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ABSTRACT: An integrated CO2 capture and conversion to materials (IC3

M) implementation utilizing a CO2 capture solvent is an efficient approach
to reduce the amount of CO2 in the atmosphere while producing value-
added chemicals. Herein, we demonstrate that the advanced water-lean CO2
capture solvent, N-(2-Ethoxyethyl)-3-morpholinopropan-1-amine
(EEMPA), can catalyze the cycloaddition reaction between CO2 and
propylene oxide to produce the value-added chemical propylene carbonate
in an IC3 M fashion. When excess propylene oxide is used relative to
EEMPA, yields as high as 75% with 85% selectivity toward propylene
carbonate can be achieved under solvent-free conditions without the need of
additives/cocatalysts. The reaction temperature (120 °C) is comparable to
that used in the thermal regeneration of the capture solvent under industrial
conditions. Formation of an undesired amino alcohol side product was
observed, but it may be reversible or avoidable with continued research despite the unsuccessful initial attempts. Lastly, we show that
this can be applied to other epoxides for the production of various cyclic carbonates.

■ INTRODUCTION
Anthropogenic CO2 emissions play a significant role in climate
change. To address the increasing CO2 levels in the
atmosphere, recycling CO2 into fuels and materials could
offer economic incentives to initiate the shift toward a CO2-
neutral, and eventually, a CO2-negative, economy.1−5 In recent
years, there has been growing interest in the approach known
as integrated CO2 capture and conversion to materials (IC3

M), where both capture and conversion occur in the same
medium in a sequential or simultaneous fashion. The aim is to
minimize the energy-intensive stages of CO2 desorption and
compression.6 With an IC3M approach, the captured CO2 is
directly converted into value-added chemicals, eliminating the
need for pipelines to transport compressed CO2 from the
capture site. We had posited that a point-source IC3 M
technology could become a refinery of the future, producing
multiple CO2-derived materials by varying the reagent cofeed
and catalyst bed providing financial incentives but more
importantly market adaptability.6 Various media, catalysts, and
process conditions for different IC3 M methods are currently
being explored. These studies are largely focused on catalytic
reduction of CO2 to value-added chemicals such as formate,
methane, and methanol.6−11

Amine-based capture solvents provide the ideal medium for
implementation of an IC3 M approach, since such an approach
requires a carbon capture medium that has been confirmed to
efficiently perform the initial separation of CO2 from point
sources, while also enabling subsequent electrocatalytic or
thermocatalytic conversion of captured CO2 directly to value-
added products.6 Capture solvents are well suited for an IC3 M
approach due to their low capture costs, fast kinetics, enhanced
heat and mass transfer, and convenience in continuous flow
processes. Aqueous organic amines, such as 30% aqueous
monoethanol amine, comprise the first-generation CO2
capture solvents. Second-generation options such as CAN-
SOLV, piperazine, and KS-1 exhibit notable efficiency
improvements.12 Recently developed third-generation solvents
are tailored for water-lean conditions, reducing their energy
requirements.13 Regardless of using water-based or water-lean
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solvents, the amine moiety remains pivotal for the binding of
CO2. One promising third-generation amine-based CO2
capture solvent projected to meet carbon capture cost
benchmarks and set to be implemented in industrial processes
is N-(2-Ethoxyethyl)-3-morpholinopropan-1-amine
(EEMPA).14 EEMPA has been demonstrated to be an effective
capture solvent under water-lean conditions, which is an
important consideration for the production of certain value-
added chemicals from CO2, including cyclic and polymeric
carbonates, where reactions may be sensitive to water.

