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Abstract 

 

Influence of Water on the CO2 Capture Mechanism, Capacity and 

Thermodynamic Properties of Aprotic Heterocyclic Anion Ionic Liquids 

 

Gabriela Maria Avelar Bonilla, PhD.  

The University of Texas at Austin, 2020 

 

Supervisor:  Joan F. Brennecke 

 

Ionic liquids (ILs) are promising alternative solvents for carbon capture 

applications, including aprotic heterocyclic anion (AHA) ILs. These ILs were specifically 

designed for this application. They bind with CO2 in a 1 to 1 mole ratio, with a modest 

enthalpy of reaction. Water is an important impurity present in the flue gas, and 

understanding its effect is critical in designing the separation process. Water is of particular 

importance for ILs because it can change their physical properties and the chemistry of 

their reaction with CO2. In this dissertation, a comprehensive study regarding the reaction 

mechanism, CO2 solubility and equilibrium values of the IL-CO2-H2O system is  presented.  

The changes in the reaction mechanism of AHA ILs with CO2 in the presence of water 

were investigated using NMR spectroscopy methods. It was established that in addition to 

the anion reacting with CO2 to form carbamate, the anion reacts with water and is 

reprotonated, leaving hydroxide to react with CO2 to form bicarbonate. The amount of 

reprotonated anion, carbamate and bicarbonate formed depends strongly on the nature of 

the anion and substituent groups on it.  Additionally, the enthalpy, entropy and equilibrium 

constants for the reaction between the IL and CO2 in the presence of water were estimated. 



 vii 

This was done by fitting experimental data of the CO2 absorption isotherms of AHA ILs 

and water mixtures to a Langmuir model. The results revealed that the enthalpy of the 

reaction leading to bicarbonate formation is larger in magnitude than the value obtained 

for the reaction of the neat IL with CO2 (only carbamate formation). An increase in the 

overall enthalpy of reaction could increase the amount of energy needed for the IL 

regeneration process and, subsequently, the cost of carbon capture. Nevertheless, it was 

concluded that water present in the post-combustion flue gas will not hinder the use of 

AHA ILs, in CO2 capture applications.  
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 1 

Chapter 1: Introduction 

This research study focuses on the impact of water on the separation of CO2 from 

post combustion flue gas by using aprotic heterocyclic anion ionic liquids (AHA ILs); more 

specifically the changes caused by water in the CO2 capture mechanism, CO2 capacity and 

thermodynamic properties. In this chapter a brief introduction and background of the topic 

is presented. Beginning with the current global scenario regarding CO2 emissions and 

climate change, followed by a description of the current CO2 capture technologies (their 

advantages and disadvantages). Additionally, an introduction and description of ionic 

liquids is presented: their use for CO2 capture applications, a brief discussion regarding the 

effect of water in their properties and previous studies on the effect of water on CO2 capture 

using ionic liquids. Finally, the research problem and objectives of this study are presented, 

and an outline of the following chapters in this dissertation.  

MOTIVATION: IMPORTANCE OF CO2 CAPTURE TECHNOLOGIES  

Anthropogenic CO2 emissions have caused a tremendous and relentless increase of 

the CO2 concentration in the atmosphere, from a concentration of 280 ppm in the pre-

industrial era (1750), to surpassing the 400 ppm level in 20131 and to a concentration of  

408 ppm in October of 20192. Moreover, the  CO2 emissions from fossil fuels and industry 

continued to increase at a growth rate of  +1.8% per year in the last decade3.  These are 

alarming figures, because anthropogenic CO2 emissions have been showed to cause the 

greenhouse effect and the imminent threat of climate change phenomena in our planet. The 

Intergovernmental Panel on Climate Change (IPCC) report of 2019 states that CO2 

emissions have to be reduced drastically in the next decade to 25-30 GtCO2/year, in order 

for the temperature not to increase more than 1.5 °C4. The CO2 emissions in 2018 were 37 

GtCO2/year5 and the estimate for 2030 is 52-58 GtCO2/year4. An increase of the 
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temperature in our planet larger than 1.5 °C is expected to have a tremendous impact in our 

ecosystems and biodiversity, limiting their possibility to adapt. Furthermore, there would 

be a reduced level of risk regarding extreme weather events (such as drought, heavy 

precipitation and fires), if the temperature increases less than 1.5 °C6.  

The biggest sources of global fossil fuel CO2 emissions are coal, oil and gas (with 

40%, 30% and 20% shares respectively5). Additionally, the emissions corresponding to all 

of these sources have also increased in the last couple of years, in 2017 the emissions due 

to coal increased by 1.6%,  the ones due to oil by 1.7% and the emissions due to gas by 

3%5. Currently in the U.S.  28% of the electric energy comes from coal and is expected to 

drop to only 17% by 20507, due to the recent drop of natural gas prices (attributed to the 

development and advances of fracking technologies), however, globally 40% of the electric 

energy comes from coal, and only 10% comes from renewable sources8. Developing 

countries are more likely to keep using coal to produce electricity because is a cheap 

resource and is readily available. Moreover, according to BP’s 2019 energy outlook it will 

take approximately 20 years for the renewable energy sources to increase their share of the 

energy market and to be able to surpass coal and fossil fuels8.  

The current scenario regarding CO2 emissions and the use of fossil fuels is clearly 

not ideal, moreover the window of time to mitigate the effects of climate change in our 

planet is becoming smaller, according to the IPCC’s recommendation we only have 11 

years to reduce the CO2 emissions by 45% (from the emissions of the last decade) in order 

to avoid higher temperature increase than 1.5 °C4. Consequently, there is clearly a great 

need to develop CO2 capture technologies that will allow us to keep using fossil fuels and 

coal as energy sources without harming the planet and also to counter-arrest the damage 

that has already been done. The CO2 capture technologies that are needed must be 

environmentally friendly and economically feasible.  
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OVERVIEW OF CURRENT TECHNOLOGIES FOR CO2 CAPTURE 

As mentioned before the concerns about high CO2 emissions and climate change 

have propelled the interest in CO2 capture technologies. The highest percentage of CO2 

emissions from fossil fuels comes from power plants (82 % of CO2 emissions from 1959 

to 2017 correspond to fossil fuel emissions5 and approximately 40% of those emissions 

come from the power sector9). Accordingly, the efforts regarding CO2 capture technologies 

have been directed to reduce the CO2 emissions from such point sources. There are 

different CO2 technologies (such as chemical and physical absorption, polymeric 

membranes, adsorption processes, etc.) that have been developed for different scenarios, 

according to the CO2 emissions point sources. The most common scenarios of CO2 capture 

are pre-combustion processes and post-combustion processes, consequently the majority 

of technologies available were developed for these two scenarios. Other scenarios for CO2 

capture that have been studied are the oxy-fuel process and chemical looping combustion 

process. The different scenarios and technologies regarding CO2 capture processes are 

discussed below. 

Pre-combustion CO2 capture is used in gasification processes, where fuels such as 

syngas, hydrogen and natural gas are converted into hydrogen and CO2 (via reforming or 

gasification). Consequently, pre-combustion CO2 capture processes consist in separating 

the hydrogen from the CO2, to produce electricity. Pressure swing absorption is suitable 

for this process due to the high pressure of CO2 in the gasification processes, therefore is 

less energy intensive. It was reported that pre-combustion CO2 capture would increase the 

cost of electricity by 25%, on the other hand post-combustion CO2 capture is estimated to 

increase it by 70%10.  Regarding the technology available for the CO2 separation in the 

case of pre-combustion CO2 capture physical sorbents such as selexol (mixture of dimethyl 

ethers of polyethylene glycols) and rectisol (organic solvents at subzero temperature) are 
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the most commonly used in industry for this CO2 capture scenario11,12. The main 

disadvantage of using physical sorbents is that they provide low selectivity, in the cases 

where the CO2 captured needs to have a higher purity, chemical absorbents are used in 

industry, such as such as methyl-dyethanol-amine aqueous solutions12. 

Post-combustion CO2 capture is designed to separate CO2 from the flue gas product 

of burning fossil fuels (oil, coal or natural gas).  The flue gas in this scenario (after NOX 

and SOx removal) consists of N2 (%), H2O (%) and CO2 (%). Chemical absorbents are 

mostly used for post-combustion CO2 capture process, due to the low CO2 concentration 

in the flue gas. The biggest obstacle faced in post-combustion CO2 capture technologies is 

the high cost of implementation, therefore efforts continue to be directed towards the 

development and improvement of chemical absorbents and capture process design, to make 

it economically feasible.  In the case of post-combustion CO2 capture scenario, the most 

mature technology are amine aqueous solutions as chemical absorbents.  

Amine solvents are considered the most effective commercially available solvents 

for CO2 capture applications, the benchmark regarding amines solvents is 

monoethanolamine. Monoethanolamine aqueous solutions  (20-30 wt.%) have been used 

in industry for more than 60 years, they have shown to be effective in capturing CO2 with 

a high recovery rate of 98% and high product purity of 99%13. Other types of amine 

solvents with different characteristics have been proposed for CO2 capture applications 

such as secondary and tertiary amines, sterically hindered amines and cyclic diamines in 

order to improve the CO2 absorption process by amine scrubbing. Some of them are also 

used in industry such as methyldiethanolamine, piperazine and other advanced amines 

(which are proprietary)12. The main cornerstone of using aqueous amine solvents is the 

high cost related to the regeneration of the solvent (estimated to be 70-80% of the total cost 
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of operation14). Other disadvantages of using amine solvents are their corrosiveness, 

thermal and oxidative degradation and solvent losses due to evaporation12,14–16.  

Ammonia systems are an alternative to amine solvents, the chilled ammonia 

process captures CO2 at low temperatures (0-10 °C), in this process the chilled ammonia 

reacts with CO2 in an absorber, where ammonium carbonate and bicarbonate are formed. 

The advantages of this process are a lower heat of solvent regeneration than amine solvents, 

no degradation issues, ammonia is less corrosive and tolerant to pollutants such as SOx and 

NOx, additionally the products of the absorption process (ammonium sulfate and nitrate) 

can be used as fertilizer.  On the other hand, the disadvantages of this system are the energy 

required for cooling the ammonia and the handling of the precipitated products in the 

process, moreover, ammonia is volatile and toxic10,13.  

Other chemical absorbents studied for CO2 capture applications and show 

promising results are ionic liquids (which are discussed at length below) and aqueous alkali 

carbonate systems. In the carbonate systems the CO2 is capture by the reaction of a 

carbonate salt (such as potassium or sodium carbonate) with water and CO2 to form 

bicarbonate. These types of processes are not currently used in industry; however, they 

present several advantages over amine solvents. They exhibit a lower hear of solvent 

regeneration, they are nonvolatile, nontoxic and are cheap. The main drawback of 

carbonate systems is their lower rate of CO2 absorption, which would lead to the need of 

bigger absorber columns12,13. Efforts continue to be directed towards the development of 

new solvents for CO2 absorption that are cheap, non-toxic, non-corrosive, recyclable, easy 

to handle, have high rates and kinetics of absorption and low heat of regeneration.  

Adsorption is another method available to separate CO2 from the flue gas in power 

plants. Solids that physisorbed CO2 such as zeolites, activated carbon and molecular sieves 

have been studied for this application, moreover  additives such as amine solvents and 
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metal oxides can be impregnated in the different solid supports mentioned before to 

improve their performance. The main obstacles in the adsorption CO2 capture processes 

are the heat management in the solid system and the large energy required for the 

regeneration process if chemical sorbents are used13,17.  

Membranes are another type of technology that has been proposed for CO2 gas 

separations. Different types of membranes have been studied for this application such as 

organic polymeric membranes, inorganic membranes (such as zeolites, carbon, alumina 

and silica membranes) and solid-liquid membranes10. Membrane diffusion separation is 

based on the higher selectivity of the membrane towards CO2 over other gases on the flue 

gas (N2, H2). The main advantage of using membranes for CO2 capture is that the separation 

process is simple, has a modular design and does not require a lot of equipment, unlike 

other gas separation processes. The biggest challenge of using membranes is the tradeoff 

between selectivity and permeability; membranes with high CO2 selectivity are not 

permeable enough and membranes with good permeability allow other gases from the flue 

gas to permeate, resulting in a lower purity product and the need of a second separation 

step. Another constraint is the pressure gradient that is needed for the process (which makes 

membranes more suitable for high pressure applications)13,14,18. Furthermore, more efforts 

are still needed to develop these types of materials and processes (adsorption and 

membrane gas separations) to achieve an optimal performance, that can compete with more 

established CO2 capture technologies. 

The other CO2 capture scenarios are the oxy-fuel and chemical looping process, 

they consist of separating oxygen from air. The oxygen separation in the oxy-fuel process 

is conducted using an air separation unit, afterwards the oxygen reacts with a hydrocarbon 

fuel. The advantages of this process are that the resulting flue gas (after desulfurization) 

has only CO2 and water, therefore CO2 can be capture using a compression unit, moreover 
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the CO2 content in the resulting  flue gas varies in the range of  70- 95% v/v and can be 

stored without any further purification steps in some cases13,19. The main drawback of the 

oxy-fuel-process is the high cost of the air separation unit (usually cryogenic distillation), 

estimated to be 85% of energy consumption of the air separation unit20.  

The chemical-looping combustion process entails using metal oxide particles as 

oxygen carriers, in order to bring oxygen from air to react with fuel in  fuel reactor. The 

process consists of two reactors, an air reactor where the carrier metal is oxidized and  the 

fuel reactor, where the metal oxide is reduced by fuel. The flue gas product of this process 

only contains CO2 and water (similar to the flue gas of the oxy-fuel process), which means 

the separation of CO2 can be done with a condenser19. The cost of the oxygen-carrier 

material and development or improvement of better oxygen-carriers are the main 

cornerstones of this technology, additionally this type of technology has only been tested 

in a pilot plant scale13,20.  

IONIC LIQUIDS FOR CO2 CAPTURE APPLICATIONS 

Ionic liquids (ILs) are defined as organic salts with low melting points (usually 

lower than 100 °C). They usually consist of a bulky organic cation paired with an organic 

or inorganic anion. ILs have been portrayed as a greener or environmentally friendlier 

alternative to organic solvents, because they have negligible vapor pressures21,22. 

Moreover, due to their inherent properties such as thermal stability, non-corrosiveness, 

non-flammability, recyclability, low vapor pressure and their tunability (ILs’ properties 

can be tailored by varying the cation, anion and substituting groups in them), they have 

attracted a large interest for a broad range of applications22–24.  The applications for which 

ILs have been studied and developed continues to grow, some of them are catalysis, 
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electrochemical applications, synthesis, CO2 capture, analytical chemistry applications, gas 

separations, etc.24–30.  

This study focuses on the use of ILs for CO2 capture applications. Several studies 

have been conducted regarding the use and potential of ILs for carbon capture, the main 

characteristics of ILs that make them a promising alternative for this application are their 

low vapor pressures that would prevent solvent losses during the CO2 capture process, they 

are non-corrosive, recyclable and tunable.  Additionally, some ILs can act as catalysts or 

solvents for CO2 conversion to other valued chemicals, after CO2 capture.31–34  

Different types of ILs have been investigated as physical and chemical absorbents 

for post-combustion and pre-combustion CO2 capture scenarios. Ionic liquids with 

imidazolium and pyridinium cations with different alkyl chain lengths (1-ethyl-3-

methylimidazolium,1-buthyl-3-methylimidazolium, 1-hexyl-3-methylimidazolium and 1-

octyl-3-methylimidazolium) and different anions such as (tetrafluoroborate, 

hexafluorophosphate,  bis(trifluoromethylsulfonyl)imide, trifluoromethanesulfonate and 

tris(heptafluoropropyl)trifluorophosphate) have been studied as physical sorbents. These 

types of ILs exhibit a considerably higher solubility of CO2, than for other gases such as 

O2, N2, CH4, C2H6 and C2H4, which means they have good selectivity towards CO2. Their 

CO2 capture capacity on the other hand is only good at high CO2 partial pressures. The CO2 

solubility of these type of ILs at 1 bar of CO2 is less than 0.1 mol CO2/ mol IL and the 

Henry’s law constant values for these IL’s CO2 solubility ranges from 20 bar to 73 

bar24,27,35,36. According to the studies available in the literature, ILs as physical sorbents are 

only good candidates for pre-combustion CO2 capture scenarios, since they don’t have 

enough CO2 capture capacity at low partial pressures of CO2, which is needed for post-

combustion CO2 capture scenarios.  
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Task specific ILs have also been developed as chemical absorbents for post-

combustion CO2 capture applications. The first task specific IL reported for CO2 chemical 

absorption consisted of an imidazolium cation tethered to an amine group and paired with 

the tetrafluoroborate anion, it was reported that this IL reacted in a ratio of 0.5 mol CO2/  

mol IL with CO2. The binding reaction of this IL with CO2 consisted in the amine tethered 

cation binding with CO2 to form a carbamate product, the CO2 capture capacity of this task 

specific IL is similar to the capacity exhibited by aqueous amine solvents37. Further studies 

regarding task specific ILs for CO2 capture showed that the amine functionality could be 

tethered to the anion, resulting in aminoacid ILs (such as trihexyltetradecylphosphonium 

paired with prolinate, methioninate, glycinate, etc.). This type of ILs exhibited a higher 

CO2 solubility capacity of 1 mol of CO2 per mol of IL; however, the IL’s viscosity 

increased significantly after CO2 exposure38,39. Other types of ILs developed for this 

application are methyonate based ILs, pyridinium based ILs, phenolate based ILs and 

carboxylate based ILs, some of them with a CO2 solubility higher than1 mol of CO2 per 

mol IL. However, all of them exhibited a high viscosity after CO2 exposure, due to 

hydrogen bonding40–43.  

Within that context Gurkan, et al. developed another type of functionalized IL, the 

aprotic heterocyclic anion (AHA) ILs. They consisted of an N-heterocyclic anion paired 

with a phosphonium cation (such as trihexyltetradecylphosphonium 2-cyanopyrrolide). 

This type of IL reacts with CO2 in a 1 to 1 mol ratio, and their CO2 capture mechanism 

consist of the anion reacting with CO2 to form carbamate. Additionally, they exhibit a 

modest enthalpy of reaction for CO2 bonding and their viscosity doesn’t increase after they 

have reacted with CO2, unlike other task specific ILs44. Moreover, it has been demonstrated 

that the enthalpy of reaction for CO2 binding of the AHA ILs can be tuned, by varying the 

anion and the substituting groups in it. The enthalpy of reaction with CO2 of the AHA ILs 
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studied varied from -54 kJ/mol to -30 kJ/ mol, and it was observed that the anion’s basicity 

has a major impact on the ILs reactivity with CO2 and consequently it’s enthalpy of reaction 

with CO245. The cation on the other hand did not have a significant effect on the enthalpy 

of the AHA ILs reaction with CO2, and it was reported that the phosphonium cation alkyl 

chain length affected mostly the entropy of the reaction with CO2. The entropy of the AHA 

ILs’ reaction with CO2 becomes a larger negative number with increasing cation alkyl 

chain length. Additionally, the ILs’ viscosity decreases significantly with decreasing cation 

alkyl chain length46.  

Other AHA ILs that have been studied are the phase change ILs (PCILs), ). These 

ILs are solid at room temperature and they become liquid after CO2 exposure. The PCILs 

are attractive for CO2 capture applications because the heat of fusion of the IL can be used 

to decrease the amount of energy necessary during the regeneration process. The AHA ILs 

that exhibit a phase change behavior after CO2 exposure consist of the benzimidazolide 

anion paired with the cations tetraethylphosphonium and triethyloctylphosphonium; they 

exhibit high CO2 solubilities and thermal stability, which makes them promising candidates 

for post-combustion CO2 capture applications47,48.  

The viscosity of ILs is one of the main challenges regarding their use in CO2 capture 

applications, since they have significantly higher viscosities than aqueous amine solutions, 

which translates into diffusion limitations in the CO2 capture process. An alternative that 

has been proposed to deal with IL mass transfer limitations is to encapsulate them to 

increase their area of contact with CO2. Different materials have been studied to 

encapsulate them such as carbon micro-capsules, polydimethylsiloxane (PDMS) polymer 

shell, silica nano particles and poly(methylmetacrylate). The size of the encapsulated ILs 

varies according to the material and technique used in the encapsulation process, from the 

micro to nanometer range49,50,59,51–58. In the case of the AHA ILs, studies to encapsulate 
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them using carbon micro-capsules and PDMS shells have been reported, the encapsulated 

ILs showed the same CO2 capture capacity as the neat ILs, good recyclability and increased 

kinetics48,54,58. 

Water is one of the main impurities to take into consideration in IL applications, 

because it has been demonstrated that water can significantly change the ILs’ physical 

properties such as viscosity, conductivity, polarity and surface tension60–62. Moreover, 

water can change different parameters of ILs in different applications such as selectivities, 

reaction rates and mechanism, etc. impacting the ILs’ performance39,63–66. In the context of 

post-combustion CO2 capture using ILs, water is a crucial impurity, since it is going to be 

present in the flue gas (at a concentration of 5-7% by volume67) and besides changing the 

IL physical properties it can also affect the ILs’ CO2 capture mechanism, capacity and 

kinetics. Regarding AHA ILs, it has been shown that they have a hydrophilic character, 

and their hydrophilicity can be tuned according to the anion nature and the cation’s alkyl 

chain length68.  

Several studies have been reported about the significance of water on the CO2 

capture for different ILs.  In the case of ILs that physically absorb CO2, it was reported that 

imidazolium ILs containing non-basic anions ([BMIM][PF6], [BMIM][BF4] and 

[BMIM][Tf2N]) water does not change their CO2 capture capacity significantly and no 

bicarbonate formation is observed69. On the other hand, changes in the CO2 capture 

mechanism (chemisorption and possibly bicarbonate formation) and an increased capacity 

were observed for imidazolium and ammonium ILs paired with basic anions 

([BMIM][OAc], [BMMIM][OAc], [eemim][Ac] and [N2224][OAc])69–72. The presence of 

water has been reported to increase the CO2 solubility of some task specific ILs such as 

phenolate based ILs, carboxylate ILs, formate based ILs and phosphonium AHA ILs 

(trihexyl(tetradecyl)phosphonium 3triazolide and trihexyl(tetradecyl)phosphonium 2-
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cyanopyrrolide)43,45,73–75; the opposite has been observed for ethylmethylimidazolium 2-

cyanopyrrolide and for amino acid ILs (trihexyl(tetradecyl)phosphonium methioninate and 

trihexyl(tetradecyl)- phosphonium prolinate)39,76.  

The changes in the CO2 capture capacity of different task specific ILs in the 

presence of water are attributed to changes in their reaction mechanism for CO2 binding, 

leading in some cases to bicarbonate formation. Davis, et al.65 reported that the reaction 

mechanism of amino acid ILs with CO2 and water consists of two steps: initially the anion 

reacts with CO2 and carbamate is formed, afterwards a carbonate/bicarbonate capture mode 

prevails. A similar reaction pathway was proposed by Thompson et al.66 for 4-substituted-

1,2,3-triazolide ILs which consist of 3 steps; first the anion is reprotonated by water and 

consequently phosphonium hydroxide is formed. Afterwards bicarbonate is formed by the 

reaction of hydroxide and CO2, and, finally, bicarbonate can further react with the 

reprotonated anion to form carbamate. A detailed study of the changes in the CO2 capture 

mechanism of AHA ILs due to the presence of water is presented and discussed in the 

following chapters.  

