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ABSTRACT

Nitrogen oxides, present in flue gas, can cause negative impacts on amine carbon capture solvents
by the formation of heat-stable salts and suspected carcinogens. Thus, to maximize the
performance of water-lean solvents, a better understanding of this process in these systems is
necessary. Here, a computational study for the fixation of the CO:z capture solvent N-(2-
ethoxyethyl)-3-morpholinopropan-1-amine (EEMPA) to nitramine/nitrosamine was conducted.
The first step involves the dissociation of the NH bond of EEMPA, in which the homolytic
mechanism, is energetically more favorable than the heterolytic mechanism. The second step
involves radical recombination to form N-N bonds. While NOz2 directly reacts with EEMPA, NO
has almost no effect. However, in the presence of Oz, fixation of EEMPA by NO is enhanced via
the formation of N204 species. Low reaction energies indicate that the formation of
nitramine/nitrosamine may be a reversible process, suggesting that EEMPA could be recovered

under thermal stripping conditions.

1. Introduction
Carbon dioxide (COz2) is one of the main contributors to greenhouse gas emissions to the
atmosphere. Accumulation of these emissions contributes to the greenhouse effect that is related

to increasing global temperatures.! Consequently, CO2 capture is key to mitigating the dire



consequences of this effect. Amine-based solvents are ordinarily used to capture CO2 from either
industrial flue gas streams (point-source capture) or directly from the air (direct air capture).? 3
Recently, there have been efforts to optimize the performance, lifetime, and manufacturing and
maintenance costs of carbon capture solvent systems.?

Water-lean solvents were introduced to alleviate the costs associated with the regeneration of
aqueous amines.> Nevertheless, these amines are still susceptible to thermal and oxidative
degradation as well as fixation due to interactions with nitrogen and sulfur oxides, NOx and SOx
(x=1,2), present in the flue gas.* ® Fixation limits the lifetime of these post-combustion CO2
capture solvents and induces corrosion. As a result, operating costs related to solvent replacement
and equipment maintenance are increased.®® Also, there is environmental concern due to
pollutants emitted as a result of amine fixation.8 1°

Common mechanisms of amine fixation are due to thermal, oxidative, and hydrolytic
deterioration. Thermal fixation is induced by carbamate polymerization at high temperatures (>
100 °C) in the stripping column.> 8 11 Additionally, oxidative fixation occurs due to interactions
between the amine and O2 producing aldehydes and carboxylic acids. & ® 12 Furthermore, amines
degrade due to interactions with NOx and SOx impurities in the gas stream® both at the carbon
capture unit as well as in the atmosphere.> 3 Reactions of amines with SOx, NOx produce heat-
stable salts that lower the CO2 capacity of the amine, while NOx leads to toxic and carcinogenic
by-products. > ** Furthermore, SOx, NOx capture by the amine competes with CO: capture; hence
it reduces the efficiency of the latter.1®

NOx molecules are irreversibly absorbed in the solvent making a heat-stable salt (HSS); hence
inducing deactivation.'18 NOx in the flue gas stream consists mainly of nitrogen monoxide (NO)

and then nitrogen dioxide (NO3). Typical concentrations after flue gas desulfurization and selective



catalytic reduction are ~ 200 ppm for NO and ~ 20 ppm for NO2.2° Nevertheless, NO2 has higher
affinity to amine-based solvents due to its higher acidity and polarity compared to NO that is much
less reactive with amines.!” Reactions between amines and NO: in the absorber and nitrite (NO2)
in the desorber unit results in the release of toxic pollutants such as nitramines and nitrosamines.
8,17.20 primary amines are less prone to nitrosation than secondary and tertiary amines?! but they
can degrade to secondary amines in the presence of NOx which further degrade to nitrosamines
after reacting with NO2.!1: 18 22.23 Nitramines and nitrosamines attract significant interest as they
are harmful to the environment and suspected carcinogens.'# 20:22.24.25 Amine nitrosation is faster
than nitration in the CO2 capture unit; hence studies have focused on its inhibition.** The
nitrosating and nitrating agents, N2Os and N204, react with amines to produce N-nitrosamines and
N-nitramines respectively.?

Huang et al. 7 found that the formation of nitrite can considerably fixate monoethanolamine
(MEA), a well-known carbon capture solvent. Wang et al. 2’ postulated that solvent fixation
depends both on the reaction pathway, conditions, and composition of the solvent mixture,?®
concluded that free radical NO2 absorption dominates total NOx absorption at ppm levels of
nitrogen oxides?® suggested that reactions with nitrite fixate amines possibly through forming
short-lived primary N-nitrosamine intermediates.

