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Microwave Regeneration and Thermal and Oxidative
Stability of Imidazolium Cyanopyrrolide lonic Liquid for
Direct Air Capture of Carbon Dioxide

Yun-Yang Lee*™ Eda Cagli*,”’ Aidan Klemm,” Yensil Park,” Ruth Dikki,”

Michelle K. Kidder,” and Burcu Gurkan*®

Understanding the oxidative and thermal degradation of CO,
sorbents is essential for assessing long-term sorbent stability in
direct air capture (DAC). The potential degradation pathway of
imidazolium cyanopyrrolide, an ionic liquid (IL) functionalized
for superior CO, capacity and selectivity, is evaluated under
accelerated degradation conditions to elucidate the secondary
reactions that can occur during repetitive absorption-desorp-
tion thermal-swing cycles. The combined analysis from various
spectroscopic, chromatographic, and thermal gravimetric meas-

Introduction

lonic liquids (ILs) are salts that are commonly liquid under
ambient conditions. Made mostly of bulky organic ions, ILs have
almost infinite structural and chemical tunability. They are often
referred to as “green solvents” or “designer solvents” for their
intrinsic physiochemical properties, such as negligible volatility,
non-flammability, good thermal stability, as well as wide
electrochemical window.™ ILs demonstrate unique features for
a broad spectrum of applications, such as media for synthesis,
electrolytes, lubricants, as well as gas separations.®”'" Specifi-
cally, the low volatility and high CO, solubility of ILs are
appealing in CO, separations. CO, occupies the intrinsic
entropic voids of ILs through the distinctive interactions
between the quadrupolar CO, and polar ions."? Furthermore,
ILs can be functionalized with nucleophilic functionalities that
chemically bind with CO,." IL based sorbents, with amine,"*>"
strong base,”"?? and multiple site cooperative interactions,'?*"
have been extensively studied for post combustion carbon
capture and more recently considered for direct air capture
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urements indicated that radical and Sy2 mechanisms in
degradation are encouraged by the nucleophilicity of the anion.
Thickening of the liquid and gas evolution are accompanied by
50% reduction in CO, capacity after a 7-day exposure to O,
under 80°C. To prevent long exposure to conventional thermal
heating, microwave (MW) regeneration of the CO,-reactive IL is
used, where dielectric heating at 80 and 100 °C rapidly desorbs
CO, and regenerates the IL without any measurable degrada-
tion.

(DAC). The distinct environmental difference in DAC from post
combustion capture is the presence of significant amount of O,
in air. Thermal and oxidative stability is important for the
longevity and recyclability of materials for DAC**?? and the
behavior of ILs is not well known, particularly those that are
being developed for DAC.

In addition to the importance of thermal and oxidative
stability, regenerability with precise energy regulation and with
external stimuli are of interest for CO, capture sorbents.
Regeneration of sorbents has traditionally relied on temper-
ature-swing operations and the availability of thermal energy to
desorb the CO, and recycle the sorbent.’®*”! Recently, bottom-
up approaches involving metal-ion coordinated amines as
reactive CO, capture agents are demonstrated to lower the
energy requirement and increase sorbent stability for
regeneration.”® With the increasing availability of renewable
energy sources, alternative regeneration approaches that do
not rely on thermal energy from fossil-fuel burning is gaining
interest. There have been few reports on the microwave-based
regeneration of conventional aqueous amines®?*” and solid
sorbents.®'¥ However, it is not known whether ILs are
susceptible to this emerging regeneration approach. Recogniz-
ing that electromagnetic field has heating effects that originate
from conduction and dielectric polarization phenomena,?*** we
postulate that ILs with high concentrations of charged species
would be ideal liquid candidates for dielectric heating. Highly
polar materials are susceptible to dielectric heating as the
alternating electric field at MW frequency range causes the
dipoles to reorient in an oscillatory fashion, the friction of which
generates heat.®™ Furthermore, it is expected that the energy
would be more intense and targeted than direct thermal
heating for the CO,-rich domains of functionalized ILs since
CO,-bound species are ionic (i.e, carbamate, carboxylate,
carbonate).®”

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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In this study, we addressed the specific knowledge gap on
thermal and oxidative stability of a functionalized IL and
examined the possibility of microwave regeneration as an
alternative to conventional thermal heating. Among the
functionalized ILs, 1-ethyl-3-methylimidazolium 2-cyanopyrro-
lide ([EMIM][2-CNpyr]) has a superior CO, capacity, especially
under low partial pressures of CO, With an effective
reaction enthalpy of —50kJmole™', compared to aqueous
amine-based sorbents at —80 kJmole™', [EMIM][2-CNpyr] can be
easily regenerated at mild temperatures (40°C in anhydrous
conditions),* similar is true for the eutectic solvent based on
this IL and ethylene glycol.”” Under moisture saturated
conditions, further increase in temperature is needed (e.g.,
90°C). Therefore, it is important to understand the stability of
these solvents upon repetitive absorption-desorption cycles
and under exposure to air and oxygen, in particular for DAC
processes. Due to its importance in CO, capture, the stability of
[EMIM][2-CNpyr] under thermal and oxidative conditions as well
as exposure to microwaves is examined here to guide the
development of future liquid sorbents amenable to various
regeneration approaches. In the subsequent paragraphs, we
provide the current understanding of the thermal stability and
degradation of imidazolium based ILs with the specific
techniques applied to date. It is known that the degradation of
imidazolium ILs may follow different mechanistic pathways
under thermal and/or oxidative environments, depending on
their anion pair.>**" Therefore, the known degradation path-
ways for pyrrole-based compounds are also discussed.

