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This study was chosen for funding in ANLEC R&D as part of its early program on Alternatives
and Fundamentals research. The objective for the Alternatives and Fundamentals Research
program is to test – at a concept level –innovations that could significantly reduce cost and risk in
low emissions coal technologies such as carbon capture and storage.
Ionic liquids (ILs) exhibit high solubility and selectivity for CO2. They generally have the
advantage of being non-flammable and non-volatile with relatively high decomposition
temperatures. Being chemically stable, they are less likely to react with other components in the
flue gas. This is important, because there is no deSOx or deNOx cleaning for Australian flue gases.
This study successfully demonstrated the concept of using unique functional groups in ILs to
reduce the energy requirements for CO2 capture in the laboratory by about 30%.
To justify further research and development, we need to establish credible price and
performance benchmarks (techno-economics) for the use of ILs for CO2 capture. This is especially
true for power generation applications, which encounter significantly high volumes of post
combustion flue gases.
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Executive summary
The aim of this project is to develop novel ionic liquid (IL) absorbents suitable for postcombustion capture of carbon dioxide (CO2). ILs are considered as a new generation of CO2
absorbents. They demonstrate several operational advantages over classic amine absorbents,
including high chemical stability, thermal stability and negligible vapour pressure.
Prior to this project, we developed transition-metal-functionalised ILs that show good CO2
absorption capacity. However, these ILs exhibit high viscosities, which account for the slow
absorption kinetics. This presents a considerable challenge for their application in postcombustion capture processes.
Our strategy for IL development is to incorporate CO2-philic functionalities into the ionic
moieties, with a focus on reducing the viscosities. In this project – through the design of chemical
structures, understanding the ionic liquid-CO2 interaction mechanism, and studying their phase
behaviour and CO2 absorption kinetics – we developed ILs using the following three approaches.
1. We further investigated the CO2 absorption behaviour of patented transition-metalfunctionalised ILs by analysing a champion example IL, [EMIM][Zn(Tf2N)3]. We employed a polar
perturbed chain-statistical associating fluid theory (pPC-SAFT) model and a diffusion model to
study gas–liquid phase equilibria and gas absorption kinetics at various pressures and
temperatures. This study provides strong evidence of CO2-functional group interactions, and
reveals that gas diffusion is affected by both viscosity and chemical interactions.
To further understand the CO2 absorption mechanism, we studied the water effect. Water
was found as interlaying hydrogen-bonded water, coordinated water, and loosely bonded water
among the constituent ions of [EMIM][Zn(Tf2N)3]. The presence of water greatly influences ionic
arrangement and physical properties, such as viscosity and density. Water participates in CO2
interactions and plays a key role in improving CO2 solubility in the system.
Adding metal species, however, increases the viscosity of the ILs, slowing the CO2 diffusion
coefficient by three orders of magnitude. Slow CO2 diffusion in ILs is therefore the rate-limiting
step in determining the absorption/desorption rate. To solve this problem, organic solvents of
MeIm, BuNH2, Et2NH and MeNHNH2 were added to reduce the viscosity of the absorbents. While
the solvent is volatile by itself, the ILs containing the solvent maintain long-term thermal stability
up to 100 oC. The viscosity of the ILs can be effectively reduced; however, the sorption kinetics
are improved at the expense of CO2 absorption capacity. A possible reason for this is that some
amines that coordinate strongly to the metal centres may lose their reactivity to CO2.
2. We developed novel ILs with multi-amino or alkylate functionalities as CO2-philic groups in
the anions, aiming to achieve a balance between CO2 absorption capacity and absorption kinetics.
A series of ILs bearing CO2-philic groups of multi-amines, alkylate or phenolates on the
anions were synthesised and tested for their physical properties and CO2 absorption behaviour.
Among them, a diamino ionic liquid (P4444 2,4-diaminobutyl carboxylate) shows the most
promising properties. Both amines on the anion interact with CO2 to generate two pairs of
ammonium carbamates, accounting for a CO2 absorption capacity greater than 1:1 (CO2:IL) molar
ratio. The absorption enthalpy is estimated between –60 and –68 kJ·mol-1 for the carbamate
formation reactions. The heat capacity is less than 2.5 J·g-1·K-1. Regeneration energy is estimated
to be 1.63 GJ·ton-1 CO2 for neat IL: significantly less than that for a 30% monoethanolamine (MEA)
system (3.8 GJ·ton-1 CO2). The neat IL, however, displays a relatively high viscosity (170 mPa·s at
40 oC).
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When water is present, CO2 absorption capacities greater than 1.3:1 (CO2:IL) molar ratio are
achieved, due to extra bicarbonate formation reactions. The presence of water reduces the
viscosity. Increasing water content, however, increases the regeneration energy compared with
the dry system. This is due to the decreased CO2 absorption capacity in weight percentage,
increased heat capacity and intensified steam loss. Having 4 molar equivalents of water (about
16 wt%) would reduce the viscosity to 44 mPa·s at 40 oC, and still cut the regeneration energy to
2.5 GJ·ton-1 CO2.
We studied the effect of additives on this IL using water, tetraglyme (TGM), triethylene
glycol (TEG) or polypropyl glycol 400 (PPG). CO2 absorption capacities greater than 1:1
(CO2:IL) molar ratio were still achieved. Using TGM, TEG and PPG as additives effectively reduced
viscosity while retaining a low regeneration energy, i.e. about 2.3, 2.5 and 2.2 GJ·ton-1 CO2 for ILTEG (1:1 w:w), IL-TGM (1:1 w:w) and IL-PPG400 (1:1 mol:mol), respectively. For hydrophobic PPG
400 in particular, despite a lower CO2 absorption capacity, the reduced absorption heats for CO2
and water account for a low regeneration energy.
Our estimation of regeneration energy is based on the thermodynamic parameters
obtained, and does not consider factors related to engineering operation. This estimation can be
used as a guide for future IL development. Further work requires greater optimisation of the
formulas of the mixture systems, as well as a thorough study on CO2 and water co-absorption.
In addition to amine functionality, phenolate ILs are also promising CO2 absorbent
candidates. Their CO2 absorption capacities are affected by the basicity of the phenolate anion: a
higher basicity is correlated to a higher CO2 absorption capacity. However, when the basicity is too
strong, the anion tends to interact with the cation and thus loses some reactivity to CO2. P14 3cyanophenolate and P14 3-nitrophenolate are recommended candidate ILs that appear to exhibit a
good thermal stability (>150 oC) and a high CO2 absorption capacity (>13.6 wt%). These phenolate
ILs are also compatible with water. Water can be added to decrease their viscosity and contribute
to CO2 absorption capacity by a bicarbonate formation reaction.
We also designed and synthesised a series of ILs in which the anions are stabilised by intraionic hydrogen bonds. These ILs exhibit lower viscosities, possibly due to weakened cation–anion
interactions. Consequently, they demonstrate adequate CO2 diffusion coefficients. However, their
CO2 absorption capacities – albeit being slightly higher than those of other non-functionalised ILs –
are insufficient for CO2 capture. A possible reason is that the CO2-philic groups are bound in intraionic hydrogen bonds, and thus lose reactivity towards CO2.
3. We employed ILs as a thin film to increase the absorption performance of solid porous
absorbents.
We covalently attached phosphonium-based IL phase onto porous silica, and compared its
effect on gas sorption behaviour with bare porous silica and a bulk [P8883][BF4] IL. Upon grafting ILs
onto the silica, the IL moiety and the silyl linkage partially occupy the silica pores. Gas adsorption
through the silica pores still appears to dominate the sorption behaviour for the IL-grafted silica. A
conventional homogeneous surface diffusion model describes the real-time sorption data well.
Fitting the model with experimental data suggests that the CO2 diffusion coefficient in modified
SiO2 is in the range of 10-8 to 10-7 m2·s-1, about two to three orders of magnitude faster than that
of neat [P8883][BF4] and slightly slower than that of the bare silica.
The IL phases in this work, while not contributing significantly to CO2 adsorption capacity,
provide an effective selective film for porous adsorbents that notably improves CO2 sorption
selectivity against N2, at a marginal expense of CO2 sorption capacity. We expect that the ILselective films will also improve the selectivity of other porous sorbents, including alumina,
carbons and metal organic frameworks.
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Through this work, we have demonstrated that ILs are versatile CO2 absorbent candidates,
with a potential to cut regeneration energy by up to 40%. Future work will further optimise IL
chemical structures and formulas. Based on IL properties, CO2 capture processes could consider
phase-change processes or membrane separation in addition to conventional amine-based
processes.
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Introduction
Post-combustion capture of carbon dioxide (CO2) is a practical way to reduce greenhouse gas
emissions. The need to improve capture process efficiency and to reduce cost is driving the
development of new absorbent materials. Desirable absorbents should have high CO2 absorption
capacity and absorption–desorption rates, regenerate easily, and be chemically and thermally
stable. They should resist degradation from flue gas pollutants, such as SOx and NOx, and be safe
and easy to operate at the industrial scale.
Current post-combustion capture technology is based on amines, i.e. alkanolamine or
ammonia solutions. While these technologies display high CO2 absorption capacities through
forming chemical bonds with CO2, they have several drawbacks:
1) A large amount of thermal energy is required to break the chemical bonds between the
absorbents and absorbed CO2 molecules in the regeneration stage, resulting in high
energy consumption.
2) Alkanolamine solutions are prone to degradation, either thermally or through chemical
reactions. The toxicity of some degradation products is an environmental concern.
3) Amine solutions are corrosive to metals.
4) Due to their volatility, amine – and in particular, ammonia active materials – could be lost
into the gas stream. Replenishing absorbents and preventing their emissions add extra
cost to the capture process.
5) The degradative and volatile nature of amines limits their operation temperature range;
extra temperature controlling process is therefore required.
ILs are promising CO2 absorbents that could overcome the drawbacks of amine solutions. ILs
are salts with low melting points (<150 oC). They have been reported to exhibit high solubility and
selectivity for CO2, especially at a high pressure (e.g. about 30 wt% at 100 bar). As they are
composed entirely of cations and anions, ILs generally show high enthalpy of vapourisation and
negligible vapour pressure. Thus many ILs are non-flammable and non-volatile. They are
chemically stable, and are less likely to react with other components in the flue gas. The
decomposition temperature is generally above 300 oC, and currently they can be operated up to
200 oC with negligible evaporative loss under industrial conditions.
While ILs demonstrate promising properties, they also present several challenges for largescale industry capture processes. Conventional ILs exhibit relatively low absorption capacities at
sub-ambient pressures. There have been efforts to increase the CO2 solubility by tethering CO2philic groups so that CO2 can be chemically bonded. Another challenge of ILs is their high viscosity.
Due to the ionic nature of IL constituents, the coulombic interactions among the ionic network
contribute to their high viscosity. The CO2 adducts normally possess stronger hydrogen bonds, and
thus the CO2 absorption products become more viscous, or even form precipitates. Because a
higher viscosity corresponds to a slower diffusion rate, the absorption and desorption rates in ILs
are too slow for industry processes.[1] A comparison of the properties of internationally reported
ILs is attached in Appendix II and III.

Development of novel ionic liquids to capture CO2 | 1

The objective of this project is to explore and develop effective methods to reduce the
viscosities of ILs, and to improve the absorption–desorption rates, while retaining reasonable
absorption capacities and advantageous physical properties.
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Part I CO2 absorption
behaviour in
transition-metalfunctionalised ionic
liquids
1 Introduction
In our previous work, we demonstrated a new approach of adding metal species into ILs to
improve their CO2 absorption capacity.[2] The introduction of this effective chemical absorption
mechanism, in addition to original physical absorption nature of the neat ILs, increased CO2
solubility by a factor of 25 (to 8.8 wt% at 1 bar and 40 oC). We studied the effects of various metal
species, organic cations and anions, and found that while a range of transition metals and main
group metals increased CO2 solubility to different degrees, the 2b transition metals (zinc and
cadmium) displayed the best absorption improvement. The absorption capacity was inversely
correlated to the basicity and coordination ability of the anions. The anion of bis(trifluoromethyl
sulfonyl) imide (Tf2N), considered to be a weak coordination ligand, showed the highest
absorption capacity. The organic cations, however, are less involved with the metal centre to form
a complex to interact with CO2 molecules, and therefore have less effect on CO2 solubility. The ILs
containing metal species generally exhibit a lower glass transition temperature and a
decomposition temperature above 200 oC, indicating a broader operation temperature range than
amine absorbents.[3]
Following this work, further development of ILs for CO2 capture includes phase behaviour
and absorption kinetic modelling, which are required for prospective process design and industrial
applications. In this work, we developed methods to understand the phase behaviour between
CO2 and ILs and to study CO2 absorption kinetics in an example IL ([EMIM][Zn(Tf2N)3]). A further
evaluation of this IL in CO2 capture processes includes the study of the effect of other flue gas
components, such as water, on the absorption behaviour.
Many attempts have been made to study phase behaviour using cubic equations of state
(Eos)[4, 5] and activation coefficient methods.[6] We employed a physically meaningful Eos: pPCSAFT, to describe the phase equilibrium of CO2/IL mixtures.[7, 8] The pPC-SAFT model developed
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for this work explicitly considers multipolar interaction energy, so that it can apply to polar
systems such as ILs.[9, 10] Thus, dipole–dipole and quadrupole–quadrupole interactions and their
cross term as dipole-quadrupole interactions in CO2/ILs systems can be analysed. Polar
interactions significantly influence the thermodynamic and phase equilibrium properties of polar
systems.[9, 10] The consideration of an accurate polar contribution in SAFT gives us a better
understanding of the interaction and phase behaviour between CO2 and ILs.
Our CO2 absorption kinetics study was based on a mathematical diffusion model that
considered chemical reactions. The diffusion modelling has been improved to monitor complex
situations involving both diffusion and chemical association. Thereby, we have extended the
diffusion study from CO2/non-functionalised IL to CO2/functionalised IL systems. Real-time
absorption data obtained from a gravimetric microbalance were used to understand the timerelated CO2 dissolution in ILs. Based on sufficient data at various temperatures, the dependance of
CO2 diffusion on temperature and the influence of zinc ions on the CO2-binding mechanism were
investigated from diffusion calculations.

2 Phase equilibria between CO2 and ionic liquids
2.1 Phase behaviour between CO2 and non-functionalised ionic liquid
pPC-SAFT was employed to model the vapour–liquid equilibrium between CO2 and neat
[EMIM][Tf2N] IL. The correlations using pPC-SAFT agreed well with the experimental data at both
low and high pressures. Under ambient pressures, the pPC-SAFT correlation shows that the CO2
solubility in [EMIM][Tf2N] follows Henry’s law at all temperatures. When the pressure exceeds
500 kPa, pPC-SAFT accurately displays deviations from the ideal mixing solutions at all
temperatures (Figure 1). Therefore, pPC-SAFT is a suitable tool to model phase behaviour between
CO2 and non-functionalised ILs. Our successful modelling of CO2 phase behaviour in nonfunctionalised ILs provides a databank to examine CO2 phase behaviour in [EMIM][Tf2N] at any
temperature or pressure without further experiments.

2.2 Phase behaviour between CO2 and transition-metal-functionalised
ionic liquid
pPC-SAFT was applied to correlate and predict the CO2 equilibrium solubility in
[EMIM][Zn(Tf2N)3]. As shown in Figure 2, pPC-SAFT calculations agreed well with the experimental
data at both low and high pressures. Applying association parameters to pPC-SAFT confirms a
chemical cross-association between CO2 and [EMIM][Zn(Tf2N)3], which plays a key role in the
prediction of phase equilibrium of chemically associating mixtures.[4, 11] The association
parameters show much stronger association energy and closer attraction distance between CO2
and [EMIM][Zn(Tf2N)3] than CO2 and [EMIM][Tf2N]. Our successful modelling of the CO2 phase
behaviour in [EMIM][Zn(Tf2N)3] not only provides data of CO2 phase behaviour in
[EMIM][Zn(Tf2N)3] at any temperature or pressure without further experiments, but also supplies
more information on the ionic arrangement and interaction properties between CO2 and
[EMIM][Zn(Tf2N)3].
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Figure 1. pPC-SAFT correlation and prediction (solid lines) of CO2 equilibrium solubilities in
[EMIM][Tf2N]. Symbols are experimental data (hollow symbols) and literature data[12, 13] (solid
symbols)

Figure 2. pPC-SAFT correlation and prediction (solid lines) of CO2 equilibrium solubilities in
anhydrous [EMIM][Zn(Tf2N)3]. Symbols are experimental data (hollow symbols)

3 Absorption kinetics of CO2 in ionic liquids
3.1 CO2 diffusivities in non-functionalised ionic liquids
We used a chemical-reaction-diffusion model to model the diffusivity of CO2 in nonfunctionalised ILs at various temperatures. There is no chemical association between CO2 and
[EMIM][Tf2N], so the model considered diffusion only. Several examples of CO2 diffusivity
modelling in [EMIM][Tf2N] at 22–60 oC are displayed in Figure 3, which fits the real-time CO2
absorption data in [EMIM][Tf2N]. As shown in Table 1, the averaged CO2 diffusivities in
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[EMIM][Tf2N] are 5.3×10-10 , 9.8×10-10 and 1.5×10-9 m2·s-1 at 22, 40 and 60 oC, respectively. These
are similar to reported values.[14, 15]

3.2 CO2 diffusivities in transition-metal-functionalised ionic liquid
We applied the chemical-reaction-diffusion model to analyse CO2 absorption kinetics in
functionalised IL [EMIM][Zn(Tf2N)3], considering both chemical association and diffusion. Examples
of the modelling in [EMIM][Zn(Tf2N)3] at 40–60 oC are given in Figure 4, which fits the real-time
CO2 absorption data in [EMIM][Zn(Tf2N)3] at various temperatures and pressures. The averaged
CO2 diffusivities in [EMIM][Zn(Tf2N)3] are 6.3×10-12, 1.4×10-11 and 6.6×10-11 m2·s-1 at 40, 50 and
60 oC, respectively (Table 1).
The CO2 diffusivities in [EMIM][Zn(Tf2N)3] are significantly lower than that in nonfunctionalised IL [EMIM][Tf2N]. One of the reasons is attributed to the considerably high viscosity
of [EMIM][Zn(Tf2N)3], which is 1758.1 mPa·s at 40 oC, compared with 20.2 mPa·s for [EMIM][Tf2N].
We also found that the extra coordination interactions between CO2 and functional groups in
addition to the original physical bonding impede CO2 diffusion. This is supported by the differences
in activation energy for viscosity and for CO2 diffusion (59.5 and 101.5 kJ·mol-1, respectively). In
contrast, for [EMIM][Tf2N] for which there is no strong chemical association, the activation
energies for CO2 diffusion and viscosity are close (22.4 and 23.3 kJ·mol-1, respectively).

Figure 3. Examples of diffusion calculation (red solid line) on experimental real-time isothermal
CO2 absorption in [EMIM][Tf2N]
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Figure 4. Examples of diffusion calculation (red solid line) on experimental real-time isothermal
CO2 absorption in [EMIM][Zn(Tf2N)3]
Table 1. CO2 diffusivity 𝐷 (m2·s-1) averaged over pressures for CO2/[EMIM][Tf2N] system and
CO2/[EMIM][Zn(Tf2N)3] system at various temperatures
Ionic liquids
[EMIM][Tf2N]
[EMIM][Zn(Tf2N)3]

22 C
5.3×10
−

-10

40 C
9.8×10

-10

6.3×10

-12

50 C

60 C

−

1.5×10

1.4×10

-11

6.6×10

-9

-11

4 Water effect on [EMIM][Zn(Tf2N)3]
4.1 Water effect on physicochemical properties
Thermal behaviour: The effect of water on the structural and thermal properties of
[EMIM][Zn(Tf2N)3] was studied using differential scanning calorimetry (DSC). Figure 5 shows that
[EMIM][Zn(Tf2N)3] with different contents of water (1 mole [EMIM][Zn(Tf2N)3] with 1–5 mole H2O)
exhibits different phase transitions. For example, when there are 3 mole of H2O in 1 mole of
[EMIM][Zn(Tf2N)3], the complex exhibits two endothermic phase transitions at –33 and 36 oC,
which is completely different from others. This suggests that [EMIM][Zn(Tf2N)3] possibly
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undergoes distinct ionic structure rearrangement with 3 mole of H2O to form a crystalline phase
(or phases) that has a melting point of about 30 oC. When the water content is 1, 2 or 4 moles, the
DSC traces show only glass transitions, suggesting that the ions favour random ionic arrangement
over crystalline phases. When the water content is increased to 5 moles, the IL displays multiphases as a gel; correspondingly, the DSC displays a different phase transition profile. This implies
that water significantly influences ionic arrangement, and thus phase transitions.

Figure 5. Differential scanning calorimetry traces of [EMIM][Zn(Tf2N)3] with 1–5 mole H2O;
IL=[EMIM][Zn(Tf2N)3]
Density and viscosity: The influence of water on the density and viscosity of
[EMIM][Zn(Tf2N)3] is presented and plotted as a function of temperature in Figure 6 and Figure 7.
Both parameters show a water content dependence.

Figure 6. Densities of [EMIM][Zn(Tf2N)3] with 1–4 mole H2O; IL=[EMIM][Zn(Tf2N)3]
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Figure 7. Dynamic viscosities of [EMIM][Zn(Tf2N)3] with 1–4 mole H2O; IL=[EMIM][Zn(Tf2N)3]

4.2 Analysis of water
Water in ionic structure was studied using Fourier-transform infrared (FT-IR) spectroscopy,
and deconvolution was employed to analyse different states of H2O in [EMIM][Zn(Tf2N)3]. Figure 8
displays the hydroxyl stretching region (2750–4000 cm-1) and the hydroxyl bending region (1500–
1800 cm-1). The first band at 3240 cm-1 shows an increasing tendency for a higher content of H2O
in [EMIM][Zn(Tf2N)3]. This H2O mode is assigned to hydrogen-bonded interlaying water.[16] The
other bands (at 3411 and 3481 cm-1) are frequently related to absorbed H2O bonding to the metal
or metal ions. The bands at 3411 and 3481 cm-1 reflect different interactions between H2O and
[EMIM][Zn(Tf2N)3]. In our case, H2O coordinates with the zinc ion in [EMIM][Zn(Tf2N)3] in two
different forms. According to the literature,[16] the interaction between H2O and metal ions
results in a highly structured ionic arrangement. The coordination structure indicated by the band
at 3411 cm-1 remains dominated at a water content up to 2:1 H2O:IL. When more H2O is
introduced in [EMIM][Zn(Tf2N)3], the band at 3481 cm-1 is favoured, indicating a noticeable
structure change from [EMIM][Zn(Tf2N)3]+2 H2O to [EMIM][Zn(Tf2N)3+3 H2O.The band observed at
3546 cm-1 can be attributed to loosely bounded water.[16] Because the maximum number of
water molecules that can be bonded to the metal ions is limited, when the content of water
introduced into the IL reaches a certain value, the water itself can then separate from the complex
to form a freely bounded water domain. Thus, [EMIM][Zn(Tf2N)3]+5 H2O begins to form two
separate phases at room temperature. These behaviours in turn influence the physicochemical
properties of the complex, as discussed in the DSC analyses.
In the right-hand part of Figure 8, the intrinsic peaks of [EMIM][Zn(Tf2N)3] at 1568, 1575,
1597 and 1608 cm-1 are contributed from the bending and stretching of imidazolium ring
(C=C/CN). The band at 1618 cm-1 represents OH in loosely bound H2O molecules, which can be
assigned to the water absorbed on the surface. The band occurring at 1633 cm-1 is related to the
hydroxyl stretching band at 3240 cm-1 as the hydrogen-bonded water or space-filling water. The
bands above 1650 cm-1 are indicative of OH in the coordinated water and chemically bonded
water.[16] Similar to the results in the OH stretching section, two types of interactions of
water molecules with zinc ions were found in the OH bending range. However, [EMIM][Zn(Tf2N)3]
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with up to 2 moles of H2O displays only one type of coordinated water at 1652 cm-1.
[EMIM][Zn(Tf2N)3] with more than 3 moles of water begins to show an extra type of coordinated
water at 1672 cm-1, which is consistent with the previous findings in DSC, density and hydroxyl
stretching IR analyses.