Cyclic carbonates are an example of a CO2-derived line of
value-added chemicals primed for solvent-based IC3 M
implementation. Cyclic carbonates are important industrial
compounds commonly utilized as polar aprotic solvents, fuel
additives, electrolytes for lithium-ion batteries, as well as
polymer and pharmaceutical precursors.15,16 They are
predominantly produced by the catalyzed cycloaddition of
CO2 to epoxides (Scheme 1). This remains an attractive route

due to the potential for 100% atom economy in this
reaction.16−18 Additionally, the reaction enthalpy for the
formation of propylene carbonate from CO2 and propylene
oxide is −25.1 kcal/mol.19 In an IC3 M approach, an
exothermic chemical conversion of CO2 could be coupled to
offset the energy required for regeneration of the capture
solvent. In the case of EEMPA, the enthalpy of solvent
regeneration is ∼18 to 19 kcal/mol CO2, therefore the

cycloaddition reaction could potentially offset the enthalpy of
regeneration completely. This aspect provides additional
financial incentives for implementation of an IC3 M approach.

There are many studies on this reaction that claim to be IC3

M,20 but there are limited accounts of doing this chemistry in
what we would define as a “viable” carbon capture medium6 in
the absence of a catalyst. Of notable attempts at capture and
conversion, there are multiple reports of systems that achieve
high conversion or efficient capture, but not both. The DBU
hexylcarbonate switchable ionic liquid previously published by
our group21 proved to be effective at converting captured CO2
into cyclic carbonates, but hexanol is too volatile to be used
under industrial conditions and DBU is susceptible to
hydrolysis. Other capture and conversion technologies such
as imidazolium, pyridinium, pyrrolidinium, guanidinium, and
ammonium ionic liquids boast cyclic carbonate yields and
selectivities >90%, and17,22 these quaternary amines also have
the ability to avoid forming some side products, such as amino
alcohols, due to their non-nucleophilic nature. However, none
of these ionic liquids have been sufficiently studied to indicate
efficient or economical capture of CO2 from point-source
exhaust streams (4−14% CO2). Additionally, high viscosity
limits processing ability, and the toxicity of these materials
raise environmental concerns.23 The complexity and high costs
associated with synthesizing ionic liquids also makes them a
less economically viable option.23,24 Hyper cross-linked
poly(ionic liquid)s25 are capable of CO2 capture and
conversion when the capture step is performed under an
atmosphere of CO2; the capture ability of these materials has
not been demonstrated under conditions mimicking post-
combustion industrial flue gas or direct air capture. Some
amidines and guanidines, such as 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU) and Triazabicyclodecene (TBD), have been
reported to produce cyclic carbonates with yields over 90%
without formation of amino alcohol side products, which is
attributed to the poor to negligible nucleophilicity of the imine

Scheme 1. Cycloaddition of CO2 with Epoxides to Produce
Cyclic Carbonates

Figure 1. EEMPA catalyzing the cycloaddition of CO2 with propylene oxide; (a) activation of CO2 by EEMPA; (b) formation of carbamate; (c)
nucleophilic attack on epoxide; (d) cyclization; and (e) formation of cyclic carbonate and regeneration of EEMPA.
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in the amidine and guanidine moieties.26,27 Despite this
advantage, neither of these bases could currently be
implemented in an IC3 M approach because their capability
to act as a viable capture medium from point-source exhaust
has not been demonstrated. Oxide- and carbonate-based
adsorbents can capture and reduce the amount of CO2.
These processes are typically energy intensive due to high
processing temperatures, have limited reactivity after several
cycles, and are not viable under water-free conditions, which is
needed to avoid production of glycols.27,28 Metal organic
frameworks (MOFs) are another promising technology that
have recently been demonstrated to capture CO2 and
subsequently catalyze the cycloaddition reaction of CO2 with
epoxides. Cyclic carbonate yields as high as 99% have been
reported when an equimolar amount of tetrabutyl-ammonium
bromide was present as a cocatalyst; the cyclic carbonate
product was not observed when the catalyst was omitted.29