The decomposition of ILs is commonly investigated using
thermal gravimetric analysis (TGA) where a fast temperature
ramp (e.g., 10°C min™") is applied usually under nitrogen and
the degradation is reported based on the observation of
significant mass loss."? Recently, there has been improved
methods for predicting long-term thermal stability via TGA by
the control of furnace parameters.”? Ngo et al.*¥ and Baranyai
et al® examined the thermal degradation of [EMIMI[TFSI], a
common IL, under air and O, environments where a decom-
position at a lower temperature was observed, compared to the
N, environment. Few studies™“*' examined thermal degrada-
tion under isothermal conditions where lower thermal degrada-
tion temperatures were determined compared to the temper-
ature ramping method in TGA. Minami et al.“’ measured close
to 10 wt.% mass loss when [EMIM][TFSI] was maintained at
200°C for 1000 h under air. Further, when the ethyl chain was
replaced by a hexyl on the cation, the weight loss under same
conditions increased to more than 10 wt.%, thus showing the
negative impact of the alkyl length attached to imidazolium on
thermal stability. They also observed similar results with
Rotating Bomb Oxidation Test (RBOT-ASTM D2272) conducted
under O, with initial pressure of 620 kPa and at 150°C. They
proposed the oxidative and thermal degradation mechanism
based upon the radical intermediate formation along the alkyl
chain attached to the imidazolium cation.”® Whereas this study
did not probe or confirm the proposed mechanism, others have
shown degradation of imidazolium ILs with different alkyl and
aryl substituents to take place via a radical formation with
advanced oxidation processes including exposure to ultraviolet
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(UV), UV/H,0,, UV/TiO,, 7.2Fe/Ti0,/H,0, systems,"*" as well as
excited state oxygen (0,"” or '0,).1*>748

Under highly basic conditions (e.g., fuel cells), the degrada-
tion of imidazolium-based materials in the presence of an
organic solvent or aqueous electrolyte are shown to undergo a
nucleophilic attack.”**" The proposed degradation pathways
shown in Scheme 1 are reverse Menschutkin (Sy2) reaction (1),
nucleophilic addition-elimination followed by ring-opening (2),
ylide formation via deprotonation by nucleophile (3), and
deprotonation of the ring (4)."**>* Pathways 1 and 4 involve
reactions in the peripheral alkyl substituents, whereas the
pathways 2 and 3 are reactions directly involving the imidazo-
lium ring. Density functional theory (DFT) calculations indicate
the dominant pathway to be pathway 2 involving the C2
position of the imidazolium ring.*? Therefore, bulky substitu-
ents at the C2, C4, and C5 positions of the imidazolium are
suggested to prevent the deprotonation of liable hydrogen,
thus achieving higher stability.®**¥

The pairing of the imidazolium cation with a basic anion,
such as [2-CNpyr], is desired to increase the absorption capacity
at low partial pressures of CO,. The amine functionality, similar
to the case reported for amino-oligomers in the context of their
application in DAC can follow basic auto-oxidation scheme.*
Although the stabilities of the pyrrolides within ILs have not
been examined before, the autoxidation of unsubstituted
pyrrole and alkyl and aryl substituted pyrroles under air have
been reported.”’ ™ It is agreed that the degradation pathway
of pyrrole, under the stimuli of oxidants (e.g., peroxides, singlet
oxygen ('0,), meta-chloroperoxybenzoic acid, ferric chloride),
pH, and temperature or by anodic oxidation, often leads to
unconstrained de-aromatization, polymerization, and decompo-
sition that form conducting (and/or nonconducting) polypyrrole
(5 in Scheme 2).°7°%%" Furthermore, depending on the presence
and position of the substituting group, products like 3-pyrrolin-
2-ones or 4-pyrrolin-2-ones (6) and maleimide (7) are found in
addition to dimers (8) through further coupling of pyrrole
intermediates (Scheme 2).57°°%" The presence of an electron-
withdrawing group on the peripheral substantially decreases
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Scheme 1. Degradation pathways of imidazolium cations under nucleophilic
attacks in basic conditions.
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the reaction rate of oxidation, as demonstrated by the photo-
degradation of pesticides like Fludioxonil that contain
pyrrole.®”

Here, the thermal and oxidative stability of [EMIM][2-CNpyr]
is studied under air at 50 and 80°C, thus capturing conditions
of a DAC process with absorption-desorption cycles. Under
accelerated testing conditions where IL was exposed to pure O,
and kept isothermally at 80°C for 7 days, the degradation
products and possible mechanisms are determined by NMR,
FTIR, MS, and operando GC. The impact of thermal and
oxidative degradation of the IL on its density, viscosity, CO,
absorption capacity, and species diffusivity are examined.
Furthermore, MW based regeneration is demonstrated as an
alternative approach where no measurable degradation oc-
curred at both 80 and 100°C. The cyclability of the IL with MW
exposure is shown with no CO, capacity loss, thus demonstrat-
ing the effectiveness of dielectric heating for IL regeneration for
DAC for the first time.

Results and Discussion
Analysis of oxidative and thermal degradation

The synthesis of the IL was confirmed by NMR spectroscopy
(see the Supporting Information, Figure S1). The accelerated
degradation of [EMIM][2-CNpyr] was conducted under the
conditions specified in Table 1. Degradation upon extended
exposure of the IL to O, and heat resulted in thickening and
darkening of the liquid (Figure S2, inset). The density (Figure S2)
and viscosity (Figure S3) of the degraded samples were
measured to be higher than those of the neat IL, suggesting
the compacting of the liquid perhaps due to the increased
inter- and intramolecular interactions and reactions leading to
additional species. Figure 1 shows the product identification by
MS of most degraded IL by direct infusion of Sample 4.

