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ABSTRACT 

 

The objective of this dissertation is to advance the understanding of several novel 

solvents for CO2 capture and separation applications. Many of the solvents investigated were 

imidazole based, as these compounds are highly tunable, neutral, and less expensive analogs to 

imidazolium based ionic liquids (ILs). While much is known about the physical properties of 

ILs, the physical properties of these neutral compounds have not been researched as thoroughly, 

and so there is a need to explore these compounds as potential CO2 capture media.  It has been 

further proven that the most effective means of predicting CO2 capture performance in imidazole 

based compounds is by examining the fractional free volume (FFV) using a molecular simulation 

program like COSMOTherm. Other non-imidazole based physical solvents were synthesized and 

compared to commercially available processes. 1,2,3-Trimethyoxypropane (1,2,3 TMP) was 

found to compare favorably with regard to CO2 absorption and viscosity to the current industry 

standard for CO2/CH4 pre-combustion separation techniques, Selexol, while being significantly 

less toxic.  

Chemical solvents for post-combustion CO2 capture were also investigated. It was 

determined that changing the substituents on 1-(3-aminopropyl)imidazole increases the CO2 

solubility by increasing the basicity of the imidazole ring. The advantages in vapor pressure of 

these substituted aminopropylimidazole over traditionally used alkanolamines could potentially 

provide massive operational savings by reducing solvent losses through evaporation and 

increased solvent life.  
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CHAPTER 1 

Introduction 

 As news reports and public outcries over rising levels of greenhouse gases in the 

atmosphere continue to become more frequent, many research efforts are being focused on new 

approaches to curb greenhouse gas emissions.1-4 The gas species of highest concern is CO2. Over 

the last century atmospheric concentrations of CO2 have increased 33% to a current level just 

over 400 ppm.5 Many climatologists have called this arbitrary level “the point of no return.” The 

primary source of anthropogenic CO2 comes from fossil fuel powered electric plants.6 According 

to the EPA, burning of fossil fuels accounted for 94.6% of CO2 emissions of the United States in 

2009.7 As the global population (and corresponding energy demands) continue to increase at a 

seemingly exponential rate, fossil fuels will have to continue to make up a significant portion of 

the world’s energy portfolio. Coal, in particular, remains one of the most economical and readily 

available fuel sources, and its use is expected to continue to rise in developing nations resulting 

in even more CO2 being released into the atmosphere. 

 International mandates to cap emissions have resulted in many novel processes and 

techniques being explored to capture and sequester CO2. One of the most developed strategies is 

stripping CO2 from the flue gas of power plants, compressing it, and then storing it underground. 

Some oil companies are already using the stored CO2 for enhanced oil recovery, whereby the 

CO2 is injected into depleted wells, and any remaining oil can be collected.8 Another proposed 

idea involves replacing the methane in subsea hydrates with CO2 as a means of natural gas 

extraction.9  
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 In order to accomplish either of the plans, the first and most critical step is capturing the 

CO2 before it can get into the atmosphere. This has led to developments in the areas of pre- and 

post-combustion clean up. Though these can have very different operating conditions as shown 

in Figure 1.1. Both processes use the same cycles of solvent absorption and regeneration. 

 

Figure 1.1: Operational areas with preferred solvent types based on partial pressures of CO2 in 

the feed and product streams. Adapted from 10,11  

 On the pre-combustion side, processes tend to occur at higher pressures and generally 

make physical (non-reactive) solvents the more economically favorable choice. One of the most 

common of these processes is sweetening natural gas by the removal of contaminant acid gases 

like CO2 and H2S which can be detrimental to both physical infrastructure and human health.12,13 

There are many commercially available sweetening systems that use physical solvents, the most 
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well-known being dimethyl ether poly(ethyleneglycol) (DMPEG) under the trade name Selexol. 

Physical solvents have an advantage of having low energy requirements for solvent regeneration. 

However, for many advanced and developing mass transfer applications, like hollow fiber 

membrane contactors (HFMC), solvents like DMPEG are too viscus and limit the mass transfer 

rate.14  

 Chemical solvents are able to react with the solute to keep it in solution, and therefore are 

favorable for lower pressure applications like those found in flue gas scrubbers. This makes it 

substantially more energy intensive to regenerate when compared to a physical solvent,15 but 

there exists many opportunities for novel solvents that can improve on what is currently 

available. Industry standard solvents like monoethanolamine (MEA)16-18 have high vapor 

pressures, and therefore have a tendency to evaporate quickly, requiring more solvent to be 

added to the system. In addition, alkanolamines can react with themselves to oligimerize and lose 

their reactivity.19 Due to their molecular structure, novel dual-functional amines, like 2-methyl-1-

(3aminopropyl)imidazole, have lower vapor pressures and eliminate the oxazolidone degradation 

pathway .  
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CHAPTER 2 

Physical Properties and CO2 Absorption Performance of 1,2-Dialkyl-, 1,4(5)-Dialkyl-, and 

1,2,4(5)-Trialkylimidazoles 

 
Brian S. Flowers, Joshua D. Moon, Michelle S. Hindman, Kristopher R. Reclusado, Alexander 

H. Jenkins , Mei Wang, A. Christopher Irvin, Matthew S. Shannon & Jason E. Bara* 

 

 

2.1 ABSTRACT 

Imidazoles are versatile chemicals that have a wide range of chemical and biological 

applications. Recently, research efforts have focused on using the highly tunable structure of 

imidazoles for imidazolium-based ionic liquids (ILs). However, research into N-functionalized 

imidazole derivatives at the C2 and/or C4(5) positions has been lacking. In our previous work, a 

library of 30 di- and trifunctionalized alkylimidazoles were synthesized using commodity 

chemicals and avoiding anhydrous or water sensitive compounds. Here, we report the densities, 

viscosities and CO2 physical absorption performance of several of these compounds. 

Correlations were found for the density and viscosity of isomeric imidazoles, dependent on 

temperature and a molecular weight parameter, R’. Results showed that the isomers with a 

greater number of branched chains were between 0.8-26% less viscous than their isomeric 

counterparts at 25℃. However, the increase in branched groups increased the vapor pressure by 

as much as 50% at 40℃, a temperature at which flue gas is commonly released during industrial 

processes. Thus, in line with previous research, there lies a tradeoff between viscosity and 

volatility for isomeric derivatives of imidazoles. In spite of these trends, the measured 

compounds were found to have little differentiation with regards to CO2 absorption. 
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2.2. Introduction: 

 In recent years, ionic liquids (ILs) have been a focus of researchers because their low 

(almost negligible)1-3 vapor pressures and highly tunable structures make them intriguing 

candidates for advanced physical solvents. The low vapor pressures gives ILs a tremendous 

advantage over many organic solvents as it significantly reduces solvent losses and allows for 

energy efficient regeneration of solvents for volatile solutes.4-7 While these traits make ILs an 

intriguing option for industrial processing applications, there are also some inherent 

disadvantages. 

 Many ILs are typically much more expensive than a comparable organic solvent. This is 

due in large part to the high cost of starting materials, multiple reaction steps needed for 

synthesis, and finally the degree of purification required for some applications. This cost can 

potentially be justified, provided there are adequate cost savings from major process 

simplifications, reductions in regeneration energy costs, or prolonged solvent life.4 

 In addition to the potentially high costs, ILs also tend to have high viscosities. This is 

directly related to their low volatilities.8,9 Solvent viscosity is a critical factor in many separation 

processes as high viscosities are associated with slower rates of mass and heat transfer. Usually, 

when compared to an organic solvent at the same temperature, ILs have viscosities more than 10 

times greater.  

 Many efforts have been made to apply highly tunable imidazolium-based ILs to current 

and developing CO2 separation techniques,8-10 however there has been very little interest in the 

comparable neutral organic compound N-functionalized imidazole from which these ILs are 

derived. The neutral imidazole ring can also be finely tuned with a seemingly infinite number of 

possible substituents.11 Only recently have even the simplest 1-n-alkylimidazoles been 
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investigated for their physical properties and CO2 capture potential.16 Building on that previous 

work, more complex di- and tri-substituted alkylimidazoles have been synthesized so that their 

physical properties can also be elucidated.17 

 In this work, we present a characterization of the density, viscosity, and CO2 solubility of 

several multi-substituted alkylimdazole compounds. Densities and viscosities were shown to 

have a direct relationship with alkyl chain length. However, CO2 solubilities were shown to be 

very similar regardless of substituents or alkyl chain length.  The CO2 solubilities showed a 

much stronger reliance on fractional free volume (FFV), than any other physical property. These 

FFV values were less than those reported for unsubstituted 1-n-alkylimidazole,16 and the 

measured CO2 solubilities were also lower than previously studied alkylimidazoles. 

2.3 Experimental: 

2.3.1. Materials:  

 All chemicals and procedures used to synthesize the multi-substituted imidazoles have 

been reported in a previous work,17 and were confirmed to have a >98% purity. 

2.3.2. Density Measurements:  

 Density values for each multi-substituted alkylimidazole were obtained using a procedure 

reported in a prior work from our group.16  A Mettler Toledo DM45 DeltaRange density meter, 

which operates via electromagnetically induced oscillation of a glass U-form tube, with 

automatic compensation for variations in atmospheric pressure. The density meter can measure 

liquid samples within the range of 0-3 g/cm3 with a minimal sample size of 1.2 cm3.  The 

accuracy of the density meter measurements is (0.000 05 g/cm3 for all operating temperatures). 

Densities of each alkylimidazole were recorded over a temperature range of 20-80 °C at  10 °C 

increments, for a total of seven density measurements per compound. As suggested by the 
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manufacturer, the unit was washed between every run with deionized H2O, followed by an 

acetone rinse, and then dried by air flow. The density reading of the clean, empty cell was 

verified to be consistent with that of air at 20 °C (0.001 20 g/cm3) before continuing to the next 

sample.  

2.3.3. Viscosity Measurements:  

 Viscosity data were obtained using a procedure reported in a prior work from our 

group,16 with a Brookfield DV-II+ Pro viscometer. The viscosity measurement is based on a 

torque value and shear rate of a certain sized spindle in contact with a predetermined amount of 

fluid. As recommended by the manufacturer, the “ULA” spindle and jacketed sample cell was 

used for these relatively low viscosity liquids (<25 cP), which required a minimum sample size 

of approximately 16 cm3. The viscometer accuracy is ±1% of the reading for torque 

measurement with a repeatability of ±0.2% of the reading. The viscosity of each alkylimidazole 

was measured at 10 temperatures within the range of 20-80 °C. The temperature of the jacketed 

sample chamber was controlled via the Brookfield TC-602P circulating bath, which has an 

operating range of -20 to +200°C and a temperature stability of ±0.01°C. The sample cell was 

cleaned between every run by rinsing with deionized water and acetone, followed by air drying. 

The viscometer was re-zeroed between runs as suggested by the manufacturer. 

2.3.4. Fractional Free Volume Measurements:  

 Fractional Free Volume (FFV) was found using COSMOTherm. FFV was found to be 

COSMOTotal VVFFV 
       (1) 

Both values were obtained through a density simulation at 25°C. The calculated 

difference is the amount of free space within the given molecule. As shown in previous 

literature, FFV can be correlated with CO2 gas solubility.16  
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2.3.5. CO2 Solubility Measurements:  

 CO2 solubility in each tested multi-substituted alkylimidazole was measured in a manner 

similar to that previously used by our group,16 but with the use of a glass vessel.  A 60 mL glass 

pressure tube with #25 threaded fitting (#8648-136, Ace Glass) with a front-sealing PTFE cap 

tapped with ¼” NPT was used as the cell.  

The glass tube was filled with a known mass of a multi-substituted alkylimidazole, a 

magnetic stir bar of known mass and volume was added, the vessel sealed with PTFE threaded 

cap.  The apparatus was placed in a tall-form 400 mL beaker filled with water.  Swagelok fittings 

were purchased from Alabama Fluid Systems Technologies (Pelham, AL) and were connected to 

the glass cell via the ¼” female NPT threads in the PTFE cap.  Pressure was monitored by 1-

10,000 torr Baratron® absolute capacitance manometer (722B, MKS Instruments) and 

connected to a digital display (PDR2000, MKS Instruments).   A ceramic top hotplate with 

magnetic stirring (33393-904, VWR) with digital temperature control was employed for heating 

and stirring of the vessel and surrounding water bath.  A representative schematic of the 

experimental apparatus shown in Figure 2.1. 
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Figure 2.1: Schematic of the gas solubility apparatus. 

 The loaded vessel was connected to vacuum/gas/vent lines via the 3-way valve.  First, the 

system was degassed at 30oC via a vacuum pump (RV5, Edwards) to remove residual air from 

the headspace.  The volatility of the imidazoles are neglibable under the experimental 

temperature conditions and it is assumed that no appreciable solvent was lost when evacuating 

the headspace.  After the pressure in the cell maintained a constant value while under vacuum, 

the initial mass of the system was recorded using an analytical balance with a maximum capacity 

of 6000 g and resolution of 0.01 g (XS6002S, Mettler-Toledo).  Next, CO2 at an absolute 

pressure of ~2 atm was introduced via the 3-way valve, until the system came to equilibrium (as 

determined by readings that deviated no more than ±2 mm Hg for > 20 min).  The pressure was 

recorded, the vessel disconnected from the pressure sensor, removed from the water bath, dried, 

and the mass of the vessel recorded.  The increase in the mass of the vessel relative to the initial 
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state can be taken as the total mass of CO2 added to the vessel distributed between the vapor and 

liquid phases. 