Static calculations at the density functional theory (DFT) level have been used to study amines
reacting with NOx gases.?® Zhao et al. 3° suggest that a reaction mechanism involving the formation
of free radical species during nitrosation of secondary amines occurs in the presence of NOx. Sun
et al. 3! studied the structure reactivity relationship of amines in N-nitrosation reactions. They
found that heterocyclic amines, like the one we select to study in this work, have the highest

reactivities and that the value of the pyramidalization angle is proportional to reactivity. Liu et al.



32 found three possible pathways for the reaction of a N-nitrosodimethylamine (NDMA) with
nitrite catalyzed by heavy metals concluding that Cd?* accelerates nitrosation. Liu et al. 3
concluded that reactive nitrogen species play a key role toward the nitrosation of NDMA, while
Lui et al. ** found that nitrosation is more favorable than nitration of dimethylamine (DMA). They
later studied further reaction between DMA and nitrite to form NDMA® in a multiple-step
reaction, where the rate-determining step is the nucleophilic addition of DMA with carbonyl
compounds. At last, Lv et al. 3 found that the formation of nitrosamines from ethylamino and
diethylamino radicals reacting with NO is a highly exothermic process. Recently, Lv et al.
studied the fixation of DMA to nitramine and nitrosamine using both in situ spectroscopic methods
and static DFT calculations. The reaction involves a hydrogen-bonded intermediate and the
subsequent formation of an aminyl radical.3” Also, N2O4 and N203 react with DMA to form
nitramine and nitrosamine.®” Yu et al. ¥ studied piperazine nitrosation using quantum chemistry
calculations. They found that CO:2 accelerates piperazine fixation due to the formation of
ONOCOz? from its reaction with nitrite. These examples show that quantum chemistry and DFT
calculations for gas-phase systems have been mainly used to understand amine fixation by NOx.
However, in practice, fixation of CO2 capture solvents occurs in liquid phase. Thus, in modelling
studies, full solvent boxes help describe realistic systems.

In this work, we use a variety of computational chemistry methods to study these systems
including (1) static DFT calculations to energetically assess the possible reaction paths and guide
condensed phase calculations, (2) classical molecular dynamics (CMD) to calculate solvent
density, and (3) ab initio molecular dynamics (AIMD) to evaluate reactivity and obtain a
mechanistic understanding of solvent fixation due to impurities that are present in the flue gas

stream. We focused on N-(2-ethoxyethyl)-3-morpholinopropan-1-amine (EEMPA) fixation by



NOx. This solvent, first synthesized by us®, is a single-component water-lean solvent with a very
low total cost of capture, $39 per tonne CO2 %° 13.3% cheaper than the National Energy
Technology’s (NETL) B12B amine baseline case.** At the same time, it is a highly efficient and
highly durable amine-based water-lean post-combustion CO2 capture solvent.*> 4> Also, EEMPA
can decrease CO2 capture capital and operating costs due to its wettability that allows for cheaper
materials of construction and lower energy demand, as low as 2.0 GJ per tonne CO2 operational
reboiler heat duty, for solvent regeneration, respectively,*? 13% lower than the NETL B12B
baseline case.*!

The rest of this paper is organized as follows: In the Methods section, details of computational
and experimental techniques are provided. In the Results section, reaction energetics in the gas-
phase; species, energetics, solvent density, and reaction paths in the condensed phase, are

presented. We will close the paper with conclusion and outlooks.

2. Methods

Depending on the chemical reaction or property under study, a combination of molecular
modelling methods is often necessary to study carbon capture solvent fixation.? Here, we focus on
the reaction of NOx with solvent-fixated COz2 to assess the stability of CO2 capture solvents.

2.1. Gas-phase density functional theory calculations

Gas-phase structural optimization studies of chemical reactions guide condensed phase studies
and provide initial estimate of reaction energetics for both NO and NO:2 loading. These were
performed at the DFT level using the B3LYP exchange-correlation functional** and 6-31G** basis
functions.*® All calculations were performed using NWChem. 46

2.2. Classical Molecular Dynamics



CMD simulations provide an initial estimate of liquid structure and density. These were
performed using the GROMACS program,*’ and the all-atom OPLS force field (OPLS-AA). 4
The necessary force fields were generated using the LigParGen web server® 49
(http://zarbi.chem.yale.edu/ligpargen/) except from the partial atomic charges. These were
calculated after fitting a quantum mechanical electrostatic potential to EEMPA, and EEMPA-NO:
molecules, at the B3LYP/6-31G** level of theory as implemented in NWChem. 46