Both positive and negative MS analysis of the sample is
plotted in blue in Figure 1a. The highlighted peaks are the

ChemSusChem 2023, 16, €202300118 (3 of 13)

Table 1. Conditions of the accelerated thermal and oxidative degradation
experiments for [EMIM][2-CNpyr].

Exposure History
Atmosphere time T Method
[days]  [°C]

Sample 1 Air 3 50  Continuous feed of air with
5 sccm flow rate

Sample 2 Air 7 80  Air atmosphere in the head
space of 20 mL vial

Sample3 O, 7 80 O, atmosphere in the head
space of 20 mL vial

Sample4 O, 7 80  Continuous feed of O, with

5 sccm flow rate

difference between sample infusion (blue) and solvent blank
(brown). The parent components [EMIM] ™" (1) and [2-CNpyr]~ (1l)
appear at [M]* =111 and [M] =91, respectively. The small
satellite peaks at [M+1] for each of these are caused by the
presence of the *C isotope (1.11% of *C natural abundance) in
the molecule (percentages listed in Figure 1b). The relative peak
heights of the [M+ 1] peak over the parent peak, can be used
to verify the number of carbon atoms within the molecules. The
ratio of 6.58% for a six-carbon molecule and 5.53% for a five-
carbon molecule are expected (Detailed calculation given in
Supporting Information). Indeed, these values are close to that
of 6.46% of (I) and 5.17 % of (Il) as calculated from the observed
intensity ratios in Figure 1b.

Based on the MS analysis, there are two oxidative degrada-
tion products labeled as (lll) and (IV) in Figure 1b representing
the oxidized cation and the oxidized anion, respectively.®”
Although there is no reporting directly on the oxidation of
imidazolium under O, at 80°C, the most relevant studies that
involve the presence of [OH]", '0,, and [0,]” point to the most
reactive site being the C2 position on the imidazolium
compounds.”’*?%3 Therefore, a similar nucleophilic attack by
oxygen radical on the cation likely takes place at the C2
position (Scheme 3a), whereas radical formation in the anion is
most likely at the a position (Scheme 3b), owing to the greater
number of intermediate resonance states in contrast to the 3 or
y carbon (Scheme 3b). The oxidative degradation of the cation
begins with the radical cleavage of hydrogen on the C2 carbon,
as shown in Scheme 3a, followed by the attack of an oxygen
molecule that results in the formation of a peroxide radical.
With the capture of a hydrogen radical, the peroxide radical
then turns into peroxide, which breaks down and eventually
produces the oxidized cation. The oxidized cation is believed to
be in equilibrium with its amide tautomer. The oxidation of the
anion is expected to follow a similar pathway as shown in
Scheme 3b. It is noteworthy that both oxidative degradation
products were observed even under mild degradation environ-
ments of Sample 1 (Figure S4).

Along with the oxidative products determined in Sample 4,
we identified an additional peak at m/z=181 in the negative
scan (Figure 1a), representing the anion dimer that was not
observed in Sample 1. We speculate this dimerization to be
dependent on the radical concentration for the anion, which
increases with greater oxygen exposure at elevated temper-
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Figure 1. (a) ESI-MS for Sample 4. The top two scans are the positive scans and the bottom two are the negative scans. Solvent blank (brown); sample (blue).
Note that some of the impurities from the solvent also appear in the sample spectra due to pre-contamination of the ESI-MS chamber. The peaks highlighted
in yellow are the cation and anion of [EMIM][2-CNpyr]. The spectra for Sample 1 are shown in Figure S4. (b) Molecular structure of EMIM™ and 2-CNpyr~ of the
IL (in yellow) and the degradation components (in orange) detected by ESI-MS: cation (I); anion (I1); oxidized cation (lll); oxidized anion (IV); anion dimer (V).

The peak intensities in the negative scans were normalized by that of 2-CNpyr~.

atures (Scheme 4a). The anion dimer forms through the C—C
bond formation of the carbon radical at the a position of the
anion and the hydrogen radical results in H, gas. The anion
dimer is likely to be a dianion [C,,H,N,]*~ but could be readily
protonated to be [C;(HsN,]”. Different from the formation of
ring-like oligomers or linear polymers from pyrrole under
various stimuli,*”#%%%" the lack of liable proton at the & carbon
limits the chance of chain propagation and ends the decom-
position of the anion with a dimer. These results are in
agreement with the report by Li etal. on the radical-induced
degradation of amino-oligomer sorbents where varying oxida-
tive stability (and kinetics) was observed based on the local
environment of the amine.®

To confirm the proposed degradation reactions, a series of
analysis consisting of GC (for gaseous side products), NMR, and
FTIR was performed. Off-gas operando GC analysis was
conducted on Samples 1 and 4 throughout the period of the
accelerated degradation experiments. H, evolution from Sam-
ple 4 was detected by TCD2 (Figure 2a); it was quantifiable after
6 h (Figure 2b).

