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Disclaimer

This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government nor any agency thereof, nor 
any of their employees, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately  owned rights. Reference herein to any specific commercial product, 
process, or service by  trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by  the 
United States Government or any agency thereof. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States Government 
or any agency thereof.  
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Abstract

Progress from the fourth quarter 2005 activity on the project “Design and Evaluation of 
Ionic Liquids as Novel CO2 Absorbents” is provided. Major activities in three areas are 
reported: compound synthesis, property measurement and molecular modeling. Two new 
ionic liquids have been synthesized (1-n-hexy-3-methylimidazolium saccharinate and 
1-n-hexy-3-methylimidazolium acesulfumate). Densities and viscosities have been 
measured for these compounds. A new apparatus for measuring SO2 solubility  in ionic 
liquids was installed, tested and validated. Using this new apparatus, we carried out the 
first ever measurements of SO2 solubility  in an ionic liquid. It was determined that SO2  is 
remarkably soluble in the ionic liquid 1-n-hexyl-3-methylimidazolium 
bis(trifluoromethanesulfonyl)imide. We believe this is a general phenomenon and that 
other ionic  liquids will show similar high solubilities. CO2 and N2 solubilities as well as 
thermal decomposition temperatures were measured in the recently synthesized 1-n-
hexy-3-methylimidazolium lactate ionic liquid. This ionic liquid shows some of the 
highest CO2 solubility  of any ionic liquid we have tested. It was found, however, that 
thermal stability may be an issue above 100 oC. To make a better comparison of the 
performance of the ionic liquids, we have used DOE baseline data for CO2 absorption to 
compute a relative CO2 carrying capacity of the ionic liquids versus MEA. We show that 
the initial ionic liquids studied likely have too low a capacity  to be economically viable, 
but the new lactate compound is approaching the capacity  required. We validated the 
molecular modeling code for computing absorption isotherms and have results for CO2 
absorption in the ionic liquid 1-n-butyl-3-methylimidazolium hexafluorophosphate. 
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List of Graphical Materials
Figure 1: Structure of two newly synthesized ionic liquids, 1-n-hexy-3-
methylimidazolium saccharinate ([hmim][sac]) and 1-n-hexy-3-methylimidazolium 
acesulfumate ([hmim][ace])

Figure 2: Experimental isotherms for SO2 in [hmim][Tf22N] at various temperatures.

Figure 3: Measured isotherms for SO2 and CO2 in 1-n-hexyl-3-methylimidazolium bis
(trifluoromethanesulfonyl)imide. Note the very high solubility of SO2 at relatively low 
pressures. 

Figure 4: Absorption isotherm for CO2 in 1-n-butyl-3-methylimidazolium PF6 at 313 K.   
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Introduction

Ionic liquids are a new and exciting class of compound that have the potential to 
overcome many of the problems associated with current CO2-capture techniques.  Ionic 
liquids (ILs) are organic salts that are liquid in their pure state near ambient conditions.  
ILs are regarded as potentially environmentally-benign solvents due to their 
immeasurably low vapor pressure, which essentially  eliminates the opportunity for 
solvent release to the atmosphere.  

The goal of this project is to obtain a fundamental understanding of the solubility  of CO2 
and other components present in flue gas in ILs, with the practical objective of tailoring 
the properties of the liquid to maximize the engineering properties for this process.  Our 
plan is to do this through a combination of synthesis and experimental measurements, 
molecular simulation and applications development. This fifth quarterly technical report 
(Q4 2005) describes the results of our work on this project from 07/01/2005 through 
09/30/05). 
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Executive Summary

Ionic liquids (ILs) are organic salts that are liquid in their pure state near ambient 
conditions.  They  are a new and exciting class of compound that have the potential to 
overcome many of the problems associated with current CO2-capture techniques. This 
project is concerned with developing a fundamental understanding of the solubility of 
flue gas species (mainly CO2) in ionic liquids. Using this knowledge, we hope to develop 
new IL compounds that can be used in a cost effective manner for CO2 capture. During 
Q4 2005, we have focused on three major activities: synthesis, physical property 
measurement and molecular modeling.