We sampled configurations in the isothermal-isobaric (NPT) ensemble using the stochastic cell
rescaling barostat® to equilibrate the solvent density. The leap-frog integrator was used with a 1
fs time step. The particle-mesh Ewald (PME) scheme was used for electrostatics. The cut-off for
van der Waals and electrostatic interactions was set to 9.5 A. Subsequently, these solvent boxes
were used in AIMD simulations. Each solvent box contains 20 EEMPA molecules. Also, we
prepared large simulation boxes of 200 EEMPA molecules each to calculate density at increasing
temperature. Two NO2 molecules were added to the boxes after solvent density equilibration using
CMD simulations.

2.3. Ab initio molecular dynamics

To understand and quantify solution phase reactivity between NOx and solvent, we used AIMD
which employs the strength of both quantum chemistry and molecular dynamics. Born-
Oppenheimer AIMD simulations were performed for condensed phase systems at the PBE-D3
density functional level > Within the hybrid Gaussian — plane wave DFT scheme,> we used the
DZVP basis sets,>® in conjunction with a plane-wave cutoff of 450 Ry. The canonical (NVT)
ensemble, in which the temperature T was kept at 310 K by the Nose-Hoover thermostat, 5 was
adopted. AIMD simulations were performed using the CP2K program.>® Geometries obtained from

CMD served as the starting point for AIMD simulations. Each system was first equilibrated with



a 10 ps run, followed by a production run of 10 ps. Finally, these systems were annealed to a low
temperature (< 10 K). The diffusion coefficient of NO2 was calculated using the mean square
displacement approach.

2.4. Reaction energy barrier calculations and charge analyses

To evaluate the reaction energy barrier in the condensed phase, we performed geometry
optimization while constraining the bond distance (for N-H, N-N), then climbing image nudged
elastic band calculations®® for transition states. In the condensed phase these minima were
determined by static optimization of frames, annealed from AIMD simulations. Atomic charges
were calculated through the Bader analysis.>’

3. Results

3.1. Gas-phase reaction energies

We explored the possible reactions of EEMPA with various reactants. Two potential solvent
fixation mechanisms were considered, one through charged intermediates and one through
radicals. These are consistent with the N-nitrosation of amines by NOx from a theoretical study,°
and the formation of nitrosamine/nitramine from NOx reaction with amines from experiment. >® In
the first case, that is the reaction R1A in Scheme 1, a NH bond in EEMPA homolytically
dissociates to form a radical (R2N") and another product NOxH". In the second case, see Reaction
R1B in Scheme 1, a NH bond of EEMPA heterolytically dissociates resulting in ionic species, a
deprotonated EEMPA (R2N") and a protonated NOx. As shown below, R1A is energetically more
favorable then R1B, thus in a subsequent step, the reaction of Ro2N™ with a second NOx molecule
is considered, see the reaction R2 in Scheme 1. It is known that the reactions of small molecules

in the gas phase, for example,’® % Oz + 2NO — 2NO2, can be thermodynamically feasible and



kinetically fast, we thus also considered these reactions (R0) as a pre-fixation step. The energetics

of related reactions is summarized in Fig. 1, in which we used the reactants as reference states.
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Scheme 1. Reaction mechanisms of EEMPA with X (X=NO, NOz2, Oz, H20, N202, N203, N204,
EEMPA) and Y (Y=NO2, NO): with radical (R1A) and anion (R1B) products. The symbol *
indicates radical species. R2 shows reaction of dehydrogenated EEMPA (radical) with Y (Y=NO,

NO2). An example of the reaction between two small molecules (RO).

We start our discussion with the reaction of small molecules, R0O. The reaction 2NO2 —N204 is
an exothermic process with an energy change of 0.65 eV, which is consistent with experimental
enthalpy values 0.56-0.62 eV (54-60 kJ/mol).®® Similarly, the energy of the NO + NO2 —
(asymmetric) N2O3 reaction is -0.41 eV, similar to experimental enthalpy of about -0.42 eV. ! Our
calculations predict a very small energy change for the 2NO —(cis-) N2Oz2 reaction, about 0.0 eV,
consistent with the experimental enthalpy of 0.6 kJ/mol.%! Consequently, the formation of N203 is
more likely than the formation of N202 in a 50 NO: 50 NO2 mixture. In the presence of O2, NO
can transform into N204:%° 2NO + O2 — 2NO2 — N2O4. The energy change in the first step 2NO
+ 02 — 2NO:2 1s calculated at -1.30 eV, combining with the reaction energy of 2NO2 — N204, we
found the energy change of -1.95 eV for 2NO + O2 — N204. This suggests that Oz can play an