The vessel is then returned to the water bath, reconnected to the pressure sensor and the 

bath heated to 45oC while stirring.  The system pressure is allowed to equilibrate at 45oC and the 

pressure recorded.  The process is repeated again at 60oC and 75oC.  After this procedure was 

completed, the system was cooled to 30oC, and the system was exposed to CO2 at an absolute 

pressure of ~4 atm until equilibrium was reached, with the new mass of the system recorded.  

Equilibrium pressures were recorded at the same temperature intervals.  The process was 

repeated a final time starting at 30oC and an absolute pressure of CO2 at ~ 6 atm. 

 Measuring the mass increase of the system allows for the number of total moles of CO2 in 

the system to be calculated via Eqn. 2, where nCO2 is the number of moles of CO2 present in the 

system at a given T,P equilibrium, mi is the measured mass of the system at this equilibrium in g, 

m0 is the initial mass of the degassed system in g, and MW is the molecular weight of CO2 (44.01 

g mol-1) 

MW

mm
n i
CO

0

2


                          (2) 

  

Partitioning of CO2 between the liquid and vapor phases is calculated from Eqn. 2, where 

P is the absolute pressure in, z is the compressibility factor as calculated from the NIST 

REFPROP software, nCO2
vap is the number of moles of CO2 in the headspace, R is the gas 

constant, T is the absolute temperature, Vtotal is the volume of the empty reactor minus the known 

volume of the stir bar, Vliq is the volume of the solvent as calculated from the mass and density, 
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Vcrit is the molar solubilized volume of CO2 (taken as the critical volume, 34 cm3/mol), and nCO2 

is the total number of moles of CO2 in the system as calculated from the mass balance in Eqn. 3. 

 

)(
22

v
COCOcritliqtotal

vap

nnVVV

TRnz
P






             (3) 

  

Solving Eqn. 3 for nvap at each equilibrium T, P condition gives the number of moles of 

CO2 absorbed into the multi-substituted imidazole and the moles of CO2 dissolved in the liquid 

phase (nL
CO2) can be determined via Eqn 4. 

 

V
COCO

L
CO nnn

222


               (4) 

 

 The mole fractions of CO2 (x
L

CO2) in the liquid phase at each given T, P condition is 

calculated from Eqn. 5: 

 

S
L
CO

L
COL

CO
nn

n
x




2

2

2                (5) 

where nS is the moles of solvent originally added to the vessel. 

 The Henry’s constant (HCO2,1(atm)) of CO2 at each temperature, where CO2 is the solute 

and 1 = solvent, was calculated from the inverse linear relationship in Eqn. 6: 
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             (6) 

2.4. Results & Discussion: 

2.4.1. Densities of multi-substituted imidazoles: 

The measured density values for 1-n-alkyl-2-methylimidazoles over the temperature range 20 – 

80oC are presented in Table 2.1. 

 

Table 2.1: Densities of 1-n-alkyl-2-methyimidazoles 

Compound 

    Density (g cm-3) at given temperature 

MW 

 (g mol-1) R' 20 °C 30 °C 40 °C 50 °C 60 °C 70 °C 80 °C 

 ethyl 110.16 0.400 0.97924 0.97077 0.96231 0.95382 0.94529 0.93672 0.92809 

 propyl 124.18 0.468 0.95885 0.95069 0.94255 0.93437 0.92616 0.91794 0.90963 

butyl 138.21 0.522 0.94359 0.93565 0.92771 0.91976 0.91177 0.90378 0.89574 

pentyl 152.24 0.566 0.93170 0.92399 0.91630 0.90858 0.90083 0.89308 0.88531 

 hexyl 166.26 0.603 0.92229 0.91498 0.90745 0.89992 0.89238 0.88483 0.87725 

 octyl 194.32 0.660 0.90693 0.89969 0.89247 0.88522 0.87797 0.87071 0.86342 

                    

 

The measured density values for 1-n-alkyl-2-ethylimidazoles over the temperature range 20 – 

80oC are presented in Table 2.2. 
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Table 2.2: Densities of 1-n-alkyl-2-ethylimidazoles 

Compound 

    Density (g cm-3) at given temperature 

MW (g mol-1) R' 20 °C 30 °C 40 °C 50 °C 60 °C 70 °C 80 °C 

 ethyl 124.18 0.468 0.95958 0.95131 0.94305 0.93474 0.92637 0.91798 0.90950 

propyl 138.21 0.522 0.94503 0.93717 0.92910 0.92096 0.91289 0.90477 0.89659 

 butyl 152.24 0.566 0.93235 0.92474 0.91690 0.90900 0.90111 0.89321 0.88525 

pentyl 166.26 0.603 0.92361 0.91596 0.90832 0.90065 0.89296 0.88525 0.87747 

 hexyl 180.29 0.634 0.91707 0.90955 0.90205 0.89452 0.88694 0.87939 0.87178 

 octyl 208.34 0.683 0.90630 0.89905 0.89183 0.88458 0.87732 0.87004 0.86273 

 

The measured density values for 1-n-alkyl-2-isopropylimidazoles over the temperature range 20 

– 80oC are presented in Table 2.3. 

Table 2.3: Densities of 1-n-alkyl-2-isopropylimidazoles  

Compound 

    Density (g cm-3) at given temperature 

MW (g mol-1) R' 20 °C 30 °C 40 °C 50 °C 60 °C 70 °C 80 °C 

 ethyl 138.21 0.522 0.93856 0.93047 0.92236 0.91421 0.90602 0.89780 0.88950 

 propyl 152.24 0.566 0.92779 0.91985 0.91189 0.90389 0.89586 0.88780 0.87968 

 butyl 166.26 0.603 0.91853 0.91078 0.90304 0.89527 0.88748 0.87967 0.87178 

pentyl 180.29 0.634 0.91093 0.90338 0.89574 0.88805 0.88034 0.87262 0.86484 

hexyl 194.32 0.660 0.90536 0.89789 0.89044 0.88297 0.87547 0.86796 0.86039 

 octyl 222.37 0.703 0.89970 0.89249 0.88530 0.87811 0.87091 0.86370 0.85644 

                    

 

The measured density values for 1-n-alkyl-2-ethyl-4(5)-methylimidazoles over the temperature 

range 20 – 80oC are presented in Table 2.4. 
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Table 2.4: Densities of 1-n-2-ethyl-4(5)-methylimidazoles  

Compound 

    Density (g cm-3) at given temperature 

MW (g mol-1) R' 20 °C 30 °C 40 °C 50 °C 60 °C 70 °C 80 °C 

ethyl 138.21 0.529 0.94779 0.93968 0.93157 0.92341 0.91521 0.90697 0.89865 

propyl 152.24 0.573 0.94022 0.93224 0.92426 0.91625 0.90820 0.90009 0.89188 

butyl 166.26 0.609 0.92514 0.91735 0.90956 0.90172 0.89386 0.88596 0.87800 

pentyl 180.29 0.639 0.91880 0.91106 0.90333 0.89555 0.88774 0.87990 0.87200 

hexyl 194.32 0.665 0.91005 0.90253 0.89503 0.88748 0.87993 0.87235 0.86472 

octyl 222.37 0.707 0.90406 0.89676 0.88948 0.88217 0.87486 0.86753 0.86015 

                    

The measured density values for 1-n-alkyl-4(5)-methylimidazoles over the temperature range 20 

– 80oC are presented in Table 2.5. 

 

Table 2.5: Densities of 1-n-4(5)-methylimidazoles  

Compound 

    Density (g cm-3) at given temperature 

MW (g mol-1) R' 20 °C 30 °C 40 °C 50 °C 60 °C 70 °C 80 °C 

 ethyl 110.16 0.400 0.97405 0.96567 0.95731 0.94890 0.94045 0.93197 0.92341 

propyl 124.18 0.468 0.95307 0.94496 0.93686 0.92872 0.92055 0.91237 0.90412 

 butyl 138.21 0.522 0.93822 0.93048 0.92266 0.91476 0.90688 0.89897 0.89100 

pentyl 152.24 0.566 0.92702 0.91937 0.91173 0.90406 0.89637 0.88868 0.88092 

 hexyl 166.26 0.603 0.91860 0.91112 0.90363 0.89611 0.88857 0.88104 0.87345 

 octyl 194.32 0.660 0.90638 0.89917 0.89198 0.88478 0.87757 0.87035 0.86309 

                    

All of the measured densities for these alkylimidazoles were less than 1.0000 g/cm3.  For each 

compound, density was observed to decrease nearly linearly with increasing temperature, and 

was also observed to decrease with increasing length of the n- substituent.  These trends match 
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those previously observed in 1-n-imidazoles16.  The empirical model developed for the 1-n-

imidazole solvents was applied to these three sets of compounds, where density was 

approximated as 

 

𝜌(𝑇, 𝑅′) = 𝐴𝑇 + 𝐵𝑅′ + 𝐶        (7) 

 

where the unit of ρ is milligrams per liter and that of T is kelvin.  The “molecular weight 

parameter” (R’) was calculated for each compound by dividing the molecular weight of the n- 

side chain by the molecular weight of the entire molecule.   

 

R'=
MW (n- chain)

MW (molecule)
           (8) 

 

The molecular weights of the 2-methyl, 2-ethyl, and 2-ethyl-4-methyl side chains were included 

only in the molecular weight of the entire molecule, since the length of the 1-n- chain was the 

only part of the molecule varied for each set of compounds. 

By combining the density data with the calculated R’ values in Table 2, surface plots 

relating density to temperature and the length of the side chain were produced for the 2-methyl, 

2-ethyl, and 2-ethyl-4-methylimidazoles (Figures 2.2A-C).   
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Figure 2.2: Surface plot of A) 1-n-2-methylimidazole, B) 1-n-2-ethylimidazole, and C) 1-n-2-

ethyl-4-methylimidazole density relative to temperature (K) and molecular weight parameter 

(R’). 

 

These surfaces were regressed using Matlab to determine the appropriate parameters for 

equation 1.  These constants are given for each of the three sets of alkylimidazole solvents in 

Table 2.6 with the corresponding R2 values.  The calculated values provide an excellent fit for 

each group of compounds.  It should be noted that the A and C constants are within 1-4% 

deviation of each other, which may permit the estimation of the density of other multiply-

branched alkylimidazoles using these values with reasonable accuracy. 

 

 

A B 

C 
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Table 2.6:  Empirical Density Model Parameters for Selected Alkylimidazole Solvents 

Solvent A (mg L-1 K-1) B (mg L-1) C (mg L-1) R2 

1-n-2-methylimidazole -7.734 x 10-4 -0.2072 1.256 0.9989 

1-n-2-ethylimidazole -7.796 x 10-4 -0.1630 1.224 0.9966 

1-n-2-ethyl-4-methylimidazole -7.714 x 10-4 -0.1642 1.211 0.9831 

 

2.4.2 Viscosities of multi-substituted imidazoles 

The measured viscosity values for 1-n-alkyl-2-methylimidazoles over the temperature range 20 – 

80oC are presented in Table 2.7. 

Table 2.7: Viscosities of 1-n-alkyl-2-methylimidazoles  

 

Viscosity (cP) at the given temperature 

Compound 20 °C 25 °C 30 °C 35 °C 40 °C 45 °C 50 °C 60 °C 70 °C 80 °C 

ethyl 2.53 2.27 2.03 1.87 1.70 1.56 1.45 1.15 0.93 0.70 

propyl 3.83 3.31 2.90 2.56 2.28 2.04 1.84 1.52 1.23 1.00 

butyl 4.75 4.08 3.53 3.09 2.74 2.46 2.24 1.89 1.65 1.45 

pentyl 5.86 4.98 4.25 3.70 3.25 2.86 2.54 2.05 1.70 1.52 

hexyl 7.06 5.97 5.09 4.40 3.85 3.40 3.03 2.43 2.00 1.68 

octyl 9.73 8.14 6.84 5.83 5.02 4.36 3.84 3.04 2.47 2.10 

                      

 

The measured viscosity values for 1-n-alkyl-2-ethylimidazoles over the temperature range 20 – 

80oC are presented in Table 2.8. 
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Table 2.8: Viscosities of 1-n-alkyl-2-ethylimidazoles  

  Viscosity (cP) at the given temperature 

Compound 20 °C 25 °C 30 °C 35 °C 40 °C 45 °C 50 °C 60 °C 70 °C 80 °C 

 ethyl 2.24 2.09 1.92 1.78 1.66 1.56 1.45 1.21 1.05 0.84 

 propyl 3.26 2.89 2.58 2.33 2.14 1.90 1.72 1.45 1.19 0.97 

butyl 4.00 3.49 3.08 2.73 2.44 2.20 1.99 1.65 1.37 1.10 

 pentyl 5.23 4.52 3.92 3.44 3.05 2.73 2.44 2.00 1.67 1.39 

 hexyl 6.72 5.71 4.92 4.26 3.74 3.30 2.95 2.38 1.96 1.64 

 octyl 9.57 8.06 6.83 5.86 5.07 4.50 3.97 3.15 2.59 2.19 

                      

 

The measured viscosity values for 1-n-alkyl-2-isopropylimidazoles over the temperature range 

20 – 80oC are presented in Table 2.9. 