Compound Synthesis
We synthesized two previously unknown ionic liquids:  1-n-hexy-3-methylimidazolium 
saccharinate ([hmim][sac]) and 1-n-hexy-3-methylimidazolium acesulfumate ([hmim]
[ace]). Densities and viscosities of these compounds were measured. These compounds 
were made due the relatively low cost of the anions and because modeling results suggest 
that they may exhibit good CO2 solubility. 

Physical Property Measurement
CO2 and N2 solubilities were measured for the ionic liquid 1-n-hexy-3-
methylimidazolium lactate.  It has one of the highest  CO2 solubilities of any ionic  liquid, 
and negligible N2 solubility. We measured thermal stability of this compound and find it 
to be lower than previous compounds containing fluorinated anions. This suggests that 
operating temperatures for this compound will have to be 100 oC or less. 

We completed the installation of the apparatus for measuring SO2 solubility, and have 
made the first ever measurement of SO2 solubility in an ionic liquid. The results show 
that SO2 is highly soluble in 1-n-hexy-3-methylimidazolium bis
(trifluoromethanesulfonyl)amide, and we suspect it  will be highly soluble in other ionic 
liquids as well. This means that it may  be possible to use ionic liquids to simultaneously 
remove SO2 and CO2 from stack gas. 

To make a better comparison of the performance of the ionic liquids, we have used DOE 
baseline data for CO2 absorption to compute a relative CO2 carrying capacity of the ionic 
liquids versus MEA. We show that the initial ionic liquids studied likely have too low a 
capacity to be economically viable, but the new lactate compound is approaching the 
capacity required.
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Molecular Modeling

We completed and tested our molecular simulation code for computing absorption 
isotherms in ionic liquids. We began our first set of simulations, computing CO2 
absorption in 1-n-butyl-3-methylimidazolium PF6.  The agreement with experimental 
data is excellent. 

Experimental
Gas absorption was measured using a gravimetric microbalance, as described in our 
previous publications (Anthony et al., 2001; Macedonia et al., 2000). We also installed, 
validated and used a new gravimetric microbalance manufactured by  Rubotherm. The 
main difference between this microbalance and the one we used previously is that it  uses 
a magnetic coupling mechanism, thus enabling us to measure isotherms with corrosive 
gases such as SO2. 

Results and Discussion

Synthesis
We synthesized two previously unknown ionic liquids:  1-n-hexy-3-methylimidazolium 
saccharinate ([hmim][sac]) and 1-n-hexy-3-methylimidazolium acesulfumate ([hmim]
[ace]). These compounds are shown in Figure 1. 
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Figure 1. Structure of two newly synthesized ionic liquids. 

Densities and viscosities of these compounds were also measured, and are reported in 
Tables 1-4.  These compounds were made due the relatively low cost of the anions and 
because modeling results suggest that they may exhibit good CO2 solubility. We will be 
making solubility measurements on these compounds next quarter. 

Property Measurement 

Densities of [hmim][ace] and [hmim][sac] were measured as a function of temperature 
and are reported in Tables 1-2. The densities of both compounds are a bit lower than 
previous compounds, due in large part to the use of “organic-like” anions. As with other 
ionic liquids, these two compounds show very  little density change with increasing 
temperature.
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Temperature,oC density (g/ml) standard deviation

24.1 1.196 0.00350

31.5 1.193 0.00416

41.5 1.186 0.00444

49.6 1.179 0.00296

61.5 1.172 0.00253

Table 1. Densities of 1-n-hexy-3-methylimidazolium acesulfumate. Pressure = 
741.1 mm Hg, water content = 5513 ppm.

Temperature,oC density (g/ml) standard deviation

24.2 1.2073 0.00249

34.3 1.2003 0.00059

39.9 1.1948 0.00101

49.4 1.1880 0.00186

59.3 1.1811 0.00179

Table 2. Densities of 1-n-hexy-3-methylimidazolium saccharinate. Pressure = 
749.0 mm Hg, water content = 3056 ppm.

