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Abstract:  We encapsulated six solvents with novel physical and chemical properties for CO2 12 

sorption within gas-permeable polymer shells, creating Micro-Encapsulated CO2 Sorbents 13 

(MECS), to improve the CO2 absorption kinetics and handling of the solvents for post-combustion 14 

CO2 capture from flue gas. The solvents were sodium carbonate (Na2CO3) solution, uncatalyzed 15 

and with two different promoters, two ionic liquid (IL) solvents, and one CO2-binding organic 16 

liquid (CO2BOL). We subjected each of the six MECS to multiple CO2 absorption and regeneration 17 

cycles and measured the working CO2 absorption capacity as a function of time to identify 18 

promising candidate MECS for large-scale carbon capture. We discovered that the uncatalyzed 19 

Na2CO3 and Na2CO3-sarcosine MECS had lower CO2 absorption rates relative to Na2CO3-cyclen 20 

MECS over 30 minutes of absorption, while the CO2BOL Koechanol appeared to permeate 21 

through the capsule shell and is thus unsuitable. We rigorously tested the most promising three 22 

MECS (Na2CO3-cyclen, IL NDIL0309, and IL NDIL0230) by subjecting each of them to a series 23 

of 10 absorption/stripping cycles. The CO2 absorption curves were highly reproducible for these 24 

three MECS across 10 cycles, demonstrating successful absorption/regeneration without 25 

degradation. As the CO2 absorption rate is dynamic in time and the CO2 loading per mass varies 26 

among the three most promising MECS, the process design parameters will ultimately dictate the 27 

selection of MECS solvent.  28 

1. Introduction 29 

Global carbon dioxide emissions are projected to continue increasing in the near term, with coal-30 

consuming countries such as China and India contributing to the expected growth over the next 31 

several years.1 The rate of increase in anthropogenic CO2 emissions more than doubled in the 32 

period from 2000–2014, to 2.5–2.7% per annum, relative to the 1.1% per annum increase in the 33 

1990–1999 period.2,3 The concentration of CO2 in the atmosphere now exceeds 400 ppm, the 34 

highest it has been in 670,000 years.4 The increasing global anthropogenic CO2 emissions presents 35 

a challenge to meet the international target of <2°C increase in global temperature relative to pre-36 

industrial levels. Thus, investigating carbon capture, storage, and utilization strategies is critical to 37 

mitigating CO2 emissions and maintaining <2°C global temperature increase.  38 

Globally, the combustion of fossil fuels accounts for 75% of anthropogenic CO2 emissions.2 In 39 

2016, 35% of the US energy-related CO2 emissions came from the electric power sector fed by 40 

fossil fuels.5 One strategy for CO2 emission mitigation is post-combustion capture of CO2 from 41 

point-sources such as power plants. The conventional approach to CO2 capture from flue gas is 42 

amine-scrubbing using aqueous solutions of amines such as monoethanolamine (MEA) or 43 

diethanolamine (DEA), which is already used in a number of plants but suffers from high energy 44 

demand, mostly to regenerate the amine solvent, as well as degradation of the amine solvent and 45 

the formation corrosive degradation products.6,7 These challenges limit the economic feasibility of 46 

post-combustion CO2 capture from powers plants. Therefore, developing novel CO2 sorbents and 47 

processes that reduce the energy requirement and/or increase the CO2 absorption rate is a vital area 48 

of research to meet CO2 emissions and global temperature goals. 49 



For example, Heldebrandt and coworkers have developed CO2 binding organic liquids (CO2BOLs) 50 

that increase the CO2 absorption capacity and reduce the required regeneration temperature from 51 

120°C to 75°C when coupled with the polarity-swing-assisted regeneration (PSAR) process.8,9 52 

Brennecke and coworkers have developed ionic liquids (ILs) with tunable CO2 capacity and 53 

regeneration energy10–13 as well as phase-change ILs14 that utilize the heat of fusion to reduce the 54 

energy requirement for regeneration. However, several of the recently developed novel, advanced 55 

solvents for CO2 absorption suffer from limitations such as high viscosity, poor diffusion of CO2, 56 

equipment fouling, or difficult separation of the CO2-loaded sorbent, so different operational 57 

strategies must be developed for their use.  58 

Micro-Encapsulated CO2 Sorbents (MECS) are a recently-developed CO2 capture technology that 59 

may be an effective strategy for enabling the use and recyclability of advanced solvents, but they 60 

have not been rigorously evaluated for practical use within an absorption/regeneration process 61 

until now. MECS consist of a CO2-absorbing solvent or slurry encased in spherical, CO2-permeable 62 

polymer shells.15,16 We have demonstrated this technology with carbonates, CO2BOLs, and ionic 63 

liquids to achieve increased surface area, resulting in an enhancement of CO2 absorption rates by 64 

an order of magnitude relative to a thin film of the solvent.16 CO2 promoters such as carbonic 65 

anhydrase17, sarcosine18, or zinc (II) cyclen complexes19,20 may be combined with carbonate 66 

solutions in MECS to further increase the rate of CO2 absorption. We have previously explored 67 

the addition of zinc (II) cyclen, a mimic of the enzyme carbonic anhydrase that catalyzes CO2 68 

absorption into aqueous solution, to carbonate MECS to enhance the rate of CO2 absorption and 69 

found that the capsules reached CO2 saturation 2-3 times faster than carbonate MECS without 70 

cyclen.15 Here, we rigorously demonstrate successful encapsulation, compare absorption rates and 71 

capacities of CO2 at low partial pressure, and evaluate stability of six advanced liquid CO2 solvents 72 

within polymer shells: Na2CO3 solution (uncatalyzed, with sarcosine, with cyclen); ionic liquids 73 