To truly be an integrated solvent-based IC3 M approach,
both capture and conversion must be achieved in the same
solvent platform. First- and second-generation aqueous
solvents are attractive and can be used in some electro-
chemical/electrocatalytic processes, but they may not be
appropriate for production of cyclic or polymeric carbonates,
as water has been shown to inhibit carbonate formation by
hydrolysis of propylene carbonate to 1,2-propylene glycol.27 It
was previously demonstrated that the first-generation solvents
based on non-nucleophilic amidine superbases and alcohols
could promote cyclic carbonate formation via alkyl carbonates,
but they are unlikely to be viable for capture from point
sources due to high costs and viscosity, low water tolerance,
and high volatility of the alcohol.30 Conversely, cyclic
carbonate formation has been shown to be hindered by 1
and 2° amines (by formation of undesired amino alco-
hols31,32), thus creating a disconnect between solvents capable
of capture and those capable for the conversion.

Challenging this thinking, we posited that under suitable
reaction conditions, single-component water-lean CO2 capture
solvents could catalyze the cycloaddition reaction between
epoxides and CO2 to produce cyclic carbonates. A system
utilizing capture solvent EEMPA as a catalyst for the
cycloaddition of CO2 and propylene oxide to propylene
carbonate was investigated as a proof-of-concept. In this case,
protonated EEMPA would act as a CO2 activator of the
oxirane, with concurrent nucleophilic attack from a negatively
charged oxygen atom in the carbamate (captured CO2). Upon
completion of the cycloaddition reaction, EEMPA would be
regenerated and returned to the process to capture CO2 again.
This cycle is illustrated in Figure 1.

■ EXPERIMENTAL SECTION
Experiments were carried out in a 100 mL Parr reactor. Propylene
oxide, isobutylene oxide, and butyl glycidyl ether were obtained from
commercial suppliers and used without additional purification.
EEMPA was synthesized by a previously reported approach5 and
characterized by 1H and 13C NMR prior to using for experiments.
MgO, γ-Al2O3, and dimethylsulfoxide (DMSO) were used as received.
General Procedure. CO2 capture: The as-synthesized EEMPA

was weighed in a vial and fit with a septum. CO2 was bubbled through
the EEMPA while stirring for 45 min. This CO2-loaded EEMPA was
used for the experiments, except entry 21. In entry 21, CO2 capture
was performed in a laboratory-scale continuous flow system (LCFS)
using a flue gas mixture (0.8164 mol % N2, 0.144 mol % CO2, 0.037
mol % O2, 0.0026 mol % Ar, 4.5 ppm of SO2, 51.9 ppm of NO and
dew point 15.6 °C). The capture performance of the EEMPA solvent

in a LCFS system has been previously reported.14 An aliquot of the
CO2-loaded EEMPA from the absorber unit of the LCFS system was
utilized as a source of captured CO2 for entry 21.

Cycloaddition of captured CO2 with epoxides: Propylene oxide was
added to the vial with CO2-loaded EEMPA in a dry nitrogen glovebox
and gently shaken until the mixture became homogeneous. The
resulting solution was quickly poured into a 100 mL Parr reactor
vessel and sealed. The reactor was removed from the glovebox and
pressurized with aqueous CO2. A Parr reactor controller was used to
regulate the experiment at the determined temperature and duration.
After completion of the heating interval, the reaction was allowed to
cool to room temperature and the excess pressure slowly vented. 100
mg of 1,3,5-trimethoxybenzene was dissolved in the crude reaction
mixture as an internal NMR standard. The crude mixture was
characterized by 1H and 13C NMR in DMSO-d6, and the composition
was determined relative to the standard and normalized to the
amount of epoxide used in the reaction. Further experimental details
can be found in the Supporting Information (SI).

Initial screening experiments with propylene oxide were conducted
at temperatures ranging from 60 to 140 °C and durations ranging
from 16 to 66 h. Amounts of reactants and EEMPA were also varied.
This temperature range was selected because absorption and stripping
in current industrial CO2 capture processes occur at 40 and 120 °C,
respectively. Furthermore, similar conditions have been shown to
effectively produce propylene carbonate in work previously published
by our group.21 Reaction conditions are listed in Table 1.