Viscosities of [hmim][ace] and [hmim][sac] were also measured as a function of 
temperature and are reported in Table 3-4. It  is observed that  [hmim][ace] has a much 
lower viscosity at low temperature than does [hmim][sac]. It would appear that the 
saccharinate compound has too high a viscosity to be useful, although the viscosity does 
drop significantly with increasing temperature. The viscosity  of [hmim][ace] is higher 
than many of the compounds examined earlier having fluorinated anions. 
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Temperature,oC Viscosity (cP)

9.9 3950

19.9 1480

25.0 788

29.9 570

40.0 296

50.0 171

60.0 104

Table 3: Viscosities of 1-n-hexy-3-methylimidazolium acesulfumate. Water content 
= 8108 ppm.

Temperature,oC Viscosity (cP)

9.9 172000

20.0 35100

25.0 11900

29.9 6840

39.9 2500

49.8 1060

59.7 535

Table 4. Viscosities of 1-n-hexy-3-methylimidazolium saccharinate 

We completed the installation of the apparatus for measuring SO2 solubility, and have 
made the first ever measurement of SO2 solubility in an ionic liquid. Figure 2 shows the 
results of these experiments at  25 oC, 40 oC and 60 oC. The Henry’s Law constants are 
reported in Table 5.  These results indicate that SO2 is highly soluble in this ionic liquid, 
with loadings of over 80 mol% at 25 oC. The isotherms are totally reversible, which  
indicates that the mechanism is physical absorption rather than chemical complexation.  
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Figure 2: Experimental isotherms for SO2 in [hmim][Tf22N] at various temperatures

25 oC 40 oC 60 oC

1.8 +/- 0.1 2.4 +/- 0.1 3.9 +/- 0.2
Table 5: Henry’s Law constants (bar) of SO2 in [hmim][Tf2N].

Figure 3 compares SO2 solubility in this ionic liquid with CO2 solubility. It is apparent 
that this liquid would enable the simultaneous removal of both SO2 and CO2 in a 
scrubbing application. As discussed below, however, we believe that the CO2 carrying 
capacity of this ionic liquid is probably  too low, and that a new ionic liquid with a lactate 
anion may be superior.
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Comparison between SO2 and CO2 at 25oC  
[hmim][Tf2N] 
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Figure 3. Measured isotherms for SO2 and CO2 in 1-n-hexyl-3-methylimidazolium bis
(trifluoromethanesulfonyl)imide. Note the very high solubility of SO2 at relatively low 
pressures. 

We measured CO2 and N2 absorption in 1-n-hexy-3-methylimidazolium lactate. We find 
that CO2 is very soluble in this ionic liquid, with a Henry’s Law constant of 5 bar at 
25 oC. Moreover, we find that N2 is virtually insoluble. The CO2 solubility is significantly 
higher than in other ionic liquids we have measured, and thus this compound represents 
the leading candidate for potential capture applications.  

To enable a more quantitative comparison with MEA, we have developed two measures 
of CO2 removal efficiency for this and other ionic liquids. We based our calculations on 
the DOE benchmark for a 400 MW plant, in which 31,000 gpm of MEA removes 9,190 
tons CO2/day.  We took our experimental data for three ionic liquids and computed the 
amount of CO2 that the ionic liquid could remove with the same liquid flowrate as MEA. 
We denote this the “relative capacity”. Note that this is a worst-case analysis for the ionic 
liquid, since its regeneration costs will be a fraction of that required for MEA, and so we 
would assume that a larger flowrate could be used and the process would still be more 
economical than the MEA case. Nevertheless, it gives us a good target to make 
comparison with the MEA system.  Table 6 shows the results. 
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Compound Henry’s Law 
constant (bar)

Molar 
volume 

(cm3/mol)

CO2 
removed 

(tons/day)

relative 
capacity 
vs MEA

25 oC 60 oC

[hmim] [Tf2N] 32 46 
(50 oC)

326.6 84.0 1%

[hmim]
[pFAP]

22 36 470.6 88.5 1%

[hmim]
[lactate]

5 15 158.3 1281.9 14%

Table 6: Comparison of ionic liquid absorption with MEA baseline.