Figure 8. Infrared spectra of [EMIM][Zn(Tf2N)3] with 0–5 mole H2O in the hydroxyl stretching
region (2750–4000 cm-1) and the hydroxyl bending region (1500–1800 cm-1). Experimental data
(black scattered symbols) were fitted by a sum (red lines) of Lorentzian lines (green curves).
IL=[EMIM][Zn(Tf2N)3]

4.3 Water effect on CO2 absorption
The influence of water on the CO2 absorption capacity of [EMIM][Zn(Tf2N)3] at 40 oC is
presented in Figure 9. A physical absorption dominates the absorption mechanism in
[EMIM][Tf2N],[17] with an absorption capacity of 0.28 wt% at 1 bar and 40 oC.Compared with the
non-functionalised IL [EMIM][Tf2N], the CO2 absorption capacity is significantly increased by
adding Zn(Tf2N)2 salt. The absorption capacity of [EMIM][Zn(Tf2N)3] is then greatly influenced by
water content. The complex achieves a considerably elevated CO2 solubility to 4.5 and 5.2 wt%
when the complex contains 2 H2O and 2.5 H2O, respectively. We also tested CO2 absorption in
[EMIM][Zn(Tf2N)3] with more than 4 H2O. The sample lost water upon exposure to CO2
atmosphere, indicating that the [EMIM][Zn(Tf2N)3] complex favourably binds CO2 to H2O.
The CO2 absorption results show that the absorption in [EMIM][Zn(Tf2N)3] benefits from the
presence of H2O in the gas. With a certain amount of H2O in the sample, the CO2 solubility of
[EMIM][Zn(Tf2N)3] reaches a desirable value, which is promising for industrial CO2 capture.
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Figure 9. CO2 absorption capacities of [EMIM][Zn(Tf2N)3] with different amounts of H2O at 40 oC;
IL=[EMIM][Zn(Tf2N)3], Con-IL=[EMIM][Tf2N]
To explain the high absorption capacity in hydrous [EMIM][Zn(Tf2N)3], we investigated
[EMIM][Zn(Tf2N)3]+3H2O before and after CO2 absorption using IR spectroscopy. Figure 10 and
Figure 11 indicate the participation of H2O in the CO2 absorption reaction. The loosely bounded
H2O molecule indicated by the band 3546 cm-1 assists the reaction of CO2 in [EMIM][Zn(Tf2N)3]. It
diminishes when more CO2 is absorbed and transforms into coordinated H2O with the zinc ions at
the band of 3411 cm-1. The area of the band at 3411 cm-1 expands significantly at first (7 h of
exposure to CO2) and finally becomes equivalent (25 h of exposure to CO2) to the band at
3481 cm-1. Thus, at the saturation of CO2 absorption, the coordinated H2O indicated by the band at
3411 cm-1 transforms to the other state of coordinated H2O as indicated by the band at 3481 cm-1.
At the range of 1500–1800 cm-1 in Figure 11, a noticeable growth of the peak at 1684 cm-1
can be seen with an increasing amount of CO2 absorbed. The carbonyl formation and water
participation in the CO2 absorption reaction possibly suggest bicarbonate formation in
[EMIM][Zn(Tf2N)3].[18]
The CO2 interaction mechanisms in the hydrous and anhydrous conditions are different. The
pPC-SAFT computation method used in Section 2.2 considers two components of
[EMIM][Zn(Tf2N)3] and CO2 for the anhydrous system. It does not apply to the hydrous system,
which contains three components (i.e. [EMIM][Zn(Tf2N)3], CO2 and H2O). The role of water will be
investigated in further studies using density functional theory computation at a molecular level.

Development of novel ionic liquids to capture CO2 | 11

Figure 10. Infrared spectra of [EMIM][Zn(Tf2N)3] with 3 H2O before (black line) and upon CO2
absorption (blue line: 7 hours; red line: 25 hours); IL=[EMIM][Zn(Tf2N)3]

Figure 11. Infrared spectra of [EMIM][Zn(Tf2N)3] with 3 H2O before and after CO2 absorption for
the hydroxyl stretching region (2750–4000 cm-1) and the hydroxyl bending region (1500–
1800 cm-1). Experimental data (black scattered symbols) were fitted by a sum (red lines) of
Lorentzian lines (green curves); IL=[EMIM][Zn(Tf2N)3]

5 N-methylimidazole as an additive
Despite the high CO2 absorption capacity of [EMIM][Zn(Tf2N)3], its viscosity must be reduced
to use it as a CO2 capture agent. High viscosity is problematic in two ways: it increases the energy
demand to mechanically circulate the solvent, and it reduces CO2 diffusivity.
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We added co-solvents as a simple and effective means to reduce the viscosity of the
system.[19-21] To retain the benefits of traditional ILs, such as negligible vapour pressure and high
thermal stability, the chosen co-solvent must not adversely affect these properties while retaining
the CO2 absorption capacity. Our first choice of co-solvent, N-methylimidazole (MeIm), was largely
influenced by its Zn2+-centre, because the catalytic centre of a carbonic anhydrase contains a Zn2+
ion coordinated with three imidazoles and converts CO2 into bicarbonate. [22, 23] We expected
the addition of MeIm to facilitate CO2 binding and conversion in a similar way. The metal centre
also offers a possible coordination site to anchor the co-solvent, thereby reducing its inherent
volatility.
In this study, 1 to 5 molar equivalents of MeIm were added to the [EMIM][NTf2]-Zn(NTf2)2
system. The mixtures are denoted as x:y:z, where x:y:z is the molar ratio of
MeIm:Zn(NTf2)2:[EMIM][NTf2]. We studied the effect of MeIm on the physical properties, CO2
absorption behaviour and mechanism of the MeIm-[EMIM][NTf2]-Zn(NTf2)2 mixtures.

5.1 Thermal stability and volatility
The thermal stabilities were measured using thermal gravimetric analysis (TGA), and the
results are shown in Figure 12 and Table 2. The weight loss for the prescribed systems can be
attributed to either the chemical structure breakdown or to the loss of volatile components. The
mixtures containing 1–4 molar equivalents of MeIm (i.e. x:1:1 where x=1–4) show high thermal
stability and low volatility. In contrast, the 5:1:1 system exhibits a weight loss of 5.91% at 196 C,
attributed to 1 molar equivalent of MeIm (expected mass loss: 5.75%). Therefore, we did not
further study the 5:1:1 system as a CO2 capture agent. For the 1:0:1 MeIm\Zn(NTf2)2\[EMIM][NTf2]
sample, whereby no Zn(NTf2)2 is present in the mixture, a weight loss ascribed to the proportion of
MeIm was observed. This shows the influence of the Zn2+-centre on the reduction of MeIm
volatility.
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Figure 12. Thermal gravimetric analyses for 1:1:1, 2:1:1, 3:1:1, 4:1:1, 5:1:1 and 1:0:1
MeIm\Zn(NTf2)2\[EMIM][NTf2] mixtures
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Table 2. Thermal gravimetric analysisa of MeIm\Zn(NTf2)2\[EMIM][NTf2] mixtures.
MeIm\Zn(NTf2)2\[EMIM][NTf2] 0:1:1 1:1:1 2:1:1 3:1:1 4:1:1

5:1:1

ratio
Tdecomp.(°C)

294

271

272

281

312

119

(2% mass loss)
-1

a. Performed at a temperature increasing rate of 10 °C min under a nitrogen atmosphere

The temperatures at 2% weight loss were used as a measure of thermal stability and
volatility for the x:1:1 N-MeIm\Zn(NTf2)2\[EMIM][NTf2] (x=1–4) mixtures. In general, the thermal
stability of the mixtures increased with increasing MeIm content (up to 4 molar equivalents of
MeIm), which attributable to co-operative binding. This has been observed in other Zn2+-amine
systems, whereby the binding constant is the strongest for the fourth equivalent of MeIm and the
weakest for the fifth. This corresponds with the thermal stability indicated by our TGA results.
The long-term stabilities of the mixtures were measured to evaluate whether the N-MeImdoped ILs could be used in continuous operation at higher temperatures. Analysis temperatures of
100 C and 120 C were chosen, because they may be considered as the desorption temperatures.
At these temperatures, all of the four systems show little mass loss, comparable to that of
Zn(NTf2)2\[EMIM][NTf2] (Table 3). This indicates that under these conditions, the mixtures were all
thermally stable.
The mixtures’ thermal stabilities at 180 C were also tested. Remarkably, the mixtures with 3
and 4 molar equivalents of N-MeIm (Entries 3:1:1 and 4:1:1 in Table 3) show excellent thermal
stability, while those with less N-MeIm (Entries 1:1:1 and 2:1:1 in Table 3) show significant mass
loss. Interestingly, the systems with 3 and 4 molar equivalents of N-MeIm show greater thermal
stability than Zn(NTf2)2\[EMIM][NTf2].
Table 3. Weight loss (%) for N-MeIm\Zn(NTf2)2\[EMIM][NTf2] (x:y:z) mixtures at 100–180 C for
extended periods
x:y:z

100 C for 50 hrs

120 C for 15 hrs

180 C for 15 hrs

0:1:1

0.99%

1.35%

7.93%

1:1:1

0.70%

1.64%

8.58%

2:1:1

1.01%

0.42%

8.44%

3:1:1

0.78%

0.22%

1%

4:1:1

0.53%

0.45%

1.96%

5.2 Liquid properties: viscosity and glass transition temperatures
As the x:1:1 N-MeIm\Zn(NTf2)2\[EMIM][NTf2] (x=1-4) mixtures possess the desired thermal
stability and low volatility, their liquid properties were further examined. All the mixtures are
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liquids at room temperature. DSC was used to identify their glass transition temperatures (T g)
(Table 4). All of the x:1:1 N-MeIm\Zn(NTf2)2\[EMIM][NTf2] (x=1-4) mixtures exhibit Tgs below that
of [EMIM][NTf2]-Zn(NTf2)2, showing that the addition of MeIm renders [EMIM][NTf2]-Zn(NTf2)2
more fluidic. The decrease in the Tgs mixtures suggests that the mixtures become increasingly
fluidic when more MeIm is added.
Table 4. Physical properties of 0–4:1:1 MeIm\salt\IL mixtures
MeIm\Zn(NTf2)2\[EMIM][NTf2]
ratio

0:1:1

1:1:1

2:1:1

3:1:1

4:1:1

–43

–49

–58

–65

–69

Dynamic viscosity at 40 C
(mPa·s)

1758

792

238

142

104

Density at 40 C (gmL-1)

1.80

1.72

1.65

1.59

1.55

Tg transition temperature (C)

80

Viscosity/T

0.5

(mPas/K

0.5
)

70
60
50
40
30
20
10
0
290

300

310

320

330

340

350

360

370

380

Temperature (K)
(■) 1:1:1 (●) 2:1:1 (▲) 3:1:1 (▼) 4:1:1 (◄) 4:1:0
Figure 13. Viscosity vs. temperature for the x:1:1 MeIm\Zn(NTf2)2\[EMIM][NTf2] (x=1–4)
mixtures. Data are fitted using a Vogel-Tammann-Fulcher equation
The viscosities of the x:1:1 N-MeIm\Zn(NTf2)2\[EMIM][NTf2] (x=1–4) mixtures are reported in
Table 4 and Figure 13. In a similar trend to the Tgs, the viscosities of the mixtures decrease with
increasing N-MeIm content. [EMIM][NTf2]-Zn(NTf2)2 has an extremely high viscosity – far too high
for CO2 capture. Each addition of one molar equivalent of N-MeIm reduces the viscosity
substantially. At 3–4 molar equivalents of N-MeIm, the viscosity is reduced to below 150 mPa·s at
40 oC. However, their viscosities may still be considered high for CO2 sorbents compared with
aqueous amine sorbents, which are generally less than 10 mPa·s.[24]
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5.3 CO2 absorption properties
The MeIm-[EMIM][NTf2]-Zn(NTf2)2 mixtures were tested for CO2 absorption. Firstly, their CO2
absorption capacities were measured (Figure 14). The addition of up to 3 molar equivalents of
MeIm (x=1–3) increases the CO2 mass absorption capacity compared with that of [EMIM][NTf2]Zn(NTf2)2. In fact, the 1:1:1 system has about twice the absorption capacity than that of
[EMIM][NTf2]-Zn(NTf2)2 at 1 bar. However, as the MeIm content is increased, the mass CO2
absorption capacities are reduced. The 4:1:1 MeIm\Zn(NTf2)2\[EMIM][NTf2] system has a CO2 mass
absorption capacity similar to that of [EMIM][NTf2].
4.0
3.5

CO2 Uptake / wt%

3.0
2.5
2.0
1.5
1.0
0.5
0.0
0.0

0.5

1.0
1.5
Pressure / Bar

2.0

2.5

(►) 0:1:1 (■) 1:1:1 (●) 2:1:1 (▲) 3:1:1 (▼) 4:1:1
Figure 14. CO2 absorption isotherms of the anhydrous x:1:1 MeIm\Zn(NTf2)2\[EMIM][NTf2] (x=0–
4) Systems at 40 C
CO2 diffusion coefficients were analysed using the method in Section 3.1 (Table 5). As the
MeIm content is increased, the CO2 diffusion coefficient also increases. One molar equivalent of
MeIm increases the diffusion coefficient by 4-fold, while the second molar equivalent of MeIm
increases the diffusion coefficient by a further 2-fold. More additions of MeIm increase the
diffusion coefficient further. As clearly demonstrated in Table 5, the diffusion coefficient increases
as viscosity decreases.
Table 5. CO2 diffusion coefficients at 100 mbar and 40 oC in the MeIm\Zn(NTf2)2\[EMIM][NTf2]
(x:y:z) systems
MeIm\Zn(NTf2)2\[EMIM][NTf2]

D × 1013

Error × 1013

Dynamic viscosity

x:y:z

(m2·s-1)

(m2·s-1)

(mPa·s)

0:1:1

45

±9.1

1758

1:1:1

255

±5.5

792
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2:1:1

658

±6.5

238

3:1:1

970

±23

142

4:1:1

1800

±15

104

0:0:1

9700

±1000

20

5.4 The role of N-methylimidazole
The changes to the Zn(NTf2)2-[EMIM][NTf2] system upon the addition of MeIm were
investigated using IR, nuclear magnetic resonance (NMR) and Raman spectroscopy. The
unmodified Zn(NTf2)2-[EMIM][NTf2] system has a high degree of Zn2+-NTf2- coordination. The
possible coordination is shown in Scheme 1[a] as a cluster of three NTf2- moieties surrounding a
Zn2+ centre. Most likely however, a more complex network forms, whereby the NTf 2- anions are
multi-dentate and form a network with different Zn2+ species. Such a long-range network of
complexes accounts for the system’s ionic rigidity and the high viscosity. When N-MeIm is added
to the system, this network is disrupted as N-MeIm competitively coordinates to the Zn2+ ions,
releasing some of the NTf2- anions from the coordination and forming discrete complex entities
(Scheme 1). The breaking down of the network thus renders the metal-containing IL mixture more
fluidic. The changes to the physical properties are therefore attributed to the changes in the ionic
structures of the IL-salt mixtures, rather than N-MeIm simply acting as a co-solvent.

Scheme 1. Proposed pathway for the formation of N-MeIm\Zn(NTf2)2\[EMIM][NTf2] complexes
The changes in ionic structure are also important to CO2 absorption capacity. Initially, the
addition of MeIm (at 1 or 2 equiv.) to the Zn(NTf2)2-[EMIM][NTf2] mixture increases the CO2philicity of the system, which could be ascribed to the cooperation between two species within
the MeIm\salt\IL mixture (
Scheme 2). However, with further MeIm additions (3 or 4 equiv.), the mixtures’ CO2
interaction is deactivated, demonstrated by lower CO2 absorption capacities. The extra addition of
Melm would possibly result in only one of these species being present, therefore preventing the
tandem CO2 absorption mechanism. Further evidence is needed to understand this mechanism.
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Scheme 2. Possible tandem absorption of CO2 in MeIm-containing systems

5.5 Summary
We studied the effect of adding MeIm to anhydrous Zn(NTf2)2\[EMIM][NTf2]. Physical
properties, including thermal stability and viscosity, were improved compared with
Zn(NTf2)2\[EMIM][NTf2]. When 1 or 2 molar equivalents of MeIm are added, CO2 absorption
capacity and CO2 diffusivity are increased without detriment to thermal stability, accompanied by
a decrease in viscosity. When we aimed to further reduce the viscosity and increase the CO2
diffusion coefficient (by adding 3 and 4 molar equivalents of MeIm), the CO2 absorption capacity
fell dramatically.
MeIm does not have CO2 affinity. Although the viscosity of the system can be dramatically
reduced by adding MeIm, this does not improve CO2 absorption capacity. To improve this
methodology, we further studied CO2-philic amines as co-solvents, hypothesising that they would
decrease the viscosity of the system while increasing CO2 absorption capacity.

6 Mono-amines as additives
To screen potential amines, we added butylamine (n-BuNH2), diethylamine (Et2NH),
methylhydrazine (MeNHNH2), ethylenediamine, propylenediamine and diethylenetriamine
separately to the [EMIM][NTf2]-Zn(NTf2)2 system. These were then mixed at 60 C under high
vacuum. Table 6 lists the amine-containing mixtures investigated. The mixtures containing nBuNH2, Et2NH or MeNHNH2 were liquids at room temperature, and we investigated their physical
and CO2 absorption properties. Polyamines, such as ethylenediamine, propylenediamine and
diethylenetriamine, produced solids at room temperature and were not studied further.
Table 6. Mixtures of Zn(NTf2)2-[EMIM][NTf2] and amines
Amine

Molar ratio of
amine\Zn(NTf2)2\[EMIM][NTf2]

State at room
temperature

Butylamine

4:1:1

Liquid

Diethylamine

2:1:1

Liquid

Methylhydrazine

3:1:1

Liquid

Ethylenediamine

3:1:1

Solid
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Propylenediamine

3:1:1

Solid

Diethylenetriamine

2:1:1

Solid

6.1 Physical properties
The physical properties of the three mixture systems are summarised in Table 7. The MeImZn(NTf2)2-[EMIM][NTf2] mixtures are included for comparison.
Table 7. Physical properties of the Zn(NTf2)2-[EMIM][NTf2] and amines mixtures
Ionic liquid

Tdecomp

a

ρ (40 C)

Tg

(°C)

-1

(°C)

(g mL )

η (40 C)
(mPa∙s)

EMIM-Zn(NTf2)3

294

–43

1.8021

1758

EMIM-Zn(NTf2)3-(BuNH2)4

198

–72

1.4357

168

EMIM-Zn(NTf2)3-(Et2NH)2

249

b

1.5478

114

EMIM-Zn(NTf2)3-(MeNHNH2)3

216

–50

1.6142

185

EMIM-Zn(NTf2)3-(MeIm)1

271

–49

1.7071

792

EMIM-Zn(NTf2)3-(MeIm)2

272

–58

1.6398

238

EMIM-Zn(NTf2)3-(MeIm)3

281

–65

1.5752

142

EMIM-Zn(NTf2)3-(MeIm)4

297

–69

1.5423

104

–65

a Thermal gravimetric analysis was performed at a 10 Cmin heating rate under a nitrogen
atmosphere. Tdecomp is the temperature at 2% weight loss.
-1

b A gel forms with time at room temperature.

Table 7 shows that all of the three CO2-philic amine systems have lower glass transition
temperatures (Tg) and lower viscosities than Zn(NTf2)2\[EMIM][NTf2]. For example, at 40 oC, the
viscosity of Zn(NTf2)2-[EMIM][NTf2] is significantly reduced from 1758 mPa∙s to below 200 mPa∙s.
The viscosity vs temperature relationship is shown in Figure 15. Among these amines, Et2NH
appears to be the most effective; i.e. two molar equivalents of Et2NH reduce the viscosity more
than 3–4 molar equivalents of BuNH2 or MeNHNH2.
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Figure 15. Viscosity vs temperature for the amine\Zn(NTf2)2\[EMIM][NTf2] mixtures
We analysed the thermal stabilities of the amino-doped ILs. Similar to the MeIm system, it
appears that these amines are able to coordinate to the Zn 2+ ion (compare the TGA traces with
those of the neat amines in Figure 16). The three neat amines are readily lost due to volatilisation
under 100 oC. However, when added into Zn(NTf2)2-[EMIM][NTf2], the amines show good
retention up to 200 oC. The coordination of the amines to the Zn2+ ion is also supported by the
NMR and IR spectra, which show changes to the amines and NTf2- moieties associated with the
coordination.
Table 7 shows that all of the MeIm mixtures have higher thermal decomposition
temperatures than those with the CO2-philic amines. The apparent lower thermal stabilities could
be attributed to weaker binding between these amines and the Zn 2+ ion than that of MeIm.
Despite the lower thermal stabilities for these amine-doped ILs, their decomposition temperatures
(Tdecomp) are all above 198 oC, and so are suitable for CO2 capture.