Once effective reaction conditions were determined, additional
experiments were performed to investigate the effects of cocatalysts
(MgO or Al2O3) or solvent (DMSO) on propylene carbonate yield
and selectivity (see Table 2 entries 13−15 and 19). The effects of
CO2-lean EEMPA were also explored in a series of three experiments
(entries 16−18), and in two of these (entries 17 and 18), the reactor
was heated to 120 °C prior to CO2 addition. Finally, two additional
epoxide substrates were tested; propylene oxide was substituted by
isobutylene oxide for entry 22, and butyl glycidyl ether was used in
entry 23.

■ RESULTS AND DISCUSSION
Screening Reactions with Propylene Oxide. Propylene

carbonate yields and selectivities as well as reaction conditions

Table 1. Reaction Conditions, Yields, and Selectivities for
Screening Experiments with POa

entry PO/EEMPA CO2/PO
temp
(°C)

time
(h)

cyclic
carbonate
yield (%)

cyclic
carbonate
selectivity

(%)

1 0.5 8.8 60 16 <1 <1
2 0.5 8.8 80 16 <1 <1
3 1 4.4 80 16 1.0 2
4 3.5 1.2 60 16 0.8 4
5 3.5 1.2 60 66 5.9 24
6 3.5 1.2 80 16 6.2 23
7 3.5 1.2 120 16 35 63
8 3.5 1.2 120 24 46 67
9 3.5 1.2 140 24 42 63
10 3.5 2.3 120 24 44 65
11 3.5 1.2 120 66 62 72
12 7 1.2 120 66 75 85

aEEMPA was loaded with CO2 (∼10 wt %) prior to experiments. All
reactions were performed with 20 bar CO2, except entry 10, which
was done under 40 bar CO2. Cyclic carbonate yield = (mol of cyclic
carbonate)/(mol of epoxide) × 100. Cyclic carbonate selectivity =
(cyclic carbonate yield)/(cyclic carbonate yield + amino alcohol side
product yield) × 100.
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for initial screening experiments with propylene oxide (PO)
are summarized in Table 1.

During the initial set of reactions (Table 1, entries 1−12),
the PO to EEMPA molar ratio (PO/EEMPA in Table 1) and
reaction temperature showed the greatest influence on
propylene carbonate yield and selectivity. Increasing PO/
EEMPA from 0.5 (entries 1 and 2) to 3.5 (entries 4 and 6)
showed an increase in the propylene carbonate yield and
selectivity. This trend was also observed when comparing
entries 11 and 12, where PO/EEMPA was increased from 3.5
(entry 11) to 7 (entry 12). The rate of the cycloaddition
reaction has first-order dependence with respect to epoxide
concentration;33 therefore, the observed improvements in yield
and selectivity with increasing PO/EEMPA ratio were not
unexpected. When the reaction temperature was increased to
120 °C, substantial improvements in the yield were observed.
Temperature was the only variable adjusted when comparing
entries 4, 6, and 7. Each increase in reaction temperature
between 60 and 120 °C resulted in higher selectivity and yield,
and in each case, the latter was improved to a greater extent.
When temperature was increased from 120 °C (entry 8) to
140 °C (entry 9), slight decrease in yield and selectivity was
observed. The decrease in yield and selectivity observed at 140
°C is likely due to the accelerated rate of amino alcohol side
product formation at this temperature as well as a lower
concentration of propylene oxide in the reaction mixture due
to its high volatility. Increasing CO2/PO molar ratio from 1.2
(entry 8) to 2.3 (entry 10) proved to have negligible effects.
This can be attributed to a decrease in reaction rate due to the
dilution effect of CO2, resulting in lower epoxide concen-
trations in the expanded reaction mixture.33 The highest yield
(75%) and selectivity (85%) was achieved when PO/EEMPA
= 7 at a reaction temperature of 120 °C (entry 12).

