-sensitive rhodium catalyst was stabilized
considerably by the ionic liquids. The nature of the ionic liquid had a large influence on
the reaction rate. The 1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
ionic liquids with large alkyl chains gave the best activity. Moreover, the influence of the
carbon dioxide on the reactivity and the selectivity to the linear aldehyde was
investigated. In the absence of carbon dioxide, the reaction rate was higher, but the
selectivity was lower. Carrying out the same reaction in the presence of supercritical
carbon dioxide reduced the reaction rate, but increased the selectivity due to the lower
reactant concentration by dilution. This contrasts the results of Solinas ez al.%?, who found
that the presence of carbon dioxide increased the reaction rate due to the higher hydrogen
solubility. It can be concluded that for hydroformylations the dilution effect is larger than
the increase in reactant solubility.

[omim][NTf,}/CO, Co

CoHy” X +CO+ H, - andfor
Rh-catalyst

H

21

C,,H

10" 121
O

Figure 2.8: Hydroformylation of 1-dodecene in the biphasic 1-octyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide + carbon dioxide system®

Recently, hydroformylations were carried out in biphasic ionic liquid/supercritical carbon
dioxide systems with carbon dioxide instead of carbon monoxide as carbon source® . In
these cases, carbon dioxide is not only used as transport and extracting fluid, but it is also
a reactant itself. An example is the biphasic hydroformylation of 1-hexene with carbon
dioxide catalyzed by a ruthenium complex in the 1-butyl-3-methylimidazolium chloride +
supercritical carbon dioxide system® (see figure 2.9). However, the reaction rate and
selectivity were lower than in conventional hydroformylation processes.

CHy~ > “oH
and/or + H,0

Ru-catalyst
)\/OH
C4H9

Figure 2.9: Hydroformylation/hydrogenation of 1-hexene with CO, as reactant in the biphasic
[bmim][CI] + CO, system66

[bmim][CI}/CO,

Y

CH: X +CO,+ 3H,

49
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Ballivet-Tkatchenko ez al.®’ carried out the first carbon-carbon coupling reaction under
ionic liquid/supercritical carbon dioxide biphasic conditions. They used the 1-butyl-3-
methylimidazolium tetrafluoroborate ([bmim][BF4]) + supercritical carbon dioxide
system for the biphasic palladium-catalyzed dimerization of methyl acrylate (see figure
2.10). It was found that the selectivity to the tail-to-tail dimers was as high as under
monophasic conditions, whereas the separation in the biphasic system was much easier.
However, the methyl acrylate was much more soluble in carbon dioxide than the dimers,
and high pressures were necessary to increase the extracting efficiency of the carbon
dioxide to the dimer product.

COOMe
Me0OC” > X~
lbmim][BFJ/CO and/or
mim
2 Z>CcooMe T MeooG” F - COOMe
Pd-catalyst
and/or

MeOOC/\)J\COOMe

Figure 2.10: Dimerization of methyl acrylate in the biphasic [bmim][BF,] + CO, sys’tem67

Another application of the continuous biphasic process set-up is the lipase-catalyzed
enantioselective esterification of chiral secondary alcohols® % resulting in the kinetic
resolution of racemic alcohols. The racemic alcohol and the alkylating agent are
transported into the reactor using supercritical carbon dioxide. In the reactor, one of the
enantiomers is selectively esterified by the lipase in the ionic liquid. The mixture of
products is continuously extracted with supercritical carbon dioxide. Ester and unreacted
alcohol are separated downstream by carbon dioxide density reduction. An example is the
transesterification of rac-1-phenylethanol with vinyl acetate, catalyzed by Candida
Antarctica lipase B (CAL B)*®" (see figure 2.11). This reaction was carried out in
several ionic liquid/carbon dioxide systems. It was found that all ionic liquids exhibited
an exceptional ability to stabilize the enzyme, and that the ionic liquid 1-butyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide ([bmim][NTf,]) gave the best results. It
was also demonstrated that the enzyme could maintain its functionality under extreme
denaturative conditions (up to 150 °C and 10 MPa) in a water-free environment’".

OH OAc OH

OAc [bmMIM][NT,J/CO, ©/\ ©)\ 0
+_ + +
=/ CAL B —7

Figure 2.11: Lipase-catalyzed enantioselective transesterification of rac-1-phenylethanol with
vinyl acetate in the biphasic [bmim][NTf,] + CO, system, resulting in the production of (R)-1-
phenylethyl acetate and (S)-1-phenylethanol®®"°
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Lozano et al.”* investigated the influence of several lipases on the synthesis of chiral
glycidyl esters from rac-glycidol in the biphasic 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([emim][NTf,]) + carbon dioxide system (see figure
2.12). (R)-Glycidyl esters were preferentially obtained by both Candida Antarctica lipase
A (CAL A) and Mucor Miehei lipase (MML), while (S)-glycidyl ester synthesis was
favored by Candida Antarctica lipase B (CAL B). The activities, stabilities and
selectivities of all lipases were enhanced by the use of ionic liquid.

O H OAc [emim][NTf,])/CO, o

at T =/ CAL B M, _one T I o T 7

CH,OH

Figure 2.12: Lipase-catalyzed enantioselective transesterification of rac-glycidol with vinyl acetate
in the biphasic [emim][NTf,] + CO, system, resulting in the production of (S)-glycidyl ester and
(R)-glycidol™

Esterifications in biphasic ionic liquid + carbon dioxide systems, in which the ionic liquid
itself acts both as the solvent and the catalyst, have also been carried out. An example is
the esterification of acetic acid and ethanol in the 1-butyl-3-methylimidazolium hydrogen
sulfate/supercritical carbon dioxide system’”, where the presence of carbon dioxide
enhanced the reaction rate, which is again in agreement with the results of Solinas et al.*
(see figure 2.13).

O [bmim][HSO,]/CO )
OH a0
—{ + - 44 / + H,0
0

OH

Figure 2.13: Esterification of acetate and ethanol in the biphasic [bmim][HSO,] + CO, system73

Recently, the synthesis of cyclic carbonates via the coupling reaction of epoxides and
carbon dioxide has attracted much attention as a way to convert carbon dioxide into
industrially useful compounds (CO, fixation). Due to the high solubility of carbon
dioxide in ionic liquids, this reaction was also carried out in different ionic
liquid/supercritical carbon dioxide systems’”®. For example, the cycloaddition of carbon
dioxide and propylene oxide has been performed in the biphasic 1-butyl-3-
methylimidazolium tetrachloroindate ([bmim][InCl4]) + supercritical carbon dioxide
system, where the ionic liquid acts both as solvent and catalyst’® (see figure 2.14).
Compared to the conventional phosgene-free processes for the synthesis of cyclic
carbonates, the selectivity and stability of the biphasic ionic liquid/supercritical carbon
dioxide process are higher, and it is easier to separate the product from the catalyst.
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0
o [bmim][InCl,] . )L

S\ +cCo, - \—i

Figure 2.14: Cycloaddition of carbon dioxide and propylene oxide in the biphasic [bmim][InCl,] +
CO, system’®

So far, all reported processes using ionic liquid/supercritical carbon dioxide systems are
biphasic. Advantages of the biphasic operation are the ease of separation of product and
catalyst, the enhanced stability and selectivity of the catalyst by the ionic liquid, and (in
most cases) the increased reaction rate by adding supercritical carbon dioxide as
compared to the biphasic operation without CO,. However, the reported reaction rates in
these biphasic systems are low compared to conventional catalytic single-phase
processes, as a result of mass transfer limitations and low reactant solubilities. For
example, the rhodium-catalyzed hydrogenation of cyclohexene to cyclohexane in the
biphasic [hmim][PF¢] + CO, system proceeds with 96% conversion in 3 hours at 50 °C,
48 bar hydrogen pressure and a total pressure of 207 bar®, whereas the same
hydrogenation can take place as single-phase process with 100% conversion in 3 hours at
25°C and under 2 bar hydrogen pressure’’. Moreover, mass transfer limitations also lead
to low separation rates.

In order to achieve high reaction rates, it is highly desirable to create a homogeneous
liquid phase during reaction. In addition, instantaneous demixing into two phases, where
the product is recovered from the phase that does not contain any ionic liquid, is desirable
for a fast separation. In the next chapter, a novel process that combines such features is
presented, based on the recently discovered phenomenon of miscibility windows, which
was proven to be generally applicable for ternary systems including those with ionic
liquids involved. Using this phenomenon, it is possible to control the homogeneity/
biphasicity of the system by altering only, and to a very limited extent, one simple
variable such as the CO; pressure or equivalently the CO,-concentration. Combined with
the characteristics of ionic liquids, the novel principle is the basis for performing
reactions and separations with minimum waste generation, no use of volatile organic
solvents, very pure products, and easy recycling of the ionic liquid, catalyst and carbon
dioxide. This revolutionary process set-up is applicable to many reactions performed in
the fine chemical and pharmaceutical industry.
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A Novel Approach to Combine Reactions
and Separation Using lonic Ligquids and
Supercritical Carbon Dioxide

A new and general type of process for the chemical industry is presented
using ionic liquids and supercritical carbon dioxide as combined reaction and
separation media. In this process the carbon dioxide pressure controls the
miscibility of reactants, products, catalyst and ionic liquid, enabling fast
atom-efficient reactions in a homogenous phase as well as instantaneous
product recovery in a biphasic system. High reaction and separation rates can
be achieved compared with the conventional fully biphasic alternative.






3. A Novel Approach to Combine Reactions and Separations
using lonic Liquids and Supercritical Carbon Dioxide

3.1 Introduction

Previously reported processes using ionic liquids and supercritical carbon dioxide have
been presented in chapter 2. All these processes have the disadvantage of being biphasic.
This results in low reaction and separation rates due to mass transfer limitations'™.
Especially in reactions in which one of the reactants is a gas with very low solubility in
the ionic liquid, the reaction rate can be rather low”’. Examples include hydrogenations,
hydroformylations and oxidations, where the reaction rate is low due to the low solubility
of hydrogen and oxygen in ionic liquids. Previously, it was found that adding carbon
dioxide could increase the solubility of gases in ionic liquids™®. It was also found that
carbon dioxide could induce ternary’ '’ and quaternary''" ionic liquid systems to
undergo a ‘two-phase’ — ‘three-phase’ — ‘two-phase’ transition as the pressure of carbon
dioxide was increased (see figure 3.1). However, a fully homogeneous phase has never
been reached previously.

CO,-rich phase IO el i CO, + methanol
(+ methanol) (+ methanol)
\ methanol-rich phase |—2
(+ ionic liquid + CO,)
L2
lonic liquid-rich phase lonic liquid-rich phase
(+ methanol + CO,) lonic liquid-rich phase (+ methanol + CO,)
(+ methanol + CO,)
L L, L,
Low P¢o, Middle Pcq, High P¢o,

Figure 3.1: Carbon dioxide induced ‘two-phase’ — ‘three-phase’ — ‘two-phase’ transition in the
ternary [bmim][PFg] + methanol + CO, system’

In this chapter a novel approach to combine reactions and separations using ionic liquids
and supercritical carbon dioxide is presented. In the novel process set-up, the reaction
takes place at high rates in a homogeneous system, whereas separation is achieved by
instantaneous demixing into two phases, where the product is recovered from the phase
that does not contain any ionic liquid. The novel process is based on the recently

established phenomenon of miscibility windows'*"’.
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3.2 Miscibility windows

From experimental and theoretical work'*'"”, the generally valid conclusion was drawn
that in ternary inhomogeneous systems of the nature ‘carbon dioxide’ + ‘liquid (1)’ +
‘liquid (2)/solid’ with limited miscibility of both condensed phases, pressurization of the
system with carbon dioxide will force the heterogeneous two-phase system to form a
homogeneous one-liquid phase system. In reverse, at pressure relief the homogeneous
liquid phase will phase split again into a liquid-liquid two-phase system. This means that
the homogeneity of the reacting phase is fully controlled by varying the carbon dioxide
pressure (or equivalently, the carbon dioxide concentration). The fundamental basis for
this complex phase behavior was proven for many ternary systems of the kind ‘carbon
dioxide’ + ‘liquid (1)’ (n-alkane) + ‘liquid (2)’ (1-alkanol), and the physical background
could be ascribed to co-solvency effects'”. From equations of state this behavior could
also be predicted'®.

In this chapter it is demonstrated that the principle of miscibility windows also holds for
ternary carbon dioxide systems with an ionic liquid as one of the condensed phases'”'®.
For a number of selected ternary systems of the nature ‘carbon dioxide’ + ‘ionic liquid” +
‘alkanol’, the complex phase behavior was investigated experimentally using the Cailletet
apparatus (a detailed description of this experimental set-up can be found in paragraph
4.3.1). Low-molecular weight alkanols were chosen to clearly demonstrate the basic
principle in fluid phase behavior without the inference of the occurrence of a solid phase.
It should be emphasized that presence of a solid phase will not affect the basic features at
all.

Figure 3.2 summarizes the miscibility windows phenomenon for the ternary system
‘COy” + ‘[hmim][BF4]” + ‘2-propanol’, where [hmim][BF4] (1-hexyl-3-methylimida-
zolium tetrafluoroborate) is the selected ionic liquid (the preparation can be found in
paragraph 4.2.1) and 2-propanol the selected alkanol'’. In all graphs both liquids have the
same mixing ratio i.e., ratio 2-propanol:[hmim][BF4] = 20:1, while the mole fraction of
carbon dioxide in the system only increases from 0.5209 up to 0.6023. The first graph (a)
at the lowest CO, mole fraction shows that the homogeneous liquid phase region L is
surrounded by three two-phase regions: two L; + L, regions and one region L + V. Also
two narrow three-phase regions L; + L, + V are present. As can be seen from the second
graph (b), already a slight increase of the mole fraction of CO, causes the two two-phase
regions L; + L, to approach each other, which means a narrowing of the temperature
window for the occurrence of a homogeneous one-phase region L. This shift continues
with increasing CO; mole fraction in the third graph (c), and as shown in this graph, the
homogeneous L region is completely surrounded by the two-phase region L; + L,, while
at the same time the homogeneous L region also shifts rapidly to higher pressures. The
vertical double arrow in graph (¢) shows how in the real process the CO,-pressure
controls the occurrence of a homogeneous phase L (region where the reaction takes
place) or a two-phase system L; + L, (region suitable for product separation). The fourth
graph (d) at a mole fraction of CO; of 0.6023 shows that in the given temperature and

. . . 1
pressure window, there is no homogeneous one-phase region anymore'’.
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Figure 3.2: Fluid Phase Behavior of the Ternary System ‘CO," + ‘[hmim][BF,]’ + ‘2-propanol’
(Mixing ratio 2-propanol:[hmim][BF,] = 20:1): the dots represent experimental measurements,
whereas the lines are second-order polynomial trendlines. The vertical double arrow in the third
graph (c¢) shows how CO,-pressure controls the occurrence of a homogeneous phase (region
where the reaction takes place) or a two-phase system (region suitable for product separation)”.
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Similar fluid phase behavior was found in the ternary systems ‘CO,’ + ‘[hmim][BF4]" +
‘methanol’'®,

According to Gauter ef al.””, a homogeneous one-phase region always has to be present in
ternary or even multi-component carbon dioxide systems, though its exact location in
terms of temperature and pressure depends on the nature of the molecules present in the
system and the composition of the mixture. Similar constraints hold for the case an ionic
liquid is present in the mixture.

It is clear from the sequence of graphs of figure 3.2 that the conditions where the
homogeneous one-phase region is bounded by an L; + L, region at slightly lower
pressures (as in figure 3.2c) may be hard to locate. Its location is rather sensitive to the
carbon dioxide mole fraction, because it occurs in a relatively narrow range of the mole
fractions of carbon dioxide (here at 56 mole%). This also explains that in earlier efforts to
combine reactions and separations using ionic liquids and supercritical carbon dioxide,
the role of carbon dioxide was limited to the application as an extraction fluid at high
carbon dioxide concentrations, leaving the single-phase region at lower carbon dioxide
concentrations undiscovered.
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3.3 Novel process set-up

The now thermodynamically understood phenomenon of miscibility windows (carbon

dioxide-induced ‘single-phase’/’two-phase’ transition, see figure 3.3) allows us to design

. . . . 19,20
a completely new class of integrated processes to combine reactions and separations .

CO,
Tonic liquid +
+ Products
Catalyst (Supercritical
+ fluid)
Reactants .
n Ionic liquid
CO, -
Catalyst
+
Products
(Liquid) (Liquid)
High CO,-presssure: one phase Low CO,-pressure: two phases

Figure 3.3: Miscibility switch phenomenon: at high carbon dioxide pressures a homogeneous
liquid phase is formed, whereas at lower carbon dioxide pressures two immiscible phases are
present'®?

The atom-efficient reaction is carried out in the homogeneous system, where the reactants
as well as the catalyst dissolve in the ionic liquid"**. The advantage of using an ionic
liquid as reaction medium is that the immobilized catalyst is stabilized by the ionic liquid
against oxidation, resulting in a longer lifetime of the catalyst without the need of
regeneration. The advantage of adding carbon dioxide to the reaction mixture is that the
solubility of many reactants is increased (higher concentrations) and/or that reactants,
which are normally immiscible with pure ionic liquid, can dissolve in ionic liquid +
carbon dioxide mixtures (= co-solvency effect). Therefore, it is possible to bring all
components in high concentrations into one homogeneous phase. In this homogeneous
system, the reaction takes place without any mass transfer limitations, which results in a
high reaction rate. Moreover, the addition of carbon dioxide to the reaction mixture leads
to a lower viscosity of the reaction system and a higher diffusion rate of the reactants,
resulting in a further increase in reaction rate. The ionic liquid hardly expands when
carbon dioxide is dissolved, because the carbon dioxide molecules occupy the cavities in
the ionic liquid phase®'. Therefore, the reaction volume can be kept small, leading to a
small equipment size.
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The separation is carried out in the biphasic system'*?’. Application of the miscibility
switch (pressure release) results in the instantaneous formation of a second phase out of
the homogeneous liquid system (spinodal demixing). The light phase consists of
supercritical carbon dioxide with dissolved products (and reactants in case of incomplete
conversion), but does not contain any ionic liquid, because carbon dioxide cannot
dissolve ionic liquid®**. The heavy phase consists of ionic liquid with dissolved catalyst
and some remaining products (and some remaining reactants in case of incomplete
conversion). These phases can be separated from each other, and the pressure of the light
phase is further decreased, leading to precipitation of the product (as a liquid or as a
solid) out of the carbon dioxide. In this way, pure product is obtained without any
detectable ionic liquid or catalyst (and no reactants when the reaction is complete). The
catalyst remains in the ionic liquid phase and can be easily recycled, without negatively
affecting the activity and enantioselectivity. Also, the carbon dioxide can be
recompressed and reused The essential advantage of using instantaneous demixing
instead of conventional extraction with carbon dioxide is the higher rate of product
separation from the ionic liquid (no diffusion limitations). Another advantage of the novel
process set-up is that the energy-consumption is low. Energy is only required for
recompressing the carbon dioxide, but no energy-intensive distillation step is needed.
Compared to the conventional separation processes, the energy consumption in the novel
process set-up can be decreased by 50-80% (see chapter 9).

Finally, it should be noted that the use of ionic liquids and carbon dioxide as combined
reaction and separation media is safe for health and environment. lonic liquids cannot
evaporate. Therefore, they cannot lead to emissions into the atmosphere. Moreover, ionic
liquids cannot be inhaled and most of them are non-flammable. Also, carbon dioxide is
non-flammable and non-toxic.

The novel process set-up in which reactions and separations are combined using ionic
liquids and supercritical carbon dioxide as solvents is schematically shown in figure 3.4.
An international patent application for this process set-up has been submitted'’. It is the
first time that a process is described using an ionic liquid and a carbon dioxide induced
switch between a fully homogeneous phase and a two-phase system. The catalysis and
extraction using supercritical fluids (CESS) process described previously also switches
between a fully homnogeneous phase and a two-phase system, but does not make use of
any ionic liquid**. In the next chapter, the novel process set-up will be applied to a model
system. Since the principle of miscibility windows is a general phenomenon, it is likely
that the new process set-up is applicable to many industrial processes. Therefore, the new
process set-up using ionic liquids and supercritical carbon dioxide offers the potential to
replace conventional processes with higher reaction and separation rates, but at the same
time with lower energy consumption, a higher quality product and safer working
conditions.
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Carbon dioxide

Pl
PT Pl

—>

Reactants ——» =(_\ O
L‘/ 000
Products

lonic liquid + catalyst

Reaction Separation

Figure 3.4: Novel process set-up. At high pressure the reaction is carried out in a homogeneous
phase (complete conversion is assumed). The product is separated from the ionic liquid in the
biphasic system that is formed at lower CO, pressure. Finally, the product is separated from the
CO, by further pressure release.
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Experiments are performed to apply the novel approach from chapter 3 to the
asymmetric hydrogenation of methyl (Z)-o-acetamidocinnamate in the I-
butyl-3-methylimidazolium tetrafluoroborate + carbon dioxide system. In
order to determine the operation conditions, the phase behavior of this model
system is investigated. First, the phase behavior of the binary system
consisting of ionic liquid + carbon dioxide is studied experimentally. Carbon
dioxide has a high solubility in ionic liquid at lower pressures, but the bubble
point pressures sharply increase at higher pressures. Therefore, the binary
ionic liquid + carbon dioxide system shows type-11I phase behavior according
to the classification of Scott and Van Konynenburg. Second, the influences of
adding reactants, product and catalyst on this phase behavior are measured.
At low carbon dioxide concentrations, the solubilities of the reactants in the
ionic liquid + carbon dioxide system are higher than the solubilities of the
reactants in pure ionic liquid (carbon dioxide works as co-solvent and
addition of carbon dioxide increases the solubility of the reactants in ionic
liquid). However, carbon dioxide at high concentrations starts to work as
anti-solvent, which means that at high carbon dioxide concentrations the
solubilities of the reactants in the ionic liquid + carbon dioxide system are
lower than the solubilities of the reactants in pure ionic liquid. Finally,
operation conditions for carrying out the reaction and separation are
determined on basis of the phase behavior of the model system.






4. Experimental Determination of the Operation Conditions

4.1 The model system

To demonstrate the novel miscibility window concept, the asymmetric hydrogenation of
methyl (Z)-a-acetamidocinnamate is chosen as a model reaction (see figure 4.1). This
reaction yields N-acetyl-(S)-phenylalanine methyl ester, and is carried out in the
combined 1-butyl-3-methylimidazolium tetrafluoroborate (ionic liquid) + carbon dioxide
system.

0O O
N o0 [bmim][BF,}/CO, o~
+ H, >
HNY Rh-catalyst HNY
O @]

Figure 4.1: Model reaction: asymmetric hydrogenation of methyl (Z)-a-acetamidocinnamate in the
[bmim][BF4] + CO, system

The reaction is catalyzed by (-)-1,2-bis((2R,5R)-2,5-dimethylphospholano)benzene
(cyclooctadiene)rhodium(I) tetrafluoroborate (Rh-MeDuPHOS, see figure 4.2).

P
E;[ \Rh BF,-
4
P/

Figure 4.2: Rh-MeDuPHOS catalyst

This reaction is related to the most important step in the industrial manufacture of
levodopa (L-dopa), an anti-parkinsonian drug (dopamine precursor).
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The asymmetric hydrogenation of methyl (Z2)-a-acetamidocinnamate was carried out for
the first time in 1993 by Burk ef al.' They used methanol as the solvent. Later on, also
dichloromethane and ethyl acetate were used as solvents’. The conversions and
enantioselectivities were high due to the use of the efficient chiral complex Rh-
MeDuPHOS as homogeneous catalyst, but the rather expensive Rh-MeDuPHOS was
very sensitive to oxidation. Hence, an inert atmosphere was required for its preparation
and handling. Furthermore, the separation and recovery of the chiral complex from
reagents and products was difficult.

Possible solutions to these drawbacks have focused on the engineering of chiral
heterogenized catalysts. Heterogenization of chiral complexes by immobilization in
various organic and inorganic supports has been successful, but leaching and stability of
the complex still remain severe problems. Another approach was the use of two-phase
systems, in which the phase of preference of the complex differs from that of the
substrate, but only limited success has been achieved. In most cases, the activity and
enantioselectivity of the chiral complexes were lower than those of the corresponding
homogeneous system as a result of mass transfer limitations®*.

In 2001, the model reaction was carried out for the first time in ionic liquids, such as 1-
butyl-3-methylimidazolium hexafluorophosphate ([bmim][PFs])’ and 1-butyl-3-methyl-
imidazolium tetrafluoroborate ([bmim][BF,])°. These ionic liquids are not only good
hosts for immobilization of the chiral catalyst, but they also protect the complex from the
attack by atmospheric oxygen. For example, [bmim][BF4] provides extra stability to the
air-sensitive chiral catalyst Rh-MeDuPHOS in the asymmetric hydrogenation of
enamides’. Moreover, the immobilization of the catalyst in the ionic liquid phase allows
easy recycling, without negatively affecting the activity and enantioselectivity .
However, the tetrafluoroborate and hexafluorophosphate ionic liquids are not water stable
(formation of hydrogen fluoride, especially at high temperatures®), and moisture-free
operation is required.

Despite the advantages of using ionic liquids as medium for the model reaction, the low
solubility of hydrogen and the high viscosity of the ionic liquid still remain important
drawbacks. Higher reaction rates, conversions and enantioselectivities can be reached
when the availability of hydrogen is increased in the ionic liquid phase®™’. Therefore,
significant efforts will have to be made to increase interfacial area and enhance mass
transfer, and/or high-pressure operation will be required. Furthermore, co-solvents such
as iso-propanol are always needed to increase the solubility of hydrogen and to lower the
viscosity of the ionic liquid phase’. The use of co-solvents, which are often volatile
organic solvents, leads to the need of an additional recovery step and a higher
environmental impact.

This problem can be overcome when carbon dioxide is used as co-solvent. Carbon
dioxide also lowers the viscosity of the ionic liquid and increases the solubility of
hydrogen, leading to higher reaction rates, but does not suffer from the disadvantages
mentioned above. Carbon dioxide is an alternative ‘green’ solvent. Moreover, carbon
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dioxide can force all components into one phase, in which the reaction is carried out,
whereas a biphasic system can be reached by changing the carbon dioxide pressure,
where the product is separated from the phase that does not contain any ionic liquid
(phenomenon of miscibility windows, see chapter 3). In this novel approach the model
reaction can be simultaneously combined with the separation step, leading to
considerable process intensification.

It is not possible to carry out the model reaction in only carbon dioxide as solvent (no
ionic liquid), since the catalyst is not soluble in supercritical carbon dioxide and is

. . 10,11
therefore inactive .

In table 4.1 the conversion data and enantioselectivities of the model reaction in different
solvents are shown. Enantioselectivities are expressed as enantiomeric excess (ee%),
equal to (R-S)/(R+S)100%, where R and S are the concentrations of the two enantiomers,
respectively.

Table 4.1: Conversion data of model reaction in literature”>°?
Solvent Conversion Time ee Substrate/ T Py, Ref
(%) (h) (%)  Rh-ratio ‘C)  (bar)
(mole/mole)
MeOH 100 1 98 2000 20 2 1
CH,Cl, 100 3 95 20 20 1 2
CH,Cl, 100 0.67 95 200 20 5 2
CH,Cl, 100 2 95 1000 20 15 2
CH,Cl, 81 16 95 6666 20 5 2
EtOAc 100 2 95 20 20 1 2
EtOAc 100 0.07 97 110 20 60 2
THF 100 12 93 20 20 1 2
Acetone 100 12 92 20 20 1 2
[bmim][PFs]/i-PrOH 7 24 66 100 25 5 6
[bmim][PFs]/i-PrOH 26 24 81 100 25 50 6
[bmim][PF]/i-PrOH 41 24 90 100 25 100 6
[bmim][PFs]/i-PrOH 83 0.33 96 NA 25 2 5
[bmim][BF,]/i-PrOH 73 24 93 100 25 50 6
i-PrOH 99 24 94 100 25 50 6
scCO, 0 18 - 520 40 14 10
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4.2 Preparation of the components of the model system
The model system consists of six components:

- 1-butyl-3-methylimidazolium tetrafluoroborate (solvent)

- carbon dioxide (solvent)

- methyl (2)-a-acetamidocinnamate (reactant)

- hydrogen (reactant)

- N-acetyl-(S)-phenylalanine methyl ester (product)

- (-)-1,2-bis((2R,5R)-2,5-dimethylphospholano)benzene(cyclooctadiene)rhodium(I)
tetrafluoroborate (catalyst)

Only the carbon dioxide and the hydrogen were bought (see table 4.2); the other
components were synthesized (with the help of J. van Spronsen from the section Process
Equipment and C. Simons from the section Biocatalysis and Organic Chemistry at the
Delft University of Technology).

Table 4.2: Supplied components

Component Purity (%)  Supplier
Carbon dioxide | 99.95 Air Products
Hydrogen 99.9990 HoekLoos

4.2.1 Preparation of 1-butyl-3-methylimidazolium tetrafluoroborate

The ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4]) was
prepared by a reaction of 1-methylimidazole and 1-chlorobutane yielding 1-butyl-3-
methylimidazolium chloride ([bmim][CI]) followed by ion exchange with sodium
tetrafluoroborate in the solvent dichloromethane®. The two-steps preparation is shown in
figure 4.3. All starting materials were bought from Sigma-Aldrich with purities over
99.5%.