Table 2.9: Viscosities of 1-n-alkyl-2-isopropylimidazoles  

  Viscosity (cP) at the given temperature 

Compound 20 °C 25 °C 30 °C 35 °C 40 °C 45 °C 50 °C 60 °C 70 °C 80 °C 

ethyl 3.08 2.71 2.42 2.18 1.96 1.77 1.61 1.30 1.05 0.86 

 propyl 4.52 3.91 3.42 3.01 2.67 2.38 2.13 1.82 1.53 1.27 

 butyl 5.65 4.81 4.14 3.60 3.15 2.78 2.48 1.99 1.64 1.36 

 pentyl 6.74 5.70 4.87 4.20 3.67 3.23 2.86 2.31 1.90 1.59 

hexyl 8.55 7.16 6.03 5.16 4.46 3.88 3.41 2.70 2.20 1.81 

octyl 13.00 10.67 8.90 7.47 6.36 5.44 4.71 3.68 2.96 2.41 

                      

 



 

19 

 

The measured viscosity values for 1-n-alkyl-2-ethyl-4(5)-methylimidazoles over the temperature 

range 20 – 80oC are presented in Table 2.10. 

Table 2.10: Viscosities of 1-n-2-ethyl-4(5)-methylimidazoles  

  Viscosity (cP) at the given temperature 

Compound 20 °C 25 °C 30 °C 35 °C 40 °C 45 °C 50 °C 60 °C 70 °C 80 °C 

 ethyl 3.34 2.95 2.61 2.35 2.11 1.91 1.73 1.45 1.19 0.99 

propyl 5.64 4.82 4.13 3.60 3.14 2.78 2.47 1.99 1.63 1.36 

butyl 5.96 5.06 4.32 3.74 3.27 2.87 2.56 2.11 1.79 1.55 

 pentyl 8.42 7.03 5.88 5.01 4.30 3.72 3.27 2.57 2.11 1.78 

 hexyl 8.76 7.35 6.18 5.27 4.55 3.94 3.47 2.74 2.21 1.84 

 octyl 14.52 11.96 9.85 8.24 6.97 5.94 5.16 3.96 3.14 2.55 

                      

 

The measured viscosity values for 1-n-alkyl-4(5)-methylimidazoles over the temperature range 

20 – 80oC are presented in Table 2.11. 

 

Table 2.11: Viscosities of 1-n-4(5)-methylimidazoles 

  Viscosity (cP) at the given temperature 

Compound 20 °C 25 °C 30 °C 35 °C 40 °C 45 °C 50 °C 60 °C 70 °C 80 °C 

 ethyl 2.89 2.55 2.29 2.05 1.84 1.70 1.62 1.39 1.15 0.98 

 propyl 4.25 3.68 3.20 2.82 2.52 2.24 2.02 1.66 1.32 1.07 

 butyl 5.13 4.41 3.81 3.33 2.93 2.64 2.40 2.00 1.71 1.44 

pentyl 6.67 5.67 4.84 4.17 3.63 3.18 2.82 2.26 1.87 1.53 

 hexyl 7.94 6.67 5.67 4.86 4.20 3.66 3.23 2.57 2.10 1.75 

 octyl 11.72 9.68 8.07 6.81 5.82 5.02 4.37 3.42 2.73 2.25 
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 Almost all of the measured viscosities for the tested alkylimidazole compounds were <10 

cP, with the only exceptions being 3 of the 1-octyl-multi-substituted imidazoles with a viscosity 

between 10 and 15 cP below 30 °C.  For each set of compounds, viscosity was observed to 

decrease nonlinearly with increasing temperature.  Similarly to the 1-n-imidazoles characterized 

in previous research15, viscosity was also strongly correlated to the length of the n- substituent, 

with between a ~2.5x and~ 4.3x difference at low temperature, reducing to a ~1.5x to ~2.2x 

difference at higher temperatures.  These differences were observed to be more prominent at 

more substituted alkylimidazole compounds, such as the tri-substituted 1-n-2-ethyl-4-

methylimidazoles.  The empirical model developed for the 1-n-imidazole solvents was applied to 

these three sets of compounds, where viscosity was approximated as 

 

𝜇(𝑇, 𝑅′) = (𝑎(𝑅′ − 𝑏)2 + 𝑐) exp (
𝑚𝑅+𝑛

𝑇3 ) + 𝑝       (9) 

 

where the unit of µ, a, c, and p is centipoise, that of m and n is K3, and b is dimensionless.  This 

equation was derived from two regression fits in previous research and is based off of the 

Litovitz equation,18 which is used for modeling the viscosity of imidazolium-based ionic liquids. 

 

𝜇(𝑇) = 𝐴 exp (𝐵𝑇−3)        (10) 

 

Surface plots relating viscosity to temperature and R’ for three sets of alkylimidazole 

compounds are presented in Figures 2.3A-C.  The high viscosities at low temperatures and 

higher R’ values support the aggregation between long n- chains away from the polar imidazole 
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ring, as observed for 1-n-imidazoles and [Cnmim][X] ionic liquids.16  These surfaces were 

regressed using Matlab to determine the appropriate parameters for Eqn. 9, and the results are 

shown in Table 2.12. 

 

Figures 2.3.  Surface plot of A) 1-n-2-methylimidazole, B) 1-n-2-ethylimidazole, and C) 1-n-2-

ethyl-4-methylimidazole viscosity relative to temperature (K) and molecular weight parameter 

(R’). 

 

 Fluids with a viscosity under 20 cP are a desirable for industrial uses because lower 

viscosities allow for processes to be run more efficiently with less energy required to transport 

the fluid, thus lowering operating costs. While viscosities of the measured isomeric imidazoles 

were all considerably under the 20 cP mark, such a disparity between viscosities can be an 

important factor in commercial CO2 capture process design. 

A 

B 
C 
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Table 2.12:  Empirical Viscosity Model Parameters for Selected Alkylimidazole Solvents 

 

1-n-2-

methylimidazole 

1-n-2-

ethylimidazole 

1-n-2-ethyl-4-

methylimidazole 

Constant 

a (cP) 0.669 0.992 4.074 

b 0.326 0.378 0.477 

c (cP) 0.158 0.262 0.285 

m (K3) 7.95 x 107 1.12 x 108 1.59 x 108 

n (K3) 5.07 x 107 2.76 x 107 1.80 x 107 

p (cP) 0.268 -0.012 -0.375 

R2 fit Raw data 0.9997 0.9987 0.9949 

 

2.4.3. Fractional Free Volumes of multi-substituted alkylimidazoles: 

 The FFV of each compound was calculated using COSMOTherm. The resulting values 

are displayed in Table 2.13. 

 

 

 

 

 

 

 

 



 

23 

 

Table 2.13: Fractional Free Volume (FFV) of multi-substituted imidazoles at 40oC  

  FFV 

Alkyl Chain Length 2 3 4 5 6 8 

2-Methyl 0.19603 0.19933 0.20063 0.20030 0.20123 0.19304 

2-Isopropyl 0.19528 0.20170 0.19738 0.20201 0.19878 0.19957 

2-Ethyl 0.19726 0.19950 0.20073 0.20032 0.20131 0.20156 

2-Ethyl-4-Methyl 0.20109 0.20314 0.20365 0.20263 0.20316 0.20362 

4-Methyl 0.20040 0.20214 0.20334 0.20289 0.20366 0.20373 

              

As can be seen, there is little variation in the FFV of each of the studied compounds. Previous 

studies have shown FFV to have direct correlations to CO2 solubility, so it would be expected 

that the tested multi-substituted imidazoles would have similar solubilities. Furthermore, the 

FFV of the compounds in this experiment are less than those of 1-alkylimidazoles.16 

 

2.4.4. CO2 Solubilities of multi-substituted alkylimidazoles: 

The experimentally measured solubility of CO2 in 1-octyl-2-ethylimidazole and 1-butyl-4-

methylimidazole in terms of mole fraction CO2 with respect to equilibrium CO2 pressure at 30-

75oC are presented in Figure 2.4.  These are representative of the measured solubility for all 

other measured compounds. Tables 2.14, 2.15, 2.16, 2.17, and 2.18 summarize the solubility of 

CO2 in 1-n-alkyl-2-methylimidazole, 1-n-2-ethylimidazole, 1-n-2-isopropylimidazole, 1-n-2-

ethyl-4(5)-methylimidazole, and 1-n-4(5)-methylimidazole, respectively in terms of two standard 

metrics: Henry’s constants (H (atm)) and volumetric solubility (Sv [=]  cm3 (STP) CO2 per (cm3 

solvent) per atm CO2). 
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Figure 2.4:  Absorption isotherms relating the mole fraction of CO2 in 1-octyl-2-ethylimidazole 

(left) and 1-butyl-4(5)-methylimidazole (right) to the partial pressure of CO2.  Blue = 30oC, Red 

= 45oC, Gray = 60oC, Yellow = 75oC.  Dotted lines represent the linear least squares regression 

with intercept at the origin. 

 

 

Table 2.14: Henry’s Constant (H(atm)) at 30oC and Volumetric Solubility of  1-n-alkyl-2-

methylimidazole. (± represents one standard deviation) 

  

1-n-alkyl-2-methylimidazole 

Alkyl Chain Length H (atm) ± S  ± 

Butyl 72.85 1.89 2.22 0.19 

Pentyl 71.96 4.48 2.037 0.09 

Hexyl 60.36 2.39 2.20 0.17 

Octyl 64.32 7.54 1.76 0.02 
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Table 2.15: Henry’s Constant (H(atm)) at 30oC and Volumetric Solubility of  1-n-alkyl-2-

ethylimidazole. (± represents one standard deviation) 

  

1-n-alkyl-2-ethylimidazole 

Alkyl Chain Length H (atm) ± S ± 

Propyl 72.29 1.41 2.24 0.22 

Butyl 68.20 1.17 2.13 0.23 

Pentyl 64.09 1.21 2.07 0.29 

Hexyl 78.77 11.79 1.55 0.07 

Octyl 56.64 8.00 1.84 0.19 

 

Table 2.16: Henry’s Constant (H(atm)) at 30oC and Volumetric Solubility of  1-n-alkyl-2-

isopropylimidazole. (± represents one standard deviation) 

  

1-n-alkyl-2-isopropylimidazole 

Alkyl Chain Length H (atm) ± S ± 

Propyl 69.02 3.66 2.10 0.09 

Butyl 63.78 0.47 2.06 0.25 

Pentyl 61.86 0.51 1.95 0.21 

Hexyl 60.63 1.93 1.84 0.12 

Octyl 62.38 5.42 1.55 0.02 
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Table 2.17: Henry’s Constant (H(atm)) at 30oC and Volumetric Solubility of  1-n-alkyl-2-ethyl-

4(5)-methylimidazole. (± represents one standard deviation) 

  

1-n-alkyl-4(5)-methylimidazole 

Alkyl Chain Length H (atm) ± S ± 

Pentyl 61.04 2.20 2.00 0.36 

Hexyl 57.61 3.90 1.96 0.09 

Octyl 68.34 14.30 1.46 0.15 

 

Table 2.18: Henry’s Constant (H(atm)) at 30oC and Volumetric Solubility of  1-n-alkyl-4(5)-

methylimidazole. (± represents one standard deviation) 

  

1-n-alkyl-4(5)-methylimidazole 

Alkyl Chain Length H (atm) ± S ± 

Butyl 75.68 1.08 2.11 0.27 

Pentyl 69.99 0.18 2.07 0.22 

Hexyl 62.29 0.66 2.12 0.26 

Octyl 61.37 2.61 1.81 0.08 

 

 Furthermore, using the moles of CO2 solubilized in multi-substituted imidazole, the 

enthalpy of absorption (ΔHabs) can be calculated using the van’t Hoff equation (Eqn. 11).11  

B
RT

H
x abs

P
L
CO 


)ln(

2               (11) 
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As shown in Figure 2.4, the isotherms are extremely linear (R2 > 0.997 with y-intercept = 

0).   ΔHabs values for CO2 in 1-octyl-2-ethylimidazole and 1-butyl-4-methylimidazole as -12.0 

and -11.2 kJ/mol, respectively.  These values of ΔHabs are less than, but still comparable to many 

other physical solvents including ILs and 1-n-alkylimidazoles.15  

When comparing to FFV, it is clear in Figure 2.5 that the values are clustered together, as 

would be expected from the calculated FFV values. This further demonstrates the relationship 

between FFV and CO2 solubility in imidazole based compounds, making FFV an effective tool 

for evaluating the CO2 capture potential of imidazoles before they are synthesized. 

 

Figure 2.5: -ΔHabs as a compared to FFV 
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2.5. Conclusions: 

 Multi-substituted alkylimidazoles containing the empirical formulas were 

developed and tested. Each isomer was of observed to have individual characteristics, distinct 

from its counterparts. Densities and viscosities were measured as a function of both temperature 

and 1-n-alkyl chain length for these compounds.  Empirical models were generated using the 

dimensionless parameter, R’, calculated from the ratio of the molecular weight of the 1-n-alkyl 

chain relative to the molecular weight of the entire molecule.  All of the compounds were 

observed to be less dense than water over the temperature range of 20-80 °C.  The viscosities for 

all of the compounds except 1-octyl-2-ethyl-4-methylimidazole, 1-octyl-4(5)-methylimidazole, 

and 1-octyl-2-isopropylimidazole were less than 10 cP over the same temperature range.  A 

tradeoff can be assumed between the exponentially increasing viscosity and decreasing vapor 

pressure when the chain length was varied.  Different isomers, however, were shown to have 

different viscosities at the same temperature, which suggests that an isomer with a minimum 

viscosity can be found for each empirical formula.  However, FFV values and CO2 solubility 

studies show that there is very little difference between the measured isomers, all of which have 

a FFV value around 0.2 and ΔHabs between -10 and -12 kJ/mol.  