Significant improvements were observed when the reaction
time was varied. Increasing the reaction time from 16 h
(entries 4 and 7) to 66 h (entries 5 and 11) improved yield
and selectivity; however, the relative increase in yield was
greater than that of selectivity in both cases. Furthermore, this
trend was observed when comparing yield and selectivity for
entries 7, 8, and 11, in which only reaction time was varied
between 16, 24, and 66 h, respectively.

Based on these results, the conditions used in entry 8
provided a baseline for additional experiments. These
conditions were selected because they provided the highest
propylene carbonate yield (46%) and selectivity (67%) over a
reasonable amount of time (24 h).
Effects of Additives, Solvent, and CO2-Lean EEMPA.

Reaction conditions, cyclic carbonate yields, and selectivities
for experiments modified from the baseline conditions (entry 8
in Table 1) are summarized in Table 2.

The addition of Al2O3, a Lewis acid, showed decreased
propylene carbonate yield and selectivity (Table 2, entry 14)
when compared to the baseline experimental conditions
(Table 1, entry 8). However, the addition of MgO, a Lewis
base, increased the propylene carbonate yield and showed a
modest improvement in selectivity. Experiments performed
with CO2-lean EEMPA (entries 16−18) exhibited different
yields and selectivities depending on when CO2 was
introduced. When CO2 was introduced prior to heating
(Table 2, entry 16), the yield and selectivity were slightly
better than those of the baseline case (Table 1, entry 8). This
indicates that the side reactions between EEMPA and
propylene oxide were minimal at room temperature. Addi-
tionally, this result suggests that EEMPA can capture and
activate CO2 under reaction conditions. When the reaction
mixture was heated to 120 °C prior to charging with CO2
(Table 2, entries 17 and 18), both yield and selectivity
decreased due to side reactions between EEMPA and
propylene oxide at higher temperatures.

When DMSO was used as a solvent (Table 2, entry 19), the
yield and selectivity were found to decrease. The impact of
DMSO is likely 2-fold: (i) the addition of solvent reduces the
concentration of reactants, decreasing the reaction rate, and
(ii) the high polarity of DMSO could reduce the solubility of
nonpolar reactants (PO and CO2) in the reaction mixture
while stabilizing the polar carbamate intermediate.

An experiment performed without CO2 pressure and using
stoichiometric amounts of CO2 (in the form of EEMPA
carbamate) and PO resulted in no detectable amount of cyclic
carbonate (Table 2, entry 20). This suggests that CO2 is
desorbed from EEMPA in the absence of excess CO2 pressure
at the reaction temperature of 120 °C, resulting in free
EEMPA, which reacts directly with the epoxide. Thus, excess

Table 2. Reaction Conditions, Yields, and Selectivities for Experiments with Additives and Solventg

entry PO/EEMPA CO2/PO temp (°C) time (h) additivea cyclic carbonate yield (%) cyclic carbonate selectivity (%)

13 3.5 1.2 120 24 MgO 63 72
14 3.5 1.2 120 24 Al2O3 41 58
15 3.5 1.2 120 66 MgO 67 73
16 3.5 1.2 120 24 52 69
17 3.5 1.2 120 <1 <1 3
18 3.5 1.2 120 24 37 63
19 3.5 1.2 120 24 DMSOb 39 62
20c 0.5 1 120 24 0 0
21d 3.5 1.2 120 24 47 68
22e 3.5 1.2 120 24 0 0
23e 3.5 1.2 120 24 51 -f

a200 mg of the additive was used. bSolvent was added to give a final EEMPA concentration of 1 M. cThe reaction was not pressurized with CO2 for
entry 20. dCO2-loaded EEMPA from the absorber unit of the LCFS system was used for the conversion. eEntries 22 and 23 were performed with
isobutylene oxide and butyl glycidyl ether, respectively. fSelectivity is not known due to unidentified side products. gEEMPA was loaded with CO2
(∼10 wt %) prior to all experiments, except entries 16−18. All reactions were performed with 20 bar CO2. All components were combined before
heating, except for entries 17 and 18, where the reaction was heated before CO2 addition. Cyclic carbonate yield = (mol of cyclic carbonate)/(mol
of epoxide) × 100. Cyclic carbonate selectivity = (cyclic carbonate yield)/(cyclic carbonate yield + amino alcohol side product yield) × 100.