PROPOSED RESEARCH PROBLEM AND OBJECTIVES 

Understanding the implications that the presence of water will have in the different 

aspects of CO2 separation from flue gas using ILs is critical, because changes in the reaction 

products, rates and enthalpy will most likely have a significant impact on the design and 

cost of an industrial post-combustion CO2 capture process. Accordingly, the general 

objective of this dissertation is to gain a deep understanding regarding the influence of 

water on the separation of CO2 from post-combustion flue gas using AHA ILs. The specific 

objectives of the dissertation are to understand and quantify the changes in the CO2 capture 

mechanism, capacity and thermodynamic properties of AHA ILs, due to the presence of 
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water. Consequently, the initial part of this study focuses on the identification of the CO2 

capture mechanism of AHA ILs and water mixtures and the quantification of the products 

of the CO2 binding reaction.  Successively, the changes in the CO2 capture capacity of 

AHA ILs due to the influence of water are explored for different AHA ILs; finally, the 

thermodynamic properties of the system consisting of AHA ILs, water and CO2 are studied 

and quantified. Moreover, all of the studies presented in this work pertaining to the 

influence of water in the different aspects of CO2 capture using AHA ILs (reaction 

mechanism, CO2 capacity and thermodynamic properties), were conducted with different 

anions paired with a phosphonium cation. The study of how different anions react with 

CO2 in the presence of water will provide the necessary knowledge to tune the anion, with 

the purpose of changing the reaction’s enthalpy and equilibrium values to an optimal range, 

in order to suit the desired outcome in the post combustion CO2 capture process, making 

the process more efficient and possibly more economical.  

OUTLINE OF CHAPTERS 

Chapter 2: Reaction mechanism 

In this chapter the changes in the reaction mechanism of AHA ILs and CO2 due to 

the presence of water are studied. This study was conducted for 11 different AHA ILs 

consisting of a phosphonium cation paired with different anions using different NMR 

spectroscopy techniques such as 1H NMR, 13C NMR, HSQC NMR and HMBC NMR. 

These different NMR techniques were used to identify the reaction mechanism and 

products and to quantify some of the reaction products.  
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Chapter 3: Effect of water on the CO2 solubility  

This chapter consist of the study of the CO2 solubility in AHA ILs and water 

mixtures for 9 different AHA ILs. The study was conducted using an isochoric method to 

measure gas solubilities. In this chapter the CO2 solubilities in the different ILs are 

compared for different cases corresponding to the neat ILs (no water present) and ILs 

mixed with water at different concentrations. Additionally, in this chapter the reversibility 

of the reaction between the AHA ILs, water and CO2 is investigated by conducting 

recyclability tests of the CO2 solubility of the AHA ILs and water mixtures using the same 

isochoric method. 

Chapter 4: Thermodynamic properties 

The thermodynamic properties of the system consisting of AHA ILs, water and CO2 

are estimated in this chapter. The equilibrium constants, enthalpies and entropies of 

reactions corresponding to the reaction of the different AHA ILs and water mixture with 

CO2 are estimated using a Langmuir model and experimental measurements of the CO2 

solubility isotherms of the different AHA ILs and water mixtures.  

Chapter 5: Conclusions and recommendations 

In this chapter a summary of the principal findings of the different studies are 

presented regarding the effect of water on the CO2 capture process using AHA ILs, 

specifically a new CO2 capture mechanism is proved, the influence of the anion on the ratio 

of the products of the binding reaction with CO2 and the enthalpy of reaction of the system 

is showcased. Additionally, suggestions are made on how the studies presented in this work 

can be improved as well as guidelines for future studies regarding this research topic.  
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Chapter 2. Reaction mechanism of aprotic heterocyclic anion ionic 
liquids with water and CO21 

The changes in the CO2 capture mechanism of AHA ILs due to the presence of 

water were studied using 11 aprotic heterocyclic anion ionic liquids (AHA ILs). These ILs’ 

reaction with water and CO2 was analyzed using NMR spectroscopy techniques to identify 

reaction pathways, new products and to quantify the different products. Furthermore, the 

influence of the anion nature on the reaction mechanism was analyzed.  

METHODOLOGY 

Synthesis of aprotic heterocyclic anion ionic liquids 

All of the ILs used in this study were synthesized by Dr. Oscar Morales, they consist 

in a phosphonium cation paired with an aprotic heterocyclic anion. For this study two 

phosphonium cations with different alkyl chain length were used (tetraethylphosphonium 

and tetraethyl(octyl)phosphonium).  

The synthesis procedure consists generally in 2 steps. First the respective 

phosphonium-bromide (such as tetraethylphosphonium-bromide) is treated with an ion 

exchange resin, where the bromine from the cation exchanges with hydroxide from the 

resin, to produce the respective phosphonium-hydroxide (such as tetraethylphosphonium-

hydroxide). Afterwards an acid-base reaction in equimolar proportions takes place, 

between the anion precursor (such as 2-cyanopyrrole) and the respective phosphonium 

hydroxide, to produce the desired AHA IL.  In the case of the cation 

 
1 The sections  in this chapter corresponding to the analysis of the reaction between [P2228][2CNPyr] water 
and CO2,  Analysis of the reaction between [P2222][BnIm] water and CO2,  and  Analysis of the reaction of 
[P2228][Inda] with water had been published previously in the article: Effect of Water on CO2 Capture by 
Aprotic Heterocyclic Anion (AHA) Ionic Liquids77. Co-authors: Dr. Oscar Morales-Collazo (synthesized 
the ILs used in the study and redacted the synthesis and materials section in the article) and Dr. Joan F. 
Brennecke (edited the whole article). 
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tetraethyl(octyl)phosphonium an additional step is necessary in the synthesis procedure, 

since this cation is not commercially available. Therefore, to obtain 

tetraethyl(octyl)phosphonium-bromide, triethylphosphine is treated with 1-bromooctane 

via canula.  

More details about the synthesis of AHA ILs can be found in previous publications 

by our group45–48,77. In total 11 different AHA ILs were synthesized for this study, their 

names, abbreviations and structure are presented in Table 2.1. The heterocyclic anion 

precursors used for the ILs synthesis were purchased and used without additional 

purification. Volatiles such as methanol solvent were removed at 50 °C using a rotary 

evaporator. Additionally, the synthesized AHA ILs were dried under vacuum at 60 °C, in 

order to remove the water byproduct of the reaction. The estimated purity of these AHA 

ILs is greater than 98%, according to NMR spectroscopy. 
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Ionic liquid 
abbreviation Nomenclature Structure 

[P2228][2CNPyr] Triethyl(octyl)phosphonium 
2-Cyanopyrrolide 

 

[P2222][BnIm] Triethylphosphonium 
Benzimidazolide  

[P2228][Inda] Triethyl(octyl)phosphonium 
Indazolide  

[P2228][4-Triz] Triethyl(octyl)phosphonium 
1,2,4-triazolide  

[P2228][3-Triz] Triethyl(octyl)phosphonium 
1,2,3-triazolide  

[P2228][Tetz] Triethyl(octyl)phosphonium 
tetrazolide  

[P2228][CH3CF3Pyra] 
Triethyl(octyl)phosphonium 3-

methyl-5-
trifluoromethylpyrazolide  

[P2228][CF3Pyra] Triethyl(octyl)phosphonium 3-
trifluoromethylpyrazolide  

[P2228][4NO2Pyra] Triethyl(octyl)phosphonium 4-
nitropyrazolide 

 

[P2228][BrBnIm] Triethyl(octyl)phosphonium 5-
bromo-benzimidazolide  

[P2228][BnImSCH3] Triethyl(octyll)phosphonium       
2-(methylthio)benzimidazolide  

Table 2.1: Ionic liquids synthesized for this work. 
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NMR spectroscopy analysis  

Mixtures of the different AHA ILs and water (with a concentration of 4 mol H2O/ 

mol IL) were made under a nitrogen atmosphere, to prevent contamination from CO2. 

Deionized water from a Direct-Q R Millipore system was used for the mixtures. The 

mixtures of the AHA ILs and water were saturated with CO2 at 1 bar and at room 

temperature (25 °C) in the room temperature volumetric apparatus to measure gas 

solubilities (see Chapter 3 for a detailed description of the apparatus).  The mixtures were 

placed inside the reaction vessel in the volumetric apparatus, next they were cooled using 

liquid nitrogen, to a temperature below -100 °C, in order to minimize water evaporation 

from the mixture. Afterwards the samples were allowed to reach room temperature again 

and they were exposed to CO2, until they were saturated and the reaction between the AHA 

IL, water and CO2 had reached completion. The point of the reaction completion was 

determined to be when the pressure inside the reaction vessel did not change anymore, 

indicating that vapor-liquid equilibrium had been reached. Carbon dioxide (instrument 

grade 99.9%, H2O < 10 ppm) was purchased from Airgas and used for the experiments.  

Qualitative analysis 

The spectroscopy techniques 13C NMR and 2D NMR (HSQC, HBMC)  were used 

to analyze the samples of the AHA ILs and water mixtures saturated with CO2 (with a water 

concentrations 4 mol H2O/ mol IL), samples of the AHA ILs saturated only with CO2 (no 

water present) and samples of the neat AHA ILs. These different spectra were compared 

in order to identify the reactions’ products. Additionally,  samples saturated with enriched 

13C CO2, were analyzed to obtain better resolution of peaks with weak signal. All of the 

samples were dissolved in DMSO-d6 for the NMR spectroscopy analysis. A Bruker 

AVANCE III HD 500 spectrometer was used for these experiments.  
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Quantitative analysis 

The 1H NMR spectroscopy technique was used to quantify the amount of 

reprotonated anion in the reaction. The mixtures of AHA ILs and water with different water 

concentrations (2 mol H2O/ mol IL and 4 mol H2O/ mol IL) before and after the reaction 

with CO2 were analyzed. The integration of the water peak in the respective spectra before 

and after the reactions was compared, from this comparison the amount of reprotonated 

anion can be calculated. The uncertainty of this quantification is ± 0.05 mol H2O/mol IL, 

it was estimated by calculation of the standard deviation of four repeated measurements. 

Additionally, 13C NMR was used to verify the quantification procedure with 1H NMR by 

integration of the peaks corresponding to the reaction products (carbamate and bicarbonate) 

in the corresponding spectra. These experiments were conducted with different water 

concentrations (1 mol H2O/ mol IL,  2 mol H2O/ mol IL, 4 mol H2O/ mol IL) and using 

Cr(ACAC)3 as a relaxation time reducing agent, at a concentration of 0.1 M. For all of the 

quantification experiments DMSO-d6 was used as a solvent and the relaxation time used 

during the NMR spectroscopy experiments was of 150 s. A Bruker AVANCE III HD 500 

spectrometer was used for the 13C NMR experiments and the spectrometers Agilent MR 

400 and Varian DirectDrive 400 were used for the 1H NMR experiments.  

PROPOSED REACTION PATHWAYS 

The reaction of AHA ILs with CO2 has been extensively studied and it has been 

shown that the anion reacts with CO2 to form carbamate (anion-CO2 complex)44–47. 

Additionally, it has been demonstrated that for some AHA ILs such as 

tetraethylphosphonium-benzimidazolide the cation also reacts with CO2 to form ylide 

(cation-CO2 complex) at higher temperatures such as 60 °C78.   
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In the presence of water, the CO2 capture mechanism is expected to change. In this 

study an additional reaction pathway is proposed, consisting of two parallel reactions one 

leading to carbamate formation (the expected reaction of the anion with CO2) and the other 

one leading to bicarbonate formation. In this mechanism the anion reacts with water and is 

reprotonated, leaving hydroxide to react with CO2 to form bicarbonate. The proposed 

reaction mechanism is presented in Figure 2.1. The following NMR spectroscopy analysis 

were conducted to verify the proposed mechanism and quantify the reactions’ products.  

 

 

Figure 2.1:  Proposed parallel reaction pathways for the CO2 capture by AHA ILs in the 
presence of water77. 

QUALITATIVE AND QUANTITATIVE ANALYSIS OF THE REACTION BETWEEN AHA ILS, 
WATER AND CO2 

Analysis of the reaction between [P2228][2CNPyr] water and CO2 

The qualitative analysis of the reaction between [P2228][2CNPyr], water and CO2 

was conducted by analyzing and comparing the 13C, HSQC and HMBC NMR spectra of 

the neat [P2228][2CNPyr], [P2228][2CNPyr] after it had reacted with CO2 and 

[P2228][2CNPyr] after it had reacted with water and CO2. Figure 2.2 only shows the portion 

of the corresponding 13C NMR spectra where the anion peaks appear.  The cation peaks 
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appear further upfield (0-50 ppm) and no significant change was observed regarding the 

cation peaks after the reactions.  

 

Figure 2.2: Comparison of the 13C NMR spectra of neat [P2228][2CNPyr], 
[P2228][2CNPyr] after the reaction with CO2 and [P2228][2CNPyr after the 
reaction with water and CO277.  

The anion peaks in Figure 2.2 shift downfield after the IL’s reaction with CO2 and 

water, therefore the HSQC and HBMC spectra of the IL after the reactions were analyzed 

to assign each peak to the corresponding carbon atom in the anion. The HSQC spectrum 

of [P2228][2CNPyr] after it had reacted with  CO2 presented in Figure 2.3 indicates which 

carbon peaks in the corresponding 13C NMR spectrum are bonded with a proton in the 

corresponding 1H NMR spectrum. Consequently, the HSQC spectrum indicates that the 

carbon at 108 ppm (C1) is attached to the proton at 6 ppm, the carbon at 121 ppm (C2) is 

attached to the proton at 6.7 ppm and the carbon at 127 ppm (C3) is attached to the proton 

at 7.2 ppm, which are the peaks in both 1H and 13C NMR spectra that are further downfield 

due to the de-shielding effect of the cyano group in the anion.  
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Figure 2.3: HSQC NMR spectrum of [P2228][2CNPyr] after it had reacted with CO2 at 25 
°C and 1 bar of CO2 pressure77.  

The HMBC  spectrum of [P2228][2CNPyr] after it had reacted with CO2 is presented 

in Figure 2.4, (this spectrum shows a correlation between carbon atoms that are separated 

by up to four bonds) shows that there is a correlation between the peak at 101 ppm in the 

13C NMR spectrum and all of the protons of the anion, which means that the peak at 101 

ppm corresponds to carbon #4 (C4), since this peak did not have any proton attached to it 

(according to the HSQC spectrum in Figure 2.3). Finally, the peak at 117 ppm in the 13C 

NMR spectrum does not show any correlation in either of the 2D NMR HSQC and HMBC 

spectra,  therefore this peak was assigned to carbon #5, which is the carbon atom of the 

cyano group in the anion ring. It is important to notice that the carbamate peak does not 

appear in the HMBC spectrum in Figure 2.4, because the signal is too weak.  
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Figure 2.4: HBMC NMR spectrum of [P2228][2CNPyr] after it had reacted with  CO2 at 
25 °C and 1 bar of CO2 pressure77.  

Moreover, in Figure 2.2 additional peaks corresponding to the reactions’ products 

were observed. In the 13C NMR spectrum of [P2228][2CNPyr] after it had reacted with CO2 

an additional peak at 145 ppm was observed, this peak corresponds to carbamate formation 

(anion-CO2 complex), which is the expected reaction between the anion and CO2. 

[P2228][2CNPyr] reacts with 1 bar of CO2 at 25 °C to form 0.92 moles of carbamate per 

mole of IL46, however the carbamate peak in the spectrum is small and broad. The 13C 

NMR of [P2228][2CNPyr] after it has reacted with water (water concentration of 4 mol H2O/ 

mol IL) and CO2 (1 bar and 25 °C) in Figure 2.2 shows another peak at 160 ppm, which 

corresponds to bicarbonate formation79. This result agrees with a previous study, where the 

formation of bicarbonate had been observed before for the reaction between 1-ethyl-3-

methylimidazolium 2-cyanopyrrolide ([emim][2CNPyr]) water and CO276. However, 

given that the carbamate peak signal was very weak in the 13C NMR spectrum of the 

[P2228][2CNPyr] reaction’s with CO2, another experiment was conducted using enriched 
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13C CO2. The experiment with enriched 13C CO2 allowed to verify if only bicarbonate is 

formed when [P2228][2CNPyr] reacts with water and CO2, or if there is carbamate formation 

as well.  

The 13C NMR spectrum of the reaction of [P2228][2CNPyr] with water (water 

concentration of 4 mol H2O/ mol IL) and enriched 13C CO2 (at 1 bar and 25 °C) is presented 

in Figure 2.5. In this spectrum two additional peaks corresponding to the reactions’ 

products are observed, the peak at 145 ppm corresponding to carbamate formation and the 

peak at 160 ppm corresponding to bicarbonate formation. The results observed in the 

spectrum of Figure 2.5 indicate that two reactions take place in the system of 

[P2228][2CNPyr] water and CO2. Additionally, these results agree with the mechanism 

consisting of two parallel reaction pathways for the CO2 capture of AHA ILs in the 

presence of water, that was proposed in the previous section.  

 

 

Figure 2.5: 13C NMR spectrum of [P2228][2CNPyr] + H2O (4 mol/ H2O/ mol IL) + 
enriched 13C CO2 at 25 °C and 1 bar of 13C CO2 pressure77. 
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The quantification of the reactions’ products was done using 1H NMR, as it was 

explained in the methodology section. The integration of the water peak in the spectra of 

[P2228][2CNPyr] mixed with water before and after reacting with CO2 was compared. The 

comparison of the integration of the water peak in those spectra indicates how much water 

has reacted. According to the proposed reaction mechanism a decrease in the amount of 

water will correspond to the amount of reprotonated anion and bicarbonate formed. 

Consequently, the moles of bicarbonate and reprotonated anion formed are given by the 

following equation: 

𝑛! = 𝑛" − 𝑛# − 𝑛$ = 𝑛%   Equation 2.1.  

Where nR are the moles of reprotonated anion, no are the initial moles of water in 

the samples, nf are the final moles of water in the sample (after the reaction with CO2 has 

taken place), ne are the moles of water that evaporated during the experiment and nB are 

the moles of bicarbonate formed in the reaction. The moles of evaporated water were 

estimated by conducting the experiment in a nitrogen atmosphere, instead of CO2, and the 

decrease in the amount of water (in the absence of any reaction) was measured by 

integrating the water peak in the corresponding 1H NMR spectrum. 

Figure 2.6 corresponds to the 1H NMR spectra of [P2228][2CNPyr] mixed with water 

(with a water concentration of 4 mol H2O/ mol IL) before and after reacting with CO2 at 

25 °C and 1 bar of CO2 pressure . The spectrum of [P2228][2CNPyr] mixed with water is 

the same as the spectrum of the neat IL, except for the presence of the water peak at 3.5 

ppm, even the ratios of integration of the anion and cation peaks remain the same; which 

means that there is no reprotonation of the anion when [P2228][2CNPyr] is mixed with 

water. The spectrum corresponding to the IL and water mixture after it had reacted with 

CO2 shows that the anion peaks shift downfield after the reaction, the water peak also shifts 

downfield and becomes very broad (due to hydrogen bonding), the cation peaks remain the 



 26 

same. It is also important to notice that the protons corresponding to the reprotonated anion 

(2-Cyanopyrrole) and bicarbonate are not visible in this spectrum, because their exchange 

kinetics with water are too fast for this technique.  

The water peaks in the spectra of Figure 2.6 were integrated and compared to 

determine the amount of water that reacted and consequently the amount of reprotonated 

anion and bicarbonate formed. Using equation 2.1 it was determined that 0.55 ± 0.05 moles 

of reprotonated anion (2-Cyanopyrrole) per mole of [P2228][2CNPyr] are formed; which 

means that 0.55 moles of bicarbonate are formed per mole of [P2228][2CNPyr], when this 

IL reacts with water and CO2. The results for the quantification experiment using 1H NMR 

with an initial water concentration of 2 mol H2O/ mol IL showed that 0.57 moles of 

bicarbonate are formed per mole of IL, which is consistent with the results obtained with a 

higher water concentration (4 mol H2O/ mol IL) and it also indicates that the amount of 

bicarbonate formation does not depend strongly on the water concentration.  

 

 

Figure 2.6: Comparison of 1H NMR spectra of a mixture of [P2228][2CNPyr] + H2O (4  
mol H2O/mol IL) before and after  reaction with CO2 at 25 °C and 1 bar 
pressure77. 
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Additionally, 13C NMR was used to integrate directly the reactions’ products 

carbamate and bicarbonate, in order to validate the indirect quantification method of the 

bicarbonate formation using 1H NMR.  These experiments were done for mixtures of 

[P2228][2CNPyr] and water at different concentrations: 1 mol H2O/ mol IL, 2 mol H2O/ mol 

IL and 4 mol H2O/ mol IL. The corresponding spectra of these experiments are presented 

in Figures 2.7 and 2.8. The use of the relaxation time reducing agent Cr(ACAC)3 allowed 

the observation of the carbamate peak in the 13C NMR spectra, without the need of using 

enriched 13C CO2.  

 

 

Figure 2.7: 13C NMR spectrum of the reaction [P2228] [2CNPyr] + H2O (1 mole H2O/mole 
IL) + CO2 at 25 °C and 1 bar pressure using 0.1 M Cr(ACAC)3 as a 
relaxation time reducing agent77. 
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In the 13C NMR spectrum of Figure 2.7  the integration of the peaks corresponding 

to carbamate and bicarbonate indicate that 0.56 mole of bicarbonate and 0.36 moles of 

carbamate are formed per mole of IL, when the initial concentration of water in the 

experiment was 1 mol water/mol IL. Similarly, when the initial concentration of water was 

2 mol water/mol IL the integration of those peaks in the 13C NMR spectrum in Figure 2.8 

indicates that 0.62 moles of bicarbonate and 0.28 moles of carbamate are formed per mole 

of IL. These results agree well with the quantification results obtained using 1H NMR. The 

quantification experiments using 13C NMR  with an initial water concentration of 4 mol 

water/mol IL did not provide good results. Nevertheless, the results of the direct  

quantification experiments using 13C NMR validate the indirect quantification method 

using 1H NMR.  

 

 

Figure 2.8: 13C NMR spectrum of the reaction [P2228] [2CNPyr] + H2O (2 mole H2O/mole 
IL) + CO2 at 25 °C and 1 bar pressure using 0.1 M Cr(ACAC)3 as a 
relaxation time reducing agent77. 
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Analysis of the reaction between [P2222][BnIm] water and CO2 

The IL tetraethylphosphonium-benzimidazolide [P2222][BnIm] is a phase change 

ionic liquid (PCIL). [P2222][BnIm] is solid at room temperature and its melting point is 166 

°C47, however when is exposed to CO2 at 60 °C it phase change and becomes liquid, this 

property makes it a more attractive candidate for CO2 capture. [P2222][BnIm] has been 

studied previously for CO2 capture applications, it has high CO2 solubility of 0.97 mol 

CO2/ mol IL at 60 °C47. Additionally, the melting point of the neat [P2222][BnIm] is higher 

than the melting point of the IL complexed with CO2,  therefore the heat of fusion can be 

used in the regeneration process of the IL in an industrial CO2 capture process. For those 

reasons the reaction of [P2222][BnIm] with water and CO2 was studied  and the cation 

[P2228]+ was not paired with [BnIm]-, even though [P2228][BnIm] is also a PCIL and it has 

a lower CO2 solubility than [P2222][BnIm] of 0.85 mol CO2/ mol IL, at 1 bar of CO2 and 60 

°C48. 