6.2 CO2 absorption capacity and diffusion
The CO2 absorption properties of the amine-containing mixtures at various pressures at
40 °C were investigated on an IGA microbalance (Figure 17). For the Et2NH and MeNHNH2-doped
ILs, a chemical absorption appears to dominate at low pressures, as indicated by a large increase
in CO2 uptake below 300 mbar. At higher pressures, an increase in CO2 absorption becomes flatter
and linear, probably indicative of a physical absorption. The system containing MeNHNH 2 shows
the highest absorption of approximately 3 wt% at 1000 mbar, owing to the increased number of
basic moieties.
Unlike the Et2NH and MeNHNH2 systems, the BuNH2-doped system shows a continuous and
gradual increase in CO2 absorption capacity with pressure. At 1000 mbar, the CO2 absorption
capacity reaches 2.10 wt%, close to that of the Et2NH system (2.25 wt%). The CO2 absorption of
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the BuNH2 system continues to increase above 1000 mbar and becomes higher than that of the
Et2NH system.
100

Weight / %
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neat BuNH2
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Figure 16. Thermal gravimetric analyses of the amine\Zn(NTf2)2\[EMIM][NTf2] mixtures
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Figure 17. CO2 isotherms for the amine\Zn(NTf2)2\[EMIM][NTf2] mixtures
In addition to the CO2 absorption capacities, the CO2 diffusivities were analysed using the
method in Section 3.1. Table 8 compares the CO2 diffusivities at 100 mbar and 40 oC. Compared to
the amine-free system, Zn(NTf2)2-[EMIM][NTf2], all amine-containing mixtures show a significant
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increase in CO2 diffusivity. The CO2 diffusivity corresponds to the decrease in the viscosities of the
ILs (Table 8). The Et2NH-doped IL has the lowest viscosity at 40 C. It also possesses the highest
CO2 diffusivity, followed by that for the BuNH2-containing IL and then the MeNHNH2-containing IL,
in which the CO2 diffusion coefficients decrease as viscosity increases. Compared with those for
the N-MeIm doped systems (Table 8), these amines improve CO2 diffusivity more effectively, even
at the same level of the viscosity. For example, the EMIM-Zn(NTf2)3-(Et2NH)2 system has a viscosity
of 114 mPa∙s, corresponding to a CO2 diffusivity at the level of 10-9 m2s-1, whereas the EMIMZn(NTf2)3-(MeIM)4 exhibits a viscosity of 104 mPa∙s and a CO2 diffusivity at the level of 10-10 m2s-1.
It is possible that these amines, having a weaker coordination to the Zn2+ ion, do not form
coordination complexes as rigid as the MeIm systems, allowing easier CO2 transport.
Table 8. CO2 diffusion coefficients at 100 mbar and 40 oC in the amine\Zn(NTf2)2\[EMIM][NTf2]
systems
Sample

CO2 diffusion
coefficients
2

η (at 40 °C)
(mPa∙s)

-1

(m ∙s )
EMIM-Zn(NTf2)3

-12

4.50 × 10

1758

-13

(± 9.10 × 10 )
EMIM-Zn(NTf2)3-(BuNH2)4

-10

4.24 × 10

168

-12

(± 7.46 × 10 )
EMIM-Zn(NTf2)3-(Et2NH)2

-9

1.38 × 10

114

-11

(± 1.28 × 10 )
EMIM-Zn(NTf2)3-(MeNHNH2)3

-10

9.00 × 10
13
(± 9.66 × 10- )

185

6.3 Summary
For the amine-doped EMIM-Zn(NTf2)3 systems investigated, the mixtures with CO2-philic
amines, such as BuNH2, Et2NH and MeNHNH2, have desirable physical properties and usable CO2
absorption capacities. While the amines are volatile by themselves, their volatility is reduced in the
metal-containing systems, ascribed to their coordination to the Zn 2+ ions. These amine-IL mixtures
show CO2 absorption capacities between 2.1 and 3.0 wt%. These are lower than their theoretical
values, indicating that not all amines in the mixtures participate in CO2 absorption. A possible
reason is that some amines strongly coordinate to the metal centres, which impedes their ability
to react with CO2.
The CO2-philic amines have greater CO2 absorption capacity, lower viscosities and higher CO2
diffusion rates than the analogous N-methylimidazole system, in which a neat N-methylimidazole
does not have CO2 affinity. However, further improvements are still needed for industrial
application.
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7 Conclusion
The phase behaviour between CO2 and non-functionalised/functionalised ILs was
successfully described using pPC-SAFT. It also provided information on the thermodynamic
properties, ionic arrangement and interactions between CO2 and ILs. Our application of pPC-SAFT
sets up databanks that can be used to compute CO2 phase equilibria in non-functionalised and
functionalised ILs at any temperature and pressure without further experiments.
We investigated time-dependent absorption data to study the CO2 absorption kinetic in ILs.
The diffusivity of CO2 is at the magnitude of 10-10–10-9 m2·s-1 in [EMIM][Tf2N] at 22–60 oC, and
10-12–10-11 m2·s-1 in [EMIM][Zn(Tf2N)3] at 40–60 oC. The decrease of CO2 diffusivity in zinc
functionalised ILs is partially attributed to the significant increase in viscosity. In addition, we
found that the interactions between CO2 and CO2-philic groups in [EMIM][Zn(Tf2N)3] further slow
the CO2 diffusivity.
To tackle the slow CO2 diffusivity, organic amine solvents of MeIm, BuNH2, Et2NH and
MeNHNH2 were added to reduce absorbent viscosity. While the solvents are volatile on their own,
the ILs containing the solvent retain a long-term thermal stability up to 100 oC. The viscosity of the
ILs can be effectively reduced; however, the sorption kinetics are improved at the expense of CO2
absorption capacity. A possible reason is that some amines that coordinate strongly to the metal
centres may lose their reactivity to CO2. The CO2 absorption capacity could be further increased by
freeing these amines from the coordination.
Our experimental results strongly suggest that zinc ions provide extra CO2-philic interactions
and improve CO2 solubility in ILs. The evidence is firstly suggested by the parameterisation of pPCSAFT, which shows considerably higher association energy and shorter association distance
between CO2 and functionalised ILs. Further evidence is that the activation energy of CO2 diffusion
in [EMIM][Zn(Tf2N)3] is not only attributed to viscosity effect, but is also affected by CO2
interactions with functional groups, which contributes substantially to the slowed CO2 diffusion.
We further investigated the influence of water on the ionic arrangement and CO 2 absorption
behaviour in functionalised [EMIM][Zn(Tf2N)3] IL. The IR spectra clearly differentiate between the
interlaying hydrogen-bonded water, coordinated water and loosely bonded water. The IR spectra
also reveals two different kinds of coordination interactions to zinc ions in [EMIM][Zn(Tf2N)3]. Not
surprisingly, the presence of water greatly influences ionic arrangement, as evidenced by distinct
phase transition profiles with different contents of water in DSC traces. Accordingly, the changes
of ionic arrangement in [EMIM][Zn(Tf2N)3] influence the physicochemical properties such as
density and viscosity.
CO2 absorption capacity is also dependent on water content. The absorption results show
that CO2-affinity sites in [EMIM][Zn(Tf2N)3] are not undermined by the introduction of H2O. On the
contrary, H2O plays a key role in improving the CO2 solubility in the system. With ~2.5 mole of H2O
in 1 mole [EMIM][Zn(Tf2N)3], the complex achieves a CO2 uptake of 5.2 wt% at 1 bar and 40 oC. In
comparison, an anhydrous [EMIM][Zn(Tf2N)3 absorbs 1.6 wt% CO2. IR analyses suggest that loosely
bonded water turns into coordinated water upon CO2 absorption. This sheds light on our
fundamental understanding of the CO2 absorption mechanism with the participation of water at
a molecular level. Our study of [EMIM][Zn(Tf2N)3] with various water contents reveals the
desirable prospect of using [EMIM][Zn(Tf2N)3] in CO2 capture where flue gas contains different
amounts of water.
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Our understanding of the effect of water suggests that when the water content is less than
5 molar equivalents (about 8 wt%), water forms coordination or solvation with ions or ion clusters.
The material is still composed of a majority of charged ionic clusters (instead of single ions as in
non-solvated ILs) and retains the characteristics of ILs. Only a small amount of water forms a water
phase that is miscible between IL domains. The water phase expands with water content; when
water content is > 8 wt%, the water phase becomes immiscible and separates from the IL phase.
Further studies of water absorption kinetics and IL/water phase partition will be worthwhile
to evaluate the overall effect of water on flue gas capture processes.
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Part II Novel ionic liquids
containing CO2-philic
groups
1 Carboxylate ionic liquids
In Part I of this report, we demonstrated that transition-metal-functionalised ionic liquids
(ILs) are promising solvents for post-combustion CO2 capture. In this part, we investigated other
possible functionalities that may have CO2 affinity and contribute to lower viscosities. One of the
possible functionalities is a carboxylate group, which is a Lewis base that could readily react with
CO2, a Lewis acid. In an effort to reduce viscosity, we incorporated other groups to stabilise the
charges on the anion to reduce the cation-anion interaction for a more fluidic system.
The use of charge stabilisation to produce a fluidic liquid has been demonstrated in deep
eutectic solvents (DESs). A DES is a mixture of two or more components that has a melting point
lower than that of each component. For example, when zinc chloride (ZnCl 2 – m.p. 283 C) is
added to choline chloride (ChCl – m.p. 301 C), a mixture with a lower melting point is formed
(m.p. 36 C, at a 2:1 molar ratio (ZnCl2:ChCl)).[25, 26] The melt is formed as the Lewis acidic Zn2+
ion of ZnCl2 stabilises the anionic charge (chloride) of choline chloride, which reduces the ionic
interaction. This reduces ionic crystal packing, leading to a more fluidic system.
Eutectic mixtures can also be formed using hydrogen bond donors (HBDs) instead of metalcontaining Lewis acids. For example, urea can be added to either ZnCl2 or ChCl, in separate
instances, to produce DESs of a low melting point (i.e. m.p. 9 C for 3.5:1 urea:ZnCl2, and m.p.
12 C for 2:1 urea:ChCl, respectively. [27, 28] The protons of urea stabilise the chloride anion,
reducing its interaction with the cation, resulting in a liquid. However DESs may possess a volatility
originating from the volatile constituents.
Ohno and co-workers have reported incorporating HBDs into carboxylate anions, such as
bimalates, bimaleates and bisuccinates, to produce low-viscosity ILs.[29] The intra-anionic
hydrogen bonding weakens the anionic-cationic interaction, noticeably reducing both the
viscosities and the melting points (or glass transition temperatures). Due to the ionic nature of all
the constituents, negligible vapour pressure can be obtained. These anions can be derived from
biomaterials, opening the door for ILs of other favourable attributes in terms of low cost, low
toxicity, sustainability and natural availability. Using this method, we hypothesise that lowviscosity ILs bearing HBDs on the carboxylate anions could be developed for CO2 capture.
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1.1 Ionic liquid preparation
We chose a range of anions having mono- or multi- carboxylate groups (Figure 18). These
anions vary by the number of HBDs, the flexibility of the structure, the acidity of the HBDs (pKa)
and the size of the spacer unit between the HBD and the hydrogen bond acceptor (i.e. the
carboxylate moiety). We chose 1-methyl-3-ethyl imidazolium (EMIM) as the cation, as it has been
shown to form hydrogen bonds with various anions and would thus indicate the anion–cation
interactions.[30] The anion contains a benzoate or dicarboxylates (Figure 18). The ILs were
synthesised by mixing a carboxylic acid precursor with EMIM methyl carbonate at a 1:1 molar
ratio, followed by the removal of the solvent (Scheme 3). These ILs are classed as hydrogen-bond
stabilised ionic liquids (HBSILs) in the following section.

Scheme 3. Synthesis of EMIM carboxylate ionic liquids

Figure 18. Ionic liquids investigated for intra-anionic hydrogen bond donor stabilisation1

1
As the anion name refers to the double-deprotonated form, H- is used to represent the mono-protonated form; e.g. H-malonate is equivalent to
bimalonate or HO2CCH2CO2-.
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1.2 Physical properties
The physical properties of HBSILs, including dynamic viscosities (η), glass transition
temperatures (Tg) or melting points, onset decomposition temperatures (Tdec ) and densities (ρ)
are reported in Table 9. Two ILs (HBSILs 2 & 9) previously reported in the literature were included
for comparison.[31] Viscosities were measured for the HBSILs that were liquids at room
temperature (Figure 19).
Table 9. Physical properties of hydrogen-bond stabilised ionic liquids
HBSIL

η at 40 C
(mPa∙s)

η at 25 C
(mPa∙s)

Tg

1st Tdec.

(°Ca)

(°Cb)

Mass
lossc
(%)

2nd Tdec.

ρ at 25 C

(°Cb)

(gmL-1)

1

n/a

n/a

–10

218

n/a

n/a

n/a

2d

n/a

4990

–40

231

n/a

n/a

1.29

3

180

562

–51

257

n/a

n/a

1.21

4

133

407

–49

274

n/a

n/a

1.19

5

118

325

–50

286

n/a

n/a

1.24

6

n/a

n/a

81e

254

n/a

n/a

n/a

7

30

59

–68

204

20.5

264

1.20

8

n/a

n/a

95e

228

n/a

n/a

n/a

9d

n/a

n/a

–37

237

n/a

n/a

n/a

10

109

311

–51

136

18.8

233

1.22

11

224

672

–50

183

18.4

262

1.12

12

n/a

n/a

63e

243

n/a

n/a

n/a

n/a = not applicable
-1
-1
a Cooling and heating rates: 20 C min and 10 C min , respectively
-1
b Onset decomposition temperature by heating at 10 C min .
c Mass loss for the first decomposition step
d Data taken from the literature
e Melting points

For benzoate ILs 1–5, the viscosities (at 25 C) follow a trend with the mentioned anions of:
4-hydroxybenzoate (n/a) (IL 1) > benzoate (IL 2, 4990 mPa·s) > thiosalicylate (IL 3, 562 mPa·s) >
salicylate (IL 4, 407 mPa·s) > 2,6-dihydroxybenzoate (IL 5, 325 mPa·s). Interestingly, thermal
stability (indicated by the onset temperature of weight loss) follows a reverse trend of 4hydroxybenzoate (218 C) < benzoate (231 C) < thiosalicylate (257 C) < salicylate (274 C) < 2,6dihydroxybenzoate (286 C).
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The Tgs of the substituted benzoate ILs significantly differ from that of the benzoate IL (IL 2):
ortho-substitutions (ILs 3–5) depress the Tgs by 10 C, while a para-substitution (IL 1) increases the
Tg by 30 oC.
The effect of the hydroxyl group as a HBD on viscosity and thermal stability is evident. The
addition of the –OH group in the ortho-position of the benzoate anion, i.e. EMIM salicylate (IL 4),
reduces the viscosity by about 12 times and increases the Tdec.. by ~43 C. The addition of a second
–OH group in the second ortho-position, i.e. 2,6-dihydroxybenzoate (IL 5), decreases the viscosity
further (~15 times less than that of IL 2) and increases the thermal stability by an additional 12 C.
However, the addition of an –OH group in the para-position (IL 1) demonstrates an opposite effect
on both the thermal stability and viscosity: a decrease in Tdec. by 13 C and an increase in viscosity2
were observed with respect to IL 2. The Tg of this IL (IL 1) is also higher than that of the benzoate IL
(IL 2).
With the addition of a thiol group (–SH, IL 3), the difference in the physical characteristics is
noticeable by comparing it with IL 2: the viscosity drops to 562 mPa·s and Tdec. rises to 257 C.
However, substitution with an –SH group changes the physical characteristics to a lesser extent
than with an –OH group.
The physical characteristics serve as indicators of charge stabilisation on the anions through
intra-anionic hydrogen bonding. In terms of viscosity, the intra-anionic hydrogen bond renders the
anion less reliant on the cation for charge stabilisation. Therefore, both the Coloumbic interactions
and hydrogen bonding between the anion and cation are reduced, creating a more fluidic system.
A higher fluidity also corresponds to a lower Tg. With respect to thermal stability of EMIM ILs,
decomposition or volatilisation can occur through several possible reactions. These include
deprotonation of the cation, Hoffman elimination and/or nucleophilic addition. All of these
reactions depend on the nucleophilicity/basicity of the anion. [32-34] A stronger charge
stabilisation through intra-anionic hydrogen bonding weakens the anionic nucleophilicity, thus
corresponding to a higher thermal stability.
Using these physical properties as indicators, we can rank the increasing stabilisation of the
anions in the following order: 4-hydroxybenzoate < benzoate < thiosalicylate < salicylate < 2,6dihydroxybenzoate.
The effects of charge stabilisation on the dicarboxylate ILs also demonstrate that one
carboxylic group serves as an HBD to the negatively charged carboxylate. The most effective
hydrogen bond stabilisation is obtained when the:





HBD and acceptor atoms are of similar size and electronegativity
number of hydrogen bonds is increased
HBDs and acceptors have similar acidities (in their acid form)
HBD is in the close proximity to the hydrogen bond acceptor, ideally when a 6-membered
or 7-membered hydrogen-bonded ring is formed.

Not surprisingly, the H-maleate IL (IL 7), in which the most effective hydrogen bond forms,
exhibits the lowest viscosity and Tg.
The intra-anionic hydrogen bonding affects the thermal stability of the dicarboxylate ILs 7–
12 differently from the benzoate ILs. For benzoate ILs, a strong intra-anionic hydrogen bond,

2

The viscosity of this compound could not be measured as it is a highly viscous paste.
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which generates a weakly basic anion, corresponds to a higher thermal stability. However, in
terms of dicarboxylate anions, e.g. ILs 7, 10 and 11, a 6- or 7-membered ring is formed through
hydrogen bonding. As hydrogen bonding promotes decarboxylation in analogous systems,[35-37]
a decomposition occurs involving a loss of CO2 on the anion (Scheme 4). We observed that ILs 7,
10 and 11 decompose via a two-step degradation process. The mass loss in the first step
approximately corresponds to the mass of CO2 in each case, occurring at significantly lower
decomposition temperatures than those of the benzoate ILs (1-5). We expect that the first
decomposition step produces the corresponding decarboxylated IL; i.e., EMIM malonate produces
EMIM acetate. As a result, the decomposition temperature of the second step (233 oC) is close to
that of EMIM acetate (lit. 219 oC). For ILs 8, 9 and 12, in which non (or weak) intra-anionic
hydrogen bonding prevails, we observed a sole decomposition step at a higher temperature range.
This most likely through the general SN2 reaction mechanism, which involves both the cation and
anion.

Scheme 4. Possible degradation pathway of the malonate ionic liquids
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Figure 19. Dynamic viscosities of hydrogen-bond stabilised ionic liquids 3–5, 7, 10 and 11
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1.3 CO2 absorption properties
We investigated the CO2 absorption properties of HBSILs 3, 7 and 10 (Figure 20). These ILs
show CO2 absorption capacities below 1 wt% at 1 bar, which is slightly higher than those of nonfunctionalised ILs (i.e. ILs containing NTf2-, BF4-, PF6- and DCA- anions). However, the CO2
absorption capacity of these HBSILs seems to be in the range of physical absorption and is
significantly lower than those showing chemical absorption.
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Figure 20. CO2 absorption capacities for hydrogen-bond stabilised ionic liquids 3, 7 and 10
The CO2 diffusion coefficients for the three HBSILs were analysed (Table 10). Compared with
other non-functionalised, low-viscosity ILs, such as [EMIM][NTf2], the HBSILs exhibit CO2 diffusion
coefficients at the same order of magnitude, albeit slightly higher. The high diffusion coefficients
of the HBSILs can be attributed to their low viscosities.
Table 10. CO2 diffusivities for hydrogen-bond stabilised ionic liquids 3, 7 and 10 at 40 °C
Pressure (mBar)

CO2 diffusion coefficients (× 109 m2·s-1)
HBSIL-3

HBSIL-7

HBSIL-10

100

1.56

1.41

1.92

300

1.89

1.47

5.49

500

4.55

6.46

6.07

700

4.80

3.36

4.09

1000

3.04

2.06

2.25

Despite the HBSILs' low viscosities and high CO2 diffusion coefficients, they exhibit CO2
absorption capacities below 1 wt% at 1 bar. It appears that the hydrogen bonding that stabilises
the anionic charge also impedes the interaction of the carboxylate group with CO2. As the intra-
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anionic hydrogen bond stabilisation increases, the basicity of the anion decreases, reducing its CO2
affinity.

1.4 Summary
We have shown that intra-anionic hydrogen bonding can stabilise the negative charges on
anions. Used in ILs, this method effectively reduces viscosity and improves fluidity. The decreased
viscosity leads to faster CO2 diffusivities in CO2 absorption. However, the HBDs compete with CO2
to interact with the carboxylate groups, reducing CO2 absorption capacity.
To further develop ILs for CO2 absorption, it is possible to incorporate additional basic
functionalities to improve CO2 affinity, whereas the HBDs are retained to reduce the viscosity.

2 Diamino-bicarboxylate ionic liquids
We have demonstrated that intra-anionic hydrogen bonding is an effective approach to
reduce IL viscosity. However, hydrogen bonding to a functional group would compete with CO2,
thus reducing the IL’s reactivity. A possible solution could be to include extra functionalities that
have CO2 affinity. We explored this method initially on the anions that bear two carboxylate
groups and two amine groups. Three types of diamino-ILs (DAILs) were investigated (Figure 21).

Figure 21. Three types of diamino-ionic liquids (DAILs)
The first IL, DAIL-1, was designed to contain both hydrogen bonding stabilisation (as
described previously) and diamino functionalities. However, an attempt to synthesise DAIL-1 by a
reaction of 1-ethyl-3-methyl imidazolium (EMIM) or N-methyl-N-butyl pyrrolidinium (P14)
methylcarbonate with 2,3-diaminosuccinic acid produces DAIL-2 instead (Scheme 5). In DAIL-2, the
anion contains two carboxylate groups, two amine groups and bears two positive charges. The
anion is therefore coupled with two cations. The cation is EMIM or P 14. Producing DAIL-1 requires
adding extra proton sources, which has not been pursued further.

Scheme 5. Reaction to produce diamino-ionic liquids (DAILs)
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DAIL-2 ILs display excellent CO2 absorption capacities (Figure 22 and Table 11). The DAIL-2 ILs
are solid at ambient temperature, due to their lack of hydrogen bond stabilisation. This
necessitates the addition of water to make them liquids, which significantly reduces their
viscosities. An absorption can therefore reach saturation within hours (Figure 22): a time scale
close to that of aqueous absorbents. The CO2 uptakes of these two ILs are high, particularly for
that of the EMIM IL (16.7 wt%) (DAIL-2a), which achieves a CO2:IL molar ratio close to 2:1.
Table 11. CO2 absorption capacities of DAIL-2a, DAIL-2b and DAIL-3a at 1 bar and room
temperature
Ionic liquid

CO2 absorption capacity
wt%

CO2:IL molar ratio

.

DAIL-2a

Bis(EMIM) 2,3-diaminosuccinate 4H2O

DAIL-2b

Bis(P14) 2,3-diaminosuccinate 10H2O

DAIL-3a

EMIM 2,3-diaminopropionate 7H2O

.

.

16.7

1.7:1

10.6

1.5:1

13.8

1.1:1

CO2 Absorption Capacity/wt %
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Figure 22. CO2 absorptions for bis(EMIM) 2,3-diaminosuccinate.4 H2O (DAIL-2a), bis(P14) 2,3diaminosuccinate.10 H2O (DAIL-2b) and EMIM 2,3-diaminopropionate.7 H2O (DAIL-3a) at 1 bar
and room temperature
CO2 absorption by DAIL-2 produces a precipitate, which was identified as the doubly
protonated anion, i.e. the 2,3-diaminosuccinic acid. A double protonation of the anion occurs via a
base-promoted bicarbonate formation mechanism (supported by NMR, IR and mass balance
evidence), as shown in Scheme 6. The precipitation of the 2,3-diaminosuccinic acid moiety, rather
than the IL-CO2 adduct, may be regarded as problematic for further absorbent regeneration and
absorption processes.
Precipitation of the 2,3-diaminosuccinate anion of DAIL-2 upon CO2 absorption leads to a
modification of the anion. Limiting the anion to one carboxylate group results in the design of
DAIL-3. The anion bears one carboxylate group, two amine groups and one negative charge, which
is coupled with one cation. The reduced size of these ILs is advantageous for CO2 absorption,
because the CO2 mass absorption capacity increases, should the CO2 to IL molar ratio remains the
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same. The CO2 absorption capacities for DAIL-3a are also shown in Figure 22 and Table 11. The CO2
absorption in mass is 13.8%, corresponding to a 1:2 (CO2:amine) molar ratio. The anion does not
precipitate in DAIL-3. This may be due to higher solubility of the neutral 2,3-diaminopropionic acid
(precursor of the anion for DAIL-3). Another interesting feature of DAIL-3 is that its viscosity does
not visually increase upon CO2 absorption.

Scheme 6. Bicarbonate CO2 absorption mechanism of the diaminosuccinate ionic liquids

3 Diamino-monocarboxylate ionic liquids
The CO2 absorption performance of 2,3-diaminopropyl carboxylate ILs inspired us to further
optimise their CO2 absorption capacity with a balance of other physical properties, especially low
viscosity. We synthesised a series of monocarboxylate diamino-ILs (Figure 23) that were primary (1
and 4), secondary (2) and tertiary (3) amines. We varied the type of amine to determine their
effect on the CO2 absorption and physical properties. We also varied the number of carbons
between the two primary amines (1 and 4) to explore if a higher absorption capacity through a 1:1
(CO2:amine) reaction route can be achieved by keeping the two amine groups at a distance. To
couple these anions, we chose N-methyl-N-butyl pyrrolidinium (P14, F), 1-ethyl-3-methyl
imidazolium (EMIM, G) and tetrabutylphosphonium (P4444, H) as cations.