CO2 pressure is necessary to maintain the EEMPA carbamate
species at the reaction temperature. To demonstrate an
integrated capture and conversion, we utilized an aliquot of
the CO2-loaded EEMPA solvent from the absorber unit of the
LCFS system, rather than using CO2-saturated EEMPA, for the
conversion of PO to PC. The yield and selectivity to PC
achieved with this CO2-loaded solvent from the LCFS
absorber unit (Table 2, entry 21) were comparable to the
baseline case (Table 2, entry 8), indicating the viability of the
proposed approach.

We concede that such an integrated process is not viable
when capturing CO2 from postcombustion sources like coal or
natural gas combined cycle powerplants. This envisioned
process could be viable for capturing CO2 from inlet gas
streams at elevated pressures. There are multiple gas inlets that
would have sufficient CO2 pressures to fully saturate EEMPA,
enabling conditions closer to those of the experiments in this
study and the envisioned process. Integrated gasification
combined cycle (IGCC) plants are a perfect match, producing
synthesis gas with approximately 20.4 bar of CO2 pressure34

mirroring the experimental conditions used in Table 1.
Similarly, steam methane reforming plants that produce H2
or ammonia plants would be viable, providing CO2 at 3.6 bar35

and 6 bar, respectively.36 There are also some natural gas wells
with 30−75% CO2 which are unprofitable due to their high
CO2 content.37 We highlight that CO, H2, and CH4 are inert
toward this cycloaddition reaction; thus, any of these gas
streams could serve as a target to perform an integrated CO2
capture and cycloaddition reaction.
Amino Alcohol Side Product. Unsurprisingly, an amino

alcohol side product (Scheme 2) was observed to form in
varying amounts under all conditions tested with propylene
oxide. The amino alcohol is presumably formed by the ring-
opening of propylene oxide by EEMPA. This transformation
inactivates EEMPA as a CO2 capture solvent; therefore, it is
necessary to inhibit amino alcohol formation or convert it back
to EEMPA.

Formation of this side product appears to occur at lower
temperatures compared to that of propylene carbonate.
Unsurprisingly, the conversion of propylene oxide to the
amino alcohol side product is enhanced by the presence of a
Lewis acid (Table 2, entry 14). The increased formation of
amino alcohol observed with γ-Al2O3 (Lewis acid) may be
attributed to the activation of the epoxide through Al3+ binding
to the oxygen atom of the epoxide, making it more susceptible
to nucleophilic attacks. Alternatively, it could result from the
deactivation of captured CO2 by decomposition of the
carbamate.38,39 The cyclic carbonate yields achieved with
varied epoxides are reasonable and promising, but the amino
alcohol side product observed in reactions with propylene
oxide needs to be avoided due to consumption of the capture
solvent. Attempts were made to drive the cycloaddition
reaction forward from the amino alcohol by the cleavage of
the C−N bond formed by aminolysis of the epoxide. The
purified amino alcohol (see SI for purification details and
characterization data) and a Lewis acid catalyst (AlCl3, 5 mol