The 13C NMR spectra presented in Figure 2.9 shows the results of the qualitative 

analysis of the reaction between [P2222][BnIm], water and CO2. These experiments were 

conducted with an initial water concentration of 4 mol H2O/ mol IL, at 25 °C and 1 bar of 

CO2 pressure. The spectrum corresponding to the neat [P2222][BnIm] shows 4 peaks 

corresponding to the [BnIm]- anion, because this anion has symmetry and three equivalent 

pairs of carbon atoms. The 13C NMR spectrum corresponding to [P2222][BnIm] after it had 

reacted with CO2 shows that the anion peaks shift upfield after the reaction with CO2 and 

an additional peak corresponding to carbamate formation appears at 150 ppm. Finally, the 

spectrum corresponding to the reaction between [P2222][BnIm], water and CO2, indicate 

that the anion peaks shift even more upfield than in the case when no water is present and 

the peak corresponding to bicarbonate at 160 ppm appears.  
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The assignment of the anion peaks in Figure 2.9  to the corresponding carbon atoms 

was done using the spectra in Figures 2.10 and 2.11 that corresponds to the HSQC and 

HMBC spectra of [P2222][BnIm] after it reacted with water and CO2 (with an initial water 

concentration of 4 mol H2O/ mol IL, at 25 °C and 1 bar of enriched 13C CO2 pressure). 

 

 

Figure 2.9: Comparison of the 13C NMR spectra of neat [P2222][BnIm], [P2222][BnIm] 
after the reaction with CO2 and [P2222][BnIm] after the reaction with water 
and CO277.  
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2.11 shows that the peak of the carbon atom at 139 ppm has a correlation to the proton 

attached to carbon #1 (C1), therefore it was assigned to carbon atom #2 (C2). Additionally, 

the carbamate peak was not visible in this spectrum even when enriched 13C CO2 was used.  

 

Figure 2.10: HSQC spectrum of [P2222] [BnIm] + 4 moles H2O/mole IL + CO2 at 25 °C 
and 1 bar pressure, using enriched 13C CO277. 

The 13C NMR spectra in Figure 2.9 are very similar to the results obtained for 

[P2228][2CNPyr]. The spectrum corresponding to the reaction of [P2222][BnIm], water and 

CO2 only shows the bicarbonate peak at 160 ppm; therefore, the experiment was conducted 
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was observed  by Taylor, et al. for [P66614][BnIm] after exposure to water and CO275. 

Nonetheless, the spectrum of the experiment using enriched 13C CO2 of Figure 2.12 

confirm that the peak at 160 ppm is bicarbonate and not carbamate, as was assigned by 

Taylor, et al.   

 

Figure 2.11: HMBC spectrum of [P2222] [BnIm] + 4 moles H2O/mole IL + CO2 at 25 °C 
and 1 bar pressure, using enriched 13C CO277. 

 

Figure 2.12: 13C NMR spectrum of [P2222][BnIm] + 4 mol H2O/mol IL  + enriched 13C 
CO2 at 25 °C and 1 bar pressure77.  
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The results of  the quantification experiments using 1H NMR are presented in 

Figure 2.13, the 1H NMR spectra shows that the anion peaks and the water peak shift 

downfield and that the water peak broadens. The spectrum for the [P2222][BnIm] + water 

mixture is exactly the same as the pure [P2222][BnIm] spectrum except for the presence of 

the water peak at 3.7 ppm.  There is no physical change in the sample and the ratio of the 

integrations of the cation and anion proton peaks remain accurate and unchanged. These 

results are very similar results to what was observed in Figure 2.6 corresponding to the 1H 

NMR spectrum of reaction of [P2228][2CNPyr] with water and CO2. The 1H NMR spectra 

of Figure 3.13 indicates that [P2222][BnIm] does not undergo through the reprotonation 

reaction of the anion when mixed only with water either. Additionally, in the 1H NMR 

spectrum of the reaction of [P2222][BnIm] with water and CO2, the peak corresponding to 

the reprotonated anion (benzimidazolide) is not visible, as was the case for the results 

regarding the reaction of [P2228][2CNPyr] with water and CO2.  

 

Figure 2.13: Comparison of 1H NMR spectra of a mixture of [P2222][BnIm] + 4 mol 
H2O/mol IL before and after  reaction with CO2 at 25 °C and 1 bar 
pressure77. 
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To determine the amount of reprotonated anion and bicarbonate formed in the 

reaction of [P2222][BnIm], water and CO2 the water peak before and after the reaction in 

the spectra of Figure 3.13 was integrated and compared. According to the comparison of 

the integration of the water peaks, 0.77± 0.05 moles of anion are reprotonated per mole of 

IL and the same amount of bicarbonate is formed after the reaction.  

Analysis of the reaction of [P2228][BrBnIm] and [P2228][BnImSCH3] with water and 
CO2 

The benzimidazolide anion [BnIm]- was functionalized with the substituents 

bromine and methylthio and the anions [BrBnIm]- and [BnImSCH3]- were paired with the 

[P2228]+ cation. The reaction of the resulting ILs ([P2228][BrBnIm] and [P2228][CH3SBnIm]) 

with water and CO2 was studied using the NMR spectroscopy methods mentioned before.  

The 13C NMR spectra corresponding to the ILs reaction with water and CO2 

revealed that neither of the substituents in the benzimidazolide anion (bromine and 

methylthio) prevent bicarbonate formation. The 13C NMR spectrum on Figure 2.14 

corresponding to [P2228][BrBnIm]  and 4 mol water/mol IL reacted with 1 bar of 13C 

enriched CO2 at 25 °C shows the bicarbonate peak at 159.2 ppm. This spectrum does not 

show the carbamate peak clearly, because it overlaps with one of the anion peaks (at 145-

146 ppm), as shown in Figure A.1 in Appendix A. Only the anion peaks are presented in 

the spectra of Figure 2.14, the cation peaks remain at the same chemical shift in the 

reactions of [P2228][BrBnIm] with CO2 and water, and they appear upfield.  

The 2D NMR HSQC and HMBC spectra, presented in Figures 2.15 and 2.16, were 

used to assign the peaks corresponding to the [BrBnIm]- anion in Figure 2.14 to the specific 

carbon atoms. The anion [BrBnIm]- has 5 carbon atoms with protons attached to them, 

therefore they can be seen and differentiated in a HSQC NMR spectrum. According to the 
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HSQC spectrum of the [P2228][BrBnIm] after it had reacted with water and CO2 in Figure 

2.15, the peaks from the 13C NMR spectrum at 145 ppm (carbon atom #1), 124 ppm (carbon 

atom #3), 119 ppm (carbon atom #4) and 118 ppm (carbon atom #6) correspond to the 

proton peaks at 8.2 ppm, 7.24 ppm, 7.9 ppm and 7.6 ppm respectively in the 1H NMR 

spectrum.  

 

 

Figure 2.14: Comparison of the 13C NMR spectra for neat [P2228] [BrBnIm], [P2228] 
[BrBnIm] that has been exposed to 1 bar of CO2 pressure at 25 °C, and 
[P2228] [BrBnIm] + 4 mol H2O/mol IL in contact with 1 bar of enriched 13C 
CO2 pressure at 25 °C. 
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that there is a correlation between the 13C NMR peak at 138.7 ppm and the proton at 7.90 

ppm; therefore, this peak was assigned to carbon #2. Additionally, the 13C NMR peak at 

140.7 ppm shows a correlation with the proton peak at 7.6 ppm, which corresponds to 

carbon atom #7. Finally, the 13C NMR peak at 114 ppm shows a correlation with the proton 

peaks at 7.24 ppm, 7.9 ppm and 7.6 ppm, which means this peak correspond to carbon 

atom #5. 

 

 

Figure 2.15: HSQC spectrum of [P2228][BrBnIm] after it reacted with water (4 mol H2O/ 
mol IL) and CO2. 

���������������������	��
�����������������
�������

�

��

��

��

��

��

��

	�


�

��

���

���

���

���

���

���

��
��
��
�

N-

N

Br
P+ 1 

2 3 
4 

5 6 7 

1 
4 6 3 

1 

7 
2 

3  
5 

6 
4 

Broad water peak 
Cation peaks 

D
M

SO
-d

6 



 37 

 

 

Figure 2.16: HMBC spectrum of [P2228][BrBnIm] after it reacted with water (4 mol H2O/ 
mol IL) and CO2. 

Regarding [P2228][BnImSCH3], the bicarbonate peak was also observed at 159.2 

ppm in the 13C NMR spectrum of  [P2228][BnImSCH3] after it reacted with water and 13C 

enriched CO2 (Figure 2.17), the carbamate peak in this spectrum was observed at 137.25 

ppm. Additionally, the 13C NMR spectra in Figure 2.17 shows only 5 peaks corresponding 

to the anion, because the [BnImSCH3]- exhibits symmetry, therefore the anion has 3 

equivalent pairs of carbon atoms. The peaks in the 13C NMR spectra in Figure 2.17 were 

assigned according to the results observed in the HSQC and HMBC spectra of 

[P2228][BnImSCH3] after the reaction with water and CO2, presented in Figures 2.18 and 

2.19.  
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Figure 2.17: Comparison of the 13C NMR spectra for neat [P2228] [BnImSCH3], [P2228] 
[BnImSCH3] that has been exposed to 1 bar of CO2 pressure at 25 °C, and 
[P2228] [BnImSCH3] + 4 mol H2O/ mol IL in contact with 1 bar of enriched 
13C CO2 pressure at 25 °C. 

The HSQC spectrum in Figure 2.18 shows that the 13C NMR peaks at 14.36 ppm 

(carbon atom  #1), 114.5 ppm (carbon atom pair #4),  and 120.7 ppm (carbon atom  pair 

#5) correspond to the proton peaks in the 1H NMR spectrum at 2.65 ppm, 7.4 ppm, and 7.0 

ppm, respectively. The carbon atom #2 and the carbon atom pair #3 were identified in the 

13C NMR spectra according to the results of the HMBC spectrum in Figure 2.19, which 

shows a correlation between the 13C NMR peak at 153.25 ppm and the proton peaks in the 

1H NMR spectrum at 2.65 ppm which correspond to carbon atom #1 in the anion structure. 

This correlation indicates that the peak in the 13C NMR  at 153.25 ppm corresponds to 

carbon atom #2. The HMBC spectrum in Figure 2.19 also shows a correlation of the 13C 
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NMR peak at 141.5 ppm with the protons peaks at 7.4 ppm and 7.0 ppm (which correspond 

to carbon atom pairs #4 and #5); accordingly, this peak was assigned to carbon atom pair 

#3 in the anion structure. 

 

 

Figure 2.18: HSQC spectrum of [P2228][BnImSCH3] after it reacted with water (4 mol 
H2O/ mol IL) and CO2. 
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Figure 2.19: HMBC spectrum of [P2228][BnImSCH3] after it reacted with water (4 mol 
H2O/ mol IL) and CO2. 

The substituents on the benzimidazolide anion (bromine and methylthio) did not 

prevent the reprotonation of the anion or bicarbonate formation. However, they did 

decrease the amount of bicarbonate and reprotonated anion formed in the ILs’ 

([P2228][BrBnIm] and [P2228][BnImSCH3]) reaction with water and CO2 significantly. The 

reactions products were quantified using the 1H NMR spectra corresponding to each IL, 

after they had reacted with water and CO2, these spectra are presented in Figures A.2 and 

A.3 in Appendix A. The results of the 1H NMR spectra are very similar to the results 

observed for [P2228][2CNPyr] and [P2222][BnIm], the ILs [P2228][BrBnIm] and 

[P2228][BnImSCH3] do not undergo reprotonation when exposed only to water.  
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The results of the quantification experiments indicate that when the bromine 

substituent is added to the benzimidazolide anion, the IL [P2228][BrBnIm] only exhibits 

0.52 mol bicarbonate/ mol IL formed. In the case of the methylthio substituent, the IL 

[P2228][BnImSCH3] exhibits 0.58 moles of bicarbonate/ mol IL formed. These values of the 

amount of bicarbonate formation are significantly lower than the amount of bicarbonate 

formation exhibited by [P2222][BnIm], of 0.77 mol of bicarbonate/ mol IL. The electron-

withdrawing effect of the susbtituents bromine and methylthio on the benzimidazolide 

anion will cause a decrease in the anions’ basicity and a subsequent decrease of the affinity 

for CO2 binding of the benzimidazolide anion. The reduction in the amount of bicarbonate 

formation exhibited by both ILs [P2228][BrBnIm] and [P2228][BnImSCH3], is attributed to 

those effects.  

Analysis of the reaction of [P2228][CF3Pyra], [P2228][CH3CF3Pyra] and [P2228][4-
NO2Pyra] with water and CO2 

The reaction mechanism of CO2 and the wet functionalized pyrazolide anion, with 

the substituents 3-trifluoromethyl, 3-methyl-5-trifluoromethyl and 4-nitro, paired with the 

triethyloctylphosphonium, was also studied with NMR spectroscopy. The 13C NMR 

spectra corresponding to each IL, presented in Figures 2.20, 2.22 and 2.25, indicate that 

these 3 pyrazolide based ILs also undergo reprotonation and present bicarbonate formation 

in the presence of water and CO2.  

Figure 2.20 shows a comparison of the 13C NMR spectra corresponding to 

[P2228][4NO2Pyra] after reacting with 1 bar of CO2 and of the IL after the reaction with 

water and CO2. This comparison  clearly indicates the presence of bicarbonate (peak at 159 

ppm) and carbamate (peak at 125 ppm). In the 13C NMR spectrum of the IL reacted with 1 

bar of CO2 the carbamate peak at 126 ppm is very small, because the CO2 uptake of 
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[P2228][4NO2Pyra] is  low (only 0.45 mol CO2/ mol IL at 22 °C and 1.7 bar of CO280). On 

the other hand, the 13C NMR spectrum of the IL after it reacted with water and CO2 shows 

a bigger carbamate peak, suggesting the presence of water increases the amount of 

carbamate formation, in addition to causing bicarbonate formation. The 13C NMR spectra 

in Figure 2.20 only shows the anion peaks, the cation peaks did not present any changes 

after the reactions and they appeared upfield.  

 

 

Figure 2.20: Comparison of the 13C NMR spectra for [P2228] [4NO2Pyra] that has been 
exposed to 1 bar of CO2 pressure at 25 °C, and [P2228] [4NO2Pyra] + 4 mol 
H2O/ mol IL in contact with 1 bar of enriched 13C CO2 pressure at 25 °C. 

The 1H NMR spectra (in Figure 2.21) of the mixture of [P2228][4NO2Pyra] and water 

before and after reacting with 1 bar of CO2, indicates a shift downfield of the anion peaks 

and the water peak. It is important to notice that the water peak does not become broad in 
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this spectrum as in the 1H NMR spectra corresponding to the reaction of other AHA ILs 

with CO2 and water.  This suggests that the water hydrogen bonding network is not 

significantly perturbed by the reactions with CO2 for this IL.  The reason is because very 

little CO2 reacts to form bicarbonate.  The comparison of the integration of the water peak 

before and after the reaction indicates that there is only 0.1 moles of anion reprotonated 

per mole of IL, in the reaction between [P2228][4NO2Pyra], water and CO2. The results of 

the quantification of the reactions’ products using 1H NMR spectroscopy agree with what 

was observed in the 13C NMR spectra of this IL’s reaction with water and CO2.  

 

Figure 2.21: Comparison of the 1H NMR spectra of [P2228] [4NO2Pyra] + 4 mol H2O/ 
mol IL before and after reacting with CO2 at 25 °C and 1 bar of pressure.   
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The comparison of the 13C NMR spectra of neat [P2228][CF3Pyra], the IL after it 

reacted only with CO2, and the IL after it reacted with water and enriched 13C CO2 is 

presented in Figure 2.22. The peak corresponding to carbamate formation was observed at 

143 ppm in the 13C NMR spectrum corresponding to the reaction of [P2228][CF3Pyra] with 

CO2. When this IL reacted with water and enriched 13C CO2 the carbamate peak shifts 

upfield and is observed at 138 ppm and the bicarbonate peak appears at 158.6 ppm. The 

cation peaks are not presented in the spectra of Figure 2.22, because they did not undergo 

any changes. The peaks in the 13C NMR spectra in Figure 2.22 were assigned to the 

corresponding carbon atom in the anion structure of [P2228][CF3Pyra] using the HSQC and 

HMBC spectra of the ionic liquid, which are presented in Figures 2.23 and 2.24.  

 

 

Figure 2.22: Comparison of the 13C NMR spectra for neat [P2228] [CF3Pyra], [P2228] 
[CF3Pyra] that has been exposed to 1 bar of CO2 pressure at 25 °C, and 
[P2228] [CF3Pyra] + 4 mol H2O/ mol IL in contact with 1 bar of enriched 13C 
CO2 pressure at 25 °C. 
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The anion [CF3Pyra]- has 2 carbon atoms with protons attached to them, the HSQC 

spectrum of [P2228][CF3Pyra] after it reacted with water and CO2 in Figure 2.23  was used 

to identify them. This spectrum indicates a correlation between the carbon peaks in the 13C 

NMR spectrum at 102.1 ppm (carbon atom #3) and 130.47 ppm (carbon atom # 4) and the 

proton peaks in the 1H NMR spectrum at 6.60 ppm and 7.87 ppm, respectively. The HMBC 

spectrum in Figure 2.24, was used to differentiate between the two carbon atoms in the 

anion with no protons attached to them. This spectrum revealed that the peak in the 13C 

NMR at 139.7 ppm, which is a quadruplet, has a correlation with the proton peaks in the 

1H NMR spectrum at 6.60 ppm and 7.87 ppm (which correspond to carbons #3 and #4), so 

this peak was assigned to carbon #2. The quadruplet peak in the 13C NMR spectrum at 122 

ppm, does not show any correlation in either of the 2D NMR spectra; therefore, it was 

assigned to carbon #1. 

 

 

Figure 2.23: HSQC spectrum of [P2228][CF3Pyra] after it reacted with water (4 mol H2O/ 
mol IL) and enriched 13C CO2. 
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Figure 2.24: HMBC spectrum of [P2228][CF3Pyra] after it reacted with water (4 mol H2O/ 
mol IL) and enriched 13C CO2. 

Figure 2.25 shows the 13C NMR spectrum of [P2228][CH3CF3Pyra] after it has 

reacted with CO2, in this spectrum three additional peaks were observed. The carbamate 

peak was observed at 142.43 ppm and two broad peaks at 160 ppm and 169 ppm also 

appeared. The peak at 169 ppm is believed to correspond to ylide formation (product of the 

cation reacting with CO2, which has been observed for other AHA ILs78, although primarily 

at elevated temperatures. The peak at 160 ppm indicates physically dissolved CO2. In order 

to confirm the ylide formation in the reaction between [P2228][CH3CF3Pyra] and CO2 at 25 

°C, the 31P NMR spectrum of the IL after it had reacted with CO2 was analyzed. The 31P 

NMR spectrum presented in Figure2.26 shows two peaks, confirming the presence of ylide.  
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The 13C NMR spectrum corresponding to the reaction of [P2228][CH3CF3Pyra], 

water, and CO2 is presented in Figure 2.25. This spectrum only shows to additional peaks, 

which correspond to the products carbamate and bicarbonate; the carbamate peak in this 

spectrum was observed at 155.93 and the bicarbonate peak at 158.6 ppm. In addition to the 

13C NMR spectrum, the 31P NMR spectrum (of [P2228][CH3CF3Pyra] after it had reacted 

with water and CO2) was also analyzed to discard the presence of ylide. This spectrum is 

presented in Figure 2.26, and only shows one peak, agreeing with what was observed in 

the 13C NMR spectrum of the IL reaction with water and CO2.  

 

 

Figure 2.25: Comparison of the 13C NMR spectra for neat [P2228][CH3CF3Pyra], 
[P2228][CH3CF3Pyra] that has been exposed to 1 bar of CO2 pressure at 25 °C, 
and [P2228][CH3CF3Pyra] + 4 mol H2O/ mol IL in contact with 1 bar of 
enriched 13C CO2 pressure at 25 °C. 
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Figure 2.26: Comparison of the 31P NMR spectra of neat [P2228][CH3CF3Pyra], the IL after 
it had reacted with CO2 and the IL after it reacted with water and CO2. 

The carbon atoms in the anion structure of [P2228][CH3CF3Pyra] were assigned to 

the corresponding peak in the 13C NMR spectra using 2D NMR. The HSQC of this IL after 

it reacted with water and CO2 (in Figure 2.27) was used to identify the two carbon atoms 

in the [CH3CF3Pyra] anion that have protons attached to them. The HSQC spectrum shows 

that the peaks in the 13C NMR spectrum at 13.41 ppm and 101.16 ppm have a correlation 

with the protons peak in the 1H NMR spectrum at 2.29 ppm and 6.33 ppm, respectively. 

Therefore, the carbon peak at 13.41 ppm was assigned to carbon #5 and the carbon peak at 

101.16 ppm to carbon peak #3. 
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Figure 2.27: HSQC spectrum of [P2228][CH3CF3Pyra] after it reacted with water (4 mol 
H2O/ mol IL) and CO2. 

In order to differentiate the carbon atoms in the [CH3CF3Pyra] anion with no 

protons attached to them, the HMBC spectrum of [P2228][CH3CF3Pyra] after it had reacted 

with water and CO2, and the HMBC spectrum of the IL after it reacted with only CO2 were 

analyzed. Figure 2.28 shows the HMBC spectrum of [P2228][CH3CF3Pyra] after it has 

reacted with water and CO2, in this spectrum it was observed that the overlapping peaks at 

140.1 ppm have a correlation with the protons at 6.33 ppm and 2.30 ppm in the 1H NMR 

spectrum (which correspond to carbon atoms #3 and #5).   

On the other hand, in the HMBC spectrum of the IL after it has reacted with only 

CO2 (presented in Figure 2.29) the two carbon peaks do not overlap. This spectrum shows 

that the quadruplet peak at 139 ppm (in the 13C NMR spectra of the IL after it has reacted 
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with CO2) has a correlation only with the proton peak at 6.33 ppm; therefore, this peak was 

assigned to carbon #2 in the anion structure. On the other hand, the carbon peak at 142 ppm 

has a correlation with the protons at 6.33 ppm and 2.30 ppm; therefore, this carbon peak 

was assigned to carbon #4. The quadruplet at 122 ppm in the 13C NMR spectrum does not 

show any correlation in either the HBMC or HSQC spectrum, therefore it was assigned to 

carbon atom #1.  

 

 

Figure 2.28: HMBC spectrum of [P2228][CH3CF3Pyra] after it reacted with water (4 mol 
H2O/ mol IL) and enriched 13C CO2. 
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Figure 2.29: HMBC spectrum of [P2228][CH3CF3Pyra] after it reacted with CO2. 

The quantification of the amount of reprotonated anion and bicarbonate formed in 

the reaction of the functionalized pyrazolide ILs ([P2228][CF3Pyra] and 

[P2228][CH3CF3Pyra]) with water and CO2, using 1H NMR (Figures A.4 and A.5, in 

Appendix A) indicates that  [P2228][CF3Pyra] and [P2228][CH3CF3Pyra] form 0.53 and 0.73 

mole of bicarbonate/ mole IL, respectively, when a mixture of those ILs mixed with 4 mol 

H2O/mol IL is exposed to 1 bar of CO2 at 25 °C. Additionally, the 1H NMR spectra in 

Figures A.4 and A.5 shows these IL do not exhibit reprotonation when they are mixed with 

water. 