Figure 4.3: Preparation of 1-butyl-3-methylimidazolium tetrafluoroborate
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Step 1:

The salt 1-butyl-3-methylimidazolium chloride was prepared by reaction of 628.3 g
(7.652 mole) 1-methyl-imidazole and an excess of 837.6 g (9.048 mole) 1-chlorobutane
in a 2 | round-bottomed flask fitted with a reflux condenser by heating and stirring at 80
°C for 5 days under a nitrogen atmosphere'. The excess of 1-chlorobutane was removed
by rotary evaporation yielding 1314.6 g (7.526 mole) of 1-butyl-3-methylimidazolium
chloride (conversion = 98.4 %) as a yellow-orange viscous liquid. The experimental set-
up is shown in figure 4.4.

Figure 4.4: Experimental set-up for the preparation of [omim][CI] from 1-methylimidazole and 1-
chlorobutane

Step 2:

The chloride ion was exchanged for the tetrafluoroborate ion by dissolving 1314.6 g
(7.526 mole) 1-butyl-3-methylimidazolium chloride in 6.0 1 dichloromethane, adding an
excess of 879.8 g (8.013 mole) of sodium tetrafluoroborate crystals and stirring the
mixture for 20 h at room temperature'>. The mixture was filtered to remove the formed
sodium chloride crystals. The solvent dichloromethane was evaporated by rotary
evaporation vyielding 1677.1 g (7.420 mole) of 1-butyl-3-methyl-imidazolium
tetrafluoroborate (conversion = 98.6 %) as a yellow-orange liquid. The experimental set-
up is shown in figure 4.5.
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Fiure 4.5: Experimental set-up for the preparation of [bmim][BF,] from [bmim][CI] and sodium
tetrafluoroborate

The purity of the resulting ionic liquid was measured to be >99.5% using boron analysis
(ICP-AES): 4.76 £ 0.10 mol% boron (theoretical amount is 4.78 mol%) and NMR
analysis'>: "H NMR (300.2 MHz, CDCl;, TMS): §0.93 (t, 3H), 1.34 (m, 2H), 1.86 (m,
2H), 3.95 (s, 3H), 4.20 (t, 2H), 7.47 (s, 2H), 8.71 (s, 1H). The amount of chloride in the
ionic liquid was measured with ion chromatography and was 60 ppm. The largest
impurity was fluoride, with an amount of 230 ppm. Prior to use, the [bmim][BF4] was
dried under vacuum conditions at room temperature for several days. The water content
of the dried ionic liquid was measured using Karl-Fischer moisture analysis and was 30

Table 4.3: Equipment used for analyzing the purity of the ionic liquid

Equipment Description
Nuclear magnetic resonance Company Varian
(NMR) Type Unity Inova 300 s
Inductively coupled plasma atomic | Company Spectro
emission spectroscopy (ICP-AES) | Type Spectroflame
Ion chromatography Company Dionex
Type DX-120
Karl-Fischer moisture analysis Company Metrohm
Type 756 KF Coulometer
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From literature it is known that 1-butyl-3-methylimidazolium tetrafluoroborate should be
colorless®. However, the produced ionic liquid had a yellow-orange color, which is due to
colored impurities. The chemical nature of the colored impurities in ionic liquids is still
not very clear, but it is probably a mixture of traces of compounds originating from the
starting materials, oxidation products, and thermal degradation products of the starting
materials®. It was impossible to detect the trace amounts of colored impurities by
analytical techniques. Decolorization was achieved by silica gel column chromatography
separation with dichloromethane as the mobile phase (column diameter: 6 cm; column
height: 50 cm; thickness of silica layer: 10 cm), where the colored components show less
interaction with the mobile phase and remain in the silica bed.

4.2.2 Preparation of methyl (Z)-a-acetamidocinnamate

The reactant methyl (Z)-a-acetamidocinnamate was prepared with a purity of over 99.5%
by esterification of the corresponding acid with methyl iodide (purchased from Sigma-
Aldrich and Fluka with >99.5% purity), where the formed hydrogen iodide was removed
by reaction with potassium carbonate’® (see figure 4.6). 20.5 g (0.10 mole) of
a-acetamidocinnamic acid was dissolved in 600 ml acetone and 27.6 g (0.20 mole) of
potassium carbonate was slowly added. This mixture was refluxed at 56 °C and 28.4 g
(0.20 mole) of methyl iodide was slowly added. The solution was boiled under reflux
overnight, during which a white precipitate (potassium iodide) formed. The precipitate
was removed by filtration and the filtrate was dried. The resulting solid was re-dissolved
in water and the water layer was extracted with dichloromethane (three times). The
organic layer was dried with sodium sulfate and the solvent was removed. The residue
was re-crystallized from ethyl acetate/hexane'. Eventually, 18.7 g (0.085 mole) of
methyl (Z)-a-acetamidocinnamate was obtained (conversion = 85%). The purity was
measured using NMR analysisls: 'H NMR (300.2 MHz, CDCls, TMS): 81.61 (s, 1H),
2.14 (s, 3H), 3.85 (s, 3H), 7.38 (m, 6H).

O O
o o 10 o O/+ HI
HNW_( + CH3I acetone HNW

O O

2 HI + K,CO, 2Kl (s) + H,0 + CO,

acetone

Figure 4.6: Preparation of methyl (Z)—a-acetamidocinnamate13
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4.2.3 Preparation of N-acetyl-(S)-phenylalanine methyl ester

The product N-acetyl-(S)-phenylalanine methyl ester was prepared with a purity of over
99.5% by a reaction of the corresponding acid with thionyl chloride (purchased from
Sigma-Aldrich with >99.5% purity), followed by esterification with methanol” (see
figure 4.7). N-acetyl-(S)-phenylalanine (98.0 g, 0.473 mole) was dissolved in methanol
(430 ml) and this solution was cooled to 0 °C. Thereafter a small excess of thionyl
chloride (65.6 g, 0.551 mole) was slowly added. The mixture was stirred for an additional
4 h after which all volatiles were removed by evaporation. The residue was taken up in
100 ml water, which was three times extracted with 50 ml dichloromethane. The organic
layer was dried with sodium sulfate and evaporated to dryness. A yield of solid crystals
of N-acetyl-(S)-phenylalanine methyl ester as high as 99.5% was reached (104.1 g, 0.471
mole). The purity was analysed using NMR analysis'>: '"H NMR (300.2 MHz, CDCls,
TMS): 61.93 (s, 3H), 3.06 (m, 2H), 3.67 (s, 3H), 4.84 (q, 1H), 6.66 (d, 1H), 7.18 (m, 5H).

O O

OH = Cl__Cl Cl
+ 87— + S0, + HCl

I
g
Oo=wm
I
7

o 0
0 0
cl o~
o + CH,0H —> o + HCl
b
0 0o

Figure 4.7: Preparation of N-acetyl-(S)-phenylalanine methyl ester’

4.2.4 Preparation of (-)-1,2-bis((2R,5R)-2,5-dimethylphospholano)benzene(cycloocta-
diene)rhodium(l) tetrafluoroborate

The Rh-MeDuPHOS catalyst was prepared with a purity of over 99.0 % as previously
described'. The starting material (2R,5R)-dihydroxyhexane was converted to the
corresponding cyclic sulfate by reaction with thionyl chloride followed by oxidation. The
cyclic sulfate was isolated with a yield of 90% as colorless crystalline solid by
precipitation out of hexane. Thereafter the cyclic sulfate was subjected to treatment with
1,2-(diphosphino)benzene at room temperature, yielding the ligand 1,2-bis-((2R,5R)-
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dimethylphospholano)benzene. The ligand was purified by recrystallization in hexane.
Finally the catalyst precursor [(cyclo-octadiene),Rh]'BF,” was reacted with the ligand in
tetrahydofuran as solvent at room temperature, yielding the catalyst complex (-)-1,2-
bis((2R,5R)-2,5-dimethylphospholano)benzene(cyclooctadiene)rhodium(I) tetrafluorobo-
rate. The total synthesis of the catalyst complex is shown in figure 4.8.

j

.
>

O

1. SOCl, O
2. RuCl,/Nalo, \/S\/
0~ "o

(@) —_ >

\S/ n-BuLi
2N

P
P

Olll

—( )

N
[(COD),R'BF; ———> ©i /Rh BF,-

L,
o

Figure 4.8: Synthesis of the Rh-MeDuPHOS catalyst'
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4.3 Phase behavior of the ionic liquid + carbon dioxide system

In order to find the conditions for carrying out the model reaction (homogeneous system)
and separation (biphasic system), the phase behavior of the model system is investigated.
First, the phase behavior of the binary system consisting of supercritical carbon dioxide
and the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate is discussed
experimentally in this paragraph'® and compared to other ionic liquid + carbon dioxide
phase behavior data in literature'"~°. Thereafter, in the next paragraph the influences of
the reactants, product and catalyst on this phase behavior are measured and operation
conditions are determined®'.

4.3.1 Experimental

The measurement of the phase behavior of the [bmim][BF4] + carbon dioxide system
involves bubble point pressure measurements at different temperatures and compositions.
The solubility of carbon dioxide in [bmim][BF4] at the lower end of the concentrations
(Xcoz2 < 0.4825) was determined using the Cailletet apparatus. The Cailletet equipment
allows measurement of phase equilibria within a pressure range from 0.1 — 15 MPa and
temperatures from 255 — 470 K, depending on the heat-transferring fluid used. The
solubility of carbon dioxide in [bmim][BF4] at the higher end of the concentrations (Xco2
> 0.4825) was determined in a windowed autoclave, because of the higher equilibrium
pressures (higher than the 15 MPa pressure limit of the Cailletet apparatus). The
windowed autoclave allows measurement of phase equilibria at pressures from 0.2 — 100
MPa and temperatures from 240 — 360 K. On the front cover of this chapter a picture of
the Cailletet apparatus is shown. The windowed autoclave equipment is shown in figure
4.9.

Figure 4.9: The windowed autoclave equipment
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Both the Cailletet apparatus and the windowed autoclave work according to the same
operation principle: at any desired temperature, the pressure is varied for a sample of
constant overall composition until a phase change is observed visually. The essential part
of both pieces of equipment is a Pyrex glass tube, which serves as equilibrium cell. For
the Cailletet apparatus, this glass tube is called Cailletet tube (see figure 4.10). The
difference between the Cailletet apparatus and the windowed autoclave is the type of
pressure containment. For the Cailletet apparatus the glass tube itself is the high-pressure
vessel. In case of windowed autoclaves, the glass vessel is contained in the autoclave
from stainless steel and surrounded by pressurized water.

Figure 4.10: The Cailletet tube

Figure 4.11 gives a schematic representation of the Cailletet apparatus. A sample with
fixed composition is resided in the top of the Cailletet tube and sealed by a mercury
column. The pressure is generated by pressing hydraulic oil into the system with a screw
type hand pump, which causes the level of the mercury column in the capillary tube to
rise and to create the desired pressure in the top. A dead-weight pressure gauge is used to
measure the pressure. The temperature of the sample is kept constant by circulating
thermostat liquid through a thermostat jacket surrounding the Cailletet tube. The
temperature is measured with a platinum resistance thermometer in the heat jacket near
the top of the sample tube. Homogeneous mixing of the sample is realized by moving a
steel ball with two moving magnets.
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1: Thermometer 7: Tripod 13: Raw pressure gauge

2: Magnetic stirrer 8: Thermostat fluid overflow 14: Handle to in- or decrease

3: Cailletet tube 9: Thermostat fluid outlet pressure

4: Thermostat jacket 10: Metal stirring ball 15: Metal weights of different sizes
5: Rubber seal 11: Thermostat fluid inlet 16: Spinning metal stick with exactly
6: Metal casing 12: Mercury overflow known cross section area

Figure 4.11: Schematic representation of the Cailletet apparatus

The temperature measurements in the Cailletet apparatus have an uncertainty of 0.01 K,
which is the error in the reading of the thermometer. The temperature measurements in
the windowed autoclave have an uncertainty of +0.05 K, due to the temperature
fluctuations in the water bath. The uncertainty of the pressure measurements is 0.0025
MPa for the Cailletet apparatus and £0.04% for the windowed autoclave.

The samples were prepared according to the synthetic method: First a well-defined
amount of ionic liquid was put into the tube. Thereafter the capillary tube was connected
to a vessel with calibrated volume in a gas-rack (see figure 4.12). This vessel can be filled
with gas from a gas reservoir (CO;) or may be evacuated (vacuum pump). After de-
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aeration of the ionic liquid, mercury is used to seal the carbon dioxide in the calibrated
volume vessel and to press the carbon dioxide and mercury into the capillary tube. The
amount of moles of carbon dioxide in the calibrated vessel can be calculated from an
appropriate p-V-T relation (ideal gas law). The uncertainty in compositions of the samples
is £0.005 in mole fraction.

’l”l’@i”l”i”_l_"_l_'

Section Section  SectionSection  Section Section  Section Section
I II 111 v A% VI VII VII
Section I: This section is used to refill the amount of mercury in the filling equipment.
Section II: The Cailletet or autoclave tubes are attached to this part during the filling.
Section I1I: Vacuum measuring device (top of the picture).

Section IV & V:  Pressure measuring by reading the difference between atmospheric pressure and the system
pressure in mm mercury.

Section VI: Gas dosing part: four different connections connected to four different gasses.
Section VII: High-pressure nitrogen mostly used to push the mercury into the tube.
Section VIII: Main vacuum pump.

Figure 4.12: Schematic representation of the gas-rack

The measurement of phase equilibria with both the Cailletet apparatus and the windowed
autoclave is based on visual observation of the phases and their transitions. The
temperature is kept constant at a certain value and the pressure is adjusted until it reaches
the equilibrium value. For measuring the solubility of carbon dioxide in ionic liquids, this
means that one increases the pressure in the vapor/liquid system until the last bubble of
vapor disappears (bubble point measurement).
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4.3.2 Results and discussion

The solubility of carbon dioxide in 1-butyl-3-methylimidazolium tetrafluoroborate was
measured using the Cailletet apparatus and the windowed autoclave. This solubility is
dependent on temperature and pressure. For systems with a fixed composition of carbon
dioxide and ionic liquid, the bubble point pressures were measured as a function of
temperature. The results are shown in figure 4.13.
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Figure 4.13: Experimentally determined isopleths for several concentrations of carbon dioxide
(mole%) in the CO, + [bmim][BF,] system

From figure 4.13, it is clear that bubble-point pressures increase when higher
temperatures are used at fixed compositions. This means that the solubility of carbon
dioxide in the ionic liquid decreases at higher temperatures. This is mostly the common
trend for the solubility of gases in liquids.

When the mole fraction of carbon dioxide is increased isothermally, the bubble point
pressures increase dramatically. This can be seen from a p-x diagram in which the bubble
point pressure is plotted against the mole fraction of carbon dioxide at fixed temperature.
Figure 4.14 shows the phase behavior of CO, + [bmim][BF4] at 320 K and 330 K. From
this figure it can also be noticed that the solubility of carbon dioxide in the ionic liquid
decreases with an isobaric increase in temperature and the effect of temperature on the
carbon dioxide solubility is larger at higher mole fractions of carbon dioxide.
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Figure 4.14: Isotherms at 320 K and 330 K of the system CO, + [bmim][BF,]

The phase behavior of the system CO; + [bmim][BF4] is unusual: carbon dioxide
dissolves well in 1-butyl-3-methylimidazolium tetrafluoroborate at lower pressures, while
the bubble point pressures sharply increase at high mole fractions of carbon dioxide. A
system, in which large amounts of carbon dioxide dissolve in the liquid phase at low
pressures, should generally have a simple two-phase envelope with a mixture critical
point at moderate pressures'’. However, instead of having a critical point at moderate
pressures, its two-phase boundary extends almost vertically to very high pressures. This
remarkable behavior has been noticed more often for carbon dioxide + ionic liquid
systems'*". Shariati et al.* concluded that these carbon dioxide + ionic liquid systems
show Type-III fluid phase behavior according to the classification of Scott and Van
Konynenburg®>>. They discovered the occurrence of a three-phase locus L;L,V close to
the location of the LV line of pure carbon dioxide, and a critical endpoint of the nature
(Li=V) + L, close to the critical point of pure carbon dioxide. According to the
classification of fluid-phase behavior of Scott and Van Konynenburg, this system could
have Type III, Type IV, or Type V fluid-phase behavior. However, because no binary
CO; systems are known to show Type V behavior in the literature, and because the
occurrence of a Type IV system is rare, the system binary ionic liquid + carbon dioxide
most likely has Type III fluid-phase behavior.
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Figure 4.15: Classmca’uon of the liquid-vapor phase behavior of binary systems according to Scott
and Van Konynenburg C = critical point; L = liquid; V = vapor; UCEP = upper critical end point;
LCEP = lower critical end point.

The remarkable phase behavior of ionic liquid + carbon dioxide systems has been related
to the large difference in polarity between the highly polar ionic liquid and the less polar
carbon dioxide (carbon dioxide has no dipole moment, only a quadrupole moment).
Generally, binary mixtures of solvents and volatile components with same high polarity
have critical lines at much lower temperatures and pressures due to the stronger
molecular interactions compared to binary systems of the same solvent with a less polar
volatile molecule®®. For example, when the strongly polar fluoroform (with a dipole
moment of 1.65 D) instead of carbon dioxide is used as volatile compound in
combination with ionic liquid, the system indeed shows the expected closed phase
envelope, including the occurrence of a critical point, as a result of the stronger molecular
interactions between fluoroform and ionic liquid®’.

The phase behavior of the binary system [bmim][BF4] + CO; is compared to previously
measured phase behavior data of other ionic liquid + carbon dioxide systems. Figure 4.16
compares the p-x diagram at 330 K of the system [bmim][BF4] + CO, with the systems 1-
hexyl-3-methylimidazolium tetrafluoroborate ([hmim][BE4]) + CO,*® and 1-methyl-3-
octylimidazolium tetrafluoroborate ([omim][BF4]) + CO,*" in order to investigate the
effect of the alkyl chain length of the cation. From figure 4.16 it can be concluded that a
larger alkyl group leads to lower bubble point pressures and, therefore, to higher
solubilities of carbon dioxide in the imidazolium-based ionic liquid. The higher solubility
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of carbon dioxide in ionic liquids with larger alkyl groups can be related to their lower
polarity and their lower density as a result of the bulkier alkyl groups.

90
80 1 |¢ bmimBF4 +CO2
70 | |® hmimBF4 + CO2 .
omimBF4 + CO2
60 |
/‘“5\ 50 N ’
[a
>3 40 -
o [ ]
30 |
L 2
20 | "
10 %
" |
A
0 n ‘ ‘ ‘
0 0.2 0.4 0.6 0.8

mole fraction CO, (-)

Figure 4.16: Comparison of the isotherms at 330 K for the binary systems [bmim][BF,] + CO,,
[hmim][BF4] + CO,?® and [omim][BF4] + CO,*
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4.4 Phase behavior of the model system

After measuring the phase behavior of the binary ionic liquid + carbon dioxide system,
the effects of the reactants, product and catalyst on this phase behavior were
determined®'***°

4.4.1 Effect of methyl (Z2)-a-acetamidocinnamate on the ionic liquid/carbon dioxide
system

The effect of the reactant methyl (2)-a-acetamidocinnamate (MAAC) on the ionic liquid
+ carbon dioxide system was measured with the Cailletet apparatus™. Therefore,
solutions of MAAC in ionic liquid in different concentrations were prepared and put into
the Cailletet tube. The highest concentration used was 5.8 mole% of MAAC in ionic
liquid (72.5 g/l), because this is the maximum solubility at room temperature and
atmospheric pressure’®. The carbon dioxide was added using the gas-rack and the new
bubble point pressures were measured. The results of the effect of MAAC on the ionic
liquid/carbon dioxide system are plotted in figures 4.17 to 4.19.

—e—30.35% CO2

—+—30.42% CO2 + 2.7% MAAC
7 30.05% CO2 + 5.8% MAAC //

p (MPa)

270 280 290 300 310 320 330 340 350 360 370
TK)

Figure 4.17: Experimentally determined isopleths for several concentrations of MAAC (mole%) in
the system CO, + [bmim][BF,] (30/70 mole%) + MAAC®®
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Figure 4.18: Experimentally determined isopleths for several concentrations of MAAC (mole%) in
the system CO, + [bmim][BF4] (40/60 mole%) + MAAC (dotted line is not measured)®®
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Figure 4.19: Experimentally determined isopleths for several concentrations of MAAC (mole%) in
the system CO, + [bmim][BF,4] (50/50 mole%) + MAAC (dotted line is not measured)™
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From figures 4.17 to 4.19 it can be concluded that carbon dioxide at low concentrations
slightly works as co-solvent, since the equilibrium pressures of the ternary system with
MAAC are lower than the equilibrium pressures in the binary system (see figure 4.17).
Therefore, at low carbon dioxide concentrations, the solubility of MAAC in the ionic
liquid/carbon dioxide system is higher than the solubility of MAAC in pure ionic liquid
(adding carbon dioxide increases the solubility of the reactant in ionic liquid). However,
it can immediately be seen that carbon dioxide at high concentrations starts to work as
anti-solvent (figures 4.18 and 4.19). The MAAC precipitates out at low temperatures and
high concentrations of carbon dioxide, because at high carbon dioxide concentrations the
solubility of MAAC in the ionic liquid/carbon dioxide system is lower than the solubility
of MAAC in pure ionic liquid. This is in agreement with the theoretical results from
chapter 3, where a homogeneous phase could be reached at lower carbon dioxide
concentrations, but where two phases (ionic liquid phase and organic reactant phase)
were present at high carbon dioxide concentrations.

4.4.2. Effect of hydrogen on the ionic liquid/carbon dioxide system

The effect of the reactant hydrogen on the ionic liquid + carbon dioxide system was
measured in the windowed autoclave equipment by V. A. Toussaint>. The bubble point
pressures of the ternary ionic liquid + carbon dioxide + hydrogen system are plotted in
figure 4.20 and compared to the binary ionic liquid + carbon dioxide system and the
binary ionic liquid + hydrogen system.

60
N \‘)\‘*’\N
40 1 [4—10.0 mole% H2
= —=30.3 mole% CO2
T 30
= 10.1 mole% H2 +
= 30.2 mole% CO2
20 |
10 M
0 : : :
300 320 340 360 380

T(K)

Figure 4.20: Experimentally determined isopleths of the systems: a) CO, + [bmim][BF,]; b) H, +
[omim][BF4]; c) CO, + H, + [bmim][BF4*°
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From figure 4.20 it can be seen that hydrogen has a completely different solubility
behavior in ionic liquid compared to carbon dioxide. The solubility of hydrogen is much
lower and increases with increasing temperature, whereas the solubility of carbon dioxide
is high but decreases with increasing temperature. Moreover, the effect of hydrogen on
the ionic liquid + carbon dioxide system is interesting: it can be noticed that carbon
dioxide works as co-solvent at low temperatures, since the bubble point pressures of the
ionic liquid + hydrogen system are reduced in the presence of carbon dioxide. Thus, at
low temperatures, adding carbon dioxide increases the solubility of hydrogen in the ionic
liquid. However, at high temperatures, the carbon dioxide works as anti-solvent, because
in this regime the solubility of hydrogen in the ionic liquid + carbon dioxide system is
lower than the solubility of hydrogen in pure ionic liquid. Again, a two-regime system
where carbon dioxide either works as co-solvent (where the homogeneous system can be
reached) or as anti-solvent is found.

Pressing hydrogen into the [bmim][BF,] ionic liquid requires high pressures. If one wants
to reach a homogeneous phase of all components of the model system (with 10 mole% of
the hydrogen reactant), pressures as high as 50 MPa are needed for carrying out the
model reaction at room temperature. The presence of carbon dioxide increases the
hydrogen solubility in ionic liquid and lowers the necessary pressure for reaching the
homogeneous phase with 5 MPa. It was also found that the presence of the catalyst
increases the hydrogen solubility in the ionic liquid, resulting in a further decrease in
pressure needed (~ 4 MPa, see figure 4.21)*. This could be expected, since the catalyst is
a hydrogenation catalyst that forms complexes with hydrogen. Therefore, the catalyst
attracts the hydrogen into the ionic liquid phase.

70

60

50

40

30

p (MPa)

20 —eo— 10.0% hydrogen

—=— 10.0% hydrogen +
10 0.02% catalyst

0
303.15 323.15 343.15 363.15

T (K)

Figure 4.21: Experimentally determined isopleths for the effect of catalyst on hydrogen solubility
in the system [bmim][BF4] + H, (90:10 mole%)>
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However, even when carbon dioxide and catalyst are added, the pressure for reaching a
homogeneous phase is still high, resulting in high costs for equipment and pressurization.
Two options for carrying out the reaction at lower pressures are suggested. Firstly, the
reaction can be carried out in a homogeneous system at lower pressures when the
hydrogen concentration is reduced (see figure 4.22), but this unfortunately leads to lower
reaction rates. Secondly, instead of reaching a homogeneous system (which unfortunately
required too high pressures for the model system) the reaction can be carried out in a
heterogeneous system, where all components except hydrogen are fully dissolved in the
ionic liquid, which also results in a lower reaction rate.

60
] ‘\’\’\‘\‘\‘\*\K’\o
40 |
<
o 30
=3
Y -"\l—\.\‘\.\‘ﬂ
20 -
—a—5.3% hydrogen
10 A
—e— 10.0% hydrogen
0 ‘ ‘ ‘ ‘
320 330 340 350 360 370

T (K)

Figure 4.22: Experimentally determined isopleths for several concentrations of hydrogen (mole%)
in the hydrogen + [bmim][BF,] system39

4.4.3 Effect of N-acetyl-(S)-phenylalanine methyl ester on the ionic liquid/carbon
dioxide system

Finally, the effect of the product N-acetyl-(S)-phenylalanine methyl ester (APAM) on the
ionic liquid + carbon dioxide system was measured with the Cailletet apparatus™®. The
results of the effect of APAM on the ionic liquid + carbon dioxide system are plotted in
figure 4.23. From this figure it can be seen that the effect of N-acetyl-(S)-phenylalanine
methyl ester on the ionic liquid/carbon dioxide system is only very small. Carbon dioxide
has almost no influence on the solubility of APAM in the ionic liquid at measured
concentrations. It was also found that the solubility of APAM in pure ionic liquid at room
temperature and atmospheric pressure is very high (36 mole% of APAM in ionic liquid =
667 g/l), so APAM will always be miscible with ionic liquid, and never be the limiting
factor in finding the homogeneous phase.
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Figure 4.23: Experimentally determined isopleths for several concentrations of carbon dioxide
(mole%) in the system CO, + [bmim][BF4] + APAM

4.4.4 Operation conditions of the model system

The idea is to carry out the reaction in the homogeneous regime. The low solubility of
hydrogen in the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate is the limiting
factor in reaching a homogeneous phase. Adding carbon dioxide and catalyst enhances
the solubility of hydrogen in ionic liquid, as long as the temperature is below 340 K (see
figure 4.20). At this temperature, the pressure required to dissolve the reactant methyl
(£)-a-acetamidocinnamate using carbon dioxide as co-solvent (carbon dioxide increases
the reactant solubility in the low concentration regime (< 30 mole%)) is only 5 MPa (see
figure 4.17). However, the pressure required to dissolve all hydrogen (substrate
concentration of 10 mole%) in the ionic liquid phase is as high as 50 MPa. Due to
equipment limitations, it was chosen to carry out the reaction at lower pressures. This can
be done either by decreasing the hydrogen concentration, or by decreasing the overall
pressure, resulting in a heterogeneous system in which all components except hydrogen
are fully dissolved in the ionic liquid. Because the experiments described in chapter 3
were carried out at a later point in time than the results from this chapter (there was no
proof of reaching a homogeneous phase in all ternary ionic liquid + carbon dioxide +
organic reactant systems yet), the choice for the second option was made in this thesis. At
room temperature and 5 MPa, the reactant MAAC, the catalyst and the co-solvent carbon
dioxide were completely dissolved in the ionic liquid (where the homogeneously
catalyzed reaction took place), but the reactant hydrogen was only partly dissolved. In
later research ionic liquids showing higher hydrogen solubility were found, such as the 1-
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ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ionic liquid*’. Using this
ionic liquid, the homogeneous phase for carrying out the model reaction could indeed be
reached at reasonable pressures™.

The separation step is carried out in the biphasic system, where the carbon dioxide and
the product are only partly dissolved in the ionic liquid phase. Therefore, higher
concentrations of carbon dioxide are necessary. However, at higher concentrations (> 50
mole%), carbon dioxide works as anti-solvent at low temperatures and pressures (see
figure 4.19). But for the separation of the product from the ionic liquid, the carbon
dioxide should act as co-solvent that can dissolve the product and recover it from the
ionic liquid phase. Therefore, higher temperatures (>320 K) and pressures (>8 MPa) are
required for the separation (see figure 4.19). The occurrence of the miscibility windows
phenomenon between reaction and separation conditions is the result of the change in the
carbon dioxide concentration.
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The ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate is a good
solvent for the asymmetric hydrogenation of methyl (Z)-a-acetamido-
cinnamate. Higher concentrations of hydrogen lead to higher conversions, but
lower enantioselectivities. Adding carbon dioxide enhances the enantio-
selectivity, but it only enhances the conversion at low concentrations. When
larger amounts of carbon dioxide are used, the conversion is decreased due to
the dilution effect. The catalyst can be reused without losing its activity and
selectivity. The product N-acetyl-(S)-phenylalanine methyl ester can be
separated from the ionic liquid by using either carbon dioxide as co-solvent in
extractions, or as anti-solvent in precipitations. For extraction of the product,
the solubility of the product in carbon dioxide should be sufficiently high. This
solubility is 1.78 g/kg at 12.0 MPa and 323 K, whereas the ionic liquid has a
negligible solubility in carbon dioxide. Therefore, the extracted product does
not contain any detectible amount of ionic liquid. The product can also be
precipitated out of the ionic liquid phase using carbon dioxide. This effect is
caused by the lower solubility of the product in ionic liquid/carbon dioxide
mixtures compared to the solubility in the pure ionic liquid at atmospheric
conditions (650 g/l). For example, the solubility of the product in ionic liquid
+ carbon dioxide (1:1.34 g/g) at 313 K and 18.0 MPa is only 162 g/l. After
precipitation the formed crystals can be displaced using carbon dioxide to
obtain a purer product.