(task specific ionic liquid NDIL0230, and phase-changing ionic liquid NDIL0309), and a CO2BOL 74 

(Koechanol). We build upon our previous encapsulation tests to characterize MECS performance 75 

over a wider range of temperatures, CO2 loadings, and absorption/regeneration cycles. 76 

2. Methods 77 

Six MECS formulations were prepared for CO2 absorption experiments, as summarized in Table 78 

1. Three variations of sodium carbonate (17% Na2CO3 by weight) MECS were manufactured: 79 

Na2CO3 with 0.2 sodium bicarbonate loading, Na2CO3 with 50 mM cyclen catalyst15 and 0.05 wt% 80 

alumina, and Na2CO3 with 600 mM promoter amino acid sarcosine and 0.2 sodium bicarbonate 81 

loading.18 Sodium carbonate, sodium bicarbonate, sarcosine, and potassium hydroxide were 82 

purchased from Sigma-Aldrich (St. Louis, MO). The sarcosine was first deprotonated to its active 83 

salt form with potassium hydroxide, then lyophilized and used to prepare core solutions for 84 

capsules. The pH of the sodium carbonate solutions was titrated to ~11.2. In addition to the three 85 

Na2CO3 MECS types, two ionic liquid solvents were encapsulated and tested. Both are proprietary 86 

compounds developed for CO2 capture, and provided by the Brennecke group at the University of 87 

Notre Dame and The University of Texas at Austin (USA). They are designated NDIL0309, a 88 



phase-changing IL, and NDIL0230. The CO2BOL MECS were prepared with Koechanol provided 89 

by Heldebrandt and coworkers at Pacific Northwest National Laboratory (USA). All MECS 90 

capsules were prepared by a double-emulsion microfluidic technique as described previously.15,16 91 

Briefly, MECS were created by flowing solvent core and polymer shell material in an inert carrier 92 

fluid through a microfluidic junction to create a double emulsion of solvent cores within polymer 93 

shells, suspended in carrier fluid. The MECS are then cured by brief exposure to ultraviolet light. 94 

The carbonate and Koechanol MECS were prepared with commercial silicone Tegorad 2650 95 

(Evonik Industries AG, Essen, Germany) shell material, and the ionic liquid MECS were prepared 96 

with a custom silicone shell material designated thiolene-Q.16 The permeability of each silicone to 97 

nitrogen and CO2 was measured using a constant-volume, differential-pressure apparatus, in which 98 

pressure sensors on either side of the silicone membrane measure the rate of pressure change, or 99 

‘leak-up’ rate, as the gas moves from the high pressure volume, through the membrane and into 100 

the low pressure volume, as described previously.15  101 

CO2 absorption rates were measured by distributing a thin layer (monolayer when possible) of 102 

MECS on a wire mesh or within a wire mesh enclosure in a sealed apparatus with pressure 103 

transducer (Omega, 0.08% BSL error) and a jacketed, temperature-controlled chamber (±1.5°C)15, 104 

shown schematically in Figure 1. In the case of sodium carbonate MECS, which contained aqueous 105 

solution, 2.5 ml of water was included in the chamber for experiments run at temperatures greater 106 

than 25°C to prevent the capsules from dehydrating. In these cases, a background of CO2 107 

absorption by 2.5 ml of water was subtracted from the absorption by the carbonate MECS. The air 108 

in the chamber was evacuated to ~0.01 bar, then the valve was closed and the chamber was given 109 

~10 minutes to reach equilibrium pressure due to water vapor formation. The chamber was then 110 

filled with CO2 to a desired partial pressure of CO2 (typically 0.1 bar to simulate flue gas). The 111 

pressure within the chamber was then measured at a sampling frequency of 10 s-1 over the course 112 

of ~1 hour. CO2 loading was then determined as a function of cumulative pressure drop, according 113 

to the governing equation: 114 

 𝐿𝐶𝑂2
≡

𝑛𝐶𝑂2

𝑚𝑠𝑜𝑙
=

∆𝑃𝑉

𝑚𝑠𝑜𝑙𝑅𝑇
 (1) 115 

where CO2 loading, 𝐿𝐶𝑂2
, is defined as the total CO2 absorbed by the MECS, 𝑛𝐶𝑂2

[mol], per mass 116 

of core solvent in the sample, 𝑚𝑠𝑜𝑙 [kg]. The mass of the core solvent was determined based on 117 

the flowrates and densities of the core and shell materials during fabrication in the microfluidic 118 

device. According to the ideal gas law, this ratio can be expressed in terms of the cumulative 119 

pressure drop in the chamber, ∆𝑃, which is equivalent to the CO2 partial pressure drop, since water 120 

vapor partial pressure is already in equilibrium before CO2 is introduced. Thus, CO2 loading is 121 

measured over the course of at least 30 minutes for each capsule sample and normalized by solvent 122 

mass to compare CO2 absorption rates and capacities for the six MECS types. The CO2 uptake by 123 

the silicone material alone was measured to be <0.1% of the total CO2 uptake by MECS; as the 124 

uptake by silicone is negligible, we have not subtracted it as background.   125 



The stoichiometric capacity was calculated by: 126 

moles CO2 absorbed

total moles solvent
𝑥 100%  (2) 127 

where the solvent is Na2CO3, NDIL0309, or NDIL0230.  128 

The CO2 absorption rate was calculated by taking the time step derivative of the loading curve of 129 

micromoles of CO2, normalizing by the total mass of MECS [g] and the partial pressure of CO2 130 