%) were combined in the Parr reaction vessel charged with
approximately 5 mol equiv of CO2 (relative to the amino
alcohol) and heated to 120, 140, 160, and 180 °C. Material
was characterized by 1H and 13C NMR after each heating
interval. No propylene carbonate was detected, even after
heating for 24 h at 180 °C; the major component of the
reaction mixture was the amino alcohol. Attempts at
performing hydrogenolysis of the amino alcohol also proved
unsuccessful under 12 bar of H2 at 120 °C for 24 h with a Pt/
TiO2 catalyst.10 The conditions used for hydrogenolysis
resulted in the decomposition of the amino alcohol without
yielding EEMPA. A modified version of the Polonovski
reaction40 utilizing m-CPBA (meta-chloroperoxybenzoic
acid) and FeSO4 was also investigated as a means of recovering
EEMPA from the amino alcohol side product. The crude
product obtained from the Polonovski reaction was found to
predominantly contain unreacted amino alcohol.
Reactions with Other Epoxides. Reaction conditions,

cyclic carbonate yields, and selectivities for experiments with
epoxides (isobutylene oxide and butyl glycidyl ether) other
than propylene oxide are given in Table 2. Isobutylene oxide
and butyl glycidyl ether were tested under baseline conditions
(Table 1, entry 8). Isobutylene oxide (Table 2, entry 22) failed
to yield the expected cyclic carbonate under these conditions;
however, the expected amino alcohol product was not detected
by NMR. The reaction mixture appeared to contain EEMPA,
tert-butyl alcohol (16%), and unreacted epoxide. The lack of
cyclic carbonate formation is likely due to the strong steric
hindrance of the two methyl groups in isobutylene oxide.41,42

On the other hand, approximately 51% butyl glycidyl ether
(Table 2, entry 23) was converted to the corresponding cyclic
carbonate; the presence of the amino alcohol species could not
be confirmed by NMR. Encouragingly, the yields and
selectivities achieved here without an additive/cocatalyst
and/or solvent are comparable to many amines previously
reported to catalyze the cycloaddition reaction between CO2
and epoxides.17,26,27

■ CONCLUSIONS
The work described here is promising and lays the groundwork
for implementation of an IC3 M approach for cyclic carbonate
production in the presence of economically viable amine-based
water-lean carbon capture solvents. As a proof-of-concept, we
have demonstrated that CO2-loaded EEMPA can catalyze the
cycloaddition reaction between propylene oxide and CO2 to
produce propylene carbonate with typical yields ranging from
46−75% and selectivities of 67−85% once baseline conditions
were established. We have also shown that this reaction is
effective with other epoxide substrates, suggesting that the
potential for production of multiple cyclic carbonates is
possible.

We found that an excess of propylene oxide relative to the
capture solvent was needed for conversion of CO2 and that this
can take place at temperatures comparable to solvent
regeneration without the need for high CO2 pressures. Lewis
base or Lewis acid cocatalysts provided no advantage over

Scheme 2. Amino Alcohol Side Product Formation from EEMPA and Propylene Oxide
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EEMPA alone, suggesting that sequential capture and
conversion could proceed in the neat carbon capture solvent,
constituting a true IC3 M approach, which, to our knowledge,
has not yet been reported for cyclic carbonate formation from
epoxides and CO2.

Formation of the amino alcohol side product remains a
problem that must be addressed to improve yield and
selectivity but more importantly to avoid solvent loss. Amino
alcohol formation was found to be insensitive to heat rate,
time, and the addition of Lewis bases, yet promoted by Lewis
acids. More interestingly, the use of CO2-loaded or CO2-lean
EEMPA had little to no effect on amino alcohol formation.
Initial attempts to regenerate EEMPA via hydrogenloysis,
aminolysis, and the Polonovski reaction were unsuccessful, but
we remain confident that amino alcohol formation could be
mitigated or the amino alcohol can be regenerated with
continued research and development.

This first-of-a-kind study suggests that integrated systems for
capture and conversion could be a viable approach for
cycloadditions, providing new means for improving the atom
and energy efficiency of CO2 separations and utilization. While
we are encouraged by these initial results, this integrated
process is still in its infancy. Industrially viable approaches will
require higher yields and selectivity before successful
implementation is possible, though it is reasonable to expect
that such improvements could be achieved with continued
R&D. Such efforts are currently underway in our laboratory.
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