These compounds further the theory that FFV can be an effective tool for screening 

imidazole based compounds for CO2 capture applications. While the tested compounds may not 

be ideal for standard conditions of CO2 flue gas capture, they do provide more insights into the 

relationship between molecular structure and CO2 solubility. 
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CHAPTER 3 

1-(3-aminopropyl)imidazole as Dual-Functional Solvents for CO2 Capture 

 
Brian S. Flowers, Max S. Mittenthal, Alexander H. Jenkins, J. David Roveda, Shuwen Yue & 

Jason E. Bara* 

 

3.1 ABSTRACT 

As governmental requirements continue to place stricter environmental controls on industry, 

post-combustion CO2 capture has become a primary focus of industrial research. CO2 removal 

from moderate to low pressure streams present several challenges in the forms of low driving 

forces and solvent degradation through side reactions. Many new technologies, like ionic liquids, 

have shown promise in this area, but limitations make it unlikely to supplant organic amine 

solvents as the dominant technology. This leads to a need to improve and maximize the 

efficiency of organic chemical solvent. Primary and secondary amines can be limited by high 

volatilities and relatively low absorptivity, while alkanolamines have problems with degradation. 

Tertiary and sterically hindered secondary amines are capable of higher loadings, but have a 

slower rate of absorption. Aminoalkylimidazoles have both a primary and tertiary amine. In 

addition, the imidazole structure is highly tunable and can be adjusted to get enhanced 

performance. In this work the effects of substituent size and position on 1-(3-

aminopropyl)imidazole with regards to CO2 capture are examined. It was observed that CO2 

solubility increased as the ring pKa increased.
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3.2. Introduction 

 Emissions from coal- and natural gas-fired power plants have been an area of particular 

focus of global climate change as the amount of CO2 released makes up 37 percent1 of 

anthropogenic CO2 in the United States, alone. With demand for electricity continuing to grow in 

developing nations2, 3, finding ways to effectively mitigate fugitive greenhouse gas emissions 

from current and future power plants has become a goal of nations around the world4, 5. The 

atmospheric concentration of CO2 has increased by over 100 ppm (an increase of over 40%) in 

the past century6, and is projected to continue its climb at an increasing rate7, 8.  Because coal and 

natural gas remain the easiest to procure and cheapest fuel sources for the production of 

electricity9, 10, it will no doubt see continued use as growth (both population and industrial) will 

spur on increased demand, particularly in developing nations11. 

 Many novel processes and techniques for CO2 capture and sequestration have been 

proposed and studied extensively12-15. An area that has continued to garner a great deal of interest 

for gas separations has been ionic liquids (ILs)16. The intrinsic nature of ILs that make them 

great candidates for these applications are their low to negligible vapor pressures17 and their 

highly tunable structures18 (allowing for task-specific functionalization)16.  Advantages of 

lacking appreciable vapor pressure include minimizing solvent losses due to evaporation19, and 

allowing easy recovery of volatile solutes without fear of lingering solvent entrainment20. Tuning 

the structure of an IL allows for precise control over all sorts of physical and thermodynamic 

properties. For CO2 capture, ILs can act either as physical (non-reactive) solvent, or with the 

addition of amine16 and acetate21 functional groups as chemical solvents. The task-specific ionic 

liquids (TSILs) have been shown to have over three times the CO2 capture ability of their non-

functionalized counter-parts16. 
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 In spite of these advantages, ILs and TSILs have some issues that limit their effectiveness 

in large scale post-combustion CO2 capture applications. The first obstacle is that ILs remain 

much more expensive to manufacture than most organic solvents due to the high cost of starting 

materials, the number of intermediate reaction steps needed to arrive at the final product, and the 

purification requirements of the intended purpose22. These increased costs could potentially be 

economically justified if there are enough savings brought on by the improved performance of 

the solvent23. The other primary obstacle in implementing ILs for CO2 capture is the high 

viscosity related to the nature of its low vapor pressure. Increased viscosity corresponds to 

slower diffusion rates that can be a major hindrance to mass and heat transfer24, 25. Organic 

solvents and water tend to be at least an order of magnitude less viscous than ILs at the same 

temperature26, 27. 

 Limited by cost, viscosity, and degradation issues, ILs are likely not viable candidates for 

post-combustion CO2 capture processes, and instead most industrial applications use an organic 

amine absorption system to scrub CO2 from flue-gas27. Chemical absorption involves a solute 

undergoing a chemical reaction with the solvent to keep it in solution. Amine functionalized 

organic solvents, generally alkylolamines like monoethanolamine (MEA), diethanolamine 

(DEA), and N-methyldiethanolamine (MDEA), all work well for CO2 capture and remain the 

most mature technology for post-combustion capture28, but also have drawbacks. These issues 

include solvent losses due to evaporation, energy intensive regeneration processes, and loss of 

solvent activity due to solvent breakdown29-31. In addition, using high concentrations of these 

organic amines can cause processing problems like equipment corrosion32, 33. 

 Years of research have elucidated the mechanisms by which amines react with CO2
34-36. 

As shown in Scheme 3.1A, primary and most secondary amines react directly with CO2 to form a 
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zwitterion before reacting with another primary or secondary amine to form a carbamate37. 

Scheme 3.1B shows the reaction path of a tertiary amine to form bicarbonate. Sterically hindered 

secondary amines can also follow this path because the steric hindrances weaken the stability of 

the carbamate, and can allow it to form a bicarbonate through hydrolysis37.   

 

 

Scheme 3.1: A) Reaction pathway of a primary amine reacting with CO2 forming a zwitterion 

and a carbamate B) Reaction pathway of a tertiary amine reacting with H2CO3 forming a 

bicarbonate 

 

 As evidenced in the scheme, for primary and unhindered secondary amines, the 

maximum molar equivalence of CO2 to amine is 0.5 as it requires a second amine group to react 

with the zwitterion38. However, the rate of absorption is higher than that of the tertiary amines27. 

This has led to mixing amines to attempt to get the high loading capacities of tertiary amines 

with the absorption rates of primary and secondary amines. Because of this, amine functionalized 

imidizoles could possess interesting characteristics by having both a primary amine and a tertiary 

group on the same molecule. 

A) 

B) 

Zwitterion 

Carbamate 

Bicarbonate 
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 Combining the advantages of the tunable structure of the imidazole platform with the 

reduced costs of an alkylamine have led to comparable performance to the industry standard 

MEA, in terms of CO2 capture performance and improvements with lower vapor pressures and 

the potential for decreased rates of degradation by eliminating the hydroxyl group that leads to 

an oxazolidone pathway to oligomerization. In this work, the effect of substitutions to the 

imidazole ring of 1-(3-aminopropyl)imidazole on CO2 absorptivity were measured.  

3.3. Experimental 

3.3.1 Synthesis: As shown in Scheme 3.2, first the pre-alkylsubstituted imidazole [1.5 mole 2-

methylimidazole (Alfa Aesar, 97%), 1.5 mole 4-methylimidazole (Alfa Aesar, 98%), 1.5 mole 2-

ethylimidazole (Chem-Impex, 99+%), or 1.25 mole 2-ethyl-4-methylimidazole (TCI, 95%)] was 

added to a 1000 mL round bottom flask and combined with 1.2 molar equivalents of acrylonitrile 

(Alfa Aesar, 99%), 50 mL trimethylamine (3T Baker, 99+%), and 400 mL toluene (Alfa Aesar, 

99%). The solution was heated at 60 °C while stirring for 72 hours, after which, the remaining 

acrylonitrile, trimethylamine, and toluene was removed under reduced pressure to yield an 

amber, non-viscous liquid (2-methyl-1-cyanoethylimidazole: 98.7%, 4-methyl-1-

cyanoethylimidazole: 98.2%, 2-ethyl-1-cyanoethylimidazole: 92.9%, 2-ethyl-4-methyl-1-

cyanoethylimidazole: 92.1%).  

Scheme 3.2: Reaction pathway converting alkylsubstitued imidazole into alkylsubstituted-

aminopropylimidazole 

 

 Next, 200 grams of the 1-cyanoethylimidazole was combined with Raney Nickel 

(Oakwood, 40% w/w in water), 450 mL concentrated aq. NH4OH (Alfa Aesar, 28% NH3), and 700 
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mL MeOH (Reagent grade, Chemistry Stockroom) in a 2000 mL pressurized reaction vessel (Ace 

Glass), hooked up to a H2 (Airgas, research grade) line regulated to 50 psig. This reaction was kept 

at room temperature for a week, at which point the solution was filtered to remove all catalyst, 

then concentrated via rotary evaporation to ~200 mL. This concentrate was diluted with ~300 mL 

tetrahydrofuran (Alfa Aesar, 99%) and dried over KOH (Aqua Solutions, 85%) overnight while 

stirring. The resulting mixture was filtered again to remove solids, and concentrated under reduced 

pressure to yield an orange liquid (2-methyl-1-propylaminoimidazole: 85.1%, 4-methyl-1-

propylaminoimidazole: 71.0%, 2-ethyl-1-propylaminoimidazole: 48.8%, 2-ethyl-4-methyl-1- 

propylaminoimidazole: 62.3%).  

3.3.2 Density Measurements: Density values were obtained using a Mettler Toledo DM45 

DeltaRange density meter that employs electromagnetically induced oscillation of a glass U-form 

tube, with automatic compensation for changes in atmospheric pressure. The density meter 

requires a minimum sample size of 1.2 cm3, and can measure liquid phase samples with densities 

ranging from 0 to 3 g/cm3. Density measurements are accurate within ±0.00005 g/cm3 for all 

operating temperatures. Densities of each unloaded aminopropylimidazole solution were recorded 

at 10oC intervals over a temperature range of 20oC to 80oC. 

3.3.3. Viscosity Measurements: The viscosity data were measured using a Brookfield DV-II+ 

Pro viscometer. The ULA spindle and jacketed sample cell was used to measure the loaded and 

unloaded viscosities of the aqueous solutions. This set up required a minimum fluid volume of 16 

cm3. The accuracy of the viscometer is ±1% of the reading for torque measurements with a 

repeatability of ±0.2% of the reading. The viscosity of the lean solutions were measured at 10 

temperature values between 19.9oC and 80.2oC. The temperature was controlled by a Brookfield 
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TC-602P circulating bath with a temperature stability of ±0.01oC. The viscosity of the loaded 

solutions were also measured at the temperature at which the solution absorbed CO2. 

3.3.4 pH Measurements: Values for the pH of the unloaded aminopropylimidazole solutions were 

determined using a Mettler Toledo EL2 pH meter and a LE438 Lab pH electrode. This instrument 

has a pH range of 0 to 14, and a maximum operating temperature of 80oC. 3 M aq. solutions were 

prepared for each compound, and tested at room temperature. 

3.3.5 Solubility Measurements: As shown in Figure 3.1, a 60 mL glass pressure tube with #25 

threaded fitting (#8648-136, Ace Glass) with a front-sealing PTFE cap tapped with ¼” NPT was 

filled with 40 mL of a 3 M aq. of each substituted aminopropylimidazole, and placed in a liquid 

bath to maintain temperature control. 3 M was chosen as the concentration because it was a value 

that allowed for a high degree of CO2 loading to reduce experimental error, while still maintaining 

an acceptably low viscosity. Swagelok fittings were purchased from Alabama Fluid Systems 

Technologies (Pelham, AL). Pressure was monitored by MKS 722B BaratronTM Pressure 

Transducer and connected to a MKS PDR2000 Dual Capacitance Manometer display. 

Temperature was measured with a VWR VT-5 thermocouple connected in a feedback loop to a 

VWR VMS-C7 hot plate with magnetic stirring capabilities. A magnetic stir bar of known mass 

and volume was placed inside the vessel to force the aqueous aminopropylimdazole solution to be 

well mixed and at equilibrium with the headspace atmosphere.  

 Each loaded reactor vessel was hooked to a vacuum pump to remove air in the headspace 

and weighed using an analytical balance (Mettler Toledo XS6002S) to get an initial mass for the 

system. Next, CO2 regulated to ~1000 Torr was added for 20 s using the three-way valve, and the 

system was allowed to equilibrate until the pressure gauge reached a minimum value that did not 

change more than +2 Torr for >15 minutes. Then, the pressure was recorded and system mass 
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measured. Data points were obtained in this manner until the equilibrium pressure approached 

1000 Torr. At that point, the feed pressure was increased to ~2200 Torr and data collected until 

the equilibrium pressure was in excess of 2000 Torr. For ease of calculation purposes, it was 

assumed that all CO2 added to the system was absorbed into the liquid phase. This is an acceptable 

assumption as the mass of CO2 even at 2000 Torr and 30oC in the available headspace accounted 

for a change in mass outside the detectable limit of the mass balance, ±0.01 g. This uncertainty 

was factored into the internal experimental error. 