important role in the fixation process of EEMPA by NO. %*



We now look at the reaction R1A. Fig. 1 clearly shows that the stability of intermediate species
R2oN" strongly depends on the reactants. While the O2+2NO + EEMPA (— N204 + EEMPA) —
R2N™ + HN204 path is exothermic (reaction energy = -0.62 e€V), other paths are endothermic. For
NO, the reaction NO + EEMPA — RoN" + HNO is more endothermic than NO + NO + EEMPA
— N202 + EEMPA — RoN™ + HN202, by 0.7 €V. Therefore, the dimerization of NO is likely an
elementary step in the fixation of EEMPA. For NO2, we observed a similar trend: the dimerization
of N20s4 is likely to involved since the reaction 2NO2— N204 is highly exothermic (with the
reaction energy being -0.64 ¢V). The intermediate (R2N" + HN204), resulting from the reaction
between EEMPA and N20Os4, has an energy of 0.69 eV vs. the reference energy of (EEMPA +
2NO:2), indicating a possible reaction path. If there is no dimerization between NO2 molecules, the
reaction NO2 + EEMPA — RoN* + HONO is also likely since the formation of a stable species
HONO lowers the total energy of the intermediate (R2N* + HONO). With NO and NO2 mixture,
the formation of N20O3 also leads to a more stable intermediate compared to the NO + EEMPA or
NO: + EEMPA path. The reaction O2 + EEMPA — RoN" + HO:z is a highly endothermic process
(reaction energy is +2.0 eV). This suggests that Oz does not facilitate NO degrading EEMPA by
directly interacting with the solvent. In contrast, it facilitates solvent fixation by reacting with NO
to form a stronger H-binding molecule, N2Os, that stabilizes R2N*. Moreover, water or EEMPA
do not stabilize the intermediate as the neutral H3O or EEMPA-H complexes, respectively, are not
stable.

In the last step, the coupling between radical species R2N" and NOx is expected to be exothermic.
Compared to the 2NO + EEMPA reactant, the final product R2N-NO + HNO is slightly less stable.
For the (2NO2 + EEMPA) reactant, the product (R2N-NO2 + HNO?) is 1.2 eV more stable. For the

(NO + NO2 + EEMPA) reactant, the product (R2N-NO + HNO2) is more stable than (R2N-NO2 +
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HNO). For the (O2 + NO + EEMPA) reactant, the product (R2N-NO + HO2) is slightly less stable.
The most stable product (R2N-NO2 + HNO2) is found with the reactant (O2 + 2NO + EEMPA).

The reaction energy in the latter case is -2.5 eV. See Figure 1 for stable structures of HNxOy.
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Figure 1. Reaction of gas molecules with EEMPA to form R2N-NOx species. The reactant energy
is the reference energy. Atomic structures are DFT-optimized, the N-N bond is spontaneously
broken during the optimization in the HN204 and HN203 structures. Our calculations show that
EEMPA is much less prone to fixation by NO than by NO2. This finding is consistent with the
fixation study of secondary amines (N-methylaminopropyl) trimethoxysilane, in which NO shows
minor effects on, while NO2 can decrease more than 90%, the CO2 capacities of the amines.
However, adding NO: to the system enhances EEMPA fixation by NO. If the molar fraction of
NO:z is less than that of NO, then it is likely that they will form N203 (and remaining NO), HN203
stabilizes the intermediate R2N", while HONO stabilizes R2N-NO. Most strikingly, introducing O2

to NO significantly promotes EEMPA fixation. A similar finding was reported for the
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enhancement of nitro-sodiethanolamine formation in monoethanolamine by introducing Oz to

NOx 2

Table 1. Energies AE of reactions R1B in Scheme 1.

X AE(eV)
NO 11.91
NO2 11.22

N202 10.13
N203 9.49
H20 9.87
EEMPA 9.86

To close this section, we will show that the anionic mechanism (R1B, Scheme 1) is very unlikely
for the fixation of EEMPA. Table 1 shows that the reaction R1B is a highly endothermic process,
(reaction energy ~10-11 eV). This is mainly due to the unstable R2N-anion.