5. Experimental Investigation of Reaction and Separation

5.1 The reaction

Ionic liquids have been used as solvents for homogeneously catalyzed chiral reactions,
where the catalyst is immobilized in the ionic liquid phase'®. The product is then
extracted by another solvent, such as supercritical carbon dioxide, in which the ionic
liquid and the catalyst do not dissolve””. The catalyst can easily be recycled without
losing its activity, because ionic liquids stabilize the catalyst against oxidation®.

In this paragraph, the homogeneously Rh-catalyzed asymmetric hydrogenation of methyl
(Z£)-a-acetamidocinnamate (MAAC) in the 1-butyl-3-methylimidazolium tetrafluoro-
borate ([bmim][BF4]) + carbon dioxide system is described, applying the conditions
determined in the previous chapter (7' = 298 K, p = 5 MPa, xco» < 30 mole%)®. The
effects of temperature, pressure and concentrations of hydrogen and carbon dioxide on
the reaction rate and enantioselectivity are investigated®. Finally, the recyclability of the
catalyst is studied®.

5.1.1 Experimental

The reaction experiments were carried out by A. Shariati and C. Simons in a 160 ml Parr
autoclave at room temperature® (which is 293 K in The Netherlands). First, a solution of
20 g/l MAAC and 0.146 g/l Rh-MeDuPHOS catalyst in [bmim][BF4] was prepared under
nitrogen in a glove box. Next, 50 ml of this solution was transferred into the autoclave.
The autoclave was then closed and the hydrogen and carbon dioxide were added until the
desired pressure in the autoclave was reached. During 24 hours the reaction took place in
the autoclave under continuous stirring (600 rpm). At the end of the reaction experiment,
the remaining pressure was released and the ionic liquid solution was analyzed in order to
determine the conversion and enantioselectivity. Therefore, a sample of the ionic liquid
solution was extracted with methyl zerz-butyl ether (MTBE), which dissolves both the
reactant MAAC and the product N-acetyl-(S)-phenylalanine methyl ester (APAM), but is
immiscible with the ionic liquid. The conversion of the extracted sample was determined
with gas chromatography (Varian Chrompack CP-1301 GC column) and 'H NMR
analysis (Varian Unity, INOVA 300, Varian VXR-400 S). The enantiomeric excesses
(ee%) of the samples were determined by chiral high performance liquid chromatography
(chiral HPLC) using a Chiralcel OD column with 2-propanol/hexane (10:90) as eluent.

The uncertainty in temperature is £2 K, which is due to temperature fluctuations in the

building. The uncertainty of the pressure in the autoclave is £0.1 MPa. The measured
conversions and enantioselectivities have an uncertainty of +0.5%.
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5.1.2 Results and discussion

First, the homogeneously catalyzed chiral model reaction was carried out in the ionic
liquid phase at room temperature without adding any carbon dioxide®. These results serve
as a reference for investigating the effect of adding carbon dioxide on the conversion and
enantioselectivity of the model reaction. The results are shown in table 5.1. It can be
noticed that the conversion increases and the enantioselectivity decreases with increasing
hydrogen pressure. This was expected, because an increased hydrogen pressure leads to a
higher hydrogen concentration in the ionic liquid phase, and thus to higher reaction rates,
whereas higher hydrogen concentrations also result in less controlled hydrogenation
reactions, and thus to lower selectivities>. The homogeneous reaction in the ionic liquid
phase had quite high conversion and enantioselectivity at 20 bar, comparable to the
conventional reaction in methanol’ (see paragraph 4.1 and table 5.2). However, at 5 bar,
no conversion was detected®. This indicates the absence of sufficient hydrogen in the
ionic liquid phase at low pressures.

Table 5.1: Asymmetric hydrogenation of MAAC in [bmim][BF,], catalyzed by chiral Rh-catalyst
Cmaac = 20 g/l, ccat = 0.146 g/l) at room temperature (reaction time = 24 h)

Entry Solvent P> (bar)  Pco> (bar) Conv (%) Ee (%)
1 [bmim][BF,] 5 0 0 --
2 [bmim][BF4] 20 0 94.2 91.9
3 [bmim][BF,] 50 0 100 56.2

Table 5.2: Conventional asymmetric hydrogenation of MAAC in methanol, catalyzed by chiral Rh-
catalyst (cwaac = 20 g/l, ccat = 0.146 g/l) at room temperature (reaction time = 24 h)®°

Entry Solvent P (bar)  Pco> (bar)  Conv (%)  Ee (%)
4 methanol 5 0 100 94.1
5 methanol 20 0 100 90.0
6 methanol 50 0 100 85.8

In order to study the effect of adding carbon dioxide on the conversion and
enantioselectivity of the model reaction, carbon dioxide was added to the system at
different pressures®. The results are shown in table 5.3. It was observed that at lower
pressures of carbon dioxide and hydrogen (pm» = 5 bar), the conversion increases.
However, the conversion drops dramatically at higher carbon dioxide pressures. This is in
agreement with the results from chapter 3 and 4, where carbon dioxide worked as co-
solvent at lower concentrations (resulting in an increase in the solubility of hydrogen in
the ionic liquid), whereas the carbon dioxide worked as anti-solvent at higher
concentrations (in this regime the solubility of hydrogen in the ionic liquid + carbon
dioxide system is lower than the solubility of hydrogen in pure ionic liquid). Another
reason of the increase in reaction conversion at lower carbon dioxide concentrations is the
decreased viscosity of the ionic liquid phase as a result of carbon dioxide dissolution,
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making it easier for the hydrogen to dissolve in the ionic liquid phase*®. A second reason
for the decrease in hydrogen concentration in the ionic liquid phase at higher carbon
dioxide concentrations is the dilution effect'® (adding carbon dioxide decreases the
overall hydrogen concentration).

From table 5.3 it can also be noticed that adding carbon dioxide increases the
enantioselectivity of the reaction. This can be easily explained by the dilution effect:
adding carbon dioxide results in lower overall hydrogen concentrations, which leads to
well-controlled hydrogenation reactions with higher enantioselectivities'’.

Table 5.3: Effect of adding carbon dioxide on the asymmetric hydrogenation of MAAC in
[bmim][BF,4], catalyzed by chiral Rh-catalyst (Cyaac = 20 g/l, c.ot = 0.146 g/l) at room temperature
(reaction time = 24 h)

Entry Solvent P> Pcor Pt X2 xco Conv  Ee

(bar) _(bar) (bar) () 6 (%) (%)

7 | [bmim][BF,] 5 35 40  0.13 087 100 69.7
8 | [bmim][BF,] 20 35 55 036 064 258 90.8
9 |[bmim][BFs] 20 5 25 080 020 610 818
0 |[bmim][BF, 40 20 60  0.67 033 952 794
1 ]

]

—

[bmim][BF;] 50 10 60 083 017 100 71.2
3 | [bmim][BF,] 50 0 50  1.00 000 100 562

Plots of the conversion and enantioselectivity as a function of the carbon dioxide pressure
ratios (Pco2/Piowi) and hydrogen pressure ratios (Prz/Piosar) With Py = 50-60 bar (entries
8, 10, 11 and 3 from table 5.3) show some interesting results (see figures 5.1 and 5.2).
The carbon dioxide and hydrogen pressure ratios are representative of the carbon dioxide
and hydrogen concentrations in the ionic liquid phase, respectively. As shown in figure
5.1, by increasing the carbon dioxide pressure ratio (and thus decreasing the hydrogen
pressure ratio), the conversion decreases while the enantioselectivity increases as a result
of the dilution effect.

From the reaction experiments can be concluded that adding carbon dioxide enhances the
enantioselectivity, but it only enhances the reaction rate at low concentrations. However,
at lower concentrations the overall reaction rate is too low for practical application. At
higher concentrations of carbon dioxide, the reaction rate is decreased due to the dilution
effect. Therefore, although evidence of co-solvency behavior in the model system at low
carbon dioxide concentrations is found, the best reaction results are obtained without
adding carbon dioxide, or with adding only low concentrations of carbon dioxide (to
increase the enantioselectivity) when using higher pressures of hydrogen.

- 103 -



5. Experimental Investigation of Reaction and Separation

= 100 <

S

2

S 80

3]

7}

©

0 60

2

c

I

S 40 -

c

2

” 20 - ;

o —e— conversion

>

g —&— enantioselectivity

© 0 ‘ : : :
0 0.2 0.4 0.6 0.8 1

Xcoz (%)

Figure 5.1: Conversion and enantioselectivity of the asymmetric hydrogenation of MAAC in
[bmim][BF 4] versus CO pressure ratio (Pt = 50-60 bar)

100 .
3
2
s 80
3]
o
S 60
=t
<
g
o 40
c
i=
0
@ 20 -
2 —e— conversion
3 —B— enantioselectivity

0 ‘ : : :
0 0.2 04 0.6 0.8 1

Xn2 (-)

Figure 5.2: Conversion and enantioselectivity of the asymmetric hydrogenation of MAAC in
[bmim][BF4] versus H, pressure ratio (Pt = 50-60 bar)

The effect of temperature was also investigated and shown in table 5.4. As expected, a
higher temperature results in higher conversions, but lower enantioselectivities".

Table 5.4: Effect of temperature on the asymmetric hydrogenation of MAAC in [bmim][BF,],
catalyzed by Rh-catalyst (cmaac = 20 g/l, Ccat = 0.146 g/l reaction time = 24 h)

Entry Solvent Pu> (bar)  Pcoy (bar) T (°C)  Conv (%) Ee (%)
2 | [bmim][BF4] 20 0 25 94.2 91.9
12 | [bmim][BF.] 20 0 50 100 77.8
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Finally, A. Shariati performed biphasic hydrogenation reactions in the [bmim][BF4] +
methyl fert-butyl ether (MTBE) system to study the recyclability of the chiral Rh-
MeDuPHOS catalyst®. The ionic liquid and MTBE act as the immobilizer of the catalyst
and the solvent for the reactant and the product, respectively. The results for three
subsequent cycles are shown in table 5.5. Figure 5.3 shows the results graphically. These
experiments show that it is indeed possible to reuse the catalyst a number of times with
high conversion and selectivity (without any loss in the conversion and only a slight drop
in the selectivity), although it is impossible to detect any catalyst decay in the 100%
conversion range.

Table 5.5: Three subsequent cycles of the asymmetric hydrogenation of MAAC in [bmim][BF,)/
MTBE, catalyzed by the same Rh-catalyst (cyac = 20 g/l, c.ot = 0.146 g/l) at room temperature
(reaction time = 24 h)

Entry Solvent P> (bar)  Pco> (bar) Conv (%)  Ee (%)
13a [bmim][BF4]/MTBE 20 0 100 91.4
13b [bmim][BF;]/MTBE 20 0 100 88.5
13¢ [bmim][BF,]/MTBE 20 0 100 88.4
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Figure 5.3: Conversion and enantioselectivity of the asymmetric hydrogenation of MAAC in
[bmim][BF4J/MTBE during three cycles of using the Rh-MeDuPHOS catalyst

In chapter 9 an economical and ecological comparison of the model reaction in the ionic
liquid/carbon dioxide system with the conventional reaction is made.
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5.2 The separation

When ionic liquids are used as reaction media, the recovery of products from ionic
liquids can be difficult. Only when the product is immiscible with the ionic liquid, and
the catalyst highly prefers the ionic liquid phase, then the product can be easily separated
by means of decantation''. However, if the product and ionic liquid show partial mutual
solubility, the separation is much more complicated. Distillation or evaporation is an
option for solute recovery, due to the lack of any measurable ionic liquid vapor pressure,
but distillation is only suited for the recovery of volatile and thermally stable products'®.
Another option to recover products from ionic liquids is extraction>. However, the
possibility of cross-contamination between the phases presents a problem. Also, the
partitioning of the solute between the phases limits the extent of solute extraction.
Finally, an additional product recovery from the extractant can lead to further problems.

A solution to these problems is the use of supercritical carbon dioxide as co-solvent for
product extractions or as anti-solvent for product precipitations from ionic liquids. It was
shown that it is possible to extract a solute from an ionic liquid using supercritical carbon
dioxide without any detectable contamination by the ionic liquid’. However, precipitation
of products from ionic liquids using supercritical carbon dioxide as anti-solvent has never
been reported in literature yet. It was believed that precipitation of products from ionic
liquids using supercritical carbon dioxide is impossible, because the ionic liquids do not
expand significantly when carbon dioxide is dissolved’. Therefore, the influence of
dissolving carbon dioxide on the solubility of the product was considered to be low. In
this chapter it is shown for the first time that it is possible to recover products from ionic

. . .. . . T 14
liquids using carbon dioxide as anti-solvent in precipitations .

In paragraph 5.3, the recovery of the product N-acetyl-(S)-phenylalanine methyl ester
(APAM) from the ionic liquid I-butyl-3-methylimidazolium tetrafluoroborate
([bmim][BF4]) using carbon dioxide as co-solvent in extractions is investigated14. In
chapter 4 it was found that carbon dioxide works as co-solvent at lower concentrations
(xcoz2 <50 mole%, T=320 K, p = 8 MPa). Therefore, these were applied in the extraction
step.

The recovery of APAM from [bmim][BF4] using carbon dioxide as anti-solvent in
precipitations is investigated in paragraph 5.4'*. From chapter 4 it can be concluded that
carbon dioxide acts as anti-solvent at higher carbon dioxide concentrations (xcoz > 50
mole%, T'<320 K, p > 8 MPa). These conditions are applied to separate the product from
the ionic liquid by precipitation.
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5.3 The extraction

5.3.1 Experimental

The solubility of the product N-acetyl-(S)-phenylalanine methyl ester (APAM) and the
reactant methyl (Z)-a-acetaminocinnamate (MAAC) in supercritical carbon dioxide at
different conditions was measured in the following way: at the bottom of an autoclave a
well-defined amount of solid APAM (resp. MAAC) was placed in a small holder. Carbon
dioxide at the desired temperature was pumped into the autoclave until the desired
pressure was reached. With a flow meter the amount of entering carbon dioxide was
measured. The autoclave with APAM and carbon dioxide was closed and kept at fixed
temperature by a heat jacket. The carbon dioxide was stirred in order to enhance mass
transport of APAM from the solid phase into the carbon dioxide phase. After waiting
until equilibrium was reached (30 minutes), the pressure was released and the autoclave
was opened. Any APAM which would have been precipitated during expansion would
have settled on the wall of the autoclave and only to a very limited extent on the sample
holder. However, no visible afterprecipitation could be detected. The amount of APAM
that was still left in the autoclave was measured. The dissolved amount was calculated
from the difference between the initial and final amount of solid APAM in the autoclave.

In the extraction process step a solution of APAM in ionic liquid with known
concentration was put into the autoclave (10.0 g APAM in 163.5 ml [bmim][BF4] = 61.2
g/1). Carbon dioxide was continuously pumped through the autoclave during 30 minutes,
while keeping the vessel at a temperature of 323 K and a pressure of 12.0 MPa. The
amount of carbon dioxide that was pumped through the autoclave was measured using a
flow meter (5.595 kg CO, in 30 minutes). After leaving the autoclave, the carbon dioxide
entered an expansion vessel in which the pressure was relieved and the product
precipitated due to the negligible solubility at ambient pressure. After extraction
(extraction time = 30 minutes), the pump was turned off and the pressure in the autoclave
was relieved. The concentration of APAM in ionic liquid after extraction was measured
using High Performance Liquid Chromatography (HPLC) from Waters, type Waters 510
HPLC pump & Waters Symmetry C;g-column. The purity of the precipitated APAM was
determined using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-
AES) from Spectro, type Spectroflame.

The autoclave used allows extractions using carbon dioxide within a pressure range from
0.1 to 20 MPa and temperatures from 255 to 470 K, depending on the heat-transferring
fluid in the heat jacket. The uncertainty in temperature is 0.5 K, which is due to
temperature fluctuations of the heating bath. The uncertainty of the pressure in the
autoclave is £0.05 MPa. The uncertainty of the solubility measurements in the extraction
experiments is +1%. The concentrations of APAM in ionic liquid before and after
separation were measured using HPLC and have an uncertainty of £0.5%.

- 107 -



5. Experimental Investigation of Reaction and Separation

5.3.2 Results and discussion

When the solubility of APAM in supercritical carbon dioxide is sufficiently high, APAM
can be extracted from [bmim][BF4] by carbon dioxide. The solubility of APAM in carbon
dioxide as function of carbon dioxide density was measured by determining the
difference in weight of APAM before and after exposure to a well-defined amount of
carbon dioxide at certain conditions'®. In table 5.6 the solubility of APAM in carbon
dioxide at different temperatures and pressures is shown. In figure 5.4 the solubility of
APAM in carbon dioxide is plotted against the carbon dioxide-density.

Table 5.6: Solubility of APAM in carbon dioxide at different conditions

T/K p/MPa  prokgm™  c'/gkg’

303 8.0 701.72 0.207

303 10.0 771.50 0.329
303 12.0 808.93 0.457
313 8.0 277.90 0.150
313 10.0 628.61 0.798
313 12.0 717.76 1.412

323 8.0 219.18 0.142
323 10.0 384.33 0.628

323 12.0 584.71 1.781
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Figure 5.4: Solubility of APAM in carbon dioxide
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Figure 5.4 shows that it is possible to extract APAM from the ionic liquid phase using
carbon dioxide, because APAM is soluble in carbon dioxide (typically in the order of a
few grams per kg CO,). Moreover, the solubility of APAM in carbon dioxide increases
when higher temperatures are used at fixed carbon dioxide-density and when the density
is increased (by increasing the pressure) at fixed temperature. This is a common trend for
the solubility of solutes in supercritical carbon dioxide.

The solubility of the reactant MAAC in carbon dioxide was also measured'*. In table 5.7
the solubility of MAAC in carbon dioxide at different temperatures and pressures is
shown. In figure 5.5 the solubility of MAAC in carbon dioxide is plotted against the
carbon dioxide-density. The solubility of APAM in carbon dioxide is compared to the
solubility of MAAC in carbon dioxide. At the same conditions the solubility of MAAC in
carbon dioxide is fives times lower than the solubility of APAM in carbon dioxide (see
figure 5.6). Therefore, a selectivity towards extraction of the product exists when reaction
and extraction are carried out simultaneously.

Table 5.7: Solubility of MAAC in carbon dioxide at different conditions

T/K p/MPa  peokgm™  cgkg’

303 12.0 808.93 0.084
313 12.0 717.76 0.254
323 8.0 219.18 0.045
323 10.0 384.33 0.135

323 12.0 584.71 0.390
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Figure 5.5: Solubility of MAAC in carbon dioxide
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Figure 5.6: Comparison of solubility of APAM and MAAC in carbon dioxide at 50 °C

Thereafter, the extraction process was carried out'*. APAM was extracted from the ionic
liquid [bmim][BF4] using supercritical carbon dioxide at 12.0 MPa and 323 K. A solution
of 10.0 g APAM in 163.5 ml [bmim][BF4] (61.2 g/l) was extracted with 5.595 kg CO,
during 30 minutes (flow rate = 0.187 kg CO; per min). After extraction, the concentration
of APAM in [bmim][BF4] was only 10.1 g/l (= 1.7 g per 163.5 ml [bmim][BF4]). The
amount of dissolved APAM in carbon dioxide is thus 10.0 - 1.7 = 8.3 g in 5.595 kg CO;
(1.48 g/kg, recovery = 83%), which is lower than the solubility in CO, (1.78 g/kg). This
can be due to mass transfer limitations during the real extraction process. The precipitated
APAM contains no detectable [bmim][BF4] (measured via boron analysis with ICP-
AES), indicating that the solubility of ionic liquid in carbon dioxide is lower than 107
mole fraction. Therefore, pure product can be recovered without ionic liquid
contamination.
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5.4 The precipitation

5.4.1 Experimental

The solubility of APAM in ionic liquid at atmospheric conditions was measured by
dissolving APAM into the ionic liquid under continuous stirring until saturation was
reached.

The solubility data of APAM in mixtures of [bmim][BF4] + CO, were determined by
adding supercritical carbon dioxide to a mixture of [bmim][BF4;] and APAM in an
autoclave, waiting until the precipitation stops and measuring the amount of APAM that
is still dissolved in the [bmim][BF4] + CO, mixture after precipitation: a solution of
[bmim][BF4] with APAM with known concentration (76.3 g APAM in 171.4 ml
[bmim][BF4] = 445 g/l) was put into an autoclave vessel with a filter on the bottom.
Carbon dioxide, after heating to the desired temperature (313 K), was pumped into the
autoclave until the desired pressure was reached (18.0 MPa). With a flow meter the
amount of entered carbon dioxide was measured (278 g). The autoclave was closed and
kept at fixed temperature by a heating jacket. The mixture in the autoclave was stirred for
30 minutes. Thereafter, the valve at the bottom of the autoclave was opened and at the
same time, more carbon dioxide was pressed into the autoclave to keep the pressure at
constant level. In this way the liquid phase was pushed through the filter at the bottom of
the autoclave and recovered, but the formed precipitate could not pass through the filter.
At the moment that no liquid left the autoclave anymore, the carbon dioxide pump was
turned off and the pressure in the autoclave was relieved. The concentration of APAM in
the filtrate was measured with HPLC to determine the solubility of APAM in a mixture of
[bmim][BF4] + CO,. The crystal form of the precipitated APAM was analyzed using
Scanning Electron Microscopy (SEM) from Jeol, type JSM-5400.

The autoclave used is the same as the one used for extraction. The concentrations of
APAM in ionic liquid before and after separation were measured using HPLC and have
an uncertainty of £0.5%. The overall uncertainty in the whole precipitation experiment is
therefore +1%.
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5.4.2 Results and discussion

The product APAM can only be precipitated out of the ionic liquid phase using carbon
dioxide when the solubility of APAM in pure ionic liquid is higher than the solubility in
an ionic liquid + carbon dioxide mixture. In that case supersaturation can be created by
adding carbon dioxide. The solubility of APAM in [bmim][BF4] is 650 g/l at ambient
conditions, whereas the solubility of APAM in ionic liquid + carbon dioxide (1:1.34
kg/kg) at 313 K and 18.0 MPa is 162 g/l. Therefore, in principle it is possible to
precipitate 650-162 = 488 g out of 1 liter ionic liquid (single step recovery = 75%).

The product APAM was precipitated out of a solution with an initial APAM
concentration in [bmim][BF4] of 445 g/l (76.3 g APAM per 171.4 ml (=207.4 g) ionic
liquid) using 278 g CO,. The amount of remaining APAM in ionic liquid is 162 g/l
(=27.8 g in 171.4 ml). The amount of precipitated APAM is 76.3 — 27.8 = 485 ¢
(recovery = 64%). This is the first time that a product is precipitated from an ionic liquid
using carbon dioxide'*. So far, only one more article on the precipitation of products from
ionic liquids using carbon dioxide was found". In that work, Saurer et al."”> were able to
precipitate salts from ionic liquid/organic mixtures, where the concentration of ionic
liquid was very low.

From the fact that it is possible to precipitate products out of ionic liquids it can be
concluded that it is not the expansion of the fluid that determines whether a product can
be precipitated or not. Rather, the interaction between the molecules determines solubility
behavior.

After precipitation the formed crystals can be washed using carbon dioxide to obtain the
product. However, it is difficult to remove all ionic liquid from the APAM by washing
with carbon dioxide, because the carbon dioxide can only push the ionic liquid away and
not strip it away, since the ionic liquid doesn’t have any vapor pressure. This issue needs
to be addressed in future research. The product APAM was obtained as crystals in the
form of small needles (see figure 5.7).

The solubility of the starting material MAAC under precipitation conditions was not
investigated. Since the separation step is carried out after the reaction step, and in
principle a conversion of 100% can be reached in the reaction step®, it is assumed that the
desired product APAM will not be contaminated with the starting material MAAC.
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Figure 5.7: SEM-image of the precipitated APAM (5000x magnified, 10 kV)

In conclusion, carbon dioxide can be used to separate the product APAM from the ionic
liquid [bmim][BF4] in the co-solvency regime (extraction) or in the anti-solvent regime
(precipitation). Both methods work well. In a real process, the recovery can reach 100%
with a proper process lay-out. However, in this work only the pressure and temperature
were optimized for high product recovery. The experiments were not optimized for
carbon dioxide flow rate and duration of the experiments. Therefore, a recovery of 100%
is not reached in this work. Although the separation methods were only tested on the
recovery of APAM from [bmim][BF4], it is believed that both methods are generally
applicable for the recovery of other solutes from ionic liquids, since for each solute an
optimized ionic liquid may be designed.
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An equation of state has been developed to predict accurately the phase
behavior of ionic liquid/carbon dioxide systems based on the truncated
Perturbed Chain Polar Statistical Associating Fluid Theory (tPC-PSAFT)
equation of state. This equation of state accounts explicitly for the dipolar
interactions between ionic liquid molecules, the quadrupolar interactions
between carbon dioxide molecules, and the Lewis acid-base type of
interaction between the ionic liquid and the carbon dioxide molecules.
Physically meaningful model pure component parameters for ionic liquids are
estimated based on literature data. All experimental vapor-liquid equilibrium
data are correlated with a single linearly temperature-dependent binary
interaction parameter. The ability of the model to describe accurately carbon
dioxide solubility in various 1-alkyl-3-methylimidazolium-based ionic liquids
with different alkyl chain lengths and different anions at pressures from 0
MPa to 100 MPa and carbon dioxide fractions from 0 mole % to 75 mole % is
demonstrated. In all cases, good agreement with experimental data is
obtained.






6. Modeling of the Phase Behavior of lonic Liquid + Carbon
Dioxide Systems with the tPC-PSAFT Equation of State

6.1 Introduction

In the previous chapters a new process set-up to combine reactions and separations using
ionic liquids and supercritical carbon dioxide has been described'. Operation conditions
have been determined on basis of the phase behavior of ionic liquid + carbon dioxide
systems>". Further development of the new process set-up requires more data on vapor-
liquid equilibria of mixtures of ionic liquids and carbon dioxide. Although experimental
data on carbon dioxide solubility in ionic liquids are available in literature®'®, more data
are needed for process design, and their experimental determination is often difficult,
time-consuming and expensive. Therefore, it is highly desirable to develop predictive
methods for estimating the carbon dioxide solubility in ionic liquids over a wide range of
conditions. This also leads to a better understanding of the solubility behavior of ionic
liquids.

Different approaches were proposed for modeling the phase behavior of ionic liquid +
carbon dioxide systems. At the molecular level, carbon dioxide solubilities in ionic
liquids were predicted using Monte Carlo simulation techniques''”. Molecular
simulation allows elucidation of microscopic phenomena that control macroscopic
physical properties. In this respect, molecular dynamics simulation was used to
investigate the solvation dynamics of carbon dioxide in ionic liquids, and it was shown
that carbon dioxide occupies the cavities in the ionic liquid phase’*'. At a more coarse-
grained level, Lee** and Carda-Broch ef al.” used a linear solvation energy relationship
in solute parameters in order to analyze the carbon dioxide solvation in ionic liquids. The
irregular ionic lattice model was applied to predict carbon dioxide solubility in ionic
liquids by Ally et al.** Furthermore, Scovazzo et al.*> used regular solution theory for
this purpose.

Equations of state have been also used for modeling the ionic liquid phase behavior in
carbon dioxide and other solvents. All of these efforts have been restricted to low and
medium pressure. Applications to ionic liquid + carbon dioxide mixtures close to or
above 100 MPa are non-existent. Shiflett er al.*® used the Redlich-Kwong equation of
state for modeling of the carbon dioxide solubility in 1-butyl-3-methylimidazolium
tetrafluoroborate ([bmim][BF4]) and 1-butyl-3-methylimidazolium hexafluorophosphate
([bmim][PFs]) at pressures under 2 MPa (vapor-liquid equilibrium). However, at higher
pressures this equation of state cannot accurately predict the phase behavior of ionic
liquid + carbon dioxide systems. Shariati er al.*’ used the Peng-Robinson equation of
state in order to model the phase behavior of the 1-ethyl-3-methylimidazolium
hexafluorophosphate ([emim][PFs]) + fluoroform binary system (vapor-liquid
equilibrium), but also this equation of state was not able to accurately describe the
completely different phase behavior of [emim][PF¢] + carbon dioxide?’. Furthermore,
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binary ionic liquid + water systems (liquid-liquid equilibrium) have been modeled using
the NRTL equation of state® and excess Gibbs energy methods™. Ternary ionic liquid +
alcohol + alkane systems have been modeled using the UNIQUAC equation of state™”.