 

Figure 3.1: Schematic of the gas solubility apparatus 

 

3.4 Results and Discussion 

 3.4.1 Aminopropylimidazole Densities: The densities for each of the four compounds 

over the range of 20oC to 80oC are shown in Figure 3.2. 
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Figure 3.2: Densities of unloaded 3 M aq. solutions of substituted aminopropylimidazoles 

  

 Each of the substituted aminopropylimidazoles showed a linear relationship between 

density and temperature. The 2-ethyl-4-methylaminopropylimidazole proved to have the lowest 

density at every temperature in spite of it having the highest molecular weight. This is due to the 

fact it has the lowest weight fraction of water. All the densities measured over the range were 

similar, with 2-methyl- and 4-methylaminopropylimidazole being the closest, which is to be 

expected as they are isomers. 

 3.4.2 CO2 Solubility: As shown in Figure 3.3A-E, similar trends are observed for every 

compound regarding temperature. Each has its highest solubility at an equilibrium pressure at 

30oC and its lowest at 60oC. This is to be expected from basic thermodynamics. 
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Figure 3.3: Equilibrium pressures of CO2 versus molar fractional equivalent CO2 to primary 

amine in 3 M aq. of A) 1-(3-aminopropyl)imidazole, B) 4-methylaminopropylimidazole, C) 2-

methylaminopropylimidazole, D) 2-ethylaminopropylimidazole, and E) 2-ethyl-4-

methylaminopropylimidazole  



 

41 

 

 When comparing each compounds solubility at a given temperature, as shown in Figure 

3.4A-C, the effect substitutions can have on CO2 solubility becomes more apparent. At each 

temperature, the tested compounds all have similar CO2 capture performance until a point 

between 0.5 and 0.6 fractional equivalents. This is indicative of the carbamate formation being 

the dominant mechanism of chemical absorption. As the fractional equivalent of CO2 to NH2 

continues to rise, a separation emerges between the three most basic compounds and the 

unsubstituted and 4-methylaminopropylimidazole. 

 

Figure 3.4: Equilibrium pressures of CO2 versus molar fractional equivalent CO2 to primary 

amine in 3 molar aqueous solutions of tested aminopropylimidazoles at A) 30oC, B) 45oC, and 

C) 60oC 
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 This change is due to the increased activity of the bicarbonate mechanism. The increased 

basicity of the imidazole ring reacts with the carbonic acid formed by the reaction of CO2 

dissolved in water. This effect is shown in Figure 3.5 where 2-methylaminopropylimidazole was 

placed in an unreactive solvent (2-methyl-1-pentylimidazole) and it behaved like the 

unsubstituted 1-(3-aminopropyl)imidazole in water. 

 

Figure 3.5: Equilibrium pressure of 3 M aq. 2-methylaminopropylimidazole (filled diamonds), 3 

M 2-methylaminopropylimidazole in 2-methyl-1-pentylimidazole (open diamonds), 3 M aq 1-(3-

aminopropyl)imidazole (filled circle), and 3 M 1-(3-aminopropyl)imidazole in 1-pentylimidazole 

(open circle) 

 

 This shows the importance of the role of water and the bicarbonate mechanism in 

boosting the performance of CO2 capture. This actually proves to be a benefit for post-

combustion capture operations because more water can aid in keeping viscosity low even at 

elevated levels of CO2 loading. 
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 3.4.3 Aminopropylimidizole Viscosities: Figure 3.6 shows the viscosity measurements 

taken at various temperatures both before and after CO2 absorption. 

 

Figure 3.6: Viscosities of unloaded (filled symbols) and CO2 loaded (empty symbols) 3 M aq. 

solutions of 4-methylaminopropylimidazole (blue circles), 2-methylaminopropylimidazole (red 

diamonds), 2-ethylaminopropylimidazoles (gray triangles), and 2-ethyl-4-

methylaminopropylimidazole (yellow squares) 

  

 The largest increase in viscosity occurred in 2-ethyl-4-methylaminopropylimidazole, 

which also had the lowest weight fraction of water as shown in the density data from Figure 3.2. 

The 2-methyl and 4-methyl compounds have the same water content, and this shows that the two 

consistently remain the lowest viscosities (though 2-methyl absorbed appreciably more CO2). 

 3.4.4. Comparison of Physical Properties: A summary of the physical properties are 

shown in Table 3.1. 
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Table 3.1: Comparison of physical properties of tested substituted 1-(3-aminopropyl)imidazoles 

Compound 

1-(3-

aminopropyl) 

imidazole 

4-methyl 2-methyl 2-ethyl 2-ethyl-4-methyl 

Structure 

 
 

 
 

 

Molecular 

Weight 

125 139 139 153 168 

Calculated 

Ring pKa 

7.33 7.98/7.89 8.23 8.27 8.80 

pH 12.21  12.56 12.06 11.92 11.54 

Viscosity 

3M aq. at 

40 oC 

2.31  3.26 3.1 4.55 6.3 

CO2 per 

NH2 at 760 

Torr 45 oC 

.628 .595 .706 .670 .695 

 

4. Conclusions. 

 Aminopropylimidazoles present opportunities for exciting new dual-functional solvents 

with regards to post-combustion CO2 capture. It offers advantages in CO2 capture performance 

through both the carbamate and bicarbonate mechanisms, as well as limiting the oxzolidone 
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mechanism of degradation that is observed in primary alkylolamines, like MEA. Furthermore, 

connections between the position and size of alkyl substituents have been shown to affect CO2 

absorptivity by changing the pKa of the ring structure. 
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4.1 ABSTRACT 

1,2,3-trimethoxypropane (1,2,3-TMP) is the trimethyl ether of propane-1,2,3-triol, better known 

as glycerol, which can be derived from triglycerides originating from either plant or animal 

sources.  Despite its simple structure and the ubiquity of its glycerol precursor, successful 

synthesis of 1,2,3-TMP was only recently reported in the literature, with studies suggesting it 

may be a “green” and non-toxic alternative to solvents such as diglyme, a constitutional isomer.  

However, no thermophysical properties of 1,2,3-TMP have yet been reported.  Furthermore, the 

structure of 1,2,3-TMP is also analogous to polyether solvents used in the Selexol® process for 

removal of CO2 and other “acid” gases from CH4, H2, etc. As such examining the solubility of 

CO2 in 1,2,3-TMP is also of interest.  This work details our initial studies and characterization of 

1,2,3-TMP as a physical solvent for CO2 absorption, as well as the characterization of its density, 

viscosity and vapor pressure with respect to temperature.  1,2,3-TMP exhibits favorable 

properties and glycerol-derived triethers warrant deeper consideration as new solvents for CO2 

absorption and other gas treating applications. 
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4.2. Introduction 

 Most discussions of “CO2 capture and sequestration” (CCS) in recent years relate to the 

removal of CO2 from low partial pressure and low concentration post-combustion sources, such 

as the flue gas of coal- and natural gas-fired power plants.1  However, the removal of carbon 

dioxide (CO2) from high concentration, high pressure sources is a well-established, ongoing and 

important need within many chemical processes/industries.2-6  Removal of CO2 from raw natural 

gas to levels below 2 vol% is necessary to limit pipeline corrosion and maintain heating value.5  

Separation of CO2 is also a key component of water-gas shift reactions which produce H2 and 

CO2 from CO and H2O, which is important to NH3 synthesis and future electric power generation 

from coal or other fuels via integrated gasification combined cycle (IGCC) processes.7 

 Absorptive (i.e. solvent-based) technologies are the most widely used and mature 

processes for CO2 removal from industrial gas streams.  The selection of an appropriate solvent 

for CO2 removal is related to the inlet partial pressure and outlet purity specification.6   If the 

inlet partial pressure of CO2 is low (e.g. flue gas), then a reactive or “chemical” solvent such as 

aqueous monoethanolamine (MEA) will be required.  The capacity of a chemical solvent is 

primarily limited by the concentration (e.g. molarity) of active species in solution.  However, 

once the active species has become saturated with CO2, increased CO2 pressure will result in 

minimal additional absorption in the chemical solvent. 

If the inlet pressure is high and only “bulk” (~90%) removal of CO2 is required, then a 

non-reactive or “physical” solvent can be utilized.6  Physical solvents are typically polar (e.g. 

non-hydrocarbon) organic solvents with suitable thermophysical properties such as low 

viscosity, low vapor pressure, high CO2 absorption capacity, thermal stability, etc.3, 8  The 

capacity of a physical solvent is dependent on the partial pressure of CO2 in the gas stream, 
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typically showing a linear (i.e. Henry’s Law) relationship.  Figure 4.1 presents a simple 

illustration of the relationship between CO2 partial pressure and CO2 absorption capacity for 

chemical and physical solvents.9 

 

Figure 4.1: Simple illustration depicting the relationship between CO2 absorption capacity and 

CO2 partial pressure in chemical and physical solvents.  Reproduced from 9. 

 

Relative to chemical solvents which require that chemical bonds be broken at elevated 

temperature in order to release the CO2 and regenerate the solvent, physical solvents typically 

require much milder heating and/or vacuum (flash) stripping.  As the throughput of CO2 is 

related to the volumetric flowrate of solvent, the process footprint will be minimized and 

economics optimized based on the selection of the appropriate class of solvent – chemical or 

physical.  It is worth noting that under certain conditions, hybrid solvents containing amines, 
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water and a polar organic solvent (e.g., sulfolane) have also been employed, with Shell’s 

Sulfinol® as the primary example.10  

Among physical solvent processes, the Selexol® process is perhaps the most well-

known.2  Selexol utilizes dimethyl ethers of poly(ethylene glycol) (DMPEG) as the working 

fluid.  DMPEG has a very low volatility, high boiling point (275oC) and moderate viscosity (5.8 

cP at 20oC).  It is inexpensively produced from the polymerization of ethylene oxide (oxirane) 

initiated and terminated respectively by methylating species such as MeOH and CH3Cl in the 

presence of a strong base (e.g. NaOMe or NaOH).  The average number of -(CH2CH2O)- repeat 

units in a DMPEG molecular is ~6,5 although a distribution of species with 4-10 repeat units are 

present.2, 7    A process flow diagram illustrating the use of the Selexol® process for pre-

combustion CO2 capture (syngas processing) is shown in Figure 4.2.      

 

Figure 4.2:  Diagram of the Selexol® process applied to pre-combustion CO2 capture at an 

IGCC plant.  Reproduced from 9. 
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Other physical solvent processes include Rectisol®, Purisol®, Morphysorb® and Fluor 

Solvent®, which utilize chilled MeOH, N-methylpyrrolidinone (NMP), mixtures of morpholine 

derivatives and propylene carbonate (PC) as the respective absorbents.2 

A number of imidazole and imidazolium-based ionic liquid (IL) species have as physical 

solvents for CO2 absorption by our group and others.11-17  These works have primarily focused 

on structure-property relationships that arise from modifying the substituent(s) attached to the 

imidazole/imidazolium ring,18-21 as well as the anion in the case of ILs.22-26  However, while both 

imidazoles and ILs possess some desirable qualities, the overall combination of properties and 

economics associated with these species does not appear to be competitive with existing 

commercial physical solvents such as DMPEG.11 

The conventional unit operation for gas absorption is vertical packed or trayed-columns, 

where efficient mass transfer requires a balance between sufficient interfacial area (promoting 

gas-liquid contact) and a high void fraction (minimizing pressure drop).1  Although this 

technology has been in use for over a century, disadvantaged include large profiles (e.g., height 

and footprint) and relatively low surface area to volume ratios (< 200 m2/m3).  Issues such as 

foaming and flooding may arise from the direct gas-liquid contact.    

Hollow fiber membrane contactors (HFMCs) are an alternative to conventional 

absorption columns, and may offer significant reductions in the capital expenditures, footprints 

and solvent inventory associated with gas absorption processes.27-33  In HFMCs, the membrane 

(typically a non-porous polymer) presents a semi-permeable boundary between the gas and 

liquid phases.  The gas and liquid phases may flow in co-current or counter-current 

configurations.  From Fick’s Law and the solution-diffusion (S-D) mechanism,34 gases permeate 

across the membrane from high concentration (i.e., pressure) to low concentration at rates which 
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are governed by their relative solubility in, and diffusivity through, the polymer phase.  The 

dissolution of the permeate gas into the liquid phase ensures a maximum concentration gradient 

(driving force) is maintained, maximizing mass transfer rates down the length of the fibers.  A 

generalized schematic of HFMC operation is shown in Figure 4.3. 

 

 

 

Figure 4.3: Schematic illustrating operation of an HFMC for gas absorption into a liquid solvent.  

Reproduced from Reference 35 under the Creative Commons License (CC BY 3.0). 

 

HFMCs possess much higher interfacial area, up to 2000 m2/m3, which greatly improves 

mass transfer rates relative to packing or trays.  Major advantages of membrane contactors 

include much high specific surface areas (up to 2000 m2/m3), increased mass transfer 

coefficients, reduced solvent inventory and minimized process footprint.28  However, 

performance of HFMCs may be more sensitive to solvent viscosity in terms of pressure drop 

down the length of the fiber and reduced mass transfer rates which will necessitate more 

membrane area to achieve the desired level of gas absorption.  These effects become more 

pronounced if the solvent is chilled.  In this context, DMPEG, the absorption fluid of the 

Selexol® process, may not be an ideal choice for HFMCs due to its relatively high viscosity 
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compared to other physical solvents.  Advanced physical solvents with low vapor pressure, low 

viscosity and good CO2 absorption performance will greatly benefit the operation of HFMCs.  

Low surface tension and biocompatibility (or reduced toxicity) are other desirable properties. 