We interpreted the H, to be coming from the cleaved-off
hydrogen radical from the a position (Scheme 4a), leading to
the formation of the anion dimer observed in MS. The
dimerization in Sample 4 is further supported by *C NMR in

ChemSusChem 2023, 16, €202300118 (4 of 13)

Figure 3 (small peaks highlighted in orange). In contrast, neither
H, evolution nor the anion dimerization were observed in other
degraded IL samples. A possible explanation for this observa-
tion is the stronger dependence of these side reactions to O,
concentration, in which case the likelihood of two anion radicals
being near each other is high enough to form the dimer.

The regions highlighted in green in Figure 4 confirm the
formation of the proposed oxidized products (hydroxide O—H
stretching at 3300 cm™) and their amide tautomers (amide
N-H bending at 1560 cm™ and amide C=O stretching at
1680 cm™), as well as the ring-opening product (secondary
amine N—H stretching at 3330 cm™, alkenyl C—H stretching at
3090 cm™', and alkenyl C=C stretching at 1620 cm™). The
orange region suggests the potential oxidation of cyano groups
under extensive oxidative condition in Sample 4. It is also
possible that additional —CN vibration is due to the presence of
the different environments with the anion dimer formation.
These observations in NMR and FTIR strengthen our proposed
anion dimerization and ring-opening reaction pathways in
Scheme 4. Aside from the dimerization reaction of the anion,
we also observed the emission of CO, gas starting from day 6 in
the chromatogram of TCD2 (Figure 2a), which is highlighted in
the gray shaded region in Figure 2b. We hypothesize that the
emission of CO, is from the pathway shown in Scheme 4b,

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Scheme 4. (a) Dimerization and H, evolution from the anion radical (l1)". (b)
CO, evolution from the ring-opening mechanism of cation-derived keto
tautomer (lll).

where a ring-opening reaction of the keto tautomer of the
oxidized cation takes place. Based on these results, we conclude
that the oxidative degradation reactions strongly depend on
the temperature and O, concentration.

The degradation-derived CO, binds back to the IL as
indicated by the gray highlighted peaks in *C NMR (Figure 3)
and FTIR (Figure 4) that correspond to the bound CO,. The split
of the cation peaks (g’ and i) and the shift of the anion peaks
(d’, €, f, i, and j’) in NMR present consistent behavior with our

ChemSusChem 2023, 16, €202300118 (5 of 13)

previous study, where the specific CO, binding mechanism with
this IL was reported.”” Figure 3b shows the CO, complexed
cation and anion species of carboxylate and carbamate,
respectively, in the middle. We considered the possibility of
potential oxidation of polyethylene tube in the gas line as the
CO, source; however, experiments carried out without these
tubing components (Samples 2 and 3) yielded similar results of
CO, evolution and binding to IL. Therefore, we conclude the
evolution of CO, to be a product of the cation degradation as
suggested in Scheme 4b.

As the exact molecular structures of some degradation
products were difficult to fully characterize by FTIR, NMR or MS,
owing to their low concentrations, potential degradation path-
ways are proposed based on cross-referencing the spectro-
scopic results (Figure 5). The viscosity increase in degraded IL
may be related to the formation of stronger Coulombic
interactions between the cation and the dianion, as well as H-
bonding between the alcohol and amine groups, in addition to
the oxidized and polymerized products.

The impact of anion nucleophilicity on stability

The nucleophilicity of the anion was reported to be a critical
factor for stability.®® A ramped gravimetric analysis of [EMIM]-
based ILs (or salts) with varied anion nucleophilicity (Table 2)
was performed with TGA.

ILs with low-nucleophilicity anions, such as [TFSI] and [TCM],
were observed to have the highest thermal stability of at least
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Figure 2. (a) Gas chromatograms of the off-gas from the degrading experiments of Sample 4 at day 1 (left panel) and day 7 (right panel). FID1 shows no
volatile organics. TCD1 (mobile phase: He) shows CO, peak after long exposure to O,. TCD2 (mobile phase: N,) shows H, peak. The artificial peaks (labeled
with asterisks) originate from the pressure deviation within the GC column due to pneumatically controlled valve events. (b) Gas chromatography of the off-
gas from Sample 4 with data collected in 6 h intervals from all three detectors. The presence of CO, peak (black squares) was highlighted with grey

background.
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Figure 3. (a) C NMR spectra of the fresh IL and the degraded IL samples showing only 102-132 ppm region. The cation splitting and shifting for CO, binding
is highlighted in grey and the anion dimer is highlighted in orange. The spectra of CO,-absorbed IL from the absorption experiments under 410 ppm CO, (in

khaki color) we reported previously®

has very low concentration. The full ®*C NMR spectra are given in Figure S5. (b) Labeling of the NMR peaks. The protons on IL are labeled with (a, b, ¢, ...

CO, bound products with (@', b’, ¢...), and the anion dimer with (1, 2, 3, ...).

350°C (Figure 6a), which is even better than the cation
precursor [EMIM][I]. This demonstrates that the thermal decom-
position of [EMIM]* cannot be decoupled from its counterion,
and, in fact, the anion has a dominant role in driving the
degradation of the IL. The first derivative of TGA curve (mass
loss) against temperature clearly demonstrates the trend (Fig-
ure 6b). The increase in the nucleophilicity of the anion from

ChemSusChem 2023, 16, €202300118 (6 of 13)

is included as a point of reference. The symbol “t” marks the peaks of an unidentifiable decomposed component that