In this chapter an equation of state is developed in order to accurately predict the phase
behavior of imidazolium-based ionic liquid + carbon dioxide systems up to high
pressures (100 MPa)®'. In order to obtain a model capable to capture accurately both the
low and the high-pressure phase behavior, a statistical mechanics-based equation of state
is used that accounts explicitly for the microscopic characteristics of ionic liquids and
carbon dioxide. The cation and the anion of the ionic liquid form an ion pair in the melt
due to Coulomb interactions that keep them closely associated, even in systems diluted
with carbon dioxide’*>*. Therefore, ionic liquid molecules are considered to be highly
asymmetric neutral ion pairs with a dipole moment as a result of the charge distribution
over the ion pair’>~®. Moreover, carbon dioxide molecules have a quadrupole moment®’.
The equation of state proposed here should therefore take the polar interactions between
the ionic liquid molecules and the carbon dioxide molecules explicitly into account. Also,
evidence of a strong association between the carbon dioxide and the anion of the ionic
liquid was found®®. Kazarian et al.* found that this association is probably the result of a
Lewis acid-base interaction between the carbon dioxide and the anions of the ionic
liquids, where the carbon dioxide acts as a Lewis acid and the anions act as Lewis bases.
Huang ef al.*' claim that this association is due to the strong charge-quadrupole moment
interaction between carbon dioxide and the anions. In all cases, this association should
also be accounted for in the equation of state.

A model suitable for the purposes outlined above is rooted to the Statistical Associating
Fluid Theory (SAFT)*** which is based on Wertheim’s first-order Thermodynamic
Perturbation Theory (TPT1)***’. The original SAFT equation of state uses a chain of
hard spheres with short-range directional forces accounting for hydrogen bonding
(association) as reference fluid, and treats the dispersive interactions as a perturbation to
the reference fluid. However, the SAFT equation of state accounts for the chainlike shape
of the molecules only in the repulsive contribution. In one of the most successful
modifications, the Perturbed Chain-SAFT (PC-SAFT), the chain-length dependence of
the dispersive interactions is also accounted for, resulting in a more accurate model for
chain molecules®.

Several groups have extended the SAFT equation of state and the PC-SAFT equation of
state in order to incorporate multipolar interactions, where the long-ranged multipolar
forces (together with the dispersive forces) were considered as a perturbation over the
short-range forces that almost exclusively determine the structure of the fluid*>®. Most
of these different approaches use a simple Padé approximant™®° for the u-expansion for
multipolar interactions. Differences between these modifications include the second and
third order terms in the Pad¢ approximant and the number of additional pure-component
parameters for the polar term. For example, Gross™® developed a new term for dipolar
and quadrupolar interactions, where the model constants were adjusted to molecular
simulation data, without the need of an additional polar interactions parameter. Jog et
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al>®™' developed expressions for dipole-dipole interactions and for quadrupole-

quadrupole interactions based on the work of Larsen er al.*® They introduced a new
adjustable parameter i.e., the fraction of dipolar segments (or quadrupolar segments) per
chain. On the basis of the work of Larsen ez al.,”” Karakatsani e al.’™® developed an
extended PC-SAFT model for polar interactions, namely the PC-Polar SAFT (PC-
PSAFT) equation of state. The PC-PSAFT model is an accurate but rather complex
model for real mixture calculations. For this purpose, a truncated version of the model
was proposed, known as tPC-PSAFT™® which uses an effective polar diameter as
adjustable parameter in order to extend the range of dipolar and quadrupolar interactions
beyond the first coordination shell of the polar molecule. Next to dipole-dipole and
quadrupole-quadrupole interactions, cross-polar interactions and polarizability effects are
also taken into account by both PC-PSAFT and tPC-PSAFT models®”*,

In this work, modeling of the phase behavior of imidazolium-based ionic liquid + carbon
dioxide systems is based on tPC-PSAFT equation of state®. It is the first attempt to
accurately predict the solubility of carbon dioxide in ionic liquids at high pressures up to
100 MPa.
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6.2 Model description

In the PC-SAFT equation of state, the reference fluid is the hard chain fluid, whereas the
perturbation accounts for association effects and dispersion interactions. The essence of
PC-SAFT is that the residual Helmholtz free energy per mole (a'“) is given by a sum of
contributions arising from hard sphere (™), chain formation (a“"*"), association (a**’°)
and dispersion (¢*?) interactions. In the tPC-PSAFT equation of state, the model is
extended in order to incorporate multipolar interactions. Therefore, an additional
perturbation term is added to account for multipolar interactions, @*, which includes
dipole-dipole interactions, quadrupole-quadrupole interactions, and cross dipole-
quadrupole interactions:

2

a"(T,p) _al,p) a*“(T,p) _
RT RT RT

_d"(T,p) ™ (T,p)  a"(T.p)  a""(T.p)  a"(T.p)
RT RT RT RT RT

(6.1)

where T and p are the temperature and the molar density of the system, respectively, and
R is the universal gas constant. The residual Helmholtz free energy is the difference
between the real Helmholtz free energy of the fluid, a, and the Helmholtz free energy for
an ideal gas, ¢’ at the same T and p. All other thermodynamic properties (pressure,
chemical potential, etc.) are calculated from the Helmholtz free energy of the fluid using
standard thermodynamic relations®".

The hard-sphere term in equation (6.1) is given by the Carnahan-Starling expression®*:

hs

_ 2
a =mm73z (6.2)
RT (1-n)

In this equation, m is the number of spherical segments per molecule and 7, the reduced
density (segment packing fraction), is:

n = zpmv’ (6.3)

where 7= 1/6'\/2 = 0.74078 and v° is the temperature-dependent segment molar volume
of the fluid, which can be calculated from the temperature-independent volume of the
fluid, v*°, in the following way®:

v”=v”[l—Cem{—§%)j (6.4)
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where w/k is the dispersive energy parameter per segment and C = 0.12 for all
components except hydrogen*”.

The hard-sphere term contains three pure-component parameters: the number of
segments m, the temperature-independent segment volume v* and the dispersion energy
per segment u/k. Sometimes, the segment diameter o rather than the segment volume v*
is selected as pure-component parameter, which can be calculated from the following
expression:

v = [ﬁNA ja3 (6.5)

67

where N, is Avogadro’s number.

For the chain term in equation (6.1) the following expression is used**:

_q_ 2-73
=(1-m) 1n(2(1 —77)3J (6.6)

chain

RT

This equation follows from Wertheim’s TPT for association®', where association bonds
are replaced by covalent, chain-forming bonds. It can be noticed that this term contains
the same three pure-component parameters as those used for calculating the hard-sphere
contribution. No additional parameter is necessary to account for chain connectivity.

The dispersion contribution to the Helmholtz free energy in equation (6.1) is given by*®:

disp

2
u u
T = =27pl, (17, m)m’ k_TO-3 —mpmC,1, (7, m)mz(k_Tj o’ (6.7)

where C) is the following compressibility expression:

+(-m)

-1

_ 2 _ 2 3_ 4

C1:(1+m877 2774 20 - 270% +12n : 27 J 65)
(1-7) [a-m@-n)]

The integrals in the dispersion term are given by the following series expansions:

AUNDES AU (6.9)
1 (.m) = 3 b, (m)n’ (6.10)
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where the coefficients a; and b; are functions of the chain length m and the universal
coefficients a;; and b;; (given by Gross et al.48):

ai(m):am+m_1a1i+m_1m_2a2i (6.11)
m m m

b,(m) = by + "L p, A2 (6.12)
m m m

Also for the dispersion term the same three pure-component parameters are used, and no
additional pure-component parameter is required.

The association term in equation (6.1) is obtained from Wertheim’s TPT for
association':

assoc M A
@ Sy X M (6.13)
RT “ 2 ) 2

where M is the number of association sites per molecule, and X is the mole fraction of
molecules not bonded at specific interaction site 4. The summation is over all association
sites on the molecule. The non-bonded fraction X is calculated from:

X' = ! (6.14)

M
1+ pX PAY

B=1

where the summation is over all different types of sites, and A?? is the association
strength, given by:

_ 4B
A" =\/§v‘"’2—773 exp I ) PR (6.15)
2(1-17) kT

In the association term, two new association parameters are introduced: the association
energy £'°, and the association volume x*. In the mixtures considered in this work,
molecules do not self-associate but they cross-associate. Carbon dioxide is considered to
have one association site 4" (acting as a Lewis acid) while the ionic liquid is considered
to have one association site B~ (acting as a Lewis base). Consequently, equation (6.14)
results to a set of two equations with two unknowns (X* and X®) that can be solved
analytically®. Because no numerical approach was involved, the computational time was
considerably reduced compared to the general case of associating mixtures.
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The polar term of PC-PSAFT is based on the work of Larsen et al.** and has the form of

a simple Padé approximant for the Helmholtz free energy””*:

polar polar
a a
RT =m 1— polZar / polar (6 1 6)
a; a,

polar polar

where the first order perturbation term vanishes®, and a?”" and a?*" are the second and
third order perturbation polar terms, respectively. The third order term consists of a two-

polar polar

body term (ay57”) and a three-body term (i7" ), which both make a significant

contribution to the Helmholtz free energy””*:

polar polar polar

G % B (6.17)
RT ~ RT = RT

Larsen et al.”° developed accurate expressions for the multipole terms of equation (6.17)
for a hard sphere fluid. These expressions contain double and triple spatial integrals over
the reference fluid that are approximated by third and fifth order density polynomials. In
PC-PSAFT, Karakatsani et al.’’”® extended these expressions to chain fluids, both pure
components and mixtures. Furthermore, in truncated PC-PSAFT (tPC-PSAFT)*®, the
model was simplified considerably by approximating the double and triple integrals with
their first order terms of the corresponding density polynomials. In tPC-PSAFT, an
effective polar interaction diameter, o, is introduced. This parameter specifies the
transition between the first coordination shell where the short-range repulsion and
hydrogen bonding interactions dominate and the region beyond this first coordination
shell where longer-ranged electrostatic polar interactions prevail®’. The effective polar
diameter for various polar compounds (water, methanol, acetone, carbon dioxide) has
been reported previously®™®. In this work, the effective polar interactions diameter is a
model parameter.

As a result, the following expressions are used for the polar interactions™:

polar 2 ~4 ~2 2 ~4
G _ (u),la a2 po (12 O (6.18)
RT 3 5

polar 3 ~4 ~2 2 ~4
5 175 0245 12
(ap/a) (ap/a) (O'p/O')

polar 3 ~6 ~4 72 ~2 24 ~6
al; :(ujnz 0 g 159 @'0° 689 p0' 243 0 (6.20)

?(UP/O')S 125 (Gp/a)5 1000 (ap/0)7 800 (ap/a)g
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where:

f=gs 1AM (6.21)
(u/k)o?

O-g8512-2/Mm (6.22)

Ju/k)o?

and u is the dipole moment of the fluid in D and Q is its quadrupole moment in DA.

The tPC-PSAFT equation of state is extended straightforwardly to mixtures using
standard mixing rules. For the dispersion term the following mixing rules are used:

m= inmi (6.23)
m2%0-3 :ZZxx m,m; (k;]aj (6.24)

2(_) o —ZZxx m;m, (ij O'; (6.25)

with:
i = l(fff to; ) (6.26)
%75
Uy (u; Uy v
L=k (1-%,) (6.27)

where x; is the mole fraction of component 7, and k; is the adjustable binary interactions
parameter that accounts for the non-ideality of the mixture.

polar po/ar

The mixing rules for the two-body polar terms (@ and af

2 2. %X mm i
j

3

) are:

Gi= (6.28)
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Zinx_/mim_/Qj
0=—" : (6.29)
£
with:
ﬁ[j :\[ﬁiﬁj (6.30)
0, =400, (6.31)

Finally, for the three-body polar term (a””l‘”) the following mixing rules are proposed:

ZZinxjkaimjmkﬁijk
="t - (6.32)
B

zz ZXixjkaimjka.jk
Lk : (6.33)
)

A= (o) - 2. 2 25 i Ay o
(fome

( i ) ZZZ XX 1 ; mk ijk 659
(a .
(3]

0=

(6.36)

o (6.37)
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~ 1/3
Ay =(20,0,) (6.38)

F,=(200)" (6.39)
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6.3 Parameter estimation

The tPC-PSAFT equation of state contains six pure-component parameters: three
parameters for nonassociating nonpolar compounds (i.e., the segment number m, the
temperature-independent segment volume Vv, and the segment dispersive energy
parameter u/k), two additional parameters for association (i.e., the association energy &',
and the association volume &%) and one additional parameter for polar interactions (i.e.,
the effective polar interactions diameter o). For nonpolar compounds, the tPC-PSAFT
equation of state reduces to the original PC-SAFT equation of state.

In this chapter, the tPC-PSAFT equation of state is used to model the phase behavior of
ionic liquid + carbon dioxide systems®'. The ionic liquids that are modeled are 1-ethyl-3-
methylimidazolium hexafluorophosphate ([emim][PFs]), 1-butyl-3-methylimidazolium
hexafluorophosphate ([bmim][PF¢]), 1-hexyl-3-methylimidazolium hexafluorophosphate
([hmim][PFs]), 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4]), 1-hexyl-
3-methyl-imidazolium tetrafluoroborate ([hmim][BF4]) and 1-octyl-3-methylimidazolium
tetrafluoroborate (Jomim][BF4]). In Figure 6.1, a schematic representation of these ionic
liquids is shown. For carbon dioxide the PC-SAFT and tPC-PSAFT pure component
parameters can be found in literature®™***. However, the tPC-PSAFT parameters for
ionic liquids were unknown and had to be estimated.

Figure 6.1: Structures of the 1-alkyl-3-methylimidazolium tetrafluoroborate and 1-alkyl-3-methyl-
imidazolium hexafluorophosphate ionic liquids (R = ethyl, butyl, hexyl, octyl,...)

Physically meaningful pure-component parameters for ionic liquids (ion pairs) were
estimated based on ionic liquid experimental thermodynamic data (density, enthalpy and
entropy of dissolution of carbon dioxide) and physicochemical data (size, polarizability,
number of electrons) for the constituent ions (cation and anion)®'. The following protocol
was used for this purpose. For the anions [BF4] and [PF¢ ], the size and shape parameters
were available in literature’’. The dispersive energy parameter for the anions was
calculated using the Mavroyannis and Stephen equation’":

3/2 1/2

(%j — 356 aam‘ag nanion (640)

anion
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where « is the polarizability of the anion, n is the number of electrons of the anion, and r
is the radius of the anion. The values of &, n and r for [BF4] and [PF¢] were also found
in literature’*,

For the size, shape and energy parameters of the cations [emim ], [bmim'], [hmim'] and

[omim'], the PC-SAFT values for ethylbenzene, butylbenzene, hexylbenzene and
octylbenzene, respectively, were used **.

In Table 6.1 the values for the three nonassociating nonpolar parameters for both anions
and cations are presented.

Table 6.1: tPC-PSAFT parameters for various anions and cations

Compound | M,, (g¢/mol)  m (-) Vv (ml/mol) | a(4) n(-) r(4) u/k
(K)
[BF4] 86.80 1.00 28.91 4.41 42 2.25 162.9
[PF¢] 144.96 1.00 40.95 7.32 70 2.53 | 223.8
[emim'] 111.17 3.0990 23.31 - - - 285.0
[bmim'] 139.22 3.7662 24.72 - - - 285.0
[hmim'] 16728  4.4334 26.14 ] i -] 285.0
[omim'] 195.33 5.1006 27.55 - - - 285.0

The size, shape and energy parameters for the pure total ionic liquids were calculated
using standard combining rules:

(l/l / k)ionic'iliquid = \/(u /k)anion (1/[ /k)cution (641)
00 0o
00 _ manion vanian + mcalian Vcation (6 42)
vioniciliquid - .
m ionic _liquid

where Mionic liguia Was fitted to ionic liquid density data at 20°C and 25°C35, with an
absolute average deviation (AAD%) of smaller than 5 - 107 %.

The polar nature of ionic liquids makes them suitable for solvents in a wide range of
chemical processes. Unfortunately, the dipole moment of the ionic liquids examined
here is not known experimentally. However, the polarity of various imidazolium-based
jonic liquids has been measured by Carmichael et al.>® using solvatochromic methods
and more recently by Wakai e al.”® using dielectric spectroscopy and shown to be
comparable to the polarity of lower to medium alcohols. Other experimental
measurements for ionic liquid mixtures have resulted to similar conclusions that ionic
liquids behave as moderately polar organic solvents’™®. Although ionic liquids are larger
than lower alcohols, the distance between the positive charge (hydrogen on the C2-
position of the cation) and negative charge (fluoride on the anion) within an ionic pair is
only 1.914A™. This distance is slightly larger than the distance between the charges in
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lower alcohols. Based on the above arguments, it is reasonable to assume that ionic
liquids have the same dipole moment (u = 1.70 D) and effective polar interactions
parameter (o, = 1.4 ©) as methanol”.

The association parameters for the Lewis acid-base association between the carbon
dioxide (Lewis acid) and the anion of the ionic liquid (Lewis base) were estimated from
literature data®® for the enthalpy and entropy of dissolution of carbon dioxide in ionic
liquid using the expressions’®:

AB
g

k

~ —AH dissol (643)

dissol
TN exp(ASR J (6.44)

The resulting values for the energy of association and the volume of association are £*/k
=2200 K, and x*® = 0.0017 (-), respectively. For comparison, for 1-alcohols larger than
1-butanol &%/k is 2500 — 2700 K and x** = 0.0010 — 0.0013 (-)’".

In Table 6.2 the tPC-PSAFT pure component parameters for carbon dioxide and ionic
liquids are presented. All parameters proposed have a clear physical value. For the
homologous series of ionic liquids with increasing alkyl chain, it is also ensured that the
parameters vary smoothly with molecular weight (m, v*°, o) or are constant (w/k, &8,
x*%). For example, in Figure 6.2 the total volume of the ionic liquid equal to mV* is
plotted against the molecular weight of the ionic liquid. As can be seen from this graph, a
linear dependence holds, which means that extension to other alkylmethylimidazolium
ionic liquids with different alkyl chain length is straightforward.

Table 6.2: tPC-PSAFT pure-component parameters for carbon dioxide and various ionic liquids.
For the cross-association between carbon dioxide and ionic liquid, it is £*®/k = 2200 K and k =
0.0017 (-).

Compound M,, Nonassociating Parameters
(g/mol) m v u/k 7, 0 oy
() (mhmo) () (D) (DA) _(4)
CO; 44.01 | 1.911 9.90 15792 0.00 43 2974

[emim'][PFs] | 256.13 | 3.521  27.61 25257 170 0.00 5.625
[bmim'][PFs] | 284.18 | 4235 28.13 25257 1.70 0.00 5.660
[hmim'][PFs] | 312.24 | 4.834 2886  252.57 1.70 0.00 5.709
[omim'][PFs] | 340.29 | 5451  29.75 25257 1.70 0.00 5.767
[emim'][BF,] | 197.97 | 3.300 24.67 21547 170 0.00 5.418
[bmim'][BF4] | 226.02 | 3.862  25.60 21547 1.70 0.00 5.485
[hmim'][BF,] | 254.08 | 4417  26.65 21547 170 0.00 5.559
[omim'][BF,] | 282.13 | 4973 2777 21547 170 0.00 5.636
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Figure 6.2: Total volume of the ionic liquid (= mv®®) against the molecular weight of the ionic
liquid
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6.4 Results and discussion

The phase behavior of several alkylmethylimidazolium ionic liquid + carbon dioxide
systems is modeled using the tPC-PSAFT equation of state and the parameters estimated
in the previous section’'. Only the temperature-dependent binary interaction parameter kij
is adjusted in order to fit the model to experimental vapor-liquid equilibrium data.

In Figure 6.3, the bubble-point pressures versus the carbon dioxide mole fraction for
different binary carbon dioxide + ionic liquid (anion = PF¢") systems are shown at 333.15
K. Good agreement between experimental data'>'*'® and the model is observed. It is
particularly encouraging that tPC-PSAFT predicts a nearly infinite bubble point pressure
slope at a specific maximum concentration of carbon dioxide beyond which increasing
the external pressure hardly increases the carbon dioxide solubility in ionic liquid, which
is in agreement with experiments™'*"'°. According to Huang et al.?', the reason for this
sharp pressure increase at a certain maximum carbon dioxide concentration is that at this
point all cavities in the ionic liquid phase are occupied by carbon dioxide, so that further
insertion of carbon dioxide would require “breaking” the cohesive structure of the ionic
liquid. Similarly good agreement between experiment and model was obtained for other
temperatures between 313.15 K and 353.15 K.

100
90 | m emimPF6 + CO2 L
¢ bmimPF6 + CO2
80 | hmimPF6 + CO2
——model at333.15 K
70 -
60 -
<
Q. 50 -
=3
o 40 -
30 -
20 |
10 1
0 | —p—

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Xco2 (7)

Figure 6.3: Experimental data'®'®'® and tPC-PSAFT equation of state correlation for the bubble-
point pressures of different ionic liquid (anion = PFg’) + carbon dioxide systems at 333.15 K
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A temperature-independent binary interaction parameter was not able to describe the
phase behavior accurately over the entire temperature range. A reason for this could be
that the association energy is based on a constant enthalpy of dissolution, whereas in
reality the enthalpy of dissolution changes with temperature (4H ~RT). Therefore, when
a constant binary interaction parameter is used, the pressure is underpredicted at higher
temperatures and overpredicted at lower temperatures. In order to take the temperature-
dependence of the enthalpy of dissolution into account, the binary interaction parameter
ki was allowed to vary with temperature. In Table 6.3 the values for the binary
interaction parameter at different temperatures are presented and in Figures 6.4 and 6.5
the dependence of the binary interaction parameter on temperature and molecular weight
are shown.

Table 6.3: Binary interaction parameter for different ionic liquid (anion = PF¢) + carbon dioxide
mixtures

T (K) Binary interaction parameter k;; (-)
[emim][PF¢] + CO, [bmim][PFs] + CO, [hmim][PFs] + CO,
313.15 0.2027 0.1745 0.1570
323.15 0.2077 0.1794 0.1623
333.15 0.2127 0.1846 0.1675
343.15 0.2184 0.1902 0.1726
353.15 0.2237 0.1954 0.1780
0.23
0.22 -
0.21 -
0.20 -
— 0.19 -
< 0.18 -
0.17 -
hmimPF6 + CO2
016 | & bmimPF6 + CO2
® emimPF6 + CO2
0.15 ‘ T T T
310 320 330 340 350 360

T (K)

Figure 6.4: Dependence of the binary interaction parameter on temperature for different ionic
liquid (anion = PFg) + carbon dioxide systems
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Figure 6.5: Dependence of the binary interaction parameter on molecular weight (alkyl chain
length) of ionic liquid (anion = PF¢) for different temperatures

The binary interaction parameter increases linearly with temperature and decreases
asymptotically with molecular weight. Thus, the lowest kj-values are observed for the
ionic liquid + carbon dioxide mixtures where the alkyl chain is the longest (highest
molecular weight) and the temperature is the lowest. This is expected because the
deviation from ideal mixing becomes larger at higher temperatures (above the critical
point of carbon dioxide) when the density difference between carbon dioxide and ionic
liquid increases. Moreover, in small ionic liquids the non-ideal behavior of the
imidazolium-ring and anion are dominating, whereas in large ionic liquids the long alkyl
chains (similar to ideal-behaving alkanes) predominate. In later research, also other
groups found the need of a linearly temperature-dependent adjustable parameter for the
modeling of ionic liquid systems’’.

The same approach was used to correlate the bubble-point pressures for carbon dioxide +
ionic liquid system where the anion is BF4". Again, the binary interaction parameter was
allowed to vary with temperature. The results at 333.15 K are shown in Figure 6.6.
Similar plots were obtained for other temperatures between 313.15 K and 353.15 K. As
can be seen from this figure, the agreement with experimental data>'*'" is good. A
similar trend as before is observed for the binary interaction parameter as a function of
temperature and of molecular weight (see table 6.4 and figures 6.7 and 6.8). However,
the temperature-dependence of the binary interaction parameter for the [BF47] - ionic
liquids is larger than the temperature-dependence for the [PF¢] - ionic liquids.
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Figure 6.6: Experimental data®>'*'® and tPC-PSAFT equation of state correlation for the bubble-
point pressures of different ionic liquid (anion = BF4’) + carbon dioxide systems at 333.15 K

Table 6.4: Binary interaction parameter for different ionic liquid (anion = BF,) + carbon dioxide
mixtures

T (K) Binary interaction parameter k;; (-)

[bmim][BF4] + CO, [hmim][BF4] + CO, [omim][BF4] + CO,
313.15 0.2144 0.1856 0.1673
323.15 0.2252 0.1948 0.1763
333.15 0.2343 0.2043 0.1854
343.15 0.2433 0.2145 0.1948
353.15 0.2536 0.2237 0.2043
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Figure 6.7: Dependence of the binary interaction parameter on temperature for different ionic
liquid (anion = BF,’) + carbon dioxide systems
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Figure 6.8: Dependence of the binary interaction parameter on molecular weight (alkyl chain
length) of ionic liquid (anion = BF,) for different temperatures
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In bubble point calculations with an equation of state, the composition of the vapor phase
is calculated also. These have never been measured because it was assumed that ionic
liquids have negligible vapor pressure. In Figure 6.9, the entire p,x,y-diagram for
[bmim][[PFs] + CO, mixture at 353.15 K is shown. It can be seen that the solubility of
carbon dioxide in ionic liquid (liquid phase) is high, whereas the solubility of ionic liquid
in the vapor phase is very low (especially for pressures under 10 MPa), which is in
agreement with experimental observations of negligible solubility of ionic liquids in
carbon dioxide™™. However, at pressures higher than 10 MPa, the model predicts that
some ionic liquid will be present in the supercritical carbon dioxide phase. Similar
predictions were obtained for the other temperatures and the other mixtures examined.

80

70 - X
—Y

0 T T T T —
0.0 0.2 04 0.6 0.8 1.0
Xcoz, Ycoz (-)

Figure 6.9: P, x, y — diagram of the [bmim][PF¢] + CO, system at 353.15 K

In the tPC-PSAFT model, it is assumed that the cation and anion of the ionic liquid form
a neutral ion pair, which has a dipole moment due to the charge distribution. In order to
see whether this assumption is appropriate, ionic liquids were also modeled as two
separate charged species i.e., anion and cation, that only partially associate to form ion
pairs. The anions are small and symmetric and have a negative charge. The cations are
represented as chains, where the positive charge is present on only one segment of the
chain and the other segments are charge-free. The negatively changed anion and the
positively charged segment of the cation show electrostatic Coulomb interactions. The
cations and anions partly associate due to ion pair formation, where it is assumed that an
associated ion pair is a neutral molecule that does not show any electrostatic or polar
interactions.

Under these assumptions the tPC-PSAFT equation of state is changed. The polar term
only accounts for the interactions between the carbon dioxide molecules (and no longer
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for the interactions between the ionic liquid molecules), but an extra term accounting for
the charge-charge interactions between the cation and the anion is added. This term is
represented by the mean spherical approximation (MSA) model of Blum and Heye®'*
for ions of different size in a continuous medium with specified dielectric constant (non-
restricted primitive model). It is assumed that the charge of the cation is located on the
imidazole-ring and therefore the continuous medium surrounding the charged segments
consists of alkyl side chains (with a dielectric constant of the corresponding alkane) and
carbon dioxide. Finally, the association term no longer accounts for the Lewis acid-base
interaction between the carbon dioxide and the anions, but for the ion pair formation
between the anion and the cation of the ionic liquid.

Using this modified equation of state with the same three non-associating non-polar pure
component parameters, the same polar parameter for carbon dioxide, adding the charge
parameters (g = -1.6022:10™"° C for the anions, ¢ = +1.6022:10™"° C for the cations) and
using an adjustable temperature-dependent association parameter (fitted to experimental
vapor-liquid equilibrium data), the phase behavior of the system [hmim][BF4] + CO, was
modeled again. Figure 6.10 compares the modified model with the original tPC-PSAFT
model. It is concluded that the original tPC-PSAFT equation of state better predicts the
experimental data than the modified model. Therefore, the assumption that ionic liquid
molecules are totally associated (so that cation and anion always form ion pairs) seems to
be appropriate. This was also confirmed by Klamt™, who was only able to obtain vapor
pressures near the measured values assuming complete association of the ions (ion pair
formation) instead of separate ions using COSMOtherm®. Otherwise, the predicted
vapor pressure would be about 10'® less than measured!