We have reconsidered our approach to the design of physical solvents for CO2 

absorption, now focusing on substances that share some commonalities with DMPEG, but with 

the aim of reducing viscosity relative to DMPEG and other organic solvents.  Glycerol (IUPAC: 

propane-1,2,3-triol) is a natural polyol that can be derived from both plant matter and animal 

fat.36  Although glycerol is a low cost liquid that has a very low volatility (Tb = 290oC), it is too 

viscous in its pure form ( > 1000 cP at 20oC)37 to be considered as a viable physical solvent for 

CO2 absorption.  Dilution with H2O to reduce viscosity would also likely have a detrimental 

impact on CO2 solubility in glycerol-containing solutions.8  However, synthetic modification of 

glycerol from a triol to triether is possible,38, 39 and species such as trimethyl glycerol or 1,2,3-

trimethoxypropane (1,2,3-TMP) might be interesting to consider as physical solvents for CO2 

absorption, given a similarity to the polyether structure of DMPEG.40  1,2,3-TMP is also a 

constitutional isomer of diglyme (diethylene glycol dimethyl ether), both sharing the same 

molecular formula C6H14O3 and MW (134.18 g mol-1) (Figure 4.4). 

 

 

Figure 4.4: Molecular structures of DMPEG, 1,2,3-TMP and diglyme. 

 

Until very recently, there had been almost no studies on 1,2,3-TMP, a seemingly simple 

triether molecule based on a ubiquitous natural product, glycerol.  Sutter, et al. first reported the 
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successful synthesis of pure 1,2,3-TMP in 2013.38, 39  The authors note that their synthetic 

methods, although viable, are still far from ideal and “green”, and that alternative methods of 

preparing 1,2,3-TMP were under investigation.41  These works also found that 1,2,3-TMP has a 

much lower toxicity than diglyme.  Recently, 1,2,3-TMP was added to the GlaxoSmithKline 

(GSK) Solvent Sustainability Guide,42 and is thought to be a potentially green ether-based 

solvent, although it is noted that many thermophysical properties of 1,2,3-TMP have not yet been 

reported and these early assessments are based on predictions and “nearest neighbor” analogies 

to chemicals of similar structure.   

Given the unique structure of 1,2,3-TMP and its potential as a green solvent, herein we 

report the characterization of 1,2,3-TMP as a physical solvent for CO2 absorption with a 

comparison to diglyme (diethylene glycol dimethyl ether), a constitutional isomer.  Solubility of 

CO2 in 1,2,3-TMP and diglyme were measured over the range of 30-75oC at pressures from 2-10 

atm.  The density, viscosity and vapor pressure of 1,2,3-TMP and diglyme were also measured 

with respect to temperature.  Furthermore, we have employed the Gaussian09 and 

COSMOTherm software packages to estimate thermophysical properties and visualize the 

molecular-level electronic structures of 1,2,3-TMP and diglyme.  This initial study of 1,2,3-TMP 

indicates that glycerol-derived physical solvents may be of significant interest as alternatives to 

DMPEG for CO2 absorption applications. 

4.3. Experimental 

4.3.1 Materials 

Glycerol (>99.7%) and KOH (pellets, ACS Grade) were purchased from BDH.  DMS 

(>99%) was purchased from Sigma-Aldrich.  TBAHS (98%) was purchased from Baker.  CaH2 
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(90-95%) and diglyme (99%) were purchased from Alfa Aesar.  Research grade CO2 was 

purchased from Airgas. 

4.3.2 Synthesis of 1,2,3-TMP 

1,2,3-TMP was synthesized from glycerol, KOH and DMS in the presence of TBAHS, a 

phase transfer catalyst, in the absence of any additional solvent according to the procedure 

described by Sutter (Scheme 4.1).39    

 

Scheme 4.1: Synthesis of 1,2,3-TMP.39 

 

Following the reaction, pentane (1000 mL) was added to the solids and the slurry was 

stirred for several hours via mechanical mixing.  The solids were then separated by vacuum 

filtration, and the filtrate volume was reduced to ~150 mL via rotary evaporation, followed by 

distillation of 1,2,3-TMP over CaH2. Sutter reports the boiling point of 1,2,3-TMP as 66-69oC at 

90 mbar as recorded during distillation to isolate pure 1,2,3-TMP.  Using Karl-Fisher titration, 

the H2O content of 1,2,3-TMP post-distillation was determined to be > 1000 ppm, which was 

reduced to ~75 ppm when stored in crimped septum vials over activated 3 Å carbon molecular 

sieves.  The Soxhlet extraction step of the separated solids described by Sutter was not 

performed, and thus the yield of 1,2,3-TMP was ~90 g (~50%).  1H NMR characterization data 

and spectra for 1,2,3-TMP were consistent with published results38 and are included as 

Supporting Information.   

As discussed by Sutter, et al. the synthetic method in Scheme 4.1 and subsequent 

distillation is certainly viable to produce 1,2,3-TMP in a pure form, yet the use of the highly 
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toxic DMS is an inconvenient aspect of this approach.  However, there are but a few methylating 

agents suitable for doing this synthesis in a typical laboratory.  From an “atom economy” 

standpoint,43 DMS reduces the mass of byproducts produced relative to other methylating agents 

such as methyl iodide.  While methyl chloride would further reduce the overall mass of 

byproducts, it is also a hazardous gas and does not represent a more desirable or practical option 

in the laboratory.  We would also note that the solvent-free conditions result in a reaction 

medium that is difficult to homogenize, even with a powerful overhead mechanical mixer (RZR 

2052 Control, Heidolph), leading to heterogeneities or “hot spots” in the reactor despite being 

fully submerged in a cooling bath. 

4.3.3 Density Measurements 

Using a procedure outlined in a prior work from our group,13 density data were measured 

using a Mettler-Toledo DM45 DeltaRange density meter that operates using electromagnetically 

induced oscillation of a glass U-form tube, with automatic compensation for changes in 

atmospheric pressure. The density meter can measure samples in the liquid phase with densities 

between 0-3 g/cm3 and requires a minimum sample size of 1.2 cm3. Density measurements are 

accurate within ±0.00005 g/cm3 for all operating temperatures. Densities of 1,2,3-TMP were 

recorded at 10oC intervals from 20-80oC. 

4.3.4 Viscosity Measurements 

Viscosity data were measured using a Brookfield DV-II+ Pro viscometer using a 

procedure reported in a prior work from our group.13  The viscosity is based on a torque value 

and shear rate of a spindle in contact with a specified amount of fluid. For these experiments, the 

“ULA” spindle and jacketed sample cell was used because viscosities were < 25 cP. This 

configuration requires a minimum fluid volume of 16 cm3. The accuracy of the viscometer is ± 
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1% of the reading for torque measurements with a repeatability of ±0.2% of the reading. The 

viscosities of 1,2,3-TMP and diglyme were measured at ten temperature values between 20 – 

80oC. The temperature was controlled by a Brookfield TC-602P circulating bath with a 

temperature stability of ±0.01oC. 

4.3.5 CO2 Solubility Measurements 

CO2 solubility in 1,2,3-TMP and diglyme was measured in a manner similar to that 

previously used by our group,13 but with the use of a glass vessel.  A 60 mL glass pressure tube 

with #25 threaded fitting (#8648-136, Ace Glass) with a front-sealing PTFE cap tapped with ¼” 

NPT was used as the cell.  The maximum operating pressure of the glass tube recommended by 

the manufacturer is 150 psi (~10 atm).  The stock FETFE O-ring (size 212) provided by the 

manufacturer was found to be incompatible with 1,2,3-TMP and diglyme and was thus replaced 

with a more chemically resistant FEP/silicone core O-ring (9319K32, McMaster-Carr). 

The glass tube was filled with a known mass of 1,2,3-TMP or diglyme, a magnetic stir 

bar of known mass and volume was added, the vessel sealed with PTFE threaded cap.  The 

apparatus placed in a tall-form 400 mL beaker filled with water.  Swagelok fittings were 

purchased from Alabama Fluid Systems Technologies (Pelham, AL) and were connected to the 

glass cell via the ¼” female NPT threads in the PTFE cap.  Pressure was monitored by 1-10,000 

torr Baratron® absolute capacitance manometer (722B, MKS Instruments) and connected to a 

digital display (PDR2000, MKS Instruments).   A ceramic top hotplate with magnetic stirring 

(33393-904, VWR) with digital temperature control was employed for heating and stirring of the 

vessel and surrounding water bath.  A representative schematic of the experimental apparatus 

shown in Figure 4.5. 
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Figure 4.5: Schematic of the gas solubility apparatus. 

 The loaded vessel was connected to vacuum/gas/vent lines via the 3-way valve.  First, the 

system was degassed at 30oC via a vacuum pump (RV5, Edwards) to remove residual air from 

the headspace.  The volatility of 1,2,3-TMP and diglyme are miniscule under the experimental 

temperature conditions (see Section 4.3) and it is assumed that their presence in the vapor phase 

is negligible.  After the pressure in the cell maintained a constant value while under vacuum, the 

initial mass of the system was recorded using an analytical balance with a maximum capacity of 

6000 g and resolution of 0.01 g (XS6002S, Mettler-Toledo).  Next, CO2 at an absolute pressure 

of ~2 atm was introduced via the 3-way valve, until the system came to equilibrium (as 

determined by readings that deviated no more than ±2 mm Hg for > 20 min).  The pressure was 

recorded, the vessel disconnected from the pressure sensor, removed from the water bath, dried, 

and the mass of the vessel recorded.  The increase in the mass of the vessel relative to the initial 
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state can be taken as the total mass of CO2 added to the vessel distributed between the vapor and 

liquid phases. 

The vessel is then returned to the water bath, reconnected to the pressure sensor and the 

bath heated to 45oC while stirring.  The system pressure is allowed to equilibrate at 45oC and the 

pressure recorded.  The process is repeated again at 60oC and 75oC.  After this procedure was 

completed, the system was cooled to 30oC, and the system was exposed to CO2 at an absolute 

pressure of ~4 atm until equilibrium was reached, with the new mass of the system recorded.  

Equilibrium pressures were recorded at the same temperature intervals.  The process was 

repeated a final time starting at 30oC and an absolute pressure of CO2 at ~ 6 atm. 

 Measuring the mass increase of the system allows for the number of total moles of CO2 in 

the system to be calculated via Eqn. 1, where nCO2 is the number of moles of CO2 present in the 

system at a given T,P equilibrium, mi is the measured mass of the system at this equilibrium in g, 

m0 is the initial mass of the degassed system in g, and MW is the molecular weight of CO2 (44.01 

g mol-1) 

MW

mm
n i
CO

0

2


                          (1) 

  

Partitioning of CO2 between the liquid and vapor phases is calculated from Eqn. 2, where 

P is the absolute pressure in, z is the compressibility factor as calculated from the NIST 

REFPROP software, nCO2
vap is the number of moles of CO2 in the headspace, R is the gas 

constant, T is the absolute temperature, Vtotal is the volume of the empty reactor minus the known 

volume of the stir bar, Vliq is the volume of the solvent as calculated from the mass and density, 
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Vcrit is the molar solubilized volume of CO2 (taken as the critical volume, 34 cm3/mol), and nCO2 

is the total number of moles of CO2 in the system as calculated from the mass balance in Eqn. 1. 
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Solving Eqn. 2 for nvap at each equilibrium T, P condition gives the number of moles of 

CO2 absorbed into 1,2,3-TMP or diglyme and the moles of CO2 dissolved in the liquid phase 

(nL
CO2) can be determined via Eqn 3. 
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 The mole fractions of CO2 (x
L

CO2) in the liquid phase at each given T, P condition is 

calculated from Eqn. 4: 
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where nS is the moles of solvent (1,2,3-TMP or diglyme) originally added to the vessel. 

 The Henry’s constant (HCO2,1(atm)) of CO2 at each temperature, where CO2 is the solute 

and 1 = solvent (1,2,3-TMP or diglyme) was calculated from the inverse linear relationship in 

Eqn. 5: 
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4.3.6 Vapor Pressure Measurement by the Transpiration Method 

Absolute vapor pressures of 1,2,3-TMP and diglyme were measured by using the 

transpiration method,44-47 with a detailed experimental description provided as Supporting 

Information.  Small glass beads were covered with the sample under study and placed in a U-

shaped saturator. A well-defined N2 stream was passed through the saturator at a constant 

temperature (± 0.1 K), and the transported material was collected in a cold trap. The amount of 

condensate was determined by gas chromatography (GC). The vapor pressure pi at each 

temperature Ti was calculated from the amount of the product collected within a definite period. 

Assuming validity of the Dalton`s Law applied to the N2 stream saturated with the substance i, 

values of pi were calculated with Eqn. 6: 

 

pi = mi·R·Ta / V·Mi ;   V= VN2 + Vi;   (VN2 » Vi)                   (6) 

 

where R = 8.314462 J·K-1·mol-1; mi is the mass of the transported compound, Mi is the molar 

mass of the compound, Vi its volume contribution to the gaseous phase, VN2 is the volume of the 

carrier gas, and Ta is the temperature of the soap bubble meter used for measurement of the gas 

flow. The volume of the carrier gas VN2 was determined from the flow rate and the time 

measurement.  
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4.4. Computational Methods 

Electrostatic properties of the molecules were calculated by using first-principles density-

functional theory (DFT), as implemented in Gaussian09.48 Geometry optimizations were 

performed using the B3LYP functional49, 50 with the 6-31g+(d,p) basis set.  Following the 

geometry optimizations, the partial charges were calculated using the CHelpG analysis51 at the 

same level of theory, along with dipole moments and polarizability. 