[bar] at each time step, and applying a smoothing function, a fast Fourier transform filter over 500 131 

points using Origin data analysis software.  132 

 133 

 134 

Figure 1: Process diagram of the pressure drop apparatus used to measure CO2 absorption rates 135 

as a function of time for all six MECS types. 136 

In the preliminary tests, MECS were cycled by thermal regeneration in a 50 mm diameter tube 137 

furnace at 130°C under flow of nitrogen for 1 hour, shown schematically in Figure 2A.  All 138 

carbonate MECS were regenerated with nitrogen bubbled through water at 100°C and a reservoir 139 

of water was included with the MECS to help prevent dehydration. The MECS were regenerated 140 

for an hour, then immediately removed from the furnace, weighed, and placed in the chamber of 141 

the pressure drop setup to measure CO2 absorption. During tube furnace regeneration, the MECS 142 

lost as much as 60% of their mass due to water loss.  143 



  144 

Figure 2: Process diagram of regeneration in a tube furnace (A), where CO2 was stripped from 145 

all six MECS types during preliminary testing. (B) Process diagram of the regeneration apparatus 146 

used to strip CO2 using a dry stream of N2 at ~90°C during the 10-cycle experiments (MFC= 147 

mass flow controller, TC= temperature controller, TI= temperature indicator, CO2= CO2 sensor, 148 

RH= relative humidity sensor, MFI= mass flow indicator).   149 

For the 10-cycle tests, a lower temperature regeneration set-up was implemented to prevent MECS 150 

dehydration and mass loss. The MECS were stripped of CO2 for one hour by using a stream of dry 151 

N2 at ~90°C, as shown schematically in Figure 2B. The gas stream was heated to 300°C but the 152 

temperature at the bottom of the regeneration column was measured to be ~95°C (±5°C) due to 153 

heat loss along the tubing. Following regeneration, the sodium carbonate MECS were soaked 154 

overnight in a 17 wt% sodium carbonate solution to allow them to rehydrate. The carbonate MECS 155 

were then rinsed and dried with compressed air before testing in the pressure drop apparatus to 156 

maintain a relatively constant sample mass across cycles. The ionic liquid MECS were taken 157 

immediately from the regeneration apparatus, weighed, and then placed in the pressure drop 158 

apparatus. Images and masses of the MECS were recorded at each step of the cycling process. In 159 

these cycling tests, the MECS were enclosed within a fine mesh cartridge to minimize attrition 160 

during transfers.   161 

3. Results and Discussion 162 

3.1 Preliminary MECS screening 163 



We used a temperature-controlled chamber in which CO2 could be injected in the absence of other 164 

gases and the total pressure of the chamber monitored over time to measure the CO2 absorption by 165 

the MECS. The drop of pressure following injection of CO2, shown with representative data in SI, 166 

was attributed to the absorption of CO2 into the MECS capsules and used to calculate the number 167 

of moles of CO2 absorbed by the MECS as a function of time. From this data, the rate of CO2 168 

absorption and the stoichiometric capacity of the MECS can be calculated. As the rate of CO2 169 

absorption depends on both CO2 partial pressure and the temperature, we first completed some 170 

preliminary experiments to verify our method.  171 

First, experiments were performed on the uncatalyzed Na2CO3 capsules to determine if our 172 

experiment could be carried out at CO2 partial pressures similar to that of flue gas from a coal-173 

fired power plant, ~0.1 bar CO2, and whether or not the presence of air affects the CO2 absorption 174 

by the MECS. We have previously measured the permeability of the MECS shell materials to 175 

nitrogen and CO2 separately, shown in Table 1, but had not investigated the effect of a mixed gas 176 

stream on the absorption rate of CO2 by the MECS until now. The selectivity of a membrane 177 

between a pair of gases is given by  178 

𝛼𝐴/𝐵 =
𝑃𝐴

𝑃𝐵
 (3) 179 

in which PA is the permeability of the more permeable gas and PB is the permeability of the less 180 

permeable gas.21 In the case of the both types of silicone shells used in the MECS, the selectivity 181 

for CO2 over N2 is ~11, which is on the low end compared to other materials reported in 182 

literature.22,23 Additionally, previous research suggests that the presence of nitrogen can reduce 183 

CO2 permeability in silicones that have similar molecular structure to the MECS shell materials24, 184 

which would be detrimental to the rate of CO2 absorption from coal flue gas in which nitrogen 185 

makes up ~75% of the gas stream. The CO2 permeability of the silicone shell must remain high in 186 

the presence of CO2 mixed with air to avoid the absorption rate being limited by mass transfer of 187 

CO2 to the solvent. In order to test whether the CO2 absorption rate was affected by the presence 188 

of air, CO2 absorption tests were performed in the pressure drop chamber with 0.1 bar of injected 189 

CO2 in both cases and an additional 0.9 bar of ambient atmosphere (79% N2) injected in the case 190 

with air. The resulting total molar fluxes for these two cases are compared in Figure 3 over the 191 

first 10 minutes, the region of the loading curve where CO2 diffusion through the shell material is 192 

typically rate-limiting. Permeability is related to molar flux, J, by  193 

 𝑃 =
𝐽∗𝑑

∆𝑝
 (4) 194 

where d is the thickness of the membrane, or in this case the shell thickness, and Δp is the pressure 195 

difference across the membrane. Combining Eq. 4 with Eq. 3 and assuming that the selectively for 196 