 The quantification results imply that adding a methyl substituent on the anion 

increases the amount of bicarbonate formation significantly, based on a comparison of the 

results obtained for [P2228][CH3CF3Pyra] and [P2228][CF3Pyra]. The effect of the methyl 
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group on the mols of bicarbonate formation per mol of IL is due to the electron-donating 

nature of this substituent, which affects the anion’s basicity (the pKa of methyl-

trifluoromethyl-pyrazole is 12.3381 while that of trifluoromethylpyrazole is 10.882). The 

small amount of bicarbonate formation exhibited by [P2228][4NO2Pyra] can also be 

explained in relation to the anion’s precursor pKa, since 4-nitropyrazole has an even lower 

pKa of 9.52.  The pKa of 4-nitropyrazole was calculated from the pKb values of pyrazole 

and the effect of the 4-nitro substituent on the pKb of the pyrazole, as reported by 

Dumanovic, et al83. 

Analysis of the reaction of [P2228][4-Triz] and [P2228][3-Triz] with water and CO2 

The reaction of the triazolide ILs [P2228][4Triz] and [P2228][3Triz] with water and 

CO2 was analyzed using NMR spectroscopy, in order to understand the effect of the 

isomers 4-triazolide and 3-triazolide on the reaction mechanism and ratio of products 

formed. The 13C NMR spectra corresponding to both ILs, presented in Figures 2.30 and 

2.31, proves that the wet ILs containing the isomers [4Triz] and [3Triz] both exhibit 

bicarbonate formation upon exposure to 1 bar of CO2 at 25 °C. The chemical shift range of 

the spectra presented in Figures 2.30 and 2.31 only shows the anion peaks, the cation peaks 

of both ILs did not exhibit any change after the reaction with water and CO2, and they 

appear at lower chemical shifts (0-30).  

Regarding [P2228][4Triz], the 13C NMR spectrum in Figure 2.30 for dry 

[P2228][4Triz] after it had been saturated with CO2 shows an additional peak at 140 ppm, 

which corresponds to carbamate. The 13C NMR spectrum after the IL reacted with water 

and enriched 13C CO2 (in Figure 2.30) shows two additional peaks, which correspond to 

the reaction products: the bicarbonate peak at 159.4 ppm and the carbamate peak at 133.7 

ppm. In the case of [P2228][3Triz] the 13C NMR spectrum corresponding to the reaction 
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between the IL and only CO2, the carbamate peak appears  at 137 ppm, this peak is very 

small and broad due to the low CO2 capture capacity of this IL. The 13C NMR spectrum of 

[P2228][3Triz] water, and enriched 13C CO2 (in Figure 2.31) also shows the presence of 

bicarbonate and carbamate at 159.6 ppm and 126.2 ppm, respectively.  

 

 

Figure 2.30: Comparison of the 13C NMR spectra for neat [P2228] [4Triz], [P2228] [4Triz] 
that has been exposed to 1 bar of CO2 pressure at 25 °C, and [P2228] [4Triz] 
+ 4 mol H2O/ mol IL in contact with 1 bar of enriched 13C CO2 pressure at 
25 °C. 

The interpretation made in this study of the NMR spectra in Figures 2.30 and 2.31 

is different than that presented by Taylor et al.75, who identified the peak around 160 ppm 

in the 13C NMR of wet [P66614][4Triz] and [P66614][3Triz] after CO2 exposure as carbamate 

formation.  However, our results using enriched 13C CO2, shown in Figures 2.30 and 2.31, 

clearly shows that the peak at 159 ppm for both ILs [P2228][4Triz] and [P2228][3Triz] is 
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bicarbonate and that the carbamate peak appears at 133.7 ppm for [P2228][4Triz] and at 

126.2 ppm for [P2228][3Triz]. The carbamate peaks appears at different chemical shifts for 

different AHA ILs because the different anions affect the environment of the carbon atoms.  

 

 

Figure 2.31: Comparison of the 13C NMR spectra for neat [P2228] [3Triz], [P2228] [3Triz] 
that has been exposed to 1 bar of CO2 pressure at 25 °C, and [P2228] [3Triz] 
+ 4 mol H2O/mol IL in contact with 1 bar of enriched 13C CO2 pressure at 
25 °C. 

The 1H NMR spectra of [P2228][4Triz] and [P2228][3Triz] reacted with water and 

CO2 (in Figures A.6 and A.7 in Appendix A) were used to quantify the reactions products 

(by comparing the integrated water peak area, before and after the reaction, in the 

respective 1H NMR spectra), the results of the 1H NMR spectra are very similar to the 

results observed for the other AHA ILs.  The 1H NMR spectra shows that the anion peak 
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shifts downfield, as does the water peak, which becomes broader. Additionally, the 1H 

NMR spectra shows that these ILs do not reprotonate after exposure to water.  

Moreover, [P2228][4Triz] and [P2228][3Triz] exhibit low bicarbonate formation, 

having ratios of only 0.4 and 0.35 moles of bicarbonate/ mol IL formed, respectively. These 

results are consistent with the difference in the basicity of the anions’ respective azole 

precursors, as indicated by their different pKa values. Benzimidazole has the highest pKa 

(12.7584) and a large amount of bicarbonate formation. 4-Triazole and 3-triazole, on the 

other hand, are significantly less basic (pKa of 10.26 and 9.42, respectively85).  

Analysis of the reaction of [P2228][Inda] with water 

The mixture of [P2228][Inda] with water  (80 wt.% water) at room temperature (25 

°C) presented a white precipitate; therefore, the reaction between [P2228][Inda] and water 

was analyzed using 1H NMR. The 1H NMR spectra of the solid and liquid phases formed 

are presented in Figures 2.32 and 2.33. The 1H NMR of the white precipitate in Figure 2.32 

shows that the integrations of what appear to be the anion peaks (roughly 7-8 ppm) and the 

cation peaks (in the 1-2 ppm region) do not match. The proton spectrum indicates almost 

8 times more indazolide than phosphonium cation. The extra peak further downfield, next 

to the anion’s peaks (8.3 ppm), is believed to be an impurity in the sample because its 

integration is significantly smaller than the integration of the anion peaks.  The proton of 

the reprotonated indazole should appear further downfield, but generally cannot be 

detected due to fast exchange dynamics with water.  Consequently, we conclude that the 

solid is primarily indazole (reprotonated anion) mixed with a small amount of IL. Indazole 

is a solid at room temperature and it has a melting point of 148 °C.  

The 1H NMR of the liquid phase in Figure 2.33 shows only the cation peaks; no 

anion peaks were observed. The result of this proton NMR spectrum implies that 
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phosphonium hydroxide was formed, following the anion reprotonation by water to form 

indazole. The reaction with CO2, water and [P2228][Inda] was not investigated, since this 

ionic liquid reprotonates just in the presence of water (i.e., no CO2 is required).  

Furthermore, it was observed that dry [P2228][Inda] solidifies upon exposure to CO2 at 25 

°C and 1 bar CO2 pressure.  The reprotonation of the anion and formation of a precipitate 

just in the presence of water (no CO2) was only observed for [P2228][Inda], not for any of 

the other AHA ILs studied.  

 

 

Figure 2.32: 1H NMR spectrum of the precipitate formed after [P2228][Inda] was mixed 
with water (80 wt.% of water)  at room temperature77. 
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Figure 2.33: 1H NMR spectrum of the liquid phase after [P2228][Inda] was mixed with 
water (80 wt.% water) at room temperature77. 

Analysis of the reaction between [P2228][Tetz], water and CO2 

The IL [P2228][Tetz] appears to have no reaction with water and CO2, according to 

the 1H NMR spectra of [P2228][Tetz] mixed with water before and after CO2 exposure (at 

25 °C and 1 bar of CO2), which is presented in Figure 2.34. The proton spectra reveals that 

the chemical shifts of the anion and cation peaks remain the same after the mixture of IL 

and water has been exposed to CO2. The observed results imply that  [P2228][Tetz] and 

water mixture only exhibits physical CO2 absorption and it does not chemically bind with 

CO2. Similarly, dry tetrazolide ILs also only exhibit physical absorption of CO2. The CO2 

solubility of [P66614][Tetz] is only 0.07 mol CO2/ mol IL (at 40 °C and 2.11 bar)86 and the 

CO2 solubility of [P2228][Tetz] is expected to be similar. The tetrazolide anion’s basicity is 

low compared to other AHAs (the anion precursor tetrazole has a pKa of 4.8985), making 

tetrazolide ILs not able to chemically bind with CO2. 
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Figure 2.34: Comparison of the 1H NMR spectra of [P2228][Tetz] mixed with water in a 
concentration of 4 mol H2O/ mol IL, before and after exposure to 1 bar of 
CO2 at 25 °C. 

Effect of the anion nature and its substituting groups on the ratio of bicarbonate 
formation 

A comparison of the amount of bicarbonate formation in the reaction between 

different AHA ILs, water and CO2, is presented in Figure 2.35. The amount of bicarbonate 

formation varies from 0.1 to 0.77 mol of bicarbonate per mol of IL, according to the anion 

nature in the reaction of the wet AHA ILs with CO2. The ratio of bicarbonate formation in 

the reaction between AHA ILs, water and CO2 decreases in the following order: 

[P2222][BnIm] > [P2228][CH3CF3Pyra] > [P2228][CH3SBnIm] > [P2228][2CNPyr] > 

[P2228][CF3][Pyra] > [P2228][BrBnIm] > [P2228][4Triz] > [P2228][3Triz] > [P2228][4NO2Pyra]. 
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reprotonates when in contact with water only (no CO2 necessary for the reprotonation 

reaction to take place).  

 

 

Figure 2.35: Summary of the quantification of bicarbonate formation in the reaction 
between AHA ILs, water and CO2. 

The trend of how the ratio of bicarbonate formation in the reaction of AHA ILs 

with water and CO2 varies according to the anion nature agrees very well with the basicity 

of the anions’ azoles precursors. According to the pKa values  available in the literature,  

the basicity of the anions’ precursors decreases in the following order:  indazole (pka of 

13.8684) > benzimidazole (pka of 12.7584) > methyl-thiol-benzimidazole (pka of 12.4587) 

> methyl-trifluoromethyl-pyrazole (pka of 12.3381) > trifluoromethylpyrazole (pka of 

10.882) > 4-triazole (pka of 10.2685) > 4-nitropyrazole (pka of 9.5283) > 3-triazole (pka of 

9.285) > tetrazole (pka of 4.8985).  These results imply that the ratio of bicarbonate 
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formation in the AHA ILs reaction with water and CO2 can be tuned by changing the anion 

nature, the substituting groups in them and henceforth its basicity. The quantification of 

carbamate (the other product observed in the reaction of the wet AHA ILs with CO2) is 

presented and discussed in the next chapter.  
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Chapter 3: Effect of water on the CO2 capture capacity of aprotic 
heterocyclic anion ionic liquids2 

The CO2 solubility in different AHA IL and water mixtures is investigated in this 

chapter, in order to understand how water impacts the CO2 uptake capacity of the AHA 

ILs. Moreover, the effect of water concentration on the CO2 uptake and the recyclability of 

the AHA IL and water mixtures for CO2 capture applications are also investigated.  

METHODOLOGY 

Materials 

The AHA ionic liquids that were used for this part of the study are the 9 AHA ILs 

that showed reactivity towards water and CO2, as was discussed in the previous chapter. 

They were synthesized by Dr. Oscar Morales; their names and structures are shown in 

Table 2.1 in Chapter 2.  

CO2 solubility measurements 

The CO2 solubility in the 9 different AHA IL and water mixtures was measured 

following an isochoric method. The isochoric method to measure gas solubilities is based 

on the measurement of pressure variations inside a reaction vessel and gas reservoir of 

known constant volume. The pressure variations are used to calculate the gas solubility 

using an equation of state.  

Two volumetric apparatus with slightly different set ups were used in this study: a 

variable temperature volumetric apparatus (VTVA) and a room temperature volumetric 

 
2 The section  in this chapter corresponding to Recyclability test of the CO2 solubility in AHA ILs and water 
mixtures had been published previously in the article: Effect of Water on CO2 Capture by Aprotic 
Heterocyclic Anion (AHA) Ionic Liquids77. Co-authors: Dr. Oscar Morales-Collazo (synthesized the ILs used 
in the study and redacted the synthesis and materials section in the article) and Dr. Joan F. Brennecke (edited 
the whole article). 
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apparatus (RTVA), photos of each apparatus are shown in Figures 3.1 and 3.2. They are 

both composed of a reaction vessel and gas reservoir of known volumes, the volumes of 

the reaction vessel and gas reservoir of the VTVA are 170 ml and 290 ml, respectively. In 

the case of the RTVA the volumes of the reaction vessel and gas reservoir are 77 ml and 

306 ml, respectively. The pressure in both apparatuses is monitored using HEISE PM 

digital pressure indicators, the temperature is monitored using a Type K thermometer 

Omega HH501DK,  and the sample inside the reaction vessel is stirred using magnetic 

stirring plates.  Additionally, the VTVA is placed inside a YAMATO DKN602 oven, in 

order to control the temperature of the different measurements at temperatures higher than 

25 °C.  More details about the VTVA can be found in previous publications45–48,77. 

 

 

Figure 3.1: Photo of variable temperature volumetric apparatus (VTVA).  

 All of the CO2 solubility measurements were conducted at low pressures 

ranging up to 1 bar, therefore, the ideal gas law and Lee-Kesler correlation were used, in 
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order to calculate the CO2 solubility of the AHA IL and water mixtures. The CO2 solubility 

of AHA IL and water mixtures, was measured for two different water concentrations: 4 

mol H2O/ mol IL and 1 mol H2O/ mol IL.  

 

Figure 3.2: Photo of room temperature volumetric apparatus (RTVA).  

During the CO2 solubility measurements of the AHA IL and water mixtures (with 

different water concentrations) that were conducted in the volumetric apparatuses, the 

reaction vessel containing the mixture of AHA IL and water had to be evacuated before 

CO2 exposure, using a Welch Gem 8890 pump. In order to avoid any water evaporation, 

the reaction vessel was cooled using liquid nitrogen to a temperature below -100 °C. After 

the reaction vessel was cooled and evacuated, it was allowed to reach the desired 

temperature for the measurement, followed by exposure of the AHA IL and water mixture 

to 1 bar of CO2.  

The uncertainty of the CO2 solubility measurements is ± 0.02 mol fraction, 

calculated as the standard deviation of repeated measurements when available. Deionized 
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water obtained from a Direct-Q R Millipore water purification system and Carbon dioxide 

(instrument grade 99.9%, H2O < 10 ppm) (124-38-9) was purchased from Airgas, were 

used for all of the measurements. 

Recyclability test 

The reversibility of the reaction of the AHA IL with water and CO2 was studied by 

conducting a recyclability test of the AHA IL and water mixture CO2 solubility. The 

recyclability test was conducted for two AHA ILs [P2228][2CNPyr] and [P2222][BnIm], the 

mixtures of these ILs with water were prepared with a water concentration of 4 mol H2O/ 

mol IL (using deionized water from a Direct-Q R Millipore water purification system).  

The CO2 solubility measurements were conducted in the VRVA, following the 

same procedure explained in the previous section. The CO2 solubility measurements of the 

[P2228][2CNPyr] and [P2222][BnIm] water mixtures were conducted at 25 °C. The 

regeneration process consisted of placing the system under vacuum (using a Welch  8890 

Gem pump) and evacuating the reaction vessel until the pressure inside the reaction vessel 

reached a value lower than 20 mbar at elevated temperature, in order to dry the ionic liquid 

and desorb the CO2. [P2228][2CNPyr] was regenerated at 60 °C for 3 days, and 

[P2222][BnIm] was regenerated at 80 °C for 3 days. After the ionic liquid had been 

completely dried and the CO2 desorbed, water was added once again to obtain a mixture 

with a composition of 4 mol H2O/mol IL and the cycle was repeated.  

Wet polydimethylsiloxane (PDMS) shells containing [P2228][2CNPyr] and 

[P2222][BnIm] were also subjected to a CO2 solubility recyclability test. The recyclability 

test for the wet encapsulated ILs was also conducted in the VTVA. First, the encapsulated 

ILs sample were exposed to water-saturated nitrogen at 25 °C for 3 hours. After the 

encapsulated IL sample had been exposed to water, the reaction vessel was cooled and 
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evacuated, before continuing with the CO2 solubility measurements procedure explained 

before. The CO2 solubility measurements of the encapsulated ILs were conducted at room 

temperature (25 °C) and they were regenerated at 90 °C for 3 days.  After the encapsulated 

ionic liquid had been completely dried and the CO2 desorbed, the sample was exposed once 

again to water-saturated nitrogen and the cycle was repeated.  

After 5 cycles were conducted of the CO2 solubility recyclability test on the AHA 

IL and water mixtures and the wet encapsulated AHA ILs, the recycled samples were 

analyzed using 1H and 13C NMR spectroscopy. The recycled polymer shell capsules 

containing the AHA ILs were crushed and filtered using methanol, in order to obtain 

samples suitable for NMR analysis. The samples were dissolved in DMSO-d6 (purchased 

from Cambridge Isotopes, 99.9%, +1% V/V TMS). Agilent MR 400 and Varian 

DirectDrive 400 spectrometers were used for the analysis.   

Density measurements 

The densities of the AHA IL and water mixtures after they had been saturated with 

1 bar of CO2 were measured using a DMA 4500 Anton Paar oscillating U-tube 

densitometer. The experimental uncertainty of these measurements is estimated to be ± 

0.001 g/cm3. The densities of the AHA ILs and water mixtures saturated with CO2 were 

measured at temperatures ranging from 20 °C to 40 °C and these values were used in the 

CO2 solubility calculations. The densities could not be measured at higher temperatures 

because of the formation of bubbles as the CO2 was released.  

CO2 SOLUBILITY IN AHA ILS AND WATER MIXTURES 

The solubility of CO2 in nine different AHA ILs and water mixtures (with a 

concentration of 4 mol H2O/ mol IL) was measured at 1 bar of CO2 and 25 °C using the 
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volumetric apparatuses described in the methodology section.  The results are presented in 

Figure 3.3 and Table B.3 in Appendix B.  Additionally, the densities of the AHA ILs and 

water mixtures after exposure to CO2 were measured in this study (needed for the 

calculations of the CO2 solubility measurements) are presented in Appendix B, Table 3.1.  

The CO2 solubility was measured in mixtures of AHA ILs and 4 mol H2O per mol IL, 

because all of the NMR spectroscopy measurements were conducted with mixtures with 

that water concentration.   

The solubility of CO2 in the IL and water mixtures ranges from 0.7 to 0.96 mol 

CO2/ mol IL, depending on the anion. The solubility of CO2 in the AHA IL and water 

mixtures (with a water concentration of 4 mol H2O/ mol IL)  decreases in the following 

order: [P2228][BrBnIm] > [P2222][BnIm] > [P2228][BnImSCH3] > [P2228][4Triz] > 

[P2228][2CNPyr] > [P2228][CH3CF3Pyra] > [P2228][4NO2Pyra] > [P2228][3Triz] > 

[P2228][CF3Pyra]. The trend observed regarding the CO2 solubility of the AHA ILs and 

water mixtures is different than the one observed for the solubility of CO2 in neat AHA ILs 

with the same anions and the trihexyl(tetradecyl)phosphonium cation [P66614]+, where the 

solubility decreases in the following order:  [P66614][BnIm] > [P66614][BrBnIm] > 

[P66614][2CNPyr] > [P66614][CF3Pyra] > [P66614][4Triz] > [P66614][BnImSCH3] > 

[P66614][CH3CF3Pyra] > [P66614][3Triz] > [P66614][4NO2Pyra]45,86. This difference is due to 

the effect of water on the CO2 capture mechanism of the AHA ILs that leads to bicarbonate 

and carbamate formation, that was explained in Chapter 2.  

According to these results, the CO2 capture capacity of the AHA ILs in the presence 

of water can increase or remain the same compared to the dry IL, depending on the anion. 

The mixtures of [P2228][2CNPyr] and [P2222][BnIm] and water exhibit a CO2 solubility 

(0.9and 0.95 mol CO2/ mol IL, respectively) which is nearly the same CO2 solubility of the 

neat ILs (0.9246 and 0.97 mol CO2/mol IL47, respectively) . In the case of [P2228][4NO2Pyra] 
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the CO2 solubility is greatly enhanced in the presence of water from 0.45 mol CO2/ mol IL 

(at 1.7 bar of CO2 and 22 °C80) to 0.84 mol CO2/ mol IL (at 1 bar of CO2 and 25 °C). 

Regarding the other ILs,  the CO2 solubility of the neat [P66614] AHAs was compared to the 

CO2 solubility of the [P2228] AHAs mixed with water. This comparison was used because 

changing the cation from [P66614]+ to [P2228]+, will only increase the CO2 solubility of the 

neat ILs slightly. According to this comparison the CO2 solubility of  [P2228][BrBnIm] 

increases slightly  in the presence of water to 0.96 mol CO2/ mol IL (the CO2 solubility of  

the neat [P66614][BrBnIm] is 0.9 mol CO2/mol IL45). In the case of [P2228][CF3Pyra] and 

[P2228][4Triz] their CO2 solubility in the presence of water (0.7 and 0.93 mol CO2/ mol IL, 

respectively ) remains the same when compared to the CO2 solubility of the neat ILs 

[P66614][CF3Pyra] and [P66614][4Triz] (0.68 and 0.92 mol CO2/ mol IL, respectively45). On 

the other hand, the CO2 solubility of [P2228][3Triz], [P2228][CH3CF3Pyra] and 

[P2228][BnImSCH3] in the presence of water (0.73, 0.89 and 0.94 mol CO2/ mol IL, 

respectively) is considerably higher than the CO2 solubility of the neat ILs [P66614][3Triz], 

[P66614][ CH3CF3Pyra] and [P66614][BnImSCH3] (0.25, 0.64 and 0.72 mol CO2/ mol IL, 

respectively45). 
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Figure 3.3: Comparison of the CO2 solubilities in AHA ILs and water mixtures (with a 
water concentration of 4 mol H2O/ mol IL). 

Effect of water content on CO2 solubility 

The CO2 solubility of eight AHA ILs mixed with water was also studied with a 

lower water concentration of 1 mol H2O/ mol IL, in order to understand the impact of water 

content on the CO2 uptake capacity. This water concentration (1 mol H2O/ mol IL) was 

chosen to assure there would be enough water for the reaction of the wet AHA ILs and CO2 

to take place without any reactant acting as a limiting agent, and in order to being closer to 

mimicking the actual conditions in a post-combustion CO2 capture process. It was observed 

that by exposing the IL [P2228][2CNPyr] to water saturated nitrogen (in the VTVA) the IL 

water uptake was close to 3 mol H2O/ mol IL. This measurement was conducted with water 

saturated nitrogen at 15 °C, therefore with a partial water pressure 15 mbar. The water 

pressure in post-combustion flue gas it approximately of 5-7 mbar67, consequently, the 

water uptake of the IL in contact with post-combustion flue gas would be less than 3 mol 

H2O/ mol IL. 
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The CO2 solubility measurements were conducted in the volumetric apparatuses 

described in the methodology section. The densities of six AHA ILs mixed with water 

(with a water concentration of 1 mol H2O/ mol IL) after they had been saturated with 1 bar 

of CO2 were also measured with the DMA 4500 Anton Paar oscillating U-tube 

densitometer. The densities of [P2228][BrBnIm] and [P2228][BnImSCH3] mixed with 1 mol 

H2O/ mol IL and saturated with CO2, could not be measured, because the samples started 

to solidify when removed from the volumetric apparatus. Therefore, the densities measured 

with the samples with higher water concentration were used for the CO2 solubility 

calculations. The data of the densities of these mixtures can be found in Table B.2 in 

Appendix B. The CO2 solubility of [P2222][BnIm] mixed with water, with a water 

concentration of 1 mol H2O/ mol IL, could not be measured because [P2222][BnIm] is solid 

at room temperature and did not become liquid after adding that amount of water.  