To benchmark experimentally measured thermophysical properties of 1,2,3-TMP and 

diglyme against calculations and to aid in the visualization of their molecular structures, 

COSMOThermX (v. C30_1301, COSMOLogic GmbH) was employed.  The .cosmo file for 

diglyme (8 conformers) was already available within the library purchased from the software 

provided.  The .cosmo files for 1,2,3-TMP (8 conformers) were prepared by our group using the 

same techniques as our prior works.12, 52-54  A 2-D structure was first produced in ChemDraw 

Professional 15 (PerkinElmer) which was then converted to a 3-D structure (.sdf file) using 

Chem3D Professional 15 (PerkinElmer).  8 conformers of 1,2,3-TMP were identified through the 

MM2 energy minimization routine in Chem3D, although more may be possible.  The .sdf file of 

each conformer was then processed through TURBOMOLE,55 using the triple-zeta valence 

polarized (TZVP) basis set56 with the Becke and Perdew (b-p)57, 58 functional at the DFT level to 

generate optimized geometry .coord files.  The .coord files were processed through 

COSMOTherm with calculations performed at the TZVP level of theory.  

4.5. Results and Discussion 

4.5.1 Density and Viscosity 

The measured densities of 1,2,3-TMP and diglyme from 20oC to 80 oC are presented in 

Table 4.1. 
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Table 4.1: Density data for 1,2,3-TMP and diglyme from 20-80oC. 

 Temperature (oC) 

20 30 40 50 60 70 80 

Density (g/cm3) 

1,2,3-TMP 0.94169 0.93171 0.92168 0.91155 0.90133 0.89099 0.88050 

Diglyme 0.94387 0.93371 0.92378 0.91375 0.90365 0.89346 0.88314 

 

Eqns. 7a,b express the respective linear fits of density for 1,2,3-TMP and diglyme as 

functions of temperature, both with R2 > 0.9999. 

𝜌 (
𝑔

𝑐𝑚3
) = −0.00102 ∗ 𝑇(℃) + 0.96246        (7a) 

𝜌 (
𝑔

𝑐𝑚3
) = −0.00101 ∗ 𝑇(℃) + 0.96413        (7b) 

The density values reported here for diglyme are highly consistent with those reported by 

Valtz,59 varying by only +/- 0.0001 g/cm-3. 

The measured viscosity values for 1,2,3-TMP from 20 - 80 oC are shown in Table 4.2. 

 

Table 4.2: Measured Viscosity data for 1,2,3-TMP and diglyme. 

 Temperature (oC) 

20 30 40 50 60 70 80 

Viscosity (cP) 

1,2,3-TMP 1.07 1.05 1.03 1.01 0.95 0.89 0.83 

Diglyme 1.25 1.23 1.16 1.12 1.07 1.02 0.98 
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 It is clear from the table that the viscosities of 1,2,3-TMP and diglyme are comparable to 

that of H2O (~1 cP), with 1,2,3-TMP about 15% less viscous at each temperature.  The reduction 

in viscosity for 1,2,3-TMP may be attributed to its branched structure which may experiences 

less intermolecular interactions compared to the linear structure of diglyme (Figure 4.4). 

4.5.2 CO2 Solubility 

 The experimentally measured solubility of CO2 in 1,2,3-TMP and diglyme in terms of 

mole fraction CO2 with respect to equilibrium CO2 pressure at 30-75oC are presented in Figure 6.  

Table 3 summarize the solubility of CO2 in 1,2,3-TMP and diglyme, respectively in terms of 

three standard metrics: Henry’s constants (H (atm)), volumetric solubility (Sv [=]  cm3 (STP) 

CO2 per (cm3 solvent) per atm CO2) and molality per pressure (Sm, mol CO2 (kg solvent)-1 per 

atm CO2). 

 

Figure 4.6:  Absorption isotherms relating the mole fraction of CO2 in 1,2,3-TMP (left) and 

diglyme (right) to the partial pressure of CO2.  Circles = 30oC, Squares = 45oC, Diamonds = 

60oC, Triangles = 75oC.  Dotted lines represent the linear least squares regression with intercept 

at origin. 
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Table 4.3: CO2 solubility in 1,2,3-TMP (top) and diglyme (bottom) expressed as Henry’s 

Constant (atm) and as moles/volume and moles/mass.  Uncertainty represents one standard 

deviation. 

1,2,3-TMP 

Temp 

(oC) 

H 

(atm) 

Sv  

(cm3 (STP) cm-3 atm-1) 

Sm  

(mol kg-1 atm-1) 

30 44.2 +/- 0.4 3.88 +/- 0.19 0.186 +/- 0.009 

45 58.3 +/- 0.9 2.89 +/- 0.14 0.141 +/- 0.007 

60 72.4 +/- 1.9 2.26 +/- 0.14 0.112 +/- 0.007 

75 87.2 +/- 3.2 1.83 +/- 0.13 0.092 +/- 0.007 

Diglyme 

Temp 

(oC) 

H 

(atm) 

Sv  

(cm3 (STP) cm-3 atm-1) 

Sm  

(mol kg-1 atm-1) 

30 42.1 +/- 0.3 4.02 +/- 0.11 0.192 +/- 0.005 

45 54.7 +/- 0.2 3.04 +/- 0.07 0.148 +/- 0.004 

60 68.8 +/- 1.5 2.36 +/- 0.10 0.117 +/- 0.005 

75 83.8 +/- 0.8 1.91 +/- 0.06 0.096 +/- 0.003 

 

 Furthermore, using the moles of CO2 solubilized in the 1,2,3-TMP or diglyme, the 

enthalpy of absorption (Habs) can be calculated using the van’t Hoff equation (Eqn. 8).11  

B
RT

H
x abs

P
L
CO 


)ln(

2               (8) 

As shown in Figures 4.6a,b, the isotherms are highly linear (R2 > 0.997 with y-intercept = 

0).   Habs values for CO2 in 1,2,3-TMP and diglyme were calculated as -13.2 and -13.4 kJ/mol, 
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respectively.  These values of Habs are in line with many other physical solvents including ILs 

and 1-alkylimidazoles.17, 60 

Methane (CH4) exhibits a low solubility in ether-based solvents,8, 40 and its small MW 

(16.04 g.mol-1), made accurate determination of the influence of T and P on CH4 solubility in 

1,2,3-TMP and diglyme challenging as the mass of CH4 absorbed in the liquid phase was outside 

of the resolution of our balance (10 mg).  Proceeding to higher pressures (> 10 atm) to absorb a 

greater mass of CH4 was not an option given the rating of the pressure tube.  However, this is an 

encouraging sign as it demonstrates 1,2,3-TMP and diglyme have a high selectivity for absorbing 

CO2 over CH4.  In order to get a more accurate and reproducible reading for CH4 and other 

species with low solubilites (e.g., N2 and H2), a larger cell with a greater solvent volume is 

needed. 

4.5.3 Vapor Pressures of 1,2,3-TMP and Diglyme 

This is the first report with experimental data for the vapor pressure of 1,2,3-TMP.  

Vapor pressure measurements for diglyme were previously reported by Stull61  and Li.62 The 

available vapor pressure data are compiled in Table 4.4. 
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Table 4.4: Experimentally measured vapor pressures for 1,2,3-TMP and diglyme from this work, 

along with data from Stull and Li. 

1,2,3-TMP Diglyme (this work) Diglyme (Stull) Diglyme (Li) 

T (K) p* (Pa) T (K) p* (Pa) T (K) p* (Pa) T (K) p* (Pa) 

277.7 101.4 276.2 40.30 370.0 12066 371.0 11979 

281.0 129.9 279.5 52.37 390.0 25742 375.0 14067 

281.6 139.2 282.7 67.43 410.0 50620 380.0 17100 

284.0 165.8 285.7 83.82 430.0 92903 385.0 20664 

285.3 185.3 288.6 107.45 432.9 100937 390.0 24831 

287.7 219.5 291.5 130.25 440.0 123040 402.5 38408 

288.2 226 294.5 160.85 450.0 160744 410.0 49167 

289.4 244.3 297.4 198.96   415.0 57637 

291.1 276.5 298.3 213.34   420.0 67272 

292.5 309.5 301.4 262.51   430.0 90520 

293.2 325.2 303.3 305.66   434.0 101486 

294.1 351.4 306.4 368.89   440.0 123040 

298.1 465.9 309.4 439.09   450.0 160744 

301.5 586.8 312.4 540.14     

304.7 737.8       

308.0 916.3       

311.3 1122.8       

 

The vapor pressures of diglyme measured in this work at ambient temperatures seem to 

be in agreement with results measured with ebulliometry at significantly higher temperatures by 
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Li,62 as well as with those in the high-temperature reported by Stull.61  A graphical comparison 

of these data, along with the results from COSMOTherm calculations is presented in Section 4.5. 

Taking this good agreement into account, all available experimental data (except for low-

temperature data from Stull) were additionally regressed together using Clarke and Glew’s 

Equation63 (Eqn. 9) to develop correlations accurately describing the vapor pressures of diglyme 

over a possibly broad temperature ranges (see Table 4.4): 
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where p is the vapor pressure at the temperature T, po is an arbitrary reference pressure (po = 1 Pa 

in this work), θ is an arbitrary reference temperature (in this work we use θ = 298.15 K or θ was 

an average temperature of the experimental range), R is the molar gas constant, 
mGg

l (θ) is the 

difference in the standard molar Gibbs energy between the gaseous and the liquid phases at the 

selected reference temperature, )(g

l 
mH  is the difference in the standard molar enthalpy 

between the gas and the liquid phases, and 
mpC ,

g

l (θ) is the difference in the molar heat capacity 

at constant pressure between the gaseous and the liquid phase (see Table 4.S2). An advantage of 

the Clarke and Glew Equation is that the fitting coefficients are directly related to the 

thermodynamic functions of vaporization.63 The following thermodynamic values of 

vaporization were derived: 

 


mGg

l (298.15 K) = (15.2 ± 0.5) kJ·mol
-1

,  


mHg

l (298.15 K) = (52.6 ± 0.5) kJ·mol
-1

, and 
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mpC ,

g

l (298.15 K) = -(61 ± 8) J·K-1·mol-1.  

These parameters can be used for the thermodynamic calculations with diglyme. 

4.5.4  Thermodynamics of Vaporization from Transpiration Method.  

Enthalpies of vaporization of polyethers at temperature T were derived from the 

temperature dependences of vapor pressures (see Supporting Information) using Eqn. 10: 

TCbTH mpm  
,

g

l

g

l )(                     (10) 

 

Entropies of vaporization at temperature T were also derived from the temperature 

dependence of vapor pressures using Eqn. 11: 

 

)/ln(/)( g
l

g
l

 ppRTHTS imm                       (11) 

 

Experimental absolute vapor pressures measured by the transpiration method. The values 

of 
mHg

l (T) and 

mSg

l (T) are given in Table 4.5 and Table S4.1. 
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Table 4.5: Compilation of data on enthalpies of vaporization 

mHg

l of polyethers. 

  

Method a 

 

T-range/ 

K 


mHg

l  

(Tav)/ 

kJ·mol-1 


mH

g
l  

(298.15 K)b/ 

kJ·mol-1 

Ref. 

1,2,3-TMP T 277.7-311.3 51.6±0.2 51.3±0.3 this work 

diglyme N/A 286-433 46.3±2.0 51.3±2.1 Stull61 

 CGC 298  48.0±0.6 Nichols64 

 E 371-434 45.3±2.0 53.9±2.1 Li62   

 T 276.2-312.4 51.5±0.2 51.1±0.3 this work 

    51.2±0.3 average 

a Methods: T = transpiration; CGC = correlation gas-chromatography; E = ebulliometry. 
b Vapor pressure available in the literature were treated using eqs. (S1) and (6) in order to evaluate enthalpy of 

vaporization at 298.15 K in the same way as our own results in Table 5.  
c Weighted mean value. Value in brackets was excluded from the calculation. Values in bold were recommended for 

further thermochemical calculations 

 

The thermodynamics of vaporization of 1,2,3-TMP were studied here for the first time. 

The enthalpy of vaporization of diglyme measured in this work is in a good agreement with 

previous results by Stull and Li et al.,61, 62 but in disagreement with the result by Nichols, et al. 

derived from correlation gas chromatography.64 The latter method is crucially depended on the 

network of reference compounds taken into correlation, which could be not always reliable 

enough.  

4.5.5. Computational Results and Comparisons with Experimental Data 

Given that 1,2,3-TMP is just the first and simplest of many possible triether molecules 

that can be derived from glycerol,38, 39 there is a need to benchmark computational methods 
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against experimental data as a means of guiding future synthetic and experimental work and 

identifying new derivatives with favorable thermodynamic and thermophysical properties. 

Using the Gaussian09 package, dipole moments of 1,2,3-TMP and diglyme were 

calculated as 2.08 D and 1.43 D, respectively.  Additionally, the isotropic polarizabilities of 

1,2,3-TMP and diglyme were calculated as 88.16 Bohr3 and 89.72 Bohr3, respectively. 