CO2/N2 remains ~11, the ratio of fluxes is proportional to the partial pressure gradient across the 197 

shell, given by Eq. 5 198 



𝐽𝐶𝑂2

𝐽𝑁2
= 𝛼𝐴/𝐵

∆𝑝𝐶𝑂2

∆𝑝𝑁2
 199 

Assuming the total molar flux J= JCO2 + JN2 we expect to see ~1.6 times the total flux in the 200 

presence of air compared to CO2 alone if JCO2 remains the same in both cases. However, we 201 

observed that the slope of the loading curves (proportional to the flux) was nearly the same in both 202 

cases, as shown in Figure 3A.  203 

We used a model incorporating the gas solubilities in both the shell and core solution and the gas 204 

permeabilities in silicone to estimate the mole ratio of CO2 in the MECS (shell and core) as a 205 

function of CO2 loading in the core solution. Due to the consumption of CO2 by reaction with 206 

carbonate inside the capsules and the resulting increase in bicarbonate concentration, the solubility 207 

of CO2 in the MECS core is always at least an order of magnitude greater than that of N2. In Figure 208 

3B, the model was used to calculate that the mole ratio of CO2 in the MECS should jump quickly 209 

from ~70% for unloaded capsules to ~91% in capsules that have reached 5% loading capacity in 210 

0.1 bar CO2 and 0.9 bar N2 conditions; this loading is achieved in less than a minute. The model 211 

indicates that CO2 solubility will be so high that in this shell-limited regime ΔpCO2 >> ΔpN2 as the 212 

capsules equilibrate with N2 and ΔpN2 goes to zero. This means the N2 contribution to the loading 213 

and molar flux becomes negligible relative to CO2 in less than a minute. Since the loading curves 214 

in Figure 3A are nearly the same, we can conclude that the N2 absorption is negligible (<0.2 mole% 215 

at 10 minutes) and that the presence of air has no significant impact on the CO2 absorption by 216 

MECS. 217 

Since N2 has a negligible impact on the CO2 absorption into the MECS, we simplified our 218 

experiments by filling the pressure drop chamber with only ~0.1 bar of CO2 (not adding N2 or air 219 

as the balance), which allows the pressure drop signal to be interpreted as solely due to CO2 220 

absorption by the MECS. Based on the model and experimental results, we do not expect the CO2 221 

absorption rate of MECS in clean flue gas containing a low partial pressure CO2 mixed with 222 

nitrogen to be significantly different. However, we did not investigate the effect of water vapor 223 

concentration on CO2 absorption by MECS, and flue gas can contain up to about 5% water vapor.    224 

  225 



 226 

Figure 3: A) Loading capacity versus time for uncatalyzed Na2CO3 MECS exposed to 0.1 bar 227 

CO2 with and without 0.9 bar air in the pressure drop apparatus at 25°C. The loading was 228 

practically the same in pure CO2 as in CO2 with air. B) Model calculation of CO2 mole ratio of 229 

CO2 and N2 in MECS (shell and core) in 0.1 bar CO2 and 0.9 bar N2 condition as a function of 230 

CO2 loading capacity. The ratio quickly approaches 100%, meaning N2 contribution to the flux 231 

and loading may be assumed to be negligible.  232 

As described in an earlier publication, we have devised methods for encapsulating diverse solvent 233 

types including CO2BOLs and ionic liquids in CO2-permeable polymer shells.16 Table 1 displays 234 

the composition and properties of each of the six MECS types tested in this report: 1) uncatalyzed 235 

Na2CO3 MECS, 2) Na2CO3 MECS with 50 mM cyclen, 3) Na2CO3 MECS with 600 mM sarcosine, 236 

4) NDIL0309 MECS, 5) NDIL0230 MECS, and 6) CO2BOL MECS. Na2CO3 was chosen as a 237 

solvent due to its ease of handling and environmental compatibility, but since it suffers from low 238 

rate of reaction we chose to also study the effect of two different promoters. Here we used a 17 239 

wt% solution of Na2CO3 in the MECS because that is the highest soluble concentration at room 240 

temperature; for a post-combustion process we would like to use 30-40 wt% Na2CO3 MECS with 241 

greater CO2 absorption capacity by preparing the MECS in a heated device to increase the 242 

carbonate solubility. The ionic liquids and CO2BOL offer increased rate of CO2 absorption and 243 

loading capacity but present challenges in the form of high viscosity, phase changes, and potential 244 

environmental toxicity, which encapsulation may surmount. The solvent volume fraction of each 245 

capsule type, shown in Table 1, was calculated based on the ratio of volumetric flow rates of core 246 

and shell during the microencapsulation process, and for the ionic liquid and CO2BOLcapsules it 247 

is calculated on a dry basis. Consequently, the solvent volume fraction is lower for the ionic liquid 248 

and CO2BOL MECS because they were prepared in solution with water to reduce the solvent 249 

viscosity, and then the water was dried out by lyophilization following fabrication. The average 250 

MECS capsule diameter is a function of flow rates and viscosities of the three emulsion fluids, and 251 

thus varies across the different solvent types. However, the variation in volume fractions and 252 

diameters is small enough not to confound absorption comparisons. The shell material was 253 



different for the IL MECS to overcome solvent-shell compatibility issues that hindered their 254 

fabrication. For all MECS types the shell thickness is on the order of tens of microns and all shell 255 

materials used uptake CO2 on the order of 1x10-5 moles of CO2 per gram of silicone, which is at 256 

least three orders of magnitude less than that of MECS and thus negligible.  257 

Table 1: Comparison of the six candidate sorbent capsule compositions and properties1.   258 

Solvent 

Type 

 

 

Solvent 

Description 

Solvent 

Volume 

Fraction 

Average 

Diameter 

(µm) 

MECS Shell 

Material 

Shell 

Thickness 

(µm) 