), the

[TFSI] to [2-CNpyr] lowers the decomposition temperature by
100°C. When the electron withdrawing cyano (C=N) substitu-
tion is eliminated as in the case of [Pyr], thus increasing the
nucleophilicity of anion, the resulting compound [EMIM][Pyr]
demonstrates very low thermal stability. The strong nucleophilic
[Pyr] decomposes the cation. In fact, the decomposition is so
profound that [EMIM][Pyr] is not even stable as evident from
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Figure 4. FTIR spectra of the fresh IL and degraded IL (Samples 1-4). Regions highlighted in grey are the absorption peak shifts due to CO, binding. Region
highlighted in orange indicates the strong C=N stretch of the oxidized cyano group and possibly the anion dimer. Regions highlighted in green are potential
formation of secondary amines (3330 cm™'), hydroxy (3300 cm™'), and alkenyl groups (3090 cm™' and 1620 cm™"), that are not detected with the previously
discussed methods, however their presence support the proposed mechanism of CO, evolution. The full FTIR spectra are given in Figure S6.
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Figure 5. Proposed mechanism of oxidative and thermal decomposition of
[EMIM][2-CNpyr] under continued exposure to O, and heat (80 °C for 7 days).
The oxidation-derived compounds of EMIM* and 2-CNpyr~ further produce
CO, and H,, as detected by GC.

'HNMR (Figure S7), where it readily degrades. Under air, the
thermal stability of [EMIM][2-CNpyr] (dashed line in Figure 6)
was also found to be lower when compared to N, environment
(solid line) by about 10°C in decomposition temperature.

Impact of temperature and oxygen on ion diffusivities and
CO, capacity

The self-diffusivity (D) of the cation and anion were measured
by 'H DOSY NMR (see Experimental Section and Figure 7a). An
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example of the 'H pulse field gradient (PFG) NMR for diffusivity
calculation is shown in Figure S8. We would like to point out
the limit of '"H NMR (and 'H DOSY NMR), in which [EMIM]* and
[EMIM] " -derived components cannot be resolved effectively as
separate entities; however, they appear as a single peak due to
the low concentration of the [EMIM] *-derived components and
the interactions among them via H-bonding. A similar limitation
also applies to [2-CNpyr]~. Although both the [EMIM]* and [2-
CNpyr]~ ions are composed of five-member heterocyclic
aromatic ring-structure with short pendent groups, giving
similar hydrodynamic radius, the diffusivity of anion (D7) in the
neat IL is observed to be slightly slower than that of cation (D).
This is likely due to the stronger H-bonding interactions
between the conjugated [2-CNpyr]™/2-CNpyrH adduct."”*” The
D*/D ratio is denoted as the “R value,” which represents a
measure of change in the surrounding solvation environment.
The R value of Sample 1 (1.18) is similar to that of neat IL (1.21),
whereas Sample 4 gives an R value of 1.02 and a diffusivity that
is one order of magnitude lower than other samples. This
suggests a very different chemical environment in Sample 4,
where the ions are relatively confined by higher order
interactions in the presence of intermolecular H-bonds that
thicken and compact the liquid, in alignment with the higher
viscosity measured, as opposed to Sample 1 and the neat IL.
Figure 7b shows the CO, capacity of the neat and the
degraded IL Samples 1 and 4. The capacity was calculated by
quantitative *CNMR by the integration of carbamate (CO,-
anion complex; 146 ppm), carboxylate (CO,-cation complex;
154 ppm), and bicarbonate (CO,-water; 158 ppm). With mild
exposure history in Sample 1, we observed similar CO, capacity
under 410 and 2500 ppm of CO, in N, post decomposition tests.
However, the measured capacity of Sample 4 decreased by
about 50%, which could be traced back to the loss of both
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Table 2. Imidazolium-based samples with different anions and nucleophilicities. Donor number defines the reaction enthalpy of a Lewis base binding to a

standard Lewis acid and is therefore a good indicator of anion nucleophilicity.
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Figure 6. (a) TGA of samples in Table 2 with heating to 600 °C under N, at 10°Cmin™". (b) The first derivative of TGA weight loss against the heating
temperature. The thermogram plotted as a dashed line represents the decomposition of [EMIM][2-CNpyr] under air, where a slightly different degradation

pattern is observed, notably the higher char yield.

active sites of carboxylate on cation (154 ppm) and carbamate
on anion (146 ppm). We hypothesized the deactivation of CO,
binding sites to be related to the degradation of the IL itself,
and possible hindrance from the intramolecular H-bond, which
may impede CO, from accessing the active sites.

Stability against MW exposure and CO, release by dielectric
heating

Microwave-assisted desorption was performed at a constant
temperature (80 and 100°C in two consecutive cycles) by auto-
adjusting the microwave power (0-10 W at 2.45 GHz), following
CO, absorption at 25°C (Figure 8). The setup is shown schemati-
cally in Figure S9 and the representative temperature and MW
power profile during desorption are shown in Figure S10.