90

¢ hmimBF4 + CO2
——tPC-PSAFT
70 — modified model

60 -

50 -

p (MPa)
N
o

30 -
20 A

10

0 T T T T
0 0.2 04 0.6 0.8
Xcoz ()
Figure 6.10: Comparison of the tPC-PSAFT model (complete association of the cation and anion)

and the modified model (partly association of the cation and anion) for the prediction of the
bubble-point pressures of the [hmim][BF4] + CO, system at 333.15 K
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6.5 Conclusions

The tPC-PSAFT equation of state is able to model the phase behavior of several
imidazolium-based ionic liquid + carbon dioxide systems, where the dipolar interactions
between the ionic liquid molecules, the quadrupolar interactions between the carbon
dioxide molecules, and the Lewis acid — base association between the ionic liquid
molecules and the carbon dioxide molecules are explicitly taken into account. Physically
meaningful pure-component parameters were estimated on the basis of literature data and
by using standard combining rules. The sole parameter that was fitted to experimental
vapor-liquid equilibrium data was the binary interaction parameter. This binary
interaction parameter increases linearly with temperature. The best agreement with
experimental data and the lowest binary interaction parameter values were observed for
ionic liquid + carbon dioxide mixtures where the alkyl chain was the longest and the
temperature was the lowest. The assumption that ionic liquid molecules are present as ion
pairs results in a better fit with experimental data compared to the situation in which ionic
liquids are considered to be two separate charged species i.e., anion and cation.
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6.6 List of symbols

Table 6.5: Roman symbols

Symbol Quantity Unit

a molar Helmholtz free energy [J'mol™]
a; coefficient in equation 6.9 [-]

a™ association contribution to molar Helmholtz free energy [J'mol™]
an chain formation contribution to molar Helmholtz free energy  [Jmol]
a®r dispersion contribution to molar Helmholtz free energy [J'mol™]
a" hard sphere contribution to molar Helmholtz free energy [T'mol™]
a'! molar Helmholtz free energy of ideal gas [J'mol™]
a’r multipolar contribution to molar Helmholtz free energy [T'mol™]
a* residual molar Helmholtz free energy [J'mol™]
b; coefficient in equation 6.10 [-]

C constant with value 0.12 for all components except H [-]

C compressibility factor in equation 6.7 [-]

I; integral in equation 6.7 [-]

L integral in equation 6.7 [-]

k Boltzmann constant [JK']

kij binary interactions parameter [-]

m segment number [-]

M number of association sites per molecule [-]

M,, molecular weight [gmol™]
n number of electrons [-]

Ny Avogadro’s number [mol™]

p pressure [Pa]

0 quadrupole moment [DA]

r radius [m]

R universal gas constant [Tmol K]
T temperature [K]

u segment dispersive energy [J]

v temperature-dependent segment molar volume [m*mol™]
v temperature-independent segment molar volume [m*mol™]
X; mole fraction of component i [-]

X! mole fraction of molecules not bonded at site 4 [-]

Table 6.6: Greek symbols

Symbol Quantity Unit

a polarizability [A°]

A*® association strength between site A and site B [m*mol™]
AHsso! enthalpy of dissolution [J'mol™]
ASsso! entropy of dissolution [J'mol K™

- 143 -



6. Modeling of the Phase Behavior of lonic Liquid + Carbon Dioxide Systems

Continuation of table 6.6: Greek symbols

Symbol

Quantity

Unit

gAB

N Q A" T A
&

association energy

reduced density/segment packing fraction
association volume

dipole moment

molar density

segment diameter

effective polar interaction diameter

constant with value /6 2 (=0.74078)

[J]

[-]

[D]
[mol'm™]

[m]
[-]
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Limits to Operation Conditions:
Thermal Stability of lonic Liquids

The long-term thermal stability of ionic liquids is of utmost importance for
their industrial application. Although the thermal decomposition temperatures
of various ionic liquids have been measured previously, experimental data on
the thermal decomposition mechanisms and kinetics are scarce. It is desirable
to develop quantitative chemical tools that can predict thermal decomposition
mechanisms and temperatures (kinetics) of ionic liquids. In this chapter ab
initio quantum chemical calculations (DFT-B3LYP) have been used to predict
thermal decomposition mechanisms, temperatures and the activation energies
of the thermal breakdown reactions. These quantum chemical calculations
proved to be an excellent method to predict the thermal stability of various
ionic liquids.






7. Limits to Operation Conditions: Thermal Stability of lonic
Liquids

7.1 Introduction

In the previous chapters, a new process set-up for combining reactions and separations
using ionic liquids and supercritical carbon dioxide has been described. For every
chemical process, limits of operation are defined by the stability of the chemicals and the
equipment specifications. Because the new process set-up requires prolonged operation at
elevated temperatures, it is essential to know the long-term stability of ionic liquids.

The thermal stability of an ionic liquid is manifested by the height of the thermal
decomposition temperature and has been extensively studied for a variety of ionic liquids
using thermogravimetric analysis (TGA) at a single linear heating rate (10 to 20 °C/min)"
1 It was found that the decomposition temperature strongly depends on the ionic liquid
structure. Ionic liquids with poorly proton-abstracting anions, such as the bis(trifluoro-
methylsulfonyl)imide anion, are the most stable to high-temperature decomposition
(T7“" = 420 °C), whereas ionic liquids with nucleophilic and highly proton-abstracting
anions, such as halides, decompose at much lower temperatures. (7%“” ~ 270 °C)"*,
The decomposition temperature of ionic liquids also depends on the type of cation. For
example, the imidazolium-based ionic liquids appear to have a better thermal stability
than the pyridinium-based and tetraalkylammonium-based ionic liquids'”"'. Methyl
substitution on the 2-position of the imidazolium-cation enhances the thermal stability
due to the removal of the acidic hydrogen®"'"'?. The alkyl chain length of the alkyl
group on the cation does not have a large effect on the thermal stability of the ionic
liquids". Finally, it was found that the conditions of measurement (atmosphere, pan
composition) have some impact on the thermal stability of the ionic liquid'. For example,
imidazolium-based hexafluorophosphate ionic liquids decompose at lower temperatures
in the presence of an air atmosphere and an aluminum pan, compared to a nitrogen
atmosphere and an alumina pan.

In literature, mostly overestimated long-term thermal stabilities are reported, which are
calculated from TGA-measurements by intersection of a straight baseline (in the low-
temperature region without weight-loss) with the tangent of the weight versus
temperature (in the high-temperature decomposition region)'*. An example of such a
TGA-curve can be found in figure 7.1. From figure 7.1 it can be seen that the
decomposition already starts far below the onset temperature (~100 °C). Moreover, the
sample is heated fast and extremely brief compared to long-term operation, leading to the
overestimation of the temperature at which decomposition starts (T in figure 7.1)'*".
For a better understanding of the thermal decomposition of ionic liquids, more detailed
information on the decomposition mechanism and kinetics is needed.
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Figure 7.1: Characteristic decomposition curve determined by TGA, indicating the start and onset
temperatures?

So far, only a few attempts were made to analyze the thermal decomposition mechanism,
the decomposition kinetics and the decomposition products of ionic liquids. Chan et al.'®
found that 1-ethyl-3-methylimidazolium halide ionic liquids decompose by an attack of
the highly nucleophilic halide on the primary alkyl group (Sn2 reaction), with 1-
ethylimidazole and methyl halide as the main products'®. Therefore, imidazolium-based
jonic liquids decompose at lower temperatures in the presence of nucleophiles™. It was
argued that branched alkyl groups are attacked by the halide via an Sy1 reaction, leading
to lower decomposition temperatures’. Baranyai ef al.'’ investigated the thermal
decomposition mechanism of 1,3-dialkylimidazolium bis(trifluoromethylsulfonyl)imide
ionic liquids, and suggested degradation of the anion as possible thermal decomposition
pathway, but the anion degradation products were not detected. Wooster et al.”' found
that pyrrolidinium ionic liquids decompose under formation of N-alkyl pyrrolidine.
Furthermore, it was found that bis(trifluoromethylsulfonyl) imide ionic liquids undergo
exothermic decomposition, whereas halide ionic liquids decompose endothermically’.
Kinetics of the thermal decomposition of 1-butyl-2,3-dimethylimidazolium tetrafluoro-
borate were measured by Fox et al.'®

The thermal decomposition mechanism and kinetics of most ionic liquids are still
unknown. A first reason is that the number of ionic liquids is very large. Moreover, it is
impossible to measure the thermal decomposition mechanism and kinetics of all ionic
liquids, because the synthesis of a large variety of ionic liquids is cumbersome and
measurements are time-consuming and expensive. A tool to predict thermal
decomposition properties of ionic liquids on basis of their structure is desired. This tool
should not only calculate a maximum operating temperature below which no thermal
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degradation occurs, but also indicate how rapidly an ionic liquid decomposes at a specific
temperature (kinetics) and predict which decomposition products are formed
(mechanism). So far, such a tool is non-existent.

In this chapter quantum chemical calculations will be used to develop a tool that predicts
the thermal stability of ionic liquids™. This chapter aims to use the quantum chemical
calculations (density functional theory, B3LYP) only as a predictive tool for the
decomposition reactions of ionic liquids, and not to provide the highest accurate chemical
structures of the ionic liquids using the most advanced quantum chemical theory. The
thermal breakdown phenomena, including the type of thermal decomposition reactions
and products that are formed under high temperatures, as well as the thermal
decomposition temperatures and kinetics of a variety of ionic liquids, are predicted®'.
Moreover, the obtained mechanistic information gives insight into the reactivity of ionic
liquids with certain chemical compounds, such as the reactor construction material or the
solute that is distilled from an ionic liquid. Finally, the height of the decomposition
temperature determines whether an ionic liquid itself can be distilled albeit at very high
temperatures and very low pressures, where ionic liquids have a measurable vapor
pressure™. All these issues are particularly important for the selection of a suitable ionic
liquid for a specific high-temperature application.

- 157 -



7. Thermal Stability of Ionic Liquids

7.2 Experimental

All quantum chemical calculations were carried out using the Spartan 04 molecular
modeling suite of programs®*. First, the ionic liquid structures were fully geometry-
optimized using the semi-empirical PM3 method. This method aims to find a solution to
the Schrédinger equation by drastic simplications and uses parameters derived from
experimental data (PM3 parameterization) as compensation®. Next to the equilibrium
geometries, also the transition state geometries of the thermal decomposition reactions
(the minimization of the maximum energy in all possible reaction pathways) were
calculated with the PM3 method. Thereafter, all PM3 structures were used as input for
full optimization using Density Functional Theory calculations at the B3LYP level. This
quantum chemical model uses an empirical estimate of the electron density (in this case
the Becke-style three-parameter functional of Lee, Yang and Par = B3LYP) to account
for the correlation of electron motion in the Schrodinger equation”. As basis set, the 6-31
G"" basis set is chosen”. This is a Gaussian-type split-valence basis set that uses more
basis functions to describe valence orbitals than core orbitals, since the valence orbitals
are more affected by the molecular environment. In the 6-31G"" basis set, the core orbital
is made of 6 Gaussians and the valence orbital is described by two orbitals — one made of
3 Gaussians and one made of a single Gaussian. The two asterisks indicate that two
polarization functions (= additional basis functions of higher angular momentum than the
ground state) are added, one on non-hydrogen atoms and one on hydrogen atoms, in order
to account for the fact that not all basis functions are atom-centered®. The B3LYP
energies were used to calculate the activation energies of the decomposition reactions.
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7.3 Results and discussion

In this chapter, the thermal decomposition mechanism and temperatures of several ionic
liquids are predicted using quantum chemical calculations at the B3LYP level. The
structures and total energies of the ionic liquids and the transitions states of the thermal
decomposition reactions are calculated. The total energies are used to calculate the
activation energy AE” of the thermal decomposition reaction:

J
AE" = Etransition state — Ereactant 1= EreactantZ e (7 1)

In principle, it is possible to predict the kinetics of the decomposition reaction from the
activation energy AE’. The simplest estimate for the reaction rate constant k. of the
thermal decomposition reaction is:

k 1
k. =( ’ZTjexp(— A}fT ] (7.2)

wherein thermodynamic contributions are neglected, and kp and 4 are the Boltzmann and
Planck constants, respectively. A better prediction of the kinetics can be obtained using a
more sophisticated quantum chemical approach for the pre-exponential factor. This will
make the computational effort considerably larger, and thus make the application as a fast
tool for pre-optimization less attractive. It will be shown that B3LYP calculations are
sufficient to predict the thermal decomposition mechanism and temperature of ionic
liquids, taking into account that previously measured experimental decomposition
temperatures are not highly accurate due to their sensitivity to impurities.

First, the effect of the anion of the ionic liquid on the thermal decomposition mechanism
and kinetics is investigated. Using quantum chemical calculations, the ionic liquids with
highly nucleophilic anions, such as halides, were found to be thermally decomposing by
dealkylation of the cation via an sy2 reaction of the most easy accessible alkyl group,
which is in agreement with experimental results'®. For example, the ionic liquid 1-butyl-
3-methylimidazolium chloride ([bmim][Cl]) decomposes into methyl chloride and 1-
butylimidazole (AE: =127 kJ/mol), which is favored over the formation of butyl chloride
and 1-methylimidazole (AE” = 136 kJ/mol). This was also found in experiments'’. Figure
7.2 schematically shows the thermal decomposition mechanism of [bmim][Cl] and figure
7.3 shows the corresponding calculated transition state geometry.
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Figure 7.2: Thermal decomposition of [bmim][CI] into methyl chloride and 1-butylimidazole (AEI =
127 kd/mol)

Figure 7.3: Transition state geometry (via sy2) of the thermal breakdown of [bmim][CI] into methyl
chloride and 1-butylimidazole (surface = electron density of 0.08 elau®; property = electrostatic
potential). The electron density is high at the red positions (large negative values of the potential)
and low at the blue positions (large positive values of the potential).

For the decomposition of the ionic liquids 1-butyl-3-methylimidazolium hexa-
fluorophosphate ([bmim][PFs]) and 1-butyl-3-methylimidazolium tetrafluoroborate
([bmim][BF4]), two decomposition mechanisms seem to be possible. The first route
involves the transfer of the proton on the C2-position to the anion, resulting in the
formation of a 1-butyl-3-methylimidazolium carbene, hydrogen fluoride and PFs or BF;
(see figure 7.4). The carbene is not stable, but reacts via an addition reaction with the
double bond of a second ionic liquid molecule. The proton transfer step is an endothermic
reaction that does not show any transition state. The energy barrier for this reaction is
calculated from the difference in energy level of the products and reactants and is very
high. For example, the energy barrier for the decomposition of [bmim][PF¢] via this route
is as high as 313 kJ/mol, which is close to the upper limit of 347 kJ/mol for the breaking
of carbon-carbon bonds in cracking reactions. Therefore, a decomposition mechanism
with a smaller activation energy is more likely to occur.

+_—~ /_\"‘/
N~ SN F'— s N" SN + HF + PF,

Figure 7.4: Thermal decomposition of [bmim][PFg] into a 1-butyl-3-methylimidazolium carbene,
HF and PF5 (AE* = 313 kJ/mol)
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The second possible route is the formation of 1-butylimidazole, methyl fluoride and PFs
or BF; via an sy2-mechanism (see figures 7.5 and 7.6), which is favored over the
formation of 1-methylimidazole and butyl fluoride (see decomposition of [bmim][Cl]).
The activation barrier of the thermal decomposition of [bmim][PFg] via this route is only
213 kJ/mol, so this decomposition mechanism is favored. Also, for [bmim][BF4] the
second route is preferred (AE" 195 kJ/mol) over the first route.

£ F
&Q‘J ||: SN

Figure 7.5: Thermal decomposition of [bmim][PFg] into 1—butyI|m|dazoIe, methyl fluoride and PF5
(AE* = 213 kJ/mol)

N \N + CH,F + PF,
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Figure 7.6: Thermal decomposition of [bmim][BF,] into 1-butylimidazole, methyl fluoride and BF;
(AE* = 195 kJ/mol)

The transition state geometries of the decomposition of [bmim][PF¢] and [bmim][BF4]
via the second route are shown in figures 7.7 and 7.8, respectively.

'l\.

3'\ o %
Figure 7.7: Transition state geometry (via sy2) of the thermal breakdown of [bmimJ[PFe] into 1-
butylimidazole, methyl fluoride and PFs (surface = electron density of 0.08 e/au”; property =

electrostatic potential). The electron density is high at the red positions (large negative values of
the potential) and low at the blue positions (large positive values of the potential).
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Figure 7.8: Transition state geometry (via sy2) of the thermal breakdown of [bmimJ[BF4] into 1-
butylimidazole, methyl fluoride and BF; (surface = electron density of 0.08 e/au”; property =
electrostatic potential). The electron density is high at the red positions (large negative values of
the potential) and low at the blue positions (large positive values of the potential).

It can be concluded that thermal degradation of [bmim][PF¢] and [bmim][BF4] in the
absence of water does not lead to the formation of hydrogen fluoride. However, when
water is added to the system (or present as impurity in the ionic liquid), the methyl
fluoride will react with water under the formation of methanol and hydrogen fluoride.
This can be the reason for the experimental observation that hydrogen fluoride is formed
in [bmim][PFs] and [bmim][BF,] ionic liquids at higher temperatures'. Finally, it can be
concluded that [bmim][PFs] and [bmim][BF4] have a better thermal stability (higher
activation energy) than [bmim][Cl], which is in accordance with experiments".

Dicyanamide ionic liquids also decompose via an sy2 dealkylation. For example, the
ionic liquid 1-butyl-3-methylimidazolium dicyanamide ([bmim][N(CN),]) decomposes
into 1-butylimidazole and methylated dicyanamide (AE? = 160 kJ/mol), which is favored
over the formation of 1-methylimidazole and butylated dicyanamide. Figure 7.9
schematically shows the thermal decomposition mechanism of [bmim][Cl] and in figure
7.10 the corresponding calculated transition state geometry is demonstrated. It can be
noticed that [bmim][N(CN),] has a thermal stability higher than [bmim][Cl], but lower
than [bmim][BF4] and [bmim][PFs], which is in agreement with experimental results”.

R
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Figure 7.9: Thermal decomposition of [bmim][N(CN),] into butylimidazole and methylated
dicyanamide (AE* = 160 kJ/mol)
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Figure 7.10: Transition state geometry (via sy2) of the thermal breakdown of [bmim][N(CN),] into
butylimidazole and methylated dicyanamide (surface = electron density of 0.08 e/au”; property =
electrostatic potential). The electron density is high at the red positions (large negative values of
the potential) and low at the blue positions (large positive values of the potential).

Ionic liquids that contain non-nucleophilic anions, such as the bis(trifluoro-
methylsulfonyl)imide anion, cannot decompose via dealkylation or proton transfer.
According to the quantum chemical calculations, the lowest activation barrier reaction for
the thermal breakdown of 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide ([bmim][NTf;]) is the degradation of the anion by sulfur dioxide release (the cation
stays intact, see figure 7.11 and 7.12). This is in agreement with the results from Baranyai
et al."’, that suggest degradation of the anion as possible thermal decomposition pathway.
The activation energy of this thermal decomposition is 255 kJ/mol, from which it can be
concluded that [bmim][NTf,] is a more thermally stable ionic liquid than [bmim][Cl],
[bmim][BF,], [bmim][PF¢] and [bmim][N(CN);]. This was also found in experimentsz’3’8.

OF; = CF, CFs
0=S—N=<S=0 O=S—N—CF,
NN I U(')' — NN 8 + SO,

\—/ \—/

Figure 7.12: Transition state geometry of the thermal breakdown of [bomim][NTf,] by sulfur dioxide
release (surface = electron density of 0.08 e/au®; property = electrostatic potential). The electron
density is high at the red positions (large negative values of the potential) and low at the blue
positions (large positive values of the potential).
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Because only the anion of [bmim][NTf;] is degrading (the cation stays intact), the
quantum chemical calculations were repeated for the anion only. Using this
simplification, an activation energy of 260 kJ/mol was found, which is in close agreement
with the 255 kJ/mol for the calculation in which the cation is included. Therefore, the
anion approximation, which requires less computational effort, gives a reasonable
estimate for the thermal decomposition of bis(trifluoromethylsulfonyl)imide ionic liquids.

In table 7.1 an overview of the calculated activation energies and the experimentally
determined thermal decomposition temperatures of several 1-butyl-3-methylimidazolium
ionic liquids with different anions is given. From Figure 7.13 it can be seen that the
correlation is excellent with a correlation coefficient of 0.99. Therefore, the quantum
chemical calculations are able to predict the thermal stability of these ionic liquids very
well.

Table 7.1: Calculated activation energies (this work) and experimentally determined thermal
decomposition temperatures (from literature) for the thermal degradation of several 1-butyl-3-
methylimidazolium ionic liquids with different anion

Ionic lzquzd AE’ZL (kJ/mol) Tdecomp (OC) Ref
[bmim][ClI] 127 254 3
[bmim][N(CN),] 160 300 2
[bmim][BF4] 195 361 2
[bmim][PFs] 213 370 12
[bmim][NTH] 255 427 13
500
400
300 -
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=z
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=
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Activation energy (kJ/mol)

Figure 7.13: Plot of the calculated activation energy (B3LYP method) of the most likely thermal
degradation reaction versus the experimentally determined thermal decomposition temperature of
the ionic liquid®>>'>"%. The correlation coefficient is 0.99.
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However, using the simplest estimate for k. (equation 7.2) the quantum chemical
calculations predict that ionic liquids degrade at much lower temperatures (~100 °C) than
the experimentally TGA-determined thermal decomposition temperatures indicate. For
example, the first order rate constant of the thermal degradation reaction of [bmim][BF]
(AE* = 195 kJ/mol) at a temperature of 265 °C (= 538 K) is 1.0'10° s (equation 7.2),
resulting in 0.1% conversion in 1000 seconds. This means that significant decomposition
takes place well below the experimentally TGA-determined thermal decomposition
temperature of 361 °C° Reason is that the TGA-measured onset decomposition
temperatures are calculated by intersection of a straight baseline with the tangent of the
weight versus temperature, so that some decomposition occurs at temperatures lower than
this onset decomposition temperature, which was also previously found by other

groups' "' (see paragraph 7.1).

Next, the effect of the chain length of the cation of the ionic liquid on the thermal
decomposition temperature is investigated. Therefore, the activation energies of the
thermal breakdown reactions of several I-alkyl-3-methylimidazolium chloride ionic
liquids with different alkyl chain groups (ethyl, propyl, butyl, hexyl and octyl) were
calculated. The results are shown in table 7.2. As can be seen from table 7.2, the effect of
the alkyl chain length on the thermal decomposition temperature is very small, which is
in agreement with experimental results'>">. In all cases, the formation of methyl chloride
and alkylimidazole via an sy2-mechanism (see figure 7.2) was preferred over the
formation of alkyl chloride and methylimidazole, because the activation energy was
always ~10 kJ/mol lower. This was also found in experiments"”.

Table 7.2: Calculated activation barriers (this work) and experimentally determined thermal
decomposition temperatures (from literature) for the thermal degradation of several 1-alkyl-3-
methylimidazolium chloride ionic liquids with different alkyl chain length

Ionic liquid | AE" (kJ/mol)  Tuecomy "C)  Ref.
[emim][C]] 126 261 1
[pmim][CI] 125 261 |
[bmim][Cl] 127 254 3
[hmim][C1] 128 253 3
[omim][Cl] 128 254 3

Finally, the effect of the type of cation on the thermal decomposition mechanism and
kinetics has been investigated. Therefore, the thermal degradation reactions of several
tetrafluoroborate ionic liquids with different cation are predicted. Using quantum
chemical calculations, pyridinium-based ionic liquids were found to be thermally
decomposing by dealkylation of the cation via an sy2 reaction. For example, the ionic
liquid 1-butylpyridinium tetrafluoroborate ([bpy][BF4]) decomposes into pyridine, butyl
fluoride and BF; (AE? = 134 kJ/mol). Figure 7.14 schematically shows the thermal
decomposition mechanism of [bpy][BFs] and figure 7.15 shows the corresponding
calculated transition state geometry. Although the thermal decomposition temperature of
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[bpy][BF4] is unknown, it was previously found that pyridinium-based ionic liquids are
less stable than imidazolium-based ionic liquids™'!, which is in agreement with the lower
calculated activation energy for the thermal decomposition of [bpy][BFs] (AEF = 134
kJ/mol) compared to [bmim][BF4] (AEI =195 kJ/mol).

SR

AN /\\ N\
| | + S>> F +BF,

/ %
Figure 7.14: Thermal decomposition of [bpy][BF4] into pyridine, butyl fluoride and BF; (AE* = 134
kd/mol)

\f\
Figure 7.15: Transition state geometry (via sy2) of the thermal breakdown of [bpyl[BF,] into
pyridine, butyl fluoride and BF; (surface = electron density of 0.08 e/au®; property = electrostatic

potential). The electron density is high at the red positions (large negat|ve values of the potential)
and low at the blue positions (large positive values of the potential).

Dialkylpyrrolidinium-based ionic liquids also decompose via an sny2 dealkylation
reaction. For example, the ionic liquid 1,1-butylmethylpyrrolidinium tetrafluoroborate
([bmpyrrol][BF4]) decomposes into 1-butylpyrrolidine, methyl fluoride and BF; (AE* =
144 kJ/mol), which is favored over the formation of 1-methylpyrrolidine, butyl fluoride
and BF3, the formation of 1-methylpyrrolidine, butene and HBF,4 (E2-elimination), and
the formation of a tertiary amine as a result of a ring opening reaction. This is in
agreement with the results of Wooster e al.*' In figure 7.16 the thermal decomposition
mechanism is presented, and figure 7.17 shows the calculated transition state geometry. It
can be noticed that [bmpyrrol][BF4] has a higher thermal stability than [bpy][BF4], but a
lower thermal stability than [bmim][BF,], which is in agreement with the experimental
observation that pyrrolidinium-based ionic liquids are more stable than pyridinium-based
ionic liquids, but less stable than imidazolium-based ionic liquids'®"".
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Figure 7.16: Thermal decomposition of [ompyrrol][BF,] into 1-butylpyrrolidine, methyl fluoride and
BF3 (AE* = 144 kJ/mol)

§

Figure 7.17: Transition state geometry (via sy2) of the thermal breakdown of [bmpyrrol][BF4] into
1-butylpyrrolidine, methyl fluoride and BF; (surface = electron density of 0.08 elau’; property =
electrostatic potential). The electron density is high at the red positions (large negatlve values of
the potential) and low at the blue positions (large positive values of the potential).

Imidazolium-based ionic liquids that are substituted with a methyl group on the C2-
position were experimentally found to be more thermally stable due to the removal of the
acidic hydrogen™”'"'>. However, using quantum chemical calculations it was found that
the ionic liquid 1-butyl-2,3-dimethylimidazolium tetrafluoroborate ([bdmim][BF4]) does
not decompose at the C2-position, but via a dealkylation reaction at one of the nitrogen
atoms, resulting in the formation of 1-butyl-2-methylimidazole, methyl fluoride and BF;
(similar to the decomposition of [bmim][BF4], see figure 7.6). In fact, the activation
energy of the thermal decomposition reaction of 1-butyl-2,3-dimethylimidazolium
tetrafluoroborate ([bdmim][BF4]) is even lower (AEI = 182 kJ/mol) than that of
[bmim][BF,] (AE" = 195 kJ/mol). Therefore, a lower thermal stability of [bdmim][BF4]
compared to [bmim][BF4] is expected according to the quantum chemical calculations.
The reason for the experimental observation that [bdmim][BF4] actually decomposes at
higher temperatures is most likely the result of the presence of water in the ionic liquid,
which is generally present as an impurity. When the acidic hydrogen on C2-position is
replaced by a methyl group, the acid-catalyzed reaction of water with methyl fluoride
(leading to the formation of hydrogen fluoride) will proceed slower, thus resulting in a
more stable ionic liquid. However, [bdmim][BF4] will decompose faster than
[bmim][BF4] when no water is present in the ionic liquids.
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Finally, the thermal decomposition mechanism and activation energy of
tetraalkylammonium and tetraalkylphosphonium ionic liquids was investigated. It was
found that both types of ionic liquids decompose into the trialkyl-form via an sy2-
mechanism that is energetically favored over an E2-elimination reaction. For example,
the ionic liquid tetracthylammonium tetrafluoroborate ([N2222][BF4]) decomposes into
triethylamine, ethyl fluoride and BF; (AE’ = 151 kJ/mol), which is shown in figures 7.18
and 7.19. In the same way, the ionic liquid tetracthylphosphonium tetrafluoroborate
([P2222][BF4]) decomposes into triethylphosphine, ethyl fluoride and BF; (AE* = 204
kJ/mol). It can be conlcuded that the ammonium-based ionic liquid has a lower stability
than imidazolium-based ionic liquids, whereas the phosphonium-based ionic liquid has a

higher stability. This was also found in experiments'*"".

( F
\S\N):/\F/B\%; e /)\l/\ + g +BFR

Figure 7.18: Thermal decomposition of [N2222][BF,] into triethylamine, ethyl fluoride and BF;

(AE* = 151 kJ/mol)

Figure 7.19: Transition state geometry (via sy2) of the thermal breakdown of [N2222][BF,4] into
triethylamine, ethyl fluoride and BF; (surface = electron density of 0.08 elau’; property =
electrostatic potential). The electron density is high at the red positions (large negative values of
the potential) and low at the blue positions (large positive values of the potential).

An overview of the calculated activation energies of several tetrafluoroborate ionic
liquids with different cations can be found in table 7.3. Although the TGA-determined
thermal decomposition temperatures of these ionic liquids are unknown, the trend in
thermal stability is also observed in experiments'”'', except for the experimentally-
determined higher stability of [bdmim][BF4] compared to [bmim][BF4], which has been
related to the reaction of [bmim][BF,4] with water.
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Table 7.3: Calculated activation barriers for the thermal degradation of several tetrafluoroborate
ionic liquids with different cation

lonic liquid AE (kJ/mole)
[bpy][BF4] 134
[bmpyrrol|[BF4] 144
[N2222][BF4] 151
[bdmim][BF4] 182
[bmim][BF,] 195
[P2222][BF4] 204

- 169 -



7. Thermal Stability of Ionic Liquids

7.4 Conclusions

Quantum chemical calculations are an excellent tool to predict the thermal stability of
ionic liquids. The effects of anion, cation and alkyl chain length on the thermal
decomposition mechanism and kinetics can be investigated and correlated with
experimental results. Using quantum chemical calculations it is possible to find the most
probable decomposition mechanism, as well as the activation energy of the
decomposition reaction. The calculated activation energy corresponds well with the
measured decomposition temperature and may be used to predict the decomposition
temperature of an ionic liquid before it is synthesized.
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Limits to Operation Conditions:
Electrochemical Stability of lonic Liquids

The stability of ionic liquids with respect to voltage differences is important
for their use in electrochemical applications. lonic liquids decompose when a
voltage difference larger than the electrochemical window (4 — 6 V) is
applied. However, little is known about the decomposition mechanism and
products. In this chapter the electrochemical stability of several ionic liquids
is predicted wusing quantum chemical calculations, including their
electrochemical windows and their breakdown mechanisms and products. The
predicted electrochemical decomposition products are verified by
experiments. The quantum chemical calculations proved to be an excellent
method to predict the electrochemical breakdown of ionic liquids.