CO2 

permeability 

(Barrer) 

N2 

permeability 

(Barrer) 

17 wt% 

Na2CO3 

Solution 

no catalyst 0.67 300 ± 8 Tegorad 

2650 

20 3250 280 

50 mM 

cyclen 

0.67 370 ± 20 Tegorad 

2650 

20 3250 280 

600 mM 

sarcosine 

0.67 320 ± 6 Tegorad 

2650 

20 3250 280 

Ionic 

Liquid 

NDIL0309 0.51 390 ± 6 Thiolene-Q 30 2680 250 

NDIL0230 0.33 422 ± 27 Thiolene-Q 40 2680 250 

CO2BOL Koechanol 0.40 508 ± 38 Tegorad 

2650 

40 3250 280 

1The three rows in bold correspond to the MECS that underwent 10-cycle tests. 259 

In this report, we evaluate CO2 loading rates, stoichiometric capacities, and MECS stability over 260 

absorption/regeneration cycling of these six solvents for the first time. As a preliminary test to 261 

evaluate the feasibility of regenerating the MECS in a heated nitrogen environment, we completed 262 

3 cycles in the CO2 pressure drop setup (absorption) and regeneration in a tube furnace with N2 263 

flow at 130°C (stripping) for each of the six MECS formulations in Table 1, and compared the 264 

change in mass of the MECS and CO2 absorption versus time from cycle to cycle to determinate 265 

the success of regeneration and stability of the MECS. 266 

The Koechanol CO2BOL MECS lost 33% of their mass on average each time they were 267 

regenerated in the tube furnace, as shown in Figure 4. Microscope images of Koechanol MECS 268 

taken after regeneration confirm that Koechanol leaks through the capsule shell. The visible 269 

droplet formation, collapsed capsules, and declining mass observed in Figure 4 indicate that 270 

Koechanol did not remain encapsulated while cycling.  We hypothesize that because CO2BOLs 271 

are small, nonpolar molecules when they are not bound to CO2 perhaps they are able to diffuse 272 

across the silicone shell of the MECS. Though the MECS were not visibly cracked or broken in 273 

the microscope images, it is also possible that some reaction between the Koechanol and the 274 

silicone shell resulted in incomplete curing of the shell or formation of microcracks in the shell 275 

that are exacerbated by regeneration at increased temperature. While we have not yet confirmed 276 

the mechanism of Koechanol leaking, because the mass loss over absorption/regeneration cycling 277 

is undesirable the Koechanol CO2BOL was ruled out from further tests. 278 



 279 

Figure 4: Microscope images of Koechanol CO2BOL MECS after exposure to desiccant for 4 280 

days before cycling, with visible droplets on the shell surface. The mass of Koechanol MECS 281 

decreases dramatically with each absorption/regeneration cycle (right). 282 

Next, we compared the Cycle 0 loading curves for the three Na2CO3 MECS types at 25°C to 283 

determine whether the addition of the promoters cyclen or sarcosine affects the CO2 absorption 284 

rate compared to uncatalyzed Na2CO3 MECS. As shown in Figure 5A, we found that the addition 285 

of promoters has the greatest effect on CO2 loading rate during the first 5 minutes of loading. 286 

Although sarcosine has the highest CO2 reaction rate among common amino acids, it is well known 287 

that the reaction rate of amino acids is strongly dependent on solution pH, and thus the effect of 288 

sarcosine may be limited by its relatively high pKa of 10.2.18,25 Figure 5A shows that the absorption 289 

rate of Na2CO3 MECS with sarcosine was initially at least twice that of Na2CO3 MECS with 290 

cyclen, but decreased rapidly within the first two minutes of loading as the pH of the solution 291 

inside the capsules decreased below the pKa of sarcosine; at 10 minutes, the CO2 absorption rate 292 

was no longer enhanced by the amino acid relative to uncatalyzed Na2CO3 MECS. This is 293 

comparable to what others have reported; Hu et al. observed a 6x increase in CO2 absorption rate 294 

of 500 mM sarcosine in 30 wt% potassium carbonate at pH 12.5 but no rate enhancement by 295 

sarcosine at a neutral pH.25 As the pH of our solution was only ~11.2 and we ran our experiment 296 

at 25°C rather than 50°C, we would expect the initial rate increase of our solution to be less than 297 

6x, so our measured value of 2x appears consistent.   298 

The cyclen promoter, on the other hand, increased the CO2 loading rate compared to uncatalyzed 299 

MECS over 20 minutes of the loading curve in Figure 5A, as the pKa of cyclen is ~7.919, with the 300 

largest increase again occurring in the first 5 minutes of the loading curve Previous studies with 301 

MECS containing a 3 wt% potassium carbonate solution and cyclen indicated an instantaneous 302 

absorption rate increase of twice as much as that of uncatalyzed potassium carbonate15; however, 303 

with a more concentrated 17 wt% sodium carbonate solution here we find an initial ~1.5x rate 304 

increase with cyclen compared to uncatalyzed sodium carbonate MECS. This could be due to 305 

product inhibition between the carbonate and zinc (II) cyclen at high pH.20  306 

These results emphasize the importance of determining which parameters will guide process 307 

design; at loading times up to 5 minutes promotors such as sarcosine or cyclen will improve 308 

reaction kinetics but the MECS achieve less than 50% of their loading capacity in that time, shown 309 

in Figure 5B. However, at loading times much greater than 5 minutes the kinetic benefit of adding 310 



a promotor becomes negligible but all three sodium carbonate MECS reach higher working 311 

capacity on a per-mass basis. Both absorption rate and loading capacity are important parameters 312 

for sizing the absorption vessel and determining economic feasibility of the system, so an optimum 313 

working capacity likely exists to take advantage of higher rates early in the loading curve but still 314 

reach high enough loading capacity to require a reasonably sized absorber.   315 

 316 

Figure 5: Comparison of CO2 absorption vs time for the three types of Na2CO3 MECS: 317 

uncatalyzed MECS, MECS with sarcosine promoter, and MECS with cyclen promoter. All of 318 

these MECS contained 17 wt% Na2CO3 and were soaked in 17 wt% Na2CO3 solution prior to 319 

testing.  All data were collected in the pressure drop at room temperature (25°C). A) CO2 320 

absorption rate normalized by MECS mass and initial pressure, B) CO2 loading normalized by 321 