ChemSusChem 2023, 16, €202300118 (8 of 13)

Absorption was performed by contacting the IL with a feed gas
of 5000 ppm CO, in synthetic air (80:20 N,/O,) at 25°C with 0%
RH. To achieve 50% RH (P,,o=15.9 mbar), the feed gas was
bubbled through a water reservoir. Desorption was performed
by dielectric heating at 100°C in the first cycle and 80°C in the
second cycle under dry N,. When the absorption was under 0%
RH, both the absorbed and desorbed amounts of CO, are the
same in both the 1% and 2™ cycles (Figure 8top), thus demon-
strating effective desorption and cyclability. Here, the absorp-
tion time was limited to 2.5 h and the absorbed CO, does not
reflect the thermodynamic equilibrium at 25°C due to slow
absorption rate. The rate of desorption is about 7.5 times
greater than the absorption rate (Figure 8bottom), likely
resulting from reduced viscosity at higher temperatures and
direct molecular level heating. In fact, desorption is rapid, and
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Figure 7. (a) Self-diffusivity of cation (filled symbols) and anion (open
symbols) of [EMIM][2-CNpyr] measured by 'H DOSY NMR. The D™ and D~
values of Sample 4 closely overlap one another. (b) Breakdown of CO,
capacity based on the quantified *C NMR peaks of carbamate (CO,-anion
complex), carboxylate (CO,-cation complex), and bicarbonate (CO,-water) for
the fresh IL (black outlined bars), Sample 1 (red outlined bars), and Sample 4
(blue outlined bars). The uncertainty of the breakdown capacity is calculated
from the signal to noise ratio to be less than 0.05 mol CO, per kg of sorbent.

half of the absorbed CO, is released within the first three
minutes.

With absorption at 50% RH, working capacity (difference
between absorbed and desorbed CO, in a cycle) is decreased
despite the fact that the absorbed amount of CO, is slightly
increased. Therefore, the regeneration efficiency is around 80%
(Figure 8right). The increased absorption capacity under humid
feed conditions is likely due to the CO, uptake by the absorbed
water in the IL as it is known that water reacts with CO, in basic
conditions forming bicarbonate and carbonate.?” However, it is
also known the reaction enthalpy of bicarbonate and carbonate
formations are higher than that of carboxylate and carbamate
that forms from CO, absorption by the IL.***7% Therefore, it is
not surprising that the regeneration efficiency is lower in the
2" cycle where the temperature is lower. The IL darkened in
color after dielectric heating at 100°C for 1 h, owing to initiated
IL oxidation, which is probably very low in amount and thus
could not been detected.

After a total MW cycle of 6 h (4 h of pretreatment at 50°C,
1 h of 1% desorption at 100°C, and 1 h of 2™ desorption at
80°C), the stability of IL (treated under 0% RH) was confirmed
by NMR (FigureS11) and FTIR (Figure S12) spectroscopy.
Viscosity of the MW regenerated IL after the completion of
breakthrough measurements under 0% RH was measured as

ChemSusChem 2023, 16, €202300118 (9 of 13)
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(a) 4x107 85 cP at 25°C, which is lower than the measured value of 90 cP

ax107 ] i for aged IL at 50°C after 3 days by conventional heating, in

= $ comparison to 70cP for the fresh sample prior to any
NEPSTEE Q absorption-desorption history.

5 To compare MW regeneration with the convectional

.E‘ heating, parallel experiments were performed up to 8 absorp-

| 497 tion-desorption cycles (16 h total). Cycling was performed with

E 3x10° 3 a dry feed gas of 5000 ppm CO, in synthetic air for 60 min at

2x10° 4 25°C, followed by desorption under N, for 45 min at 80°C in

(b) 104 = both experiments using the same setup. The only difference

= —— ‘ ‘ was that the convectional heating was performed by immersing

8 20 [ Bicarorate | | Pemd | | Sample 4 | the sample chamber in a pre-heated oil bath at 80°C as the

5 — : heat source instead of dielectric heating by MW. As shown in

-‘i‘» 1.5| Neatll. | - : : Figure 9, the MW regeneration resulted in similar working

S : l " i capacities to convectional heating but led to slightly more

g ! efficient and stable regeneration efficiency. Following cycling,

g 191 ‘ g both samples were characterized by NMR to identify possible

E T ; : ! I degradation products. However, none was observed (Fig-

§ 05 ‘ 3 : ure S14). These results demonstrate the utility of MW as a viable

g; | alternative to conventional heating in IL regeneration in CO,

8 0 ’ . . . . ' capture processes.
w S w S S It is shown here that the CO,-reactive IL is susceptible to

dielectric heating and the desorption can be achieved effec-
tively considering the high viscosity of the IL that limits mass
transport. Although [EMIM][2-CNpyr] was found to undergo
thermal and oxidative degradation under O, at 80°C for 7 days,
therefore losing 50% of its CO, capacity, it is relatively stable
upon cycling under air feed gas and 80°C regeneration. These
results further demonstrate the superior stability of the
functionalized IL, compared to the solid amines where CO,
capacity loss in the orders of 80% and 61% have been reported
under dry air at 120°C"" and 80°C"? for 7 days, respectively.