Figure 23. Cations and anions of synthesised diamino-ionic liquids
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The CO2 absorption capacities and physical properties – such as thermal stability, viscosity,
density and heat capacity – of the synthesised ILs were investigated and are detailed below.

3.1 Physical properties
VISCOSITY
The phosphonium diamino-ILs (H1 – H4) are all liquid at room temperature. P4444 2,4diaminobutyl carboxylate (H4) exhibits the lowest viscosity of 170 mPa·s (at 40 C). P4444 2,3diaminopropyl carboxylate (H1) shows a viscosity of 380 mPa·s. The piperazine motif-containing IL
(H2) is more viscous, with a viscosity above 3000 mPa·s at 40 C (Figure 24). In comparison, the P14
and EMIM-containing ILs are generally more viscous than the P4444 ILs and tend to form solids at
room temperature. In general, 2,4-diaminobutyl carboxylate anion (anion 4) or
tetrabutylphosphonium cation (cation H) seems to associate with less viscous ILs.
All of these ILs are water compatible. When we added water, their viscosities were visibly
reduced (Figure 25). The viscosity of P4444 2,4-diaminobutyl carboxylate (H4) is reduced from
170 mPa·s to 44 mPa·s with four molar equivalents of water, and to 17 mPa·s with twelve molar
equivalents of water.

DENSITY
The densities of neat P4444 ILs (H1, 2 and 4) are shown in Figure 26. The effect of water on
density is shown in Figure 27. Adding water increases the density of the IL-water mixture; e. g. IL
H4 containing four molar equivalents of water possesses a density close to that of water. When
twelve molar equivalents of water were added to IL H4, the density was higher than those of
water and the neat IL (Figure 27). The increase in density suggests that the IL may chemically or
physically interact with the water to form compact cluster structures.
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Figure 24. Viscosities of P4444 ionic liquids
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Table 12. Physical and absorption properties of diamino-ionic liquids
Ionic
liquid
F3c
F4
G1

c

H1

Cation

P14

Anion

Tdec 5%

η at 40 oC

ρ at 40 oC

Cp at 37 oC

CO2 abs. cap.

CO2:IL

N2 abs. cap.

R1

R2

n

(°C)

(mPa·s) a

(g/mL) a

(J.mol-1.K-1) a

(wt%)b

Molar ratio

(wt%)b

Me

Me

1

133

–

-

-

10.1 (4 H2O)d

0.86:1

-

6.5 (10 H2O)

0.71:1

d

P14

H

H

2

153

-

-

-

14.1 (4 H2O)

1.06:1

0.2 (4 H2O)

EMIM

H

H

1

157

–

-

-

13.8 (7 H2O)

1.07:1

-

P4444

H

H

1

205

308

0.96855

1066

5.6 (0 H2O)e

0.46:1

-

11.4 (4 H2O)

1.13:1

H2

P4444

-Et-

H

1

255

3220

0.99631

1047

7.3 (4 H2O)e

0.76:1

-

H3

P4444

Me

Me

1

220

-

-

-

7.3 (4 H2O)d

H4

P4444

H

H

2

212

170

0.96411

1522

0.81:1

0.1 (4 H2O)

e

1.36:1

-

d

11.1 (8 H2O)

1.31:1

9.8 (12 H2O)

1.31:1

13.3 (4 H2O)

η = dynamic viscosity; ρ = density; Cp = specific heat capacity; abs. cap. = absorption capacity
a Viscosity, density and heat capacity data are measured for dry ILs
b IL contains different water contents
c Solid at room temperature
d Emulsion formed
e Solid formed
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THERMAL STABILITY
All of the ILs were thermally stable up to 100 oC. Cations pyrollidinium F and imidazolium G
start to lose mass at 130 oC, presumably for different reasons. We found the cation pyrollidinium
(F) ring is not stable under basic conditions; i.e. a basic anion may initiate a ring-opening reaction,
which decomposes the ILs. For imidazolium cation (G), the acidic proton at the C2 positon may
interact with the basic anion to form a neutrally charged ion pair. As these ion pairs interact with
each other through Van der Waals or hydrogen bonding as they do in molecular materials, they
tend to be more volatile than in ILs, in which ions form stronger Coulombic interactions. In
contrast, the phosphonium ILs (H1–4) generally have a remarkedly higher thermal stability, with
decomposition temperatures above 200 oC.
In summary, phosphonium ILs exhibit lower viscosity and higher thermal stability than
pyrollidinium and imidazolium ILs. Their physical properties therefore make them attractive for
CO2 capture processes.

3.2 Gas absorption properties
The CO2 absorption capacities of these ILs are summarised in Table 12. N2 solubilities in
some selected ILs are also reported. We varied the content of water to evaluate its effect on gas
absorption.

ANIONS
The P4444 IL with the 2, 3-diaminopropyl carboxylate anion (H1) has an absorption capacity of
5.6 wt% under dry conditions. Adding four molar equivalents of water improves the absorption
capacity to 11.4 wt%. This is converted to a 1.13:1 (CO2:IL) or 0.57:1 (CO2:amine) molar ratio,
indicating an incomplete bicarbonate formation reaction. Protonation of the second amine is
probably inhibited due to its close vicinity to the first amine. Thus, the two amines are not fully
used.
In contrast, the 2, 4-diaminobutyl carboxylate IL (H4) has an absorption capacity of 13.3 wt%,
at a ratio of 1.36:1 (CO2:IL) or 0.67:1 (CO2:amine). The optimised absorption is probably due to the
higher basicities of both amino groups than those in the 2, 3-diaminopropyl counterpart. As shown
in Figure 28, the pKas of the first amine in 1, 2-diaminoethane and 1, 3-diaminopropane are 9.82
and 10.94, respectively; the pKas of the second amine are 6.61 and 9.03, respectively. These
values are considerably different, confirming that the second amine in 2, 3-diaminopropyl
carboxylate loses the ability to protonate, whereas one additional methylene unit in 2, 4diaminobutyl carboxylate allows better use of both amines.

Figure 28. pKas of 1, 2-diaminoethane and 1, 3-diaminopropane
The possible mechanisms of CO2 absorption are shown in Scheme 7. NMR and IR
spectroscopical data support a bicarbonate formation mechanism. For 2, 4-diaminobutyl
carboxylate, both amines can be protonated to allow more bicarbonate to form. In 2, 3diaminopropyl carboxylate, either a single protonation can be stabilised by two amines, or the
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close proximity of two positively charged amines is unfavourable (Scheme 7). In both cases, the
second protonation does not occur readily. Therefore, the CO2 interaction is inhibited.

Scheme 7. Mechanisms of CO2 absorption for 2, 3- and 2, 4-diaminocarboxylate ionic liquids in
the presence of water
The type of amine also affects the CO2 solubility. We had hypothesised that all the anions –
especially those containing secondary and tertiary amines – would favour a bicarbonate formation
reaction, and thus would provide a high absorption capacity at a 2:1 (CO2:IL) molar ratio. However,
this is not the case. Taking the P4444 ILs for example, the order of CO2 molar absorption capacities
is primary (1.13) > tertiary (0.81) > secondary (0.76:1). This could be attributed to a static effect in
addition to the close vicinity of the two amines; e.g. the piperazine ring containing two secondary
amines would have very restricted conformation, preventing it from accommodating two protons.

WATER EFFECT
The reaction mechanisms and corresponding CO2 absorption capacities of the dry IL and the
IL containing water differ significantly. For example, the absorption capacities for dry IL-H1 and ILH1·4H2O are 5.6 and 11.4 wt%, respectively, corresponding to 0.23:1 and 0.56:1 (CO2:amine) ratios
(Table 12). Further increasing the water content does not seem to change the reaction
mechanism. Comparing CO2 absorption capacities of IL-H4 containing different amounts of water,
we note that CO2:IL molar ratios are all 1.3:1 (Table 12), independent of water content. This
indicates a consistent reaction mechanism. Not surprisingly, CO2 absorption capacity in the unit of
weight percent decreases with a higher water content. By trading off the absorption capacity,
adding more water to the system can significantly reduce the viscosity of the absorbent, both
before and after CO2 absorption (Table 13).
Table 13. Viscosity of IL-H4·12H2O before and after CO2 absorption
Temperature
o
( C)

Viscosity before
absorption (mPa•s)

Viscosity after absorption
(mPa•s)

20

41.03

94.35

25

31.33

62.91

30

24.8

45.92

40

16.95

30.74

50

12.4

19.76
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Most of these diamino-ILs formed a precipitate upon CO2 absorption, resulting in either solid
or emulsion formation (as marked in Table 12), or a notable increase in viscosity. The precipitate is
water soluble. Taking P4444 2, 4-diaminobutyl carboxylate (H4) as an example, which precipitates
upon CO2 absorption in the H4·4H2O system; the precipitate dissolved when we added water to
reach 12H2O. We did not observe precipitate formation in the H4·12H2O system. The nature of the
precipitation could be attributed to the strong hydrogen bonding among the absorption products,
which could be interrupted by water.

CATIONS
The cations do not appear to influence the CO2:IL ratio significantly, because different ILs
containing the same anions have similar CO2 absorption molar ratios. Comparing P14 and P4444
coupled with the same anion 3 (having a tertiary amine), the CO2 molar absorption ratios are
0.86:1 (IL-F3) and 0.81:1 (IL-H3), respectively. Comparing P4444 and EMIM ILs with the same
primary amine anion 1, the CO2 molar absorption ratios are 1.07:1 (IL-G1) and 1.13:1 (IL-H1),
respectively. There is, however, a greater difference between cations P 14 and P4444 when coupled
with the 2, 4-diaminobutyl carboxylate. The CO2 molar absorption ratios of IL-F4 and IL-H4 are
1:06 and 1:36, respectively.
The cations mainly affect the CO2 absorption capacity, in terms of weight percentage. The
analogous systems mentioned above have significantly different CO2 weight absorption capacities,
despite their similar CO2 molar absorption ratios. Comparing P14 and P4444, the absorption
capacities are 10.1 (IL-F3) and 7.3 wt% (IL-H3), respectively. Comparing P4444 and EMIM, the CO2
absorption capacities are 11.4 (IL-G1) and 13.8 wt% (IL-H1), respectively. Not surprisingly, the
smaller cation provides a higher CO2 absorption capacity in weight percentage. The importance of
using a smaller cation is evident from the P14 ILs, because they show the highest CO2 absorption
capacity (by weight percentage) of all the ILs tested.

CO2 SELECTIVITY
In addition to CO2 absorptions, N2 solubilities in selected ILs (F4 and H3) were evaluated.
Both ILs exhibit a CO2/N2 selectivity of about 70 (Table 12).

3.3 Summary
Among the ILs investigated, P4444 2,4-diaminobutyl carboxylate (H4) exhibits one of the
highest absorption capacities (13.3 wt%) in the presence of water, corresponding to a
1.3:1 CO2:IL molar ratio. The viscosity can be reduced to 44 mPa·s with four molar equivalents of
water, and to 17 mPa·s with twelve molar equivalents of water. Precipitate forms upon CO2
absorption when four molar equivalents of water are present. However, the precipitate can be
dissolved with 12 molar equivalents of water. Having a reasonally high CO2 absorption capacity
and low viscosity, P4444 2,4-diaminobutyl carboxylate (H4) is regarded as a promising candidate for
further study.
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4 P4444 2,4-diaminobutyl carboxylate ionic liquid
To further study P4444 2,4-diaminobutyl carboxylate, we have developed three methods to
measure the absorption capacities under equilibria. The reaction mechanisms of dry and wet
systems were studied using NMR and IR spectroscopy. The verified measurements at different
temperatures allow us to derive their thermodynamic parameters including Henry’s constants,
chemical reaction equilibrium constants and absorption enthalpies. Together with other thermal
parameters, such as heat capacity and evaporation enthalpy, we can evaluate energy consumption
– an important parameter to compare with conventional, amine-based solvents.
In addition to water, we have investigated other organic solvents as novel additives,
including tetraglyme (TGM), triethylene glycol (TEG) and polypropyl glycol (PPG). The CO2
absorption capacities and regeneration energies of the neat IL and its mixtures with additives are
compared in Parts 5.3 and 6.5. We also evaluated the influence of SOx and NOx.

4.1 CO2 absorption capacity
ABSORPTION MEASUREMENT METHODS
CO2 absorption capacities were measured using three different methods.
The first method uses an IGA microbalance to measure CO2 absorption capacity under a
constant pressure of pure CO2 gas. CO2 uptake with time can be accurately recorded. The resulting
absorption capacities under equilibria vs pressure at different temperatures can be used to derive
Henry’s constants, chemical reaction equilibrium constants and CO2 absorption enthalpy for the
neat IL.[38-40] The limitation of this method is that the equilibrium constants at lower
temperatures cannot be accurately evaluated, because the high viscosity and phase changes of the
IL drastically impede the CO2 diffusion to reach absorption equilibrium. For example, at 40 C, this
method gave lower absorption capacities than expected for P4444 2,4-diaminobutyl carboxylate.
This is presumably due to a solid layer forming at the gas–liquid interface, which prevents further
diffusion of CO2.
The second method involves stirring a larger amount of solvents under a gas mixture of CO2
and N2 at pressures close to 1 atm. Different partial pressures of CO2 are adjusted by varying the
CO2 concentration in the feed gas. This method is particularly good for low-temperature
measurements. Stirring the system disrupts the solid interfacial layer and speeds up mass transfer.
Phase and viscosity changes can be observed during the absorption.
The third method bubbles the CO2/N2 feed gas mixture through a stirred solvent system
under a pressure of 1 atm. This method mimics the contact dynamics of the absorber column.
Good agreement was obtained between the IGA microbalance method and stirring method
for absorptions at higher temperatures (Figure 29). The stirring method provided reasonably
higher absorption capacities than the microbalance method at 40 C. The bubbling method,
however, provided higher values at low CO2 partial pressures than either the stirring method or
the IGA microbalance method.
For discussion and reporting purposes, absorption capacities at temperatures higher than
60 C were measured using the IGA microbalance method; otherwise, the stirring method was
used.
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Figure 29. Comparison of stirring and static CO2 isotherms of P4444 2,4-diaminobutyl carboxylate
at 80 C

CO2 ABSORPTION IN NEAT IONIC LIQUID
The temperature-dependent absorption capacity for P4444 2,4-diaminobutyl carboxylate is
shown in Figure 30. The absorption capacities are highest at 60 C. At 0.1 bar CO2 partial pressure,
representative of flue gas conditions, P4444 2,4-diaminobutyl carboxylate absorbs approximately
12 wt% CO2. This is close to a 1:1 CO2 to IL molar ratio. The CO2 absorption capacities reduce as
the temperature increases, reaching 8.5 and 6.2 wt%, respectively, at 70 and 80 C under 0.1 bar.
Heating at 80 C under a vacuum desorbed all the dissolved CO2. As P4444 2,4-diaminobutyl
carboxylate shows good absorption capacity, good thermal stability and lower viscosity at higher
temperatures, it could be considered for high-temperature CO2 capture.
The viscosity of the neat IL is 170 mPa·s at 40 oC, in the low to medium-high viscosity range.
The IL’s viscosity was visually observed to increase significantly when approximately 4.5 wt% of
CO2 was absorbed at 40 C and 0.05 bar. Similarly, at 80 C, its viscosity significantly increased
upon 7.5 wt% CO2 absorption at 0.1 bar.
Mass transfer in the absorbents could become problematic using a conventional absorber
column. Mass transfer at this viscosity, however, could be possible using CSIRO’s patented liquid
sheet contactor that effectively improves liquid/gas contact for high-viscosity liquids.[41] We also
tackled this problem by adding water as a co-solvent in the previous section. As shown previously,
there are a number of benefits to adding water to P4444 2,4-diaminobutyl carboxylate for CO2
capture, such as an increase in CO2 absorption capacity and decrease in viscosity.
We used the absorption capacities at various pressures and temperatures to derive Henry’s
constants and absorption enthalpies, as discussed in Section 6.3.
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Figure 30. CO2 absorption capacity for P4444 2,4-diaminobutyl carboxylate at 60, 70 and 80 C

4.2 Mechanism of CO2 absorption
For mono-amine functionalised ILs, the theoretical CO2 absorption capacity is
1:2 CO2:IL molar ratio. Our design of multi-amine functionalised ILs aims to increase the mass
absorption capacity by increasing the CO2:IL molar ratio. Bearing two amine groups would
presumably give a 1:1 molar ratio by carbamate formation reactions, as shown in Scheme 8 when
water is absent. The absorption proceeds via the attack of CO2 onto the amine, forming
ammonium carbamate salts. However, our results (Table 12) show that CO2:IL molar ratios greater
than 1:1 can be achieved for neat IL. The reaction mechanisms between CO 2 and P4444 2,4diaminobutyl carboxylate under both dry and wet conditions were investigated using NMR and IR
spectroscopy.

Scheme 8. A hypothesis of 1:1 CO2:IL absorption mechanism for neat P4444 2,4-diaminobutyl
carboxylate
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NEAT P4444 2,4-DIAMINOBUTYL CARBOXYLATE
We elucidated the absorption mechanism of CO2 in neat P4444 2,4-diaminobutyl carboxylate
using in-situ IR spectroscopy. In Figure 31, under a CO2 atmosphere, the spectrum shows a small
narrow group in the unreacted P4444 2,4-diaminobutyl carboxylate, which exhibits symmetric and
asymmetric peaks at 2340 cm-1 after 85 min of exposure. This peak is assigned to the physically
absorbed CO2.[39] The –NH2 stretches at 3275 and 3356 cm-1, respectively. Upon CO2 absorption,
a growth of the broad band from 2100 to 3400 was observed, implying the formation of an
ammonium species.[39, 42] An accidental presence of water can be excluded, as its OH stretching
only appears above 2750 cm-1.
The second region of the infrared spectra (between 1800 and 1000 cm-1) in Figure 32
provides more information about the reaction of CO2 with P4444 2,4-diaminobutyl carboxylate. The
growth of the peak at 1699 cm-1 is due to the formation of carbonyl group relating to a CO2 adduct
(asymmetric stretch), which overlaps with N-H bending (4-amine) on 2,4-diaminobutyl
carboxylate.[39, 42] A comparison of this peak with similar systems shows that this is due to a
carbamate species. It is unlikely to be a bicarbonate formation, as its COO- stretching does not
appear at this wavenumber.[42] The shift of the peak at 1598 cm-1 (asymmetric –COO- stretch of
the anion and N-H bending of 2-amine) to a higher wavenumber indicates the involvement of a 2amine group in CO2 reaction, and possibly hydrogen bonding between –COO- on the anion and the
newly formed ammonium species. Further evidence of ammonium carbamate formation appears
at 1504 cm-1, which relates to N-COO- bending of the newly formed ammonium carbamate.[43,
44] The formation of carbamates can be further supported by the IR spectrum between 600 and
1000 cm-1 in Figure 33. A peak at 856 cm-1, relating to NH2 wagging, disappears. This supports the
formation of both the ammonium and carbamate species, because the specific primary amine
functionality is lost.[42]

Figure 31. In-situ IR: P4444 2,4-diaminobutyl carboxylate neat ionic liquid (4000–2000 cm-1)
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Figure 32. In-situ IR: P4444 2,4-diaminobutyl carboxylate neat ionic liquid (1800–1000 cm-1)

Figure 33. In-situ IR: P4444 2,4-diaminobutyl carboxylate neat ionic liquid (1000–600 cm-1)
NMR spectroscopy also supports this mechanism. 1H and 13C NMR spectra of the IL before
and after CO2 absorption are shown in Figure 34–Figure 37. Comparing the 1H NMR spectra of
P4444 2,4-diaminobutyl carboxylate before and after CO2 absorption (Figure 34 and Figure 35,
respectively), a downfield shift of the anionic protons is observed, i.e. signals at 2.73 and 2.54 ppm
shift to 2.91 ppm and signals at 1.58 and 1.26 ppm shift to 1.75 ppm. The signal shifts are
attributed to the increased electron-poor environment of the protons concerned, due to the
formation of both the carbamate and the ammonium species.[39] Broadening of the peaks is also
evident, which suggests the formation of both ammonium and carbamate species. In solution,
these cannot be resolved into separate peaks.
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Similarly, the 13C NMR signals assigned to the anion also shift upon CO2 uptake in Figure 36
and Figure 37. As these signals are representative of the environment of the carbon atoms, an
upfield shift is observed instead. Most significantly, the 13C NMR shows that a new peak is formed
at 160.4 ppm. This peak is indicative of the newly formed carbamate moiety.[39]
Both IR and NMR spectra show that the peaks associated with the cation are not affected
greatly by CO2 absorption. Therefore, it is unlikely that the cation plays a significant role in
chemical absorption. Nevertheless, the cation is presumably an important factor for physical CO2
absorption.
A possible CO2 reaction mechanism is shown in Scheme 9. Each amine group may react with
one CO2 to generate two ammonium-carbamate charge pairs, leading to a 2:1 CO2:IL molar ratio.
Not shown in Scheme 9, the two charge pairs on the anion could 1) be stabilised by the negatively
charged –COO- group; or 2) subsequently, the protons on the ammoniums could transfer to the
existing or newly formed –COO- groups, or 3) transfer to an amine on a second anion. Incomplete
reactions in cases 1 and 2 result in CO2:IL molar ratios of less than 2:1. In case 3, the CO2:IL molar
ratio is reduced to 1:1.

Figure 34. 1H NMR of P4444 2,4-diaminobutyl carboxylate neat ionic liquid
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Figure 35. 1H NMR of P4444 2,4-diaminobutyl carboxylate neat ionic liquid after 48-h reaction
with CO2

Figure 36. 13C NMR of P4444 2,4-diaminobutyl carboxylate neat ionic liquid
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Figure 37. 13C NMR of P4444 2,4-diaminobutyl carboxylate neat ionic liquid after 48-h reaction
with CO2.

Scheme 9. A possible 2:1 CO2:IL absorption mechanism for neat P4444 2,4-diaminobutyl
carboxylate

P4444 2,4-DIAMINOBUTYL CARBOXYLATE WITH WATER
We investigated the CO2 absorption mechanism of the water-containing IL. The mechanism
appears to be slightly more complex than in the neat IL, as it involves a bicarbonate formation
mechanism in addition to ammonium carbamate formation (Scheme 10).

Scheme 10. CO2 absorption mechanism for the P4444 2,4-diaminobutyl carboxylate·water system
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In Figure 38, distinct physisorbed CO2 can still be seen in the IR spectrum of the P4444 2,4diaminobutyl carboxylate·12 H2O system. The combination band in the 2000–2800 cm-1 region
confirms the formation of ammonium. However, the formation of bicarbonate and/or carbamate
needs further evidence, as the characteristic peaks of carbamate and bicarbonate overlap in the
broad band of OH and NH bending from 1000 to 1800 cm-1: for instance, COO− asymmetric stretch
for carbamate at ~1650 cm-1, N-H bending of carbamate at ~1560 cm-1, and asymmetrical and
symmetrical stretching of COO− of bicarbonate at ~1600 and ~1350 cm-1.[42] In addition, the
hydrogen bonding network between amine groups, ammonium and water make the N-H stretch of
carbamate at ~ 3400 cm-1 indistinguishable. The growth of the band due to the bending of N-H of
the secondary amine group at 550–820 cm-1 may also overlap with the bending of COO− of
bicarbonate at ~800 cm-1.[42]
The P4444 2,4-diaminobutyl carboxylate∙12 H2O system was studied by NMR for the CO2
absorption mechanism in Figure 39–Figure 40. The spectra were obtained using the reaction
mixture saturated with CO2 with no solvent (C6D6 was used as an external reference). The 13C NMR
spectra show that upon the saturation of absorption, both the ammonium carbamate and
ammonium bicarbonate species may exist. This is characterised by the presence of three different
signals for each of the carbons of the anion, i.e. carbons labelled in Figure 40: X (180.5, 175.8 and
174.5 ppm), i (55.3, 53.1 and 53.0 ppm), k (37.8, 37.3 and 37.2 ppm) and j (32.5, 31.1 and
29.3 ppm). However, more pertinent to the elucidation of the absorption mechanism are the three
newly formed peaks in the 165–161 ppm region in Figure 40. The peaks imply the generation of
three new carbonyl peaks that are more accurately assigned as a bicarbonate (161.3 ppm) and
carbamate (164.9 and 164.3 ppm) species.