The bottom line is that the first two ionic liquids ([hmim][Tf2N] and [hmim][pFAP]) 
appear to have too little capacity to be competitive with MEA. Both remove only about 
1% of the amount of CO2 that the MEA removes. Even with low energy costs for 
regeneration, the amount of ionic liquid that would have to be used to remove the same 
amount of ionic liquid is just too much for a realistic process. On the other hand, [hmim]
[lactate] would remove 14% of the CO2 that MEA removes with the same flowrate. While 
this means that seven times as much ionic liquid would have to be used compared to the 
MEA process, it represents a significant improvement over the previous liquids. 
Moreover, the lactate anion is inexpensive and non-toxic, unlike the other two fluorinated 
anions. We would like to try to get the relative capacity  up to 25-50%, at which point the 
process may be economically attractive. We will need to do more detailed process 
calculations to quantify  this, however.

A key property for any absorbent is thermal stability. Therefore, we performed dynamic 
and static decomposition experiments on [hmim][lactate] using thermal gravimetric 
analysis. The dynamic decomposition experiment yielded a decomposition start 
temperature of 205 oC and an on-set temperature of 239 oC.  Static decomposition 
experiments for this compound were done at  150 oC and 100 oC.   The experiment at 
150 oC showed significant mass loss, 3mg from 35mg, in 16 hours.  The sample becomes 
slightly discolored and 1H NMR showed the presence of compound new peaks near the 
base line.  The experiment run at 100 oC showed a mass loss of 0.1mg for a 31mg sample 
over 16 hours. This suggests that operating temperatures for this compound will have to 
be 100 oC or less. This may be too low, and thus we will need to investigate the 
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mechanism by which decomposition takes place, as well as look into other compounds 
which may have better stability  but still good carrying capacity. 

Equipment
Installation of the Rubotherm gravimetric microbalance for measuring SO2 solubility  in 
ionic liquids was completed. 

Simulations
We completed and tested a new atomistic simulation program for calculating gas 
absorption in ionic liquids. The method runs in the semi-grand ensemble and utilizes 
biased insertion of gas molecules to allow gas compositions to change in response to 
imposed external pressures. It also utilizes a hybrid Monte Carlo procedure to properly 
equilibrate the liquid. The code was tested on various model systems such as water and a 
pure ionic liquid and found to give results consist with established simulation methods. 
We then attempted to compute absorption isotherms for CO2 in the ionic liquid 
1-n-butyl-3-methylimidazolium hexafluorophosphate ([bmim][PF6]) using the code. The  
first two points on the computed isotherm are shown in Figure 4. As can be seen, the 
simulations match the experiments quantitatively. 

Solubility of CO2 in [bmim][PF6]
(Comparison between simulated and experimental data)
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Figure 4. Absorption isotherm for CO2 in 1-n-butyl-3-methylimidazolium PF6 

at 313 K. The blue diamonds are experimental data from our lab, and the red 
squares are predictions from semi-grand ensemble hybrid Monte Carlo 
simulations.  

From simulations such as this, we can extract information such as the heat of absorption 
as well as the isotherm. We can also gain an understanding of the nature of gas 
association with the liquid, and then use this insight to help develop other liquids that 
should have better properties.
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Other Activities
We are planning to present much of this work at the American Institute of Chemical 
Engineers conference in late October - early November.

Conclusion
We have completed all the project milestones to date, and are on track to meet the Q1 
2006 (October - December, 2005) milestones. We have shown that SO2 is very  soluble in 
one particular ionic liquid, shown that a new ionic liquid we developed ([hmim][lactate]) 
has a higher CO2 solubility based on physical absorption than any other ionic liquid we 
have examined, and developed a metric for assessing the carrying capacity of ionic 
liquids relative to MEA. We completed the development of an atomistic simulation 
software package that enables direct  calculation of absorption isotherms from first 
principles. These simulations should enable us to gain a much better fundamental 
understanding of the nature of gas solubility in ionic liquids, which in turn should allow 
for the rational design of better ionic liquid absorbents.
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