The results of the effect of water concentration on the CO2 uptake capacity of AHA 

ILs are presented in Figure 3.4 and Table B.4 in Appendix B. Regarding the [P2228][AHA] 

ILs and water mixtures analyzed in this study, all of the mixtures had a water concentration 

higher or equal to 1 mol H2O/ mol IL. The results in Figure 3.4 show how increasing the 

water concentration from 1 to 4 mol H2O/ mol IL, decreases the CO2 solubility in the 

mixtures slightly; except in the case of [P2228][4NO2Pyra]. The effect of water 

concentration on the CO2 solubility of ILs observed here is the opposite to what was shown 

by Seo et al. regarding the CO2 solubility of [P66614][2CNPyr] with different water 

concentrations (0.3, 0.8, 1.2 and 1.5 mol H2O/ mol IL)45. The increase of CO2 solubility 

with increasing water concentration observed for [P66614][2CNPyr], is attributed to the fact 

that the concentration of the water mixtures studied was below or close to 1 mol H2O/mol 

IL. The mixtures of water and [P66614][2CNPyr] with lower water concentrations (0.3 and 

0.8 mol H2O/mol IL) have lower CO2 solubilities than the mixtures with higher water 
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concentrations, because water is acting as a limiting agent in the reaction pathway leading 

to bicarbonate formation (discussed in Chapter 2).   

 

 

Figure 3.4: Comparison of the CO2 solubility in AHA ILs and water mixtures, with water 
concentrations of 4 and 1 mol H2O/ mol IL. 

According to these results the CO2 capture capacity of AHA ILs increases with 
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concentration is. The ILs [P2228][CF3Pyra],  [P2228][3Triz] and [P2228][4NO2Pyra] water 

mixtures exhibit lower CO2 solubilities and accordingly less reactivity towards CO2 

binding, because they are less basic than the other AHA ILs.  

Moreover, the degree of decline in the CO2 solubility of the ILs with increasing 

water concentration also depends on the anion. The CO2 solubility of AHA ILs 

[P2228][2CNPyr], [P2228][4Triz], [P2228][BnImSCH3] and [P2228][CH3CF3Pyra] with 

increasing water concentration only decreases slightly and their CO2 solubilities are close 

to the maximum theoretical CO2 uptake capacity (1 mol CO2/ mol IL). For these ILs the 

differences in the CO2 solubility of the mixtures with different water concentrations is 

attributed to changes in the physical solubility and experimental uncertainty.  

In the case of the ILs [P2228][BrBnIm] and [P2228][CF3Pyra] water mixtures, their 

CO2 solubilities appears to increase with decreasing water concentration. The higher CO2 

solubilities of these two AHA ILs mixed with 1 mol H2O/ mol IL can be attributed to 

changes in the ratio of product formation, decreasing the water concentration in the 

mixtures could increase the amount of bicarbonate formation. The water concentration in 

the mixture of [P2228][2CNPyr] (discussed in Chapter 2) appeared to have no effect on the 

amount of bicarbonate and carbamate formation, in the reaction of the IL with water and 

CO2, however this is not necessarily true for the other AHA ILs. Additionally, the 

differences of the CO2 solubilities in the AHA ILs and water mixtures could also be 

attributed to changes in the equilibrium constant and activity coefficients of the mixtures.  

The CO2 solubility of [P2228][4NO2Pyra] mixed with water increases with 

increasing water concentration, from 0.74 to 0.84 mol CO2/ mol IL, when the water 

concentration of the mixture increases from 1 to 4 mol H2O/mol IL. The CO2 solubility of 

[P2228][3Triz] mixed with water remains the same at different water concentrations. 

Additionally, it is important to notice that the CO2 solubility of these two ILs mixed with 
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water is significantly higher than the CO2 solubility of the neat ILs. Interestingly, 

[P2228][4NO2Pyra] and [P2228][3Triz]  exhibit low ratios of bicarbonate formation (only 0.1 

and 0.35 mol of bicarbonate/ mol IL, as was showed in Chapter 2), therefore the increase 

of the CO2 solubility of these two ILs in the presence of water is not completely attributed 

to bicarbonate formation (as was the case for the other AHA ILs). Consequently, the 

dramatic increase in the CO2 solubility of  [P2228][4NO2Pyra] and [P2228][3Triz] mixed with 

water, must be attributed to an increase in carbamate formation, as will be discussed below.  

CARBAMATE FORMATION  

The amount of carbamate formation in the reaction of the AHA ILs with water and 

CO2 was calculated using the following formula:  

[Carbamate]= [CO2] - [Bicarbonate] eq. 3.1 

The results of the quantification calculations of the amount of carbamate formation 

in the reaction of AHA ILs with water and CO2 are presented in Figure 3.5 and Table B.5 

in Appendix B. The quantification results for the different AHA ILs show that as the 

amount of bicarbonate formation decreases the amount of carbamate formation increases, 

except for [P2228][CF3Pyra]. Furthermore, these results indicate that the ratio of bicarbonate 

and carbamate formation in the reaction of the AHA ILs with water and CO2 depends on 

the nature of the anion, the substituent groups on the anion and its basicity.  

According to these results the ratio of carbamate formation in the reaction between 

AHA ILs and CO2 in the presence of water decreases in the following order 

[P2228][4NO2Pyra] >  [P2228][4Triz] > [P2228][BrBnIm] > [P2228][3Triz] > 

[P2228][BnImSCH3] > [P2228][2CNPyr] > [P2222][BnIm] > [P2228][CF3Pyra] > 

[P2228][CH3CF3Pyra]. This trend is opposite to the trend observed regarding the ratio of 

bicarbonate formation in the reaction between AHA ILs, water and CO2 (discussed in 
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chapter 2). Moreover, the trend of how the carbamate ratio in the reaction decreases 

according to the anion, implies that the ILs with lower basicity such as [P2228][4NO2Pyra], 

[P2228][3Triz] and [P2228][4Triz] will exhibit higher ratios of carbamate formation.  

The ratios of product formation (bicarbonate and carbamate) in the CO2 capture of 

AHA ILs and water mixtures presented in Figure 3.5, denotes that the CO2 capture 

mechanism leading to bicarbonate formation is the dominant mechanism for six of the nine 

AHA ILs studied [P2222][BnIm], [P2228][2CNPyr], [P2228][CH3CF3Pyra], [P2228][CF3Pyra], 

[P2228][BnImSCH3] and [P2228][BrBnIm]. For the other three AHA ILs [P2228][4Triz], 

[P2228][3Triz] and [P2228][4NO2Pyra] the CO2 capture mechanism leading to carbamate 

formation is the dominant one. As it was mentioned before, the amount CO2 captured by 

the neat ILs [P2228][4NO2Pyra] and [P2228][3Triz] is much lower than the amount of CO2 

captured as carbamate by the IL and water mixtures of [P2228][4NO2Pyra] and 

[P2228][3Triz].  

The neat [P2228][4NO2Pyra] only exhibits a CO2 uptake of 0.45 mol CO2/ mol IL 

(at 1.7 bar of CO2 and 22 °C80), on the other hand the amount of CO2 captured by this IL 

mixed with water as carbamate is 0.74 mol carbamate/mol IL. A similar behavior is also 

observed for [P2228][3Triz], although less dramatic. The CO2 uptake of [P66614][3Triz] is 

0.25 mol CO2/mol IL45 and the CO2 uptake capacity of neat [P2228][3Triz] is expected to 

be similar, the amount of carbamate formation of [P2228][3Triz] mixed with water is 0.38 

mol carbamate/ mol IL. These observations imply that there is another mechanism of CO2 

capture of this two AHA ILs in the presence of water, which favors the amount of 

carbamate formation.  
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Figure 3.5: Summary of the quantification of products of the reaction between AHA ILs, 
water and CO2. 

Recyclability test of the CO2 solubility in AHA ILs and water mixtures 

The reversibility of the reactions between AHA ILs, water and CO2 was studied by 

conducting recyclability tests of the CO2 solubility of [P2228][2CNPyr] and [P2222][BnIm] 

mixed with water (with a water concentration of 4 mol H2O/ mol IL). The reaction of these 

AHA ILs with CO2 to form carbamate (when no water is present) has been shown to be 

completely reversible before48. Consequently, the recyclability tests of the AHA ILs mixed 

with water were conducted to determine the reversibility of the reaction pathway leading 

to bicarbonate formation. The results corresponding to the CO2 uptake for 5 cycles of 

[P2228][2CNPyr] and [P2222][BnIm] mixed with water are presented in Figures 3.6 and 3.8 

and Table B.6 in Appendix B.  
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The recyclability test of the CO2 solubility was conducted at 25 °C, and the 

regeneration process was done at 60 °C for 3 days, in the case of [P2228][2CNPyr]. The 

regeneration process of the IL in these experiments is not meant to mimic the actual 

regeneration process in the post combustion CO2 capture application, where the 

temperature and/or pressure swing chosen would not remove all of the CO2. This 

regeneration process in only used to determine the reversibility of the reactions. The results 

obtained of the CO2 recyclability of [P2228][2CNPyr] in Figure 3.6 (where the first bar is 

the CO2 capacity of the neat IL, which has been measured previously45) show that the total 

CO2 capacity of [P2228][2CNPyr] in the presence of water is the same as for the neat IL, 

even though two parallel reactions (carbamate and bicarbonate formation) are taking place 

when water is present.  

The evaporation of neutral pyrrole-2-carbonitrile (reprotonated cyanopyrrolide) 

during the regeneration of the IL could be a possible mechanism for irreversibility and 

solvent losses, even though pyrrole-2-carbonitrile is not very volatile (its experimental 

boiling pint is 92-94 °C/2 mmHg). However, the CO2 uptake capacity of [P2228][2CNPyr] 

mixed with water only varies by 8% after 5 cycles, from 0.92 mol CO2/mol IL to 0.88 mol 

CO2/mol IL, which can be attributed to experimental uncertainty. Moreover, the 1H NMR 

and 13C NMR spectra of the ionic liquid after being recycled 5 times, presented in Figure 

3.7 and Figure A.8 in Appendix A, revealed no sign of decomposition or the presence of 

reaction products (carbamate and bicarbonate). Thus, we conclude that both reactions, the 

formation of carbamate and bicarbonate, are fully reversible for [P2228][2CNpyr].  
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Figure 3.6: Recyclability testing of [P2228][2CNPyr] + 4 mol H2O/mol IL + 1 bar CO2 
pressure at 25 °C77. 

 

Figure 3.7: Comparison of the 13C NMR spectra of neat [P2228][2CNPyr] and after it had 
gone through five CO2 uptake and regeneration cycles with water present77. 
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The recyclability test of the CO2 solubility of [P2222][BnIm] mixed with water were 

conducted at 25 °C and the IL was regenerated at 80 °C for 3 days. Losses of the IL due to 

evaporation of benzimidazole during the regeneration process is very unlikely, since 

benzimidazole is a solid with a melting point of 170-172 °C.  The results of the CO2 

recyclability test of the [P2222][BnIm] and water mixture (presented in Figure 3.8), show 

that  the first bar is the CO2 uptake capacity of the neat IL at 60 °C, which has been 

measured previously47, is practically the same as the CO2 uptake of the [P2222][BnIm] and 

water mixture at 25 °C.  

The CO2 solubility of the neat [P2222][BnIm] at 25 °C could not be measured, 

because this IL is solid at room temperature and it only becomes liquid after CO2 exposures 

at a temperature of 60 °C or higher. However, the comparison regarding the CO2 solubility 

of the neat IL at 60 °C and the CO2 solubility of the IL mixed with water at 25 °C is valid, 

because CO2 solubility increases with decreasing temperature and the CO2 solubility of 

[P2222][BnIm] at 60 °C is already very close to the theoretical limit of 1 mol CO2/ mol IL. 

Consequently, the CO2 solubility of the neat [P2222][BnIm] at 25 °C would be similar to the 

one at 60 °C, if it could be measured.  

The result observed here showing that [P2222][BnIm] maintains the same high CO2 

capture capacity when water is present do not agree with the results presented by Taylor, 

et al75. for [P66614][BnIm].  They showed that the CO2 solubility of [P66614][BnIm] decreases 

in the presence of water, compared to the CO2 solubility of the neat [P66614][BnIm]. The 

discrepancy regarding the effect of water on the CO2 capture capacity of benzimidazolide 

based ILs can be attributed to the effect of cations with different alkyl chain length. Another 

explanation is the use of  KF titration to correct for the amount of water in the sample after 

CO2 exposure, used by Taylor et al75. in their study. Unfortunately, the formation of 



 78 

carbamate and bicarbonate has been shown to interfere with the KF titration reactions and 

produce errors88.  

The CO2 solubility of the system investigated here corresponding to [P2222][BnIm] 

mixed with water varies only by 9% after five cycles, as it can be seen in Figure 3.8. 

Furthermore, the recycled [P2222][BnIm] was analyzed using 13C NMR and 1H NMR 

spectroscopy. The 1H NMR spectrum of  [P2222][BnIm]  after it was exposed to water and 

CO2 for five cycles, showed in Figure A.9 in Appendix A, shows that the anion peaks of 

the ionic liquid appear at the same chemical shift as the ionic liquid before the reactions 

took place. Moreover, the 13C NMR spectrum of the recycled [P2222][BnIm] presented in 

Figure 3.9, shows that there are no remaining signs of the reactions products carbamate 

and bicarbonate. 

The results of the CO2 recyclability tests of [P2228][2CNPyr] and [P2222][BnIm] 

mixed with water, indicate that the reactions of both AHA ILs with CO2 in the presence of 

water are reversible, even though the reaction mechanism changes when water is present 

and CO2 is captured in the form of both bicarbonate and carbamate. Therefore, CO2 capture 

capacity of [P2228][2CNPyr] or [P2222][BnIm] in an industrial setting would not be adversely 

affected by  the water present in the gas flow. The reversibility of the reaction between 

other AHA ILs, water and CO2 was not studied here. Nevertheless, the NMR spectroscopy 

studies discussed in Chapter 2 show none of the AHA ILs decomposes in the presence of 

water and CO2, which leads to believe the reaction of the other AHA ILs with water and 

CO2 will also be reversible.  
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Figure 3.8: Recyclability testing of [P2222][BnIm] + 4 mol H2O/mol IL + 1 bar CO2 
pressure at 25 °C77.   The neat IL + CO2 value is at 60 °C47. 

 

Figure 3.9: Comparison of the 13C NMR spectra of neat [P2222][BnIm] and after it had 
gone through five CO2 uptake and regeneration cycles with water present77. 
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Recyclability test of encapsulated ILs.  

One of the main challenges of the use of AHA ILs for post combustion CO2 capture 

applications is their high viscosities, which causes mass transfer limitations. An alternative 

to solve the mass transfer limitations exhibited by AHA ILs is to encapsulate them in small 

polymer shells, in order to increase the surface area of contact between CO2 and ILs.  

Accordingly, [P2228][2CNPyr] and [P2222][BnIm] were encapsulated in 

polydimethylsiloxane (PDMS) polymer shells (the diameter of the particles was several 

hundred microns) by  colleagues at Lawrence Livermore National Laboratory. The details 

of the encapsulation process can be found elsewhere.56–59  

The compatibility of the AHA ILs and polymer material in the presence of CO2 was 

tested before, with positive results48.  In order to verify the compatibility of the polymer 

shells and the AHA ILs in the presence of CO2 and water, a recyclability test of the CO2 

solubility of wet encapsulated [P2228][2CNPyr] and [P2222][BnIm] was conducted. The CO2 

solubility data corresponding to the recyclability test is presented in Figures 3.10  and 3.12, 

and Table B.7 in Appendix B.  The CO2 uptake capacity of the encapsulated AHA ILs 

remains the same in the presence of water, as was expected based on the free IL results. 

The CO2 capacity of the encapsulated [P2228][2CNPyr] varied by only 2% over five cycles, 

as can be seen in Figure 3.10.  The recyclability test results for the wet encapsulated 

[P2222][BnIm] (presented in Figure 3.12), indicate that the CO2 solubility values exhibit a 

variation of 13 %.  

Furthermore, the 1H and 13C spectra of both ILs after the recyclability tests 

(presented in Figures 3.11 and 3.13, and Figures A.10 and A.11 in Appendix A) showed 

no sign of decomposition or presence of the reaction products (carbamate and bicarbonate). 

The glycerol peaks present in the spectra are due to residual glycerol used in the 

encapsulation process. These results lead to the conclusion that both ILs are compatible 
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with PDMS even in the presence of water and both reactions, formation of carbamate and 

bicarbonate, are reversible. 

 

 

Figure 3.10: Recyclability test of wet encapsulated [P2228][2CNPyr] when placed in 
contact with CO2 at room temperature and approximately 1 bar CO2 
pressure77. 
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Figure 3.11: Comparison of the 13C NMR spectra of neat [P2228][2CNPyr] and 
[P2228][2CNPyr] removed from PDMS capsules that had gone through five 
CO2 uptake and regeneration cycles with water present77. 
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Figure 3.12: Recyclability test of wet encapsulated [P2222][BnIm] when placed in contact 
with CO2 at room temperature and approximately 1 bar CO2 pressure77.  The 
neat IL value is at 60 °C47. 

 

Figure 3.13: Comparison of the 13C NMR spectra of neat [P2222][BnIm] and [P2222][BnIm] 
removed from PDMS capsules that had gone through five CO2 uptake and 
regeneration cycles with water present77. 
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Chapter 4: Thermodynamic Properties of the Reaction Between Aprotic 
Heterocyclic Anion Ionic Liquids, Water and CO2 

In this chapter the effect of water on the thermodynamic properties (equilibrium 

constant, enthalpy and entropy of reaction) of the AHA IL and water mixtures with CO2 is 

studied. The study consisted of the measurement of the CO2 solubility in mixtures of water 

and nine different AHA ILs.  Additionally, isotherms at different temperatures were 

measured for two AHA ILs and water mixtures. In order to estimate the thermodynamic 

properties of the system, the experimental data for CO2 solubility was fit with a Langmuir 

model. The thermodynamic properties for all of the AHA ILs that react with water and CO2 

were estimated. 

METHODOLOGY 

Materials 

Nine different AHA ILs composed of a phosphonium cation and different AHAs 

were synthesized by Dr. Oscar Morales; the synthesis procedure is explained in Chapter 2. 

The names and structure of the different AHA ILs used are presented in Table 2.1 in 

Chapter 2.  

CO2 solubility measurements 

The CO2 solubility isotherms of the AHA ILs and water mixtures were measured 

using the volumetric apparatuses described in detail in Chapter 3. Both volumetric 

apparatuses to measure gas solubilities were used, the variable temperature and the room 

temperature volumetric apparatus. The AHA IL and water mixtures had a water 

concentration of 1 mol H2O/ mol IL. This water concentration was chosen so there would 

be enough water for the reaction to take place and to try to simulate better the actual post 
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combustion CO2 capture process, where the AHA ILs water content is going to be less than 

3 mol H2O/ mol IL (as was determined in Chapter 3).  

The procedure to measure the CO2 solubility isotherms is the same as explained 

previously. The AHA IL and water mixtures (with a concentration of 1 mol H2O/ mol IL) 

were placed inside the reaction vessel and cooled with liquid nitrogen, before evacuating 

the reaction vessel with the vacuum pump, to a pressure of less than 20 mbar. Afterwards, 

the reaction vessel was allowed to return to room temperature (25 °C  ± 1°C). The pressure 

inside the reaction vessel, after evacuation, corresponds to the water vapor pressure of the 

mixture. Following this, CO2 from the CO2 gas reservoir was added to the reaction vessel 

at different pressures, ranging up to 1 bar, to obtain the different points in the isotherms. 

The isotherms at higher temperatures (32 °C, 40 °C and 60 °C) were measured in the 

variable temperature volumetric apparatus. The uncertainties of both volumetric 

apparatuses are ± 0.02 mol CO2/ mol IL. 

Density measurements 

The densities of the AHA ILs and water mixtures (with a concentration of 1 mol 

H2O/ mol IL) after they had reacted with 1 bar of CO2 were measured using a DMA 4500 

Anton Paar oscillating U-tube densitometer. The densities were measured at different 

temperatures ranging from 20 °C – 40 °C; densities at higher temperatures could not be 

measured because bubbles appeared as the CO2 desorbed.  The uncertainty of the density 

measurements is estimated to be 0.001 g/cm3. The densities of [P2222][BnIm] mixed with 

water and after CO2 exposure, was only measured with a water concentration in the mixture 

of 4 mol H2O/ mol IL, because this IL is solid at room temperature and it did not become 

liquid after adding 1 mol H2O/ mol IL. The densities at 40 °C and 60 °C of [P2222][BnIm] 

mixed with water and after it had reacted with CO2 were obtained from extrapolation.  
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Additionally, the densities of the mixtures of [P2228][BrBnIm] and [P2228][BnImSCH3] with 

water after CO2 exposure, with a water concentration of 1 mol H2O/ mol IL, could not be 

measured, because they became solid after they were taken out of the reactor. Therefore, 

the densities of these two ILs mixed with water after they had reacted with CO2, with a 

water concentration of 4 mol H2O/ mol IL, were used for the calculation of the CO2 

solubility isotherm. The data of all the densities  measured is presented in Table B.1 

Langmuir model fitting equations 

According to what was shown in chapter 2, when water is present the CO2 capture 

mechanism of the AHA ILs changes. In addition to the anion’s reaction with CO2 to form 

carbamate, the anion also reacts with water and is reprotonated, leaving hydroxide to react 

with CO2 to form bicarbonate. In order to estimate the values of the equilibrium constant, 

enthalpy and entropy of reaction of the reaction of AHA ILs with water and CO2 a 

Langmuir model and a combination of the definitions of Gibbs free energy were used.  

The equilibrium constant of the reaction between AHA ILs and CO2 in the presence 

of water were estimated from the measurements of the CO2 solubility isotherms of the ILs 

and water mixtures using the Langmuir model described below. According to the reaction 

mechanism of the ILs with water and CO2, that was described previously, the equilibrium 

constants will be given by:     

 
 𝐾& =

'!
'"'#

 Eq. 4.1       

 
𝐾( =	

'$'%
'"'&'#

 Eq. 4.2 
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Where a1, a2, a3, a4, a5 and a6 represent the activity of IL, CO2, water, carbamate 

(IL-CO2 complex), reprotonated anion and bicarbonate, respectively. These can be 

replaced by the respective activity coefficients and concentrations to obtain:  

 
𝐾& =

)!*!
)"*"+'(#

   Eq. 4.3                  

 
𝐾( =

)$*$)%*%
)"*"+'(#)&*&

 Eq. 4.4 

 

Where xi and 𝜸i are the concentration and the activity coefficient of component i, 
respectively. Assuming the ratio of activity coefficients g!

g"
 and g$g%

g"g&
  are equal to one and 

that the concentration of the reprotonated anion is equal to the concentration of bicarbonate 

(according to the reaction mechanism); the following equations for the equilibrium 

constants are obtained:  

 
 𝐾& =

)!
)"	+'(#

  Eq. 4.5      

 
𝐾( =	

)$
#

)")&+'(#
  Eq. 4.6 

 

The amount of IL that has reacted is given by X1 and is equal to the sum of the 

reaction products: 

 

𝜃𝑋,- =	𝑋& = 𝑋. + 𝑋/    Eq. 4.7 
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Where XIL is the initial IL concentration in the sample and 𝞱 is the fraction of IL 

available for CO2 binding (the maximum absorption capacity). The initial water 

concentration is given by:   

 

 𝑋0 =	𝑋1 +	𝑋.  Eq. 4.8 

 

Where Xw is the initial water concentration. The amount of CO2 absorbed is given 

by:     

 

 𝑋23( = 𝑋/ + 𝑋. +	𝐶𝑂(4567  Eq. 4.9 

 

Where XCO2 is the concentration of CO2 absorbed by the IL-water mixture and 

CO2Phys  is the concentration of physically dissolved CO2, which is given by Henry’s law.  