Wavenumber (cm-1)
Figure 38. Infrared spectrum of P4444 2,4-diaminobutyl carboxylate·12 H2O before and after CO2
absorption
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Figure 39. 13C NMR of P4444 2,4-diaminobutyl carboxylate·12 H2O before CO2 absorption

Figure 40. 13C NMR of P4444 2,4-diaminobutyl carboxylate·12 H2O after CO2 absorption
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The NMR spectra also provide information on the reaction routes with time. At an early
stage of the absorption (i.e. 2 min), two carbamate species were formed, with no observable
bicarbonate formation. Left to stand under a CO2-free atmosphere, the CO2 absorption adduct did
not show any distinct change or conversion into bicarbonate (Figure 41). Therefore, despite the
presence of water, the carbamate formation mechanism predominates at the early stage and is
not converted to the bicarbonate species under a CO2-free environment.

Figure 41. 13C NMR of P4444 2,4-diaminobutyl carboxylate·12 H2O (a) after 2 min of CO2 exposure
and (b) after 10 hours standing under a CO2-free environment
With the CO2 loading continuing under a CO2 atmosphere, however, the resultant reduced
pH may initiate bicarbonate formation. This may occur either via the direct reaction of CO2 with
water or via the hydrolysis of the carbamates. The bicarbonate formation conditions and
mechanism is worthy of further investigation, because bicarbonate formation is preferred to
carbamate formations with respect to higher CO2 solubility and weaker CO2 bonding.

5 P4444 2,4-diaminobutyl carboxylate ionic liquid
with organic co-solvents
5.1

Tetraglyme and triethylene glycol as co-solvents

To identify other possible candidate co-solvents, we explored the use of two low-volatile
organic solvents: tetraglyme (TGM) and triethylene glycol (TEG). Their beneficial physical
properties in comparison with water (Table 14) include higher boiling points, and lower volatilities,
specific heat capacities and heat of evaporation.[45-47] These solvents have been recently
investigated as a replacement for water to overcome the high energy demands of amine-based
solvents.[48] CO2 dissolution in pure TEG was reported as physical absorption only. The Henry’s
constant was reported to be 16 bar·mol-1·L, giving 0.24 wt% at 25 C and 1 bar.[48]
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Figure 42. Structures of tetraglyme and triethylene glycol
Table 14. Physical properties of the selected co-solvents
Boiling point
(°C)

Co-solvent

Viscosity at 25 °C
(cP)

Specific heat
capacity
(J∙g-1∙K-1)

Heat of
evaporation
(J∙g-1)

Tetraglyme

275

3.3

1.79

352

Triethylene glycol

288

46.4

2.18

416

Water

100

1

4.18

2258

In our preliminary investigation, each of the co-solvents was added to P4444 2,4-diaminobutyl
carboxylate at a 1:1 (w/w) ratio. Their CO2 absorption capacities at 25 oC were evaluated using
pure CO2. IL-TGM shows an absorption capacity of approximately 6.3 wt% at 25 oC and
atmospheric pressure (Figure 43), corresponding to a CO2:IL molar ratio of 1:1. In contrast, TEG
absorbs CO2 at approximately 8.3 wt% (Figure 43) under the same conditions, corresponding to a
CO2:IL molar ratio of 1.4:1. The CO2 absorption capacity in molar ratio in the IL-TEG system is close
to that of the water-IL system. Increasing the concentration of IL in the solvent mixtures can
further improve absorption capacity.
12
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Figure 43. CO2 absorption capacity for P4444 2,4-diaminobutyl carboxylate with tetraglyme (TGM,
50 wt%), triethylene glycol (TEG, 50 wt%) and water (28 wt%) at 25 C.
CO2 absorption in both binary solvents proceeds rapidly, owing to their lower viscosities.
Both solvent systems show a phase change upon CO2 absorption. The liquid system of IL-TGM
transforms into a gel, while the liquid system of IL-TEG produces a fine suspension. Despite the
phase changes in both systems, the absorptions appear to proceed to completion rapidly. The
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phase change in the latter system may demand a different desorption process to separate solid
absorption adduct from the solvent for CO2 release.

5.2

Polypropyl glycol as co-solvent

A series of other organic co-solvents were also considered as additives. These solvents,
especially polyethylene glycol (PEG) and polypropylene glycol (PPG), have been applied as
supporting components to improve the absorption/separation efficiency. For example, Barillas and
co-workers used PEG and PPG in supported liquid membranes, achieving high CO2 permeability
and high CO2 selectivities.[49] Tanthana and Chuang have applied PEG as the stabilising medium in
amines for CO2 capture.[50] Their physicochemical properties are summarised in Table 15,
including volatility, viscosity, safety concerns, availability and moisture sensitivity.
Table 15. Physicochemical properties of the selected co-solvents

Property

Diethylene
glycol
monohexyl
ether

Tetrag
lyme

PEG200

0.25

0.22

0.0215

0.0023

8.6

4.05

65

105

PEG400

PPGMonobutyl
ether 350

PPG400

PPG1000

0.0018

0.00017

a

Evaporation
rate (wt%/min)

0.023

b

Viscosity
o

at 20 C
(mPa·s)

Safety
b
information

Availability
($ per kg)
Moisture
b
sensitivity

Corrosive
and acute
toxicity

May
form
explos
ive
peroxi
des

None

9.6 40

𝑜

𝐶

Acute
toxicity

None

110;
𝑜
79 25 𝐶

None

150 25

𝑜

𝐶

None

b

94.2

Hydrophilic

162.5

Misci
ble

68.5

Miscibl
e

152

Miscible

69.8

Hydrophob
ic

123

Hydroph
obic

270

Hydropho
bic

o

a evaporation rates are measured by TGA at 80 C
b data from Sigma Aldrich

The volatilities of these organic solvents were investigated using TGA at 80 oC under N2
atmosphere. PPG1000 exhibits the lowest volatility, losing only 0.07 wt% in 400 min. PPG400 and
PEG400 lose 0.72 and 0.92 wt%, respectively, in the same period. In comparison, diethylene glycol
monohexyl ether and TGM display considerably high volatilities, losing all their mass within
200 min, and are therefore not suitable for CO2 capture processes. In addition, the toxicity of
diethylene glycol monohexyl ether, TGM and poly(propylene glycol) monobutyl ether 350 (PPGmonobutyl ether 350) may raise environmental or safety concerns if they are used at an industry
scale.
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PPG1000, despite having the lowest volatility, has a high viscosity of 150 mPa·s at 25 oC.
PPG400 and PEG400, displaying a balance between low volatility and low viscosity, are among the
favourable selections. Their price is in the intermediate range, at $123 and $152 per kg,
respectively. However, PEG400 and TEG are miscible with water at room temperature,
complicating the capture processes that handle the moisture from the flue gas. PPG400 is
hydrophobic,[49, 51] implying a less complicated capture process.
We mixed ILs with PPG400 to evaluate its potential as additive. Good miscibility between
PPG400 and P4444 2,4-diaminobutyl carboxylate was observed, which led to a further study of
PPG400 as the co-solvent for P4444 2,4-diaminobutyl carboxylate. We expect that the introduction
of PPG400 into P4444 2,4-diaminobutyl carboxylate would improve the absorption efficiency, while
maintaining low volatility and good hydrophobicity.

PHYSICOCHEMICAL PROPERTIES OF IL/ PPG400 MIXTURES
P4444 2,4-diaminobutyl carboxylate was added to PPG400 at 1:2, 1:1, and 2:1 molar ratios.
We then investigated the thermal stability, heat capacity, viscosity and density of the IL/PPG400
1:2, 1:1 and 2:1 mixtures. As shown in Figure 44, PPG400 and the neat P4444 2,4-diaminobutyl
carboxylate exhibit decomposition (onset) temperatures of 214 and 255 oC, respectively. The
decomposition onset temperatures for IL/PPG400 1:2 and 1:1 are 215 and 234 oC, respectively,
indicating that the mixtures maintain reasonably good thermal stability.

Figure 44. Thermal gravimetric analysis curves of PPG400 and P4444 2,4-diaminobutyl
carboxylate/PPG400 mixtures
The densities of P4444 2,4-diaminobutyl carboxylate/PPG400 mixtures at different molar
ratios are shown in Figure 45. A parabola equation (n=2) was used to correlate the change of
density with temperature in each mixture.
𝑛

𝜌 = ∑ 𝑎𝑖 𝑇 𝑖

(5.1)

𝑖=0
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The density generally decreased as the temperature rose. The addition of PPG400
increases the density of the mixture, showing a trend from 0.964 g·ml-1 in pure P4444 2,4diaminobutyl carboxylate, to 0.982, 0.987 and 0.993 g·ml-1 in IL/PPG400 2:1, IL/PPG400 1:1,
IL/PPG400 0.5:1, respectively, at 313 K.
Values of excess molar volume (𝑉𝑚𝐸 ) for P4444 2,4-diaminobutyl carboxylate/PPG400
mixtures were calculated based on the density data using Equation 5.2 below. The results
versus mole fraction of PPG400 at the temperatures of 293, 313, 333 and 353 K are shown in
Figure 46.
𝑉𝑚𝐸 = 𝑉𝑚𝑚𝑖𝑥 − 𝑥1

M1
M2
− 𝑥2
ρ1
ρ2

(5.2)

where 𝑉𝑚𝑚𝑖𝑥 is the molar volume of the mixture; 𝑥𝑖 is the mole fraction of the component i
with molar mass Mi and density ρi. The uncertainty of the excess molar volumes shown in Figure
46 was evaluated by the propagation of errors. The experimental data were fitted with the
following Redlich–Kister type of equation.
𝑉𝑚𝐸 = 𝑥1 𝑥1 (𝐴 + 𝐵(𝑥1 −𝑥2 ) + 𝐶(𝑥1 −𝑥2 )2 )

(5.3)

Excess molar volumes of P4444 2,4-diaminobutyl carboxylate/PPG400 mixtures are negative
over the whole composition range at 293, 313 and 333 K. This is possibly attributed to PPG400
forming preferential attractions with P4444 2,4-diaminobutyl carboxylate. However, positive
excess molar volume is found at 353 K at 𝑥PPG400 <0.3, indicating disorder between the ions of
P4444 2,4-diaminobutyl carboxylate upon a small addition of PPG400 at 353 K. The excess molar
volume generally exhibits a decreasing trend as the temperature rises from 293 to 313 K, and then
increases from 333 to 353 K. The composition for the minimum excess molar volume, an indicator
of the most compact structure for P4444 2,4-diaminobutyl carboxylate/PPG400 mixtures, varies at
different temperatures: 𝑥PPG400 being 0.74, 0.65, 0.64, 0.73 at 293, 313, 333 and 353 K,
respectively.

Figure 45. Densities of P4444 2,4-diaminobutyl carboxylate/PPG400 mixtures; symbols are
experimental data; red solid lines are the fitted with a parabola equation
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Figure 46. Excess molar volume vs mole fraction of PPG400 for P4444 2,4-diaminobutyl
carboxylate/PPG400 mixtures at 293, 313, 333 and 353 K; lines representing Redlich–Kister
fittings
The dynamic viscosities of P4444 2,4-diaminobutyl carboxylate/PPG400 mixtures at
different molar ratios are shown in Figure 47. The addition of PPG400 lowers the viscosity of the
mixture, from 217.36 mPa·s for IL/PPG400 2:1, to 199.33, 151.30 and 35.50 mPa·s for IL/PPG400
1:1, IL/PPG400 0.5:1, PPG400, respectively at 313 K (Figure 48). Continuing to add PPG400 would
further reduce the viscosity of the mixture. However, it would also lower the absorption capacity
due to the decreasing content of P4444 2,4-diaminobutyl carboxylate.

Figure 47. Dynamic viscosities of P4444 2,4-diaminobutyl carboxylate/PPG400 mixtures; symbols
are experimental data; red solid lines are the fittings with Vogel–Fulcher–Tammann equation
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Figure 48. Kinetic viscosities of P4444 2,4-diaminobutyl carboxylate/PPG400 mixtures vs. mole
fraction of PPG400 at313, 333 and 353 K; dotted lines indicate trends

CO2 ABSORPTION EFFICIENCY AND REVERSIBILITY IN IL/PPG400
As illustrated in Figure 49, the mixture of P4444 2,4-diaminobutyl carboxylate/PPG400 1:1
shows good reversibility after three cycles of CO2 absorption and desorption. There is no
considerable change of CO2 solubility during these cycles. The mixture achieves 90% of CO2
equilibrium capacity, reaching 6.2 wt% in 8 h at 1 bar and 60 oC, which is equivalent to 1.07 mole
CO2 per mole IL. The full desorption is completed in 30 h under vacuum at 75 oC. Therefore, in
comparison to the neat P4444 2,4-diaminobutyl carboxylate, which took more than 20 h to reach
the CO2 absorption equilibrium isotherm at the same condition, the application of PPG400 as a cosolvent accelerates CO2 uptake by P4444 2,4-diaminobutyl carboxylate.

Figure 49. CO2 absorption/desorption cycling in P4444 2,4-diaminobutyl carboxylate/PPG400 1:1
mixture. Absorption: 1 bar CO2 at 60 oC; desorption: vacuum at 75 oC
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CO2 ABSORPTION ISOTHERMS IN IL/PPG400 1:1
The CO2 absorption isotherms for the mixture of P4444 2,4-diaminobutyl
carboxylate/PPG400 1:1 are shown in Figure 50. The CO2 absorption capacity decreases with the
increase of temperature, indicating an exothermic reaction. The mixture reaches 6.6 wt% CO2
uptake (1.14 mol CO2 per mole IL) at 1 bar and 25 oC, which is comparable to that of the P4444 2,4diaminobutyl carboxylate and TGM mixture under the same conditions. The CO2 uptake at 1 bar
decreases to 5.8 wt% at 40 oC, and to 3.9 and 3.0 wt% at 60 and 70 oC, respectively. The addition
of PPG400 does not suppress the chemical interaction between CO2 and P4444 2,4-diaminobutyl
carboxylate at 25 oC. At a higher temperature of 60 oC, the CO2 absorption capacity in the mixture
of P4444 2,4-diaminobutyl carboxylate/PPG400 1:1 only reaches 0.67 mole per mole IL, significantly
lower than that of neat IL (1.24 mole per mole IL).

Figure 50. CO2 absorption isotherms for the mixture of P4444 2,4-diaminobutyl
carboxylate/PPG400 1:1 at various temperatures; lines (Langmuir fitting) indicate trends

WATER ABSORPTION IN IL AND IL/PPG400
Most ILs have been reported as hygroscopic in air.[52, 53] ILs, even hydrophobic ILs, absorb
water to different extents.[54] As shown previously, the physical properties such as density and
viscosity of P4444 2,4-diaminobutyl carboxylate vary significantly in the presence of water. Water
also affects the reactivity of P4444 2,4-diaminobutyl carboxylate towards CO2, causing different
reaction mechanisms. Therefore, the influence of water on ILs applied in CO2 processes needs to
be evaluated.
The absorption of water in neat P4444 2,4-diaminobutyl carboxylate and P4444 2,4diaminobutyl carboxylate/PPG400 1:1 mixture was gravimetrically investigated at various
pressures and at three temperatures: 297, 313 and 333 K. As shown in Figure 51, neat P4444 2,4diaminobutyl carboxylate exhibits considerable high water solubilities, reaching 28.3 wt% at
15 mbar and 297 K. In comparison, the water solubility in P4444 2,4-diaminobutyl
carboxylate/PPG400 1:1 mixture is 17.3 wt% under the same conditions.
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Water solubility decreases as temperature increases. For example, P4444 2,4-diaminobutyl
carboxylate exhibits 15.2, 10.2, 5.3 wt% water uptake at 297, 313 and 333 K respectively at
10 mbar. P4444 2,4-diaminobutyl carboxylate/PPG400 1:1 shows 8.8, 3.2, 1.3 wt% water uptake at
the same conditions. The addition of PPG400 therefore significantly depresses water uptake in
P4444 2,4-diaminobutyl carboxylate.
Further interpretation of the water–IL equilibrium requires an understanding of the
amount of water that can be held at a given energy state, equivalent to water activity (relative
humidity P/P0). The saturated water vapour pressures (P0) are 29.86, 73.85, and 199.47 mbar at
297, 313 and 333 K. The water vapour pressure required for the same relative humidity increases
exponentially at higher temperatures.
The use of relative humidity facilitates the kinetic study of water absorption isotherms
using the Brunauer–Emmett–Teller (BET) equation.[55] The absorption of water by ILs has been
shown as the outcome of the following concomitant phenomena:[54]




absorption of water molecules onto the IL surface
diffusion of water from the surface into the IL
formation of water-ion complexes.

Therefore, the variation of the water absorption capacity due to the relative humidity
(P/P0) was interpreted exclusively by a BET theory using the following equation:
𝑚 = (1−P/P

𝑐 ∗ 𝑚0 P/P0

0 )[1+P/P0 (𝑐

∗ −1)]

(5.4)

where m is the mass uptake of water, m0 is the monolayer value of mass uptake of water,
and c* is a constant.
Shown in Figure 51 (a), (b) and (c), the BET equation applied in this study correlates well
with the water solubilities in both P4444 2,4-diaminobutyl carboxylate and the mixture of P4444 2,4diaminobutyl carboxylate/PPG400 1:1 at all three temperatures.
The modelling of the water absorption isotherms facilitates the thermodynamic study of
the isosteric heat of absorption (∆H), which provides a direct measure of the strength of the
binding forces between the absorbate molecules and the absorbent surface. The effect of
temperature on relative humidity at a defined water uptake follows the Clausius–Clapeyron
equation:[56]
P
𝜕ln(P )

0
∆𝐻 = 𝑅 [
]
𝜕(1⁄𝑇)

(5.5)

𝑚

where T is the absolute temperature (K) and R is the gas constant (8.314 J/mol/K).
Using the derived parameters m0 and c* from the BET equation, the isosteric heat (∆H) can
be calculated from the slope of ln ah versus 1/T at a defined water solubility. The calculation for
P4444 2,4-diaminobutyl carboxylate and P4444 2,4-diaminobutyl carboxylate/PPG400 1:1 at different
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water contents is shown in Figure 52 (a) and (b), respectively. The isosteric heats of absorption at
different water contents for P4444 2,4-diaminobutyl carboxylate and P4444 2,4-diaminobutyl
carboxylate/PPG400 1:1 are both shown in Figure 52 (c).

Figure 51. Water absorption capacities for P4444 2,4-diaminobutyl carboxylate (IL) and the
mixture of P4444 2,4-diaminobutyl carboxylate/PPG400 (1:1) (IL/PPG400) at various pressures
and at (a) 297 K; (b) 313 and (c) 333 K; lines are BET fittings with P0 = 29.86, 73.85 and
199.47 mbar at 297, 313 and 333 K
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Figure 52. A Clausius–Clapeyron relationship of ln(P/P0) versus 1/T for (a) P4444 2,4-diaminobutyl
carboxylate and (b) the mixture of P4444 2,4-diaminobutyl carboxylate/PPG400 1:1 at different
water loadings; and (c) the isosteric heat of adsorption with water loading

Development of novel ionic liquids to capture CO2 | 61

Upon increasing the absorbed water content, the value of heat of absorption for P4444 2,4diaminobutyl carboxylate changes from –18.5 kJ/mol at 10 wt% water loading to –4.5 kJ/mol at
50 wt% water loading. The decrease in the absolute value indicates the energy heterogeneity of
the materials, possibly suggesting that the water molecules form various ion-water complexes, e.g.
through different binding sites on the anions. In comparison, the mixture of P4444 2,4-diaminobutyl
carboxylate/PPG400 1:1 is energetically more homogeneous. The heat of absorption varies slightly
at a smaller value of –3.2 kJ/mol (–0.18 MJ/kg) with various water contents, implying that: i) the
binding energy of water with the constituent components is weak; and ii) water incorporates into
the mixture through a homogeneous pattern. In addition, the negative ΔH value suggests that the
process of water absorption is exothermic.
Therefore, PPG400 is a very promising co-solvent for P4444 2,4-diaminobutyl carboxylate in
regards to its low volatility, low toxicity and good thermal stability. It also improves the CO2
absorption rate and reversibility for P4444 2,4-diaminobutyl carboxylate. While PPG 400 is
hydrophobic, its mixture with P4444 2,4-diaminobutyl carboxylate still absorbs water vapour;
however, the water absorption enthalpy (heat of evaporation) is significantly reduced to –0.18
MJ/kg. In comparison, the value for aqueous solution is –2.35 MJ/kg. We expect that the ability to
absorb water would increase CO2 absorption capacity and reduce viscosity, while the energy
consumption for water evaporation in the solvent regeneration would remain low.

5.3

Comparing CO2 absorption capacity in different co-solvents

Table 16 compares the CO2 absorption capacities of the P4444 2,4-diaminobutyl
carboxylate/co-solvent systems. The ILs with and without co-solvent show high absorption
capacities, with CO2:IL molar ratios being greater than 1.
The best absorption capacity was obtained in the neat IL at 40 and 60 C. However,
undesirable phase transitions occur upon CO2 absorption, producing highly viscous adducts or
even solids, making absorption difficult to proceed further by physical stirring. The use of a
solvent, such as water, TEG, TGM or PPG400, circumvents this problem. However, the overall
absorption capacities in weight percentage are lower, depending on the mass of co-solvent added.
For the TEG, TGM and PPG400 systems, the IL/co-solvent ratio can be varied to optimise the
absorption behaviour and reach a balance between high absorption capacity and low viscosity.
The systems containing water are also potential candidates, because they exhibit an acceptable
balance between fluidity and mass absorption capacity. Their thermodynamic properties and
regeneration energy are discussed in Section 6.