8. Limits to Operation Conditions: Electrochemical Stability of
lonic Liquids

8.1 Introduction

In the previous chapter, the thermal stability of ionic liquids was successfully predicted
using quantum chemical calculations. In this chapter, quantum chemical calculations will
be applied to predict the electrochemical stability of ionic liquids'?. The stability of ionic
liquids with respect to high voltages is especially important for their use as water-free
electrolytes in electrochemical applications. Ionic liquids as water-free electrolytes
combine the advantages of the conventional high-temperature molten salt electrolytes and
aqueous electrolytes. Ionic liquids have wide electrochemical®® and temperature®
windows, high ionic conductivities™, can dissolve most metal salts® and allow several
metals conventionally obtained from high-temperature molten salts to be deposited at
room temperature without any corrosion problems™. Moreover, they may possess lower
toxicity, flammability and volatility compared to conventional electrolyte systems'’.
Applications include the use of ionic liquids as electrolytes in fuel cells'’, solar cells'?,
electrochemical capacitors'> ", battery systems'® and electrochemical synthesis’. A high
electrochemical stability of ionic liquids is indispensable to reach a high energy and
power density of these electrochemical devices.

The electrochemical stability of an ionic liquid is manifested by the width of the
electrochemical window. This is the range of voltages over which the ionic liquid is
electrochemically inert. Many research groups have measured the electrochemical
window of a wide variety of ionic liquids®>'*'"?°. They found that phosphonium-,
ammonium-, pyrrolidinium- and piperidinium-based ionic liquids with triflate or triflyl
anions have the largest electrochemical windows*'®!"*°. Moreover, it was found that
impurities like residual halides and water have a profound impact on the electrochemical
stability of the ionic liquid®*'. However, a detailed study on the electrochemical reactions
at the cathode and anode limits of different ionic liquids does not exist. Though, it is
believed that at these limits, the cathodic reaction is the reduction of the cati0n7’19’22, and
the anodic reaction is oxidation of the anion®’*. Further studies are necessary to
characterize the reactions at both the cathodic and anodic limits of ionic liquids when
voltages larger than their electrochemical window are applied.

Quantum chemical calculations will be used to predict the electrochemical stability of
ionic liquids'?. Previously, Koch e al.”> have correlated the electrochemical oxidation
potentials of several anions with their respective Highest Occupied Molecular Orbital
(HOMO) energies. Here, it will be shown that the potential of the cathode limit (reductive
stability) can be correlated to the Lowest Unoccupied Molecular Orbital (LUMO) energy
level of the cation”. Other data previously obtained by quantum chemical calculations on
jonic liquids include structural information®*?’ and vibrational spectra®2®. Quantum
chemical calculations can also be used to predict reaction paths for all sorts of reacting
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systems”. For example, they are able to predict the mechanisms of thermal
decomposition reactions”’. However, their use for predicting the electrochemical
breakdown reactions and products that occur when voltages higher than the
electrochemical window are applied over the ionic liquid has not been described
previously.

In this chapter the electrochemical breakdown phenomena in the ionic liquids 1,1-butyl-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([bmpyrrol][NTf,]) and 1-butyl-
3-methylimidazolium tetrafluoroborate ([bmim][BF4]) on the cathode side under high
voltages are predicted using quantum chemical calculations and verified by experiments.
It may be complicated to prove that the predicted decomposition products are formed,
because it is difficult to separate the decomposition products from the ionic liquid. A
reason for this is that these molecules resemble each other. Moreover, ionic liquids do not
have a measurable vapor pressure. As a result analytical methods such as gas
chromatography (GC) and high performance liquid chromatography (HPLC) are difficult
to perform. Therefore, a good design of the experiments on basis of the expected
decomposition products is important for the validation of the quantum chemical results.
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8.2 Experimental

8.1 Computational methods

All quantum chemical calculations were carried out using the Spartan 04 molecular
modeling suite of programs®'. All structures were fully optimized on the semi-empirical
level (PM3)®, from which the electron density, the HOMO energy level, the LUMO
energy level and the spin density (only for radicals) were calculated.

8.2 Materials

The 1onic liquid [bmim][BF4] was prepared as described in paragraph 4.2.1 with a purity
of >99.5%, measured by boron analysis (ICP-AES) and "H NMR. The amount of residual
chloride was 60 ppm and the moisture content was 30 ppm.

The ionic liquid [bmpyrrol][NTf,] was prepared by a reaction of 1-methylpyrrolidine and
1-chlorobutane in propanol yielding 1,1- butylmethylpyrrolidinium ([bmpyrrol][Cl]), and
followed by ion exchange with lithium bis(trifluoromethylsulfonyl)imide in
dichloromethane®®. The two-steps preparation is shown in figure 8.1. All starting
materials were bought from Sigma-Aldrich with purities over 99.5%.

Cl-
| +~
N N
2-propanol
Cl- (CF3SO,),N-
+ +

N + Li(CF,SO,),N ———> N + LiCl
¢ 7 CH,C, ¢

Figure 8.1: Preparation of 1,1-butylmethylpyrrolidinium bis(trifluoromethylsulfonyl)imide

Step 1:

In a round-bottom flask, 195.9 g (2.116 mole) of 1-chlorobutane was added slowly to
163.8 g (1.924 mole) 1-methylpyrrolidine in 2-propanol (200 cm®). The mixture was then
brought to reflux for 24 h. The next day, all the solvent had evaporated (leak in the
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system), leaving yellow crystals in the round-bottom flask. The crystals were dissolved in
2-propanol to wash the ionic liquid. Thereafter, the 2-propanol was removed using rotary
evaporation, yielding 44.6 g (0.251 mole) of crystalline [bmpyrrol][Cl]. The conversion
was only 13.1%, which was due to the evaporation of the reactants during the night.

Step 2:

A solution of 31.1 g (0.175 mole) of [bmpyrrol][C]] in 50 c¢m® dichloromethane was
added to 50.5 g (0.176 mole) of lithium bis(trifluoromethylsulfonyl)imide. The resulting
suspension was stirred for 3 days and then filtered to remove the formed lithium chloride

crystals. The solvent dichloromethane was evaporated by rotary evaporation yielding
58.2 g (0.138 mole) of [bmpyrrol |[NTT;] (conversion = 78.7 %).

The purity of the resulting ionic liquid was measured to be >99.5% using 'H NMR (300.2
MHz., DMSO, TMS): 6 0.92 (t, 3H), 1.33 (m, 2H), 1.69 (m, 2H), 2.11 (s, 4H), 2.98 (s,
3H), 3.29 (m, 2H), 3.44 (m, 4H). The amount of chloride in the ionic liquid was measured
with ion chromatography and was 50 ppm. Prior to use the ionic liquid was dried under
vacuum conditions in the presence of calcium chloride at room temperature for several
days. The water content of the dried ionic liquid was measured using Karl Fischer
moisture analysis and was <10 ppm.

8.3 Electrochemical decomposition experiments

An electrochemical cell with two glassy carbon electrodes (inter-electrode distance = 2.5
cm, electrode area = 1.3 cm?) was filled with ionic liquid. A voltage difference larger
than the electrochemical window (8 V) was applied over the ionic liquid at room
temperature during 3 hours. Thereafter, the power source was shut down and the
electrochemically decomposed ionic liquid was analyzed. The decomposition products
from electrochemically decomposed [bmpyrrol][NTf,] were extracted with toluene.
Thereafter the toluene phase was analyzed using gas chromatography and mass
spectroscopy (GC-MS), type VG70-250SE, operated in the electron impact ionization
mode at 70 eV. From the decomposed [bmim][BF,] the 'H and '*C APT (Attached Proton
Test) nuclear magnetic resonance (NMR) spectra were measured (Varian Unity Inova
300 s) and compared to the NMR spectra of the pure [bmim][BF,4] in order to see the
changes in ionic liquid structure.
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8.3 Results and discussion

First, a tool to estimate the electrochemical window of an ionic liquid is developed.
Because it was previously found that a high energy level of the Highest Occupied
Molecular Orbital (HOMO) results in a less stable anion with respect to oxidation (it is
easier to remove the electron from this orbital)>, it was assumed that a low energy level
of the Lowest Unoccupied Molecular Orbital (LUMO) results in a less stable cation with
respect to oxidation (it is easier to put an additional electron in this orbital). Therefore, it
is expected that ionic liquids exhibit a large electrochemical window when the anion
possesses a low HOMO energy level and the cation possesses a high LUMO energy level.
In that case, the difference between the LUMO energy level of the cation and the HOMO
energy level of the anion can be a good measure of the width of the electrochemical
window.

In table 8.1 the calculated difference in energy level of LUMO and HOMO of the cation
and anion, respectively, of several ionic liquids and their experimentally determined
electrochemical windows are given. From figure 8.2 it can be seen that the correlation is
excellent with a correlation coefficient of 0.92. Thus the calculated difference in energy
level of LUMO of the cation and HOMO of the anion is indeed a good measure to predict
the electrochemical window of ionic liquids.

Table 8.1: Calculated (E_ ymo-Enomo) and experimental electrochemical window for several ionic

liquids
Cation Anion ErLumo Enomo Eiumo- Cath.  Anodic Window Electrode Ref. Ref
cation anion Enomo limit limit electrode
[eV] [eV] [eV] [V] [V] [V]

[emim'] [CF;CO;T] -4.98 -5.25 0.27 -1.1 1.0 2.1 Pt I'/1y 7
[emim'] [CF5;S0O;57] -4.98 -6.39 1.41 -1.7 1.9 3.6 Pt I'/1y 7
[emim'] [F(HF),57] -4.98 -6.59 1.61 -1.5 1.7 3.2 GC Ag 10
[emim'] [F(HF),57] -4.98 -6.59 1.61 -1.8 1.3 3.1 GC ferroc 5
[emim'] [F(HF),57] -4.98 -6.59 1.61 -0.9 2.5 34 GC AVAP" 18
[emim'] [BF4] -4.98 -7.07 2.09 -1.8 2.2 4.0 Pt Ag/Ag" 15
[emim'] [BF4] -4.98 -7.07 2.09 2.1 2.2 4.3 Pt AVAPP 19
[bmim"] [BF4] -4.95 -7.07 2.12 -1.7 2.6 4.3 Pt Pt 21
[bmim"] [BF4] -4.95 -7.07 2.12 -1.7 2.5 4.2 Pt Pt 3
emim'] [(CF3S0,),N7] -4.98 -7.21 2.23 -1.8 2.5 4.3 Pt I'/1y 7
[emim'] [(CF3S0,),N7] -4.98 -7.21 2.23 -2.0 2.1 4.1 GC Ag 13
[emim'] [(CF3S0,),N7] -4.98 -7.21 2.23 -2.3 2.0 4.3 GC Pt 16
[edmim'] [(CF3S0,),N7] -4.88 -7.21 2.33 -2.0 24 4.4 Pt I'/1y 7
[empyrrol']  [F(HF),37] -4.26 -6.59 2.33 -2.1 24 45 GC ferroc 5
[pdmim] [(CF3S0,),N7] -4.86 -7.21 2.35 -2.0 2.3 4.3 GC Ag 13
[pdmim] [(CF3S0,),N7] -4.86 -7.21 2.35 0.2 5.0 4.8 GC Li/Li" 23
[empip'] [F(HF),57] -4.22 -6.59 2.37 2.2 2.4 4.6 GC ferroc 5
[bmpyrrol]  [F(HF),37] -4.21 -6.59 2.38 2.2 2.4 4.6 GC ferroc 5
[emim'] [(C,F5S0,),N7] -4.98 -7.40 2.42 2.4 2.1 4.5 GC Ag 13
[bmpip ] [F(HF),37] -4.16 -6.59 2.43 2.4 2.4 4.8 GC ferroc 5
[N(1113)7] [(CF3S0,),N7] -4.45 -7.21 2.76 -3.0 2.2 5.2 GC Pt 16
[pmpyrrol’]  [BF,] -4.23 -7.07 2.84 -2.5 2.3 4.8 GC Ag 17
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Continuation of table 8.1: Calculated (E_umo-Eromo) and experimental electrochemical window for
several ionic liquids

Cation Anion ELumo Enomo Eiumo- Cath. Anodic  Window Electrode  Ref. Ref
cation anion Exomo limit limit electrode
[eV] [eV] [eV] [V] [V] [V]
[bmpyrrol']  [(CF3S0,),N'] -4.21 -7.21 3.00 -3.0 2.6 5.6 GC Ag/Ag" 20
[pmpip ] [(CF5S0,),N -4.17 -7.21 3.04 -3.1 2.3 5.4 GC Pt 16
[N(2226)] [(CF5S0,),N -4.12 -7.21 3.09 -2.5 2.8 5.3 GC Ag/Ag" 4
[pdmim'] [(CF3S0,);C] -4.86 -8.20 3.34 0.2 5.5 5.3 GC Li/Li™ 23
GC = glassy carbon
ferroc = ferrocene/ferrocenium
7
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Figure 8.2: Plot of calculated (E_umo-Eromo) against electrochemical window. The correlation

coefficient is 0.92.
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The quantum chemical calculations also show where the ionic liquid will be reduced or
oxidized first. Therefore, a map of the absolute value of the HOMO energy level and the
LUMO energy level of anion and cation onto the size surface was made, respectively.
Colors near red represent large negative values of the mapped property and colors near
blue represent large positive values.

A HOMO map shows the regions of the anion where the HOMO is located (blue) and
hence are most subject to electrochemical oxidation. In figure 8.3 the HOMO map of the
bis(trifluoromethylsulfonyl)imide ([NTf,]) anion is shown. It can be seen that this anion
will be oxidized first on the nitrogen atom.

Figure 8.3: HOMO map of the bis(trifluoromethylsulfonyl)imide anion

A LUMO map shows which regions of the cation are most electron-deficient (LUMO
density is highest at blue positions) and hence most subject to electrochemical reduction.
In figure 8.4 the LUMO maps of the 1-butyl-3-methylimidazolium ([bmim']) cation and
the 1,1-butylmethylpyrrolidinium ([bmpyrrol']) cation are shown. The [bmim'] cation
will be reduced first on the C2-atom, whereas the [bmpyrrol'] cation is first reduced on
the nitrogen atom.

Figure 8.4: LUMO maps of the 1-butyl-3-methylimidazolium cation and the 1,1-butylmethyl-
pyrrolidinium cation
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Next, the electrochemical reactions that occur at the cathodic limit of the ionic liquids
[bmpyrrol][NTf;] and [bmim][BF4] are studied. On the cathodic limit the ionic liquid is
reduced, which means that an electron is added to the ionic liquid molecule. For most
ionic liquids, it is easier to reduce the cation than the anion (exceptions are the acidic
chloroaluminate ionic liquids, where the reduction of the heptachloroaluminate (Al,Cl;)
anion is the limiting cathode process)>®”'***. The reduction of the cation, in principle,
leads to the formation of the analogous radical. Therefore, in order to predict the
electrochemical reactions that take place at the cathodic limit, these radicals should be
modeled.

Generally, radicals can undergo different types of reactions. First of all, it is possible that
the radical itself is not stable and will decompose into a neutral fragment and a smaller
more stable radical. Secondly, two radicals can react with each other under the formation
of one neutral molecule (radical-radical coupling) or two neutral molecules
(disproportionation). Finally, radicals can react with alkenes, where the radical combines
with one of the electrons of the n-bond under the formation of a larger radical (radical
addition reaction).

When an electron is added to the [bmpyrrol '] cation, the resulting radical is not stable and
will decompose into a neutral molecule and a smaller radical, according to quantum
chemical calculations (PM3). Three possible decomposition reactions are predicted. The
most likely solution (lowest energy level of the formed radical, E = -61 kJ/mol in
vacuum) is that the 1,1-butylmethylpyrrolidinium radical will decompose into 1-
methylpyrrolidine and a butyl radical (see figures 8.5 and 8.6).

Figure 8.5: Decomposition of the 1,1- butylmethylpyrrolldmlum radical into 1-methylpyrrolidine and
a butyl radical (surface = electron density of 0.08 elau®; property = electrostatic potential). The
electron density is high at the red positions (large negat|ve values of the potential) and low at the
blue positions (large positive values of the potential). The grey positions indicate a high spin

density
7/\
+e —— \ / P\

Figure 8.6: Formation of 1-methylpyrrolidine and the butyl radical
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Another solution, but less likely than the first one (E = -43 kJ/mol), is that the radical will
decompose into a dibutylmethylamine radical by ring opening, where the unpaired
electron is located on one of the butyl groups (see figures 8.7 and 8.8).

f.""

Figure 8.7: Decomposition of the 1,1-butylmethylpyrrolidinium radical into a dibutylmethylamine
radical (surface = electron density of 0.08 e/au®; property = electrostatic potential). The electron
density is high at the red positions (large negative values of the potential) and low at the blue
positions (large positive values of the potential). The grey positions indicate a high spin density.
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Figure 8.8: Formation of the dibutylmethylamine radical

The last solution with the lowest probability (E = -21 kJ/mol) is that the radical
decomposes into 1-butylpyrrolidine and a methyl radical (see figures 8.9 and 8.10).

Figure 8.9: Decomposition of the 1,1-butylmethylpyrrolidinium radical into 1-butylpyrrolidine and a
methyl radical (surface = electron density of 0.08 e/au®; property = electrostatic potential). The
electron density is lowest at the blue positions (largest positive values of the potential). The grey
positions indicate a high spin density.
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Figure 8.10: Formation of 1-butylpyrrolidine and the methyl radical

However, when an electron is added to the [bmim'] cation, the resulting radical is stable
and the radical will not decompose (E = 75 kJ/mol). According to quantum chemical
semi-empirical calculations, the unpaired electron is located mainly on the C2 carbon (see
figure 8.11).

C2

Figure 8.11: Structure and electrostatic potential (surface = electron density of 0.002 e/au’
property = electrostatic potential) of the 1-butyl-3-methylimidazolium radical (at the semi-empirical
PM3 level). The electron density is high at the red positions (large negative values of the
potential) and low at the blue positions (large positive values of the potential). The grey lobs (on
the C2 atom and adjacent positions) indicate a high spin density.

In contrast to the [bmim'] cation, the 1-butyl-3-methylimidazolium radical has no
resonance possibilities and is thus less aromatic (see figure 8.12).

Figure 8.12: Formation of the 1-butyl-3-methylimidazolium radical
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The 1-butyl-3-methylimidazolium radical can undergo several reactions. The most
probable solution is that two radicals react with each other under the formation of a dimer
(radical-radical coupling). Figures 8.13 and 8.14 show the lowest energy conformation (E
= 33 kJ/mol) of the dimer.

A

Figure 8.13: 1-Butyl-3-methylimidazolium radical coupling (surface = electron density of 0.08
elau®; property = electrostatic potential). The electron density is high at the red positions (large
negative values of the potential) and low at the blue positions (large positive values of the
potential).
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Figure 8.14: Coupling reaction of two 1-butyl-3-methylimidazolium radicals

Another solution (E = 41 kJ/mol) is that the radical picks up a hydrogen atom from
another radical present in the system (disproportionation). This transfer of a hydrogen
atom from one radical to another results in the formation of an alkane and an alkene (see
figures 8.15 and 8.16).

- ASEX
hﬁ\\ﬁ\ﬁ(\;fQ*-{
X

Figure 8.15: Reaction of two 1-butyl-3-methylimidazolium radicals, resulting in hydrogen transfer/
disproportionation (surface = electron density of 0.08 el/au®; property = electrostatic potential).
The electron density is high at the red positions (large negative values of the potential) and low at
the blue positions (large positive values of the potential).
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Figure 8.16: Disproportionation reaction of two 1-butyl-3-methylimidazolium radicals

The last solution (but not likely due to the very high energy, E = 235 kJ/mol) is that the
radical reacts with the double bond from another radical under the formation of a cage-

like structure (see figures 8.17 and 8.18).

Ve

Figure 8.17: Reaction of 1-butyl-3-methylimidazolium radical with the double bond of another

radical, leading to cage-formation (surface = electron density of 0.08 elau’; property =

electrostatic potential). The electron density is high at the red positions (large negative values of
the potential) and low at the blue positions (large positive values of the potential).

Figure 8.18: Cage-formation reaction of two 1-butyl-3-methylimidazolium radicals
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The predicted results for the electrochemical decomposition of both ionic liquids were
verified with experiments. Since the predicted electrochemical decomposition products of
[bmpyrrol][NTT;] are small and soluble in toluene, but the ionic liquid itself is not, it was
decided to extract the decomposition products with toluene. Thereafter, the toluene phase
was analyzed with GC-MS, where the different decomposition products were separated
and identified. The detected decomposition products are listed in Table 8.2.

Table 8.2: Detected decomposition products of [ompyrrol][NTf,] using GC-MS

Compound Peaks

1-Methylpyrrolidine (CsH;;N) | m/z = 85(M), 57

Octanes (CgH;sg) m/z = 114(M), 85, 71, 57
Octenes (CgH¢) m/z = 112(M), 97, 69, 55
2-Butanol (C4H,;(0) m/z =74(M), 59, 45
Dibutylmethylamine (CoH,;N) | m/z = 143(M), 128, 99, 85, 71, 57
1-Butylpyrrolidine (CgH;7N) m/z=127(M), 84, 55

From Table 8.2 it can be concluded that all three predicted decomposition reactions
occur. The presence of 1-methylpyrrolidine, octanes, octenes and 2-butanol in the toluene
phase prove that the 1,1-butylmethylpyrroldinium radical has decomposed into 1-methyl-
pyrrolidine and a butyl radical. The octanes are formed by a reaction of two butyl radicals
with each other (radical-radical coupling). Because a secondary radical is more stable
than a primary radical, the unpaired electron in the butyl radical will be located on the 2-
position. Therefore, from all possible octane isomers it is most probable that 3.4-
dimethylhexane is the main product. The peaks in the mass spectrum indeed correspond
with library search results for 3,4-dimethylhexane with a NIST library matching factor of
96.5%. The identified 2-butanol also indicates that 2-butyl radicals are formed during the
electrochemical decomposition of [bmpyrrol][NTf;], because 2-butanol is produced by
reaction of the 2-butyl radical with chloride, followed by reaction of 2-butyl chloride with
water (chloride and water are both impurities present in the ionic liquid in ppm-range).
The octenes are formed by reaction of a butyl radical with a butene molecule, which in
turn is produced together with butane in a disproportionation reaction of two butyl
radicals. No butane was detected in the decomposition product mixture due to its low
boiling point. The second decomposition reaction, where the 1,1-butylmethyl-
pyrrolidinium radical decomposes by a ring opening reaction, is proven by the presence
of dibutylmethylamine in the decomposition product mixture. Even the decomposition
reaction with the lowest probability according to quantum chemical calculations has
proceeded; 1-butylpyrrolidine was also detected in the toluene phase. So all the expected
decomposition reaction products were found and all the found chemicals were predicted.
Therefore, it is believed that all decomposition products (except butane) can be dissolved
and extracted in toluene. Finally, as a blank the pure ionic liquid [bmpyrrol][NTf,] was
extracted with toluene. None of the decomposition compounds could be detected.
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Also, the electrochemical decomposition products of [bmim][BF4] predicted by quantum
chemical calculations were verified in experiments. Since the predicted decomposition
products are large dimers that are very similar to the monomer, it is difficult to separate
them using chromatography. Therefore, it was decided to measure a 'H NMR spectrum
and a >C APT spectrum of the electrochemically decomposed [bmim][BF,] and to
compare this with the NMR spectrum of pure [bmim][BF4] in order to see the changes in
ionic liquid structure.

In Table 83 the 'H NMR spectra of electrochemically decomposed and pure
[bmim][BF4] are compared. From Table 8.3 it can be concluded that the position of only
one peak (the hydrogen attached to the C2 carbon) has changed from 6 = 8.71 to lower
chemical shifts (0 = 5.72). This means that the hydrogen in the decomposition products is
no longer connected to an aromatic carbon, which is consistent with the predicted radical
structure (figure 8.12).

Table 8.3: Comparison of 'H NMR spectra of pure [bmim][BF,] and electrochemically
decomposed [bmim][BF,] (300.2 MHz, CDCl;, TMS)

S('H NMR) S('H NMR)
pure [bmim][BF ,] electrochemically decomposed [bmim] [BF 4]
0.93 (t, 3H) 0.91 (t, 3H)
1.34 (m, 2H) 1.30 (m, 2H)
1.86 (m, 2H) 1.81 (m, 2H)
3.95 (s, 3H) 3.89 (s, 3H)
4.20 (t, 2H) 4.20 (t, 2H)
7.47 (s, 2H) 5.72 (s, 1H)
8.71 (s, 1H) 7.67 (d, 1H)
7.74 (d, 1H)

The C APT NMR spectrum of electrochemically decomposed and pure [bmim][BF,]
are compared in Table 8.4. The *C APT NMR spectra are similar, except for the last
peak, which is positive (and small) in the electrochemically decomposed [bmim][BF4],
indicating a C or CH; carbon, and negative (and large) in the pure [bmim][BF4],
indication a CH carbon. Therefore, when [bmim][BF4] is electrochemically decomposed,
the disproportionation reaction is the most probable decomposition reaction. Dimer
formation is also possible, because the peaks from corresponding carbons in both
monomers are located exactly at the same position (the corresponding carbons are
identical) and no additional peaks are noticed in the ">C spectrum. Cage formation has not
taken place, since that would change the chemical nature of the compound and shifts in
the peak positions are not detected. This also followed from the quantum chemical
calculations that predicted a very high energy barrier for the cage formation.
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Table 8.4: Comparison of Cc APT NMR spectra of pure [bmim][BF,] and electrochemically
decomposed [bmim][BF,] (300.2 MHz, CDCl;, TMS)

5("C NMR) 5(C NMR)

pure [bmim] [BF ;] electrochemically decomposed [bmim][BF ]
13.34 (CH3) 13.18 (CH3)

19.33 (CH») 18.84 (CH»)

31.93 (CHy) 31.43 (CHy)

36.12 (CH3) 35.68 (CH3)

49.69 (CH») 48.68 (CHy)

122.57  (CH)
123.87  (CH)
136.07  (CH)

122.27 (CH)
123.58 (CH)
136.53 (C or CHy)

The quantum chemical calculations at the semi-empirical level (PM3) are able to predict
the electrochemical decomposition reactions and products of both [bmpyrrol][[NTf;] and
[bmim][BF4] well. There is no need for a more rigorous quantum chemical method.
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8.4 Conclusions

Quantum chemical calculations are an excellent tool to predict the electrochemical
window of ionic liquids, which can be correlated to the calculated difference in energy
level of LUMO of the cation and HOMO of the anion. Quantum chemical calculations
can also be used to predict the possible electrochemical breakdown products of ionic
liquids. The electrochemical decomposition of the ionic liquids [bmpyrrol][NTf,] and
[bmim][BF4] on the cathode limit were successfully predicted and verified by
experiments. [Bmpyrrol][NTf;] decomposes into 1-methylpyrrolidine, octanes, octenes,
2-butanol, dibutylmethylamine and 1-butylpyrrolidine. In the electrochemical breakdown
of [bmim][BF,], 1-butyl-3-methylimidazolium radicals are formed, that react with each
other in a radical-radical coupling reaction and in a disproportionation reaction. All the
expected decomposition reaction products were experimentally found and all the found
chemicals were predicted.
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Economical and Environmental Attractiveness
of lonic Liquid/Carbon Dioxide Processes

The use of ionic liquids in combination with carbon dioxide in chemical
processes leads to economical and environmental benefits compared to
conventional production processes. Reductions in the use of catalyst and
volatile organic solvents lead to lower costs for raw materials and lower
waste disposal costs. No expensive purification steps are required to remove
catalyst residues from the product. The energy costs for pressurizing the
carbon dioxide in ionic liquid/carbon dioxide processes are lower than the
energy costs for evaporating the solvent in the conventional process. When the
ionic liquid/carbon dioxide process is applied to the production of 1600
ton/year Levodopa, the energy consumption is reduced by 20,000 GJ per year
and the waste generation is reduced by 4800 ton of methanol per year and
480 kg catalyst per year. The total variable costs are reduced by 11.3 million
euros per year, whereas the investment cost rises with at least 0.91 million
euros (for ionic liquid and catalyst investments). The only barrier for adopting
the novel approach is the necessary equipment expenditure, but this barrier
can be overcome when the ionic liquid/carbon dioxide production process is
carried out in existing equipment.






9. Economical and Environmental Attractiveness of lonic
Liquid/Carbon Dioxide Processes

9.1 Comparison of lonic Liquid/Carbon Dioxide Production Process
with Conventional Production Process

In chapter 3 a new method to combine reactions and separation using ionic liquids and
carbon dioxide has been described. In the next chapters, it was tried to apply this new
process set-up to the production of N-acetyl-(S)-phenylalanine methyl ester (APAM)
from methyl (Z)-a-acetamidocinnamate (MAAC). This reaction is related to the most
important step (asymmetric hydrogenation step) in the production of Levodopa, an anti-
parkinsonian drug. In this chapter, the production of APAM in ionic liquid/carbon
dioxide systems is compared to the conventional production process in order to make an
economical and environmental assessment'.

Conventionally, the asymmetric hydrogenation of MAAC is carried out batch-wise in
methanol as the solvent. The kinetics are not known. However, conversion data of the
model reaction in methanol are given in literature®”. It is possible to reach a conversion
of 100% within 1 hour at 25 °C (298 K) and an initial hydrogen pressure of 2 - 16 bar
with 0.25 M solution of MAAC in methanol and a minimum substrate to catalyst ratio of
2000 mole/mole. The enantioselectivity is high (98% ee) due to the use of the efficient
chiral Rh-MeDuPHOS as homogeneous catalyst. However, the expensive rhodium-
catalyst is very sensitive to oxidation. Because of deactivation, it is only possible to use
the catalyst during five batches™. Total regeneration and recycling of the catalyst is
impossible due to catalyst leaches and the regeneration is very energy-intensive.
Moreover, an inert nitrogen atmosphere is required for its preparation and handling.