MECS mass.  322 

The loading trends shown in Figure 5 were repeatable over the preliminary 3 absorption/stripping 323 

cycles for the three Na2CO3 MECS types. It is likely that the effect of the cyclen catalyst would be 324 

more pronounced at temperatures greater than 25°C, as the activity of cyclen is known to increase 325 

dramatically from 25°C to 75°C.20 Based on preliminary cycling results and the potential for 326 

kinetic improvement across the entire loading curve, Na2CO3-cyclen was selected from the three 327 

carbonate MECS types for further testing at various temperatures to see if higher temperatures 328 

would increase the effect of the promoter cyclen and to confirm that the cyclen remains stable 329 

though repeated regeneration at temperatures up to 100°C. 330 

The NDIL0230 and NDIL0309 ionic liquid MECS performed consistently across the preliminary 331 

three absorption/regeneration cycles without any mass loss (data in SI). Therefore, both of the 332 

ionic liquid MECS were selected for additional evaluation alongside the Na2CO3-cyclen MECS.   333 

3.2 Temperature and Cycling Tests 334 



CO2 absorption rates and CO2 capacities are temperature-dependent, so the CO2 absorption of the 335 

Na2CO3-cyclen, NDIL0309, and NDIL0230 MECS was tested over several temperatures. While 336 

both the reaction rate of CO2 with solvents and the permeability of silicone increase with 337 

temperature22,26, the solubility of CO2(aq) and the equilibrium CO2 capacity of solvents tend to 338 

decrease with temperature.14,27 Figure 6A shows that as expected, higher temperatures increase the 339 

rate of CO2 absorption by Na2CO3 MECS, but only for the first couple minutes of the loading 340 

curve.  341 

As noted in a publication by Seo et al., the phase change ionic liquid NDIL0309 should remain in 342 

the solid phase at temperatures below 60°C upon exposure to dry CO2 and thus all absorption of 343 

CO2 at temperatures below this temperature should be primarily limited by mass transfer to surface 344 

adsorption.14 However, we observed that upon typical handling in ambient atmospheric conditions 345 

at room temperature, NDIL0309 changed from solid phase to liquid phase within minutes 346 

regardless of whether it was encapsulated in MECS due to the deliquescent nature of NDIL0309, 347 

as shown previously by Seo et al. Images of the liquid core of NDIL0309 MECS exposed to 348 

atmospheric conditions are shown in Figure 9. We measured the mass increase due to this water 349 

uptake to be 2-3 wt% of the ionic liquid at room temperature, but it should be noted that the 350 

physical mechanism of this phase change and its effect on CO2 uptake is not understood and direct 351 

comparisons to pure, dry NDIL0309 at temperatures below 60°C cannot be drawn. We feel that 352 

our CO2 absorption data collected at 25°C and 40°C are relevant to report because of the ubiquitous 353 

presence of water vapor in flue gas capture, increasing the likelihood that NDIL0309 will be in the 354 

liquid phase and able to absorb CO2 at lower temperatures but eliminating the advantage of the 355 

phase change from solid to liquid upon CO2 uptake. Figure 6B shows that temperature has 356 

insignificant effect on CO2 absorption rate by NDIL0309 MECS, and Figure 6C shows that only 357 

60°C increases the CO2 absorption rate in NDIL0230 MECS. 358 

Figure 6D shows that after 30 minutes of absorption, the net effect is a decrease in absorbed CO2 359 

with increasing temperature for all three MECS, due to the decreased solubility in the solvents at 360 

higher temperature. At 25°C, the Na2CO3 MECS reached 45% stoichiometric CO2 capacity, while 361 

NDIL0230 and NDIL0309 MECS reached 53% and 65% of their stoichiometric capacities, 362 

respectively. At 60°C the stoichiometric capacities of the Na2CO, NDIL0230, and NDIL0309 363 

MECS were 17%, 39%, and 51%, respectively. Despite the increased activity of cyclen at higher 364 

temperature, shown by a higher absorption rate in the first two minutes, the decreased solubility 365 

of CO2 in Na2CO3 MECS at higher temperatures results in decreased CO2 capacity with 366 

temperature. Despite the water content, the ionic liquid MECS capacities are similar to previous 367 

results from CO2 absorption experiments run with pure ionic liquids at low partial pressures of 368 

CO2; Seo et al. reported 68% stoichiometric capacity of NDIL0309 at 60°C14 and 78% 369 

stoichiometric capacity for an IL similar to NDIL0230 at 22°C.11 The CO2 capacity data from Seo 370 

et al. were based on isotherm experiments in which CO2 absorption was measured at equilibrium 371 

after several hours, whereas our CO2 working capacity data is based on CO2 absorption over 30 372 



minutes and thus our lower loading may reflect diffusion limitations as well as complications from 373 

the water uptake.  374 

Based on the results of CO2 absorption at various temperatures, the 10-cycle absorption tests were 375 

all performed at 25°C to maximize the CO2 loading capacity. Running the experiments at room 376 

temperature also enabled more accurate and reproducible temperature and humidity control.   377 