6 Thermodynamic estimation
6.1 Heat capacities for dry, wet and co-solvated ionic liquids
The specific heat capacities of binary mixtures composed of P4444 2,4-diaminobutyl
carboxylate and water (or PPG400) at different molar ratios and temperatures are shown in Figure
53. The dry and wet P4444 2,4-diaminobutyl carboxylates all show increased heat capacities at
elevated temperatures. The heat capacity of P4444 2,4-diaminobutyl carboxylate (dry IL) is 2.36 J·g1 -1
·K at 26 oC. It increases with water content, reaching 4.00 J·g-1·K-1 for P4444 2,4-diaminobutyl
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carboxylate·12 H2O. With lower water content, the specific heat capacity of the P4444 2,4diaminobutyl carboxylate/water mixture is still significantly lower than that of water (4.18 J·g-1·K1
),[57] indicating an improved energy efficiency in heating up the IL for regeneration. The mixture
containing PPG400 at a 1:1 molar ratio is around 2.7 J·g-1·K-1.
Table 16. Comparison of absorption capacities of P4444 2,4-diaminobutyl carboxylate with
different co-solvents at 1 bar
Temperature

Solvent system

CO2 absorption capacity

Absorption capacity

(wt%)

(CO2:IL molar ratio)

o

( C)

Neat ionic liquid (IL)

40

14.6

1.25:1

Neat IL

60

14.5

1.24:1

Neat IL

80

8.9

0.76:1

IL·4 H2O

25

13.3

1.36:1

IL·8 H2O

25

11.1

1.31:1

IL·12 H2O

25

9.8

1.31:1

IL·TGM (1:1 w:w)

25

6.3

1.07:1

IL·TEG (1:1 w:w)

25

8.3

1.41:1

IL·PPG400 (1:1 mol:mol)

25

6.6

1.14:1

P4444 2,4-Diaminobutyrate•X H2O (or PPG400)
3000

Cp (J.mol-1.K-1)

2500
X=0 H2O
2000
X=4 H2O
1500
X=8 H2O
1000

× X=12 H2O

500

● X=1 PPG

0
20

30

40

50

60

70

Temperature (°C)

Figure 53. Heat capacities of P4444 2,4-diaminobutyl carboxylate with different contents of water
or PPG400
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6.2 Heat of water evaporation
The heat of water evaporation in binary mixtures composed of P4444 2,4-diaminobutyl
carboxylate and water were measured usingDSC and TGA (Table 17). The water evaporation in the
IL/water mixtures all initiates at ~40 C and atmospheric pressure. From Table 17, the heat of
water evaporation for IL·4 H2O is 2.765 kJ per gram of water. Compared with that of pure water at
40 C (2.408 kJ·g-1),[57] the higher heat of water evaporation in hydrous IL mixtures indicates extra
resistance to water evaporation other than hydrogen bonding between water molecules. The
stronger interaction between H2O and the IL hinders the evaporation processes, demanding higher
energy to free water into the vapour phase. However, the water–IL interaction becomes less
dominant with increasing water content. The heat of water evaporation approaches that of water
at a higher water content.
As discussed in Section 5.2, the heat of water evaporation for P4444 2,4-diaminobutyl
carboxylate ranges between 0.25 and 1.03 kJ·g-1 (4.5–18.5 kJ·mol-1), depending on water content
(10–50 wt%). This value is smaller than those of the P4444 2,4-diaminobutyl carboxylateˑxH2O (x=4–
12, water content 16-36 wt%) series. The discrepancy suggests that water possibly interacts more
strongly with ions in the IL-water complexes in the latter case. For P4444 2,4-diaminobutyl
carboxylate/PPG400 1:1, the value is 0.18 kJ·g-1.
Table 17. Heat of water evaporation for P4444 2,4-diaminobutyl carboxylate with different
contents of water
P4444 2,4-diaminobutyl carboxylate+X·H2O
-1

Heat of evaporation (∆evapH) (kJ·g )

x=0

x=4

0.25–1.03

x=8
2.765

x=12
2.717

2.629

6.3 Absorption enthalpy for dry ionic liquids
Amine-functionalised ILs have been demonstrated to chemically react with CO2.[38, 39, 5860] As shown in equations 6.2 and 6.3,[38, 61] P4444 2,4-diaminobutyl carboxylate can react with
CO2 in 2:1 (CO2:IL) and 1:1 (CO2:IL) mechanisms. In Equation 6.2, two CO2 firstly react with the two
amine functionalities on one diamine anion, forming two ammonium/carbamate pairs. Then the
product may proceed to react with an amine on a second anion, forming a di-carbamate species
and a di-ammonium species, as shown in Equation 6.3. It is likely that two CO2 molecules can react
with two separate diamine anions, but this still results in the 2:1 (CO2:IL) and 1:1 (CO2:IL)
mechanism.
𝐶𝑂2(𝑔) ⇌ 𝐶𝑂2(𝑙) ,

(6.1)

−
2𝐶𝑂2(𝑔) + 𝑁𝐻2 𝑅 − 𝑁𝐻2(𝑙) ⇌ 𝑂2− 𝐶𝑁 + 𝐻2 𝑅 − 𝑁 + 𝐻2 𝐶𝑂2(𝑙)
,

(6.2)

−
−
𝑂2− 𝐶𝑁 + 𝐻2 𝑅 − 𝑁 + 𝐻2 𝐶𝑂2(𝑙)
+ 𝑁𝐻2 𝑅 − 𝑁𝐻2(𝑙) ⇌ 𝑂2− 𝐶𝑁 + 𝐻2 𝑅 − 𝑁𝐻𝐶𝑂2(𝑙)
+ 𝑁𝐻2 𝑅 − 𝑁 + 𝐻3(𝑙)

(6.3)

Reaction 6.1 is the physical equilibrium of CO2 absorption in P4444 2,4-diaminobutyl
carboxylate. Reactions 6.2 and 6.3 indicate two chemical equilibria between CO2 and P4444 2,4diaminobutyl carboxylate at 2:1 and 1:1 (CO2:IL) ratios. 𝐶𝑂2(𝑙) is the physically dissolved CO2 and
𝐶𝑂2(𝑔) is CO2 in the gas phase. Brennecke et al.[38] used a Langmuir-type of absorption model to
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fit the CO2 uptake data for ILs that have an amine-functionalised anion, proposing both 1:1 and 1:2
(CO2:amine) mechanisms. In this work, we used a similar absorption model shown in
equations 6.4–6.6 to simulate the CO2 absorption behaviour in P4444 2,4-diaminobutyl carboxylate
at three different temperatures. P4444 2,4-diaminobutyl carboxylate has two amine groups per IL.
The number of active amine groups available for CO2 reaction may be less than two here, due to
the steric hindrance around the IL after CO2 consumes one of the amine groups on the anion,
which may result in an incomplete reaction 6.2.
𝑃/𝑘

𝑧 ∗ = 1−𝑃/𝑘𝐻 + 𝛼(θ − 2𝛽) + 𝛽,
𝐻

𝑃×𝐾

2:1
𝛼 = 1+𝑃×𝐾
,

(6.5)

2:1

𝛽=

(6.4)

θ(2𝛼𝐾1:1 (1−𝛼)−√𝛼𝐾1:1 (1−𝛼))
4𝛼𝐾1:1 (1−𝛼)−1

.

(6.6)

where 𝑧 ∗ is the molar ratio of the overall physically and chemically absorbed CO2 relative
to the total number of moles of IL involved in the absorption process; 𝑃 is the partial pressure of
CO2; 𝑘𝐻 is the Henry’s constant; θ is the number of active amines per anion and is defined as a
variable here; 𝐾2:1 and 𝐾1:1 are the respective chemical equilibrium constants for reactions 6.2
and 6.3.
Thus, the CO2 isotherm uptake data of P4444 2,4-diaminobutyl carboxylate were fitted via
equations 6.4–6.6 using a Levenberg–Marquardt algorithm,[38] while maintaining the
thermodynamic consistency of the prediction. Calculated values of 𝑘𝐻 , 𝐾2:1 , 𝐾1:1 and θ are
presented in Table 18. The fitting to the experimental CO2 uptake data of P4444 2,4-diaminobutyl
carboxylate is shown in Figure 54 as well-correlated isotherms.
In Table 18, the number of reactive amine groups per IL (θ) decreases at elevated
temperatures. At 60 oC, two amine groups are reactive to CO2 per IL; while 1.32 amines per IL are
reactive at 80 oC, decreasing CO2 absorption capacity.
The first parameter (𝑘𝐻 ) represents the physical solubility of CO2. Physical absorptions
(black dashed line) in P4444 2,4-diaminobutyl carboxylate exhibit a relatively small, linearly
contribution versus pressure at all three temperatures in Figure 54. The value of 𝑘𝐻 increases with
elevated temperatures, indicating the decrease of physical solubility.
According to Figure 54, the 2:1 (CO2:IL) reaction product (green solid line) represented by
𝐾2:1 appears at a low CO2 pressure, then gradually increases with the pressure. In comparison, the
contribution from 1:1 (CO2:IL) reaction (blue solid line) represented by 𝐾1:1 reaches a maximum at
low pressures, and then slightly decreases at higher pressures. Despite the decreasing trend of 1:1
(CO2:IL) reaction with pressure, its product is the major component at pressures up to 1.2 bar at all
three temperatures.
The Henry’s and chemical equilibrium constants provide enthalpies of physical and
chemical interactions via the van’t Hoff isochore in Equation 6.7, as shown in Figure 55.
𝑑 ln 𝐾
𝑑 1⁄𝑇

=−

∆𝐻
𝑅

.

(6.7)

The enthalpy of physical absorption in P4444 2,4-diaminobutyl carboxylate is –17.51 kJ·mol-1.
The chemical equilibrium constants (𝐾2:1 and 𝐾1:1) both decrease with the increase of
temperature, indicating exothermic reactions for the 2:1 and 1:1 (CO2:IL) reactions. The enthalpy
for the 2:1 (CO2:IL) reaction is –51.85 kJ·mol-1, while it is –16.9 kJ·mol-1 for the 1:1 (CO2:IL)
reaction, as shown in Table 19. Considering that CO2 uptake was proposed as a multi-step reaction,
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the overall absorption of CO2 in P4444 2,4-diaminobutyl carboxylate involves the 2:1 and 1:1
(CO2:IL) reactions and physical interaction. Therefore, the total absorption enthalpy was calculated
based on Equation 6.8. The overall absorption enthalpies versus pressure at 60–80 C are shown in
Figure 56. The overall CO2 absorption enthalpies at 60, 70 and 80 C and at 1 bar are –61.08, –
61.89 and –62.47 kJ·mol-1, respectively. These are in the range of those of other reported
functionalised ILs, at–46 to –91 kJ·mol-1.[38, 62, 63]
∆𝐻𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =

∆𝐻𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 ×𝑛𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 +∆𝐻2:1 ×𝑛2:1 +(∆𝐻2:1 +∆𝐻1:1 )×𝑛1:1
𝑛𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 +𝑛2:1 +𝑛1:1

.

(6.8)

Figure 54. The fitted CO2 absorption capacity for P4444 2,4-diaminobutyl carboxylate (red solid
line); experimental data (filled symbol), physical absorption contribution (black dashed line), the
2:1 (CO2:IL) chemical absorption contribution (green solid line), and 1:1 (CO2:IL) chemical
absorption contribution (blue dashed line)
Table 18. Derived physical and chemical reaction equilibrium constants for P4444 2,4diaminobutyl carboxylate. kH is Henry’s constant K2:1 and K1:1 are chemical reaction equilibrium
constants for reactions 6.2 and 6.3, respectively
Temperature (K)

𝒌𝑯 (bar)

𝑲𝟐:𝟏

𝛉 (unitless)

𝑲𝟏:𝟏

333

86

7.45

13.19

2.00

343

105

4.23

11.23

1.68

353

123

2.58

9.33

1.32
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Table 19. Enthalpies of CO2 physical absorption and chemical absorption for P4444 2,4diaminobutyl carboxylate
Physical absorption
-1

∆𝑯 (kJ·mole )

–17.51

2:1 reaction
–51.85

1:1 reaction
–16.90

Figure 55. Effect of temperature on the Henry’s constant kH, and the chemical equilibrium
constants K2:1 and K1:1 for P4444 2,4-diaminobutyl carboxylate

Figure 56. Overall CO2 absorption enthalpy for P4444 2,4-diaminobutyl carboxylate in relation to
CO2 uptake
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6.4 Absorption enthalpy for IL/PPG400 mixture
Using the absorption model that has been developed for neat P4444 2,4-diaminobutyl
carboxylate, which considers physical absorption and the 2:1 and 1:1 (CO2:IL) chemical interaction
mechanisms, the CO2 isotherm uptake data for the mixture of P4444 2,4-diaminobutyl
carboxylate/PPG400 1:1 were analysed using a Levenberg–Marquardt algorithm[38] while
maintaining the thermodynamic consistency of predicted equilibrium constants. The fitted values
and the experimental CO2 uptake data for the mixture of P4444 2,4-diaminobutyl
carboxylate/PPG400 1:1 at various temperatures are compared in Figure 57. The contributions
from physical absorption and the 2:1 and 1:1 chemical interactions are differentiated.

Figure 57. The fitted CO2 absorption capacity for the mixture of P4444 2,4-diaminobutyl
carboxylate/PPG400 1:1 (red solid line) at the temperature of (a) 298, (b) 313, (c) 333, (d) 343 K;
experimental data (filled symbol), physical absorption contribution (black dashed line), the 2:1
(CO2:IL) chemical absorption contribution (green solid line), and 1:1 (CO2:IL) chemical absorption
contribution (blue dashed line)
Similar to the CO2 absorption in neat P4444 2,4-diaminobutyl carboxylate, the chemical
interactions account for the CO2 uptake in the mixture. The contribution from the physical
absorption (characterised by the Henry’s constant 𝑘𝐻 ) is negligible. The 1:1 (CO2:IL) reaction
product (blue dashed line) calculated using a chemical equilibrium constant 𝐾1:1 reaches a
maximum value at a low pressure. It then slightly decreases at higher pressures. The 2:1 (CO2:IL)
reaction product (green solid line) calculated using a chemical equilibrium constant 𝐾2:1 gradually
increases with the pressure. Owing to the increasing contribution from the 2:1 (CO2:IL) reaction
with pressure, the major CO2 adduct shifts from 1:1 reaction product to 2:1 reaction product at
pressures higher than 0.6 bar at all temperatures. The calculated values of 𝑘𝐻 , 𝐾2:1 , 𝐾1:1 and θ are
presented in Table 20.
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Table 20. Derived physical and chemical reaction equilibrium constants for P4444 2,4diaminobutyl carboxylate/PPG400 1:1. kH is Henry’s constant. K2:1 and K1:1 are chemical reaction
equilibrium constants for reactions 6.2 and 6.3, respectively
Temperature (K)

𝑲𝟐:𝟏

𝒌𝑯 (bar)

𝛉 (unitless)

𝑲𝟏:𝟏

298

24

2.10

0.89

1.69

313

47

1.33

0.59

1.67

333

86

0.77

0.36

1.48

343

108

0.52

0.29

1.35

The Henry’s constants and chemical equilibrium constants at different temperatures allow
the calculation of the enthalpies for the physical and chemical interactions via the van’t Hoff
isochore, as shown in Figure 58. The enthalpy of physical absorption in the mixture of P4444 2,4diaminobutyl carboxylate/PPG400 1:1 is –28.34 kJ·mol-1. Its absolute value is larger than that for
neat P4444 2,4-diaminobutyl carboxylate (–17.51 kJ·mol-1), probably due to the physical absorption
in the PPG400 domain. The chemical equilibrium constants (𝐾2:1 and 𝐾1:1) both decrease with the
increase of temperature, indicating exothermic reactions for the 2:1 and 1:1 (CO2:IL) reactions.
The enthalpy for the 2:1 (CO2:IL) reaction is –25.61 kJ·mol-1, while it is –21.01 kJ·mol-1 for the 1:1
(CO2:IL) reaction, as shown in Error! Not a valid bookmark self-reference.. As the CO2 absorption
in the P4444 2,4-diaminobutyl carboxylate/PPG mixture consists of the 2:1 and 1:1 (CO2:IL) reactions
and the physical interaction, the overall absorption enthalpy vs pressure at 298–343 K can be
calculated (Figure 59). The overall CO2 absorption enthalpies at 298, 313, 333 and 343 K and at
1 bar are –33.65, –33.88, –34.04 and –34.49 kJ·mol-1, respectively. In comparison to those for neat
P4444 2,4-diaminobutyl carboxylate (around -62 kJ·mol-1), the enthalpy is considerably lower. The
enthalpy for the 2:1 reaction is significantly reduced, indicating that PPG weakens the interaction
strength for the 2:1 (CO2:IL) product.

Figure 58. The effect of temperature on the Henry’s constant kH and the chemical equilibrium
constants K2:1 and K1:1 for the mixture of P4444 2,4-diaminobutyl carboxylate/PPG400 1:1
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Table 21. Enthalpies of CO2 physical absorption and chemical absorption for the mixture of P4444
2,4-diaminobutyl carboxylate/PPG400 1:1
Physical absorption
-1

∆𝑯 (kJ·mol )

2:1 reaction

–28.34

–25.61

1:1 reaction
–21.01

Figure 59. The overall CO2 absorption enthalpy for P4444 2,4-diaminobutyl carboxylate/PPG400
1:1 vs pressure

6.5 Regeneration energy estimation
To ascertain the potential energy benefits of P4444 2,4-diaminobutyl carboxylate for CO2
capture, energy consumption was analysed in comparison to both the conventional IL and MEAbased system (Table 22). The regeneration energy includes the contributions from the absorption
enthalpy, solvent heating and water evaporation in desorption processes, described in
Equation 6.9:
𝑄 = ∆𝐻𝑎𝑏𝑠 + 𝑚1 × 𝐶𝑝 × ∆𝑇 + 𝑚2 × ∆𝐻𝑒𝑣𝑎𝑝

(6.9)

The energy involving water absorbed from flue gas is not considered in the calculation. The
absorption enthalpies for P4444 2,4-diaminobutyl carboxylate at 25 and 40 C were estimated using
the physical and chemical equilibrium constants from the last section. The CO 2 absorption capacity
for dry P4444 2,4-diaminobutyl carboxylate at 40 C was also predicted. Dry P4444 2,4-diaminobutyl
carboxylate presents a highly energy efficient candidate for CO2 capture. Its regeneration energy is
1.63 GJ·ton-1 CO2, which is less than half of that for 30 wt% MEA aqueous solution and less than
one-quarter of that for the conventional IL system.
Flue gas contains 3–9 vol% moisture. The absorption of a small amount of water may
reduce the viscosity, while increasing the energy penalty of the capture system. For wet systems,
the steam loss in P4444 2,4-diaminobutyl carboxylate/water mixtures was investigated using TGA.
The steam loss in P4444 2,4-diaminobutyl carboxylate with 4 H2O, 8 H2O and 12 H2O from 25 to
60 C are 2.1, 6.3 and 8.9 wt%, respectively. Due to the intensive energy demand of water
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evaporation, the regeneration energy for wet P4444 2,4-diaminobutyl carboxylate increases at
higher water contents in the system.
Bicarbonate formation is less energy intensive than carbamate formation. Therefore, the
enthalpy of CO2 absorption in P4444 2,4-diaminobutyl carboxylate/water systems is considered less
than 1312 kJ·kg-1·CO2. In comparison to the 30 wt% MEA and conventional IL systems, the energy
consumption for P4444 2,4-diaminobutyl carboxylate with 4 molar equivalents of H2O is still low, at
two-thirds of that for 30 wt% MEA. The value for P4444 2,4-diaminobutyl carboxylate with 8 molar
equivalents of H2O is comparable to that of 30 wt% MEA. The wet P4444 2,4-diaminobutyl
carboxylate systems all require considerably lower regeneration energy than conventional ILs.
The 4 molar equivalents of water in P4444 2,4-diaminobutyl carboxylate largely reduces the
viscosity from 170 mPa·s to 44 mPa·s: as fluidic as some aqueous amine absorbents. The promising
low viscosity in P4444 2,4-diaminobutyl carboxylate+4 H2O considerably improves the CO2
absorption rate. Thus, P4444 2,4-diaminobutyl carboxylate with 4 molar equivalents of water, which
shows a balance between low energy consumption and fast absorption kinetics, is a promising
candidate for industrial CO2 capture.
In addition to incorporating water, using TEG, TGM or PPG 400 as co-solvent also improves
the absorption rate. Both P4444 2,4-diaminobutyl carboxylate + TEG (1:1 wt:wt) and P4444 2,4diaminobutyl carboxylate + TGM (1:1 wt:wt) have attractive low energy consumptions, at 2.3 and
2.5 GJ·ton-1 CO2, respectively. They therefore present alternative additives for the use of P4444 2,4diaminobutyl carboxylate in industrial applications. For hydrophobic PPG 400 in particular, while
the CO2 absorption capacity is reduced by adding the co-solvent, PPG 400 reduces the absorption
heats for CO2 and water compared with the anhydrous system and 30 wt% MEA. Consequently, a
regeneration energy of 2.2 MJˑton-1 CO2 is estimated for P4444 2,4-diaminobutyl carboxylate + PPG
400.
Table 22 provides a general estimation based on the thermodynamic parameters obtained,
but does not consider the factors related to engineering operation. This estimation can be used as
a guide for future solvent development. Further optimisation of the formulas of the mixture
systems is required, as well as a thorough study of CO2 and water co-absorption.
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Table 22. Comparison of energy consumption of CO2 desorption in conventional IL, 30 wt% MEA aqueous solution, and P4444 2,4-diaminobutyl
carboxylate IL with and without additives

Conventio
nal ILa

30 wt%
MEAa

Diamino-ILa

Diamino-IL
+4 H2Ob

Diamino-IL
+8 H2Ob

Diamino-IL
+12 H2Ob

DiaminoIL+TEG 1:1
(w/w) b

DiaminoIL+TGM 1:1
(w/w)b

DiaminoIL+PPG400
1:1
(mol/mol)

Absorption enthalpy
∆𝑯𝒂𝒃𝒔 (kJ·kg-1·CO2)

340

1818

1347

<1312

<1312

<1312

1312

1312

765

Absorption capacity
wt%

0.4

12

17.0

13.5

11

9.5

8.25

6.25

6.6

Mass of solvent
𝒎𝟏 (kg·kg-1·CO2)

250

8.3

5.9

7.4

9.1

10.5

12.1

16

15.2

Heat capacity Cp
(kJ·kg-1·K-1)

1.5

4.2

2.4

3.0

3.4

4.0

2.3[64]

2.2[65]

2.7

–

0.6

?

0.15d2.1%

0.57 d 6.3%

0.93 d 8.9%

–

–

?