In the conventional production process, the separation and recovery of the Rh-
MeDuPHOS catalyst complex from the product APAM is difficult. The product and
catalyst cannot be separated by distillation, because their decomposition temperatures are
lower than their boiling points. The only possibility to separate the product from the
catalyst is by means of extraction with a co-solvent or precipitation with an anti-solvent”.
In literature three options for product and catalyst recovery are described. The first
suggestion is the use of a silica column to remove the catalyst and thereafter evaporating
the methanol to obtain the pure product’, but this recovery method is only used on lab-
scale. A more industrially interesting recovery possibility is the addition of water to the
reaction mixture, followed by extraction of the product APAM with dichloromethane,
while leaving the catalyst in the methanol/water phase. After evaporation of all the
solvents, the product and catalyst are recovered’. A final option is the addition of huge
amounts of hexane/ether as anti-solvent to precipitate the product APAM out of the
reaction mixture, followed by filtration and evaporation of the solvents’. However, in all
these cases some catalyst leaching into the product phase occurs.
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The asymmetric hydrogenation of MAAC in ionic liquid/carbon dioxide systems can be
carried out either batch-wise or continuously. The reactant MAAC and the rhodium-
catalyst are completely dissolved in the ionic liquid, but the hydrogen is only partly
pressed into the ionic liquid phase at 50-60 bar and 20 °C (=293 K)’. Carbon dioxide can
be added in low concentrations to increase the conversion and enantioselectivity. It is
possible to reach conversions and enantioselectivities slightly lower than the conventional
process. The rhodium-catalyst is immobilized in the ionic liquid phase and can be reused
without significant loss in catalyst activity and selectivity’ (see paragraph 5.1.2).

The produced APAM can either be extracted or precipitated from the ionic liquid phase
(with immobilized catalyst) using supercritical carbon dioxide®. It is more difficult to
obtain a pure product using precipitation (it is difficult to wash away all ionic liquid from
the precipitated product) than using extractions. Therefore, the conventional production
process will be compared with the ionic liquid/carbon dioxide production process that
uses extraction as a way to separate the product. Extraction of APAM with supercritical
carbon dioxide is carried out at 50 °C (=323 K) and 120 bar. At these conditions, the
solubility of APAM in carbon dioxide is 1.78 g APAM per kg CO, (see paragraph 5.3.2),
whereas ionic liquid and catalyst have negligible solubilities in carbon dioxide. In this
way it is possible to extract pure APAM without any ionic liquid or catalyst
contamination. A throttling expansion is used to lower the pressure and hence the
dissolving power of the carbon dioxide. The product can be precipitated out of the
solution at 80 bar, where the solubility of APAM in carbon dioxide has decreased to 0.14
g APAM per kg CO, (see paragraph 5.3.2). The carbon dioxide is repressurized and
recycled.

The conventional production process of APAM is compared to the ionic liquid/carbon
dioxide production process with regard to reaction rate, enantioselectivity, product purity,
catalyst stability, process conditions, energy consumption, waste production, ease of
handling, ease of catalyst separation, and complexity of the process. The results of the
comparison are in table 9.1.
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Table 9.1: Comparison of the conventional production process with the ionic liquid/carbon dioxide
production process for the production of N-acetyl-(S)-phenylalanine methyl ester (very positive
aspect: +; aspect that is neither very positive nor very negative: +/-; very negative aspect: -)

Production process Conventional lonic liquid/carbon dioxide
property production process production process
Reaction rate +/-
Enantioselectivity +/-
Product purity +

Catalyst stability +

Process conditions +/-

Energy consumption - +/-

Waste production - +

Ease of handling - +/-

Ease of catalyst separation - +
Complexity of process - +

Reaction rate:

In both the conventional process and the ionic liquid/carbon dioxide process, the reaction
is homogeneously catalyzed, because methanol and [bmim][BF4] are both able to
dissolve the Rh-catalyst. The thermodynamic equilibrium constant can be calculated
from:

—A,.G =RTIn(K) (9.1)
with:

ANG = Gibbs free energy of reaction [Tmol™]

R = Universal gas constant [Tmol "K™']

T = Temperature [K]

K = Equilibrium constant [-]

The Gibbs free energy of reaction can be calculated from:

AG=1-A,G pp ~1-A, Gy ~1-A,G,, (9.2)

where the Gibbs free energy of formation (A/G) of hydrogen is per definition zero at 298
K and 1 atm’ and the Gibbs free energies of formation of MAAC and APAM at the same
conditions can be estimated using the Joback method with an accuracy of + 10 kJ/mol'°.
This yields AGuac = —93.09 kJ/mol and A/G4pan = —167.20 kJ/mol. Using equation
(9.2), the Gibbs free energy of reaction at standard conditions is A,G = -74.11 kJ/mol.
The equilibrium constant at room temperature is K = 9.77-10'% [-] (equation 9.1), so the
thermodynamic reaction equilibrium is totally on the product side. Therefore, differences
in reaction rates can only be the result of kinetic effects.
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Compared to the conventional process, the reaction rate in the ionic liquid/carbon dioxide
system is slightly lower, but it is still industrially feasible’. Reason for the lower reaction
rate is that the hydrogen solubility in the ionic liquid is lower than the hydrogen solubility
in methanol. The reaction rates of the ionic liquid/carbon dioxide processes can be
increased by raising the hydrogen pressure (higher hydrogen availability in the ionic
liquid phase) and by adding small amounts of carbon dioxide to increase the hydrogen
solubility as a result of co-solvency effects and the lower viscosity of the ionic liquid
phase.

Enantioselectivity:

The enantioselectivity of the ionic liquid/carbon dioxide process is slightly lower than the
enantioselectivity of the conventional process, but this difference is only very small’. It is
possible to increase the enantioselectivity of the ionic liquid/carbon dioxide process by
adding small amounts of carbon dioxide.

Product purity:

The purity of the produced APAM in the conventional process is low. This is a
consequence of product contamination by catalyst residues due to catalyst leaching®°.
The catalyst leaching doesn’t only lower the product quality, but the loss of the expensive
catalyst is also a serious disadvantage of the conventional process. The purity of the
produced APAM in the ionic liquid/carbon dioxide process is very high. The reason is
that the ionic liquid with immobilized catalyst does not dissolve in the carbon dioxide, so
that pure product is extracted (the amount of ionic liquid and catalyst was below the

detection limit of 0.1 ppm)®.

Catalyst stability:

Compared to the conventional production process, the ionic liquid/carbon dioxide
production process shows much higher catalyst stability. In the conventional process the
catalyst is highly sensitive towards oxidation. As a result the catalyst is only useful during
five batches’. In the novel process options the ionic liquid protects the catalyst from
oxidation. The expensive chiral catalyst Rh-MeDuPHOS can be reused more than five

times without significant changes in activity and selectivity™’'".

Process conditions:

The conventional process is carried out at room temperature and 2-16 bar initial hydrogen
pressure™. The ionic liquid/carbon dioxide production process requires similar
temperatures (20 — 50 °C), but much higher pressures. The asymmetric hydrogenation of
MAAC in ionic liquid/carbon dioxide is carried out at 60 bar’, whereas the extraction
takes place with carbon dioxide of 120 bar®. Substrate-to-catalyst ratios are in the same
order of magnitude for both the conventional and the ionic liquid/carbon dioxide
production process™’.
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Energy consumption:

The conventional process is not energy-efficient. To obtain a pure product without
solvent contamination, evaporation of the solvent is always necessary (for all
conventional product recovery methods)*>. The evaporation of these organic solvents
requires a lot of energy. In the ionic liquid/carbon dioxide production process, no energy-
intensive evaporation step is needed. Energy is only required for recompressing the
carbon dioxide®. Even at relatively low solubilities of the product, it is energetically
favored to recompress the carbon dioxide over the evaporation of the solvents. The
energy consumption can be minimized when the pressure is not totally relieved, but only
partly. For example, after extraction the pressure of the carbon dioxide is only released to
80 bar (and not completely to atmospheric pressure), after which it is recompressed to
120 bar to be used again as extractant’.

Waste production:

The conventional process is not waste conscious. The amount of waste production is
high. The waste of the conventional process consists of catalyst disposals and solvent
losses. Because the catalyst is only used during five batches®, the amount of catalyst
disposal is significant. Moreover, it is estimated that recovery efficiencies of solvents in
the fine chemical industry are in the order of 80%'%. That means that 20% of the solvent
used ends up as emissions into the atmosphere or ground water or is combusted. Efficient
recovery of pure solvents is also hindered by the fact that different solvents are used for
different reaction steps, leading to cross contamination. In the ionic liquid/carbon dioxide
production process, the ionic liquid and catalyst are reused without any emissions into the
environment (the ionic liquid is contained, and has no measurable vapor pressure)". This
leads to lower costs for raw materials and lower waste disposal costs.

Ease of handling:

In the conventional process an inert atmosphere is required for handling of the air-
sensitive catalyst. Therefore, the ease of handling is not high. Moreover, the workers are
exposed to inhalation of volatile organic solvents (such as methanol), which are toxic.
The ionic liquid/carbon dioxide production process is easier to handle, since no inert
atmosphere is required for protection of the catalyst (the catalyst is protected by the ionic
liquid)’. However, when tetrafluoroborate and hexafluorophosphate ionic liquids are
used, moisture-free operation is required, since these ionic liquids are not water-stable'*.
This complicates the handlings in the process. This problem can be overcome when
water-stable ionic liquids are used instead. Finally, the ionic liquid/carbon dioxide does
not lead to considerable worker’s exposure, because ionic liquids do not have a
measurable vapor pressure.
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Ease of catalyst separation from product:

In the conventional production process it is extremely difficult to separate the catalyst
from the product. All suggested recovery options are complex and they always lead to
some catalyst leaching into the product phase®°. On the contrary, no catalyst leaching
will occur in the ionic liquid/carbon dioxide process. The product is removed from the
ionic liquid phase by extraction with carbon dioxide, without extraction of ionic liquid
and (ionic) catalyst®.

Complexity of the process:

The recovery of the product and catalyst from the solvent is complex in the conventional
production process. The only possibility to separate the product from the catalyst is by
means of extraction with a co-solvent or precipitation with an anti-solvent®. Additional
volatile organic solvents are therefore necessary in the separation step, with associated
problems of cross-contamination and catalyst leaching. The ionic liquid/carbon dioxide
production process is less complex. The ionic liquid is able to immobilize the catalyst.
When the product APAM is extracted from the ionic liquid phase with supercritical
carbon dioxide, the ionic liquid with catalyst will not be extracted too, since the ionic
liquid and the catalyst have negligible solubilities in carbon dioxide. No catalyst leaching
will chlgl% and pure product is obtained without contamination by ionic liquid or
catalyst™™ .
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9.2 Ecological analysis

The conventional production process generates lot of waste and is energy-intensive.
Toxic solvent emissions into the environment are high. More waste is produced by the
deactivated catalyst, which contains the transition metal thodium. The product obtained is
not totally pure, because catalyst leaching into the product phase occurs. The evaporation
of solvent from the product and catalyst requires a lot of energy.

The use of ionic liquids/carbon dioxide as combined solvents leads to ecological benefits.
No waste is produced, because solvent losses and catalyst losses are zero. Moreover, the
use of ionic liquids does not lead to cross-contamination and to contamination of the
product. The amount of energy needed to recover the product is lower, because energy is
only needed to recompress the carbon dioxide, but no energy-intensive evaporation step
is needed.

In paragraphs 9.2.1 and 9.2.2 the ecological impact of both processes are quantified and
compared.

9.2.1 Waste generation

Waste generation originates from catalyst and solvent losses. The Rh-MeDuPHOS
catalyst losses in the conventional process can be estimated in the following way.
According to Berger et al.* a minimum MAAC-to-catalyst ratio of 2000 mole/mole is
required. This is equal to a MAAC-to-catalyst ratio of 725 g/g, which means that 1.38 g
of Rh-catalyst is required to convert 1 kg of MAAC into 1.01 kg APAM. In the
conventional process, it is only possible to use the catalyst during five batches because of
deactivation due to oxidation. That means that 1.38/5 = 0.276 g of Rh-catalyst per kilo
produced APAM is used as catalyst make-up.

In ionic liquid/carbon dioxide process the catalyst make-up is zero, since the catalyst
doesn’t significantly deactivate and no catalyst leaching occurs*”''. However, in the
economical evaluation it is assumed that the catalyst has to be replaced each year, since
this is generally a more realistic assumption.

The solvent losses in the conventional process are determined in the following way: the
amount of used methanol per kilo produced APAM is determined from the starting
concentration of MAAC in methanol and it is assumed that the solvent recovery
efficiency is 80%'2. The concentration of MAAC in methanol in the conventional process
is 0.25 M?, which means that 0.25 moles of MAAC are dissolved in 1 liter of methanol.
This is equal to 0.316 moles of MAAC per kg methanol (p = 0.791 kg/I)'>. When all
MAAC is converted to APAM, the concentration of APAM after reaction will also be
0.316 moles per kg methanol. This is equal to 69.8 g APAM per kg methanol (My apam =
221 g/mole). Therefore, the amount of methanol (kg) is 14.3 times as much as the amount
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of APAM (kg). The amount of methanol losses per kg APAM are therefore 0.20'14.3 =
2.86 kg methanol per kilo produced APAM.

In the ionic liquid/carbon dioxide process, no solvent losses occur. The ionic liquid has
no vapor pressure and will neither evaporate nor lead to emissions into the atmosphere.
However, in the economical calculation it is also assumed that the ionic liquid has to be
replaced each year.

9.2.2 Energy consumption

In the conventional process, at least 14.3 kg methanol per kilo produced APAM has to be
evaporated (see paragraph 9.2.1). The amount of energy needed to evaporate 1 kg of
methanol consists of the amount of energy to heat the methanol from room temperature
(25 °C) to the boiling point temperature (65 °C) and the heat of evaporation’:

AH=C, -AT+A, H (9.3)
with:

AH = Amount of energy [kJkg™]

Gy = Specific heat of liquid [kJkg' K]

AT = Temperature difference [K]

AvpH = Enthalpy of evaporation [kIkg™]

The specific heat of methanol' is Cp1 =253kl kg "K' and the enthalpy of evaporation
(at boiling point)" is AvgpH = 1099 kIkg". Therefore, the total amount of energy that is
necessary to evaporate 1 kg of methanol is 1200 kJ/kg (equation 9.3). The amount of
energy used per kg produced APAM in the conventional process is 14.3'1200 = 17160
kJ/kg APAM = 17.2 MJ/kg APAM.

The energy consumption in the ionic liquid/carbon dioxide process consists of the amount
of energy that is needed to repressurize the carbon dioxide from 80 bar to 120 bar (at 40
°C). The solubility of APAM in carbon dioxide at 120 bar is 1.78 g/kg. Therefore it is
necessary to pressurize 1/0.00178 = 561 kg CO, per kilo produced APAM. The amount
of energy which is necessary to pressure 1 kg of CO, from 80 bar (8.0 MPa) to 120 bar
(12.0 MPa) can be estimated in the following way'®:

1ol A
W=—[—dp~—F— (9.4)
n P n: pavemge

- 208 -



9. Economical and Environmental Aspects

with:

w = Work [J 'kg'l]

n = Compressor efficiency [-]

o, = Density [kgm™]

Ap = Pressure difference [Pa] = [Jm™]

A compressor efficiency of 75% is assumed. The average density of carbon dioxide in the
80-120 bar range is 628.6 kg/m’ and the pressure difference is 40 bar (= 4000 kPa).
Therefore, the amount of energy to pressurize CO; from 80 bar to 120 bar is W = 8.48
kJ/kg (equation 9.4). The total amount of energy necessary per kilo produced APAM in
the ionic liquid/carbon dioxide process is 5618.48 = 4760 kJ/kg = 4.8 Ml/kg APAM,
which is 4 times lower than the amount of energy necessary in the conventional process.

In table 9.2 an overview of the waste generation and the energy consumption of both the
conventional production process and the ionic liquid/carbon dioxide process is shown.

Table 9.2: Waste generation and energy consumption of the conventional production of APAM
compared to the ionic liquid/carbon dioxide production process (annual catalyst and solvent
replacement in the ionic liquid/carbon dioxide process will be considered as yearly investment
and not as variable cost per kg product)

Conventional lonic liquid/carbon dioxide
production process production process
Catalyst make-up 0.28 g/kg product 0 g/kg product
Solvent make-up 2.86 kg/kg product 0 kg/kg product
Energy for Evaporating solvent  Pressurizing carbon dioxide
Energy needed 17.2 MJ/kg product 4.8 MJ/kg product

9.2.3 Total waste and energy savings in the Levodopa production

The ionic liquid/carbon dioxide production process can be used for the production of
Levodopa, a medicine for Parkinson’s disease. Parkinson’s disease is one of the more
common diseases of the ageing society, and affects men and women in equal amounts.
Approximately 0.5% of the population in the western world suffers from Parkinson’s
disease'’. Among the 457 million Europeans and 293 million Americans (2005)'%, there
are nearly 4 million people with Parkinson’s disease (and this number is rising). While
the disease usually develops after the age of 65, it is increasingly diagnosed in people
under 50 (presently 15% of all cases)'”.

The most frequently used medicine for treatment of Parkinson’s disease is Levodopa,

which relieves the symptoms (tremor, muscle stiffness, slowness of movement and loss
of balance). Treatment with Levodopa requires 0.4 kg per person per year' . Therefore,
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the potential market for Levodopa is almost 1600 ton per year. With a price of € 2800,-

per kg, the annual Levodopa turnover is predicted to be as high as 4.5 billion euros'”.

In the conventional Levodopa production process, the waste generation in the asymmetric
hydrogenation step only, is already almost 3 kg per kg product, and the energy
requirement in this step is around 17 MJ per kg product (see paragraphs 9.2.1 and 9.2.2).
It is possible to produce Levodopa using the ionic liquid/carbon dioxide production
process instead of the conventional production method". In the ionic liquid/carbon
dioxide production process, solvent (ionic liquid) losses and catalyst losses in the
asymmetric hydrogenation step are zero (compared to a loss of 3 kg methanol and 0.3 g
catalyst per kg Levodopa in the asymmetric hydrogenation step of the conventional
production process). The energy requirement in this step is only 4.8 MJ per kg product
(compared to 17.2 MJ per kg product in the conventional process). Based on the potential
market of 1600 ton Levodopa per year, the ionic liquid/carbon dioxide production process
conserves in the asymmetric hydrogen step only already 20,000 GJ of energy, and
prevents a waste stream of 4800 ton methanol and 480 kg catalyst.
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9.3 Economical analysis

The costs of the conventional production process and the ionic liquid/carbon dioxide
production process are compared. The total costs of both process methods consist of the
fixed costs and the variable costs. The fixed costs include investment costs (equipment,
piping, instrumentation, control systems, buildings, etc), whereas the variable costs
include costs for raw materials, energy and labor.

9.3.1 Variable costs

The variable costs of both processes include the costs for the reactants MAAC and
hydrogen, the costs for the catalyst and solvent make-up, the energy costs and the labor
costs. It is expected that both production processes have the same costs for the reactants
MAAC and hydrogen, because both operation methods have comparable conversions and
enantioselectivities. It is also assumed that the labor costs are the same for both
processes, because both process methods have similar problems in the ease of handling
(inert or moisture-free atmosphere required to protect the catalyst in the conventional
process, and to protect the ionic liquid in the ionic liquid/carbon dioxide process).
Therefore these costs will be omitted in the comparison analysis. The remaining variable
costs (catalyst and solvent make-up costs and energy costs) will be quantified in the next
paragraphs.

In paragraph 9.2.1 it was calculated that the catalyst make-up is 0.28 g Rh-catalyst per
kilo produced APAM and that the solvent make-up is 2.86 kg methanol per kilo produced
APAM in the conventional production process. According to Chirotech Technology
Ltd.?, the large-scale price of the Rh-MeDuPHOS catalyst is € 20 per gram. Therefore,
the costs for the catalyst make-up per kilo produced APAM in the conventional process
are 0.2820 = € 5.52, although this amount might be somewhat lower due to regeneration
and recycling of the rhodium. The price of methanol is € 250 per metric ton*'. This means
that the costs for the methanol make-up in the conventional process are 2.86'0.25 =€ 0.72
per kg APAM.

In the ionic liquid/carbon dioxide production process the catalyst and solvent make-up
costs are zero, because no catalyst and solvent is lost (but ionic liquid and catalyst has to
be purchased as an investment). The ionic liquid with immobilized catalyst has no
detectable vapor pressure and will neither evaporate nor lead to emissions into the
atmosphere.

In paragraph 9.2.2 the energy consumption of the conventional production process and
the ionic liquid/carbon dioxide production process were estimated. It was found that the
energy consumption of the conventional process is 17.2 MJ per kilo produced APAM,
whereas the energy consumption of the ionic liquid/carbon dioxide production process is
only 4.8 MJ per kilo produced APAM. The energy consumption can be converted in
terms of money using the standard assumption that 1 Nm® of natural gas has an exergy
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value of 4.9 MJ?. The price of 1 Nm® of natural gas is € 0.3148>. This means that the
energy costs of the conventional process are € 1.11 per kg APAM and the energy costs of
the ionic liquid/carbon dioxide process are € 0.31 per kg APAM.

In table 9.3 an overview of the costs for catalyst and solvent make-up and the energy
costs of both the conventional production process and the ionic liquid/carbon dioxide
process is shown.

Table 9.3: Catalyst and solvent make-up costs and energy costs of the conventional production of
APAM compared to the ionic liquid/carbon dioxide production process

Conventional lonic liquid/carbon dioxide
production process production process
Costs for Rh-catalyst make-up | € 5.52 per kg APAM € 0 per kg APAM
Costs for solvent make-up € 0.72 per kg APAM € 0 per kg APAM
Energy costs € 1.11 per kg APAM € 0.31 per kg APAM
Total variable costs € 7.35 per kg APAM € 0.31 per kg APAM

From table 9.3 can be concluded that the variable costs of the ionic liquid/carbon dioxide
process are much lower than the variable costs of the conventional process. This
difference will only become larger in the future, when the energy prices will further
increase. When applying the ionic liquid/carbon dioxide process on the production of
Levodopa (with a potential market of 1600 ton per year, see paragraph 9.2.3), the variable
costs can be reduced by 1600,000(7.35 — 0.31) = 11.3 million euros per year. However,
the ionic liquid/carbon dioxide process requires a larger investment (see below).

9.3.2 Fixed costs

The fixed costs of the conventional production process consist of costs for the equipment
used, including the reaction vessel (withstanding pressures up to 16 bar) and the
separation equipment. The separation equipment needed depends on the method of
product recovery. However, at least a column to evaporate the solvent and another
purification step to remove catalyst residues from the product are needed. The
investments for the conventional process are already made which is an advantage for the
conventional process.

In the ionic liquid/carbon dioxide production process the fixed costs are made up out of
investment costs for the equipment, catalyst and ionic liquid.

The required equipment consists of a high-pressure vessel (withstanding pressures up to
150 bar) and a compressor. Although a high-pressure vessel with large wall thickness is
more expensive than an ordinary reaction vessel, the ionic liquid/carbon dioxide process
is not complex. No additional columns are needed to separate the solvent and catalyst
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from the product. It is likely that the equipment needed for the novel process is not more
expensive than the equipment needed for the conventional process. However, the
investment still has to be made and this can be a barrier for adoption of the ionic
liquid/carbon dioxide process. Since the current economic structure of the chemical
industry is such that returns on investment are low, technologies requiring large capital
expenditure are unlikely to be adopted. This barrier has seriously limited the more
widespread use of many promising technologies. Fortunately, it might be possible to
carry out the ionic liquid/carbon dioxide production process in existing equipment. For
example, in the fine chemical industry supercritical extraction is already applied®* and
this equipment can also be used to carry out the ionic liquid/carbon dioxide process. In
that case, the equipment investment is also already made for the ionic liquid/carbon
dioxide production process, resulting in similar investment costs for equipment in both
production processes.

However, in the ionic liquid/carbon dioxide production process, investments in the ionic
liquid and catalyst have to be made. The ionic liquid and catalyst investment is estimated
for the ionic liquid/carbon dioxide production process of Levodopa in the following way:
it is assumed that 1 kg Levodopa is dissolved in 14.3 kg of ionic liquid with 1.38 g
immobilized catalyst (same weight fractions as in conventional production process). With
a potential market of 1600 ton per year, a reaction/separation time of 24 hours (1 day),
and 300 operational days per year, the amount of ionic liquid required is 160014.3/300 =
76 ton and the amount of catalyst required is 16001.38/300 = 7.4 kg. The price of ionic
liquids is decreasing fast. The first quantities produced in laboratory-scale reflected more
the labor costs than the cost of the chemicals. When produced on a large scale, the price
of ionic liquids will drop significantly. It is expected that the long-term prices can be as
low as € 10 per kilo ionic liquid (or even lower)'*. The price of the catalyst is € 20,000
per kilo?. Therefore, the ionic liquid investment is 76,000'10 = 0.76 million euros and the
catalyst investment is 7.420,000 = 0.15 million euros. This means that the total
investment in ionic liquid and catalyst is 0.91 million euros. Even when all the ionic
liquid and catalyst are replaced once a year, the investment is still much lower compared
to the savings in variable costs of 11.3 million euros per year.

In conclusion, it can be said that the ionic liquid/carbon dioxide production process
shows economical and ecological advantages over the conventional production process.
When the ionic liquid/carbon dioxide process is applied to the production of Levodopa,
the variable costs are reduced by 11.3 million euros per year, whereas the investment
costs rise at least with 0.91 million euros (for ionic liquid and catalyst investments). The
only barrier for adopting the novel approach is the necessary equipment expenditure, but
this barrier can be overcome when the ionic liquid/ carbon dioxide production process is
carried out in existing equipment.
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Industrial Implementation of
lonic Liquid/Carbon Dioxide Processes
Using the Cyclic Innovation Model

A system concept for managing multi-value innovation is introduced. Multi-
value innovation combines economic growth with environmental benefits and
social value. Its ambition is to interconnect innovation with sustainability. The
concept contains three interdependent components: vision, strategy and
execution. The mode of execution is based on the Cyclic Innovation Model.
This model does not represent innovation by a linear chain, but by coupled
‘circles of change’ which connect science and business in a cyclic manner.
The Cyclic Innovation Model is applied to the industrial implementation of
ionic liquid/carbon dioxide production processes, which are economically and
environmentally superior to current production processes. Implementation
will lead to a future where more fine chemicals and pharmaceuticals can be
safely produced using less raw materials and significantly less energy and
yielding less waste. The most important obstacles in the implementation of this
new technology are the successful life cycle management of current
production plants, the linearity of current innovation thinking and a perceived
high risk of adoption. According to the Cyclic Innovation Model, these
obstacles can be overcome when developments in all cycles occur in a
parallel fashion and all involved actors collaborate in coupled networks.






10. Industrial Implementation of lonic Liquid/Carbon Dioxide
Processes Using the Cyclic Innovation Model

10.1 Introduction

In the Western world, the chemical industry has matured and investments have stabilized.
One reason is that the lifetime of production plants is much larger than anticipated due to
careful maintenance. Another reason is that smart engineering has increased the capacity
of existing plants beyond expectation. Due to excellent life cycle management and
maintenance, many current production processes originated about twenty years ago and
are not based on the latest state-of-the-art technology. As a consequence, these processes
produce too much waste and are too energy-intensive.

Environmental concerns call for new technologies. Recently, new opportunities for
radically modified plants have emerged. The production processes involved are more
sustainable than the conventional processes due to a more efficient use of resources.
Examples are the use of shape-selective catalysts (zeolites) in the butene to isobutene
isomerization', the use of membrane reactors in the ethylene oxide production® and the
use of reactive distillation for the methyl acetate production®. These processes combine
reactions and separations into one process step, and show a higher selectivity toward the
main products. The result is less by-product generation (waste) and a lower energy
requirement for purification. Despite clear advantages of these new technologies,
commercialization is still limited due to the economic success of life cycle management
of existing chemical plants.

Another promising technology is the use of ionic liquids and supercritical carbon dioxide
as combined reaction and separation media®®. It is possible to carry out highly efficient
reactions and separations in ionic liquids, producing less waste and using significantly
less energy than conventional alternatives’'' (see previous chapters). From an
environmental point of view, fast implementation of this technological breakthrough is
desired. However, with a conventional plan of execution, implementation could take
several decades. One important reason for this long implementation trajectory is that
innovations are traditionally considered as linear chains of causal actions, where each
stage requires a considerable amount of time. However, when actions take place
simultaneously in all stages of the innovation process, the time between invention and
successful implementation can be reduced dramatically. For a fast adoption of innovative
technologies, execution should be based on an innovation concept that considers the
innovation process as coupled ‘cycles of change’, where developments take place in all
cycles simultaneously'>"®. Such an innovation concept is described and subsequently
applied to the commercialization of the ionic liquid technology.
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10.2 An integral concept for managing multi-value innovation

Innovation is generally seen by companies as a necessary investment to stay in business.
This is the well-known economic aspect of innovation. However, increasing resource use
(e.g., energy consumption) and environmental pollution (e.g., waste generation) give rise
to a broader, multi-value role of innovation: how to combine economic growth with a
more efficient use of natural resources and a decreasing amount of environmental
pollution? This multi-value role is especially important in today’s society, where energy
consumption and waste generation are strongly increasing due to the growth of the world
population and the increase in the standard of living (see figure 1.1).