3.2. EEMPA solvent density

We performed CMD simulations of EEMPA in the liquid form as well as with 5 % NO:2 loading,
forming RoN-NOoz. In the first scenario, a simulation box of pure EEMPA liquid consisting of 200
molecules is equilibrated using the stochastic cell rescaling barostat.>® In the second scenario, 5 %

of the molecules in the simulation box were loaded with NOa.
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The density profile along a range of temperatures from 290 K to 370 K is compared with
experimental findings. We find that the force field overestimates the density of liquid EEMPA by
3.7% compared to experiment. Systems of EEMPA loaded with NO2 are denser at the temperature
range studied in this work. Low loading with NO: slightly increases density. The latter increases
by less than 1 % in all systems studied with a 5 % NO2 loading. The resulting density profiles from
both simulation and experiment are shown in Fig. 2. Detailed data from computations and
experiment are available in Table S1 in the Supporting Information, SI.

We perform linear regression to find the line of best fit for the three cases studied. This way we
can calculate density as a function of temperature. Consequently, the experimental density (g/cm?)
measured for EEMPA follows,

p(T) = —0.00075000-T + 1.1818625,R?:0.998 (1)
the EEMPA density calculated from theory can be approximated as,
p(T) = —0.00088495 - T + 1.2598355,R?%:0.999 (2)
Finally, the density in the case of 95mol% EEMPA + 5mol% R2>N-NO; follows,
p(T) = —0.00090720 - T + 1.2753260,R?:0.987 3)
where, R? is the coefficient of determination. Both experimental and computational data
show an almost linear dependence of the density on the temperature (R? = 7). The density

for NO> containing system, equation (3), is used for AIMD simulations.
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Figure 2. Density profiles of all systems used compared with experiment (solid red line).
Densities calculated using charges from an electrostatic potential fit are shown with solid

line plots (blue — liquid EEMPA, cyan — NO2z-loaded EEMPA).

3.3. Possible formation of the N2O4 species in solvent
In the condensed phase, the reaction is also found to be exothermic consistent with gas phase
calculations. Fig. 3a shows the trajectory of a NO2 molecule in a ~10 ps AIMD simulation. The

2571 indicating that NO2 is very mobile

diffusion coefficient of NO2 is estimated at ~ 6 - 107> cm
in the solvent. Fig. 3b shows two NO2 molecules forming a N-N bond. The bond length is
characterized by calculating the radial distribution function of the N-N atom pair, see Fig. 3c. The,
the first peak corresponds to the equilibrium N-N bond distance in N20a. This is calculated at ~1.8
A, hence it is consistent with gas phase calculations. N2O4 is also found energetically more stable

than two NO2 molecules, by 0.41 eV, suggesting that NO2 forms N204 before interacting with

EEMPA.
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Figure 3. (a) Trajectory of a NO2 molecule in the EEMPA solvent box (EEMPA not

1.96 nm

displayed) in a ~10 ps simulation. (b) Structure of N2O4. (¢) radial distribution of the N-N

pair of N2Oa.

3.4. R2N-NO: species in the EEMPA solvent

The goal of this section is to confirm the stability of the R2N-NOz2 product in the solvent. In the
liquid phase, the resulting H atom (from the dissociation of the NH bond of EEMPA) in principle
can bind to the O atom of the -NO2 group or the N atom in the aliphatic chain, see structures A
and B in Fig. 4, resembling the acid and zwitterionic structures % of CO:2-bound EEMPA.
However, the most stable structure is C, which is characterized by a H atom bound to a second
NO2 molecule resulting in the formation of the HONO species. The relative energies of these

structure are also provided in Fig. 4. It appears that the R2-NOz2 structure is the most stable.
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Figure 4. Different NO2-EEMPA structures sampled in AIMD simulations and their relative
energies. The O-H bond in structures A and C, and the N-H bond in structure B are shown in

yellow background. For clarification, only reactant molecules are shown.