Solving for X1 in eq. 4.7 and substituting in Eq. 4.5, the following equations are 

obtained:   

 
𝐾& =

)!
(9)(:	)$<)!)+'(#

  Eq. 4.10    

 
 𝑋/ =

>"+'(#(9)(:)$)
&<>"+'(#

  Eq. 4.11 

 
 𝛼 = >"+'(#

&<>"+'(#
	   Eq. 4.12   

 

X/ = 	α(θX? − X.)   Eq. 4.13 
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Solving for X1 in Eq. 4.7 and substituting in Eq. 4.6, the following equation for K2 

is obtained:    

 
 𝐾( =

)$
#

+'(#)&()(:@9)(<@)$:)$)
 Eq. 4.13 

 

Solving Eq. 4.8 for X3, substituting Eq. 4.11 into Eq. 4.13 and solving for X5, the 

following equation is obtained:   

 
𝑋" =	

#$!%"#!('#(()#*)#'$(*,)))±.($!%"#!('#(()#*)#'$(*,))))!#/$!%"#!'#'$(*#))
0((('#(*,))#*)

			Eq. 4.14 

 

Substituting X4 and X5 in Eq. 4.9 and dividing by the initial IL concentration (XO), 

an expression for the amount of CO2 absorbed per mol of IL (Z), is obtained:  

 
𝑍 = +'(#

A
+ 	𝛼𝜃 + 6&:@

)(
7	 )$
)(

  Eq. 4.15 

 

Furthermore, substituting Eq. 4.14 into Eq. 4.15, an equation relating the CO2 

solubility with the equilibrium constants can be obtained:   

 

𝑍 = %!"#
&
+ 	𝛼𝜃 + ''()

*"
( (+#%!"#(*"-()(')(*$('/)))±1(+#%!"#(*"-()(')(*$('/))))

#(2+#%!"#*"*$('())
3((-*"('/))(')

 Eq. 4.16  

 

𝑃23( = 𝑃B − 𝑃A(3  Eq. 4.17 

 

Where PH2O is the water vapor pressure of the mixture (before adding CO2) at the 

temperature of the isotherm, and PT is the pressure measured by the volumetric apparatus 

(the vapor pressure of water is assumed to remain constant after the addition of CO2). 
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Additionally, the activity coefficients of water in the AHA ILs and water mixtures, were 

calculated using the following equation, corresponding to the definition of the activity 

coefficient:  

 
𝛾A(3 =	

+*#(
C*#(+*#(

∗   Eq. 4.18 

Where gH2O is the water activity coefficient of the mixture, xH2O is the mol fraction 

of water and P*H2O is the water saturation pressure at the temperature of the respective 

isotherm. The values of the water activity coefficients obtained for the different mixtures 

are presented in Table B.15 in Apendix B, the values obtained range from 0.5 to 2 with an 

uncertainty of ± 0.2, obtained from the standard deviation of 5 repeated measurements 

when available.  

Regarding the equilibrium constants, K1 is a known value obtained previously for 

each AHA IL without water present. With these equations K2 can be fitted for each 

isotherm. By combining the definitions of Gibbs free energy, the following equation 

relating the equilibrium constant with the enthalpy and entropy of the reaction can be 

obtained:  

 

ln<𝑘$D> = − ∆A,

!B
+ ∆F,

!
 Eq. 4.19 

 

Assuming ΔH° and ΔS° are constant throughout the temperature range involved, 

K2 and T are the only variables in Eq. 4.16. Therefore, using the experimental CO2 

solubility data for the AHA IL and water mixtures, along with Eq. 4.16 and Eq. 4.19, the 

thermodynamic properties of the reaction between the different AHA ILs, water and CO2 

can be estimated. The values of 𝞱 used correspond to the maximum CO2 absorption 

exhibited by each IL and water mixture. Regarding the Henry’s law constant, the value of 
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62 bar, reported previously for the physical CO2 solubility in [P66614][2CNPyr]44 was used. 

Since the measurements in this study were not conducted at high pressures, the physical 

CO2 solubility is very small and better estimate of the Henry’s law constant than the 

[P66614][2CNPyr] value could not be obtained. The fitting of the experimental data to Eq. 

4.16 and Eq. 4.19 was done with Microsoft Excel data solver.  

The biggest assumption that was done in this model is that the activity coefficients 
ratio (g!

g"
 and g$g%

g"g&
) are equal to one. This assumption was done in previous studies regarding 

the reaction of the ILs with CO2,45,48 which lead to carbamate formation. However, when 

water is present the system becomes more complex, and the assumption of the activity 

coefficient ratios being equal to one will lead to bigger uncertainties.  The species in the 

AHA IL + H2O + CO2 are all monovalent, which means the activity coefficients of the 

different species in the system will not depend strongly on the system’s ionic strength, but 

on other aspects such as the species radius and the different interactions between them. 

Unfortunately, there is not enough data available to calculate the activity coefficients taking 

into account all of those parameters. The Langmuir model used in this study to fit the 

thermodynamic properties of the system is a first approximation. The uncertainties 

obtained regarding the fitting of the experimental data, with this model will reveal how 

accurate the model is to describe the AHA IL + H2O + CO2 system. The uncertainty of the 

enthalpy and entropy values estimated using this model was calculated as the root mean 

squared deviation, with the following formula:  

 

?∑ (6-:6H).
-
I

 Eq. 4.20 
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Where n is the number of points measured in the corresponding isotherms, yi are 

the values of the estimated parameters (entropy and enthalpy) calculated for each point in 

the isotherms, and 𝑦A are the values obtained from the fitting for the enthalpy and entropy.  

CO2 SOLUBILITY ISOTHERMS OF AHA ILS AND WATER MIXTURES 

The CO2 uptake isotherms of nine AHA IL and water mixtures were measured as a 

function of pressure with a water concentration of 1 mol H2O/ mol IL, at pressures ranging 

up to 1 bar of CO2. The isotherms were measured using the volumetric apparatuses 

described in Chapter 3. Figure 4.1 and Tables B.8, B.9, B10, B.11 and B.12, in Appendix 

B, show the results of the CO2 solubility isotherms measurements for the different ILs and 

water mixtures.  

 

Figure 4.1: CO2 solubility isotherms of AHA IL and water mixtures, with a water 
concentration of 1 mol H2O/ mol IL and at 25 °C.  
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The isotherms in Figure 4.1 indicate that seven of the AHA ILs ([P2222][BnIm], 

[P2228][2CNPyr], [P2228][BrBnIm], [P2228][BnImSCH3], [P2228][CH3CF3Pyra], 

[P2228][CF3Pyra] and [P2228][4Triz]) have high CO2 solubilities (greater than 0.7 mol CO2/ 

mol IL) at low CO2 pressures (lower than 50 mbar) when mixed with water. Accordingly, 

the slope of their CO2 solubility isotherms is very steep. When mixed with water, 

[P2222][BnIm] exhibits the highest CO2 solubility at low pressures (0.99 mol CO2/ mol IL 

at 2 mbar and 25 °C) and its isotherm has the steepest slope. The CO2 solubility of the 

AHA IL + water mixtures at CO2 pressures lower than 50 mbar and the steepness of the 

slope of the isotherms decrease in the following order: [P2222][BnIm] > 

[P2228][CH3CF3Pyra] > [P2228][BrBnIm] > [P2228][CH3SBnIm] > [P2228][4Triz] > 

[P2228][CF3Pyra] > [P2228][2CNPyr] > [P2228][3Triz] > [P2228][4NO2Pyra].  

The trend of the CO2 solubility of the AHA ILs at high CO2 pressures (1 bar), on 

the other hand, is different than the trend at low pressures. The CO2 solubility of the 

mixtures at 1 bar of CO2 and 25 °C decreases in the following order: [P2222][BnIm] > 

[P2228][4Triz] > [P2228][CH3SBnIm] > [P2228][BrBnIm] > [P2228][2CNPyr]  > 

[P2228][CH3CF3Pyra]  > [P2228][CF3Pyra] > [P2228][3Triz] > [P2228][4NO2Pyra]. The 

isotherm for [P2222][BnIm] mixed with water had a concentration of 4 mol H2O/ mol IL, 

because this IL is a solid at room temperature and it did not become liquid upon addition 

of 1 mol H2O/ mol IL.  

The trends of the CO2 solubility at both low and high CO2 pressures agree 

qualitatively with the basicity of the anions, since the ILs with the most basic anions 

[BnIm]-, [CH3CF3Pyra] and [BnImSCH3]- (with their anions precursors pKa being: 12. 

7584, 12.3381 and 12.4587, respectively) exhibit high CO2 solubility at high and low CO2 

pressures. The CO2 solubility of the ILs [P2228][2CNPyr], [P2228][BnImSCH3], 

[P2228][4Triz], [P2228][BrBnIm], [P2228][CH3CF3Pyra]  and  [P2222][BnIm] mixed with water 
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only varies from 0.92 to 1.07 mol CO2/ mol IL. However, the CO2 solubility of 

[P2228][CF3Pyra], [P2228][3Triz] and [P2228][4NO2Pyra] mixed with water is significantly 

lower (0.78, 0.74 and 0.72 mol CO2/ mol IL at 1 bar of CO2 and 25 °C, respectively). This 

result also agree with the basicity of the anions since the anions’ precursors 

(trifluoromethylpyrazole, 4-nitropyrazole and 3-triazole) pKa values  (10.882, 9.52, 9.285, 

respectively) are lower than the pKa of the anion precursors corresponding to the ILs with 

higher CO2 solubility. The CO2 solubilities of [P2222][BnIm], [P2228][CH3SBnImSCH3], 

[P2228][BrBnIm], [P2228][4Triz] and [P2228][2CNPyr] mixed with water at 1 bar of CO2 are 

slightly higher than 1 mol CO2/ mol IL; these values higher than the 1:1 mol ratio of  IL to 

CO2 captured are attributed to the physical CO2 solubility in the mixtures.  

Figures 4.2 and 4.3 show a comparison of the CO2 solubility isotherms of 

[P2228][2CNPyr] and [P2222][BnIm] with and without water. This comparison shows that 

the shape of the isotherms changes for both ILs when they are mixed with water. The 

isotherms of the ILs mixed with water have significantly steeper slopes. Specially, in the 

case of [P2222][BnIm], the IL and water mixture is almost completely saturated with CO2 at 

only 2 mbar of CO2, whereas when there is no water present the isotherm doesn’t level off 

until a CO2 pressure of almost 200 mbar. The changes in the shape of the isotherms 

observed for the ILs mixed with water are attributed to the changes in the reaction 

mechanism and the reaction of the ILs with water and CO2 leading to bicarbonate 

formation. Moreover, the increase in the slopes of the isotherms of the IL and water 

mixtures suggest changes in the thermodynamic properties of the system, more specifically 

to a higher enthalpy of reaction.  
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Figure 4.2: CO2 solubility isotherms of neat [P2228][2CNPyr]46 and [P2228][2CNPyr] + 
H2O mixture (water concentration 1 mol H2O/ mol IL) at 25 °C. 

 

Figure 4.3: CO2 solubility isotherms of neat [P2222][BnIm]47 at 60 °C and [P2222][BnIm] + 
H2O mixture (water concentration 4 mol H2O/ mol IL) at 25 °C. 
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Temperature dependence of the CO2 solubility of AHA IL and water mixtures 

The CO2 solubility at different temperatures was measured in the volumetric 

apparatus described previously for [P2228][2CNPyr] and [P2222][BnIm] mixed with water. 

The isotherms of [P2228][2CNPyr] mixed with water (with a water concentration of 1 mol 

H2O/ mol IL) at 25 °C, 32 °C and 40 °C are presented in Figure 4.4 and Table B.3. The 

CO2 solubility in [P2228][2CNPyr] mixed with water decreases significantly with 

temperature, which was expected since gas solubility decreases with temperature and both 

reactions are expected to be exothermic. The isotherm at 25 °C exhibits a maximum CO2 

solubility at 0.97 bar of CO2 of 1 mol CO2/ mol IL. The maximum CO2 solubility at 32 °C 

decreases to 0.85 mol CO2/ mol IL at 0.99 bar of CO2 and the maximum CO2 solubility at 

40 °C is only 0.7 mol CO2/ mol IL at 0.96 bar of CO2. These results indicate that the 

presence of water makes the effect of temperature on the CO2 solubility more drastic than 

for dry IL, since the CO2 solubility in [P2228][2CNPyr] when no water is present only 

changes from 0.92 mol CO2/mol IL at 22 °C46 to 0.86 mol CO2/mol IL at 40 °C and 0.71 

mol CO2/mol IL at 60 °C48. The changes in CO2 solubility with temperature being larger 

for the case when water is present, suggests that the enthalpy of the reaction leading to the 

reprotonation of the anion and bicarbonate formation is larger than the enthalpy of reaction 

leading to carbamate formation.  

Moreover, it was observed that even though the CO2 solubility changes 

significantly with temperature, the slopes of the isotherms at low pressure do not change 

considerably. This behavior is very different from what was observed in the isotherms of 

the neat [P2228][2CNPyr], as is shown in Figure 4.2, where the isotherms with and without 

water are compared at 25 °C and 40 °C. The isotherms of the neat IL show that the slope 

changes significantly when the temperature is increased; on the other hand, when water is 

present, the slope of the isotherms does not change as much. More isotherms at higher 
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temperatures were not measured because decomposition of the IL at 60 °C was observed 

for the reaction with water and CO2. This is an important observation and could affect the 

recyclability and lifetime of the IL in an actual process using wet flue gas.  The 1H and 13C 

NMR spectra of the [P2228][2CNPyr] after it had reacted with water and CO2 at 60 °C are 

presented in Figures A.12 and A.13.  

 

 

Figure 4.4: CO2 solubility isotherms of neat [P2228][2CNPyr] at different temperatures 
and [P2228][2CNPyr] + H2O mixture (water concentration 1 mol H2O/ mol 
IL) at different temperatures. 
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and Table B.4. The results presented in Figure 4.5 are similar to what was observed for 

[P2228][2CNPyr], the CO2 solubility in the [P2222][BnIm] and water mixture decreases with 

temperature, although the decrease of the CO2 solubility with temperature of this IL and 

water mixture is not as drastic as in the case of [P2228][2CNPyr]. The CO2 solubility in 

[P2222][BnIm] and water mixtures decreases from 1.07 mol CO2/ mol IL at 25 °C to 0.92 

mol CO2/ mol IL at 40 °C and to 0.89 mol CO2/ mol IL at 60 °C. The slope of the solubility 

as a function of pressure at low pressures of the [P2222][BnIm] and water mixture changes 

significantly with temperature, unlike what was observed for [P2228][2CNPyr] and water 

mixture, which is attributed to the effect of the anion nature.  

 

 

Figure 4.5: CO2 solubility isotherms of [P2222][BnIm] at 60 °C47, [P2228][BnIm] at 
different temperatures48 and [P2222][BnIm] + H2O (water concentration 1 
mol H2O/ mol IL) at different temperatures. 
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Moreover, Figure 4.5 shows a comparison of the CO2 solubility isotherms 

corresponding to the neat [P2222][BnIm] at 60 °C, [P2222][BnIm] and water mixtures, and 

neat [P2228][BnIm] at different temperatures. The isotherms of [P2228][BnIm] at 25 °C, 40 

°C and 60 °C were used for this comparison because isotherms of [P2222][BnIm] at 

temperatures lower than 60 °C could not be measured, given that [P2222][BnIm] is a solid 

at room temperature and it only becomes liquids after exposure to CO2 at 60 °C or higher.  

The isotherms in Figure 4.5 show that water causes a significant decrease in the IL’s CO2 

solubility with temperature, since the CO2 solubility of [P2228][BnIm] only decreases from 

0.97 mol CO2/ mol IL at 25 °C to  0.85 mol CO2/ mol IL at 60 °C48.  

Additionally it was observed that the CO2 solubility in neat [P2222][BnIm] at 60 °C 

(of 0.97 mol CO2/ mol IL47) is higher than the CO2 solubility in the [P2222][BnIm] and water 

mixture at 60 °C (of 0.89 mol CO2/ mol IL); even though the CO2 solubility at 25 °C, 40 

°C and 60 °C in [P2228][BnIm] (0.97, 0.95 and 0.86 mol CO2/ mol IL48) is almost the same 

as the CO2 solubility in the [P2222][BnIm] and water mixture at those temperatures (1.07, 

0.92 and 0.89 mol CO2/ mol IL).  The CO2 solubility at lower pressures (below 90 mbar) 

at 60 °C, on the other hand, is higher for the [P2222][BnIm] and water mixture than the neat 

[P2222][BnIm] and [P2228][BnIm]. The effect of water and temperature on the IL’s CO2  

solubility is due to the parallel reaction mechanism that takes place when the IL reacts with 

water and CO2, which leads to carbamate and bicarbonate formation, and causes significant 

differences in the thermodynamic properties of the systems with and without water.  



 100 

THERMODYNAMIC PROPERTIES OF THE REACTIONS BETWEEN AHA ILS, WATER AND 
CO2 

 Standard enthalpy and entropy of the reaction between [P2228][2CNPyr], water and 
CO2 

The CO2 solubility isotherms for [P2228][2CNPyr] mixed with water obtained 

experimentally were fitted using the Langmuir model equations presented previously, and 

the results are presented in Figure 4.6. The values for the thermodynamic properties of the 

reaction between [P2228][2CNPyr] and CO2 (K1, DH01 and DS01) are already known, and 

were calculated also using a Langmuir model with the experimental CO2 solubility 

isotherms of the neat [P2228][2CNPyr] at different temperatures. The values reported are 

DH01=-46.6 kJ/mol, DS01=-127 J/mol-K, K1=41 at 22 °C and K1= 14.4 at 40 °C48. To 

calculate the value of K1 at 32 °C, Eq.4.18 was used, from which a value of K1= 22 was 

obtained. Using those values for the equilibrium constant at different temperatures, and the 

standard enthalpy and entropy of reaction, corresponding to the reaction leading to 

carbamate formation, along with Eq. 4.16 and Eq. 4.18; the data corresponding to the CO2 

solubility isotherms of the mixture of [P2228][2CNPyr] and water (with a water 

concentration of 1 mol H2O/ mol IL) were fitted to obtain the values for the thermodynamic 

properties of the reaction leading to bicarbonate and reprotonated anion formation.  
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Figure 4.6: CO2 solubility isotherms (experimental data and model fit) of 
[P2228][2CNPyr] + H2O at different temperatures (25, 32 and 40 °C), with an 
initial water concentration of 1 mol H2O/ mol IL 
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was calculated using the root square mean difference method, explained previously. 
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the reaction of [P2228][2CNPyr], water and CO2 would be larger. It is also worth mentioning 

that the fitted isotherms in Figure 4.6 show that this model does not represent the CO2 

solubility in the IL and water mixture at low pressures accurately. The discrepancy between 

the experimental and modeled CO2 solubilities at low pressures is attributed to the 

assumption of the activity coefficients of the different species in the mixture being equal 

to one.  

The standard enthalpy of the bicarbonate reaction, even though is a larger negative 

value than the enthalpy of the carbamate reaction by -11 kJ/mol, is still within the 

acceptable range for the post-combustion CO2 capture process. Moreover, according to the 

results obtained for the quantification of the reactions products in Chapter 2, there will only 

be 0.55 moles of bicarbonate formation per mole of [P2228][2CNPyr]. Thus, the effective 

enthalpy of reaction for the system (i.e., both reactions) would be 48 kJ/mol.  The main 

drawback of this IL is its decomposition in the presence of water and CO2 at high 

temperatures (60 °C or higher). 

Standard enthalpy and entropy of the reaction between [P2222][BnIm], water and 
CO2 

The thermodynamic properties corresponding to the reaction between 

[P2222][BnIm], water and CO2 were obtained by fitting the corresponding CO2 solubility 

isotherms. In order to fit the experimental data, Eq.4.16 and Eq. 4.18 were used, along with 

the values of the thermodynamic properties corresponding to the reaction between dry 

[P2228][BnIm] and CO2. The values of all of the thermodynamic properties of the reaction 

between [P2222][BnIm] and CO2 have not been determined previously; therefore, the values 

corresponding to [P2228][BnIm] had to be used. The values reported for the reaction 

between [P2228][BnIm] and CO2 are DH01=-51.3 kJ/mol, DS01=-125 J/mol-K, K1=280 at 25 
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°C and K1= 110 at 40 °C and K1= 32 at 60 °C48. The value reported for the enthalpy of the 

reaction between [P2222][BnIm] and CO2 is only slightly different (DH01=-54 kJ/mol47).  

The fitted isotherms corresponding to the CO2 solubility in [P2222][BnIm] and water 

mixtures at different temperatures are presented in Figure 4.7. The results of the fitting 

show that the Langmuir model did not represent the CO2 solubilities at low CO2 pressures 

accurately, similar to the results observed for the fitted CO2 solubility isotherms 

corresponding to [P2228][2CNPyr] and water mixtures. Additionally, the results of the 

fitting parameters corresponding to the thermodynamic properties of the reaction between 

[P2222][BnIm], water and CO2 were: DH02=-69 ± 12 kJ/mol, DS02=-174 ± 4 J/mol-K, 

K2=999.5 at 25 °C and K2= 263.5 at 40 °C and K2= 53.7 at 60 °C. The results obtained 

show that the standard enthalpy and entropy of the reaction of [P2222][BnIm], water and 

CO2 (that leads to bicarbonate formation) are larger negative numbers than the standard 

enthalpy and entropy values corresponding to the reaction of [P2222][BnIm] and CO2, which 

leads to carbamate formation.  

The difference between the standard enthalpies of the reactions leading to 

bicarbonate and carbamate formation in the case of [P2222][BnIm] is -15 kJ/mol, which is a 

larger difference than the one observed in the case of [P2228][2CNPyr]. Moreover, the 

standard enthalpy corresponding to the reaction between [P2222][BnIm], water and CO2 is 

significantly larger than the corresponding standard enthalpy of the reaction between 

[P2228][2CNPyr], water and CO2. The high basicity of the [BnIm]-  anion (benzimidazole 

has a pKa of 12.7584) influences the results obtained regarding the thermodynamic 

properties of the IL, water and CO2 system. Additionally, these results agree with the 

standard enthalpy of this IL’s reaction with CO2 leading to carbamate formation, since for 

that reaction [P2222][BnIm] also exhibited a larger standard enthalpy of reaction than 

[P2228][2CNPyr]  (-54 kJ/mol vs. -47 kJ/mol).    
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The high enthalpy value obtained for the bicarbonate reaction of this IL does not 

make it unsuitable for CO2 capture applications, because not all of the IL will react to form 

bicarbonate (0.77 mol bicarbonate/ mol IL and 0.18 mol carbamate/ mol IL will be formed 

in the reaction between [P2222][BnIm], water and CO2). The total standard enthalpy of 

reaction of the system would be -63 kJ/ mol, which is still an acceptable value for this 

application. Furthermore, [P2222][BnIm] was stable when in contact with water and CO2 at 

high temperatures, unlike [P2228][2CNPyr].  