COSMOTherm-surfaces and -profiles for all of the 1,2,3-TMP and diglyme 

conformers are presented in the Supporting Information.  The two molecules show very little 

difference in terms of their electron rich/poor surface area distribution, although one conformer 

of diglyme (c6) does exhibit a significantly more electron-rich area than any other conformer of 

diglyme or 1,2,3-TMP.  This would correlate to stronger Lewis basicity, which is seen in a 

comparison of the potentials of 1,2,3-TMP and diglyme (see Supporting Information) and thus 

might explain the slightly higher solubility of CO2 in diglyme than 1,2,3-TMP. 

Table 4.6 presents a comparison of experimentally measured physical properties and 

those calculated from COSMOTherm.  The normal boiling point (Tb) is defined as the 

temperature at which the vapor pressure (p*) is equal to 1013.25 mbar (1 atm).  The weighted 

mean value for 

mHg

l from Table 4.5 was used for diglyme. 
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Table 4.6: Comparison of selected experimental and calculated physical property data for 1,2,3-

TMP and diglyme at 25oC. 

  Density 

(g/cm3) 

Viscosity 

(cP) 

p* 

(mbar) 


mH

g
l  

(kJ/mol) 

Tb 

(oC) 

1,2,3-TMP Expt. 0.93696 1.06 3.49 51.3 148* 

 COSMO 0.93023 1.21 2.60 46.6 179.60 

Diglyme Expt. 0.93888 1.24 1.60 51.2 162 

 COSMO 0.95159 1.04 0.99 51.5 193.75 

*authors’ estimate based on relative difference between experimental and COSMO values for 

diglyme. 

 

 Table 4.6 shows that COSMOTherm provides an excellent estimation of density at 25oC 

(within 1-2%) for 1,2,3-TMP and diglyme.  COSMOTherm predicts that the viscosity of diglyme 

to be less than that of 1,2,3-TMP although our experimental measurements illustrate the 

opposite.  Nonetheless, the absolute errors are within 0.20 cP, which is more than acceptable for 

initial process engineering calculations.  Additionally, the viscosity of these liquids is at or near 

the limitations of the spindle used, and more accurate viscosity measurements for 1,2,3-TMP will 

be performed in the future using a cone and plate viscometer. 

The experimental data we have obtained here confirm that 1,2,3-TMP is more volatile 

than diglyme, which is also predicted by COSMOTherm.  Prior work from our group showed 

that COSMOTherm calculations for the vapor pressures of ether-functionalized imidazoles 

tended to underestimate experimental data,44 and the same trend is observed here as well.   

Figure 4.7 presents a plot of experimental vapor pressure data for 1,2,3-TMP and diglyme along 

with the COSMOTherm calculations as lines. 

 



 

75 

 

 

Figure 4.7: Comparison of vapor pressure data for 1,2,3-TMP (red) and diglyme (blue).  1,2,3-

TMP vapor pressure measured in this work (filled diamonds); Sutter’s reported distillation 

condition for 1,2,3-TMP (hollow diamond); Diglyme vapor pressure measured in this work 

(filled circles); Diglyme vapor pressure measured by Stull (hollow circles); COMSOTherm 

vapor pressure calculation for 1,2,3-TMP (dashed line); COSMOTherm vapor pressure 

calculation for diglyme (dashed line). 

 

 Although COSMOTherm did provide an estimate for vaporization enthalpy of diglyme 

that was consistent with the experimentally-determined value, the vaporization enthalpy of 1,2,3-

TMP was underestimated by ~5 kJ/mol, which was also observed in our prior work with ether-

functionalized imidazoles.44  COSMOTherm simultaneously overestimates Tb for diglyme by 

about 32oC relative to the experimentally measured value (162oC), thus leading us to estimate the 

Tb of 1,2,3-TMP as 148oC.  While 1,2,3-TMP and diglyme are constitutional isomers, their 

vaporization properties appear to vary significantly due strictly to the branched structure of 

1,2,3-TMP, which must diminish intermolecular cohesion.  

4.5.6  Relevance of Glycerol Triethers to DMPEG 

 1,2,3-TMP possesses a lower viscosity, is less toxic and likely a “greener” solvent than 

diglyme.  Both 1,2,3-TMP and diglyme and significant less viscous than DMPEG at 25oC (~1 cP 

vs. 5.8 cP) and exhibit about a 10-15% greater absorption capacity for CO2 than DMPEG at 25-
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30oC on the basis of moles CO2 per volume of solvent at a given pressure.2  However, diglyme is 

not used industrially as a solvent for CO2 absorption in natural gas sweetening or other 

applications,40 likely due to its much higher vapor pressure compared to the longer polyethers 

that comprise DMPEG, which have an estimated boiling point of 275oC and a vapor pressure of 

only 0.097 Pa at 25oC.  DMPEG has a maximum operating temperature of 175oC as it will begin 

to degrade above this point.2 

Thus, it does appear that the low vapor pressure of DMPEG outweighs other 

thermophysical properties of smaller polyethers in selecting a physical solvent.  1,2,3-TMP and 

diglyme could be refrigerated to suppress their vapor pressure (similar to the use of MeOH in the 

Rectisol® process).  Chilling 1,2,3-TMP or diglyme would certainly increase CO2 solubility 

based on the exothermic Habs for CO2 in these solvents.  The corresponding increase in 

viscosity (potentially lower mass transfer rates) at lower temperatures would be at least partially 

offset by further increased CO2 solubility.  At 25oC, 1,2,3-TMP is only ~15% of the viscosity of 

DMPEG, and chilling 1,2,3-TMP may be viable. 

 It is important to note that 1,2,3-TMP it is just the first example of a glycerol-based 

triether that may be of interest for gas processing, as species such as 1,2,3-triethoxypropane 

(1,2,3-TEP) and a number of others were recently synthesized by Lebeuf.65  One particularly 

interesting glycerol triether yet to be synthesized is 7-(2-methoxyethoxy)-2,5,9,12-

tetraoxatridecane (Figure 8) which is constitutional isomer of the prototypical DMPEG molecule 

with 6 ether linkages (cf. Figure 4).5, 7 
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Figure 4.8: 7-(2-methoxyethoxy)-2,5,9,12-tetraoxatridecane, a glycerol-derived analog of 

DMPEG. 

 

4.6. Conclusions 

 Several thermophysical and thermodynamic properties of 1,2,3-TMP were characterized 

and compared to its constitutional isomer, diglyme.  1,2,3-TMP and diglyme possess very similar 

properties with respect to CO2 solubility, density and viscosity, although 1,2,3-TMP is somewhat 

more volatile.  Computational methods were utilized to calculate dipole moment of each 

molecule and visualize the molecular level structures and electron distributions. 

Glycerol-based triethers are a unique class of molecules that are only recently emerging 

in the literature.  Despite the current challenges associated with their synthesis, we see great 

promise for them as they are at least partially derived from renewable resources (glycerol) and 

may be much less toxic than conventional or “linear” triethers such as diglyme.  Further studies 

in glycerol triethers for CO2 absorption (and removal of other acid gases) are of interest in that 

they share commonalities in their structure with the linear triethers found in the DMPEG solvent 

used in the Selexol® process. 

 Furthermore, we see potential for the study of 1,2,3-TMP and other glycerol-based 

triether derivatives for the solvation of metal cations (e.g. Li+, Na+, etc.) for use in battery 

electrolytes.66-69 
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CHAPTER 5 

Ongoing and Future Work 

5.1 [N,N’]-diisopropyl-alkyl-diamines: 

 For aqueous amine solvents, there is a tradeoff between chemical activity and the 

maximum solubility of CO2. Primary and unhindered secondary amines react with CO2 to form a 

zwitterion, before reacting with another amine group to form a carbamate. This reaction happens 

very quickly, but it runs into a maximum molar ratio of 0.5 CO2 to amine. Tertiary amines on the 

other hand are capable of achieving a 1:1 molar ratio of CO2 to amine, but this reaction is much 

slower kinetically. To overcome these two competing issues, we have synthesized sterically 

hindered secondary amines. As shown in Figure 5.1, these compounds show a significant 

increase in CO2 solubility over 2-methyl-1-(3-aminopropyl)amine on a per molecule basis. 

Further studies are needed to determine the effects of alkyl chain length separating the diamine, 

but the initial results are promising. 

 

Figure 5.1 [N,N']-diisopropylpropylenediamine 3M in water CO2 loading compared to 2-

methylaminopropylimidazole 
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CHAPTER 6 

Conclusions and Recommendations 

 In this work, novel solvents for CO2 capture have been synthesized and their physical 

properties characterized. These compounds can offer new alternatives to what is commercially 

available offering advantages based on their physical properties. It has been shown that fractional 

free volume measurements calculated using COSMOtherm can be used as a selection criteria 

when investigating the CO2 solubility performance of imidazoles. It has also been shown that 

CO2 solubilities of dual functional aminopropylimidazoles can be increased with substituents 

that increase the basicity of the ring in aqueous solutions. This allows for carbamate and 

bicarbonate formation increasing CO2 solubility without compromising reaction kinetics. Finally, 

the physical properties of 1,2,3-trimethoxypropane were measured. It was determined to be 

competitive with DMPEG in terms of viscosity and CO2 solubility. While the vapor pressure was 

slightly higher for 1,2,3-TMP, the potential benefits of lower toxicity and renewable feedstocks 

make it an attractive alternative. 



 

87 

 

REFERENCES 

1. L. Hocksted and M. Wietz, Inventory of US Greenhouse Gas Emissions and Sinks:1990-

2012, (EPA 430-R-14-003), US Enviornmental Protection Agency, 2014. 

 

2. J. Goldemberg, Science, 2007, 315, 808-810. 

 

3. N. Armaroli and V. Balzani, Angewandte Chemie International Edition, 2007, 46, 52-66. 

 

4. W. J. W. Botzen, J. M. Gowdy and J. C. J. M. van den Bergh, Climate policy, 2008, 8, 

569-576. 

 

5. G. P. Peters and E. G. Hertwich, Environmental Science & Technology, 2008, 42, 1401-

1407. 

 

6. The Future of Coal – Options for a Carbon Constrained World. MIT Interdisciplinary 

 Study:  2007. 

 

7. U.S. Environmental Protection Agency, Inventory of U.S. greenhouse gas emissions and 

 sinks: 1990-2009, Executive Summary 5, tbl ES-2 

 

8. Malik, Q., & Islam, M. CO2 Injection in the Weyburn Field of Canada: Optimization of 

 Enhanced Oil Recovery and Greenhouse Gas Storage With Horizontal Wells. 

 Proceedings of SPE/DOE Improved Oil Recovery Symposium, 2000. 

 

9. Lee, Y., Kim, Y., Lee, J., Lee, H., & Seo, Y. CH4 recovery and CO2 sequestration using  

 flue gas in natural gas hydrates as revealed by a micro-differential scanning calorimeter. 

 Applied Energy, 2015, 150, 120-127. 

 

10.  Natural Gas Processing Plants. Fundamentals of Natural Gas Processing, Second 

 Edition. 2011,  431-440. 

 

11.  Tennyson, R.N.; Schaaf, R.P., Guidelines can help choose proper process for gas-treating 

 plants.  Oil Gas J. 1977, 75, 78-86. 



 

88 

 

 

12. Lin, H., Wagner, E. V., Raharjo, R., Freeman, B. D., & Roman, I. High-Performance 

 Polymer Membranes for Natural-Gas Sweetening. Adv. Mater. Advanced Materials, 

 2006, 18, (1), 39-44.  

 

13. Stewart, M., & Arnold, K. Gas Sweetening,. Gas Sweetening and Processing Field 

 Manual, 2011, 1-140. 

 

14. Ahn, H., Kapetaki, Z., Brandani, P., & Brandani, S. Process simulation of a dual-stage 

 Selexol unit for pre-combustion carbon capture at an IGCC power plant. Energy 

 Procedia, 2011, 63,  1751-1755. 

 

15. Karadas, F., Atilhan, M., & Aparicio, S. Review on the Use of Ionic Liquids (ILs) 

 as Alternative Fluids for CO2 Capture and Natural Gas Sweetening. Energy & Fuels 

 Energy Fuels, 2010, 24, (11), 5817-5828. 

 

16. Rangwala, H. A., Morrell, B. R., Mather, A. E., & Otto, F. D. Absorption of CO2 into 

 aqueous tertiary amine/mea solutions. Can. J. Chem. Eng. The Canadian Journal of 

 Chemical Engineering, 2009, 70, (3), 482-490. 

 

17. Pintola, T., Tontiwachwuthikul, P., & Meisen, A. Simulation of pilot plant and industrial 

 CO2-MEA absorbers. Gas Separation & Purification, 1993, 7, (1), 47-52. 

 

18. Idem, R., Wilson, M., Tontiwachwuthikul, P., Chakma, A., Veawab, A., Aroonwilas, A., 

 & Gelowitz, D. Pilot Plant Studies of the CO2 Capture Performance of Aqueous MEA 

 and Mixed MEA/MDEA Solvents at the University of Regina CO2 Capture Technology 

 Development Plant and the Boundary Dam CO2 Capture Demonstration Plant. 

 Industrial & Engineering Chemistry  Research 2006, 45, (8), 2414-2420. 

 

19. Lepaumier, H., Silva, E. F., Einbu, A., Grimstvedt, A., Knudsen, J. N., Zahlsen, K., & 

 Svendsen, H. F. Comparison of MEA degradation in pilot-scale with lab-scale 

 experiments. Energy Procedia, 2011, 4, 1652-1659. 