–

2.35

0.25–1.03

2.77

2.72

2.63

–

–

0.18

7.8

3.8

1.6

<2.5

<3.9

<5.2

2.3

2.5

2.2

Steam losses in desorptionc
𝒎𝟏 (kg H2O ·kg-1·CO2)
Heat of evap.
∆evapH (MJ·kg-1·H2O)
Regeneration energy
(GJ·ton-1·CO2)
Viscosity
η (mPa·s)

> 5040

𝑜

𝐶

1.640

𝑜

𝐶

17040

𝑜

𝐶

4440

𝑜

𝐶

–

2040

𝑜

𝐶

49𝑅𝑇

Diamino-IL = P4444 2,4-diaminobutyl carboxylate
o

o

c Steam absorbed from flue gas is not considered in the calculation

o

o

d Steam losses are based on TGA results at 60 C

a absorption at 40 C, desorption at 60 C
b absorption at 25 C, desorption at 60 C
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o

3.3𝑅𝑇

19940

𝑜

𝐶

7 Impact from SOx and NOx
SOx and NOx in flue gas could initiate solvent degradation, and/or be co-absorbed and
released into the environment. Our concerns also lie with their chemical reactivities, which may
compete with the CO2 reactions. Therefore, we tested the SOx and NOx absorption capacities for
P4444 2,4-diaminobutyl carboxylate.
P4444 2,4-diaminobutyl carboxylate was subjected to an atmosphere of 2000 ppm SO2 in N2
(Figure 60). At 2000 ppm of SO2, P4444 2,4-diaminobutyl carboxylate was highly reactive toward the
gas. At approximately 10.5 wt% absorption, the solvent system became a white suspension. A
continuing reaction gave an absorption capacity of c.a. 18.6 wt%, corresponding to a SO2 to
IL molar ratio of 1.1:1. This result suggests that SO2 behaves similarly to CO2, in which it forms an
SO2-analogue of the ammonium carbamate (Scheme 11). The formation of this species is
supported by the IR spectra (Figure 61).
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Figure 60. SO2 absorption in P4444 2,4-diaminobutyl carboxylate at 25 C under 2000 ppm SO2 in
N2

Scheme 11. Mechanism of SO2 absorption in P4444 2,4-diaminobutyl carboxylate
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IR spectra were recorded for P4444 2,4-diaminobutyl carboxylate before and after the SO2
absorptions. There are noticeable differences in the spectra, which are attributable to the
chemical interaction of the IL with SO2. Firstly, peaks at 1215 and 1048 cm-1 appear, which are
assigned to the asymetric stretching of -O-S=O. Furthermore, their wavenumber position indicates
that the SO2 is attached to a nitrogen atom, and not an oxygen, such as the ones in the carboxylate
group.[66, 67] As is the case with CO2, a broad band between 3700 and 2000 cm-1 appears,
indicating the formation of an ammonium species. Further evidence for the ammonium
sulfocarbamate analogue is the disappearance of the NH2-wagging peak (858 cm-1) when an N-S
bond is formed. A sole N-H stretch also appears at 3347 cm-1, which is representative of the NH(SO2-) bond.
We also tested the solubility of NO2 in P4444 2,4-diaminobutyl carboxylate. The IL was
subjected to a gas mixture of 1000 ppm NO2 in N2 at 25 C (Figure 62). As the absorption
proceeded, discolouration and a slight increase in viscosity were observed. Approximately 6.1 wt%
of NO2 uptake was measured. It is not certain at this stage in what form the NOx gas is absorbed.
We have shown that under dry conditions, P4444 2,4-diaminodiaminobutyl carboxylate is
reactive toward both SOx and NOx. This is not surprising, as SOx and NOx – being Lewis acids of
higher acidity – are likely to react with a Lewis base. As flue gas contains water, we also expect
that the IL will react with SOx and NOx, probably producing the sulfate or nitrate salt of the IL. This
will complicate the CO2 absorption process. Further studies of the reversibility of SOx and NOx
absorption are currently underway.
These gases may compete with CO2, reducing the overall effectiveness of the IL toward
CO2. Even though the concentrations of SOX and NOx in flue gas are much lower than CO2, it is
worth considering a pre-scrubber to remove both SOx and NOx, or adopting the CSIRO-patented
SOx and CO2 co-capture process.[68]
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Figure 61. Infrared spectra of P4444 2,4-diaminobutyl carboxylate before and after SO2 absorption
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Figure 62. NO2 absorption in P4444 2,4-diaminobutyl carboxylate at 25 C under 1000 ppm NO2 in
N2

8 Phenolate ionic liquids
Most of the ILs reported for CO2 capture essentially take advantage of the amine
functionalities, either on the cations or on the anions, as Lewis bases to interact with CO2. Other
Lewis bases of suitable PKa values could also have CO2 reactivity. As an example, a range of
phosphonium-based phenolate ILs that absorb CO2 at up to a 1:1 (CO2:IL) molar ratio has been
reported.[69] These ILs show a fast CO2 reaction rate. However, due to their bulky tetra-alkyl
phosphonium cations, the highest reported CO2 absorption capacity is 6.8 wt%.
In this work, we further explored ILs containing the CO2-philic phenolate functionality. We
replaced the bulky phosphonium cation (P66614) with two smaller cations: 1-ethyl-3methylimidazolium (EMIM) and N-methyl-N-butylpyrrolidinium (P14). The molecular weights of P14
and EMIM are one-third of that reported for the P66614 cation. Using the reduced cation size, we
aimed to increase CO2 absorption capacity in weight percentage. We investigated a range of ILs
containing different substituted phenolates (Figure 63). The basicity of the anion can be tuned by
directly placing an electron withdrawing or donating group on the phenolate ring, thus affecting
the interaction with CO2. We expected that the substituent would affect both the physical
properties and CO2 absorption behaviour of the ILs.
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Figure 63. Structure of phenolate ionic liquids

8.1

Phenolate ionic liquid preparation

The ILs were prepared by mixing a phenolate precursor (phenol or substituted phenol) with
1-ethyl-3-methyl imidazolium (EMIM) or N-methyl-N-butylpyrrolidinium (P14) methyl carbonate at
a 1:1 molar ratio, followed by the removal of the solvent (Scheme 12).

Scheme 12. Synthesis of phenolate ionic liquids

8.2 Physical properties
The IL’s physical properties, such as glass transition temperature, melting point, viscosity and
density, are summarised in Table 23. ILs D2, D4 and D7 have relatively lower viscosities than the
rest of the series.
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Table 23. Physical properties of phenolate ionic liquids
Ionic Cation
liquid

Anion

Tdec 5%

Tg

(R)

(°C)

(°C)

(D1)

P14

4-OMe

121

–45

(D2)

P14

3-Me

134

–43

(D2)

P14

3-Me

Notesa

0.5 equiv. H2O
Density = 1.0393 g/mL (40 °C)
Dyn. viscosity = 1120 mPa∙s (40 °C)

(D2)

P14

3-Me

1 equiv. H2O
Density = 1.0124 g/mL (40 °C)
Dyn. viscosity = 208 mPa∙s (40 °C)

(D3)

P14

H

136

58b

(D4)

P14

3-CF3

158

–47

Density = 1.1322 g/mL (40 °C)
Dyn. viscosity = 274 mPa∙s (40 °C)

(D5)

P14

3-CN

166

51b

(D6)

P14

3-NO2

158

–46

(D7)

P14

4-NO2

212

–45

Density = 1.1178 g/mL (40 °C)
Dyn. viscosity = 300 mPa∙s (40 °C)

(E1)

EMIM

4-OMe

116

–38

(E2)

EMIM

3-Me

109

–44

(E3)

EMIM

H

122

–53

(E6)

EMIM

3-NO2

155

–37

(E7)

EMIM

4-NO2

244c

65b

Tdec 5% = decomposition temperature with 5% weight loss; Tg = glass transition temperature
a with different contents of water
b melting point
c onset of decomposition

THERMAL STABILITY
The thermal decomposition temperatures for the phenolate ILs are representative of their
thermal stability, as shown in Table 23. The decomposition temperatures vary with the
substitutions of the anions, but are all above 100 C. For both cations, the thermal stability
increases with decreasing the anion basicity. The ILs containing the nitro-functionalised
phenolates had the highest thermal stability.
The trend of thermal stability is not surprising. Both cations are susceptible to chemical
degradation, such as deprotonation of the cation (for EMIM only), Hoffman elimination and/or
nucleophilic addition, depending on the nucleophilicity/basicity of the anion.[32-34] Therefore, a
more basic anion will be more likely to react with the cation. As a result, ILs constituted with a less
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basic anion, such as 4-nitrophenolate, have higher decomposition temperatures than the ILs with
the highly basic 4-methoxyphenolate anion, as observed for both cations.
A by-product (D2a) was identified in the synthesis of P14 m-cresolate (D2), indicating a
possible degradation pathway for the P14 ILs. The impurity (D2a) would most likely form from the
ring-opening nucleophilic addition shown in Scheme 13. This type of by-product was observed in
the synthesis of ILs with other basic anions, such as the P14 4-methoxyphenolate (D1), but not in
the production of ILs with less basic anions, such as P14 4-nitrophenolate (D7).

Scheme 13. Possible formation of impurity in the synthesis of P14 m-cresolate

LIQUID PROPERTIES
Normally, less basic anions tend to produce more fluidic ILs than do more basic anions.
However, as shown in Table 23, many other factors affect IL fluidity. For instance, P14 3(trifluoromethyl)phenolate (D4) and P14 4-nitrophenolate (D7) have the lowest viscosities of the
phenolate ILs. Despite IL-D4 possessing a much more basic anion (3-[trifluoromethyl]phenolate)
than that of IL-D7 (4-nitrophenolate), it has a slightly lower viscosity. No doubt, the low viscosity in
the former system is caused by the asymmetrical nature of the anion, and a bulky CF3-group that
would prevent the ion stacking.
Table 23 also shows the melting points and glass transition temperatures of the phenolate
ILs. It is difficult to discern a trend associated with anion basicity. For instance, the higher degree
of symmetry of the EMIM 4-nitrophenolate (E7) results in a solid at room temperature, whereas
the 3-nitrophenolate (E6) is a liquid. Not surprisingly, ionic size and symmetry also appear to affect
the liquid properties.
Most of the other EMIM and P14 phenolates were highly viscous or are solids at room
temperature, which is a disadvantage for phenolate ILs containing EMIM or P14. Their P66614
counterparts, however, have much lower viscosities. The viscosity issue, nevertheless, can be
circumvented; because all EMIM and P14 phenolates are hydrophilic, their viscositities can be
reduced by adding water. Figure 64 shows the effect of water on the viscosity of P14 m-cresolate
(D2).
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Figure 64. Viscosities of P14 m-cresolate-0.5 H2O and P14 m-cresolate-1.0 H2O
With a 0.5 molar equivalents of water, IL (D2) has a viscosity above 1000 mPa∙s at 40 C.
With the addition of another 0.5 molar equivalents of water, the viscosity is reduced to 208 mPa∙s.
As flue gas contains 5–22 vol% water, depending on the coal used, water present in the IL could
conceivably reduce the viscosity of the system. Assuming that water is not detrimental to CO2
absorption, the present high viscosities may be less problematic in the presence of water.

8.3 Gas absorption properties
The CO2 absorption capacities of the P14 and EMIM phenolates are shown in Table 24. Some
room-temperature ILs were added to water and tested under the same conditions. ILs that are
solids at room temperature were also added to water to form liquids before testing.
The absorptions at room temperature display higher capacity than those at 40 C. For CO2
and other gases, gas solubility is usually expected to decrease with increasing temperature.
In general, the P14 ILs absorb more CO2 than EMIM ILs in terms of both weight percentage
and CO2:IL molar ratio. A direct comparison can be made between ILs D6 and E6, whereby the P14
3-nitrophenolate absorbs 16.5 wt% and the EMIM 3-nitrophenolate only absorbs 9.2 wt% at 25 C.
For the dry EMIM ILs, the stoichiometric ratio is no higher than 0.52:1 (CO2:IL). The P14 ILs,
however, can achieve a ratio close to 1:1.
Anionic basicity appears to have a great effect on the CO2 absorption capacity. In the P14
series at 40 oC, the highest CO2 absorption capacity is observed for the 3-CF3-phenolate D4 at
a molar ratio of 0.81:1 (CO2:IL). For D4–D7, the CO2 absorption capacity generally decreases as the
anionic basicity decreases, indicating a Lewis base–acid interaction between the anion and CO2.
The anion having the lowest basicity, 4-nitrophenolate (D7), only absorbs CO2 at a molar ratio of
0.27:1 (CO2 to IL). For anions having stronger basicity, i.e. P14 m-cresolate (D2), a molar ratio of
only 0.52:1 (CO2 to IL) is absorbed. A strong cation–anion interaction might prevent full absorption
by the phenolate anion. For the other series, a similar trend is also observed; the highest
absorption capacity appears at an intermediate basicity.
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Water also affects the CO2 absorption capacities of both EMIM and P14 ILs. In the case of P14
4-OMe-phenolate (D1), the absorption capacity in terms of molar ratio and weight percentage is
increased when 1 molar equivalent of water is present. A similar increase is observed for EMIM
phenolate (E3), EMIM 3-nitrophenolate (E6) and EMIM 4-nitrophenolate (E7). As the addition of
water both increases the CO2 absorption capacity and decreases the viscosity of the phenolate ILs,
these systems could be attractive for CO2 absorption from flue gases in the presence of water. We
therefore investigated the mechanism of CO2 absorption with and without water to understand
why water increases the CO2 absorption capacity.
Table 24. CO2 absorption capacities of the phenolate ionic liquids

IL

(D1)

Cation

P14

Anion
(R)

4-OMe

Molar
equiv.
of H2O

CO2 absorption capacity

CO2 absorption capacity

at 25 °C

at 40 °C
CO2:IL

wt%

CO2:IL
wt%

molar
ratio

molar
ratio

0

7.5

0.45:1

-

-

1

8.5

0.55:1

-

-

(D2)

P14

3-Me

0

-

-

9.12

0.52:1

(D4)

P14

3-CF3

0

13.3

0.95:1

11.7

0.81:1

(D5)

P14

3-CN

0

-

-

13.3a

0.79:1

1

13.6

0.86:1

-

-

(D6)

P14

3-NO2

0

16.5

1.11:1

11.1

0.71:1

(D7)

P14

4-NO2

0

11.4

0.77:1

4.2

0.27:1

(E1)

EMIM

4-OMe

0

-

-

7.6

0.40:1

(E2)

EMIM

3-Me

0

-

-

8.3

0.41:1

(E3)

EMIM

H

0

8.1

0.38:1

9.0

0.42:1

1

10.1

0.51:1

-

-

0

9.2

0.52:1

7.6

0.43:1

1

12.6

0.77:1

-

-

0

-

-

2.0b

0.11:1

1

3.6c

0.22:1

-

-

2

6.1c

0.41:1

-

-

5

5.2 c

0.40:1

-

-

(E6)
(E7)

EMIM
EMIM

3-NO2
4-NO2

a At 50 °C
b At 80 °C
c Absorption product is solid
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8.4 Mechanism of CO2 absorption
The CO2 absorption mechanism for both P14 and EMIM ILs was investigated by analysing
NMR and IR spectra before and after CO2 absorption.

P14 ILS
For the anhydrous P14 system, the only likely mechanism for CO2 interaction is the formation
of phenol carbonate, as shown in Scheme 14.

Scheme 14. CO2 absorption mechanism for the anhydrous P14 phenolate ionic liquids

T%

We chose the anhydrous system P14 3-CF3-PhO- (D4) for the investigation, as it is one of the
ILs showing a high CO2 to IL ratio. The phenol carbonate formation mechanism is supported by
both IR and NMR spectroscopy. IR shows two new peaks at 1626 and 1330 cm-1 upon CO2
interaction, which are indicative of the asymmetric carboxylic stretch of a phenol carbonate
(Figure 65). In addition, 1H NMR shows the downfield shift of aromatic protons on the phenolate
(Figure 66). The electron density would become deficient on the aromatic ring when the phenolate
anion reacts with CO2. This is also observed in the 13C NMR, where the changes to the aromatic
signals are distinct (Figure 67). A new peak at 163.8 ppm is also observed, which is indicative of
phenol carbonate formation. This implies a potential absorption capacity at a 1:1 (CO2:IL) molar
ratio.
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Figure 65. Infrared spectra of P14 3-CF3-PhO before and after CO2 absorption
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Figure 66. 1H NMR spectra of P1,4 3-CF3-PhO before and after CO2 absorption

Figure 67. 13C NMR spectra of P1,4 3-CF3-PhO before and after CO2 absorption

EMIM IONIC LIQUIDS
For EMIM phenolate ILs, it appears that the CO2 absorption proceeds via a different route
to that of the P14 ILs. Although it is possible for the phenolate anions to react with CO 2 to produce
the phenol carbonate, the CO2 interaction with the imidazolium cation appears to dominate. This
is not surprising, as the acidity on the C2 position is well known. A possible mechanism is shown in
Scheme 15.

Scheme 15. CO2 absorption mechanism for the anhydrous EMIM phenolate ionic liquids
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EMIM 3-nitrophenolate was chosen for our study of the CO2 absorption mechanism. There
are a few distinct differences in the NMR spectra before and after the CO2 absorption. First,
duplicate signals in the aliphatic region of the 1H NMR (Figure 68) appear, showing that the
original core structure of the 1-ethyl-3-methylimidazolium is still present, yet altered. This is
evidenced by new peaks at 4.45, 3.94 and 1.33 ppm belonging to protons at a2, c2 & b2,
respectively.

Figure 68. Aliphatic region of the 1H NMR spectra for EMIM 3-NO2-PhO before and after CO2
absorption
In the aromatic region (Figure 69), only two new signals belonging to the Ha4 & Ha5 are
present, appearing at 7.61 and 7.53 ppm. The absence of the signal, analogous to H2, suggests that
a subsititution at the C2 position occurred, thereby supplying evidence for the carboxy zwitterion
formation reported in the literature.[70] A downfield shift of the phenolate protons is also
observed. This suggests the aromatic environment is more electron deficient, which is indicative of
anion stabilisation by a proton from the C2 position on the imidazolium ring. The stabilisation of
two phenolates by one H+ is also supported by the upfield shift of the H2, H4 and H5 on the EMIM.
This shift represents a reduced hydrogen between EMIM and the anion.
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Figure 69. Aromatic region of the 1H NMR spectra for EMIM 3-NO2-PhO before and after CO2
absorption
The mechanism for CO2 absorption can therefore be interpreted further (
Scheme 16). First, hydrogen bonding between the anion and cation occurs. This can result
in the deprotonation of the imidazolium ring to form a carbene. The carbene is therefore free to
react with CO2 to form the zwitterion. The phenol produced from the deprotonation of the
carbene is then complexed by another phenolate anion. As the hydrogen bonding reduces the
basicity of the second phenolate, further deprotonation of another EMIM cation is unlikely. This
complexation has implications for the CO2 absorption capacity of the EMIM phenolate ILs, in that
no more than a 0.5:1 (CO2:IL) molar ratio is achieved under anhydrous conditions.

Scheme 16. Carbene-promoted CO2 absorption mechanism for EMIM phenolate ionic liquids
When water is present in both systems, we expected that a bicarbonate formation
interaction would also contribute to the CO2 absorption capacity at a 1:1 (CO2:IL) molar ratio
where the phenolates act as proton sink to the hydrolysis, in addition to the reaction mechanisms
discussed above.
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8.5 Summary
The phenolate ILs display a range of CO2 absorption capacities. The lowest is 3.6 wt% (for
EMIM 4-NO2 phenolate) and the highest is 16.5 wt% (for P14 3-NO2 phenolate). Some of these CO2
absorption capacities are at the same level as those of reported ILs in the literature. In
comparison, the highest reported CO2 absorption capacity is 6.8 wt% for phosphonium
phenolates.9 Having cations of smaller size, these P14 or EMIM phenolate ILs generally have higher
CO2 absorption capacity than their phosphonium counterparts in weight percentage. The CO2
absorption capacities are affected by the basicity of the phenolate anion; a higher basicity is
correlated to a higher CO2 absorption capacity. However, when the basicity is too strong, the
anion tends to interact with the cation and thus loses some reactivity to CO 2. Due to different
reaction routes, P14 ILs can provide an absorption capacity up to 1:1 (CO2:IL) molar ratio, while
EMIM ILs can provide 0.5:1.
Compared with phosphonium phenolates, the P14 and EMIM phenolate ILs generally show
less thermal stability (due to the electrophilic properties of P14 and EMIM) and appear to be more
viscous. The latter issue is less of a concern, because these phenolate ILs are compatible with
water, which can be added to decrease viscosity. Water also contributes to the CO2 absorption
capacity by a bicarbonate formation reaction, which can improve CO2 uptake for EMIM ILs.
As candidate ILs, we recommend P14 3-cyanophenolate and P14 3-nitrophenolate ILs, which
exhibit a good thermal stability (>150 oC) and a high CO2 absorption capacity (>13.6 wt%).
However, further studies are required to evaluate the effect of water on their physical properties
and CO2 absorption behaviour.

9 Conclusion
We have shown that intra-anionic hydrogen bonding can stabilise the negative charges on
anions. Used in ILs, this method is effective to reduce viscosity and improve fluidity. The decreased
viscosity increases CO2 diffusivities in CO2 absorption. However, the HBDs compete with CO2 to
interact with the carboxylate groups, reducing CO2 absorption capacity.
We investigated a diamino IL, P4444 2,4-diaminobutyl carboxylate, as a potential candidate
solvent for CO2 capture. This IL has been studied as in a neat state, as well as with water, TGM,
TEG and PPG as additives. When water is present, CO2 absorption capacities greater than 1.3:1
(CO2:IL) molar ratio are achieved, independent of the level of water content. When water is not
present, or when TEM or TEG are used as additives, CO2 absorption capacities greater than 1:1
(CO2:IL) molar ratio are still achieved.
Our mechanism study suggests that without water, two pairs of ammonium-carbamate can
form on one anion, each on the original primary amine spot, accounting for a 2:1 (CO2:IL) molar
ratio. The presence of water unsurprisingly shifts the reactions to produce bicarbonate, generating
different forms of carbamates as by-products. We also found that carbamates are the major
products in the early stage of CO2 reaction. The carbamates are fairly stable, and only decompose
or hydrolyse to generate bicarbonate under further CO2 uptake.
Understanding the reaction mechanism led us to analyse the thermodynamic properties.
The absorption enthalpy is estimated at between –60 and –68 kJ·mol-1 for the carbamate
formation reactions. The neat IL exhibits a heat capacity of less than 2.5 J·g-1·K-1. The value
increases with water content, reaching 4 J·g-1·K-1 in the presence of 12 molar equivalents of water.
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The regeneration energy is estimated to be 1.63 GJ·ton-1 CO2 for neat IL, a significant
reduction from that for a 30% MEA system (3.8 GJ·ton-1 CO2). Flue gas contains 3–9 vol% moisture.
The absorption of water reduces viscosity, but increasing water content raises the regeneration
energy, due to decreased CO2 absorption capacity in weight percentage, increased heat capacity
and intensified steam loss. Bearing the relatively high viscosity of the neat IL (170 mPa·s at 40 oC)
in mind, a small amount of water would be desirable for industrial application. For example,
4 molar equivalents of water (about 16 wt%) would still significantly reduce the viscosity to
44 mPa·s at 40 oC and cut the regeneration energy to 2.5 GJ·ton-1 CO2.
Using TGM, TEG and PPG as additives also effectively reduced viscosity while retaining a
low regeneration energy: i.e. about 2.3, 2.5 and 2.2 GJ·ton-1 CO2 for IL-TEG (1:1 w:w), IL-TGM (1:1
w:w) and IL-PPG400 (1:1 mol:mol), respectively. For hydrophobic PPG 400 in particular, despite a
lower CO2 absorption capacity, the reduced absorption heats for CO2 and water account for a low
regeneration energy.
The regeneration energy is estimated based on the thermodynamic parameters obtained,
but the estimation does not consider the factors related to engineering operation. This estimation
can be used as a guide for future solvent development. Further optimisation of the formulas of the
mixture systems is required, as well as a thorough study of CO2 and water co-absorption.
The diamino functionalised IL generates precipitates or emulsions upon CO2 absorption.
However, the precipitate can be dissolved in water. This unfolds two different capture processes:
one based on a traditional solvent process, and one involving a phase-change process. The choice
of the capture processes requires more thermodynamic and kinetic parameters for evaluation.
In our investigation of the influence of other flue gas components, the absorption of SOx
and NOx indicates that these gases are reactive to the IL, reducing its overall effectiveness toward
CO2. Even though the concentrations of SOX and NOx in flue gas are much lower than CO2, it is
worth considering the use of a pre-scrubber to remove both SOx and NOx. Another option is to
adopt the CSIRO-patented SOx and CO2 co-capture process.
In addition to amine functionality, phenolate ILs are also promising CO2 absorbent
candidates. The CO2 absorption capacities are affected by the basicity of the phenolate anion; a
higher basicity is correlated to a higher CO2 absorption capacity. However, when the basicity is too
strong, the anion tends to interact with the cation and thus loses some reactivity to CO 2. As
candidate ILs, we recommend P14 3-cyanophenolate and P14 3-nitrophenolate ILs, which exhibit a
good thermal stability (>150 oC) and a high CO2 absorption capacity (>13.6 wt%). These phenolate
ILs are also compatible with water. Water can be added to decrease IL viscosity, and to contribute
to the CO2 absorption capacity by a bicarbonate formation reaction.
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Part III Ionic liquids with
solid supports
1

Introduction

In the previous sections, we investigated ILs as bulk solvents for CO2 capture. Solid porous
materials offer another solution for CO2 capture with high energy efficiency and fast
adsorption/desorption rates, at a low cost. However, they have low CO2 adsorption capacities at
low pressures, and low selectivity against competing components from flue gas [71, 72]. In this
section, we explore the use of ILs to modify and improve the performance of solid porous
materials.
To overcome the drawbacks of solid porous materials, we grafted IL phase onto the surface
of supports such as silica to form novel hybrid sorbents for CO2 separation. The concept was
inspired by supported IL phase (SILP), which has been established as an innovative method to
immobilise metal complex catalysts for catalytic reactions such as CO2 chemical fixation.[73-75]
Here, we explore the application of SILP in gas purification and separation. The expected
benefits include thermal/chemical stability, essentially low volatility, and high CO2 selectivity from
the IL phase, while exploiting the advantages of low cost and fast diffusivity of porous solid
materials. Grafting a thin film of ILs onto high-surface porous materials enlarges the gas–liquid
interface and also shortens the distance for gas diffusion compared with a bulk liquid, thus leading
to a fast adsorption/desorption rate. The coated IL layer also performs as a selecting film that
allows CO2 to permeate through to the adsorption sites on the solid materials, but impedes
undesirable components such as N2.