 

 

 Figure 4.7:  CO2 solubility isotherms (experimental and model fit) of [P2222][BnIm] + 
H2O at 25 °C, 40 °C and 60 °C, with an initial water concentration of 4 mol 
H2O/ mol IL. 
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Standard enthalpy and entropy of the reactions between functionalized 
benzimidazolide anion ILs, water and CO2 

The CO2 solubility isotherms of [P2228][BrBnIm] and [P2228][BnImSCH3] water 

mixtures were fitted using the Langmuir equations, and the results are presented in Figure 

4.8. For [P2228][BrBnIm] and [P2228][CH3SBnIm] the CO2 solubility isotherms of the AHA 

IL and water mixtures were only measured at 25 °C; therefore, only the corresponding 

equilibrium constant at 25 °C was estimated. Because only one isotherm was fitted for each 

of these ILs, only the standard enthalpy of reaction could be fitted. It was assumed that the 

standard entropy of reaction of the AHA ILs with water and CO2, would not depend 

significantly on the anion nature and that it would be mostly influenced by the cation alkyl 

chain length.  

We assume that the defining factor in the standard entropy of reaction value would 

be the reordering of the phosphonium cation alkyl chains, needed for the water and CO2 

molecules to be able to react with the anion. This is similar to what has been demonstrated 

in the case of the AHA ILs reaction with CO2 to form carbamate, where the anion does not 

have a significant effect on the standard entropy of reaction.46,48 Consequently, the standard 

entropy value fitted from the CO2 solubility isotherms of [P2228][2CNPyr] and water 

mixtures (DS02= -149 ± 2 J/mol-K), were used in the fitting of the standard entropy of 

reaction of  all the [P2228][AHA] ILs with water and CO2.  

In the case of [P2228][BrBnIm] the values of the standard enthalpy and entropy of 

the reaction of the IL with CO2 to form carbamate that are reported in the literature were 

used for the fitting (DH01=-48 kJ/mol, DS01=-126 J/mol-K48). The value of the equilibrium 

constant corresponding to the carbamate reaction at 25 °C was calculated using those 

values and Eq. 4.18, and the value obtained is K1=280 at 25 °C. The thermodynamic 

properties obtained from the fitting, corresponding to the reaction of [P2228][BrBnIm] + 
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H2O + CO2, are  DH02=-57 ± 5 kJ/mol, K2=150.2 at 25 °C. The values obtained indicate 

that the substituent bromine decreases the standard enthalpy of the IL’s reaction with water 

and CO2 significantly, because the enthalpy obtained for [P2222][BnIm] was a larger 

negative number of DH02=-69 kJ/mol, which means the substituent bromine in the anion 

caused a reduction in the enthalpy of the reaction of 12 kJ/ mol.  

Regarding [P2228][BnImSCH3] the values of the thermodynamic properties of the 

IL’s reaction with CO2 to form carbamate are not available; therefore, the standard enthalpy 

of reaction value reported for [P66614][BnImSCH3] was used (DH01=-41 kJ/mol45). 

Additionally, the standard entropy value of DS01=-126 J/mol-K was used, because this is 

the value that has been reported for other [P2228] AHA ILs reacting with CO2. It has been 

demonstrated previously that for AHA ILs reacting with CO2 the standard entropy of 

reaction depends mostly on the cation alkyl chain length and the standard enthalpy on the 

anion nature46. Using those values for the standard enthalpy and entropy of the reaction of 

[P2228][BnImSCH3] with CO2, the value of the reaction’s equilibrium constant was 

calculated at 25 °C using Eq. 4.18, and the value K1=4 was obtained.  

The thermodynamic properties of the reaction between [P2228][BnImSCH3], water 

and CO2, obtained from the fitting of the corresponding CO2 solubility isotherm, are 

DH02=-59 ± 4 kJ/mol, K2=395.13 at 25 °C. These results show that the methylthio 

substituent also decreases the standard enthalpy of the reaction of the AHA ILs, water and 

CO2, although this substituent had a slightly smaller effect on the standard enthalpy than 

the bromine substituent, decreasing the enthalpy by 10 kJ/mol instead of 12 kJ/mol.  
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Figure 4.8: CO2 solubility isotherms (experimental and model fit) of [P2222][BnIm], 
[P2228][BrBnIm] and [P2228][BnImSCH3] water mixtures 25 °C, the initial 
water concentration was 4 mol H2O/ mol IL for [P2222][BnIm]  and 1 mol 
H2O/mol IL for the other two ILs.  

The effect of the bromine and methylthio substituents observed were expected, 

since similar effects were observed regarding the enthalpy of the ILs reaction with only 

CO2. The standard enthalpy of the carbamate reaction decreases (less negative number) 

from -52 kJ/mol for [P66614][BnIm] to -41 kJ/mol for [P66614][BnImSCH3] and to -48 kJ/mol 

for [P66614][BrBnIm]45. However, for the carbamate reaction, the methylthio group 

weakens the reaction more than bromine, in contrast to what was observed for the 

bicarbonate reaction.  Both substituents (bromine and methylthio) on the benzimidazolide 

anion, decrease its basicity because they are electron-withdrawing groups which results in 

lower (less negative values) enthalpies of reaction.  
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Standard enthalpy and entropy of the reactions between functionalized pyrazolide 
anion ILs, water and CO2 

The standard enthalpy and entropy of reaction of [P2228][CF3Pyra], 

[P2228][CH3CF3Pyra] and [P2228][4NO2Pyra] with water and CO2 were estimated by fitting 

the CO2 solubility isotherms of the IL and water mixtures; the respective fitted isotherms 

are presented in Figure 4.9. For [P2228][4NO2Pyra] the values of the thermodynamic 

properties of the reaction of the IL with only CO2 have been reported and were used for 

the fitting (DH01=-29 kJ/mol, DS01=-126 J/mol-K, K1=0.03 at 25 °C86). The values of the 

enthalpy and entropy obtained for the reaction between [P2228][4NO2Pyra], water and CO2 

are DH02=-52 ± 7  kJ/mol, K2=17.86 at 25 °C, which is a considerably smaller value than 

the ones obtained for the other ILs studied.  

However, as shown in Figure 4.9, the Langmuir model does not provide a good fit 

of the CO2 solubility in the [P2228][4NO2Pyra] and water mixture, specially at lower 

pressures. [P2228][4NO2Pyra] has very low CO2 solubility in the absence of water (0.04 mol 

CO2/mol IL at 1.1 bar of CO2 and 40 °C86); but that solubility increases greatly when the 

IL is mixed with water, even though the amount of bicarbonate formation in the reaction 

of this IL with water and CO2 is also very low (0.1 mol bicarbonate/ mol IL). Accordingly, 

the higher CO2 solubility of [P2228][4NO2Pyra] mixed with water means that there is a 

higher ratio of carbamate formation than when the IL reacts with CO2 only (no water), as 

was discussed in Chapter 3. These results and the low accuracy of predicted isotherm using 

the Langmuir fitting model indicate that there could be a different mechanism taking place 

in the reaction of [P2228][4NO2Pyra], water and CO2, and more studies are needed to 

determine it.  

The standard enthalpy and entropy of the reaction of CO2 with [P2228][CF3Pyra] and 

[P2228][CH3CF3Pyra] (no water) have not been reported previously.  However, the 
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enthalpies of reaction of the carbamate reaction of the anions paired with the [P66614]+ cation 

have been reported (DH01=-44 kJ/mol for [P66614][CF3Pyra] and DH01=-41 kJ/mol 

[P66614][CH3CF3Pyra]45), so these values were used for the subsequent fittings, using a 

value for the standard entropy of reaction of DS01=-126 J/mol K for both ILs. The 

equilibrium constants of both ILs’ reactions with CO2 were calculated using Eq. 4.18. The 

equilibrium constants of the carbamate reaction at 25 °C are: K1=4 at 25 °C for 

[P2228][CH3CF3Pyra] and K1= 13.39 for [P2228][CF3Pyra]. After fitting the CO2 solubility 

isotherms of [P2228][CF3Pyra] and [P2228][CH3CF3Pyra] mixed with water, with the 

parameters mentioned before, the following results were obtained for the thermodynamic 

properties of the ILs’ reactions with water and CO2: DH02=-59 ± 4 kJ/mol, K2= 328.9 at 25 

°C for [P2228][CF3Pyra] and DH02=-62 ± 6  kJ/mol, K2=1459.3 at 25 °C for 

[P2228][CH3CF3Pyra].  

The values obtained for the enthalpy of reaction of these ILs with water and CO2 

show that adding the methyl substituent to the anion increases the enthalpy of reaction 

slightly, since the enthalpy of reaction corresponding to [P2228][CH3CF3Pyra] is a larger 

negative number by -3 kJ/mol. The opposite effect was observed in the case of the enthalpy 

of the ILs’ reaction with only CO2, where [P66614][CF3Pyra] exhibits an enthalpy of reaction 

larger than [P66614][CH3CF3Pyra] by -3 kJ/mol (the same behavior was observed for 

[P2228][BrBnIm] and [P2228][BnImSCH3]). The addition of the methyl substituent to the 

pyrazolide anion increases the anion’s basicity (the pKa of trifluoromethylpyrazole is 

10.881 and the pKa of methyl-trifluoromethylpyrazole is 12.3382), which causes the 

enthalpy of the reaction between [P2228][CH3CF3Pyra], water and CO2 to be a larger 

negative number. Moreover, these results indicate that the basicity of the anion plays a 

larger role in the reaction between the ILs, water and CO2, than in the reaction of the IL 

with only CO2 (carbamate reaction).  
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Figure 4.9: CO2 solubility isotherms (experimental and model fit) of [P2228][CF3Pyra], 
[P2228][CH3CF3Pyra] and [P2228][4NO2Pyra] water mixtures at 25 °C, with 
an initial water concentration of 1 mol H2O/ mol IL. 

Standard enthalpy and entropy of the reactions between the isomers [P2228][4Triz] 
and [P2228][3Triz], water and CO2 

The fitted CO2 solubility isotherms of [P2228][3Triz] and [P2228][4Triz] water 

mixtures are presented in Figure 4.10. The standard enthalpies of the ILs’ carbamate 

reaction that were used for the fitting are the ones corresponding to the [P66614]+ cation 

paired with the anions [3Triz]- and [4Triz]-, (DH01=-42 kJ/mol for [P66614][4Triz] and 

DH01=-37 kJ/mol [P66614][3Triz]45). These enthalpies are the only ones reported because 

the ILs [P2228][3Triz] and [P2228][4Triz] are solid at room temperature. Using those standard 

enthalpies of reaction values and the entropy value of DS01=-126 J/mol-K, the equilibrium 
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constants for the carbamate reaction were calculated at 25 °C, using Eq.4.18. The values 

of the equilibrium constants obtained are: K1=5.97 at 25 °C for [P2228][4Triz] and K1= 0.79 

for [P2228][3Triz]. 

 

Figure 4.10: CO2 solubility isotherms (experimental and model fit) of [P2228][4Triz] and 
[P2228][3Triz] water mixtures at 25 °C, with an initial water concentration of 
1 mol H2O/ mol IL.  

According to the fitting, using Eq. 4.16 and Eq. 4.18, the thermodynamic properties 

of the ILs’ reactions with water and CO2 are: DH02=-58 ± 4 kJ/mol, K2=239.05 at 25 °C for 

[P2228][4Triz] and DH02=-52 ± 5 kJ/mol, K2=21.25 at 25 °C for [P2228][3Triz]. These results 

agree with the trend observed for the ILs’ standard enthalpy for the carbamate reaction, 

where the [4Triz]-  anion also  has a larger standard enthalpy of reaction than the [3Triz]- 

anion, by -5 kJ/mol. The [4Triz]- anion is more basic than its isomer, [3Triz]-; therefore, it 
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was expected that the IL [P2228][4Triz] would exhibit a larger enthalpy of  the reaction with 

water and CO2.  

Effect of the concentration of water in the mixture on the standard entropy of 
reaction  

The CO2 solubility isotherms of [P2228][2CNPyr] mixed with water at two different 

concentrations (1 and 4 mol H2O/ mol IL) were measured and fitted using Eq. 4.16 and Eq. 

4.18, in order to understand whether the thermodynamic properties are affected by the 

water concentration in the mixture. The results of the measured and predicted isotherms 

are presented in Figure 4.11. In order to fit the CO2 solubility isotherm of [P2228][2CNPyr] 

mixed with water, with a water concentration of 4 mol H2O/ mol IL, the Langmuir model 

equations were used with the same parameters corresponding to the reaction of 

[P2228][2CNPyr] with only CO2 mentioned above (DH1=-46.6 kJ/mol, DS1=-127 J/mol-K, 

K1=41 at 25 °C48).  

The standard enthalpy of reaction should not be affected by the changes in the initial 

concentration of the reactants. The CO2 solubility isotherms in Figure 4.11 indicate that 

the slope of the isotherms is  very similar, even though the water concentration in the 

mixtures is different, which agrees with the standard enthalpy of reaction not being affected 

by the initial water concentration. Consequently, only the standard entropy of the reaction 

was fitted. The value obtained before for the standard enthalpy, with the CO2 solubility 

isotherms of [P2228][2CNPyr] mixed with 1 mol H2O/ mol IL, was used for the fitting.   The 

values obtained for the standard entropy of reaction and equilibrium constant of the IL with 

CO2 and water, for the mixture of [P2228][2CNPyr] with 4 mol H2O/ mol IL, are: DS02=-

155 ±11 J/mol-K, K2=116 at 25 °C. According to these results the standard molar entropy 

of the reaction increases (becomes a larger negative number) and the equilibrium constant 
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decreases with increasing water concentration. The values obtained for [P2228][2CNPyr] 

mixed with water with a concentration of 1 mol H2O/ mol IL are DS02=-149 ± 2 J/mol-K 

and K2= 239.   

The CO2 solubilities of the IL and water mixtures, with different water 

concentrations, at higher pressures of CO2 than 60 mbar (presented in Figure 4.11) are 

different. The isotherm with a lower water concentration (1 mol H2O/ mol IL) has a higher 

CO2 solubility than the isotherm with higher water concentration (4 mol H2O/ mol IL) by 

approximately 0.1 mol CO2/ mol IL. The decrease of CO2 solubility in the IL and water 

mixture with increasing water concentration is attributed to the decrease in the equilibrium 

constant value. Increasing the water concentration from 1 to 4 mol H2O/ mol IL appear to 

increase the standard molar entropy of the reaction, which affects the CO2 capture capacity 

of the IL negatively.   Moreover, the changes of the water concentration in the mixture can 

also cause changes in the activity coefficients, which can also influence the equilibrium 

constant. The effect of changes in the ratios of the activity coefficient are not considered 

here. 

 Additionally, it was  observed that the standard entropy of reaction obtained from 

the fitting of the isotherm with higher water concentration (4 mol H2O/ mol IL) had a higher 

uncertainty; this is attributed to possible changes in the (ratio of the) activity coefficients 

of the species in the mixture when the water concentration is increased, making the 

Langmuir model less accurate. High uncertainties were also obtained in the fitting results 

of the CO2 solubility in [P2222][BnIm] mixed with water with the same water concentration 

in the mixture (4 mol H2O/ mol IL). 
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Figure 4.11: CO2 solubility isotherms (experimental and model fit) of [P2228][2CNPyr] 
and water at different concentrations (1 and 4 mol H2O/ mol IL) at 25 °C. 

Influence of the anion on the standard enthalpy and entropy of the reaction between 
AHA ILs, water and CO2 

In summary, the standard enthalpy of reaction of the AHA ILs with water and CO2 

has been shown to be larger than the enthalpy corresponding to the carbamate reaction, for 

all of the ILs studied, as can be seen in Table B.14 and Figure 4.12, which shows a 

comparison of both standard reaction enthalpies for the ILs studied. The standard enthalpy 

of the reaction of the ILs with water and CO2, even though larger than the carbamate 

reaction enthalpy for all of the studied ILs, is still within an acceptable range (to minimized 

overall energy consumption for the CO2 capture process) and is lower than the standard 

enthalpy of reaction with CO2 exhibited by aqueous amine solutions such as 

monoethanolamine (-85 kJ/mol89), diethanolamine and piperazine (-70 kJ/mol90,91). 
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Figure 4.12: Comparison of the standard enthalpy of reaction of the AHA ILs with CO2 
(carbamate reaction) and the reaction of the AHA ILs with water and CO2 
(bicarbonate reaction). *Values obtained assuming DS02= -149 J/mol-K. 

The standard enthalpy of the reaction of the ILs with water and CO2 decreases (less 

negative number) in the following order: [BnIm]- > [CH3CF3Pyra]- > [BnImSCH3]-  = 

[CF3Pyra] > [2CNPyr]- = [4Triz]- > [BrBnIm]- > [3Triz]- = [4NO2Pyra]. The enthalpy of 

the ILs’ reaction with water and CO2 leading to the reprotonation of the anion and 

bicarbonate formation ranges from -69 kJ/mol to -52 kJ/mol. The variation appears to be 

an effect of the anion’s basicity and it agrees with the pKa trend of the anion precursors: 

benzimidazole (pKa of 12.7584) > methyl-thiol-benzimidazole (pKa of 12.4587) > methyl-

trifluoromethyl-pyrazole (pKa of 12.3381) > trifluoromethylpyrazole (pKa of 10.882) > 4-

triazole (pKa of 10.2685) > 4-nitropyrazole (pKa of 9.5283) > 3-triazole (pKa of 9.285).  It 

is also important to notice that the difference in the standard enthalpy of reaction for 

bicarbonate formation is virtually identical for the following anions: [2CNPyr]-, [CF3Pyra]-

, [BrBnIm]-, [BnImSCH3] and [4Triz]- (varying by only 1-2 kJ/mol, which is within the 

experimental uncertainty).  
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The standard enthalpy of the carbamate reaction decreases (less negative number) 

in the following order: [BnIm]- > [ BrBnIm]- > [2CNPyr]- > [CF3Pyra]- > [CH3CF3Pyra]- 

= [CH3SBnIm]- > [4Triz]- > [3Triz]- > [4NO2Pyra]-. This trend also agrees qualitatively 

with the anion basicity (according to the pKa of the anions precursors), except for 

[CF3Pyra]-, which has a larger standard enthalpy of reaction for carbamate formation than 

[CH3CF3Pyra]- and [BnImSCH3]- (even though they are more basic).  According to how to 

the anions’ basicity relates to the enthalpy of both reactions, basicity will certainly play an 

important role in the thermodynamic properties of both reactions (the reaction of the ILs 

with only CO2 and the reaction of the ILs with water and CO2). However there are also 

other factors that can influence the standard enthalpies of reaction,  such as intramolecular 

interactions (cation-anion, anion-water and cation-water interactions) and steric hindrance 

effects.  

Regarding the standard entropy of reaction, it was observed that the entropy of  

reaction for the phosphonium AHA ILs with water and CO2 ranges from -149 J/ mol K to 

-174 J/ mol K. The phase change IL [P2222][BnIm] exhibited a much higher standard 

entropy of reaction with water and CO2:  -174 J/ mol K, than [P2228][2CNPyr].  The entropy 

of reaction for the carbamate reaction has been shown to decrease with decreasing alkyl 

chain length (although the entropy of reaction of [P2222][BnIm] with only CO2 has not been 

calculated previously). Therefore, the larger negative value of the entropy of reaction of 

[P2222][BnIm] with water and CO2 is attributed to the fact that [P2222][BnIm] is solid at 

room temperature and has a melting point of 166 °C47, and phase changes of the reactants 

can increase the entropy of the reaction.  
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Chapter 5: Conclusions and recommendations 

CONCLUSIONS 

The purpose of this dissertation was to gain a deep and thorough understanding of 

the effect of water on the use of aprotic heterocyclic anion (AHA) ionic liquids for post-

combustion CO2 capture applications. Such purpose was achieved by investigating the 

influence of water in the reaction mechanism of the AHA ILs with CO2, the effect of water 

on the CO2 solubility capacity and the effect of water on the thermodynamic properties of 

the system.  

 It was determined that water has a significant effect on the CO2 capture mechanism 

of AHA ILs. The NMR spectroscopy studies presented in Chapter 2, indicate that in the 

presence of water AHA ILs will capture CO2 through a parallel two-reaction pathway. The 

two-reaction pathway consist of the anion’s reaction with CO2 to form carbamate (anion-

CO2 complex), and the anion’s reaction with water, resulting in anion reprotonation and 

bicarbonate formation. This reaction mechanism was confirmed for 9 of the 11 studied 

AHA ILs: [P2228][2CNPyr], [P2222][BnIm], [P2228][BrBnIm], [P2228][BnImSCH3], 

[P2228][CH3CF3Pyra], [P2228][CF3Pyra], [P2228][3Triz], [P2228][4Triz] and 

[P2228][4NO2Pyra]. Regarding the other two AHA ILs, [P2228][Tetz] does not chemically 

bind with CO2, even in the presence of water and [P2228][Inda] exhibited reprotonation in 

the presence of water (without CO2 present).  

Furthermore, the influence of the anion nature and its substituting groups on the 

CO2 capture mechanism and the ratio of product formation (carbamate/ bicarbonate) was 

demonstrated; according to the quantification experiments of the products in the reactions 

between AHA ILs, water and CO2, using NMR spectroscopy and CO2 solubility 

measurements. It was established that the anion’s basicity will determine the reactivity of 
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the IL towards water and CO2. The IL [P2228][Inda], which has the highest basicity of the 

studied ILs, reprotonates when in contact with water; on the other hand, the IL 

[P2228][Tetz], which has the lowest basicity, exhibits no reactivity towards water and CO2.  

Moreover, the ILs with high basicity such as [P2222][BnIm] and [P2228][CF3Pyra] 

exhibit significantly higher ratios of bicarbonate formation, than ILs with lower basicity 

such as [P2228][3Triz] and [P2228][4NO2Pyra], which exhibit higher ratios of carbamate 

formation. Implying that the anion’s basicity will determine which reaction pathway is 

dominant in the CO2 capture mechanism. It was also concluded that electron withdrawing 

groups in the anion such as bromine and methylthio on the anion, will decrease the ratio of 

bicarbonate formation. These substituents decrease the basicity and reactivity of the anion 

towards water and CO2. Electron donating groups  on the anion such as methyl, will have 

the opposite effect.  

The CO2 capture capacity of the AHA ILs in the presence of water increase or 

remains unaffected, compared to the capacity of the neat AHA ILs  (depending on the anion 

nature). The neat ILs with CO2 capture capacity close to the theoretical limit (1 mol CO2/ 

mol IL) exhibit very small changes in their CO2 solubility when mixed with water, such as 

[P2228][2CNPyr], [P2228][BnIm], [P2228][BrBnIm], [P2228][BnImSCH3] and [P2228][4Triz]. 