Conclusions

The CO,-reactive IL [EMIM][2-CNpyr] was exposed to air and O,
at 50 and 80°C for durations of 3 and 7 days to examine the
possible oxidative thermal degradation reactions that could
occur under a repetitive thermal-swing process that a sorbent
undergoes in CO, capture. The results from a series of analytical
measurements suggest oxidation of both ions and ring opening
of the imidazolium by radical and Sy2 reaction mechanisms,
respectively. These reactions were encouraged by the nucleo-
philicity of the anion producing mostly pyrrole dimer, ketones,
and alkenes in addition to H, and CO, gases. Although the CO,
reactivity of the IL sorbents relies on nucleophilic functional
groups, stronger nucleophilicity negatively impacts sorbent
stability upon long-term exposure to thermal cycling, as
evidenced by the measured increase in viscosity and loss of CO,
capacity. Therefore, balancing of the nucleophilicity of an IL
sorbent for CO, capacity and regeneration temperature is
important. To eliminate long exposures to high temperatures
under conventional heating, MW regeneration was demon-
strated as an alternative where no measurable degradation
products were found after a total of 6 h exposure to MW at 50-
100°C. Although this study demonstrates the susceptibility of IL
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Figure 8. CO, breakthrough curves (top left), CO, absorption/desorption rate (bottom left), and regeneration efficiency (right) for [EMIM][2-CNpyr] for two
consecutive cycles. Blue lines represent absorption at 25 °C with both 0% RH (dotted lines) and 50% RH (solid lines) feed gas (5000 ppm CO, in 80:20 N,/O,).
Red lines represent MW-based desorption at 100°C in 1% cycle and 80 °C (orange) in 2™ cycle. Regeneration efficiency is defined as the ratio of the amount of
CO, desorbed per CO, absorbed. Sample was pretreated by dielectric heating at 50 °C for 4 h. The microwave (2.45 GHz) power was automatically controlled
between 1-10 W for the set desorption temperatures; power and temperature profiles for the 2™ cycle (0% RH) are shown in Figure S10 as an example.
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Figure 9. Working capacity (bars) of [EMIM][2-CNpyr] during 8 cycles (16 h
total) of absorption (25 °C) under 5000 ppm CO, and desorption at 80 °C
under N,, comparing the convectional heating (gray) and dielectric heating
by MW (red) for regeneration. The regeneration efficiency (squares) is
calculated by dividing the amount of CO, released by the amount of CO,
absorbed during a given cycle.

for MW based regeneration and desorption of CO,, it should be
further investigated whether there is structure-induced release
of CO, besides the dielectric heating effects.

ChemSusChem 2023, 16, €202300118 (10 of 13)

Experimental Section

Materials

The IL precursor, 1-ethyl-3-methylimidazolium iodide ([EMIM][I],
>98%) was purchased from TCl America. Reagent grade solvents
of methanol, acetone, isopropanol, anion precursor pyrrole-2-
carbonitrile (97 %), and anion exchange resin (AER) Amberlite® IRN-
78 (hydroxide form) was purchased from Alfa Aesar (Thermo
Scientific). Anion exchange resin was rinsed with methanol at least
three times and vacuum dried under ambient temperature before
use. Paramagnetic compound chromium (lll) acetylacetonate (Cr-
(acac);) and pyrrole (98%) were purchased from Sigma-Aldrich
(Millipore Sigma). The deuterated solvent DMSO-dg (10 mL, 99.9%)
was purchased from Cambridge Isotope Laboratories. The non-
nucleophilic (also non-CO, reactive) ILs 1-ethyl-3-methyl-imidazo-
lium bis(trifluoromethanesulfonyl)imide ([EMIM][TFSI], 99%) and 1-
ethyl-3-methyl-imidazolium tricyanomethanide ((EMIMI[TCM], 99 %)
were purchased from lolitec Inc, Germany. The thrift-grade NMR
tubes (5 mm diameter; 7" length) and coded closed caps were
purchased from Wilmad Labglass. The NMR coaxial tube sets (NE-5-
CIC and NE-UP5-7) were purchased from New Era Enterprises, Inc.
Gas tanks of nitrogen (N,; Ultra High Purity (UHP), argon (Ar; UHP),
helium (He; UHP), carbon dioxide (CO,; bone dry), oxygen (O,; UHP),
hydrogen (H,; UHP), and synthetic air (Air; N, 80% and O, 20%)
were purchased from Airgas, Cleveland.
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Synthesis

The synthesis of [EMIM][2-CNpyr] and [EMIM][Pyr] started with
gradual anion exchange of precursor (10 g [EMIM][I] in 100 mL
methanol) from I~ to OH™ at ambient temperature of 22°C. The use
of AER was monitored to be 5 g per mmol of [EMIM][I]. The absence
of residual iodide in the [EMIM][OH] intermediate was confirmed by
(0.171 N) silver nitrate test where no visible white or yellowish
silver(l) iodide precipitate was observed. Anion precursor was then
added dropwise to the [EMIM][OH]/methanol intermediate solution
([EMIM][OH]: anion precursor 1:1.05 mole ratio) and agitated at
22°C overnight. The resulting solution was then transferred to a
round bottom flask where excess solvent was removed by a rotary
evaporator with a vacuum pump (Edwards E2M0.7) at 50°C. The
removal of residual moisture was carried out in a switch valve-
controlled steel chamber under high vacuum of <100 mTorr with
an Edwards RV-8 pump at 70°C overnight. The molecular structure
of [EMIMI[2-CNpyr] was confirmed by 'HNMR and the peak
assignment confirmed by heteronuclear single quantum coherence
(HSQC), as shown in Figure S1. Combustion ion chromatography
(Atlantic Labs) confirmed the halogen content in [EMIM][2-CNpyr]
to be lower than its detection limit (0.25%). Elemental analysis
calculated for C;;H,,N,; C65.32, H6.98, N 27.70; found: C 62.78,
H7.15, N 26.87.

Characterization methods

The molecular structure of ILs were characterized by nuclear
magnetic resonance spectroscopy (NMR: 'H, ?H, and C NMR on a
Bruker Avance Il HD 500 MHz NMR Spectrometer equipped with
Broadband Prodigy TCI CryoProbe). Fourier-transformed infrared
spectroscopy (FTIR) was taken on a Nicolet iS50 (Thermo Scientific)
with built-in mid- and far-IR capable diamond attenuated total
reflection. The water contents of the IL samples were measured by
Karl Fisher titration (Metrohm Coulometric; KF 889D) to be all less
than 1000 ppm. Densities were measured with a vibrating U-tube
density meter (Anton Paar; DMA 4500 M) within its own temperate
control chamber (£0.03K). The uncertainty of density is+
0.00005 gcm 3. Viscosity was measured with a microchannel
viscometer (Rheosense; MicroVISC) in temperature control unit (£
0.10 K). The uncertainty of viscosity is about 2%. Thermal stabilities
were measured by a thermogravimetric analyzer (TGA, Q500) with a
few drops (ca. 15 pg) of anhydrous IL sample in a platinum pan.
The samples were tested with a temperature sweep from 50 to
600°C at a rate of 10°Cmin~", under either N, or air atmosphere.