2

Sample preparation

A commercial silica gel was used as a solid support to covalently coat an IL layer on the
surface. The silica gel was calcined at 150 oC for 3 h without further optimising its pore structures.
Trioctyl (propyl)phosphonium tetrafluoroborate ([P 8883][BF4]) or tributyl (propyl)phosphonium
tetrafluoroborate ([P4443][BF4]) IL was then covalently bonded to the surface to form the structure
shown in Figure 70. TGA indicated that resultant IL-modified silica contains 4–7 wt% IL.
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Figure 70. Synthetic methods of ionic liquid-modified silica

3

CO2 and N2 absorption performance

Figure 71 presents CO2 sorption and desorption isotherms for bare SiO2, IL-modified SiO2
(SiO2-Si-P4443BF4 and SiO2-Si-P8883BF4), and neat IL [P8883][BF4]. All the bare and modified silica with
improved pore structures show higher CO2 sorption capacity than the neat phosphonium IL
[P8883][BF4] (0.19 wt% and 0.043 mmol/g at 313 K and 1 bar). The hystereses between the sorption
and desorption isotherms are negligible. All sorption profiles increase with CO2 pressure without
any plateau in the pressure range investigated, suggesting a physical absorption nature. Higher
absorption capacities are therefore expected for these materials in a higher pressure range.
As shown in Figure 71, the bare silica shows an adsorption capacity of 3.05 wt%
(0.69 mmol/g) at 313 K and 1.0 bar. The CO2 adsorbed for IL-modified silica decreases to 2.07 wt%
(0.47 mmol/g) for tributyl-substituted phosphonium (SiO2-Si-P4443BF4) and to 1.88 wt%
(0.43 mmol/g) for trioctyl-substituted counterpart (SiO2-Si-P8883BF4). The decrease in CO2 sorption
capacity is, as suggested above, attributed to the loss of porosity during the grafting reactions. The
slightly lower CO2 adsorption capacity in SiO2-Si-P8883BF4 at various temperatures may be
attributed to the longer alkyl chains on the phosphonium cation, which increase the molecular
weight of the IL phase, thus causing the decrease of the CO2 adsorption capacity in weight
percent. This again suggests that the contribution from the IL phase to the CO2 sorption capacity is
marginal; if there is any, it is more likely to be attributed to the anion. These results support the
porosity of the silica dominating the CO2 sorption capacity.
The CO2 sorption and desorption cycles for SiO2-Si-P8883BF4 are illustrated in Figure 72. The
sorption capacity is retained after four cycles. This suggests that the covalent bonding formed
between ILs and silanol groups on supporter surfaces improves IL retention and hybrid sorbent
stability compared with physical impregnation. In comparison, Ren et al.[76] physically deposited
N-(3-aminopropyl)aminoethyl tributylphosphonium amino acid ILs onto silica, and found that the
CO2 sorption capacities dropped with sorption/desorption cycles due to IL loss under the
desorption condition.
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(a)

(b)
Figure 71. CO2 adsorption and desorption isotherms for (a) SiO2-Si-P4443BF4 (298, 313,
333 K), bare SiO2 (313 K), neat [P8883][BF4] (313 K) and (b) SiO2-Si-P8883BF4 (298, 313, 333 K).
Experimental data (symbols) are fitted with the Freundlich model prediction (lines)
N2 sorption capacity is shown in Figure 73 (a). Bare silica exhibits the highest N2 sorption
capacity, while N2 sorption capacities for the two IL-modified silica materials decrease significantly.
Not surprisingly, N2 sorption is negligible for neat IL. Figure 73 (b) compares the CO2/N2
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selectivities (the ratio of sorption capacities in weight percentage for CO2 vs N2, derived from data
in Figure 71 and Figure 73 (a) at 313 K and various pressures.
All the selectivities display pressure dependence. The IL-modified silica shows greater
selectivity than the bare silica in the whole pressure range. For example, at 1 bar, the CO2/N2
selectivity of modified silica reaches a value of about 8; in comparison, the value for the bare silica
is 3. In the low pressure range (<1 bar), the IL-modified silica also shows higher selectivities than
those of neat IL [P8883][BF4]. While the bulk [P8883][BF4] shows a higher selectivity at pressures
greater than 1 bar, its CO2 absorption capacity is below 0.19 wt%. This indicates that the
introduced IL phase on the silica surface acts as a selecting agent that allows CO2 molecules to
permeate while blocking N2.
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1bar/298K
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Figure 72. Sorption/desorption cycles of SiO2-Si-P8883BF4
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Figure 73. (a) N2 adsorption isotherms and (b) adsorption selectivity of CO2/N2 at 313 K

4

CO2 diffusion coefficients

A classical homogeneous surface diffusion model describes the adsorption on homogenous
spherical particles that is dominated by intraparticle diffusion resistance [77]. The model was used
to fit the experimental sorption data and estimate the diffusion coefficient of the gas–solid system
or aqueous solution–solid system.[78, 79] The model derives the following equation to describe
the sorption in spherical sorbent particles:
∂𝐶
𝜕 2 𝐶 2 𝜕𝐶
= 𝐷𝑠 ( 2 +
)
∂t
𝜕𝑟
𝑟 𝜕𝑟

(4.1)

Initial conditions (IC) :
𝐶 = 𝐶0 , 0 < 𝑟 < r𝑚 ,

𝑡 = 𝑡0

(4.2)

Boundary conditions (BC):
∂𝐶
= 0,
∂𝑟
𝐶 = C𝑠 ,

𝑟=0

(4.3)

𝑟 = r𝑚 , 𝑡 > 𝑡0

(4.4)

where C is the concentration (wt%) of the absorbed CO2 as a function of time t (s); C0 and Cs
are the initial CO2 concentration and the saturated CO2 concentration under each constant
pressure measurement, respectively; DS is the diffusion coefficient (m2/s); r is the radius of the
sorbent particle(m); and 𝑟𝑚 is the effective diffusion radium (m). The solution of equations 4.1–4.4
is given by Equation 4.5:[80]
∞

6
1 [−𝐷𝑠 𝑛
𝐶 = 𝐶𝑠 − 2 (𝐶𝑆 − 𝐶0 ) ∑ 2 𝑒
𝜋
𝑛

2 𝜋 2 (𝑡−𝑡 )
0 ]
𝑟2

(4.5)

𝑛=1

For a liquid absorbent such as the phosphonium-based IL, a diffusion model was applied:[81]
∂𝐶
𝜕 2𝐶
= 𝐷𝑠 2
∂𝑡
𝜕𝑧

(4.6)
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Initial conditions (IC):
𝐶 = 𝐶0 , 0 < 𝑧 < 𝐿,

𝑡 = 𝑡0

(4.7)

Boundary conditions (BC):
𝜕𝐶
= 0,
𝜕𝑧
𝐶 = 𝐶𝑠 ,

𝑧=𝐿
𝑧 = 0 , t > 𝑡0

(4.8)
(4.9)

where z is the vertical dimension and L is the depth of sample in the cylinder container(m).
The solution is given in Equation 4.10:[81]
∞

1 2
(𝑛+ ) 𝜋 2 𝐷𝑠
2
[
(𝑡−𝑡0 )]
𝐿2

2
∗ (𝐶0 − 𝐶𝑆 )𝑒
(4.10)
1 2 2
𝑛=0 (𝑛 + ) 𝜋
2
The real-time absorption data were fitted with the models for bare SiO2, SiO2-Si-P4443BF4,
SiO2-Si-P8883BF4 and [P8883][BF4] at 1 bar and 313 K. Good agreement between experimental values
and the fitting curves was obtained.
𝐶 = 𝐶𝑠 + ∑

Diffusion coefficients obtained through the curve fitting are listed in Table 25. Gas
diffusivities in ILs are generally slower than in conventional solvents, due to the high viscosity of
ILs. For [P8883][BF4], the calculated values of Ds are at a level of 10-10 m2/s, in good agreement with
reported values of phosphonium-based ILs [82]. The calculated sample depth for [P8883][BF4] is
~7.0×10-4 m, which relates well to the experimental sample dimension. For unmodified and
modified silica samples, the calculated effective diffusion radium, r𝑚 , is ~1.2×10-2 m. The effective
diffusion radium, r𝑚 , is larger than the actual average particle radium, r, suggesting that the
diffusing path along the pores in the diffusing direction is tortuous, rather than straight.[79]
The corresponding values of Ds are at a level of 10-7–10-8 m2·s-1, about two to three orders of
magnitude higher than that of [P8883][BF4]. This is consistent with the fact that the time required to
reach equilibrium was shorter. The calculated values of Ds are consistent with those for porous
silica (about 1.0 × 10-7 m2/s under ambient conditions) reported by Satoh et al.[83] In comparison
with bare SiO2, CO2 diffusion coefficients for both IL-modified samples are slightly lower, implying
that the thin IL coating on the silica surface only impedes CO2 diffusion slightly. The diffusion
coefficient for these samples increases with CO2 pressure and temperature.

5

Conclusion

We covalently attached phosphonium-based IL phase onto porous silica and investigated its
effect on gas sorption behaviour, compared with bare porous silica and a bulk [P8883][BF4] IL. Upon
grafting ILs onto the silica, the IL moiety and the silyl linkage partially occupy the pores of the
silica. The gas adsorption behaviour suggests that the gas adsorption through the porous nature of
the silica still dominates the sorption behaviour for the IL-grafted silica. The IL phase acts as a
selecting film, which notably improves CO2 sorption selectivity against N2 at a marginal expense of
CO2 sorption capacity.
A conventional homogeneous surface diffusion model describes the real-time sorption data
well. Fitting the model with experimental data suggests that the CO2 diffusion coefficient in both
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modified SiO2 is in the range of 10-8–10-7 m2·s-1, about two to three orders of magnitude faster
than that of neat [P8883][BF4] and slightly slower than that of the bare silica.
The IL phases in this work, while not contributing significantly to CO2 adsorption capacity,
provide an effective selecting film for porous adsorbents. This is ascribed to their high CO2
selectivity. We expect that the IL-selecting films are also applicable to other porous sorbents,
including alumina, carbons and MOFs, to improve their selectivity.
The covalent grafting method provides a good IL retention, showing negligible IL loss with
sample handling as well as gas sorption/desorption cycling. However, this method partially impairs
the original pore structures of the silica and accounts for a decrease in the CO 2 sorption capacity.
Future work will explore other methods that may provide a better surface coverage of the IL phase
with little damage to the porous structures.

Table 25. Diffusion coefficients (D) of CO2 adsorption
D
Temperature
(K)
298

313

333

Pressure
(bar)

2

D
-10

2

D
-7

2

D
-7

2

(m /s× 10 )

(m /s× 10 )

(m /s× 10 )

(m /s× 10-7)

[P8883][BF4]

SiO2

SiO2-SiP4443BF4

SiO2-SiP8883BF4

0.1

-

-

0.10

0.13

0.3

-

-

0.13

0.14

0.5

-

-

0.17

0.16

0.7

-

-

0.98

0.67

1.0

-

-

1.08

0.96

2.0

-

-

1.36

1.48

0.1

1.06

0.18

0.13

0.11

0.3

1.02

0.24

0.25

0.13

0.5

1.31

0.45

0.28

0.21

0.7

1.06

1.50

1.05

0.91

1.0

1.13

1.53

1.24

1.10

2.0

1.50

2.15

1.80

1.71

0.1

-

-

0.24

0.22

0.3

-

-

0.37

0.43

0.5

-

-

0.45

0.68

0.7

-

-

1.26

1.04

1.0

-

-

1.64

1.41

2.0

-

-

2.12

2.01
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Conclusions and
recommendations
Ionic liquids are versatile candidates for CO2 absorption, and have the potential to cut
regeneration energy by up to 40%.

Transition-metal-functionalised ionic liquids
We studied CO2-IL phase equilibria and gas absorption kinetics at various pressures and
temperatures of a champion example IL, [EMIM][Zn(Tf2N)3], employing a pPC-SAFT model and a
diffusion model. This study provides strong evidence of CO2-functional group interactions and
reveals that the gas diffusion is not only related to viscosity, but is also affected by chemical
interactions. This emphasises the importance of tuning the CO2 interaction strength to balance
high CO2 solubility with fast diffusivity. A comparison of the phase diagrams of [EMIM][Zn(Tf2N)3]
and [EMIM][Tf2N] shows that incorporating Zn(Tf2N)2 significantly improves CO2 solubility up to
60 bar.
To further understand the CO2 absorption mechanism, we studied the effect of water. Water
was found as interlaying hydrogen-bonded water, coordinated water, and loosely bonded water
among the constituent ions of [EMIM][Zn(Tf2N)3]. The presence of water greatly influences ionic
arrangement and physical properties such as viscosity and density. Water participates in the CO 2
interactions and plays a key role in improving the CO2 solubility in the system.
Adding metal species, however, increases the viscosity of the ILs and slows the CO2 diffusion
coefficient by three orders of magnitude. The slow CO2 diffusion in ILs is therefore the rate-limiting
step in determining the absorption/desorption rate. To solve this problem, organic solvents of
MeIm, BuNH2, Et2NH and MeNHNH2 were added to reduce absorbent viscosity. While the solvent
is volatile on its own, the ILs containing the solvent retain long-term thermal stability up to 100 oC.
The viscosity of the ILs can be effectively reduced; however, the sorption kinetics are improved at
the expense of CO2 absorption capacity. A possible reason is that some amines that coordinate
strongly to the metal centres may lose their reactivity to CO2.
Considering the above properties and their high thermal stability, we suggest the application
of the transition-metal-functionalised ILs in a CO2 pressure range from low to medium-high (e.g.
up to 60 bar) and at a relatively high temperature (e.g. up to 150 oC). ILs can be incorporated in
gas separation membranes, where their relatively high viscosity favours solvent retention
compared with other supported liquid membranes.
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Ionic liquids containing CO2-philic groups
We developed novel ILs with multi-amino or alkylate functionalities as CO2-philic groups in
the anions, aiming to achieve a balanced CO2 absorption capacity and absorption kinetics.
Novel ILs bearing CO2-philic groups of multi-amines, alkylate or phenolates on the anions
were synthesised and tested for their physical properties and CO2 absorption behaviour. Among
them, a diamino ionic liquid P4444 2,4-diaminobutyl carboxylate shows the most promising
properties. Both amines on the anion interact with CO2 to generate two pairs of ammonium
carbamates, accounting for a CO2 absorption capacity greater than 1:1 (CO2:IL) molar ratio. The
absorption enthalpy is estimated to be between –60 and –68 kJ·mol-1 for the carbamate formation
reactions. The heat capacity is less than 2.5 J·g-1·K-1. The regeneration energy is estimated to be
1.63 GJ·ton-1 CO2 for neat IL, a significant reduction from that of a 30% MEA system (3.8 GJ·ton-1
CO2). The neat IL, however, displays a relatively high viscosity (170 mPa·s at 40 oC).
When water is present, CO2 absorption capacities greater than 1.3:1 (CO2:IL) molar ratio are
achieved, due to extra bicarbonate formation reactions. The absorption of water reduces viscosity.
Increasing water content, however, increases the regeneration energy compared with the dry
system. This is due to the decreased CO2 absorption capacity in weight percentage, increased heat
capacity and intensified steam loss. Having 4 molar equivalents of water (about 16 wt%) would
reduce the viscosity to 44 mPa·s at 40 oC and still cut the regeneration energy to 2.5 GJ/ton CO2.
We studied this IL further using water, tetraglyme (TGM), triethylene glycol (TEG) or
polypropyl glycol 400 (PPG) as additives. CO2 absorption capacities greater than 1:1 (CO2:IL) molar
ratio were still achieved. Using TGM, TEG and PPG as additives effectively reduces the viscosity
while retaining a low regeneration energy, i.e. about 2.3, 2.5 and 2.2 GJ·ton-1 CO2 for IL-TEG (1:1
w:w), IL-TGM (1:1 w:w) and IL-PPG400 (1:1 mol:mol), respectively. For hydrophobic PPG 400 in
particular, the CO2 absorption capacity is reduced by adding the co-solvent; however, PPG 400
reduces the absorption heats for CO2 and water, accounting for a low regeneration energy.
The regeneration energy is estimated based on the thermodynamic parameters obtained.
The estimation does not consider the factors related to engineering operation. It can be used as a
guide for future IL development. Further optimisation of the formulas of the mixture systems is
required, as well as a thorough study of the CO2 and water co-absorption.
The diamino functionalised IL generates precipitates or emulsions upon CO2 absorption.
However, the precipitate can be dissolved in water. This unfolds two different capture processes:
one based on a traditional solvent process, and one involving a phase-change process. The choice
of capture process requires more thermodynamic and kinetic parameters for evaluation.
In our investigation of the influence of other flue gas components, the absorption of SOx
and NOx indicates that these gases are reactive to the IL, reducing its overall effectiveness toward
CO2. Even though the concentrations of SOX and NOx in flue gas are much lower than CO2, it is
worth considering the use of a pre-scrubber to remove both SOx and NOx. Another option is to
adopt the CSIRO-patented SOx and CO2 co-capture process.
In addition to amine functionality, phenolate ILs are also promising CO2 absorbent
candidates. Their CO2 absorption capacities are affected by the basicity of the phenolate anion: a
higher basicity is correlated to a higher CO2 absorption capacity. However, when the basicity is too
strong, the anion tends to interact with the cation and thus loses some reactivity to CO 2. As
candidate ILs, we recommend P14 3-cyanophenolate and P14 3-nitrophenolate ILs, which exhibit a
good thermal stability (>150 oC) and a high CO2 absorption capacity (>13.6 wt%). These phenolate
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ILs are also compatible with water. Water can be added to decrease their viscosity and to
contribute to the CO2 absorption capacity by a bicarbonate formation reaction.
We also designed and synthesised a series of ILs in which the anions are stabilised by intraionic hydrogen bonds. These ILs exhibit lower viscosities, possibly due to weakened cation-anion
interactions. Consequently, they demonstrate adequate CO2 diffusion coefficients. However, their
CO2 absorption capacities, albeit being slightly higher than those of other non-functionalised ILs,
are insufficient for CO2 capture. A possible reason is that the CO2-philic groups are bound in intraionic hydrogen bonds and thus lose reactivity towards CO2.

Ionic liquids with solid supports
We employed ILs as a thin film to modify and improve the absorption performance of solid
porous absorbents.
We covalently attached phosphonium-based IL phase onto porous silica and investigated the
effect on gas sorption behaviour compared with bare porous silica and a bulk [P8883][BF4] IL. Upon
grafting ILs onto the silica, the IL moiety and the silyl linkage partially occupy the pores of the
silica. The gas adsorption behaviour suggests that the gas adsorption through the porous nature of
the silica still dominates the sorption behaviour of the IL-grafted silica. A conventional
homogeneous surface diffusion model describes the real-time sorption data well. Fitting the
model with experimental data suggests that the CO2 diffusion coefficient in modified SiO2 is in the
range of 10-8–10-7 m2·s-1, about two to three orders of magnitude faster than that of neat
[P8883][BF4] and slightly slower than that of the bare silica.
The IL phases in this work, while not contributing significantly to CO2 adsorption capacity,
provide an effective selecting film for porous adsorbents. This notably improves the CO2 sorption
selectivity against N2 at a marginal expense of CO2 sorption capacity. We expect that the ILselecting films will also improve the selectivity of other porous sorbents, including alumina,
carbons and MOFs.
In conclusion, the ILs developed in this project show versatile properties for different CO2
capture processes. Future work will select the most economic CO2 capture process and further
optimise the IL chemical structures and formulas accordingly.
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Abbreviations
CO2

carbon dioxide

DAIL

diamino-ionic liquid

DSC

differential scanning calorimetry

EMIM (or EMIM)

N, N- methyl ethyl imidazolium

FT-IR

Fourier-transform infrared

HBD

hydrogen bond donor

HBSIL

hydrogen-bond stabilised ionic liquid

IL

ionic liquid

IR

infrared

MEA

monoethanolamine

Melm

N-methylimidazole

N2

nitrogen

NO2

nitrogen dioxide

NOx

oxides of nitrogen

NMR

nuclear magnetic resonance

P14

N-methyl-N-butyl pyrrolidinium

P4444

tetrabutylphosphonium

P8883

trioctylpropylphosphonium

P4443

tributylpropylphosphonium

PEG

polyethylene glycol

pPC-SAFT

polar perturbed chain-statistical associating fluid theory

PPG

polypropyl glycol

SILP

supported IL phase

SO2

sulfur dioxide

SOx

oxides of sulfur

Tf2N (or NTf2)

bis(trifluoromethanesulfonyl)imide

TEG

triethylene glycol

TGA

thermal gravimetric analysis

TGM

tetraglyme
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Appendix II
Table 26. Ionic liquid properties from literature

Ionic liquids

Absorption
capacity

CO2:IL

Viscosity

molar ratio

(mPa·s)

(wt%)

Decomposition
temperature

Absorption
product

7.4

≤ 0.5:1

–

–

Tetra-alkylammonium

6.5

0.32:1

81 @ 25 °C

<13

1:1

2.6

Phosphonium

Becomes solid

Water free

1

185

Becomes
viscous

Water free

2

233 @ 25 °C

200

Becomes
viscous

Added with water

3

0.2:1

714 @ 25 °C

281

Becomes
viscous

Water free

4

13.9

1.1:1

–

n/a

–

IL was supported on SiO2

19.7

2.04:1

Gel

171*

–

Contains volatile components. Decomposition
temperatures would be lower than the reported values

5

16.4

1.13:1

9

86 *

20.4

1:1

32

145 *

6.9

0.9:1

270 @ 25 °C

–

Viscosity
increases
slightly

Water free. Large cations limit CO2 absorption capacity
in weight percentage

6

9.1

1.3:1

730 @ 25 °C

296

Solid forms

Added with water. Requires water to solubilise
absorption product. Large cation

7

8.1

1:1

245 @ 25 °C

182

Viscosity
increases
slightly

Water free, large cation

8

6.8

0.91:1

393 @ 23 °C

238

Viscosity
increases
slightly

Water free, large cation

9

(40 °C)

amino acid
Phosphonium
amino acid

Superbase protic ILs

Aprotic heterocyclic
anions
Phosphonium amino
acid
Aprotic heterocyclic
anions
Phosphonium phenolates

Ref.

(°C)

Cationic amino IL

amino acid

Notes

(30 °C)
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Appendix III
A comparison of internationally reported ionic liquid performance: (a) CO2 loadings and (b)
viscosities.i Blue areas indicate desirable ranges.

(a)

(b)
i

. J. Huang, P. Feron, Plenary presentation at 1st International Conference on Ionic Liquids in
Separation and Purification Technology, 4–7 Sept 2011, Sitges, Spain.
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