The  neat ILs with CO2 solubilities far from the theoretical limit such as [P2228][4NO2Pyra], 

[P2228][CH3CF3Pyra] and [P2228][3Triz], exhibit a significant increase in their CO2 capture 

capacity in the presence of water. Consequently, is concluded that water has a positive 

effect on the CO2 capture capacity of the AHA ILs.  

The concentration of water in the mixture of AHA IL and water will also influence 

the CO2 uptake capacity. The mixtures with a water concentration of 1 mol H2O/ mol IL 

present higher CO2 solubilities, than the mixtures with a water concentration of 4 mol H2O/ 

mol IL; however, Seo, et al.45 reported the opposite behavior in mixtures with water 
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concentrations below 1 mol H2O/ mol IL. Consequently, it was inferred that the CO2 

solubility of AHA IL and water mixtures increases with water concentration in the mixture, 

when there is not enough water for the bicarbonate reaction pathway to reach completion. 

On the other hand, when there is an excess of water, increasing the water concentration 

will have a negative effect on the mixture’s CO2 solubility.  

The AHA ILs also demonstrated good recyclability performance for CO2 capture 

applications, since it was demonstrated that the reaction between AHA ILs, water and CO2 

is reversible. Additionally, PDMS polymer capsules containing AHA ILs, exhibited 

compatibility and good performance when exposed to water and CO2; proving that 

encapsulation of AHA ILs in PDMS polymer capsules is a very promising alternative to 

improve the use of ILs in CO2 capture applications.  

The thermodynamic properties of the AHA ILs reaction with CO2 are significantly 

affected by the presence of water. The values of the equilibrium constants, standard 

enthalpy and entropy of the reaction between AHA ILs, water and CO2, which lead to anion 

reprotonation and bicarbonate formation, are larger than the thermodynamic properties of 

the system without water. Nevertheless, the values obtained for the standard enthalpy of 

the reaction between AHA ILs, water and CO2 are within the acceptable range, determined 

for an optimal operation and lower cost in a post-combustion CO2 capture process. In 

addition, the standard entropy of the reaction, between AHA ILs water and CO2, appeared 

to depend strongly on the anion’s basicity and the substituting groups in it, similarly to 

what was demonstrated before for the enthalpy of the ILs’ reaction with only CO245. 

Conversely, the water concentration of the mixtures of AHA IL and water, seem to have a 

small effect on the equilibrium constant and standard entropy of the reaction leading to 

anion reprotonation and bicarbonate formation.  
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In summary the results presented throughout this dissertation lead to the conclusion 

that the presence of water in the of post-combustion flue gas, will not hindered the use of 

AHA ILs in post combustion applications. Furthermore, the dominant CO2 capture 

mechanism, the CO2 uptake capacity and the thermodynamic properties of the AHA ILs + 

water + CO2 system, can be tuned according to the anion nature, basicity and substituting 

groups in it.  

RECOMMENDATIONS  

The study presented here offers a comprehensive assessment regarding the effect 

that water will have in the use of AHA ILs for CO2 capture. However, there are still aspects 

that have not been investigated, such as the changes in the rate of CO2 absorption in the 

CO2 capture process, due to the presence of water; which is an important parameter to take 

into account in process design. Additionally, it would be beneficial to investigate the 

stability of all the AHA ILs in the presence of water and CO2 at higher temperatures, since 

[P2228][2CNPyr] exhibited decomposition after exposure to CO2 and water at 60 °C. 

Furthermore, conducting process simulations including the new reaction mechanism of the 

AHA ILs, water and CO2 and the experimental thermodynamic properties of the system; 

would expand the understanding of the influence of water on the actual post-combustion 

CO2 capture process, and the cost implications.  

In this study it was demonstrated that water content can affect the CO2 solubility of 

the AHA ILs and water mixtures, in addition to also affecting the thermodynamic 

properties. These results suggest there is an optimal water concentration for each AHA IL 

in the CO2 capture process. Consequently, is recommended to conduct more studies to 

determine such concentration and to better understand this phenomenon, in order to 

improve the performance of the AHA ILs in the CO2 capture application.  
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The AHA ILs [P2228][3Triz] and [P2228][4NO2Pyra] exhibited a significant increase 

in their CO2 uptake capacity, when mixed with water. Their increased CO2 solubility is 

attributed mostly to an increase in carbamate formation, even though they have low ratios 

of carbamate formation when no water is present, as was discussed in Chapter 3 and 4. 

These findings suggest that there could be another reaction mechanism for CO2 binding 

taking place when these ILs are mixed with water. Conducting more experiments such as 

in situ NMR or FTIR spectroscopy, could help determine what is the cause of their 

enhanced CO2 capture capacity. Additionally, understanding the mechanism behind the 

AHA ILs CO2 solubility enhancement with water, would allow to reproduce it in other ILs 

that also exhibit low CO2 solubility.   

The estimation of the thermodynamic properties of the AHA ILs + water + CO2 

system, using a Langmuir model, presented here did not take into account the changes in 

the activity coefficients of the different species. Even though, the values obtained with the 

Langmuir model have acceptable uncertainties; they could be improved by conducting 

molecular dynamic simulations, as well as conducting calculations using more 

sophisticated equations to include the effect of the activity coefficients, such as the Pitzer 

and Electrolyte-PC-SAFT models. Specially, in order to describe the system at low 

pressures more accurately.  
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Appendices 

APPENDIX A: NMR SPECTRA 

 

 

Figure A.1: 13C NMR spectrum of [P2228][BrBnIm] + H2O (4 mol H2O/ mol IL) +  
enriched 13C CO2, showing overlapping of carbamate peak and anion peak 
corresponding to carbon atom #1. 
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Figure A.2: Comparison of 1H NMR spectra of a mixture of [P2228][BrBnIm] + 4 mol 
H2O/mol IL before and after reacting with CO2 at 25 °C and 1 bar pressure. 
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Figure A.3: Comparison of 1H NMR spectra of a mixture of [P2228][BnImSCH3] + 4 mol 
H2O/mol IL before and after reacting with CO2 at 25 °C and 1 bar pressure. 
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Figure A.4: Comparison of 1H NMR spectra of a mixture of [P2228][CF3Pyra] + 4 mol 
H2O/mol IL before and after reacting with CO2 at 25 °C and 1 bar pressure. 
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Figure A.5: Comparison of 1H NMR spectra of a mixture of [P2228][CH3CF3Pyra] + 4 mol 
H2O/mol IL before and after reacting with CO2 at 25 °C and 1 bar pressure. 
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Figure A.6: Comparison of 1H NMR spectra of a mixture of [P2228][3Triz] + 4 mol 
H2O/mol IL before and after reacting with CO2 at 25 °C and 1 bar pressure. 
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Figure A.7: Comparison of 1H NMR spectra of a mixture of [P2228][4Triz] + 4 mol 
H2O/mol IL before and after reacting with CO2 at 25 °C and 1 bar of 
pressure. 
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Figure A.8: Comparison of the 1H NMR spectra of neat [P2228][2CNPyr] and after it had 
gone through five CO2 uptake and regeneration cycles with water present77. 

 

Figure A.9: Comparison of the 1H NMR spectra of neat [P2222][BnIm] and after it had 
gone through five CO2 uptake and regeneration cycles with water present77. 
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Figure A.10: Comparison of the 1H NMR spectra of neat [P2228][2CNPyr] and 
[P2228][2CNPyr] removed from PDMS capsules that had gone through five 
CO2 uptake and regeneration cycles with water present77. 

 

Figure A.11: Comparison of the 1H NMR spectra of neat [P2222][BnIm] and [P2222][BnIm] 
removed from PDMS capsules that had gone through five CO2 uptake and 
regeneration cycles with water present77. 

 

 

1

23

4

5

3 2 1 

Cation  
peaks 

Neat [P2228][2CNPyr]   

Regenerated encapsulated [P2228][2CNPyr] after 5th cycle  

3 2 1 

Cation  
peaks 

Glycerol 

 

 

1

2
3

4

Neat [P2222][BnIm]   

1 3 4 

Cation  
peaks 

Cation  
peaks 

Regenerated [P2222][BnIm] after 5th  cycle 

1 3 4 
Water 



 131 

 

Figure A.12: 1H NMR spectrum of [P2228][2CNPyr] after it reacted with 1 mol H2O/ mol 
IL and 1 bar of CO2 at 60 °C. The integration of the anion and cation peaks 
in the spectrum shows discrepancy and additional peaks are observed.  

 

Figure A.13: 13C NMR spectrum of [P2228][2CNPyr] after it reacted with 1 mol H2O/ mol 
IL and 1 bar of CO2 at 60 °C. Several additional peaks are observed in the 
spectrum.  
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APPENDIX B: DENSITY AND CO2 SOLUBILITY DATA OF AHA ILS AND WATER MIXTURES 

Table B.1: Densities of AHA ILs and water mixtures, with a water concentration of 4 mol 
H2O/ mol IL, after they have been exposed to 1 bar of CO2 at 25 °C. * 
Extrapolated values 

[P2228][BnImSCH3] + 4 mol H2O/ mol IL  [P2228][BrBnIm] + 4 mol H2O/ mol IL  
T (°C) r (g/cm3) T (°C) r (g/cm3) 

20 1.092 22 1.184 
40 1.076 25 1.182 
  30 1.179 

[P2228][4Triz] + 4 mol H2O/ mol IL  [P2228][3Triz] + 4 mol H2O/ mol IL  
T (°C) r (g/cm3) T (°C) r (g/cm3) 

20 1.044 22 1.029 
25 1.041 25 1.026 
30 1.036 30 1.022 

[P2228][CF3Pyra] + 4 mol H2O/ mol IL  [P2228][CH3CF3Pyra] + 4 mol H2O/ mol IL  
T (°C) r (g/cm3) T (°C) r (g/cm3) 

22 1.082 22 1.084 
25 1.079 25 1.082 
30 1.075 30 1.078 

[P2228][4NO2Pyra] + 4 mol H2O/ mol IL  [P2228][2CNPyr] + 4 mol H2O/ mol IL  
T (°C) r (g/cm3) 20 1.031 

22 1.071 25 1.029 
25 1.069 30 1.025 
30 1.064 40 1.018 

[P2222][BnIm] + 4 mol H2O/ mol IL  
T (°C) r (g/cm3) 

20 1.124 
25 1.121 
30 1.118 
40 1.112 
60 1.110 
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[P2228][2CNPyr] + 1 mol H2O/ mol IL  [P2228][4NO2Pyra] + 1 mol H2O/ mol IL 

T (°C) r (g/cm3) T (°C) r (g/cm3) 
20 1.028 22 1.063 
25 1.025 25 1.060 
30 1.021 30 1.056 
40 1.011 40 1.043 

[P2228][4Triz] + 1 mol H2O/ mol IL  [P2228][3Triz] + 1 mol H2O/ mol IL  
T (°C) r (g/cm3) T (°C) r (g/cm3) 

20 1.040 20 1.031 
25 1.037 25 1.027 
30 1.033 30 1.021 

[P2228][CF3Pyra] + 1 mol H2O/ mol IL  [P2228][CH3CF3Pyra] + 1 mol H2O/ mol IL  
T (°C) r (g/cm3) T (°C) r (g/cm3) 

20 1.101 20 1.094 
25 1.097 25 1.091 
30 1.094 30 1.087 
40 1.086 40 1.080 

Table B.2: Densities of AHA ILs and water mixtures, with a water concentration of 1 mol 
H2O/ mol IL, after they have been exposed to 1 bar of CO2 at 25 °C 

 
Ionic liquid  P (bar) CO2 solubility (mol CO2/ mol IL, ± 0.02) 

[P2228][4Triz] 0.973 0.93 
[P2228][3Triz] 0.979 0.73 

[P2228][CH3CF3Pyra] 0.97 0.89 
[P2228][BrBnIm] 0.921 0.96 

[P2228][4NO2Pyra] 0.96 0.84 
[P2228][CF3Pyra] 0.995 0.70 

[P2228[BnImSCH3] 1.0 0.94 
[P2228][2CNPyr] 0.965 0.9 

[P2222][BnIm] 0.985 0.95 

Table B.3: CO2 solubility in AHA ILs mixed with 4 mol H2O/mol IL and exposed to 1 
bar of CO2. 
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Ionic liquid  P (bar) CO2 solubility (mol CO2/ mol IL, ± 0.02) 

[P2228][4Triz] 0.994 1.04 
[P2228][BnImSCH3] 1.042 1.03 
[P2228][BrBnIm] 0.996 1.01 
[P2228][2CNPyr] 0.97 1.00 
[P2228][CH3CF3Pyra] 1.001 0.92 
[P2228][CF3Pyra] 0.982 0.78 
[P2228][3Triz] 1.004 0.75 
[P2228][4NO2Pyra] 0.925 0.72 
[P2228][4Triz] 0.994 1.04 

Table B.4: CO2 solubility in AHA ILs mixed with 1 mol H2O/mol IL and exposed to 1 
bar of CO2. 

 
Ionic liquid Ratio of reactions’ products (±0.05) 

mol bicarbonate/ mol IL mol carbamate/ mol IL 
[P2228][4Triz] 0.4 0.53 
[P2228][3Triz] 0.35 0.38 

[P2228][CH3CF3Pyra] 0.73 0.16 
[P2228][BrBnIm] 0.52 0.44 

[P2228][4NO2Pyra] 0.1 0.74 
[P2228][CF3Pyra] 0.53 0.17 

[P2228[BnImSCH3] 0.58 0.36 
[P2228][2CNPyr] 0.55 0.35 

[P2222][BnIm] 0.77 0.18 

Table B.5: Amount of bicarbonate and carbamate formation in the reactions of AHA ILs 
+ H2O + CO2, at 25 °C, 1 bar of CO2 and initial water concentration of 4 mol 
H2O/ mol IL. 
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Cycle # 

[P2222][BnIm] + H2O + CO2 [P2228][2CNPyr] + H2O + CO2 
mol CO2/mol 

IL P (bar) 
mol CO2/mol 

IL P (bar) 
1 0.95 0.985 0.95 0.976 
2 0.89 0.987 0.89 0.986 
3 0.92 0.985 0.91 0.991 
4 0.86 0.986 0.90 0.972 
5 0.87 0.975 0.88 0.963 

Table B.6: CO2 solubility in [P2228][2CNPyr] and [P2222][BnIm] mixed with 4 mol 
H2O/mol IL and exposed to CO2 at 25 °C, for five cycles. 

 
 [P2228][2CNPyr] [P2222][BnIm] 

 Test # mol CO2/mol IL  
P 

(bar) Test # 
mol CO2/mol 

IL P (bar) 
 Neat IL 0.95 0.968 Neat IL +CO2 0.97 0.951 
 IL + H2O 0.95 0.976 IL+H2O+CO2 0.95 0.985 

Encapsulated  
IL + H2O + CO2 

1 0.94 0.998 1 1.01 0.961 
2 0.96 0.962 2 0.93  0.966 
3 0.96 0.972 3 0.89  0.949 
4 0.95 1.008 4 0.92  0.946 
5 0.93 1.007 5 0.88 0.938 

Table B.7: CO2 solubility in wet PDMS-encapsulated [P2228][2CNPyr] and [P2222][BnIm] 
exposed to CO2 for five cycles. 
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[P2228][2CNPyr] + H2O + CO2 (1 mol H2O/ mol IL) 

25 °C 32 °C 40 °C 
P (bar) mol CO2/mol IL (±0.02) P (bar) mol CO2/mol IL (±0.02) P (bar) mol CO2/mol IL (±0.02) 
0.006 0.05 0.02 0.24 0.011 0.14 
0.011 0.07 0.025 0.46 0.014 0.23 
0.013 0.46 0.036 0.56 0.018 0.35 
0.019 0.52 0.042 0.62 0.02 0.54 
0.026 0.62 0.064 0.72 0.052 0.57 
0.029 0.70 0.216 0.81 0.07 0.60 
0.036 0.79 0.312 0.82 0.12 0.62 
0.04 0.87 0.42 0.83 0.179 0.63 
0.048 0.89 0.522 0.83 0.239 0.64 
0.072 0.91 0.628 0.84 0.35 0.66 
0.094 0.92 0.737 0.84 0.472 0.66 
0.122 0.94 0.873 0.85 0.602 0.68 
0.164 0.94 0.997 0.85 0.745 0.68 
0.272 0.95   0.855 0.70 
0.352 0.95   0.964 0.70 
0.462 0.97     
0.575 0.97     
0.682 0.97     
0.78 0.98     
0.884 0.99     
0.97 1.00     

Table B.8: Data of CO2 solubility isotherms of [P2228][2CNPyr]  mixed with 1 mol 
H2O/mol IL, at 25 °C, 32 °C and 40 °C.  
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P2222BnIm + H2O  + CO2 (4 mol H2O/ mol IL) 

25 °C 40 °C 60 °C 
P (bar)  mol CO2/ mol IL (±0.02) P (bar) mol CO2/ mol IL (±0.02) P (bar) mol CO2/ mol IL (±0.02) 
0.002 0.99 0.021 0.71 0.026 0.10 
0.1 1.03 0.032 0.83 0.039 0.57 

0.215 1.03 0.044 0.89 0.043 0.73 
0.368 1.03 0.088 0.91 0.050 0.81 
0.652 1.05 0.179 0.91 0.076 0.86 
0.8 1.05 0.295 0.91 0.106 0.87 

1.067 1.08 0.437 0.91 0.223 0.87 
    0.594 0.91 0.421 0.88 
    0.757 0.92 0.630 0.88 
    0.99 0.92 0.995 0.88 

Table B.9: Data of CO2 solubility isotherms of [P2222][BnIm]  mixed with 4 mol H2O/mol 
IL, at 25 °C, 40 °C and 60 °C.  

[P2228][BnImSCH3] + H2O + CO2  [P2228][BrBnIm] + H2O + CO2  

P (bar) mol CO2/ mol IL (±0.02) P (bar) mol CO2/ mol IL (±0.02) 
0.007 0.27 0.003 0.53 
0.01 0.51 0.012 0.73 
0.012 0.58 0.017 0.77 
0.029 0.78 0.028 0.83 
0.095 0.88 0.059 0.85 
0.171 0.93 0.09 0.88 
0.274 0.96 0.273 0.92 
0.338 0.99 0.477 0.96 
0.473 1.00 0.824 0.99 
0.572 1.01 0.996 1.01 
0.842 1.02     
1.042 1.03     

Table B.10: Data of CO2 solubility isotherms of [P2228][BnImSCH3] and [P2228][BrBnIm]  
mixed with 1 mol H2O/mol IL, at 25 °C.  
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[P2228][CF3Pyra] + H2O  + CO2 [P2228][CH3CF3Pyra] + H2O  + CO2 [P2228][4NO2Pyra] + H2O  + CO2 

P (bar) mol CO2/ mol IL (±0.02) P (bar) mol CO2/ mol IL (±0.02) P (bar) mol CO2/ mol IL (±0.02) 
0.005 0.29 0.009 0.145 0.021 0.079 
0.01 0.44 0.012 0.417 0.034 0.120 
0.014 0.64 0.016 0.795 0.052 0.154 
0.045 0.70 0.034 0.885 0.078 0.212 
0.087 0.71 0.062 0.887 0.118 0.283 
0.163 0.73 0.105 0.891 0.191 0.377 
0.305 0.73 0.237 0.893 0.301 0.481 
0.503 0.75 0.52 0.895 0.551 0.624 
0.704 0.75 0.753 0.912 0.711 0.675 
0.982 0.78 1.001 0.923 0.925 0.725 

Table B.11: Data of CO2 solubility isotherms of [P2228][CF3Pyra], [P2228][CH3CF3Pyra] 
and [P2228][4NO2Pyra]  mixed with 1 mol H2O/mol IL, at 25 °C.  

 
[P2228][4Triz ] + H2O  + CO2  [P2228][3Triz] + H2O + CO2 

P (bar) mol CO2/ mol IL (±0.02) P (bar) mol CO2/ mol IL (±0.02) 
0.001 0.18 0.007 0.03344891 

0.004 0.43 0.012 0.10 
0.012 0.62 0.02 0.26 
0.042 0.80 0.045 0.36 
0.077 0.87 0.093 0.48 
0.314 0.97 0.187 0.58 
0.588 0.99 0.307 0.64 
0.827 1.01 0.53 0.69 
0.994 1.04 0.740 0.73 

  1.004 0.75 

Table B.12: Data of CO2 solubility isotherms of [P2228][4Triz] and [P2228][3Triz]  mixed 
with 1 mol H2O/mol IL, at 25 °C.  
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[P2228][2CNPyr] + H2O + CO2 (4 mol H2O/ mol IL) 
P (bar) mol CO2/ mol IL (±0.02) 

0.009 0.13 
0.011 0.41 
0.016 0.55 
0.019 0.61 
0.021 0.68 
0.025 0.75 
0.059 0.82 
0.101 0.82 
0.200 0.82 
0.305 0.82 
0.403 0.83 
0.613 0.84 
0.721 0.84 
0.841 0.85 
0.965 0.88 

 Table B.13: Data of CO2 solubility isotherm of [P2228][2CNPyr]  mixed with 4 mol 
H2O/mol IL, at 25 °C.  

AHA IL DH02 (kJ/ mol) 
[P2222][BnIm] -69 ± 12 

[P2228][CH3CF3Pyra]* -62 ± 6 
[P2228][CH3SBnIm]* -59 ± 4 

[P2228][CF3Pyra]* -59 ± 4 
[P2228][2CNPyr] -58 ± 5 

[P2228][4triz]* -58 ± 4 
[P2228][BrBnIm]* -57 ± 5 

[P2228][3Triz]* -52 ± 5 
[P2228][4NO2Pyra]* -52 ± 7 

Table B.14: Values of the  standard enthalpy of reaction between AHA ILs, water and 
CO2. *Values estimated assuming DS02= -149 ± 2 J/mol-K. 
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IL T (°C) PH2O (mbar) P*H2O (mbar) gH2O xH2O (mol fraction) 

[P2228][2CNPyr] 

21.66 29 31.7 1.4 0.5 
22.47 35 51.6 1.4 0.5 
39.07 37 32.0 1.1 0.5 

[P2222][BnIm] 

21.97 34 26.4 1.6 0.8 
58.84 85 188.8 0.6 0.8 
40.44 53 75.5 0.9 0.8 

[P2228][BrBnIm] 
20.29 15 23.8 1.3 0.5 
23.53 37 29.0 1.6 0.8 

[P2228][ CH3SBnIm] 
24.46 20 30.7 1.3 0.5 
23.29 35 28.6 1.6 0.8 

[P2228][CH3CF3Pyra] 
23.93 28 29.7 1.9 0.5 
23.44 31 28.8 1.3 0.8 

[P2228][CF3Pyra] 25.82 27 33.2 1.6 0.5 

[P2228][4NO2Pyra] 
24.27 20 30.3 1.3 0.5 
21.15 33 25.1 1.6 0.8 

[P2228][4Triz] 
24.13 13 30.1 0.9 0.5 
21.73 29 26.0 1.4 0.8 

[P2228][3Triz] 
27.48 27 27.1 2.0 0.5 
22.45 44 27.2 2.0 0.8 

 

Table B.15: Activities coefficients of water, in the different AHA ILs and water mixtures.  

The saturation pressures of water (P*H2O) in bars at the different temperatures in 

Table B.15 were calculated using Antoine’s equation with the following constants: 

A=5.40221, B= 1838.675,  C=-31.737 for temperatures from 273 to 303 K and A= 5.20389, 

B=1733.926 and C=-39.485 for temperatures from 304 to 333 K92.  
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