 378 

 379 

Figure 6: Comparison of CO2 absorption rate over the first 10 minutes by MECS with A) 380 

Na2CO3-cyclen, B) NDIL0309, and C) NDIL0230, and at 25, 40, and 60°C. D) The bar graph 381 

displays CO2 loading after 30 minutes (left axis), and the markers represent the percent of 382 

stoichiometric capacity (right axis) of each solvent. 383 

Each of the three final candidate MECS (Na2CO3-cyclen, NDIL0309, NDIL0230) was subjected 384 

to 10 absorption/regeneration cycles, as detailed in the Methods section. The initial (Cycle 0) CO2 385 

loading of the three MECS is compared in Figure 7A. We present the CO2 working loading 386 



capacity at 30 minutes as this is the amount of time it takes for the curve to approach an asymptote, 387 

although it is worth noting that the amount of time for the MECS loading to reach true equilibrium 388 

capacity would be on the order of hours. In order to fairly compare the CO2 absorption of the three 389 

solvent types, we normalized the moles of CO2 absorbed by the mass of the solvent since the 390 

solvent is the reactive portion of the MECS and we were primarily interested in comparing 391 

absorption as a function of time and stoichiometric capacity. For other applications such as CO2 392 

transportation, storage, or absorber sizing it may make more sense to normalize by the total mass 393 

or volume of MECS. As the loading is normalized by the total solvent mass, the ionic liquids reach 394 

higher values because they contain no water, while the sodium carbonate solution is comprised of 395 

83% water.  396 

Figure 7B displays capacities as a percentage of total CO2 stoichiometric capacity of each solvent.  397 

In terms of stoichiometric capacity, all three MECS types reach at least 40% capacity within 30 398 

minutes. None of the MECS exceed ~60% stoichiometric capacity, and this is because 399 

stoichiometric capacity is affected by the partial pressure of CO2; at CO2 partial pressure of 0.1 400 

bar we expect stoichiometric capacities in the range of 10-80% whereas at 1 bar of CO2 the uptake 401 

can approach 100%, depending on the IL and temperature.11,14,28 Additionally, since the 402 

experiment is carried out in a batch-type process, the loading equilibrates to a CO2 partial pressure 403 

much less than 0.1 bar; a typical final CO2 partial pressure is ~0.05 bar. In an actual process, 404 

adsorption would be conducted in a flow-through column to provide a constant CO2 partial 405 

pressure of 0.1 bar at the column inlet.  406 

Both ionic liquid MECS types have an initial loading rate that is much higher than that of sodium 407 

carbonate MECS. Over the course of 30 minutes, however, the stoichiometric loading capacity of 408 

the carbonate MECS matches that of NDIL0309. This again highlights that the parameters chosen 409 

for comparison depend on the constraints for process design; if it is practical to load MECS for a 410 

period as short as 10 minutes, then the kinetics of the ionic liquid MECS make them advantageous 411 

to sodium carbonate MECS. However, if longer loading periods are practical then the kinetics of 412 

the absorption are less of a factor and the carbonate MECS perform comparably to ionic liquids in 413 

terms of stoichiometric capacity. The NDIL0230 ionic liquid capsules outperform both other 414 

MECS types in stoichiometric CO2 loading capacity by about 20%. If the CO2 loading on a per-415 

mass basis is an important parameter for consideration then the IL MECS vastly outperform the 416 

Na2CO3 MECS because they do not have additional water mass. However, in industrial operation, 417 

the Na2CO3 MECS will likely be prepared at higher concentrations and thus have higher capacities. 418 



 419 

Figure 7: Comparison of CO2 loading vs. time for three MECS (NDIL0230, NDIL0309 and 420 

Na2CO3-cyclen) during Cycle 0 at 25°C and 0.1 bar CO2. CO2 loading is presented in terms of 421 

mol/kg solvent (left) and as a percentage of total stoichiometric capacity (right). 422 

The CO2 absorption results for the three MECS types are compared across the 10 cycles in Figure 423 

8A in terms of moles CO2/kg solvent and percent of total stoichiometric capacity in Figure 8B 424 

(lines). The CO2 absorption for ionic liquid NDIL0230 MECS is remarkably reproducible across 425 

the 10 cycles (average across 10 cycles of 1.610 mol/kg solvent, standard deviation 0.075) and 426 

consistently reaches ~10% higher stoichiometric capacity than the other two MECS types. Though 427 

there is more variation in the CO2 absorption by NDIL0309 MECS (average across 10 cycles of 428 

1.607 mol/kg solvent, standard deviation 0.137) and Na2CO3-cyclen MECS (average across 10 429 

cycles of 0.665 mol/kg solvent, standard deviation 0.083) across ten cycles, the capacity is fairly 430 

consistent and shows no downward trend, which would indicate degradation of the solvent or 431 

cyclen. These cycling results confirm that performance does not degrade over cycling with heat 432 

regeneration and that CO2 is being effectively stripped from all three MECS types using a 433 

relatively low-temperature regeneration process. This is especially important in the case of the 434 

Na2CO3-cyclen MECS, as there was concern of degradation of the cyclen catalyst at higher 435 

carbonate concentration and elevated temperature.20 The regeneration temperature of ~90-100°C 436 

is on the low end of the typical range of 100-140°C and thus could provide a reduction in the 437 

energy cost of regeneration.29 438 



 439 

Figure 8: Comparison of CO2 absorbed by three MECS types (NDIL0230, NDIL0309 and 440 