3.5.Condensed phase calculations for the reaction of N2O4 with EEMPA

We now investigate the two steps of the reaction N2O4 + EEMPA— RaN-NO2 + HONO. The
potential energy landscape of this process is provided in Fig. 5. We started from the N204 since
the dimerization of NO2 molecules is likely, and the H from the dissociation of the NH bond (H")
interacts with NO2, forming a stable specie HONO. As shown in Fig. 5, we considered two steps:
the dissociation of the NH bond, resulting in the undercoordinated N atom (N*), and the coupling
between the N of NO2 with this atom. The intermediate (N*+ NO2 + HONO) was obtained by
performing geometry optimizations while moving the H atom of the NH bond close to N2Oa4. The
reaction energy is ~1 eV, while the corresponding barrier is 1.3 eV. In the transition state of this
rate-limiting step, the N-H bond of EEMPA is broken (2.1 A) while the O-H bond (in HONO) is
developed (1.0 A). The next step is highly exothermic, with an energy change of ~ 1.3 eV. The
barrier associated with this step is ~ 0.1 eV, suggesting a fast process. The total reaction energy is

~-0.3 eV, consistent with the value of ~ -0.5 eV obtained from gas phase calculations.
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Figure 5. The energy landscape of the N2O4 + EEMPA — HONO + R2N-NO: reaction in the
solvent. The O-H interactions are shown in yellow background. For clarification, only reactant

molecules are shown.

Now we look at the charge states of R2N*, N*, H*, and N2O4 in the initial, intermediate, and final
structures. Table 2 shows that the total charge of R2N" and H* becomes more positive while that
of N20s4 becomes more negative along the reaction pathway, as expected in the oxidative
degradation. In the initial state, N2O4 is already reduced by -0.12 |e|. In the intermediate, the total
charge of N2O4 (N204 in this case means a “free” NO2 and a NO2 binding to H") is -0.91 |e| which
is further decreased to -1.0 |e| in the final structure. Conversely, the EEMPA molecule (R2N" + H")
is slightly oxidized by +0.06 |e| but strongly oxidized in the final structure, by +0.92 |e|. The N*
atom becomes less negatively charged and the H" atom becomes more passively charged along the
reaction path. In the intermediate structure, the total charge of RaN" is 0.07 |e|, which, by charge

calibration, shows that RoN" is a radical. This agrees with the radical mechanism obtained from
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gas-phase calculations, which is shown in section 3.1 to be energetically more favorable than the

anionic mechanism.

Table 2. Charge of RoN", N*, H, and total charge of N2O4 (unit |e]) in the initial, intermediate, and

final states.

Structure RoN™ N H" N204
Initial -0.32 -1.02 0.38 -0.12
Intermediate 0.07 -0.80 0.56 -0.91
Final 0.32 -0.61 0.60 -1.0

4. Conclusions

Amine-based carbon capture solvents degrade due to interactions with NOx species which are
present in both flue gas streams and the atmosphere. We focused on the reaction mechanism of a
water-lean carbon capture solvent, EEMPA, that offers low-cost CO2 capture, due to interactions
with NO and NO..

Static DFT calculations show that fixation of NOx by EEMPA most likely involves the
formation of radical species, RaN", promoted by the homolytic NH bond dissociation. NO:> has a
more significant effect on the fixation of EEMPA than NO. This is further corroborated by
experimental studies.> NO2 molecules form N204 and N2Os adducts in the presence of other NO2
and NO molecules. N20s also forms from NO and Oz molecules. Both N20O3 and N204 promote

EEMPA fixation. N2O4 formation induced by Oz is found to degrade the solvent the most. Lastly,
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the anionic fixation mechanism of EEMPA is unlikely due to the formation of the unstable RoN-
anion.

Solvent density computed by CMD over a wide range of temperatures from 290 K to 370 K is
slightly overestimated by less than 5%, compared to experiment. In the condensed phase, NO2
forms N204 before interacting with EEMPA. AIMD simulations also show that NO: binds to the
solvent, deprotonating EEMPA and forming HONO species with a second NO2. Our simulations
suggest two-step reaction involving the formation of a RoN" radical.

The calculated energy for the reaction of EEMPA with NxOy intermediates is small (from ~0.0
to less than about 0.5 eV, Figure 1). Such weak interactions suggest that the formation of
nitramine/nitrosamine may be reversible process, further suggesting that EEMPA could be
recovered under thermal stripping conditions. It is known that aqueous amines solvents are prone
to oxidative degradation. Our study shows that the EEMPA water-lean solvent may have improved
lifetime, but more importantly the potential to thermally decompose nitrosamines may provide
sizable environmental benefits as well. Experimental studies are currently underway in our
laboratory to examine this prediction.

In summary, we postulate that EEMPA fixation due to the presence of NOx species during CO2
capture follows a radical mechanism. This mechanistic understanding of solvent fixation can
enable the design of new or modification of known CO: capture units where the presence of certain
species, O2 and NOz, is minimized before interacting with the solvent. Ultimately, this is a step

towards the rational design of carbon capture processes by increasing the lifetime of the solvent.
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