According to Von Weizsicker et al.'*, we could supply the needs of twice as many
people using only half the resources, if only we would use better technologies (‘Factor
4°). Alternatively, we could increase the quality of life for twice as many people at half
the present cost. Therefore, innovation should aim at sustainable business. Multi-value
innovation creates economic, ecologic as well as social added-value. It connects three
dimensions of societal change (see figure 10.1).

Vision of
the Future

Social added value

Current

situation Ecologic added value
>

Figure 10.1: Multi-value innovation aims at the creation of economic, ecologic and social added-
value. Multi-value innovation is managed by the formulation of a vision for a promising future, the
design of a strategy to travel along the transition path from the current situation to the image of
the future and the definition of a plan of execution. In this chapter, the vision of the future is a low-
energy, waste-free production in the fine chemical industry.
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The multi-value innovation concept contains three interconnected parts: a vision of the
future, a transition path and a process model for execution'”. This chapter will
concentrate on the process model.

Innovations cause changes in the conventional way of doing things. These changes often
threaten vested interests, a phenomenon which Schumpeter' called ‘creative destruction’.
It is therefore not surprising that organizations tend to reinforce the status quo. For
example, when a company has successfully invested in an optimized package of
technologies for many years, it will not easily change this proven way of working.
Innovation requires pulling power to overcome this inertia, as well as the determination
to change the old processes. Visions of an attractive future may generate the required
pulling power. Such a vision reveals an inspiring new direction and provides a focus on
long-term goals. In other words, the vision induces the formulation of a promising image
of the future (where we want to be) related to the current situation (where we are now).

Of course, such a vision must be shared by all innovation partners involved. When
different actors do not share the same vision, their goals will diverge. This is particularly
true for long-term projects. Because innovation is inherently uncertain, returns may not
emerge quickly. The risk of decreasing returns in difficult financial periods is large. Only
a focus on long-term goals can overcome this problem.

For the industrial implementation of ionic liquid/carbon dioxide production processes, the
vision of the future is related to a new method in producing fine chemical and
pharmaceutical products. The target is a fast realization of economic growth with a
production process that is low-energy and zero-waste.

The process model to realize the change is based on the Cyclic Innovation Model, where
innovation activities are no longer described by a linear pipeline but by coupled ‘circles
of change’, connecting science with business as well as technology with markets in a
cyclic manner. Parallel developments in all cycles accomplish a fast implementation of
new technological concepts.

Based on earlier research on ionic liquids'®"®, we discovered a new way of industrial
processing in which pure fine chemicals and pharmaceuticals can be produced efficiently
without any waste generation, and using only a very low energy input'® (see chapter 3).
This innovative way of processing makes use of ionic liquids as solvents. It is both
economically and environmentally significantly more attractive than conventional
production methods (see chapter 9). In addition, the process set-up is safer. Paragraph
10.3 gives an overview of the latest developments in the production of fine chemicals and
pharmaceuticals using ionic liquids, formulating an ambitious vision of the future. This is
a future where more fine chemicals and pharmaceuticals can be safely produced using
less raw materials, significantly less energy and zero waste. A strategy is developed to
overcome problems along the transition path. The mode of execution is based on the
Cyclic Innovation Model. Paragraph 10.4 contains a summary of this model, which is
subsequently applied to the industrial implementation of ionic liquids. Recommendations
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that will lead to a fast implementation of this new way of processing are formulated in
paragraph 10.5. It should lead to a step forward in the realization of a more sustainable

chemical industry.
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10.3 How to revolutionize the fine chemical and pharmaceutical
production process

10.3.1 Current situation

The chemical industry is under considerable pressure to replace many existing processes
by new technologies aiming at a zero environmental footprint (zero emission, zero waste
generation, use of renewable resources, energy-efficient). This is especially true for the
fine chemical and pharmaceutical industries, which use a lot of energy and generate a
large amount of chemical waste per kilogram net product'*?’ (see table 1.1).

Without change, this energy and waste problem will be even larger in the future, because
the production of pharmaceuticals will increase dramatically in our ageing society. The
world population is increasing; people live longer and will suffer more from infirmities of
old age. It is estimated that people over 65 years of age will make up one third of the total
population in West Europe after 2020°'. At the same time, these people can spend more
money on medicines that can extend their lives, because their standard of living is
increasing®'. Therefore, the costs of healthcare will rise dramatically. These costs would
be even higher if the environmental impact of medicine production was realistically
accounted for.

A recent discovery shows that it is possible to produce pharmaceuticals without any
waste generation and very low energy input by using ionic liquids and carbon dioxide as
combined reaction and separation media”'® (see chapter 3). When ionic liquids are used
in combination with supercritical carbon dioxide as co-solvent, it is possible to carry out
reactions and separations simultaneously by using the recently discovered miscibility
switch phenomenon (see figure 3.3): two immiscible phases (liquid phase and vapor
phase) can be forced into one homogeneous liquid phase in the presence of compressed
carbon dioxide®**. Using this one-phase/two-phase transformation upon a change in
carbon dioxide pressure (or alternatively, carbon dioxide concentration), it is possible to
carry out reactions in a homogeneous system, resulting in high reaction rates. Moreover,
because ionic liquids can dissolve a wide range of catalysts, a reaction can be carried out
with very high selectivity and zero waste production. In the biphasic system the
supercritical carbon dioxide is used to extract the pure product from the ionic liquid phase
without any contamination by the ionic liquid, because it has negligible vapor pressure.
After extraction with carbon dioxide, the product can be separated from the carbon
dioxide by further pressure release. The carbon dioxide and the ionic liquid can both be
reused’'! (see figure 3.4).

This process can produce fine chemicals and pharmaceuticals much more efficiently
without any waste generation (no solvent losses). The result is a more cost effective use
of the raw materials and no disposal costs. The energy consumption is only 25% of that
of the conventional production method (energy is necessary only to pressurize the carbon
dioxide, not to evaporate a solvent), resulting in lower operational costs. These savings
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lead to a substantially lower cost price. When the new process is carried out in existing
equipment, only small investments are required. And the production process is very safe,
because there are no toxic volatile organic solvents involved'' (see chapter 9).

10.3.2 Vision of the future

As mentioned in paragraph 10.2, it is most desirable to replace today’s chemical
processes by more sustainable alternatives. Processes using ionic liquids are very energy-
efficient, eliminate waste and avoid the use of toxic and/or hazardous chemicals.
Moreover, because ionic liquids are non-volatile (cannot be inhaled) and can be designed
non-flammable (no risk of burning or explosion), these processes are much safer than
processes using conventional volatile organic solvents. In terms of figure 10.2, ionic
liquids make the business more attractive (economic component), spare the environment
(ecological component) and produce medicines safely at lower prices (social component).
This vision of the future is shown in figure 10.2. Lower prices of medicines are most
welcome at a time when social security systems are under pressure and the cost of
healthcare is getting increasingly higher due to the ageing society. The higher
affordability of these medicines will improve the quality of life for many people
worldwide.

Economic added value Ecologic added value Social added value
Material . Energy . Price .
savings / savings / savings /

@ @ @
Production cost Production waste Production safety
efficiency decrease increase

Figure 10.2: Vision of the future: The new production paradigm leads to a future with savings on
raw materials, energy and prices. It also leads to a production process with less cost, zero waste
and improved safety. Note that this figure shows that each of the three added-value dimensions
in figure 10.1 represents itself a two-dimensional parameter space.

- 226 -



10. Industrial implementation using the cyclic innovation model

10.3.3 Transition path

A strategy has to be designed to travel along the transition path from the current situation
(energy-intensive, waste-generating industrial processes) to the vision of the future (low
energy, zero-waste industrial processes) with minimum delay. There are a number of
obstacles along this transition path that must be overcome to realize a fast
implementation. These obstacles are:

- Successful life cycle management of current production plants
- Arisk averse chemical industry
- Linear innovation paths causing long times to market

Investment requirements are considered to be an important obstacle in the adoption of the
new production process. In the current economic structure of the chemical industry the
lifetime of production plants is large and returns on investment are low. Therefore, new
technologies requiring large capital expenditure are unlikely to be adopted from an
economic point of view. This hurdle has seriously limited a more widespread use of
promising technologies in the past.

A second obstacle on the transition path is considered to be uncertainty. A new way of
processing always involves risks, because the concept has not yet been proven on a large
scale and on the long-term. Therefore, as long as the current production method is
making an acceptable profit, industry will be risk averse and stick with optimizing current
production concepts. Radical change must primarily come from environmental and social
forces, rather than from economical incentives.

Fortunately, the situation for the proposed new ionic liquid/carbon dioxide production
process is more positive. Large investments do not have to be made, because the new
production process can use existing equipment. In the fine chemical industry,
supercritical extraction is already applied®* and this equipment can also be used to carry
out the new process. Moreover, when industry not only takes economic considerations
into account but also the environmental and social impact of their activities, the overall
advantage of the new investment is even higher.

The obstacle of uncertainty can be overcome by demonstrating the use of ionic liquids
under practical conditions for prolonged periods of time. Until recently, the long-term
process aspects of ionic liquids (such as the long-term stability, availability, costs and
impact on the environment) were unknown®’. However, cooperation between companies,
research institutes and universities has resulted in a ‘proof of concept’ for a number of
ionic liquid processes. In collaboration projects, properties of ionic liquids that are
needed for their implementation in industry have been evaluated®®®. Considerable
progress towards commercialization of ionic liquids has recently been made. Since the
supply of ionic liquids is expanding (more types of ionic liquids with increasing
availability from multiple vendors), prices are decreasing fast because of economics of
scale”. At the same time, more ionic liquids are demanded, because new industrial
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applications are found. This higher demand does not seem to raise the price, because the
supply increases even faster. For example, ionic liquids are currently used in BASF’s
BASIL® (Biphasic Acid Scavenging using Ionic Liquids) technology for esterifications™
and in Air Products’ GASGUARD® technology for the safe storage of toxic gases’'.
Because of these first commercial applications, ionic liquids are considered less risky,
and more as ‘proven’ technology.

Because the considered obstacles of investment requirements and uncertainty in the
adoption of the proposed production process are smaller than perceived, it is possible to
accelerate the implementation of the proposed ionic liquid/carbon dioxide production
process. Instead of using time-consuming linear innovation paths, an innovation model
that considers the innovation process as coupled ‘cycles of change’ is employed. This
will be discussed in the next paragraph.
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10.4 Managing the innovation process

10.4.1 The Cyclic Innovation Model

The development of innovation models is generally classified into generations’>>". First-
generation innovation models represent the innovation process as a pipeline of sequential
processes (stage-gate model), starting at scientific research and ending with commercial
applications (‘technology-push’). Second-generation models reverse this pipeline, starting
at the market and ending at scientific research (‘market-pull’). Third-generation models
are a mixture of the previous two. They combine the ‘science-push’ and ‘market-pull’
models and introduce feedback paths in the pipeline. However, innovations do not take
place in linear sequences. Instead, innovation creates change, which in turn creates new
opportunities and challenges, resulting in innovations that again generate change, etc.
Therefore, the mode of execution used in this chapter has a circular architecture and is
based on a fourth-generation innovation model, the Cyclic Innovation Model (CIM). This
model was introduced by Berkhout'?. It considers the innovation process as four coupled
‘cycles of change’, in which parallel developments take place that influence each other.
In this way, the innovation path (the transition path from the current situation to the
image of the future) can be significantly accelerated.

In CIM, technological research is influenced by two driving forces: scientific exploration
and product(ion) development. This influence is not linear (one-way), but shows cyclic
interaction (feed-forward and feed-back paths). Therefore, technological research plays a
central role in connecting sciences with products (upper part of figure 10.3).
Technological research is fueled by scientific knowledge in the natural and life sciences
(‘hard sciences’). In this technical-oriented sciences cycle, technological research is a
multi-disciplinary activity: a package of different disciplines from the hard sciences is
needed to develop a new technology (many-to-one relationship). In addition,
technological research is driven by the needs of technical knowledge on how to create
new technical functions (products). In this integrated engineering cycle, product(ion)
development is a multi-technology activity: a package of different technologies is used to
develop a new product or production process (many-to-one relationship). The dynamics
in technological research are thus driven by both new scientific insights (science push)
and new requirements in product(ion) development (function pull).

Similarly, market transitions are also influenced in a cyclic way by scientific exploration
and product(ion) development. The two linked cycles are shown in the lower part of
figure 10.3. Insight in rising and falling markets is fueled by scientific knowledge in the
economic and social sciences (‘soft sciences’), being directed to the changing needs and
concerns in society. In this social-oriented sciences cycle, research is a multi-disciplinary
activity: a package of different disciplines from the soft sciences is needed to explain and
predict changes in markets (many-to-one relationship). Furthermore, market transitions
are driven by the supply of new product/service combinations. In this differentiated
service cycle, the supply of new product/service combinations is determined by the
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innovative capacity of the business community. The dynamics in market transitions are
thus driven by both scientific insight into changing demand and commercial investment
in changing supply.

What is possible ?

Scientific
Exploration

Technological
Research

Technical-oriented
Sciences Cycle

Integrated
Engineering Cycle

Product(ion)
Development

Scientific

Market
Exploration i

Transitions

Differentiated
Service Cycle

L Social-oriented
Sciences Cycle

Product(ion)
Development

What is desired ?

Figure 10.3: Technological research (upper part) is driven by the cyclic interaction between new
scientific insights in technologies (technical-oriented sciences cycle) and new requirements in
product(ion) development (integrated engineering cycle). Similarly, market transitions (lower part)
are driven by the cyclic interaction between new scientific insights in changing demands (social-
oriented sciences cycle) and the changing supply of product/service combinations (differentiated
service cycle).

Figure 10.3 reveals that both scientific exploration and product(ion) development have a
dual nature. Scientific exploration has soft and hard aspects; and product(ion)
development has technical and societal aspects. Figure 10.4 combines the upper and
lower part of figure 10.3 into the Cyclic Innovation Model: a circle of interacting
processes of change, creating interaction between changes in science and industry
(interaction between the left and right hand side of the model), as well as technology and
markets (interaction between the upper and lower part of the model). The four nodes of
change — scientific exploration, technological research, product development and market
transitions — are coupled via cyclic interactions, with feed-forward and feedback loops.
Technology is very important, but CIM shows that innovation is more than just
technology. What is the added value for the user? Note from figure 10.4 that
entrepreneurship plays a central role: without entrepreneurship there is no innovation.
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Technological
Research

Scientific
Exploration

Product(ion)
Development

§----- Entrepreneurship  J«-----

Market
Transitions

Figure 10.4: In the Cyclic Innovation Model (CIM) changes in science and industry as well as
changes in technology and markets are cyclically interconnected. Entrepreneurship plays a
central role in the innovation process. Note that the model represents not a chain but a circle,
because in practice, innovations build on innovations.

Innovations can be subdivided into classes. Class 1 innovations are based on changes in
only one node. For instance, a new marketing concept for an existing product-service
combination is a class 1 innovation. Similarly, class 2 innovations are based on changes
in two nodes, etc. The most disruptive innovations are of class 4, where all four nodes
change and innovations require new scientific discoveries. Industrial application of ionic
liquid/carbon dioxide production processes in the chemical industry is a class 4
innovation. The scientific discovery has largely been made, and the technology is
maturing. Now, the two remaining CIM nodes (i.e., production development and market
transitions) need to change.

In a favorable innovation system there are few barriers between the nodes and cycles.
Knowledge, information, labor and capital can take freely flow around the innovation
circle, both clockwise and anti-clockwise. However, one or more barriers can disturb this
process. Two types of barriers are common: the ‘innovation paradox’ and ‘technical
isolation’. The ‘innovation paradox’ means that a society is not innovative, even though it
performs excellent in scientific research (barrier between the left and right hand side of
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figure 10.4). ‘Technical isolation’ means that a society is not innovative, even though it is
successful in developing inventive technology (barrier between the upper and lower part
of figure 10.4).

10.4.2 Innovating chemical production processes using ionic liquids and carbon
dioxide as combined reaction and separation media

Figure 10.5 shows the Cyclic Innovation Model for the implementation of the proposed
production process combining carbon dioxide with ionic liquids®. It is indicated which
actors are responsible for which challenges. Figure 10.6 shows a network representation
of the innovation cycles.

Challenges in Science Challenges in Engineering

- Research on ionic liquid properties

- Process development

- Proof of the new
technological concept PaCkage of - Design of rubust installations
- Legal protection of the Technologies - Legal protection

new technology of the new design

Scientific
Disciplines

- Entrepreneurship

Challenges in Demand Challenges in Supply

Lead Users

- Involving lead users
- Securing sustainable production
- Competing with

traditional producers

- Understanding social needs
and concerns

- Building a vision of the future

- Meeting governmental regulations

Figure 10.5: The Cyclic Innovation Model for the sustainable production of fine chemicals and
pharmaceuticals. Challenges and responsible actors are indicated. Innovation is like playing
simultaneous chess on four boards.
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Scientific laboratories Product divisions
Research on ionic Process
liquid properties development
Proof of the new Design of robust
: ~ - Technology
technological installations
concept Protection of the platforms
Protection of the new design
TeChn()l‘Ogy new technology
driven
Customer Understanding Involving lead

driven social needs and users
concerns Secupng )
Building a vision sustainable Marketing
of the future production teams
Meeting Competition with
governmental traditional
regulations producers

Research-oriented

Product(ion)-oriented

Figure 10.6: Network representation of the innovation cycles for the sustainable production of fine
chemicals and pharmaceuticals. There are four interconnected networks, each network having a
matrix topologym.

Challenges in the market

The market of fine chemicals and pharmaceuticals is growing fast, due to the population
growth, the trend of aging and the higher standard of living. The latter makes medicines
affordable to more people. Conventional production processes in the chemical industry
generate too much chemical waste and use too much energy (see table 1.1). Since the
environmental awareness is increasing, the fine chemical industry is under pressure to
reduce its waste production and energy consumption. Furthermore, lower prices for
medicines are demanded to reduce the increasing cost of healthcare. These forces will
drive the forthcoming changes.
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Looking at the social-oriented sciences cycle, market-oriented research organizations aim
in their research to better understand and predict the continuously changing needs and
concerns in society. Companies use this knowledge to build a corporate vision of the
future. Governments should base their legislation on this understanding, whereas in turn
the legislation will again initiate new changes.

For example, governmental legislation can force companies to innovate by setting stricter
regulations with regard to safety, health and environment. These regulations should be
based on the latest state-of-the-art technology, or, even better, should encourage the
development of better technology. Intelligent governmental legislation leads to a faster
implementation of multi-value innovation. However, government should design their
policies in close collaboration with universities and companies. This is the essence of the

triple helix principle’®’.

Challenges in production

In the differentiated service cycle, companies aim to distinguish themselves with the new
production process in order to obtain competitive advantage. Product quality and
specifications are set by product divisions in cooperation with lead users. Profitability is a
first requirement for securing the sustainable production of fine chemicals and
pharmaceuticals. Moreover, marketing groups can use the sustainable image of the
company to attract new customers and to confront conventional producers.

The new production process is an example of a process innovation. Industry is not asked
to make a new product (it takes at least 10 years of clinical testing before a new medicine
is allowed for public use), but to change the way of production. A significant advantage is
that the new production method can be carried out by making ample use of existing
equipment.

Challenges in engineering

The product divisions (engineers from industry) and technology platforms (applied
researchers from the hard sciences) must cooperate in the engineering cycle to develop
the ionic liquid technology to maturity. They should test the new production process on a
pilot scale and then design robust commercial installations. They must learn all (long-
term) process aspects, and know how to optimize the process by smart control. The
pharmaceutical industry should share their experiences with the scientific community and
stimulate universities to develop solutions to overcome any of the problems that may
occur. Also, patent protection of the robust installation design is an important issue.

Challenges in science

Scientific laboratories in cooperation with technology platforms must determine the
physical and chemical properties of ionic liquids to select a suitable one for a specific
application (technical-oriented sciences cycle). Measuring these properties is time-
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consuming and expensive. It is better to develop scientific models for predicting the
properties of ionic liquids. Also, the long-term stability of ionic liquids has to be
investigated. Furthermore, ionic liquids should be tried as solvents for various reactions
and separations. Kinetics and selectivities should be measured. Multi-disciplinary
scientific groups (catalysis, thermodynamics, separation technology) should work
together to obtain all this information. Based on these data, a proof of concept for the new
technology can be reached and applications for the new technology can be found in
cooperation with companies. Furthermore, intellectual property protection for the new
technology should be arranged.

Class 4 innovation

The new production process is an example of a class 4 innovation. It is based on
innovative contributions in all four nodes. Science provides the foundation for the new
production process. Basic research on the properties of ionic liquids has generated new
insight for the use of these liquids as novel reaction and separation media. Further
technological development has resulted in the discovery of a new safe production method
without any waste generation and with low energy input. Sustainable industrial
production can be secured by the profitability and the ‘green’ image of the innovation. It
is recommended to introduce a certificate that states that the chemical product is
produced in an environmentally and socially responsible manner. In this way, customers
can recognize that the new production method meets the needs and concerns of society,
now and in the future.
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10.5 Conclusions

In this thesis a new production process using ionic liquids and carbon dioxide is
described that may lead leads to a future where more fine chemicals and pharmaceuticals
can be safely produced using less raw materials and significantly less energy and yielding
zero waste.

Fast implementation of this sustainable way of production requires the use of a new

innovation concept. This concept does not represent innovation by a sequential process,
but by coupled networks that connect science and business in a parallel fashion.
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11. Conclusions and Outlook

11.1 Conclusions

Ionic liquid/carbon dioxide production processes can be an attractive alternative for the
wasteful and energy-intensive conventional production processes. Combining reactions
and separations using ionic liquids and carbon dioxide lead to considerable process
intensification when the miscibility windows phenomenon (carbon dioxide-induced
‘single-phase’/’two-phase’ transition) is applied. Using this phenomenon, it is possible to
carry out reactions in a homogeneous phase, whereas the separation takes place in the
biphasic system, where the products are recovered from the phase that does not contain
any ionic liquid. Advantages of this new process set-up are the high reaction and
separation rates, the low waste generation and energy consumption, the high product
quality and the safe working conditions. The occurrence of the miscibility windows
phenomenon has been demonstrated for ternary ionic liquid + carbon dioxide + alkanol
systems. Since the principle of miscibility windows is a general phenomenon, it is likely
that the new process set-up is applicable to many industrial processes.

It was found that the asymmetric hydrogenation of methyl (Z)-a-acetamidocinnamate
could be carried out in an ionic liquid + carbon dioxide system. Conversions and
enantioselectivities were comparable to the conventional production process. The catalyst
could be reused without significant loss in activity or selectivity. The product N-acetyl-
(8)-phenyl-alanine methyl ester was separated from the ionic liquid using carbon dioxide
either as co-solvent in extractions (at low carbon dioxide concentrations) or as anti-
solvent in precipitations (at high carbon dioxide concentrations). The extracted product
contained no detectible amount of ionic liquid or catalyst (<0.1 ppm). Both separation
methods work well and can reach a 100% recovery using a proper process lay-out.

A model was developed to predict the phase behavior of ionic liquid systems. This model
is based on the truncated Perturbed Chain-Polar Statistical Association Fluid Theory
(tPC-PSAFT) equation of state. This model not only describes the carbon dioxide
solubility in ionic liquids well, but also gives an indication that the ionic liquid mainly
consists of ion pairs instead of separated charged ions.

Quantum chemical calculations were used to develop a tool for prediction of the thermal
and electrochemical stability of ionic liquids. The calculated activation energy
corresponded well with the measured decomposition temperature and may be used to
predict the decomposition temperature of an ionic liquid before it is synthesized.
Moreover, it was found that the electrochemical window could be correlated to the
calculated difference in energy level of Lowest Unoccupied Molecular Orbital (LUMO)
of the cation and Highest Occupied Molecular Orbital (HOMO) of the anion. The
electrochemical decomposition reactions of several ionic liquids on the cathode limit
were successfully predicted and verified by experiments.
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Ionic liquid/carbon dioxide production processes lead to significant economical and
environmental benefits compared to the conventional production processes. The
operational costs for the production of N-acetyl-(S)-phenyl-alanine methyl ester can be
reduced by € 7.04 per kilo, because of the lower costs for catalyst and solvent make-up
and the lower energy costs in the ionic liquid/carbon dioxide production process.
Although the investment costs for the ionic liquid/carbon dioxide production process are
higher due to investments in ionic liquid and catalyst, the new production process is
economically feasible, especially when the production process is carried out in existing
equipment. The most important obstacles in the implementation of the new technology
are the successful life cycle management of current production plants, the linearity of
current innovation thinking and a perceived high risk of adoption. According to the cyclic
innovation model, these obstacles can be overcome when developments in all cycles
occur in a parallel fashion and all involved actors collaborate in coupled networks.
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11.2 QOutlook

Because ionic liquids can be designed for a specific application, it is expected that the
production method using ionic liquids and carbon dioxide described in this thesis is
applicable to many industrial processes, especially in the fine chemical and
pharmaceutical industry. In these industries, the use of ionic liquids could lead to
enormous savings in waste generation and energy consumption, whereas at the same time
high product qualities are obtained (food-grade, without any ionic liquid contamination).
Therefore, it is recommended to extend the research to other systems, preferably with
useful products where the new production method would be a solution to the enormous
amounts of waste produced and energy consumed, the low purity of the product and the
catalyst recovery problem. Moreover, further research should be focused on the control of
the reaction and the separation process. For example, the influence of the conditions
(temperature, pressure, time, stirrer speed, etc.) on the crystal size and shape of the
product after extraction or precipitation is unknown and has to be determined.

The production method described in this thesis is not the only method that shows how
ionic liquids can contribute to process intensification. Since the discovery that ambient
temperature ionic liquids can be used as solvents for (organic) reactions and separations
one decade ago, the number of articles about ionic liquids as ‘green’ media has been
growing steadily (see figure 1.3) and will continue to increase, as ionic liquids are a hot
topic in chemistry and chemical engineering. It is expected that new intensified
production methods using ionic liquids will be found in the near future.

For example, ionic liquids are promising solvents for the use in ionic liquid membrane
reactors (see figure 11.1). Supported ionic liquid membranes are porous solids whose
pores are filled with ionic liquid. In the ionic liquid a catalyst can be dissolved that
catalyzes the reaction between the gaseous reactants. In principle the reaction can be
carried out beyond its equilibrium by continuous removal of (one of) the products,
because only the product is able to diffuse through the membrane.

Ionic liquid membrane + catalyst

| |
Reactants (v) —» || [ —» Unconverted reactants (v)

o

Product (v)

Figure 11.1: lonic liquid membrane reactor
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The advantages of using ionic liquid membranes over normal membranes are the higher
stability (the ionic liquid will not evaporate), the higher dispersion of the catalyst without
the problem of sintering (ionic liquids stabilize catalysts) and additional separation
selectivity (the selectivity of ionic liquids can be optimized by choice of cation and
anion).

Another promising field is electrochemical synthesis in ionic liquids. Ionic liquids are
suitable solvents for carrying out reduction-oxidation reactions, because of their high
electrochemical stabilities and conductivities. The separation is instantaneous, because
the different products are formed at different electrodes. Examples are the synthesis of
inorganic and organometallic materials and the reduction of carbon dioxide into useful
hydrocarbons.

Although many new applications of ionic liquids will be found, it is expected that ionic
liquids as solvents will only be industrially applied for the production of specific
chemicals, where the ionic liquid offers huge advantages over the conventional solvent.
Ionic liquids will not change the whole chemical industry, but they will certainly find
their way into a number of industrial processes.

It is essential to know the long-term process aspects for the industrial application of ionic
liquids. Therefore, it is expected that ionic liquid research in the near future will be
focused on the long-term use and environmental impact of ionic liquids (long-term
stability, toxicity, biodegradability, etc.). More models will be developed that predict the
physical and chemical properties of ionic liquids based on choice of cation and anion.
This makes it possible to select a suitable ionic liquid for each application, without
expensive time-consuming experimentation in the laboratory.

It can be expected that the ability to tailor the properties of ionic liquids will be used
more and more to design perfect solvents for each application. Certainly, the focus will
change from tetrafluoroborate-based and hexafluorophosphate-based ionic liquids to
more stable ionic liquids. At this moment especially the 1-hexyl-3-methylimidazolium
bis(trifluoromethyl-sulfonyl)imide is at the center of interest. Better alternatives for the
base-sensitive imidazolium cation will also be found. Imidazolium is easily deprotonated
at the C2-position and the aromatic ring is easily reduced. It is expected that non-aromatic
cations without any acidic hydrogen atoms are more stable cations. The choice of cations
and anions is enormous, and this choice will be used for an optimal ionic liquid design.

Although a lot of money can be saved by using ionic liquids as industrial solvents, the
cost of ionic liquids themselves can be a limiting factor in the development of industrial
ionic liquid processes. Currently, ionic liquids are made primarily in laboratory-scale
quantities and sell for around € 1,000 per kilo. To be competitive with conventional
solvents, the price of ionic liquids will have to be reduced by a factor of 100 or more. The
price can drop to about € 10 per kilo or even less, when larger quantities of ionic liquids
are produced, depending on composition, purity and quantity. But this price is still high
compared to conventional organic solvents. However, the attention for safety, health and
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environment will make the use of ionic liquids in industry economically more attractive
than the use of conventional organic solvents, which have high flammabilities and high
volatilities leading to high emissions, high costs for pollution and high solvent make-up

costs.
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