
Development of New Post-Combustion Carbon 
Dioxide Capture Solvents: 

Are Ionic Liquids the Answer?
ACS Award in Industrial Chemistry: 

Symposium in Honor of T. J. Wallington: Greenhouse Gases 
Sequestration: Technology and Economics

April 7, 2008
Edward Maginn, Jessica Anderson, Wei Shi, Elaine 
Mindrup, William Schneider and Joan Brennecke 

Department of Chemical and 
Biomolecular Engineering
University of Notre Dame

Notre Dame, IN USA
http://cbe.nd.edu

http://cbe.nd.edu
http://cbe.nd.edu


DOE CCS Targets
 Carbon capture and 

sequestration key tool for 
greenhouse gas mitigation

 DOE focus areas
 Separation and capture
 Sequestration & storage
 Monitoring, mitigation, & 

verification
 Current technology 

insufficient
 Solvents (amines, ammonia)
 Sorbents, membranes Sean Plasynski

NETL, 6/5/07



Need for new technology



Research Goal
 Develop new solvents based on ionic liquids that are cheaper 

and more energy efficient than competing technologies
 3-year project supported by DOE NETL
 Strategy: integrated approach involving molecular modeling, 

experimental property measurement and process engineering 

Property 
Measurement

Molecular
Modeling

Process 
Engineering

Trimeric



What are ionic liquids?

Some examples of commercially 
available ionic liquids

 Ionic liquids are molten salts 
that are molten near ambient 
conditions
 Not ionic solutions

 Many useful properties
 Solvation properties
 Very low volatility
 Thermal stability

 Molecular design 
 Vary cation, anion
 Functional groups 



Key properties for CO2 capture
 High CO2 capacity
 High CO2 selectivity
 Ease of regeneration

 Low enthalpy of solution
 Low solubility with water
 Low heat capacity 

 Stability
 Thermal
 Other gases (SO2)

 Low viscosity
 Inexpensive

Targets determined 
by process modeling

Assumes 
conventional 
absorption process

Other processes 
possible?



Experimental solubility measurements

Very sensitive automated balance, used 
for CO2 experiments; requires mg 
quantities of ionic liquid

Measure gas uptake in liquid 
gravimetrically

Semi-manual balance capable of measuring 
SO2 uptake; requires ~100 mg ionic liquid 



CO2 is very soluble in ionic liquids

Potential for CO2 removal from flue gas?
Pressure (bar)
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Widely varying CO2 solubility

Pressure (bar)
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Comparison to other physical solvents

Accounts of Chemical Research, 2007, 40, 1208-1216



Using molecular modeling to compute properties

ab initio 
calculations

Classical force field

Properties

Condensed phase
simulations (MD, MC)

Statistical 
mechanics



Calculating gas solubility

[C6mim] [Tf2N]

Journal of Chemical Theory and Computation, 2007, 3, 1451-1463; Journal of Physical Chemistry B, 2008, 112, 2045-2055. 

Continuous fractional 
component 
Monte Carlo

Quantitative 
agreement 
between 
simulations 
and 
experiment



Partial molar volumes
Experiment: 39.2 (0.7) cm3/mol 
Simulation: 40.7 (1.0) cm3/mol

Partial molar enthalpy
Experiment: -12.1 (0.2) kJ/mol
                     -13.2 (0.15) kJ/mol
Simulation: -10.3 (0.5) kJ/mol

Molar volumes and enthalpies

Small enthalpies typical of physical absorption.
Low regeneration cost, but also relatively low capacity

[C6mim] [Tf2N]



Water and SO2 - [C6mim][Tf2N]
Water

T=298 K

Journal of Physical Chemistry B, 2008, 112, 2045-2055.

SO2

Journal of Physical Chemistry B, 2006, 110, 15050-15062.

Water saturates at x~0.2; SO2 is highly soluble: SO2 removal?



Many other properties measured...
Viscosity as a funtion of Temperature for various anions
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Example comparison 
with simulations: [C2mim][EtSO4]



Conclusions for physically absorbing ILs
 CO2 capacity probably too low

 How to increase CO2 capacity? 
 How to maintain low regeneration energy?

 What is optimal balance?
 Add chemical functionality
 Molecular design strategy

 Quantum simulations: target functional groups, 
mechanisms

 Classical simulations: condensed phase properties
 Synthesis, experimental property measurement
 Iterate, using process modeling in feedback



Amine-tethered Cations (TSILs)

 13C NMR evidence of carbamate formation
 Reversible under vacuum with heating

NN NH2
BF4

2 +   CO2 Δ

NN N
H

NNH3N

O

O 2 BF4

Bates, E. D.; Mayton, R. D.; Ntai, I.; Davis, J. H., J. Am. Chem., 2002, 124, 926.



Preliminary results: enhanced 
CO2 solubility is observed

Pressure (bar)
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 Questions / 
issues
 Thermal 

stability
 Viscosity 

increase
 Uptake 

kinetics
 Mechanism



Simulation-Based Rational Design of TSILs

+ CO2(g)+
NH2
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∆E, ∆G, …

 CO2 - TSIL reaction characteristics 
determine efficacy
 Reaction stoichiometry, mechanism
 Thermodynamics
 Kinetics

 First-principles simulations
 Systematic screen intrinsic reactivity
 Tethering strategies
 Uptake mechanisms and kinetics
 Parameterize condensed-phase 

classical simulations

 Computational approach
 B3LYP/6-311++G(d,p)
 Systematic exploration of local 

conformations and electronic effects
 Boltzmann averaged energies over 

conformations



Stoichiometry of CO2 Reaction with Amines

 Aqueous monoethanolamine (MEA) common 
CO2 capture medium

 MEA stoichiometry generally accepted to be 1 
CO2 : 2 MEA
 2 amine + CO2 => carbamate + ammonium

 Ionic liquid functional groups suggest 
opportunity to promote 1:1 stoichiometry
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MEA vs Cation- vs Anion-Tethered Amines

 Local cation tethering favors 2:1 binding
 Local anion tethering disfavors 2:1 binding
 Opportunities / challenges

 Functional group / framework design
 Incorporate influence of condensed phase
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Condensed phase simulation of TSILs
N N

H3C NH2

(CF3SO2)2N-

T (ºC)  ρ(calc)*  ρ(exp)* %diff
298
308
318
328
333

1.5604
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1.5432
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T (ºC)  ρ(calc)*  ρ(exp)* %diff
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1.4836
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1.4142
1.4054

3.52
3.49
3.57
3.56
3.72

Vmolar(calc)**
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N N
H3C CH3

(CF3SO2)2N-

T (ºC)  ρ(calc)*  ρ(exp)* %diff
293
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323
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Simulations and experiment in good agreement. 
Functionalized ILs have smaller molar volume.



Physical absorption in TSIL
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React-IR Setup

N2
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Vacuum

Thermocouple
P
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Stirrer

Liquid sample

 Study kinetics and mechanism of CO2 absorption and 
complexation



Pure IL Spectra

TSIL

  C-H stretches
 (longer chain)

C-NH2
stretch

-NH2



Physical solubility of CO2

CO2



CO2 in TSIL
NN NH2 S N

O

O
F3C S

O
CF3

O

physical CO2

~0.16µmol CO2/g IL

IR confirms ~ 2X less physical dissolution in TSIL

complexation



Summary
 Ionic liquids promising platform for CO2 

capture
 Solvent design - modeling and experiment

 Thermodynamic and transport properties
 Physical solubility governed mainly by anion
 Chemical complexation

 Amine-tethered cation
 Functionalized anion
 Other functional groups

 Optimal design determined via feedback 
from process modeling (underway)
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