Na2CO3 w/cyclen) across 10 cycles. CO2 loading capacities are the cumulative CO2 absorbed 441 

(per kg solvent and initial pressure) after the MECS have been exposed to CO2 in the pressure 442 

drop apparatus for 30 minutes. A) CO2 loading is presented in terms of mol/kg. B) The mass of 443 

the MECS is shown over 10 cycles (bars, left axis) and CO2 loading is shown as a percentage of 444 

total stoichiometric capacity (lines, right axis). 445 

We report the mass of the MECS, measured immediately before putting the MECS in the pressure 446 

drop to absorb CO2 for each cycle, in Figure 8B (bars) since in the preliminary studies with all 6 447 

candidate solvents mass loss was indicative of the solvent leaking or perhaps the capsules breaking. 448 

Ionic liquid NDIL0230 MECS have a remarkably consistent mass across all cycles, indicating that 449 

the MECS aren’t absorbing/desorbing ambient water vapor during handling, losing solvent 450 

through the shell, or breaking/degrading. Ionic liquid NDIL0309 MECS also have a reasonably 451 

consistent mass after the first few cycles. The mass loss after the first two cycles may be attributed 452 

to incomplete drying of the water from the capsules during lyophilization, absorption of water 453 

during storage and handling, or breaking of some MECS. The mass of the Na2CO3 MECS, in 454 

comparison, decreases steadily across the 10 cycles. This trend is a result of capsule attrition during 455 

the soaking step that follows regeneration, which involves transferring and recovering MECS to 456 

and from Na2CO3 solution for each cycle. We found that rehydration of sodium carbonate MECS 457 

following regeneration was critical to their ability to absorb CO2, but it presents a challenge for 458 

repeatable measurements. In industrial operation, the capsules would be exposed to wet flue gas 459 

during absorption and steam during regeneration, likely being less prone to drying and reaching a 460 

steady state water balance over multiple cycles.   461 

Figure 9 compares bright field microscopy images of the three MECS types before and after the 462 

10 absorption/desorption cycles.  It can be seen in the images that all MECS appear to remain 463 

intact following the cycling and change very little in diameter or shape. The homogeneity in size 464 

and geometry with cycling is helpful for absorber/stripper design, as volumetric or geometric 465 

changes would significantly affect vessel sizing, fluidization, and material handling of the MECS. 466 



However, in comparing Figures 9C and 9F, it appears that the NDIL0230 MECS become 467 

discolored and textured after cycling, which could indicate a reaction between the ionic liquid and 468 

the polymer shell.  Further shell compatibility tests should be performed on this ionic liquid to 469 

determine if degradation from solvent/shell reactions is an issue for long-term performance. 470 

Mechanical properties, water sensitivity, and CO2 selectivity of the MECS, are also important for 471 

fluidized bed absorber operation for post-combustion CO2 capture.  472 

 473 

Figure 9: Microscope images of the three final candidate capsules taken before (top) and after 474 

(bottom) ten absorption/desorption cycles: A) Na2CO3 before cycling; B) NDIL0309 before 475 

cycling; C) NDIL0230 before cycling; D) Na2CO3 after ten cycles; E) NDIL0309 after ten 476 

cycles; F) NDIL0230 after ten cycles. The scale bar for each image is 500 µm. 477 

Of three types of sodium carbonate MECS, the type promoted by cyclen catalyst performed the 478 

best, reaching a higher loading at a faster rate than one promoted by sarcosine or sodium carbonate 479 

solution alone. However, the performance enhancement was slight compared to the 2-times rate 480 

enhancement previously reported for potassium carbonate capsules. Among three water-lean 481 

solvents tested, the MECS filled with the CO2-binding organic liquid Koechanol did not survive 482 

repeated cycles, apparently due to solvent escaping the capsule shells. The two ionic liquids, 483 

however, appear viable, with both NDIL0309 and NDIL0230 showing faster absorption rates and 484 

higher loading capacity than sodium carbonate capsules and remarkable stability over 10 485 

regeneration cycles. Of all types studied, NDIL0230 MECS performed the best.  486 

The two IL MECS had cyclic loadings that compare favorably to aqueous amines. At 25°C and 487 

0.05—0.1 bar of CO2, NDIL0230 loaded 2.5 moles CO2/kg solvent and NDIL0309 loaded 1.5 488 

moles CO2/kg solvent. Na2CO3-cyclen loaded 0.8 moles CO2/kg solvent, but this is expected to be 489 

higher when MECS are produced with more concentrated core solution, as discussed above. A 490 

typical cyclic capacity for aqueous monoethanolamine is 1.5 moles CO2/kg solvent.7 491 



At the tested partial pressures, the measured working capacities also compare favorably with many 492 

solid sorbents for CO2 adsorption such as activated carbons (0.5-0.75 moles CO2/kg sorbent), 493 

zeolites (0.5-2.6 moles CO2/kg sorbent), and alkali carbonates on solid supports (0.5-2.9 moles 494 

CO2/kg sorbent).7 The relative mass of the shell material to the encapsulated solvent can be reduced 495 

by refining fabrication methods, but the capacities of MECS will be lower per unit of total sorbent 496 

mass than per unit of solvent.  497 

Overall, across the characteristics tested here – absorption rate, capacity, and cyclic stability – the 498 

ionic liquid MECS appear to be a potential competitor to aqueous amines. The major challenge to 499 

these MECS are common to solid sorbents: the need for a process configuration that is similar in 500 

capital cost and energy efficiency to aqueous solvent systems. Further work is needed on material 501 

fabrication and testing at larger scale to establish the viability of IL MECS. 502 
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