Accelerated degradation tests and component analysis

2 mL of IL sample was placed in a 20 mL glass vial and agitated at
60 rpm with a magnetic stirrer (IKA C-MAG HS 7 digital). The head
space within the glass vial was about 18 mL. A total of four
accelerated degradation tests were performed, corresponding to
Samples 1-4 (Table 1). Sample 1 and Sample 4 were continuously
contacted with air and O,, respectively, and the evolving compo-
nents were sent to the GC for analysis. Evolving gas analysis was
carried out by a customized GC (Agilent GC 7890B) equipped with
two thermal conductivity detectors (TCD1, mobile phase: He; TCD2,
mobile phase: N,) and one flame ionization detector (FID1; mobile
phase: He). Degradation tests for Sample 2 and 3 were performed
in gas-tight 20 mL glass vials, with about 18 mL of air and O, as the
atmosphere, respectively. The targeted atmosphere was purged
into the vial for 10 min to replace the atmosphere before sealing
the vial with lid and parafilm. Samples were degassed overnight by
pulling vacuum and kept in an argon filled glovebox (VTI, with H,0
and O, both less than 0.1 ppm). The water content before and after
the degradation tests were measured by KF titration to be
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<1000 ppm. Samples 1 and 4 were analyzed by electrospray
ionization mass spectroscopy (ESI-MS; TSQ Quantum XLS Ultra). IL
samples with a concentration of 25 mm in acetonitrile/water
(50:50 v/v) mixture were directly infused and scanned in the range
of m/z50-600, with 0.1 mol% of acetic acid as additive for the
positive scan and with no additive for the negative scan.

CO, capacity measurements before and after degradation

CO, capacities were measured for the neat IL and Samples 1 and 4
following a similar procedure as described previously.®” Briefly,
mass flow controllers (MFC; Brooks 5850i) were used to create
mixed anhydrous feeds of CO, and N, at 410 ppm and 2500 ppm of
CO,. Complete mixing of the gas was ensured in a 300 mL metal
chamber (Swagelok) within an isothermal incubator (HettCube
400R; Across International LLC) at 22°C prior to the absorption cell
(20 mL glass vial). The CO,/N, gas flow rate and composition were
confirmed by an ADM 2000 Flowmeter (J&W Scientific Inc., acquired
by Agilent) and an infrared gas analyzer (SBA-5, PPSystems Inc.),
respectively. Analysis of the absorbed CO, in the IL was done by
quantitative *C NMR, following a previous report.?”!

lon self-diffusivity measurements

Diffusion coefficient of the ions within the IL samples (1 and 4) was
measured by Diffusion-Ordered Spectroscopy (DOSY) NMR using a
bipolar gradient (ledbpgp2 s) pulse sequence on a Bruker 500 MHz
NMR ('H Larmor frequency of 500 MHz) with Z-gradient diffusion
probe. The signal was accumulated over 16 transients with 4 s delay
at 298 K. The isotopic self-diffusivity (D) of ions was calculated by
using Equation (1).

M(g) = Moe[—w»zau—%)] "

where y is the gyromagnetic ratio, g is the magnitude of the
gradient pulse, ¢ is the duration of the gradient pulse, and 4 is the
interval (drifting time) between two gradient pulses in opposite
directions. M, is the strength of magnetization without pulse field
gradient applied, whereas M(g) is a function of the applied pulse
field gradient. 4 and 6 were set to be 190ms and 3 ms,
respectively.

CO, absorption and MW-assisted CO, regeneration

For CO, breakthrough measurements, 5 mL of IL sample was placed
in a 125 mL flat-bottom Pyrex glass flask and the sample was
pretreated by microwave exposure at 50 °C for 4 h under air flow to
confirm stability. Following this, absorption measurement was
performed by contacting the sample with anhydrous CO,/N,/O, gas
feed (5000 ppm CO, in synthetic air; 80:20 N,/O,) at a flow rate of
400 mLmin~" for 2.5 h while constantly stirring the liquid. Absorp-
tion was followed by desorption through microwave exposure for
1 h. The setup is shown in Figure S9 and a representative power
and temperature profile are shown in Figure S10. The amount of
CO, absorbed/desorbed was determined by quantitative >C NMR
analysis of the liquid and the CO, in the exhaust was quantified by
the IR analyzer according to the procedure reported previously.*®
Dielectric heating to maintain a constant temperature of the liquid
sample for desorption at 80 or 100°C (IR temperature sensor with
uncertainty of &+ 1°C) was achieved by automatically adjusting the
continuous MW power (CEM Discover 2.0; 2. 45 GHz, 1-300 W). The
desorbed CO, was swept by N, flow (400 mLmin™") to the IR gas
sensor. This procedure was repeated for the second absorption-
desorption cycle. Possible degradation during MW exposure was
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assessed by NMR and FTIR spectroscopy. The viscosity of the
sample post cycling was also measured as described earlier.
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